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Preface

This third edition of the Air and Gas Drilling Manual is written as a practical ref-

erence for engineers and earth scientists who are engaged in planning and carry-

ing out deep air and gas drilling operations. The book covers air (or gas) drilling

fluids, aerated (gasified) drilling fluids, and foam drilling. Further, from the

mechanical rock destruction standpoint, the book covers conventional rotary dril-

ling, downhole positive displacement motor (PDM) drilling, and down-the-hole

hammer (DTH) drilling.

The first edition of this book was published in 1984 by Gulf Publishing Com-

pany of Houston, Texas. It was written primarily for the oil and gas recovery

drilling industry and had moderate success, selling out of the initial printing

by the late 1980s. The second edition was published by McGraw-Hill in

2001; it added a significant section on the shallow geotechnical drilling indus-

try (e.g., water wells, environmental monitoring wells, mining ventilation

shafts, etc.), and also discussed shallow reverse circulation, dual wall drill

pipe, and air hammer technologies.

This new third edition is unique in that we have presented the entire engineering

material in both the USCS and SI unit systems, including the important equations

used for air (or gas) drilling and aerated (gasified) drilling, along with the foam

drilling calculations. Solutions based on these equations are given in MathCad™,

using both USCS and SI units, providing readers with complete transparency into

the solution process for these complicated fluid flow problems. These Math-

Cad™ solutions are presented in the appendices.

The authors would like to thank the editors and staff at Elsevier Science and Tech-

nology Books and especially Senior Acquisitions Editor Ken McCombs and Pro-

duction Project Manager Anne McGee. Their support and assistance during the

preparation of this manuscript were invaluable.

The authors would also like to thank the technical staff of the underbalanced dril-

ling group of Weatherford International for their continued support of our efforts
to prepare this manuscript. We particularly appreciate the continued encourage-

ment of Jim Stanley.



We encourage engineers and scientists in industry and practice to comment on

this book. We also apologize for any errors that might be still lurking in the man-

uscript. We know our book is not perfect, but we also know that this edition is

now complete.

William C. Lyons

Boyun Guo

Reuben L. Graham

Greg D. Hawley
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CHAPTER

Introduction and Units 1
Air and gas drilling technology accounts for approximately 30% of the world’s land oil

and gas drilling operations. The technology is limited to use in mature sedimentary

basins. Mature sedimentary basins are older basins that have competent subsurface

rock formations that are cemented and are usually uplifted with little formation water

remaining in them. Although modern air and gas drilling technology began in the

United States in the 1930s, it is presently being used in drilling operations throughout

the world’s many oil and gas producing geologic provinces. It is important at this time
in the development of this technology that the basic principles of the technology be

communicated in a manner that all drilling personnel will understand.

Engineers and drilling supervisory personnel need to make predictive calcula-

tions in order to make their drilling operations efficient and cost-effective. The

prediction calculations for air and gas drilling technology are complicated and

will require the creation of calculation computer programs. There are sophisti-

cated air and gas programs available commercially. However, in the tradition of

most engineering fields, once the basic outline of the program has been deter-
mined, we tend to hand the “care and feeding” of the program over to the com-

puter science department. The authors have chosen to use MathCad™ as our tool

to communicate to the readers the details of how air and gas drilling predictive

calculations are made. These MathCad™ solutions are very transparent and are

written in a sequence that we would do by hand.

The detailed MathCad™ solutions are given in the appendices and the results

are summarized in each applicable text chapter. The solutions are presented in

both USCS units and SI units. It is assumed that newcomers to this technology
will eventually make the choice of whether to use an existing commercial pro-

gram or to develop their own company internal program.

1.1 OBJECTIVES AND TERMINOLOGY
The objective of this professional text is to familiarize the readers with the basic

terminology and operational applications of this new field of air and gas drilling
1



technology. The use of this technology is limited to land drilling operations. There

are three subcategories of this technology: (1) air and gas fluids drilling, (2) aer-

ated fluids drilling, and (3) stable foam fluids drilling. This technology is utilized

by the industry to fulfill two specific drilling objectives.

Performance Drilling: This type of drilling takes advantage of the low annulus

bottom hole pressures that accompany the use of this technology. Low

annulus bottom hole pressures usually result in higher rates of penetrations.

This type of drilling operation is applied in the upper portions of a well bore

above the potential producing reservoir formation. The specific objective of
this type of drilling is to drill more rapidly through the upper formations above

the reservoir and to ultimately reduce the cost of a drilling operation.

Underbalanced Drilling: Here again, this type of drilling takes advantage of
the low annulus bottom hole pressure characteristic of the technology.

Underbalanced drilling uses the various bottom hole pressure capabilities of

air and gas, and aerated and stable foam drilling fluids to drill into potential

reservoir rock producing formations with annulus bottom hole pressures

lower than the static reservoir pressure. In this manner, the reservoir fluids

flow to the well bore as the drill bit is advanced through the reservoir.

Underbalanced drilling operations attempt to avoid damage to the reservoir

rock formation so that the reservoir will produce effectively through its life.

1.2 ENGINEERING CALCULATIONS AND UNITS
Modern engineering practices can be traced back to early eighth century AD

with the tradition of the “master builder.” This was the time of the creation of

the measure known as the Charlemagne foot. From the eighth century into the

seventeenth century a variety of weights and measures were used throughout

the world. It was not until the Weights and Measures Act of 1824 that a complete

British Imperial System (BIS) was codified within the British Isles, British Com-

monwealth countries, and in some of the former colonies of the British. The

United States actually did not accept the full BIS. The United States made use of
some of the major units within the system and some of the older units that had

evolved through the years of colonialism before 1824. This evolution of usage

within the United States ultimately became the United States Customary System

(USCS) (units that are still in common use today).

The development of some of the basic units that ultimately became part of the

present-day System International d’Unites probably began around the time of

Louis XIV of France. This system is simply known today as SI units (or metric

units). This system became codified by international treaty in France in 1875.
Most unit systems today, including the British Imperial System and the USCS,

are referenced to the actual existing weights (mass) and measures of the SI units.

2 CHAPTER 1 Introduction and Units



These reference weights and measures are kept in Paris, France, for all nations

and other entities to utilize. Since 1875 the SI units system has gained rapid

and widespread use throughout the world. This system is characterized by its

consistent set of units and simplicity of use. SI units are based on multiples of dec-

ades or units of tens. All basic weights and measurement units within SI are in
increasing magnitudes of multiples of 10, 100, 1000, etc. Nearly all other unit sys-

tems in use in international trade and commerce around the world today must be

referenced against the SI standard units before they are considered legitimate for

legal matters or for international commercial trade.

1.2.1 Physical Mechanics

There are important fundamental definitions of units that must be used to define
any units system. These are as follow:

Force is the action of one body on another that causes acceleration of the

second body unless acted on by an equal and opposite action countering

the effect of the first body.
Time is a measure of the sequence of events. In Newtonian mechanics, time is an

absolute quantity. In relativistic mechanics, it is relative to the frame of

reference in which the sequence of events is observed. The common unit of

time is seconds.

Inertia is that property of matter that causes a resistance to any change in the

motion of a body.

Mass is a quantitative measure of inertia.

This monograph deals exclusively with Newtonian mechanics. Newton’s gen-

eral laws are as follow:

Law I. If a balanced force system acts on a particle at rest, it will remain at

rest. If a balanced force system acts on a particle in motion, it will remain

in motion in a straight line without acceleration.

Law II. If an unbalanced force system acts on a particle, it will accelerate in

proportion to the magnitude and in the direction of the resultant force.

Law III. When two particles exert forces on each other, these forces are equal
in magnitude, opposite in direction, and collinear.

Note that the aforementioned original definitions of the just-defined laws by

Newton were conceived around the concept of force.

1.2.2 Basic Units and Usage

The USCS is a gravitational system, as its units of length, force, and time (i.e.,

L, F, and T, respectively) are considered fundamental dimensions of the system

and all other units, including mass, are derived. The SI is an absolute system,

as its units of length, mass, and time (i.e., L, M, and T, respectively) are

1.2 Engineering Calculations and Units 3



considered fundamental dimensions of the system and all others units, including

force, can be derived.

The reason for this distinction between gravitational and absolute is the laud-

able desire that the concept and magnitude of the mass of an object should

remain the same regardless of where it is with respect to other objects that would
influence it through gravitational attraction. In this manner, the SI would be in

accordance with Newton’s universal gravitation, which describes the universality

of gravity (Newton’s universal gravitation is an extension of Newton’s general

Law II given earlier). The average force of gravitational attraction is shown math-

ematically in Newton’s universal gravitation by

Fgravity ¼ G
m1m2

d2
; (1-1)

where Fgravity is the gravitational attraction force (lb, N), G is a constant of propor-

tionality (3.437 � 10-8 lb-ft2/slug2, or 6.673 � 10-11 N-m2/kg2), m1 is mass 1 (slug,

kg), m2 is mass 2 (slug, kg), and d is the distance between the masses (ft, m).

Newton’s Law II can be written as

F ¼ ma; (1-2)

where F is the force being applied to a mass near the Earth’s surface (lb, N), m is

any object mass (slug, kg), and a is the resultant acceleration of that mass as a

result of the applied force F (ft/sec2, m/sec2).

If a mass is on or near the Earth’s surface, the force of attraction of the mass to

the Earth’s mass becomes the special force denoted as weight (assuming that no

other forces act on the mass). In this situation, the acceleration term a becomes

g, which is the gravitation acceleration of the mass falling freely toward the Earth’s
center. Substituting g into Equation (1-2) and letting the F terms in Equations (1-1)

and (1-2) equal each other, g becomes

g ¼ Gmearth

d2
: (1-3)

Substituting the respective unit system values, Earth’s average mass at midlati-

tudes, and the distance between the center of the Earth and the object near the

Earth’s surface gives the acceleration term that is used in most practical engineer-

ing mechanics problems. Table 1-1 gives the values of g for both USCS and SI. The
high accuracy values are given with the commonly used engineering values.

Table 1-1. Acceleration of Gravity

g (precision) g (engineer)

USCS (ft/sec2) 32.1740 32.2

SI (m/sec2) 9.8067 9.81

4 CHAPTER 1 Introduction and Units



Note that the Earth is not a perfect sphere and, therefore, the acceleration of

gravity will be slightly different depending on whether the free falling body is at a

pole or at the equator. The elliptical form of the Earth dictates that the accelera-

tion of gravity will be slightly greater at the equator than at the poles. For most

engineering applications at or near the Earth’s surface, the average acceleration
of gravity (engineer) terms is used for calculation purposes. Both of these calcula-

tions were made using the exact same calculation method. No special term or

constant was employed to obtain either of the aforementioned results.

The objective of the third edition of this monograph is to allow engineers and

other technologists to carry out the required air and gas drilling calculations in both

USCS and SI units. In particular, the objective is for engineers and technologists

who presently use the USCS units to learn to be comfortable using SI units. Most

examples discussed within this monograph are steady-state flow problems. To facil-
itate this objective, two minor alterations in SI common usage have been made by

the authors to allow for a more unified method of calculation manipulation that are

common to the usage of USCS units. This will allow for transparency in the manip-

ulation of both systems that practitioners working in both systems will recognize.

Nearly all equations in this monograph are derived for use with any consist set

of units. Further, because most equations in the edition are for steady-state flow,

the equations will have few mass (m) or gravity acceleration (g) terms. Therefore,

the first alteration from traditional SI usage will be that any SI data or terms that
contain kg units are to be changed to force units (N) by multiplying appropriately

by 9.8 m/sec2. An example of this first alteration would be the writing of power in

SI units as N-m/sec (watt) instead of the SI purist form of the power unit of kg m2/

sec3 (which is also a watt). The second alteration from traditional SI use will be that

fluid flow pressure will be given in N/cm2 instead of the more SI purist recognized

pascal (N/m2). Regarding the latter alteration, it is very difficult for either the USCS

or the SI practitioner to visualize the force per unit area magnitude being applied

with pressure to the inside flow area of a 2-in (50.8 mm) nominal diameter pipe
or applied as stress to a small machine part when the area of the pressure or

stress unit is many times greater than the area of the actual flow area or stress area.

Therefore, as is done in the USCS for most applications where a pressure or stress

in lb/ft2 is converted to lb/in2 (psi), the pascal (N/m2) will be converted to N/cm2.

In essence, the authors recommend analyzing the SI system just like the USCS

in that both are treated as an F, L, and T system, instead of treating the SI as an M,

L, and T system. Even though this logic may annoy the SI purist, it will be shown

that employing the SI mass concept (and the USCS force concept) in this manner
is far superior to employing the cobbled-up unit conversions that define force and

mass in the USCS as lbf and lbm, and the use the associated artificial constants

gc and go [2]. The authors have even seen this conversion concept applied to SI

units in the form of Nf and Nm with their associated artificial constants gc and go.

It is suspected that this misguided conversion creation was developed by

chemical and mechanical engineering professors who were motivated by the

desire to have a heat transfer equation that is rationally in consistent force

1.2 Engineering Calculations and Units 5



(weight) units to correct to mass based equation [2]. Since specific heat cp in the
SI is in units of kcal/kg-K and in the USCS is in units of BTU/lb-oR, a heat transfer

equation for SI calculations would have to be in mass rate of flow _m and a heat

transfer equation for the USCS would have to be in weight rate of flow _w. It is
our contention that for those of us who were not brought up using the SI as

our primary system of units, it is easier for engineers to carry out calculations

in both systems if both unit systems are manipulated in exactly the same manner.

This requires use of the kilogram definition given in Table 1-2. It is likely that this

kilogram definition will “ruffle the feathers” of some SI purists.
There is one other important change to be made in the application of the SI to

the drilling calculations made in this monograph. N/m2 or the pascal (Pa) as a

pressure unit will not be used. Most engineers have trouble correlating these

values to small cross-sectional areas such as a 2-in nominal pipe (�i.d. of 2.0 in,

or 50.8 mm). In its place we will use a pressure term unit of N/cm2. It is only nec-

essary to multiply this pressure unit by 104 to obtain pressure in pascals or by

0.6897 to obtain psi. The convenience of using this alternate SI pressure term

is illustrated by Figure 1-1, where both scales can be placed easily on the same
gauge face for easy reading (and reference to one another).

Table 1-2. Units that Define Mass [1]

Unit System Mass Unit Dimensions

USCS Slug F T2/L ¼ lb sec2/ft

SI Kilogram F T2/L ¼ N sec2/m
0

0

10
0

20
0

300 400

500
600

700

10
0

400

500

200 300
N/cm2

psi

FIGURE 1-1. Pressure gauge with both psi and N/cm2 units.
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CHAPTER

Air and Gas Versus Mud 2
This engineering practice monograph has been prepared for petroleum and related

drilling and completion engineers and technicians who work in modern rotary

drilling operations. This book derives and illustrates engineering calculation tech-

niques associated with air and gas drilling technology. This book has been written

in consistent units to ease application in either USCS or SI. Also, field unit equation

use has been minimized in the text. Chapter 1 and Appendix A give definitions of

important units and constants and useful conversions for both USCS and SI.
Air and gas drilling technology is the utilization of compressed air or other gases as

a rotary drilling circulating fluid to carry the rock cuttings to the surface that are gen-

erated at the bottom of the well by the advance of the drill bit. The compressed air or

other gas (e.g., nitrogen or natural gas) can be used also or can be injected into the

well with incompressible fluids such as fresh water, formation water, formation oil,

or drilling mud. There are three distinct operational applications for this technology:

air or gas drilling operations (using only compressed air or other gas as the circulating

fluid), aerated drilling operations (using compressed air or other gas mixed with an
incompressible fluid), and stable foam drilling operations (using compressed air or

other gas with an incompressible fluid to create a continuous foam circulating fluid).

In the past, air and gas drilling methods have been a small segment of the petro-

leum deposit recovery drilling industry. Currently, air and gas drilling methods that

utilize compressed air (or other gases), aerated fluids, or foam fluids comprise about

20 to 30% of all operations. There are two separate and unique reasons for utilizing

air and gas drilling methods in modern oil and gas deposit recovery operations.

These are:

Performance Drilling: Drilling formations above a potential producing

formation to generally take advantage of increased rates of penetration of

these drilling methods.

Underbalanced Drilling: Drilling of potential producing formations using

annulus bottom hole pressures that are below the formation pore pressure.

This reduces or eliminates formation damage that could affect follow-on

production.
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In general, the use of air and gas drilling methods is confined to mature sedi-

mentary basins within mature geologic provinces.

Pneumatic conveying represents the first use of moving air to transport

entrained solids in the flowing stream of air. This airstream was created by

steam-powered fans that were the direct outgrowth of the industrial revolution
of the early sixteenth century. Pneumatic conveying was accomplished on an

industrial scale by the late 1860s [1]. The need for higher pressure flows of air

and other gases led to the first reliable industrial air compressors (stationary) in

the late 1870s [2]. Here again, these early compressors were steam powered. After

the development of the internal combustion engines, portable reciprocating and

rotary compressors were possible. These portable compressors were first

utilized in the late 1880s by an innovative mining industry to drill in mines

using pneumatic-actuated hammers for in mine wall boreholes and shaft pilot
boreholes [2].

2.1 ROTARY DRILLING
Rotary drilling is a method used to drill deep boreholes in rock formations of the

Earth’s crust. This method is comparatively new, having been first developed by a

French civil engineer, Rudolf Leschot, in 1863 [3]. The method was initially used
to drill water wells using fresh water as the circulation fluid. Today, this method

is the only rock drilling technique used to drill deep boreholes (greater than 3000

ft, or 900 m). It is not known when air compressors were first used for the dril-

ling of water wells, but it is known that deep petroleum and natural gas wells

were drilled utilizing portable air compressors in the 1920s [4]. Pipeline gas

was used to drill a natural gas well in Texas in 1935 using reverse circulation

techniques [5].

Today, rotary drilling is used to drill a variety of boreholes. Most water wells and
environmental monitoring wells drilled into bedrock are constructed using rotary

drilling. In the mining industry, rotary drilling is used to drill ore body test bore-

holes and pilot boreholes for guiding larger shaft borings. Rotary drilling techni-

ques are used to drill boreholes for water, oil, gas, and other fluid pipelines that

need to pass under rivers, highways, and other natural and man-made obstructions.

Most recently, rotary drilling is being used to drill boreholes for fiber optics and

other telecommunication lines in obstacle-ridden areas such as cites and industrial

sites. The most sophisticated application for rotary drilling is the drilling of deep
boreholes for the recovery of natural resources such as crude oil, natural gas,

and geothermal steam and water. Drilling boreholes for fluid resource recovery

usually requires boreholes drilled to depths of 3,000 ft (900 m) to as great as

20,000 ft (6000 m).

Rotary drilling is highly versatile. The rotary drilling applications given previ-

ously require the drilling of igneous, metamorphic, and sedimentary rock. How-

ever, the deep drilling of boreholes for the recovery of crude oil and natural gas
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is carried out almost exclusively in sedimentary rock. Boreholes for the recovery

of geothermal steam and water are constructed in all three rock types. The rotary

drilling method requires the use of a rock cutting or crushing drill bit. Figure 2-1

shows a tungsten carbide insert tricone roller cone bit. This type of drill bit uses

more of a crushing action to advance the bit in the rock (see Chapter 4 for more
details). These bits are used primarily to drill medium hard sedimentary rock.

To advance the drill bit in rock requires the application of an axial force on

the bit (to push the bit into the rock face), torque on the bit (to rotate the bit

against the resistance of the rock face), and circulating fluid to clear the rock cut-

tings away from the bit as the bit generates more cuttings with its advance (see

Figure 2-2). If the axial force is missing and the other two processes are operating,

then the bit will not advance. Likewise, if torque is not present and the other two

processes are operating, then again the bit will not advance. However, if circula-
tion is not present and the other two processes are present, the drill string

will likely be damaged. This short discussion emphasizes the critical nature of

the circulating system.

FIGURE 2-1. Tungsten carbide insert 7 7/8 inch (200.1 mm) tricone roller cutter bit IADC Code

627 (courtesy of Hughes Christensen Incorporated).
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Rotary drilling is carried out with a variety of drilling rigs. These can be small

“single” rigs or larger “double” and “triple” rigs. Today,most of the drilling rigs based
on land are mobile units with folding masts. A single drilling rig has a vertical space

in its mast for only one joint of drill pipe. A double drilling rig has a vertical space in

its mast for two joints of drill pipe and a triple drilling rig space for three joints.

Table 2-1 gives API length ranges for drill collars and drill pipe [6].

Figure 2-3 shows a typical single drilling rig. Such small drilling rigs are highly

mobile and are used principally to drill shallow (less than 3000 ft, or 900 m in

depth), such as coal-bed methane wells and geothermal hot water-producing

boreholes. These single rigs are usually self-propelled. The self-propelled drilling
rig shown in Figure 2-3 is a Gardner Denver SD 55. This particular rig uses a range

2 drill pipe.

Single rigs can be fitted with either an onboard air compressor or an onboard

mud pump. Some of these rigs can accommodate both subsystems. These rigs have

Axial Force

Fluid Circulation

Rotation/Torque

FIGURE 2-2. The three necessary components for rotary drilling.

Table 2-1. API Length Ranges for Drill Collars and Drill Pipe

Range Minimum Length Maximum Length

1 18 ft (5.5 m) 22 ft (6.7 m)

2 27 ft (8.7 m) 30 ft (9.1 m)

3 38 ft (11.6 m) 45 ft (13.7 m)
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either a dedicated prime mover on the rig deck or a power take-off system that

allows utilization of the truck motor as the prime mover for the drilling rig equip-

ment (when the truck is stationary). Small drilling rigs can provide axial force to

push the drill bit into the rock face through the drill string (via a chain or cable actu-

ated pull-down system, or a hydraulic pull-down system). A pull-down system trans-

fers a portion of theweight of the rig to the top of the drill string and then to the drill

bit. The torque and rotation at the top of the drill string are also often provided by a
hydraulic top-head drive (similar to power swivel systems used on larger drilling

rigs), which is moved up and down the mast (on a track) by the chain, cable, or

hydraulic drive pull-down system. However, some of these rigs retain the traditional

rotary table. Many of these small single drilling rigs are capable of drilling with their

masts at angles as high as 45� to the vertical. The prime mover for these rigs is usu-

ally fueled by either propane or diesel.

The schematic layout in Figure 2-4 shows a typical self-propelled double dril-

ling rig. This example rig is fitted with a mud pump for circulating drilling
mud. A vehicle motor is used to propel the rig over the road.

The same motor is used in a power take-off mode to provide power to the

rotary table, draw works, and mud pump. For this rig, this power take-off motor

operates a hydraulic pump that provides fluid to hydraulic motors to operate the

FIGURE 2-3. Typical self-propelled single drilling rig (courtesy of George E. Failing Company).

2.1 Rotary Drilling 13



rotary table, draw works, and mud pump. The “crows nest” on the mast indicates

that the rig is capable of drilling with a stand of two joints of drill pipe. This dril-

ling rig utilizes a rotary table and a kelly to provide torque to the top of the drill

string. The axial force on the bit is provided by the weight of the drill collars at
the bottom of the drill string (there is no chain pull-down capability for this dril-

ling rig). This example schematic shows a rig with onboard equipment that can

provide only drilling mud or treated water as a circulation fluid. The small air

compressor at the front of the rig deck operates the pneumatic controls of the

rig. However, this rig can easily be fitted for air and gas drilling operations. This

AIR COMPRESSOR

MUD PUMP

HYDRAULIC
RESERVOIR

DOUBLE-DRUM
DRAW WORKS

WITH SANDREEL
CATHEAD

SUPPORT JACKS

DRILLER’S STATION

ROTARY
TABLE

KELLY

HOSE

SWIVEL

MAST

CROWN
BLOCK

TRAVELING
BLOCK

“CROWS
NEST”

FIGURE 2-4. Typical self-propelled double drilling rig schematic layout.
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type of drilling rig (already fitted with a mud pump) would require an auxiliary

hookup to an external air compressor(s) to carry out an air drilling operation. The

compressor system and its associated equipment for air drilling operations

are usually provided by a subcontractor specializing in these operations.

Figure 2-5 shows a new type of triple drilling rig for land operations. This rig is
fitted with a power swivel instead of a rotary table. These new Flex Rigs must be

assembled at the drilling location.

In addition to having the most modern drilling equipment (automatic pipe

loader, single console operation, etc.), the design uniqueness of the Flex Rig

FIGURE 2-5. Helmerick and Payne Flex Rig 3 (courtesy of Helmerick and Payne Incorporated).
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concept allows rapid rig-up and rig-down, which minimizes nondrilling time at the

location. These rigs have been developed by Helmerick and Payne Incorporated, an

international drilling contractor serving both on-land and off-shore drilling opera-

tions. These rigs are available in depth capabilities up to 18 000 ft (5500 m).

2.2 CIRCULATION SYSTEMS
Two types of circulation techniques can be used for either a mud drilling system

or an air or gas drilling system. These are direct (conventional) circulation and

reverse circulation.

2.2.1 Direct Circulation

Figure 2-6 shows a schematic of a rotary drilling, direct circulation mud system that

would be used on a typical double (and triple) drilling rig. Direct circulation

requires that the drilling mud (or treated water) flows from the slush pump

SWIVEL
KELLY

DRILL PIPE

MUD LINE

SHALE SHAKER

MUD TANKS

SLUSH
PUMP

STANDPIPE

ROTARY HOSE

DRILL COLLAR

BIT

FIGURE 2-6. Direct circulation mud system.
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(or mud pump), through the standpipe on the mast, through the rotary hose,

through the swivel and down the inside of the kelly, down the inside of the drill

pipe and drill collars, and through the drill bit (at the bottom of the borehole) into

the annulus space between the outside of the drill string and the inside of the

borehole.
The drilling mud entrains the rock bit cuttings at the bottom of the annulus

and then flows with the cuttings up the annulus to the surface where the cuttings

are removed from the drilling mud by the shale shaker and the drilling mud is

returned to the mud tanks (where the slush pump suction side picks up the dril-

ling mud and recirculates the mud back into the well). The slush pumps used on

double (and triple) drilling rigs are positive displacement piston-type pumps.

For single drilling rigs, the drilling fluid is often treated fresh water in the mud

tank. A heavy-duty hose is run from the suction side of the onboard mud pump (see
Figure 2-4) to the mud tank. The drilling water is pumped from the tank, through

the pump, through an onboard pipe system, through the rotary hose, through the

hydraulic top-head drive, down the inside of the drill pipe, and through the drill bit

to the bottom of the well. The drilling water then entrains the rock cuttings from

the advance of the bit and carries the cuttings to the surface via the annulus

between the outside of the drill pipe and the inside of the borehole. At the surface,

the drilling fluid (water) from the annulus with entrained cuttings is returned to

a mud pit where the rock cuttings are allowed to settle out to the bottom.
The pumps on single drilling rigs are small positive displacement reciprocating

piston types.

Figure 2-7 shows a detailed schematic of a direct circulation compressed air

drilling system that would be used on a typical double or triple drilling rig.

Direct circulation requires that atmospheric air be compressed by the com-

pressor and then forced through the standpipe on the mast, through the rotary

hose, through the swivel and down the inside of the kelly, down the inside of

the drill pipe and drill collars, and through the drill bit (at the bottom of the bore-
hole) into the annulus space between the outside of the drill string and the inside

of the borehole. The compressed air entrains the rock bit cuttings and then flows

with the cuttings up the annulus to the surface where the compressed air and the

entrained cuttings exit the circulation system via the blooey line. The compressed

air and cuttings exit the blooey line into a large pit dug into the ground surface

(burn pit). These pits are lined with an impermeable plastic liner.

If compressed natural gas is to be used as a drilling fluid, a gas pipeline is run

from a main natural gas pipeline to the drilling rig. Often this line is fitted with a
booster compressor. This allows the pipeline natural gas pressure to be increased

(if higher pressure is needed) before the gas reaches the drilling rig standpipe.

2.2.2 Reverse Circulation

Rotary drilling reverse circulation (using either drilling mud and/or compressed

air or gas) can be a useful alternative to direct circulation methods. The reverse
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circulation technique is particularly useful for drilling relatively shallow large

diameter boreholes (e.g., conductor and surface casing boreholes).

In a typical reverse circulation operation utilizing drilling mud, the drilling mud

flows from the mud pump to the top of the annulus between the outside of the drill
string and the inside the borehole, down the annulus space to the bottom of the

borehole. At the bottom of the borehole the drilling mud entrains the rock bit cut-

tings and flows through the large center opening in the drill bit and then upward

to the surface through the inside of the drill string. At the surface, the cuttings are

removed from the drilling mud by the shale shaker and the drilling mud is returned

to the mud tanks (where the pump suction side picks up the drilling mud and

recirculates the mud back to the well).

Reverse circulation can also be carried out using air and gas drilling tech-
niques. Figure 2-8 shows a typical application of reverse circulation using com-

pressed air as the drilling fluid (or mist, unstable foam) [7]. This example is a

ROTARY HOSE

STANDPIPE

SWIVEL

ROTATING
HEAD

KELLY

BLOOEY
LINE

DRILL PIPE

DRILL COLLAR

BIT

COMPRESSOR

FIGURE 2-7. Direct circulation air system.
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dual tube (or dual drill pipe) closed reverse circulation system. The closed system

is characterized by an annulus space bounded by the inside of the outer tube and

the outside of the inner tube. This is a specialized type of reverse circulation and

is usually limited to small single and double drilling rigs with top-head rotary

drives (see Chapter 4 for drill pipe details).

Reverse circulation drilling operations require specially fabricated drill bits.

Figure 2-9 shows a schematic of the interior flow channel of a tricone rotary drill

CONTINUOUS
SAMPLE
DISCHARGE

TOP HEAD
ROTARY DRIVE

OUTER PIPE

AIR OR
MIST

INNER PIPE

FIGURE 2-8. Dual tube (or dual drill pipe) closed reverse circulation operation.
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bit designed for reverse circulation. These drill bits utilize typical roller cutter

cones exactly like those used in direct circulation drill bits (see Figure 2-1). These

bits, however, have a large central channel opening that allows the circulation
fluid flow with entrained rock cuttings to flow from the bottom of the borehole

to the inside of the drill string and then to the surface.

Most tricone drill bits with a diameter of 5 3/4 inches (146 mm) or less are

designed with the central flow channel as shown in Figure 2-9. Figure 2-1 showed

the typical tricone drill bit for direct circulation operations. These direct circula-

tion drill bits usually have three orifices that can be fitted with nozzles. Tricone

roller cutter drill bits for reverse circulation operations are available in diameters

from 4 1/2 inches (114 mm) to 31 inches (787 mm). The larger diameter bits for
reverse circulation operations are usually custom designed and fabricated. Dual

wall pipe reverse circulation operations require special skirted drill bits (see

Chapter 4 for details). These skirted drill bits are specifically designed for the

particular drilling operation. These specialized drill bits are usually manufactured

by mining equipment companies.

2.3 COMPARISON OF MUD AND AIR DRILLING
The direct circulation model is used to make some important comparisons

between mud drilling and air and gas drilling operations.

FIGURE 2-9. Schematic of the internal flow channel of a tricone roller cutter bit designed for

reverse circulation operations (courtesy of Smith International Incorporated).
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2.3.1 Advantages and Disadvantages

There are some very basic advantages and disadvantages to mud drilling and air dril-

ling operations. The earliest recognized advantage of air and gas drilling technology

was the increase in drilling penetration rate relative to mud drilling operations.

Figure 2-10 shows a schematic of the various drilling fluids (the top four comprise

air and gas drilling technology) and how these drilling fluids affect the drilling pene-

tration rate. The drilling fluids in Figure 2-10 are arranged with the lightest at the top
of the list and the heaviest at the bottom. The lighter the fluid column in the annulus

(with entrained rock cuttings), the lower the confining pressure on the rock bit cut-

ting face. This lower confining pressure allows the rock cuttings from the rock bit to

be removed more easily from the cutting face (see Chapter 4 for more details).

Figure 2-11 shows a schematic of the various drilling fluids and their respective

potential for avoiding formation damage. Formation damage is an important issue in

Air and Gas Increasing

Unstable Foam

Stable Foam

Aerated Mud

Mud

FIGURE 2-10. Improved penetration rate.

Ability to Not Cause Formation Damage

Air and Gas

Unstable Foam

Stable Foam

Aerated Mud

Increasing

Mud

FIGURE 2-11. Formation damage avoidance.

2.3 Comparison of Mud and Air Drilling 21



fluid resource recovery (e.g., oil and natural gas, and geothermal fluids). The lighter

the fluid column in the annulus (with entrained rock cuttings), the lower the poten-

tial for formation damage (arrow points upward to increasing avoidance of forma-

tion damage). Formation damage occurs when the fluid column pressure at the

bottom of the borehole is higher than the pore pressure of the resource fluid (oil,
gas, or water) in the potential producing rock formations. This higher bottom hole

pressure forces the drilling fluid (with entrained rock cutting fines) into the

exposed fractures and pore passages in the producing rock formations. These fines

plug these features in the immediate region around the borehole. This damage is

often called a “skin effect.” This skin effect damage restricts later formation fluid

flows to the borehole, thus reducing the productivity of the well.

Figure 2-12 shows a schematic of the various drilling fluids and their respective

potential for avoiding loss of circulation. Loss of circulation occurs when drilling
with drilling muds or treated water through rock formations that have fractures

or large interconnected pores or vugs. If these features are sufficiently large and

are not already filled with formation fluids, then as drilling progresses the drilling

fluid that had been flowing to the surface in the annulus can be diverted into these

fractures or pore structures. This diversion can result in no drilling fluid (with

entrained rock cuttings) returning to the surface. The rock cuttings are left in the

borehole and consolidate around the lower portion of the drill string and the drill

bit. If this situation is not identified quickly, the drill string will begin to torque up
in the borehole and mechanical damage to the drill string will occur. Such damage

can sever the drill string and result in a fishing job to retrieve the portion of the drill

string remaining in the borehole.

For deep oil and natural gas recovery wells, loss of circulation can result in

even more catastrophic situations. If drilling fluids are lost to thief formations,

the fluid column in the annulus can be reduced, resulting in a lower bottom hole

pressure. This low bottom hole pressure can cause a high pressure oil and/or nat-

ural gas “kick” or geothermal fluid “kick” (a slug of formation fluid) to enter the

Ability to Drill in Loss of Circulation Zones

Air and Gas Increasing

Unstable Foam

Stable Foam

Aerated Mud

Mud

FIGURE 2-12. Loss of circulation avoidance.
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annulus. Such kicks must be immediately and carefully circulated out of the annu-

lus (to the surface), as an uncontrolled blowout of the well could occur. Here

again heavier drilling fluids are generally more prone to loss of circulation (arrow

points upward to increasing loss of circulation avoidance).

Figure 2-13 shows a schematic of the various drilling fluids and their respec-
tive potential for use in geologic provinces with high pore pressures. High pore

pressures are encountered in oil, natural gas, and geothermal drilling operations.

New discoveries of oil, natural gas, or geothermal fluid deposits are usually highly

pressured. In order to safely drill boreholes to these deposits, heavily weighted

drilling muds are utilized. The heavy fluid column in the annulus provides the

high bottom hole pressure needed to balance (or overbalance) the high pore

pressure of the deposit.

Figure 2-13 also shows that the heavier the drilling fluid column in the annulus,
the more useful the drilling fluid is for controlling high pore pressure (the arrow

points downward to increasing capability to control high pore pressure). There

are limits to how heavy a drilling mud can be. As discussed earlier, too heavy a dril-

ling mud results in overbalanced drilling, which can result in formation damage.

However, there is a greater risk to overbalanced drilling. If the drilling mud is too

heavy, the rock formations in the open hole section can fracture. These fractures

will result in a loss of the circulating mud in the annulus that could result in a

blowout.
In the past decade it has been observed that drilling with a circulation fluid

that has a bottom hole pressure slightly below that of the pore pressure of the

fluid deposit gives near optimum results. This type of drilling is denoted as under-

balanced drilling. Underbalanced drilling allows the formation to produce fluid as

the drilling progresses. This lowers or eliminates the risk of formation damage

and eliminates the possibility of formation fracture and loss of circulation. In gen-

eral, if the pore pressure of a deposit is high, an engineered adjustment to the

Ability to Drill in High Pore Pressure Zones

Air and Gas
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Aerated Mud
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Mud

FIGURE 2-13. Controlling high pore pressure.
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drilling mud weight (with additives) can yield the appropriate drilling fluid to

assure underbalanced drilling. However, if the pore pressure is not unusually

high, then air and gas drilling techniques are required to lighten the drilling fluid

column in the annulus.

Figure 2-14 shows a schematic of the various drilling fluids and their respec-

tive potential for keeping formation water out of the drilled borehole. Formation
water is often encountered when drilling to a subsurface target depth.

This water can be in fractures and pore structures of the rock formations

above the target depth. If drilling mud is used as the circulating fluid, the hydro-

static pressure of the mud column in the annulus is designed to be sufficient to

keep formation water from flowing out of the exposed rock formations in the

borehole. Lighter drilling fluids, such as compressed air or other gases and foam,

have lower bottom hole pressure and, therefore, lower the pressure on any for-

mation water in the exposed fractures or pore structures in the drilled rock
formations.

Figure 2-14 shows that the heavier drilling fluids have a greater ability to cope

with formation water flow into the borehole (the arrow points downward to

increasing control of formation water). This has always been a distinct advantage

for deep targets in young immature sedimentary rock formations. In some drill-

ing situations, a foam drilling fluid system can be designed to take on formation

water when the foam system has extra foamer added to it. Aerated drilling fluids

are capable of handling influxes of formation fluids. However, all these air and
gas based drilling fluids are restricted to older mature sedimentary geologic

provinces.

2.3.2 Flow Characteristics

A comparison is made of the flow characteristics of mud drilling and air drilling in

a deep well example. A schematic of this example well is shown in Figure 2-15.
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FIGURE 2-14. Control of the inflow of formation water.
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The well is cased from the surface to 7000 ft (2133 m) with API 8 5/8-in
(219 mm) diameter, 32.00 lb/ft (14.60 kg/m) nominal casing. The well has been

drilled out of the casing shoe with a 7 7/8-in (200 mm)-diameter drill bit. The

comparison is made for drilling at 10,000 ft (3048 m). The drill string in

the example well is made up of (bottom to top) a 7 7/8-in (200 mm)-diameter

drill bit, �500 ft (152 m) of 6 1/4-in (159 mm) outside diameter by 2 13/16-in

(71 mm) inside diameter drill collars, and �9500 ft (2895 m) of API 4 1/2-in

(114 mm) diameter, 16.60-lb/ft (7.52 kg/m) nominal, IEU-S135, NC 46, drill pipe.

The mud drilling hydraulics calculations are carried out assuming that the dril-
ling mud weight (i.e., specific weight) is 10 lb/gal (density of 1201 kg/m3 or

1.2 kg/liter), the Bingham mud yield is 10 lb/100 ft2 (48 N/10 m2), and the plas-

tic viscosity is 30 centipose. The drill bit is assumed to have three 12/32-in (9.5

mm)-diameter nozzles with a drilling mud circulation flow rate of 200 gal/min

(757 liters/min). Figure 2-16 shows plots of the pressures in the incompressible

drilling mud as a function of depth and shows a plot of the pressures inside the

drill string. The injection pressure is approximately 1072 psig (739 N/cm2 gauge)

and 5877 psig (4049 N/cm2 gauge) at the bottom of the inside of the drill string
just above the bit nozzles. Also shown is a plot of the pressure in the annulus. The

Pe, γe, Te

Pa, γa, Ta

Pc, γc, Tc

Pb, γb, Tb

77/8” (200.1 mm)

Pp, γp, Tp

Pi, γi, Ti

i − injection
a − above bit
b − below bit
c − collar annulus
p − pipe annulus
e − exit

10,000’
(3048m)

500’
(152m)

FIGURE 2-15. Comparison example well and drill string.
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pressure is approximately 5401 psig (3721 N/cm2 gauge) at the bottom of the

annulus just below the bit nozzles and 0 psig (0 N/cm2 gauge) at the top of

the annulus at the surface.

The pressures in Figure 2-16 reflect the hydrostatic weight of the column of

drilling mud and the resistance to fluid flow from the inside and outside surfaces

of the drill string, the surfaces of the borehole wall, and the bit nozzle orifices.

This resistance to flow is the result of friction losses of energy in the fluid. The

total losses due to friction are the sum of all the aforementioned losses. This mud
drilling example shows a total loss through the system of approximately 1071 psi

(739 N/cm2). This includes the approximate 476 psi (328 N/cm2) loss through

the drill bit. Smaller diameter nozzles would yield higher losses across the drill

bit and higher injection pressures at the surface.

The air drilling calculations are carried out assuming the drilling operation is at

sea level. There are two compressors capable of 1200 scfm (566.3 standard

liters/sec) each, so the total volumetric flow rate to the drill string is 2400 scfm

(1133 standard liters/sec). The drill bit is assumed to have three open orifices
at 0.75 in (19 mm) diameter. Figure 2-17 shows the plots of the pressures in

the compressible air as a function of depth and shows a plot of the pressure

inside the drill string. The pressure is approximately 245 psia (169 N/cm2 abso-

lute) at injection and 201 psia (139 N/cm2 absolute) at the bottom of the inside
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FIGURE 2-16. Mud drilling pressure versus depth.
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of the drill string just above the bit orifices. Also shown is a plot of the pressure in

the annulus. The pressure is approximately 180 psia (124 N/cm2 absolute) at

the bottom of the annulus just below the bit orifices and 14.7 psia (10.1 N/cm2

absolute) at the end of the blooey line at the surface (top of the annulus).

As in the mud drilling example, the pressures in Figure 2-17 reflect the hydro-

static weight of the column of compressed air and the resistance to air flow from

the inside surfaces of the drill string and the surfaces of the annulus. This resis-
tance to flow is due to friction losses. In this example the fluid is compressible.

Considering the flow inside the drill string, the friction losses component domi-

nates the hydrostatic weight component in the column, as the injection pressure

into the inside of the drill string is higher than the pressure at the bottom of the

drill string (inside the drill string just above the bit open orifices). This phenome-

non is a strong function of the inside diameter of the drill string, and the type of

choke or restriction is at the bottom of the inside of the drill string. For example,

if the drill pipe diameter was larger and a smaller choke was present in the
bottom of the drill string, the hydrostatic component would dominate.

Figure 2-18 shows the plots of the temperature in the incompressible drilling

mud as a function of depth. The geothermal gradient for this example is 0.01�F/ft
(0.018�C/m). Subsurface earth is nearly an infinite heat source. The drilling

mud in a mud drilling circulation system is significantly denser than compressed
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air or other gases. Thus, as the drilling mud flows down the drill string and up

through the annulus to the surface, heat is transferred from the rock format-

ions through the surfaces of the borehole, through the drilling mud in the annu-
lus, and through the steel drill string to the drilling mud inside. It is assumed that

the drilling mud is circulated into the top of the inside of the drill string at 60�F
(15.6�C).

As the drilling mud flows down the inside of the drill string, the drilling mud,

because of its high specific heat, heats up as heat flows from the higher tempera-

ture rock formations and drilling mud in the annulus. At the bottom of the well

the drilling mud temperature reaches the bottom hole temperature of 160�F
(71.1�C). The drilling mud flowing up the annulus is usually laminar flow and is
heated by the geothermal heat in the rock formation. The heated drilling mud flow-

ing in the annulus heats the outside of the drilling string, which in turn heats the

drilling mud flowing down the drill string. Because of its good heat storage capabil-

ities, the drilling mud exits the annulus with a temperature greater than the injec-

tion temperature but less than the bottom hole temperature. In this example, the

temperature of the drilling mud exiting the annulus is approximated to be the aver-

age of the injection and bottom hole temperatures, i.e., 130�F (54.4�C).
Figure 2-19 shows plots of the temperature in compressible air drilling fluid as

a function of depth. The compressed air drilling fluid is significantly less dense
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than drilling mud. Thus, compressed air has poor heat storage qualities relative to

drilling mud. Also, compressed air flowing in the drilling circulation system is

flowing rapidly and, therefore, the flow is turbulent inside the drill string and

in the annulus. Turbulent flow is very efficient in transferring heat from the sur-

face of the borehole to the flowing air in the annulus and in the inside of the drill

string. It is assumed that the compressed air entering the top of the drill string at

60�F (15.6�C) will heat up rapidly and transfer heat in the rock formations to and

from the steel piping and casing in the well. Under these conditions the com-
pressed air exiting the annulus has approximately the same temperature as the

air entering the top of the drill string.

