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Preface

Petroleum energy continues to fuel the modern-day economy. In petroleum operations,
drilling plays the most prominent role. Financially, drilling costs typically account for 50
to 80% of exploration finding costs, and 30 to 80% of field development costs. Drilling
budget remains somewhat unaffected by the oil price. However, historically, whenever oil
prices dwindle, the number of drilling rigs decreases. As we enter the Information Age,
oil price declines correlate with decreasing drilling rig numbers but the oil production per
new well continues to increase. This puts an extraordinary constraint on the efficiency of
drilling technology and shows that today’s drilling engineers must work with unparalleled
efficiency. Anything that is done in petroleum drilling operations becomes a template for
other drilling applications, such as exploration of other natural resources, environmental
monitoring and remediation underground excavation and infrastructure development and
general subsurface exploration. Yet, there is no textbook that has step-by-step procedures
with explicit citation of worked out examples. The current book is impeccable in its timing,
scope and content.

There is an ancient Chinese proverb: “I read and I forget; I see and I remember; I do
and I understand” One of the most important reasons that our current education system
is becoming so outdated is that our textbooks fail to capture the imagination beyond what
could be learned from the Internet. It is not an exaggeration to say that the Information
Age will soon see conventional textbooks become redundant as a result of freely available
information. It is refreshing to see that this book has taken the approach of “doing” in
order to elucidate complex scientific and engineering phenomena. Numerous worked out
examples are given from all aspects of drilling engineering as well as cost analysis and well
completion. Examples from horizontal and vertical drilling cases are given liberally. This
dexterity makes the book suitable for both North America/Europe and the Middle East,
where horizontal and vertical wells are prevalent, respectively. Questions are set in such a
way that there is room for creative design and learning with maximum efficacy. Examples
are such that the book is useful for both students and practicing engineers.

This book is useful for every student, academic and practicing engineer interested in
knowing drilling operations and learning design techniques hands-on. Even though the
book pertains to petroleum drilling, it is equally useful for drilling in other disciplines.
The book will be remembered as a pioneering work both in content and form and as
a template for future textbooks that should be written in a format different from old-style
textbooks.

Professor M. Rafiqul Islam
Former Killam Chair in Oil and Gas, Dalhousie University
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Summary

Drilling engineering is one of the oldest technologies on earth. The technological advance-
ment in this area is well recognized by scientists, engineers, researchers and petroleum
industries. The technological advancement and good understanding in drilling engineering
is the key to success in this information era. Unfortunately, the petroleum industry is one
of the most hazardous and expensive branches of the industrial hub. The risk and uncer-
tainty are due to the knowledge gap in drilling technology and the science behind it. In
addition, there is a clear shortcoming in fundamental understanding of mathematical for-
mulas derived from scientific theories due to the lack of enough practice on mathematical
relations in the form of workout examples, multiple choice questions (MCQs) in the area
of drilling engineering. To date there are several textbooks that explain and cover drilling
operations with fundamentals of drilling engineering. Unfortunately, there is no book so
far where enough workout examples, exercises, and MCQs exist as an independent book.
As the first and only complete guide for petroleum engineering students, trainee engineers
on basic drilling engineering and a milestone book for basic illustrations and understand-
ing, this book is the best choice for the drilling engineering community. It will be a unique
production in this discipline.

The book also covers the fundamental issues for beginners who are interested in learn-
ing drilling engineering through enough workout examples in each chapter, exercise, exer-
cises for self-practice, enough MCQs to have a deep understanding on each topic and some
self-practice MCQs. The book explains the concepts of the basic subject matter clearly
and presents the existing knowledge ranges from the history of drilling technology to well
completion. The book presents the engineering terminologies in a clear manner so that
the beginner in drilling engineering would be able to understand the drilling engineering
related formulas, mathematical models, correlations etc., with minimum effort. In addi-
tion, each chapter contains enough workout examples and exercises for a comprehensive
understanding of the subject. This will make the reader interested in reading the book. The
book explains the scientific concepts in the form of MCQs, mathematical formulations in a
readable fashion very clearly. It includes all the basic aspects of drilling engineering includ-
ing an introduction to drilling engineering, rig operations, drilling fluids, drilling hydrau-
lics, well control and monitoring system, pore and fracture pressure estimation, basics of
drillstring design, cementing jobs design, drillbit and casing design, horizontal and direc-
tional drilling, drilling cost analysis and finally, well completions. However, we believe that
each chapter deserves to be a short book and we tried to focus on the most important

xvii



xviii SUMMARY

concepts and main topics of the subject matter. The book is a foundation and resource
guide, and an excellent resource for petroleum engineering students and drilling engineers
who want to learn how to design and calculate different drilling engineering calculations in
the classroom and field.

Dr. M. Enamul Hossain
King Fahd University of Petroleum & Minerals (KFUPM)
Dhahran 31261, Saudi Arabia
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Introduction

1.1 Introduction

This book is designed to help in solving the exercises and workout examples that are
related to drilling engineering. This chapter introduces the fundamental aspects of the
drilling engineering problems in general. Sets of multiple choice questions (MCQs)
are included which are related to basic definitions about drilling engineering, impor-
tance and the procedure for drilling operations. The MCQs also cover the applications
and history of drilling, the systematic approach and the aspects of sustainable drilling
operations. The MCQs are based on the writer’s textbook, Fundamentals of Sustainable
Drilling Engineering — ISBN: 978-0-470-87817-0.

1.2 Introduction to Drilling Engineering

Some scholars consider petroleum hydrocarbons to be the lifeblood of modern civiliza-
tion. The complete cycle of petroleum operations includes seismic survey, exploration,
field development, hydrocarbon production, refining, storage, transportation/distribu-
tion, marketing, and final utilization to the end user. The drilling technology has been
developed through the efforts of many individuals, professionals, companies and orga-
nizations. This technology is a necessary step for petroleum exploration and production.
Drilling is one of the oldest technologies in the world. Drilling engineering is a branch
of knowledge where the design, analysis and implementation procedure are completed to
drill a well as sustainable as possible. It is the technology used to utilize crude oil and
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natural gas reserves. The responsibilities of a drilling engineer are to facilitate the efficient
penetration of the earth by wellbore and cementing operations from the surface to an
optimum target depth that prevents any situation that may jeopardize the environment.

1.3 Importance of Drilling Engineering

It is well known that the petroleum industry drives the energy sector, which in turn drives
modern civilization. Every day human beings are benefiting from the petroleum industry.
Modern civilization is based on energy and hydrocarbon resources. The growth of human
civilization and the necessities of livelihood over time inspired human beings to bore a
hole for different reasons (such as drinking water, agriculture, hydrocarbon extraction
for lighting, power generation, to assemble different mechanical parts, etc.). There is no
surface hydrocarbon resource; rather, all resources are underground in this planet. To
keep serving the whole civilization, drilling engineering has a significant role in this issue.
Moreover, the world energy sector is dependent on drilling engineering. Without drill-
ing a hole, how are we going to extract the hydrocarbon from underground and bring it
to the surface of the earth? To the best of our knowledge, right now, there is no alterna-
tive technology available to extract hydrocarbon without drilling a hole. If the petroleum
industry falls, the whole civilization will probably collapse. Therefore, for the survival of
our existence, we need to know and keep updating our knowledge especially about the
technology, drilling engineering. Based on this motivation, the human necessity of drill-
ing a hole by excavation on earth has motivated researchers to develop different sophis-
ticated technologies for drilling engineering. Drilling engineering has a vital role in our
daily life, economy, society, and even in national and international politics.

1.4 Application of Drilling Engineering

In the development of human civilization over time, human beings have needed to make
a hole in different objects for different purposes. This ranges from just a child playing a
game with a toy to the drilling of a hole for the purpose of any scientific and technologi-
cal usage. Humans have been using this technology for underground water withdrawal
since ancient times. Drilling technology is a widely used expertise in the applied sciences
and engineering such as manufacturing industries, pharmaceutical industries, aerospace,
military defense, research laboratories, and any small-scale laboratory to a heavy industry
like petroleum. Modern cities and urban areas use drilling technology to get underground
water for drinking and household use. The underground water extraction by boring a
hole is also used for agricultural irrigation purposes. Therefore, there is no specific field
of application of this technology. It has been used in a wide range of fields based on its
necessity. This book focuses on drilling a hole with the hope of hydrocarbon discovery;
therefore, here the drilling engineering application means a shaftlike tool (i.e., drilling rig)
with two or more cutting edges (i.e., drill bit) for making holes toward the underground
hydrocarbon formation through the earth layers, especially by rotation. Hence the major
application of drilling engineering is to discover and produce redundant hydrocarbon
from a potential oil field.
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1.5 Multiple Choice Questions

1. Technology necessary for extracting oil and gas reserves is
a) Dirilling
b) Coiled tubing
¢) Hydraulic fracturing
d) None of the above

2. Technology which is used to utilize crude oil and natural gas reserves is
a) Reservoir engineering
b) Stimulation technology
¢) Dirilling technology
d) All of the above

3. All the hydrocarbon resources present on the globe are found
a) At surface
b) Underground
¢) Atrivers
d) None of the above

4. The only method available to extract hydrocarbon reserves to date is
a) Process engineering
b) Production engineering
¢) Drilling technology
d) All of the above

5. In early days, drilling was done to extract
a) Underground water
b) Coal
c) Oil and gas reserves
d) None of the above

6. Large deposits of untapped crude oil was mostly hidden below the surface until the
middle of which century?
a) 1700
b) 1900
c) 1800
d) None of the above

7. In early days, oil seeps were used for
a) Medicinal purpose
b) Caulk boats
¢) Inbuildings
d) Lubricating machinery
e) All of the above

8. The first oil was drilled
a) InlIraqandin 450 BC
b) In China and in 347 BC
¢) In Macedonia and in 325 BC
d) In Canada and in 1857
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10.

11.

12.

13.

14.

15.

16.

The petroleum industry in the Middle East was established by the
a) Ninth century

b) Eighth century

c) Seventh century

d) None of the above

In early days, the Chinese were using as modern drill pipe to
extract oil.

a) Bamboo

b) Cable tool rig

¢) Rotary system

d) None of the above

Mohammad ibn Zakariya Razi produced from petroleum using
the distillation process in the ninth century.

a) Diesel

b) Kerosene

¢) Gas

d) All of the above

Distillation process became available in Western Europe through Islamic Spain by
a) Eleventh century

b) Twelfth century

c) Tenth century

d) None of the above

In the West, was the first place of commercial production.
a) United States

b) Canada

¢) Brazil

d) France

The first breakthrough in the oil industry’s drilling history was the year

a) 1839
b) 1849
) 1859
d) 1921

The first oil well drilled in the United States was ft deep.
a) 59 feet
b) 69 feet
c) 79 feet
d) 89 feet

The principal party in the oil industry is called
a) Service company

b) Operator company

c) Contractor

d) Consultant




17.

18.

19.

20.

21.

22.

23.

INTRODUCTION 5

The first task an operator has to do is the engagement of a
a) Consultant

b) Geologist

¢) Landman

d) Surveyor

A is hired by the operator to acquire drilling rights.
a) Landman

b) Surveyor

c) Geologists

d) None of the above

A contractor who owns the drilling rig and employs the crew to drill the well is
called

a) Dirilling contractor

b) Service company

¢) Operator

d) None of the above

Operator hires to conduct other rig jobs.
a) Specialist consultants

b) Geologists

¢) Landman

d) Surveyor

Petroleum and mineral resources are usually owned by the of the
host country.

a) Gangsters

b) Government

¢) Private Sector

d) Bureaucrats

licenses allow licensees to drill for, develop and produce
hydrocarbons from whatever depth is necessary.

a) Exploration

b) Production

c) Drilling

d) Seismic

Awellthathelpsto determine the presence ofhydrocarbonsis called
well.

a) Wildcat

b) Development

c) Exploration

d) None of the above
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24,

25.

26.

27.

28.

29.

30.

Awellthatisdrilled to establish the extent (size) of reservoiris called
well.

a) Wildcat

b) Development

c) Appraisal

d) None of the above

A well that is drilled in a proved production field or area to extract natural gas or
crude oil is called well.

a) Wildcat

b) Development

c) Appraisal

d) None of the above

A well that is sealed and closed is called an
a) Wildcat

b) Development

c) Appraisal

d) Abandonment

licenses do not allow a company to drill any deeper than certain

depth.

a) Exploration
b) Production
¢) Dirilling
d) Seismic

On average, only one in eight exploration wells are successful in
a) Red Sea

b) North Sea

c) Atlantic Ocean

d) Pacific Ocean

The role of drilling engineer during drilling operations is
a) Planning

b) Design

¢) Supervision

d) All of the above

Which one is not a type of drilling well?
a) Exploration well

b) Appraisal well

c) Development well

d) Wild dog Well



31.

32.

33.

34.

35.

36.

37.

38.
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It is believed that the revolution of modern civilization benefited much from the
revolution of:

a) Drilling technology

b) Seismic technology

¢) Oil industry

d) EOR technology

Considering the lifecycle of the well, drilling operations are required at
a) 'The middle stage of the lifecycle

b) The initial stage of the lifecycle

c) The last stage of the lifecycle

d) All of them

The main objective of drilling engineering is to
a) Have sustainable drilling operations

b) Explore deep reservoirs

c) Increase productivity

d) Avoid breaking the formations

A sustainable drilling operation can be achieved by
a) Efficient designing

b) Analyzing the drilling data

¢) Implementing the right procedures

d) All of the above

The responsibilities of a drilling engineer are to
a) Decide the location of the well to be drilled
b) Prepare the well pad

c) Determine the depth of the well

d) None of the above

Which of the following does the drilling engineer has some flexibility to decide on?
a) Well location

b) Well trajectory

c) Well depth

d) Well cost

Which of the following does the drilling engineer not have flexibility to decide on?
a) Well location

b) Casing depths

c) Holes diameter

d) Rig maintenance

For which of the following operations does the drilling engineer need assistance
and recommendations?

a) Drilling fluids design

b) Cementing design

¢) Dirill bits design

d) All of the above
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39.

40.

41.

42.

43.

44,

45.

46.

Which of the following is not one of the technologies needed to prove the existence
of petroleum accumulations?

a) Seismic technology

b) Reservoir simulation

¢) Formation evaluation

d) Drilling technology

Petroleum accumulations can only be proved after
a) Performing seismic operations

b) Performing reservoir simulation

¢) Drilling a well

d) Well stimulation

Commercial hydrocarbon accumulations can only be proved after performing
a) Well testing

b) Well logging

¢) Drilling a well

d) None of the above

Human civilizations used drilling technology for
a) Drilling water wells

b) Mega constructions

c) Drilling oil wells

d) All of the above

The first oil discovery was in whereas the first nation to drill deep
wells was
a) China and Babylon

b) Kirkuk and Macedonia
¢) Iraqand China

d) Kirkuk and Canada

Breakthrough of oil production all over the world was in
a) The eighteenth century

b) The nineteenth century

c) 'The twentieth century

d) The twenty-first century

The earliest known oil well was drilled in
a) Canada

b) United States

¢) Macedonia

d) China

The first country to drill a commercial oil well was
a) China

b) Canada

¢) United States

d) Iraq
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47. A small exploratory oil well drilled in land not known to be an oil field to get the
geological information is known as
a) Wildcat well
b) Appraisal well
c) Pilot well
d) Abandonment well

48. A well drilled in a land that has dry wells drilled earlier is a/an
a) Appraisal well
b) Wildcat well
c) Development well
d) Observation well

49. A well drilled in a land which has one discovery well drilled is a/an
a) Exploration well
b) Development well
¢) Wildcat well
d) Appraisal well

50. A well drilled in a land known to have proven commercial oil is a/an
a) Wildcat well
b) Appraisal well
¢) Injection well
d) None of the above

Answers: 1a, 2¢, 3b, 4c, 5a, 6¢, 7e, 8a, 9b, 10a, 11b, 12b, 13b, 14b, 15b, 16b, 17a, 18a, 19a,
20a, 21b, 22b, 23c, 24c, 25b, 26d, 27a, 28b, 29b, 30b, 31c, 32b, 33a, 34d, 35d, 36b, 37a,
38d, 39b, 40c, 41a, 42d, 43¢, 44c, 45d, 46b, 47a, 48b, 49d, 50c.

1.6 Summary

This chapter developed the MCQs on some of the core issues related to drilling engi-
neering. Even before starting drilling operations, many activities need to be completed
to fulfill the different parties’ requirements, which are well covered here. Moreover, this
chapter added some more MCQs for the student’s self-practice and the answers are given
in Appendix B. The MCQs covered almost all the materials covered in this chapter.

1.7 MCQs (Self-Practices)
The solutions are in Appendix B.

1. A well which is drilled with no traces of oil accumulations is known as
a) Abandonment well
b) Appraisal well
c) Dry well
d) Wildcat well
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All of the following well types can be converted into a producing well except
a) Injection well

b) Exploration well

¢) Observation well

d) Dry well

A producing well should be in a sustainable fashion if it is not
producing commercially any more

a) Abandoned

b) Shutin

¢) Stimulated

d) None of the above

. 'The first well that is drilled in a discovered field for gathering more information is

called
a) Exploration well
b) Wildcat well

c) Appraisal well
d) All of the above

After drilling a wildcat well, which decision should be made right after completing
the testing operation?

a) Put the well on production

b) Kill the well

¢) Abandon the well

d) All of the above

The exploration well is drilled due to the following reason(s)—which one is the
correct answer?

a) Extent of the reservoir

b) Oil existence

c) Oil productivity estimations

d) Production of oil

. 'The appraisal well is drilled to find out

a) Oil existence

b) Rock and hydrocarbon properties
c) Reservoir extent

d) Reserve

The development well is drilled to
a) Fix the designed rate

b) Know the reservoir size

c) Know the oil properties

d) Extract hydrocarbons
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Drilling operations can be categorized into three major steps—which one is not
one of these categories?

a) Drilling a hole

b) Putting well on production

c) Casing

d) Completion of the well

Selection of the number of casing strings in a well is dependent on
a) Well depth

b) Complexity of the drilled formations

c) Type of the well

d) aandb

Casing sizes of the well is dependent on
a) Well depth

b) Well type

¢) Producing fluid type

d) None of the above

Which of the following is the main purpose of conductor casing?
a) Installation of BOP

b) Prevent surface formations collapse

¢) Guide the drill bit vertically

d) All of the above

All of the following are the main purposes of the surface casing except
a) Prevent breaking the soft formations

b) Isolate freshwater formations

c) Decreasing well cost

d) Install rigs BOP

If a well has three casing strings starting from its surface, these casings are called
a) Conductor, surface and production

b) Surface, intermediate and production

¢) Conductor, surface and intermediate

d) Conductor, intermediate and production

The company that bears overall responsibilities of drilling operations is
a) The drill bit company

b) The rig contractor

¢) The drilling fluids company

d) Dirilling contractor

The company that may be responsible for slowing down the ROP is
a) The rig contractor

b) The drill bit company

c) The service company

d) All of them
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Who is responsible for estimating the well drilling budget?
a) The rig contractor

b) Government

c) Service companies

d) Drilling team

Who is responsible for approving the well budget?
a) Oil operator

b) Government

c) Service company

d) aandb

Who is responsible for securing the well budget?
a) Government

b) Oil operator

c) Service companies

d) aandb

If a field is found which has no commercial hydrocarbon accumulations, who is
going to pay the exploration expenses?

a) Government

b) Oil operator

¢) Land owner

d) aandb

If a field is found which has commercial hydrocarbon accumulations, who is going
to pay the exploration expenses?

a) Service companies

b) Government

c) Oil operator

d) bandc

If a well encounters problems during drilling and due to this problem the approved
budget fails, which one of the following decisions should be made?

a) Stop drilling the well and move to the next well

b) Continue drilling at the expenses of the oil operator

c) Request for supplementary budget

d) None of the above

A well stopped during drilling due to bad weather for several days; who is going to
pay the standby expenses?

a) Oil operator

b) Government

¢) aandb

d) Service companies
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Who will be the first responsible person if one of the drilling operations fails due to
improper design implementation?

a) The specified service company representative

b) The oil operator representative

c) The drilling engineer

d) The government representative

In a well drilled with total cost which is less than the planned cost by 40%, this cost
saving is considered as

a) Saving oil operator’s money

b) Outstanding performance

¢) Bad cost estimates

d) None of the above

Which one of the following wells is easier in estimating its drilling cost?
a) Wildcat well

b) Appraisal well

¢) Injection well

d) Production well

Well cost estimation is difficult for explorations wells due to
a) Difliculties in estimating the drilling rate

b) Difficulties in estimating number of drill bits

c) Difficulties in estimating other services cost

d) All of the above

For a production section drilled vertically from 15,000 to 16,000 ft, what type of
casing would need to be used for safety?

a) Open hole without casing

b) Casing string from surface to bottom

c) Liner casing from last casing shoe to bottom

d) None of the above

A well is planned to be drilled to a depth of 5,000 ft—what will be the suitable hole
sections?

a) One section

b) Two sections

¢) Three sections

d) Five sections

A well is planned to be drilled to a depth of 3,000 ft in two section—what will be
the suitable section sizes?

a) 36”and 30”

b) 30” and 20”

c¢) 20”and 13 3/8”

d) 133/8and95/8”
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31. Technology necessary for extracting oil and gas reserves is
a) Drilling
b) Coiled Tubing
¢) Hydraulic Fracturing
d) None of the above

32. Technology which is used to utilize the crude oil and natural gas reserves is
a) Reservoir Engineering
b) Stimulation Technology
¢) Drilling Technology
d) All of the above
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Drilling Methods

2.1 Introduction

The rotary drilling rig and its components are the vehicle of modern drilling activities.
In this method a downward force has to be applied on the tool that breaks the rock, and
therefore it is an important parameter for an effective drilling operation. The conven-
tional practice in the oil industry is to use heavy drillstring assembly, for which large
capital expenses are required. However, while drilling, numerous challenges have to
be faced throughout the drilling operations. Sets of multiple choice question (MCQs)
are included which are related to different drilling systems including the rig and its
components. The chapter covers almost all the mathematical calculations with enough
workout examples. The solved examples and MCQs are based on the writer’s textbook,
Fundamentals of Sustainable Drilling Engineering — ISBN: 978-0-470-87817-0.

2.2 Different Mathematical Formulas and Examples

2.2.1 Power System

A typical arrangement of an engine with flywheel and pulley system is shown in
Figure 2.1. The shaft power developed by an engine can be obtained by the following
equation:

P =0T (2.1)

N

15
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Frictionless
pulley =—s

Fly wheel

Figure 2.1 A typical IC engine power output.

where
P = Shaft power developed by an IC engine, hp
T = Output torque, f-Ib,
= Angular velocity of the shaft, rad/min
In terms of revolution per minute, Eq. (2.1) can be written as:
P =T =Q2nN)x(Wr,, ) =2rr,, NW (2.2)

In terms of velocity vector and for frictionless pulley system, Eq. (2.1) can be written

as:
v =2nr,, N (2.3)
Power of shaft can also be written as:
wd _
where
d = distance travel by the weight on pulley, ft
N = revolution per minute, rpm
t = time required to travel the distance, d, min
W = Weight on pulley, Ib,
v = velocity vector, ft/min

r...= Radius of flywheel, ft
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The overall engine power efficiency is determined as the power output by power
input. Mathematically, it can be written as:

_Poweroutput B _ F 25)

v = Power input Q, wH

where
1, = Overall engine efficiency of the power system

Q, = power input to the IC engine, hp
w, = the rate of fuel consumption by the engine, Ib, /min
H, = heating value of fuel used in the engine, Btw/Ib,

Example 2.1: An internal combustion engine is run by diesel fuel in a rig side to gen-
erate power for the system. It gives an output torque of 1,600 ft-Ib.at an engine speed
of 1,150 rpm. The engine consumes fuel at a rate of 30 gal/hr. Calculate the wheel
angular velocity, power output, overall efficiency of the IC engine.

Solution:
Given data:
T = Output torque = 1,600 ft-Ib,
N = revolution per minute = 1,150 rpm

w, = the rate of fuel consumption by the engine = 30 gal/hr

Required data:
@ = Angular velocity of the shaft i.e., wheel angular velocity, rad/min
P = Shaft power developed by an IC engine i.e., power output, hp

17; Overall engine efficiency of the power system i.e., IC engine, %
The angular velocity can be calculated by using the given equation:

w=27N =27%x1,150=7,225.68 rad/min

The power output can be calculated using Eq. (2.1) as:
(7,225.68 rad/min)x (1,600 ft-1b,)
P =al = J !

) N (33,000 ft-Ib  /min)
hp
(Note: 1 hp = 33,000 ft-Ib/min)

=350.34 hp

Since the engine is run by diesel fuel, therefore from Table 2.1 (Hossain and Al-Majed,
2014), the density p is 7.2 Ib, /gal and the heating value H, is 19,000 Btu/Ib,. Therefore
the fuel consumption rate w,can be obtained by unit conversion as:

7
1 hr

=(30 gal/hr)x (7.2 Ib_] gal) x
wy = (30 gallhr)x( ! gal) (60 minute

j =3.6 Ib,/min
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Table 2.1 Derrick leg load distribution.

Load on each derrick leg
Load source Totalload |LegA LegB |LegC LegD
Hook load w, w, /4 w4 | W, /4 w, /4
Fast line T, T./2 - T./2 -
Dead line T, - - - T,
Total load on each (W, /4) + (Tf/2) w, /4 | (W, /4)+ (Tf/2) W, /4+T,
derrick leg

Therefore, the total heat energy consumed by the IC engine i.e., input power can be
calculated by using input power part of Eq. (2.5) as:

Q=wH,=

1,614.65 hp

(3.6 Ib, /min)x (19,000 Btu/lb, )X (779 ft-lbf/Btu)

(33,000 ft-1b . /min)
hp
(Note: 1 Btu= 779ft-lbf)

Thus, the overall efficiency of the IC engine is obtained by using the Eq. (2.5) as:

;7[)5

~ Power input

_ Power output P

Q

350.34
1,614.65

=0.2168 or 21.68%

Example 2.2: An internal combustion engine is producing 251 hp power output at 6130
rad/min wheel angular velocity. The engine is consuming about 23 gal/hr of kerosene fuel
that has a density of 0.79 gm/cc. Calculate the engine running speed, torque developed by
the engine and efficiency of the engine.

Solution:
Given data:
P =
w =
Prov =

sz

Required data:

Engine running speed in rpm
Engine torque in ft-Ib,
Efficiency of the engine

N =
T =
7,

Engine power
Wheel angular speed
Kerosene density
Engine fuel consumption =

251 hp

6130 rad/min
0.79 gm/cc
23 gal/hr

The engine running speed can be calculated using the following equation:

_272

@ _ 6130(rad/min)

27

=976 rpm
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The engine torque can be calculated after modifying Eq. (2.1) as below:

ft-Ib,
251(hp) x 33,000 -
P min
T=2t= =1351 Ib,-ft
w 6130(rad/min)

To calculate the efficiency of the engine, first we need to calculate the total heat
energy consumed by the engine.

Q =wh,

. . Btu
Heating value of kerosene (Hf) is 20,000 F

m

23(gal)x0 79(g )xs 34(ppg/(g )]
hr cc Ib
= =2.53—~

f 60(min/hr) " min

So the total heat energy is equal to:

b, Btu lb
2.53] — 1%x20,000f — |x 779 ft—i
min lbm Btu

t-1b
33,000 Sty L np
min

Q= =1,195 hp
Engine efficiency can now be calculated from Eq. (2.5):

_ Power output _ P, 251
Power input Q, 1,195

=21%

Example 2.3: A diesel engine was running at a speed of 1250 rpm at the drilling opera-
tions side. The driller noticed that the engine shaft output is 360 hp. He was trying to
pull a drillstring of 600,000 /b. The engine was running for one hour. Calculate the
wheel angular velocity, torque developed by the engine, the drillstring velocity, distance
travelled by the drillstring.

Solution:
Given data:
N = revolution per minute = 1,250 rpm
W = Weight on pulley = 600,000 /b,
P_ = Shaft power developed by an IC engine i.e. power output = 360 hp
t = time required to travel the distance, d = 1 week
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Required data:

Angular velocity of the shaft i.e. wheel angular velocity, rad/min
Output torque, fi-Ib,

the drillstring velocity i.e., velocity vector, ft/min

distance travel by the weight on pulley, f

U<
[

The angular velocity can be calculated by using the given equation:
®=21N =21 x1,250 = 7,854 rad/min
The torque output is obtained using Eq. (2.1) as:

360 hp) x{(33,000 ft-1b, /min)/h
B, _ GO0 )X USS000f b i) L
w (7,854 rad/min)

(Note: we know that 1 hp = 33,000 f-1b, /min)

The drillstring velocity can be calculated using the Eq. (2.4) as:

_ P (360 hp)x{(33,000 ft-Ib, /min)/hp}
Two 600,000 Ib,

=19.8 ft/min

As the engine was running for one hour, so the total distance traveled by the drill-
string within one hour is obtained by using Eq. (2.4) as:

So,
d=vt =(19.8 ft/min) X (1 hr X 60 min) =1188 ft

Example 2.4: A diesel engine gives an output torque of 1,740 ft-Ib at an engine speed of
1,200 rpm. If the fuel consumption rate was 31.5 gal/hr, what is the output power and
overall efficiency of the engine?

Solution:
Given data:
T = Output torque = 1740 ft-Ib,
N = revolution per minute = 1200 rpm
w, = the rate of fuel consumption by the engine = 31.5 gal/hr
Required data:
P = Output power, hp
1, = Overall engine efficiency of the power system, %

The angular velocity can be calculated by using the given equation:

o =21N =27 x1200 = 7539.822 rad/min
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The power output can be calculated using Eq. (2.1) as:
T - (7539.822 rad/min) x (1740 ft - lbf)
) (33,000t -Ib;/min)/,,,
(Note: 1 hp = 33,000 ft - lbf /min)

Since the engine is run by diesel fuel, therefore from Table 2.1, the density p is
7.2 Ibm/gal and the heating value H, is 19,000 Btu/Ib,. Therefore the fuel consumption
rate w, can be obtained by unit conversion as:

f
W, =(31.5g—“ljx 7.21b, x( Lhr j=3.78 Ib,, /min
hr gal 60 minutes

Therefore, the total heat energy consumed by the diesel engine i.e., input power can
be calculated by using input power part of Eq. (2.5) as:

(3.78 Ib, /min) x (19,000 Btu/lb, )X (779 ft-lbf/Btu)
(33,000ft-lbf /min)/hp
Q, =1695.3872 hp (Note: 1 Btu= 779ft-lbf)
Thus, the overall efficiency of the diesel engine is obtained by using the Eq. (2.5) as:

=397.5hp

Q=wH,

_ Poweroutput _ P 3975

”I]S_—_

=————=0.2344 0r 23.44%
Power input  Q, 1695.3872

Example 2.5: A diesel engine was running at an angular velocity of 8000 rad/min
at the drilling operations side. The torque output of the engine is 1,612.61 ft-Ib,
The driller was trying to pull a drillstring 600,000 Ib,. The engine was running for
one hour. Calculate the speed of the engine in rpm, engine shaft output in hp, the
drillstring velocity, distance traveled by the drillstring.

Solution:
Given data:
@ = wheel angular velocity, rad/min = 8000 rad/min
T = Output torque = 1612.61 fi-Ib,
W = Weight on pulley = 600,000 Ib,
Required data:

N = revolution per minute, rpm

P_ = engine shaft output, hp

v = the drillstring velocity i.e., velocity vector, ft/min
d = distance traveled by the weight on pulley, ft

The speed of the engine can be calculated by using the given equation:
0 =21N
2N = 8000
N =8000/277 =1273.24 rpm
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The engine shaft output is obtained using Eq. (2.1) as:
. (8000 rad/min) X (1612.61ft—lbf)
=wl =
: (33,000 ft-Ib,/min)/,,
(Note: 1 hp=33,000 ft-1b,/min)

=390.94 hp

The drillstring velocity can be calculated using the Eq. (2.4) as:

_ P (390.94 hp)x{(33000 ft-Ib, /min)/hp}
YTwo 600000 Ib,

=21.5017 ft/min

As the engine was running for one hour, so the total distance traveled by the
drillstring within one hour is obtained by using Eq. (2.4) as:

_ t
s0, d=vt= (21-5017L,)X(1 hr x60 min) =1290.102 ft
min

Example 2.6: A drilling rig diesel engine is consuming about 45 gal/hr of diesel fuel at
running speed of 1,750 rpm. If the engine efficiency is estimated to be 29%, calculate the
engine output power and the developed torque. The density of diesel is 7.2 gal/min and
heating value is 19,000 Btu/lbm.

Solution:
Given data:
w, = Engine fuel consumption = 45 gal/hr
N = Engine running speed in rpm = 1,750 rpm
1, = Efficiency of the engine = 29%
Required data:

P_ = Engine output power in hp

T = Engine torque in ft-Ib,

To calculate the engine output power, we need first to calculate the total heat energy
consumed by the engine.

45 gal x7.2(ppg)
hr b,
w, = =54—
f 60(min/hr) min
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The total heat energy consumed by the engine is equal to:

Ib
5.4( 1P} 19,000) B |« 77| fr-r
B min b, Btu 2422k
Q= fi-lb, CHAsRhp
33,000 /hp
min

So, the engine power output can be calculated by modifying Eq. (2.5):

Power output = Power input X7, =Q, X7,
=2,422x0.29=702.4 hp

Engine angular velocity is equal to:
® =21 N =27 x1750 =10,996 rad/min

So, the engine torque can now be calculated from Eq. (2.1):

ft-lb,

702.4(hp) X 33,000(
min

hp)
5 _ =2,108 Ib. -
w 10,996(rad/min) it

T =

23

Example 2.7: Shaft of an engine having a diameter of 4 ff was running at a velocity of

16,000 ft/min at the drilling operations side. The torque output of the engine is 1612.61
Jft-b, The driller was trying to pull a drillstring 600,000 [b,. The engine was running for

one hour. Calculate the speed of the engine in rpm, engine shaft output in hp, the drill-

string velocity, distance travelled by the drillstring.

Solution:
Given data:
V' = wheel velocity = 16000 ft/min
d = diameter of the wheel = 4 ft
T = output torque = 1612.61 fi-Ib,
W = weight on pulley = 600,000 Ib,

Required data:

N =revolution per minute, rpm

P_ = engine shaft output, hp

v = the drillstring velocity i.e., velocity vector, ft/min
d = distance travelled by the weight on pulley, ft

We simply use w = v/r, but we must make sure that V and r have matching length

units.

1 1
® =v x—=|16000 ft/minx — |=8,000 rad/min
r 2 ft
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Note that the units actually come out as 1/min; however, radians are suppressed unit
with regards to angular velocity. So we write (rad)/hr. The speed of the engine can be
calculated by using the given equation:

w=2rN
8000 =27 N
N =8000/2r =1273.24rpm

The engine shaft output is obtained using Eq. (2.1) as:

(sooom_djx(mu.slft-lbf)
P =l = i : =390.94 hp
(33,000ft-lbf /min) /hp

(Note: 1 hp = 33,000 ft-Ib, /min)

The drillstring velocity can be calculated using the Eq. (2.4) as:

P (390.94 hp) x{(33000 ft-Ib,/min)/hp}
Two 600000 Ib,

=21.5017 ft/min

As the engine was running for one hour, the total distance traveled by the drill string
within one hour is obtained by using Eq. (2.4) as:
wd —
LWy
t
d
t

=V

So,d ="t = (21.5017LJ x (1 hr x 60 min) =1,290.102 ft
min

2.2.2 Hoisting System

The assembly and components of a hoisting system are shown in Figure 2.2. The
compressive load of a derrick is calculated as the sum of the strengths of the four
legs. Each leg is considered as a separate column and its strength is calculated at the
weakest section. The wind load is specified in two ways, namely with or without pipe
setback based on API derricks.

The wind load can be calculated as:

W, =0.004 V* (2.6)

where
W, = wind load, lbf/ft2
V= wind velocity, mph
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Derrick

Crown block

Drilling line Dead line
(8 lines are
strung)
Drum Fast line Traveling block

Storage
reel

Drawworks Dead line anchor

Load indicator

Figure 2.2 Different components of hoisting system.

Derrick

Anchor

Figure 2.3 Derrick/mast of the hoisting system.

The total compressive load on derrick can be calculated using the block and tackle
arrangement as shown in Figure 2.3. If the system has frictionless pulley, the following
relationship is evident:

n+2
W, = . W, (2.7)
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where

W, = total compressive load on the derrick, Ib

n = number of drilling lines through the traveling block
W, = hook load, lbf

Example 2.8: During a drilling rig structure fatigue test, the operator measured the wind
load of 0.5 psi. The rig has ten lines which are strung through the traveling block. A hook
load of 250,000 lbf is being hoisted. According to the API standard, calculate the wind
velocity, and the total compressive load.

Solution:
Given data:
W = windload = 0.5 psi
W, = hookload = 250,000 Ib,
n = number of drilling lines through the traveling block = 10

Required data:
V = wind velocity, mph
T = total compressive load on the derrick, lbf

The wind velocity can be obtained using Eq. (2.6) as:
W, (0.5 1b/in’)x{(144 in’)1 ft*}

©0.004 0.004
(Note: we know that 1 ft, =144 in*)

2

Therefore,
V =134 mph
The total compressive load on the derrick is obtained using the Eq. (2.4) is:
n+2 _ (10+2)x250,000

w.o=" 2w = 300,000 Ib
D n hl 10 f

Example 2.9: During a rig structure fatigue test, the operator measured the wind load
of 0.6 psi. The rig has sixteen lines which are strung through the traveling block. A
hookload of 550,000 Ib is being hoisted. According to the API standard, calculate the
wind velocity, and the total compressive load.

Solution:
Given data:
W = windload = 0.6 psi
W, = hook load = 550,000 Ib
n = number of drilling lines through the traveling block = 16

Required data:
V' = wind velocity, mph
T = total compressive load on the derrick, lbf
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The wind velocity can be obtained using Eq. (2.6) as:

(0.6%j x{(144 in®)/1 ft*}
W n

0.004 0.004
(Note: we know that 1 ft, =144 in*)

y2 =

Therefore,
V =134 mph
The total compressive load on the derrick is obtained using the Eq. (2.4) is:
+2 16+2) x 550,000
wo =12 = ( )16 =618,7501b,
n

Example 2.10: A rig is designed to withstand maximum wind speed of 250 km/hr.
What will be the wind load that will be developed at that speed?

Solution:
Given data:
V= Maximum wind speed = 250 km/hr

Required data:
W, = Wind load in Ib /ff’

Wind load can be estimated using Eq. (2.6):

W, =0.004 V*
Units of wind speed must first change to mile/hr:
250"
V = —N 15625 mile/hr
km
1.6——
mile

Now, wind load is equal to:

W, =0.004 V* =0.004 *156.25" = 97.91b / ft*
Using the fast line and dead line tension, the derrick load can also be calculated by:
Derrick load = hook load + Fast line load + dead line load
Wy =W, +T,+T, (2.8)

where
Tf = tension (i.e., load) in the fast line, [b
T, = tension (i.e., load) in the dead line, bf
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In practical situation, the total derrick load is not distributed equally over all four
derrick legs due to the placement of drawworks. Table 2.1 shows the load distribution
for each leg where it is assumed that the four legs of the derrick are in equal distance.

The maximum equivalent derrick load can be written as:

W, ={W,/4+T,}x4 (2.9)

D,

Derrick efficiency is written as:

W W
n,=—2 = D (2.10)
W, AW, /4+T} x4

The main function of block and tackle is to provide the mechanical advantage which
can be written as:

M, =—" (2.11)
Tf
where
M_, = mechanical advantage of block and tackle
The tension in the tension (i.e., load) in the fast line can be written as:
W,
T, =—" (2.12)
n
where

n = number of lines strung through the traveling block
The ideal mechanical advantage is

W
ity = =1 (2.13)
W,/n

The power of the block and tackle can be defined mathematically:

P =Ty,

(2.14)
where
P, = input power of the block and tackle, hp
v, = velocity of the fast line, ft/min
The output power or hook power is
P, =Ww, (2.15)

outy,

where
P = output power of the block and tackle, hp

outy,
v, = velocity of the traveling block, ft/min

The traveling block velocity can be calculated using the following relation:
v, =L (2.16)

The efficiency of the frictionless block and tackle can be obtained as the ratio of
output power to input power which is obtained as:
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Vs
(Tfn)x[]
Py _ W _ ")

P vaf vaf

Tyt

Ny = (2.17)

If there is a friction, #,, = " = 0.98". The actual block and tackle efficiency can be
obtained as:

Vy
p W, x| —
out, _ WV, n) Wy,

nhz = = = - (218)
W LY Tyvs Tyn
The fast line tensions in terms of hook load and block and tackle efficiency as:
W,
Tf =h (2.19)
Ty

The tension in the deadline can be obtained as T,=W,/n. The deadline derrick
load is:

W, W, 1+n,, +n..n
WD:M/PLI+_M+_MZ{M}XMZ (2.20)
nn n My
The maximum derrick load is:
w. W
WD :{—M+—M}X4:(_n+4jwhl (221)
max 4 n n
The derrick efficiency is:
{(1+nbt +nbtn)}x
hi
w n +1)+1
Mo =17 D _ Zb:r : _ 771;; (’zn +)4) (2.22)
Dy [n)whl bt

Example 2.11: A 9 5/8-inch, 53.5 Ib/ft casing string is set at a depth of 13,150 ft. Since
this will be the heaviest casing string run, the maximum mast load must be calculated.
Assuming that 10 lines run between the crown and the traveling blocks and neglecting
buoyancy effects, calculate the maximum load.

Solution:
Given data:
W, =hookload = {(53.5 Ib/ft) x (13150 fi)} = 703,525 Ib,
L. = length of casing = 13,150t
OD_ = outer diameter of casing = 9 5/8 in

n number of drilling lines through the traveling block = 10
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Required data:

W, = Maximum derrick load, lbf

max

If a frictionless pulley and block and tackle system is used, the fast line tension can
be calculated using Eq. (2.12) as:

703,525 lbf
Tf =——=703525 lbf
10

If we consider that the deadline has also the same tension, the maximum derrick
load can be obtained using the Eq. (2.9) or Eq. (2.21) as:

,52
W 703,525

D,

= (W, /4+T,}x4 =( +70352.5J><4 =984,9351b,

max

4 10+4
w, = 22w, =] == |x703,525 Ib, = 984,9351b,
n 10

Example 2.12: The total weight of 9,000 ft of 9 5/8-inch casing for a deep well is deter-
mined to be 400,000 Ibs. Since this will be the heaviest casing string run, the maximum
mast load must be calculated. Assuming that 10 lines run between the crown and the
traveling blocks and neglecting buoyancy effects, calculate the maximum load.

Solution:
Given data:
Whl = hook load = 400,000 Ibf
Lc = length of casing = 9,000 ft
ODc = outer diameter of casing = 9 5/8 in

n = number of drilling lines through the traveling block = 10
Required data:
WDW = Maximum derrick load, lbf

If frictionless pulley and block and tackle system is used, the fast line tension can be
calculated using Eq. (2.12) as:

400,000 Ib h

T = 40,000 /b
f 10 f

If we consider that the deadline has also the same tension, the maximum derrick
load can be obtained using the Eq. (2.9) or Eq. (2.21) as:

400,000
W [

b, ={W,/4+T,}x4= +40,000jx4:560,000 lbf

wo =[P Z( 0% 400,000 b, = 560,000 I
D » hi 10 f f

max
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This example demonstrates two additional points - the marginal decrease in mast
load decreases with additional lines, and the total mast load is always greater than the
load being lifted.

Example 2.13: The hoisting system of a rig derrick has a load of 350,000 Ib,. The input
power of the drawworks for the rig can be a maximum of 530 hp. Eight drilling lines
are strung between the crown block and traveling block. Assume that the rig floor is
arranged as shown in Figure 2.3. Consider there is some loss of power due to friction
within the hoisting system. Compute (1) the static tension in the fast line when upward
motion is impending, (2) the mechanical advantage of the block and tackle, (3) the max-
imum hook horsepower available, (4) the maximum hoisting speed, (5) if a 90 ft stand is
required to be pulled, what should be the required time, (6) the actual derrick load, (7)
the maximum equivalent derrick load, and (8) the derrick efficiency factor.

Solution:
Given data:
W, = hookload = 350,000 Ib,
P, = input power of the block and tackle = 530 hp
n = number of drilling lines through the traveling block = 8
L. = lengthofstand = 90ft
Required data:
Tf = tension (i.e., load) in the fast line, lbf
M , = mechanical advantage
P, = output power of the block and tackle, hp
v, = velocity of the traveling block, ft/min
t = time, min
W, = actual load on the derrick, Ib
WDW = Maximum derrick load, lbf
n, = derrick efficiency, %

1. As the system is not frictionless, first we need to calculate the hoisting
efficiency for eight numbers of drilling lines. The approximate block and
tackle efficiency can be characterized by the following relationship:

n, =e" =0.98" =0.98° =0.851
Therefore, the static tension in the fast line can be obtained using Eq. (2.19):
T - W, _ 350,000 b,
/ n,h 0.851x8
2. The mechanical advantage of the block and tackle is given by Eq. (2.11) as:

W 350,000 /b
M =—hl=—f=6.81
51,4101bf

=51,4101bf

ady
Tf

3. The maximum hook horsepower available can be obtained applying
Eq. (2.17) as:

P, =7, P, =0.851x530=451.03 hp

outy,
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4. The maximum hoisting speed is the maximum velocity of the block and
tackle that can be attained by the available hook power. Therefore the
maximum velocity can be obtained by using Eq. (2.15) as:

33,000 ft-Ib, /min
(451.03 hp) x
out hp
v = bt =
" w, 350,000 Ib,
=42.53 ft/min

5. To pull a 90 ft long stand, the time required can be estimated using the
definition of speed as:
L
p=te o 5 12 min
vy,  42.53 ft/min

6. The actual derrick load is given by Eq. (2.20):

A +m, +1,1) {(1+0.851+O.851x8)}
=y (W=
nbtn 0.851x8

% (350,000 lbf) = 445,160.1 lbf

W

D

7. The maximum derrick load can be obtained by using Eq. (2.21) as:

+4 8+4
A :(”n jWhl: < (350,000 Ib,) =525,000 Ib,

max

8. The derrick efficiency is given by Eq. (2.22):

W, 445160.11b,
n, = = =0.8479 = 84.8%
w, 525,000 Ib,

D

max

Example 2.14: The hoisting system of a rig derrick has a load of 450,000 [b,. The input
power of the drawworks for the rig can be a maximum of 630 hp. Ten drilling lines
are strung between the crown block and traveling block. Assume that the rig floor is
arranged as shown in Figure 2.3. Consider there is some loss of power due to friction
within the hoisting system. Compute (1) the static tension in the fast line when upward
motion is impending, (2) the mechanical advantage of the block and tackle, (3) the
maximum hook horsepower available, (4) the maximum hoisting speed, (5) if a 90 ft
stand is required to be pulled, what should be the required time, (6) the actual derrick
load, (7) the maximum equivalent derrick load, and (8) the derrick efficiency factor.

Solution:
Given data:
W, = hook load = 450,000 lbf

input power of the block and tackle = 630 hp
number of drilling lines through the traveling block = 10
length of stand = 90 ft

bt

n
L

S
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Required data:

dv

§FU az\ﬂ

=
T

Dg U§ N

3
]

=
o

= tension (i.e., load) in the fast line, lbf

= mechanical advantage

= output power of the block and tackle, hp
= velocity of the traveling block, ft/min

= time, min

= actual load on the derrick, b

= Maximum derrick load, lbf

= derrick efficiency, %

. As the system is not frictionless, then first we need to calculate the

hoisting efficiency for ten numbers of drilling lines. The approxi-
mate block and tackle efficiency can be characterized by the following
relationship:

n, =€ =0.98"=0.98" =0.817
Therefore, the static tension in the fast line can be obtained using
Eq. (2.19):

W. 450,000 Ib
T, =—t = ! ~55079.559 Ib,
n,n  0.817x10

The mechanical advantage of the block and tackle is given by Eq. (2.11) as:

W, 450,000 lbf 8170

adv - -
Tf 55079.559 lbf

The maximum hook horsepower available can be obtained by applying
Eq. (2.17)
P, =m,xP =0.817x630=514.71hp

The maximum hoisting speed is the maximum velocity of the block and
tackle that can be attained by the available hook power. Therefore the
maximum velocity can be obtained by using Eq. (2.15) as:

33,000 ft-Ib, /min
(514.71 hp) x
hp
vy, =

LW, 450,000 b,
=37.7454 ft/min

outy, _

To pull a 90 ft long stand, the time required can be estimated using the
definition of speed as:

L 90 ft

N

= — =2.384min
v, 37.7454 ft/min

33
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6. The actual derrick load is given by Eq. (2.20):

W, = {(1"‘7%: +nbt”)}xmfhl

Ny

_{(1+0.817+0.817x10)

0.817x10
W, =550,079.559Ib,

}x (450,000 Ib,)

7. The maximum derrick load can be obtained by using Eq. (2.21) as:

+4 10+4
W, :(” ij - 010 x (450,000 Ib,)

D,

hi
n
=630,000 b f

8. The derrick efficiency is given by Eq. (2.22):

W, 550,079.559 Ib,
N, =—2 = =.8731=87.31%
W, 630,000 Ib,

Dmax

Example 2.15: A diesel engine is run to generate power for the rig system. It gives an
output torque rating of 1,500 f¢-Ib at an engine speed of 1,170 rpm. Consider that there
is a friction loss in the pulley andf block and tackle system. The hook load of the rig is
580,000 [b,and there are ten drilling lines strung on the system. Find the output power
of the engine, velocity of the fast line, tension of the fast line, velocity of the traveling
block, power output of the block and tackle, efficiency of block and tackle.

Solution:
Given data:
T = Output torque 1,500 ft-Ib,
N = revolution per minute = 1,170 rpm
W,, = hookload = 580,000 /b,
n = number of drilling lines through the traveling block = 10

Required data:

P = Shaft power developed by an IC engine i.e., power output, hp
Tf = tension (i.e., load) in the fast line, lbf

v, = velocity of the fast line, ft/min

v, = velocity of the traveling block, ft/min

P, = output power of the block and tackle, hp

n, = efficiency of the block and tackle, %

The angular velocity can be calculated by using the given equation:

w=2nNx=21x1,170 = 7,351.34 rad/min
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The power output can be calculated using Eq. (2.1) as:
(7,351.34 rad/min)x (1,500 ft-1b )
P =al = f !

: 33,000 ft-Ib, /min
hp
(Note: 1 hp = 33,000 ft-Ib;/min)

=334.15 hp

If we consider that this engine power output will be only engaged by the hoisting sys-
tem and there is no friction loss on the pulley, this engine power output would be con-
sidered as the power input for the block and tackle (P, ). So, P, = 334.15 hp. Tension
in the fast line can be obtained using Eq. (2.12) as: t '

_ Wa _ 580,000 b,
T 10
Using Eq. (2.14), the velocity of the fast line can be obtained as:

P (33415 hp)x(33,000ft—lbf/min/hp)

1,

T, 58,000 Ib,

=58,000 lbf

v, = =190.12 ft/min

Equation (2.16) is used to calculate the velocity of traveling block as;

vy 190.12 ft/min
Vbt - -
n 10

The output power or hook power can be measured as the traveling block load
(i.e., hook load) times the velocity of the traveling block i.e., using Eq. (2.15) as:

(580,000 lbf) % (19.0 ft/min)
B =Wy, = -
Wt (33,000ft—lbf/mm)
hp

=19.0 ft/min

=333.94 hp

The efficiency of the block and tackle can be given by Eq. (2.18) as:

P, 33394hp
P 334.15hp

Yot

n, = 0.99 = 99%

Just to cross check, if we use the relationship 7,, = e" = 0.98" for the efficiency, it
becomes as7,, = ¢" = 0.98" = 0.98' = 0.817 = 81.7%

Example 2.16: A diesel engine is run to generate power for the rig system. It gives
an output torque rating of 1,000 f-Ib, at an engine speed of 1,070 rpm. Consider that
there is a friction loss in the pulley and block and tackle system. The hook load of
the rig is 500,000 [b and there are twelve drilling lines strung on the system. Find the
output power of the engine, velocity of the fast line, tension of the fast line, velocity
of the traveling block, power output of the block and tackle, efficiency of block and
tackle.
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Solution:
Given data:
T = Output torque = 1,000 ft-b,
N = revolution per minute = 1,070 rpm
n = number of drilling lines through the traveling block = 12
W, = hookload = 500,000 I,
Required data:
Tf = tension (i.e., load) in the fast line, [b
P = Shaft power developed by an IC engine i.e., power output, hp
P, = output power of the block and tackle, hp
v, = velocity of the fast line, ft/min
v, = velocity of the traveling block, ft/min
hb , = efficiency of the block and tackle, %

The angular velocity can be calculated by using the given equation:
@w=27N =27x1,070 = 6723.008 rad/min
The power output can be calculated using Eq. (2.1) as:

6723.008 rad /min)x (1000 ft-Ib
I )X (1000 f-1b,)

s B (33,000 ft-1b /min)
hp
(Note: 1 hp = 33,000 ft-Ib, /min)

=203.727 hp

If we consider that this engine power output will be only engaged by the hoisting sys-
tem and there is no friction loss on the pulley, this engine power output would be con-
sidered as the power input for the block and tackle (P, ). So, P, =203.727 hp. Tension
in the fast line can be obtained using Eq. (2.12) as: , ,

T =% _ 500,000 lbf

— 41666.67 Ib
Fon 12 f

Using Eq. (2.14), the velocity of the fast line can be obtained as:

(203.727 hp) % (33,000 ft—lbf/mify
hp

Vf — ibt —
Tf 41666.67 lbf

=161.351 ft/min

Equation (2.16) is used to calculate the velocity of traveling block as:

v, 161.351 ft/min
v, =L = 16L3SLATmIn _ 3 445 ft/min
n 12
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The output power or hook power can be measured as the traveling block load (i.e.,
hook load) times the velocity of the traveling block, i.e., using Eq. (2.15) as:

(500,000 Ib,) X (13.445 ft/min)

(33,000 ft-1b, /min)
hp

The efficiency of the block and tackle can be given by Eq. (2.18) as:

=203.71hp

=Wy, =

outy,

Pou, 20371
=2t - 2B TLRD g 9q gy,
P 203727 hp

Just to cross check, if we use the relationship n, =€ =0.98" for the efficiency, it
becomes as,

n, =€ =0.98" =0.98" =0.784 = 78.4%

Example 2.17: A 9 5/8-inch, 50.5 Ib/ft casing string is set at a depth of 10,150. Since
this will be the heaviest casing string run, the maximum mast load must be calculated.
Assuming that 10 lines run between the crown and the traveling blocks and neglecting
buoyancy effects, calculate the maximum load.