Figure 2-19 shows that the temperature of the compressed air at any position in

the borehole is approximately the same as the geothermal temperature at that

depth. Thus, the temperature of the flowing air at the bottom of the hole is the bot-

tom hole temperature of 160�F (71.1�C). There is some local cooling of the air as it

exits the open orifices of the drill bit at the bottom of the hole. This cooling effect is

more pronounced if nozzles are used in the drill bit (when using a down hole
motor). This cooling effect is known as the Joule–Thomson effect and can be esti-

mated [8]. However, it is assumed that this effect is small and that the air flow

returns very quickly to the bottom hole geothermal temperature.

Figure 2-20 shows the plot of the specific weight of drilling mud for this exam-

ple calculation. The drilling mud is incompressible and, therefore, the specific
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weight is 75 lb/ft3 or 10 lb/gal (density of 1.2 kg/liter) at any position in the cir-

culation system. There is some slight expansion of the drilling mud as a conse-

quence of the increase in temperature as the drilling mud flows to the bottom

of the well. This effect is quite small and is neglected in these engineering

calculations.

Figure 2-21 shows the plot of the specific weight of the compressed air in this

example. The compressed air is injected into the top of the drill string at a

specific weight of 1.3 lb/ft3 (density of 20.8 kg/m3), a pressure of 250 psia
(172 N/cm2 absolute), and a temperature of 60�F (15.6�C). As the air flows down

the drill string the pressure decreases. At the bottom of the inside of the drill

string the specific weight is 0.84 lb/ft3 (density of 13.5 kg/m3), at the pressure

of 190 psia (131 N/cm2 absolute), and a temperature of 160�F (71.1�C). The
compressed air exits the drill bit orifices into the bottom of the annulus (bottom

of the well) with a specific weight of 0.77 lb/ft3 (density of 12.3 kg/m3), at a

pressure of 180 psia (124 N/cm2 absolute), and a temperature of 160�F (71.1�C).
As the compressed air flows to the surface through the annulus, it decom-

presses as it flows toward the atmospheric pressure at the exit to the blooey line.

At the surface, the air exits the annulus (via the blooey line) with a specific weight

of 0.0763 lb/ft3 (density of 1.22 kg/m3). The surface atmosphere for this example

is assumed to be API Mechanical Equipment Standards standard atmospheric condi-

tions, dry air, pressure of 14.696 psia (10.1 N/cm2 absolute), and a temperature
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of 60�F (15.6�C) [9]. Figure 2-21 shows a typical friction resistance-dominated drill
string flow (as opposed to hydrostatic column weight dominated). This type of

flow has a drill string injection pressure at the top that is higher than the pressure

above the drill bit inside the drill string at the bottom of the string. Friction-domi-

nated flow usually results when the drill bit is run with no nozzles.

2.3.3 Borehole Cleaning

Figure 2-22 is the concluding plot of these comparison calculations and shows a
side-by-side comparison of the annulus velocities of the drilling mud and the com-

pressed air as they flow to the surface. It is the power of these return flows up

the annulus that keeps the rock cuttings entrained and moving to the surface at

a rate that allows the drill bit to be safely advanced.

The drilling mud flows in the annulus around the drill collars with an average

velocity of approximately 5.0 ft/sec (1.5 m/sec). The drilling mud slows to an

average velocity of approximately 2.0 ft/sec (0.61 m/sec) in the annulus around

the drill pipe (this is the critical velocity for the transportation of bit rock
cuttings).

For the air drilling case, the lowest velocity of the compressed air flow in the

annulus is just above the drill collars with a velocity of approximately 21.1 ft/sec
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(6.4 m/sec). Here again, this is the critical velocity for the transportation of bit

rock cuttings. In the air example, however, the air velocity increases up the annu-

lus to approximately 126 ft/sec (38.4 m/sec) at the exit to the annulus.

It is instructive to compare the power (per unit volume) of these example

flows at the positions in the annulus where the power is likely the lowest. For

both of these examples the lowest power is just above the drill collars in the
annulus around the bottom of the drill pipe. The kinetic energy per unit volume,

KE, is [1, 10]

KE ¼ 1

2
rV 2 (2-1)

where KE is the kinetic energy per unit volume (lb-ft/ft3, N-m/m3), r is the den-

sity of the fluid (lb-sec2/ft4 ¼ slug/ft3, kg/m3), and V is the average velocity of

the fluid (ft/sec, m/sec).

The density of the fluid, r, is

r ¼ g
g

(2-2)

where g is the specific weight of the fluid (lb/ft3, N/m3) and g is the acceleration

of gravity (32.2 ft/sec2, 9.81 m/sec2).
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In USCS units, in the mud drilling example, the specific weight of the drilling

mud in the annulus of the drill collars is 75 lb/ft3. Using this value in Equation

(2-2), the density of the drilling mud is

rm ¼ 75:0

32:2

rm ¼ 2:33 lb� sec 2=ft4

or

rm ¼ 2:33 slugs=ft3:

The average velocity of the drilling mud at this position is approximately 2.0 ft/

sec. Substituting these values into Equation (2-1), the kinetic energy per unit

volume for the drilling mud example is

KEm ¼ 1

2
ð2:33Þð2:0Þ2

KEm ¼ 4:7lb� ft=ft3:

In SI units, in the mud drilling example, the density of the drilling mud in the

annulus of the drill collars is 12,001 kg/m3. Also, the approximate velocity just

above the drill collars is 0.61 m/sec. Using these values in Equation (2-1), the

kinetic energy per unit volume for the mud example is

KEm ¼ 1

2
ð1201Þð0:61Þ2

KEm ¼ 233:4N �m=m3:

In USCS units, in the air drilling example, the specific weight of the com-

pressed air in the annulus just above the drill collars is 0.632 lb/ft3. Using this

value in Equation (2-2), the density of the compressed air is

ra ¼ 0:632

32:2

ra ¼ 0:0196lb� sec 2=ft4

or

ra ¼ 0:0196 slugs=ft3:

The average velocity of the compressed air at this position is approximately

21.1 ft/sec. Substituting these values into Equation (2-1), the kinetic energy per

unit volume for the drilling mud example is

KEa ¼ 1

2
ð0:0196Þð21:1Þ2

KEa ¼ 4:4lb� ft=ft3:

In SI units, in the compressed air example, the density of the air in the annulus

of the drill collars is 10.1 kg/m3. Also, the approximate velocity of the air flow
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just above the drill collars is 6.43 m/sec. Using these values in Equation (2-1), the

kinetic energy per unit volume for the mud example is

KEa ¼ 1

2
ð10:1Þð6:43Þ2

KEa ¼ 209N �m=m3:

The kinetic energy per unit volume values in the two flow examples (drilling

mud and compressed air) are similar in magnitude at the critical position in the

annulus where it would be expected that the rock cutting carrying capacity of

the drilling fluids is minimum. The flow kinetic energy per unit volume of the

mud drilling fluid does not change as the drilling mud flows to the surface in

the annulus (assuming a uniform cross-sectional area in the annulus). The flow
kinetic energy per unit volume of the compressed air, however, increases dramat-

ically as it seeks atmospheric conditions at the exit to the annulus. This is because

the compressed air has stored internal energy (from the compression process)

and as it starts up the annulus and resistance to flow decreases (i.e., lower hydro-

static head), this internal energy is converted to velocity. This kinetic energy

per unit volume is a critical factor in assuring proper borehole cleaning drill bit-

generated rock cuttings of both a mud-drilled and an air-drilled borehole.
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CHAPTER

Surface Equipment 3
Air and gas drilling operations require some special surface equipment not nor-

mally used in rotary mud drilling operations. Shallow drilling operations usually

have this specialized equipment incorporated into the single rotary drilling rig

design. For the deeper drilling operations that use double and triple rotary dril-

ling rigs, this specialized surface equipment is usually provided by an air and gas

drilling equipment contractor. These contractors supply the rotary drilling con-

tractor (the drilling rig) with the necessary surface equipment to convert the
mud drilling rig to an air and gas drilling rig. The rotary drilling contractor

and the air and gas drilling contractor are usually contracted by an operating

company.

3.1 DRILLING LOCATION
Nearly all air and gas drilling operations are land operations. Figure 3-1 shows a

typical air drilling location plan for the drilling rig and the other important surface

equipment [1]. The plan in Figure 3-1 shows the location of the drilling rig (bore-

hole directly below the rotary table). This is a typical triple drilling rig configura-

tion. The drilling rig floor is larger and, therefore, it is easier to show the

important features of an air drilling operation with this type of rig. This rig is a

typical mud rotary drilling rig that has been set up to drill with compressed air
as the circulating fluid. The rig is powered by two prime movers on the rig

floor. These prime movers provide their power to the rig equipment through

the compound (a chain drive transmission system). The prime mover on a triple

rotary drilling rig like that shown in Figure 3-1 is limited to operating either

the rotary table or the draw works (hoist system), but not both simultaneously

[2]. The development of the hydraulic top head rotary drive, which replaces

the rotary table on most single and some double drilling rigs, allows the prime

mover to simultaneously operate the rotary action and the hoist system. These
smaller hydraulic top head rotary drive rigs use rig weight (via pull-down sys-

tems) to put axial force on the bit.
35



FIGURE 3-1. Drilling rig location plan for air drilling operations [1].
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Figure 3-1 shows the primary compressors (low pressure) that supply com-

pressed air to a flow line between the compressors and the rig standpipe. In this

example there are two primary compressors supplying the rig. These compressors

intake air from the atmosphere and compress the air in several stages of mechanical

compression. These primary compressors are positive displacement fluid flow
machines, either reciprocating piston, or rotary compressors (see Chapter 5 for

more details). These primary compressors are usually capable of an intake rate of

1200 acfm (actual cubic feet per minute) (566.3 actual liters/sec) of atmospheric

air and an output flow of compressed air at pressures up to approximately 300 psig

(207 N/cm2 gauge). These primary compressors expel their compressed air into

the flow line to the standpipe of the drilling rig. This flow line is usually an API

2 7/8-in (73 mm)(OD) line pipe (or an ASME equivalent) or larger [3]. Down-

stream along this flow line from the primary compressors is the booster compres-
sor. This booster compressor is a reciprocating piston compressor. The booster

compressor is used to increase the flow pressure from the primary compressors

to pressures up to approximately 1000 psig (690 N/cm2 gauge). In most drilling

operations the injection pressure is less than 300 psig (207 N/cm2 gauge) and,

therefore, the booster compressor is commonly used only for special drilling opera-

tions such as directional drilling with a downhole motor.

Downstream from the booster compressor are liquid pump systems that allow

water to be injected into the compressed air flow to the rig. Also, solids can
be injected into the compressed air flow. This is accomplished by injecting the

solids into a small water tank and then the water with the entrained solids is

injected into the air flow.

Along the flow line leading from the compressors to the drilling rig standpipe

is an assembly of pressure gauges, temperature gauges, valves, and a volumetric

flow rate meter [3]. This instrumentation is critical in successfully controlling

air drilling operations. Also along this flow line is a safety valve. This flow line

safety valve acts in a similar manner as the safety valves on each of the compres-
sors in releasing pressure in the event the pressure exceeds safe limits. Also on

the flow line is a valve allowing the compressed air flow to be diverted either

to the atmosphere or to primary and secondary jets in the blooey line.

The blooey line runs from the top of the annulus to the burn pit and allows the

compressed air with the entrained rock cuttings to exit the circulating system to

the atmosphere. The blooey line is about 100 to 200 ft (30.5 to 61.0 m) in length.

Usually the blooey line is an API 8 5/8-in (219 mm)(OD) casing or larger [4].

However, some blooey line systems are fabricated with two smaller diameter
parallel lines. As shown in Figure 3-1, the exit (to the atmosphere) of the blooey

line expels the air with the rock cuttings into a burn pit. For oil and natural gas dril-

ling operations, a pilot flame is placed at the exit of the blooey line. This ignites any

hydrocarbons produced exiting the blooey line with the circulating air.

Figure 3-1 shows how the drilling location is oriented so that the blooey line

exit is downwind of the prevailing wind over the site. This keeps dust or smoke

from blowing across the location.
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3.2 FLOW LINE TO THE RIG
The flow line to the standpipe of the drilling rig acts as a manifold collecting

the compressed air outputs from the primaries. These flow lines are API 2 7/8-in

(73 mm)(OD) or 3 1/2 (89 mm)(OD) steel line pipe (or ASME equivalent)[5].

The valves in the flow line at the booster compressor allow the air flow from

the primaries to be diverted to the booster when high compression of the air
is needed. When higher compression is not needed, the booster compressor

is isolated with the check valves in the flow line to the rig.

3.2.1 Bleed-Off Line

The bleed-off line allows pressure to be released throughout the flow line to the

rig and inside the standpipe, rotary hose, kelly, and the drill pipe to the depth of

the first float valve (see Figure 3-1). The bleed-off line is usually run to the blooey

line and exits into that line. The bleed-off line is generally used when drill pipe

connections are made, replacing the drill bit (making round trips), and for other

operations where the well is opened to the atmosphere.

3.2.2 Scrubber

The scrubber removes excesswater in the compressed air flow in the flow line. If the
humidity of the atmospheric air is high, then as the air is compressed in the compres-

sors much of the water will return to the liquid state. Dry air drilling operations

require the removal of this water before the compressed air is injected into the well.

The scrubber is incorporated into a surge tank. The water in the compressed air flow

is collected in the bottom of the surge tank as the air flows through this tank and is

vented from time to time to eliminate the water from the line.

3.2.3 Water Injection Pump

Unstable foam (mist) drilling operations require the injection of water into the

compressed air flow before the air is injected into the well. The water injection
pump injects water, chemical corrosion inhibitors, and liquid foamers into the

compressed air flow line. Figure 3-2 shows a skid-mounted water injection pump

for air and gas drilling operations. These skid-mounted water injection pumps are

used for deep drilling operations. These pumps are capable of injecting up to

20 bbl/hr (75.7 liters/hr) into the air or gas flow to the well.

The smaller drilling rigs have onboard water injection pumps. These smaller

rig water injection pumps have capabilities from 10 to 25 gal/min (37.9 to 94.6

liters/min). The small water injection pump carries out the same objective on
these smaller rigs as the skid-mounted water pump for the larger double and tri-

ple drilling rigs. The injection of water and appropriate chemicals and foamer is

a vital option for air and gas drilling operations. Very few air and gas drilling
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operations are carried out without some water, chemical additives, and foam pro-
ducing additives being injected.

3.2.4 Solids Injector

The solids injector is used to inject hole drying and hole stabilizing powders into

the well to dry water seeping into the well from water-bearing rock formations.

Other solids are often injected to reduce torque between the drill string and

the borehole. These torque reduction solids are often necessary when drilling

highly deviated and horizontal boreholes.

3.2.5 Valves

Both manually and remotely operated valves are located along the flow line to the

rig. These valves are usually the gate or ball type. These valves cannot be oper-

ated in a partially open position. The abrasive nature of the compressed air flow
in the flow line would erode the gate or ball of the valve and render the valve

ineffective in the closed position. At strategic locations along the flow line are

check valves. These special mechanical valves allow compressed air flow in only

one direction (toward the standpipe). These check valves are spring loaded and

the force of the flow allows the mechanism (flapper-gate or ball) to open in the

correct direction of flow. If the flow is reversed, the mechanism is forced closed

by the spring and the force of the reverse flow.

3.2.6 Gauges

Each of the compressors is equipped with independent gauges to assess its
operating performance. In addition to the compressor gauges are those placed

FIGURE 3-2. Water injection pump (courtesy of Mountain Air Drilling Services).
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along the flow line. A low pressure gauge is placed downstream of the primary

compressors but upstream of the booster compressor. This gauge allows assess-

ment of the performance of the primaries. A high pressure gauge is placed down-

stream of the booster compressor to assess the performance of the primaries and

booster when high pressure compressed air is required. Pressure gauges are also
placed upstream and downstream of the water injection pump and the solids

injector. These gauges allow assessment of the performance of these injection

systems. All these gauges must be high-quality gas gauges. Most drilling rig floors

are equipped with a mud pressure gauge. For air drilling operations this

mud gauge must be replaced with a high-quality gas gauge having the appropriate

pressure range.

3.2.7 Volumetric Flow Rate Meters

No driller would carry out a mud drilling operation without knowing the volu-

metric flow rate of mud being circulated to the well. The volumetric flow rate

from a mud pump can be assessed easily by either counting strokes per minute

of the mud pump (and knowing the capacity of the pump in gallons per stroke

and then calculating the output of the pump in gallons per minute) or by

providing the rig floor with an accurate volumetric flow rate gauge.

The volumetric flow rate of air (or other gases) to the well is vital knowledge
for a successful drilling operation and its knowledge must also be made available

to the rig personnel. The volumetric flow rate of air (or other gases) is referenced

to the atmospheric conditions of the air entering the primary compressor. At sea

level locations the volumetric flow rate is given as standard cubic feet per minute

(scfm) or standard liters per second and sometimes standard cubic meters per

second. At locations above sea level the volumetric flow rate is given as actual

cubic feet per minute (acfm) or as actual liters per second.

There are other very practical reasons why the compressed air flow to the dril-
ling operation must be metered. As will be seen in Chapter 5, there is a great deal

of difference in primary compressors and their respective effectiveness to pro-

duce the volume rate of air required by the operation. The screw compressor is

notorious for wearing and thus supplying less volumetric flow rate than adver-

tised. In addition, all compressors must be derated when the units are operated

at surface locations that are above sea level. This is one of the most important cal-

culations that must be carried out by the drilling engineer and must be verified by

on-site measurements.
There are two techniques for determining the air volumetric flow rate from

the primary compressors (or natural gas from a pipeline). A gas production orifice

plate with an associated recording system can be used in the flow line down-

stream of the compressors and scrubber, but upstream from the water injection

pump. Figure 3-3 shows a simple schematic of an orifice plate with a differential

pressure gauge to measure the difference between pressure upstream and down-

stream of the plate.
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The other volumetric flow rate metering device is the gas turbine flowmeter.

Figure 3-4 shows this type of flowmeter. Figure 3-5 shows the placement of this

type of flowmeter in a ASME 2-in nominal steel pipe or a API 2 3/8-in (73 mm)

(OD) line pipe. Figure 3-6 shows the digital readout that accompanies the turbine

flowmeter. The turbine and readout need to be correlated for the flow gas spe-

cific gravity and the location atmospheric conditions. The digital readout can also

be wired to the rig floor to allow the driller and other rig personnel to assess the

operation of the compressors.

D1 D2

FIGURE 3-3. Schematic of orifice plate and manometer differential pressure gauge.

FIGURE 3-4. Turbine flowmeter (courtesy of Halliburton Energy Services, Incorporated).
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FIGURE 3-5. Installation of the turbine flowmeter in ASME 2-in nominal diameter pipe (courtesy

of Halliburton Energy Services, Incorporated).

FIGURE 3-6. Digital display for the turbine flowmeter (courtesy of Halliburton Energy Services,

Incorporated).
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3.3 WELLHEAD EQUIPMENT
All air and gas drilling operations require the use of a rotating head (or similar air or

gas flow diverter), which is installed below the rotary table. The blowout preventer

(BOP) stack is always used when subsurface overpressured dangerous gases or

fluids might be encountered while drilling (i.e., oil and natural gas drilling opera-

tions, and geothermal drilling operations). Figure 3-7 shows schematics of three
typical wellhead assemblies for double and triple drilling rigs set up for air and

gas drilling operations to recover oil and natural gas, or geothermal fluids [6].

3.3.1 Rotating Head

The rotating head or a similar air flow diverter was developed for use in air and

gas drilling operations to keep air or gas with entrained rock cuttings from flow-

ing to the drilling rig floor through the rotary table kelly bushings. Diverting this

drilling fluid flow from the drilling rig floor is mandatory for all air and gas drilling

operations. Even on small drilling rigs the air exiting the annulus (direct circula-

tion) must be diverted in order to provide a safe work space for the rig operators.
These diverter devices were developed with the introduction of air and gas dril-

ling operations in the early 1930s.

G
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Type 1 Type 2

Typical BOP Stacks
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R (PIPE)

R (BLIND)

FIGURE 3-7. Typical wellhead assemblies for an air and gas drilling operation (G denotes

a rotating head, A denotes an annular blowout preventer, R denotes pipe or blind rams, and

S denotes the drilling spool).
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The right side of the rotating heads shown in Figure 3-7 shows the vent to the

blooey line. Figure 3-8 shows a low pressure rotating head. This rotating head is

capable of diverting a 500 psig (345 N/cm2) gauge air or gas flow while rotating
at 100 rpm and 1000 psig (690 N/cm2) with no rotation. This rotating head is

made up (via the flange fitting on the bottom of the head) to the top of a BOP

stack or the top of a casing spool and casing. The BOP stack is incorporated in

the wellhead assembly when overpressured dangerous gases or mixtures of gas

and other fluids may be encountered in the drilling operation (see Figure 3-7).

Typically the BOP is used for all deep wells. The type of rotating head shown

in Figure 3-8 is used with large drilling rigs. Direct circulation or reverse circula-

tion drilling operations can be carried out with these rotating heads. This partic-
ular rotating head is available in an 8.25-in (209.6 mm) bore design (Model 8000)

and a 9.00-in (228.6 mm) bore design (Model 9000).

Figure 3-9 shows an exploded viewof the fourmajor sections of the rotating head.

The top three sections are the internal sections of the head and are easily removed in

the field from the fourth (bottom) section (the bowl or main housing and quick-lock

clamp assembly). The top section shown in Figure 3-9 is the kelly driver with lugs on

its side that lock into the bearing assembly shown below it. The bearing assembly has

bearings and bearing seals that allow the inside of this assembly to rotatewith the drill
string and its outside to seal inside the nonrotating housing (i.e., the bowl and quick-

lock clamp assembly). Attached to the bottom of the bearing assembly is the stripper

rubber (or flexible packer). The stripper rubber is designed to fit tightly around and

rotate with the kelly, the drill pipe, the drill pipe tool joints, and any crossover subs

in the drill string. Any air or gas pressure in the annulus of the well acts to force the

stripper rubber to fit more tightly around the kelly and drill string.

FIGURE 3-8. Low pressure rotating head (courtesy of Weatherford International Ltd).
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In order to place the drill string and kelly into the well, the quick-lock clamp

must be unlocked and the three rotating internal sections lifted to the rig floor.
The drill bit with the drill collars are placed in the well through the open rotating

head. The internal sections of the rotating head are fitted over the bottom tool

joint of the drill pipe. The bottom drill pipe joint is lowered into the well and

the internal sections are placed into the rotating head and the quick-lock clamp

FIGURE 3-9. Rotating internal parts of the rotating head (courtesy of Weatherford International

Ltd).
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locked. This secures the rotating head for drilling operations. The drill pipe can

be lowered into the well through the rotating head as the drill bit is advanced.

The kelly drive (together with the kelly bushing) fits snugly around the kelly

and allows the internal rotating sections of the head to rotate with the rotation

of the drill string. If it is anticipated that a well will be making large volumes of
natural gas, the bottom hole assembly of the drill string is designed to allow the

stripper rubber to be stripped over the drill collars to the drill bit.

Procedures for placing the drill string into a well and removing it from the

well must be followed carefully when a well is making natural gas or geothermal

steam or hot water (or any other dangerous gases or fluids). There are other

operations performed by a drilling rig that involve use of the rotating head that

must be carried out carefully if a well is making gas or geothermal steam (e.g.,

placing a casing string or a liner string in a well).
Figure 3-10 shows a cutaway view of a typical rotating head and shows the

rotating head in the drilling position with the kelly inside the head. The kelly

drive section has a kelly bushing, which can be changed to accommodate various

kelly designs. The spindle subassembly rotates with the drill string. The spindle

housing subassembly (which does not rotate) is seated into the main body hous-

ing of the head and seals to prevent air or gas from passing to the rig floor. The

stripper rubber (flexible packer) diverts the air or gas with entrained rock cut-

tings to the outlet (to the blooey line). The flexible stripper rubber is forced
by air (or gas) flow pressure against the outer surface of the kelly or drill pipe.

There are other seals between the rotating assembly and the spindle housing.

Together all these sealing agents divert the air or gas flow (with entrained rock

cuttings) to the blooey line, away from passage to the rig floor (see Figure 3-10).

Although the rotating head was originally developed for air and gas drilling

operations, this device was adapted for use in geothermal drilling operations

and later for use in underbalanced drilling operations to recover oil and natural

gas. These recent applications have encouraged the development of rotating
heads capable of operating at higher pressures and temperatures. These high

pressure heads are used in underbalanced drilling operations where lightweight

drilling mud (or other drilling fluids) is used to drill through pressured oil or nat-

ural gas rock formations. The lightweight drilling mud (or other drilling fluids)

allows oil and gas to flow into the well bore as the drill bit advances into the rock

formation. When these reservoir fluids are circulated to the surface they impose

high pressures on the wellhead equipment. These high pressure rotating heads

are capable of operating at pressures up to approximately 1500 psig (1035
N/cm2 gauge)(while rotating the drill string at about 100 rpm) and up to approx-

imately 3000 psig (2070 N/cm2 gauge)(for the nonrotating drill string). The high

temperature rotating heads are generally used in geothermal drilling operations.

Most of these heads can operate with steam and hot water flows at temperatures

up to about 500�F (260�F).
Rotating heads are also used in air and gas drilling operations where subsur-

face high overpressured oil, natural gas, or geothermal fluids are not expected.
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These are deep water well, deep monitoring well, deep mining borehole, and
deep geotechnical borehole drilling operations where double and triple drilling

rigs are required. These rotating heads are used to keep air or gas (in this case

nitrogen) flow with entrained rock cuttings from flowing to the rig floor (for

direct circulation). However, many of these non-oil, natural gas, or geothermal

recovery drilling operations utilize reverse circulation. Reverse circulation

requires that the compressed air or gas be injected into the “outlet” of the rotat-

ing head to the annulus space of the borehole (see Figure 3-10). In this situation

the rotating head still keeps the air or gas from flowing to the rig floor.
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FIGURE 3-10. Cutaway view of a rotating head with dual stripper rubbers (courtesy of

Weatherford International Ltd).
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Air and gas drilling operations using small single drilling rigs drill only shallow

(usually less than 1000 ft in depth) water wells, monitoring wells, mining bore-

holes, and geotechnical boreholes (see Figure 2-3). Some air drilling operations

on these small rigs use direct circulation, but can be converted for reverse circu-

lation operations. These small single drilling rigs usually have hydraulic top head
rotary drives. The rig “floor,” or breakout platform, of these small rigs is protected

from cutting returns by a rubber seal around the drill string and a flexible skirt

around the edge of the floor (skirt not shown in figure). When direct circulating,

the air returning up the annulus (with the entrained rock cuttings) is kept from

coming through the rig floor by the rubber seal around the drill string. The dril-

ling cuttings are allowed to accumulate on the surface of the ground around

the top of the borehole where the skirt slows the air flow and allows the cuttings

to be dropped out.
Reverse circulation provides a useful way for dealing with the return flow of

compressed air and entrained rock cuttings from the borehole. The compressed

air is injected into the annulus of the borehole via a sealed fitting at the top of

the annulus, or a dual drill pipe annulus fitting. After circulating through the

bit, the air with entrained rock cuttings exits the borehole through the inside

of the drill string, then flows through the top head rotary drive, and then through

the rotary hose. The air with the cuttings can be diverted to a pit away from the

rig with a hose extension, or a hose extension run to a cyclone separator where
cutting samples can be obtained for analysis. Air drilling operations using small

single drilling rigs are generally safer for the operators and more environmentally

clean when utilizing reverse circulation. More details on reverse circulation

operations are given in Chapter 7, 9, and 10.

3.3.2 Blowout Prevention Stack

Blowout prevention equipment was developed for use in drilling deep wells for
the recovery of oil and natural gas. Later this unique oil and gas industry equip-

ment was adapted for use in drilling deep geothermal wells. Natural deposits of

oil and gas exist in porous rock formations deep in the Earth’s crust. These depos-

its were created by millions of years of sediment burial and confinement by geo-

logic structures. Over time, increased sedimentary burial created high pressures

and temperatures in these deposits. Most newly discovered oil and natural gas

deposits have static pressures up to about 8000 psi (5518 N/cm2) and tempera-

tures of about 300�F (149�F). A few abnormally pressured natural gas deposits
have static pressures as high as 16,000 psi (10,346 N/cm2). These pressures,

although found in deposits at depths of 10,000 ft (3048 m) or greater, are quite

dangerous to drilling rig personnel and the environment. Blowout prevention

equipment (or the BOP stack) was developed to provide protection of the surface

from these high pressured deposits.

A blowout occurs when oil and/or natural gas deposits are allowed to flow

uncontrollably to the atmosphere at the surface. The first line of defense against
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the dangers of these high pressure deposits is weighted drilling mud. Water- and

oil-based drilling muds can be designed so that their specific weights are suffi-

ciently high to provide bottom hole pressures that are slightly higher than the

static pressure of the deposits when the drill bit penetrates the host rock forma-

tion. When drilling exploratory wells it is not possible to precisely know the
static pressure in target oil or natural gas deposits. Therefore, geologic and engi-

neering judgment must be used to estimate the static pressures that might be

encountered. These estimates are used to design the weighted drilling mud.

However, even after the first exploratory wells have been drilled successfully

and the oil or gas field is being developed with follow-on development wells,

surprises in deposit pressures can occur. When too light a drilling mud is used

and a high pressure deposit is drilled, the well will receive a liquid or gas “kick.”

A kick is a slug of formation liquid and/or gas that has flowed from the forma-
tion into the annulus of the well bore. The kick is composed of fluids that have

lower specific weights than the heavily weighted drilling muds. Therefore, the

kick will “float” in the drilling mud and rise rapidly to the surface. If the kick

is mostly natural gas, the gas will expand as it moves up the drill string annulus

to the surface. The surface wellhead equipment is the second line of defense

against a blowout. The wellhead equipment in the form of the BOP stack must

be engineered so that it is capable of containing the high pressure of this gas

when it reaches the top of the annulus. This BOP stack must contain this
gas pressure while the slug is circulated under control to the surface and

expelled from the annulus via a flow line to a remote burn area where the slug

can be burned off safely.

The BOP stack can be composed of two types of preventers: (1) the ram-type

blowout preventer and, (2) the annular-type preventer. The ram-type preventer

can be a blind (shear) ram and/or a pipe ram. The blind ram is capable of sealing

the well completely by compressing the drill pipe from two sides and failing the

pipe steel structure in a manner to prevent the well fluids from escaping to the
surface through either the inside of the drill pipe or around the outside of the drill

pipe. This vise-like action of the two rams essentially forces the pipe to deform

between the two rams. The pipe ram acts in a somewhat similar manner as the

blind ram, except that the pipe ram has a geometric shape on the end of the

ram that conforms to the outside surface of the drill pipe. Thus the pipe ram seals

against the outside of the drill pipe and prevents well fluids from escaping to the

surface around the outside of the drill pipe. The pipe ram does not fail the pipe

structure; therefore, drilling mud can be circulated down the inside of the drill
pipe to safely allow the kick to be circulated to the surface.

Figure 3-11 shows a cutaway view of a twin ram-type blowout preventer.

A typical twin preventer will have a pipe ram on the top and a blind ram on

the bottom. The cutaway shows the bottom blind ram. In the event of a blowout,

the pipe ram would be used to seal the well and allow the slug in the annulus to

be circulated to the surface safely. In the event that the pipe ram cannot seal the

well for the safe circulation of the slug, the blind ram can be actuated to seal
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the well. These rams can be actuated manually or hydraulically. Figure 3-11 shows

the blind rams on the bottom that are set up to be actuated manually.

This twin ram-type blowout preventer is flange connected (made up) to the
top of the well casing. The bottom of the casing spool is threaded (or welded)

to the top of the casing. The top of the spool is flange connected to the bottom

flange fitting of the twin ram-type blowout preventer.

Figure 3-7 shows a Type 1 BOP stack that utilizes only the twin ram-type blow-

out preventer for well control. This BOP stack is fitted with a rotating head flange

connected to the top of the twin ram blowout preventer. This is the standard well

control setup for air or gas drilling operations directed toward the recovery of oil

and natural gas deposits with static bottom hole pressures of the order of 3000
psi (2069 N/cm2) or less. Figure 3-7 shows a Type 2 BOP stack that utilizes three

ram-type blowout preventers for well control. This BOP stack is configured with

two pipe rams on the top and a blind ram on the bottom. The two pipe rams allow

some flexibility in carrying out well control when drilling deep wells with a

tapered drill string and when placing a liner string in an air- or gas-drilled well. This

BOP stack is fitted with a rotating head flange connected to the top pipe ram blow-

out preventer. This stack can be configured for the recovery of oil and natural gas

deposits with static bottom hole pressures of up to 5000 psi (3449 N/cm2).
The annular-type blowout preventer can also be used in a BOP stack (see Type 3

in Figure 3-7). An annular preventer is operated hydraulically. Figure 3-12 shows

a cutaway view of a typical annular preventer. The closing of the preventer is

actuated by hydraulic pressure. This hydraulic pressure forces the operating pis-

ton upward against a pusher plate (see Figure 3-12). The pusher plate in turn

displaces (compresses) an elastomer donut inward to close and seal on the

outer surface of drill pipe, drill collar, casing, or liner. Utilizing an annular pre-

venter in conjunction with ram blowout preventers greatly increases well

FIGURE 3-11. Typical twin ram-type blowout preventer (courtesy of Bowen Tools,

Incorporated).

50 CHAPTER 3 Surface Equipment



control flexibility and general rig safety when drilling with air and gas drilling
fluids. The Type 3 BOP stack in Figure 3-7 is configured with a twin ram-type

blowout preventer on the bottom (pipe ram on top and blind ram on the bot-

tom), an annular preventer flange connected to the top of the twin ram pre-

venter, and a rotating head flange connected to the top of the annular

preventer. This BOP stack can be configured for the recovery of oil and natural

gas deposits with static bottom hole pressures of up to 10,000 psi (6897 N/cm2).

Figure 3-13 shows a schematic of a more recent innovation in BOP stack design.

This configuration is a variation of the standard Type 3 shown in Figure 3-7.
Figure 3-13 shows the addition of a pipe ram below the drilling spool. This

BOP configuration has evolved for use in underbalanced drilling and completion

operations. Underbalanced drilling operations allow the oil and natural gas

fluids to continue to be produced by the reservoir formation as the rock is

penetrated by the advance of the drill bit. In order for underbalanced drilling

operations to be successful, the oil and natural gas formations must be allowed

to flow even when connections are being made, during liner operations, or
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FIGURE 3-12. Typical annular blowout preventer (courtesy of Cooper Cameron Corporation).
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during well completion operations (after drilling operations). The addition of a
pipe ram below the drilling spool increases BOP flexibility to accommodate

these operations. With the drill string or tubing string in the well and with

the upper pipe ram closed, drilling on completion fluids with entrained forma-

tion fluids can be circulated safely to the surface through the choke line

(attached to the drilling spool). The bottom pipe ram provides a backup well

control device during these operations [7, 8].

3.4 FLOW LINE FROM RIG
Air and gas drilling operations require a variety of flow line designs from the dril-

ling rig. Drilling operations using compressed air or other compressed gases

require the use of large inside diameter flow lines. These return flow lines should

be designed not to choke the air or gas flow as it exits the circulating system. This

line is known as the “blooey line,” which derives its name from the sound made

when a slug of formation water is ejected from the line with high velocity air or
gas (see Figure 3-1). Aerated drilling operations require return flow lines similar

to those of conventional mud drilling operations, as volumetric flow rates are

very similar. These return lines are usually longer in length than conventional

mud return flow lines. The air in the returning aerated fluid with entrained rock

cuttings is released to the atmosphere as the fluid exits the flow line. Foam dril-

ling return flow lines are large diameter pipelines and are unique in that they

must be equipped with valves to allow choking of the return flows.

Rotating Control Head

Flow Line to Shale Shaker
(used when not flow drilling)

Annular Preventer

Pipe Rams

Pipe Rams

Blind Rams

Choke Line

FIGURE 3-13. Schematic of recent BOP stack design for underbalanced drilling operations.
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3.4.1 Blooey Line

Figure 3-1 shows a blooey line exiting from the drilling rig annulus for direct cir-

culation operations. Blooey lines (or equivalent) are required for all air and gas

drilling operations and are needed to keep drilling rock dust and cuttings away

from the drilling rig and rig personnel. Blooey lines must be secured to the

ground surface with tie-downs (see Figure 3-1). The high velocity of the air or

gas flow from the well will interact with the flexible blooey line to set up an
aerodynamic flutter situation, which is very similar to the motion of a water

hose on the ground when the water valve is turned on. This flutter situation

can result in high dynamic forces and resulting blooey line movement. This

potential movement must be constrained along its length by tie-downs to the

ground.

The blooey line should be designed with an inside cross-sectional area greater

(by a factor of �1.1) than the annulus cross-sectional area at the top of the well.

In general, this is not practical when drilling shallow larger diameter borehole
sections. This requirement applies to the drilling of the deep smaller diameter

borehole sections. Therefore, the inside diameter of the blooey line, db (inches,

or mm), should be approximately

db � 1:1 d2
c � d2

p

� �h i0:5
;

where dc is the inside diameter of the casing at the top of the well (inches, or
mm) and dp is the outside diameter of the drill pipe at the top of the well (inches,

or mm).

The typical length of the blooey line for large drilling rigs is from 100 to

300 ft (30 to 90 m). This line is run from the annulus to a burn pit (see Figure 3-1).

The air or natural gas drilling fluid with the entrained rock cuttings flows

from the annulus down the blooey line and exits at the burn pit. The rock cut-

tings are dropped in the burn pit as the air flow with the natural gas exits the

blooey line.
In some operations the single blooey line is often replaced with two parallel

smaller diameter lines. In this situation the inside cross-sectional area of the

two lines should also be designed to be greater (by a factor of �1.1) than the

annulus cross-sectional area at the top of the well.

All blooey lines should be equipped with two high pressure gate valves. These

valves are located on the horizontal blooey line at its entrance (just downstream

from the tee turn where the return flow from the annulus turns to horizontal flow

in the blooey line). Figure 3-13 shows these two valves on the horizontal
flow line (blooey line) just below the rotating (control) head. During drill-

ing operations these valves are in the full open position to prevent erosion.

These valves are an added safety feature allowing the well to be closed when

the surface pressure in the well is low. However, the valves can also be used

to carry out some rudimentary well testing operations (e.g., static wellhead

pressure, wellhead flowing pressure, and volumetric flow rate).
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3.4.2 Burn Pit

Figures 3-1 and 3-14 show the burn pit at the exit end of the blooey line. The

burn pit should always be located away from the standard mud drilling reserve

pit (water storage for an emergency mud drilling operation). This design of pit

location prevents any hydrocarbon liquids from flowing into the reserve pit, thus

preventing reserve pit fires near the rig. The burn pit is located downwind from

the drilling rig. Such a location keeps the smoke and any dust from the drilling
operation from blowing back over the drilling rig.

The burn pit must be lined with an impermeable layer of commercial clay to

prevent the contamination of surrounding soil and ground water. Usually the

burn pit is designed with a high berm (�6 ft, or 2 m) at one side of the pit (oppo-

site the exit from the blooey line). This berm prevents high velocity rock particles

and liquid slugs from passing over the burn pit. The burn pit is part of the drilling

site location preparation.

3.4.3 Primary and Secondary Jets

Figure 3-14 shows the exit positions in the blooey line of the primary and second-

ary jet flow lines from the compressors. Figure 3-15 shows the high pressure vent

lines from the compressor for the primary and secondary jet flow lines. These jet

flow line installations in the blooey line are only required for drilling operations

directed toward the recovery of oil, natural gas, or geothermal gas products.
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100�
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FIGURE 3-14. Schematic of burn pit, reserve pit, and blooey line plan [3].
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Primary and secondary jets are incorporated into the blooey line to allow

safe venting of the top of the wellhead when the well is producing natural gas

or other dangerous gas. These lines allow for the direct discharge of compressed

air from the compressors into the blooey line. This discharge into the closed

blooey provides jet pumping action, which forces any gas venting from an
atmosphere exposed wellhead to flow to the blooey line and exit this line at

the burn pit.

Figure 3-15 shows the surface layout of the flow line from the compressors to

the standpipe and shows the high pressure vent flow lines to the primary and

secondary jets. The primary jet is positioned near the exit end of the blooey line,

and the secondary jet is near the entrance end of the blooey line just downstream

of the tee from the annulus (see Figure 3-14).

3.4.4 Sample Catcher

Sample catchers are usually required for any air and gas drilling operation. The

sample catcher allows small rock cutting samples to be obtained from a well

during the drilling operation. The sample catcher is installed in the body of

the blooey line usually near the entrance to the blooey line (see Figure 3-14).

Figure 3-16 shows a typical sample catcher design. This design has a small diame-

ter (ASME 2-in nominal diameter or smaller) transport pipe welded through the

blooey line body. A short section of this small pipe protrudes into the flow stream
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FIGURE 3-15. High pressure vent lines to the primary and secondary jets [3].
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inside the blooey line. Inside the blooey line there is a short section of angle iron

welded to the small transport pipe. This angle iron directs the cuttings into the

small transport pipe. Outside the blooey line there is a gate valve on the small

pipe to allow discharge of sample rock cuttings. Because the flow of air or

gas up the annulus is at high velocities (of the order of 50 ft/sec to 80 ft/sec,

15 m/sec to 25 m/sec), cuttings sampling can be correlated accurately to subsur-

face rock formations being drilled.
The securing of rock cuttings from the depths is an essential practice when

drilling deep boreholes. At the drilling location, these rock cutting samples can

be studied under a microscope and analyzed to ascertain chemical and physical

properties. Knowledge of the rock characteristics and properties allows geolo-

gists and drilling engineers to identify the rock formations being penetrated

as the drill bit is advanced. This information allows the drilling operation to

accurately drill to a subsurface target area.

3.4.5 Deduster

Dedusters are usually required for any air or gas drilling operation. Figure 3-14

shows the location of the deduster near the exit end of the blooey line.

Figure 3-17 shows a typical deduster design. The deduster is a small diameter pipe

(ASME 2-in nominal diameter or smaller) water system located inside the blooey

line. A pump supplies the system with water. The water is sprayed on the dry

rock dust particles that exit the line. This reduces or eliminates the dust clouds
typical of dry air or natural gas drilling operations.

3.4.6 Gas Detector

Gas detectors (gas sniffers) are used only in air drilling operations directed at the

recovery of oil and natural gas. Figure 3-14 shows the position of the gas detector

on the blooey line. This detector can detect very small quantities of hydrocarbons

Angle Iron
Inside Blooey Line

Sample Discharge

2" Nipple

Air Flow

2" unior

FIGURE 3-16. Typical sample catcher designs [3].
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that might enter the blooey line from the annulus. As the drill bit is advanced and
hydrocarbon-producing formations are drilled, the hydrocarbons are entrained in

the return air flow to the surface with entrained rock cuttings. The detector alerts

the drilling rig crew that hydrocarbons are in the annulus. This alert allows rig

personnel to take safety precautions against subsurface and surface fires or

explosions.