Solution:
Given data:
W, = hookload = {(50.5 Ib/ft) x (10150 fi)} = 512,575 Ib,
L. = length of casing = 10,150 ft
OD._ = outer diameter of casing = 9 5/8 in
n = number of drilling lines through the traveling block = 10
Required data:
WDM = Maximum derrick load, lbf

If frictionless pulley and block and tackle system is used, the fast line tension can be
calculated using Eq. (2.12) as:

512,575 lbf

T,=—=5125751b
f 10 f

If we consider that the deadline has also the same tension, the maximum derrick
load can be obtained using the Eq. (2.9) or Eq. (2.21) as:

512,575
4

Eq.(2.9): W, ={W, /4+T,}x4 :( +51257.5jx4

=717,6051bf

+4 10+4
Eq.(2.21): WD'WZ(nn jWh,:( o jx512,575 Ib,

=717,605 lbf
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Example 2.18: A 9 5/8-inch, 45.5 Ib/ft casing string is set at a depth of 9,150. Since this
will be the heaviest casing string run, the maximum mast load must be calculated.
Assuming that 10 lines run between the crown and the traveling blocks and neglecting
buoyancy effects, calculate the maximum load.

Solution:
Given data:
W, = hookload = {(45.5 Ib/ft) x (9,150 fi)} = 416,325 Ib,
L. = length of casing = 9,150 ft
OD_= outer diameter of casing = 9 5/8 in
n = number of drilling lines through the traveling block = 10
Required data:
WDM = Maximum derrick load, lbf

If frictionless pulley and block and tackle system is used, the fast line tension can be
calculated using Eq. (2.12) as:

416,325 lbf

T =41632.5 b
f 10 f

If we consider that the deadline has also the same tension, the maximum derrick
load can be obtained using the Eq. (2.9) or Eq. (2.21) as:

+ 41632.5j x4

416,325
Eq.(2.9): W, = W, /4+T,}x4= (T

=582,8551b f

4 10+4
Eq.(2.21):WDW=(nZ thlz( 1; jx416325 Ib,

=582,8551b ;

Example 2.19: A rig is hoisting a load of 450,000 [b,. If 8 lines are strung through the
traveling block, calculate the total compressive loads on the rig.

Solution:
Given data:
W, = Hook load = 450,000 lbf
n = Number of lines = 8 lines
Required data:

W, = Total compressive load, lbf

The total compressive load can be calculated from Eq. (2.7)

+2 §+2
w =22 w = = 450,000 =562,500 Ib,
n

D
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Example 2.20: A block and tackle system has 10 lines with efficiency of 0.81. The system
can lift a maximum load of 600,000 [b,at a speed of 100 ft/min. The diameter of draw-
works drum is 30 inches. Calculate the fast line and dead line tensions, fast line and drum
speeds, and the torque in the drum when no drilling line is reeled in the drum.

Solution:

Given data:

,, = Hookload = 600,000 lbf
n = Number of lines = 10 lines
h,, = Block and tackle efficiency = 0.81
v, = Block and tackle speed = 100 ft/min
d, = Drum diameter = 30 inches
Required data:
Tf = Fast line tension in [b
T, = Dead line tension in [b
v, = Fastline speed in ft/min

= Drum speed in rpm
= Drum torque in [bft

drum

~. .=
I

drum

Fast line tension can be estimated using Eq. (2.19):

W, ,
T, =— = 000,000 _ 74 074 1b }
n,n  0.81x10

Dead line tension can be calculated using equation:

W,
T, = —h = —600’000 =60,000 lbf
n 10

Fast line speed can be determined from Eq. (2.16):
V=V, n= 100*10 =1,000 ft/min

Drum speed can be calculated from the equation:

v 1,000
! = =127.3rpm

~ drum perimeter - (30)
T X O

Vdrum

Drum torque where there is no line in the drum is equal to:

T

30
o = Ty Xy = 74,074 X ——— = 92,592.51b -ft
2*12
2.2.3 Circulation System

Figure 2.4 depicts the valve and cylinder arrangement of a double acting (Figure 2.4a)
and a single acting (Figure 2.4b) pumps.
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Figure 2.4 Valve and liner arrangement of mud circulating pumps.

The theoretical displacement from a double-acting pump is the volume of liquid
displaced (Figure 2.4a):

v, = %des (2.23)
where,
V., = volumetric displacement of liquid for a forward stroke with one piston, in’/
stroke
d, = liner diameter, inch
L. = stroke length, inch

Slmllarly, for the backward stroke of each piston and liner system (Figure 2.4a), the
volume of liquid displaced is

T T T . n n
VBI :Zdl Ls_zdprLs =Z(dl _dpr)Ls (224)
where,
V,, = volumetric displacement of liquid for a backward stroke with one piston, in’/
stroke
d, = piston diameter, inch

Therefore, for a double acting (duplex) pump having two cylinders, the total volu-
metric displacement of liquid per complete pump cycle is given as:

T T
qD = VFl + VB] =2x {Zdlst + Z(dlz - d;r )LS} = - d;r} (225)

If the volumetric efficiency of pump (;7P) is considered, the total volumetric displace-
ment per cycle or pump factor can be written as:

p = —d, }xn, (2.26)

For N number of pump cycle:

-2 <N (2.27)

qDN
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where, N = number of pump cycle i.e., revolutions per minute of crank
piston strokes/min
- 4

Since both pistons make a stroke in each direction for each revolution of the crank,
there are four individual piston strokes per crank revolution. Therefore, for N revolu-
tion, Eq. (2.27) can be obtained as:

L
qDN::——égﬂx{de——d;}x4PJ (2.28)

Now, pumps are commonly rated by hydraulic horsepower. If we assume that suction
pressure is atmospheric, then work done per piston stroke can be calculated as:

T L
W, =P, x| =(d*-d*> )= (2.29)
P d |: 4 1 pr 12
where,
W, = work done per piston stroke, Ib-ft
P, = discharge pressure, psig

Since both pistons make a stroke in each direction for each revolution of the crank,
there are four individual piston strokes per crank revolution. Therefore, for N revolu-
tion, Eq. (2.29) can be obtained as:

T L,
WPN = Pd X |:Z(dlz _d;r)ﬁ:| x 4N (230)

where,
W,y = work done per complete stroke, b -ft

PN
The power output for pump then can be obtained as:

T —d )
de[4(dl dpr)12:|><4N _Pd(dlz_d;r)LsN

P = = (2.31)
(33,000 ft-1b, /min) 126050.4 X 77
h XY mp "
P
where,
W,y = work done per complete stroke, Ib-ft
P, = output power for the duplex pump, hp
h,, " = mechanical efficiency of the duplex pump, %

For a mechanical efficiency of 85%, Eq. (2.31) can be reduced to the following
equation:

P(d} ~d’)LN

t (2.32)
outp 107143
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In general, pumps are rated for hydraulic horsepower, maximum pressure, and max-
imum flow rate. The following equation is used to calculate the pump horsepower.

Apq
' i (2.33)
1714

where,
P, = pump horsepower, hp
Ap = increase in pressure, psi, which cannot be more than 3,500 psi.
q = flow rate, gal/min

As shown in Figure (2.4b) for a single acting pump (triplex), there is only one suc-
tion and delivery valve. which means there is no backward displacement. Therefore, the
volumetric displacement by each piston stroke during one complete cycle is given by

qs = %dzz L, (2.34)

Thus the volumetric displacement per cycle for a single-acting pump having three
cylinders with volumetric efficiency becomes as:

3r
qST = 7dlst Xrlp (235)

For N number of pump cycle, Eq. (2.35) can be written as:
3n
Aoy = ?df Ln,xN (2.36)

Example 2.21: Calculate the liner size required for a double-acting duplex pump where
rod diameter is 2.5 in, stroke length is 22 in stroke, pump speed is 70 strokes/min. In
addition, the maximum available pump hydraulic horsepower is 1200 hp. For optimum
hydraulics, the pump recommended delivery pressure is 3,000 psi. Assume the volu-
metric efficiency of pump is 98%.

Solution:
Given data:
dpr = piston rod diameter, inch = 2.5in
L, = stroke length, inch = 22in
4N = revolutions per minute of crank
= piston strokes/min = 70 strokes/min
P,, = outputpower for the duplex pump, hp = 1200 hp
P, = discharge pressure, psig = 3,000 psi (here it is Ap for the pump)
n, = volumetric efficiency of pump = 0.98
Required data:

d] = liner diameter, inch
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Using Eq. (2.26), the pump displacement for a duplex pump is given by

7l . X (22 in) 5 2 in7
=7 x{2d; —d, }x7, _Tx&dl —(25in)}x0.98, 1/, ke

:|>< lgal {2d,2 —(2.5in)*} gal
stroke | 231 i’ 6.82 " stroke

= [33.85><{2dl2 —(2.5 inp}in’

(Note: 1 gal =231 in’)

Using Eq. (2.28), the pump displacement for a duplex pump operating at 60 strokes/
min is given by

2 . 2
{2d; — (2.5 in) }) gal < 60 stroke
6.82 stroke min

nLn
4oy :TPX{Zdlz_d;r}X4N:
={17.6 d} —55} gpm

Equation (2.33) gives the pump displacement as

A , j
o :ﬂjl,zoo hpzwj
1714 1714

Theoretically, these two pump displacement is equal therefore,

q =685.6 gpm

qpy =9 = {17.6 d} =55} =685.6 = d, =6.49 in

Example 2.22: Calculate the liner size required for a double-acting duplex pump where
rod diameter is 3.0 in, stroke length is 25 in stroke; pump speed is 75 strokes/min. In
addition the maximum available pump hydraulic horsepower is 1500 hp. For optimum
hydraulics, the pump recommended delivery pressure is 3,500 psi. Assume the volu-
metric efficiency of pump is 98%.

Solution:
Given data:
P, = discharge pressure, psig = 3000 psi (here it is Ap for the pump)
L. = stoke length, inch = 25in
4N = revolution per minute of crank
= piston strokes/min = 75rpm
P, = output power for the duplex pump, hp = 1500 hp
d, " = piston rod diameter, inch =3.0in
n, = volumetric efficiency of pump = 0.98
Required data:
d = liner diameter, inch

1

Using Eq. (2.26), the pump displacement for a duplex pump is given by,

L
25 x{2d} —d;r}xnp

qp =

_ x(25in) 5 . \2 in®
_TX{ZCZ’ ~ @5 i) 1098 1/ oke



44 FUNDAMENTALS OF DRILLING ENGINEERING

= 2_ (2.5 in)? in’ _lgal
dp = [39.27 x{2d; — (2.5 in)"}x0.98 stroke} X po—
_{2d} -(.5in)?’}  gal
6.82 ’ stroke

(Note: 1 gal =231 in’)

Using Eq. (2.28), the pump displacement for a duplex pump operating at 60 strokes/
min is given by,

2 . \2
{2d; - (2.5in)’}  gal ><60sz‘roke

L
M o~y 4N = ,
2 b 6.82 stroke min

qDN

={17.6d; —55}gpm

Equation (2.33) gives the pump displacement as,

_Apg
1714
1500 hp = (3500 psi)gq
1714
q="734.57 gpm

Theoretically, these two pump displacement is equal therefore,

qpy =q=117.6d’ —55} =734.57

d, = 6.698 in

Example 2.23: A double-acting duplex pump has a rod of 2.25 inches diameter, 7 inches
size and 25 inches liner length. The pump has the maximum hydraulic horsepower
of 1,400 hp. If the required pump pressure is 2,400 psi. Calculate the pump speed in
strokes/min. Assume displacement efficiency of 91%.

Solution:
Given data:
d_ = Roddiameter = 2.25"
df = Liner diameter = 7.0”
L. = Linerlength = 25”7
P = Pump hydraulic output power = 1,400 hp
P = Pump pressure = 2,400 psi
7, = Pump displacement eff. = 091

Required data:
N = Pump speed in strokes/min
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The displacement of this pump can be calculated using Eq. (2.26):

L s 7T %25 ) 2
= x(2d; —d = x(2x77-2.25")%0.91
1o 2x231 (in’/ gal) (2 ~d,,n, 2x231 ( )
=14.4 gals/stroke

The pump rate at the required pressure of 2,400 psi can be calculated from Eq. (2.33):

P, x1714 1,400x1714
P 2,400

=1,000 gals/min

Thus, the required strokes/min to get the same pump rate is equal to:

4 _ I’OOf =69.4 OR 70 strokes/min

Pump speed =

D

Example 2.24: A single-acting triplex pump has been used in a drilling rig to provide a
total pump rate of 750 gals/min at pressure of 1800 psi and pump speed of 100 strokes/
min. If the liner diameter is 6 inches, determine the liner length and the pump output
power. Assume a displacement efficiency of 95%.

Solution:
Given data:
d, = Liner diameter = 6.07
q = Required pump rate = 750 gals/min
P = Pump pressure = 1,800 psi
n, = Pump displacement eff. = 95%
N = Pump speed in strokes/min = 100
Required data:
L, = Liner length
P .= Pump hydraulic output power

Because the pump is single acting, only the forward stroke movement will be con-
sidered in the calculations. Thus, the volume displacement for a triplex pump can be
calculated from Eq. (2.23):

3><£><d12><lxnp 3x " x6" x1%0.95
4 4

o 231in’/ gal 231in’/ gal

The pump displacement can be calculated from the pump rate and pump speed as
follows:

q _750
=N " 100

=7.5 gals/stroke
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Thus, the liner length is equal to:
_ D __ 7> 21.45 inches
0.349 0.349
The hydraulic output power can be calculated using Eq. (2.33):
P - Pq _ 2,400x 750
1,714 1,714

Example 2.25: A double-acting duplex pump has a volumetric displacement of 16.5 gals/
stroke. If the pump requires a 1,300 hp as an input power to be run at a 65 strokes/min
that gives a discharge pressure of 1,750 psi, calculate the pump mechanical efficiency.

=1,050.2 hp

Solution:
Given data:
g, = Volumetricdisplacement = 16.5 gals/stroke
wpu = POWer input = 1,300 hp
= Pump pressure = 1,750 psi
N = Pump speed = 65 strokes/min
Required data:
n,, = Pumpmechanicalefficiency

To calculate the mechanical efficiency of the pump, we need to calculate the pump
output power. From the given data, the pump flow rate is equal to:

q=q,*xN =16.5x65=1,072.5 gals/min
The pump output power can now be calculated from Eq. (2.33):
_ PQ 1,750%1,072.5

) = = =1,095 hp
1714 1,714
Thus, the pump mechanical efficiency is equal to:
P
output — ]-’ 095 — 84.2%

e = p 1,300

input
Example 2.26: A single-acting triplex pump of an output power of 1,250 hp is used to
deliver the required rate at running speed of 110 strokes/min. The liner size and length
are 5.5 and 30 inches, respectively. If the displacement efficiency is 90%, calculate the
discharge pressure of the pump at that speed.

Solution:
Given data:
.« = Pump output power = 1,250 hp
N = Pump speed in strokes/min = 110 strokes/min
d, = Liner diameter = 5.5”
L. = Linerlength = 307
1, = Pump displacement eff. = 90%
Required data:

P = Pump discharge pressure
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To calculate the pump discharge pressure, we should first calculate the pump rate.
Pump volume displacement can be calculated from Eq. (2.23):

3><E><d12><lxnp 3% % 5.5 x30x0.90
4 4

- = = 8.33 gals/strok
o s in gal 231 in’/ gal SARISTORe

Pump rate can now be calculated as follows:
q=qp,*xN =8.33x110=916.4 gal/min
Thus, pump discharge pressure can be calculated from Eq. (2.33):

Pe P x1,714 1,250x1,714
q 916.4

Example 2.27: A double-acting triplex pump has a rod of 2.125 inches diameter, 5.5
inches size and 21 inches liner length. If it is required to pump a certain drilling mud at
pumping rate of 750 gpm, what will be the pump speed in spm assuming displacement
efficiency of 0.89%? What will be the pump speed if the efficiency was assumed to be
100%?

=2,338 psit

Solution:
Given data:
d_ = Rod diameter = 2.125"
df = Liner diameter = 55"
L = Linerlength = 21"
q = Pumping rate = 750 gpm
7, = Pump displacementeff. = 0.89
Required data:
N = Pump speed in strokes/min

Eq. (2.25) can be modified to be used for the double-acting triplex pump to deter-
mine its displacement as follows:

3xmLg
= x(2d> —d>)
1 4x231(in’/ gal) 1 e
2
_3XIXD 55 —2.125Y)%0.89 = 10,6787
4x231 stroke

Thus, the pump should run at the following speed in strokes/min to get 750 gpm:

Pump speed = 1 - % =70.3 OR 71 strokes/min

D

If the efficiency was assumed to be 100%, then the pump displacement will be equal to:

- 10.67x1.0

=11.99 gals/stroke
0.89

dp
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The pump speed if we assume 100% efficiency will be equal to:

q _ 750

Pump speed = 5" 62.6 OR 63 strokes/min

do

2.3 Multiple Choice Questions

1. Which one is not the basic rig classification?
a) Onshore rig
b) Cable tool rig
c) Rotaryrig
d) Conventional rig

2. Earlier it was believed that hydrocarbons were present in only
a) Soft formations
b) Hard formations
¢) Carbonate formations
d) All of the above

3. Which one is not a component of the cable tool rig?
a) Derrick
b) Crown block
c) Rotary table
d) Drilling cable

4. In cable tool drilling, drill cuttings are removed by
a) Drilling mud
b) Bailer
c) Water
d) Acidizing

5. Which one is not a basic component of the rotary rig?
a) Kelly
b) Annulus
c) Rotary table
d) Drill pipe

6. The first rotary drilling rig was developed in
a) Sweden
b) France
¢) Saudi Arabia
d) Norway

7. 'The first rotary drilling rig was successfully used in Corsicana, Texas, in
a) 1890
b) 1880
c) 1900
d) 1920
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The first oil well in the United States was drilled in 1859 with
a) Cable tool rig

b) Rotary rig

¢) Onshore rig

d) None of the above

The first rotary drilling rigs were introduced in 1890 to cut
a) Hard formations

b) Soft formations

¢) Brittle formations

d) Very hard formations

In rotary drilling, drill cuttings are removed by
a) Drilling mud

b) Bailer

c) Water

d) Acidizing

Which one is responsible for transmitting power to other rig systems?
a) Hoisting system

b) Power system

c) Circulating system

d) Rotary system

Which one of the following is responsible for lowering or lifting the drillstring, cas-
ing string in and out of the hole?

a) Hoisting system

b) Power system

c) Circulating system

d) Rotary system

Which one is a part of rotary drilling system?
a) Hoisting system

b) Power system

¢) Circulating system

d) All of the above

Which one is not a component of power system of drilling rig?
a) Drawworks
b) Mud pumps
c) Rotary table
d) Drilling line

The steel structure part of rig which provides vertical height required to raise pipe
sections is

a) Derrick

b) Draw works

¢) Crown block

d) Traveling block
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The total derrick load is not distributed equally over all four derrick legs due to the
placement of

a) Drilling line

b) Draw works

¢) Crown block

d) Traveling block

A parameter used to evaluate various drilling line arrangements is
a) Derrick load

b) Derrick efficiency

¢) Hookload

d) Wind load

Crown block, traveling block and drilling line are components of
a) Hook and load

b) Block and tackle

¢) Block and load

d) Fastline and deadline

The program carried out to maintain good condition of drilling line is
a) Hook and load

b) Slip and cut

c) Slip and wear

d) Wear and cut

Calculation made to assess the amount of wear on drilling line is
a) Ton-miles

b) Ton-meters

¢) Ton-foot

d) Ton-km

The hook load is completely carried over by
a) The traveling block

b) Crown block

¢) Block and tackle

d) Drilling line

The load imposed on the drawworks is equal to the in the fast line.
a) Tension

b) Compression

¢) Friction

d) Shear

The ideal mechanical advantage assumes in the block and tackle.
a) No friction

b) 100% friction

c) 50% friction

d) 25% friction
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Work done per unit time is the definition of of the block and
tackle.

a) Energy

b) Power

c) Tension

d) Shear

The main function of drilling fluid is
a) Remove cuttings

b) Formation of mud cake

¢) Cools the bit

d) All of above

Following is a type of drilling fluid
a) Oil-based mud

b) Water-based mud

¢) Invert oil emulsion

d) All of above

Which one is not used to remove finer materials from the mud?
a) Degasser

b) Shale shaker

¢) Desander

d) Centrifuge

Which one is a part of mud-cleaning process?
a) Desander

b) Desilter

c) Degasser

d) All of the above

Mud-circulating pumps are used to circulate drilling fluid at the desired
a) Depth and temperature

b) Pressure and temperature

c) Temperature and volume

d) Pressure and volume

The rotary system includes all of the equipment, which is used to attain
a) Weight on bit

b) Bit rotation

¢) Drill string load

d) Derrick load

Which one is not the basic component of the power system?
a) Rotary table

b) Block and tackle

¢) Draw works

d) Mud pump
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Which one is not the function of the circulating system?

a) To clean the hole of cuttings made by the bit

b) To exert a hydrostatic pressure sufficient to prevent formation fluids entering
the borehole

c) To maintain the stability of the hole by depositing a thin mud-cake on the sides
of the hole

d) To give rotation to the rotary table

A mechanical device that suspends the weight of the drill pipe, provides for the
rotation of the drill pipe beneath it while keeping the upper portion stationary, and
permits the flow of drilling mud from the standpipe without leaking is named as
a) Kelly

b) Rotary table

c) Swivel

d) Drill Pipe

There are four major historical drilling techniques—which one is not the correct
answer?

a) Spring-pole drilling

b) Cable tool drilling

c) Conventional rotary drilling

d) Drillstring assembly drilling

Which one is not the basic component of the hoisting system?
a) Derrick and substructure

b) Block and tackle

¢) Draw works

d) Mud Pump

Which one is not associated with the rotary system?
a) Kelly

b) Annulus

c) Rotary Table

d) Drill Pipe

The main method of drilling wells before developing combustion engines was
a) Human and animal’s muscles

b) Human brains

c) Steam engines

d) All of the above

The oldest drilling method used in drilling wells is
a) Rotary drilling

b) Cable-tool drilling

c) Laser drilling

d) None of the above
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The major disadvantage of cable-tool drilling is
a) Difficulties in drilling soft formations

b) Drilling must be stopped to remove cuttings
¢) Blowout problems are common

d) All of the above

The major difference between rotary drilling and cable-tool drilling is
a) Method of drilling the rock

b) How to remove the drilled cuttings

c) The design of drillstring

d) All of the above

Most of the rig power system is consumed in the
a) Well control system

b) Lighting system

c) Circulating system

d) All of the above

The generated rig power must be converted to in order to run and
pull the drillstring

a) Electrical power

b) Mechanical power

¢) Hydraulic power

d) None of the above

Which of the following component connects most of the hoisting system compo-
nents together?

a) Crown block

b) Traveling block

¢) Drilling line

d) Elevator

Maximum hook load occurred while
a) Pulling drillstring up

b) Running drillstring down

c) Suspending the string

d) None of the above

Which one of the following components is not the part of block and tackle?
a) Crown block

b) Traveling block

¢) Drilling line

d) Drawworks

The most severe wear of the drilling line occurs when it passes through the
a) Crown block sheaves

b) Traveling block sheaves

¢) Draw works

d) Dead line
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47. To maintain the drilling line, which one of the following actions should be done
frequently?
a) Perform a specified cut and slip program
b) Change all the drilling line
c) Inspect all the drilling line after each well drilled
d) All of the above

48. The name circulating system implies that the circulated mud
a) Will be dumped at the mud pits
b) Will be injected into the well
c) Will be circulated again to the well after specific treatments
d) All of the above

49. The first equipment to remove drill cuttings from the drilling mud is the
a) Desander
b) Desilter
c) Degasser
d) None of the above

50. Shale shakers are used to remove
a) Gases from the drilling mud
b) large cutting fragments
c) Fine clays
d) Small size solids and silts

51. Positive displacement pumps are used in drilling because it can
a) Give high flow rates
b) Give high discharge pressures
¢) Pump heavy drilling fluids
d) All of the above

Answers: 1d, 2b, 3¢, 4b, 5b, 6b, 7b, 8a, 9b, 10a, 11b, 12a, 13d, 14d, 15a, 16b, 17b, 18b,
19b, 20a, 21a, 22a, 23a, 24b, 25d, 26d, 27b, 28d, 29d, 30b, 31d, 32d, 33c, 34d, 35d, 36b,
37a, 38b, 39d, 40d, 41c, 42b, 43¢, 44a, 45d, 46a, 47a, 48c, 49d, 50b, 51d.

2.4 Summary

This chapter developed the MCQs and examples based on all aspects related to a drill-
ing rig and its components. The different formulations and mathematical models for
drilling rig systems are explained with workout examples. The pump rating, capacity
and design of pumps are also stated here. Moreover, this chapter added some more
MCQs for the student’s self-practice and the answers are given in Appendix B. The
MCQs covered almost all the materials covered in this chapter.
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2.5 Exercise and MCQs for Practice

2.5.1 Exercises (Solutions are in Appendix A)

Exercise 2.1: An internal combustion engine in a drilling rig is running at a speed of
1250 rpm. The engine is developing a torque of 1600 [b-ft and consuming about 27 gal/
hr of diesel fuel that has a density of 7.2 ppg. Calculate the output power and the overall
efficiency of the engine. Answers: 381 hp, 26.2%

Exercise 2.2: A drilling rig is pulling a drill string at velocity of 30 ft/min. If the weight
of the drill string is 450,000 Ibf, calculate the output power and the developed torque if
the rig engines are running at speed of 1350 rpm. Answers: 409.1 hp, 1592 Ibft

Exercise 2.3: An internal combustion engine in a drilling rig has a flywheel diameter
of 2 feet is running at a speed of 1200 rpm. The engine is developing a torque of 1,550
Ib -ft. Calculate the flywheel velocity in ft/min, engine horsepower, and the maximum
drillstring weight that the rig can be pulled if the required pulling velocity is 25ft/min.
Answers: 7,540 ft/min, 354.2 hp, 467,544 lbf

Exercise 2.4: A drilling rig engine that produces an output power of 450 hp at a torque
of 2,500 Ib f-ft is used to pull a drilling string that has a weight of 350,000 Ib,. Calculate
the engine running speed in rpm and the maximum pulling velocity of the drilling
string. Answers: 945.4 rpm, 42.4 ft/min

Exercise 2.5: A 15,000 f steel sand line cable weighing 1.1 Ib/ft was suspended inside a
well filled with 8.7 ppg brine. If an engine managed to reel the cable in 3.5 hours, what
is the engine output power? Answer: 15.44 hp

Exercise 2.6: A drilling rig is designed to have 8 lines to be strung between crown and
traveling blocks. Approximate length of each line is 175 f plus extra length of 300 ft.
The draw works drum diameter is 36” and drilling line diameter is 1.25”. If the plan is
to have maximum of 4 laps in the drum, estimate the approximate length of the drum
required to reel that drilling line. Answer: 4.27 ft

Exercise 2.7: A hoisting system in a drilling rig has 2 ft diameter draw works drum
that can rotate at a maximum speed of 159 rpm and output power of 450 hp. Ten lines
are strung between crown and traveling blocks. The rig is drilling a vertical well using
9.7 ppg drilling fluid. Drilling string consists of 6 stands drill collars and 150 stands of
drill pipes. Weight of one stand of drill collar in air is 8,650 b and for the drill pipe is
2,380 Ib, and all stands have same length, that is, 93 ft. Drilling engineers planned to
pull out the drill string to change the bit. If the drilling foreman planned to pull every
30 stands at the same pulling speed, calculate the following:

a. Maximum speed available for the traveling block system to pull the drill
string in ft/min?

b. How many stands need to be pulled before the hoisting system can be
able to use his maximum pulling speed if the weight of the traveling
block is 35,000 Ib?
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c. The time required to pull all the drill string out of the hole if disconnect-
ing each stand takes approximately 0.75 minute. Answers: 100ft/min,
116 stands, 5.72 hrs

Exercise 2.8: A hoisting system in a rig that is able to pull a maximum weight of 300,000
Ib, at a hook speed of 45 ft/min and drum speed of 51 rpm. Eight lines are strung between
crown and traveling blocks. Calculate the minimum torque developed against the draw
work drum due to the tension in the fast line. Assume block and tackle efficiency of 0.84.
Answer: 51,154 lbf-ﬁ.‘

Exercise 2.9: A hoisting system has an output power of 550 hp being used in a drilling
rig that has 10 lines strung between crown and traveling blocks. When the rig was pull-
ing the drillstring at speed of 41.5 ft/min, the fast line tension read 54,130 [b,. If the rig
is using all the available output power of the draw work to pull the drillstring, calculate
the block and tackle efficiency and the pulling speed when the fast line tension reads
44,045 lbf Answers: 0.81, 51 ft/min

Exercise 2.10: A draw work has a drum diameter of 2.5 ft and is being used to pull a
drillstring using 8 lines strung between crown and traveling blocks. When the hook was
at the nearest point to the rig floor, the torque developed at the draw work drum was
66,813 Ib-ft and only 8 reels of drilling line was in the drum. And when the hook was at
the farthest point from the rig floor, the torque developed at the draw work drum was
93,300 [b-ft and 5 laps of drilling line was in the drum. Calculate the diameter of the
drilling line used in this rig and the maximum pulling speed if the output power of the
draw work is 500 hp. Assume block and tackle efficiency is 0.84. Answers: 1.5 inches,
45.9 ft/min

Exercise 2.11: A double-acting duplex pump has a liner size and length of 7.5 and
25 inches, respectively. If the pump requires 1,400 hp output power to be run at 75
strokes/min and gives a pressure of 2,000 psi, calculate the diameter of the piston rod
that satisfies the above required conditions. Assume displacement efficiency of 0.88
Answer: 2.37”

Exercise 2.12: A new double-acting duplex pump is being installed in a drilling
rig. The pump has 6.75” liner size, 25” liner length and 1.75” piston rod diameter.
The pump was tested for 5 minutes at the maximum allowable pump speed of 100
strokes/min using fresh water. The actual volume the pump displaced during the test
duration was estimated to be 7,050 gallons. What is the displacement efficiency of
this pump? Answer: 0.94

Exercise 2.13: A single-acting triplex pump is required to deliver a pumping rate of
1,250 gpm at pressure of 1,750 psi. The size of each pump liner is 7.75”, whereas the
length is 24”. If the displacement efficiency is 0.89, at what speed should the pump be
run to deliver that rate? Also, what is the power output required to run the pump to
achieve that pumping rate? Answers: 96stroke/min, 1,276 hp
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Exercise 2.14: A rig pump is planned to pump a drilling fluid at a pump speed of 84
strokes/min to give a pumping rate of 1,005 gpm at a stand pipe pressure of 1,750 psi.
The pump displacement efficiency was previously estimated to be 0.92. When the
pump was run at the planned speed, the driller noticed that the stand pipe pressure
read 1,694 psi. Later, they realized that the pump displacement efficiency was not
correct. Calculate the correct pump displacement efficiency, and the new pumping
speed that would give the planned pumping rate. Answers: 0.95, 81 strokes/min

Exercise 2.15: A rig company is planning to install new rig pumps that will be used
in drilling a well. Hydraulics studies showed that it is required to have a total pump-
ing rate of 1,850 gpm. A single-acting triplex pump of 6.25” liner size and 14” liner
length is planned to be used. The maximum tested pump speed was 114 strokes/min,
but the maximum allowable speed should only be 90% of the maximum tested speed.
The pump displacement efficiency was estimated to be 0.93 How many pumps should
they install to achieve the required pumping rate, and what will be the pumping speed
if all the pumps are going to be run at the same speed? Answers: 4, 89 strokes/min

Exercise 2.16: For a drilling rig having a maximum hook load of 250,000 Ib, and 8
lines. Calculate i) fast line load (Ff), ii) dead-line load (F), and iii) static derrick load
(Fd). Answers: 31,250 lb], 31,250 lbf, 312,500 lbf

Exercise 2.17: For problem 2.16, if hoisting system efficiency is 0.84, recalculate the
derrick and lines loads? Answers: 37,202.4 Ib, 31,250 Ib, 318,452.4 Ib,

Exercise 2.18: If a rig has the following data: rig hoist load (W) = 200,000 Ib, maximum
draw works input power (P) = 800 hp, number of lines (n) = 10. Calculate i) static fast
line tension (F), i) maximum hook horsepower (P,), iii) derrick load (F,), iv) distribute
the derrick load on its legs (A, B, C &D), v) maximum equivalent derrick load (F), vi)
derrick efficiency factor (E)). Answers: 24,691 lbf, 648 hp, 244,691 lbf Leg B = 50,000
lbf, Leg A = 70,000 lbf, Leg C = 62,346 lbf Leg D = 62,346 lbf

2.5.2 Exercises (Self-Practices)

E2.1: A diesel engine gives an output torque of 1,740 ft-Ib,at an engine speed of 1,200
rpm. If the fuel consumption rate was 31.5 gal/hr, what is the output power and overall
efficiency of the engine? Ans. 397.5 hp; 23.4%

E2.2: An internal combustion engine is run by diesel fuel which gives an output torque of
1,300 ft-Ib, at an engine speed of 1,000 rpm. The engine consumes fuel at a rate of 25 gal/hr.
Calculate the wheel angular velocity, power output, overall efficiency of the IC engine. Ans.

E2.3: A diesel engine runs at a speed of 1,100 rpm and its engine power output 300 hp.
If the system uses frictionless pulley, the draw works can handle to lower a drillstring of
500,000 /b, The drilling operations engine was continuing for three days. Calculate the
wheel angular velocity, torque developed by the engine, the drillstring velocity, distance
traveled by the drillstring, power input, and overall efficiency of the engine. Ans.
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E2.4: A drilling rig has a hook load of 300,000 b, which has eight drilling lines. A
wind velocity of 100 mph is felt by the derrick. The rig has 10 lines which are strung
through the traveling block. A hook load is being hoisted. According to the API stan-
dard, calculate the wind load and total compressive load. Assume that the block and
tackle has the frictionless pulley. Ans.

E2.5: For a series of engine operations, the following data were obtained. The fuel used
for running the engine was gasoline. Compute power output or break horsepower,
overall engine efficiency for each engine speed, fuel consumptions in gal/day for 1,000
rpm and 850 rpm considering 8 hrs a day. Ans.

Engine speed (rpm) Torque (ft—lbf) Fuel consumption (gal/hr)
1,350 1,500 27.0
1,150 1,650 20.0
1,000 1,700 18.0
850 1,750 15.5
700 1,800 13.0

E2.6: The total weight of 8,000 ft of 9 5/8-inch casing for a deep well is determined to
be 344,000 Ibs. Since this will be the heaviest casing string run, the maximum derrick
load must be calculated. Assuming that 12 lines run between the block and tackle and
neglecting buoyancy effects and friction, calculate the maximum derrick load. Also
calculate each derrick leg load. Ans.

E2.7: The total casing weight is determined 440,000 [b for a 11,000 ft of 8 5/8-inch cas-
ing during a deep well casing operation. Assume that 14 lines are run with the hoisting
system. As this casing string operation is the heaviest run, the maximum derrick load
is needed to be calculated. Assume that there is a friction loss with the hoisting system
and neglecting buoyancy effect, calculate the maximum derrick load. Also calculate
each derrick leg load. Ans.

E2.8: The hoisting system of a rig derrick has a load of 440,000 /b. The input power
of the drawworks for the rig can be a maximum of 560 hp. Fourteen drilling lines
are strung between the crown block and traveling block. Assume that the rig floor is
arranged as shown in Fig. 2.9. Consider there is some loss of power due to friction
within the hoisting system. Compute (1) the static tension in the fast line when upward
motion is impending, (2) the mechanical advantage of the block and tackle, (3) the
maximum hook horsepower available, (4) the maximum hoisting speed, (5) if a 60 ft
stand would require to pull, what should be required time, (6) the actual derrick load,
(7) the maximum equivalent derrick load, and (8) the derrick efficiency factor.

E2.9: Calculate the liner size required for a triplex pump where rod diameter is 2.0 in,
stroke length is 20 in stroke, pump speed is 80 strokes/min. In addition the maximum
available pump hydraulic horsepower is 1000 /p and the delivery pressure is 3,000 psi.
Assume the volumetric efficiency of pump is 98%.
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Example 2.10: Calculate the liner size required for a double-acting duplex pump where
rod diameter is 2.2 in, stroke length is 24 in stroke, pump speed is 75 strokes/min. In
addition the maximum available pump hydraulic horsepower is 1300 hp. For optimum
hydraulics, the pump recommended delivery pressure is 2,500 psi. Use the formula for
calculating the volumetric efficiency of pump.

2.5.3 MCQs (Self-Practices)

1.

Which pump can give higher flow rate than the others?
a) Centrifugal pump

b) Vacuum pump

¢) Helical pump

d) Positive displacement pump

. A duplex and double acting pump can deliver flow rate the triplex

pump single acting if they have the same liner size and length
a) Lessthan

b) Equalto

¢) Greater than

d) None of the above

For double-acting pumps, how many suction inlets and discharge outlets exist?
a) Two suctions and two discharges

b) Two suctions and one discharge

¢) One suction and two discharges

d) One suction and one discharge

. The component that provides the necessary rotation to turn the bit is the

a) Kelly

b) Rotary table
c) Drill pipes
d) Drill collars

The component that transmits the rotating action to the bit is
a) Kelly

b) Rotary table

c) Drill pipes

d) Drill collars

To add new drill pipe, the tool that is used to suspend the drillstring from the hole
is called

a) Elevator

b) Slip

c) Kelly

d) All of the above
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While making a new drill pipe, the drillstring will be suspended on the
a) Elevator

b) Rotary table

c) Kelly

d) All of the above

The off-shore rig that stands on the sea floor is called
a) Submersible rig

b) Semi-submersible rig

¢) Drill ship

d) Jack-up rig

The immobile off-shore rig which is used to drill development wells is called
a) Jack-up rig

b) Submersible rig

c) Semi-submersible rig

d) Production platform

The main classification criterion for off-shore rigs is the
a) Depth of sea bed

b) Depth of the well

¢) The expected formation fluid

d) All of the above

The equipment that is used to store and pressurize the hydraulic fluid for well con-
trol situations is the

a) Accumulator

b) Annular preventer

c) Control panel

d) BOP

are effective at maintaining a seal around the drillpipe even as it rotates
during drilling
a) Piperams
b) Annular blowout preventers
¢) Blind rams
d) Shear rams

close around a drill pipe, restricting flow in the annulus between
the outside of the drill pipe and the wellbore, but do not obstruct flow within the
drill pipe

a) Annular rams

b) Blind rams

c) Piperams

d) Shear rams
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cut through the drillstring or casing with hardened steel shears
a) Annular rams

b) Pipe rams

¢) Blind rams

d) Shear rams

The rams which is used to control the well when there are no pipes in the hole is the
a) Blind rams

b) Shear rams

¢) Annular rams

d) Pipe rams

If there is uncontrollable flow coming from the annulus, which of the following
rams should be used to control the well?

a) Shear rams

b) Blind rams

¢) Annular rams

d) Pipe rams

If there is uncontrollable flow coming from inside the drill pipe, which of the fol-
lowing rams should be used to control the well?

a) Blind rams

b) Pipe rams

¢) Shear rams

d) None of the above

The part of the well control equipment which is used to circulate the mud during
blow out situations is called

a) Blow out preventer

b) Choke manifold

c) Poor boy degasser

d) All of the above

The part of drillstring that keep drill pipes in tension during drilling is the
a) Drill collars

b) Kelly

¢) Hook

d) None of the above

The part of the drilling equipment that can allow circulation and rotation while
pulling the drilling string off bottom and running it back to bottom is

a) Kelly

b) Rotary table

¢) Circulating hoses

d) Top drive system
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The part of the drillstring that secures the required weight on the bit is the
a) Heavy weight drill pipes

b) Drill collars

¢) Drill pipes

d) All of the above

The part of circulating system that allows drillstring rotation and at the same time
allows mud circulation is the

a) Kelly

b) Rotary table

c) Swivel

d) All of the above

The sheaves of the crown block are

a) Always greater than the sheaves of traveling block
b) Always less than the sheaves of traveling block

c) Equal to the sheaves of traveling block

d) Less or greater than the sheaves of traveling block

The difference between the number of sheaves, and between crown block and trav-
eling block is

a) No difference

b) Three sheaves

¢) Two sheaves

d) One sheave

The part of the drillstring which is responsible for breaking up the formation rocks
into fragments is the

a) Drill bit

b) Drill collar

c) Drill pipe

d) Drillstring

The following equipment are parts of circulating system—which one is not the
correct answer?

a) Drawworks

b) Desander

¢) Shale shakers

d) Degasser

The part of circulating system that is used to observe any loss or gain is the
a) Settling tank

b) Mixing tank

c) Trip tank

d) Regulator

The extra sheave in the crown block is required for the
a) Fastline

b) Dead line

¢) Sand line

d) All of the above
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The main objective of diverter system is to be used
a) In shallow drilling before installing BOP

b) In off-shore drilling before installing BOP

¢) In deep drilling after installing BOP

d) None of the above

Diverter system is used

a) As ablowout control equipment at shallow depths
b) To install the BOP on top of it

c) To divert the mud to the circulating system

d) To control blowout

Which of the following is part of the circulating and rotating systems at the same
time?

a) Rotary table

b) Drill pipes

c) Stand pipe

d) Generator

If you have a single-acting triplex pump, how many suction inlets and discharge
outlets should you have?

a) Three suctions and one discharge

b) One suction and three discharges

c) 'Three suctions and three discharges

d) None of the above

Which of the following equipment is not a part of the well control system?
a) Choke manifold

b) Drill collar

¢) Accumulators

d) Annular rams

All of the following equipment are not part of the hoisting system except
a) Rotary table

b) Mud pumps

¢) Drawworks

d) Accumulator

Which of the following equipment is not a part of circulating system?
a) Mud pumps

b) Accumulator

¢) Shale shaker

d) Drill string
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Drilling Fluids

3.1 Introduction

The drilling-fluid system is one of the well-construction processes that remains in con-
tact with the wellbore throughout the entire drilling operation. Sets of multiple choice
question (MCQs) are presented in this chapter which are related to the drilling fluid
technology. Workout examples related to mud engineering are extensively covered. The
chapter covers almost all the mathematical calculations with enough workout exam-
ples. Workout examples and MCQs are based on the writer’s textbook, Fundamentals of
Sustainable Drilling Engineering — ISBN: 978-0-470-87817-0.

3.2 Different Mathematical Formulas and Examples

3.2.1 Solid Control

The following equation (Eq. 3.1) can be used to estimate the volume of solids entering
to the mud system while drilling.

r(1-¢,)d;
V, = m=9)dy Riop (3.1)
4
where
d, = bit diameter
V. = solid volume of rock fragments entering the mud, i.e., volume of cuttings
R, = rate of penetration of the bit
¢, = average formation porosity

65
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In field unit, Eq. (3.1) can be written as

2
_mU=d)dy (3.22)
1029
where
d, = bitdiameter, in
V. = solid volume of rock fragments entering the mud, i.e., volume of cuttings,
bbl/hr
RROP = rate of penetration of the bit, ft/hr
¢, = average formation porosity, vol. fraction
If, V_is in tons/hr, d  is in inch and R, is in ft/hr, Eq. (3.1) can be obtained as:
2
_1-9d, o (3.2b)

s 2262 FF

Example 3.1: A 15-in bit is used to drill a hole at a rate of 80 ft/hr where the porosity
of the formation is 20%. Calculate the solid volume generated in this drilling opera-
tion. If the density of the solid is 910 Ib, /bbl, calculate the solid generation in tons/
hr also.

Solution:
Given data:
d, = bit diameter = 15in
R,,, = rate of penetration = 80 ft/hr
m, = average porosity of the formation = 0.20
Required data:

V. = solid volume generated by the bit in bbl/hr

N

The solid volume generated by the bit in bbl/hr can be calculated by using the
Eq. (3.1) as:

7z(1 ¢A)d R

s 4 ROP
7(1-0.20)(15 in’) (8 fto 1 m/hr)
4><(231 in’/gal) x (42 gal / bbl)
=13.986 bbl/hr

Same result can be obtained if we use Eq. (3.2a).

In tons/ hr: 910%x13 986@ lt& = 6.36 tons/hr

hr 2000 Ib,

Same result can be obtained if we use Eq. (3.2b).
The solid volume generated by the bit in tons/hr can be calculated by using the
Eq. (3.2b) as:
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_ 2 _ 2 . 2
v - z(lzzczg)dB R, = z(1 05;);(215 in )(80 hﬁ )
T oner ;
=20.0 tons/hr

Example 3.2: A hole has been drilled by using a 17.5 inches bit at a drilling rate of
55 ft/hr. If the formation specific gravity and porosity were estimated to be 2.25, and
0.3 respectively. Calculate the solid volume generated after 1.75 hrs. If the produced
cuttings at this time was estimated to be 8.0 tons, calculate the actual hole size.

Solution:
Given data:
d, = Bit diameter = 17.5 inches
R,, = rateof penetration = 55 ft/hr
Veurings = Cutting’s specific gravity = 225
B = average porosity of the formation = 0.3
t = drilling time = 1.75hrs
attings = Actual cutting mass = 8.0 tons
Required data:

= Volume of produced cuttings
= Hole diameter after enlargement

cuttings
hole
To calculate the volume of cuttings, first we will calculate the length that is drilled
in 1.75 hrs:

L=R,,,xt=555x1.75=96.25 ft

ROP

Now the volume of cuttings is equal to:

Vs T 17.5°
V =—d Lx(1- =x
4" 1=0.) 4 144

% 96.25x (1—0.3)

cuttings
=112.54 ft’

To calculate the hole diameter, first we change the mass of cutting to volume as below:

b
8.0 tonsx2,200(tm) £ 0% 2200
=8 OS] 2SS 12536 fi
density 5 95 %624 lbm 2.25%62.4
cu

Now, by knowing the length drilled we can calculate the actual hole diameter as
follows:

V =12536= %x 42 L1-¢,) =%x96.25x (1-0.3)xd>,
d,,.. =1.54 ft OR 18.47 inches
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Example 3.3: For a typical North Sea well, it is given that the diameter of the bit is
26 in., rate of penetration is 62 ft/hr, and the average porosity is 25%. Find out the vol-
ume of cuttings.

Solution:
Given data:
d, = bit diameter = 26in
R, = rate of penetration of the bit = 62 ft/hr
¢, = average formation porosity = 0.25
Required data:
V. = volume of cuttings

The volume of cuttings can be calculated by using the Eq. (3.1) as:

n(l—o.zs)(f6 ﬁj

_ 2
y U0, p (62 ft/hr)
4 4
3
_ 1714500
hr

If we consider the spec1ﬁc grav1ty of drilled solids is approximately 2.6, so the den-

b,
sity of the solid is 171.45%— i x62. 4— =10,698.5—=. So, the cuttings in tons will be
;O hr T

b 1t t
10,698.5 % x i=535 ons

hr 200016,  hr

Example 3.4: An 18-in bit is used to drill a hole at a rate of 72 ft/hr where the porosity
of the formation is 25%. Calculate the solid volume generated this drilling operation.
If the density of the solid is 960 Ibm/bbl, calculate the solid generation in tons/hr also.

Solution:
Given data:
d, = bit diameter =18in
R, = rate of penetration = 72 ft/hr
¢, = average porosity of the formation = 0.25
Required data:

V. = solid volume generated by the bit in bbl/hr

The solid volume generated by the bit in bbl/hr can be calculated by using the
Eq. (3.1) as:

2. 2 .
V- %R n(1—9.235)(18 in’) [7iﬂx12;_nj
ax| 23172 x(42gal) ' '
gal bbl

=16.996 bbl/hr
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In tons/ hr: 910”9—”’ X 16.996b—bl X ltl =7.733 tons/hr
bbl hr 2000 1b,

Example 3.5: A 22-in bit is used to drill a hole at a rate of 75 ft/hr where the volume of
cuttings generated in this drilling operation is 149 f#*/hr . Calculate the porosity of the
formation.

Solution:
Given data:
d, = bit diameter = 22in
V. = volume of cuttings = 149 ft'/hr
R, = rate of penetration = 75 ft/hr
Required data:
¢, = average porosity of the formation = 0.25

The volume of cuttings can be calculated by using the Eq. (3.1) as:

n(1—¢A)(22ftj
(75 fi hr)

r(1—¢,)d,’ 12
V.= 4A . Rpop =
3
=148.49fi
hr

o, = 24.75%

Example 3.6: An intermediate hole was drilled using a 12.25 inches bit. The interval
was described to be a consolidated rock with an estimated gravity and porosity of 2.9
and 0.1; respectively. The interval took 10.5 hrs to be drilled and produced about 16.5
tons. If there was no hole enlargement and no swelling of cuttings, calculate the rate of
drilling at this section.

Solution:
Given data:
d, = bit diameter =1225in
Veurings = Cutting’s specific gravity =29
A = average porosity of the formation = 0.10
t = drilling time = 10.5 hrs
g = Actual cutting mass = 16.5 tons
Required data:
R,,, = rate of penetration in ft/hr

If there was no enlargement and no swelling occurred due to the water in the mud, the
hole diameter will be exactly similar to the bit diameter. So by knowing the volume of the
produced cuttings, we can calculate the length drilled, hence the ROP can be calculated.
The volume of cuttings is equal to:
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s 16.5x2,200 2™
Ve L =35.73 bbls
ensity 5 g 60.4 0™ 561540
cu ft bbl

Now, we can use Eq. (3.2a) to get the length of the section drilled:

V= (1-¢,)d:L _ (1-0.1)x12.25* x L
‘ 1029 1029
L=272.36 ft

=35.73

The rate of penetration can now be calculated as below:

L 27236
t

ROP

=25.94 ft/hr

3.2.2 Mud Density

The conversion factors for mud density can be written as

b, /gal b,/ ft

Specific Gravity (SG) = gm/cm’ =

8.33 62.3
. L b /gal b [ft°
Mud gradient (MG,,,) in psi/f = 002 = 111
=8Gx0.433
Mud gradient (MG, ) in kg/cm*/m = SG x 0.1

(3.3)

(3.4)

(3.5)

Example 3.7: A mud engineer measured the density of the drilling fluid as 10 ppg in
the rig side area. Calculate the specific gravity in gm/cm?®, mud gradient in psi/ft and

kglcm?/m.

Solution:
Given data:
P, = mud density = 10 ppg
Required data:
SG = specific gravity, gm/cm’
MG,,, = mud grad%ent, psilft i
MG, . = mud gradient, kg/cm*/m

The specific gravity of the mud in gm/cm? can be calculated by using the Eq. (3.3) as:

o,/ gal _ 10
8.33 8.33

=1.2 gm/cm’
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The mud gradient (MG,,) in psi/ft can be calculated using Eq. (3.4) as:
Ib /gal 10
MG, =—2= = =0.5197 psi/
51924 19.24 psil ft
OR

MG, = SGx0.433 =1.2x0.433 = 0.5196 psi/ ft

The mud gradient (MG

MKS

MG, =SG x 0.1 =1.2x 0.1 = 0.12 kglcm?/m

) in kg/cm?/m can be calculated using Eq. (3.5) as:

Example 3.8: A mud engineer measured the density of the drilling fluid as 15.2 ppg in
the rig side area. Calculate the specific gravity in gm/cm?, mud gradient in psi/ft and
kglcm?/m.

Solution:
Given data:
P, = muddensity = 15.2ppg
Required data:
SG = specific gravity, gm/cm’
MG,,, = mud gradient, psi/ft
MG, ,, = mud gradient, kg/cm*/m

The specific gravity of the mud in gm/cm? can be calculated by using the Eq. (3.3) as:

G= b, /gal 152 1.824 gm/cm’

833  8.33
The mud gradient (MG,,) in psi/ft can be calculated using Eq. (3.4) as:
MG, =5Gx0.433=1.824x0.433 =0.7901 psi/ ft

The mud gradient (MG, . ) in kg/cm?*/m can be calculated using Eq. (3.5) as:

MKS

MG, =SGx0.1=1.824x0.1=0.1824 kg/cm’ /m

MKS

3.2.3 Mud Viscosity

Mathematically viscosity can be expressed as

Shearing stress 7, F/A

" rate of shearing strain oy dvidl (3.6)
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Here,
A = cross-sectional area
I = layer thickness
F = force
v = velocity
1 = dynamic viscosity of the fluid between the plate
7. = shear stress
y = shear rate
d

?‘Z/ = velocity gradient along /-direction

Example 3.9: A moving plate with a velocity of 20 cm/s having a cross-sectional area of
10 cm? is placed 2 cm above a fixed plate. A force of 250 dynes is required to move the
upper plate. Calculate the viscosity of the fluid.

Solution:
Given data:
v = velocity = 20 cm/s
A = cross-sectional area = 10 cm?
I = layer thickness = 2cm
F = force = 250 dynes

Required data:
u =dynamic viscosity of the fluid between the plate, cp

The viscosity of the fluid can be calculated using Eq. (3.6) as:

_ F/A (250 dyne)/(10 cm’) _ 5dynes B

= = 25
dv/dl (20 cm/s)/(2 cm) cm’ P

u

Example 3.10: Calculate the area of upper plate which is spaced 1 cm above a stationary
plate. The viscosity of the fluid is 50 cp if a force of 1000 dynes is required to move the
upper plate at a constant velocity of 10 cm/s.

Solution:
Given data:
v = velocity = 10 cm/s
I =layer thickness= 1 c¢m
F = force = 1000 dynes
u = dynamic viscosity of the fluid =50cp = 5 poise
Required data:

A = Cross-sectional area

The viscosity of the fluid can be calculated using Eq. (3.6) as,
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_ F/A (1000 dynes)/ A
“dv/dl (10 emfs)/(1 cm)
A =20cm?

u =5 poise

Hossain et al. (2007) developed a new stress-strain relationship which can be written as:

sT

e asz 0.5
el

oT a,M I'l-o
v 1-a) (3.7)
6Kun | E
7r) du,
X ap Xe —
o dy
Ox
Here
E = activation energy for viscous flow, KJ/mol
K = operational parameter
M, = Marangoni number
p = pressure of the system, N/m?
R = universal gas constant, kJ/mole - k
T = temperature, °K
t time, s
& = adummy variable for time, i.e., real part in the plane of the integral
u, = fluid velocity in porous media in the direction of x axis, m/s
y = distance from the boundary plan, m
o = surface tension, N/m
a = fractional order of differentiation, dimensionless
a, = thermal diffusivity, m?’/s
AT = T,-T = temperature difference between a temperature and a
reference temperature, °K

u = fluid dynamic viscosity, Pa-s
u, = fluid dynamic viscosity at reference temperature T, Pa-s
T = shear stress at temperature T, Pa
n = ratio of the pseudopermeability of the medium with memory to fluid

3 l+a

viscosity,

kg

du, , . N
ol velocity gradient along y-direction, 1/s
Y

oo o . . o
T the derivative of surface tension ¢ with temperature and can be positive

or negative depending on the substance, N/m-K
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3.2.3.1 Measurement of Mud Viscosity

i) Marsh Funnel: Pitt (2000) introduced a new formula to measure the effective viscos-
ity by Marsh funnel. For field use, the following equation is obtained as:

u, = py(t, —25) (3.8)
Here
m, = the effective viscosity, cp
t, = the Marsh funnel (quart) time, s
r, = density of mud, g/cm’

Example 3.11: A Marsh funnel is used to measure the density of the drilling fluid which
is 1.2 g/cm® in 50 seconds. Calculate the effective viscosity using Marsh funnel equation.

Solution:
Given data:
p,,= mud density

t, = time

1.2 g/lem?
50 sec

Required data:
u, = effective viscosity, cp

The effective viscosity of the mud in cp. can be calculated by using the Eq. (3.8) as:
u, = p,(t,, —25)=1.2(50-25)=30cp
Example 3.12: The effective viscosity of the drilling fluid using Marsh funnel equation

was found to be 30 cp in 50 seconds. Calculate the density of the drilling fluid obtained
from Marsh Funnel experiment.

Solution:
Given data:
u, = effective viscosity = 30 cp
t = time = 50 sec
Required data:

p, = mud density, g/cm’
The density of the drilling fluid can calculated using the Eq. (3.8) as:

u, 30
(t,—25) (50-25)

p, = =1.2g/cm’

Example 3.13: Two drilling fluids have the same effective viscosity when measured
using march funnel. Fluid A has a density of 10.1 ppg and read 49 seconds using the
March funnel. If fluid B read 44 seconds in the March funnel, estimate the fluid B density.
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Solution:
Given data:
p, = Density of fluid A = 10.1 ppg
t,,,= Reading of fluid A = 49 seconds

t,,, = Reading of fluid B = 44 seconds

Required data:
p, = Density of fluid B

Because two fluids have the same viscosity, we can calculate the viscosity of fluid A
in order to calculate the density of fluid B. Fluid A effective viscosity can be calculated
using Eq. (3.8):

10.1
Hor = Pouatyyy =25) = —=(49-25) =29.1 cp

Using Eq. (3.8), we can calculate the density of fluid A to have the same viscosity:
g = Py (Erp —25)=29.1=(44-25)p, .
. =1.538OR 12.77 ppg

cc

ii) Rotational Viscometer: During the measurement of apparent viscosity in centipoise,
the dimensions of the bob and rotor are chosen so that the dial reading is equal to the
apparent viscosity at a rotor speed of 300 rpm. Now, the apparent viscosity at any other
speeds, N is given by:
4 = 300 7,
app N

(3.9)

Here
@, = torque reading from the dial at a speed N, rpm
N rotor speed, rpm

H,, = apparent viscosity at a speed N rpm, cp

Example 3.11: A mud sample in a rotational viscometer gives a dial reading of 45° at
600 rpm and a dial reading of 26° at 300 rpm. Compute the apparent viscosity of the
mud at each rotor speed.

Solution:

Given data:
®, = torque reading from the dial= 45° for 600 rpm = 26° for 300 rpm
N = rotor speed = 600 and 300 rpm

Required data:

H,,,= apparent viscosity at 600 rpm and 300 rpm, cp
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The apparent viscosity of the mud in cp can be calculated by using the Eq. (3.9) as:

300 D,
:uapp - N
300x45
uapp_m = W =22.5 Cp

300x27

= =27¢

luapp7300 300 P

Example 3.12: The apparent viscosity of a mud sample at 300 rpm was found to be 32 ¢p
and at 600 rpm was found to be 25 cp, from a rotational viscometer. Calculate the dial
reading at 300 rpm and 600 rpm.

Solution:
Given data:
Hopp 300 = apparent viscosity @ 300 rpm = 32 cp
Heopp 00 = aPpparent viscosity @ 600 rpm = 25 cp
N = rotor speed = 600 rpm and 300 rpm
Required data:

® = torque reading from the dial for 600 rpm and 300 rpm

The torque reading from the dial can be calculated from the following equation
Eq. (3.9) as:

© - Hopp X N
N
300
D, = Happ 300 xN _ 32x300 _ 390
300 300
o, = Moo XN _25x600 _
300 300

The plastic viscosity is normally computed using the below relationship:

H, = Do =Dy (3.10)
Here
®, , = torque reading from the dial at a speed of 300 rpm, rpm
®_, = torque reading from the dial at a speed of 600 rpm, rpm
#, = plastic viscosity, cp
The yield point can be computed using the following formula as:

Ty =f 300 — Hp (3.11)
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Here b
7, = the Bingham yield point, n !

B 2

From Eq. (3.10) and Eq. (3.11), yield point can be calculated as:

Ty :CD600—2yp (3.12)
In Eq. (3.9), using the dial deflection for 600 rpm, the apparent viscosity becomes
3000, 1
Hopp = 600 Eq)soo (3.13)
The use of Eq. (3.13) forms the Eq. (3.12) as:
Ty =2(,uapp—,up) (3.14)
True yield point can be defined using Figure 3.1 for plastic or Bingham fluids as:
3
Tp = ZTB (3.15)
Here Ib
7, = true Bingham yield point, " ! 5

Example 3.13: Using the data of Example 3.11, compute the plastic viscosity yield point
and true yield point of the mud sample.

Solution:
Given data:
®, = torque reading from the dial = 45° for 600 rpm = 26° for 300 rpm
N = rotor speed = 600 and 300 rpm

Required data:

1, = plastic viscosity, cp

= Bingham yield point, Ib /100 f#
true yield point, Ib /100 ft*

Qo Q
I

75 Bingham yield point

Plastic fluids /

Transition from plug to laminar flow
Plug flow

\Shearing stress or pressure
o
.

Newtonian fluids

\

1, true yield point Rate shear or velocity

Figure 3.1 Flow behavior of fluids.
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The plastic viscosity of the mud in cp can be calculated by using the Eq. (3.10) as:

p, =0 —D, =45-26=19cp

600
The yield point of the mud can be calculated by using the Eq. (3.11) as:

T, =Dy, —p, =26-19=7 1b,/100 ft*
The true yield point of the mud can be calculated by using the Eq. (3.15) as:

3 3
=T =% 7=5.251b,/100 ft*

Example 3.14: Using the below data, compute the plastic viscosity, yield point and true
yield point of the mud sample.

Solution:
Given data:
®, = torque reading from the dial = 50° for 600 rpm = 32° for 300 rpm
Heopp 500 = APParent viscosity @ 300 rpm=32 cp
Heopp 500 = APParent viscosity @ 600 rpm=25 cp
N = rotar speed =600 rpm and 300 rpm
Required data:
t, = Pplastic viscosity, cp
T, = Bingham yield point, Ib,/100 f¢*
7, = Trueyield point, Ib,/100 f#

The plastic viscosity of the mud in cp can be calculated by using the Eq. (3.10) as:
M, =D =Dy =50-32=18 cp
The yield point of the mud can be calculated by using the Eq. (3.11) as:
T, =D, —p, =32-18 =14 1b,/100 ft*
The true yield point of the mud can be calculated by using the Eq. (3.15) as:

3 3
= :Zx14 =10.51b,/100 ft*

Example 3.15: A standard fluid that has a plastic viscosity of 24 cp and true yield pint of
5.9 Ib,/100 f#*. This fluid was put on the rotational viscometer that has an average read-
ing error of 3.5%. What should be the reading of the instrument at 300 and 600 rpm?

Solution:
Given data:
#, = Plastic viscosity = 24¢p
7, = True yield point = 591p,/100 ft*

e = Viscometer’s average error = 3.5%
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Required data:
¢,,, = Reading at speed of 300 rpm
¢,,, = Reading at speed of 600 rpm

By knowing the true yield point, we can calculate the yield point of the fluid using
Eq. (3.15):

T, = %rT = %x 5.9=7.87 Ib, 100 ft*
Now we can calculate what will be the viscometer reading if it has no errors using
equations (3.10) and (3.11):
Dy =7, +1,=7.87+24=31.87
Doy = 1, + Dy =24 +31.87=55.87

Because the instrument has an error of 3.5%, the actual reading that the viscometer
should give is:

®,,, =31.87x(1-0.035) = 30.75
®,,, = 55.87x(1-0.035) = 53.91

3.2.4 pH Determination

The pH of a solution is the logarithm of the reciprocal of the [H*] concentration in
grams moles per liter, which can be mathematically expressed as

H=1lo =—log(H") (3.16)
1
OH =1 ——— |=—1log(OH™ .
p Og{(OH_J og( ) (3.17)

where (H*) and (OH") are the hydrogen and hydroxyl ion concentration in moles/liter.

Example 3.16: Find out the pH of an aqueous solution where both [H*] and [OH"] ions
are same and equal to 1 X 1077. Find out the pOH also.

Solution:
Given data:
[H*] = hydrogen ion concentration = 1 x 107 m/I
[OH ] = hydroxyl ion concentration = 1x 107 m/I



80 FUNDAMENTALS OF DRILLING ENGINEERING

Required data:
pH = pH of drilling mud, m/I
pOH = pOH of drilling mud, m/I

The pH of the mud in m/I can be calculated by using the Eq. (3.16) and Eq. (3.17) as:

pH = 105{([—;*)} = 10g[1x110‘7 } =—log[1x107]
=—(=7)=7.00

and

1 1
OH =log| ——— | =1 =—log[1x10”’
P Og[(OH‘)} Ongw”} 0g1x107]

=—(=7)=7.00

3.2.5 Determination of Liquid and Solids Content

The solids volume fraction of mud can be mathematically obtained as

f=1-1,C; 1, (3.18)

C.= volume increase factor due to the loss of dissolved salt during retorting
f, = volume fraction of oil phase in the mud system, vol/vol

fs = volume fraction of solids in the drilling mud, vol/vol

f,, = volume fraction of water phase in the mud system, vol/vol

Example 3.17: A 11 Ib_ /gal saltwater mud is retorted and found to contain 8% oil and
72% water. If the chloride test shows the mud to have a chloride content of 79,000 mg
CI/L, find out the solid fraction of the mud. Assume that the mud is a sodium chloride
mud. The solution has 12% salinity and NaCl has a volume increase factor of 1.045.

Solution:
Given data:
f,, = water volume fraction of drilling mud = 0.76
f, = oil volume fraction of drilling mud = 0.08
C = volume increase factor due to the loss
of dissolved salt during retorting =1.045
Required data:

fS = solids volume fraction of drilling mud, vol/vol

The solid volume fraction can be calculated by using the Eq. (3.18) as:

f.=1-£,C; — f, =1-(0.76) x (1.045) - 0.08 = 0.1258
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Example 3.18: A 13 [bm/gal saltwater mud is retorted and found to contain 9.5% oil and
70.5% water. If the chloride test shows the mud to have a chloride content of 79,000 mg
CI-/L, find out the solid fraction of the mud. Assume that the mud is a sodium chloride
mud. The solution has 14% salinity and NaCl has a volume increase factor of 1.045.

Solution:
Given data:
f,, = water volume fraction of drilling mud = 0.705
f, = oil volume fraction of drillingmud = 0.095
C, = volume increase factor due to the loss
of dissolved salt during retorting = 1.045

Required data:
f, = solids volume fraction of drilling mud, vol/vol

The solids volume fraction can be calculated by using the Eq. (3.18) as:

f.=1-f,C, - f, =1-(0.705)x (1.045) — 0.095 = 0.1682

3.2.6 New Drilling Mud Calculations

Solid content of the mud can be calculated using the following equations.

Vvsc + le = sz (319)
Here
V = volume of initial mud (or any liquid) in mud calculation, bbl, cc
V., = volume of new mixture in mud calculation, bbl, cc
= volume of solids in mud calculation, bbl, cc
psc‘/sc + mele = me m2 (320)
Here

p,. = density of solids, gm/cc
p,, = density of initial mud, gm/cc
p,, = density of new/final mud (i.e., fresh water and clay), gm/cc

Equation (3.19) and (3.20) can be solved for solid volume and product of solid vol-
ume and density as:

\% —
‘/SC — mZ(IDmZ pml) (321)

psc_pmz

Equation (3.21) is not very useful because the net volume of a powdered solid is not
readily measureable. However, the corresponding weight to add is:

\% -
pV, =Lx ”;(/i’”; Pu) (3.22)
sc m2
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In terms of volume percentage, Eq. (3.21) can be written as:

‘/SC pmz _pml
s —_ 2 @ 1w
Vi, P Pa,

The weight percentage can now be calculated as:

100 (3.23)

Mg _ Vs « Psc (3.24)
mm2 Vm2 pmz '

Example 3.19: A 10.0 [b_ /gal mud contains clay of specific gravity of 2.5 and fresh
water. Compute volume percentage and weight percentage of clay in this mud.

Solution:
Given data:
p, = density of solids (i.e, clay) = 2.5X8.33 = 20.825gm/cc
p,, = density of initial mud (i.e., fresh water) = 8.33 gm/cc

p,,= density of final mud (i.e., fresh water and clay) = 10.0 gm/cc

Required data:

sc

= volume in percentage
VmZ
PV

SC

= weight in percentage
pchmZ

The solid volume in percentage can be calculated by using the Eq. (3.23) as:

V. Py, =P 10.0 -8,
i:%xloozwxl00:13.37%
V. PP, 20.825-8.33

The solid weight in percentage can be calculated as:

psc‘/sc — psc ‘/sc — psc (me_pml)xl
meVrnZ pm2 VmZ me psc - pm2
~20.825 10.0-8.33

10 20.825-8.33

00

x100 =27.83%

Example 3.20: A 12.0 lbm/gal mud contains clay of specific gravity of 3.0 and fresh
water. Compute volume percentage and weight percentage of clay in this mud.

Solution:
Given data:
p, = density of solids (i.e,, clay) = 3.0x8.33 = 24.99 gm/cc
p,, = density of initial mud (i.e., fresh water) = 8.33 gm/cc

p,, = density of final mud (i.e., fresh water and clay)

12.0 gm/cc
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Required data:

—< =volume in percentage

m2

psc‘/x
p chmZ
The solid volume in percentage can be calculated by using the Eq. (3.23) as:

= weight in percentage

Ve Pon=Puy g9 1202833
Ve P P 24.99-8.33

m,

x100=22.03%

The solid weight in percentage can be calculated as:

psc‘/sc — psc ‘/sc — psc (me_pml)xl

meVmZ pm2 sz pm2 psc - pm2
~24.99(12.0-8.33)

©12.0 24.99-8.33

00

x100 =45.875%

3.2.7 Design of Mud Weight

In general drilling mud is composed of four major components - i) water or brine phase,
ii) an oil phase, iii) low density solids, and iv) high density solids. These four components
are immiscible, i.e., no component dissolves in any other component to any significant
degree. This means that the four components form an ideal mixture. Mathematically, the
sum of the four components volumes equals the total volume of the final mixture.

V.=V, +V +V +V,_ (3.25)
Here
. = volume of final mixture, i.e., mud
V= volume of the water phase in the mud system
V= volume of oil phase in the mud system
V. = volume of the low density solid in the mud system
V,. = volume of the high density solid in the mud system

Employing Eq. (3.25), the total weight of the fluid mixture is simply the sum of the
weights of the components. Conservation of mass ensures that total weight calculation
is always correct.

pmimeix = mmix = pwVw + po‘/o + pls‘/ls + phths (326)
Here
m,_ = mass of final mixture, i.e., mud
p,.. = overall density of fluid mixture, i.e., mud
p, = density of water phase in the mud system

p, = density of oil phase in the mud system
p, = density of the low density solid in the mud system
p,. = density of the high density solid in the mud system
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From Eq. (3.26) the overall density of the fluid mixture (i.e., mud) can be written as:

Vw Vo ‘/ls Vhs
pmix:pwV +po‘/ +plsV +phsV (327)

In terms of volume fraction, Eq. (3.27) can be written as:

pmix:pwfw+po.f;)+pls.f-ls+phsfhs (328)
where,
fw+fo+fls+fhs:1 (329)
Here
f, = volume fraction of water phase in the mud system
f, = volume fraction of oil phase in the mud system
f. = volume fraction of low density solid in the mud system

f volume fraction of high density solid in the mud system

Example 3.21: A well is drilled to a depth of 8,000 ft. The top of the oil formation is at
7,600 ft and the bottom is at 8,000 ft. The pore pressure at 7,600 ft is 3600 psi. Calculate
the following:

a. Calculate the mud weight in pcf to balance the pore pressure at 7600 fz.

b. What mud weight should be used to over balance the pore pressure by
300 psi?

c. What is the over balance pressure if 10.6 ppg mud is used?

d. If the fracture gradient of the formation at 7,600 ft is 0.75 psi/ft, what is
the bottom hole pressure that will fracture the formation?

e. What is the surface pressure that will fracture the formation at 7,600 ft if
the hole is full of water?

Solution:
Given data:
hTVD = total vertical depth = 8,000 ft
h, = topofoil formationatadepth = 7,600 ft
h, = bottom of oil formation at a depth= 8,000 f
P, = pressure ata depth 7,600 ft = 3,600 psi
Required data:
Px144 144
a. JLxdad 360014 _ 6821 pef
L 7600
Px144 3900x144
b. SR TR 7389 pef

L 7600
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_pL (10.6x7.48)(7600)

144 144
Over balance = 4184 —3600 = 584 psi

) = 4184 psi

d. Fracturing pressure = 7600 x 0.75 = 5700 psi @ 7600
e. P +P =P
P =F, -k,
62.4x7600

144
=5700-3293 =2406 psi

=5700

Example 3.22: A well is drilled to a depth of 10,500 ft. The top of the oil formation is at
8600 ft and the bottom is at 9,500 ft. The pore pressure at 8,600 ft is 4,600 psi. Calculate
the following:

a. Calculate the mud weight in pcf to balance the pore pressure at 8,600 fz.

b. What mud weight should be used to over balance the pore pressure by
500 psi?

c. What is the over balance pressure if 13.6 ppg mud is used?

d. If the fracture gradient of the formation at 8,600 f is 0.85 psi/ft, what is
the bottom hole pressure that will fracture the formation?

e. What is the surface pressure that will fracture the formation at 8,600 ft if
the hole is full of water?

Solution:
Given data:
hTVD = total vertical depth = 10,500 ft
h, = top of oil formation at a depth = 8,600 ft
h, = bottom of oil formation at a depth = 9,500 ft
P, = pressure at a depth 8,600 ft = 4,600 psi
Required data:
a =PX144=4600X144=77.023PCf
L 8600
Px144 5100x144
= = =85.395 pc
b L 8600 rd
L (13.6x7.48)(8600
c. p=PL_U36x7ADBG00) _ 5175 45 psi

144 144
Over balance =6075.422 — 4600 = 1475.422 psi
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d. Fracturing Pressure = 8600 x 0.85 = 7310 psi @8600 ft

P +PB, =P,
< P =P -h
62.4%x 8600
= 7310_T =7310-3726.67 = 3583.33 psi

Example 3.23: A drilling engineer wants to prepare a drilling mud of volume of
4,450 cubic feet using water and Bentonite of 2.43 gm/cc density. The required final
weight was calculated to be 9.4 ppg. Calculate the amount of Bentonite to be mixed in
tons and the volume of water to be used in barrels.

Solution:
Given data:
vV, = required volume of the mud = 4,450 cubic feet
ps. = density of Bentonite = 2.47gm/cc
p,, = required mud weight = 9.4 ppg
Required data:
mg. = amount of Bentonite to be mixed in tons
\% = volume of water in barrels

water

From the given data, we can calculate the volume percentage of solids using Eq. (3.23):

\% -
¢ Pz =P 100 = (9.4-8.34)/(2.47 x 8.34 — 8.34) = 8.65%
Vm2 pSC - pml
Weight percentage can be calculated using Eq. (3.24):
Mse _ Vse o Psc _g g9 227283 _ 15 95y,
mmZ Vm2 pm2 94

To calculate the m = amount of Bentonite in tons, first we need to calculate the mass
of the final fluid:

mass of mud = density of mud x volume of mud

4
0 1 x62.4x 4,450 =312,973 lIbm

Now, the amount of Bentonite required can be calculated from the weight percent-
age and the mass of the mud as follows:

mass, = Weight% x mass of mud =0.1895x 312,793

=59,308 lbm
By dividing the above value by 2,200, we can convert the amount to tons as follows:
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mass, . = >9,308 =26.96 tons

bent 2’ 200

To calculate the required volume of water to make the above mud, we first calculate
the amount of water in pounds using the difference between the mass of the final fluid
and the mass of Bentonite as below:

mass =mass, ,—mass,, =312,793-59,308 =253,485 lbm

water

Now by using the density of water of 62.4 b /ft’, we can calculate the volume of
water as below:

253,485
v _mass, _

§ =4,062.3 ft* OR 723.5 bbls
P, 62.4

Example 3.24: A final volume of 1,750 bbls of drilling mud was planned to be prepared.
An existing mud having a mud weight of 10.2 ppg will be used. It is needed to increase
its density to 10.5 ppg by adding clay of 2.52 gm/cc density. Calculate the volume of the
old mud to be taken and the amount of clay required in tons to get the desired mud
weight.

Solution:

Given data:

v, = Final volume of the mud = 1,750 barrels

P ey = density of clay = 2.52 gm/cc
.. = Initial mud weight = 10.2 ppg

MW, = = Final mud weight = 10.5 ppg

Required data:

m,, = amount of clay to be mixed in tons

Vo = Volume of old mud to be taken in barrels.

First we should calculate the volume percentage using Eq. (3.23):

\%
V_SC = (Pp2 = Pu) (Psc = P,,1) 100

m2

=(10.5-10.2)/(2.52x8.34-10.2) =2.77%

The weight percentage can now be calculated using Eq. (3.24):

My _ Ve o Psc _ 2.77%x 2222834 _ 5 559,
m_ V. ' p_ 10.5

The volume of final mud in cubic feet is equal to:

V., =1,750 bblsx5.615 cu. ft/bbl = 9,826.3 cu. ft
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The amount of mud in pounds is equal to:

10.5
mass, , = density x volume = 234 x62.4x9,8263 = 771,962 lbm

The amount of clay required is equal to:

mass,,, = 0.0555%x 771,962 = 42,844 Ibm

The amount of clay in tons is equal to:

42,844

= =19.47 tons
72,200

mass

To calculate the volume of the old mud to be taken to prepare 1,750 bbls of 10.5 ppg
mud, first we should calculate the amount of the old mud in pounds:

mass,,, =mass,,, —mass,, =771,962—42,844 =729,118 lbm

The volume of the old mud to be taken is equal to:

__mass,, 729,118 —9,953.9

le - -
Pm (10'2 ><62.4)
8.34

The volume of the old mud in barrels is equal to:

9,953.9
™ 5615

=1,701.5 bbls

Example 3.25: An oil-based mud is prepared using 450 bbls of diesel which has a den-
sity of 54.5 Ib_ /ft’, 1,250 bbls of water and 75 tons of Bentonite. The mud has a density
of 162.24 Ib_/f’. Calculate the mud weight and volume fractions of each component of

the mud.

Solution:
Given data:
v = Diesel volume = 450 barrels
v, = Water volume = 1,250 barrels
Ppea = Diesel density =54.51b [ft
Py, = Density of Bentonite = 162.24 b /f’
mass, = Mass of Bentonite =75 tons
Required data:
MW, .= Mud weight in ppg
1, = Diesel volume fraction.
£, = Water volume fraction.

Bentonite volume fraction.

fs
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To calculate the mud weight, we should calculate the total weight in total volume of
the mixture. The mass of water is equal to:

mass, = p, xV, =62.4x(1,250x5.615) = 437,973.1 Ibm
The mass of diesel is equal to:
mass, = p,xV =54.5x(450x5.615) =137,707.9 lbm

The total mass is equal to:

mass,, =mass, +mass, +mass,
=137,707.9+437,973.14+75% 2,200 = 740,678 lbm

Volume of Bentonite can be calculated by knowing the porosity of powder to get the
actual volume of the Bentonite as below:

_mass; 165,000

= =1,017.1 ft*
P, 162.24 ft

v

The total volume of the mixture is equal to:
V. =V +V +V =5615450+1,250)+1,017.1=10,563 f’
Mud weight can be calculated as:

ix

MW, = mass,, _ 740,678 y 8.34
|4 10,563 62.4

mix

=9.37 ppg

Volume fraction of the mud components are:
\% ,526.
B ~2,526.8 0.24

V10,563
v .
_7.0188

)= V. 10,563
V. 1,017.1
fi=—t= =0.10

V. 10,563

mix

Example 3.26: A total volume of mud is 1,000 bbls that has a mud weight of 9.1 ppg.
Calculate the volume fractions of water, Bentonite, and the weight of Bentonite used.
Density of powder Bentonite is 156 Ib_/ft*.

Solution:
Given data:
V.= Volume of the mud = 1,000 barrels
P,.a = Mud weight = 9.1 ppg
Py = Density of Bentonite = 156 Ib /ft’
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Required data:

fW Water volume fraction, fraction

fs ) Bentonite volume fraction, fraction
ont Weight of Bentonite, tons

To get water volume used in preparing the mud, first we should calculate the weight
and volume percentages using Eq. (3.23) and (3.24):

V — .1—0.
s — Pmz = Pmi 100 = 9-1-8.34 x100 =6.08%
V., Pe—Pou 2.50x8.34—-8.34
Mg _ Vs o Psc _ 6.08% x 2.50x8.34 =13.92%
mmZ sz me 9.].

From the value of volume fraction we can get the volume of Bentonite and volume
of water as follows:

Vie =0.0608xV  =0.0608x(1,000x5.615) = 341.8 ft3
vV, =V  —V.=5615-341.8=5,273.2 ft’
Volume fractions can be calculated as below:

V, 52732

fW_V. 5,615

mix

14 :
3418 o

f“_V. 5615

mix

=0.94

The weight of Bentonite can be calculated as below:

9.1

Wy, =0.1392xm_, =0.1392x| 5,615x%
8.34

Bent

x62.4j
=53,217 Ibm Or 24.2 tons

Example 3.27: A surface section of 2,000 f and 17.5” diameter has to be drilled using
9.2 ppg mud. The mud will be prepared using fresh water and attapulgite that has a
density of 2.9 gm/cc. If the plan is to have mud volume greater than the section volume
by 1.3, calculate the volume of water in barrels and the weight of attapulgite in tons to
prepare the above mud.

Solution:
Given data:
L = Length of the section = 2,000 ft
d, Diameter of the hole = 17.5" OR 1.458 ft
... = Required mud weight= 9.2 ppg
P pugp = Density of Attapulgite= 2.9 gm/cc OR 181 Ib, /fF’
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Required data:
V= Water volume in barrels
W,,,= Weight of Bentonite in tons

First, we will calculate the required mud volume as below:

V., = %d,fol.?) = %x1.4582 x2,000x1.3 = 4,343 f*

Weight of the mud can be calculated as below:

2
” x62.4x4,343 = 298,940 Ibm

mass,, = P,, XV, =

m2 m2

Volume and weight percentages can now be calculated using Eq. (3.23) and (3.24):

V. - 9.2-8.34
sc. — Pm2 = Pm 100 = %100 = 5.43%
Voo Psc— P 2.9x8.34-8.34
Mse _ Vsc , Psc _ 5 43005 227834 _ 14 570
mmZ sz pmz 92

The weight of the attapulgite can be calculated using the weight percentage as below:

W,,, =0.1427xm,_, =0.1427x 298,940
=42,660 Ibm OR 19.4 tons

To calculate the required volume of water, first we should calculate the weight of
water as below:

mass,, = mass,, —mass_ =298,940—42,660
=256,280 Ibm

The water volume is equal to:

v - mass, 256,280
"p, 62.4

=4,107 ft> OR 731.4 bbls

Example 3.28: How many tons of Bentonite should be added to water to prepare 750
bbls of drilling mud? The mud weight is recorded as 9.5, and the density of Bentonite
is 2.6 gm/cc.

Solution:
Given data:
Vo= Mud volume = 750 bbls = 4,211.3 f#

p,.. = Required mud weight= 9.5 ppg
Py, = Density of Bentonite = 2.6 gm/cc= 162.24 Ib_/ft’
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Required data:
W, .= Weight of Bentonite.

Using the available data, we can calculate the volume and weight percentages using
Eq. (3.23) and (3.24):

V. - 9.5-8.34
s¢ = P2 ZPmi 100 = %100 = 8.69%
Voo  Psc— P 2.6x8.34—-8.34
Mse _ Vsc , Psc _g 6996x 207834 _ 19 8404
mmZ Vm2 me 95

The mass of the mud is equal to:

9.5
mass, . = PoaVoud = [8 ” X 62.4] x4,211.3=299,332 Ibm

The mass of Bentonite can now be calculated using weight percent ratio:

W

Bent

=0.1984xm, =0.1984x299,332 =59,387.5 [lbm =27 tons

3.3 Multiple Choice Questions

1. Which one is an essential part of the rotary drilling system
a) Drilling fluid
b) Drilling engineer
¢) Landman
d) Derrick man

2. Objectives of any mud program are
a) Allow the target depth to be reached
b) Minimize well costs
¢) Maximize production from the pay zone
d) All of the above

3. In mud program, factors needing to be considered are
a) Location of wells
b) Expected lithology
¢) Mud properties
d) All of the above

4. No one could successfully drill wells with the rotary method without using
a) Drilling mud
b) Bailer
c) Water
d) Acid
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Which one is not a function of drilling mud?
a) Remove cuttings

b) Formation of mud cake

c) Cooling of bit

d) Drill pipe lubrication

The first-ever drilling fluid used was
a) Oil

b) Water

¢) Emulsion

d) None of the above

Water was used as first drilling fluid in
a) 1840
b) 1845
c) 1850
d) 1855

Water was used as the first drilling fluid in 1845 in
a) France

b) Norway

¢) Saudi Arabia

d) None of the above

. Drilling fluids are classified as

a) Liquid

b) Gases

¢) Liquid-gas mixtures
d) All of the above

In rotary drilling, drill cuttings are removed by
a) Drilling mud

b) Bailer

c) Water

d) Acidizing

Which one is responsible for circulating mud to the formation?
a) Hoisting system

b) Power system

¢) Circulating system

d) Rotary system

A fresh water based drilling fluid with additives is commonly called
a) Drilling mud

b) Acid

c) Chemical agents

d) None of the above

93



94

13.

14.
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18.

19.

20.
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must often be added to these fluids to overcome specific down-

hole problems.

a) Chelating agents
b) Acids

¢) Additives

d) None of the above

Drilling mud in which the continuous phase is water is called
a) Oil-based muds

b) Water-based muds

¢) Emulsion-based muds

d) All of the above

Salt water drilling fluids are prepared from
a) Brine water

b) Sea water

¢) Dry sodium chloride

d) All of the above

Salt water drilling fluids have a chloride content of
a) 6,000 mg/lt to less 189,000 mg/It

b) 5,500 mg/It to less 190,000 mg/It

c) 4,500 mg/lt to less 200,000 mgy/It

d) None of the above

A mud with salt or calcium to reduce active clays hydration is called
a) Oil-based mud

b) Inhibited mud

¢) Dehydrated mud

d) None of the above

Distinction between fresh-water and inhibited muds is based on
a) Salt concentration

b) Oil concentration

¢) Additive concentration

d) None of the above

Sodium ion concentration in fresh-water mud is

a) Less than 5000 ppm

b) Less than 3000 ppm

c) Greater than 3000 ppm and less than 5000 ppm
d) None of the above

Low solid muds are those where solid contents are
a) Less than 5%

b) Between 5-10 %

¢) Less than 3%

d) None of the above
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The drilling mud with oil as solvent carrier for the solids content is known as
a) Oil-based mud

b) Water-based mud

¢) Emulsion-based mud

d) None of the above

Which of the following is used as base fluids in OBM?
a) Diesel
b) Kerosene

¢) Fuel oils
d) All of the above

Which of the following is used as drilling fluids in directional and horizontal wells?
a) Oil-based mud

b) Water-based mud

¢) Emulsion-based mud

d) None of the above

Which of the following is the type of OBM?
a) Invert emulsion oil-based mud

b) Pseudo oil-based mud

¢) Full 0il mud

d) All of the above

Water content in OBM is less than
a) 10%
b) 3%
c) 7%
d) 5%

Which of the following is the continuous phase in invert emulsion oil-based?
a) Mineral oil

b) Brine

c) CaCl, Brine

d) None of the above

Air with additives is referred to as
a) Pollution

b) Foam

¢) Vapors

d) None of the above

Biodegradable mixtures of surfactants are generally known as
a) Chelating agents

b) Additives

¢) Foaming agents

d) None of the above
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Bentonite mixed with water produces slurry with greater than
water.

a) Viscosity

b) Density

c) Salt concentration

d) All of the above

Use of additives are characterized mainly under,
a) Chemical additives

b) Additives for WBM

¢) Additives for OBM

d) All of the above

The correct selection of drilling fluid directly affects
a) The rate of penetration

b) Drilling fluids cost

c) Overall drilling cost

d) All of the above

The following objectives are set for mud engineering. Which one is not the correct
answer?

a) Reach the target depth

b) Minimize well cost

¢) Maximize the rate of penetration

d) Enhance the oil production

One of the following mud properties is responsible for suspending the drill cut-
tings. Which one is the correct answer?

a) Gel strength

b) Mud density

c) Yield strength

d) Mud viscosity

The main purpose of preparing drilling mud during well control situations is to
a) Remove the cuttings out of the well

b) Provide sufficient hydrostatic pressure to control formation fluids

¢) Cool and lubricate the drill bit

d) Form alow permeable mud cake

The mud property that is responsible for providing the necessary hydrostatic pres-
sure is

a) Mud viscosity

b) Gel strength

¢) Mud weight

d) All of the above
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The mud properties that are responsible for removing the cutting out of the well are
a) Gel strength and viscosity

b) Gel strength and density

c) Viscosity and density

d) None of the above

What is the importance of removing drill cutting off the well?

a) Reducing the horsepower required to run the circulating system
b) Knowing some information about the drilled formation

c) Reducing the needed circulating rate

d) All of the above

Which of the following mud types is not commonly used in drilling?
a) Liquid-based muds

b) Oil-based muds

¢) Gas-based muds

d) None of the above

What is the common drilling fluid type which is widely used in drilling?
a) Compressed air

b) Oil-based mud

¢) Foam-based mud

d) Water-based mud

The main governing factor for selecting the type of drilling fluid is the
a) Type of expected formation fluid

b) Type of mud pumps

c) Type of the formation

d) All of the above

Answers: 1a, 2d, 3e, 4a, 5d, 6b, 7b, 8a, 9d, 10a, 11c, 12a, 13d, 14d, 15d, 16a, 17b, 18a,
19b, 20a, 21a, 22d, 23a, 24d, 25d, 26a, 27b, 28c, 29a, 30d, 31d, 32d, 33a, 34b, 35c, 36a,
37b, 38¢, 39d, 40c.

3.4 Summary

The chapter presents almost all the formulas related to the drilling fluid. The workout
examples and the MCQs are presented in a chronological manner. The exercise solu-
tions are given in Appendix A. Moreover, this chapter added some more MCQs for the
student’s self-practice and the answers are given in Appendix B. The MCQs covered
almost all the materials covered in this chapter.



98 FUNDAMENTALS OF DRILLING ENGINEERING

3.5 Exercise and MCQs for Practice

3.5.1 Exercises (Solutions are in Appendix A)

Exercise 3.1: A production hole has been drilled in an off-shore area using an 8.5 inches
bit at an average drilling rate of 17 ft/hr. The formation cuttings are stored in containers
of 45 cubic feet volume to be dumped later in a safe manner. If the formation porosity
was estimated to be 0.14, calculate the time required to fill one mud container. Assume
the formation is consolidated and no hole enlargement. Answer: 7.8 hrs

Exercise 3.2: An intermediate hole has been drilled using a 12.25 inches bit. The inter-
val was described to be a consolidated rock with an estimated gravity and porosity of
2.9 and 0.1; respectively. The interval took 10.5 hrs to be drilled and produced about
16.5 tons. If there was no hole enlargement and no swelling of cuttings, calculate the
rate of drilling at this section. Answer: 25.9 ft/hr

Exercise 3.3: Two wells, A and B, have been drilled in the same area. Both wells drilled
the same formation in the surface section. Surface section for well A was drilled using a
17.5 inches bit while well B drilled using a 20 inches bit. Both wells produced same cut-
tings volume at the same drilling time. If the hole size was assumed the same as the bit
size, what is the ratio of the average drilling rate of the two bits at the specified drilling
time? Answer: 1.31

Exercise 3.4: Two fluids have densities of 9.6 pgg and 8.9 ppg, respectively. If both fluids
read exactly the same reading in the March funnel at the same conditions, find out the
relation between the viscosities of both fluids. And if the first fluid read 61 seconds,
calculate the viscosity of both fluids. Answers: 1.079, 41.44 cp, 38.4 cp

Exercise 3.5: A drilling fluid has a density of 9.3 ppg read 66 seconds in the March fun-
nel. A viscosifying additive was added to the fluid that did not make any changes to its
density. If the viscosity of the new fluid was increased by 1.12 of the old viscosity, what
should be the March funnel reading of the new fluid? Answer: 70.9 seconds

Exercise 3.6: A standard fluid that has a plastic viscosity of 28.5 ¢p and yield point of
8.9 Ib/100 ft* was used to calibrate a certain rotational viscometer. When the instru-
ment ran at 600 rpm speed, it read 65.5 degrees. Calculate the instrument average error.
Answer: 4.5%

Exercise 3.7: A drilling fluid has a plastic viscosity of 22 cp and yield point of 6.25
Ib/100 ft* using a rotational viscometer instrument. If another fluid reads 0.85 of the
reading of the first fluid at speed of 300 rpm and 42° at speed of 600 rpm, calculate the
viscosity and yield point of the second fluid. Answers: 18 cp, 6 Ib/100 f¢’

Exercise 3.8: 54 tons of Bentonite 2.51 gm/cc was used to prepare a drilling mud by
mixing it with water only. If the final density of the mud is 9.7 ppg, calculate the volume
of water to be used and the volume of the drilling fluid that can be prepared using the
above information. Answers: 1,250.6 bbls, 1,115.5 bbls
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Exercise 3.9: 29.55 tons 2.49 gm/cc of Bentonite was mixed with an old mud used in the
previous section of a well. A 1,500 bbls of a new mud having mud density of 11.2 ppg
was prepared. What were the density and the volume of the old mud? Answers: 10.7
ppg 1,425.5 bbls

Exercise 3.10: A drilling fluid is planned to be prepared using water and Bentonite that
has a density of 2.5 gm/cc. If it is planned to prepare 800 bbls of drilling fluid having
a mud weight of 8.8 ppg, calculate the amount of Bentonite to be used in tons and the
volume of water required to prepare this mud. Answers: 11.71 tons, 770.6 bbls

Exercise 3.11: If the maximum mud weight that can be achieved by mixing sodium
chloride with water is 12.0 ppg, calculate the sodium chloride volume fraction that
can be used to prepare the above mud weight. Sodium chloride density is 2.15 gm/cc.
Answer: 0.38

Exercise 3.12: An oil-based mud is prepared using a diesel that has a density of 54.5
Ib_/ft’, 1,500 bbls of water and 115.5 tons of Barite that has a density of 262.08 b /f’. If
the mud weight of the prepared mud is 10.5 ppg, calculate the volume of diesel that used
in preparing the above mud. Answer: 309.6 bbls

Exercise 3.13: 60 tons of Barite was used together with water to develop 1,050 bbls of a
drilling fluid. If the density of Barite is 4.2 gm/cc, calculate the volume of water used and
the density of the mud developed. Answers: 960 bbls, 11.0 ppg

Exercise 3.14: A drilling fluid was developed using water and Hematite that has a den-
sity of 5.05 gm/cc. Mud engineer took 1,350 bbls of water to prepare 1,425 bbls of the
mud. Calculate the amount of Hematite used to prepare the above mud and the mud
weight. Answers: 60.3 tons, 10.1 ppg

Exercise 3.15: A 1,125 bbls of drilling mud that has mud weight of 10.4 ppg was diluted
using 250 bbls of water. What will be the new mud weight after dilution? Answer:

10.0 ppg

3.5.2 Exercises (Self-Practices)

E3.1: For a typical US Gulf Coast area, it is given that the diameter of the bit is 15 in.,
rate of penetration is 100 ft/hr, and the average porosity is 25%. Find out the volume of
cuttings in bbl/hr and tons/hr.

E3.2: The density of the drilling mud is measured as 80 Ib /ff’ in the rig side area.
Calculate the specific gravity in gm/cm?®, mud gradient in psi/ft and kg/cm?/m Ans.

E3.3: A mud engineer measured the density of the drilling fluid as 75 [b,_/f# in the rig side
area. Calculate the specific gravity in gm/cm’, mud gradient in psi/ft and kg/cm*/m Ans.

E3.4: During the drilling of hazardous formation, the mud engineer was trying to keep
up the quality of drilling fluid. At a certain time, he measured the density of the drilling
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fluid as 12 ppg in the rig side area. Calculate the specific gravity in gm/cm’, mud gradi-
ent in psi/ft and kg/cm?/m. Ans.

E3.5: A Marsh funnel is used to measure the density of the drilling fluid which is 1.1 g/
cm® in 40 seconds. Calculate the effective viscosity using Marsh funnel equation. Ans.

E3.6: A Marsh funnel is used for 45 seconds to to measure the density of the drilling fluid
which is 1.3 g/cm?. Calculate the effective viscosity using Marsh funnel equation. Ans.

E3.7: A mud sample in a rotational viscometer gives a dial reading of 46° at 600 rpm
and a dial reading of 28° at 300 rpm. Compute the apparent viscosity of the mud at each
rotor speed.

E3.8: Using the data of Exercise 3.6, compute the plastic viscosity and yield point of the
mud sample. Ans.

E3.9: To calculate the different viscosity of a mud sample, a Fann V-G meter is used and
the data measurements are ®_ = 25° and @, = 18°. Calculate i) plastic viscosity, ii)

apparent viscosity, iii) Bingham yield point, and true yield point. Ans.

E3.10: Find out the pH of a aqueous solution where both [H*] and [OH"] ions are 1 X
102 and 1 x 107" respectively. Ans.

E3.11: Find out the pH of both [H*] and [OH ] ions if an aqueous solution has the con-
centration of 1 x 10~ for [H*] and 1 x 107 for [OH"] ions respectively. Ans.

E3.12: A 13 b /gal drilling mud is retorted and found to contain 9% oil and 75% water.
If the chloride test shows the mud to have a chloride content of 150,000 mg CI-/L, Find
out the solid fraction of the mud. Assume that the mud is a calcium chloride mud. The
solution has 14% salinity and CaCl, has a volume increase factor of 1.037. Ans.

E3.13: A 10 b /gal drilling mud is retorted and found to contain 12% oil and 70%
water. If the chloride test shows the mud need to have chloride content, find out the
solid fraction of the mud. Assume that the mud is a sodium chloride mud. The solution
has 18% salinity and NaCl has a volume increase factor of 1.075. Ans.

E3.14: A 20-in bit is used to drill a hole at a rate of 70 ft/hr where the porosity of the
formation is 25%. Calculate the solid volume generated in this drilling operation. If the
density of the solid is 910 Ib, /bbl, calculate the solid generation in tons/hr also. Ans.

E3.15: For a typical North Sea well, a 26-in bit is used to drill a hole at a rate of 60 ft/hr
where the porosity of the formation is 25%. Calculate the solid volume generated this
drilling operation. If the density of the solid is 910 Ib_/bbl, calculate the solid generation
in tons/hr also. Ans.
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3.5.3 MCQs (Self-Practices)

1.

The name “water-based mud” is designated because
a) The drilling mud is only fresh water
b) The continuous phase in the mud is the fresh water

¢) It can only drill water zones
d) All of the above

Fresh-water muds are the muds that
a) Have less than 3,000 ppm Na* ions
b) Do not have any free ions

c) Have only positive ions

d) None of the above

Oil-based mud is the drilling fluid that
a) Does not have any amounts of water
b) Has less amount of water

¢) Used to drill only the oil zones

d) All of the above

What is the difference between the full-oil mud and inverted emulsion oil-based
mud?

a) Full-oil mud has very low water content as compared to the inverted mud

b) Full-oil mud can give lower mud weights than the inverted mud

¢) Full-oil mud has more oil content as compared to inverted mud

d) All of the above

Gas-based muds are very effective in drilling
a) Salt formations

b) Gas formations

¢) Consolidated formations

d) Unconsolidated formations

One of the following additional equipment in circulating system is needed for drill-
ing by gas-based mud. Which is the correct answer?

a) Degasser

b) Special top drive system

¢) Compressors

d) None of the above

Which of the following mud type should be used in wildcat wells?
a) Gas-based muds

b) Foam muds

¢) Oil-based muds

d) Water-based muds
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8.

10.

11.

12.

13.

14.

15.

Inhibited muds are used when?

a) Swelled materials are present in the drilled formations
b) The drilled formations have high H_S contents

¢) The mud have high tendency for contaminations

d) All of the above

The additive which is used to remove the calcium from the hard water is
a) Caustic soda

b) Soda ash

¢) Sodium borate

d) Sodium carbonate

The additive which is used to increase the mud alkalinity is
a) Sodium hydroxide

b) Sodaash

¢) Sodium chloride

d) All of the above

The additive which is used as a density control additive is
a) Barite

b) Hematite

¢) Siderite

d) All of the above

The following materials are used as viscosifiers except
a) Bentonite

b) Guar gum

¢) Shredded wood

d) Synthetic polymers

The following materials are not used as the controller of lost circulation materials
except

a) Soda ash

b) Limestone

¢) Barite

d) Bentonite

At surface, is added to the drilling fluid for removing the oxygen
that is entrained into mud while depositing in the mud pit

a) Sodium sulphite

b) Sodium sulphite

¢) Sodium chloride

d) Sodium hydroxide

Which of the following materials are used as filtration control?
a) Polymers

b) Asphalt

¢) Manganese oxide

d) All of the above
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First step in solid separation is to pass the drilling fluid through
a) Shale shakers

b) Settling tanks

¢) Desilter

d) All of the above

Larger parts of drilled cuttings are removed from the mud using
a) Settling tanks

b) Waste pits

¢) Shale shakers

d) None of the above

Smaller solids are removed from the mud using
a) Desander

b) Desilter

¢) Mud cleaner

d) All of the above

Two holes, A and B, with the same depth are filled with different fluids. If the pres-
sure at bottom of the well A is higher than the well B, the fluid inside A has

a) Lower density than the other well

b) Higher density than the other hole

c) Same density in both holes

d) None of the above

If mud A needs less pressure to be pumped compared with mud B, then mud A has
as compared with mud B

a) Low viscosity

b) High viscosity

c) Same viscosity

d) None of the above

The definition of viscosity is

a) The resistance of mud to create mud cake

b) The resistance of mud to behave as a Newtonian fluid
¢) The resistance of mud to flow

d) All of the above

The mud viscosity is measured using
a) Marsh funnel

b) Rotational viscometer

¢) Rotational flow meter

d) aandb

The viscosity measuring device which is used to give only a comparative reading is
a) Marsh funnel

b) Rotational viscometer

¢) aandb

d) None of the above
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24,

25.

26.

27.

28.

29.

30.

31.

Gel strength of mud is defined as

a) The force required to circulate the mud

b) The force required to initiate a flow when flow stopped
c) The force required to stop the flow of mud

d) All of the above

Gel strength of mud is

a) Directly related to shear stress

b) Related to the viscosity of the mud

¢) A function of the inter particle forces
d) All of the above

In general, pH test is used to measure of acidity or alkalinity through
a) The concentration of hydrogen ions in any aqueous solution

b) The reaction of hydrogen ions with any aqueous solution

c) The ability of hydrogen ions to dissolve in any aqueous solution
d) All of the above

Filtration properties of the drilling mud affects
a) The borehole stability

b) The formation damage

¢) The creation of filter cake

d) All of the above

The excessive sand content in the drilling mud may result in
a) The deposition of thick filter cake

b) Settlement in the bottom of the hole

¢) Abrasion of pump parts

d) All of the above

The term “water hardness” is mainly due to the presence of
a) Calcium and sodium ions

b) Magnesium and sodium ions

¢) Calcium and magnesium ions

d) None of the above

Water hardness can be estimated using
a) Titration methods

b) Filtration methods

¢) Trial and error methods

d) All of the above

Water is said be soft in terms of hardness if hard ions are in the range of
a) Lessthan 17.1 ppm

b) Less than 60 ppm

c) Less than 120 ppm

d) Less than 180 ppm
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The water is said to be very hard if hard ions are in the range of
a) More than 60 ppm

b) More than 180 ppm

c) Less than 180 ppm

d) Less than 60 ppm

Chemical analysis of water which is used in preparing the drilling fluid is required
for

a) Compatibility studies

b) Quality control

¢) Evaluation of pollution hazards

d) All of the above

If chloride concentration of the mud is increased during drilling, it is an indication
that the drilled formation

a) Isa salt formation

b) Is carbonate rock formation

¢) Has saline or salt formation water

d) aandc

The cation exchange reaction which takes place between the mud and the forma-
tion will tend to

a) Harden the water of the mud

b) Neutralize the ions in the water of the mud

¢) Soften the water of the mud

d) None of the above

Resistivity of mud decreases when

a) Temperature decreases

b) Temperature increases

c) Temperature has no effect on resistivity
d) None of the above

Which of the following mud types has the highest resistivity value?
a) Fresh water-based mud

b) Salt water-based mud

¢) Oil-based mud

d) KCI brine mud

While pumping a mud down to a deep well, the mud density at the bottom of the
well will be

a) Lower than the mud weight at surface

b) Higher than the mud weight at surface

c) Same as the mud weight at surface

d) Can be higher or lower



106 FUNDAMENTALS OF DRILLING ENGINEERING

39. If a mud of a certain volume mixed with the same volume of fresh water, what will
be the density of the mixture?
a) Greater than the original density of the mud
b) The average between mud density and water density
¢) Mud density will not be affected
d) None of the above

40. The current trend of the development of drilling fluids is mainly focused on
a) Developing an environmentally friendly drilling fluid
b) Decreasing the mud cost by using cheaper materials and chemicals
c) Increasing rate of penetration on harsh environment
d) All of the above

41. The pH measurement is used as well to indicate the presence of
a) Contaminants such as cement or anhydrite
b) Ion concentration
c) Positive or negative charges
d) Alkalinity or acidity of the mud

3.6 Nomenclature

A = cross-sectional area

d, = bitdiameter

C, = volume increase factor due to the loss of dissolved salt during retorting
E = activation energy for viscous flow, KJ/mol

K = operational parameter

F force

f. = volume fraction of low density solid in the mud system, vol/vol

= volume fraction of high density solid in the mud system, vol/vol
oil volume fraction of drilling mud, vol/vol

= solids volume fraction of drilling mud, vol/vol

= water volume fraction of drilling mud, vol/vol

= layer thickness

pressure of the system, N/m?