3.4.7 Pilot Light

Figures 3-1 and 3-14 show a pilot light at the end of the blooey line. Pilot lights

are used only in air or gas drilling operations directed at the recovery of oil and

natural gas. The pilot light is a small open flame (propane or natural gas) main-

tained at the end of the blooey line to ignite and burn any hydrocarbons that

might exit the line as the drilling operation progresses. Many new air and gas dril-

ling operations are equipped with electric igniters instead of open flame pilot

lights.
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CHAPTER

Downhole Equipment 4
Air and gas drilling operations require some special subsurface equipment and dril-

ling methods that are not normally used in rotary mud drilling operations. Deep

direct circulation operations use rotary drill strings that are similar to those used

in mud drilling. However, even these drill strings are equipped with downhole

tools unique to air and gas drilling operations.

Larger diameter shallow and intermediate depth wells are usually drilled with

reverse circulation techniques. These techniques and their associated equipment
are virtually unknown to those who drill deep small diameter wells.

4.1 ROTARY DRILL STRING
Two general types of drill strings are used in air and gas drilling operations. The
standard drill string discussed here is used almost exclusively for deep direct

circulation operations. The dual wall pipe drill string is used exclusively for

intermediate and shallow depth reverse circulation operations.

4.1.1 Standard Drill String

Figure 4-1 shows a schematic of a standard rotary drill string used to drill deep

boreholes with direct circulation. Such a drill string would be used on large dril-
ling rigs. At the bottom of the drill string is the drill bit. The drill bit is threaded

(made up) to a bit sub. The drill bit has a threaded pin pointing up. The bit sub is

a short thick wall pipe that has a threaded box on both ends. Above the bit sub

are the drill collars. Each of the drill collars and most of the remainder of the com-

ponents in the drill string are designed with a threaded pin down and a threaded

box up. The bit sub is used to protect the bottom threads of the bottom drill col-

lar from the wear caused by the frequent drill bit changes typical for all deep dril-

ling operations. A drill collar is a thick wall pipe that provides the weight or
vertical axial force on the drill bit, allowing the drill bit to be advanced as it is

rotated (see Figure 2-2). Usually there are a number of drill collars in a drill string.
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The number of drill collars in a drill string depends on how much weight on

bit (WOB) is required to allow the drill bit to be advanced efficiently (drill

string design is discussed in Section 4.6). The drill pipe and collar lengths are
in accordance with the range designations of Table 2-1 [1].

Generally the drill collars in a drill string have the same thread design. Above the

drill collars are the drill pipe joints. The drill pipe joint lengths are also in accor-

dance with the range designations of Table 2-1. The threads of the drill collar con-

nections are usually not the same as the threads of the drill pipe joint connections

(tool joints). Therefore, a special crossover submust be used tomate the drill collars

to the drill pipe. The crossover sub is a short thick-walled pipe with a threaded pin

down (with the drill collar threads) and a threaded box up (with the drill pipe
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ROTARY BOX
CONNECTION

ROTARY BOX
CONNECTION

ROTARY BOX
CONNECTION

ROTARY BOX
CONNECTION

ROTARY BOX
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ROTARY PIN
CONNECTION

ROTARY PIN
CONNECTION

ROTARY PIN
CONNECTION

ROTARY PIN
CONNECTION

BIN

BIT SUB

DRILL COLLAR
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DRILL PIPE
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PIN MEMBER

TOOL JOINT
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SWIVEL

SWIVEL STEM
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STD 8A

STD 7
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UPPER UPSET

KELLY
(SQUARE OR HEXAGON)
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LOWER UPSET

KELLY COCK or
KELLY SAVER
       SUB
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ROTARY PIN
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ROTARY PIN
CONNECTION L.H.
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CONNECTION L.H.

ROTARY BOX
CONNECTION L.H.

ROTARY PIN
CONNECTION

ROTARY PIN
CONNECTION

ROTARY BOX
CONNECTION

NOTE:
ALL CONNECTIONS
BETWEEN “LOWER
UPSET” OF KELLY
AND “BIT” ARE R.H.

FIGURE 4-1. Standard rotary drill string for direct circulation.
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threads). The number of drill pipe joints is determined by the depth of the borehole

to be drilled. Only the drill collars can be placed in compression (to place weight on

the bit). The drill pipe joints are always kept in tension [1].

All of the threaded connections in drill strings are API-threaded shoulder

connections. There are a variety of these connections and they are discussed
in detail in Sections 4.3 and 4.4. Figure 4-2 shows a typical API-threaded shoul-

der connection for a drill pipe. As can be seen, the connection has matching flat

shoulders on the pin and on the box. When a pin and box are made up, the flat

surfaces of the shoulders mate against each other and seal to form a strong

structure that is also leak proof. The shouldered connection protects the thin-

ner walled body of the drill pipe and the threads inside the connection from

damage when the drill string (and the connection) is flexed when bent in a

deviated borehole [2, 3].
At the top of the drill pipe section is the kelly cock (or saver) sub. The kelly

cock sub is another crossover sub. However, this sub is used to protect the

bottom threads of the kelly. Even if the threads at the bottom of the kelly are

the same as the drill pipe threads, this special crossover sub is usually used. As

drilling progresses, additional elements of drill pipe are added to the top of the

drill string. The kelly is a special type of drill pipe with a square or hexagon outer

surface. The rotary table grips the outside of this pipe and provides the torque to

the drill string to make it rotate. Thus, as additional drill pipes are added to the
drill string as the bit advances in the borehole, the drill pipe must be discon-

nected and a new pipe joint added. The bottom-threaded box of the kelly takes

the wear of these repeated connections of drill pipe. All of the threaded compo-

nents below the top-threaded connection of the kelly are right-hand threads. The

rotary table rotates to the right (clockwise from the top view of the table). This

rotation tightens the right-hand threads below the table.

At the top of the kelly is a left-hand thread connection (threaded box). As dril-

ling progresses, the rotary table, in addition to providing torque to rotate the
drill string, also allows the kelly to slide through the table, allowing the borehole

to be deepened. Since the torque is applied along the square or hexagon outer

LAST ENGAGED THREAD - PIN

PIN

LENGTH OF PIN LENGTH OF BOX

BOX

LAST ENGAGED THREAD - BOX

FIGURE 4-2. Cutaway of a made-up API shouldered connection.
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surfaces of the kelly, the left-hand thread at the top of the kelly is tightened by

the inertial drag of the nonrotating components above the kelly. All of the com-

ponents above the kelly are left-hand thread connections. Above the kelly is a

kelly cock sub (optional). The kelly cock is a special valve that allows sealing

off of the inside of the drill string in a blowout event during oil or natural gas dril-
ling operations. The kelly cock sub has a threaded pin connection down and a

threaded box connection up. Above the kelly cock sub is a swivel sub. The

swivel sub protects the swivel and has a threaded pin connection down and a

threaded pin up. Above the swivel sub is the swivel itself. The bottom of the

swivel has a threaded box connection pointed down. The swivel is split into

two sections: a rotating section on the bottom and a nonrotating section on

the top. The nonrotating section of the swivel is held in the mast by the traveling

block and hoisting system. A sealed bearing allows the bottom section of the
swivel to rotate while the top section can be held in position by the traveling

block. The swivel allows the circulation fluid (drilling mud or compressed air

or natural gas) to flow through the swivel to the rotating drill string.

For direct circulation, the circulation fluid flows down the inside of the drill

string to the drill bit, flows through the drill bit orifices (or nozzles), entrains

the rock cuttings from the drill bit, and flows up the annulus between the outside

surface of the drill string and the inside surface of the borehole.

4.1.2 Dual Wall Pipe Drill String

Conductor and surface casing wellbores are drilled to shallow depth with large

diameter boreholes. These boreholes can be drilled with direct circulation techni-

ques. However, reverse circulation techniques are often more efficient. The dril-

ling industry has developed some very unique downhole tools for reverse

circulation air drilling operations. Figure 4-3 shows a schematic configuration of

a rotary reverse circulation operation using dual wall drill pipe.
Reverse circulation techniques are not restricted to air drilling operations.

Reverse circulation techniques can also use standard drill string like that shown

in Figure 4-1. In the past two decades there has been a dramatic increase in the

use of air drilling reverse circulation techniques for drilling water of deep wells,

monitoring wells, geotechnical boreholes, and other shallow (i.e., less than

3000 ft) wells. The increased use of reverse circulation techniques has been

encouraged by the development of new technologies. One of these innovations

is the development of dual wall drill pipe.
Rotary dual wall pipe reverse circulation operations must be used on drilling

rigs equipped with hydraulic rotary top drive systems (for single drilling rigs) or

with hydraulic or electric power swivel systems (for double and triple drilling

rigs) to rotate the drill string. Dual wall pipe is quite rigid and has a much higher

weight per unit length than standard single wall drill pipe. Thus, dual wall pipe

can be used like drill collars (the lower portion of the drill string can be placed

in compression). The dual wall drill string in Figure 4-3 is shown rotating a
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tricone drill bit. The top drive system rotates the entire drill string. The tricone

drill bits used in reverse circulation operations have the same cutting structures

as tricone bits used in direct circulation operations. However, the reverse circu-

lation bits are fabricated to allow the compressed air to flow from the annulus

between the two walls of the dual wall pipe to the bit rock cutting face. At

the bottom of the well the air flow entrains the rock cuttings and flows to the
surface through a large center orifice in the drill bit that leads to the inside of

the inner pipe of the dual wall pipe. The drill bit used in a dual wall pipe reverse

circulation operation is selected to have a diameter that is slightly larger than

the outside diameter of the dual wall pipe. Thus, the outside annulus between

the inside of the borehole and the outside of the dual wall pipe is kept quite

small. This outer microannulus, together with a skirt structure fabricated on

the drill bit like that shown in Figure 2-9, restricts the return flow of air to

the surface and entrained rock cuttings to the inside of the inner pipe [4].

AIR DISCHARGE
WITH GEOLOGICAL
MATERIAL

ROTARY TOP DRIVE

AIR IN

DUAL-WALL DRILL PIPE

BIT SUB

WEAR SLEEVE

TRICONE ROCK BIT

FIGURE 4-3. Dual wall pipe drill string for reverse circulation operations (courtesy of Foremost

Industries Incorporated).
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The drill string for a dual wall pipe reverse circulation air drilling operations is

rather simple. These specially fabricated reverse circulation drill bits have a

threaded box connection. The bit sub has a threaded pin connection down and

a threaded box connection up. The bottom-threaded pin connection (of the bot-

tom dual wall pipe joint in the drill string) is made up to the top connection of
the bit sub. Additional dual wall pipe are made up to each other, and the top-

threaded box connection of the top pipe is made up to a special side inlet sub

(shown in Figure 4-4). This sub allows compressed air to be injected into the dual

wall pipe annulus through the nonrotating outer section of the sub. The return

flow of air and entrained rock cuttings from the inside of the inside pipe flows

up through the rotating inner section of the sub to and through the rotary top

drive.

The side inlet sub acts as the “first swivel” for the dual wall pipe drill string.
This first swivel accommodates the injection of air into the circulation system

while allowing the air and entrained rock cuttings to pass through. The “second

swivel,” which is the rotary top drive, is above the side inlet sub. This second

swivel provides torque and the rotation of the drill string while allowing the air

and entrained rock cuttings to return to the surface.

FIGURE 4-4. Side inlet sub for dual wall pipe reverse circulation operations (courtesy of Holte

Manufacturing Company).
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The threaded pin and box connections on most dual wall pipe are shouldered

connections. Most manufacturers of this type of pipe do not use API thread

profiles. The threaded connections for dual wall pipe are discussed in Section 4.4.

4.2 DRILL BITS
There are three basic types of rotary drill bits used in air and gas drilling opera-

tions. These are drag bits, roller cutter bits, and air hammer bits.

4.2.1 Drag Bits

The original drag bits used in the early use of rotary drilling have fixed cutter blades

or elements that are integral with the body of the bit. The earliest drag bits were

simply steel cutter blades attached rigidly to a steel body that is made up to the bot-
tom of the drill string. Later, natural diamonds were used as the cutter elements.

A diamond drill bit has natural diamonds embedded in a tungsten carbide matrix

body that is made up to the bottom of the drill string. The most recent develop-

ment in drag bit technology is the polycrystalline diamond compact (PDC) bit.

These drill bits have specially designed diamond cutter elements bonded to small

tungsten carbide studs. These studs in turn are embedded in a steel body that is

made up to the bottom of the drill string. Drag bits have no moving parts. Their cut-

ting mechanism is a scrapping or machining action that is best used to drill rock
formations that fail structurally in a plastic mode (e.g., soft, firm, and medium-hard,

nonabrasive rock formations). Although PDC bits have been used extensively in

past decades, they have been confined to drilling operations using water- and

oil-based drilling muds. However, recent field experiments have shown that

PDC bits can be used successfully in air operations using gas, aerated, and foam

drilling fluids.

4.2.2 Roller Cutter Bits

Roller cutter bits use primarily a crushing action to remove rock from the cutting

face and to advance the drill bit. The weight or axial force that is applied to the

drill bit is transferred to the tooth or teeth on the bit. These teeth are pointed

(mill tooth bit) or rounded (insert tooth bit), and the force applied is sufficient
to fail the rock in shear and tension and cause particles of the rock to separate

from the cutting face. The drill bits are designed to remove a layer of rock with

each successive rotation of the bit. Figure 4-5a shows the tooth of a tricone

bit being forced against the rock face. Figure 4-5b shows the rock particles cre-

ated by the failure of the rock face due to the “crushing” action of the tooth.

The circulation fluid entrains these rock cuttings and carries them away from

the rock face.
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The roller cutter element(s) of a drill bit has a series of teeth that are designed

to crush rock over the entire rock face after a single rotation of the drill bit. The
repeated crushing by the teeth in conjunction with the flow of the circulation

fluid allows rock particles at the rock face to be continuously removed and the

drill bit advanced.

When this crushing action takes place at the bottom of a well filled with dril-

ling mud, the hydrostatic pressure due to the fluid column compresses the rock

face and places the rock face and the rock material in the immediate vicinity of

FORCE ON BIT

a) b)

BIT TOOTH ROCK
CUTTINGSBOTTOM OF

     BOREHOLE

FIGURE 4-5. The rock crushing action of a tooth of a roller cutter drill bit (a) prior to failure of

rock and (b) after failure of rock.

Surface

Rock Body
with

In Situ Stresses

Tension
in

Upper Surface
of

Rock Face

FIGURE 4-6. Schematic of tension rock face at bottom of air drilled borehole.
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the rock face in compression. This makes the crushing action less efficient and

ultimately reduces the overall drilling rate of the drill bit (for a given WOB).

When this crushing action takes place at the bottom of a well filled only with

compressed air, there is little hydrostatic pressure on the rock face. Further, the

drilling process has removed a column of rock (above the rock face) from a
semi-infinite block of prestressed rock. The in situ preexisting stresses that were

in this block of rock prior to the drilling operation and the vertical cylindrical

void of the new borehole create a thin tension stress field in the rock material just

below the rock (see Figure 4-6).

The aforementioned argument explains why the drilling rate for an air and gas

drilling operation is approximately two to four times greater than that of a similar

mud drilling operation (given similar geology and drilling parameters).

There are four styles of roller cutter drill bits. These are quad-cone drill bits,
tricone drill bits, dual-cone bits, and single cone bits. Quad-cone drill bits and

dual-cone drill bits are used for special mud drilling operations and have little

application in air and gas drilling. Tricone drill bits are used extensively in air

and gas drilling operations.

Tricone Bits
The most widely used roller cutter bit is the tricone drill bit. The tricone drill bit

has three roller cutter cones. Each of these cones has a series of teeth that
crushes rock on the rock face as they roll over the face when the drill string

(and thus the drill bit) is rotated. Figure 4-7 shows a schematic of the configura-

tion of the tricone bit. Figure 4-7a shows a cross-section view of a cone (for a soft

C Cone and
Bearing Pin

C of Bit

Inner Cone
Angle

Heel Cone
Angle

Apex-Heel Cone

Apex-Inner Cone

Direction of Rotation

OFFSET

Offset

SOFT FORMATION CONE DESIGN

a)

b)

FIGURE 4-7. Schematic of the three cones of a tricone bit on the bottom of the borehole:

(a) cross section of cone and (b) top view of action of three cones during rotation [5].
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rock formation). Figure 4-7b shows the three roller cones at the bottom of a bore-

hole. This latter schematic shows the offset of the cones. The offset is the degree

the cones of the bit are designed to depart from a true rolling action on the rock

face. Offset indicates that two or more cones of the bits do not have their center-

lines of rotation passing through the center of bit rotation. Figure 4-7b shows a
bit with no unique center point through which all three cone centerlines pass [5].

Tricone drill bits can be used to drill a wide variety of rock formations.

Figure 4-8 shows a typical insert tricone drill bit. The “insert” term for this bit

refers to the fact that the “teeth” or “buttons” are tungsten-carbide studs that

are inserted (shrink-fit) into holes drilled in the cone material. The insert tricone

drill bits are used to drill medium-to-hard rock formations.

Most tricone drill bits are fabricated for use with drilling muds. However,

most manufacturers produce a few of their drill bit styles for air drilling opera-
tions. These tricone drill bits are designed with special internal air passages to

provide the bit bearings with the appropriate cooling from the less dense com-

pressed air or natural gas. Figure 4-9 shows a cutaway of a tricone drill bit used

for air operations.

Tricone drill bits used for air and gas drilling are usually designed with

increased gauge protection (relative to their mud drilling counterparts). This

FIGURE 4-8. Insert tooth 7 7/8-in (200 mm)-diameter tricone roller cutter bit IADC Code 517

(courtesy of Reed Rock Bit Company).
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gauge protection allows air bits to drill long abrasive sections without appreciable

loss of gauge. However, it should be noted that some gauge loss will always occur

in hard abrasive formations. It is good practice to design the well profile (i.e.,

borehole diameters and associated casing diameters) in such a manner that long
sections having hard abrasive formations can be drilled with the drill bit diameter

sequence of 6 in (152 mm), 61 8= in (156 mm), 61 4= in (159 mm), 61 2= in

(165 mm), and 63 4= in (171 mm), the sequence of 71 8= in (181 mm), 73 8=
in (187 mm), 75 8= in (194 mm), and 77 8= in (200 mm), or the sequence of 83 8=
in (213 mm), 81 2= in (216 mm), 83 4= in (222 mm), and 9 in (229 mm). Using

one of these drill bit diameter sequences allows anticipation of loss of gauge.

The top of a long hard abrasive section can be drilled with a 61 2= -in (165 mm)-

diameter drill bit and, when there is a bit change, followed by a 61 4= -in
(159 mm)-diameter drill bit, and then near the bottom of the section followed

by a 61 8= -in (156 mm)-diameter drill bit for the last bit change.

Most air or natural gas drilling operations use insert tricone drill bits. Even

though previous drilling operations with mud may have shown that a mill tooth

bit had been successful in drilling a particular rock formation, the mechanics of

the rock cuttings creation process at the bottom of the air borehole require that

an insert bit be used in order to generate smaller rock cuttings. The smaller the

rock cuttings generated by the drill bit, the more efficient the rock cutting crea-
tion and transport of cuttings particles from the bottom of the borehole.

Nearly all tricone drill bits are equipped to accept nozzle inserts in three open

orifice flow channels in the drill bit body. Nozzles of various sizes (in 32nds of an

inch) are used extensively in mud drilling operations. Standard practice for

Air passageways
Air screens

FIGURE 4-9. Cutaway of the interior of a tricone drill bit (courtesy of Reed Rock Bit Company).
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vertical direct circulation air or natural gas rotary drilling operations is to use tri-

cone drill bits with open orifices (i.e., no nozzles). Thus, for well planning calcu-

lations (discussed in Chapters 8 to 12) it is important to ascertain from the drill

bit manufacturer the open orifice minimum inside diameters for the drill bits used

in the operation.
There are special reverse circulation tricone drill bits. These are fabricated

using the same mill tooth and insert tooth cone designs as the direct circulation

drill bits discussed previously. Figure 2-9 shows the schematic of the inside flow

channel of a reverse circulation tricone drill bit. This large orifice allows the

return flow of drilling fluid and entrained rock cuttings to flow from the annulus

through the large orifice in the bit body to the inside of the drill string.

Single Cone Bits
There are single cone or “monocone” drill bits. Unlike tricone drill bits that drill

by a crushing action, single cone bits drill by a scraping action. Thus, single cone

drill bits utilize wear-resistant tungsten-carbide inserts in the cutting structure.

These drill bits are most effective in smaller diameters: 23 4= in (70 mm) to 61 8=
in (156 mm). These drill bits, with the appropriate cutting structure, are suitable

for drilling soft, as well as medium-and-hard, rock formations.

The principal advantage of single cone drill bits is the large size of the support

bearing of the cone and the tungsten-carbide inserts in the small drill bit dia-

meters. Small diameter tricone drill bits are very fragile and subject to pinching

and bearing damage if forced into an out-of-gauge borehole or used to ream an

out-of-gauge borehole. These single cone drill bits are not subject to pinching

and other damage when used to ream out-of-gauge boreholes. It is therefore
good drilling practice to use single cone drill bits to drill small diameter sections

in deep wells.

Figure 4-10 shows a typical single cone drill bit. Single cone drill bits are also

equipped to accept nozzle inserts in three open orifice flow channels in the drill

bit body. However, like the tricone drill bits used for air and gas drilling opera-

tions, it is standard practice to use single cone drill bits with open orifices (i.e.,

no nozzles). Thus, for well planning calculations (discussed in Chapters 8 to

10) it is important to ascertain from the drill bit manufacturer the open orifice
minimum inside diameters for the drill bits to be used in the operation.

4.2.3 Air Hammer Bits

Percussion air hammers have been used for decades in shallow air drilling opera-

tions. These shallow operations have been directed at the drilling of water wells,

monitoring wells, geotechnical boreholes, and mining boreholes. In the past

decade, however, percussion air hammers have seen increasing use in drilling

deep oil and natural gas wells. Percussion air hammers have a distinct advantage

over roller cutter bits in drilling abrasive, hard rock formations.
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The use of percussion air hammers (or down-the-hole air hammers) is an

acceptable option to using rotating tricone or single cone drill bits for air and

gas drilling operations. The air hammer utilizes an internal piston (or hammer)

that is actuated by the compressed air (or other gas) flow inside the drill string.

The internal pistonmoves up and down in a chamber under the action of air pres-
sure applied either below or above the piston through ports in the inside of the air

hammer. In the downward stroke, the hammer strikes the bottom of the upper

end of the drill bit shaft (via a coupling shaft) and imparts an impact load to the drill

bit. The drill bit in turn transfers this impact load to the rock face of the bit.

This impact load creates a crushing action on the rock face very similar to that

discussed earlier at the beginning of Section 4.2.2. However, in this situation, the

crushing action is dynamic and is more effective than the quasi-static crushing

action of tricone and single cone drill bits. Therefore, air hammer drilling operations
require far lessWOB than comparable drilling operations using tricone or single cone

drill bits.

FIGURE 4-10. Single cone roller cone drill bit (courtesy of Rock Bit International Incorporated).
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Figure 4-11 shows two typical air hammer bits. The air hammer is made up to the

bottom of the drill string and at the bottom of the air hammer is the air hammer
bit. In Figure 4-11, the larger bit (standing on its shank end) is an 85 8= -in

(219 mm)-diameter concave bit and the smaller bit (on its side) is a 6-in (152 mm)-

diameter concave bit.

The drill string with an air hammer must be rotated just like a drill string that

utilizes tricone or single cone drill bits. The rotation of the drill string allows the

inserts (i.e., tungsten-carbide studs) on the bit face to move to a different location

on the rock face surface. This rotation allows a different position on the rock face

to receive the impact load transferred from the piston through the hammer
shank. In direct circulation operations, air flow passes through the hammer sec-

tion, through the drill bit channel and orifices to the annulus. As the air passes

into the annulus, the flow entrains the rock cuttings and carries the cuttings to

the surface in the annulus. Direct circulation air hammers are available in a wide

variety of outside housing diameters from 3 in (76 mm) to 16 in (406 mm).

These air hammers drill boreholes with diameters from 35 8= in (92 mm) to

171 2= in (445 mm).

There are also reverse circulation air hammers. These unique air hammers
allow air pressure in the annulus to actuate the hammer via ports in the outside

housing of the hammer. The reverse circulation air hammer bits are designed with

FIGURE 4-11. Two typical air hammer bits with a concave face (courtesy of Rock Bit

International Incorporated).
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two large orifices in the bit face that allow the return air flow with entrained rock

cuttings to flow to the inside of the drill string and then to the surface. Reverse

circulation air hammers are available in larger outside housing diameters, 6 in

(152 mm) to 24 in (610 mm). These air hammers drill boreholes with diameters

from 77 8= in (200 mm) to 33 in (838 mm).
There are five air hammer bit cutting face designs. Figure 4-12a shows the pro-

file of the drop center bit, and Figure 4-12b shows the profile of the concave bit.

Figure 4-13a shows the profile of the step gauge bit, and Figure 4-13b shows the

profile of the double gauge bit. Figure 4-14 shows the profile of the flat face bit.

In the past, air hammer manufacturers have provided the air hammer bits for

their specific air hammers. This practice ensured compatibility of bit with ham-

mer housing. Increased air hammer use in drilling deep oil and natural gas recov-

ery wells has attracted traditional oil field drill bit manufacturers to fabricate air
hammer bits. Although the air hammer bit faces are somewhat uniform in design,

the shafts are different for each air hammer manufacturer. The air hammer face

and shafts are integral to the bit; manufacturing air hammer bits is complicated.

Fortunately, the air hammer has proven in the past decade to be very effective

in drilling deep boreholes. This has given rise to competition among traditional

a) b)

FIGURE 4-13. Air hammer bit face profile designs: (a) step gauge bit and (b) double gauge bit

(courtesy of AB Sandvik Rock Tools).

FIGURE 4-14. Air hammer bit face profile design, flat face bit (courtesy of AB Sandvik Rock

Tools).

a) b)

FIGURE 4-12. Air hammer bit face profile designs: (a) drop center bit and (b) concave bit

(courtesy of AB Sandvik Rock Tools).
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drill bit manufacturers to provide improved air hammer bits for deep drilling

operations. This competition has in turn resulted in an increase in the quality

and durability of air hammer bits (over the traditional air hammer manufacturer-

supplied air hammer bits) in the more hostile environments of the deep bore-

holes. Operational use of the air hammer is discussed in detail in Chapter 11.

These five bit cutting face designs are applicable for a variety of drilling

applications fromnonabrasive, soft rock formations to highly abrasive, very hard rock
formations. The applications of these five face designs are shown in Figure 4-15.

4.2.4 Classification of Drill Bits

The International Association of Drilling Contractors (IADC) has approved a stan-

dard classification system for identifying similar bit types available from various

manufacturers [6]. Table 4-1 gives an example IADC numerical classification chart

for insert drill bits (the three digits in the first column).
In general, the classification system adopted is a three-digit code. The first

digit in the bit classification code is the rock formation series number. The letter

“D” precedes the first digit if the bit is a diamond or PDC drag type bit. The first

digit can be the numbers 1 to 3. These are reserved for milled tooth bits for soft,

medium, and hard formation categories, respectively. If the first digit is 5 to 8,

then these are insert bits for soft, medium, hard, and extremely hard formation

categories, respectively.

The second digit is called the type number. Type 0 is reserved for PDC drag
bits. Types 1 to 4 designate formation hardness subclassifications (ranging from

the softest to the hardest formations with each series category).

HIGHLY
ABRASIVE

NON-
ABRASIVE

DROP CENTER

CONCAVE

STEP GAUGE

DOUBLE GAUGE

FLAT FACE
ROCK ABRASIVENESS

SOFT VERY HARD

ROCK
HARDNESS

FIGURE 4-15. Air hammer bit face profile designs and application to rock formation

abrasiveness and hardness (courtesy of AB Sandvik Rock Tools).
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Table 4-1. Comparison IADC Chart for Four Manufacturers of Insert Tricone Drill Bits

(Courtesy of Reed Rock Bit Company)
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The third digit feature numbers for roller cutter bits are 1 to 7 and refer,

respectively, to standard roller bearing, standard roller bearing for air applica-

tions, standard roller bearing with gauge protection, sealed roller bearing, sealed

roller bearing with gauge protection, sealed journal bearing, and sealed journal

bearing with gauge protection.
The third digit is the feature number. These numbers are interpreted differ-

ently for drag bits and roller cutter bits. For diamond and PDC drag bits, the fea-

ture numbers are 1 to 8 and refer, respectively, to step type, long taper, short

taper, nontaper, downhole motor, side-track, oil base, and core ejector.

Table 4-1 also shows an insert rock bit comparison chart for four manufacturers

(second through fifth columns). Feature 2 on all the charts of the bit manufac-

turers shows the insert bits designed for air drilling operations. Although the com-

parison chart shows insert tricone drill bits, the sealed roller bearing and sealed
journal bearing bits are also often selected for air and gas drilling operations.

It should be noted that single cone drill bits and air hammer bits are not pres-

ently classified in accordance to the IADC code system.

4.3 BOTTOM HOLE ASSEMBLY
Figure 4-16 shows a typical bottom hole assembly (BHA) for a direct circulation
rotary drilling operation. The BHA is the section of the drill string below the drill

pipe (see Figure 4-1). This section of the drill string is the most rigid length of the

string. It is this section of the drill string that determines how much weight can

be placed on the drill bit and how “straight” a vertical borehole will be drilled

with the drill string.

The assembly in Figure 4-16 is composed of a drill bit at the bottom, drill collar

tubulars, a near bit stabilizer directly above the bit, a stabilizer at the middle of the

assembly, and a stabilizer at the top of the assembly. The addition of stabilizers to
the drill collar string generally improves the straight drilling capability of the drill

string. Highly stabilized drill strings are necessary when drilling in “crooked hole

country.” Crooked hole country usually refers to rock formations that tend to

deflect the bit and, thus, the drill string as the drill bit is advanced.

Hard-to-medium rock formations that are tilted to a high angle from horizon-

tal are one of the main causes of severe borehole deviations from vertical. All

deep rotary drilled boreholes will tend to have some deviation and tend to have

a corkscrew three-dimensional shape (usually to the right). The deviation from
vertical can usually be kept below 3� to 5� with good drilling practices. In gen-

eral, air drilled boreholes can have more deviation than mud drilled boreholes

(assuming same rock formations). However, most of the increased deviation

from vertical is due to the fact that air drilling penetration rates are significantly

higher than a mud drilling operation and drillers tend to take advantage of that

increased drilling rate and let the deviation get away from them. To correct this

tendency, it is good practice to utilize a more stabilized BHA when drilling

an air drilled borehole than would be used in a comparable mud drilled
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borehole. For more details regarding the design of stabilized BHA and how to

apply such assemblies, readers are referred elsewhere [1, 4] or to service com-

pany literature.

4.3.1 Drill Collars

Drill collars are thick-walled tubulars used at the bottom of the drill string (see

Figure 4-1). Their principal purpose in the drill string is to provide the axial force
needed to advance the drill bit (see Figure 2-2). When drilling a vertical borehole,

the axial force is the weight of the drill collars. Drill collars are available in the API

range lengths given in Table 2-1. Figure 4-16 shows a BHA with Range 2 (�30 ft or

9 m long) drill collars. Range 2 lengths are typical for double and triple land

rotary drilling rigs. Also shown in Figure 4-16 are short drill collar lengths used

STRING TYPE
STABILIZER

STRING TYPE
STABILIZER

SHORT
DRILL COLLAR

NEAR BIT
STABILIZER

BIT

30 FT.
DRILL COLLAR

FIGURE 4-16. Typical bottom hole assembly for direct circulation rotary drilling operations.
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to adjust positions of the stabilizers in the BHA. These shorter drill collar lengths

are selected from the Range 1 stock of drill collars. Dimensions and mechanical

properties for API drill collars are given elsewhere [1].

Drill collars are usually fabricated from American Iron and Steel Institute (AISI)

4140 or 4145 heat-treated steel or equivalent. These are chrome-molybdenum
steel alloys and have yield stresses in excess of 100,000 psi. In addition to drill

collars fabricated of steel are special drill collars fabricated of nonmagnetic nickel

alloys (e.g., usually Monel K-500). These nickel alloy drill collars (usually three)

are used at the bottom of the drill string to allow magnetic compass-like equip-

ment to be used to survey the borehole as the well is drilled. These nickel alloy

drill collars have material properties that are almost identical to that of AISI

4140 heat-treated steel of the standard drill collars.

4.3.2 Stabilizers and Reamers

Stabilizers and rolling cutter reamers are special thick-walled drill collar subs

that are placed in the BHA to force the drill collars to rotate at or near the cen-

ter of the borehole. By keeping the drill collars at or near the center of the

borehole the drill bit will drill on a nearly straight course projected by the cen-

ter axis of the rigid BHA. Stabilizers and rolling cutter reamers have blades or

rolling cutters that protrude from the sub wall into the annulus to near the
borehole diameter. The space between blades or rolling cutters allows the air

or natural gas flow with entrained rock cuttings to return to the surface nearly

unobstructed.

Figure 4-17 shows three rotating blade stabilizers. These three stabilizers are,

respectively, the integral blade (usually a spiral blade configuration) stabilizer,

the big bear stabilizer (a larger type integral blade stabilizer), and the welded

blade (spiral blade) stabilizer. The blades on these three stabilizers are machined

into (integral) the stabilizer body or are rigidly attached to the stabilizer body
and, therefore, rotate with the body of the stabilizer and, thus, with the drill

string itself.

Figure 4-18 shows two sleeve types of blade stabilizers. These stabilizers have

replaceable sleeves (with blades). These two stabilizers are, respectively, the

sleeve type stabilizer and the rubber sleeve stabilizer. The sleeve type stabilizer

has a metal sleeve with attached metal blades (sleeve rotates) and can be replaced

on the stabilizer body when the blades wear. The rubber sleeve stabilizer has a

sleeve that has a rubber sheath over a metal substructure (sleeve does not rotate).
The rubber sleeve can be replaced on the stabilizer body when the blades wear.

In general, the rotating blade stabilizers are shop repairable. The integral

blade stabilizers have gauge protection in the form of tungsten-carbide inserts

or replaceable wear pads. Integral blade stabilizers can be used in abrasive, hard

rock formations. When the blades are worn, the stabilizers can be returned to the

machine shop and the inserts or wear pads replaced. Welded blade stabilizers

are not recommended for use in abrasive, hard rock formations. When their
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blades become worn or damaged, they can be returned to the machine shop for

repairs.

Nonrotating blade stabilizers can be repaired at the drilling rig location.

Worn sleeves can be removed and new ones placed on the stabilizer body. This

is an important advantage over the rotating stabilizer. The nonrotating stabilizer

is most effective in abrasive, hard rock formations, as the sleeve is stationary

and acts like a drilling bushing. This action decreases wear on the metal
sleeve blades.

Stabilizers are used extensively to improve the straight hole drill capability of

a BHA for both mud drilling operations and air drilling operations. However,

care must be exercised in using stabilizers in air drilling operations. The wear

rate on stabilizer blades in air drilling operations will be greater than in a mud

drilling operation (assuming similar geologic conditions).

Integral
Blade

Stabilizer

Big Bear
Stabilizer

Welded
Blade

Stabilizer

FIGURE 4-17. Rotating blade stabilizers (courtesy of Smith International Incorporated).
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Figure 4-19 shows a three-point rolling cutter reamer. These reamers have the
roller cutters 120� apart on the circumference. The rolling cutter reamer is a spe-

cial type of stabilizer tool that provides “blades,” which are cylindrical roller cutter

elements that can crush and remove rock from the borehole wall as the drill bit is

advanced. Often the reamer is placed just above the drill bit (replacing the near bit

stabilizer, see Figure 4-16). Reamers are also available in a four-point rolling cutter

reamer. These reamers have the rolling cutters 90� apart on the circumference.

Such rolling cutter reamers are used when drilling in abrasive, hard rock for-

mations. The gauge of the rolling cutter reamers can be adjusted by replacing
the rolling cutter elements on the stabilizer body with different outside diameter

elements. Also, damaged rolling cutters can be replaced. These replacements can

be accomplished at the drilling rig location. When drilling abrasive, hard rock for-

mations, the gauge of the rolling cutter reamers is usually adjusted to be slightly

Sleeve
Type

Stabilizer

Rubber
Sleeve

Stabilizer

FIGURE 4-18. Nonrotating blade stabilizers (courtesy of Smith International).
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under the drill bit gauge or at the drill bit gauge. The reamers provide the near-bit
stabilization needed for straight drilling in abrasive formations.

4.3.3 Downhole Surveying Equipment

Bottom hole assemblies for drill strings used to drill deep vertical wells are usually

fitted with several nonmagnetic drill collars. These drill collars are usually near

the bottom of the BHA (just above the drill bit). These nonmagnetic collars are

needed to carry out the downhole surveys required by most natural resource reg-
ulatory agencies. Downhole surveys are used to describe the deviation of a drilled

borehole from the ideal vertical centerline of the intended well. Knowledge of

where an actual well has been drilled is needed to ensure economic and environ-

mentally safe recovery of mineral resources.

The survey is usually accomplished by using a magnetic single-shot instrument.

This instrument is usually part of the equipment inventory of a typical double and

FIGURE 4-19. Three-point rolling cutter reamer (courtesy of Smith International).
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triple rotary drilling rig. The single-shot survey is usually carried out by the rig

crew. The single-shot instrument contains a small compass that floats in a liquid

and gives borehole compass direction information. The floating compass is also

designed with a half sphere top and an extended pendulum bottom. The spherical

top of the compass is etched with a traditional compass rose allowing direction
determination when viewing the compass from above and down the axis of the

instrument. Also etched on the spherical top are concentric circles that represent

different angles of inclination from the vertical. When viewing the compass from

above and down the axis of the instrument, a set of crosshairs shows the concen-

tric circles of angles of inclination. A small single-shot camera is installed in the

instrument above the compass. The camera shutter mechanism, exposure light,

and timer are battery operated. The instrument timer is set at the surface to give

sufficient time for the instrument to be lowered to the bottom of the inside of
the drill string. The instrument is lowered on a slick wire line (a simple wire line

not having electrical transmission capability). When the instrument is in place at

the bottom of the inside of the drill string, the timer actuates the light exposing

the small circular film cartridge. Figure 4-20 shows a typical single-shot exposure.

This exposed single-shot picture shows a direction of magnetic north (or an azi-

muth of 0�) and an inclination of 1.8� from vertical. As a well is drilled, single-shot

survey pictures can be taken every few hundred feet. Calculations can be made

using these survey pictures and the measured distance to each survey point to give
a three-dimensional plot of the drilling course of the well.

Since the magnetic single-shot instrument utilizes a simple compass for direc-

tional information, the instrument must be placed in a nonmagnetic portion of

FIGURE 4-20. Typical single-shot exposure that reads north and 1.8� inclination from vertical

(courtesy of Sperry-Sun Drilling Services, a Halliburton Company).
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the drill string in order for the compass to give accurate azimuth readings. This is

why nonmagnetic drill collars are placed at the bottom of the drill string. When

running the single-shot survey, care must be taken to make sure that the single-

shot instrument is located approximately midway along the nonmagnetic drill col-

lar length section before the camera film is allowed to be exposed.
More details regarding directional drilling operations and surveys are dis-

cussed in Chapter 12.

4.4 DRILL PIPE
There are four types of drill pipe used in air and gas drilling operations. These are

standard API drill pipe, heavyweight drill pipe, drill rod, and dual wall pipe.

4.4.1 Standard API Drill Pipe

Standard API drill pipe is used in most rotary drilling operations (shallow and

deep). API drill pipes are fabricated by various API-certified manufacturers around

the world, principally for use in the drilling of deep wells for the recovery of oil

and natural gas. The nominal weight per unit length defines the wall thickness

and the inside diameter of the pipe body. When tool joints (box and pin) are
added to a pipe body, the average actual weight per unit length of the drill pipe

element is increased above the pipe nominal weight per unit length. API drill

pipe is also classified by API material (steel) grade. Tables 4-2a and 4-2b give

Table 4-2b. API Drill Pipe Steel Grade Minimum and Maximum Mechanical Properties

in SI Units

API Grade E75 X95 G105 S135

Minimum yield (MPa) 517 655 724 931

Maximum yield (MPa) 724 862 931 1138

Minimum ultimate tensile (MPa) 690 724 793 1000

Table 4-2a. API Drill Pipe Steel Grade Minimum and Maximum Mechanical Properties

in USCS Units [1, 7]

API Grade E75 X95 G105 S135

Minimum yield (psi) 75,000 95,000 105,000 135,000

Maximum yield (psi) 105,000 125,000 135,000 165,000

Minimum tensile (psi) 100,000 105,000 115,000 145,000
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the API material grade designations and respective standards for minimum yield,

maximum yield, and minimum tensile strengths of the steel grade. For an AISI

grade of steel to be used to fabricate the drill pipe of a particular API grade, the

AISI grade must satisfy the minimum and maximum specifications given in

Tables 4-2a and 4-2b.
Tables 4-2a and 4-2b show that for API E75 grade the minimum yield is 75,000

psi (517 MPa), the maximum yield is 105,000 psi (724 MPa), and the minimum

tensile (ultimate) strength is 100,000 psi (690 MPa). Similar data are shown for

API X95, API G105, and API S135 steel grades.

4.4.2 Heavyweight Drill Pipe

Heavyweight drill pipe is an intermediate weight per unit length drill string
element. This type of drill pipe has a heavy wall pipe body with attached extra

length tool joints (see Figure 4-21). Heavyweight drill pipe has the approximate

outside dimensions of standard drill pipe to allow easy handling on the drill rig [7].

The unique characteristic of this type of drill pipe is that it can be run in

compression in the same manner as drill collars. Most heavyweight drill pipe is

fabricated in Range 2 and 3 API lengths. It is also available in custom lengths

shorter than Range 2. Heavyweight drill pipe is available in 31 2= -in (89 mm),

4-in (102 mm), 41 2= -in (114 mm), 5-in (127 mm), 51 2= -in (140 mm), and 65 8= -in
(168 mm) nominal outside diameters. Figure 4-21 shows two typical heavyweight

drill pipe elements standing in a regular drill pipe rack in a drill rig. One unique

feature of heavyweight drill pipe is the wear pad in the center of the element. The

wear pad acts as a stabilizer and improves the stiffness of the heavyweight stand

in the drill string and thus reduces the deviation of boreholes.

Tables 4-3a and 4-3b give the dimensional and mechanical properties for Range

2 heavyweight drill pipe (tube body and tool joints). For heavyweight drill pipe sizes

from 31 2= in (89 mm) and greater, the pipe tube body is fabricated of steel alloys
with a minimum yield stress of 55,000 psi (797 MPa). The tool joints for these sizes

are fabricated of steel alloys with a minimum yield stress of 120,000 psi (828 MPa).

The 27 8= -in drill pipe is fabricated entirely of 110,000 psi (759 MPa) steel alloy.

Figure 4-22 shows a “tapered” drill string with a drill bit at the bottom, drill

collars above the drill bit, heavyweight drill pipe above the drill collars, and stan-

dard drill pipe above the heavyweight drill pipe.

Heavyweight drill pipe elements are used in a number of applications in rotary

drilling. Because this drill pipe can be used in compression, this drill pipe can be
used in place of drill collars in shallow wells with small single or double rotary

drilling rigs. This drill pipe is also used in conventional drill string for vertical dril-

ling operations as transitional stiffness elements between the stiff drill collars

and the very limber drill pipe. Their use as transitional stiffness elements

reduces the mechanical failures in the bottom drill pipe elements of the drill

string. The practice is to run from 6 to 30 heavyweight drill pipe on top of a

conventional BHA.
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In off-shore drilling operations, heavyweight drill pipe has become essential.
Heavyweight drill pipe is used in directional drilling operations where drill collars

can be replaced by the heavyweight pipe. Using heavyweight drill pipe in place

of drill collars reduces the rotary torque and drag and increases directional control.