= Marangoni number

= mass of final mixture, i.e., mud

rotor speed, rpm

= universal gas constant, kJ/mole — k

= rate of penetration of the bit, ft/hr

= temperature, °K

= time,s

= the Marsh funnel (quart) time, s

= fluid velocity in porous media in the direction of x axis, m/s
velocity

= volume of the low density solid in the mud system, bbl, cc

= volume of the high density solid in the mud system, bbl, cc
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volume of final mixture, i.e., mud, bbl, cc
volume of initial mud (or any liquid) in mud calculation, bbl, cc
volume of mixture in mud calculation, bbl, cc
solid volume of rock fragments entering the mud i.e. volume of cuttings, bbl/hr
volume of solids in mud calculation, bbl, cc
volume of the water phase in the mud system, bbl, cc
volume of oil phase in mud the mud system, bbl, cc
distance from the boundary plan, m
fractional order of differentiation, dimensionless
thermal diffusivity, m?/s
density of the low density solid in the mud system, g/cm?
density of the high density solid in the mud system, g/cm’
density of mud, g/cm?
density of initial mud, gm/cc
density of final mud (i.e., fresh water and clay), gm/cc
overall density of fluid mixture, i.e., mud, g/cm’
density of water phase in the mud system, g/cm?
density of oil phase in the mud system, g/cm’
density of solids, gm/cc
average formation porosity
torque reading from the dial at a speed N, rpm
torque reading from the dial at a speed of 300 rpm, rpm
torque reading from the dial at a speed of 600 rpm, rpm
viscosity of the fluid between the plate
shear stress
shear rate
a dummy variable for time, i.e., real part in the plane of the integral
surface tension, N/m
T, — T =temperature difference between a temperature and a reference tem-
perature, °K
fluid dynamic viscosity, Pa-s
apparent viscosity at a speed N rpm, cp
the effective viscosity, cp
fluid dynamic viscosity at reference temperature T, Pa-s
plastic viscosity, cp

Ib,
100 ft*

the Bingham yield point,

b,
00 ft*
shear stress at temperature T, Pa

the true Bingham yield point,
1

= ratio of the pseudo-permeability of the medium with memory to fluid vis-

3 l+a

cosity,
kg
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du
. ~ = velocity gradient along y-direction, 1/s
Y
dv . . o
1 = velocity gradient along /-direction
oo o . . .
T the derivative of surface tension s with temperature and can be positive

or negative depending on the substance, N/m-K



Fundamentals of Drilling Engineering: Multiple Choice Questions and Workout
Examples for Beginners and Engineers. M. Enamul Hossain.
© 2017 Scrivener Publishing LLC. Published 2017 by John Wiley & Sons, Inc.

Drilling Hydraulics

4.1 Introduction

Hydraulics can be defined as the study of the physical science and technology of the
static and dynamic behavior of fluids under the influence of mechanical forces and/
or pressure, and uses of that knowledge in the designing and controlling of machines.
In drilling engineering, drilling hydraulics is an essential part of drilling operations
where computation of pressure profiles along the wellbore and particularly in the annu-
lus contributing to well safety and well integrity are done to improve the API recom-
mended practice for drilling fluid rheology and drilling hydraulics estimation. Drilling
hydraulics play a vital role while drilling activities continue to operate, which is also
referred to as rig hydraulics. This chapter deals with sets of multiple choice questions
(MCQs) which are related to the drilling hydraulics. Workout examples and exercises
are presented here. Workout examples and MCQs are based on the writer’s textbook,
Fundamentals of Sustainable Drilling Engineering — ISBN: 978-0-470-87817-0.

4.2 Different Mathematical Formulas and Examples

4.2.1 Newtonian Fluid

The shear stress and the rate of deformation are normally expressed by Newton’s law of
viscosity, which can be written mathematically as:

109



110 FUNDAMENTALS OF DRILLING ENGINEERING

du
T=py—==puy) (4.1)
dy
where:
T = shear stress, Pa
U, = dynamic viscosity, Pa-s
d
~ ory = the velocity gradient perpendicular to the direction of shear, or
dy equivalently the strain rate, s

Example 4.1: Calculate the shear stress of a drilling fluid which has a viscosity of 55 cp
and a shear rate of 15 s7".

Solution:
Given data:
M, = Mud viscosity = 55 cp =0.55 Poise = 0.55 dyne.s/cm’ = 0.55 Pa-s

du,
dy

Required data:

T = Shear stress, Pa

= 9 = Shear rate = 157!

The shear stress of the fluid can be calculated using the Eq. (4.1) as:

du 4
7=4,—==0.55Pa.s Xx15s =8.25Pa

Example 4.2: Calculate the viscosity of a fluid which has a shear stress of 4.5 pa and a
shear rate of 10 s7".

Solution:
Given data:
du, =7y = Shear rate = 10 s7!
Tdy = Shear stress = 4.5 pa
Required data:

u, = fluid dynamic viscosity = 45 cp
The shear stress of the fluid can be calculated from the following equation Eq. (4.1) as:

du,

T=p, or 4.5 pa=pu,(10s™)

4, =0.45 pa s =0.45 poise = 45 cp
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4.2.2 Non-Newtonian Fluid

i) Bingham Plastic Models:
It is defined in terms of the shear stress and shear rate, which are given by the following
mathematical models:

T=py+tifT>1) (4.2a)
T=py -1, if <7, (4.2b)

where:
T, =a minimum shear stress that needs to initiate fluid flow, Pa
1, =Bingham plastic viscosity, Pa-s

Example 4.3: A moving plate is set 2 ¢m above a stationary plate which has a cross-
sectional area of 25 cm?. If a force of 250 dynes is required to just initiate the upper plate
and a force of 550 dynes is needed to move the plate with a uniform velocity of 8 cm/s,
calculate the yield point and plastic viscosity of the fluid.

Solution:

Given data:

L = Gap between the plates = 2cm
A = Cross-sectional area of the upper plate = 25 cm?

Fy = Force needed to initiate the plate movement (i.e., y = 0)
= 250 dynes

V' = Fluid velocity = 8cm/s

F = Force needed to move the plate = 550 dynes

Required data:
T, = Yield point, Pa
1, = Plastic viscosity, Pa-s

The yield point (ry) needed to initialize the fluid can be calculated using Eq. (4.2a) as:

T=W,Y+T, =,up><0+ry =1,

Now, the definition of shear stress can be written using Eq. (3.6) as:

250 dynes

T=F/A= >
25 cm

=10 dyne/cm’

Therefore, T , = 10 dynes/ cm?

The plastic viscosity can be calculated using the force needed to move the plate and
with the fluid velocity and by Eq. (4.2a) as:

T-T, F/A—Ty ~550/25-10

4 VIL 8/2
=3 Poise =300 cp

=3.0 dyne.s/cm’

H, =
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Example 4.4: A moving plate is set 2.5 cm above a stationary plate which has a cross-
sectional area of 30 cm?. If a force of 450 dynes is required to just initiate the upper plate
and a force of 650 dynes is needed to move the plate with a uniform velocity of 8 cm/s,
calculate the yield point and plastic viscosity of the fluid.

Solution:
Given data:
L = Gap between the plates = 25cm
A = Cross-sectional area of the upper plate = 30 cm?
Fy = Force needed to initiate the plate movement (i.e. y = 0)
= 450 dynes
V= Fluid Velocity = 8cml/s
F = Force needed to move the plate = 650 dynes

Required data:
#, = plastic viscosity, cp

T, Yield point, Pa-s

The yield point (‘L’y) needed to initialize the fluid can be calculated using
Equation (4.2a) as:

T, =Wy +T, =1, ><O+ry =T,
Now, the definition of shear stress can be written using the Eq. (3.6) as:

. F _ 450 dynes

1" 30 onr =15 dyne/cm’
cm

Therefore, 7, =15 dynes/ cm?
The plastic viscosity can be calculated using the force needed to move the plate and
with the fluid velocity and by Eq. (4.2a) as:

t-t, F/A-t, 650/30-15 s
= = =2.083 dyne.—
y VIL 8/2.5 cm

=2.083 Poise =208.3 cp

u,=

Example 4.5: A moving plate of a cross-sectional area of 34 ¢m? is positioned at 3 cm
above a stationary plate. A force of 763 dynes is required to move the plate at a uniform
velocity of 11 c¢m/s, and a force of 841 dynes is needed to move the plate at a uniform
speed of 14 cm/s. Calculate the Calculate the force required to initiate the initial move-
ment of the plate and the plastic viscosity.

Solution:
Given data:
L = Distance between the plates = 3.0cm
A = Cross-sectional area of the upper plate = 34 cm?
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F1= Force required for first speed = 763 dynes
vl = First speed of the plate = 11 cm/s
F2= Force required for second speed = 841 dynes
v2= Second speed of the plate = l4cm/s

Required data:
Fy = Force to initiate the movement
", = Plastic viscosity.

Eq. (4.2a) can be used to develop a relation between plastic viscosity and yield point
using the given information:

F, 763

T, =-L="=224 dynes/cm’
A 34
F, 841
T, =-%=——=24.7 dynes/cm’
A 34
v, 11 -
y1=f=—=3.6751
v, 14 0
=—==—=467s
ERAE

Now two equations can be developed as follows:
T=WY+T,
22.4=p,3.67+7,
24.7=p,4.67+71,
Solving the above two equations together will give:
M, =2.3 poise OR 230 cp
7, =14.0 dynes/cm’
The force required to initiate movement is equal to:
F, =7, A=14.0x34 =476 dynes

For Bingham fluid, plastic viscosity, yield point, and zero-sec-gel can be calcu-
lated using FannV-G meter (See Chapter 3) reading with the following relationships.

u, = Os00 — O30 (4.3a)
T, = 20, — 0., (4.3b)

7, =0, (4.3¢)
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where:
0., = the Fann dial reading at 600 rpm
0., = the Fann dial reading at 300 rpm
0, = the Fann dial reading at 3 rpm
7, = yield point stress at dial reading at 3 rpm

Alternatlvely, the dial readings can be reverse calculated by using plastic viscosity,
yield point, and zero-gel by rearranging the Egs. (4.3a—c). It is noted that these reading
give the corresponding plastic viscosity, and yield point in field unit.

0, = 1 , T, (4.4a)
Oo =21, +7, (4.4b)
0, =1, (4.4¢)

If the Fann V-G meter RPMs are any other readings except 300 and 600 rpm, the
following equations can be used:

300
=—(, -0 4.5
H, NZ—NI(NZ ) (4.5)
N
7, = (9N1 — K, 306 (4.6)

where:
N, N, = The Fann rpm reading
0,,0, = The Fann dial reading at N and N, rpm
1 2

Example 4.5: In the drilling fluid laboratory, a student was conducting an experiment
for the Bingham fluid where he was using the Fann V-G meter to measure the viscos-
ity of the fluid and he found the following Fann data: 0300 =30;60 =55,and 9200 =27;

600

0,, = 49. Calculate the plastic viscosity, and yield point of the fluid using Bingham

400
plastic model.

Solution:

Given data:
0,, = Dial reading at 300 rpm = 30
0., = Dial reading at 600 rpm = 55
0,, = Dial reading at 200 rpm = 27
0,, = Dial reading at 400 rpm = 49
Required data:
#, = Plastic viscosity, Pa.s

T, = Yield point, Pa

For 300 and 600 rpm reading, the plastic viscosity and yield point can be calculated
using the Egs. (4.3a) and (4.3b) as:

=0,,, — 0,y =55—30=25cp =0.25 Poise = 0.25 dyne.s/cm’
=0.25 Pa.s
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T, =20y, — 04, =2x30-55=5Ib,/100 ft*
dyne/cm’
= (5Ib,/100 ft*)x ————; (1 Pa = 4.791b,/100 ft*
(5ib, 100f£°) 4.791b, /100 f* o f100f)

=1.04 dyne/cm® =1.04 Pa

For the second set of reading, set of readings, we should use the Egs. (4.5) and (4.6) as:

300 300
0, -0, )=——""(49-27)=33 cp =0.33 Pa.s
N,-N O, =6x) 400—200( ) P

2 1

u,=

N 200
7. =0, — L —27-33x=—=51b./100 ft*
r =T 00 300 7/100f

=1.04 dyne/cm’ =1.04 Pa

Example 4.6: In the drilling fluid laboratory, a student was conducting an experiment
for the Bingham fluid where he was using the Fann V-G meter to measure the viscos-
ity of the fluid and he found the following Fann data: 0300 = 35; «9600 =60, and 9200 =32;
0,,, = 54. Calculate the plastic viscosity, and yield point of the fluid using Bingham
plastic model.

Solution:
Given data:
0,,= Dial reading at 300 rpm = 35
0.,= Dial reading at 600 rpm = 60
0,,= Dial reading at 200 rpm = 32
0,,= Dial reading at 400 rpm = 54

400

Required data:
u = Plastic viscosity, Pa.s
T, = Yield point, Pa

For 300 and 600 rpm reading, the plastic viscosity and yield point can be calculated
using the Egs. (4.3a) and (4.3b) as:

H, = 0Ogp — 055 =60—35=25 cp =0.25 Poise

=0.25 dyne.s/cm’ = 0.25 Pa.s
T, =26y, — 04, =2x35-60=10 Ib,/100 ft*

600

dynelcm’
4.79 b, 1100 ft*

7,=(10 lbf/IOOftz)x :(1 Pa=4.79 lbf/IOOftz)

7, =2.087 dynes/cm’ =2.087 Pa



116 FUNDAMENTALS OF DRILLING ENGINEERING

For the second set of reading set of readings, we should use the Egs. (4.5) and (4.6) as:

300 300
l’tp:N —N (QN _QNI)

2 1

2

=——(54-32)=33¢p=0.33 Pa.s
400-200

N 200
7. =0, —u —L-=32-33x=—"-=101b,/100 f¢*
» =0 T 500 300 711001

=2.087 dynes/cm’ =2.087 Pa

ii) Power-Law Models:
The rheological equation for the power law model can be given as:
T=Ky" (4.7)
where:
K = flow consistency index, Pa.sV
y = AU, _ shear rate or velocity gradient perpendicular the plan of shear, s™*
n, dy = power-law exponent or flow behavior index, dimensionless

The apparent viscosity as a function of shear rate can be written as:
— 1
Topp = Ky (4.8)

Example 4.7: A moving plate is set 2 ¢m above a stationary plate which has a cross-
sectional area of 25 c¢m?. Calculate the consistency index and flow-behavior index if a
force of 250 dyne is required to move the upper plate at a constant velocity of 8 cm/s
and a force of 300 dyne is needed to move the plate with a uniform velocity of 10 cm/s.

Solution:
Given data:
L = Gap between the plates = 2cm
A = Cross-sectional area of the upper plate = 25cm?
F, = Force needed to move the plate by 8 cm/s = 250 dynes
V, = First fluid velocity = 8cm/s
F, = Force needed to move the plate by 10 cm/s = 300 dynes
V, = Second fluid velocity = 10 cm/s
Required data:
K = Flow consistency index, Pa.s"
n, = Power-law exponent or flow behavior index, dimensionless

To calculate K and n,Eq. (4.7) is used at the two rates of shear observed and Eq. (3.4)
is used for shear stress as:

t=F/A=Ky"
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2 K 10"
250 (8Y" 300 (10
25 2 25 2
Now, dividing the second equation by first equation as:

300 _(10)"
250 \ 8
Taking the I of both sides and solving for 1 as:

In(300/250)
n =———=0.817
r In(10/8)

Substituting the value of # in the first equation above gives as:

"
20_ K[§j = K=—9  _ 3227 pas® =322.2 eq.cp
25 2 (4%

Example 4.8: A moving plate is set 2.5 cm above a stationary plate which has a cross-
sectional area of 30 cm?. Calculate the consistency index and flow-behavior index if a
force of 300 dyne is required to move the upper plate at a constant velocity of 10 cm/s
and a force of 350 dyne is needed to move the plate with a uniform velocity of 12 cm/s.

Solution:
Given data:
L = Gap between the plates = 25cm
A = Cross-sectional area of the upper plate = 30cm?
F, = Force needed to move the plate by 10 cm/s = 300 dynes
V, = First fluid Velocity = 10cm/s
F, = Force needed to move the plate by 10 cr/s = 350 dynes
V, = Second fluid Velocity = 12cm/s
Required data:
K = Flow consistency index, Pa.s"

n
P

Power-law exponent or flow behavior index, dimensionless

To calculate K and n,Eq. (4.7) is used at the two rates of shear observed and Eq. (3.4)
is used for shear stress as:

t=F/A=Ky"

p p
300 (10)7 350 (12
30 2.5 30 2.5

Now, dividing the second equation by first equation as:

350 (12"
300 (10
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Taking the In of both sides and solving for  as:
_ In(350/300)

n
P 1In(12/10)

Substituting the value of # in the first equation above gives as:

300 10 \” 10
—=K| — | =K=—57=3.099 Pas"** =309.9 eq.cp
30 2.5 (4)"

For power-law fluid, the flow behavior index can be calculated using Fann V-G meter
which is written as:

]'Ogl() —o 0
n,= TO;OO = 3.32210g06—°° (4.9)
* 300

In Eq. (4.9), if we use the modified power-law, it can be written using Eqgs. (4.4a) and
(4.4b) as:

2u +7
n, =3.322log—"—=> (4.10)
H,+T,
The consistency index, K can be written as:

_ 5110
511"

K (4.11)

In Eq. (4.11), K is in eq. poise. It can be expressed in terms of (Ib, xsec™)/100 ft?
using the conversion factor of 1Pa =4.791b /100 ft.
K can also be calculated using the modified power-law which gives as:

2u, +7
K = L (4.12)
1022"
If the Fann V-G meter RPMs are any other readings except 300 and 600 rpm, the
following equations can be used:
GN
log| —
9N
n,=———=<= (4.13)
NZ
log| —*
Nl
5.116,

= (4.14)
(1.703x N)"
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Example 4.9: In the drilling fluid laboratory, a student was conducting an experiment
for the Bingham fluid where he was using the Fann V-G meter to measure the viscos-
ity of the fluid and he found the following Fann data: 0300 = 30; 19500 =55, and 0200 =27;

0,,,= 49. Calculate the consistency index and flow-behavior index for the power-law

model.

Solution:
Given data:
0,,,= Dial reading at 300 rpm = 30
0,,= Dial reading at 600 rpm = 55
0,,,= Dial reading at 200 rpm = 27
0,,,= Dial reading at 400 rpm = 49

Required data:
K = Flow consistency index, Pa.s™
n, = Power-law exponent or flow behavior index, dimensionless

For 300 and 600 rpm reading, K and n can be calculated using the Egs. (4.9) and
(4.11) as:

0 55
n,=3.322 log —** =3.322 log 0 0.874

300

and

oo 31104, 5.11x30
51 1111J 51 10.874

=0.658 eq. poise

In field unit:

K =0.658x4.79=3.152 Ib,/100 ft*. [Note: 1 Pa = 4.791b /100 1]

For the second set of readings, we should use the Eqgs. (4.13) and (4.14) as:

5114,  511x27
(1.703x N)"  (1.703x200)***

=0.9174 eq.cp

In field unit:

K =0.9174x4.79 = 4.394 b /100 ft
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Example 4.10: In the drilling fluid laboratory, a student was conducting an experiment
for the Bingham fluid where he was using the Fann V-G meter to measure the viscosity of
the fluid and he found the following Fann data: 0300 =35; 0600 =60, and 8200 =32;0 oo = 94
Calculate the consistency index and flow-behavior index for the power-law model.

Solution:
Given data:
0. = Dial reading at 300 rpm = 35
0_ = Dial reading at 600 rpm = 60
0., = Dial reading at 200 rpm = 32
0,, = Dial reading at 400 rpm = 54

Required data:
K = Flow consistency index, Pa.s¥
n, = Power-law exponent or flow behavior index, dimensionless

For 300 and 600 rpm reading, K and » can be calculated using the Eqgs. (4.9) and
(4.11) as:

g 60
n,=3.322log—% = 3.32210g£ =0.777

300

and

_5.110,, 5.11x35

K =
51 ln‘D 51 10.777

=1.406 eq.poise

In field unit:
K =1.406x4.79 =6.735 b, /100 f¢*
[Note: 1 Pa=4.79 Ib/100 ft’]

For the second set of readings, we should use the Egs. (4.13) and (4.14) as:

ko U6, 511x32
(1.703x N)"  (1.703x200)""**

=2.0055 eq.cp

In field unit:
K =2.0055%x4.79 =9.60 lbf /100 ft2

iii) Shear-thinning fluid models:
For the porous media, Chauveteru’s form of the definition of porous media wall shear
strain rate or in-situ shear rate is
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’}) OtSFLl
pm \/E (4.15)
where:
u_ = Fluid velocity in porous media in the direction of x axis, m/s
ag, = Shape factor which is medium-dependent
Ym = Apparent shear rate within the porous medium, s
k = Reservoir permeability, m*
¢ = porosity of fluid media, m*/m’

To model the bulk rheology of the non-Newtonian fluid, Carreau-Yasuda model
may be written as:

() — 1,.)
Py = M, +————— (4.16)

[1+(A7,,)' ]

where:

a = Parameter in Carreau-Yasuda model, dimensionless

n = Power-law exponent for Carreau-Yasuda model, dimensionless
o= Fluid effective viscosity, Pa-s

1, = Fluid dynamic viscosity at zero shear rate, Pa-s

u_ = Fluid dynamic viscosity at infinite shear rate, Pa-s

A = time constant in Carreau-Yasuda model, s

For apparent shear rate, Hossain ef al. (2009) model can be written as:

_\/71_(1 a)j( &) aga (4.17)

where:
p = pressure of the system, N/m?
t = time,s
o = fractional order of differentiation, dimensionless
n = ratio of the pseudopermeability of the medium with memory to fluid viscosity,
3 1+a /kg
{ =a dummy variable for time, i.e., real part in the plane of the integral, s

To analyze the memory effect in the shear-thinning fluid viscosity, Hossain et al.
(2009) proposed the following model for effective viscosity.

lueﬁ =H, + et n (418)

_ 82p .
ina. [le-o oox dé

\/@ I'-oa)

1+
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iv) Herschel-Bulkley model:
Mathematically, Herschel-Bulkley model is defined as:

r=Ky"+1, (4.19)

In Eq. (4.19), if 7, = 0, the Herschel-Bulkley model is reduced to the power-law
model. On the other hand if # = 1, the model reduces to the Bingham plastic model.

4.2.3 Turbulent Flow

Reynolds number: Reynolds observed that when circulating Newtonian fluids through
pipes the onset of turbulence was dependent on variables such as i) pipe diameter (d),
ii) density of fluid®, iii) viscosity of fluid (u), iv) average flow velocity (v). He also found
that the onset of turbulence occurred when the above combination of these variables
exceeded a value of 2100. Reynold’s observation was very significant because it means
that the onset of turbulence can be predicted for pipes of any size, and fluids of any
density or viscosity, flowing at any rate through the pipe. This grouping of variables
is generally termed a dimensionless group, which is known as the Reynolds number.
Therefore, the onset of turbulence in pipe flow is characterized by the dimensionless
group as:

N, =—= (4.20)

Here:
p = Fluid density, gm/cc
v = Avg. fluid velocity, cm/s
d, = Pipe inner diameter, cm.
u, = Dynamic viscosity of fluid, cp
q = Circulating volume, cc/s

In field units, Reynolds number can be written as:

928 pvd,

N, (4.21)
‘ H
Here:
p = Fluid density, Ib_ /gal
_ . . q
v = Avg. fluid velocity, ft/s = ————
s v 2.448 d;

di = Pipe inner diameter, in.
u, = Dynamic viscosity of fluid, cp
q = Circulating volume, gal/min

Example 4.11: While drilling, a 10.0 Ib, /gal of mud having a viscosity of 1.2 cp was
being circulated through drillstring at a rate of 650 gal/min. If the internal diameter
of the drillpipe is 5.0 in, determine the type of flow in the drillpipe of the circulating
system.
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Solution:
Given data:
p, = Density of the mud =10.0 b /gal
u, = Viscosity of the mud =12¢p
q = Circulating volume or volume flow rate = 650 gal/min
d, = Inner diameter of drillpipe =5.0in
Required data:
Type of flow
The average fluid velocity can be calculated as:
650 gal/min
g1 __ 78 =10.62 ft/s

2.448 d>  2.448x (5 in)’
Equation (4.21) is used to determine whether the fluid is laminar or turbulent
928 pvd, 928x(10 Ib,,/gal)x(10.62 ft/s)x (5 in)
ou (1.2 ¢p)

= 410,640

RE

Since the Reynolds number is considerably very high comparing with 2,100, the
fluid of the drillpipe is in turbulent flow.

Example 4.12: While drilling, an 11.0 [b_/gal of mud having a viscosity of 1.4 cp was
being circulated through drillstring at a rate of 700 gal/min. If the internal diameter
of the drillpipe is 5.5 in, determine the type of flow in the drillpipe of the circulating
system.

Solution:
Given data:
p,, = Density of the mud =11.0 b, /gal
u,, = Viscosity of the mud =14cp
q = Circulating volume or volume flow rate = 700 gal/min
d, = Inner diameter of drillpipe =5.5in
Required data:
Type of flow

The average fluid velocity can be calculated as:

— 700
- = — =9.453 ft/s
2.448 d°  2.448x(5.5 in)

Equation (4.21) is used to determine whether the fluid is laminar or turbulent
928pvd, 928 (11 lbm/ gal)x(9.453 ft/s)x (5.5 in)
R = =

¢ u (1.4 cp)
=379,092.308

N
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Since the Reynolds number is very high compared with 2,100, the fluid of the drill-
pipe is in turbulent flow.

4.2.4 Transitional Flow

The critical velocity can be determined for the Bingham plastic model as:

1.08 1, +1.08,[u +12.34 p, d’c

\% rr (4.22)
pmdi

cB

where:
V, = Critical velocity for the Bingham plastic model, ft/s
p, = Mud density, ppg
di = Pipe inner diameter, in

The critical flow rate can be determined for the Bingham plastic model as:

Q. =2.448xV  xd’ (4.23)
Here:
Q_, = Critical flow rate for the Bingham plastic model, gpm

Example 4.13: While drilling, a 13.0 Ib /gal of mud is used where Fann data was
observed as 0, = 25; 0 = 47. The target depth was set at 10,000 ft (TVD). If the inter-
nal diameter of the drillpipe is 3.75 in, calculate the critical velocity inside the pipe and

the critical flow rate.

Solution:
Given data:
p, = Density of the mud = 13.01b /gal
0,, = Dialreadingat300rpm = 25
0., = Dialreadingat600rpm = 47
TVD = Total vertical depth = 10,000 ft
d, = Inner diameter of drillpipe = 3.75 in
Required data:
vV, = Critical velocity inside the pipe, ft/s
Q, = Thecritical flow rate, gpm

For 300 and 600 rpm reading, the plastic viscosity and yield point can be calculated
using the Egs. (4.3a) and (4.3b) as:

/{p:ﬂmo_ﬂ

300

=47 -25=22¢p

T, =20, — 0y, =2%25-47 =3 1b,/100 ft*
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The critical velocity can be determined for the Bingham plastic model by using
Eq. (4.22) as:

_ 108y, +1.08,[u? +12.34 p, d’t,
pmdi
| 1.08x22+1.08v22” +12.34x13%3.75" x 3
13x3.75

V

cB

=237 ft/s

The critical flow rate can be determined for the Bingham plastic model by Eq. (4.23) as:
Q. =2.448xV  xd’ =2.448x2.37x3.75" = 81.59 gpm

Example 4.14: While drilling, a 12.0 b /gal of mud is used where Fann data was
observed as 0, = 20; 0 = 42. The target depth was set at 8,000 ft (TVD). If the internal

diameter of the drillpipe is 3.25 in, calculate the critical velocity inside the pipe and the
critical flow rate.

Solution:
Given data:
P, = mud density = 12.01b, /gal
0,, = Dialreadingat300rpm = 20
0, = Dialreadingat600rpm = 42
TVD = Total vertical depth = 8,000 ft
d = Inner diameter of drillpipe = 3.25in
Required data:
V, = Ciritical velocity inside the pipe, ft/s
Q, = Thecritical flow rate, gpm

For 300 and 600 rpm reading, the plastic viscosity and yield point can be calculated
using the Egs. (4.3a) and (4.3b) as:

Hy =0y =0y =42-20=22 ¢p
T, =20, — 0y, =2x20-42 =21b /100 ft*

The critical velocity can be determined for the Bingham plastic model by using Eq.
(4.22) as:

| 1.08u, +1.08,[u,’ +12.34p,d’T,
pmdi
 1.08x22+1.08v22% +12.34x12x 3,25 x 2
12x3.25

V

cB

V,=2273ft/s
Q. =2.448xV, xd* =2.448x2.273x3.25" = 58.773 gpm
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4.2.5 Hydrostatic Pressure Calculation

The hydrostatic pressure of the drilling fluid is divided into three subsections for i) liq-
uid column, ii) gas column, and iii) complex fluid column.

i) Liquid Columns

Figure 4.1 shows the free-body diagram from which variation of pressure with depth
can be derived mathematically. The downward force acting on the fluid element can be
calculated as:

Pdawn = PA (424)
where:
sown = Downward force on the fluid element applied by the fluid column above, Ib,
p = Pressure on the fluid element, psig

A = Inner cross-sectional area of the fluid column, in’
The upward force acting on the fluid element can be calculated as:

dp
E, [ p+ i AL, jA (4.25)
where:
o = Upward force on the fluid element applied by the below fluid column, /b )
w = Total vertical depth, ft
AL,, = Differential total vertical depth, ft
dip = Pressure gradient with respect to total vertical depth, psig/ft

tvd
Finally the weight of the fluid element itself is exerting a downward force which can
be calculated as:

P'self

=W, AAL,, (4.26)

Ltvd: 0

Figure 4.1 Fluid column showing distribution of forces acting on the fluid element.
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where:

F,, = Fluid element’ self-weight acting as a downward force, Ib,
W, = Specific weight of fluid, Ib/in’-ft
If we consider that fluid is at rest, there will not be any shear forces acting on the

fluid element and thus all forces acting on the fluid element must be in equilibrium, i.e.:

E,,,+E)+W AAL,, =0 (4.27)
dp

pA-| p+— AL, |A+W AAL, =0

i (4.28)
dp

pA—pA-— d—AALW”’ +W,AAL,, =0
v (4.29)
dp=W,dL,, (4.30)

Eq. (4.30) can be integrated for an incompressible fluid which gives the following
final form:

p = vvsthvd + po (431)

where:
p,= Surface pressure at L, , = 0 which is also the constant of the integral.

In general, the static surface pressure, p  is zero unless the blowout preventer of the
well is closed and the well is trying to flow. The specific weight of the liquid in field unit
can be written as:

W, =0.052p, (4.32)

where:
W, = Specific weight of fluid, Ib/in’-ft

Therefore, Eq. (4.31) can be written in field unit as:
p=0.052p L .+p, (4.33)

Since mud weights and well depths are often measured with different units, the constant
of Eq. (4.32) will vary. Common forms of the hydrostatic pressure equation are as follows:

p =0.052 x (mud weight, Ib_/gal) x (depth, ft), where p is in psia (4.342)

p =0.00695 x (mud weight, Ib,_/ ft’) X (depth, ft), where p is in psia (4.34b)

p =9.81x (mud weight, g/cm’) x (depth, m), where p is in kPa (4.34¢)
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If a column of fluid contains several mud weights, the total hydrostatic pressure is
the sum of the individual fluid column or section:

= chiLi (4.35)
where:

P,
C
p,
L

Total hydrostatic pressure

Conversion constant

Mud weight for the section of interest

Length for the section of interest (which is part of L, )

Equivalent Mud Weight (EMW) in Ib /gal (i.e., ppg) can be calculated as:

EMW = —P (4.362)
0.052 L,

If the well is deviated a deg from the vertical, the EMW is given by:

EMW=—P (4.36b)
0.052 D, cosa

where:

D = Measured depth, ft

Equivalent circulating density (ECD) in ppg can be determined as:

A
ECD=p, +— D (4.37a)
0.052 L

where:
p,, = Original mud density, ppg
Ap,, = Annular pressure loss, psi
In deviated wells, vertical depth is used. In such case, Eq. (4.37a) can be modified for

multiple sections as:
nW
Zi:lApani

0.05227‘”1,

i=1 tvdi

ECD=p, + (4.37b)

where:
n, = number of wellbore sections

Example 4.15: An intermediate casing string was cemented using the following muds: first
section 7,000 ft was filled by 12.5 Ib, /gal mud, second section of 1500 ft was filled by 15.3
Ib_/gal mud and the last section was filled by 16 Ib_/gal mud. Calculate the total hydrostatic
pressure at 11,000 ft. Convert the pressure at 11,000 f# to an equivalent mud weight and
determine if it will exceed the fracture gradient of 14.2 Ib_/gal. Also calculate the ECD for
an annular pressure loss gradient of 0.04 psi/ft and an original mud weight of 13.5 ppg.

Solution:

Given data:

p; = Mud weight for the section of interest
12.5,15.3,and 16 lbm/gal
Total vertical depth = 11,000 ft

L

tvd
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L, = Length for the section of L, , = 7000, 1500 and 2500 respectively
Fracture gradient = 14.21b /gal
Annular pressure loss = 0.04 psi/ft

Required data:

p, Total hydrostatic pressure, psia

EMW Equivalent mud weight, b /gal

ECD Equivalent circulating Density, Ib_/gal (i.e ppg)

Total hydrostatic pressure can be determined using Eq. (4.35) where C is equal to
0.052.
Therefore,
p, =0.052x(12.5 b /gal)x (7000 ft)+0.052x(15.3 b, / gal)
x (1500 ft)+0.052x (16 Ib, / gal) x (2500 ft)
p, =7823.4 psia

Equivalent mud weight (EMW) can be calculated using Eq. (4.36)

. p 78234
0.052L_, 0.052x11000

Therefore, the static hydrostatic pressure with a 13.677 Ib, /gal EMW will not exceed
the fracture gradient of 14.2 [b_/gal.

The ECD is calculated for the total depth of 11000 ft so Eq. (4.37a) is used for calcu-
lating ECD as:

=13.677 Ib_/gal(or ppg)

0.04 psi/ ft x11000 ft
ECD=13.5+ =14.269 ppg
0.052 psi/ ft X 11000 ft

Example 4.16: An intermediate casing string was cemented using the following muds:
first section 7,000 ft was filled by 11.5 Ib_ /gal mud, second section of 1,500 ft was filled
by 14.3 Ib_ /gal mud and the last section was filled by 15 Ib_/gal mud. Calculate the
total hydrostatic pressure at 11,000 ft. Convert the pressure at 11,000 f# to an equivalent
mud weight and determine if it will exceed the fracture gradient of 13.2 b _/gal. Also
calculate the ECD for an annular pressure loss gradient of 0.04 psi/ft and an original
mud weight of 12.5 ppg.

Solution:
Given data:
P = Mud weight for the section of interest
= 11.5,14.3,and 15 Ib_/gal
L, = Total vertical depth = 11,000 ft
L = Length for the section of L,

= 7,000} 1,500’ and 2,500 respectively
Fracture gradient 13.21b /gal
Annular pressure loss = 0.04 psi/ft
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Required data:

p, = Total hydrostatic pressure, psia

EMW = Equivalent mud weight, Ib_/gal

ECD = Equivalent circulating Density, Ib_/gal (i.e. ppg)

Total hydrostatic pressure can be determined using Eq. (4.35) where C is equal to
0.052. Therefore,

p, =0.052x (11.5, Ib_/gal) x (7000 ft)+0.052 x (14.3, Ib, / gal)
x (1500 ft)+ 0.052% (15, Ib, /gal)x 2500 ft
{i.e. 11000 — (7000 +1500) = 7,251.4 psia

Equivalent mud weight (EMW) can be calculated using Eq. (4.36)

7,251.4 psi
EMW=—F PS% 126716, /gal(or ppg)
0.052L,, 0.052x11,000 ft

Therefore, the static hydrostatic pressure with a 12.67 b, /gal EMW will not exceed
the fracture gradient of 13.2 Ib_/gal.

The ECD is calculated for the total depth of 11,000 ft so Eq. (4.37a) is used for cal-
culating ECD as:

0.04 2 11,000 ft

ECD =125+ =12.5+0.769 =13.27 ppg
0.052x11,000 f

ii) Gas Columns
The gas behavior can be described using real gas equation defined by

p,V =ZnRT (4.38)
where:
p, = Absolute pressure
V= Gasvolume
Z = Universal gas constant
n = moleofgas= —
m = mass of gas
M = Gas molecular weight
R = Universal gas constant
T = Absolute temperature

Gas density can be expressed as a function of pressure using Eq. (4.38) which can be
written as
~m _ Mp,

"V ZRT (4.39)
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Equation (4.39) can be expressed in field unit for mud as
Mp,

Pr =503 2T

(4.40)
where:
p. = Absolute pressure, psia
M = Gas molecular weight, fraction
T = Absolute temperature, °R

For any long gas column, variation of gas density with depth can be written in terms
of pressure gradient using Eq. (4.40) in Eq. (4.32) and then applying the product to
Eq. (4.30) yields

Mp,

dp = 0.052 dL
80.3

7 Hlwi (4.41)

If the gas deviation factor, Z is constant, Eq. (4.41) can be rearranged as integrate
both sides as

Liya

_[— = —1 aagr | (4.42)
The final form of Eq. (4.42) gives
M(Lyq~Lo)
p.=pee (4.43)

Example 4.17: The tubing of a well filled with methane (CH,) gas to a vertical depth
of 12,000 ft. The annular space is filled with a 10.5 [b_/gal mud. Assume that the gas
follows the ideal gas behavior. Calculate the amount by which the exterior pressure on
the tubing exceeds the interior tubing pressure at 12,000 ft if the surface tubing pressure
is 1,200 psia and the mean temperature is 150 °F. If the collapse resistance of the tubing
is 8,500 psi, will the tubing collapse due to the high external pressure?

Solution:
Given data:
M = Gas molecular weight = 12+1x4=16
L, = Totalvertical depth = 12,000 ft
p, = mud weight = 10.51b /gal
P, = Surface pressure = 14.7 psia
P, = Surface tubing pressure = 1,200 psia
T = Absolute temperature in °R = (460 + 150) = 610 °R
Peoigpse = Collapse tubing pressure = 8,500 psi
Required data:

Ap = Pressure difference between exterior and interior tubing, psia
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The pressure in the annulus of the well can be calculated using Eq. (4.33) at a depth
of 12,000 ft as:

Py, =0.052x(10.5, I, /gal)x (12000 ft) +14.7 psia = 6566.7 psia

The pressure in the tubing at a depth of 12,000 f can be determined using Eq. (4.43) as:

(16)(12,000—0)

p12,000t — (1200 psia) ><el,544x(1)x(610) =1,471.35 psia

Thus the pressure difference can be calculated as:

AP = Piy 000, = Praoor, = 0566.7=1,471.35
=5,095.35 psia
This pressure difference between exterior and interior tubing is below the collapse
tubing pressure, 8,500 psi. So there would not be any collapse of tubing string.
However, let us verify the collapse based on density concept as explained earlier. In
such case, the density of the gas in the tubing string at the surface can be calculated
using Eq. (4.40) as:
_ (16)x(1,200)
80.3x(1)x(610)

=0.3919Ib_/gal
It is noted that if we use the Eq. (4.33), the pressure in the tubing of the well can be
calculated at a depth of 12,000 ft as:

Pragno, =0.052x(0.3919, b,/ gal) x (12000 ft) +1,200 psia
=1,444.55psia

The above tubing pressure of the well is less by 26.8 psia comparing with the other
calculation based on Eq. (4.43). Therefore the above decision for collapse is ok.

4.2.6 Fluid Flow through Pipes

The mud pump total discharge pressure is defined as (Figure 4.2):

AP, = AP +AP, +AP, + AP +AP, _+AP, (4.44)

where:
AP, = pump discharge pressure, psi
AP~ = pressure loss in surface piping, stand pipe and mud hose, psi
AP, = pressure loss inside drill pipe, psi

p
AP, = pressure loss inside drill collar, psi
AP, = pressure loss across bit nozzle, psi
AP = pressure loss in annulus in the drill collars, psi

AP = pressure loss in annulus in the drill pipe, psi
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Figure 4.2 Well flow system

Example 4.18: Calculate the total pressure required to discharge a 10 ppg mud through
the drilling circulating system. Use the following data for the mud pump pressure
requirement. Here:

Pressure loss in surface piping, stand pipe and mud hose = 90 psi
Pressure loss inside drill pipe = 2000 psi

Pressure loss inside drill collar = 300 psi

Pressure loss across bit = 75 psi

Pressure loss in annulus in the drill collars = 350 psi

Pressure loss in annulus in the drill pipe = 2,700 psi

Solution:

Given data:

AP = = pressure loss in surface piping, stand pipe and mud hose
= 90 psi

AP, = pressureloss inside drill pipe = 2,000 psi

AP, = pressure loss inside drill collar = 300 psi

AP, = pressure loss across bit = 75psi

AP = pressure loss in annulus in the drill collars = 350 psi

AP =~ = pressurelossin annulus in the drill pipe = 2,700 psi

Required data:

AP, = pump discharge pressure
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The total pump discharge pressure of the circulating system can be calculated using
Eq. (4.44) as:

AP, = AP + AP, + AP + AP, + AP, + AP
=90+2,000+300+75+350+2,700 = 5,515 psi

The pressure drop in laminar flow is given by the Hagan-Poiseuille law which is
given in field unit as:

= LVZ (4.45)
1500 d;
Here:
AP, = Laminar flow pressure drop, psi
L = Length of the pipe, ft
For turbulent flow, Fanning’s equation can be applied as
fpLv’
= 4.46
Y 2584, (446)
Here:
APtf = Turbulent flow pressure drop, psi
f = Fanning friction factor

The friction factor f of Eq. (4.46) can be obtained using Figure 4.12 in Hossain and
Al-Majed (2015).

Example 4.19: Calculate the total pressure required to discharge a 12 ppg mud through
the drilling circulating system. Use the following data for the mud pump pressure
requirement. Here:

Pressure loss in surface piping, stand pipe and mud hose = 110 psi
Pressure loss inside drill pipe = 2500 psi

Pressure loss inside drill collar = 500 psi

Pressure loss across bit = 85 psi

Pressure loss in annulus in the drill collars = 400 psi

Pressure loss in annulus in the drill pipe = 3,000 psi

Solution:

Given data:

AP = Pressure loss in surface piping, stand pipe and mud hose
= 110 psi

AP, = Pressure loss inside drill pipe = 2500 psi

AP, = Pressure loss inside drill collar = 500 psi

AP, = Pressure loss across bit = 85 psi

AP = Pressure loss in annulus in the drill collars = 400 psi

AP == Pressure loss in annulus in the drill pipe = 3000 psi

Required data:

APP = Pump discharge pressure
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The total pump discharge pressure of the circulating system can be calculated using
Eq. (4.44) as:

AP, =AP +AP, +AP, +AP, +AP, +AP,

AP, =110+ 2500+ 500 + 85+ 400 + 3000 = 6595 psi

4.2.7 Fluid Flow through Drill Bits

A tri-cone bit has three nozzles.

1
Ap = B P,V (4.47)
where:
AP = pressure drop or loss at any section, psi
p, = muddensity in ppg
v, = mud velocity at the nozzle, ft/s
Ap,.
v =33.36, [ (4.48)
P
where:
AP, = pressure drop at the bit, psi
Nozzle area can be calculated as:
A =03208L (4.49)
v
where: &
q = mud flow rate, gpm
A = total nozzle area at the bit, in?

n

For tri-cone bit, there are three nozzles with equal sizes, therefore

A =3A= 3%(1; (4.50)
where:
d = equivalent average diameter of individual nozzle at the bit, in
4A
d =32 2 (4.51)
3

Example 4.20: A drilling engineer was assigned to find out the nozzle sizes of a tri-cone bit
which will be used for an immediate drilling operation. The supervisor asked the engineer
to use 500 gpm of mud circulation at a pressure drop of 1200 psi through the bit. It is noted
that the mud density is 10 ppg.
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Solution:
Given data:
q = mud flow rate = 500 gpm
AP, = pressure drop at the bit = 1,200 psi
p, = mud density = 10 ppg
Required data:
dn = equivalent average diameter of individual nozzle at the bit, in

To calculate the mud velocity at the nozzle, Eq. (4.48) is used as:

Ap,. 1200
v,=33.36 o _ 33.36 %, /T =365.44 ft/s
\ o

Equivalent nozzle area can be calculated using Eq. (4.49) as:

= 0.4389 in’

A =03208L = 0.3208 x =2
v 365.44

n

Now equivalent average nozzle size at the bit can be calculated using Eq. (4.51) as:

vy
_32,/ =32 x ,/4X04389_1381m

14
Nozzle sizes are normally available in an integer value of —, le. E, —,
13 13 14 32° 320 32
So we have to choose the sizesas —, —, and —
32 32 32

Cross-check for size:

If we use the sizes as E —,and 14
327 32’ 32
Equivalent nozzle area can be calculated as:

2 2
1 14
A =2 B B2 L 2o 22 12 0.4095 in?,
47\32 4 32

This design is ok because this area is less than the design area.
Again:
If we use the sizes as E, E, and 14
32 32 32
Equivalent nozzle area can be calculated as:

2 2
A =1 B B 2| Zx| 12 |2 0.5598 in?.
4\ 32 AED

This design is not ok because this area is greater than the design area.
13 13
Therefore the nozzle sizes of —, —, and E are ok.
327 327 32

15

5.
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4.2.8 Pressure Loss Calculation of the Rig System

In the rig system, the total pressure loss includes surface, and connections pressure
losses, pipe pressure losses (i.e., drillstring: drill pipe, drill collar), annular pressure
losses, and pressure drop across the bit (Figure 4.3).

The total system pressure losses of the rig system can be calculated by the following
equation which is similar to Eq. (4.44):

Prig = Psp + PdP + Pdc + Phn + Pac—h + Pac—cas + Padp—h + Padp—cas (4.52)
Here
P, = total pressure loss in the rig system, psi
P, = pressure loss in surface piping, stand pipe and mud hose, psi
P, = pressure loss inside drill pipe, psi
P, = pressure loss inside drill collar, psi
P, = pressure loss across bit nozzle, psi
P . = pressure loss in annulus and the drill collars inside hole, psi
P .. = pressureloss in annulus and the drill collars inside casing, psi
P, = pressure loss around the drill pipe inside hole, psi
P s = Pressure loss around the drill pipe inside casing, psi
i) Pipe Flow

The following equations are used to determine pressure loss while Bingham model is used:
The average velocity:

24.5¢
d’

1

V= (4.53)

Surface
Surface
facilities » ; ; ; ; ;
Drill pipe
£ //
S
a
/ Annulus

PGC'CGS

e Dril| CoOllar

Drill bit

Figure 4.3 Schematic drawing of the circulating system.



138 FUNDAMENTALS OF DRILLING ENGINEERING

where:

= avg. fluid velocity, ft/min

q mud pump rate, gpm

d, = pipe inner diameter, in

Again, the critical velocity can be calculated using imperial units as:

<l

97,  +97\12 , +8.2p,dT

mtyz

v, =—2:& = (4.54)
’ p mdi
where:
5, = critical velocity for the Bingham plastic model in imperial unit, ft/min
B Ib
p,, = Mud density, —ml (ppg)
ga
d, = Pipe inner diameter, in
Ib
T . = Yield point in imperial unit, —Z
- 100 ft°
1, = Plastic viscosity in imperial unit, cp

If the flow is laminar (i.e. v <V, ,), the pressure drop can be calculated as:

L M,V
P =—— |7 4+ (4.55
d” 300D[y’ sdi] :
where:

L = length of the drill pipe, ft
If the flow is turbulent (i.e., v >V_; ), the pressure drop at the drill pipe can be
calculated as:

08 1.8

8.91x107 L. 4 ,apl °L
@~ d (4.56)

1

ii) Annular Flow
The following equations are used to determine pressure loss while Bingham model is
used:

The average velocity:

y= 2220 (4.57)
d: - djpo '
where:
d, = Hole diameter, in
d o = Outside diameter of drillpipe, in
Again, the critical velocity can be calculated using imperial units as:
97w, +97\u,  +6. 2p,d’t
b \/ b y- (4.58)

CBJ

o
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where:

d

e

d

dco

Annular distance, in = dh -d 190 OF dh -d ™
Outside diameter of drill collar, in

If the flow is laminar (i.e., ¥ <V, ), the pressure drop at the annulus can be calcu-
lated as:

Lp v Lt |
p =ty Ty (4.59)
60,000D 200D,

If the flow is turbulent (i.e. v >V, ,), the pressure drop at the annulus (drill pipe)
can be calculated as:

P ~ 8,91 % 10*5 pmo.gql.gup_iO.ZL (4 60)
dp (dh _ddpo)3 (dh + ddpo)l.s :

Equation (4.60) can be used for drill collar pressure loss with the change of drill pipe
diameter (d dpg) by drill collar outside diameter (d, ).

iii) Bit Flow
The pressure drop across the bit nozzle can be calculated using the following equation
which is similar to Eq. (4.52):

an = Psmndpipe - (PdP + Pdc + Pac—hole + Pacfms + Padpfhole + Padp—cas) (461)
The pressure loss across the bit is calculated as:
8.311x107p, q°
P, = — Pud (4.62)
CdAn

where:
P, = pressure drop or loss at drill bit, psi
p,, = mud density in ppg
C, = discharge coefficient which is usually 0.95

The pressure drop across the bit can also be calculated with a 0.95 discharge coef-
ficient as:

2
p=—Pnd _ (4.63)

1085842

The pressure drop across the bit is calculated with a nozzle velocity as:

2
_pmvn

= 4.64
1120 (464

b

Bit hydraulic horsepower (BHHP) can be calculated as:

_4b

= 4.65
1714 (465)

b
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where:
HP, = drill bit hydraulic horsepower, hp

b

Now, bit hydraulic horsepower per square inch of the bit can be calculated as:

HP, HP,
HP, = =1.273 (4.66)
Tom o, d;
P b
where:
HP_, = bit hydraulic horsepower per square inch of the bit, hp/in’
d, = diameter of the drill bit, in
Bit hydraulic power per square inch of the hole drilled can also be calculated as:
HP, HP,
HP, 6 = =1.273—; (4.67)
- T
i di h
4

where:
HP_, = bit hydraulic horsepower per square inch of the hole drilled, hp/in’

SI

dh = diameter of the hole, in

Example 4.21: While drilling a hole of 13%" at a depth of 8,000 f#, the pump pressure
drop is 5,500 psi, and total pressure loss is 3,200 psi. A 11.5 ppg mud is used to achieve
a bit hydraulic horsepower per square inch of the hole of 1.2. Calculate the flow rate of
the mud where it was assumed C, = 0.95.

Solution:
Given data:
d, = diameter of thehole = 13.25in
TVD = Total vertical depth = 8,000 ft
Pp = pump pressure drop = 5500 psi
P, = friction pressurelosses = 3200 psi
p, = mud weight = 11.5ppg
HP_, = bit hydraulic horsepower per square inch of the hole drilled

= 1.2 hp/in’

Required data:
q = mud flow rate, gpm

The drill bit pressure drop can be calculated using Eq. (4.65) as:
P, =P, —P;, =5500-3200 =2300 psi

Now, bit hydraulic horsepower (BHHP) can be calculated using Eq. (4.65) as:

gx2300

] =1.342¢
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Bit hydraulic horsepower per square inch of the hole drilled is calculated using
Eq. (4.67) as:

1342
HP, , =1.273=4 —12 = ¢ =0.702d,> =0.702 x (13.25)
h
=123.24 gpm

Example 4.22: Calculate the pressure losses across the different sections of drill pipe and
annulus. Use Bingham plastic fluid model where the following data are available. The
total vertical depth (T'VD) is 10,000 f#; the shoes of the casing diameter of 20" and 13-3/8"
(ID = 12.565") are set at 1,200” and 4,500’ respectively. The hole diameter is 26" and after
the second casing shoe is 12.25". A 700" of drill collar with O.D. = 9" and I.D. = 2.875" was
set at the bottom of the drillstring while the drill pipe O.D. = 5.5" and I.D. = 4.276". The
mud weight is 10 ppg with a plastic viscosity of 12 cp and yield point is 13 Ib /100 f*.The
pump rate for mud discharge was 750 gpm and the nozzle velocity is 22,200 ft/min.

Solution:
Given data:
Model = Bingham plastic fluid model
TVD = total vertical depth = 10,000 ft

L, = total casinglength of 20" diameter = 1,200 ft
L, . = totalcasinglength of 13-3/8" diameter = 4,500 ft
d, = hole diameter = 26"
d, = hole diameter after second casing = 12.25"
d . = second casing ID diameter after second casing

= 12.565"
L, = total drill collar length = 700 ft
a,, = outside diameter of drill collar = 9"
d, = inside diameter of drill collar = 2.875"
L, = total drill pipe length

= (10,000 -700) = 9,300 ft
L, , = totaldrill pipelength at the open hole

= (10,000 - 4,500 -700) = 4,800 ft
Ay = outside diameter of drill pipe = 5.5"
d i = inside diameter of drill pipe =  4.276"
P, = mud density = 10 ppg

Ib,

T, = vyield point = 13.0 100
1, = plastic viscosity = 120¢p
q = mud flow rate = 700 gpm
v, = nozzle velocity = 22,200 ft/min = 370 ft/s
Required data:
P, = pressure loss inside drill pipe, psi
P, = pressure loss inside drill collar, psi
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P, = pressure loss across bit nozzle, psi

P _, = pressure loss in annulus and the drill collars inside hole, psi
P, = pressurelossaround the drill pipe inside hole, psi

P .. = pressurelossaround the drill pipe inside casing, psi

Figure 4.4 presents the schematic view of the Example 4.22. To calculate the step
by step pressure losses, it is necessary first to calculate the average velocity and critical
velocity.

Inside drill pipe:
The average velocity for inside drill pipe can be calculated using Eq. (4.53) as:

24.5q 24.5X (700 gpm)
2 (4.276 in)

dpi

V= =937.97 ft/min

Drill pipe

Outmost casing string
or conductor pipe

Cement

\ 4500

20" casing shoe
(Conductor

pipe)

Surface casing

10,000

7
9,300

132" casing shoe
(surface casing)

Sec5 "
N Hole dia 12.25" 4800
5.5" drill pipe o

Sec2 /9" drill colar @ 700

— | AF

Reservoir ~ Sec4
formation

Figure 4.4 Schematic drawing of the casing and cementing system for pressure losses calculations for
Example 4.22.
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Again, the critical velocity can be calculated using Eq. (4.54) as:

97w, ,+97\ il +8.2p, %,

dpi”y_i

cB_i

- P m ddpi

Ib
=97x(12¢p) +97 \/(12cp)2 +8.2x(10ppg) x (4.276 in)* x [13-0 . OOfﬂz ]

(10ppg) x(4.276 in)
=345 ft/min

As v >V, ., the flow is turbulent. Therefore, the pressure drop across the drill pipe
(Sec 1 of Figure 4.4) can be calculated using Eq. (4.56) as:

_891x107p,"q" 1, L,

Pdp d4.8
dpi

~8.91x107° x10*° x 700" x12** x 9,300
4.276"*

=1,062.66 psi

Inside drill collar:
The average velocity for inside drill collar can be calculated using same equation,
Eq. (4.53), for drill pipe as:

24.5q 24.5x(700gpm)
d: (2.875 in)’

dci

=2074.86 ft/min

7=

Again, the critical velocity can be calculated using Eq. (4.54) as:

974, ,+97,[u +82p, DT

dci”y_i

cB_i

h p mddci

Ib
97 x(12 97 [(12¢p)* +8.2x(10 2.875 in)* x| 13.0 2
x(12¢cp)+ \/( cp)’ +8.2x(10ppg) x( in) x( 100ft2]

(10ppg)x(2.875 in)
=359.77 ft/min

Asv>V, the flow is turbulent. Therefore, the pressure drop across the drill collar

(Sec 2 of Figure 4.4) can be calculated using Eq. (4.56) as:
~ 8.91 % 10*5 pmo.sqLSup_iO.Zde

" di
_8.91x107° x10*° x 700" x12** x 700
2.875%

=537.68 psi
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Inside drill bit:
Equivalent nozzle area can be calculated using Eq. (4.49) as:

A =0.3208-L = 0.3208 % 220 &P
12 370

n

=0.6069 in’
t/s

Now if we consider C, = 0.95, Eq. (4.63) is used to calculate the pressure loss across
the bit nozzle (Sec 3 of Figure 4.4) as:
2 2
10 700
Pud___10PPEXCTO0PM)_ _ 1555 55 i

" T10858 A 10858x0.6069°

Around outside drill collars and annulus:
The average velocity for outside drill collar and hole (i.e., annulus) can be calculated

using Eq. (4.57) as:
2459 245X (700 gpm)
d>—d> (1225 in)* —(9 in)?

V= =248.33 ft/min

Again, the critical velocity can be calculated using Eq. (4.58) as:

Tu, +97\//112U. +6.2p,(d, —d, V7, .
o Iom(dh _ddca)

Ib
97 x (12¢p) + 97\/(12cp)2 +6.2x(10ppg)x(12.25 in—9 in)* X [13.0 100}tz ]

(10ppg) x (12.25 in—9 in)
=313.52 ft/min

Here, v <V, ,, therefore the flow is laminar. For this type of flow, the pressure
drop at the annulus around the drill collar (Sec 4 of Figure 4.4) can be calculated using
Eq. (4.59) as:

_ Lr}lc/ap_i17 + dez-y_i

“* " 60,000D> 200D,

o (700ft)x[13.0— L
_ (700f) x(12cp)  (248.33 fi/min) 100 ft
60,000 (12.25 in—9 in)? 200 (12.25 in—9 in)
=17.29 psi

Around outside drill pipes and annulus:
There are two parts (Sec 5 and Sec 6) for this calculation.
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The average velocity for outside drill pipe and hole (i.e. annulus) can be calculated
for Sec 5 using Eq. (4.57) as:

24. 24.
yo 2450 245x(7008pm) 454 iy
d, —ddpo (12.25 in)” — (5.5 in)

Again, the critical velocity can be calculated using Eq. (4.58) as:

Tu, T +62p,(d,~d,) T,
o lam (dh _ddpo)

Ib
97 x (12cp)+97\/(126p)2 +6.2%(10ppg) X (12.25 in—5.5 in)* X (13.0 1003&2 ]

(10ppg) x (12.25 in—>5.5in)
=292.79 ft/min

Here, v <V, ;, therefore the flow is laminar. For this type of flow, the pressure drop
at the open hole annulus around the drill pipe (Sec 5 of Figure 4.4) can be calculated

using Eq. (4.59) as:

P — Lalp—h/apJ‘17 Ldp—hTyJ‘
“=r 60,0000 200D,

. (4800ft)%[13.0—
(4800 ft) x (12cp) x (143.14 ft/min) 100 ft
= +
60,000 % (12.25 in—>5.5 in)> 200%(12.25 in—>5.5 in)
=49.24 psi

Again, the outside drill pipe and cased hole (i.e., annulus) part (Sec 6) pressure loss
can be calculated in the same fashion. The average velocity for outside drill pipe and
cased hole (i.e., annulus) can be calculated for Sec 6 using Eq. (4.57) as:

245  24.5x(700 gpm)

—d,  (12.565 in)* —(5.5 in)’

=134.37 ft/min

17=d2

cas—id

Again, the critical velocity can be calculated using Eq. (4.58) as:

— 97/[[7_1' +97\/ﬂ127_1 + 62pm (dcasfh _ddP")z Ty—i
pm (dcasfh - ddpﬂ)

cB_i

Ib
97%(12 cp)+97\/(12cp)2 +6.2x(10ppg) x (12.565 in—>5.5 in)* x(13.o 1oofft2 J

(10ppg) < (12.565 in—5.5 in)
=292.35 ft/min
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Here, v <V, ,, therefore the flow is laminar. For this type of flow, the pressure drop
at the cased hole annulus around the drill pipe (Sec 6 of Figure 4.4) can be calculated
using Eq. (4.59) as:

P — Ladp—casﬂp_iv Ludp—casz-y_i
s 60,000D? 200D,

. (4500f)x| 130
_ (45001) X (126p) x (134.37 ft/min) | 100 ft
60,000 % (12565 in—5.5 in)> 200X (12.565 in—>5.5 in)
= 43.82 psi

iv) Pump Calculations
The pump pressure drop can be given as:

P, =P +P, (4.68)
where:
Pp = pump pressure drop, psi
P, = frictional pressure losses at different components of the circulating system, psi

Example 4.23: While drilling a hole of 12%4" at a depth of 8,000 f#, the pump pressure
drop is 4,500 psi, and total pressure loss is 2,200 psi. A 10.5 ppg mud is used to achieve a
bit hydraulic horsepower per square inch of the hole of 1.2. Calculate the flow rate of the
mud where it was assumed C, = 0.95.

Solution:
Given data:
d, = diameter of the hole = 12.25in
TVD = total vertical depth = 8,000 ft
Pp = pump pressure drop = 4,500 psi
P, = frictional pressure losses = 2,200 psi
p, = mudweight = 10.5 ppg
HP_, = bithydraulic horsepower per square inch of the hole drilled

= 12 hp/in

Required data:
q = mud flow rate, gpm

The drill bit pressure drop can be calculated using Eq. (4.68) as:
B, =P, —P; =4500-2200 = 2,300 psi

Now, bit hydraulic horsepower (BHHP) can be calculated using Eq. (4.65) as:

gx2300

= =1.342
Y1714 1
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Bit hydraulic horsepower per square inch of the hole drilled is calculated using
Eq. (4.67) as:

1342
HP, , =1.273= —12= ¢ =0.702 & =0.702x (12.25)’
h
=105.34 gpm

4.3 Multiple Choice Questions

1. Liquids where low molecular weight substances exist are called
a) Newtonian fluid
b) Non-Newtonian fluid
¢) Incompressible fluid
d) None of the above

2. Which of the following is a Newtonian fluid?
a) Water
b) Light crude oil
c) Gases
d) All of the above

3. The shear stress is directly proportional to shear rate at a constant temperature and
pressure for a
a) Newtonian fluid
b) Non-Newtonian fluid
c) Compressible fluid
d) In-compressible fluid

4. The linear relationship between shear stress and shear rate is valid only if the fluid
moves in
a) Confined layers
b) Confined chambers
c) Confined spaces
d) None of the above

5. A fluid that flows in confined layers is said to be
a) Laminar flow
b) Turbulent flow
¢) Transitional flow
d) All of the above
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6.

10.

11.

12.

A fluid whose flow behavior or properties is not the same as Newtonian fluid is
known as
a) Compressible fluid
b) Non-Newtonian fluid
¢) Incompressible fluid
d) None of the above

A fluid in which the rate of shear is not proportional to the corresponding stress is
known as
a) Compressible fluid

b) Non-Newtonian fluid
¢) Incompressible fluid
d) Newtonian fluid

. A fluid which cannot be described by a single constant value of viscosity is gener-

ally known as
a) Compressible fluid

b) Non-Newtonian fluid
¢) Incompressible fluid
d) Newtonian fluid

. Non-Newtonian fluids are classified as

a) Shear-thickening
b) Shear thinning

¢) Time-dependent
d) All of the above

A fluid in which apparent viscosity increases with the increase of shear strain rate
is known as

a) Shear-thickening fluid

b) Shear thinning fluid

¢) Visco-elastic fluid

d) None of the above

A fluid where apparent viscosity decreases with the increase of the rate of shear
strain is known as

a) Visco-plastic fluid

b) Visco-elastic fluid

c) Shear thinning fluid

d) None of the above

A shear thinning fluid is also generally known as
a) Pseudoplastic fluid

b) Pseudoelastic fluid

¢) Visco-elastic fluid

d) None of the above



13.

14.

15.

16.

17.

18.

19.
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A fluid where apparent viscosity decreases with time after the shear rate is increased
to a new constant value is known as

a) Visco-plastic fluid

b) Visco-elastic fluid

¢) Thixotropic fluid

d) None of the above

A fluid where apparent viscosity increases with time after the shear rate is increased
to a new constant value is known as

a) Visco-plastic fluid

b) Visco-elastic fluid

¢) Thixotropic fluid

d) Rheopectic fluid

A fluid having a blend of viscous fluid behavior and of elastic solid-like behavior is
called
a) Visco-plastic fluid
b) Visco-elastic fluid
¢) Thixotropic fluid
d) Rheopectic fluid

Which of the following is a visco-elastic fluid?
a) Honey

b) Water

¢) Crude oil

d) None of the above

Which of the following is a rheological model for non-Newtonian fluids?
a) Bingham plastic model

b) Power law model

c) Shear thinning fluid model

d) Herschel-Bulkley model

e) All of the above

Which of the following is used to approximate the fluid behavior?
a) Rheological models

b) Simulation models

¢) Viscosity

d) None of the above

Fluids that have a linear stress-strain relationship and which require a finite yield
stress before they start to flow use
a) Power-law model

b) Bingham plastic model

c) Shear thinning fluid model

d) Herschel-Bulkley model
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20.

21.

22.

23.

24,

25.

26.

27.

Which of the following is not an example of Bingham plastic fluid model?
a) Salt water

b) Clay suspension

c) Toothpaste

d) Mustard

Power-law fluids are also known as
a) Ostwald-de Waele model

b) Rutherford model

c) Shear thinning fluid model

d) None of the above

is the measure of the thickness of the fluid which is analogous to
apparent viscosity of the fluid in power-law model.

a) Flow consistency index

b) Shear rate

¢) Flow behavior index

d) All of the above

As the value of flow consistency index increases, the fluid becomes
a) Thicker

b) Thinner

c) Denser

d) Visco-plastic

The power-law model underestimates the at medium and low
shear rate ranges.

a) Shear stresses

b) Flow consistency index

¢) Flow behavior index

d) Viscosity

Herschel-Bulkley model is a combination of
a) Bingham plastic & power law models

b) Shear thinning & Bingham plastic models
c) Shear thinning & power law models

d) None of the above

Herschel-Bulkley model is also known as
a) Yield power law model

b) Visco-elastic model

¢) Thixotropic model

d) None of the above

If yield point is equal to zero, Herschel-Bulkley model is reduced to
a) Shear thinning model

b) Power-law model

¢) Bingham plastic model

d) None of the above
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29.
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32.

33.

34.
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Flow regimes can be classified as
a) Laminar flow

b) Transition flow

¢) Turbulent flow

d) All of the above

Laminar flow creates a flow.
a) Steady state

b) Transient flow

c) Pseudo-steady state

d) All of the above

Turbulent flow creates a flow.
a) Steady state

b) Transient flow

c) Pseudo-steady state

d) Unsteady state

All the following parameters need to be considered for designing mud flow rate
except

a) Mud weight

b) Pump capacity

c) Cuttings transport

d) Bit hydraulic optimization

Gel strength of the mud is important when
a) Mud is flowing

b) Mud circulation is stopped

c) Casing is running inside the well

d) All of the above

Mud A and B have the same type of base fluid; if mud A has higher gel strength
than mud B, which one should have poor cleaning efficiency?

a) Mud with higher gel strength, i.e., mud A

b) Mud with lesser gel strength i.e., mud B

c) Both of them have poor cleaning efficiency

d) Both of them have good cleaning efficiency

During the determination of flow regime, which one of the following parameters is
not an important factor?

a) Pipelength

b) Pipe diameter

¢) Fluid flow rate

d) Fluid viscosity
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35.

36.

37.

38.

39.

40.

Which of the following parameters is important in determining the flow regime?
a) Density of the fluid

b) Mud type

¢) Mud pump type

d) All of the above

For the same flow rate of a fluid, pressure losses inside the pipe increase when
a) The pipe diameter decreases

b) The pipe length increases

c) The pipe diameter increases

d) aandb

What is the relationship between ECD and EMW when circulation is stopped?
a) ECD is always greater than EMW

b) ECD is equal to EMW

¢) ECD is less than EMW

d) Bothaandb

At the same flow rate, pressure losses around the drill collars in the intermediate
section of the well is

a) Less than the pressure losses in the production section

b) Greater than the pressure losses in the production section

¢) Similar to the pressure losses in the production section

d) None of the above

For the same conditions, if the pipe diameter decreases, the tendency of flowing
regime occurs from

a) Laminar to turbulent

b) Turbulent to laminar

¢) Laminar to transition

d) All of the above

For the same conditions, if the fluid viscosity decreases, the tendency of flowing
regime occurs from

a) Laminar to turbulent

b) Turbulent to laminar

¢) Turbulent to transition

d) All of the above

Answers: 1a, 2d, 3a, 4a, 5a, 6b, 7b, 8b, 9d, 10a, 11c, 12a, 13c, 14d, 15b, 16a, 17¢, 18a,
19b, 20a, 21a, 22a, 23a, 24a, 25a, 26a, 27b, 28d, 29a, 30d, 31a, 32b, 33b, 34a,35a, 36c,
37b, 38a, 39b, 40a.

4.4 Summary

Drilling hydraulics is one of the most important issues in drilling engineering. This
chapter covers almost all aspects of hydraulics. The different types of fluids, models, and
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flow regimes are discussed elaborately. The pressure loss calculation shows the losses
at different parts of a circulating system. The chapter presents almost all the formulas
related to the drilling hydraulics. The workout examples and the MCQs are presented
in a chronological manner. The exercise solutions are given in Appendix A. Moreover,
this chapter added some more MCQs for the student’s self-practice and the answers
are given in Appendix B. The MCQs covered almost all the materials covered in this
chapter.

4.5 Exercise and MCQs for Practice

4.5.1 Exercises (Solutions are in Appendix A)

Exercise 4.1: A moving plate is positioned 2.5 cm above a stationary plate. A force of
308 dynes is required to initiate the first movement, and forces of 587 and 673 dynes
are required to move the plate at uniform velocities of 9.4 and 12.3 c¢m/s, respectively.
Calculate the cross-sectional area of the upper plate and the plastic viscosity. Answers:
275 cp, 27 cm?

Exercise 4.2: A moving plate of a cross-sectional area of 40 cm? is positioned above a
stationary plate. The instrument read a force of 790 dynes when the plate was moving at
a uniform speed of 11.25 cm/sec, and a force of 930 dynes when it was moving at a uni-
form speed of 14.75 cm/sec. If the force required to initiate the movement is 340 dynes,
calculate the distance between the two plates and the plastic viscosity. Answers: 3.25
cp, 3.25 cm

Exercise 4.3: A moving plate of a cross-sectional area “A” c¢m? is positioned “L” c¢m
above a stationary plate. A force which is equal to 1.5 F is required to move the plate at
a uniform velocity of “v,” cm/s, and a force which is equal to 1.75 F is needed to move
the plate at a uniform speed of “v,” cm/s. Find the relation between the two speeds. F,
dynes is the force needed to initiate the first movement. Answer: 0.667

«, »

Exercise 4.4: A power low fluid has a power low exponent of 0.86 reads shear rate of “y

at shear stress of “z”. If the fluid reads another shear stress of “27”, find out the relation
of apparent viscosities for the two cases. Answer: 1.12

Exercise 4.5: Two viscosity measuring instruments have moving plates of cross-
sectional areas of 26 and 37 c¢m? and distance of 2.25 and 3.5 ¢m from their station-
ary plates, respectively. The first instrument reads a force of 390 dynes at speed of
10.27 cm/sec for a certain fluid. What should the second instrument read for the same
fluid to come up with the same apparent viscosity? Assume negligible measuring errors
for both instruments. Answers: 555 dynes, 15.98 cm/sec

Exercise 4.6: Two apparent viscosity measurements were done for a power low fluid. If
the ratio of the first apparent viscosity to the second one is 0.97 and the shear rate ratio
is 1.2, calculate the flow behavior index of this fluid. Answer: 0.83
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Exercise 4.7: A power low fluid measured 61 and 105 degrees at speeds of 300 and
600 rpm, respectively. Viscosity of the same fluid was measured using another viscom-
eter has an upper plate of cross-sectional area of 34 cm? and distance of 2.5 cm from the
stationary plate. What force should the instrument reads if the upper plate speed was
8 cm/sec. Answer: 198 dynes

Exercise 4.8: A power low fluid measured 34 and 66 degrees at speeds of 150 and 400 rpm,
respectively. Viscosity of the same fluid was measured using another viscometer has an
upper plate of cross-sectional area of 41 c¢m?* and distance of 2 ¢m from the stationary
plate. What is the speed of the upper plate that would give a force reading of 548 dynes?
Answer: 11.4 cm/sec

Exercise 4.9: An intermediate section is drilled with 12.25" bit and 5.5" drill pipes that
have 5.0" inside diameter using drilling mud that has MW of 9.3 ppg and viscosity of
38 cp. If the rig has two pumps each pump deliver 7.5 gals/stroke and run at 75 spm,
determine the flow regime inside the drill pipes. Answer: turbulent flow

Exercise 4.10: Fresh water is planned to be pumped in a certain pipe at constant pump-
ing rate of 6.5 gpm. If water density and viscosity are 8.34 ppg and 1.0 cp, what is the
minimum pipe inside diameter that make the fluid flow behave as turbulent flow?
Answer: 9.79"

Exercise 4.11: A fluid is pumped in the annulus between two pipes at pumping rate of
300 gpm. Inside diameter of the outer pipe is 8.5", and outside diameter of the inner
pipe is 7.0"If the fluid density is 8.8 ppg and fluid viscosity is 7.0 cp, what is the flow
behavior? Answer: Turbulent flow

Exercise 4.12: A well with a 9 5/8" casing of 8.88" inside diameter, and 5%" tubing of
5.0" inside diameter. KCI brine of 9.43 ppg was pumped inside the tubing and fresh
water was in the annulus between the casing and the tubing. Down-hole valve was
placed at depth of 9,250 ft. When the down-hole valve was opened and connected the
tubing and annulus, some amount of water flowed out of the annulus before the annu-
lus valve was closed. Casing shut in pressure was closed and stabilized at 495 psi. What
is the level of the KCI brine that entered the annulus due to difference in hydrostatic
pressure, and what is the volume of water that been replaced by the KCI brine? Note
that tubing is always full of KCl brine and there is no pressure build up at the surface of
the tubing. Answer: 516.8 ft, 23.7 bbls

Exercise 4 13: A well drilled to a depth of 3000 f using a certain drilling mud that gave a
total annular pressure losses of 180 psi when circulated at a certain circulating condition.
The drilling mud has been diluted with water, and a new length of 500 ft has been drilled
using the new drilling mud. The total annular pressure losses at the current depth were
estimated to be180 psi. If the difference between the old ECD to the current ECD is 0.36,
what is the difference between the two mud densities? Answer: 0.2 ppg

Exercise 4.14: An intermediate hole has been drilled using 12" bit that has 4 nozzles of
'6/,," each. Current depth of the well is 9,000 ft and drilling mud properties are mud weight
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of 11.8 ppg, yield point of 14.0 Ib/ 100 ft* and viscosity of 15.0 cp. Last casing of 13 3/8" with
inside diameter of 12.43 was set at depth of 6,500 ft all the way to the surface. Drill string
consists of 450 ft of DCs of OD 9.0" and ID of 3.0; and the rest are DPs of OD 5.5" and ID
of 4.13". If the pump flow rate is 750 gpm, calculate the minimum required pump pressure
that can overcome all the system pressure losses. Answer: 3,041 psi

Exercise 4.15: A production section of 8%" hole size is drilled down to the depth of
15,000 ft, and the last casing shoe was at 11,250 ft and inside diameter of 8.88". Drilling
string consists of 725 ft drill collars of 6.5" OD and 2.5" ID; and the rest are drill pipes of
5.0" OD and 4.28" ID. Drilling fluid that is used has MW of 11.4 ppg, viscosity of 21.0 cp
and yield point of 18.0 Ib/100 f#. Drilling hydraulics calculations showed that pumping
rate and pumping pressure should be 550 gpm and 3,600 psi, respectively. If it is planned to
have 3 nozzles in the bit with equal sizes, what will be the size of each nozzle? Answer: '/ )’

4.5.2 Exercises (Self-Practices)

E4.1: Calculate the shear stress of a fluid which has a viscosity of 60 cp and have a shear
rate of 10 s7".

E4.2: Calculate the viscosity of a fluid if the shear stress is 15 Pa and the shear rate is
1257

E4.3: A thin movable plate is set 2.5 cm above a stationary plate of having a cross-
sectional area of 30 cm? If a force of 300 dynes is required to just initiate the upper plate
and a force of 650 dynes is needed to move the plate with a uniform velocity of 7 cm/s,
calculate the yield point and plastic viscosity of the fluid.

E4.4: A Fann V-G meter is used to measure the viscosity of the Bingham fluid and the
following Fann data was found: 9300 = 35; 0600 =65, and 0200 =25; (9400 = 55. Calculate the
plastic viscosity, and yield point of the fluid using Bingham plastic model.

E4.5: A moving plate is set 3 c¢m above a stationary plate which has a cross-sectional
area of 20 cm? Calculate the consistency index and flow-behavior index if a force of
270 dyne is required to move the upper plate at a constant velocity of 9 cm/s and a force
of 350 dyne is needed to move the plate with a uniform velocity of 12 cm/s.

E4.6: In the drilling fluid laboratory, a technician was observing the Fann V-G meter an
experiment for the Bingham fluid where he was using the Fann V-G meter to measure
the viscosity of the fluid. He found the following Fann data: 0, , = 30; 0, = 55, and
0., = 27; 0,,, = 49. Calculate the consistency index and flow-behavior index for the

power-law model.

E4.7: While drilling, a 12.0 Ib, /gal of mud having a viscosity of 1.3 cp was being circu-
lated through drillstring at a rate of 600 gal/min. If the internal diameter of the drillpipe
is 5.5 in, determine the type of flow in the drillpipe of the circulating system.

E4.8: While drilling, a 13.5 Ib_/gal of mud is used where Fann data was observed as
9300 =26; 0_ = 48. The target depth was set at 10,500 ft (TVD). If the internal diameter

600
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of the drillpipe is 4.75 in, calculate the critical velocity inside the pipe and the critical
flow rate.

E4.9: An intermediate casing string was cemented using the following muds: first
section 9,000ft was filled by 10.5 lbm/gal mud, second section of 1,300ft was filled by
13.31b_/gal mud and the last section was filled by 15.5 Ib_/gal mud. Calculate the total
hydrostatic pressure at 11,500 ft. Convert the pressure at 11,500 ff to an equivalent
mud weight and determine if it will exceed the fracture gradient of 14.2 Ib_/gal. Also
calculate the ECD for an annular pressure loss gradient of 0.046 psi/ft and an original
mud weight of 12.0 ppg.

E4.10: The tubing of a well filled with sour gas (SO,) to a vertical depth of 14,700 ft. The
annular space is filled with a 11.5 Ib_/gal mud. Assume that the gas follows the ideal gas
behavior. Calculate the amount by which the exterior pressure on the tubing exceeds
the interior tubing pressure at 14,700 ft. The surface tubing pressure is 1,000 psia and the
mean temperature is 150°F. If the collapse resistance of the tubing is 9,500 psi, will the
tubing collapse due to the high external pressure? Justify your answer.

E4.11: Calculate the total pressure required to discharge a 12 ppg mud through the
drilling circulating system. Use the following data for the mud pump pressure require-
ment. Here:

Pressure loss in surface piping, stand pipe and mud hose = 80 psi
Pressure loss inside drill pipe = 2200 psi

Pressure loss inside drill collar = 350 psi

Pressure loss across bit = 95 psi

Pressure loss in annulus in the drill collars = 460 psi

Pressure loss in annulus in the drill pipe = 3,800 psi

E4.12: You are drilling a 12-1/4" hole at 8,000 f# using 5.0" OD x 4.276" ID drill pipe and
800 ft of 8.0" x 2-3/4" drill collars. The well has 13-3/8", 68 Ibs/ft casing (ID 12.415") set
at 6000 ft. Mud is pumped down the drill pipe at the rate of 630 gal/min. Mud properties
are: density = 12.0 ppg, viscosity = 14 cp, yield point = 20 Ib/100 sq-ft. The bit has three
0.50" ID nozzles.

Calculate the pressure loss in the drill pipe.

Calculate the pressure loss in the drill collars.

Calculate the pressure loss across the bit.

Calculate the pressure loss across the drill collar and open hole annulus.
Calculate the pressure loss across the drill pipe and open hole annulus.
Calculate the pressure loss across the drill pipe and cased hole annulus.
Calculate the horse power of the mud pump required to pump the mud
at 630 gpm.

8. Calculate the pressure at the inlet and the outlet of the pump.

NS Uk W
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E4.13: You need to find out the nozzle sizes of a tri-cone bit which will be used for an
immediate drilling operation. The available data needs to be used are 550 gpm of mud
circulation at a pressure drop of 1285 psi through the bit, and the mud density is 11 ppg.

E4.14: Calculate the pressure losses across the different sections of drill pipe and annu-
lus. Use Bingham plastic fluid model where the following data are available. The total
vertical depth (TVD) is 18,350 ft; the shoes of the casing diameter of 22 in and 13-3/8 in
(ID = 12.565 in) are set at 1,500 ft and 5,500 ft respectively. The hole diameter is 30 in
and after the second casing shoe is 12.25 in. A 900 ft of drill collar with O.D. = 9.5 in and
I.D. = 2.875 in was set at the bottom of the drillstring while the drill pipe O.D. = 5.5 in
and L.D. = 4.276 in. The mud weight is 10.5 ppg with a plastic viscosity of 11.8 ¢p and
yield point is 13.5 b, /100 ft*. The pump rate for mud discharge was 860 gpm and the
nozzle velocity is 21,860 ft/min.

E4.15: While drilling a hole of 9 7/8 in at a depth of 8,880 ft, the pump pressure drop
is 3,800 psi, and total pressure loss is 2,450 psi. A 12.5 ppg mud is used to achieve a bit
hydraulic horsepower per square inch of the hole of 1.3. Calculate the flow rate of the
mud where it was assumed C, = 0.90.

4.5.3 MCQs (Self-Practices)

1. Drilling hydraulics can be described as
a) The static behavior of the fluids
b) Mass transfer between fluids
¢) Dynamic behavior of the fluids
d) Bothaandc

2. Dirilling hydraulics is important for
a) Well safety
b) Calculating well cost
c) Calculating oil reserves
d) All of the above

3. Incorrect hydraulics calculation may result in
a) Slow ROP
b) Improper hole cleaning
¢) Lost circulation
d) All of the above

4. Most of the known fluids are
a) Newtonian fluids
b) Non-Newtonian fluids
c) Low viscosity fluids
d) None of the above
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10.

11.

12.

Example of Newtonian fluids is
a) Crude oil

b) Honey

c) Water

d) All of the above

Newtonian fluid is the fluid that has
a) Constant apparent viscosity

b) Constant density

c) Constant gel strength

d) All of the above

Which one of the following examples is the non-Newtonian fluid?
a) Light crude oil

b) Gases

c) Water

d) Heavy crude oil

Shear thinning fluid is the fluid where its apparent viscosity
a) Decreases with the increase of shear strain rate

b) Increases with the increase of shear strain rate

¢) Increases with the decrease of shear strain rate

d) None of the above

. Ifafluid’s apparent viscosity increases with time at a constant shear rate, it is called:

a) Thixotropic fluid
b) Reopectic fluid

¢) Viscoelastic fluid
d) None of the above

If a fluid’s apparent viscosity decreases with time at a constant shear rate, it is called:
a) Thixotropic fluid

b) Viscoelastic fluid

c) Reopectic fluid

d) None of the above

Bingham plastic fluid is a fluid that has

a) Logarithmic stress strain relationship

b) Curve stress strain relationship

c) Linear stress-strain relationship and the line pass through the origin point
d) Linear stress-strain relationship

The force that is required to move the Bingham fluids from static condition is called
a) Gel strength

b) Yield point

¢) Shear stress

d) None of the above
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All of the following are the types of power-law fluids except
a) Pseudoplastic fluids

b) Dilatant fluids

c) Shear thickening fluids

d) All of the above

The constant “K” in the power-law model is the measure of
a) The fluid thickness

b) The required force to start the flow

c) The fluid carrying capacity

d) All of the above

« »

The constant “n” in the power-law model is the measure of
a) The fluid thickness

b) The fluid carrying capacity

c) 'The degree of non-Newtonian behavior

d) All of the above

When the fluid flows in a parallel layers, this flow is called
a) Turbulent flow

b) Laminar flow

¢) Transition flow

d) Slug flow

The flow regime in which the velocity is not same in the center and walls of the
pipe is called:

a) Turbulent flow

b) Laminar flow

¢) Transition flow

d) None of the above

Which of the following flow regimes create more erosion to the walls of the well?
a) Turbulent flow

b) Transition flow

¢) Laminar flow

d) All of the above

Turbulent flow got its name because

a) The fluid moves fast but in layered form
b) The fluid has high viscosity

¢) The fluid has high yield point

d) The fluid flow in all directions

Transition flow can be defined as the

a) Turbulent flow at the tubing walls and laminar at the center of the pipe
b) Turbulent flow but uniform velocity

c) Turbulent flow at the center of the pipe and laminar flow near the walls
d) Laminar flow but uniform velocity
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21.

22.

23.

24,

25.

26.

27.

A fluid is flowing through pipe and it has the Reynolds number of 2,000. What is
its flow regime?

a) Laminar flow

b) Transition flow

¢) Turbulent flow

d) None of the above

A fluid is flowing through pipe and it has the Reynolds number of 9,500. What is
its flow regime?

a) Laminar flow

b) Transition flow

¢) Turbulent flow

d) None of the above

A fluid is flowing through pipe and it has the Reynolds number of 3,500. What is
its flow regime?

a) Laminar flow

b) Transition flow

¢) Turbulent flow

d) None of the above

For safety reasons during hydraulic calculations, transition flow is better classified
as

a) Laminar flow

b) Turbulent flow

c) Plug flow

d) None of the above

The hydrostatic pressure of the mud is a function of
a) Drilling mud density

b) Well depth

c) Well trajectory

d) All of the above

A fluid flows at a velocity of 100 ft/sec; what is the flow regime?
a) Laminar flow

b) Turbulent flow

¢) Transition flow

d) Not enough information to define the regime

A fluid flows at a velocity of 10 ft/sec: what is the flow regime?
a) Laminar flow

b) Turbulent flow

¢) Transition flow

d) None of the above
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What is the difference between ECD and EMW?

a) There is no difference

b) ECD considers the hydrostatic pressure while EMW does not

c) ECD considers friction pressure due to flow while EMW does not
d) ECD considers the depth of the well while EMW does not

What is the relationship between ECD and EMW during mud circulation?
a) ECD is always greater than EMW

b) ECD is equal to EMW

¢) ECD isless than EMW

d) Bothaandc

Most of the system pressure is consumed in

a) Overcoming the pressure losses across the drill collars
b) The bit nozzles

c) Inside the drill string

d) None of the above

Experimental studies show that ROP decreases with

a) The decrease in the number of lobes of the motor

b) The increase in the number of lobes of the motor

c) Does not change at different number of lobes of the motor
d) None of the above

Down-hole motors are used to

a) Speed up the drilling rate of vertical wells
b) Optimize drilling of deviated wells

¢) Drill the extended-reach wells

d) All of the above

What is the main advantage of using aerated mud?
a) Reduce mud cost

b) Eliminates lost circulation

¢) Eliminate blow outs

d) All of the above

Critical foam velocity is defined as the

a) Maximum velocity to transport drill cuttings
b) Minimum velocity inside the drill collars

¢) Minimum velocity to lift drill cuttings

d) None of the above

What is the benefit of using foam mud?
a) Increase well productivity

b) Increase ROP

¢) Reduce stimulation requirements
d) All of the above

161
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36. For the same pipe specifications, what is the relationship between pressure losses
due to friction for the normal drill pipes and coiled tubing drilling?
a) Friction losses are higher in normal drill pipes
b) Friction losses are higher in coiled tubing
c) Friction is similar in both types
d) All of the above

37. Dual gradient drilling is useful because it
a) Reduces well cost
b) Reduces hydrostatic pressure against the formation
¢) Reduces number of casings in the well
d) Bothbandc

38. What is the main benefit of Managed Pressure Drilling (MPD)?
a) Reduce well cost
b) Enlarge drilling window
c) Increase ROP
d) All of the above

39. What parameter should be considered when designing the mud flow rate?
a) Mud density
b) Well capacity
c) Cuttings transport
d) All of the above

40. At same conditions, increasing the pipe length tends to change the flow regime
a) From laminar to turbulent
b) From turbulent to laminar
¢) From transition to turbulent
d) None of the above

Nomenclature

=
o

inner cross-sectional area of the fluid column, i#?
parameter in Carreau-Yasuda model, dimensionless
conversion constant

discharge coefficient which is usually 0.95

= pipe inner diameter, cm, in.

= hole diameter, in

= outside diameter of drillpipe, in

= annular distance, in = dh—d 100 OF dh—d ™

= outside diameter of drill colfar, in

= measured depth, ft

fanning friction factor
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E,. = downward force on the fluid element applied by the fluid column above, Ib
F, = upward force on the fluid element applied by the below fluid column, Ib,
F

o = fluid element’s self-weight acting as a downward force, Ib,



5

2 g A

=

IRz =

o

<
=

T

ac-cas

)

adp-h

i

adp-cas

el

O

p

<= I%"U )
)

5

h

tvd

*I<,® AT HIOS
o]

=

<=

=]

==

- » o N

DriLLING HyDRAULICS 163

drill bit hydraulic horse power, hp

flow consistency index, Pa.s"

reservoir permeability, m,

length of the drillpipe, ft

length for the section of interest (which is part of L, )
total vertical depth, ft

mass of gas

gas molecular weight

mole of gas = n
M

the Fann rpm reading

pressure of the system, psig, N/m?

Absolute pressure

pressure drop or loss at drill bit, psi

surface pressure at L, ,= 0 which is also the constant of the integral.
total hydrostatic pressure

pressure loss in annulus and the drill collars inside hole, psi
pressure loss in annulus and the drill collars inside casing, psi
pressure loss around the drill pipe inside hole, psi

pressure loss around the drill pipe inside casing, psi

pressure loss across bit nozzle, psi

pressure loss inside drill collar, psi

pressure loss inside drill pipe, psi

total pressure loss in the rig system, psi

pressure loss in surface piping, stand pipe and mud hose, psi
avg. fluid velocity, ft/min

pressure gradient with respect to total vertical depth, psig/ft

circulating volume or mud pump rate, cc/s, gal/min

critical flow rate for the Bingham plastic model, gpm
universal gas constant

time, s

absolute temperature

fluid velocity in porous media in the direction of x axis, m/s
gas volume

avg. fluid velocity, cm/s

q

2.448 d’
critical velocity for the Bingham plastic model, ft/s

critical velocity for the Bingham plastic model in imperial unit, f#/min
specific weight of fluid, Ib /in’ft

specific weight of fluid, b /in’~ft

universal gas constant

porosity of fluid media, m*/m?

fractional order of differentiation, dimensionless

shear stress, Pa

avg. fluid velocity, ft/s =
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a minimum shear stress that needs to initiate fluid flow, Pa
plastic viscosity in imperial unit, cp
Ib

f

100 ft*

yield point in imperial unit,

fluid density, gm/cc, Ib_/gal

mud density, ppg

mud weight for the section of interest
original mud density, ppg

dynamic viscosity of fluid, Pa-s
Bingham plastic viscosity, Pa-s

the velocity gradient perpendicular to the direction of shear, or equiva-
lently the strain rate, s

yield point stress at dial reading at 3 rpm
The Fann dial reading at N and N, rpm
the Fann dial reading at 3 rpm

the Fann dial reading at 300 rpm

the Fann dial reading at 600 rpm

shear rate or velocity gradient perpendicular the plan of shear, 5™

power-law exponent or flow behaviour index, dimensionless
shape factor which is medium-dependent

apparent shear rate within the porous medium, s~

power-law exponent for Carreau-Yasuda model, dimensionless
number of wellbore sections

fluid effective viscosity, Pa—s

mud density, ppg

fluid dynamic viscosity at zero shear rate, Pa—s

fluid dynamic viscosity at infinite shear rate, Pa—s

time constant in Carreau-Yasuda model, s

ratio of the pseudopermeability of the medium with memory to fluid
viscosity, m’s"** /kg

a dummy variable for time i.e. real part in the plane of the integral, s
differential total vertical depth, ft

pump discharge pressure, psi

pressure loss in annulus in the drill collars, psi

annular pressure loss, psi

pressure loss in annulus in the drill pipe, psi

pressure loss across bit nozzle, psi

pressure loss inside drill collar, psi

pressure loss inside drill pipe, psi

laminar flow pressure drop, psi

pressure loss in surface piping, stand pipe and mud hose, psi
turbulent flow pressure drop, psi
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Well Control and Monitoring
Program

5.1 Introduction

Well control and monitoring system is an integrated part of the drilling operations.
Well control means an assurance of formation fluid (oil, gas or water) that does not
flow in an uncontrolled way from the formations being drilled, into the borehole and
eventually to the surface. It prevents the uncontrolled flow of formation fluids (“kick”)
from the wellbore. Hence, a kick can be defined as an unexpected entry of formation
fluid(s) into the wellbore, causing a rise of mud-level in the mud pit. Therefore control-
ling of the well is an important issue in any drilling activity. This chapter addresses the
different well control and monitoring program through sets of multiple choice question
(MCQs). Workout examples related to well control are extensively covered. Workout
examples and MCQs are based on the writer’s textbook, Fundamentals of Sustainable
Drilling Engineering — ISBN: 978-0-470-87817-0.

5.2 Different Mathematical Formulas and Examples

5.2.1 Control of Influx and Kill Mud

i) Shut-in Pressure:
Mathematically the drillpipe shut-in pressure can be interpreted as the amount by which
bottom-hole pressure exceeds the hydrostatic mud pressure which is expressed as:

165
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I)Sidp + Gmch = th (51)
where,
P = shut-in drillpipe pressure, psi

sidp . ;
G, = mud pressure gradient, psi/ft
H = total vertical height of the mud column, ft
P,, = bottom-hole (i.e., formation) pressure, psi
In terms of mud weight, formation pressure can be calculated as:

P, =P, +0.052 p, H (5.2)

vc

where,
p,, = original mud weight, ppg
If we consider the annulus side, the bottom-hole pressure can be calculated as equal
to the surface annulus pressure plus the combined hydrostatic pressure of the mud and
influx. Mathematically the expression can be written as:
P

siann

+GH,+G H =P, (5.3)

where,
P_ = shut-in annulus pressure, psi
G, = influx pressure gradient, psi/ft
H. = vertical height of the influx or kick, ft
H = vertical height of mud in the annulus after influx, ft=H - H,
H,can be calculated from the displaced volume of mud measured at surface (i.e., the

pit gain) and the cross-sectional area of the annulus, i.e.:

V.
H = _AP" (5.4)

ann

= pit gain volume, bbls
cross-sectional area of the annulus, bbls/ft

Initial circulating pressure is calculated as:

l)ic = I)sidp + Pp + Pok (55)
where,
P_ = initial circulating pressure, psi
P = slow circulating pump pressure, psi
P, = overkill pressure, psi
Final circulating pressure is calculated as:
P, =P (pﬂj (5.6)
pOWl
where,
P, = final circulating pressure, psi

P kill mud weight, ppg



WELL CONTROL AND MONITORING PROGRAM 167

Example 5.1: A vertical appraisal well is drilled to a target reservoir at 12,500 ft that has
a formation gradient of 0.5500 psi/ft. Calculate the following:

i. Formation pressure in psi and formation gradient in ppg.

ii. Ifthe mud weight must be greater than the formation gradient by 0.5 ppg,
calculate the mud weight in ppg and mud hydrostatic pressure in psi.

iii. While drilling to the target depth, shut-in pressure inside the drill pipe
was increased to 250 psi. The well was controlled, and later the driller
realized that the formation has been shifted up due to tectonic move-
ments with a new gradient of 0.5978. What is the new depth of the target
formation at this area?

Solution:

Given data:

D~ = Well target depth = 12,500 ft

G, = Formation gradient = 0.5500 psi/ft
idp = Shut in annulus pressure = 250 psi
' wew = New formation gradient = 0.5978 psi/ft

Required data:

Pf = Formation pressure in psi

Gf = Formation gradient in ppg

p, = Mudweight in ppg

P~ = Mud hydrostatic pressure in psi

D = New formation depth in ft

i. Formation pressure can be calculated using the equation:
P, =G;xD,, =0.55x12,500 = 6,875 psi
Formation gradient in ppg can be calculated using the Eq. (4.36):

P 6875
7 0.052xD,  0.052x12,500

=10.58 ppg

ii. The mud weight is equal to:
P, =p;+0.5=10.58+0.5=11.08 ppg

(a factor of safety is considered as 0.5 ppg)
Now, the mud hydrostatic pressure can be calculated using Eq. (4.35):

P =0.052xp xD =0.052x11.08x12,500 = 7,200 psi

iii. Shut-in drill pipe pressure increased due to shifting of the formation to a
shallower depth. So the formation will have similar pressure of 6,875 psi
as can be calculated by adding the shut-in pressure to the mud hydro-
static pressure. Using the new calculated formation gradient, new forma-
tion depth will be equal to:
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P 6,875

Dm new — o~
G, 0.5978

=11,500.5 ft

So, the formation has been shifted up by 1,000 fz.

”

Example 5.2: A 8% diameter hole is drilled up to 7,500 ft with a density of 12.5 ppg. If

the formation pore pressure at this point is 4500 psi. Calculate i) mud pressure overbal-
ance above the pore pressure, ii) if the mud density is 10.5 ppg, what would be the over-
balance, and iii) if the fluid level in the annulus is dropped to 250 ft due to inadequate
hole fill up during tripping, what would be the effect on bottom-hole pressure?

Solution:

Given data:
H _ = total vertical height of the mud column = 7,500 ft
d, = hole diameter = 8-

2
P, = original mud weight 1 = 12.5ppg
Pf = formation pore pressure = 4500 psi
p,,, = original mud weight 2 = 10.5ppg
H = vertical height of the mud column in the annulus = 250 ft
Required data:

P, = mud pressure overbalance at 7,500 ft

ii. P, = mud pressure overbalance at 7,500 ft if mud density is 10.5 ppg

ob2
iii. Effect on bottom-hole pressure?

The overbalance at a depth of 7,500 ft can be calculated by Eq. (4.34a) which can be
modified for overbalance as:

P

obl

=0.052p,,,H,. —P;

=0.052x(12.5 ppg)x (7500 ft)—4500 psi = 375 psi

vc

The overbalance at a depth of 7,500 f if mud density is 10.5 ppg as:
Poh2 = 0'052p0m2ch - Pf
=0.052x(10.5 ppg)x (7500 ft) — 4500 psi = —405 psi

If the mud density is decreased, the negative sign implies that the well would be
underbalanced by 405 psi with the consequent risk of an influx.

If the fluid level in the annulus is dropped by 250 f, the effect would be to reduce the
bottom-hole pressure by:

B, =0.052x(12.5 ppg)x (250 ft) =162.5 psi

This result indicates that there would still be a net overbalance of 212.5 (i.e,
375-162.5) psi.
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"

Example 5.3: An 8% diameter hole is drilled up to 12,000 ft with a density of 12.0 ppg.

If the formations pore pressure at this point is 5000 psi. Calculate i) mud pressure over-
balance above the pore pressure, ii) if the mud density is 11 ppg, what would be the
overbalance, and iii) if the fluid level in the annulus is dropped to 300 ft due to inad-
equate hole fill up during tripping, what would be the effect on bottom-hole pressure?

Solution:

Given data:

H_ = total vertical height of the mud column = 12,000 ft
1

d, = hole diameter = 85

p,,, = original mud weight 1 = 12.0 ppg

Pf = formation pore pressure = 5000 psi

p,,, = original mud weight 2 = 11 ppg

= vertical height of the mud column in the annulus= 300 ft
Required data:

i. P, = mud pressure overbalance at 12,000 ft
ii. P,, = mud pressure overbalance at 12,000 f# if mud density is 11 ppg
iii. Effect on bottom-hole pressure?

The overbalance at a depth of 10,000 f. can be calculated by Eq. (4.34a) which can
be modified for overbalance as:

P, =0052p H —P=0.052X (12.0 ppg) x (11000 ft) — 5800 psi
= 1064 psi
The overbalance at a depth of 10,000 fz. if mud density is 11 ppg as:
P,=0052p, ,H —P=0.052Xx (11.0 ppg) x (11000 ft) — 5800 psi
=492 psi

If the mud density is not decreased, the positive sign implies that the well would be
overbalanced by 492 psi with no consequent risk of an influx.

If the fluid level in the annulus is dropped by 300 f#, the effect would be to reduce the
bottom-hole pressure by:

P, = 0.052x (12.0 ppg) X (300 ft) = 187.2 psi

This result indicates that there would still be a net overbalance of 876.8 (i.e. 1064—
187.2) psi.

5.2.2 Type of Influx and Gradient Calculation

The influx gradient can be calculated as:

P
G =G _ siann__ " sidp (5.7)
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It is noted that the above expression is given in this form because P, > P, , due to the
lighter fluid being in the annulus. The type of fluid can be identified from the gradient
calculated utilizing Eq. (5.7). Different references report different ranges of data for iden-
tifying the fluid types. However, the following are a guide.

A gas kick is recognized: 0.075 < G,< 0.25 psi/ft

An oil and gas mixture kick: 0.25 < G,< 0.3 psi/ft

An oil and condensate mixture kick: 0.3 < G< 0.4 psi/ft
A water kick: 0.4 < G, psi/ft

5.2.3 Kill Mud Weight Calculation

The mud weight required to kill the influx and would provide the overbalance while
drilling ahead can be calculated from Eq. (5.1) as:

P,=P, +G H (5.8)

sidp

If an overbalance is used the equation becomes:
GH,_ =P,+P, (5.9)

where,
G, = kill mud pressure gradient, psi/ft
P, = overbalance pressure, psi
Substltutmg Eq. (5.8) into Eq. (5.9), the final form of the above equation can be writ-

ten as:

P, +P
Gk :Gm + std;_l ob (510)

vc

Formation pressure can be calculated in terms of mud weight as

P,=P

 p +0.052p, H. (5.11)

The kill mud weight can be calculated in terms of mud weight as

Pim = L *+ Pom (5.12)
0.052H
If we consider overkill mud as a safety margin, Eq. (5.12) can be written as:
Psidp
Pim = Pom t m + Pok (5.13)

where,
p,, = overkill mud weight for safety margin, ppg
The kill mud gradient can be calculated in terms of mud weight as

(5.14)

Psidp
G, =0.052p,, +—

vc
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Example 5.4: while drilling ahead at a target of 8,500 ft, the hole size was 7 in. The drill-
ing crew noticed that there was a pit gain of 10 bbls. The well is shut-in and the drillpipe
and annulus pressures were recorded as 650 psi, and 800 psi respectively. The bottom-

hole assembly consists of 650 ft of 4i OD collars and 3% m drillpipe. The mud weight

is 10.2 ppg. Assume a mud pressure gradient. Identify the influx and calculate the new
mud weight, including an overbalance of 250 psi.

Solution:

Given data:

H_ = total vertical height of the mud column=" 8500 ft

d, = hole diameter = 7in

V., = pitgainvolume = 10 bbls

P, = shut-in drillpipe pressure = 650 psi

P~ = shut-in annulus pressure = 800 psi

H,, = bottom-hole assembly length = 650 ft

d. = collar outer diameter = 4i = 4.75"
1 14

d, = drillpipe diameter = 35 = 3.5"

p, = mud weight = 102 ppg

P, = overbalance pressure = 250 psi

Required data:

a) Type of influx
b) p = new mud weight in ppg

Nature of influx:

The vertical height of the influx can be calculated using Eq. (5.4) as

(10bbls)x(ﬁ3J

V. 0.178 bbl
H—tp 1000 ) _389.6 ft
A,, mld—d)4 [z(7?-475) .| f
————— N o X————
4 144 in®

(Here, H_is less than bottom-hxole assembly length, 650 ft)
Assuming a mud pressure gradient of 0.53 psi/ft, the type of influx can be calculated
using Eq. (5.7) as:

Psiann - Psi 800 - 650
G =G - 3 _053_2— "= _0.145 psi/ ft
H 389.6

i m
i

As long as the influx pressure gradient is within the range 0.075-0.25 psi/ft, the type of
influx is probably gas.
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New mud weight:
The new mud weight or kill mud weight can be calculated using Eq. (5.10) as:

P_+P N+ (2 i
G, =G+ _ (053 psif ft) + S0P+ (250 psi)
H (8500 ft)
=0.636 psil ft
Hence the new mud weight would be as:
0.636 psi/
_ 0-636 psil ft =12.23 ppg

P = 0.052x1 ft

Example 5.5: While drilling ahead at a target of 10,500 ft, the hole size was SZL. in.
The drilling crew noticed that there was a pit gain of 15 bbls. The well is shut-in and the

drillpipe and annulus pressures were recorded as 700 psi, and 800 psi respectively. The

" "

bottom-hole assembly consists of 850 ft of 4% OD collars and 3% drillpipe. The mud

weight is 15.2 ppg.

Assume a mud pressure gradient. Identify the influx and calculate the new mud
weight, including an overbalance of 450 psi.

Solution:

Given data:

H_ = total vertical height of the mud column=" 10,500 ft

d, = hole diameter = 85 in

V, = Dpitgainvolume = 15 bbis

P, = shut-in drillpipe pressure = 700 psi

P~ = shut-in annulus pressure = 800 psi

H, = bottom-hole assembly length = 850';ft

d. = collar outer diameter = 4% = 4.75"

. IS L

d » = drillpipe diameter = 35 = 35

p, = mud weight = 152 ppg

P, = overbalance pressure = 450 psi
Required data:

a) Type of influx
b) p = new mud weight in ppg

Nature of influx:

The vertical height of the influx can be calculated using Eq. (5.4) as
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i Vo 15bbs

A ad—d)4

ann

3
a5 bbls)x| -
0.178 bbls
= — =31095 ft

- 2 2
m(8.5°—4.75 )in2 o fl‘ :
4 144 in

(Here, H_is less than bottom-hole assembly length, 850 ft)
Assuming a mud pressure gradient of 0.53 psi/ft, the type of influx can be calculated
using Eq. (5.7) as:

Psiann - Psi 800 - 700
G =G - % _g53_2—_"""—0.208 psi/ ft
H 310.95

i m
i

As long as, the influx pressure gradient is within the range 0.075-0.25 psi/ft, the type
of influx is probably gas.