In Tables 4-3a and 4-3b there is an unusual drill pipe size. This is the 57 8= -in

(149 mm) heavyweight drill pipe, and its associated standard drill pipe companion

is used for drilling long reach highly deviated directional boreholes (particularly

in offshore operations). This drill pipe allows higher annulus drilling fluid velocities

for improved cuttings removal (particularly in horizontal boreholes) and lower
drilling fluid velocities inside the drill string to reduce pipe friction losses.

STANDS BACK IN THE
RACK LIKE REGULAR
DRILL PIPE

WEAR PAD REDUCES THE
WEAR ON CENTER
SECTION OF DRILL PIPE

FIGURE 4-21. Heavyweight drill pipe standing in rig rack (courtesy of Smith International).
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4.5 SAFETY EQUIPMENT
Drill strings used in direct circulation drilling operations for the recovery of oil,

natural gas, or geothermal fluids are usually fitted with several safety valves.

Table 4-3a. Heavyweight Drill Pipe Range 2 Dimensions and Mechanical Properties in

USCS [7]

Nominal
OD (in)

Approx
Wt

(lb/ft)
Tube ID
(in)

Wall
Thick
(in) Conn Type

Took Jt
OD (in)

Took Jt ID
(in)

Tensible
Yield (lb)

2 7/8 17.26 1.5000 0.688 NC26 3 3/8 1.5000 519,750

3 1/2 23.70 2.2500 0.625 NC38 4 3/4 2.2500 310,475

4 29.90 2.5625 0.719 NC40 5 1/4 2.5625 407,500

4 1/2 40.80 2.8125 0.844 NC46 6 1/4 2.8125 533,060

5 50.38 3.0000 1.000 NC50 6 5/8 3.0000 691,130

5 1/2 61.60 3.2500 1.125 5 1/2 FH 7 1/4 3.2500 850,465

5 7/8 57.42 4.0000 0.938 XT57 7 4.0000 799,810

6 5/8 71.43 4.5000 1.063 6 5/8 FH 8 4.5000 1,021,185

Table 4-3b. Heavyweight Drill Pipe Range 2 Dimensions and Mechanical Properties in SI

Units

Nominal
OD (mm)

Approx
M

(kg/m)
TUbe ID
(mm)

Wall
Thick
(mm)

Conn
Type

Tool Jt
OD (mm)

Tool Jt
ID (mm)

Tensible
Yield (kN)

73 25.68 38 17 NC26 86 38 2,312

89 35.26 57 16 NC38 121 57 1,381

102 44.48 65 18 NC40 133 65 1,813

114 60.70 71 21 NC46 159 71 2,371

127 74.95 76 25 NC50 168 76 3,074

140 91.64 83 29 5 1/2 FH 184 83 3,783

149 86.42 102 24 XT57 178 102 3,558

168 106.26 114 27 6 5/8 FH 203 114 4,542
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4.5.1 Float Valves

Figures 4-23 and 4-24 show the two typical drill string float valves. These are also

known as nonreturn valves. These two types are the dart type and the flapper

type. These are safety valve devices that prevent the back flow or U-tube flow

of liquids or gases from the annulus into the inside of the drill string.

DRILL PIPE

CROSS-OVER
SUB

INTEGRAL
BLADE

STABILIZER

SHOCK SUB ®

VIBRATION
DAMPENER

SHORT
DRILL COLLAR

(18Jt. OR MORE)
HEVI-WATE ®

DRILL PIPE

ADDITIONAL
DRILL COLLARS

30 ft
DRILL COLLAR

STRING
RWP

STABILIZER

BOTTOM HOLE
RWP

STABILIZER

6 POINT
REAMER

FIGURE 4-22. Typical tapered drill string using heavyweight drill pipe (courtesy of Smith

International).
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The dart type valve is spring activated, which opens to allow the direct circu-
lation flow to pass around the dart. This type of valve provides a more secure shut-

off against high and low pressure back flows. The flapper type valve opens fully

during circulation to provide an unrestricted bore through the valve and closes

when back flow pressure is applied. These valves are used in nearly all deep rotary

air and gas drilling operations. The dart valve is used in the bit sub just above the

drill bit. In practice, at least one flapper valve is placed just above the drill collars

or above a downhole motor. A second is often placed about 1000 ft below the

surface. It is not unusual for a long drill string to have three or four float valves.
The fire stop is a special type of flapper valve. It is essentially an upside-down

float valve. It is usually placed just above the drill bit. These valves have a zinc

ring that holds back a spring-loaded flapper mechanism to allow the compressed

air or gas to be circulated directly from the surface through the inside of the drill

string. Wire line equipment can be run through these valves when the fire stop is

in the normal open position. In the event of a downhole fire, the zinc element

melts, releasing the spring-loaded flapper. This shuts down the flow of air or

gas into the bottom of the well, thus shutting off the source of fuel for the fire.
Fire stop valves are rarely used in present drilling operations.

FIGURE 4-23. Typical dart type float valve for direct circulation operations (courtesy of

Baker Oil Tools).
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4.5.2 Kelly Sub Valves

At the top of the drill string (just above the kelly) is a kelly cock sub, which is fitted

with a ball valve (see Figure 4-1). In the event of a subsurface blowout, the kelly
cock’s ball valve can be closed and the sub left made up to the top of the kelly. With

the ball valve closed, a pressure gauge can be made up to the top of the sub. Using

this pressure gauge, the ball valve can be opened and vital pressure information

obtained for the pressure inside the drill string (together with casing head annulus

pressure). This information is needed to design the well control procedure.

4.6 DRILL STRING DESIGN
One of the initial planning steps for a rotary drilling operation is the design of the

drill string. The drill string must have the strength to drill to the intended target

depth and be light enough so that the hoisting system can extract the string from

the well when the target depth has been reached. This section describes the API

procedure for drill string design [1, 7].

FIGURE 4-24. Typical flapper type float valve for direct circulation operations (courtesy of

Baker Oil Tools).
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The axial tension force (or load), F (lb, N), at the top of the drill string in a ver-

tical well is

F ¼
h
Lp wp

� �þ ðLc wcÞ
i
Kb; (4-1)

where Lp is the length of the drill pipe (ft, m), wp is the weight per unit length of
drill pipe (lb/ft, N/m), Lc is the length of the drill collars (ft, m), wc is the weight

per unit length of drill collars (lb/ft, N/m), and Kb is the buoyancy factor.

The buoyancy factor is

Kb ¼ 1� gm
gs

� �
; (4-2)

where gm is the specific weight of the drill fluid (lb/ft3, N/m3 or lb/gal, kg/liter)

and gs is the specific weight of steel (lb/ft3, N/m3 or lb/gal, kg/liter).

The maximum allowable design axial tension force, Fa (lb, N), is

Fa ¼ 0:9 Fy; (4-3)

where Fy is the drill pipe tension force to produce material (steel) yield (incipient

failure of the drill pipe)(lb, N).

For most drill string designs, a factor of safety is used to ensure that there is a

margin of overpull (MOP) to allow for a stuck drill string. The drill string design

factor of safety, FS, is given by

FS ¼ Fa

F
: (4-4)

The MOP is determined by the rotary drilling rig hoisting capacity. Thus, MOP is

MOP ¼ Fc � F ; (4-5)

where Fc is the hoisting capacity of the rotary drill rig (lb, N). However, the total

hoisting axial force cannot exceed Fa.

Illustrative Example 4.1 A section of the example vertical well (see Figure

2-15) is to be rotary air drilled from 7,000 ft (2133.5 m) to 10,000 ft (3047.9 m)

with a 77 8= -in (200 mm) tricone roller cutter drill bit. This is to be a direct circula-

tion drilling operation. Above the drill bit the BHA is made up of 500 ft (152.4 m)

of 61 4= -in (158 mm) by 213 16= -in (71.4 mm) drill collars and similar diameter survey
subs and nonmagnetic drill collars. The drill pipe available from the drilling con-

tractor is API 41 2= -in (114 mm), 16.60 lb/ft (24.70 kg/m) nominal, IEU-S135,

NC46, new drill pipe. Determine the FS and the effective MOP associated with

using this drill string to drill this section of the well. The drilling rig has a hook load

capability of 300,000 lb (1334.4 kN).

USCS units solution: Reference 1 gives 83 lb/ft (123.48 kg/m) for the unit

weight of the 61 4= -in (158 mm) by 213 16= -in (71.4 mm) drill collar, and an actual

unit weight of the API 41 2= -in (114 mm) drill pipe is 19.00 lb/ft (28.27 kg/m) for
the drill pipe. Because the drilling fluid is air, then gm ¼ 0, and Kb ¼ 1.0. The

maximum axial tension force in the top drill pipe element of the drill string is when
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the depth is 10,000 ft (3047.9 m) and when the drill bit is lifted off the bottom of

the well (after the target depth has been reached). The maximum axial tension

force is determined from Equation (4-1). This is

F ¼
h
9500ð Þ 19:00ð Þ þ 500ð Þ 83:00ð Þ

i
1:0ð Þ

F ¼ 222000 lb:

This tension force to yield is 595,004 lb (2646.6 kN)[1]. Equation (4-3) can be

used to determine the maximum allowable axial tension force for the drill pipe.

Thus, Equation (4-3) is

Fa ¼ 0:9 595004ð Þ
Fa ¼ 535504 lb:

The factor of safety is determined from Equation (4-4). Equation (4-4) gives

FS ¼ 535504

222000

FS ¼ 2:41:

The selected rotary drilling rig has a maximum hoisting capacity of 300,000 lb,

thus using Equation (4-5) the effective MOP is

MOP ¼ 300000� 222000

MOP ¼ 78000 lb:

The calculations just given show that an additional 78,000 lb (above the weight of

the drill string) can be pulled by the hoist system or with the assurance that the

drill string will not fail structurally.

SI units solution: The unit mass of the 158-mmby 71.4-mmdrill collar is 123.48

kg/m, and the actual unit mass of the API 114 mm drill pipe is 28.27 kg/m. Because

the drilling fluid is air, then gm ¼ 0 and Kb ¼ 1.0. The maximum axial tension force
in the top drill pipe element of the drill string iswhen the depth is 3047.9m andwhen

the drill bit is lifted off the bottom of the well (after the target depth has been

reached). Themaximumaxial tension force is determined fromEquation (4-1). This is

F ¼
h
2895:5ð Þ 28:27ð Þ 9:81ð Þ þ 152:4ð Þ 123:48ð Þ 9:81ð Þ

i
1:0ð Þ

F ¼ 987613 N:

This tension force to yield is 2646.6 kN [1]. Equation (4-3) can be used to
determine the maximum allowable axial tension force for the drill pipe. Thus,

Equation (4-3) is

Fa ¼ 0:9 2646600ð Þ
Fa ¼ 2381940 N:
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The factor of safety is determined from Equation (4-4). Equation (4-4) gives

FS ¼ 2381940

987613

FS ¼ 2:41

The selected rotary drilling rig has a maximum hoisting capacity of 1334.4 kN lb,

thus using Equation (4-5) the effective MOP is

MOP ¼ 1334400� 987613

MOP ¼ 346787 N

The calculations just given show that an additional 349,787 N (above the weight

of the drill string) can be pulled by the hoist system or with the assurance that the

drill string will not fail structurally.
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CHAPTER

Compressors and Nitrogen
Generators 5
There are a variety of air and gas compressor designs in use throughout industry.

These designs vary greatly in the volume amounts of air or gas moved and the

pressures attained. The largest usage of compressors is in the oil and gas produc-

tion and transportation industries and in the chemical industry. Information

regarding this technology will be used to develop an understanding of how com-

pressors can be used in air and gas drilling operations.

Air or gas compressors are very similar in basic design and operation to liquid
pumps. The basic difference is that compressors are movers of compressible

fluids; pumps are movers of incompressible fluids (i.e., liquids).

5.1 COMPRESSOR CLASSIFICATION
Similar to the classification of pumps, compressors are grouped in one of two general

classes: continuous flow (i.e., dynamic) and intermittent flow (i.e., positive displace-

ment)(see Figure 5-1)[1, 2]. Intermittent flow or positive displacement compressors

move the compressible fluid through the compressor in separate volume packages of

compressed fluid (these volume packages are separated by moving internal struc-

tures in the machine). The most important subclass examples of positive displace-

ment compressors are reciprocating and rotary compressors. Continuous flow or

dynamic compressors utilize the kinetic energy of the continuously moving com-
pressible fluid in combination with the internal geometry of the compressor to com-

press the fluid as itmoves through the device. Themost important subclass examples

of dynamic compressors are centrifugal and axial-flow compressors.

Each of the two general classes of compressors and their subclasses have cer-

tain advantages and disadvantages regarding their respective volumetric flow rate

capabilities and overall compression pressure ratios. Figure 5-2 shows the typical

application range in volumetric flow rates (actual cfm) and compression pressure

ratios for most important compressor classes and subclasses [2].
In general, positive displacement compressors are best suited for handling high

pressure ratios (i.e., up to approximately 200), but this can be accomplished with
93
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onlymoderate volumetric flow rate magnitudes (i.e., up to about 2� 103 actual cfm
or 103 actual liters/sec). Dynamic compressors are best suited for handling large vol-

umetric flow rates (i.e., up to about 106 actual cfm or 5� 105 actual liters/sec), but

with only moderate pressure ratios (i.e., up to approximately 20).

Figure 5-3 gives general performance curves for various positive displacement and

dynamic compressors [2]. Positive displacement compressors, particularly the multi-

stage reciprocating compressors, are very insensitive to downstream back pressure

changes. These compressorswill produce their rated volumetric flow rate evenwhen

the pressure ratio approaches the design limit of the machine. Rotary compressors
are fixed pressure ratio machines and are generally insensitive to downstream back

pressure ratio changes as long as the output pressures required are below the maxi-

mum design pressures of the machines (i.e., problemswith slippage). Dynamic com-

pressors are quite sensitive to pressure ratio changes. The volumetric flow rates will

change drastically with rather small changes in the downstream back pressure (rela-

tive to the pressure ratio around which the machine has been designed). Thus, posi-

tive displacement compressors are normally applied to industrial operations where

volumetric flow rates are critical and pressure ratios are variable.
Dynamic compressors are generally applied to industrial operations where the

volumetric flow rate and pressure ratio requirements are relatively constant.

5.2 STANDARD UNITS
In the United States, a unit of air or any gas is referenced to the standard cubic

foot of dry air. The API Mechanical Equipment Standards standard atmospheric
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conditions for dry air are a temperature of 60�F, which is 459.67 þ 60 ¼ 519.67�R
(15.6�C, which is 273.15 þ 15.6 ¼ 288.7 K) and a pressure of 14.696 psia

(10.134 N/cm2 abs). The equation of state for the perfect gas can be written as

P

g
¼ Ru T

mw

; (5-1)

where P is the pressure (lb/ft2 abs, N/m2 abs), g is the specific weight (lb/ft3,

N/m3), Ru is the universal gas constant (1545.4 ft-lb/lb-mole-�R or 848.9 N-m/N-

mole-K), T is the temperature (�R, K), and mw is the mole weight of the gas

(lb/lb-mole, N/N-mole).
USCS units: Using Equation (5-1), the specific weight g or the weight of 1 ft3

of dry air is

g ¼ 14:696ð144Þð28:96Þ
1545:4ð519:67Þ

g ¼ 0:0763 lb=ft3;

where mw ¼ 28.96 lb/lb-mole (for dry air). Thus, a dry cubic foot of air at the API

Mechanical Equipment Standards standard atmospheric condition weighs 0.0763

pounds (or a specific weight of 0.0763 lb/ft3)[2–4].

SI units: Using Equation (5-1), the specific weight g or the weight of 1 m3 of

dry air is

g ¼ 101342ð28:96Þ
848:9ð288:70Þ

g ¼ 12:01 N=m3;

where mw ¼ 28.96 N/N-mole (for dry air). Thus, a dry cubic foot of air at the API

Mechanical Equipment Standards standard atmospheric condition weighs 12.01
newtons (or a specific weight of 12.01 N/m3)[2–4].

Other organizations within the United States and regions around the world have

established slightly different standard atmospheric conditions. For example, in the

Untied States, another industrial standard is that of the American Society of Mechani-

cal Engineering (ASME), which uses a standard atmosphere with a temperature of

68�F (20�C), a pressure of 14.7 psia (10.137 N/cm2 abs), and a relative humidity of

36%. Most of the industries in the United Kingdom use a standard atmosphere with

a temperature of 60�F (15.6�C) and a pressure of 30.00 in of Hg abs (762 mm of

Hgabs).Most industries in continental Europe use a standard atmospherewith a tem-

perature of 15�C (59�F) and pressure of a bar of 750 mm of Hg abs (29.53 inches of

Hg abs)[5]. This later pressure of a bar converts to 14.5 psia.

When selecting and sizing compressors for a particular application, it is neces-

sary to determine which standard condition has been used to rate a compressor

under consideration. This is very important if the compressor has been manufac-

tured in a foreign country. All further discussions in this section will utilize only

API Mechanical Equipment Standards standard atmospheric conditions.
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Compressors are rated by their maximum volumetric flow rate input and their

associated maximum pressure output. Volumetric flow rate input ratings are usu-

ally specified in units of standard cubic feet per minute (scfm) or standard liters
per second. The maximum pressure output is in psig or N/m2 gauge (at a speci-

fied standard atmospheric condition, e.g., API, ASME). The scfm and standard

liters per second volumetric flow rate refer to the compressor intake. The pres-

sure rating refers to the output pressure capability referenced to an atmospheric

standard gauge pressure, e.g., API and ASME.

When a compressor is operated at surface location elevations above sea level,

the volumetric flow rate intake is referred to as actual cubic feet per minute

(actual cfm or actual liters/sec). Table 5-1 gives the average annual atmospheric
pressure and annual average atmospheric temperature for middle northern lati-

tudes (applicable to latitudes 30� North to 60� North)[6]. Appendix B gives addi-

tional graphic data for surface elevation atmospheric pressures and temperatures.

These data will be used in follow-on examples.

5.3 CONTINUOUS FLOW (DYNAMIC) COMPRESSORS
The most widely used continuous flow compressors in industry are centrifugal

and axial flow (or compressors that combine the two designs).

5.3.1 Centrifugal Compressors

The centrifugal compressor was the earliest developed dynamic compressor. This

type of compressor allows for the continuous flow of the gas through the

machine. There is no distinct closed boundary enclosure in which compression
takes place. Compression of the gas results from the speed of the flow through

a specified geometry within the compressor. The basic concept of the centrifugal

Table 5-1. Average Annual Atmosphere at Elevation (Mid altitudes North America) above

Mean Sea Level [6]

Elevation (ft, m) Pressure (psia, N/cm2 abs) Temperature (�F, �C)

0 14.696 (10.136) 59.00 (15.00)

2,000 (609.6) 13.662 (9.423) 51.87 (11.04)

4,000 (1219.1) 12.685 (8.749) 44.74 (7.08)

6,000 (1828.7) 11.769 (8,117) 37.60 (3.11)

8,000 (2438.9) 10.911 (7.525) 30.47 (–0.85)

10,000 (3047.9) 10.108 (6.972) 23.36 (–4.80)
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compressor is the use of centrifugal forces on the gas created by high velocity flow

of the gas in the cylindrical housing. Figure 5-4 shows a diagram of a single-stage
centrifugal compressor [2]. The gas to be compressed flows into the center of

the rotating impeller. The impeller throws the gas out to the periphery by means

of its radial blades rotating at high speed. The gas is then guided through the dif-

fuser where the high velocity gas is slowed, which results in a higher pressure in

the gas. In multistage centrifugal compressors, the gas is passed to the next impel-

ler from the diffuser of the previous impeller (or stage). In this manner, the com-

pressor may be staged to increase the pressure of the ultimate discharge (see

Figure 5-5)[2]. Because the compression pressure ratio at each stage is usually

In

Out

FIGURE 5-4. Single-stage centrifugal compressor [2].

In
Out

FIGURE 5-5. Multistage centrifugal compressor with intercooler [2].
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rather low, of the order of 2, there is little need for intercooling between each stage

(Figure 5-5 shows an intercooler after first three stages).

The centrifugal compressor must operate at rather high rotation speeds to be

efficient. Most commercial centrifugal compressors operate at speeds on the

order of 20,000 to 30,000 rpm. With such rotation speeds, very large volumes
of gas can be compressed with equipment having rather modest external dimen-

sions. Commercial centrifugal compressors can operate with volumetric flow

rates up to approximately 104 actual cfm (4.7 � 103 actual liters/sec) and with

overall multistage compression ratios up to about 20.

Centrifugal compressors are usually used in large processing plants and in

some pipeline applications. They can be operated with some small percentage

of liquid in the gas flow.

These machines are used principally to compress large volumetric flow rates
to rather modest pressures. Thus, their use is more applicable to the petroleum

refining and chemical processing industries.

More details regarding the centrifugal compressor can be found elsewhere

[2, 7–9].

5.3.2 Axial-Flow Compressors

Axial-flow compressors are very high-speed, large volumetric flow rate machines.
This type of compressor flows gas into the intake ports and propels the gas axi-

ally through the compression space via a series of radial arranged rotating rotor

blades and stationary stators (or diffuser) blades (see Figure 5-6)[1]. As in the cen-

trifugal compressor, the kinetic energy of the high-velocity flow exiting each rotor

stage is converted to pressure energy in the follow-on stator (diffuser) stage.

OutIn 

FIGURE 5-6. Multistage axial-flow compressor [1].

5.3 Continuous Flow (Dynamic) Compressors 99



Axial-flow compressors have a volumetric flow rate range of approximately 104 to

106 actual cfm (4.7 to 4.7 � 105 actual liters/sec). Their compression ratios are

typically around 10 to 20. Because of their small diameter, these machines are

the principal compressor design for jet engine applications. There are also appli-

cations for axial-flow compressors in large process plant operations where very
large constant volumetric flow rates at low compression ratios are needed.

More detail regarding axial-flow compressors can be found elsewhere [2, 7–9].

5.4 INTERMITTENT (POSITIVE DISPLACEMENT)
COMPRESSORS
In general, only the reciprocating compressor allows for rather complete reliable

flexibility in applications requiring variable volumetric flow rates and variable
pressure ratios. The rotary compressor (which has a fixed pressure ratio built into

the compressor design) does not allow for much variation in either.

5.4.1 Reciprocating Compressors

The reciprocating compressor is the simplest example of the positive displace-

ment class of compressors. This type of compressor was also the earliest

designed. Like reciprocating incompressible fluid pumps, reciprocating compres-
sors can also be either single acting or double acting. Single-acting compressors

are usually of the trunk type (see Figure 5-7)[1]. Double-acting compressors are

usually of the crosshead type (see Figure 5-8)[1].

Reciprocating compressors are available in both lubricated and nonlubricated

versions. Lubricated versions provide lubrication for the moving pistons (in the

Vertical

Vertical with Stepped Piston
(Two-stage)

Engine
Engine

Compressor Compressor

Integral L-type Integral W-type

V-type W-type Horizontal Opposed
(Boxer type)

FIGURE 5-7. Single-acting (trunk type) reciprocating piston compressor [1].
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cylinder) either through an oil-lubricated intake gas stream or via an oil pump and
injection of oil to the piston sleeve. There are some applications where oil must

be omitted completely from the compressed air or gas exiting the machine. For

such applications where a reciprocating piston type of compressor is required,

there are nonliquid lubricated compressors. These compressors have piston rings

and wear bands around the periphery of each piston. These wear bands are made

of special wear-resistant dry lubricating materials such as polytetrafluorethylene.

Trunk type nonlubricated compressors have dry crankcases with permanently

lubricated bearings. Crosshead type compressors usually have lengthened piston
rods to ensure that no oil wet parts enter the compression space [1, 7].

Most reciprocating compressors have inlet and outlet valves (on the piston

heads) and are actuated by a pressure differential. These are called self-acting

valves.

The main advantage of the multistage reciprocating piston compressor is the

positive control of both the volumetric flow rate, which can be put through

the machine, and the pressure of the output. Many reciprocating piston compres-

sors allow for the rotation to be adjusted, thus changing the throughput of air or
gas. Also, provided that there is adequate input power from the prime mover,

reciprocating piston compressors can adjust to any back pressure changes

and maintain proper rotation speed (which in turn maintains a given volumetric

flow rate).

The main advantage of this subclass of compressor is extremely high pressure

output capability and reliable volumetric flow rates (see Figures 5-2 and 5-3). The

main disadvantage to multistage reciprocating piston compressors is that they

cannot be practically constructed in machines capable of volumetric flow rates
much beyond 1400 actual cfm (660 actual liters/sec). Also, the higher capacity

In Line L-type V-type W-type

Engine

Compressor

Integral L-typeHorizontal with Stepped Piston
(Four-stage)

Horizontal Opposed

FIGURE 5-8. Double-acting (crosshead type) reciprocating piston compressor [1].
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compressors are rather large and bulky and generally require more maintenance

than similar capacity rotary compressors. In any positive displacement compres-

sor, such as a liquid positive displacement pump, the real volume flow rate is

slightly smaller than the mechanical displacement volume. This is due to the fol-

lowing factors:

n Pressure drop on the suction side
n Heating up of the intake air
n Internal and external leakage
n Expansion of the gas trapped in the clearance volume (reciprocating piston
compressors only)

Reciprocating compressors can be designed with multiple stages. Such multi-

stage compressors are designed with nearly equal compression ratios for each
stage (it can be shown that equal stages of compression lead to minimum input

power requirements). Thus, because the volumetric flow rate (in actual cfm) is

reduced from one stage to the next, the volume displacement of each stage (its

geometric size) is progressively smaller.

These compressors can be used as either primary or booster compressors in

drilling operations.

5.4.2 Rotary Compressors

Another important positive displacement compressor is the rotary compressor.

This type of compressor is usually of rather simple construction, having no valves

and being lightweight. These compressors are constructed to handle volumetric

flow rates up to around 2000 actual cfm (actual 944 liters/sec) and pressure

ratios up to around 15 (see Figure 5-2). Rotary compressors are available in a vari-

ety of designs. The most widely used rotary compressors are the sliding vane,

helical lobe (screw), and liquid piston.
The most important characteristic of this type of compressor is that all have a

fixed, built-in, compression ratio for each stage of compression (as well as a fixed,

built-in volume displacement)[1]. Thus, at a given rotational speed (provided by

the prime mover), there will be a predetermined volumetric flow rate through

the compressor (the geometry of the compressor inlet is fixed), and the pressure

at the outlet will be equal to the built-in design pressure ratio of the machine

multiplied by the inlet pressure.

The top pressure versus volumetric flow rate plot in Figure 5-9 shows the typ-
ical situation when the back pressure on the outlet side of the compressor is

equal to the built-in design output pressure. Under these conditions, there is no

expansion of the output gas as it exits the compressor, passes through the expan-

sion tank and continues into the initial portion of the pipeline [1].

The middle pressure versus volumetric flow rate plot in Figure 5-9 shows the

typical situation when the back pressure on the outlet side of the compressor is

above the built-in design output pressure. Under these conditions, the compressor
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cannot efficiently expel the gas volume within it. Thus, the fixed volumetric flow
rate (at a given rotation speed) will be reduced by slippage within the compressor

from the volumetric flow rate when the back pressures are equal to or less than the

built-in design output pressure [1]. This slippage can be the result of a seal struc-

tural failure. This is why a safety valve is usually stalled on these compressors so

that the compressor will automatically shut down (or be slowed down) when

the back pressure to the compressor exceeds the design fixed pressure.
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FIGURE 5-9. Rotary compressors operating with back pressure at the built-in design pressure

(upper), with back pressure above the built-in design pressure (middle), and with back

pressure below the built-in design pressure (lower)[1].
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The bottom pressure versus volumetric flow rate plot in Figure 5-9 shows the

typical situation when the back pressure on the outlet side of the compressor is

less than the built-in design output pressure. Under these conditions, the gas exit-

ing the compressor expands in the expansion tank and the initial portion of the

pipeline until the pressure is equal to the pipeline back pressure [1].
Rotary compressors can also be designed with two stages. Such compressors

are designed with nearly equal compression ratios for each stage (i.e., minimum

input power requirements). Thus, because the volumetric flow rate (in actual

cfm) is reduced from one stage to the next, the volume displacement of each

stage (its geometric size) is progressively smaller.

Rotary compressors are only used as primary compressors in drilling

operations.

Sliding Vane Compressors
The typical sliding vane compressor stage is a rotating cylinder located eccentric

to the center line of a cylindrical housing (see Figure 5-10)[1, 2]. The vanes are in

slots in the rotating cylinder and are allowed to move in and out in these slots to

adjust to the changing clearance between the outside surface of the rotating cyl-

inder and the inside bore surface of the housing. The vanes are always in contact

with the inside bore due to either pressured gas under the vane (in the slots) or

spring forces under the vane. The top of the vanes slides over the inside surface
of the bore of the housing as the inside cylinder rotates. Gas is brought into the

compression stage through the inlet suction port. The gas is then trapped

between the vanes, and as the inside cylinder rotates, the gas is compressed to

a smaller volume as the clearance is reduced. When the clearance is the smallest,

the gas has rotated to the outlet port. At the outlet port, the compressed gas is

discharged to a surge tank or pipeline system connected to the outlet side of

Out

In

FIGURE 5-10. Sliding vane rotary compressor.
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the compressor. As each set of vanes reaches the outlet port, the gas trapped

between the vanes is discharged. The clearance between the rotating cylinder

and the stationary cylindrical housing is fixed, and thus the pressure ratio of com-

pression for the stage is fixed. The geometry (e.g., cylinder length, diameter, the

inside housing diameter, the inlet area, and the outlet area) of each compressor
stage determines the stage displacement volume and compression ratio.

The principal seals within the sliding vane compressor are provided by the

interface force between the end of the vane and the inside surface of the cylindri-

cal housing. The sliding vanes must be made of a material that will not damage

the inside surface of the housing and slide easily on that surface. Therefore, most

vane materials are composites such as phenolic resin-impregnated laminated fab-

rics. Usually vane compressors require oil lubricants to be injected into the gas

entering the compression cavity. This lubricant allows smooth action of the slid-
ing vanes against the inside of the housing. There are, however, some sliding vane

compressors that may be operated nearly oil free. These utilize bronze or carbon/

graphite vanes [7].

The volumetric flow rate for a sliding vane compression stage, qs, is

approximately

qs ¼ 2:0 al ðd2 �mtÞ RPM (5-2)

and

a ¼ d2 � d1

2
; (5-3)

where qs is the volumetric flow rate (cfm, m3/minute), a is the eccentricity (ft,

m), l is the length of the cylinder (ft, m), d1 is the outer diameter of the rotary

cylinder (ft, m), d2 is the inside diameter of the cylindrical housing (ft, m), t is

the vane thickness (ft, m), m is the number of vanes, and RPM is the speed of

the rotating cylinder (rpm).

Some typical values of a vane compressor stage geometry are d1/d2 ¼ 0.88,

a ¼ 0.06 d2, and l/d2 ¼ 2.00 to 3.00. Typical vane tip speed usually should not
exceed 50 ft/sec (15 m/sec).

Helical Lobe (Screw) Compressors
A typical helical lobe (screw) rotary compressor stage is made up of two rotating

helical-shaped shafts, or screws. One is a female rotor and the other is a male

rotor. These two rotating components turn counter to one another (counterrotat-

ing)(see Figure 5-11)[1]. As with all rotary compressors, there are no valves. The

gas flows (due to negative pressure conditions at the inlet) into the inlet port and

is squeezed between the male and the female portions of the rotating intermesh-

ing screw elements and the housing. The compression ratio of the stage and its

volumetric flow rate are determined by the fixed geometry of the two rotating
screw elements and the rotation speed. Thus, the rotary screw compressor is a

fixed ratio machine.
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FIGURE 5-11. Helical lobe (screw) rotary compressor [1].
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Screw compressors operate at rather high speeds. Thus, they are rather high

volumetric flow rate compressors with relatively small exterior dimensions (i.e.,

small location footprint).

Most helical lobe rotary compressors use lubricating oil within the compres-

sion space. This oil is injected into the compression space and is recovered,
cooled, and recirculated. The lubricating oil has several functions:

n Seal the internal clearances
n Cool the gas (usually air) during compression
n Lubricate the rotors
n Eliminate the need for timing gears

There are versions of the helical lobe rotary compressor that utilize water

injection (rather than oil). The water accomplishes the same purposes as the
oil, but the air delivered by these machines can be oil free.

Some helical lobe rotary compressors have been designed to operate with an

entirely liquid-free compression space. Because the rotating elements of the com-

pressor need not touch each other or the housing, lubrication can be eliminated.

However, such helical lobe rotary compressor designs require timing gears. These

machines can deliver totally oil-free, water-free dry gas.

The helical lobe rotary compressor can be staged very much like the sliding

vane compressor. However, these compressors are restricted to two-stage sys-
tems. In general, this is due to the fact that the helical lobe rotary compressor

has some characteristics for the dynamic compressor type. A helical lobe rotary

compressor stage can be altered from their original fixed design by adjusting

the cross-sectional area of the flow at the exit from that stage. This is essentially

converting the kinetic energy of the flow to pressure.

The helical lobe rotary compressor has one serious disadvantage. It is very sen-

sitive to dust particles in the input air. This dust degrades the seals on the helical

surfaces. Once the seals are degraded, the stage begins to take on more character-
istics of a dynamic compressor. This problem is evidenced by the fact that nearly

all drilling operation primary helical lobe compressors will have a measured volu-

metric flow rate output that is approximately 7 to 8% less than the volumetric

flow rate specified by manufacturers (even when accounting for altitude).

Detailed calculations regarding the design of the helical lobe rotary compres-

sor are beyond the scope of this book. Additional details can be found elsewhere

[1, 7].

Liquid Piston Compressors
The liquid piston (or liquid ring) rotary compressor utilizes a liquid ring as a pis-

ton to perform gas compression within the compression space. The liquid piston

compressor stage uses a single rotating element that is located eccentric to the

center of the housing (see Figure 5-12)[2]. The rotor has a series of vanes extend-

ing radial from it with a slight curvature toward the direction of rotation. A liquid,

such as oil, partially fills the compression space between the rotor and the
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housing walls. As rotation takes place, the liquid forms a ring as centrifugal forces
and the vane geometry force the liquid to the outer boundary of the housing.

Since the element is located eccentric to the center of the cylindrical housing,

the liquid ring (or piston) moves in an oscillatory manner. The compression space

in the center of the stage communicates with the gas inlet and outlet parts and

allows a gas pocket. The liquid ring alternately uncovers the inlet part and the

outlet part. As the system rotates, gas is brought into the pocket, compressed,

and released to the outlet port.

The liquid piston compressor has rather low overall efficiency, about 50%. The
main advantage to this type of compressor is that it can be used to compress

gases with significant liquid content in the stream.

5.4.3 Summary of Positive Displacement Compressors

The main advantages of reciprocating piston compressors are as follow: (1) a

dependable near constant volumetric flow rate, (2) a variable pressure capability

(up to the maximum pressure capability of the compressor), and (3) can be used
as primary and booster compressors. The disadvantages are (1) bulky, (2) high ini-

tial capital costs (relative to the rotary compressor of similar capabilities), and (3)

relatively high maintenance costs due to a greater number of moving parts (rela-

tive to most rotary compressors).

The main advantages of rotary compressors are (1) initial low capital cost (rel-

ative to reciprocating compressors), (2) less bulky (relative to the reciprocating

compressors of similar capabilities), and (3) general ease of maintenance, as these

1

2

3

4

5

FIGURE 5-12. Liquid piston rotary compressor: (1) impeller, (2) housing, (3) intake port,

(4) working liquid, and (5) discharge port [1].
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compressors have few moving parts. The main disadvantages are as follow: (1)

cannot adjust to flow line back pressures (fixed compression ratios), (2) need fre-

quent specific maintenance of rotating wear surfaces to prevent slippage, (3)

most rotary compressors operate with oil lubrication in the compression cham-

bers, and (4) can only be used as primary compressors [1, 2, 7].

5.5 COMPRESSOR SHAFT POWER REQUIREMENTS
The most important single factor affecting the successful outcome of air and gas

drilling operations is the availability of constant, reliable volumetric flow rates of

air or gas to the well. This must be the case even when significant (and frequent)

changes in back pressure occur during these operations. The only two compres-
sor subclasses that can meet these flexibility requirements are the reciprocating

compressor and the rotary compressor. In what follows, the important calcula-

tion techniques that allow for the proper evaluation and selection of the appro-

priate compressors for air and gas drilling operations are reviewed [1, 7, 10].

This section derives the theoretical power required at the compressor shaft to

compress the gas in the compressor.

5.5.1 Basic Single-Stage Shaft Power Requirement

Figure 5-13 shows a pressure–volume (P-v) diagram for a simple compression

cycle process (where P is pressure and v is specific volume in any set of consis-

tent units). In Figure 5-13, point c represents the final state, or state 2, of the

gas leaving the compressor.

The area odcm measures the product P2v2, which is the flow work (lb-ft/lb or

N-m/N) required for delivery of the gas from the compressor. Point b represents

d c
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FIGURE 5-13. Basic pressure–volume diagram.
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the initial state 1 of the gas, and area oabn measures the product P1v1, which is

the flow-work (ft-lb/lb or N-m/N) supplied in the passage of the fluid to the com-

pressor. The line bc represents the state change of the gas during compression.

The area mcbn measures

�
ð2
1

P dv (5-4)

or

þ
ð1
2

P dv; (5-5)

which is the work ideally required for effecting the actual compression within the

compressor. Thus, aside from the work required for increasing the kinetic energy,

the net area abcd measures the net shaft work required for the induction, com-

pression, and delivery of the gas under conditions assumed to be ideal (absence

of fluid or mechanical friction, and mechanically reversible).

The total shaft work Ws required for compression can be written as

Ws ¼ V 2
2

2g
� V 2

1

2g
þ P2 V2 �

ð2
1

P dv� P1 v1

� �
(5-6)

or

Ws ¼ V 2
2

2g
� V 2

1

2g
þ P2 v2 þ

ð1
2

P dv� P1 v1

� �
; (5-7)

where Ws is the total shaft work (lb-ft/lb, N-m/N), V1 is the velocity of the gas

entering the compressor (ft/sec, m/sec), V2 is the velocity of the gas exiting the
compressor (ft/sec, m/sec), and g is the acceleration of gravity (32.2 ft/sec2,

9.81 m/sec2).

Equation (5-6) can be rewritten as

Ws ¼ V 2
1

2g
� V 2

2

2g
þ P1 v1 � P2 v2 ¼ �

ð2
1

P dv: (5-8)

Assuming a polytropic process, where P1nn1 ¼ P2nn2 ¼ Pnn ¼ constant, and the
simplest polytropic process where the exponent term n � k, where k is the ratio

of specific heat for the gas involved in the process (e.g., for air, k ¼ 1.4), Equation

(5-8) can be rewritten as

�
ð2
1

P dv ¼ �P1v
k
1

ð2
1

dv

vk
: (5-9)

The right-hand side of the aforementioned equation can be integrated to yield

�
ð2
1

P dv ¼ � P1 v1

k� 1

v1

v2

� �k�1

� 1

" #
: (5-10)
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For engineering calculations, Equation (5-1) is often simplified to the form

P

g
¼ Re T

Sg
(5-11)

Re ¼ Ru

mw

; (5-12)

where Re is the engineering gas constant for API standard condition air

(53.36 lb-ft/lb-�R, 29.31 N-m/N-K) and Sg is the specific gravity of the particular

gas used (for API standard condition air Sg ¼ 1.0).

Equation (5-11) can be simplified further by defining R (lb-ft/lb-�R, N-m/N-K)

as the gas constant for any specified gas (e.g., air, natural gas, nitrogen). There-

fore, the gas constant for any gas is approximately

Rg ¼ Re

Sg
: (5-13)

Substituting Equation (5-13) into Equation (5-11) yields

P

g
¼ Rg T : (5-14)

The specific volume and specific weight of a gas are related by

v ¼ 1

g
: (5-15)

Substituting Equation (5-15) into Equation (5-14) yields

P v ¼ Rg T (5-16)

or, specifically,

P v1 ¼ Rg T1: (5-17)

Using the definitions for a polytropic process given earlier and Equation (5-17),

then Equation (5-10) can be reduced to

�
ð2
1

P dv ¼ �Rg T1

k� 1

P2

P1

� �k� 1

k � 1

2
64

3
75: (5-18)

Again, using the definitions for a polytropic process and Equation (5-16), then

a general relationship between P and T can be obtained. This is

P2

P1

� �k� 1

k ¼ T2

T1
: (5-19)

Substituting Equation (5-19) into Equation (5-18) yields

�
ð2
1

P dn ¼ Rg T1

k� 1

T2

T1
� 1

� �
¼ Rg

k� 1
ðT2 � T1Þ: (5-20)
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Substituting Equation (5-20) into Equation (5-8) gives

Ws þ V 2
2

2g
� V 2

1

2g
þ P1 v1 � P2 v2 ¼ Rg

k� 1
T2 � T1Þ:ð (5-21)

Equation (5-17) defined P v at state 1. Similarly, the definition of P v at state 2 is

P2 n2 ¼ Rg T2: (5-22)

Substituting Equations (5-17) and (5-22) into Equation (5-21) and rearranging

gives

Ws ¼ V 2
2

2g
� V 2

1

2g
þ Rg ðT2 � T1Þ þ Rg

k� 1
ðT2 � T1Þ: (5-23)

The aforementioned can be rearranged to give

Ws ¼ k

k� 1
Rg T1

T2

T1
� 1

� �
þ V 2

2 � V 2
1

2g
: (5-24)

It is more useful to have Equation (5-24) written in terms of pressure instead

of temperature. This can be accomplished by substituting Equations (5-17) and

(5-19) into Equation (5-24). This gives

Ws ¼ k

k� 1
P1 n1

P2

P1

� �k� 1

k � 1

2
64

3
75þ V 2

2 � V 2
1

2g
: (5-25)

The last term (the kinetic energy) in Equation (5-25) can be shown in practical

applications to be quite small relative to the first term. Thus, this latter term is

usually neglected. Therefore, the shaft work for compression of gas in a compres-

sor is reduced to

Ws ¼ k

k� 1
P1 n1

P2

P1

� �k� 1

k � 1

2
64

3
75: (5-26)

Compressors can actually be considered steady-state flow mechanical devices

(even intermittent flow machines). If the weight rate of flow through the

compressor is _w (lb/sec, N/sec), then the time rate of shaft work done _Ws

(lb-ft/sec, N-m/sec) to compress gas in a compressor can be obtained by multiply-

ing Equation (5-26) by _w. This gives

_Ws ¼ k

k� 1
P1 _w n1

P2

P1

� �k� 1

k � 1

2
64

3
75: (5-27)

The term _Ws (lb-ft/sec, N-m/sec) is the theoretical power required by the com-

pressor to compress the gas. Using the general relationship between specific vol-

ume and specific weight given in Equation (5-15), the volumetric flow rate at

state 1 (entering the compressor) Q1 is
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Q1 ¼ _w

g1
¼ _w n1 (5-28)

Therefore, Equation (5-27) can be rewritten as

_Ws ¼ k

k� 1
P1 Q1

P2

P1

� �k� 1

k � 1

2
64

3
75: (5-29)

This expression is valid for a single-stage compressor and for any set of consis-

tent units. With Equation (5-29), the shaft power to compress a continuous flow

rate of gas can be determined knowing properties of the gas (specifically k),

the initial pressure and volumetric flow rate of the gas entering the compressor
(state 1), and the exit pressure of gas exiting the compressor (state 2).