New mud weight:
The new mud weight or kill mud weight can be calculated using Eq. (5.10) as:

P _+P
G, =G, +-1—=
)+ (450 psi
= (0.53 psif fi)+ L0 PSSO ps) _ o 646 iy f
(10500 ft)
Hence the new mud weight would be as:
0.640 psi/
= —Pﬁ =12.30 ppg

P 0.052%1 fi

Example 5.6: Determine the kill mud density and kill mud gradient for a shut-in-drill-
pipe pressure of 600 psi at a depth of 12,000 ft. If the original mud weight is 14.5 ppgand
the slow circulating pump pressure is 850 psi, find out also the initial and final circulat-
ing pressure of the system.

Solution:
Given data:
. shut-in drillpipe pressure = 600 psi
. = total vertical height of the mud column 12,000 f

p,, = original mud weight = 14.5ppg
PP = slow circulating pump pressure = 850 psi
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Required data:
P, = kill mud weight, ppg

G, = kill mud gradient, psi/ft
P_ = initial circulating pressure, psi
P, = final circulating pressure, psi

The kill mud weight can be calculated using Eq. (5.12) as

Py L, (600 psi)
0.052 H, Pon 0.052x (12,000 ft)

Pim +(14.5 ppg) =15.5 ppg

If we consider an overkill mud weight of 0.5 ppg as a safety margin, Kill mud weight
can be calculated using Eq. (5.13) as:

P,
=p +——>—+p =155+0.5=16.0
pkm Ioom 0052 HVC pak ppg

The kill mud gradient can be calculated using Eq. (5.14) as

_ Psidp
G, =0.052p, + H

(600 psi)

=0.052%(14.5 A ke
x ppg)+(12,000ft)

=0.804 psi/ ft

If we consider there is no overkill pressure, the initial circulating pressure is calcu-
lated using Eq. (5.5) as:

P =P, +P +P, = (600 psi)+ (850 psi)+0 = 1450 psi

ic sidp

Final circulating pressure is calculated is calculated using Eq. (5.6) as:

Pim ~_ (155 .
Pfc = Pp [LJ = (850 psi) x [E) =908 psi

om

Example 5.7: Determine the kill mud density and kill mud gradient for a shut-in-drill-
pipe pressure of 600 psi at a depth of 10,000 f¢. If the original mud weight is 10.0 ppg and
the slow circulating pump pressure is 700 psi, find out also the initial and final circulat-
ing pressure of the system.

Solution:
Given data:
iy = shut-in drillpipe pressure = 600 psi
Hvc = total vertical height of the mud column 10,000 ft
p,, = original mud weight = 10.0 ppg
P = slow circulating pump pressure = 700 psi

p
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Required data:
P, = kill mud weight, ppg

G, = kill mud gradient, psi/ft
P_ = initial circulating pressure, psi
P, = final circulating pressure, psi

The kill mud weight can be calculated using Eq. (5.12) as

Py N B (600 psi)
0.052H,, Pom 0.052x (10,000 ft)

Pim +(10.0 ppg) =11.2 ppg

The kill mud gradient can be calculated using Eq. (5.14) as

(600 psi)

—0.58 psi/
(10,000 ft) psi/ft

P,
G,=0.052p, + H—‘*’ =0.052x(10.0 ppg) +

vc

If we consider there is no overkill pressure, the initial circulating pressure is calcu-
lated using Eq. (5.5) as:

P =P

ic sidp

+P +P, = (600 psi)+ (700 psi)+0 =1300 psi

Final circulating pressure is calculated is calculated using Eq. (5.6) as:

Pi L (112 ,
P, =P | — |=(700 psi)x =784 psi
% p[ j (700 psi) (10.0 P

om

5.2.4 Kick Analysis
Mathematically,if V., <V the length of the kick can be calculated as (Figure 5.1):

pit ann_dc?
V.
L =—" (5.15)
where,
L, = kicklength (ie., vertical height of influx, H), ft
' o = theannulus capacity behind the drill collar, bbl/ft
V, = thepitgain volume, bbl
e = the annulus volume against drill collar, bbl
Ifv,>V, . thelength of the kick is given by
V.-V
L =L, +- "= (5.16)
ann_dp
where,
L, = length of the drill collar, ft

= the annulus capacity behind the drillpipe, bbl/ft

ann_dp
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Pit gain (Vpit)
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Figure 5.1 Schematic of initial well conditions during well control operations.
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A pressure balance on the initial well system for a uniform mud density, p_, is given by

P_+0.052[p, (H, —L)+pL,—p, H,]=P

icp — Tidp
where,
., = initial stabilized drill collar pressure, psi
4, = initial stabilized drillpipe pressure, psi
idp
p, = kick fluid (i.e., influx) density, ppg

Solving Eq. (5.17) for kick fluid density gives
Pidp - Picp

=p, +
Pie=Pon 0,052 L,

(5.17)

(5.18)

Example 5.8: A kick was detected while drilling a high-pressure zone. The depth of the
formation was recorded 10,000 ft with a mud density of 9.0 ppg. The crew shut-in the well
and recorded the pressure for drillpipe and drill collar as 350 psi and 430 psi, respectively.
The observed total pit gain was 6.0 bbl. The annular capacity against 950 ft of drill collar
is 0.028 bbl/ft and the overkill safety margin is 0.50 ppg. Compute the formation pressure,

influx density, the type of fluid, required kill mud weight, and kill mud gradient.

Solution:

Given data:
H_ = total vertical height of the mud column = 10,000 f
p,, = original mud weight = 9.0 ppg
P, = shut-indrillpipe pressure = 350 psi
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P . = shut-in drill collar pressure = 430 psi

V., = pitgainvolume = 6bbls

L, = length of drill collar = 950 ft

C . .= theannulus capacity behind the drill collar= 0.028 bbl/ft
p,. = overkill mud as a safety margin = 0.5 ppg
Required data:

p,, = formation pressure, psi

p, = kickfluid or influx density, ppg

Type of fluid

p,,, = kill mud weight, ppg
G, = kill mud gradient, psi/ft

k

Formation pressure can be calculated using Eq. (5.11) as

P, =P +0.052p H,_=(350 psi)+0.052x(9.0 ppg)x (10000 ft)

sidp om™ " ve

P,, =5030 psi

To calculate the kick density, we first need to calculate the length of the kick and
therefore, the annular volume.
The annular volume against the drill collar,

bbl

|4 =950ft><0.028? =26.6 bbl

ann_dc

:LdCXC

ann_dc

As long as V<V,

ann_dc®

the length of the kick can be calculated using Eq. (5.15) as:

Ve (6.0 bbl)

L = =
(0.028 bbl/ ft)

e

=214.29 ft

ann_dc

The density of the kick fluid is calculated using Eq. (5.18) as

Pidp -

P - .
iep _ (90 ppg)+ (350 pSl 430 pSl) -1

L il T ~1.82
0.052 L, 0.052 x (214.29 ft) e

pk:pom

Therefore, the kick fluid is gas.
Consider overkill mud as a safety margin, the kill mud weight can be calculated
using Eq. (5.13) as

km om 0.052 HVC ok
350 psi
=(9.0 ppg) + (350 psi) +(0.5 ppg) =10.17 ppg

0.052x (10,000 ft)
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The kill mud gradient can be calculated using Eq. (5.14) as

(350 psi)

30Ps) _ o 503 psi/
(10,000 ft) psi/ft

P,
G,=0.052p, + H—‘*’ =0.052%(9.0 ppg) +

vc

Example 5.9: A well was being drilled at a high-pressure zone of 12,000 f vertical depth
where 9.5 ppg mud was being circulated at a rate of 8.0 bbl/min. A pit gain of 95 bbl was
noticed over a 3-minute period before the pump was stopped and the BOPs were closed.
After the pressures stabilized, an initial drillpipe pressure of 500 psi and an initial casing
pressure of 700 psi were recorded by the attendees at the rig side. The annular capacity
against 950 ft of drill collar was 0.03 bbl/ft and the annular capacity against 850 ft of drill-
pipe was 0.0775 bbl/ft. Compute the formation pressure, influx density.

Solution:
Given data:
H_~ = total vertical height of the mud column = 12,000 ft
p,, = original mud weight = 9.5ppg
q, = original mud circulation rate = 8.0 bbl/min
V. = pitgainvolume = 95 bbis
t = time to stop the pump = 3 min
P, = shut-indrillpipe pressure = 500 psi
P, = shut-indrill collar pressure = 700 psi
L, = length ofdrill collar = 950 ft
C,, . = theannulus capacity behind the drill collar = 0.03 bbl/ft
L, = lengthof drillpipe = 8501t
wmap = theannulus capacity behind the drillpipe = 0.0775 bbl/ft
Required data:
P, = formation pressure, psi
Py = Kkick fluid or influx density, ppg

A schematic view of the example is shown in Figure 5.2. Formation pressure can be
calculated using Eq. (5.11) as

B, =P, +0.052p, H,_=(500 psi)+0.052x (9.5 ppg)x (12000 ft)

P, = 6428 psi

To calculate the kick density, we first need to calculate the length of the kick and
therefore, the annular volume.
The total annular volume against the drillpipe and drill collar,

v =V

ann ann_dp

+V

ann_dc

=LdeC

ann_dp

+L, xC

ann_dc

ann

vV = (850ft X 0.0775%] + (950ft X 0.0S%J =94.37 bbl



WELL CONTROL AND MONITORING PROGRAM 179

Pigp = 500 psi

[-———— ]

2z

[ Cunn gy = 0.0775 bbI/ft

N

Cann_dp = 0.0775 bbl/ft
Pom =95 PPg

T L
. + * s

H,.= 12,000 ft

¥

2117.7 frr =

950 ft [ *

Cann_ac = 0.03 bbl/ft
Pyi4c = 700 psi

Pgyp = 5,600 psi

Figure 5.2 Illustration for Example 5.5.

However, kick length is determined based on the total annular volume against the
drill collar only. So,

Vann dc = de Xcann dc = [950ft X 003@] =28.5 bbl
i i ft

If we assume that the kick fluids are mixed with the mud pumped while the well was
flowing, so the total pit gain is

(V' Dt = Vi +,t = (95.0 bbl) +(8.0 bbl/min x 3 min) =119.0 bbl

Aslongas (V) >V, . thelength of the kick can be calculated using Eq. (5.16)
as

V=V a 119bbl —28.5 bbl
e _ (950 f)+ =2,117.74 ft

Cor iy 0.0775 bbl/ ft

=L

dc

The density of the kick fluid is calculated using Eq. (5.18) as

(500 psi —700 psi)
0.052x(2,117.74 ft)

Pidp _Picp _
0.052 L,

pk:pom+ (95ppg)+ 68ppg

Example 5.10: A kick was detected while drilling a high-pressure zone. The depth of the
formation was recorded 8,000 f¢ with a mud density of 14.3 ppg. The crew shut-in the well
and recorded the pressure for drillpipe and drill collar as 200 psi and 400 psi, respectively.
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The observed total pit gain was 30.0 bbl. The annular capacity against 950 f of drill collar
is 0.0836 bbl/ft and the overkill safety margin is 0.50 ppg. Compute the formation pressure,
influx density, the type of fluid, required kill mud weight, and kill mud gradient.

Solution:
Given data:
H_ = total vertical height of the mud column = 8,000 ft
p,, = original mud weight = 143 ppg
P, = shut-indrillpipe pressure = 200 psi
P = shut-in drill collar pressure = 400 psi
V, = pitgainvolume = 30 bbls
L, = length of drill collar = 950 ft
C,, . = theannulus capacity behind the drill collar = 0.0836 bbl/ft
Py = overkill mud as a safety margin = 0.5ppg
Required data:
p, = formation pressure, psi
Py = kick fluid or influx density, ppg
Type of fluid
P, = kill mud weight, ppg
G, = kill mud gradient, psi/ft

Formation pressure can be calculated using Eq. (5.11) as

B, =P, +0.052p, H, =(200)+0.052x(14.3 ppg)x (8000 ft)

P, =6148.8 psi

To calculate the kick density, we first need to calculate the length of the kick and
therefore, the annular volume.
The annular volume against the drill collar,

bbl

| =950 ft x 0.0836? =79.42 bbl

ann_dc

:dexc

ann_dc

Aslongas V<V,

ann_dc®

the length of the kick can be calculated using Eq. (5.15) as:

V.
L =—0—= 30006l _ 356 65 ft
C 0.0836 bbl/ ft

ann_dc

The density of the kick fluid is calculated using Eq. (5.18) as

P —P . .
pk _ pom n idp iep _ (143 ppg)+ (200 pSl 400 pSl) -3

0.052L, 0.052x(358.85 ft)

58 ppg

Therefore, the kick fluid is gas.
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Consider overkill mud as a safety margin, the kill mud weight can be calculated
using Eq. (5.13) as
Py,

0.052H
B (200 psi)

"~ 0.052x(8,000 ft)

pkm +pom+pok

+(14.3 ppg)+(0.5 ppg) =15.3 ppg

The kill mud gradient can be calculated using Eq. (5.14) as

p. .
G, =0.052p,, + —S_ 0.052 x (14.3 ppg) + (200 psi)
H, (8,000 ft)

Example 5.11: A well was being drilled at a high-pressure zone of 10,000 f vertical depth
where 8.5 ppg mud was being circulated at a rate of 9.0 bbl/min. A pit gain of 65 bbl was
noticed over a 3-minute period before the pump was stopped and the BOPs were closed.
After the pressures stabilized, an initial drillpipe pressure of 400 psi and an initial casing
pressure of 600 psi were recorded by the attendees at the rig side. The annular capacity
against 950 ft of drill collar was 0.0386 bbl/ft and the annular capacity against 850 ft of
drillpipe was 0.07 bbl/ft. Compute the formation pressure, influx density.

= 0.768 psi/ ft

Solution:
Given data:
H_ = total vertical height of the mud column = 10,000 ft
p,, = original mud weight = 8.5ppg
q, = original mud circulation rate = 9.0 bbl/min
V. = pitgainvolume = 65 bbis
t = time to stop the pump = 3 min
P, = shut-in drillpipe pressure = 400 psi
P_. = shut-in drill collar pressure = 600 psi
L, = length of drill collar = 9501t
C,, . = theannulus capacity behind the drill collar = 0.0386 bbl/ft
L, = length of drillpipe = 8501t
wm ap = the annulus capacity behind the drillpipe = 0.07 bbl/ft
Required data:
P, = formation pressure, psi
Py = kick fluid or influx density, ppg

Formation pressure can be calculated using Eq. (5.11) as
P, =P, +0.052p, H, =(400)+0.052x (8.5 ppg)x(10,000 ft)
P, = 4820 psi

To calculate the kick density, we first need to calculate the length of the kick and
therefore, the annular volume.
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The annular volume against the drill pipe and drill collar,

v =V

ann ann_dp

+V

ann_dc

Vv = 850ﬁx0.07%+950ftx0.0386% =96.17 bbl

=Ldp><C

ann_dp

+L, xC

ann_dc

ann

However, kick length is determined based on the total annular volume against the
drill collar only. So,

bbl

V. .=L.,xC, . =950ft ><0.0386F =36.67 bbl

ann_dc — ann_dc

If we assume that the kick fluids are mixed with the mud pumped while the well was
flowing, so the total pit gain is

v,

it )total

=V, +q,t =(65.0 bbl)+ [9.ob—b_l x3 minj =92 bbl
min

Aslongas (V )

i) totat > Vann_ a0 the length of the Kick can be calculated using Eq. (5.16)
as:

V. -V _
Loop s Yo Ve goy g, S20BUI-3667 00\ o
C 0.07 bbl/ ft

ann_dp

The density of the kick fluid is calculated using Eq. (5.18) as

Pyp—Py (400 psi —600 psi) _

Zidp i _ (g5 =6.29
0.052L, (8.5 pp g)+0.052><(1740.42 ) ppg

pk=p0m+

Example 5.12: A vertical development well was drilled, cased and cemented with
13 3/8" casing shoe at a depth of 7,500 ft. The well needs to be drilled at a target depth
of 13,000 ft using the drilling fluid which has a maximum mud weight of 12.0 ppg. The
fracture gradient at casing shoe is 12.5 ppg while the formation gradient is 11.5 ppg.
The inside diameter of the last casing is 12.515" and the new hole diameter is 12.25". The
standard surface temperature is 60 °F while the temperature gradient is 0.018 °F/ft.
The outside drill pipe diameter is 5.0". If the expected gas kick gradient is 0.1 psi/ft,
calculate the maximum volume of gas kick that can be handled in this case without
fracturing the formations at the casing shoe.

Solution:
Given data:
d, .= Casingoutside diameter = 133/8"
d = Casing inside diameter = 12.515"
L = Casinglength = 7,500 ft
d, = Holediameter = 12.25"
D, = Totallength of the well = 13,000 ft
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d 4o Drill pipe outside diameter = 5.0"

T~ = Surface temperature = 60°F

dT' = Temperature gradient = 0.018 °F/ft
p, = Maximum mud weight to be used = 12.0 ppg
Phy = Formation gradient in ppg = 11.5 ppg
p, = Fracture gradientat shoeinppg = 12.5ppg
G, = Kicks pressure gradient = 0.1 psi/ft
Required data:

V., = Maximum kick volume

k

To calculate the kick volume at these conditions, first we need to calculate the kick
height at the casing shoe because we know that the maximum fracture risk will be at the
casing shoe. The following equation is used to calculate the kick height:

o - 0.052xp, (D, —L,)+0.052x L xp; —0.052xD, xp,
. 0.052xp —G,
~0.052x12.0x (13,000 —7,500) +0.052x 7,500 12.5—-0.052x 13,000 11.5
- 0.052x12.0-0.1

=1,017.2 ft

The above height can be changed to a volume using the annulus capacity between
casing and drill pipes as below:

12.515* —5.0°
V. =H xC, . =10172x2x=2222 727 1301 bbls
- 4  144x5.615

The volume at the bottom of the well can be calculated using Boyle’s law of gases and
assuming ideal gas behavior.
Pressure and temperature at the casing shoe are equal to:

P, =0.052xL_ xp, =0.052x7,500x12.5= 4,875 psi

shoe

T, =T +dT XL, +460=60+0.018x7,500+460 = 655°R

shoe

For calculating shoe pressure, we used the fracture gradient because we are looking
for maximum volume of the kick; and that volume will occur at the maximum allowed
pressure which is the fracture pressure.

Pressure and temperature at the bottom of the well are equal to:

P, =0.052xTD x p; =0.052x13,000x11.5=7,774 psi

T., =T +dT xTD+ 460 = 60 +0.018 X 13,000 + 460 = 754°R

Now, the volume at the bottom can be calculated using Boyle’s law as follows:

PshoeVK_shoe — PTDVK_TD
T T

shoe TD
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V,

K_TD

4,875x130.1 7,774x
655 754

Vi . =93.9bbls

The above volume is the maximum allowable kick volume to enter the well without
breaking the casing shoe at the above conditions. If the kick volume is greater than the
above volume, there will be a high risk of breaking the casing shoe and have loss circu-
lation and at the same time severe entry of kick to the wellbore.

Example 5.13: A vertical well is drilled at a depth of 11,500 f¢, then 9 5/8" casing having
inside diameter of 8.681" was set and cemented to the above said depth. A production
section of 8.5" hole diameter is to be drilled to a target depth of 15,000 ft. The fracture
gradient at casing shoe was estimated to be 13.65 ppg while the formation gradient is
12.4 ppg. The standard surface temperature is 75 °F while the temperature gradient is
0.02 °F/ft. The drill pipe outside diameter is 5.0". If the expected gas kick volume at cas-
ing shoe is 70 bbls and gas gradient is 0.09 psi/ft, calculate the maximum mud weight
that can be used and handle the kick without fracturing the formations at the casing
shoe.

Solution:
Given data:
d = Casing outside diameter =95/8"
d = Casing inside diameter = 8.681"
L_. = Casinglength = 11,500 ft
d, = Hole diameter = 8.5"
D, = Total length of the well = 15,000 ft
d o = Drill pipe outside diameter =5.0"
T = Surface temperature =75°F
dT = Temperature gradient = 0.02 °F/ft
P = Formation gradient in ppg = 12.4 ppg
p; = Fracture gradient at shoe in ppg = 13.65 ppg
G, = Kicks pressure gradient = 0.09 psi/ft
V, = Maximum kick volume = 70 bbls
Required data:

p, = Maximum mud weight to be used in ppg

To calculate the maximum mud weight that can handle such a gas kick volume with-
out breaking the casing shoe, first we need to calculate the length of the gas bubble at
the casing shoe using the annulus capacity between casing and drill pipes as follows:

70

C

ca_dp

4

1 8.681°-5.0°
7)(7

= 1431 ft

144x5.615
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Now, by knowing the kick height and other information we can calculate the maxi-
mum mud weight that can be used from the following equation:

o= 0.052xp, (D,,—L,)+0.052xL,, x p; —0.052xD, x p,
l 0.052xp, —G,
0.052x p, x(15,000—11,500)+0.052x11,500x13.65
—0.052x15,000x12.4
0.052xp, —0.09
182p, —1509
1,431
0.1272p, -0.052p =1.0547-0.09

p, =12.83 ppg

The above mud weight is the maximum mud weight that can be used to handle a
70 bbls of gas kick without breaking the formation at the casing shoe.

1,431 =

0.052xp, —0.09 =

Example 5.14: A well kick was encountered while drilling an intermediate section of
12.25" in a vertical well. The rig crew recorded a pit gain of 45 bbls. Shut-In Casing
Pressure (SICP) was stabilized at 500 psi while Shut-In Drill Pipe Pressure (SIDPP) was
zero because floating valve was used as part of BHA. Current depth was 5,000 ft and
mud weight was 9.8 ppg. Drill collars outside diameter and length were 8.0" and 600 ft
respectively, while drillpipe outside diameter was 5.0". The rig crew increased the drill-
pipe pressure in steps in order to determine the SIDPP. Table 5.1 shows the changes in
the SIDPP and SICP.

If it is required to have mud hydrostatic pressure greater than the formation pressure
by 100 psi, determine the nature of the influx and the new mud weight to control the
well back.

Solution:
Given data:
d, = Hole diameter = 12.25"
V, = Pitgain = 45 bbls

Table 5.1 Changes in the SIDPP and SICP for Example 5.14.

p sido psi P psi
1 150 500
2 250 500
3 300 500
4 350 530
5 400 580
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P_. = Shut-in casing pressure = 500 psi
P, = Shut-in drill pipe pressure = 0psi
H_ = Vertical height of the mud column = 5,000 ft
d, = Drill pipe outside diameter = 5.0

d_ = Dirill collar outside diameter = &

L, = Length of the drill collar = 6001t
p,, = Mud weight = 9.8 ppg
P, = Overbalance pressure required = 100 psi
Required data:

Nature of the flux
Py = Mud weight of the kill fluid in ppg.

To determine the nature of the flux and the required kill mud density, first we need
to estimate SIDPP from the given data in the table. Since the float valve was used,
SIDPP reading was zero. So the only way to know SIDPP is to apply pressure to the
drill pipe in steps until we see the increase in SICP and then determine the SIDPP.
From the table above, when the drillpipe pressure was increased up to 300 psi, there
were no increases in SICP. However, when the drillpipe pressure was increased fur-
ther to 350 psi, the SICP was increased to 550 psi. So from this information, SIDPP
can be calculated as:

P, =350- (530—-500) =320 psi
The volume of the annulus between the hole and drill collars is equal to:

d; -d; 12.25* -8.0°
Vann = Cann?dc Xde = : e Xde =
1029.4 1029.4

So, all of the flux was in the annulus between the drill collars and the hole. The height
of the flux can now be calculated using Eq. (5.4):

x 600 =50 bbls

"
H, :izi:536ft
C 0.084

ann

The mud gradient is equal to:
G, =0.052x p, =0.052x9.8=0.51 psi/ ft

Now, the flux gradient can be calculated using Eq. (5.7):

-p ~ 500-320

Pann d
G =G —Tf’zo.sl =0.17 psil ft

Since the flux gradient is less than 0.25 psi/ft, the flux is gas.
The new mud gradient can be calculated using the Eq. (5.10):
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P, +P 20+1
G =G, +M=o.51+w=0.594psi/ft
H 000

ve >

The kill mud weight is now equal to:

G, 0.5%
0.052  0.052

Py =11.42 ppg

Example 5.15: While drilling a 8.5" vertical hole using 11.7 ppg mud, 25 bbls of kick
was recorded by rig crew at a depth of 12,000 ft. Later, the kick was removed and the
estimated kick gradient was 0.13 psi/ft. Drilling string consists of 550 ft of 6" drill col-
lars and 4 %" drill pipes. If the formation gradient was found to be 0.64 psi/ft, what
were the shut-in annulus and drill pipe pressures? If the kill fluid should be 200 psi
greater than the formation pressure, calculate the kill fluid density in ppg.

Solution:

Given data:
d, = Hole diameter = 85"
V. = Pitgain = 25 bbls
H = Vertical height of the mud column = 12,000 ft
d, = Drill pipe outside diameter = 4%"
d. = Drill collar outside diameter = 6.0"
L, = Length of the drill collar = 5501t
p, = Mud weight = 11.7 ppg
P~ = Overbalance pressure required = 200 psi
G, = KicK’s pressure gradient = 0.13 psi/ft
G, = Formation gradient = 0.64 psi/ft
Required data:
P, = Shut-in drill pipe pressure in psi

oy = Shut-in casing pressure in psi
p. = Mud weight of the kill fluid in ppg.

By knowing mud weight and formation gradient, shut-in drill pipe pressure can be
determined using Eq. (5.1) after arrangement:

P

 i» = P — G, H,, =0.64x12,000-0.052x11.7x12,000 = 379 psi

Now to calculate shut-in casing pressure, we need first to estimate the kick length in
the bottom of the hole. Using drill collar capacity, the volume of the kick around the
drill collars equal to:

85 —6°

V. & =550x ———— =19.36 bbls
- 1029.4

:dexc

ann_dc
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So, the rest of the kick volume will be around the drill pipes. The length of the kick
around the drillpipe is equal to:

V=V, 25-19.36
—rec 8.5 —4.75°
dp _—

1029.4

=116.7 ft

Total length of the kick is now equal to:
H,=L,+H, , =550+116.7=666.7 ft

Casing shut-in pressure will be calculated using Eq. (5.7) and by using the available
data:

P,—P P, —379
G =G, —— % _0052x]1.7——siem_""Z _
H 666.7

i

0.13

P

siann

= 698 psi

Kill fluid gradient having 200 psi over the formation pressure can be calculated using
Eq. (5.10):

P, +P, 379+200
G, =G, +-2 % -0052x11.7+ == =0.657 psil ft
H 2,000

m

ve >

Thus, the kill fluid density is equal to:

G, 0657
0.052  0.052

P, =12.63 ppg

Example 5.16: A pit gain of 60 bbls was noticed while drilling a 12.25" hole at depth of
9,000 ft, and shut-in annulus pressure was stabilized at 750 psi. The kick gradient was
estimated to be 0.09 psi/ft, and based on that kill fluid of 11.69 ppg was prepared that
would give a hydrostatic pressure greater than the formation pressure by 250 psi. The
drillstring consisted of 700 f# of 8.0" drill collars and the rest was 5.0" drill pipes. What
was the old drilling mud used before the kick occurred?

Solution:
Given data:
d, = Hole diameter = 12.25"
V, = Pitgain = 60 bbls
H_ = Vertical height of the mud column = 9,000 ft
d,, = Drill pipe outside diameter = 5.0"
d. = Drill collar outside diameter = 8.0"
P_ = Shut-in casing pressure = 700 psi

L, = Length of the drill collar = 750 ft
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P, = Overbalance pressure required = 250 psi

G, = Kicks pressure gradient = 0.09 psi/ft
p, = Kill fluid density = 11.69 ppg
Required data:

p,, = Old mud weight in ppg

To calculate the old mud weight, we should know the formation pressure and shut-in
drill pipe pressure. By knowing the kill fluid density and overbalance pressure, forma-
tion pressure can be estimated using Eq. (5.9):

P

=P —P, =0.052x11.69%x9,000-250 = 5,219 psi

To calculate the shut-in drillpipe pressure, we should estimate the length of the kick
in the bottom of the hole. Dividing the pit gain volume by the annulus capacity between
the hole and the drill collars gives:

V. 60 60
H=—t"= —— = =717.7 ft
C,,, 1225 -80" 0.084
1029.4

Because the length of the flux is less than the length of the drill collars, all of the flux
were around the drill collars. Now by using Eq. (5.7), we can estimate the shut-in drill
pipe pressure as follows:

P —P. 5219-P,, 700-P,
Gi — Gm __ _ siann sidp _ sidp sidp =0.09
H, 9,000 717.7

1

P

siann

=379 psi
The hydrostatic pressure of the previous mud weight used before is equal to:

P =P —-P

=P, —P,, =5,219—379 = 4,840 psi

Thus, the old mud weight is equal to:

P 4,840

m

©0.052xH,  0.052x9,000

Do =10.34 ppg

Example 5.17: A kick was encountered in a well while drilling a 6.0" production hole
at depth of 16,000 ft using 12.2 ppg drilling fluid. Annulus and drillpipe pressures
were stabilized at 850 and 500 psi. The kick gradient was estimated to be 0.335 psi/ft.
Drillstring was consisted of 500 f# of 4.75" drill collars and the rest was 3.5" drill pipes.
What was the kick volume?
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Solution:
Given data:
d, = Hole diameter = 6.0"
H_ = Vertical height of the mud column = 16,000 f
d » = Drill pipe outside diameter = 35"
d. = Dirill collar outside diameter = 4.75"
P_ = Shut-in casing pressure = 850 psi
P, = Shut-in drill pipe pressure = 500 psi
L, = Length of the drill collar = 500 ft
G, = KicKks pressure gradient = 0.335 psi/ft
p, = Mud weight = 12.2 ppg
Required data:
V. = Kick volume in bbls

k

To find the kick volume, we should estimate the kick length at the bottom of the hole.
From the given data, the length of the kick can be determined using Eq. (5.7):

P, —P 850 —500
G =G, —Td” =0.335=0.052x12.2 - ————

i i

H, =1169 ft

Because the kick length is greater than the length of the drill collars, some volume
of the kick was around the drill collars and the rest was around drill pipes. The volume
around the drill collars is equal to:

0> —4.75
V., =I,xC, , = 500><6°—9z5 — 6.5 bbls

ann_dc
- 1

The volume of the rest of the kick length of 669 ft which is around the drill pipes is
equal to:

6.0° —3.5°

V., =(H -L,)xC = (1169 —500)x ——=_ —15.4 bbls
o = (H = L) ( ) 1029.4

ann_dp

So, the total kick volume = 6.5 + 15.4 = 21.9 bbls

Example 5.18: A vertical production hole of 8.5" size was drilled using a drillstring con-
sists of 700 ft of 6.0" drill collars and 5.0" drill pipes and a 11.1 ppg drilling fluid was used.
A kick was encountered at a depth of 13,750 ft when the rig crew observed a pit gain of
30 bbls. Annulus and drill pipe pressures were stabilized at 1,000 and 595 psi. The kick
gradient was estimated to be 0.081 psi/ft. Determine the formation gradient in ppg.

Solution:
Given data:
d, = Hole diameter = 85"
H, _ = Vertical height of the mud column = 13,750 ft
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d » = Drill pipe outside diameter = 5.07

d. = Drill collar outside diameter = 6.0”

P_ = Shut-in casing pressure = 1,000 psi
P, = Shut-in drill pipe pressure = 595 psi

L, = Length of the drill collar = 700 ft

G, = KicKs pressure gradient = 0.081 psi/ft
Required data:

Py = Formation gradient in ppg.

To calculate the formation gradient, first we need to estimate the kick length. The
volume of the kick around the drill collars is equal to:

8.5° — 6.0

Ve e =L xC =700x —————— =24.7 bbls
- 1029.4

ann_dc

The remaining volume of the kick was around the drill pipes. The length of the kick
around the drill pipe is equal to:

V=V 30-24.7
Ly =t = T T2 1155 ft
- C 8.5°—5.0

anndp
1029.4

So, the total length of the kick is equal to:
H, =L, +Hi_dp =700+115.5=815.5 ft

We know that the formation pressure can be calculated using Eq. (5.1):

th = })sidp + Gmch
So, the mud gradient is equal to:
Gm _ B bh Psidp
H

Thus, formation pressure can be determined using Eq. (5.7) and substituting for the
mud gradient as follows:

G} _ G . Pann _Pdp — th _Psidp _ Pann _Pdp
1 " Hi ch Hi
0081~ i =595 _ 1,000 -595

13,750 815.5
P, =8,537 psi
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Now, formation gradient in ppg is equal to:

B P, B 8,537 B
0.052xH,  0.052x13,750

Py 11.94 ppg

(Here formation pressure will be the borehole pressure)

Example 5.19: An intermediate hole of 8.5" size was drilled to a depth of 9,000 ft using
9.7 ppg mud. The Fracture gradient at the casing shoe at 5,500 ft was estimated to be
12.0 ppg. Drill pipe diameter was 5.0". If suddenly they started to penetrate a formation
which has a gradient of 10.2 ppg, estimate the maximum kick volume that can be handled
without fracturing the casing shoe, taking into consideration that the maximum allow-
able surface pressure at annulus is 650 psi and pressure gradient of the kick is 0.11 psi/ft.

Solution:
Given data:
» Casing length = 5,500 ft
d, = Hole diameter = 85"
D, = 'The current length of the well = 9,000 ft
d o = Drill pipe outside diameter = 5.0"
p, = Mud weight to be used = 9.7 ppg
P = Formation gradient in ppg = 10.2 ppg
p; = Fracture gradient at shoe in ppg = 12.0 ppg
.= Kick’s pressure gradient = 0.11 psi/ft
' » = Maximum allowable annulus pressure = 650 psi
Required data:
V. = Maximum kick volume can be handled in bbls

k

The worst-case scenario for fracturing the casing shoe occurred when the kick is
just beneath the casing shoe. In this case, the surface pressure plus the mud hydrostatic
pressure will be applied directly against the casing shoe. So it is very important that
these two pressures must be less or at least equal to the fracture pressure of the casing
shoe. So the maximum allowed kick length in this situation can be calculated using the
following equation:

+0.052xp xL_ +0.052xp x(D, —L
T 0.052xp —G,
~ 650+0.052x9.7x5,500+0.052x 9.7 (9,000 — 5,500) — 0.052 x10.2x 9,000
- 0.052x9.7-0.11

ann cas)_0'052xpfm XDm

= 1,055 ft

Now, by using the hole-drill pipe annulus capacity, the maximum allowable kick
volume is equal to:

8.5°—5.0°
V,=H xC =1,055x —— = =48.5 bbls
1029.4

ann_dp
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So, if the volume of the gas kick is greater than the above volume, the tendency of
breaking the casing shoe is higher.

Example 5.20: An intermediate hole of 12.25" size was drilled to a depth of 7,500 ft
using 9.3 ppg mud. The fracture gradient of the casing shoe at 4,500 ft was estimated as
11.8 ppg. Drill pipe diameter was 5.0". If the maximum anticipated kick volume and gra-
dient are 73.0 bbls and 0.12 psi/ft, determine the maximum allowable surface pressure
that can be applied to the annulus without fracturing the casing shoe. Assume forma-
tion gradient is equal to 9.9 ppg.

Solution:
Given data:
w = Casinglength = 4,500 ft
d, = Hole diameter = 12.25"
D, = The current length of the well = 7,500 ft
d,, = Drill pipe outside diameter = 50"
p, = Mud weight = 93 ppg
P;, = Formation gradient in ppg = 99ppg
p, = Fracture gradient at shoeinppg = 11.8 ppg
G, = KicKs pressure gradient = 0.12 psi/ft
. = Maximum kick volume = 73.0 bbls
Required data:
P = Maximum allowable annulus pressure at surface in psi

To calculate the maximum surface pressure to be applied in the annulus at this con-
ditions, first the kick volume should be changed to length in the annulus between the
drillpipe and the hole:

V, 73
H=—t = =601
" C, =~ 1225 -50° U
dp _—-
1029.4

By knowing the kick length, we can use the following equation to calculate the maxi-
mum surface pressure:

P, +0.052xp, xL  +0.052xp, x(D,—-L,)=-0.052xp, xD,

f 0.052xp, —G,
P, +0.052x9.3x4,500+0.052 x 9.3 x (7,500 — 4,500)

—0.052%x9.9x 7,500
= =601
0.052x9.3-0.12

P =453 psi

ann
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5.2.5 Shut-in Surface Pressure

The maximum permissible shut-in surface pressure is given by the following equation:

Fap = Fan o+ Gl (5.19)
Where,
P, = GH_ = shut-in fracture pressure, psi
H_ = vertical height of the casing shoe or depth to the casing shoe, ft
P = maximum shut-in annulus pressure, psi
G, = fracture pressure gradient, psi/ft

"

3
Example 5.21: The surface casing with an OD of 13— set at a depth of 2,100 ft.

The fracture gradient was found 0.68 psi/ft. The mu%l density was 10.6 ppg with
a mud gradient of 0.6 psi/ft. Total depth of the well was 12,000 ft and the inter-
nal yield was 2,500 psi. Determine the maximum permissible surface pressure on
the annulus. Assume that the casing burst is limited to 85% of design specification.

Solution:
Given data: 3
= depthto the casingshoe = 2,100 ft @ 13§
G, = fracture pressure gradient =  0.68 psi/ft
p,, = mud weight = 10.6 ppg
G, = mud pressure gradient = 0.6 psi/ft
H_ = vertical height of the mud column 12,000 ft
Y, = Internalyield = 2,500 psi
85% burst pressure
Required data:
P = maximum shut-in annulus pressure, psi

ann_m

Figure 5.10 illustrates the wellbore and casing set for the Example 5.6. If the casing
burst is limited to 85% of the yield pressure, permissible pressure is then:

85% burst = 0.85 X Y, = 0.85 X (2500 psi) = 2,125 psi
The maximum permissible annulus pressure can be determined using Eq. (5.19) as
=GH, -G H,
=(0.68 psi/ ft)x (2100 ft)—(0.6 psi/ ft)x (2100 ft) =168.0 psi

ann_m

Therefore, the maximum permissible annular pressure at the surface is 168.0 psi,
which is that pressure which would produce formation fracturing at the casing seat.

"

3
Example 5.22: The surface casing with an OD of 135 set at a depth of 3,100 ft.

The fracture gradient was found 0.68 psi/ft. The mud density was 12.6 ppg with a
mud gradient of 0.6 psi/ft. Total depth of the well was 15,000 ft and the internal
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yield was 3,500 psi. Determine the maximum permissible surface pressure on the
annulus. Assume that the casing burst is limited to 90% of design specification.

Solution:
Given data: 3"
. = depthto the casingshoe = 3,100 ft @ 13§
G, = fracture pressure gradient =  0.68 psi/ft
p,, = mud weight = 12.6ppg
G, = mud pressure gradient = 0.6 psi/ft
H_ = vertical height of the mud column 15,000 ft
Y, = Internalyield = 3,500 psi

=
90% burst pressure

Required data:
= maximum shut-in annulus pressure, psi

ann_m

If the casing burst is limited to 90% of the yield pressure, permissible pressure is
then:

90% burst = 0.90 X Y, = 0.90 X (3500 psi) = 3,150 psi

The maximum permissible annulus pressure can be determined using Eq. (5.19) as

Punn_m = Gchs _Gchs
P, . =(0.68 psi ft)x(3100 ft)— (0.6 psi/ ft)x (3100 ft)
=248.0 psi

Therefore, the maximum permissible annular pressure at the surface is 248.0 psi,
which is that pressure which would produce formation fracturing at the casing seat.

"

Example 5.23: An 8% diameter hole is drilled up to 8,000 f with a density of 8.6 ppg. If

the formations pore pressure at this point is 3000 psi, calculate i) mud pressure overbal-
ance above the pore pressure, ii) if the mud density is 7.0 ppg, what would be the over-
balance, and iii) if the fluid level in the annulus is dropped to 250 ft due to inadequate
hole fill up during tripping, what would be the effect on bottom-hole pressure?

Solution:

Given data:
H_ = total vertical height of the mud column = 8,000 ft

1”

d, = hole diameter = 8;
p,, = original mud weight 1 = 8.6 ppg
Pf = formation pore pressure = 3000 psi
p,,, = original mud weight 2 = 7ppg
H_ = vertical height of the mud column in the annulus = 250 ft
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Required data:
P, = mud pressure overbalance at 8,000 f
P, = mud pressure overbalance at 8,000 ft if mud density is 7 ppg and Effect on

bottom-hole pressure?

The overbalance at a depth of 10,000 f. can be calculated by Eq. (4.34a) which can
be modified for overbalance as:

p,6=0052p H — Pf= 0.052 x (8.0 ppg) x (8000 ft) — 3000 psi
=328 psi
The overbalance at a depth of 15,000 fz. if mud density is 12 ppg as:

p,=0052p, H —P=0052x (7.0 ppg) x (8000 ft) — 3000 psi
= —88 psi
If the mud density is not increased, the negative sign implies that the well would be
underbalanced by 88 psi with consequent risk of an influx.

If the fluid level in the annulus is dropped by 250 ft, the effect would be to reduce the
bottom-hole pressure by:

Phhp = 0.052 % (7.0 ppg) x (250 ft) = 91.0 psi
This result indicates that there would still be a net overbalance of 237 (i.e. 328 — 91) psi.
Example 5.24: Determine the kill mud density and kill mud gradient for a shut-in drill-
pipe pressure of 800 psi at a depth of 15,000 ft. If the original mud weight is 13.6 ppgand

the slow circulating pump pressure is 750 psi, find out also the initial and final circulat-
ing pressure of the system.

Solution:
Given data:

o = shut-in drillpipe pressure = 800 psi
Hvc = total vertical height of the mud column 15,000 ft
p,, = original mud weight = 13.6 ppg
P = slow circulating pump pressure = 750 psi
Required data:

P, = Kkill mud weight, ppg

G, = kill mud gradient, psi/ft
P_ = (initial circulating pressure, psi
P. = final circulating pressure, psi

fe
The kill mud weight can be calculated using Eq. (5.12) as

_iw _ (800 psi)
0.052H, "~ *" 0.052x(15,000 ft)

Pian +(13.6 ppg) =14.63 ppg

The kill mud gradient can be calculated using Eq. (5.14) as
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(800 psi) _
=0.052%(13.6 ——=0.76
x(13.6 ppg) + (15,000 /1 psi/ ft

sidp

G, =0.052 b
=0. +
k pom H

vc

If we consider there is no overkill pressure, the initial circulating pressure is calcu-
lated using Eq. (5.5) as:

P =P, +P +P, =(800 psi)+(750 psi)+0=1550 psi

ic sidp

Final circulating pressure is calculated is calculated using Eq. (5.6) as:

P ~ [ 14.63 .
P, =P, (LJ = (750 psz)x( ik ) = 806.80 psi

om

Example 5.25: A kick was detected while drilling a high-pressure zone. The depth of the
formation was recorded 9,000 f¢ with a mud density of 11.3 ppg. The crew shut-in the well
and recorded the pressure for drillpipe and drill collar as 300 psi and 600 psi respectively.
The observed total pit gain was 25.0 bbl. The annular capacity against 950 ft of drill collar
is 0.0836 bbl/ft and the overkill safety margin is 0.50 ppg. Compute the formation pres-
sure, influx density, the type of fluid, required kill mud weight, and kill mud gradient.

Solution:
Given data:

. = total vertical height of the mud column = 9,000 ft
p,, = original mud weight =153 ppg
P, = shut-in drillpipe pressure = 350 psi
P = shut-in drill collar pressure = 600 psi
V, = pitgainvolume = 35 bbls
L, = length of drill collar = 950 ft
C,. . = theannulus capacity behind the drill collar = 0.0836 bbl/ft
p,. = overkill mud as a safety margin = 0.5 ppg
Required data:

p, = formation pressure, psi

P, = kick fluid or influx density, ppg
Type of fluid

P, = kill mud weight, ppg

G, = kill mud gradient, psi/ft

Formation pressure can be calculated using Eq. (5.11) as
P, =P, +0052p H = (350)+0.052 % (15.3 ppg) x (9000 ft)

P,, =7510.4 psi

To calculate the kick density, we first need to calculate the length of the kick and
therefore, the annular volume.



198 FUNDAMENTALS OF DRILLING ENGINEERING

The annular volume against the drill collar,

\4 =L =950 ft x 0.0836% =79.42 bbl

ann_dc

xC

dc ann_dc

AslongasV <V the length of the kick can be calculated using Eq. (5.15) as:

ann_dc®

V.
L =—"—= 320661 _ 41566 ft
C 0.0836 bbl/ ft

ann_dc

The density of the kick fluid is calculated using Eq. (5.18) as

P _P . .
D= Pt~ (15,3 ppg) + oo P00 pSE) _ g

0.052L, 0.052x (418.66 ft)

82 ppg

Therefore, the kick fluid is gas.
Consider overkill mud as a safety margin, the kill mud weight can be calculated
using Eq. (5.13) as

_ Psidp
0.052H,
(350 psi)

~0.052x(9,000 ft)

pkm +pom+pok

+(15.3 ppg)+(0.5 ppg) =16.5 ppg

The kill mud gradient can be calculated using Eq. (5.14) as

P, .
G, =0.052p,, + % =0.052x(15.3 ppg) + o0 L)
H, (9,000 ft)

= 0.83 psi/ ft

"

3
Example 5.26: The surface casing with an OD of 13§ set at a depth of 5,100 ft. The

fracture gradient was found 0.68 psi/ft. The mud density was 15.6 ppg with a mud gradi-
ent of 0.6 psi/ft. Total depth of the well was 14,000 f¢ and the internal yield was 5,500 psi.
Determine the maximum permissible surface pressure on the annulus. Assume that the
casing burst is limited to 95% of design specification.

Solution:
Given data: 3"
H_ = depth to the casing shoe = 5,100 ft @ 13§
G, = fracture pressure gradient = 0.68 psi/ft
p,, = mudweight = 15.6 ppg
G, = mud pressure gradient = 0.6 psi/ft
H_ = vertical height of the mud column 14,000 ft
Y, = Internal yield = 5,500 psi

95% burst pressure
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Required data:
= maximum shut-in annulus pressure, psi

ann_m

If the casing burst is limited to 90% of the yield pressure, permissible pressure is
then:

95% burst = 0.95 X Y, = 0.90 X (5500 psi) = 5,225 psi

The maximum permissible annulus pressure can be determined using Eq. (5.19) as

P = Gchs - Gchs

ann_m

P, . =(0.68 psi/ ft)x (5100 ft) (0.6 psi/ ft) x (5100 ft) = 408.0 psi

Therefore, the maximum permissible annular pressure at the surface is 408.0 psi,
which is that pressure which would produce formation fracturing at the casing seat.

5.3 Multiple Choice Questions

1. Well control means assurance of formation fluids that does not flow in an
way.

a) Uncontrolled

b) Controlled

¢) Semi-controlled

d) None of the above

2. An unexpected entry of formation fluids into the wellbore is known as

a) Punch

b) Kick

c) Tension

d) None of the above

3. Technology used to control the fluid invasion and to maintain a balance between
borehole pressure and formation pressure is known as
a) Well control system
b) Reservoir management system
c) Well engineering system
d) None of the above

4. Which of the following is not an option in well control system?
a) Detect a kick
b) Close the well at surface
¢) Remove formation fluid
d) Make the well safe
e) None of the above
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10.

11.

12.

The first line of defense in well control is to have sufficient __ pressure
in the wellbore.

a) Drilling fluid

b) Formation pressure

¢) Abnormal pressure

d) None of the above

If the formation pressure is greater than the mud pressure, there is the possibility
to have a
a) Oil
b) Kick
c¢) Gas
d) None of the above

Equipment used to control blowouts is
a) BOPs

b) WOB

¢) Drilling rig

d) None of the above

BOPs are referred to as the component of well control system.
a) Active

b) Passive

¢) Auxiliary

d) None of the above

Kick occurs due to the pressure
a) Transition

b) Balance

¢) Imbalance

d) None of the above

Which of the following causes pressure imbalance?
a) Low mud density

b) Low fluid level

¢) Lost circulation

d) All of the above

The the porosity and permeability of the formation are, the greater
the potential for a severe kick is.

a) Average

b) Lower

c) Higher

d) None of the above

Formation fluid easily comes into the wellbore when thereis__ negative
pressure differential.

a) Greater

b) Lower

¢) Intermediate

d) None of the above
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The of the well at all times must remain above the pore pressure of
the formation to prevent additional influx of the formation fluids.

a) Bottom-hole pressure

b) Drilling mud

c) Lost circulation

d) None of the above

The most recent well control principle developed as blowout prevention is

a) Primary control
b) Secondary control
c) Tertiary control
d) None of the above

Which of the following is a well control principle?
a) Primary control

b) Secondary control

c) Tertiary control

d) All of the above

Which of the following well control principles exists for all drilling activities?
a) Primary control

b) Secondary control

c) Tertiary control

d) None of the above

Which of the following well control principles is the highest level of security and
control?

a) Primary control

b) Secondary control

c) Tertiary control

d) None of the above

Which of the following well control principles is defined as the control by confirm-
ing that the borehole pressure is greater than the formation pressure?

a) Primary control

b) Secondary control

c) Tertiary control

d) None of the above

Primary control maintains a overbalance on the formation
pressure.

a) Negative

b) Positive

¢) Pseudo

d) None of the above
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20.

21.

22.

23.

24,

25.

26.

27.

Which of the following is reason for low mud weight in wellbore?
a) Overpressured zone

b) Gas cutting of the mud

¢) Water contamination

d) All of the above

The normal industry practice is to keep the overbalance pressure at around

a) 200-300 psi
b) 100-200 psi
) 100-500 psi
d) 300-500 psi

Large amount of overbalance reduces the
a) Amount of kick

b) Rate of Penetration

¢) Mud density

d) All of the above

Seepage of gas from the formation into the circulating mud produces a dramatic
reduction in the at surface.

a) Mud weight

b) Pore pressure

c) Rate of penetration

d) None of the above

A mud cut to 90% of its original weight will produce a decrease in bottom-hole
pressure of only
a) 10 psi

b) 20 psi

c) 15 psi

d) 5psi

A process where drillpipe acts like a piston is known as
a) Swabbing

b) Tripping

c) Weight on bit

d) None of the above

The opposite effect of swabbing process is known as
a) Surging

b) Tripping

c) WOB

d) None of the above

When a fractured formation is drilled, occurs.
a) Lost circulation

b) Kick

¢) Influx

d) None of the above
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34.

35.
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Lost circulation can occur if too high a mud weight is used and the
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is exceeded.

a) Temperature gradient
b) Pressure gradient

c) Fracture gradient

d) All of the above

The pit gain indicates that the over the well has been lost.
a) Primary control

b) Secondary control

c) Tertiary control

d) All of the above

Purpose of secondary control is to

a) Stop the flow of unexpected fluids
b) Safely discharge the influx

¢) Prevent further influx

d) All of the above

Pulling the drillstring too fast can cause

a) Lost circulation

b) Changes in the drilling mud properties
c) Swabbing

d) All of the above

High drilling fluid weight can
a) Cause loss of circulation
b) Break the formations

c) Cause swabbing

d) aandb

Underground blowouts can result in
a) Swabbing

b) Loss of circulation

c) Dirilling gas wells

d) All of the above

All of the following are the reasons of lost circulation except
a) Running the drillstring too fast

b) High mud weight

c) Pressure due to annular circulating frictions

d) None of the above

Pressure of the annulus while circulation is than the annular pres-

sure when the circulation is stopped.
a) Greater

b) Similar

c) Less

d) None of the above
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36. Which of the following can be an indication of over-pressured zones during
drilling?
a) Increase in the hook load weight
b) Increase in the pump pressure
c) Long-shaped drill cuttings
d) All of the above

37. During well kicks, the bit should be raised from the bottom of the well to
a) Lessen the chances of getting stuck
b) Let the Kelly cock above the rotary table to be closed if required
c) Remove the Kelly if required
d) All of the above

38. What is the consequence of not keeping the wellbore full of drilling fluid?
a) Loss of circulation
b) Swabbing
c) Allowing formation fluids to enter the wellbore
d) None of the above

39. What is the direct consequence of running the drillstring too fast?
a) Break the weak formations
b) Well kicks
c) Swabbing
d) aandb

40. What is the indirect consequence of running the drillstring too fast
a) Loss of circulation
b) Swabbing
c) Well kicks
d) aandc

Answers: 1a, 2b, 3a, 4e, 5a, 6b, 7a, 8b, 9¢, 10d, 11¢, 12a, 13a, 14c, 15d, 16a, 17c, 18a, 19b,
20d, 21a, 22b, 23a, 24a, 25a, 26a, 27a, 28¢, 29a, 30d, 31c, 32d, 33b, 34d, 35a, 36¢, 37d,
38¢, 39a, 40c.

5.4 Summary

The chapter covered almost all aspects of well control and monitoring system in terms
of MCQs and workout examples. The chapter presents almost all the formulas related
to the well control and monitoring system. The exercise solutions are given in Appendix
A. Moreover, this chapter added some more MCQs for the student’s self-practice and
the answers are given in Appendix B. The MCQs covered almost all the materials cov-
ered in this chapter.
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5.5 Exercise and MCQs for Practice

5.5.1 Exercises (Solutions are in Appendix A)

Exercise 5.1: An oil zone in a certain field has been shifted up 750 f# in one part of that
field. If the formation gradient in the deeper area is 0.5875 psi/ft and in the shallower
area is 0.0.6279 psi/ft, determine the depth of the oil formation in the shallower and
deeper areas assuming that the formation pressures are equal for both areas of the field.
All depths and pressure gradients are measured at the center of the formation. Answer:
11,657ft and 10,907 ft

Exercise 5.2: A vertical well drilled to a depth of 10,750 f, and then 13 3/8" casing hav-
ing inside diameter of 12.52" was set and cemented down to that depth. A new section of
12.25" size will be drilled to a depth of 14,900 ft. The fracture gradient at casing shoe was
estimated to be 13.89 ppg while the formation gradient is 12.9 ppg. The outside diameter
of drillpipe is 5.0". If the expected gas kick volume at casing shoe is 150 bbls and gas gra-
dient is 0.13 psi/ft, calculate the maximum mud weight that can be used and handle the
kick without fracturing the formations at the casing shoe? Answer: 13.42 ppg

Exercise 5.3: A vertical well has been drilled, cased and cemented with
9 5/8" casing at depth of 13,000 ft. The well to be drilled to a target depth of 17,000 ft
using mud has a maximum mud weight of 14.5 ppg. The fracture gradient at casing shoe
is 15.7 ppg while the formation gradient is 14.1 ppg. The inside diameter of the last cas-
ing is 8.67" and the new hole diameter is 8.5". The standard surface temperature is 75 °F
while the temperature gradient is 0.02 °F/ft. The drill pipe outside diameter is 5.0". If
the expected gas kick gradient is 0.08 psi/ft, calculate the maximum volume of gas kick
that can be handled in this case without fracturing the formations at the casing shoe.
Answer: 78.9 bbls

Exercise 5.4: A well kick was encountered while drilling a production section of 8.5"
in a vertical well. Rig crew recorded a pit gain of 20 bbls. Shut-in casing pressure was
stabilized at 900 psi while shut-in drillpipe pressure was zero because floating valve
was used as part of BHA. Current depth was 14,500 ff and mud weight was 11.9 ppg.
The outside diameter of drill collars and length were 6.0", and 450 ft respectively, while
the outside diameter of the drillpipe was 4 %". Rig crew increased the drillpipe pres-
sure in steps in order to determine the shut-in drillpipe pressure. When drillpipe pres-
sure increased to 800 psi, annulus pressure increased to 975 psi. If it is required to have
mud hydrostatic pressure greater than the formation pressure by 150 psi, determine
the nature of the influx and the new mud weight to control the well back. Answer:
0.29 psi/ft, 13.06 ppg

Exercise 5.5: A well kick of 35 bbls was noticed when drilling a 12.25" vertical hole
using 10.54 ppg mud at depth of 6,250 ft. Later, the kick was removed and the rig crew
found that the kick gradient was 0.16 psi/ft. Drilling string consists of 650 ft of 9.0" drill
collars and 5.5" drill pipes. If the formation gradient was found to be 0.592 psi/ft, what
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were the shut-in annulus and drill pipe pressures? If it was required that the kill fluid
hydrostatic pressure must be 100 psi higher than the formation pressure, calculate the
kill fluid gradient in psi/ft. Answer: 275psi, 525 psi, 0.61 psi/ft

Exercise 5.6: A pit gain of 15 bbls was noticed while drilling a 6.0" hole at a depth of
17,500 ft, and shut-in annulus pressure was stabilized at 950 psi. The kick gradient was
later estimated to be 0.20 psi/ft. Based on the information, a kill mud of 13.33 ppg was
prepared that would give a hydrostatic pressure greater than the formation pressure by
300 psi. The drillstring consisted of 600 ft of 4%" drill collars and the rest was 3.5" drill
pipes. Calculate the old drilling mud used to drill the hole before the kick was occurred.
Answer: 12.4 ppg

Exercise 5.7: While drilling a 12.25" intermediate hole at a depth of 10,000 ft using
9.9 ppg drilling mud, a kick was encountered in a well. Annulus and drill pipe pressures
were stabilized at 625 and 395 psi. The kick gradient was estimated to be 0.122 psi/ft.
Drillstring was consisted of 600 ft of 8.0" drill collars and the rest was 5.0" drill pipes.
What was the kick volume? Answer: 49 bbls

Exercise 5.8: A vertical production hole of 6.0" size was drilled using drillstring con-
sisting of 800 ft of 4.75" drill collars and 3.5" drillpipe by using 13.8 ppg drilling fluids.
A kick was encountered at a depth of 18,000 ft when the rig crew observed a pit gain of
18 bbls. Annulus and drillpipe pressures were stabilized at 1,200 psi, and 500 psi respec-
tively. The kick gradient was estimated to be 0.097 psi/ft. Determine the formation gra-
dient in ppg and the old mud weight. Answer: 14.32 ppg, 13.78 ppg

Exercise 5.9: A production hole of 6.0" size was drilled to a depth of 17,250 ft using
13.3 ppg mud. The last casing shoe was at 14,000 ft, and the fracture gradient at the
casing shoe was estimated to be 15.0 ppg. The diameter of the drillpipe was 3.5". If the
formation gradient at the current depth was assumed to be 13.7 ppg, estimate the maxi-
mum kick volume that can be handled without fracturing the casing shoe, taking into
consideration that the maximum allowable surface pressure in the annulus is 1,238 psi
and the gradient of the kick is 0.14 psi/ft? Answer: 36.8 bbls

Exercise 5.10: A production hole of 8.5" size was drilled to a depth of 12,500 ft using
11.6 ppg mud. The fracture gradient of the casing shoe, which is set at 10,500 ft, was
estimated to be 13.0 ppg. The diameter of drillpipe was 5.0". If the maximum anticipated
kick volume and gradients are 70.0 bbls and 0.19 psi/ft, determine the maximum allow-
able surface pressure that can be applied to the annulus without fracturing the casing
shoe. Assume formation gradient is equal to 11.8 ppg. Answer: 760 psi

5.5.2 Exercises (Self-Practices)

"

E5.1: A 71— diameter hole is drilled up to 9,000 ff with a density of 11.5 ppg. If the

formation I%ore pressure at this point is 4800 psi, calculate i) mud pressure overbalance
above the pore pressure, ii) if the mud density is 10.5 ppg, what would be the overbal-
ance, and iii) if the fluid level in the annulus is dropped to 300 f¢ due to inadequate hole
fill up during tripping, what would be the effect on bottom-hole pressure?
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E5.2: A 61— diameter hole was drilled up to 7,000 ft where it encountered

an overbal%mce of 350 psi. If the formation pore pressure at this point is 4800 psi, cal-
culate i) mud density, ii) if the mud density is 9.5 ppg, what would be the overbalance,
and iii) if the fluid level in the annulus is dropped to 200 ft due to inadequate hole fill
up during tripping, what would be the effect on bottom-hole pressure?

E5.3: A target depth was set at 7,500 ft with a hole size of 6.5 in. The drilling crew
noticed that there was a pit gain of 14 bbis. The well is shut-in and the drillpipe and
annulus pressures were recorded as 600 psi, and 700 psi respectively. The bottom-hole

assembly consists of 550 ft of 431 OD collars and 35 drillpipe. The mud weight is

10.4 ppg with a mud pressure gradient of 0.5 psi/ft. Identify the influx and calculate the
new mud weight, including an overbalance of 200 psi.

"

5
E5.4: The surface casing with an OD of SE set at a depth of 2,000 ft. The fracture

gradient was found 0.76 psi/ft. The mud density was 9.6 ppg with a mud gradient of
0.5 psi/ft. Total depth of the well was 10,000 ft and the internal yield was 2,470 psi.
Determine the maximum permissible surface pressure on the annulus. Assume that the
casing burst is limited to 80% of design specification.

"

5
E5.5: The surface casing with an OD of SE set at a depth of 2,000 ft. The fracture

gradient was found 0.76 psi/ft. The mud density was 9.6 ppg with a mud gradient of
0.5 psi/ft. Total depth of the well was 10,000 ft and the internal yield was 2,470 psi.
Determine the maximum permissible surface pressure on the annulus. Assume that the
casing burst is limited to 80% of design specification.

E5.6: Determine the kill mud density and kill mud gradient for a shut-in-drillpipe pres-
sure of 650 psi at a depth of 11,000 ft. If the original mud weight is 12.5 ppg and the
slow circulating pump pressure is 800 psi, find out also the initial and final circulating
pressure of the system.

E5.7: A kick was detected when drilling a high-pressure zone of a depth of the forma-
tion 10,000 ft with a mud density of 9 ppg. After the well was shut-in, the pressures
recorded were for drillpipe and drill collar as 350 psi and 430 psi respectively. The total
pit gain observed was 5 bbl. The annular capacity against 950 f# of drill collar is 0.0292
bbl/ft. the overkill safety margin is 0.50 ppg. Compute the formation pressure, kick den-
sity, the type of fluid, and required kill mud weight.

E5.8: A well was being drilled at a high-pressure zone of 9,500 ft vertical depth where
10.5 ppg mud was being circulated at a rate of 10.0 bbl/min. A pit gain of 30 bbl was
noticed over a 2.5 minutes period before the pump was stopped and the BOPs were
closed. After the pressures stabilized, an initial drillpipe pressure of 550 psi and an ini-
tial casing pressure of 750 psi were recorded by the driller. The annular capacity against
750 ft of drill collar was 0.029 bbl/ft and the annular capacity against 800 f# of drillpipe
was 0.072 bbl/ft. Compute the formation pressure, influx density.
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5.5.3 MCQs (Self-Practices)

1.

The term “well control” means

a) Controlling the circulation of drilling fluid in and out of the well
b) Controlling the inclination of the well

c) Controlling any undesired flow of hydrocarbons while drilling
d) None of the above

A well kick is defined as
a) An unexpected loss of drilling fluid into the formations
b) An unexpected entry of formation fluids into the wellbore

¢) An expected entry of formation fluids into the wellbore
d) All of the above

. All of the following are the well kick signs except

a) Increase of the mud weight

b) Increase of mud volume at the mud pits
c) Well flowing while pumps are shut off
d) Increase in pumping flow rate

Severity of kick doesn’t depend on
a) Type of formation

b) Formation pressure

¢) Nature of influx

d) Type of drilling fluid

High porosity and low permeability formations have
a) Greater potential for well kicks

b) Lower potential for well kicks

c) No potential for well kicks

d) None of the above

High porosity and high permeability formations have
a) Greater potential for well kicks

b) Lower potential for well kicks

¢) No potential for well kicks

d) None of the above

Tight formations have

a) Greater potential for well kicks
b) Lower potential for well kicks
¢) No potential for well kicks

d) None of the above

. All of the following are mandatory in well control system except

a) Well kicks monitoring devices

b) Special tanks to store the removed formation fluids

c) Specific equipment to shut in the well at the surface

d) Specific equipment to remove the formation fluids out of the wellbore
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The active component of a well control system consists of

a) Having blowout preventers

b) Having emergency shut-down system

¢) Having a drilling fluid with a sufficient hydrostatic pressure
d) All of the above

The passive component of well control consists of

a) Having emergency shut-down system

b) Having blowout preventers

¢) Having a drilling fluid with a sufficient hydrostatic pressure
d) None of the above

In conventional drilling, bottom-hole pressure

a) Must be less than the formation pressure

b) Must be greater than the formation pressure

c) Must be equal to the formation pressure

d) Can be greater or less than the formation pressure

The primary well control is done by

a) Making sure the borehole pressure is greater than the formation pressure
b) Making sure blowout preventers are ready for any kicks

¢) Making sure kill fluid is ready to be pumped

d) All of the above

All of the following can reduce the height of the mud column except
a) Tripping the drill string out

b) Swabbing the formation fluids into the borehole

¢) Lost circulation

d) Decreasing the mud circulating pressure

The main purpose of the secondary control is to

a) Stop the flow of formation fluids to the wellbore
b) Circulate the formation fluids to the surface safely
¢) Prevent further influx to enter the borehole

d) All of the above

All of the following are the primary well kick indicators except
a) Mud pits volume increase

b) Increase in the pumping flow rate

¢) Reduction in drillpipe weight

d) Flow of the well while pumps are shut off

Formation pore pressure can be calculated using
a) Drill pipe shut-in pressure

b) Drill pipe flowing pressure

c) Casing shut-in pressure

d) aandc

209
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17.

18.

19.

20.

21.

22.

23.

24,

After shut-in the well during well kick situations, casing shut-in pressure should be
a) Similar to the drillpipe shut-in pressure

b) Different than the drillpipe shut-in pressure

¢) Much less than the drillpipe pressure

d) None of the above

The weight of the kill mud to be used during kick control operations should be
a) Equal to the shut-in casing pressure

b) Slightly less than the shut-in casing pressure

c) Greater than the annular pressure

d) Double the casing shut-in pressure

The calculated flux gradient was 0.2 psi/ft; what is the type of the fluid that entered
the wellbore?

a) Gas

b) Oil

c) Water

d) aandb.

The calculated flux gradient was 0.45 psi/ft; what is the type of the fluid that entered
the wellbore?

a) Gas

b) Oil

c) Water

d) bandc

Liquid kicks generally develop casing shut-in pressure when com-
pared to gas kicks.

a) Lower

b) Higher

¢) Similar

d) None of the above

Bag type preventers can close around
a) A specific drillpipe sizes

b) Any drillpipe sizes

c) Tool joints of the drill pipes

d) None of the above

Ram type preventers can close around
a) Any drill collar sizes

b) A specific drill collar size

c) Tool joints of the drill collars

d) None of the above

All of the following are the types of ram preventers except
a) Shear rams

b) Blind rams

¢) Circulating rams

d) Pipe rams
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Blind rams are used during well control when
a) Drill pipes are in the well

b) The drillstring is tripped in

c) The drillstring is tripped out

d) None of the above

Which of the following rams will be used if there is a blowout from inside the

tubing?

a) Blind rams
b) Shear rams
¢) Annular rams
d) Pipe rams

Which of the following rams will be used when the well is flowing only from the

annulus?

a) Piperams

b) Shear rams

¢) Blind rams

d) None of the above

Kill line is normally used to

a) Circulate the kick fluid out

b) Pump the kill fluid through inside the drill string
¢) Pump the kill fluid through the annulus

d) None of the above

Kill line is connected to the well
a) Above the BOP

b) At the stand pipe

¢) Below the BOP

d) All of the above

Diverter system is usually installed in the wellhead for drilling the
a) Intermediate section

b) Production section

¢) Liner section

d) Surface section

Choke manifold is required to

a) Control the flow of the flux out of the well
b) Divert the fluids to the burning pit

¢) Allow remote flow and shut in the annulus
d) All of the above

The main disadvantage of using float valves in terms of well control is
a) Restrict the pumping rate of the drilling mud

b) Increase the pressure loss inside the drill string

¢) Shut-in drillpipe pressure cannot be read

d) None of the above
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33. The drilling process which is precisely used to control the annular pressure during
drilling is called
a) Underbalanced drilling
b) Managed pressure drilling
c) Overbalanced drilling
d) Conventional drilling

34. Managed pressure drilling (MPD) was designed to solve
a) Lost circulation problems
b) Stuck pipe
c) Wellbore instability
d) All of the above

35. In which of the following wells is the MPD not recommended to be used?
a) Depleted reservoirs
b) Wells have lots of lost circulation areas
c) Wells penetrate abnormal formations
d) All of the above

36. Which of the following is the main advantage of the wave processing system?
a) Measuring the volume of the kick
b) Detecting the entry of gases ahead of time
¢) Measuring the flow rate of the flux
d) All of the above

37. Which of the following is the main disadvantage of the wave processing system?
a) Does not work properly when drilling operations stop
b) Does not work properly in offshore environment
c) Does not work properly in conventional drilling
d) None of the above

38. All of the following are the well kick indicators except
a) Increase the flow rate
b) Increase in the mud pits
c) Flow while pumps are shut off
d) None of the above

39. All of the following are the causes of a well kick except
a) Abnormal pressure zones
b) Swabbing
c) Using oil-based muds in sandstone formations
d) All of the above

40. Which of the following can cause swabbing?
a) Balled bit
b) Pumping the mud at low rates
¢) Pumping the mud at low pressures
d) None of the above



WELL CONTROL AND MONITORING PROGRAM

5.6 Nomenclature
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cross-sectional area of the annulus, bbls/ft

= the annulus capacity behind the drill collar, bbl/ft

the annulus capacity behind the drillpipe, bbl/ft
fracture pressure gradient, psi/ft

influx pressure gradient, psi/ft

kill mud pressure gradient, psi/ft

mud pressure gradient, psi/ft

vertical height of the influx or kick, ft

vertical height of mud in the annulus after influx, ft=H - H,
total vertical height of the mud column, f
vertical height of the casing shoe or depth to the casing shoe, ft
length of the drill collar, f

kick length (i.e., vertical height of influx, H), ft
maximum shut-in annulus pressure, psi
bottom-hole (i.e., formation) pressure, psi

final circulating pressure, psi

initial circulating pressure, psi

initial stabilized drill collar pressure, psi

initial stabilized drillpipe pressure, psi
overbalance pressure, psi

overkill pressure, psi

slow circulating pump pressure, psi

G H_ = shut-in fracture pressure, psi

shut-in drillpipe pressure, psi

shut-in annulus pressure, psi

the annulus volume against drill collar, bbl

pit gain volume, bbls

kick fluid (i.e., influx) density, ppg

kill mud weight, ppg

overkill mud weight for safety margin, ppg
original mud weight, ppg
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Formation Pore and Fractures
Pressure Estimation

6.1 Introduction

The magnitude of the pressure in the pores of a formation is known as the forma-
tion pore pressure. It is sometime called simply formation pressure and is also des-
ignated as formation fluid pressure, or pressure in fluid contained in the pore spaces
of the rock. This formation pressure is an essential consideration in many aspects of
well planning and operations. This chapter discusses how to determine the formation
fluid pressure and fracture pressure through workout examples. Understanding of the
variation of these two parameters with depth is very important in planning and drill-
ing of a well. Therefore, sets of multiple choice question (MCQs) are included which
are related to the drilling fluid technology and their problems and solutions. Workout
examples related to formation fluid pressure and fracture pressure are extensively cov-
ered. Workout examples and MCQs are based on the writer’s textbook, Fundamentals
of Sustainable Drilling Engineering — ISBN: 978-0-470-87817-0.

6.2 Different Mathematical Formulas and Examples

6.2.1 Underground Stresses

For an underground formation, if the density of the rock varies with depth, the vertical
stress at depth D becomes can be expressed as:

215
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D

o, = [pgdD 6.1)

(=

6.2.2 Formation Pressure

i) Normal Pressure
Under normal compaction the pore fluid within the pore is treated as normal pore pres-
sure which can be written at a depth, D as:

D
P, = [p,gdD (6.2)
where '
P, = normal formation pore pressure
p;, = formation fluid density at normal condition
D = total vertical depth
dD = vertical depth from a reference point (ground surface)
g = gravitational acceleration
In ﬁeld unit hydrostatic pressure Eq. (6.2) can be written by recalling Eq. (4.34a) as:
P, =0.052p,D (6.3)
where
P. = normal formation pore pressure, psi

fn
p, = mud weight, ppg

D total vertical depth, ft

Example 6.1: Find out the normal pore pressure at a depth of 5,000 ft below sea level.
Assume that the drilling activities will be conducted in the California area. Also find
out the mud weight for that area.

Solution:
Given data:
D = total vertical depth = 5,000 ft
G, = normal pressure gradient for California
= 0.439 psi/ft (Table 6.1)
Required data:
P_ =normal pore pressure, psi

fn
p, =mud weight, ppg

The normal pore pressure for the California area can be estimated as:
P, =G,,D =(5000 ft)x(0.439 psi/ ft) =2,195.0 psi
The mud weight can be calculated using Eq. (6.3) as:

Py (2195psi)
0.052 D 0.052 x (5000 ft)

P = 44 ppg



FOrRMATION PORE AND FRACTURES PRESSURE ESTIMATION

Table 6.1 Normal formation pressure gradients for several areas of active drilling.
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Pressure gradient (psi/ft) Density (g/cm?)

Anadarko Basin 0.433 1

California 0.439 1.014
Gulf of Mexico 0.465 1.074
Mackezie Delta 0.442 1.021
Malaysia 0.442 1.021
North Sea 0.452 1.044
Rocky Mountain 0.436 1.007
West Africa 0.442 1.021
West Texas 0.433 1

Sea level

7

d structure

Gas sand

Figure 6.1 Differential density effects (Hossain and Al-Majed, 2015).

ii) Abnormal Pressure

Gulf of
Vs Mexico

Example 6.2: A gas sand reservoir is shown in Figure 6.1 where the average gas density
was measured as 0.65 [b_/gal. Assume that the water-filled portion of the sand is pres-
sured normally and the gas/water contact is at a depth of 6,000 ft. Find out the mud
weight that would be required to drill through the top of the sand structure safely at a

depth of 4,500 ft.
Solution:
Given data:
p, = gas density = 0.651b, /gal
D, = total vertical depth of gas/water contact = 6,000 ft
D_ = total vertical depthof the sand structure = 4,500 ft
G,, = normal pressure gradient for gulf of Mexico = 0.465 psi/ft (Table 6.2)
Required data:

p, = mud weight, ppg
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The normal pressure at a depth of 6,000 ft of gas/water contact can be estimated
using pressure gradient concept as:

P

fn_GWC

= G,,D = (6000 ft) x (0.465psi/ ft)= 2,790.0 psi

Again, the normal pressure at a depth of 4,500 ft where gas sand exists can be estimated
using pressure gradient concept as:

P

fm_GS

=G,,D = (4500 ft) x (0.465psi/ ft)= 2,092.5 psi

However, the pressure in the gas sand at 4,500 ft can also be determined hydrostatic
pressure concept as:

an_cs = Ppn_GWC - 0'052(pg )X (D —Dgs)

Ibm
=2,790.0-0.052 x 0.657 x (6,000 ft —4,500 ft)
=2,739.3 psi

This pressure is higher than that calculated based on normal pressure gradient at
4,500 ft. therefore, the minimum mud weight can be calculated using Eq. (6.3) as:

P .
pm _ fn_GS _ 2739.3 pSl 117 ppg
0.052 D 0.052x4500 ft

Example 6.3: A gas sand reservoir in the Gulf of Mexico has an average gas density of
0.70 Ib_/gal. Assume that the water-filled portion of the sand is pressured normally and
the gas/water contact is at a depth of 7,000 ft. Find out the mud weight that would be
required to drill through the top of the sand structure safely at a depth of 5,500 ft.

Solution:
Given data:
p, = Gasdensity = 0.71b,/gal
D, = Total vertical depth of gas/water contact = 7,000 ft
D = Total vertical depth of sand structure = 5,500 ft
G, = normal pressure gradient for Gulf of Mexico
= 0.465 psi/ft (Table 6.2)
Required data:
p, = Mud Weight, ppg

The normal pressure at a depth of 7,000 ft of gas/water contact can be estimated using
pressure gradient concept as:

P

fn_GWC

=G,,D = (7000 ft)x (0.465 psi/ ft) = 3255psi
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Table 6.2 A list of typical matrix and fluid densities.

Type Substance Density (gm/cc)

Rock Matrix Sandstone 2.65
Limestone 2.71
Dolomite 2.87
Anhydrite 2.98
Halite 2.03
Gypsum 2.35

Fluid Freshwater 1.0
Seawater 1.03-1.06
Qil 0.6-0.7
Gas 0.15

Again, the normal pressure at a depth of 5,500 ft where gas sand exists can be esti-
mated using pressure gradient concept as:

P, s =G,,D=(5500ft)x(0.465psi/ ft) = 2557.5psi

However, the pressure in the gas sand at 4,500 ff can also be determined hydrostatic
pressure concept as:

an,cs = an,cwc - 0'052(pg)x (Dgye —Degs)
—3255-0.052x(0.7) x (7000 — 5500)

=3200.4 psi

This pressure is higher than that calculated based on normal pressure gradient at
4,500 ft. therefore, the minimum mud weight can be calculated using Eq. (6.3) as:

Py g 3200.4 psi

= = =11.2
P 0.052D  0.052 x (5500 ft) pPg

Example 6.4: A water aquifer is connected hydraulically to a fresh water lake. The aqui-
fer is deviated at a certain angle (Figure 6.2). Two wells were drilled to the center of
the aquifer. If the pressure difference between the two wells and the ratio between the
pressures of the aquifer in the two wells are 110 psi and 0.91, respectively, what are the
aquifer depths in both wells from the surface of each well?

Solution:
Given data:
P, = Pressure difference = 110 psi

d
P1
— = Pressure ratio = 0.91 psi
P2
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Well#2 We_II#1

gt

Fresh water lake

Water aquifer

Figure 6.2 A fresh water lake for Example 6.4.

Required data:
D, , = Aquifer depthin well 1
D, , = Aquifer depth in well 2

Since the aquifer is connected to a fresh water lake, the pressure gradient of the aqui-
fer will be equal to the gradient for fresh water having a density of 8.34 ppg. The aquifer’s
pressure gradient can be calculated using Eq. (6.3):

G,=0.052xp, =0.052x8.34 =0.434 psi/ ft

If we assume well 1 is shallower than well 2, the pressure in the second well will

equal the pressure in the first well plus the pressure difference between the two wells.
Mathematically:

p p P

—=—1=—7=1—=0091
P+P, P P+110
110*0.91
P =——=L112 psi
1.0-0.91

Thus, aquifer pressure in the second well is equal to:
P, =P +P,. =1,112+110 =1,222 psi
The depth of the first well can be calculated using Eq. (6.3):
P =G, xD, =1112=0.434xD

D  =2,563 ft
The depth of the second well can be calculated using Eq. (6.3):

P,=G xD, 6 =1,222=0.434xD,
D ,6 =2,816 ft
Example 6.5: An aquifer is connected hydraulically to a water lake as shown in Figure 6.3.

The aquifer is deviated at a certain angle. Two wells were drilled to the center of the aqui-
fer. The depth of the shallowest well to the center of the aquifer is 3,200 f. The ratio of the
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Well#2 We_ll#1

gt

Water lake

Water aquifer

Figure 6.3 A fresh water lake for Example 6.5.

difference in pressure between the two wells (e.g., deepest to the shallowest well) is 0.141,
whereas the pressure of the second well was 1,642 psi. Estimate the density of the water
in the lake and the depth of the second well to the center of the aquifer.

Solution:

Given data:

Pm_xhall = Depth of the shallowest well = 3,200 ft

Pdeep = Pressure ratio for the shallowest well = 0.141
shall

P, = Pressure of the deepest well = 1,642 psi
eep

Required data:

P, = Density of the water of the lake in ppg.
ey = Depth of the deepest well in ft.

Since the aquifer is connected hydraulically to the lake, they will share similar pres-
sure gradient. If we assume the difference in vertical depth between the two wells is
equal to D 4 Pressure in both wells can be calculated using Eq. (6.3):

P ,=0.052x3,200x p _=166.4xp,

shall

Pdeep

=0.052xp, xD, .
=0.052xp, xD,, ,,, =0.052x(3,200+D,;)x p,,

Now using the given pressure ratio between the two wells, we can calculate the water
density and the depth of the second well as follows:

P 0.052x(D, )x
a4 Diy) % P, =0.141
Py 166.4xp,,
0.052x D .
W 0,141
166.4
D, =452.2ft

So, the depth of the second well is equal to:

D D +Dd1ﬁ:3,200+451:3,651ﬁ

m_deep = m_shall
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The water density can now be calculated by knowing the pressure of the second well
using Eq. (6.3): ft thick and the average

P, =0.052xp xD

Deep

=0.052x3,651x p, =1,642

m_deep

pm :8'65ppg

Form the above calculated density, this lake is not a fresh water lake but it has certain
salinity.

Example 6.6: During grain density of rock matrix drilling an exploration well, a gas kick
was encountered and safely circulated out. The well was in static condition and devel-
oped around 5,100 psi hydrostatic pressure. This pressure was 200 psi above the pressure
at that depth. Drilling was resumed by drilling the gas formation. A water formation
was there just below the gas formation. The water formation zone was 1,500 f¢ thick and
the average pressure was 5,610 psi at the mid of water formation. Formation gradient of
the water and gas formations were later estimated to be 0.52 and 0.14 psi/ft, respectively.
What was the top depth of the gas formation?

Solution:
Given data:
P, = Applied hydrostatic pressure at top of gas formation
= 5,100 psi
', = Applied overbalance pressure = 200 psi
. ma = Pressure of at the mid of water formation
5,610 psi
h, = Thickness of the water formation = 1,500 psi
G, = Pressure gradient of the water formation = 0.52 psi/ft
G, = Pressure gradient of the gas formation = 0.14 psi/ft
Required data:
D,,, = Depthofthe top of gas formation, ft

The depth of the mid of the water formation can be calculated using the pressure
gradient and the formation pressure as follows:

P, 5610
D, . =—wi— =10,789 ft
- G 0.52

w

So, the top depth of the water formation is equal to:

h
?W = 10,789—% =10,039 ft

w_top ~ " w_mid -

Pressure at the bottom of the gas formation will be equal to the pressure at the top of
the water formation. So,

p =P =G _xD =0.52x10,039 = 5,220 psi

g _bott w_top ~ “w w_top
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Pressure at the top of the gas formation is equal to:

P . =P,—P, =5100-200 = 4,900 psi

g_top

Now, by knowing the pressure at the top and bottom of the gas formation, we can
calculate the thickness of the gas formation using the gas pressure gradient as follows:

h _ Pgbou _Pgmp _ 5)220_4)900
£ G 0.14

g

=2,286 ft

Thus, the top depth of the gas formation is equal to:

D D —hg =10,039-2,286=7,753 ft

g top — Pw_top

Example 6.7: A gas field with a water formation beneath it. The pressures at the top of
gas, gas water contact and bottom of the water formations are 3,695 psi, 3,740 psi, and
4,000 psi respectively. If the thickness of the gas formation is similar to that for water
formation, determine the ratio between the pressure gradient of the gas formation and
water formation. In addition, if the pressure gradient of the water formation is 0.46
psi/ft, calculate the thickness of each formation and the depth of the gas-water contact.

Solution:

Given data:

P ,, = Pressureattop of gas formation = 3,695 psi

PgwC = Pressure at the gas-water contact = 3,740 psi

P = Pressure of at the bottom of water formation = 4,000 psi
G = Pressure gradient of the water formation = 0.46 psi/ft
Required data:

G

—£ = Pressure gradient ratio between gas and water formations.
GW

D, = Depth of the gas-water contact, ft

h, = thickness of the water formation

h = thickness of the gas formation

We know that at gas-water contact, the pressure at the bottom of the gas formation
is equal to the pressure at the top of water formation. If we assume the thickness of gas
formation equal to “x”, the pressure of the bottom of gas formation is equal to:

P oy =P,y +G,x=>3,740 =3,695+G x
45
Gg == 7

And the pressure at the top of the water formation is equal to:

P, =P, 1u —G,x=3,740=4,000-G,x
260
G =—

w

X
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Thus, the ratio between the pressure gradient of the gas and water formations is equal to:

45
c —
£ =X —0.173
G, 260
X

Now, by knowing the pressure at the gas-water contact and the pressure gradient of
the water formation we can determine the depth of the gas-water contact as follows:

P, =G, xD, =3740=0.46xD_

gwe c

D, =8,130 ft

The thickness of the water formation is equal to:

owbott - Pgwc = Gw x hw = (43 000— 3) 740) =0.46 % hw
h, =565 ft
and the thickness of the gas formation will be equal to the water formation.
h = 565 ft

iii) Overburden Pressures
At equilibrium condition, the overburden pressure is the sum of vertical matrix stress
and the formation pore pressure. Mathematically,

P, =c, + an (6.4)
where
P = overburden pressure
o = vertical matrix stress

P,

n

normal formation pore pressure

Example 6.8: Calculate the overburden pressure of an underground reservoir if the
matrix stress is 8,500 psi and the formation pore pressure is 5000 psi.

Solution:
Given data:
g, = vertical matrix stress = 8,500 psi

P, = normal formation pore pressure = 5,000 psi

Required data:

P, = overburden pressure = ?

The overburden pressure can be estimated using the Eq. (6.4) as:

P, =0, +P, =8,500 psi+5,000 psi =13,000 psi
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Example 6.9: Calculate the formation pore pressure if the matrix stress is 9,500 psi and
the overburden pressure of an underground reservoir is 13,500 psi.

Solution:
Given data:
g, = Vertical matrix stress = 9,500 psi
P, = Overburden Pressure = 13,500 psi
Required data:
P. = Normal formation pore pressure, psi

fn

The normal formation pore pressure can be estimated using the Eq. (6.4) as:
P, =P, —0o,=13,500-9,500 = 4000 psi

Example 6.10: Calculate the overburden pressure of an underground reservoir if the
matrix stress is 5,500 psi and the formation pore pressure is 2500 psi.

Solution:
Given data:
g, = Vertical matrix stress = 5,500 psi

an = Normal formation pore pressure = 2,500 psi

Required data:

P, = Overburden Pressure, psi

The overburden pressure can be estimated using the Eq. (6.4) as:
P, =P, +0,=5500+2,500 = 8000 psi

Table 6.2 shows the typical matrix and fluid densities in general.
The bulk density at a given depth can be calculated as:

P, =pp+p,(1-9) (6.5)

where
p, = bulk density of porous sediment
Py = fluid density in the pore space
p, = grain density of rock matrix
¢ = porosity
The average bulk density data are expressed first in terms of average porosity. Then
Eq. (6.5) for average porosity yields:

Drg = (6.6)

In a straight-line trend, the equation is given by:

p=de " (6.7)
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where

¢, = porosity at surface (D = 0)

K, = porosity decline constant at ¢

D_ = the depth below the surface of the sediments

The porosity decline constant can be estimated from the Eq. (6.7) by taking In in
both sides of the equation and solving the same for K as:

Ing,

In¢
K =—% )
5 5 (6.8)

The vertical overburden stress (g ,,) resulting from geostatic load at a depth can be
written in terms of bulk density of the system in the same form of Eq. (6.1) as:

D
o, = [p,gdD (6.9)
0

So, the vertical overburden stress resulting from the geostatic load can be expressed
in terms of average sediment porosity at a particular depth. Now substituting Eq. (6.5)
into Eq. (6.9) yields:

O =8I[Pf¢+P,(1—¢)]dD (6.10)

For offshore area, the total depth would be in two segments: i) from the surface to the
ocean bottom (i.e., total depth of sea water: 0 to D_), and ii) from the mudline to the
depth of interest (i.e. D_, to D). In such case, Eq. (6.9) can be used for these two situ-
ations. Thus p, would become seawater density, p_ which is equal to 8.5 Ib /gal up to
the depth of D_ and then from sea bed to the depth D would be same as mentioned in
Eq. (6.10). So, Eq. (6.9) can be written as:

=p.D.8+8 f [p, =(p, = p;)p}dD (6.11)

sw

D
O-ab:pstswg+g(D_Dsw)pr_g(pr_pf)J.¢dD (612)
D,,

The variation of ¢ with depth D due to overburden stress can be estimated using Eq.
(6.7). Therefore, substituting Eq. (6.7) into Eq. (6.12) yields:

D
=P D8 +8D-D,)p,~g(p, = py) I g *"dD (6.13)
D,,

Solving the Eq. (6.13) and applying the limits of the integration, the equation
becomes as:
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K

1, - _
c,=p.D.,.g+gD-D_ )p —g(p, — Pf)¢g {——(e KD _ K¢DSW)} (6.14)
¢

Let D, = D - D_ . Substituting this in Eq. 6(14) yields:

o-ah = pstswg + gDspr _M[67K¢Dw - 67K¢(DS+DSW)] (615)
¢

G =P, D8+ 8D,p, —M[W% _e P (616)
¢

O =PoD,,8+8D.p, - Mfz’% [1—e "] (6.17)

¢

In the right hand side of Eq. (6.17), within the range of D_, there is no existence of
rock, so p_=0and the porositg becomes 1. Therefore, the porosity decline constant will
KD,

become zero. As aresult, e ™ =1. Thus, Eq. (6.17) can be written as:
(p,— P9, .
0= oD g+ gD,p, - SL Py i (6.18)
K¢
For onshore area, Eq. (6.18) can be written as:
(p, —p)o, .
o, =gD. r_gp pf¢ l—e K¢Ds] 6.19)
K¢
In field unit, Egs. (6.18) and (6.19) can be written as:
(P, — P8, .
o, =0.052| p, D, +p,D, —p—pf¢(1 —e ™) (6.20)
K¢
(P, — P, )8, .
c, = 0.052{ p,D, —p—pqu(l —e ™) (6.21)
K¢
where
g, = vertical overburden stress, psi
p,, = density of sea water, b /gal
D_ = depth from surface to the ocean bottom, ft

“
2

= grain density of rock matrix, Ib_/gal

= the depth from the sea bed to up to a depth of interest, ft
= density of fluid in the pore space, Ib_/gal

porosity at surface (D = 0), fraction

porosity decline constant at ¢, ft!

RO O
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Example 6.11: Determine porosity decline constant for North Sea area. It is noted that
an average grain density of 2.55 g/cm?, an average pore fluid density of 1.044 g/cm’, and
the value for surface porosity of 45% were recorded. Assume the average bulk density
of the sediment is 2.35 g/cm? at a specified depth of 9,000 ft. Also compute the vertical
overburden stress along the coast line of North Sea at the same depth.

Solution:
Given data:
p, = average grain density of rock matrix = 2.55¢g/cm’
p; = average density of fluid in the pore space = 1.044 g/cm’
¢, = porosity at surface (D = 0) = 045
D_ = the depth below the surface of the sediments = 9,000 ft
p, = bulk density of porous sediment = 2.35¢g/cm’
Required data:
K, = porosity decline constant at ¢ = ?
o, = vertical overburden stress = ?

ob

Before calculating the porosity decline constant, we have to calculate the average
porosity at the specified depth by using the Eq. (6.6) as:

133

b = p,—p, 2.55-2.35 —0
" p—p, 255-1.044

Using Eq. (6.7), Kf can be calculated as:

—K;%9000

-K,D, -
p=¢ge " =0.133=0.45¢ = K, =0.000135 ft ™'

As long as the vertical overburden stress is along the coast line of the North Sea, Eq.
(6.19) can be used if we assume that D_ = 0. Therefore,

o, =(2.55 gm/cm’)x (9000 ft x25.4 cm/ ft)x 981 cm/s*

(2.55 gm/cm® —1.044 gm/cm*)x 9812 x 0.45
S

ﬁ—l

0.000135
25.4 cml ft

2_5()1)001/3iﬂ']><(9000ﬂ><25.4 cm/ ft)
x| 1=e* cm/ ft

= 571854330 gm/cm s* — 87971272.6 gm/cm s°

= 483,883,057.4 gm/cm s>

= 483,883,057.4 dynes/cm*

=7,016.3 psi (since 1 dynes/cm?* = 0.0000145 psi)
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Example 6.12: A core sample of 3.81 cm in width and 15.20 c¢m in length from a lime-
stone formation was being cleaned and dried. Dry weight was measured 415 grams.
The core sample was completely saturated using 20 grams of fresh water. Determine the
grain density and bulk density of this core sample.

Solution:
Given data:
e = width of the core sample = 3.8l cm
e = length of the core sample = 1520 cm
e ary = dry weight of the core sample = 415gm
. = weight of that water saturated the core = 20 gm
Required data:
2, = bulk density of the core sample, gm/cc
P, = grain density of the core sample, gm/cc

To calculate the porosity of the core sample, first we need to calculate the bulk vol-
ume and the pore volume. Because 20 grams were used to completely saturate the pores
of the core sample, the pore volume is equal to:

wW. 20
we = — - =——=20cc
P p;, 10

The bulk volume of the core sample is equal to the volume of the cylindrical shape:

core core

Vbzzd x1 :%x3.81><15.20:172.4cc

Now, porosity is equal to:

4 ore 20
p=-L"=—"-=0.116
VvV, 1724
To calculate the grain density, first we need to calculate the grain volume using the
following relation:

V.=V, x(1-¢)=172.4x(1-0.116) =153.3 cc
Thus, the grain density is equal to:

vvcore_dry _ 415
V. 1533

Bulk density can now be calculated using Eq. (6.5):
Py =P %0+, X(1-9)=1.0x0.116+2.71x(1-0.116)
=2.51gm/cc

p, = =2.71gm/cc

Example 6.13: A well is planned to be drilled to the depth of 11,000 ft. The last casing
shoe was at 5,000 ft and the fracture gradient below the casing shoe was 0.66 psi/ft.
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The designed mud weight to drill the new section is 10.4 ppg. What is the maximum
pressure that can be applied at the surface? And if it is expected that the pressure at the
depth of 11,000 ft is 7,450 psi, is it safe to drill through this depth? If not, what should
be the recommendation?

Solution:
Given data:
D = bottom depth of the well = 11,000 ft
D, = depth of the casing shoe = 5,000 ft
G, = fracture 'gradient at the casing shoe = 0.66 psi/ft
p,, = mud weight = 10.4 ppg
P = expected pressure at 11,000 ft = 7,450 psi
Required data:
P = maximum pressure at the surface, psi

The maximum pressure to be applied at the surface is the difference between the
maximum pressure at the weakest point “casing shoe” and the hydrostatic pressure of
the mud at that point. The maximum pressure at the casing shoe can be calculated using
Eq. (6.2) after modification:

P, =G, xD,,, =0.66x5,000=3,300 psi

The hydrostatic pressure of the mud at the casing shoe can also be calculated using
Eq. (6.2):

P, =0.052xp,x D, =0.052x10.4x5,000 = 2,704 psi

shoe

Thus, the maximum pressure is equal to:

P,. =P, —P, =3300-2,704 =596psi

To assess the situation when the pressure at 11,000 f is 7,450 psi, we need to change
this pressure to pressure gradient and then find out what will be the pressure at the cas-
ing shoe. Pressure gradient of this formation is equal to:

P 7,450

D, 11,000

= 0.68 psil ft

Now the pressure at the casing shoe will be:

P=GxD,  =0.68x5,000= 3,400 psi

shoe

This is the maximum pressure that should be applied at the surface.

From the above calculations, it is not safe to drill through this formation because
there is a possibility of fracturing the formation at the casing shoe. So the recommenda-
tion is to set another casing at the top of this formation before drilling it to avoid any
well instability problems.

Example 6.14: A leak-off test was conducted to a well at a depth of 4,500 ft using
9.1 ppg drilling mud. When the mud leaked-off, the pump pressure was reading
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725 psi. What is the fracture gradient of the formation at that depth? If a new mud
of 9.6 ppg is to be used in this section, what will be the maximum allowable annulus
pressure at surface?

Solution:
Given data:
e Depth of the casing shoe = 4,500 ft
P, = Mud weight used for leak-off test = 9.1 ppg
P vew = M=New mud weight to be used = 9.6 ppg
- = Leaked-off surface pressure = 725 psi
Required data:
G, = Fracture gradient at the casing shoe, ppg
P = Maximum annulus pressure at the surface, psi

To find the fracture gradient at the casing shoe, we will first determine the maximum
pressure. From leak-off test data and the mud that used for the test, leaked-off pressure
is equal to:

P, =P, ,.4+P,;=0052x9.1x4,500+725=2,854.4 psi
Fracture gradient is equal to:
P, 2,854.4
G, =—L-=2"""=0.634 psi/
P D 4,500 psilft

shoe

To determine the maximum annulus pressure at surface using the new mud of 9.6
ppg, hydrostatic pressure of the new mud at the casing shoe should be calculated using
Eq. (6.3):

P =0.052xp xD, =0.052x9.6x4,500=2,246.4 psi
The maximum allowable surface pressure is now equal to:

P, =P, —P, =2,854.4-2,246.4 = 608 psi

ma.

Example 6.15: A producing gas field has an initial reservoir pore pressure of 3,750 psi
and matrix stress of 8,010 psi. The decline of the pore pressure with time was estimated
by the equation: P, = 3,271 ¢ *'*' where P_is the reservoir pore pressure and ¢ is the time
in years. What will be the overburden pressure after producing for 10 years assuming
matrix stress remains the same?

Solution:
Given data:
an = Initial pore pressure = 3,750 psi
g, = Vertical matrix stress 8,010 psi

Required data:

P, = Overburden pressure in psi.
ob



232 FUNDAMENTALS OF DRILLING ENGINEERING

Initial overburden pressure of the above reservoir can be calculated using Eq. (6.4):

P, =P, +0,=3750+8,010 =11,760 psi

0,

Because pore pressure is declining with production, the overburden pressure should
decline too. The pore pressure after 10 years can be estimated using the above given
equation:

P =3,271¢"" =3,271x10""" =2,107 psi

Thus, the overburden pressure after 10 years is equal to:
P,=P,+0,6=2,107+8,010=10,117 psi
Example 6.16: A sedimentary formation has surface porosity of 0.4 and porosity decline

constant of 0.00012. What is the estimated porosity at depth of 5,000 ft? And what will
be the depth of the rock that has porosity of 0.24?

Solution:
Given data:
¢, = surface porosity = 0.40
K, = porosity decline constant = 0.00012
D = rockdepth = 5,000 ft
¢, = porosity = 0.24
Required data:
D = depth at the given porosity, ft

0.0, = porosity at 5,000 ft, %

Porosity at any depth can be calculated using Eq. (6.7):
p=ge

Porosity at 5,000 ft is equal to:

¢5000 — 0.4 % e*0.000lZXS)OOO — 0.22
The depth of the given porosity can be determined by modifying the above equation

as follows:
o) wlom)
D =-— %, =— 0.40 =4,257 ft

‘ K 0.00012

¢

Example 6.17: A well was selected to be drilled in an area which is 350 ft below sea level
near the coast of the sea (Figure 6.4). While drilling an intermediate section, a kick was
encountered and shut-in drillpipe pressure was measured to be 140 psi. The density of
the mud was 8.7 ppg. The kick was safely removed, and later they realized that the current
formation and the sea water were in hydraulic communication. If the density of the sea
water is 8.5 ppg, determine the depth at which the kick was occurred?
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Sea
Well
-300 ft BMSL
Figure 6.4 A well placement for Example 6.17.
Solution:
Given data:
D, = top depth of the well from sea level = -300 f
Py = shut-in drill pipe pressure = 140 psi
p,, = mud weight = 8.7ppg
p,, = density of sea water = 8.5ppg
Required data:
D = depth of the formation

Because the formation is connected hydraulically with the sea water, its pressure
should be equal to the hydrostatic pressure of the sea water. The shut-in drill pipe pres-
sure was the result of the formation pressure minus the mud hydrostatic pressure. The
mud hydrostatic pressure can be calculated using Eq. (6.3):

P, =0.052x p, x D =0.052x8.7x D =0.452 D

The formation pressure can be estimated using the sea water density and the vertical
distance between sea level and the depth of the formation. Formation pressure can also
be estimated using Eq. (6.3):

P, =0.052xp , xH =0.052x8.5x (D +350) =0.442(D + 300)

Shut-in drillpipe pressure is relating the mud hydrostatic pressure and the formation
pressure with the following equation:

. =P, —P_ =140 =0.442D +0.442x350 - 0.452D
dp
140 —154.7 = (0.442 —0.452)x D

14.7
D=——=1,470
0.01 f

Example 6.18: At what depth below sea level will the normal pore pressure value be
2,200.0 psi? Assume that the drilling activities will be continued in Rocky Mountain
area. Also, find out the mud weight for that area.
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Solution:
Given data:
,» = Normal pore pressure gradient for Rocky Mountain
= 0.436 psi/ft
P, = Normal pore pressure = 2200 psi
Required data:
D = Total vertical depth, ft
P, = Mud weight, ppg

The formula for estimating normal pore pressure for Rocky Mountain is given as:

2200
P =G D=D=P, /G =——=5045
fn np fn np 0.436 ft

The mud weight can be calculated using Eq. (6.3) as:

R 2200 B
0.052D  0.052 x (5045 ft)

P, 86 ppg

6.2.3 Pore Pressure Estimation

i) Estimation using Seismic Data:

To estimate formation pore pressure from seismic data, the observed interval transit
time is a porosity dependent parameter that varies with porosity according to the fol-
lowing relation:

t,=t, 0+t (1-9) (6.22)
where
t, = the observed interval transit time, s/ft
t, = the interval transit time in the pore fluid, s/ft
t = the interval transit time in rock matrix, s/ft
0 = porosity

In some cases, an acceptable straight line trend is not observed for any of the
approaches. As a result a more complex model must be used. Such complex model can
be derived using Eq. (6.7) where normal compaction process exists. Substituting Eq.
(6.7) for the ¢ into Eq. (6.22) yields:

t=tge "+t (1-ge ) (6.23)
to=¢,(t,—t)e 7 +t, (6.24)
t t i,

L - L =e (6.25)
0,6, 1) ¢,(t,—1)
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Taking In in both sides of Eq. (6.25) yields:

L n|— |=K,D, (6.26)
o - |-t

Equation (6.26) represents the normal pressure relationship of average observed
sediment travel time and depth.

ii) Detection Techniques
Bingham Model: Bingham (1964) developed a model to detect overpressures which is
written as:

dyy
R=AN* (K] (627)
d,
where
A = rock matrix strength constant or drillability constant
d, = bitdiameter, in
d = bit weight exponent or d-exponent or formation drillability

E = rotary speed exponent
N = rotary speed, rpm
R = rate of penetration or drilling rate, ft/hr
W = weight on bit, Ib,
The model proposed by Bingham [i.e., Eq. (6.27)] is called a “drilling rate” equation.
Jordan and Shirley Model: Jordan and Shirley (1966) reorganized Eq. (6.27) for dexp
which is produced using Eq. (6.27) as:

dyy
R (W
2_ N (6.28)
N 4,
Taking log into the both sides of Eq. (6.28), the equation becomes as:
log [II\Q]J
=—= (6.29)

d =
log| —
db

A modified version of Eq. (6.29) can be written as:

log(Rj
____\60N (6.30)

= 12W
log .
10°d,

The model proposed by Jordan and Shirley [i.e., Eq. (6.30)] is called as “d-exponent”
equation.
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Example 6.19: Determine the value of the d, if the drilling rate is 35 ft/hr, the rotary
RPM is 100, and the weight on the bit is 60,000 lbf Assume necessary data. Further
calculate what will happen to d, if the drilling rate is increased to double of its original
case. Make comments on the result.

Solution:
Given data:
R, = drillingrate = 35 ft/hr
N = rotaryspeed = 100 rpm
W = weightonbit = 60,000 lbf
R, = drillingrate = 70 ft/hr
Assuming:
d, = bitdiameter = 12.25in
Required data:

formation drillability
= formation drillability

expl

exp2

The d-exponent can be calculated by using the Eq. (6.30) as:

R 35
log| — log
60N 60x100 —2.2341
! 12W 12%x60,000 ) —1.2308
log lo T 6 i Ao
10°d, 10°x12.25

Now, if the rate of penetration is doubled, then d-exponent can also be calculated in
the same fashion as:

lo R lo 70
~%8leon)  ®l60x100 _-1.9330 _

w2 12W 12x60,000) —1.2308
IOg p 10 P
10°d, 10°x12.25

It is showing that an increase in R resulted in a decrease in d . In this case, doubling
of the rate of penetration decreased the modified d-exponent from 1.82 to 1.57.

Example 6.20: Determine the value of the d_ if the drilling rate is 66 ft/hr, the rotary
RPM is 110 and the weight on the bit is 35,000 Ibf. bit diameter is 8.5 in. Further calcu-
late what will happen to d_ if the drilling rate is decreased to half of its original case.
Make comments on the result.

Solution:
Given data:
R, = Drillingrate = 66 ft/hr
N = Rotary Speed = 110 rpm
W = Weight on bit = 35,000 lbf
R, = Drillingrate = 33 ft/hr
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db = bitdiameter = 8.5in

Required data:
= formation drill ability

- formation drill ability

exp2

The d-exponent can be calculated by using the Eq. (6.30) as:

R 66
log 60N log 60x110 2
X —
= - - —1.531bb
P 12W 12x 35,000 —-1.3062
log| ——| log| ———
106db 10° x 8.5

Now, if the rate of penetration is halved, then d-exponent can also be calculated in the

Same manner as:
R 33
log| — log
60N ) _ 60x110)  —2.3011

Pz 12W 12x35,000) -1.3062
log| — log| ————
10°d, 10°% 8.5

762

It is showing that a decrease in R resulted in an increase in d__. In this case, reducing
the rate of penetration by half increased the modified d-exponent from 1.531 to 1.762.

Rehm and McClendon Model: Rehm and McClendon (1971) proposed modifying
the d-exponent to correct for the effect of mud density changes as well as changes in
weight on bit, bit diameter, and rotary speed as:

d,=d,, 2 (6:31)

e

e}

where
d = modified d-exponent

p, = mud density equivalent to normal pore pressure gradient or normal mud weight,
ppg

p, = equivalent mud density at the bit while circulating or actual mud weight in use,
ppg

As recommended by Rehm and McClendon (1971), Figure 6.2 shows the depth vs.
d_ plotin a Cartesian coordinates for the normal pore pressure, and abnormal pressure
trend line. The procedure for determining pore pressure from d_can be explained as
follows:

+ Calculate d_over 10-30 ft intervals

+ Plot d_vs depth (use only data from Clean shale sections)

 Determine the normal line for the d_ vs. depth plot.