5.5.2 Multistage Shaft Power Requirements

Using Equation (5-24), the minimum shaft power required for a multistage com-

pressor can be derived [10]. Equation (5-24) can be used for each stage of a mul-

tistage compressor and added together for the total shaft work required by the

compressor. Such an expression can be minimized to obtain the conditions for
minimum shaft work for a multistage compressor. Minimum shaft work is attained

when a multistage compressor is designed with equal compression ratios for each

stage and with intercoolers that cool the gas entering each stage to a temperature

that is nearly the same as the temperature entering the first stage of the compres-

sor [10]. Once these conditions are obtained for the multistage compressor, the

expression for the shaft power can be obtained in the same manner as given in

Equations (5-25) to (5-29).

Figure 5-14 shows an example schematic of a two-stage compressor with an
intercooler between the compression stages. The temperature exiting stage 1

(at position 2) will be governed by Equation (5-19). The intercooler cools the

gas between positions 2 and 3 under constant volume conditions. Thus, the tem-

perature of the gas entering stage 2 (at position 3) is the same as the temperature

entering stage 1 (i.e., position 1). Using these conditions for the minimum shaft

power, an expression for the shaft power of a multistage compressor can be

derived. This expression is

_Ws ¼ ns k

k� 1
P1 Q1

P2

P1

� �k� 1

nsk � 1

2
64

3
75; (5-30)

1st Stage
Compression

1 2 3 42nd Stage
Compression

Intercooler

FIGURE 5-14. Schematic of a two-stage compressor [10].
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where ns is the number of compression stages in the multistage compressor, Pi is the

pressure entering the first stage of the compressor (lb/ft2 abs, N/m2 abs), Po is the

pressure exiting the last stage of the compressor (lb/ft2 abs, N/m2 abs), and Qi is

the volumetric flow rate entering the first stage of the compressor (ft3/sec, m3/sec).

The compression ratio for each stage rs is given by

rs ¼ Po

Pi

� � 1

ns : (5-31)

Again, Equations (5-30) and (5-31) are valid for any set of consistent units.

In what follows, two sets for field equations are derived for determining

the theoretical power to compress the gas passing through the compressor.

One set is derived for use with the USCS unit and the other set for use with the

SI unit.

Equation (5-30) is obtained in USCS units by substituting the following for Pi,
Po, and Qi (and dividing by 550 ft-lb/hp):

Pi ¼ pi 144 (5-32)

Po ¼ po 144 (5-33)

Qi ¼ qi

60
; (5-34)

where pi is input pressure (psia), po is output pressure (psia), and qi is the input

volumetric flow rate (ft3/min).

The expression for theoretical shaft power _Ws in USCS units (horsepower) is

_Ws ¼ ns k

k� 1

pi qi

229:17

po

pi

� �k� 1

ns k � 1

2
64

3
75: (5-35a)

Using Equation (5-13), an alternate expression of Equation (5-35a) can be

obtained. Equation (5-35b) is convenient for booster compressor calculations

_Ws ¼ ns k

k� 1

_wg

550

Re Ti

Sg

� �
po

pi

� �k� 1

nsk � 1

2
64

3
75; (5-35b)

where Ti is the input gas temperature (�R) and _wg is the weight of flow of gas

through the compressor (lb/sec).

The expression for theoretical shaft power _Ws in SI units (watts) is

_Ws ¼ ns k

k� 1
Pi Qi

Po

Pi

� �k� 1

nsk � 1

2
64

3
75; (5-36a)

where Qi is the input volumetric flow rate (m3/sec), Pi is the input pressure

(N/m2 abs), and Po is the output pressure (N/m2 abs).
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Using Equation (5-13), an alternate expression of Equation (5-36a) can be

obtained. Equation (5-36b) is convenient for booster compressor calculations

_Ws ¼ ns k

k� 1
_wg

Re Ti

Sg

� �
Po

Pi

� �k� 1

ns k � 1

2
64

3
75; (5-36b)

where Ti is the input gas temperature (K) and _wg is the gas weight rate of

flow (N/sec).

The compression ratio for each stage rs is given by

rs ¼ Po

Pi

� � 1

ns ¼ po

pi

� � 1

ns : (5-37)

Equations (5-35) through (5-37) are valid for both reciprocating and rotary

compressors (together with the other pertinent equations in this chapter).

5.6 PRIME MOVER INPUT POWER REQUIREMENTS
The previous section discussed the theoretical shaft power required to compress
the gas in a compressor. In order to obtain the complete picture of compressors,

it is necessary to ascertain the prime mover input power requirement to operate

the compressor shaft and the actual power available from the prime mover. The

application of the equations described earlier will be slightly different depending

on whether reciprocation piston compressors or rotary compressors are being

analyzed.

The actual power available from a prime mover is a function of elevation

above sea level and whether the prime mover is naturally aspirated or turbo-
charged. Figure 5-15 gives the power percentage reduction in power necessary

for naturally aspirated and turbocharged prime movers as a function of elevation

above sea level [1].

5.6.1 Compressor System Units

Compressors used for air and gas drilling operations are driven by stationary

prime movers. For small drilling rigs, the compressor is often integrated into

the rig design and the compressor is driven by a shared stationary prime mover

that also drives the rig draw works and rotating table (or hydraulic pump and

motor rotating system). Larger drilling operations have separate compressor sys-

tem units that are fabricated with their own dedicated stationary prime movers.
These separate compressor system units are usually provided to the operator by

a contractor other than the drilling rig contractor.
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Primary Compressor System Unit
Primary compressor system units take air directly from the atmosphere. These

compressor systems can be rotary or reciprocating compressors. The compressors

in these units can be single stage or multistage. The prime movers for these units
can be fueled by gasoline, propane/butane, diesel, or natural gas. These units can

be fabricated as skid mounted, as wheeled trailers, or semitrailer mounted.

Booster Compressor System Unit
Booster compressor system units are operated downstream from a primary compres-

sor system (sometimes these units are denoted as secondary units). They accept

compressed air from the primary compressor system and compress the air to a

higher pressure before sending the air to the drilling rig. Also, a booster compressor
system can accept compressed natural gas (or other gases) from a pipeline and com-

press that gas to a higher pressure before sending the gas to the drilling rig. The

compressors in these units are all reciprocating compressors. The compressors in

these units can be single stage or multistage. The prime movers for these units can

be fueled by gasoline, propane/butane, diesel, or natural gas. These units can be

fabricated as skid mounted, semitrailer mounted, or as wheeled trailers.
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5.6.2 Reciprocating Compressor Unit

A reciprocating compressor can adjust its output pressure to match the back pres-

sure on the machine. Thus, the reciprocating compressor is somewhat more flex-

ible than the rotary compressor and will tend to use less fuel for a given

application than a similarly configured rotary compressor [1, 11].

The intake volumetric flow rate of a real reciprocating compressor is slightly

smaller than the theoretical sweep volume (i.e., the calculated intake volumetric
flow rate). This is due to the fact that the piston compressor cannot be fabricated

without a clearance volume. This clearance volume at the top of the piston cylin-

der is necessary in order to have space for the valves and to keep the piston from

striking the top of the cylinder. This clearance volume results in a volumetric effi-

ciency term ev that is unique to the reciprocating compressor. This volumetric

efficiency is only applicable to the first stage of the reciprocating compressor.

The expression for the volumetric efficiency ev of a reciprocating compressor

can be approximated as

ev ¼ 0:96 1� c r
1
k
s � 1

� �� �
; (5-38)

where c is the clearance volume ratio for the compressor model. The clearance

volume ratio is the clearance volume divided by the sweep volume of the first-

stage piston. The range of values for the clearance volume term c is from 0.02

to 0.08 [1].

The mechanical efficiency term em is used with the volumetric efficiency

term to determine the input power requirement. This mechanical efficiency term
is a measure of the friction losses in the mechanical application of the prime

mover power to the compressor. These losses are due to the friction in the

bearings and linkages in the compressor system. The values of mechanical effi-

ciency for typical reciprocating compressor systems can vary from about 0.84

to 0.99.

Illustrative Example 5.1 A two-stage reciprocating primary air compressor

system unit is rated to have a volumetric flow rate of 950 scfm (448.3 stan-

dard liters/sec) and a maximum pressure capability of 300 psig (206.9 N/cm2

gauge) at API Mechanical Equipment Standards atmospheric conditions. The

compressor has a diesel prime mover that is rated to have a maximum power

of 350 hp (261 kW) at a prime mover output shaft speed of 1800 rpm (at API

Standard conditions). The prime mover is turbocharged. This reciprocating

compressor system has a clearance ratio of 0.02 and a mechanical efficiency

of 0.95.

Determine the horsepower required by the prime mover to operate the com-

pressor against a flow-line back pressure of 150 psig (103.5 N/cm2 gauge) for (a)
a surface location at sea level (use API Mechanical Equipment Standards atmo-

spheric conditions for mean sea level) and (b) a surface location elevation of

6000 ft (1829 m) (use average midlatitudes data in Table 5-1).
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(a) Surface location at sea level (USCS units)

This is a reciprocating piston compressor and, thus, has a volumetric efficiency

term. The volumetric efficiency ev can be determined using Equation (5-38).

ns ¼ 2

pi ¼ 14:696 psia

po ¼ 150þ 14:696 ¼ 164:696 psia:

Equation (5-31) becomes

rs ¼ 164:696

14:696

� �1
2 ¼ 3:348:

The specific heat ratio for air is

k ¼ 1:4:

The clearance volume ratio for this compressor is

c ¼ 0:02�
With these values, Equation (5-38) becomes

ev ¼ 0:96 1� 0:02 ð3:348Þ
1

1:4 � 1

2
4

3
5

8<
:

9=
;

ev ¼ 0:934:

The rated volumetric flow rate into the compressor is 950 ft3/min. For this exam-

ple, the compressor is located at mean sea level (API Standard conditions), thus

qi ¼ 950 scfm:

With these terms, the theoretical shaft horsepower required to compress the

air moving through the machine is given by Equation (5-35a). Thus, the theoreti-

cal shaft horsepower is

_Ws ¼ ð2Þ ð1:4Þ
ð0:4Þ

ð14:696Þ ð950Þ
229:17

164:696

14:696

� � ð0:4Þ
ð2Þ ð1:4Þ � 1

2
664

3
775

_Ws ¼ 175:9 hp:

The actual shaft power _Was is actual power needed to compress the air to a

pressure of 150 psig. Actual shaft power is given by

_Was ¼
_Ws

em ev
: (5-39)

For this example,

em ¼ 0:95
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and Equation (5-39) becomes

_Was ¼ 175:9

ð0:95Þð0:934Þ ¼ 198:3 hp:

The above determined 198.3 hp is the actual shaft power needed by the com-

pressor to match the back pressure of 150 psig. Because this power level is less

than the prime mover’s rated input power of 350 hp, this compressor system is

capable of operating at a sea level surface location.

(a) Surface location at sea level (SI units)

This is a reciprocating piston compressor and, thus, has a volumetric efficiency
term. The volumetric efficiency ev can be determined using Equation (5-38).

ns ¼ 2

Pi ¼ 101360 N=m2 abs

Po ¼ 1034550:0þ 101360:0 ¼ 1135910:0 N=m2 abs:

Equation (5-31) becomes

rs ¼ 1135910:0

101360:0

� �1
2 ¼ 3:348:

The specific heat ratio for air is

k ¼ 1:4:

The clearance volume ratio for this compressor is

c ¼ 0:02:

With these values, Equation (5-38) becomes

ev ¼ 0:96 1� 0:02 ð3:348Þ
1

1:4 � 1

2
4

3
5

8<
:

9=
;

ev ¼ 0:934:

The rated volumetric flow rate into the compressor is 448.3 liters/sec. For this

example, the compressor is located at mean sea level (API Standard conditions), thus

Qi ¼ 0:4483 standard m3=sec:

With the aforementioned terms, the theoretical shaft horsepower required to

compress the air moving through the machine is given by Equation (5-36a). Thus,

the theoretical shaft horsepower is

_Ws ¼ ð2Þ ð1:4Þ
ð0:4Þ ð101360:0Þ ð0:4483Þ 1135910:0

101360:0

� � ð0:4Þ
ð2Þ ð1:4Þ � 1

2
664

3
775

_Ws ¼ 131200 watts:
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The actual shaft power _Was is actual power needed to compress the air to a pres-

sure of 150 psig. Equation (5-39) becomes

_Was ¼ 131200

ð0:95Þ ð0:934Þ ¼ 147864 watts:

The above determined 147.9 kW is the actual shaft power needed by the com-

pressor to match the back pressure of 103.5 N/cm2 abs. Because this power level
is less than the prime mover’s rated input power of 261 kW, this compressor

system is capable of operating at a sea level surface location.

(b) Surface location at 6000 ft above sea level (USCS units)

The volumetric efficiency ev can be determined using Equation (5-39).

ns ¼ 2

pi ¼ 11:769 psia

po ¼ 150þ 11:769 ¼ 161:769 psia:

Equation (5-37) becomes

rs ¼ 161:769

11:769

� �1
2

¼ 3:708:

The specific heat ratio for air is

k ¼ 1:4:

The clearance volume ratio for this compressor is

c ¼ 0:02:

With these values, Equation (5-38) becomes

ev ¼ 0:96 1� 0:02 ð3:708Þ
1

1:4 � 1

2
4

3
5

8<
:

9=
;

ev ¼ 0:930:

The rated volumetric flow rate into the compressor is 950 ft3/min. For this

example, the compressor is located at 6000 ft above sea level, thus

qi ¼ 950 acfm:

With these terms the theoretical shaft horsepower required to compress the air

moving through the machine is given by Equation (5-35a). Thus, the theoretical

shaft horsepower is

_Ws ¼ ð2Þ ð1:4Þ
ð0:4Þ

ð11:769Þ ð950Þ
229:17

161:769

11:769

� � ð0:4Þ
ð2Þ ð1:4Þ � 1

2
664

3
775

_Ws ¼ 155:1 hp:

120 CHAPTER 5 Compressors and Nitrogen Generators



For this example,

em ¼ 0:95

and from Equation (5-39), the actual shaft power is

_Was ¼ 155:1

ð0:95Þ ð0:930Þ ¼ 175:6 hp:

The above determined 175.6 hp is the actual shaft power needed by the com-

pressor to match the back pressure of 150 psig (at the surface location elevation

of 6000 ft above sea level). At this surface location, the input power available

from the prime mover is a derated value (derated from the rated 350 hp available

at 1800 rpm). In order for the compressor system to operate at this 6000-ft

surface location elevation, the derated input power available must be greater
than the actual shaft power needed. Figure 5-15 shows that for a 6000-ft elevation

the power of a turbocharged prime mover must be derated by 15%. The derated

input horsepower available from the prime mover _Wi is

_Wi ¼ 350 ð1� 0:15Þ ¼ 297:5 hp:

For this example, the prime mover derated input power is greater than the actual

shaft power needed, thus the compressor system can be operated at this 6000-ft

surface location elevation.

(b) Surface location at 1829 m above sea level (SI units)

The volumetric efficiency ev can be determined using Equation (5-39).

ns ¼ 2

Pi ¼ 81170 N=m2 abs

Po ¼ 1034550:0þ 81170:0 ¼ 1115720:0 N=m2 abs:

Equation (5-37) becomes

rs ¼ 1115720:0

81170:0

� �1
2 ¼ 3:708:

The specific heat ratio for air is

k ¼ 1:4:

The clearance volume ratio for this compressor is

c ¼ 0:02:

With the values just given, Equation (5-38) becomes

ev ¼ 0:96 1� 0:02 ð3:708Þ
1

1:4 � 1

2
4

3
5

8<
:

9=
;

ev ¼ 0:930:
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The rated volumetric flow rate into the compressor is 448.3 liters/sec. For this

example, the compressor is located at 1829 m above sea level, thus

Qi ¼ 0:448m3=sec:

With the aforementioned terms, the theoretical shaft horsepower required to

compress the air moving through the machine is given by Equation (5-36a). Thus,

the theoretical shaft horsepower is

_Ws ¼ ð2Þð1:4Þ
ð0:4Þ ð81170:0Þð0:4483Þ 1115720:0

81170:0

� � ð0:4Þ
ð2Þð1:4Þ � 1

2
664

3
775

_Ws ¼ 115660 watts:

For this example,

em ¼ 0:95

and from Equation (5-39), the actual shaft power is

_Was ¼ 115660

ð0:95Þ ð0:930Þ ¼ 130947 watts:

The above determined 131.0 kW is the actual shaft power needed by the com-

pressor to match the back pressure of 103.5 N/cm2 gauge (at the surface location

elevation of 1829 m above sea level). At this surface location, the input power

available from the prime mover is a derated value (derated from the rated

261 kW available at 1800 rpm). In order for the compressor system to operate
at this 1829-m surface location elevation, the derated input power available must

be greater than the actual shaft power needed. Figure 5-15 shows that for a

1829-m elevation the power of a turbocharged prime mover must be derated by

15%. The derated input horsepower available from the prime mover _Wi is

_Wi ¼ 261ð1� 0:15Þ ¼ 221:9 kW :

For this example, the prime mover derated input power is greater than the

actual shaft power needed, thus the compressor system can be operated at this

1829-m surface location elevation.

5.6.3 Rotary Compressor System Unit

Rotary compressors have fixed compressor ratios for each stage. These machines

have a constant pressure output. These compressors cannot adjust output pres-

sures to match the back pressure in the exit flow line. The rotary compressors
will inject compressed gas into the flow line at the compressor’s rated pressure

output. If the back pressure in the exit flow line is less than the rated pressure

output, the gas will expand in the flow line (or surge tank upstream of the flow

line) to match the back pressure [1, 7].

There is no volumetric efficiency term for the rotary compressor. There is a

mechanical efficiency term for these compressors (denoted by the term em).
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Values of the mechanical efficiency for typical rotary compressor systems can

vary from about 0.84 to 0.99.

Illustrative Example 5.2 A two-stage helical lobe (screw) primary air com-

pressor system unit is rated to have a volumetric flow rate of 950 scfm (448.3

standard liters/sec) and a fixed design pressure output of 300 psig
(206.9 N/cm2 gauge) at API Mechanical Equipment Standards atmospheric condi-

tions. The compressor has a diesel prime mover that is rated to have a maximum

power of 350 hp (261 kW) at a compressor shaft speed of 1800 rpm (at API

Standard conditions). The prime mover is turbocharged. This rotary compressor

system has a mechanical efficiency of 0.95.

Determine the horsepower required by the prime mover to operate the com-

pressor against a flow line back pressure of 150 psig (103.5 N/cm2 gauge) for (a)

a surface location at sea level (use API Mechanical Equipment Standards atmo-
spheric conditions for mean sea level) and (b) a surface location elevation of

6000 ft (1829 m)(use average midlatitudes data in Table 5-1).

(a) Surface location at sea level (USCS units)

The rotary compressor is a fixed ratio machine. Therefore, the output of the com-

pressor will be 300 psig.

ns ¼ 2

pi ¼ 14:696 psia

po ¼ 300þ 14:696 ¼ 314:696 psia:

The total fixed compression ratio across the two stages of the compressor rtf is

rtf ¼ 314:696

14:696

rtf ¼ 21:414:

The rotary compressor volumetric efficiency ev is

ev ¼ 1:0:

The rated volumetric flow rate into the compressor is 950 ft3/min. For this exam-

ple, the compressor is located at mean sea level (API Standard conditions), thus,

qi ¼ 950 scfm:

With these terms the theoretical shaft horsepower required to compress the air

moving through the machine is given by Equation (5-35a). Thus, the theoretical

shaft horsepower is

_Ws ¼ ð2Þð1:4Þ
ð0:4Þ

ð14:696Þð950Þ
229:17

314:696

14:696

� � ð0:4Þ
ð2Þð1:4Þ � 1

2
664

3
775

_Ws ¼ 234:3 hp:
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The actual shaft power _Was is actual power needed to compress the air to a pres-

sure of 300 psig. Actual shaft power from Equation (5-39) is

_Was ¼
_Ws

em ev
:

For this example,

em ¼ 0:95

and Equation (5-39) becomes

_Was ¼ 234:3

ð0:95Þð1:0Þ ¼ 246:6 hp:

The above determined 246.6 horsepower is the actual shaft power needed by

the compressor to give a fixed design pressure output of 300 psig. This power

level is less than the prime mover’s rated input power of 350 hp, thus this com-

pressor system is capable of operating at a sea level surface location.

(a) Surface location at sea level (SI units)

The rotary compressor is a fixed ratio machine. Therefore, the output of the com-

pressor will be 300 psig.

ns ¼ 2

pi ¼ 101360 N=m2 abs

po ¼ 2069000:0þ 101360:0 ¼ 2170360:0 N=m2 abs:

The total fixed compression ratio across the two stages of the compressor

rtf is

rtf ¼ 2170360:0

101360:0

rtf ¼ 21:414:

The rotary compressor volumetric efficiency ev is

ev ¼ 1:0:

The rated volumetric flow rate into the compressor is 448.3 liters/sec. For this

example, the compressor is located at mean sea level (API Standard conditions),

thus

Qi ¼ 0:4483 standard m3=sec:

With the aforementioned terms, the theoretical shaft horsepower required to

compress the air moving through the machine is given by Equation (5-36a). Thus,

the theoretical shaft horsepower is
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_Ws ¼ ð2Þð1:4Þ
ð0:4Þ ð101360:0Þð0:4483Þ 2170360:0

101360:0

� � ð0:4Þ
ð2Þð1:4Þ � 1

2
664

3
775

_Ws ¼ 174721 watts:

The actual shaft power _Was is actual power needed to compress the air to a

pressure of 206.9 N/cm2 gauge. Equation (5-39) becomes

_Was ¼ 174721

ð0:95Þð1:0Þ ¼ 183917 watts:

The above determined 183.9 kW is the actual shaft power needed by the com-

pressor to develop the fixed design pressure output of 206.9 N/cm2 gauge. This

power level is less than the prime mover’s rated input power of 261 kW, thus this

compressor system is capable of operating at a sea level surface location.

(b) Surface location at 6000 ft above sea level (USCS units)

From (a) given earlier, the total fixed rtf pressure ratio of the rotary compressor
when operating at the assumed design API Standard conditions was found to be

rtf ¼ 21:414:

This fixed ratio cannot be changed. From Table 5-1, the approximate atmo-
spheric pressure at 6000 ft above sea level can be assumed to be 11.769 psia.

Therefore, the new fixed output pressure of this compressor at 6000 ft above

sea level will be

po ¼ pi rtf

po ¼ ð11:769Þð21:414Þ
po ¼ 252:0 psia

or

po ¼ 240:2 psig:

The rotary compressor volumetric efficiency ev is

ev ¼ 1:0:

The rated volumetric flow rate into the compressor is 950 ft3/min. For this exam-

ple, the compressor is located at mean sea level (API Standard conditions), thus

qi ¼ 950 acfm:

With these terms the theoretical shaft horsepower required to compress the

air moving through the machine is given by Equation (5-35a). Thus, the theoreti-

cal shaft horsepower is
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_Ws ¼ ð2Þð1:4Þ
ð0:4Þ

ð11:769Þð950Þ
229:17

252:021

11:769

� � ð0:4Þ
ð2Þð1:4Þ � 1

2
664

3
775

_Ws ¼ 187:6 hp:

The actual shaft power _Was is actual power needed to compress the air

to the fixed design pressure of 240.2 psig. Actual shaft power from Equation

(5-39) is

_Was ¼
_Ws

em ev
:

For this example,

em ¼ 0:95

and Equation (5-39) becomes

_Was ¼ 187:6

ð0:95Þð1:0Þ ¼ 197:5 hp:

The above determined 197.5 hp is the actual shaft power needed by the compres-
sor to produce the 240.2-psig fixed design pressure output (at the surface loca-

tion elevation of 6000 ft above sea level). At this surface location, the

input power available from the prime mover is a derated value (derated from

the rated 350 hp available at 1800 rpm). In order for the compressor system to

operate at this 6000-ft surface location elevation, the derated input power avail-

able must be greater than the actual shaft power needed. Figure 5-15 shows that

for a 6000-ft elevation the input power of a turbocharged prime mover must

be derated by 15%. The derated input horsepower available from the prime
mover _Wi is

_Wi ¼ 350ð1� 0:15Þ ¼ 297:5 hp:

For this example, the prime mover’s derated input power is greater than the

actual shaft horsepower needed, thus the compressor system can be operated

at this 6000-ft surface location elevation.

(b) Surface location at 1829 m above sea level (SI units)

From (a) given earlier, the total fixed rtf pressure ratio of the rotary compres-

sor when operating at the assumed design API Standard conditions was found

to be

rtf ¼ 21:414:

This fixed ratio cannot be changed. From Table 5-1, the approximate atmo-

spheric pressure at 1829 m above sea level can be assumed to be 81,170 N/m2

abs. Therefore, the new fixed output pressure of this compressor at 1829 m
above sea level will be
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Po ¼ Pi rtf

Po ¼ ð81170:0Þð21:414Þ
Po ¼ 1738174:4 N=m2 abs

or

Po ¼ 1657004:4 N=m2 gauge:

The rotary compressor volumetric efficiency ev is

ev ¼ 1:0:

The rated volumetric flow rate into the compressor is 448.3 liters/sec. For

this example, the compressor is located at mean sea level (API Standard condi-

tions), thus

Qi ¼ 0:4483m3=sec:

With the terms just described, the theoretical shaft horsepower required to

compress the air moving through the machine is given by Equation (5-36a). Thus,

the theoretical shaft horsepower is

_Ws ¼ ð2Þð1:4Þ
ð0:4Þ ð81170:0Þð0:4483Þ 1738174:4

81170:0

� � ð0:4Þ
ð2Þð1:4Þ � 1

2
664

3
775

_Ws ¼ 139937 watts:

The actual shaft power _Was is actual power needed to compress the air to the

fixed design pressure of 165.7 N/cm2 gauge. Equation (5-39) becomes

_Was ¼ 139937

ð0:95Þð1:0Þ ¼ 147302 watts:

The above determined 147.3 kW is the actual shaft power needed by the com-

pressor to produce the 165.7 N/cm2 gauge fixed design pressure output (at the

surface location elevation of 1829 m above sea level). At this surface location,

the input power available from the prime mover is a derated value (derated from

the rated 261 kW available at 1800 rpm). In order for the compressor system to
operate at this 1829-m surface location elevation, the derated input power avail-

able must be greater than the actual shaft power needed. Figure 5-15 shows that

for an 1829-m elevation the input power of a turbocharged prime mover must be

derated by 15%. The derated input horsepower available from the prime mover
_Wi is

_Wi ¼ 261ð1� 0:15Þ ¼ 221:9 kW :

For this example, the prime mover’s derated input power is greater than the

actual shaft horsepower needed, thus the compressor system can be operated

at this 6000-ft surface location elevation.
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5.6.4 Fuel Consumption

In order to plan air or gas drilling operations effectively, it is important to be able

to predict the fuel consumption by the prime movers of compressor system units.

The consumption of either liquid or gaseous fuels is initially calculated in pounds

of fuel used per horsepower-hour (lb/hp-hr, N/kW-hr). Fuel consumption is very

dependent upon the prime mover’s power ratio, or percent power utilization of

total power available.
Figure 5-16 gives the approximate fuel consumption for prime movers fueled

with gasoline, propane/butane, or diesel [3, 12]. Most stationary prime movers

can be field converted to operate on propane/butane or natural gas. Figure 5-17

gives the approximate fuel consumption for prime movers fueled by natural gas

[3, 12].

Figures 5-16 and 5-17 are approximate values covering most prime mover

designs. However, more accurate estimates for prime mover fuel consumptions

can be obtained from the manufacturer specifications.
Illustrative Example 5.3 Determine the diesel fuel consumption rate (in

gallons per hour) for the primary reciprocating piston compressor system and

conditions given in Illustrative Example 5.1 for (a) a surface location at sea level

and (b) a surface location elevation of 6000 ft (1829 m).
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FIGURE 5-16. Fuel consumption for gasoline, propane/butane, and diesel [3, 12].
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(a) Surface location at sea level (USCS units)

The prime mover has a maximum 350 hp available at 1800 rpm at sea level con-

ditions. The actual shaft power needed by the two-stage reciprocating compres-

sor to match the back pressure of 150 psig is 198.3 hp. Thus, the percent load

on the prime mover, or power ratio PR is

PR ¼ 198:3

350
ð100Þ ¼ 56:7:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approxi-

mate fuel consumption rate can be read on the ordinate using the diesel

fuel curve. The approximate fuel consumption rate at this power level is

0.585 lb/hp-hr. The total weight of diesel fuel consumption per hour _wf is

_wf ¼ 0:585ð198:3Þ ¼ 116:0 lb=hr:

The specific gravity of diesel fuel is 0.8156 at 60�F [5]. The total volume (in U.S.

gallons) of diesel fuel consumption per hour qf is

qf ¼ 116:0

ð0:8156Þð8:33Þ ¼ 17:1 gal=hr;

where the specific weight of fresh water is 8.33 lb/gal.
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FIGURE 5-17. Fuel consumption for natural gas [3, 12].
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(a) Surface location at sea level (SI units)

The prime mover has a maximum 261 kW available at 1800 rpm at sea level con-

ditions. The actual shaft power needed by the two-stage reciprocating compres-

sor to match the back pressure of 103.5 N/cm2 gauge is 147.9 kW. Thus, the
percent load on the prime mover, or power ratio PR is

PR ¼ 147:9

261
ð100Þ ¼ 56:7:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approximate

fuel consumption rate can be read on the ordinate using the diesel fuel curve. The

approximate fuel consumption rate at this power level is 3.490 N/kW-hr. The total

weight of diesel fuel consumption per hour _wf is

_wf ¼ 3:490ð147:9Þ ¼ 516:2 N=hr:

The specific gravity of diesel fuel is 0.8156 at 15.6�C [5]. The total volume (in U.S.

gallons) of diesel fuel consumption per hour qf is

qf ¼ 516:2

ð0:8156Þð9:81Þ ¼ 64:5 liters=hr;

where the specific weight of freshwater is 9.81 N/liter.

(b) Surface location at 6000 ft above sea level (USCS units)

The prime mover has a derated maximum 297.5 hp available at 1800 rpm at

6000 ft elevation. The actual shaft power needed by the two-stage reciprocating

compressor to match the back pressure of 150 psig is 175.6 hp. Thus, the percent

load on the prime mover, or power ratio PR is

PR ¼ 175:6

297:5
ð100Þ ¼ 59:0:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approxi-

mate fuel consumption rate can be read on the ordinate using the diesel fuel

curve. The approximate fuel consumption rate at this power level is 0.580 lb/

hp-hr. The total weight of diesel fuel consumption per hour is

_wf ¼ 0:580ð175:6Þ ¼ 101:9 lb=hr:

The specific gravity of diesel fuel is 0.8156, thus the total volume (in U.S. gallons)

of diesel fuel consumption per hour is

qf ¼ 101:9

ð0:8156Þð8:33Þ ¼ 15:0 gal=hr:

(b) Surface location at 1829 m above sea level (SI units)

The prime mover has a derated maximum 221.9 kW available at 1800 rpm at
1829 m elevation. The actual shaft power needed by the two-stage reciprocating
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compressor to match the back pressure of 103.4 N/cm2 gauge is 131.0 kW. Thus,

the percent load on the prime mover, or power ratio PR is

PR ¼ 131:0

221:9
ð100Þ ¼ 59:0:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approxi-

mate fuel consumption rate can be read on the ordinate using the diesel fuel

curve. The approximate fuel consumption rate at this power level is 3.460

N/kW-hr. The total weight of diesel fuel consumption per hour is

_wf ¼ 3:460ð131:0Þ ¼ 453:3 N=hr:

The specific gravity of diesel fuel is 0.8156, thus the total volume (in U.S. gallons)

of diesel fuel consumption per hour is

qf ¼ 453:3

ð0:8156Þð9:81Þ ¼ 56:7 liters=hr:

Illustrative Example 5.4 Determine the diesel fuel consumption rate (in gallons

per hour) for the helical lobe (screw) air compressor system and conditions given

in Illustrative Example 5.2 for (a) a surface location at sea level and (b) a surface

location elevation of 6000 ft (1829 m).

(a) Surface location at sea level (USCS units)

The prime mover has a maximum 350 hp available at 1800 rpm at sea level con-

ditions. The actual shaft power needed by the two-stage helical lobe (screw) com-

pressor to produce the fixed design pressure of 300 psig is 246.6 hp. Thus, the
percent load on the prime mover, or power ratio PR is

PR ¼ 246:6

350
ð100Þ ¼ 70:5:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approxi-

mate fuel consumption rate can be read on the ordinate using the diesel fuel
curve. The approximate fuel consumption rate at this power level is 0.535 lb/

hp-hr. The total weight of diesel fuel consumption per hour _wf is

_wf ¼ 0:535ð246:6Þ ¼ 129:5 lb=hr:

The specific gravity of diesel fuel is 0.8156 at 60�F [5]. The total volume (in U.S.

gallons) of diesel fuel consumption per hour qf is

qf ¼ 129:5

ð0:8156Þð8:33Þ ¼ 19:1 gal=hr;

where the specific weight of fresh water is 8.33 lb/gal.

(a) Surface location at sea level (SI units)

The prime mover has a maximum 261 hp available at 1800 rpm at sea level

conditions. The actual shaft power needed by the two-stage helical lobe (screw)
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compressor to produce the fixed design pressure of 206.9 N/cm2 gauge is

183.9 kW. Thus, the percent load on the prime mover, or power ratio PR is

PR ¼ 183:9

261
ð100Þ ¼ 70:5:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approxi-

mate fuel consumption rate can be read on the ordinate using the diesel fuel

curve. The approximate fuel consumption rate at this power level is 3.191

N/kW-hr. The total weight of diesel fuel consumption per hour _wf is

_wf ¼ 3:191ð183:9Þ ¼ 587:0 N=hr:

The specific gravity of diesel fuel is 0.8156 at 15.6�C [5]. The total volume (in U.S.

gallons) of diesel fuel consumption per hour qf is

qf ¼ 587:0

ð0:8156Þð9:81Þ ¼ 73:4 liters=hr;

where the specific weight of fresh water is 9.81 N/liter.

(b) Surface location at 6000 ft above sea level (USCS units)

The prime mover has a maximum 297.5 hp available at 1800 rpm at sea level con-

ditions. The actual shaft power needed by the two-stage helical lobe (screw) com-

pressor to produce the fixed design pressure of 240.2 psig is 197.5 hp. Thus, the

percent load on the prime mover, or power ratio PR is

PR ¼ 197:5

297:5
ð100Þ ¼ 66:4:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approxi-

mate fuel consumption rate can be read on the ordinate using the diesel fuel
curve. The approximate fuel consumption rate at this power level is 0.550 lb/

hp-hr. The total weight of diesel fuel consumption per hour is

_wf ¼ 0:550ð197:5Þ ¼ 108:6 lb=hr:

The specific gravity of diesel fuel is 0.8156, thus the total volume (in U.S. gallons)

of diesel fuel consumption per hour is

qf ¼ 108:6

ð0:8156Þð8:33Þ ¼ 16:0 gal=hr:

(b) Surface location at 1829 m above sea level (SI units)

The prime mover has a derated maximum 221.9 kW available at 1800 rpm at
1829 m elevation. The actual shaft power needed by the two-stage helical

lobe (screw) compressor to produce the fixed design pressure of 173.8 N/cm2

gauge is 147.3 kW. Thus, the percent load on the prime mover, or power ratio

PR is
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PR ¼ 147:3

221:9
ð100Þ ¼ 66:4:

Entering the abscissa of Figure 5-16 with the power ratio percent, the approxi-

mate fuel consumption rate can be read on the ordinate using the diesel fuel
curve. The approximate fuel consumption rate at this power level is 3.281 N/

kW-hr. The total weight of diesel fuel consumption per hour is

_wf ¼ 3:281ð147:3Þ ¼ 483:3 N=hr:

The specific gravity of diesel fuel is 0.8156, thus the total volume (in U.S. gallons)

of diesel fuel consumption per hour is

qf ¼ 483:3

ð0:8156Þð9:81Þ ¼ 60:4 liters=hr:

Summary
Table 5-2 gives a summary of the aforementioned fuel consumption examples. It is

clear that with a reciprocating piston primary and a helical lobe (screw) primary

with similar specifications, the screw compressor will have higher fuel consump-

tion rates (independent of elevation above sea level). Also shown with Table 5-2 is

a clear reduction in fuel consumption by both types of primaries as they are oper-

ated at higher elevations above sea level. This is because the compressors are
working on fewer molecules of the atmospheric air as elevation above sea level

is increased.

The main reason that the screw compressor has poor fuel consumption per-

formance is because of the fixed pressure ratio design of this class of compressor.

This poor performance characteristic is shared by all rotary compressors.

Table 5-2. Summary of Fuel Consumption for Reciprocating Piston and Helical Lobe

(Screw) Compressors

USCS Units (gal/hr) SI Units (liters/hr)

Reciprocating piston

Sea level 17.1 64.5

6000 ft 15.0 56.7

Helical lobe (screw)

Sea level 19.1 73.4

1829 m 16.0 60.4
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5.7 EXAMPLE COMPRESSOR SYSTEM UNITS
In this section, several operational example compressor system units are pre-

sented. These units represent the typical variety of units in operation around

the United States and the world. In follow-on illustrative examples for air and

gas drilling operations, stable foam drilling operations, and aerated fluid drilling

operations, one or more of these compressor system units will be used as the pro-
vider of the compressed air or gas.

It must be understood that all primary compressors are specified by (1) the

volumetric flow rate of atmospheric air that they intake and (2) the maximum

output pressure that they can exhaust.

The atmospheric air volumetric flow rate intake capability is given as acfm

(actual cubic feet per minute) or as actual liters/second. This primary compres-

sor specification recognizes that the actual internal design of a positive displace-

ment compressor cannot be altered as the machine is moved from one surface
location above sea level to another (i.e., the internal volume chambers cannot

be altered). Primary compressors intake their specified volumetric flow rate of

the atmospheric air regardless where that location is above sea level. The maxi-

mum output pressure specification pertains to a structural design limitation on

the housing and moving parts of the positive displacement compressor.

Booster compressors are specified by (1) the minimum pressure limit of the

compressed air the booster will accept from the primary compressors, (2) the

intake volumetric flow rate (at that minimum pressure limit) in scfm (standard
cubic feet per minute) or standard liters/second, and (3) the maximum pressure

output capability of the booster.

The minimum intake pressure limit and its volumetric flow rate are related to

the restriction on available booster suction power. The output pressure limit is

related to the structural design limitations of the booster.

5.7.1 Small Reciprocating Primary and Booster Compressor System

Most of the compressor systems for air and gas drilling operations are provided as

a separate primary compressor system unit (either with a reciprocating compres-

sor or with a rotary compressor) and a separate booster compressor system unit

(always a reciprocating compressor). These units are usually skid mounted and

each has its own prime mover.

Figure 5-18 shows a skid-mounted primary compressor system unit that has a
Gardner Denver Model WEN, two-stage reciprocating piston compressor. The

Gardner Denver Model WEN is operated at 1000 rpm. At this speed, the compres-

sor has a volumetric flow rate of 700 acfm (330 actual liters/sec) and a maximum

pressure capability of 350 psig (241 N/cm2 gauge) at API Mechanical Equipment

Standards. The compressor and its cooling subsystem are shown at the right

end of the skid in Figure 5-18. On the left end of the skid in Figure 5-18 is the

Caterpillar Model D353 prime mover. The Caterpillar Model D353 is an in-line

six cylinder, diesel-fueled prime mover. This prime mover is turbocharged and
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aftercooled and is rated to produce a peak of 270 hp (201 kW) at a speed of

1000 rpm (at API Mechanical Equipment Standard).

Figure 5-19 shows a skid-mounted booster compressor system unit that has a

Gardner Denver Model MDY, two-stage reciprocating piston compressor. The com-

pressor is seen at the front end (right end) of the skid in Figure 5-19. The compressor

is drivenby aCaterpillarModelD353primemover. This is the sameprimemover used

for the primary compressor system unit discussed earlier. The primemover is rated to

FIGURE 5-19. Skid-mounted, reciprocating piston booster compressor system unit (courtesy of

Mountain Air Drilling Service).

FIGURE 5-18. Skid-mounted, reciprocating piston primary compressor system unit (courtesy of

Mountain Air Drilling Service).
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produce a peak 270 hp (201 kW) at a speed of 1000 rpm (at API Mechanical Equip-

ment Standards). However, unlike the primary compressor system discussed earlier,

the booster compressor system may be operated at speeds different from the

1000 rpm. The booster prime mover would produce an approximate peak of

230 hp (172 kW) at 900 rpm and a peak of 300 hp (224 kW) at 1100 rpm.
This booster compressor system unit is usually operated in series with the pri-

mary compressor system. When the drilling rig requires compressed air at pres-

sures above the 350 psig (241 N/cm2 gauge) maximum capability of the primary,

the air flow from the primary is conducted to the inlet of the booster. In this series

configuration, the booster is engaged and the volumetric flow rate from the pri-

mary is further compressed to pressures above the 350 psig (241 N/cm2 gauge)

level. However, the booster can also be used to compress pipeline natural gas to

pressures above typical pipeline pressures for use on a drilling rig.

5.7.2 Four-Stage Reciprocating Compressor System

The compressor system unit shown in Figure 5-20 is another unusual design.

This is a semitrailer-mounted unit. The compressor is a large Dresser Clark

CFB-4, four-stage reciprocating piston compressor. The compressor is operated

at a rotating speed of 900 rpm. At this speed the compressor produces a volumet-

ric flow rate of 1200 acfm (566.3 actual liters/sec) and a continuous maximum
pressure of 1000 psig (690 N/cm2 gauge) at API Mechanical Equipment Stan-

dards. The compressor can produce a maximum pressure of 1200 psig (828 N/

cm2 gauge) in intermittent service. Technically, this compressor system is a pri-

mary compressor system unit, but in application the unit performs as a combined

primary booster all-in-one compressor system.

FIGURE 5-20. Semitrailer-mounted, four-stage reciprocating piston compressor system unit

(courtesy of Air Comp Drilling).
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This compressor system is probably one of the most reliable systems in the dril-

ling industry. These compressor systems were introduced in the early 1980s to pro-

vide compressed air for deep steam production wells in the Geysers geothermal

fields of northern California. This application required the drilling of 11-in

(280 mm)-diameter wells to depths in excess of 10,000 ft (3048 m). During the
drilling of these wells, steam inflows to the wells were nearly always encountered,

which increased the injection pressure requirements greatly. No similar air drilling

requirements have been encountered in the drilling of deep oil and natural gas

wells. Not only do these compressor systems produce a very useful volumetric flow

rate, but they can produce this volumetric flow rate at a great variety of pressures

(i.e., from 100 to 1200 psig, or 69 to 828 N/cm2 gauge). Because these units are reci-

procating piston compressors, the volumetric flow rate is not affected by the pres-

sure output. This compressor system is presently the highest quality unit on the
market and should be considered for any critical or risky air drilling operation.

The compressor is directly coupled to a Caterpillar Model D398 prime mover.

The Caterpillar Model D398 is a V-12 piston configuration. The prime mover is

diesel fueled, turbocharged, and aftercooled. At the rotation speed of 900 rpm,

the prime mover can produce a peak of 760 hp (567 kW).

5.7.3 Rotary Primary and Reciprocating Piston
Booster Compressor System

Figure 5-21 shows a skid-mounted primary compressor system unit with an Inger-

soll Rand Model XHP 1170, two-stage helical lobe (screw) compressor. The com-

pressor is operated at 1800 rpm. At this speed the compressor has a volumetric

flow rate of 1170 acfm (552.1 actual liters/sec) and a fixed pressure output of

FIGURE 5-21. Skid-mounted, two-stage rotary primary compressor system unit (courtesy of

Weatherford International).
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350 psig (241 N/cm2 gauge) at API Mechanical Equipment Standards. The after-

cooling and innercooling subsystems are at the right end of the skid in Figure 5-21.