» Establish where d_deviates from the normal line to determine abnormal-
pressure zone
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Rehm and McClendon recommend using linear scales for both depth and d _val-
ues when constructing a graph to establish formation pore pressure quantitatively
(Figure 6.5). A straight-line normal pressure trend line having intercept with depth and
slop is assumed such that

d _=d_+mD (6.32)
where
d = value of d read from the normal pressure trend line at a depth of interest
(Figure 6.6)
d =~ = intercept of the normal trend line
m = slop of the normal trend line
D = depth

According to the authors, the value of slope m is fairly constant with changes in
geologic age. The modified “d-exponent” correlation often is used for estimating the
formation pressure gradient as well as the abnormal formation pressure. Rehm and

Normal
compaction
trend line

Normal pressure

<— Depth

Transition zone

® o
£ 3—
e g
Overpressure Ss
zone
d, =
Figure 6.5 Depth verses d_plotting in Cartesian coordinates.
%,
%
7,
£ 4% Normal
= >
I
[
a
i dm t‘}dmn
D r Abnormal
d, —

Figure 6.6 Depth verses d_plotting showing d  on the trendline.
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McClendon suggested the following empirical equation to calculate the equivalent mud
density as

p, =7.56log[d —d ]+16.5 (6.33)

Here, p isin Ib /gal
The formation pressure gradient can be written as:

G, =0.052 p, (6.34)

Here, G is in psi/ft
The formation pressure can be written as:

Pf =G fD (6.35)
Here, Pfis in psi

Example 6.21: For the Malaysia area, find the value of the weight on bit (W) if the
modified d-exponent is 1.7, the drilling rate is 30 ft/hr, the rotary RPM is 90. In addi-
tion, an equivalent circulating density at the bit was 9.5 Ibm/gal. Assume necessary data.

Solution:
Given data:
R = Drilling Rate = 30 ft/hr
N = Rotary Speed = 90 rpm
d = Modified d-exponent = 1.7
p, = actual mud weightin use = 9.5 ppg
Additional Assumption:

db = bit diameter = 12.0in

Required data:
W = Weight on bit =2

Modified d-exponent is given by using Eq. (6.31) as:

dm = d@XP &
P
We know that for the Malaysia area, the normal formation pressure gradient is 0.442
psi/ft. So, the mud density equivalent to normal pore pressure gradient (p,) can be cal-
culated as:

0442

=——=85
P = 0052 ppg

Therefore,

17=d_ 3254 —19
795

exp
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d-exponent can be given by using the Eq. (6.30) as:

10( 30 )
B 8 60%90

o —IW _W
08 10°d, 10° %12

Example 6.22: For the Malaysia area, determine the value of the d _ if the drilling rate
is 30 ft/hr, the rotary RPM is 90, and the weight on the bit is 65,000 lbf In addition, an
equivalent circulating density at the bit was 9.5 lbm/gal. Assume necessary data.

= W =65,000 lbf

Solution:
Given data:
R = drilling rate = 30 ft/hr
N = rotary speed = 90 rpm
W = weight on bit = 65,000 Ib,
p, = actual mud weight in use = 9.5 ppg

Additional assumption:

db = bit diameter = 12.0in

Required data:
d = modified d-exponent

Before finding out the dm, it is necessary to find out the d-exponent which can be
calculated by using the Eq. (6.30) as:

log | log[ 2
~%%leon ) ®l60x90 _ 722553

ep a 12x65,000) —1.1871
log A6 1 IOg A6 1A A
10°d, 10° x12.00

We know that for the area, the normal formation pressure gradient is 0.442 psi/ft
(Table 6.2). So, the mud density equivalent to normal pore pressure gradient (p ) can
be calculated as:

0.442
=——=85
Pi= 0052 ppg

Therefore, the modified d-exponent can be calculated using Eq. (6.31) as:

8.5
d =d Pr-19x>2-17
P, 9.5
Zamora Model: It is noted that Rehm and McClendon mentioned to use linear
scales for plotting depth vs. d_ as shown in Figure 6.7. A straight-line normal pressure
trend line having intercept d,_and exponent m is assumed such that

d =d e (6.36)
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Figure 6.7 Depth verses d _plotting in semi-logarithmic coordinates.
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Figure 6.8 Depth verses d, and d, plotting for Example 6.13.

Zamro introduced another empirical equation to calculate the formation pressure
gradient as:

d

mn

d

m

G, =G, (6.37)
where
GVI

normal pressure gradient, Ib /gal

Example 6.23: Figure 6.28 shows the depth vs. d-exponent and modified d-exponent
plot. Estimate the formation pressure at 13,500 ft using Rehm and McClendon and the
Zamora correlation. Assume that Figure 6.8 is constructed based on Gulf of Mexico
data.
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Solution:
Given data:
D = depth = 13,500 ft

From Figure 6.8, we can find out the d and d _ ata depth of 13,500 ft as:

d = modified d-exponent = 1.11

d = d from the normal pressure trend line at a depth of interest
= 1.66

G, = normal pressure gradient = 0.465 Ib, /gal (Table 6.2)

Required data:

Pf = formation pressure, psi

Rehm and McClendon Model:

Before finding out the formation pressure, it is necessary to find out the equivalent
mud density based on Rehm and McClendon, which can be calculated by using the
Eq. (6.33) as:

p, =7.56logld —d 1+16.5=7.56log[1.66—1.11]+16.5
=14.53 ppg

The formation pressure gradient can be obtained using Eq. (6.34) as:
G, =0.052p, =0.052x14.53 = 0.756 psi/ ft
Finally, the formation pressure can be calculated using Eq. (6.35) as:

P, =G;D=0.756x13,500 = 10,206 psi

Zamora Model:
The formation pressure gradient can be obtained directly using Eq. (6.37) as:

d 1.66
G, =G 2 =(0.465x ——=0.695 psi/ ft
o d 1.11 psil f

m

Finally, the formation pressure can be calculated again using Eq. (6.35) as:
P, =G:D =0.695x13,500 = 9,382.5 psi

Eaton Model: The value of the formation pressure can be derived from the modified
d-exponent, using the method proposed by Eaton (1976) as:

p - - p J 12
ﬁﬁ{ﬁ‘(é} L—j (6.38)

overburden stress (i.e. o , =g +P ), psi
ob v pn

where

Q
1l

formation pressure gradient, psi/ft
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c;;b = overburden stress gradient, psi/ft
p
[Bf} = normal pressure gradient, psi/ft

= calculated modified d-exponent at a given depth

= modified d-exponent from normal trend (i.e., extrapolated) at a given depth
(Figure 6.9)

Eaton claims the relationship is applicable worldwide and is accurate to 0.5 ppg.

Example 6.24: What is the pore pressure at the point indicated on Figure 6.10? Assume
Gulf Coast area where depth is 10,000 ft. Also assume that overburden stress gradient

%,
2
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%>

« Depth (ft)

-,
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bdmn

le kN Abnormal

.,
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d,—

Figure 6.9 Depth verses d _plotting showing d, on the trend line (Hossain and Al-Majed, 2015).
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Figure 6.10 Depth verses R , and R plotting for Example 6.8.
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is 0.95 psi/ft, and normal formation pressure gradient is 0.465 psi/ft. Use Eaton Equation.
Find out the EMW of the formation too.

Solution:
Given data:
D = depth of the formation = 10,000 ft
% = overburden stress gradient = 0.95 psi/ft
Pf
ol = normal pressure gradient = 0.456 psi/ft
Required data:
P, = formation pore pressure at a depth of 10,000 ft, psi
From Figure 6.10, we can find out the R | and R at a depth of 10,000 ft as:
R, = observed shale resistivity of the formation =~ = 0.8 ohms-m
R = resistivity of the formation at a normal trend = 1.55 ohms-m

The Eaton model can be expressed in terms of resistivity of the formation which is
analogous with d-exponent as:

1.2
P 0w |9 [ B | Ras
D D |D (D) |lR,
P 0.80)"
L =0.95-[0.95-0.456]| —— | =0.726624psi/ ft
D 1.55

Therefore,

Pf =0.726624 x D =0.726624 x10000 = 7266.24 psi

The equivalent mud weight (EMW) can be calculated as (Eq. 4.36a):

p 7266.24
EMW=—2 = =13.971b, / gal
0.052xD  0.052x10000

Example 6.25: The mud engineer of an Arabian oil company designed the mud weight
of 10 Ib /gal for a formation needed to be drilled where the pressure gradient was found
0.52 psi/ft. The surface casing was set at a depth of 2,500 ft. It was noticed that fracture
gradient below the surface casing was 0.73 psi/ft. The driller realized that he was passing a
pressure transition zone while drilling at a depth of 10,000 ft. This new situation gave the
impression that the designed mud weight might be less than pore pressure which results a
kick. To avoid kick, determine the maximum safe underbalance between mud weight and
pore pressure if well kicks from formation at a depth of 10,000 ft.

Solution:
Given data:
D = total vertical depth = 10,000 ft
p, = mud weight = 10 ppg
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G,, = normal pressure gradient = 0.52 psi/ft
D = depth at which surface casing is set = 2,500 ft
G, = fracture pressure gradient = 0.73 psi/ft
Required data:

EMW, = maximum safe underbalance mud weight, ppg

Figure 6.11 shows the casing seat and pressure gradient where an elaboration is
explained for this example. In general, when a well kicks, the well is shut in and the
wellbore pressure increases until the new BHP equals the new formation pressure. At
that point, influx of formation fluids enters into the wellbore ceases. Since the mud
gradient in the wellbore has not changed, the pressure increases uniformly everywhere
(Figure 6.11).

At 2,500 ft
The initial mud pressure can be estimated as:

P, =G, D=(0.52psi/ ft)x (2,500 ft) = 1,300 psi
The fracture pressure can also be estimated as:
P,=G,D= (0.73psil ft)x (2,500 ft)= 1,825 psi

Therefore, maximum allowable increase in pressure = (1,825 - 1,300) = 525 psi

At 10,000 ft

Since the pressure increases uniformly everywhere as shown in Figure 6.12, the maxi-
mum allowable increase in pressure at a depth of 10,000 f will be 525 psi. This increase
in pressure corresponds to an increase in mud weight which can be calculated using

Eq. (4.36a) as:

EMW, 02>

=22 _1.011b,/gal
0.052x10000

0
2000 i
L \\___ Surfacecasing _ _ _ 2,500
E i ) .
= 4000 Mud weight gradient,
e 0.52 psi/ft
o
1 6000 - Fracture gradient,
0.73 psi/ft
8000
00T & & & &
o o o o (=] o o
(=} o (=3 o (=] o o
N < © =] = o 3

Pressure, psi —

Figure 6.11 Casing set and pressure gradient for Example 6.9.
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Figure 6.12 Wellbore pressures at different depth for Example 6.9.

This increase in EMW is the maximum which is the kick tolerance for a small kick.

Combs Model: In 1968, Combs presented a general equation for penetration rate
which is proportional to weight on bit, rotary speed, and bit hydraulics. Each released
to a fixed power as shown below:

W ﬂW N aN q aq
R=R P)f(t 6.39
d[isooth (200) [96dﬁi¥] F(B)f(ty) (6.39)

where

f=function of

q = fluid circulation rate, gpm

R = shale drillability or rate of penetration, ft/hr

W = weight on bit, Ib,

a,, = bit weight exponent (= 1.0 for offshore Louisiana)

a, = rotating speed exponent (= 0.6 for offshore Louisiana)
a_= flow rate exponent (= 0.3 for offshore Louisiana)

d]1 = borehole diameter, in

dn = diameter of one bit nozzle, in

P, = differential pressure, Ib/gal/1000 f.

R = shale drillability at zero differential pressure, ft/hr

d

t,,= bit wear index (equivalent to rotating hours),

f(P,) = function related to differential pressure

f(t,) = function related to bit wear

Density of Shale Cuttings: the following relation can be used:

PV, =p,V, (6.40)
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where

V= volume of shale cutting, ft’
V, = total volume of cup, f#*

p,, = bulk density of shale, Ib_/ft’

p,, = density of water, Ib_/ft’

Equation (6.40) can be written as:

PV, =PV, +p,V,=V) (6.41)

Substituting V from Eq. (6.40) into Eq. (6.41) and then solving for p, will give as:

2

Py

Py =T —
" 2p,-p,

(6.42)

A mathematical model of the normal compaction trend for the bulk density of shale
cuttings can be developed by using Eq. (6.5) as:

Py =P, — (P, — P )P (6.43)

Now, substituting Eq. (6.7) into Eq. (6.43) for porosity variation will give:

-K,D,
Py =P, =(p, —pp)de " (6.44)

where

p,,, = shale density for normally pressured shales

The grain density of pure shale is 2.65 g/cm’. The average pore fluid density can be
obtained from Table 6.2. Constants ¢, and K, can be based on shale-cutting bulk den-
sity measurements made in the normally pressured formations.

6.2.4 Methods for Estimating Fracture Pressure

i) Direct Method
The predicted surface leak-oft pressure is given by:

P, =P, —-0.052p,D+ AP, (6.45)
where
P, = surface leak-off pressure, psi
P = observed fracture pressure, psi
p, = mud density, b /ft’
D = total depth, ft
AP; = friction pressure loss, psi

Frictional pressure loss can be calculated using the gel strength as:
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7D (6.46)
5 300d '

where

T, gel strength, b /100 ft*

D = total depth, ft

d inner diameter of the drill pipe, in

ii) Indirect Methods
The following equations and correlations are commonly used to determine the fracture
pressure theoretically.

Hubbert and Willis Model: In 1957, Hubbert and Willis proposed a method for calcu-
lating fracture gradient based on the fact that fracturing occurs when the applied fluid
pressure exceeds the sum of minimum effective stress and formation pressure which
can be written as:

pr =0, T Pf (6.47)
where
P = observed fracture pressure at the point of interest, psi
g, = minimum effective stress at the point of interest, psi
P, = formation pore pressure at the point of interest, psi

The fracture gradient determination can also be written as:

llo, 2P
G == | 2+ —L (6.48a)
B 3| D D
=—| 24— (6.48b)
fr_max 2|: D D :|
where
G, = %f” = fracture pressure gradient at the point of interest, psi/ft
Zun = minimum effective stress gradient at the point of interest, psi/ft
G,= %f = formation pore pressure gradient at the point of interest, psi/ft
D = depth, ft

If an overburden stress gradient or minimum effective stress gradient is assumed to
be 1 psi/ft, Eq. (6.48) becomes as:

1 2Pf

Gfr_min = —|:].+F:| (6.49a)

P
G = {1 +—f} (6.49b)
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Matthews and Kelly Model: Matthews and Kelly (1967) published a fracture
gradient relationship which differs from the Hubbert and Willis model and was
introduced.

O i = FO'GZ (650)
where
F_ = variable matrix stress coefficient for the depth at which the value of ¢, would be
normal matrix stress, dimensionless
0, = matrix stress = P , psi
o, = overburden pressure, psz

Substltutlng the Eq. (6.50) into Eq. (6.47), fracture pressure can be obtained as:
Pﬁ) =Fo,+ Pf (6.51)

Equation (6.51) can be expressed in terms of fracture gradient. Matthews and Kelly
developed the following equation for calculating fracture gradients in the sedimentary
formations as:

F p
_ 5% f

= (6.52)
D D

Example 6.26: Calculate the minimum and maximum equivalent mud weight in ppg
that can be used immediately below the casing seat at a depth of 14,000 f for the pore
pressure gradient of 0.45 psi/ft and an overburden gradient of 0.85 psi/ft. It is assumed
that matrix stress coefficient is 0.612. Use Mathews and Kelly method.

Solution:
Given data:
D = Total vertical depth = 14,000 ft
P, = mud weight = 11.0 ppg
Gp = Pore pressure gradient = 0.45 psi/ft
G, = Overburden gradient = 0.85 psi/ft
F, = variable matrix stress coefficient = 0.612
Required data:
EMW = maximum equivalent mud weight, ppg
EMW = maximum equivalent mud weight, ppg

The overburden pressure at a depth of

14,000 ft = 0.85 X 14000 = 11900 psi
The pore pressure at a depth of

14,000 ft = 0.45 x 14000 = 6300 psi

Using Mathews and Kelly method, the minimum stress can be calculated by
Eq. (6.50) as:

0,.,=F o =0.612x(11900-6300) = 3427.2psi

min
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The fracture pressure can be obtained using Eq. (6.51) as:

P, =3427.2+6300 =9727.2 psi

Therefore, maximum equivalent mud weight which can be calculated using
Eq. (4.36a) as:

EMW, = 9727.2
0.052x14000

And the minimum equivalent mud weight can be calculated as:

=13.36 Ib,, / gal

w80
0.052x14000

=8.65 Ib,,/ gal

Example 6.27: Calculate the minimum and maximum equivalent mud weight in ppg
that can be used immediately below the casing seat at a depth of 12,000 f for the pore
pressure gradient of 0.58 psi/ft and an overburden gradient of 0.95 psi/ft. It is assumed
that matrix stress coefficient is 0.712. Use Mathews and Kelly method.

Solution:
Given data:
D = total vertical depth = 12,000 ft
P, = mud weight = 10 ppg
G, = pore pressure gradient = 0.58 psi/ft
G, = overburden gradient = 0.95 psi/ft
F, = variable matrix stress coefficient = 0.712
Required data:

EMW . = maximum equivalent mud weight, ppg
EMW = maximum equivalent mud weight, ppg

The overburden pressure at a depth of

12,000 ft = 0.95 x 12,000 = 11,400 psi
The pore pressure at a depth of

12,000 ft = 0.58 x 12,000 = 6,960 psi

Using Mathews and Kelly method, the minimum stress can be calculated by Eq.
(6.50) as:

o, =F o, =0712x(11400-6960) = 4,440 psi

The fracture pressure can be obtained using Eq. (6.51) as:
P, =4440+6960 =11,400 psi

Therefore, maximum equivalent mud weight which can be calculated using
Eq. (4.36a) as:
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EMW 11400

= 7 _18271b, /gal
0.052x12000

And the minimum equivalent mud weight can be calculated as:

EMW,, - 6960
0.052x12000

=11.151b_ /gal

Example 6.28: A well of 12,500 ft was drilled at Louisiana Gulf Coast area where the
pore pressure gradient was found 0.695 psi/ft. Calculate the fracture gradient in units of
psi/ftand Ib, /gal using Matthews and Kelly model.

Solution:
Given data:
D = total vertical depth = 12,500 ft
p
_ _f _ . _ .
G,= o pore pressure gradient = 0.695 psi/ft
Required data:
Ji . . .
G,= 3" = fracture pressure gradient in psi/ft
Pﬁ’
G,= o fracture pressure gradient in ppg

In this case P,and D are known i.e. pore pressure gradient is known. The matrix
stress, o may be calculated using o, = o , — P,where overburden gradient is considered
as 1 psi/ft. Finally F_is determined graphically using Figure 6.13. We will use the above
procedure to calculate the fracture gradient.

1. First, determine the pore pressure gradient.

Pf '
G,= D" 0.695 psi/ft
2. Next, calculate the matrix stress.
c,=0,, xD—Pf xD =(1-0.695)x12500
=0.305x12500 = 3,812.5psi

3. Now determine the depth, D, under normally pressured conditions. In
such case, the rock matrix stress azwould be 3,812.5 psi and normal pore
pressure gradient is 0.46 psi/ft.

Gzn = Gabn X Di - an X Di
(1.0-0.46)x D, =3,812.5
D, =7,060.19 ft
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Figure 6.13 Matrix stress coefficients for Example 6.28 using Matthews and Kelly model.

4. Using D, = 7060 ft, Matthews and Kelly plot (Hossain and Al-Majed, 2015:
Figure 6.40) is applied to construct Figure 6.10 and obtained the corre-
sponding value of F = 0.65.

5. Finally to calculate the formation fracture gradient (Gf), Eq. (6.52) is
applied.

Fo, P 3,812.5
G, =—2%+—L=0.65x"""=1+0.695=0.893 psi/ ft
D D 00

b

In terms of ppg, the formation fracture gradient is
_ 0.893psi/ ft

-17.18
u 0.052 PPg

iv) Eaton Model: In 1969, Ben Eaton modified the Hubbert and Willis method which
can be written as:

- _ - __H
O'X—Gy—O'h—EGZ (653)
where
o, = matrix stress in x-direction, psi
o = matrix stress in y-direction, psi
Y

Poisson’s ratio

=
Il
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Equation (6.53) is analogous with Eq. (6.51). Substituting o, =g, - Pf and applying
the analogy, the fracture pressure can be obtained as:

u
P, = E(Gab —P)+P; (6.54)
The fracture gradient for any depth of interest can be written as:
c,—P P
Gﬂ:L L i & (6.55)
1-p D D

v) Christmen Model: Christmen (1973) proposed a method to predict fracture gradi-
ent for offshore field application, which is shown below:

1
G,= B(waw +p,D,) (6.56)

= overburden gradient, psi/ft
p, = density of seawater, Ib /f’
p, = average bulk density, Ib /ff’
D = seawater depth, ft

depth below mud line, f

o
[

If we assume the sea water density of 1.02 g/cc, Eq. (6.56) becomes as:

1

Jp

3 = B(O44DW + prml) (657)
vi) Anderson et al., Model: Anderson et al. (1973) developed a model based on Biot’s
stress/strain relationships for elastic porous media which can be written in form as:

2p
pr :(XPf +E(Pob—an) (6.58)

where

P = overburden pressure, psi

a = ratio of the compressibility of the porous rock matrix to the intrinsic compress-
¢
ibility of rock = 1-—
¢
b

compressibility of the porous rock matrix, 1/psi
bulk compressibility of the rock matrix, 1/psi

r

%

vii) Belloti and Giacca Model: The following equations can be used to calculate frac-
ture pressure gradient presented by Belloti and Giacca (1978).

2u
G, =G, +E(Gob -G,) (6.59)
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where
G, = fracture gradient, psi/ft
G, = overburden gradient, psi/ft
G, = pore pressure gradient, psi/ft

Equation (6.59) is used when the pressure is totally employed at the well bore, as in
the case of filtration controlled by wall-building fluids. For the case of free formation
invasion by drilling fluids where the pressure distribution creates a gradient inside the

rock, the following equation can be used:
G,=G,+2u(G,—-G,) (6.60)

The authors used a constant value of (1) according to rock lithology.

Example 6.29: A well of 14,750 ft was drilled at South Texas Gulf Coast area where the
pore pressure gradient was found 0.74 psi/ft. Calculate the fracture gradient in units of
psi/ft and Ib_ /gal using Hubbert and Willis model, Matthews and Kelly model, Eaton
model, and Belloti and Giacca model. Summarize the results in tabular form, showing
answers, in units of [b/gal and also in psi/ft.

Solution:
Given data:
D = total vertical depth = 14,750 ft
p
Gp = Bf = pore pressure gradient = 0.74 psi/ft
Required data:
p
_ i _ . . .
G,= o " fracture pressure gradient in psi/ft
p
G,= % = fracture pressure gradient in ppg
Hubbert and Willis model:
. =Lt 21 L1+ 2x0.74]= 0.827 psi/ ft
fr_min 3 D 3 . ¢
G 1 1+Pf —1[1+074]—087 si/ ft
fr_max 2 D 2 : * P

In terms of ppg, the formation fracture gradient is

0.827 psil ft

=——"—"=15.90 ppg and
fr _min
0.052 psil ft
Ib, /gal
0.87 psil ft
Gfr_max = W =16.73 ppg
0.052

Ib, /gal
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Matthews and Kelly model:
1. First, determine the pore pressure gradient.

o

G, = Bf =0.74 psi/ft
2. Next, calculate the matrix stress.
c,=0, xD—Pf xD =(1-0.74)x14,750
=0.26x14,750 = 3,835.0 psi

3. Now determine the depth, D, under normally pressured conditions. In
such case, the rock matrix stress o, would be 3,812.5 psi and normal pore
pressure gradient is 0.46 psi/ft.

Gzn = O-Dbl’l x Di - an x Di
(1.0-0.46)x D, = 3,835.0
D, =7,101.85ft

4. Using D, = 7101.85 ft, Matthews and Kelly plot (Hossain and Al-Majed,
2014: Figure 6.40) is applied to construct Figure 6.14 and obtained the cor-
responding value of F_ = 0.74.

0 Matrix stress coefficient
Versus D, for
2 South Texas Gulf Coast
and
4 Louisiana Gulf Coast
6 South Texas

Gulf Coast

Louisiana
Gulf Coast

Depth x 1,000 ft
)

20

03 04 05 06 07 08 09 10
Fo

Figure 6.14 Matrix stress coeflicients for Example 6.19 using Matthews and Kelly model
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5. Finally to calculate the formation fracture gradient (Gf), Eq. (6.52) is
applied.

Fo, P 3,835.0
L=y L= 0.74x
D D

+0.74 =0.9324 psi/ ft

b

In terms of ppg, the formation fracture gradient is

~ 0.9324psil ft

=17.93
r 0.052 brg
Eaton model:
Equation (6.55) shows that overburden stress gradient and Poisson’s ratio should
be find out first from the graphs Figure 6.42 and Figure 6.43 as proposed by Eaton

(Hossain and Al-Majed, 2015). Figures 6.15 and 6.16 show that the overburden
stress gradient and Poisson’s ratio respectively as:

% =0.98 psi/ ft and u = 0.48

Now applying Eq. (6.55), the fracture gradient can be calculated as:

0.48 '
G, = (0.98—0.74)+0.74 = 0.962 £
1-0.48

In terms of ppg, the formation fracture gradient is
 0.962psil ft

—18.49
f’ 0.052 PPg

Variable overburden stress by Eaton
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Figure 6.15 Variation of overburden stresses with depth for Example 6.19.
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Belloti and Giacca model:
Applying Eq. (6.60), the fracture gradient can be calculated as:

G, =G, +2u(G,,—G,) =0.74+2x0.48(0.98—0.74)

=0.9704 psi/ ft

In terms of ppg, the formation fracture gradient is

~ 0.9704psi/ ft
e 0.052

Gulf coast
variable
overburden

West Texas
overburden
equals 1.0 psi/ft
producing
formations

—18.662 ppg
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Example 6.30: A well of 14,000 ft was drilled at South Texas Gulf Coast area where the
pore pressure gradient was found 0.64 psi/ft. Calculate the fracture gradient in units of
psi/ft and Ibm/gal using Hubbert and Willis model.

Solution:

Given data:

D = Total vertical depth = 14000 ft
p

GP = Bf = pore pressure gradient = 0.64 psi/ft

Required data:
p

G,= Ef" = fracture pressure gradient, psi/ft
P, .

G, = o fracture pressure gradient, ppg



258 FUNDAMENTALS OF DRILLING ENGINEERING

Fracture Pressure gradient through Hubbert and Willis model can be calculated as:

6. M2 L ov0.641=0.76 psit fi
fr_min 3 D 3 ‘ *
G _L 1—|ri —l[1+064]—082 si/ ft
fr_max 2 D 2 . * p
In terms of ppg, the formation fracture gradient is:
0.76 psi/ ft
o omin = —psi/ft =14.61 ppg and
0.052
Ib, | gal
0.82psi/ ft
G o = T silf 15.77 ppg
0.052
Ib, | gal

Example 6.31: A well of 14,000 ft was drilled at South Texas Gulf Coast area where the
pore pressure gradient was found 0.60 psi/ft. Calculate the fracture gradient in units of
psi/ft and Ibm/gal using Eaton Model.

Solution:
Given data:
D = Total vertical depth = 14000 ft
p
G,= Bf = pore pressure gradient = 0.60 psi/ft
Required data:
p
) . .
G, = o " fracture pressure gradient, psi/ft
p
G, = f = fracture pressure gradient, ppg

The fracture pressure gradient through Eaton model can be calculated as:

Equation (6.55) shows that overburden stress gradient and Poisson’s ratio should
be find out first from the graphs Figure 6.42 and Figure 6.43 as proposed by Eaton
(Hossain and Al-Majed, 2015). Therefore,

% = 0.975psi/ ft and p =0.46

Now applying Eq. (6.55), the fracture gradient can be calculated as:

0.46
= 0.975—0.60) +0.60 = 0.92 psi/
F 1—0.46( ) psi/ ft
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In terms of ppg, the formation fracture gradient is,

_0.92 psil fr
psil ft
Ib, | gal

; =17.692 ppg

0.052

Example 6.32: A well of 13,000 ft was drilled at South Texas Gulf Coast area where the
pore pressure gradient was found 0.55 psi/ft. Calculate the fracture gradient in units of
psi/ft and Ibm/gal using Belloti and Giacca model.

Solution:
Given data:
D = Total verticaldepth = 13000 ft
p
Y . _ .
GP =5~ pore pressure gradient = 0.55 psi/ft
Required data:
p
G, = % = fracture pressure gradient, psi/ft
P, )
Gfr = 3 = fracture pressure gradient, ppg

Values of y and G, are collected from Figure 6.43 and Figure 6.42 (Hossain and
Al-Majed, 2015) which are shown below:

n=045& G, =0.96
Applying Eq. (6.60), the fracture gradient can be calculated as:
G, =G, +2u(G,, —G,) =0.55+2x0.45(0.96 - 0.55) = 0.92 psi/ ft
In terms of ppg, the formation fracture gradient is,

0.92 psil/ ft
0.052

Ib, / gal

6.3 Multiple Choice Questions

1. The magnitude of the pressure in the pores of a formation is known as the

a) Formation pore pressure
b) Bottom-hole pressure

¢) Differential pressure

d) None of the above
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2. increases the chances of stuck pipe and well control problems.
a) Formation pore pressure
b) Bottom-hole pressure
c) Differential pressure
d) None of the above

3. It is also very important to calculate the pressure at which the rocks will

a) Fracture
b) Puncture
¢) Rupture
d) None of the above

4. Fractures can result in problems.
a) Lost circulation
b) Cross flow
c) Stuck pipe
d) None of the above

5. Theoretical and applied science of the mechanical behavior of rock and rock masses
is known as
a) Rock mechanics
b) Geological engineering
c) Geophysics
d) None of the above

6. If the formation pressure is greater than the mud pressure, there is the possibility
to have a
a) Oil
b) Kick
c) Gas
d) None of the above

7. Rock mechanics deals with the responses of all geological
materials.
a) Mechanical
b) Electrical
¢) Geophysical
d) None of the above

8. Knowledge of is very important in drilling engineering.
a) Geological processes
b) Geophysical processes
c) Seismic surveys
d) None of the above
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11.

12.

13.

14.

15.

16.
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The geological processes are often analogous with the occasions in
laboratory testing.

a) Rock mechanics

b) Geological engineering

c) Geophysics

d) None of the above

Normally it is assumed that the mechanical properties of a rock are
a) Constants

b) Varying

c) Average

d) All of the above

Which of the following is a strength parameter of a rock?
a) Friction angle

b) Tensile strength

¢) Uniaxial compressive strength

d) All of the above

Which of the following activity takes place in a variety of depositional environments?
a) Transportation

b) Deposition

¢) Sediment accumulation

d) All of the above

The grain distribution may affect the of the rock.
a) Mechanical properties

b) Electrical properties

c) Geophysical properties

d) None of the above

is a measure of the diameter of the grain.
a) Grain size

b) Grain texture

¢) Grain color

d) None of the above

Grain size determines the classes of
a) Sedimentary rocks

b) Igneous rocks

¢) Metamorphic rocks

d) All of the above

Roundness and sphericity of grain determines
a) Grain shape

b) Grain size

¢) Grain texture

d) None of the above
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17.

18.

19.

20.

21.

22.

23.

24,

Grain sorting is a measure of the range of
a) Grain shape

b) Grain sizes

¢) Grain texture

d) None of the above

A rock containing a wide range of grain sizes implies to be sorted.
a) Poorly

b) Efficiently

c) Average

d) None of the above

A rock containing a narrow range of grain sizes implies to be

sorted.

a) Poorly

b) Well sorted

c) Average

d) None of the above

A basic difference between different rock types is of the rock.
a) Grain shape

b) Grain size

¢) Grain texture

d) None of the above

Grain size is in range in shales.
a) Millimeter

b) Micro meter

¢) Nano meter

d) None of the above

Grain size ranges between in sands.
a) 0.1-1.0 mm

b) 0.1-1.0 cm

¢) 0.1-1.0 nm

d) All of the above

The difference in grain size effects of the rock.
a) Petrophysical characteristics

b) Geological Properties

c) Geophysical properties

d) None of the above

Resistance of the formation matrix to compaction is known as
a) Underground stress

b) Uniaxial Stress

¢) Deviatoric Stress
d) None of the above
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26.

27.

28.

29.

30.

31.
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The stress arising from the weight of the rock overlying the zone under consider-
ation is known as

a) Underground stress

b) Uniaxial Stress

¢) Deviatoric stress

d) None of the above

The vertical stress increases downwards approximately at
a) 0.8-1.0 psi/ft

b) 0.1-1.0 psi/ft

c) 0.5-1.0 psi/ft

d) None of the above

The pore fluid remains in communication with the surface under
a) Normal compaction

b) Abnormal compaction

¢) Under compaction

d) None of the above

Due to the communication with the formation and surface, the pore pressure gra-
dientisa
a) Straight line

b) Polynomial curve
c) Exponential curve
d) All of the above

The gradient of the straight line in normal compaction is a representation of the
of the fluid.

a) Density

b) Viscosity

c) Shear stress
d) All of the above

Any formation pressure above or below the hydrostatic gradient is called as

a) Normal compaction
b) Abnormal compaction
¢) Under compaction

d) None of the above

All of the following are considered the causes of underpressured zones except:
a) Thermal expansion

b) Zone depletion

¢) Outcrop aquifer

d) Rock compaction
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32. Whatis therelationship between formation pore pressure and overburden pressure?
a) Pore pressure is always less than overburden pressure
b) Pore pressure is always greater than overburden pressure
c) Pore pressure can be greater than overburden pressure
d) None of the above

33. What will happen to the overburden pressure during production?
a) It should increase
b) It should decrease
¢) It will remain as it is
d) No relation between production and overburden pressure

34. Which of the following is a direct indication of lost circulation?
a) Decrease in mud pit levels
b) Increase in mud flow rate
¢) Increase in flow line temperature
d) None of the above

35. Which of the following is a direct indication of having an overpressured zone
a) Decrease in mud pit levels
b) Increase in mud weight of the return mud
¢) Decrease in mud flow rate
d) Decrease in mud weight of the return fluid

36. Large drill cuttings are an indications of
a) High pressure formation
b) Normal pressure formation
c) Low pressure formation
d) All of the above

37. Inaccurate prediction of pore pressure
a) Decreases the chances of well control problems
b) Increases the chances of well control problems
¢) Has no relation with the well control problems
d) None of the above

38. Well-sorted rocks are the rocks that contain
a) Narrow range of grain sizes
b) One grain size
¢) Many grain sizes
d) None of the above

39. In which case will fracture pressure become similar to overburden pressure?
a) Case of overpressured formations
b) Case of compacted formations
¢) When all in-situ stresses are equal
d) None of the above
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40. Generally, fracture pressure increases as
a) The depth increases
b) The pore pressure decreases
c) The overburden pressure decreases
d) bandc

Answers: 1a, 2a, 3a, 4a, 5a, 6b, 7a, 8a, 9a, 10a, 11d, 12d, 13a, 14a, 15a, 16a, 17b, 18a, 19b,
20b, 21¢, 22a, 23a, 24a, 25a, 26a, 27a, 28a, 29a, 30b, 31d, 32a, 33b, 34a, 35d, 36a, 37b,
38a, 39c, 40a

6.4 Summary

The chapter discusses the issues related to the formation pore pressure and fracture
gradient. The different rock mechanical properties are discussed in detail. The develop-
ment of underground stresses and the related formation pressure, fracture pressure are
also outlined in this chapter. The importance of different types of pore pressures and
their detail impact on the formation pore and fracture gradients are discussed thor-
oughly. The different causes of abnormal pressure with detailed detection and prediction
techniques are the main focus of the chapter. Pore Pressure estimation and prediction
techniques and correlations are well explained to understand the techniques. The same
procedure is applied for fracture pressure and gradient calculation. The chapter pres-
ents almost all the formulas related to the drilling hydraulics. The workout examples
and the MCQs are presented in a chronological manner. The exercise solutions are
given in Appendix A. Moreover, this chapter added some more MCQs for the student’s
self-practice and the answers are given in Appendix B. The MCQs covered almost all
the materials covered in this chapter.

6.5 Exercise and MCQs for Practice

6.5.1 Exercises (Solutions are in Appendix A)

Exercise 6.1: A water aquifer is connected hydraulically to a surface lake. The aquifer
is deviated at a certain angle. Two wells were drilled to the center of the aquifer. The
pressure difference between the two wells and the ratio between the pressure of the two
wells are 220 psi and 0.8; respectively. If the vertical distance between the aquifer in the
two wells is 500 f, calculate the aquifer depth in both wells. Answers: 2,000 ft, 2,500 ft.

Exercise 6.2: An aquifer is connected hydraulically to a surface lake of water. The aqui-
fer is deviated at a certain angle. Two wells were drilled to the center of the aquifer. The
depth of the deepest well to the center of the aquifer is 3,750 ft. The ratio of the difference
in pressure between the two wells to the pressure of the deepest well is 0.20, whereas
the pressure of the shallowest well is 1,342 psi. Estimate the density of the water in the
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lake and the depth of the shallowest well to the center of the aquifer. Answers: 8.6 ppg,
3,000 ft.

Exercise 6.3: A 1,000 ft of gas formation above 750 ft of water formation. The top pres-
sure of the gas formation is 4,022.5 psi and the bottom pressure of the water formation
is 4,500 psi. If the pressure gradient of the water formation is 0.49 psi/ft, calculate the
gas formation gradient and the depth of the oil water contact depth. Answers: 0.111

psi/ft, 9,184 ft.

Exercise 6.4: A gas field with a water formation beneath it. The pressure difference
between the top and the bottom of the gas formation is equal to that for the water
formation. The gas and water formations pressure gradient are 0.19 and 0.46 psi/ft;
respectively. If the pressure at the bottom of the water formation is 4,600 psi, calculate
the ratio between the thickness of gas and water formations. And if the pressure at the
top of the gas formation is 4,000 psi, calculate the gas and water formation thicknesses
and the depth of the gas-water contact. Answers: 2.42, 1,579 ft, 652 ft, 9,348 ft.

Exercise 6.5: A core sample of 2.54 cm in size and 7.62 cm in length from a sandstone
formation. The core sample was cleaned and dried, and dry weight was measured to be
79.0 grams. The core sample was completely saturated using 9.8 grams of formation brine
water that has a density of 1.09 gm/cc. Determine the grain density and bulk density of
this core sample. Answers: 2.67 gm/cc, 2.30 gm/cc.

Exercise 6.6: A well is planned to be drilled to the depth of 13,000 ft. The last casing
shoe was at 7,500 ft and the fracture gradient below the casing shoe was 0.69 psi/ft.
The designed mud weight to drill the new section is 11.8 ppg. What is the maximum
pressure that can be applied at the surface? And if the expected pressure at the depth of
13,000 ft is 8,450 psi, what will be the maximum pressure at the surface when changing
the mud to a new one has mud hydrostatic pressure 300 psi greater than the formation
pressure? Answers: 573 psi, 127 psi.

Exercise 6.7: A leak-off test was conducted to a well using the old drilling fluid. When the
mud leaked-off, the pump pressure was reading 1,250 psi. The well was circulated with
a new mud having a density greater than the old one by 0.5 ppg. The leak-oft test was
repeated, and surface pressure was recorded to be 944.5 psi when the mud was leaked-
off. If the fracture pressure was found exactly same, what is the depth of the casing shoe?
Answer: 11,750 ft.

Exercise 6.8: An oil-producing field has an initial reservoir pore pressure of 4,650 psi.
The decline of the pore pressure and overburden pressure with time was estimated to be
following the equation: an = 4,150 and P, = 13,104¢7%%4 where P and P are the
reservoir pore pressure and overburden pressure; and ¢ is the time in years. What was
the original overburden pressure? Answer: 13,660 psi.

Exercise 6.9: Two sedimentary formations that have surface porosities of 0.42 and 0.36,
and porosity decline constants of 0.00018 and 0.00014, respectively. At which depth will
both rocks have similar porosity? What is that porosity? Answers: 3,854 ft, 0.21.
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Exercise 6.10: While drilling the surface section in a well, a kick was encountered at
depth of 1,000 ft and shut-in drill pipe pressure was measured to be 100 psi. The density
of the mud that used was 8.6 ppg. The kick was safely removed, and later the rig crew
realized that the current formation and the sea water were in hydraulic communica-
tion. If the density of the sea water is 8.62 ppg, determine the difference in vertical
distance between the surface location of the well and the sea level. Answer: 221 ft

6.5.2 Exercises (Self-Practices)

E6.1: Find out the normal pore pressure at a depth of 7,000 ft below sea level. Assume
that the drilling activities will be continued in Malaysia. Also find out the mud weight
for that area.

E6.2: Consider a gas sand reservoir as shown in Figure 6.1. If the water-filled portion of
the sand is pressured normally and the gas/water contact occurred at a depth of 5,300 f%,
what mud weight would be required to drill through the top of the sand structure safely
at a depth of 4,100 ft? Assume the gas has an average density of 0.78 Ib_/gal.

E6.3: Determine the pore pressure of a normally pressured formation in the Gulf of
Mexico at 9,000 ft depth.

E6.4: Calculate the matrix stress of an underground reservoir if the overburden pres-
sure is 6,300 psi and the formation pore pressure is 4000 psi.

E6.5: Determine values for surface porosity of an area where an average grain density
of 2.55 g/cm’, an average pore fluid density of 1.02 g/cm’, and the value for porosity
decline constant is 0.00009 ft. Assume the average bulk density of the sediment is 2.52
g/cm?® at a specified depth of 8,500 ft.

E6.6: Determine porosity decline constant for West Texas area. It is noted that an aver-
age grain density of 2.50 g/cm’, an average pore fluid density of 1.00 g/cm’, and the
value for surface porosity of 38% were recorded. Assume the average bulk density of
the sediment is 2.25 g/cm® at a specified depth of 10,000 ft. Also compute the vertical
overburden stress at the same depth.

E6.7: A penetration rate of 25ft/hr was observed while drilling in shale at a depth of
10,5001t using a 9.875-in bit in the Gulf of Mexico. The WOB was 26,000 lbf and the rotary
speed was 110rpm. The equivalent circulating density at the bit was 10.0 Ib_/gal. Compute
the d, and the d . Assume the normal pressure gradient for the area as 0.465 psi/ft.

E6.8: Figure 6.28 shows the depth vs. d-exponent and modified d-exponent plot.
Estimate the formation pressure at 14,000 ft using Rehm and McClendon and the
Zamora correlation. Assume that Figure 6.28 is constructed based on North Sea data.

E6.9: What is the pore pressure at a depth of 12,500 ft if the formation is in the Gulf
Coast area? Assume that overburden stress gradient is 0.85 psi/ft, and normal formation
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Figure 6.17 Depth verses R, and R plotting (Hossain and Al-Majed, 2015)

pressure gradient is 0.465 psi/ft. Use Eaton Equation. Use Figure 6.17. Also find out the
EMW of the formation.

E6.10: The mud engineer of Schlumberger calculated the mud weight of 12 1b_/gal for
the North Sea area where the pressure gradient was found 0.452 psi/ft. The surface cas-
ing was set at a depth of 2,000 f. The fracture gradient was calculated as 0.73 psi/ft and
the transition zone was detected at a depth of 8,000 ft which results in a kick. To avoid
kick, determine the maximum safe underbalance between mud weight and pore pres-
sure if well kicks from formation at a depth of 8,000 fz.

E6.11: Calculate the minimum and maximum equivalent mud weight in ppg that can
be used immediately below the casing seat at a depth of 10,000 ft for the pore pres-
sure gradient of 0.57 psi/ft and an overburden gradient of 0.90 psi/ft. It is assumed that
matrix stress coefficient is 0.70. Use Mathews and Kelly method.

E6.12: A well of 13,000 ft was drilled at Texas Gulf Coast area where the pore pressure
gradient was found 0.735 psi/ft. Calculate the fracture gradient in units of psi/ft and Ib_/
gal using Matthews and Kelly model.

E6.13: A well of 15,000 ft was drilled at South Louisiana Gulf Coast area where the pore
pressure gradient was found 0.689 psi/ft. Calculate the fracture gradient in units of psi/ft
and Ib_/gal using Hubbert and Willis model, Matthews and Kelly model, Eaton model,
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and Belloti and Giacca model. Summarize the results in tabular form, showing answers,
in units of Ib/gal and also in psi/ft.

6.5.3 MCQs (Self-Practices)

1. Formation pressure affects mainly
a) Casing design
b) Mud design
c) Well control equipment
d) All of the above

2. Accurate prediction of pore pressure
a) Decreases the chances of well control problems
b) Increases the chances of well control problems
¢) Has no relation with the well control problems
d) None of the above

3. Improper estimation of fracture pressure may lead to
a) Series of loss circulations-blowouts problems
b) Increasing mud circulation rate
¢) Damaging the drill bit
d) aandb

4. Mechanical properties of sedimentary rocks depend on
a) The age of the rock
b) Type of hydrocarbon fluid in their pores
c) The depositional environment
d) aandc

5. The process of creating a sedimentary rocks will mainly affect the
a) Type of hydrocarbons
b) Selection of well locations
¢) Distribution of in-situ stresses
d) All of the above

6. Grain size of sedimentary rocks determines the
a) In-situ stresses
b) Rock class
c) Rock permeability
d) All of the above

7. Poorly sorted rocks are the rocks that contain
a) Narrow range of grain sizes
b) One grain size
¢) Many grain sizes
d) None of the above
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8.

10.

11.

12.

13.

14.

15.

Vertical stress of rocks changes with
a) Depth

b) Rock type

¢) RocK’s grain size

d) All of the above

Formation pressure is created as a result of

a) Compaction of the rock sediments

b) Trapping of fluids in the rock pores

¢) Building of sediments on top of each other
d) All of the above

Pore pressure is mainly dependent on the
a) Grain size

b) Pore size

c) Pore throat geometry

d) Pore fluids density

The hydrostatic gradient of normal pressured formations has the range from
a) 0.0to 0.5 psi/ft

b) 0.43 to 0.5 psi/ft

c) 0.5to0.65 psi/ft

d) 0.65 to 1.0 psi/ft

All of the following formation gradients are considered abnormal pressure gradi-
ent except

a) 0.65 psi/ft

b) 0.55 psi/ft

c) 0.35 psi/ft

d) 0.45 psi/ft

Which of the following is not the reason of an abnormally pressure formation?
a) Artesian system

b) Thermal effect

¢) Biochemical effects

d) None of the above

Overburden is defined as

a) Weight of rocks below a specific formation
b) Weight of rocks above a specific formation
c) Weight of fluids in the pores of rock

d) bandc

Which of the following overburden pressure is not depending on
a) Rock type

b) Minerals of the rock

¢) Fluid density

d) None of the above
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17.

18.

19.

20.

21.

22.
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For a similar formation rock, porosity in the shallower depths is
that in the deeper depths.

a) Lessthan

b) Greater than

¢) Equalto

d) There is no relation

Which of the following is considered as one of the abnormal pressure predictive
techniques?

a) Geophysical measurements

b) Analyzing offset wells data

c) Wireline logs

d) All of the above

Which of the following is not considered as one of the abnormal pressure predic-
tive techniques?

a) Drilling parameters

b) Mud logging data

c) Nearby wells data

d) Wireline logs

All of the following are the detective techniques of abnormal pressure except?
a) Changes in drag

b) Pit volume changes

¢) Seismic data

d) All of the above

Which of the following is an indication of abnormal pressured zone?
a) Sudden ROP increase

b) Sudden ROP decrease

c¢) Constant ROP with WOB increase

d) All of the above

In terms of mud parameters, which of the following is considered as an indication
of abnormal pressured zones?

a) Gas cut mud decrease

b) Mud weight decrease

¢) Mud weight increase

d) aandb

Which of the following is one of the confirmation techniques of abnormal pres-
sured zones?

a) Drill stem tests

b) Seismic interpretation

¢) Wireline formation tests

d) aandc
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23.

24,

25.

26.

27.

28.

29.

30.

In which case will pore pressure become greater than the fracture pressure?
a) Geopressured reservoirs

b) Dry gas reservoirs

c) Depleted reservoirs

d) None of the above

Pore pressure is the fracture pressure.
a) Sometimes greater than

b) Sometimes less than

c) Always less than

d) Equalto

The fracture orientation is

a) Always perpendicular to the minimum stress
b) Always parallel to the minimum stress

c) Always perpendicular to the maximum stress
d) Unrelated to any of the rock stresses

All of the following are factors that affect the fracturing except
a) Type of formation

b) Formation pore pressure

c) Type of fracturing fluid

d) Degree of anisotropy

Which of the following is one of the direct methods of estimating fracture pressure?
a) Leak-off test

b) Mud integrity test

¢) Drill stem test

d) Methylene blue test

When the LOT should be performed during drilling operations.
a) Before starting to drill the well

b) When drilling a new section

c) Before running the casing

d) All of the above

Which of the following is not one of the direct methods of fracture pressure
estimations.

a) PIT

b) BOP

c) DST

d) bandc

Rock fracture gradient is important in

a) Selecting casing seats

b) Preventing loss circulations

¢) Planning the hydraulic fracturing jobs
d) All of the above



31.

32.

33.

34.

35.

36.

37.

38.
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Indirect methods of estimating fracture pressure are based on
a) Cutting size analysis

b) Mud gases analysis

c) Stress analysis

d) All of the above

As the pore pressure increases, the fracture pressure
a) Decreases

b) Increases

¢) Remains same

d) None of the above

What will happen to the fracture pressure if the mud hydrostatic pressure increases?
a) Fracture pressure will increase

b) Fracture pressure will decrease

c) Fracture pressure will remain same as before

d) None of the above

What will happen to the maximum allowable surface pressure (MASP) when the
mud hydrostatic pressure increases?

a) MASP will increase

b) MASP will decrease

¢) MASP will remain same

d) None of the above

Which of the following pressures is determining the density of the drilling fluid?
a) Wellbore pressure

b) Pore pressure

¢) Pump circulating pressure

d) All of the following

Casing seat selection depends on
a) Pore pressure

b) Fracture pressure

¢) Both of them

d) None of them

What is the major difference between sand and clay?
a) Grain size of clays is greater than that of sand

b) Grain size of clay is less than that of sand

c) No difference in terms of grain size

d) None of the above

A normal pressured formation has shifted up 300 f#, this formation will become
a) Overpressured formation

b) Underpressured formation

¢) Remains same

d) None of the above
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39. Abnormal pressured formation is the formation that has pressure gradient

40.

that of normal pressured formation.

a) Lessthan
b) Equalto

¢) Greater than
d) aandc

None of the following is one of the problems of underpressured formations except
a) Well kicks

b) Differential sticking

¢) Well blowout

d) Well caving

6.6 Nomenclature

SR s Z IR g

a0
LA DDA SRR 0 S

3

n

rock matrix strength constant or drillability constant
total vertical depth, ft

inner diameter of the drill pipe, in

rotary speed exponent

function of

gravitational acceleration, ft/sec?

slop of the normal trend line

rotary speed, rpm

fluid circulation rate, gpm

shale drillability or rate of penetration, ft/hr

weight on bit, lbf

rotating speed exponent (= 0.6 for offshore Louisiana)
flow rate exponent (= 0.3 for offshore Louisiana)

bit weight exponent (= 1.0 for oftfshore Louisiana)
compressibility of the porous rock matrix, 1/psi

bulk compressibility of the rock matrix, 1/psi

bit diameter, in

borehole diameter, in

modified d-exponent

diameter of one bit nozzle, in

the depth from the sea bed to up to a depth of interest, ft
seawater depth, ft

calculated modified d-exponent at a given depth
modified d-exponent from normal pressure trend line (i.e., extrapolated) at a
given depth (Figure 6.9)

intercept of the normal trend line

depth below mud line, f

depth from surface to the ocean bottom, ft

bit weight exponent or d-exponent or formation drillability
vertical depth from a reference point (ground surface)
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variable matrix stress coefficient for the depth at which the value of o, would
be normal matrix stress, dimensionless

T |l

function related to differential pressure
function related to bit wear

formation pressure gradient

normal pressure gradient, Ib, /gal

L — formation pore pressure gradient at the point of interest, psi/ft

4

= fracture pressure gradient at the point of interest, psi/ft

overburden gradient, psi/ft

differential pressure, 1b/gal/1000 ft.

observed fracture pressure at the point of interest, psi
formation pore pressure at the point of interest, psi
normal formation pore pressure

surface leak-off pressure, psi

overburden pressure, psi

shale drillability at zero differential pressure, ft/hr
bit wear index (equivalent to rotating hours),

the observed interval transit time, s/ft

the interval transit time in the pore fluid, s/ft

the interval transit time in rock matrix, s/ft
volume of shale cutting, ft*

total volume of cup, f#*

porosity decline constant at ¢, ft!

formation pressure gradient, psi/ft

normal pressure gradient, psi/ft

ratio of the compressibility of the porous rock matrix to the intrinsic com-
pressibility of rock = 1— &

c
density of the rock !

bulk density of porous sediment
density of seawater, b /ft’
average bulk density, Ib_/ft’
equivalent mud density at the bit while circulating or actual mud weight in
use, ppg
fluid density in the pore space
mud density, Ib_/ft*
mud density equivalent to normal pore pressure gradient or normal mud
weight, ppg
grain density of rock matrix, Ib_/gal
density of fluid in the pore space, Ib_/gal
formation fluid density at normal condition