The prime mover is in the middle of the skid, and the compressor is mounted at

the left end (or aft end) of the skid. The prime mover is a diesel-fueled, turbo-

charged Caterpillar Model ACERT C15 with an in-line 6-cylinder configuration.
This prime mover produces a peak of 540 hp (403 kW) at a speed of 1800 rpm

at API Mechanical Equipment Standards.

Figure 5-22 shows a skid-mounted, low pressure booster compressor system

unit that has a Joy Model WB-12, single- or two-stage, double-acting, reciprocating

piston compressor. The primer mover is a Detroit Model 12V71T DDEC diesel

fueled and turbocharged. The prime mover is rated at 585 hp (436 kW) at

2100 rpm. On the right end of the skid is the aftercooler, at the left end of the

skid is the prime mover, and in the center is the Joy compressor.
Operating in a single-stage mode, the booster is capable of an equivalent input

volumetric flow rate of 3000 scfm (1416 standard liters/sec)(at a minimum input

pressure of 165 psig, or 114 N/cm2 gauge) and increasing the flow pressure to

650 psig (448 N/cm2 gauge). Operating in a two-stage mode, the booster is capa-

ble of an input volumetric flow rate of 2150 scfm (1014 standard liters/sec)

(at a minimum input pressure of 165 psig, or 114 N/cm2 gauge) and increasing

flow pressure to 1400 psig (966 N/cm2 gauge).

Figure 5-23 shows a skid-mounted, high pressure booster compressor system
unit that has a Joy Model WB-11, single-stage, double-acting, reciprocating piston

compressor. The primer mover is a Caterpillar Model 3306 diesel fueled and tur-

bocharged. The prime mover is rated at 225 hp (155 KW) at 1800 rpm. On the

left end of the skid is the aftercooler, at the right end of the skid is the prime

mover, and in the center is the Joy compressor.

FIGURE 5-22. Skid-mounted, reciprocating piston low pressure booster compressor system

unit (courtesy of Weatherford International).

138 CHAPTER 5 Compressors and Nitrogen Generators



The unit is capable of an equivalent input volumetric flow rate of 800 scfm

(378 standard liters/sec)(at a minimum input pressure of 1400 psig, or 966 N/

cm2 gauge) and increasing flow pressure to 5000 psig (3449 N/cm2 gauge).

5.8 MEMBRANE FIELD NITROGEN GENERATOR
Using compressed atmospheric air in drilling or production operations exposes

the well and operating personnel to fire and explosion risks. Cryogenic nitrogen

has been used in drilling and production operation since the 1940s to negate this

risk in certain high risk operations. Using cryogenic technology is very expensive

and logistically cumbersome when the locations are remote. The very recent

development of membrane filter units to reduce the oxygen percentage in atmo-

spheric air has been driven by the need to find a more cost-effective method for
eliminating the risk of downhole fires and explosions when drilling boreholes in

rock formations containing hydrocarbons. This problem was recognized in the

early years of the development of air and gas drilling technology. In those early

years, the solution was to use natural gas as the drilling fluid. However, using nat-

ural gas as a drilling fluid increased the risk of surface fire or explosions in and

around the rig location. Also, although natural gas was inexpensive in early years,

natural gas today has a sizable share of the energy market and the cost of using

natural gas for drilling operations has become prohibitive.
The risk of downhole fires and explosions exists for both vertical and horizon-

tal drilling operations. However, this risk is far more acute for horizontal drilling

operations. This is due to the fact that during a typical horizontal drilling opera-

tion, the horizontal interval drilled in the hydrocarbon bearing rock formations

FIGURE 5-23. Skid-mounted, reciprocating piston high pressure booster compressor system

unit (courtesy of Weatherford International).
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is several times longer than in a typical vertical interval drilled in a vertical drilling

operation (assuming similar hydrocarbon bearing rock formations). Further, the

drilling rate of penetration for a horizontal drilling operation will be about half

that of vertical drilling (assuming the similar rock type). This further increases

the drilling time in the hydrocarbon bearing formation.

5.8.1 Allowable Oxygen Concentrations

For the past two decades, membrane technologies have been used to separate

oxygen (and some other molecules) from gas mixtures, particularly atmospheric

air. Because of the high cost of horizontal wells, membrane technology has been

developed that can provide high volumetric flow rates of inert atmospheric air

(i.e., field-generated nitrogen) for the drilling operation. Figure 5-24 shows a typi-
cal membrane filter unit used in drilling operations. This unit is basically housed

in a structure similar to a freight container. This particular unit can be placed on a

skid mount, semitrailer, or moved by barge to an offshore platform.

Membrane filter units are operated so that the oxygen content in the com-

pressed air flow-through units will be below the level needed to support fire or

explosion. Membrane filter technology for drilling operations is incorporated in

portable skid-mounted units or semitrailer-mounted units that can be placed in

series in the gas flow line between the primary compressor(s) and the drill rig
(or between the primary compressors and the booster compressors).

Drilling operation membrane units are available in input flow rate capacities

that are rated as 750 scfm (354 standard liters/sec), 1500 scfm (708 standard

liters/sec), and 3000 scfm (1416 standard liters/sec). These membrane units

FIGURE 5-24. Typical membrane filter field unit for drilling operations (courtesy of Weatherford

International).
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must be matched with a variety of primary compressors that feed the units with

compressed atmospheric air.

Figure 5-25 shows a schematic of the basic components inside a membrane fil-

ter unit. This figure represents the various processes that take place within the

unit (with their associated equipment).
Because of the variety of membrane unit capacities and the variety of primary

compressors and booster compressors, the flow rate capacities of each must be

carefully matched. Figure 5-26 shows a schematic of the complexity of the field

location that utilizes these units and shows the layout for a typical drilling opera-

tion that provides high pressure field-generated nitrogen to the drilling operation

(requiring primaries, low pressure boosters, and a high pressure booster).

5.8.2 Membrane Unit Efficiencies

It is not necessary for these membrane filter units to filter all the oxygen from the

atmospheric air in order to render the injected drilling gas inert to downhole hydro-

carbon ignition. Filtering oxygen down to approximately 5% (by volume) of the

resulting gas will make the gas inert [14, 15]. When the membrane filter units were

introduced, Burlington Resources Incorporated (San JuanDivision) carried out field

tests to evaluate the efficiency of the units. Figure 5-27 gives the approximate

results of these tests. Thus, if the drilling operation requires that the oxygen content
in atmospheric air be reduced to a level of approximately 5% (by volume), Figure 5-27

shows that the efficiency of the unit will be approximately 50%. Therefore, if a pri-

mary compressor unit rated at 1500 scfm (708 standard liters/sec) is used to supply

a membrane filter unit also rated at 1500 scfm (708 standard liters/sec), then the

output from the filter unit will only be 750 scfm (354 standard liters/sec) of inert

atmospheric air (i.e., going to the drill rig).

Air

Air Cooler

Air Cooler

Demister Heater Oil
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Particulate
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Tubes
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FIGURE 5-25. Schematic membrane filter unit internal components [13].
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FIGURE 5-27. Membrane filter unit volumetric flow rate efficiency versus percent of oxygen (by

volume) remaining in output [13].

FIGURE 5-26. Schematic of field location to provide high pressure field-generated nitrogen for

drilling operation.
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CHAPTER

Direct Circulation Models 6
In order to make reasonable predictions of the flow characteristics for direct cir-

culation air and gas drilling operations, aerated fluids drilling operations, and sta-

ble foam drilling operations, it is necessary to derive a consistent theory that can

be used, with certain simplifying limitations, to develop specific equations to

model each of the aforementioned operations. All three basic drilling fluid circu-

lation models, air and gas, aerated, and stable foam, must utilize a combination of

mathematical theory and empirical correlations to develop a complete calculation
model for each.

6.1 BASIC ASSUMPTIONS
Direct circulation is defined as the injection of drilling fluid into the inside of the
top of the drill string, the flow of the fluid down the inside of the drill string,

through the bit orifices or nozzles, the entraining of the rock cuttings into the

drilling fluid at the bottom of the borehole, and then the flow of the drilling fluid

with the entrained cuttings up the annulus between the outside of the drill string

and the inside of the borehole.

Figure 6-1 shows a simplified U-tube schematic representation of direct circu-

lation flow. In general, in air and gas drilling operations, two-phase flow occurs in

the inside of the drill string and through the orifices or nozzles in the drill bit.
Three-phase flow occurs when the fluids with entrained rock cuttings move up

the annulus from the bottom of the well to the surface. The three phases are a

compressible gas, an incompressible fluid, and the solid rock cuttings from the

advance of the drill bit. The compressible gases that are used most in drilling

are air, natural gas, and nitrogen (or air stripped of oxygen). The incompressible

fluids used are treated freshwater, treated salt water (formation water), and water-

based drilling muds. Diesel oil, oil-based drilling muds, and crude oil (formation

oil) are somewhat compressible.
It is assumed that compressible gases can be approximated by the perfect gas

law. Further, it is assumed that the mixture of compressed gas and incompressible
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fluid will be uniform and homogeneous. When solid rock cuttings are added to
the mixture of compressible gas and incompressible fluid, the solid rock particles

are assumed to be uniform in size and density and will be distributed uniformly in

the mixture of gas and fluid [1].

The assumption of uniformity of the two or three phases in the mixtures is an

important issue in light of the technology developed for gas lift-assisted oil pro-

duction [2, 3]. The aeration of oil (or other formation produced fluids) from

the bottom of a well with the flow of gas from the surface (down the annulus

between the casing and the production tubing) is similar to the aeration of fluid
and rock cuttings from the bottom of a well with a flow of gas and fluid from the

surface (down the inside of the drill string). However, in most oil production

situations, the two-phase flow takes place inside of the tubing. In the drilling sit-

uation, the gas and fluid are injected together into the top of the drill string and

move together down the inside of the drill string, through the bit orifices or noz-

zles, and then the resulting three-phase flow (gas, fluid, and rock cuttings) moves

up the annulus to the surface. Thus, the geometry of flow for the two operations

is quite different and probably not comparable [4].

Pe

P

H

Pbca

Pin (All)

Pbdpi

Pbdci

Pai

Pbdpa

Pbdca=Pbh

d P

FIGURE 6-1. Schematic of direct circulation. Pin is the injection pressure into the top of the drill

string, Pbdpi is pressure at the bottom of the drill pipe inside the drill string, Pbdci is the

pressure at the bottom of drill collars inside the drill string, Pai is the pressure above the drill bit

inside the drill string, Pbdca is the pressure at the bottom of drill collars in the annulus, Pbh

is the bottom hole pressure in the annulus, Pbdpa is the pressure at bottom of drill pipe in the

annulus, Pbca is the pressure at the bottom of casing in the annulus, and Pe is the pressure

at the top of the annulus.
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6.2 GENERAL DERIVATION
The term Pin represents the pressure of the injected drilling fluids into the top of

the drill string. The U-tube representation in Figure 6-1 shows the larger inside

diameter of the drill pipe at the top of the drill string where the drilling fluids

are injected. Below the drill pipe is shown the smaller inside diameter of the drill

collars, and below the drill collars is shown a schematic of the drill bit orifices (or
nozzles). The schematic shows the smaller annulus space between the outside of

the drill collars and the inside of the open borehole. Above is the annulus space

between the outside of the drill pipe and the inside of the open borehole. Then at

the top (in the annulus space) is the largest annulus space between the outside of

the drill pipe and the inside of the casing. At the top of the annulus the drilling

fluids with the entrained cuttings exit the circulation system at pressure Pe.

As in all compressible flow problems, the process of solution must commence

with a known pressure and temperature and, in this case, the pressure and tem-
perature at the exit from the circulation system. Therefore, the derivation will

begin with the analysis of the flow of the gas and incompressible fluids in the

annulus and will continue through the circulation system in the upstream direc-

tion. Thus, this derivation will start with the annulus, continue through the drill

bit orifices, and then continue up the inside of the drill string to the surface. Fig-

ure 6-1 shows pressure P at any position in the annulus, which is referenced from

the surface to a depth by the term h. The total depth of the well is H. The differ-

ential pressure dP in the upward flowing three-phase flow occurs over an incre-
mental distance of dh. This differential pressure can be approximated as [1]

dP ¼ gmix 1þ fV 2

2gðDh � DpÞ
� �

dh; (6-1)

where P is fluid pressure (lb/ft2 abs, N/m2 abs); h is the reference depth (ft, m);

H is the total depth (ft, m); gmix is the specific weight of the mixture of air (or other

gas), incompressible fluid, and rock cuttings (lb/ft3, N/m3), f is the Darcy–Weisbach

friction factor; V is the average velocity in the annulus (ft/sec, m/sec); Dh is the

inside diameter of the borehole (ft, m); Dp is the outside diameter of the drill pipe

(ft, m); and g is the acceleration of gravity (32.2 ft/sec2, 9.81 m/sec2).

The first term on the right side of Equation (6-1) represents the incremental
pressure change due to the hydrostatic weight of the column of fluid (with

entrained rock cuttings) in the annulus. The second term on the right side of

Equation (6-1) represents the incremental increase pressure change due to the

friction loss of the flowing fluid mixture.

6.2.1 Weight Rate of Flow of the Gas

In order to carry out derivation of the governing equations for direct circulation,

the weight rate of flow of air (or gas) to the well must be determined. Assuming

that the compressed air is provided by a compressor(s), the weight rate of flow
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through the circulating system is determined from the atmospheric pressure

and temperature of the air at the compressor location on the surface of the

earth, and the characteristics of the compressor(s). For air, the atmospheric

pressure and average annual temperatures for sea level and various elevations

above sea level can be approximated for most of North America by midlatitudes
data given in Tables 5-1a and 5-1b. These reference pressures are denoted as

pr and tr. For engineering calculations, the actual atmospheric pressure and tem-

perature of the air entering a primary compressor(s) are pat and tat and can be

approximated as

pat � pr (6-2)

tat � tr; (6-3)

where pat is the atmospheric pressure (psia, N/cm2 abs), pr is the reference atmo-

spheric pressure (psia, N/cm2 abs), tat is the atmospheric pressure (psia, N/cm2

abs), and tr is the reference atmospheric temperature (�F, �C). Also see Appendix

B for more detailed plots for atmospheric conditions for North America midlati-

tudes. Similar data as that given in Tables 5-1a and 5-1b and Appendix B for North

America midlatitudes can be obtained for most other continents and latitudes

around the world.

The aforementioned pressures and temperatures in field units must be con-
verted to units consistent with Equations (5-11) and (6-1). These are

Pg ¼ Pr (6-4)

Tg ¼ Tr; (6-5)

where Pr is the reference atmospheric pressure (lb/ft2 abs, N/m2 abs), and Tr is

the absolute atmospheric reference temperature (�R, K).
Substituting Equations (6-2) and (6-3) into Equation (5-11), the specific weight

of the gas (air) gg entering the compressor(s) is

gg ¼
Pg Sg

Re Tg
¼ Prl Sg

Re Trl
; (6-6)

where gg is specific weight (lb/ft3, N/m3), Re is the engineering gas constant
(53.36 ft-lb/lb-�R, 29.31 N-m/N-K), and Sg is the specific gravity of the gas (Sg ¼ 1.0

for air at standard conditions). The weight rate of flow of the gas _wg through the

compressor is

_wg ¼ ggQg; (6-7)

where _wg is the weight rate of flow of gas (lb/sec, N/sec) and Qg is the volumetric

flow rate of air into the circulation system (actual ft3/sec, actual m3/sec).

If the gas for the drilling operation is natural gas from a pipeline and the pres-

sure and temperature of the gas in the pipeline are ppl and tpl, then the pressure

and temperature of the gas entering either directly into the circulation system or

to the booster compressor are
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Pg ¼ Ppl (6-8)

Tg ¼ Tpl ; (6-9)

where ppl is the pipeline pressure (psia, N/cm2 abs), Ppl is the pipeline pressure

(lb/ft2 abs, N/m2 abs), tpl is the pipeline temperature (�F, �C), and Tpl is the abso-

lute pipeline temperature (�R, K).
Substituting Equations (6-8) and (6-9) into Equation (5-11), the specific weight

of the gas from a pipeline can be obtained. This is

gg ¼
Pg Sg

Re Tg
¼ Ppl Sg

Re Tpl
: (6-10)

In this equation, Sg would be the specific gravity of the pipeline natural gas (e.g.,

usually between 0.65 and 0.85).
Substituting the result from Equation (6-10) into Equation (6-7) gives the weight

rate of flow of gas from a pipeline, where Qg is the volumetric flow rate of natural

gas from thepipeline at pressureppl and temperature tpl. Note that the volumetric flow

rate in a pipeline is usually given by flow meters in either scfm or standard m3/sec

regardless of surface elevation location. This value must be converted to obtain the

actual volumetric flow rate at ppl and tpl (see Appendix A). As discussed in Chapter

5, care must be taken to determine which set of standard conditions are being used

to define the “scfm or standard m3/sec.” Chapter 5 gives a summary of the most
common standard condition specifications used throughout the industrialized world.

6.2.2 Three-Phase Flow in the Annulus

This general solution for three-phase flow is valid for aerated (gasified) drilling

fluids where the three phases in the annulus are gas, incompressible fluid, and

solids (cuttings).

The weight rate of flow of incompressible drilling fluid (usually drilling mud),
_wm, into the well is

_wm ¼ gm Qm; (6-11)

where _wm is the weight rate of flow of drilling mud (lb/sec, N/sec), gm is the spe-

cific weight of the drilling mud (lb/ft3, N/m3), and Qm is the volumetric flow rate

of drilling mud (ft3/sec, m3/sec).

The weight rates of flow _wg and _wm entering the well through the top of the

drill string and flow to the bottom of the string and exit into the annulus through

the openings in the drill bit (open orifices or the bit nozzles). After passing
through the drill bit, the fluids entrain the rock cuttings generated by the drill

bit as the bit is advanced. The entrained weight rate of flow of the solids, _ws; is

_ws ¼ p
4

D2
h gw ð2:7Þ k; (6-12)

where _ws is the weight rate of flow of solid rock cuttings (lb/sec, N/sec), Dh

is the diameter of the drilled hole (i.e., the bit diameter) (ft, m), gw is the
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specific weight of the fresh water (lb/ft3, N/m3), and k is the penetration rate

(ft/sec, m/sec).

For USCS units, in Equation (6-12), the specific weight of fresh water is 62.4 lb/

ft3. For SI units, in Equation (6-12), the specific weight of fresh water is the density

of fresh water, 1000 kg/m3, multiplied by the acceleration of gravity in the SI units
9.81 m/sec2. The average specific gravity of sedimentary rocks is approximately

2.7. If igneous or metamorphic rocks are to be drilled, average values of 2.80 and

3.00, respectively, can be used [5].

The total weight rate of flow _wt in the annulus from the bottom of the well to

the surface is

_wt ¼ _wg þ _wm þ _ws: (6-13)

The drilling mud and the rock cutting solids are assumed to not change volume

when pressure is changed (note that if the liquid phase fluid is oil, the volume

changes with pressure can be taken into account). However, the air (or gas)

does change volume as a function of pressure change and, therefore, as a

function of depth. Thus, the specific weight of the gas at any position in the

annulus is

g ¼ PSg

ReTav
; (6-14)

where Tav is the average temperature of the gas over a depth interval (�R, K). This
average temperature term is determined by taking the average of the sum of the

geothermal temperatures at the top and bottom of the depth interval. The geo-

thermal temperature at depth, th, is determined from the approximate

expression

th ¼ tr þ b H; (6-15)

where tr is the average annual atmospheric reference temperature (�F, �C), th is

the geothermal temperature at depth (�F, �C), and b is the geothermal tempera-

ture gradient (�F/ft, �C/m).
The reference surface geothermal temperature tr is assumed to be the tem-

peratures given in Tables 5-1a and 5-1b for sea level and various elevations

above sea level. These temperatures represent North American midlatitude

year-round averages. It is assumed that these temperatures also represent an

average constant deep soil or rock temperatures near the surface of the earth

at the elevations given in the table. The value of the geothermal gradient con-

stant is determined from temperature logs of offset wells and other geophysical

data. An average value of the geothermal gradient that can be used when
the actual gradient has not been determined is 0.01�F/ft, or 0.018�C/m. The

temperature at depth can be expressed as absolute temperatures using the

following:

Th ¼ Tr þ b H; (6-16)
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where Tr is the reference atmospheric temperature (�R, K). Once the reference

temperature is changed to absolute, no other changes need to be made in Equa-

tion (6-16).

The absolute average temperature Tav over the first depth interval below the

surface is

Tav1 ¼ Tr þ Th1

2
: (6-17)

The Tav for follow-on intervals will be the average of the absolute temperature at

the top and the absolute temperature at the bottom of the interval. Follow-on

average temperatures will be

Tav2 ¼ Th1 þ Th2

2
. . . ; (6-18)

where Th1 is the temperature at the bottom of the first interval (�R, K) and Th2 is

the temperature at the bottom of the second interval (�R, K). Follow-on Tav inter-

val temperatures are determined in sequence in a similar method as above.

The relationship between the weight rate of flow of the gas and the specific

weight and volumetric flow rate of gas at any position in the annulus is given by

_wg ¼ gg Qg ¼ g Q: (6-19)

Substituting Equations (6-6) and (6-14) into the two terms on the right side of

Equation (6-19) gives a relationship between the specific weight and volumetric

flow rate at the surface and the specific weight and volumetric flow rate at any

position in the annulus. This is

Pg Sg

Re Tg
Qg ¼ P Sg

Re Tav
Q: (6-20)

Solving Equation (6-20) for Q yields

Q ¼ Pg

P

� �
Tav

Tg

� �
Qg: (6-21)

The three-phase flow of gas, incompressible fluid, and rock cuttings up the annu-

lus can be described by a mixed specific weight term, which is a function of its
position in the annulus. This mixed specific weight gmix is

gmix ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

: (6-22)

In the derivation of Equation (6-22), the volume contribution of the solids (the

rock cuttings) is assumed to be small and negligible relative to the volumes of

the gas and the incompressible fluid in the mixture (i.e., contributes only to

the _wt term).

The velocity of this mixture changes as a function of its position in the annu-
lus. The velocity V of the three-phase flow in the annulus is
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V ¼ Qþ Qm

p
4
ðD2

h � D2
pÞ
; (6-23)

where Dh is the inside diameter of the annulus (ft, m) and Dp is the outside diam-

eter of the drill string (drill pipe or collars) (ft, m).

Substituting Equation (6-21) into Equation (6-23) yields

V ¼
Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4
ðD2

h � D2
pÞ

: (6-24)

Substituting Equations (6-22) and (6-24) into Equation (6-1) yields

dP ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
664

3
775 1þ f

2gðDh � DpÞ

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4
ðD2

h � D2
pÞ

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
dh: (6-25)

Equation (6-25) contains only two independent variables: P and h. All of the

other terms in the equation are known constants. Separating variables in Equation
(6-25) and integrating from the surface to the bottom of the well yields

ðPbh

Pe

dP

BaðPÞ ¼
ðH
0

dh; (6-26)

where Pe is the exit pressure at the top annulus (lb/ft2 abs, N/m2 abs), Pbh is the

bottom hole pressure in the annulus (lb/ft2 abs, N/m2 abs), and

BaðPÞ ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
664

3
775 1þ f

2gðDh � DpÞ

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4
ðD2

h � D2
pÞ

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
:

For this general derivation, exit pressure Pe is the pressure at the entrance to the

blooey line (in the case of air or gas drilling), the pressure at the entrance to the return

flow line (in the case of aerated fluid drilling), or the back pressure upstream of the
control valve in the exit flow line (in the case of stable foam drilling).

The Darcy–Weisbach friction factor f given in the aforementioned equation is

determined by the standard fluid mechanics empirical correlations relating the fric-

tion factor to the Reynolds number, diameter (or hydraulic diameter), and absolute

pipe roughness. In general, the values for Reynolds number, diameter, and absolute

pipe roughness are known. The classic correlation for the Reynolds number is

NR ¼ ðDh � DpÞV
n

; (6-27)

where Dh � Dp is the hydraulic diameter for the annulus (ft, m), V is the

velocity (ft/sec, m/sec), and n is the kinematic viscosity of the drilling fluid (ft2/

sec, m2/sec).
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Three flow conditions can exist in the annulus. These are laminar, transitional,

and turbulent [1].

The empirical correlation for the friction factor for laminar flow conditions is

f ¼ 64

NR
: (6-28)

This equation can be solved directly once the Reynolds number is known. In gen-

eral, Equation (6-28) is valid for values of Reynolds numbers from 0 to 2000.

Up until recently it was necessary to use the Colebrook empirical correlation

for transitional flow conditions and the von Karman empirical correlation for the

wholly turbulent flow conditions to obtain an analytic value for the friction factor.
These empirical correlations were difficult trial and error solutions. A new empir-

ical correlation for the friction factor can be used for both transitional flow con-

ditions and wholly turbulent flow conditions (for Reynolds numbers greater than

2000). This empirical correlation is the Haaland correlation [6]. This empirical

expression is

f ¼ 1

�1:8 log

eav
Dh�Dp

� �

3:7

0
@

1
A

1:11

þ 6:9

NR

2
64

3
75

2
666666664

3
777777775

2

; (6-29)

where eav is the absolute roughness of the annulus surfaces (ft, m). Note that the

logarithm in the aforementioned equation is to the base 10. Equation (6-30) gives

the approximation for eav for the open hole section of the annulus. This approxi-

mation is

eav ¼
er D

2
oh þ ep D2

p

D2
oh þ D2

p

: (6-30)

For follow-on calculations for flow in the annulus, the absolute roughness for

steel pipe, ep ¼ 0.0005 ft or ep ¼ 0.0002 m, will be used for the outside surfaces

of the drill pipe and drill collars, and the inside surface of the casing. The open

hole surfaces of boreholes can be approximated with an absolute roughness,
er ¼ 0.01 ft or er ¼ 0.003 m (i.e., this example value is the same as concrete pipe,

which approximates borehole surfaces in limestone and dolomite sedimentary

rocks, or in similar competent igneous and metamorphic rocks, see Table 8-1).

Equations (6-26) through (6-30) can be used in sequential integration steps start-

ing at the top of the annulus (with the known exit pressure) and continuing for each

subsequent change in the annulus cross-sectional area until the bottom hole pres-

sure is determined. These sequential calculation steps require trial and error solu-

tions. The trial and error process requires selection of the upper limit of pressure
in each integral on the right side of Equation (6-26). This upper limit pressure selec-

tion must give a left side integral solution equal to the right side integral solution.

6.2 General Derivation 153



6.2.3 Two-Phase Flow Through the Bit

There are two basic calculation techniques for determining the pressure change

through the constrictions of the drill bit orifices or nozzles.

The first technique assumes that the mixture of incompressible fluid and the

gas passing through the orifices has a high fraction of incompressible fluid vol-

ume. Under these conditions the mixture is assumed to act as an incompressible

fluid. Thus, borrowing from mud drilling technology, the pressure change
through the drill bit DPb can be approximated by [8, 9]

DPb ¼ ð _wg þ _wmÞ2
2g gmixbh C2 p

4

� 	2
D4

e

; (6-31)

where DPb is pressure change (lb/ft2, N/m2), gmixbh is the specific weight of the

mixture at the bottom of the annulus (lb/ft3, N/m3), C is the fluid flow loss coef-

ficient for drill bit orifices or nozzles (the value of this constant is dependent flow

conditions), and De is the equivalent single orifice inside diameter (ft, m). For drill

bits with n equal diameter orifices (or nozzles), De is

De ¼
ffiffiffiffiffiffiffiffiffiffiffi
n D2

n

q
; (6-32)

where n is the number of equal diameter orifices (or nozzles) and Dn is the orifice
(or nozzle) inside diameter (ft, m).

The pressure change obtained from Equation (6-31) is added to the bottom

hole annulus pressure Pbh obtained from Equation (6-26). The pressure above

the drill bit inside the drill string Pai is

Pai ¼ Pbh þ DPb; (6-33)

where Pai is pressure above the drill bit inside the drill string (lb/ft2 abs, N/m2

abs) and Pbh is bottom hole pressure (lb/ft2 abs, N/m2 abs).

For fluid mixtures that are nearly all gas (with little incompressible fluid), the
pressure above the drill bit inside the drill string will depend on whether the crit-

ical flow conditions exist in the orifices or nozzle throats. The critical pressure

through the bit orifices or nozzles is [1]

Pbh

Pai

� �

c

¼ 2

kþ 1

� � k
k�1

; (6-34)

where k is the ratio of specific heats for the gas.

The right-hand side of Equation (6-34) is determined only by the value of
the specific heat ratio constant of a gas (e.g., for air k ¼ 1.4 and for natural gas

k ¼ 1.28). Thus, for air the critical pressure ratio is 0.528 and for natural gas

the critical ratio is 0.549. Therefore, if Pai is determined to be

for air Pai � Pbh

0:528
(6-35)

for natural gas Pai � Pbh

0:549
; (6-36)
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then the flow through the orifice or nozzle throat is sonic. Under these sonic

flow conditions, upstream pressure Pai does not depend on downstream pressure

Pbh. For these sonic flow conditions, the upstream pressure Pai is

Pai ¼
_wg T0:5

bh

An

g k Sg

Re

� �
2

kþ 1

� � kþ1
k�1ð Þ" #0:5 ; (6-37)

where Tbh is the temperature of the gas at the bottom of the well (�R, K) and An is

the total cross-sectional area of drill bit orifices or nozzles (ft2, m2).

If the upstream pressure is less than the right-hand side of either Equation

(6-35) or Equation (6-36), the flow through the orifices or nozzles is subsonic

and the upstream pressure will be dependent on the pressure and temperature
at the bottom of the borehole annulus. The subsonic flow condition is a more com-

plicated calculation situation than the sonic flow condition. In this calculation sit-

uation and knowing the bottom hole pressure and bottom hole temperature, the

bottom hole specific weight must be determined using Equation (5-11). Knowing

the bottom hole pressure, temperature, and specific weight, the upstream pres-

sure can be obtained for the subsonic condition. This equation is

Pai ¼ Pbh

_wg

An

� �2

2g
k

k� 1

� �
Pbh gbh

þ 1

2
6664

3
7775

k

k� 1

; (6-38)

where gbh is the specific weight of the gas at the bottom of the annulus (lb/ft3,

N/m3).

6.2.4 Two-Phase Flow in the Drill String

The combined gas and incompressible fluid are injected into the top of the inside

drill string. This is two-phase flow. The differential pressure dP in the downward

flowing two-phase flow occurs over the incremental distance of dh at the depth

h for a total depth of well of H.

Using Figure 6-1, the differential pressure at a depth h can be approximated as

dP ¼ gmix 1� fV 2

2g Di

� �
dh; (6-39)

where Di is the inside diameter of the drill pipe, or drill collars (ft, m).

The two-phase flow of gas and incompressible fluid down the inside of the

drill string can be described by a mixed specific weight term, which is a function

of position in the drill string. This mixed specific weight term is

gmix ¼ _wg þ _wm

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

: (6-40)
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The velocity of this mixture changes as a function of its position in the drill string.

The velocity of the two-phase flow in the drill string is

V ¼
Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4
D2

i

: (6-41)

Equations (6-40) and (6-41) are functions of the pressure P at a depth of h. Substi-

tuting Equations (6-40) and (6-41) into Equation (6-39) yields

dP ¼ _wg þ _wm

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
664

3
775 1� f

2gDi

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4

D2
i

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;

dh: (6-42)

Equation (6-42) contains only two independent variables: P and h. Separating vari-
ables in Equation (6-42) and integrating from the bottom of the inside of the drill

string to the surface of the well yields
ðPai

Pin

dP

BiðPÞ ¼
ðH
0

dh; (6-43)

where

BiðPÞ ¼
_wg þ _wm

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
664

3
775 1� f

2g Di

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4

D2
i

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;

and Pin is the injection pressure into the inside of the drill string (lb/ft2 abs,

N/m2 abs).

The friction factor f given in the aforementioned equation is determined by

the standard fluid mechanics empirical correlations relating the friction factor

to the Reynolds number, diameter, and absolute pipe roughness. In general,

values for Reynolds number, diameter, and absolute pipe roughness are known.
The classic correlation for the Reynolds number is

NR ¼ DiV

n
; (6-44)

where Di is the inside diameter for the drill string (ft, m).

Three flow conditions can exist in the inside of the drill string. These are lam-
inar, transitional, and turbulent.

The empirical correlation for the friction factor for laminar flow conditions is

f ¼ 64

NR
: (6-45)

This equation can be solved directly once the Reynolds number is known. In gen-

eral, Equation (6-45) is valid for values for Reynolds numbers from 0 to 2000.
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The empirical correlation for the friction factor for both transitional flow

conditions and wholly turbulent flow conditions (for Reynolds numbers greater

than 2000) can be determined from the Haaland correlation [6]. This empirical

expression is

f ¼ 1

�1:8 log

e
Di

� �

3:7

0
@

1
A

1:11

þ 6:9

NR

2
64

3
75

2
666666664

3
777777775

2

(6-46)

where e is the absolute roughness of the inside of the surface of the steel drill

string (ft, m).

Equations (6-43) through (6-46) can be used in sequential integration steps start-

ing at the bottom of the inside of the drill string (with the known pressure above

the drill bit inside the drill string) and continuing for each subsequent change in

the cross-sectional area inside the drill string until the injection pressure is deter-
mined. These sequential calculation steps require trial and error solutions. The trial

and error process requires the selection of the upper limit of the pressure in each

integral on the right side of Equation (6-43). This upper limit pressure selection

must give a left side integral solution equal to the right side integral solution.

6.3 AERATED FLUID DRILLING MODEL
Aerated (or gasified) drilling fluid governing equations are changed very little from

the direct circulation general derivation given in Section 6.2. The gases used in aer-

ated fluid drilling are usually either air or membrane generated nitrogen (air stripped

of oxygen). The fluids used are usually drilling mud, diesel oil, or formation oil.
The basic mathematical model described in Section 6.2 must be augmented

with specialized empirically derived correlation models that take into account

changes in flow viscosity and liquid holdup experienced in actual aerated drilling

operations [2–4]. In particular, these empirical additions to the mathematical

model demonstrate the origins of the increased injection and bottom hole pres-

sures experienced in field operations. Chapter 9 will show how these correlations

can be incorporated into the basic mathematical model. The resulting mathemati-

cal and empirical models will be demonstrated with illustrative examples.

Equations (6-11) through (6-30) describe the flow of aerated drilling fluids in

the annulus.

Equations (6-31) through (6-38) describe the flow of aerated drilling fluids
through the drill bit orifices or nozzles.

Equations (6-39) through (6-46) describe the flow of aerated drilling fluids

through the inside of the drill string.
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6.4 STABLE FOAM DRILLING MODEL
Stable foam drilling is a special case of the general derivation given in Section 6.2.

In essence, it is a special case of aerated drilling fluids. In stable foam drilling

operations, the mixture of gas (usually air or membrane generated nitrogen)

and water (with a surfactant) combine under the action of high shear flow

through the drill bit nozzles to form a foam.
Referring to Figure 6-1, foam gas volume fraction (or foam quality) G at any

position in the annulus is defined as

G ¼ Qg

Qg þ Qf

; (6-47)

where Qg is the volumetric flow rate of gas (ft3/sec, m3/sec) and Qf is the volu-

metric flow rate of the incompressible fluid (ft3/sec, m3/sec).

The objective of the foam operation is to control the foam column inside

the annulus in such a manner as to maintain continuous unbroken (or stable)

foam throughout the annulus. In order to accomplish this, normal operational

practice is to place a back pressure valve on the return flow line at the surface.

The back pressure valve and appropriate instrumentation just upstream of

the valve allow monitoring of the foam gas volume fraction at that position
(i.e., Gbp). Knowing the foam gas volume fraction at this position, the foam gas

volume fraction at the bottom of the annulus Gbh can be determined via model-

ing and operational experience. The gas volume fraction at the bottom of the

annulus must be maintained at approximately 0.60 or greater [10]. Thus, as

the drilling operation progresses and the drill bit is advanced to greater depths,

the foam gas volume fraction upstream of the back pressure valve must be

adjusted to allow the bottom hole gas volume fraction to be maintained at 0.60

or greater.
If the bottom hole foam gas volume fraction drops much below 0.60, the foam

will collapse to the three separate phases. To maintain the bottom hole foam gas

volume fraction in the annulus at 0.60 or greater, the foam gas volume fraction

upstream of the back pressure valve is usually maintained in the range of 0.90

to 0.99. This return line foam gas volume fraction is dependent on the geometry

of the well and of course on the quality of the additives (mainly the surfactant).

The flow up the annulus is a stable foam carrying the entraining cutting solids.

The exit pressure for stable foam drilling operations is the back pressure Pbp
upstream of the valve in the return flow line from the annulus. Equation (6-26)

becomes
ðPbh

Pbp

dP

BaðPÞ ¼
ðH
0

dh; (6-48)

where Pbp is the back pressure on the annulus (lb/ft2 abs, N/m2 abs) and

158 CHAPTER 6 Direct Circulation Models



BaðPÞ ¼ _wt

Pg
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Tav

Tg
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Qg þ Qf
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P
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Tg
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h � D2
pÞ
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2
8>>><
>>>:

9>>>=
>>>;
:

Somewhat like the aerated drilling fluid model, the stable foam model requires

empirically derived correlations to complete the model. Field operational data

show that stable foam drilling operations on large diameter surface using a factor
of less compressed air volumetric flow rates as would be required for an air dril-

ling operation. This is because the stable foam bubble structure surface tension

acts with an effective high viscous when flowing and with pseudo gel strength

when flowing and when static.

To emulate these stable foam characteristics, two basic empirical correlation

methodologies are presently used in the drilling industry. Both of these methodol-

ogies depend on simple laboratory tests that utilize the actual water, surfactant,

and other additives that will be used in a future stable foam drilling operation.
These tests are principally conduced to obtain the stable foam half-life. To a lesser

extent, the tests can also give some information on the effective viscosity and the

gel strength of the foam.

1. Viscosity Correlation: This correlation utilizes results of the laboratory
tests to modify the viscosity of the fluid mixture to give an effective viscos-

ity that will allow the overall model to match field results. This correlation

utilizes the traditional Reynolds number calculation and the laminar, transi-

tion, and turbulent correlations [Equations (6-49), (6-50), and (6-51)] to

obtain the annulus and pipe friction factor [Equation (6-48)][11].

2. Friction Factor Correlation: This correlation utilizes the laboratory test

results to directly obtain the value for the friction factor in Equation (6-48).

Chapter 10 will present the typical laboratory test procedures used in the indus-

try and the correlations that utilize the test results. These correlations will be

incorporated into the mathematical model and illustrative examples shown.

The classic correlation for the Reynolds number is

NR ¼ ðDh � DpÞV
n

: (6-49)

Three flow conditions can exist in the annulus. These are laminar, transitional,

and turbulent.

The empirical correlation for the friction factor for laminar flow conditions is

f ¼ 64

NR
: (6-50)

This equation can be solved directly once the Reynolds number is known. In gen-

eral, Equation (6-50) is valid for values for Reynolds numbers from 0 to 2000.
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The Haaland empirical correlation can be used to determine the friction factor

in Equation (6-48). This empirical expression is

f ¼ 1

�1:8 log

eav
Dh�Dp
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: (6-51)

Equations (6-30) and (6-47) through (6-51) can be used in sequential trial and error

integration steps starting at the top of the annulus (with the specified foam gas vol-

ume fraction and, thus, pressure upstream of the return line valve) and continuing

for each subsequent geometry change in the annulus cross-sectional area until the

bottom hole pressure and foam gas volume fraction values are determined.

The flow through the drill bit nozzles is assumed to be an aerated drilling

fluid. Therefore, Equations (6-31) through (6-38) are used to model this flow.

The flow through the inside of the drill string is also assumed to be an aerated
drilling fluid. Therefore, Equations (6-39) through (6-46) are used to model this flow.

6.5 AIR AND GAS DRILLING MODEL
Unlike the aerated and stable foam drilling fluid models, the air and gas drilling

model requires no special empirical correlations to adjust the results to provide

results that agree more closely to field data. Chapter 8 will give illustrative exam-
ples for this model.

Air (or gas) drilling is a special case of the theory derived in Section 6.2. The

governing equations for air (or gas) drilling operations can be obtained by setting

Qm ¼ 0 in the equations derived in Section 6.2. The aforementioned assumption

restricts the flow in the annulus to two-phase flow (gas and rock cuttings).

Setting Qm ¼ 0 in Equation (6-25) yields

dP ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg

2
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2
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dh; (6-52)

where [see Equation (6-13)]

_wt ¼ _wg þ _ws:

The exit pressure in direct circulation air (or gas) drilling operations is atmospheric
pressure Pat at the top of the annulus. Separating variables in Equation (6-52) yields

ðPbh

Pat

dP

BaðPÞ ¼
ðH
0

dh (6-53)
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where

BaðPÞ ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg

2
664

3
775 1þ f

2gðDh � DpÞ

Pg

P

� �
Tav

Tg

� �
Qg

p
4
ðD2

h � D2
pÞ

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
:

Using Equations (6-6), (6-7), and (6-13), Equation (6-53) can be rearranged to

give
ðPbh

Pat

PdP

ðP2 þ ba T 2
avÞ

¼ aa

Tav

ðH
0

dh; (6-54)

where

aa ¼ Sg

Re

� �
1þ _ws

_wg

� �� �
(6-55)

ba ¼ f

2g ðDh � DpÞ
Re

Sg

� �2 _w2
g

p
4

� �2

ðD2
h � D2

pÞ2
: (6-56)

In the form just given, both sides of Equation (6-54) can be integrated. Using the

constants in Equations (6-55) and (6-56), the solution to Equation (6-54) is

1

2
lnðP2 þ ba T

2
avÞ

����
����
Pbh

Pat

¼ aa

Tav
jh jH0 : (6-57)

Evaluating Equation (6-57) at the limits and rearranging the results give

ln
P2
bh þ baT

2
av

P2
at þ baT2

av

� �
¼ 2aa

Tav
H: (6-58)

Raising both sides of Equation (6-58) to the natural exponent e gives

P2
bh þ baT

2
av

P2
at þ baT 2

av

¼ e

2aa H

Tav : (6-59)

Equation (6-59) can be rearranged and a solution obtained for Pbh. This is

Pbh ¼ ðP2
at þ ba T

2
avÞe

2aa H

Tav � ba T
2
av

2
64

3
75
0:5

: (6-60)

The von Karman empirical correlation for wholly turbulent flow conditions can

be used to determine the friction factor in Equation (6-56)[1]. This empirical

expression is

f ¼ 1

2 log
Dh � Dp

e

� �
þ 1:14

2
664

3
775

2

: (6-61)
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Equations (6-30), (6-55), (6-56), (6-60), and (6-61) can be used in sequential calcu-

lation steps starting at the top of the annulus and continuing for each subsequent

change in cross-sectional area in the annulus until the bottom hole pressure is

determined.

The flow condition through the drill bit orifices or nozzles is single phase (air
or gas) flow. The character (sonic or subsonic) of the gas flow through the drill

bit orifices or nozzles is determined by the critical pressure ratio equation. The

critical pressure ratio equation for bottom hole conditions is

Pbh

Pai

� �

c

¼ 2

kþ 1

� � k
k�1

; (6-62)

where k is the ratio of specific heats for the gas.

If Pai is determined to be

for air Pai � Pbh

0:528
(6-63)

for natural gas Pai � Pbh

0:549
(6-64)

then the flow through the orifice or nozzle throat is sonic. Under these sonic

flow conditions, the upstream pressure Pai does not depend on downstream

pressure Pbh. For sonic flow conditions through the nozzles the upstream pres-

sure is

Pai ¼
_wg T

0:5
bh

An

gkSg

Re

� �
2

kþ 1

� � kþ1
k�1ð Þ" #0:5 : (6-65)

If the upstream pressure is less than the right-hand side of either Equation (6-63) or

(6-64), the flow through the orifices or nozzles is subsonic and the upstream pres-

sure will be dependent on the pressure and temperature at the bottom of the well

(downstream). For these subsonic conditions the upstream pressure is

Pai ¼ Pbh

_wg

An

� �2

2g
k

k� 1

� �
Pbh gbh

þ 1

2
6664

3
7775

k
k�1

: (6-66)

The flow in the inside of the drill string is single phase flow (air or another gas).

Setting Qm ¼ 0 in Equation (6-42) yields

dP ¼ _wg

Pg

P

� �
Tav

Tg

� �
Qg

2
664

3
775 1� f

2gDi

Pg

P

� �
Tav

Tg

� �
Qg

p
4
D2

i

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
dh: (6-67)

Separating variables in Equation (6-67) yields
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ðPai

Pin

dP

BiðPÞ ¼
ðH
0

dh; (6-68)

where

BiðPÞ ¼
_wg

Pg

P

� �
Tav

Tg

� �
Qg

2
664

3
775 1� f

2gDi

Pg

P

� �
Tav

Tg

� �
Qg

p
4
D2

i

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
:

Using Equations (6-6), (6-7), and (6-13), Equation (6-68) can be rearranged to give
ðPai

Pin

PdP

ðP2 � bi T 2
avÞ

¼ ai

Tav

ðH
0

dh; (6-69)

where

ai ¼ Sg

Re
(6-70)

bi ¼ f

2gDi

Re

Sg

� �2 _w2
g

p
4

� �2

D4
i

: (6-71)

In the form just described, both sides of Equation (6-69) can be integrated. Using
the constants in Equations (6-70) and (6-71), the solution to Equation (6-69) is

1

2
lnðP2 � biT

2
avÞ

����
����
Pai

Pin

¼ ai

Tav
jh jH0 : (6-72)

Evaluating Equation (6-72) at the limits and rearranging the results give

ln
P2
ai � biT

2
av

P2
in � biT2

av

� �
¼ 2ai

Tav
H: (6-73)

Raising both sides of Equation (6-73) to the natural exponent gives

P2
ai � biT

2
av

P2
in � biT2

av

¼ e
2aiH

Tav : (6-74)

Equation (6-74) can be rearranged and a solution obtained for Pin. This is

Pin ¼
P2
ai þ biT

2
av e

2aiH

Tav � 1
� �

e
2aiH

Tav

2
4

3
5
0:5

: (6-75)

The von Karman empirical correlation can be used to determine the friction fac-

tor in Equation (6-71)[1]. This empirical expression is

f ¼ 1

2 log
Di

e

� �
þ 1:14

2
664

3
775

2

: (6-76)
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Equations (6-70), (6-71), (6-75), and (6-76) can be used in sequential calculation

steps starting at the bottom of the inside of the drill string and continuing for

each subsequent change in the cross-sectional area in the drill string until the sur-

face injection pressure is determined.
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CHAPTER

Reverse Circulation Models 7
In order to make reasonable predictions of the flow characteristics for direct

circulation air and gas drilling operations, aerated fluids drilling operations, and

stable foam drilling operations, it is necessary to derive a consistent theory that

can be used, with certain simplifying limitations, to develop specific equations

to model each of the aforementioned operations. All three basic drilling fluid cir-

culation models, air and gas, aerated, and stable foam, must utilize a combination

of mathematical theory and empirical correlations to develop a complete calcula-
tion model for each.

7.1 BASIC ASSUMPTIONS
Reverse circulation is defined as the injection of the drilling fluid into the top of

the annulus space, the flow of the fluid down the inside of the annulus (between

the inside of the casing or open hole), entrain the rock cuttings as the drilling

fluid flows into the large opening in the drill bit, and then flow with the cuttings

to the surface through the inside of the drill string.

Figure 7-1 shows a simplified U-tube schematic representation of reverse circu-
lation flow. In general, in air and gas drilling operations, two-phase flow occurs in

the inside of the annulus. Three-phase flow occurs when fluids with entrained

rock cuttings pass through the large opening drill bit and then move up the

inside of the drill string from the bottom of the well to the surface. The three

phases are a compressible gas, an incompressible fluid, and the solid rock cut-

tings from the advance of the drill bit. The compressible gases used most in dril-

ling are air, membrane generated nitrogen, nitrogen, or natural gas. The

incompressible fluids used are treated fresh water, treated salt water (formation
water), and water-based drilling muds. Diesel oil, oil-based drilling muds, and

crude oil (formation oil) are somewhat compressible.
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It is assumed that compressible gases can be approximated by the perfect gas
law. Further, it is assumed that the mixture of compressed gas and incompressible

fluid will be uniform and homogeneous. When solid rock cuttings are added to

the mixture of compressible gas and incompressible fluid, the solid rock particles

are assumed to be uniform in size and density and will be distributed uniformly in

the mixture of gas and fluid [1].

The assumption of uniformity of the two or three phases in the mixtures is an

important issue in light of the technology developed for gas lift-assisted oil pro-

duction [2, 3]. The aeration (or gasification) of oil (or other formation produced
fluids) from the bottom of a well with the flow of gas from the surface (down

the annulus between the casing and the production tubing) is basically the same

as the aeration of drilling fluid and rock cuttings from the bottom of a well to the

surface through the inside of the drill string using a flow of gas and fluid from

the surface (down the annulus). However, in most oil production situations the

two-phase flow takes place inside of the tubing [4].

Pbdca= Pbh

Pbdpa Pbdpi

Pbdci

Pai

P

H

d P

Pbca

Pe

Pin (All)

FIGURE 7-1. Schematic of reverse circulation. Pin is the injection pressure into the top of

the annulus, Pbca is the pressure at the bottom of the casing in the annulus, Pbdpa is the

pressure at the bottom of drill pipe in the annulus, Pbdca is the pressure at the bottom of drill

collars in the annulus, Pbh is the bottom hole pressure in the annulus, Pai is the pressure

above the drill bit inside the drill string, Pbdci is the pressure at the bottom of drill collars inside

the drill string, Pbdpi is the pressure at the bottom of the drill pipe inside the drill string, and Pe

is the pressure at the exit at the top of the inside of the drill string.
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7.2 GENERAL DERIVATION
The term Pin represents the pressure of the injected drilling fluid into the top of

the annulus. The U-tube representation in Figure 7-1 shows the largest annulus

space between the outside of the drill pipe and the inside of the casing. Next is

the annulus space between the outside of the drill pipe and the inside of the open

hole. Then at the bottom of the annulus is the space between the outside of the
drill collars and the inside of the open hole. At the bottom of the drill string is the

single large opening in the drill bit that allows the drilling fluids with entrained

rock cuttings to pass into the inside of the drill string. The schematic shows

the smaller inside diameter of the drill collars. Above the drill collars is the larger

inside diameter of the drill pipe. At the top of the drill pipe the drilling fluid with

the entrained cuttings exit the circulation system at pressure Pe.

As in all compressible flow problems, the process of solution must commence

with a known pressure and temperature and, in this case, the pressure and tem-
perature at the exit. Therefore, the derivation will begin with the analysis of the

inside of the drill string. Figure 7-1 shows pressure P at any position in the inside

of the drill string, which is referenced from the surface to a depth h. The total

depth of the well is H. The differential pressure dP in the upward flowing

three-phase flow occurs over an incremental distance of dh. This differential pres-

sure can be approximated as [1]

dP ¼ gmix 1þ f V 2

2g Di

� �
dh; (7-1)

where P is fluid pressure (lb/ft2 abs, N/cm2 abs); h is the reference depth (ft, m);

H is the total depth (ft, m); gmix is the specific weight of the mixture of air (or

other gas), incompressible fluid, and rock cuttings (lb/ft3, N/m3); f is the

Darcy–Weisbach friction factor; V is the average velocity in the annulus (ft/sec,

m/sec); Di is the inside diameter of the drill string (ft, m); and g is the acceleration

of gravity (32.2 ft/sec2, 9.81 m/sec2).
The first term on the right side of Equation (7-1) represents the incremental

pressure change due to the hydrostatic weight of the column of fluids (with

entrained rock cuttings) inside the drill string. The second term on the right side

of Equation (7-1) represents the incremental pressure change due to the friction

resistance to the flowing fluids in the drill string.

7.2.1 Weight Rate of Flow of the Gas

In order to carry out derivation of the governing equations for reverse circulation,

the weight rate of flow of air (or gas) to the well must be determined. Assuming

that the compressed air is provided by a compressor(s), the weight rate of flow

through the circulating system is determined from the atmospheric pressure and

temperature of the air at the compressor location on the surface of the earth,
and the characteristics of the compressor(s). For air, the atmospheric pressure
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and average annual temperatures for sea level and various elevations above sea

level can be approximated for most of North America by midlatitudes data given

in Tables 5-1a and 5-1b. These reference pressures are denoted as pr and tr. For

engineering calculations, the actual atmospheric pressure and temperature of the

air entering a primary compressor(s) are pat and tat and can be approximated as

pat � pr (7-2)

tat � tr; (7-3)

where pat is atmospheric pressure (psia, N/cm2 abs), pr is the reference atmo-

spheric pressure (psia, N/cm2 abs), tat is atmospheric pressure (psia, N/cm2

abs), and tr is the reference atmospheric temperature (�F, �C). Also see Appendix

B for more detailed plots for atmospheric conditions for North America midlati-
tudes. Similar data as that given in Tables 5-1a and 5-1b and Appendix B for North

America midlatitudes can be obtained for most other continents and latitudes

around the world.

The aforementioned pressures and temperatures in field units must be con-

verted to units consistent with Equations (5-11) and (7-1). These are

Pg ¼ Pr (7-4)

Tg ¼ Tr; (7-5)

where Pr is the reference atmospheric pressure (lb/ft2 abs, N/m2 abs) and Tr is

the absolute atmospheric reference temperature (�R, K).
Substituting Equations (7-2) and (7-3) into Equation (5-11), the specific weight

of the gas (air) gg entering the compressor(s) is

gg ¼
Pg Sg

Re Tg
¼ Pr Sg

Re Tr
; (7-6)

where gg is specific weight (lb/ft3, N/m3), Re is the engineering gas constant

(53.36 ft-lb/lb-�R, 29.31 N-m/N-K), and Sg is the specific gravity of the gas (Sg ¼
1.0 for air at standard conditions). The weight rate of flow of the gas, _wg through

the compressor is

_wg ¼ ggQg; (7-7)

where _wg is the weight rate of flow of gas (lb/sec, N/sec) and Qg is the volumet-

ric flow rate of air into the circulation system (actual ft3/sec, actual m3/sec).

If the gas for the drilling operation is natural gas from a pipeline and the pres-

sure and temperature of the gas in the pipeline are ppl and tpl, then the pressure
and temperature of the gas entering either directly into the circulation system or

to the booster compressor are

Pg ¼ Ppl (7-8)

Tg ¼ Tpl ; (7-9)
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where ppl is the pipeline pressure (psia, N/cm2 abs), Ppl is the pipeline pressure

(lb/ft2 abs, N/m2 abs), tpl is the pipeline temperature (�F, �C), and Tpl is the abso-

lute pipeline temperature (�R, K).
Substituting Equations (7-8) and (7-9) into Equation (5-11), the specific weight

of the gas from a pipeline can be obtained. This is

gg ¼
PgSg

Re Tg
¼ PplSg

Re Tpl
: (7-10)

In this equation, Sg would be the specific gravity of the pipeline natural gas (e.g.,

usually between 0.65 and 0.85).

Substituting the result from Equation (7-10) into Equation (7-7) gives the
weight rate of flow of gas from a pipeline, where Qg is the volumetric flow rate

of natural gas from the pipeline at pressure ppl and temperature tpl. Note that

the volumetric flow rate in a pipeline is usually given by flow meters in either

scfm or standard m3/sec regardless of surface elevation location. This value

must be converted to obtain the actual volumetric flow rate at ppl and tpl (see

Appendix A). As discussed in Chapter 5, care must be taken to determine which

set of standard conditions are being used to define the “scfm or standard m3/sec.”

Chapter 5 gives a summary of the most common standard condition specifica-
tions used throughout the industrialized world.

7.2.2 Three-Phase Flow in the Drill String

This general solution for three-phase flow is valid for aerated (gasified) drilling

fluids where the three phases in the annulus are gas, incompressible fluid, and

solids (cuttings).

The weight rate of flow of incompressible drilling fluid (usually drilling mud),
_wm, into the well is

_wm ¼ gm Qm; (7-11)

where _wm is the weight rate of flow of drilling mud (lb/sec, N/sec), gm is the spe-
cific weight of the drilling mud (lb/ft3, N/m3), and Qm is the volumetric flow rate

of drilling mud (ft3/sec, m3/sec).

The weight rates of flow _wg and _wm enter the well through the top of the

annulus and flow to the bottom of the annulus and exit the bottom hole through

the large opening in the drill bit into the inside of the drill bottom of the drill

string just above the drill bit. As the flow passes through the drill bit, the fluids

entrain the rock cuttings generated by the drill bit as the bit is advanced. The

entrained weight rate of flow of the solids, _ws, is

_ws ¼ p
4
D2

hgw 2:7ð Þk; (7-12)

where _ws is the weight rate of flow of solid rock cuttings (lb/sec, N/sec), Dh is the

diameter of the drilled hole (i.e., the bit diameter) (ft, m), gw is the specific weight of

the fresh water (lb/ft3, N/m3), and k is the penetration rate (ft/sec, m/sec).
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For USCS units, in Equation (7-12), the specific weight of fresh water is 62.4

lb/ft3. For SI units, in Equation (7-12), the specific weight of fresh water is the

density of fresh water, 1000 kg/m3, multiplied by the acceleration of gravity in

the SI units 9.81 m/sec2. The average specific gravity of sedimentary rocks is

approximately 2.7. If igneous or metamorphic rocks are to be drilled, average
values of 2.80 and 3.00, respectively, can be used [5].

The total weight rate of flow, _wt , inside the drill string and flowing from the

bottom of the well to the surface is

_wt ¼ _wg þ _wm þ _ws: (7-13)

The drilling mud and the rock cutting solids are assumed to not change volume

when pressure is changed (note that if the liquid phase fluid is oil, the

volume changes with pressure can be taken into account). However, the air (or

gas) does change volume as a function of pressure change and, therefore, as a

function of depth. Thus, the specific weight of the gas at any position inside the drill

string is

gg ¼
PSg

Re Tav
; (7-14)

where Tav is the average temperature of the gas over a depth interval (�R, K).
This average temperature term is determined by taking the average of the sum

of the geothermal temperatures at the top and bottom of the depth interval.
The geothermal temperature at depth th is determined from the approximate

expression

th ¼ tr þ bH; (7-15)

where tr is the average annual atmospheric reference temperature (�F, �C), th is

the geothermal temperature at depth (�F, �C), and b is the geothermal tempera-

ture gradient (�F/ft, �C/m).

The reference surface geothermal temperature, tr, is assumed to be the tem-

peratures given in Tables 5-1a and 5-1b for sea level and various elevations above
sea level. These temperatures represent North American midlatitude year-round

averages. It is assumed that these temperatures also represent an average constant

of deep soil or rock temperatures near the surface of the earth at the elevations

given in the table. The value of the geothermal gradient constant is determined

from temperature logs of offset wells and other geophysical data. An average

value of the geothermal gradient that can be used when the actual gradient has

not been determined is 0.01�F/ft, or 0.018�C/m. The temperature at depth can

be expressed as absolute temperatures using the following:

Th ¼ Tr þ bH; (7-16)

where Tr is the reference atmospheric temperature (�R, K). Once the reference

temperature is changed to absolute, no other changes need to be made in

Equation (7-16).
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The absolute average temperature Tav over the first depth interval below the

surface is

Tav1 ¼ Tr þ Th1

2
: (7-17)

The Tav for follow-on intervals will be the average of the absolute temperature at

the top and the absolute temperature at the bottom of the interval. Follow-on

average temperatures will be

Tav2 ¼ Th1 þ Th2

2
:::; (7-18)

where Th1 is the temperature at the bottom of the first interval (�R, K) and Th2 is

the temperature at the bottom of the second interval (�R, K). Follow-on Tav interval

temperatures are determined in sequence in a similar method as shown above.

The relationship between the weight rate of flow of the gas and the specific

weight and volumetric flow rate of gas at any position inside the drill string is

given by

_wg ¼ gg Qg ¼ gQ: (7-19)

Substituting Equations (7-6) and (7-14) into the two terms on the right side of

Equation (7-19) gives a relationship between the specific weight and volumetric

flow rate at the surface and the specific weight of volumetric flow rate at any

position inside the drill string. This is

Pg Sg

Re Tg
Qg ¼ PSg

Re Tav
Q: (7-20)

Solving Equation (7-20) for Q yields

Q ¼ Pg

P

� �
Tav

Tg

� �
Qg: (7-21)

The three-phase flow of gas, incompressible fluid, and rock cuttings up the

inside of the drill string can be described by a mixed specific weight term, which

is a function of its position in the drill string. This mixed specific weight, gmix, is

gmix ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

: (7-22)

In the derivation of Equation (7-22), the volume of the solids (the rock cuttings) is

assumed to be small and negligible relative to the volumes of the gas and the

incompressible fluid in the mixture (i.e., contributes only to the _wt term).

The velocity of this mixture changes as a function of its position inside the

drill string. The velocity, V, of the three-phase flow inside the drill string is

V ¼ Qþ Qm

p
4
D2

i

; (7-23)
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where Di is the inside diameter of the drill string (ft).

Substituting Equation (7-21) into Equation (7-23) yields

V ¼
Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4
D2

i

: (7-24)

Substituting Equations (7-22) and (7-24) into Equation (7-1) yields

dP ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
664

3
775

1þ f

2gDi

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4
D2

i

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
dh: (7-25)

Equation (7-25) contains only two independent variables: P and h. All of the
other terms in the equation are known constants. Separating variables in

Equation (7-25) and integrating from the exit (at the surface) to the bottom of

the inside of the drill string yields
ðPai

Pe

dP

Bi Pð Þ ¼
ðH
0

dh; (7-26)

where Pe is the exit pressure at the top of the inside of the drill string (lb/ft2 abs,

N/m2 abs), Pai is the pressure above the bit inside the bottom of the drill string

(lb/ft2 abs, N/m2 abs), and

Bi Pð Þ ¼ _wt

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
664

3
775

1þ f

2gDi

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4
D2

i

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
:

For this general derivation, exit pressure, Pe, is atmospheric pressure at the end of

the blooey line from the top of the inside of the drill string (in the case of air or

gas drilling) and at the end of the return flow line from the top of the inside of the

drill string (in the case of aerated fluid drilling or stable foam drilling).

The Darcy–Weisbach friction factor f given in the aforementioned equation is

usually determined by standard fluid mechanics empirical correlations relating

the friction factor to the Reynolds number, diameter, and absolute pipe roughness.
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In general, the values for Reynolds number, diameter, and absolute pipe roughness

are known. The classic correlation for the Reynolds number is

NR ¼ DiV

n
; (7-27)

where Di is the inside diameter for the drill string (ft, m), V is the velocity (ft/sec,

m/sec), and n is the kinematic viscosity of the drilling fluid (ft2/sec, m2/sec).

Three flow conditions can exist inside the drill string. These are laminar, tran-

sitional, and turbulent [1].

The empirical correlation for the friction factor for laminar flow conditions is

f ¼ 64

NR
: (7-28)

This equation can be solved directly once the Reynolds number is known.
In general, Equation (7-28) is valid for values for Reynolds numbers from

0 to 2000.

Up until recently it was necessary to use the Colebrook empirical correlation

for transitional flow conditions and the von Karman empirical correlation for the

wholly turbulent flow conditions to obtain an analytic value for the friction factor.

These empirical correlations required difficult trial and error calculations. A new

empirical correlation for the friction factor can be used for both transitional flow

conditions and wholly turbulent flow conditions (for Reynolds numbers greater
than 2000). This empirical correlation is the Haaland correlation [6]. This empiri-

cal expression is

f ¼ 1

�1:8 log

ep

Dp

� �

3:7

0
BB@

1
CCA

1:11

þ 6:9

NR

2
6664

3
7775

2
6666666666664

3
7777777777775

2

: (7-29)

For follow-on calculations for the flow inside the steel drill string, the absolute

roughness for steel pipe is approximately ep ¼ 0.0005 ft or ep ¼ 0.0002 m [1].

Equations (7-26) through (7-29) can be used in sequential trial and error inte-

gration steps starting at the top of the inside of the drill string (with the known
exit pressure) and continuing for each subsequent geometry change in the drill

string inside the cross-sectional area until the pressure at the bottom of the inside

of the drill string is determined. These sequential calculation steps require trial

and error solutions. The trial and error process requires selection of the upper

limit of pressure in each integral on the right side of Equation (7-26). This upper

limit pressure selection must give a left side integral solution that is equal to the

right side integral solution.
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7.2.3 Three-Phase Flow Through the Bit

There are three basic calculation techniques for determining the pressure change

through the constriction of the single drill bit (or water course) orifice.

The first technique assumes that the mixture of incompressible fluid, gas,

and rock cuttings passes through the single orifice. Under these conditions, the

mixture is assumed to act as an incompressible fluid. Thus, borrowing from

mud drilling technology, the pressure change through the drill bit, DPb, can be
approximated by [7, 8]

DPb ¼ _w2
t

2g gmixaiC
2

p
4

� �2

D4
bi

; (7-30)

where DPb is pressure change (lb/ft2, N/cm2), gmixai is the mixture-specific

weight above the drill bit inside the drill string (lb/ft3, N/m3), C is the fluid flow

loss coefficient for drill bit orifices or nozzles (the value of this constant is depen-

dent on the flow components), and Dbi is the drill bit single orifice inside diame-

ter (ft, m). The pressure change obtained from Equation (7-30) is subtracted from
the pressure above the drill bit inside the drill string Pai obtained from Equation

(7-26). The annulus bottom hole pressure Pbh is

Pbh ¼ Pai � DPb; (7-31)

where Pbh is bottom hole pressure (lb/ft2 abs, N/cm2 abs) and Pai is pressure

above the drill bit inside the drill string (lb/ft2 abs, N/cm2 abs).

For fluid mixtures that are nearly all gas (with little incompressible fluid) and

subsonic flow conditions, the pressure above the drill bit inside the drill string Pai
can be determined from [1]

2g
k

k� 1

� �
Pbh gbh

Pai

Pbh

� �2
k � Pai

Pbh

� �kþ 1

k

2
64

3
75 ¼ _wg

Abi

� �2

; (7-32)

where k is the ratio of specific heats for the gas (e.g., for air k ¼ 1.4 and for

natural gas k ¼ 1.28), gbh is the specific weight of the gas at the bottom of the

annulus (lb/ft3, N/m3), and Abi is the cross-sectional area of the single drill bit

orifice (ft2, m2). Equation (7-32) must be solved by trial and error for Pbh.
The equations just given will generally yield results that show that the annulus

bottom hole pressure Pbh differs very little from the pressure above the drill bit

inside the drill string Pai for most practical parameters. Therefore, it can usually

be assumed that

Pbh � Pai: (7-33)
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7.2.4 Two-Phase Flow in the Annulus

The downward flow condition in the annulus is two phase. Differential pressure,

dP, occurs over the incremental distance of dh. This differential pressure can be

approximated as

dP ¼ gmix 1� fV 2

2g Dh � Dp

� 	
" #

dh; (7-34)

where Dh is the inside diameter of the annulus (ft, m)(the borehole) and Dp is the
outside diameter of the drill string (pipe and collars) (ft, m).

The two-phase flow of gas and incompressible fluid down the annulus space to

the bottom of the well can be described by a mixed specific weight term, which is a

function of position in the annulus. This mixed specific weight term is

gmix ¼ _wg þ _wm

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

: (7-35)

The velocity of this mixture changes as a function of its position in the annu-

lus. The velocity of the two phase flow in the annulus is

V ¼
Pg

P

� �
Tav

Tg

� �
Qg þ Qm

p
4

D2
h � D2

p

� � : (7-36)

Substituting Equations (7-35) and (7-36) into Equation (7-34) yields

dP ¼ _wg þ _wm

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
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1� f

2g Dh � Dp

� 	
Pg

P
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Tav

Tg

� �
Qg þ Qm

p
4

D2
h � D2

p

� �

2
664

3
775

2
8>>><
>>>:

9>>>=
>>>;
dh: (7-37)

Equation (7-37) contains only two independent variables: P and h. Separating

variables in Equation (7-37) and integrating from the injection (at the surface)

to the bottom of the annulus yields
ðPbh

Pin

dP

Ba Pð Þ ¼
ðH
0

dh; (7-38)
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where

Ba Pð Þ ¼ _wg þ _wm

Pg

P

� �
Tav

Tg

� �
Qg þ Qm

2
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775

1� f
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� 	
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775

2
8>>><
>>>:

9>>>=
>>>;
;

where Pin is the injection pressure into the top of the annulus space (lb/ft2 abs,

N/m2 abs).

The friction factor f given in the equation just shown is determined by the

standard fluid mechanics empirical correlations relating the friction factor to

the Reynolds number, diameter (or hydraulic diameter), and absolute pipe rough-

ness. In general, the values for Reynolds number, diameter, and absolute pipe

roughness are known. The classic correlation for the Reynolds number is

NR ¼ Dh � Dp

� 	
V

n
; (7-39)

where Dh – Dp is the hydraulic diameter for the annulus (ft, m).

Three flow conditions can exist in the annulus. These are laminar, transitional,

and turbulent.
The empirical correlation for the friction factor for laminar flow conditions is

f ¼ 64

NR
: (7-40)

This equation can be solved directly once the Reynolds number is known. Equa-

tion (7-40) is valid for values for Reynolds numbers from 0 to 2000.

The empirical correlation for the friction factor for both transitional flow con-

ditions and wholly turbulent flow conditions (for Reynolds numbers greater than

2000) can be determined from the Haaland correlation [6]. This empirical expres-

sion is

f ¼ 1

�1:8 log

eav

Dh � Dp

� �

3:7

0
BB@

1
CCA

1:11

þ 6:9

NR

2
6664

3
7775

2
6666666666664

3
7777777777775

2

; (7-41)
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where eav is the approximate average absolute roughness of the annulus surfaces

(ft, m). Note that the logarithm in the equation is to the base 10.

Equation (7-42) gives the approximation for eav for the open hole section of

the annulus. This approximation is

eav ¼
er D

2
oh þ ep D

2
p

D2
oh þ D2

p

: (7-42)

For follow-on calculations for flow in the annulus, the absolute roughness for

steel pipe, ep ¼ 0.0005 ft or ep ¼ 0.0002 m, will be used for the outside surfaces

of the drill pipe and drill collars, and the inside surface of the casing. The open

hole surfaces of boreholes can be approximated with an absolute roughness
eoh ¼ 0.01 ft or eoh ¼ 0.003 m (i.e., this example value is the same as concrete

pipe, which approximates borehole surfaces in limestone and dolomite sedimen-

tary rocks, or in similar competent igneous and metamorphic rocks, see Table 8-1).

Equations (7-38) through (7-42) can be used in sequential integration steps

starting at the top of the annulus (with the known exit pressure) and continuing

for each subsequent change in the annulus cross-sectional area until the bottom

hole pressure is determined. These sequential calculation steps require trial and

error solutions. The trial and error process requires selection of the upper limit
of the pressure in each integral on the right side of Equation (7-38). This upper

limit pressure selection must give a left side integral solution that is equal to

the right side integral solution.

7.3 AERATED FLUID DRILLING MODEL
Aerated (or gasified) drilling fluid governing equations are changed very little
from the direct circulation general derivation given in Section 7.2. The gases used

in aerated fluid drilling are usually either air or membrane generated nitrogen

(air stripped of oxygen). The fluids used are usually drilling mud, diesel oil, or for-

mation oil.

The basic mathematical model described in Section 7.2 must be augmented

with specialized empirically derived correlation models that take into account

changes in flow viscosity and liquid holdup experienced in actual aerated drilling

operations [2–4]. In particular, these empirical additions to the mathematical
model demonstrate the origins of the increased injection and bottom hole pres-

sures experienced in field operations.

Equations (7-11) through (7-29) describe the flow of aerated drilling fluids in
the annulus.

Equations (7-30) through (7-33) describe the flow of aerated drilling fluids

through the drill bit orifices or nozzles.

Equations (7-34) through (7-42) describe the flow of aerated drilling fluids

through the inside of the drill string.
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7.4 STABLE FOAM DRILLING MODEL
As stated earlier, reverse circulation operations are useful in drilling large diame-

ter shallow surface casing boreholes. Stable foam drilling operations are not use-

ful for this type of drilling operation. Stable foam drilling is used in reverse

circulation operations in shallow moderate diameter wells only (e.g., depths less

that approximately 3000 ft or 900 m), such as deep water wells and other nonpe-
troleum industry-related wells. The reason for this limitation is because the

reverse circulation drill bit with its large open orifice does not create the high

shear rate on the drilling fluid needed to generate the stable foam as the foam

enters the bottom of the drill string with the rock cuttings. Therefore, the stable

foam must be generated at the surface and injected into the top of the annulus;

this foam must not break down as it circulates through the entire system. This

is not possible in deep large diameter boreholes.

However, it should be noted that stable foam reverse circulation operations
are used in petroleum industry deep well work over and related production

operations. These operations are feasible because these operations are carried

out in moderate diameter wells (e.g., in production casing and production tubing

strings).

7.5 AIR AND GAS DRILLING MODEL
Unlike the aerated and stable foam drilling fluid models, the air and gas drilling

model requires no special empirical correlations to adjust the results to provide

additional results that agree more closely to field data. Chapter 8 will give illustra-

tive examples for this model.

Air (or gas) drilling is a special case of the theory derived in Section 7.2. The

governing equations for air (or gas) drilling operations can be obtained by setting

Qm ¼ 0 in the equations derived in Section 7.2. The aforementioned assumption

restricts the flow in the annulus to two-phase flow (gas and rock cuttings).
Setting Qm ¼ 0 in Equation (7-25) yields

dP ¼ _wt
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>>>:
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>>>;
dh; (7-43)

where

_wt ¼ _wg þ _ws:
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The exit pressure in reverse circulation air (or gas) drilling operations is atmo-

spheric pressure, Pat, at the top of the inside of the drill string. Separating vari-

ables in Equation (7-43) yields
ðPai

Pat

dP

Bi Pð Þ ¼
ðH
0

dh; (7-44)

where
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Using Equations (7-6), (7-7), and (7-13), Equation (7-44) can be rearranged to give
ðPai

Pat

PdP

P2 þ biT2
av

� 	 ¼ ai

Tav

ðH
0

dh; (7-45)

where

ai ¼ S

Re

� �
1þ _ws

_wg

� �� �
(7-46)

bi ¼ f

2g Di
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S

� �2 _w2
g

p
4

� �2

D4
i

: (7-47)

In this form, both sides of Equation (7-45) can be integrated. Using Equations

(7-46) and (7-47), the solution to Equation (7-45) is

1

2
ln ðP2 þ biT

2
avÞ











Pai

Pat

¼ ai

Tav
jhjH0 : (7-48)

Evaluating Equation (7-48) at the limits and rearranging the results give

ln
P2
ai þ bi T

2
av

P2
at þ bi T 2

av

� �
¼ 2ai

Tav
H: (7-49)

Raising both sides of Equation (7-49) to the natural exponential exponent gives

P2
ai þ biT

2
av

P2
at þ biT 2

av

¼ e

2aiH

Tav : (7-50)

Equation (7-50) can be rearranged and a solution obtained for Pai. This will yield

Pai ¼ P2
at þ biT

2
av

� 	
e

2aiH

Tav � biT
2
av

2
64

3
75
0:5

: (7-51)

The von Karman empirical correlation for wholly turbulent flow conditions can

be used to determine the friction factor in Equation (7-47)[1]. This correlation is
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f ¼ 1

2 log
Di

e

� �
þ 1:14

2
664

3
775

2

: (7-52)

For follow-on calculations for flow in the drill string, the absolute roughness for

commercial steel drill pipe, ep ¼ 0.0005 ft or ep ¼ 0.0002 m, will be used for

the inside surfaces of the drill pipe and drill collars.

Equations (7-46), (7-47), (7-51), and (7-52) can be used in sequential

calculation steps starting at the top of the inside of the drill string and
continuing for each subsequent change in cross-sectional area in the inside of

the drill string until the pressure above the drill bit inside of the drill string is

determined.

There is a single water course in reverse circulation drill bits. Using Equation

(7-53), the pressure at the bottom of the inside of the drill string Pai is obtained.

The pressure at the bottom of the annulus Pbh can be obtained by trial and error

using the expression

2g
k

k� 1

� �
Pbh gbh

Pai

Pbh

� �2
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� Pai

Pbh

� �kþ 1

k

2
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75 ¼ _wg

Abi

� �2

: (7-53)

These equations will generally yield results that show that the annulus bottom

hole pressure Pbh differs very little from the pressure above the drill bit inside the

drill string Pai for most practical parameters. Therefore, it can usually be assumed

that

Pbh � Pai: (7-54)

The flow in the annulus is single-phase flow (air or gas). Setting Qm ¼ 0 in

Equation (7-37) yields
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dh: (7-55)

Separating variables in Equation (7-59) yields
ðPbh

Pin

dP

Ba Pð Þ ¼
ðH
0

dh; (7-56)
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where
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Using Equations (7-6), (7-7), and (7-14), Equation (7-56) can be rearranged to give
ðPbh
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where

aa ¼ S

Re
(7-58)
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In this form, both sides of Equation (7-57) can be integrated. Using Equations

(7-58) and (7-59), the solution to Equation (7-57) is

1
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Evaluating Equation (7-60) at the limits and rearranging the results give
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Raising both sides of Equation (7-63) to the natural exponential exponent gives
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Equation (7-62) can be rearranged and a solution obtained for Pin. This is
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The von Karman empirical correlation can be used to determine the friction

factor given in Equation (7-59)[1]. This empirical expression is

f ¼ 1

2 log
Dh�Dp

e

� �
2
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3
5
2

; (7-64)
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where eav is the approximate average absolute roughness of the annulus surfaces

(ft, m). Note that the logarithm in the equation is to the base 10.

Equation (7-65) gives the approximation for eav for the open hole section of

the annulus. This approximation is

eav ¼
er D

2
oh þ ep D2

p

D2
oh þ D2

p

: (7-65)

For follow-on calculations for flow in the annulus, the absolute roughness for

steel pipe, ep ¼ 0.0005 ft or ep ¼ 0.0002 m, will be used for the outside surfaces

of the drill pipe and drill collars, and the inside surface of the casing. The open

hole surfaces of boreholes can be approximated with an absolute roughness
er ¼ 0.01 ft or er ¼ 0.003 m (i.e., this example value is the same as concrete pipe,

which approximates borehole surfaces in limestone and dolomite sedimentary

rocks, or in similar competent igneous and metamorphic rocks, see Table 8-1).

Equations (7-58), (7-59), and (7-63) through (7-65) can be used in sequential

calculation steps starting at the bottom of the annulus and continuing for each

subsequent change in the cross-sectional area in the annulus until the surface

injection pressure is determined.
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CHAPTER

Air, Gas, and Unstable
Foam Drilling 8
Deep drilling operations with air and gas drilling technology are used in the

recovery of oil and natural gas and in the recovery of geothermal steam and hot

water. In the late 1970s, it was estimated that air and gas drilling technology was

being used on only about 10% of the deep wells drilled and completed [1, 2].

Today, most of the world’s oil and natural gas producing fields are in mature sedi-

mentary basins. The application of air and gas drilling technology is usually

limited to either (1) performance drilling operations in competent rock forma-
tions or (2) underbalanced drilling operations in low pressure reservoirs (i.e.,

in-fill operations). In the latter operations, the reservoirs are usually sensitive to

formation damage caused by traditional mud drilling operations. The advantage

of air and gas drilling operations is that the bottom hole annulus pressures can

be designed to be below the reservoir bottom hole pressure. The existence

of extensive formation damage using traditional drilling technology has led to

the development of underbalanced drilling and completion technology. Even

though underbalanced drilling and completion operations have applications in
low mud weight drilling operations, the vast majority of these operations utilize

air and gas drilling technology. Currently, it is estimated that approximately 30%

of land-based oil and natural gas recovery drilling and completion operations

utilize some form of air and gas drilling technology (either as a performance

drilling operation or as an underbalanced drilling operation). As more oil and

natural gas producing fields mature throughout the world, this percentage will

increase.

This chapter outlines the steps and methods used to plan a successful deep
air and gas drilling operation. This chapter also illustrates the application of

these steps and methods to the planning of a typical deep drilling operation.

The objective of these steps and methods is to allow engineers and scientists

to cost-effectively plan their drilling operations and ultimately select their dril-

ling rig, compressor package, and other auxiliary drilling location equipment.

The additional benefit of this planning process is that data created by the process
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can later be used to control the drilling operation as the actual operation pro-

gresses. Air and gas drilling operations are different from traditional mud drilling

operations and require more intensive attention on the part of the on-site drilling

operation supervisor.

Figure 8-1 shows a schematic of drill pipe air injection and mist (unstable
foam) injection for the direct circulation configuration. In this configuration, com-

pressible air (or other gas) is injected with some liquids into the top of the drill

string (at Pin). This gas flows down the inside of the drill string and passes

through the drill bit nozzles. When the compressed gas flows into the bottom

of the annulus, the rock cuttings (from the advance of the drill bit) are entrained

and the resulting mixture flows to the surface in the annulus. The gas and rock

cuttings exit the annulus (at Pe) into a horizontal flow line called a “blooey line.”

The blooey line flows to a burn pit where any hydrocarbons are ignited and
burned. In some gas drilling operations, the flow from the end of the blooey line

can exit into an open top frac tank. Sealed returns tanks are used to contain

contaminated fluids and gases, or hydrocarbons (gas is membrane generated

nitrogen).

Pe

Pbca

Pbdpa

Pbdca=Pbh

Pin (All)

Pbdpi

Pbdci

Pai

FIGURE 8-1. Schematic of direct circulation. Pin is the injection pressure into the top of the drill

string, Pbdpi is the pressure at the bottom of the drill pipe inside the drill string, Pbdci is the

pressure at the bottom of drill collars inside the drill string, Pai is the pressure above the drill bit

inside the drill string, Pbdca is the pressure at the bottom of drill collars in the annulus, Pbh is

the bottom hole pressure in the annulus, Pbdpa is the pressure at the bottom of the drill pipe in

the annulus, Pbca is the pressure at the bottom of the casing in the annulus, and Pe is the

pressure at the top of the annulus.
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8.1 DEEP WELL PLANNING
Deep air and gas drilling operations use a variety of compressed gases as the

drilling fluid. The majority of the operations use compressed air or membrane

generated nitrogen (see Chapter 5). The membrane nitrogen will not support

downhole combustion. Since the 1930s, natural gas from pipelines has been used

as a drilling gas since it will not combust in the typical downhole environment.
Today, natural gas is too expensive to use as a drilling gas. Membrane generated

nitrogen is a relatively new technology and has become commercially viable only

in the past decade. In this chapter, atmospheric air and membrane generated

nitrogen will be used as the example drilling gases.

The basic planning steps for a deep well are as follow:

1. Determine the geometry of the borehole section or sections to be drilled

with air or other gases (i.e., open hole diameters, the casing inside dia-

meters, and depths).

2. Determine the geometry of the associated drill strings for the sections to

be drilled with air or other gases (i.e., drill bit size and type, the drill collar

size, drill pipe size, and maximum depth).
3. Determine the type of rock formations to be drilled and estimate the

anticipated drilling rate of penetration. Also, estimate the quantity and

depth location of any formation water influxes that might be encountered.

4. Determine the elevation of the drilling site above sea level, the anticipated

average operational temperature of the atmospheric air during the drilling

operation, and the approximate geothermal temperature gradient.

5. Establish the objective of the air (or other gases) drilling operation:
n Performance drilling
n Underbalanced drilling

6. Determine the required approximate minimum volumetric flow rate of air

(or other gases) needed to carry the rock cuttings from the well when

drilling at the maximum depth section.

7. Select the contractor air compression package that will be used to

provide for the drilling operation with the needed volumetric flow rate

of air and/or membrane generated nitrogen (use a factor of safety of at

least 1.2).
8. Using the compressor(s) air volumetric flow rate to be injected into the

well, determine the bottom hole and surface injection pressures as a func-

tion of drilling depth (over the interval to be drilled). Also, determine the

maximum power required by the compressor(s) and the available maxi-

mum derated power from the prime mover(s).

9. Determine the approximate volume of fuel required by the compressor(s)

to drill the well.

10. In the event formation water is encountered, determine the approximate
volumetric flow rate of “mist” injection water needed to allow formation
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water or formation oil to be carried from the well during the drilling

operation.

11. Determine the approximate volumetric flow rate of formation water

or formation oil that can be carried from the well during the drilling

operation (assuming the injected air is saturated for bottom hole
conditions).

Chapter 6 derived and summarized the basic direct circulation drilling

planning governing equations. In Chapter 7 the basic reverse circulation dril-

ling planning governing equations were derived and summarized. This chapter
discusses only direct circulation illustrative examples.

8.2 MINIMUM VOLUMETRIC FLOW RATE
AND COMPRESSOR SELECTION
Over the past three decades, various research and commercial organizations have

developed mathematical and empirical models used to predict the performance

of air and gas drilling operations. Each of the models is based on a variety of engi-

neering assumptions concerning the interaction of the gas flow in the annulus
and its rock cuttings and liquid carrying capacities.

8.2.1 Discussion of Theories

In 1957, R. R. Angel developed the first field useful mathematical and empirical

model for air and gas drilling operations [1, 2]. This initial work by Angel was sup-

ported by industry (i.e., Phillips Petroleum Company) and continues to be useful

to drilling supervisors and drilling engineers even today. This modeling effort

drew heavily from the large body of engineering knowledge related to industrial
pneumatic conveying (the transport of solids by flowing atmospheric air). Thus,

from the outset, Angel’s model was developed to be an engineering tool. The

major air and rock cuttings mixture assumption made in this model was that

the rock cutting particles move together from the bottom of the borehole to

the surface with the velocity of the local annulus air flow. Through the decades,

other researchers have expanded this modeling effort to include other engineer-

ing aspects of the drilling operation [3]. This simple hole cleaning theory was

demonstrated in Chapter 2 [see Equation (2-1)].
In 1981, interest in air and gas drilling technology found its way into an aca-

demic research effort [4, 5]. This research was carried out at the University of

Tulsa and later at Pennsylvania State University and was supported by the U.S.

Department of Energy. The effort sought to detail the interaction between the

gas flow in the annulus and the transport of the rock cuttings. Figures 8-2 and

8-3 illustrate typical slug and nonslug (cluster) motion of particles in industrial

pneumatic conveying [6]. This recent experimental work found that in the
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Solid Gas

FIGURE 8-2. Schematic shows dense solids phase flow known as “slugging” [10].

Solid Gas

FIGURE 8-3. Schematic showing dense solids phase flow known as “nonslugging” or “clusters”

[10].



vertical annulus geometry the upward flow of air will choke with the rock cut-

tings in much the same manner as industrial vertical pneumatic conveying. This

choking effect is shown in Figure 8-4 [6]. This experimental work did verify the

original Angel assumption for a limited range of volumetric flow rates with

entrained small diameter rock cutting particles. This research effort resulted in

future improvements in the predictive models.

In 1983, another predictive model was proposed that took into account a rock
cutting particle velocity that was different from that of the air flow [7]. This

model gives air and rock mixture values, which can improve the accuracy

of the predictions. The problem with this model is that the individual average

velocities of the particles are difficult to determine analytically for inclusion in

this model.

In 1992, additional theoretical work was carried out to further refine the inclu-

sion of the effect of rock cutting particle velocities [8]. This model also suffered

from the difficulty involved in determining average particle velocities.
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FIGURE 8-4. Solids flow characteristics in vertical pneumatic conveying. Note that the unit of
_G is lb/sec [6].
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8.2.2 Engineering Practice

As shown in Figure 8-4, and the theoretical and experimental studies in the

pneumatic conveying literature and at the University of Tulsa and Pennsylvania

State University, it is clear that the higher the velocity and specific weight of

the gas in the vertical flow line, the greater the particle velocities approach the

average velocity of the gas flow.

For an air or gas drilling operation, this is also the desirable transport situation.
The choke situation occurs when the gas volumetric flow rate decreases and

cutting particles begin to slip in to the gas flow transporting them. This causes

the rock cutting particles to transition from the dilute phase of solids in the gas

flow (where the particles are spread out in the gas) to that of a dense phase of

solids (where the particles are clumped together) (see Figures 8-2 and 8-3).

Figure 8-4 can be used to further understand the choking condition and is a

schematic representation of empirical data. Line A–B in Figure 8-4 refers to zero

solids flow in the pipe (in our case the annulus). The family of curves in Figure 8-
4 shows increased solid flow rates as the weight rate of flow increases. At fixed

solids weight rate flow
�
G1 at a high gas velocity (at point C), the solids volumetric

concentration is low (well below 1%) and the particles are generally uniformly

dispersed and moving near the average velocity of the gas. This is dilute phase

solids flow.

As shown in Chapters 6 and 7, the pressure gradient in fully developed ver-

tical conveying is made up of two components: a wall frictional loss component

and a hydrostatic weight component. As the velocity of the gas is decreased for
a fixed solids flow rate, the solids volumetric concentration in the pipe

increases and the wall frictional loss decreases. Thus, line C–D shows an overall

pressure gradient decrease with the decrease in gas velocity. This line indicates

that the decrease in frictional loss component is significantly higher than the

increase in the hydrostatic component. As the gas velocity is further decreased

beyond point D, the hydrostatic component becomes more significant and the

resulting curve defines a minimum at point E. A further decrease in the gas

flow rate (and velocity) leads to an increase in the pressure gradient. This is
shown as the curve E–F and indicates the dominance of the hydrostatic compo-

nent. The solids concentration along curve E–F is high and is dense phase solids

flow.

In general, for air and gas drilling systems, the choking point can be defined

as the inflection point along the curve E–F. Fortunately, the choking condition

is rarely observed in actual vertical air or gas drilling operations. This is due to

two important air and gas drilling operational conditions. (1) As the drill bit

advances, the rotating drill string breaks up larger rock particles into smaller,
more easily transported particles when the larger particles collide with the drill

string surface. This breaking action occurs all along the drill string length,

but is likely very pronounced around and just above the drill collars. This mecha-

nism has been observed in vertical drilling operations where downhole
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pneumatic motors have been tested (drilling with no drill string rotation and with

rotation)[9]. (2) As seen in the illustrative examples that follow, the actual volu-

metric flow rate used in an air drilling operation is determined by the primary

compressor output(s) to be used at the drilling location. If the approximate

minimum volumetric flow rate to the borehole is determined to be 1000 scfm
(472 standard liters/sec) and the compressors to be used to supply the com-

pressed air are rated at 700 scfm (330 standard liters/sec) each, then two com-

pressors will be used to supply the air. Thus, the actual volumetric flow rate to

the well is 1400 scfm (661 standard liters/sec). This gives a factor of safety

(above the minimum required) of 1.4. It is standard engineering practice to use

a volumetric flow rate factor of safety of at least 1.2. This approximate minimum

factor of safety (i.e., 1.2) is also used in determining the actual volumetric flow

rate to be taken from a natural gas pipeline for a gas drilling operation. The use
of primary compressor flow rates above the minimum volumetric flow rate

would result in an operational point for the air and gas system somewhere along

the curve C–D.

8.2.3 Engineering Planning Graphs

In order to initiate the well planning process given earlier, the geometry of the

well must be defined and the anticipated drilling penetration rate estimated.
Figures with graphs can be prepared for the approximate minimum volumetric

flow rates for a variety of deep well and drill string geometric configurations.

These figures are presented in Appendix G. The calculations for these figures

are carried out using API Mechanical Equipment Standards standard atmospheric

conditions. These are 14.696 psia (10.134 N/cm2 abs) and 60�F (15.6�C) (see

Chapter 5). Thus, the figures developed will give the minimum volumetric flow

rate values for air drilling using air at these API standard atmospheric conditions.

Once such figures are developed, the minimum volumetric flow rates can be
determined for any other atmospheric conditions (surface locations) from the

minimum volumetric flow rates given for API standard conditions. The minimum

volumetric flow rate values are calculated using a minimum bottom hole kinetic

energy per unit volume value of 3.0 lb-ft/ft3 (143.7 N-m/m3). Also, it is assumed

that the drilling is in sedimentary rock formations with an average specific gravity

of 2.7. These deep boreholes figures are developed for a uniform borehole diam-

eter with the top two-thirds of the depth assumed to be cased and the bottom

one-third assumed to be open hole. The Appendix G graphs are similar to the
original curves of Angel except that they include the open hole roughness that

increases the minimum volumetric flow rates by approximately 10 to 13% for

the same borehole and drill pipe diameter combinations as those used in the orig-

inal Angel work. The basic equations used to determine the minimum volumetric

flow rate are derived in Chapter 6.

Illustrative Examples 8.1 and 8.2 describe the implementation of the basic

planning steps Nos. 1 through 7 given in Section 8.1.
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Illustrative Example 8.1 The borehole used in this illustrative example is the

same example problem used in the follow-on Chapter 9 (Aerated Fluids Drilling)

and Chapter 10 (Stable Foam Drilling). The 77 8= -in (200 mm)-diameter

borehole is to be drilled out of the bottom of API 85 8= -in (219 mm)-diameter,

32.00-lb/ft (14.00 kg/m) nominal, Grade J-55, casing set to 7000 ft (2134 m).
This is a special clearance casing fabricated by Lonestar Steel that has a drift diam-

eter that will pass a 77 8= -in (200 mm)-diameter tricone roller cutter insert drill

bit with three open orifices. Figure 8-5 shows the casing and open hole geometric

configuration of the well. The inside diameter of this casing is 7.921 in (201 mm).

The open hole interval below the casing shoe is to be drilled from 7000 ft

(2134 m) to 10,000 ft (3048 m). The drill string is made up of 500 ft

120’ (37m) 20”, 94 lb/ft
(508mm, 140 kg/m)

133/8”, 48 lb/ft
(339.7mm, 71.4 kg/m)

85/8”, 32 lb/ft
(219.1mm, 47.6 kg/m)

  77/8”
200mm)

Open Hole Bit Size

10000’
(3048m)

1400’
(427m)

7000’
(2134m)

Production
Zone

FIGURE 8-5. Illustrative Example 8.1 casing and open hole well geometric configuration.
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(152.4 m) of 61 4= -in (158.8 mm) by 213 16= -in (71.4 mm) drill collars above the

drill bit and API 41 2= -in (190.5 mm), 16.60-lb/ft (7.62 kg/m) nominal, IEU-S135,

NC46 to the surface. The tool joints of this drill pipe have an outside diameter

of 61 4= in (154.8 mm) and an inner diameter of 23 4= in (69.9 mm). The surface

location of the drilling site is 4000 ft (1219 m) above sea level in midlatitudes
of North America (see Table 5-1 and Appendix B). Also, the regional geothermal

gradient is approximately 0.01�F/ft (0.018�C ). Figure 8.5 shows a schematic of

this illustrative example well geometry.

The anticipated drilling rate of penetrations in a sandstone and limestone

sequence is approximately 60 ft/hr (18.3m/hr). The blooey line for this drilling oper-

ation is a single horizontal section of casing that runs 200 ft (61 m) from just above

the BOP stack to the burn pit. The casing used for the blooey line is API 85 8= -in

(219 mm), 24.00-lb/ft (10.5 kg/m) nominal, Grade J-55, casing. The inside diameter
of this casing is 8.097 in (205.7mm). Two gate valves are in the blooey line at the end

of the line attached to the BOP stack. These valves have an inside diameter of 79 16=
in (192 mm). The objective of this illustrative example is to show how Appendix G

can be used to obtain an initial approximation for the minimum volumetric flow

rate to clean the well bore while drilling at 10,000 ft (3048 m).

The graphs in Appendix G were developed using a simplified model. This

model assumes a uniform borehole inside diameter, top to bottom (assumed to

be the same as drill bit diameter). All minor losses were ignored. The well is
assumed to have casing in the upper two-thirds of the depth and an open hole

in the bottom one-third of the well. The annulus is described by the inside

diameter of the borehole and the outside diameter of the drill pipe.

Figure G-13 is the appropriate figure in Appendix G that will best approxi-

mate the drilling geometry in Illustrative Example 8.1. For a rate of penetration

of 60 ft/hr, the approximate minimum volumetric flow rate is 1588.8 scfm

(749.8 standard liters/sec).

USCS Units

Specific Weight of Air at API Standard Conditions

At API standard conditions, the atmospheric pressure is

pst ¼ 14:696 psia

Pst ¼ pst 144

Pst ¼ 2116:0 lb=ft2 abs;

where pst is atmospheric pressure (psia) and Pst is atmospheric pressure (lb/ft2 abs).

At API standard conditions, the atmospheric temperature is

tst ¼ 60o F

Tst ¼ tst þ 459:67

Tst ¼ 519:67o R;
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where tst is atmospheric temperature (�F) and Tst is absolute atmospheric temper-

ature (�R). Using Equation (5-11), the specific weight of the air at standard condi-

tions is

gst ¼
ð2; 116:0Þð1:0Þ
ð53:36Þð519:67Þ

gst ¼ 0:0763 lb=ft3;

where gst is the specific weight of the gas (lb/ft3), Re is the gas constant for API

standard conditions air (53.36 lb-ft/lb-�R), and Sg is the specific gravity of the par-

ticular gas used (for API standard conditions air Sg ¼ 1.0).

Specific Weight of Air at 4000 ft Above Sea Level

At 4000 ft above sea level the average atmospheric pressure is

pat ¼ 12:685 psia

Pat ¼ pat 144

Pat ¼ 1826:6 lb=ft2 abs;

where pat is atmospheric pressure (psia) and Pat is atmospheric pressure (lb/ft2

abs).

At 4000 ft above sea level the average atmospheric temperature is

tat ¼ 44:74o F

Tat ¼ tat þ 459:67

Tat ¼ 504:41o R;

where tat is atmospheric temperature (�F) and Tat is absolute atmospheric temper-

ature (�R).
Using Equation (5-11), the specific weight of the air at standard conditions is

gat ¼
ð1826:6Þð1:0Þ

ð53:36Þð504:41Þ
gat ¼ 0:0679 lb=ft3;

where gat is the specific weight of the gas (lb/ft3), Re is the gas constant for API

standard conditions air (53.36 lb-ft/lb-�R), and Sg is the specific gravity of the

particular gas used (for API standard conditions air Sg ¼ 1.0).

Minimum Volumetric Flow Rate at 4000 ft

From Figure G-13 the minimum volumetric flow rate is

qminst ¼ 1588:8 scfm

Qminst ¼ qminst

60

Qminst ¼ 26:48 standard ft3=sec:
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The weight rate of flow is

_wmin ¼ gst Qminat ¼ gat Qminat:

This becomes

_wmin ¼ ð0:0763Þð26:48Þ ¼ ð0:0679Þ Qminat

Qminat ¼ 0:0763ð Þ
0:0679ð Þ 26:48ð Þ

Qminat ¼ 29:76 actual ft3=sec

qminat ¼ 60ð Þ 29:76ð Þ
qminat ¼ 1765:6 acfm:

Number of Primary Compressors Units Required

The primary compressor of choice is the four-stage reciprocating piston Dresser
Clark CFB-4 compressor described in Chapter 5, Section 5.7.2. This compressor

has a rated input of 1200 acfm. The minimum flow rate required to clean the well

is 1785.6 acfm. Therefore, to drill this example section of well at the 4000-ft

surface location, two Dresser Clark CFB-4 primary compressors will be required.

The factor of safety for the example drilling operations is

FS ¼ 2ð Þ 1200ð Þ
1785:6ð Þ

FS ¼ 1:34:

This exceeds the required minimum factor of safety for volumetric flow rate of 1.2.

SI Units

Specific Weight of Air at API Standard Conditions

At API standard conditions the atmospheric pressure is

pst ¼ 10:134 N=cm2 abs

Pst ¼ pst 10000:0

Pst ¼ 101340:0 N=m2 abs;

where pst is atmospheric pressure (N/cm2 abs) and Pst is atmospheric pressure

(N/m2 abs).

At API standard conditions the atmospheric temperature is

tst ¼ 15:6oC

Tst ¼ tst þ 273:15

Tst ¼ 288:76 K;

where tst is atmospheric temperature (�C) and Tst is absolute atmospheric tem-
perature (K). Using Equation (5-11), the specific weight of the air at standard

conditions is
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gst ¼
ð101340:0Þð1:0Þ
ð29:31Þð288:76Þ

gst ¼ 11:97 N=m3;

where gst is the specific weight of the gas (lb/ft3), Re is the gas constant for API

standard conditions air (29.31 N-m/m-K), and Sg is the specific gravity of the

particular gas used (for API standard conditions air Sg ¼ 1.0).

Specific Weight of Air at 1219 m Above Sea Level

At 1219 m above sea level the average atmospheric pressure is

pat ¼ 8:749 N=cm2 abs

Pat ¼ pat 10000:0

Pat ¼ 87490:0 N=m2 abs;

where pat is atmospheric pressure (N/cm2 abs) and Pat is atmospheric pressure

(N/m2 abs).

At API standard conditions, the atmospheric temperature is

tat ¼ 7:08o C

Tat ¼ tat þ 273:15

Tat ¼ 280:13 K;

where tat is atmospheric temperature (�C) and Tat is absolute atmospheric

temperature (K). Using Equation (5-11), the specific weight of the air at standard

conditions is

gat ¼
87490:0ð Þ 1:0ð Þ
29:31ð Þ 280:13ð Þ

gat ¼ 10:66 N=m3;

where gat is the specific weight of the gas (N/m3), Re is the gas constant for API

standard conditions air (29.31 N-m/N-K), and Sg is the specific gravity of the

particular gas used (for API standard conditions air Sg ¼ 1.0).

Minimum Volumetric Flow Rate

From Figure G-13 the minimum volumetric flow rate is

qminst ¼ 749:9 standard liters=sec

Qminst ¼ q minst

1000

Qminst ¼ 0:7499 standard m3=sec:

The weight rate of flow is

_wmin ¼ gst Qminat ¼ gat Qminat:
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This becomes

_wmin ¼ ð12:09Þð0:7499Þ ¼ ð10:66Þ Qminat

Qminat ¼ 12:09ð Þ
10:66ð Þ 0:7499ð Þ

Qminat ¼ 0:8505 actual m3=sec

qminat ¼ 1000ð Þ 0:8505ð Þ
qminat ¼ 850:5 actual liters=sec:

Number of Primary Compressors Units Required

The primary compressor of choice is the four-stage reciprocating piston Dresser

Clark CFB-4 compressor described in Chapter 5, Section 5.7.2. This compressor

has a rated input of 566.3 actual liters/sec. The minimum flow rate required

to clean the well is 850.5 actual liters/sec. Therefore, to drill this example

section of well at the 1219-m surface location, two Dresser Clark CFB-4 primary
compressors will be required.

The factor of safety for the example drilling operations is

FS ¼ 2ð Þ 566:3ð Þ
850:5ð Þ

FS ¼ 1:33:

Here again this factor of safety exceeds the required minimum factor of safety for

volumetric flow rate (i.e., 1.2).

The differences between the factors of safety of the USCS units solution

and the SI units solution are attributable to accumulated round-off errors in

conversion constants.

The aforementioned results from Illustrative Example 8.1 can be improved

upon. This requires a more extensive treatment of the open hole absolute

roughness and inclusion of the major and minor losses at the top of the annulus
(e.g., blooy line, Tee and blooey line valves).

Open Hole Absolute Surface Roughness

To carry out this more detailed solution in follow-on solutions, it will be neces-

sary to have more detail of the surface average absolute roughness of the steel

tubular surfaces and of the open hole rock surfaces in the open hole section of

the well. The steel tubular surfaces can be assumed to have an average surface

roughness of es ¼ 0.0005 ft (es ¼ 0.0002 m)[10]. The open hole rock surface
average absolute roughness values are approximated in Table 8-1 [3].

In the open hole, the outer surface of the borehole annulus is described by

Table 8-1. The inner surface is described by the drill pipe or drill collar absolute

average surface roughness of steel tubulars. The average absolute surface
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roughness of the annulus can be approximated by using a surface area weight

average relationship between the open hole surface area and its roughness and

the outside surface of the drill string and its roughness. Thus, the value for eav is

eav ¼
er

p
4

� �
D2

h Ho þ es
p
4

� �
D2

p Ho

p
4

� �
D2

h Ho þ p
4

� �
D2

p Ho

:

The term H0 cancels and the aforementioned reduces to

eav ¼
er D

2
h þ es D

2
p

D2
h þ D2

p

: (8-1)

For the sandstone and limestone sequence in the section to be drilled in this well,
the open hole absolute surface roughness is assumed to be 0.01 ft (0.003 m).

Blooey Line

The calculation procedure must be initiated with the known atmospheric pres-

sure at the exit to the blooey line. For the illustrative example, it is assumed that

the air will exit the well annulus and enter the blooey line with a surface geother-

mal temperature of 44.74�F (7.08�C). It is further assumed that the temperature

of the air flow in the blooey line does not change until it exits the blooey line
(i.e., the steel blooey line will be at nearly the surface geothermal tempera-

ture at steady-state flow conditions). The standard isothermal gas pipeline flow

equation can be used to determine the major loss due to pipe wall friction [10].

This equation can be adjusted to also include the minor loss for the Tee turn at

Table 8-1. Open Hole Wall Absolute Surface Roughness for Rock Formation Types

Rock Formation Types Surface Roughness

Competent, low fracture
n Igneous (e.g., granite, basalt)
n Sedimentary (e.g., limestone, sandstone)
n Metamorphic (e.g., gneiss)

0.01 to 0.02 ft (0.003 to 0.006 m)

Competent, medium fracture
n Igneous (e.g., granite, basalt)
n Sedimentary (e.g., limestone, sandstone)
n Metamorphic (e.g., gneiss)

0.02 to 0.03 ft (0.006 to 0.009 m)

Poor competence, high fracture
n Igneous (e.g, breccia )
n Sedimentary (e.g., sandstone, shale)
n Metamorphic (e.g., schist)

0.02 to 0.04 ft (0.009 to 0.012 m)
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the top of the annulus into the blooey line and to include losses due to the two

blooey line valves at the entrance end of the line. Therefore, the equation for the

pressure in the air (or gas) flow at the entrance end of the blooey line Pb can

be approximated as

Pb ¼ fb
Lb

Db

þ Kt þ S Kv

� �
w2

g R Tr

g A2
b Sg

 !
þ P2

at

" #0:5
; (8-2)

where fb is the friction factor for gas flow in the blooey line, Lb is the length of

the blooey line (ft, m), Db is the inside diameter of the blooey line (ft, m), Ab is
the cross-sectional area of the inside of the blooey line (ft2, m2), Kt is the minor

loss factor for the T turn at the top of the annulus, and Kv is the minor loss factor

for the valves in the blooey line.

The loss factor for Kt for the single blind Tee at the top of the annulus is

approximately 25 (see Figures 8-6 and 8-7, direct circulation only). These approx-

imate minor loss values for Tee’s have been obtained from air and gas drilling

operations in the San Juan Basin and in the Permian Basin. The gate valves (with

the gate in the full open position) in a blooey line have a open inside diameter
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FIGURE 8-6. Flow resistance coefficient for the blind Tee at the top of the annulus.
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that is nearly the same as the inside diameter of the blooey line. The loss factor for

Kv for gate valves that have an inside diameter slightly less than the inside diame-

ter of the blooey line is approximately 0.2 [10].

Illustrative Example 8.2 In this illustrative example the actual minimum

volumetric flow rate will be found using a Mathcad program that considers all

the major and minor friction losses in the flow system described in detail in

Illustrative Example 8.1.
This Mathcad solution is given in Appendix C. In this solution, a Mathcad

program has been set up to determine the air volumetric flow rate that will

give annulus minimum kinetic energy. This is a trial and error solution. The air

volumetric flow rate is selected at the start of the program until one of the five

annulus kinetic energy per unit volume terms reaches the value of 3.0 lb-ft/ft3

(143.7 N-m/m3). The air volumetric flow rate that gives a minimum annulus

kinetic energy per unit volume is 1994 acfm (940.96 actual liters/sec).

USCS Units: Number of Primary Compressors Units Required
As in Illustrative Example 8.1, the primary compressor of choice will be the

four-stage reciprocating piston Dresser Clark CFB-4 compressor (see Chapter 5,

Section 5.7.2). This compressor has a rated input of 1200 acfm. In this improved

Illustrative Example 8.2 solution, the minimum air volumetric flow rate needed

to clean the well is 1994 acfm. Therefore, to drill this example section of the well

at the 4000-ft surface location, two Dresser Clark CFB-4 primary compressors

will be adequate, as they would give a factor of safety slightly greater than 1.2.
Therefore, two primary compressors will be used.

The factor of safety for this illustrative example is

FS ¼ 2ð Þ 1200ð Þ
1994ð Þ

FS ¼ 1:2036:

The three Dresser Clark CFB-4 primary compressors will inject 2400 acfm into

the circulation system.

D1

D2

D3

FIGURE 8-7. Dimensions of the blind Tee at the top of the annulus (for Figure 8-6).
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SI Units: Number of Primary Compressors Units Required
As in Illustrative Example 8.1, the primary compressor of choice will be the four

stage reciprocating piston Dresser Clark CFB-4 (see Chapter 5, Section 5.7.2).

This compressor has a rated input of 566.3 actual liters/sec. In this improved

Illustrative Example 8.2 solution, the minimum air volumetric flow rate needed

to clean the well is 940.96 actual liters/sec. Therefore, to drill this example sec-

tion of the well at the 1219-m surface location, two Dresser Clark CFB-4 primary

compressors will be adequate, as they would give a factor of safety of greater

than 1.2. Therefore, two primary compressors must be used.
The factor of safety for this illustrative example is

FS ¼ 2ð Þ 566:3ð Þ
940:96ð Þ

FS ¼ 1:2036:

The two Dresser Clark CFB-4 primary compressors will inject 1132.6 actual liters/
sec into the circulation system.

The difference in the factor of safety results between Illustrative Example 8.1 and

Illustrative Example 8.2 is due to the inclusion in 8.2 of the major and minor losses

of the surface equipment (i.e., blooey line, Tee, blooey line valves) and the inclusion

of a more accurate treatment of open hole annulus absolute surface roughness.

Referring back to Chapter 5, Section 5.7, several compressor packages could

have been used.

The two stage reciprocating piston Gardner Denver Model WEN primary com-
pressor in Chapter 5, Section 5.7.1 is rated at 700 acfm (330 actual liters/sec).

Applying the factor of safety of 1.2 would require the use of four of these primary

compressors to the example drilling project. This would mean that the

volumetric flow rate of air injected into the circulation system of the well

would be 2800 acfm (1321 actual liters/sec). This would give a factor of safety

of 1.4.

The two stage helical lobe (screw) Ingersoll Rand Model XHP 1170 primary com-

pressor in Chapter 5, Section 5.7.3 is rated at 1170 acfm (552.1 actual liters/sec).
As discussed in Chapter 5, the screw compressor has a seal wear problem that

requires that the rated volumetric flow rate be reduced by approximately 7%

when these compressors are applied at a field location. This means that the dera-

ted primary compressor output is approximately 1088 acfm (513.4 actual liters/

sec). Applying the factor of safety of 1.2 would require use of three of these

primary compressors to the example drilling project. This would mean that the

volumetric flow rate of air injected into the circulation system of the well would

be 3264 acfm (1540.3 actual liters/sec). This would give a factor of safety of 1.46.
Here again the operational preference would be to use the four stage recipro-

cating piston Dresser Clark CFB-4 primary compressor package with a factor of

safety of 1.64.
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8.3 BOTTOM HOLE AND INJECTION PRESSURES
The aforementioned sections compared the borehole requirements with the

compressor capabilities of the compressor packages available in Chapter 5,

Section 5.7. The next step in the planning process is to determine the air flow

pressure values throughout the circulating system, particularly the bottom hole

annulus pressure and the surface injection pressure.
Illustrative Example 8.3 Here again, the basic drilling project well data given

in Illustrative Example 8.1 and Illustrative Example 8.2 are used to determine the

pressures in the example circulation system. In Illustrative Example 8.2 it was

found that two Dresser Clark CFB-4 primary compressors would give the drilling

project an appropriate factor of safety with regards to air volumetric flow rate.

Therefore, the pressures will be determined using an air volumetric flow rate of

2400 acfm (1132.7 actual liters/sec).

Appendix C gives the Mathcad solution for Illustrative Example 8.3 that calcu-
lates the pressures in the circulation system using three Dresser Clark CFB-4

primary compressors. Figure 8-8 shows the compressed air flow pressures

throughout the circulation system in the well while drilling at 10,000 ft (3048 m).

Pressure (N/cm2 abs)
0 50 100 150 200

−3000

−2500

−2000

−1500

−1000

D
ep

th
 (

m
)

D
ep

th
 (

ft
)

−500

0

−10000

−8000

−6000

−4000

−2000

0
0 50

Exit
Injection

Pressure (psia)

Annulus

Inside Drill String

Bit

100 150 200 250 300

FIGURE 8-8. Illustrative Example 8.3 pressures versus depth.
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In Figure 8-8, the bottom hole annulus pressure is 161.7 psia (111.5 N/cm2 abs) and

the injection pressure is 215.4.6 psia (148.6 N/cm2 abs).

The somewhat erratic nature of the plot in Figure 8-8 reflects use of the lumped

geometry method used in the Mathcad calculations. A few sophisticated programs

in Fortran or Cþþ treat each individual tool joint at its location and give a smoother
plot. Most commercial programs, however, use an average outside “drill pipe” diam-

eter, which is the weight average (by surface area) of the outside diameter of the

tool joint with the outside diameter of the pipe body. This style of program will also

give a smoother plot of these circulating system pressures. All of these programs

will give injection and bottom hole pressures that are with 1 to 2% of the lumped

geometry Mathcad calculations shown in Appendix C.

However, certain important aspects of air drilling can be missed using the

weighted average method of treating the drill pipe tool joints. There are very practi-
cal deep drilling infill operations in older gas production fields that require

sidetrack drilling out of the smaller 51 2= -in (140 mm) casing. In such wells,

the sidetrack operation can easily utilize 23 8= -in (60.3 mm) drill pipes that have

inappropriate tool joints that are too large. These tool joints can create choke pres-

sures with the 43 4= -in (120.7 mm) open hole and the cased hole sections at the

tool joints to actually cause formation damage in the reservoir with static bottom

hole pressures as high as 900 psia (620.7 N/cm2 abs). In essence, it is probably

important to retain the tool joint dimensions in some form as either lumped geom-
etry or as the individual tool joints in place in the programs.

Figure 8-9 shows the injection pressure and the bottom hole pressure as drilling

takes place from the casing shoe at 7000 ft (2134 m) to a final depth of 10,000 ft

(3048 m). Assuming that this example is more typical of a performance drilling

operation, then it is clear that the same air volumetric flow rate (compressor pack-

age) can be used to drill the entire 3000 ft (914m) of open hole. The injection pres-

sure increases with increasing drilling depth, but is only slightly higher when

drilling at 10,000 ft (3048 m) relative to drilling at the top of the open hole section
(i.e., approximately 28 psi higher, or 19 N/cm2 higher). This lack of change is some-

what a consequence of the choking effect of the drill bit open orifices. This means

that the compressed air inside the drill string is hydrostatic pressure dominated and

not friction pressure dominated [see Equation (6-1)].

It is important to discuss the time for cuttings to reach the surface. In an air

drilled vertical or near vertical borehole, cuttings generated at the bottom of

the annulus as the drill bit is advanced are broken up into small fragments as

the cuttings collide with the rotating drill string and the borehole wall. This
means that within 1000 ft (305 m) or so from the bottom of the annulus in most

wells, the cuttings are reduced to small fragments. This has been demonstrated

by drilling with downhole air motors (with no rotation) and is discussed in

Chapter 11. Such small fragments are carried very rapidly up the annulus to the

surface and will generally reach the surface in a 10,000 ft (3048 m) hole in

approximately 10 min. This delay time is basically a negligible interval when cor-

relating cuttings geology to formations being drilled.

202 CHAPTER 8 Air, Gas, and Unstable Foam Drilling



8.4 WATER INJECTION AND FORMATION WATER INFLUX
Water is injected into the volumetric flow rate of air (or other gases) flowing from
the compressors to the top of the inside of the drill string for the following three

important reasons.

1. Saturate the air or other drilling gas with water vapor at bottom hole annu-
lus pressure and temperature conditions.

2. Eliminate the stickiness of the small rock cuttings “flour” generated by the

advance of the drill bit.

3. Assist in the suppression of combustion of the mixture of produced hydro-

carbons and oxygen-rich air.

Figure 8-10 shows a typical “mist” pump and a typical stand-alone, skid-

mounted positive displacement duplex liquid pump driven with a Caterpillar

Model 3304 diesel-fueled, naturally aspirated, prime mover. This pump forces liq-

uid into the pressurized air flow line from the compressors to the standpipe on

the drill rig (see Figure 3-1).
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The liquid pump draws its water from a liquid tank (located at the left
back end to the skid-mounted unit shown in Figure 8-10). Often other addi-

tives are mixed in the suction tank. These are typically corrosion inhibitors, poly-

mers, and a foamer [11]. Table 8-2 gives the approximate volume mix of these

additives.

“Mist” injection is the old term, which was the injection of water with basi-

cally no additives. Modern air drilling defines the injection of water with additives

as unstable foam drilling operations.

8.4.1 Saturation of Air at Bottom Hole Conditions

Water is injected into the air or other circulation gases at the surface in order to

saturate the gas with water vapor at bottom hole conditions. The reason this is

done is to assure that the circulation gas, as it flows out of the drill bit orifices

into the annulus, will be able to carry formation water coming into the annulus

as whole droplets.

FIGURE 8-10. Liquid “mist” pump for air (or membrane generated nitrogen) drilling operations.

Table 8-2. Typical Approximate Additives Volumes per 20 bbls of Water for Unstable

Foam Drilling (Actual Commercial Product Volumes May Vary)

Additives Volume per 20 bbls of Water

Foamer 4.2 to 8.4 gals (16 to 32 liters)

Polymer 1 to 2 quarts (1 to 2 liters)

Corrosion inhibitor 0.5 gal (2 liters)
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If water is not injected into the gas at the surface and the gas is dry and hot

when it comes out of the drill bit orifices, a portion of the formation water will

be absorbed by the gas as water vapor. This would, of course, saturate the dry

hot gas with the formation water. This saturation process would, however,

decrease the internal energy (i.e., enthalpy) in the gas as the gas enters the annu-
lus. This reduction in internal energy at the bottom of the annulus dramatically

reduces the kinetic energy per unit volume of the gas as it flows from the bottom

of the annulus to the surface (this reduction in kinetic energy per unit volume is

due to a reduction in velocity). The reduction in kinetic energy per unit volume

in the annulus reduces the carrying capacity of the gas throughout the annulus.

This reduction in carrying capacity of the circulation gas occurs when the cir-

culation system needs all of its carrying capacity to carry to the surface the

additional load (beyond the rock cuttings load) of the formation water flowing
into the annulus.

By injecting water at the surface into the gas, the gas becomes saturated with

water vapor inside the drill string as it flows down the string and is further com-

pressed as it flows to the bottom of the drill string. At the bottom of the inside of

the drill string, the gas is saturated, hot, and compressed. When the gas flows into

the bottom of the annulus through the drill bit orifices, the gas cannot vaporize

the formation water and must lift the formation water as drops. This is the

most efficient method of carrying an influx of formation water from the annulus
of a well in a gas drilling operation. In general, it is not efficient to try to use

dry gas to absorb formation water as a water vapor and, in essence, “dry out”

a well.

The empirical formula for determining the saturation of various gases includ-

ing air can be found in a variety of chemistry handbooks and other literature.

The empirical formula for the saturation pressure of air can be written as [12]

psat ¼ 10
6:39416 �

1; 750:286

217:23 þ 0:555tbh

� �� �

; (8-4)

where psat is saturation pressure of the air at annulus bottom hole conditions

(psia) and tbh is the bottom hole temperature in the annulus (�F). The approxi-
mate volumetric flow rate of injected water to an air drilling operation is deter-

mined by the relationship between the above saturation pressure and the

bottom hole pressure in the annulus, and the weight rate of flow of air being

injected into the top of the drill string. Thus, the flow rate of injected water,

qiw, is determined from [13]

qwin ¼ psat

pbh�psat

� �
18:02

28:96

� �
3600

8:33

� �
_wg; (8-5)

where qwin is the volumetric flow rate of injected water (gal/hr).

In Illustrative Example 8.3, the fresh water to be injected at the surface to
saturate the air flow at bottom hole conditions is 15 gal/hr (55 liters/hr).
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8.4.2 Eliminate Stickiness

Surface-injected fresh water may saturate the compressed air flow at bottom hole

conditions, but it will create a new problem unless the process is managed cor-

rectly. If only a small volumetric flow rate of fresh water is injected or, for that

matter, if only a small influx of formation water occurs, the water will combine

with rock cuttings fines and flour to create a sticky mixture that will develop into

mud rings. The schematic in Figure 8-11 depicts where mud rings are formed in
the typical vertical well. The sticky rock flour will form mud rings along the open

hole wall at major annulus cross-section transitions where the upward annulus

flow of air creates eddy currents.

These mud rings are analogous to a small amount of water being placed in a

mixing bowl with wheat flour. The mixture will get very sticky and unworkable.

If more water is added, the mixture will reach a point where it will lose its sticki-

ness and become more milky and workable. The addition of injected fresh water

to a well through the standpipe must be added at a volumetric flow rate that
will ultimately eliminate the bottom hole stickiness, as well as saturate the air at

bottom hole annulus conditions. Eliminating bottom hole stickiness will always

require more injected water volumetric flow rate than the amount predicted

by Equations (8-4) and (8-5). Therefore, injection of fresh water into a well stand-

pipe must not stop at the flow rate predicted by Equations (8-4) and (8-5).

The volumetric flow rate must continue until stickiness is curtailed. The

Casing

Drill Pipe

Drill Collars

Mud Rings

FIGURE 8-11. Mud ring on the open hole section borehole wall.
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appropriate volumetric flow rate of fresh water to the well to eliminate stickiness

is a field trial and error process.

The actual volumetric flow rate of injected fresh water into the standpipe dur-

ing a drilling operation will be very dependent on the type of rock being drilled.

Certain rock formations when drilled will create more rock flour, which will in
turn create more well stickiness problems (i.e., mud rings). The worst formations

are dry shale, limestone, and dolomites.

The typical field procedure used to attain the proper water injection flow rate

is to watch the surface air standpipe pressure gauge as water injection progresses.

Stickiness will usually manifest itself as mud rings and will be seen on the stand-

pipe pressure gauge as sharp increases in pressure. The pressure increases can be

as little as 5 or 10 psi (3 to 7 N/cm2) and as high as 20 or 30 psi (15 to 20 N/

cm2). As the water flow rate is being injected into the well (and the drill string
is periodically raised and rotated at a higher speed to break up the mud rings),

the injected flow rate is increased until the standpipe pressure drops back to near

normal. The pressure gauge will always read a slightly higher pressure than

before water injection, as the column of air and water in the annulus will be

heavier than the previous air column. For the example well described in Illustra-

tive Example 8.3, the typical fresh water injection to the standpipe might be

approximately1 to 2 bbl/hr.

Once the appropriate fresh water injection flow rate has been field determined,
the drilling operation can go forward and the well can be advanced into rock for-

mations that have formation water influxes. This brings up the problem of how

much formation water a typical air drilled well can carry. Figure 8-12 shows results

from the Mathcad solution for Illustrative Example 8.3 and shows the critical annu-

lus minimum kinetic energy value as a function of depth for two possible formation

water influx volumetric flow rates. For a 10-bbl/hr influx, Figure 8-12 shows that

the annulus minimum kinetic energy drops as the open hole section is drilled from

7000 ft (2134 m) to 10,000 ft (3048 m). However, the situation is worst for a
20-bbl/hr influx (the annulus minimum kinetic energy is lower all along the open

hole section). In fact, for the influx of 20 bbl/hr, the minimum kinetic energy drops

below 3.0 lb/ft/ft3 (143.7 N-m/m3) at a drilling depth of approximately 9200 ft

(2804 m). This means that cuttings removal as drilling approaches this depth will

be impaired, resulting in a variety of bottom hole problems.

8.4.3 Suppression of Hydrocarbon Ignition

The next higher level of water injection volumetric flow rate is the volume

needed to suppress the ignition of downhole explosions and fires due to the mix-

ture of circulation air with produced oil, natural gas, or coal dust and fragments as

the drill bit is advanced. When drilling into rock formations that are coal seams,

or reservoir rock containing oil or natural gas, the steel drill bit action on the rock

cutting face can easily cause a spark. If the circulation gas is air, then the three

ingredients for downhole ignition are present (i.e., hydrocarbons, a spark, and

an oxygen source). Increasing the water injection volumetric flow rate (with addi-
tives) to the borehole and creating unstable foam at the bottom of the well can
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suppress most fire and explosion hazards for a vertical well. This has little or no

success in horizontal boreholes. This is because vertical wells tend to penetrate

the vertical thickness of the hydrocarbon producing reservoir (usually a horizon-
tal sedimentary rock formation). The vertical thickness of the reservoir is of the

order of a few hundred feet. Thus, at a drilling rate of 60 ft/hr, the exposure time

in the hazardous production zone is only a few hours. However, horizontal bore-

holes require the drilling of several thousands of feet of open hole in the hydro-

carbon producing reservoir. The drilling rates in horizontal boreholes are

usually about half the drilling rates in vertical wells. Thus, the exposure time in

a horizontal borehole is of the order of 10 to nearly 100 hours. The unsuccessful

record of ignition suppression with unstable foam in horizontal boreholes is
generally considered the consequence of the long exposure (drilling time)

in hydrocarbon producing rock formations. There are, of course, other drilling

methods that can be used to suppress or eliminate hydrocarbon ignition. These

methods require the use of circulation gases that will not support ignition.

These other circulation gases are natural gas for a gas pipeline, industrial liquid

nitrogen based gas, and membrane generated nitrogen (created by placing strip-

per/filter equipment downstream from the compressors to remove oxygen).

The use of these other drilling gases can increase drilling operation costs
significantly.
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Two chemical reactions can occur when oxygen combines with a hydro-

carbon such as methane CH4 and ethane C2H6 (and any other hydrocarbons).

The lower order combustion is denoted as deflagration and is in an oxygen-lean

environment. For methane, the deflagration reaction is

CH4 þ 0:5 O2 ! CO þ 2 H2O ðplus heatÞ:
For ethane, the deflagration process is

C2H6 þ O2 ! 2 CO þ 3 H2O > ðplus heatÞ:
The higher order combustion is denoted as detonation and is in an oxygen-rich

environment. For methane, the detonation reaction is

CH4 þ 2 O2 ! CO2 þ 2 H2O ðplus heatÞ:
For ethane, the detonation process is

C2H6 þ 3:5 O2 ! 2 CO2 þ 3 H2O ðplus heatÞ:
Figure 8-13 gives the ignition (ignition zone) parameters of pressure versus the

percent mixture of natural gas with atmospheric air [14, 15]. In general, natural

gas presents the somewhat greater hazard relative to exposure to oil and coal.

This is because the mixture of air and natural gas creates an explosive hazard,
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whereas the mixture of oil and coal creates more of a downhole fire hazard. Fig-

ure 8-13 shows that the hazard of ignition increases with higher pressures

(the wider the region of ignition at the top of Figure 8-13). As the well is drilled
deeper, the bottom hole annulus pressure gets higher. This in turn increases the

ignition probability in the presence of hydrocarbons.

As discussed in Chapter 5, Section 5.8, membrane generated nitrogen technol-

ogy can be used to reduce the percentage of oxygen in the filter output stream to

approximately 5%. This oxygen deprived inert air will not support deflagration

or detonation. Figure 8-14 shows a plot of the approximate minimum percent

of oxygen in a mixture with hydrocarbon (methane) at which deflagration or

detonation will initiate [16]. Deflagration and detonation will not proceed
below these values. This is why membrane filter nitrogen generators are usually

calibrated to keep the percent of oxygen in the stream of filter atmospheric air

at approximately 5%.

8.5 PRIME MOVER FUEL CONSUMPTION
This section discussed the fuel consumption of the prime mover for the compres-
sor system. Illustrative examples of the fuel consumption were discussed in detail

0

%
 O

xy
ge

n

8.00

8.50

9.00

9.50

10.00

10.50

11.00

11.50

12.00

Pressure (N/cm2abs)

0 500 1000 1500

500 1000 1500

Pressure (psia)

2000 2500 3000

FIGURE 8-14. Content of oxygen to initiate deflagration or detonation [16].

210 CHAPTER 8 Air, Gas, and Unstable Foam Drilling



in Chapter 5. Appendix C gives the Mathcad solution for Illustrative Example 8.3.

In this solution, the fuel consumption calculations found in Chapter 5 were

applied to the Illustrative Example 8.3 solution. The fuel consumption rate

required for the Caterpillar Model D398 diesel fueled prime mover of the Dresser

Clark CFB-4 compressor operating at an air injection pressure required for drilling
at 10,000 ft (3048 m) of depth is approximately 32 gal/hr (120 liters/hr). The

total diesel fuel usage rate for all three compressors on the location is approxi-

mately 95 gal/hr.

8.6 CONCLUSIONS
The discussions in this chapter concentrated on direct circulation operations. The
Mathcad illustrative examples in Appendix C utilized lumped geometry approxi-

mations for the drill pipe body and drill pipe tool joints. These approximations

appear to adequately model the overall friction resistance along the circulation

system and give accurate results for bottom hole and injection pressures.

Unlike the aerated and stable foam drilling fluids, which are discussed in

Chapters 9 and 10, the modeling of air drilling fluids is not a rheology issue.

The major issues with air drilling fluids are (1) downhole combustion and

(2) the ability of the air drilling fluid to carry formation water from the well.
The first issue has been solved by the membrane filter technology used to pro-

duce an inert atmospheric air that is defined in this text as membrane generated

nitrogen. The second issue can only be solved in the field by experienced drilling

personnel.

With all things being equal, air drilling fluid will have the lowest bottom hole

pressure of the three drilling fluids being considered in this text: air, aerated, and

stable foam.
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CHAPTER

Aerated Fluids Drilling 9
The term aerated fluids describes the broad category of drilling fluids that are

basically incompressible fluids injected with compressed air or other gases. Aer-

ated drilling fluids have been used to drill both shallow and deep boreholes since

the advent of air and gas drilling technology in the mid-1930s. The first engineer-

ing discussion of an aerated drilling mud project was given in 1953 [1]. Aerated

drilling fluids were initially used to drill through rock formations that had fracture

and/or pore systems that could drain the incompressible drilling fluids (e.g., fresh
water, water- and oil-based drilling muds, formation water, and formation crude

oil) from the annulus. These borehole drilling fluid theft rock formations are

called lost circulation sections. The injection of air into drilling muds has been

considered an important technological tool in countering the detrimental effects

of lost circulation sections. The injection of air into drilling mud creates bubbles

in the mud and, because of the surface tension properties of the bubbles relative

to the properties of rock and drilling mud, the bubbles tend to fill in the fracture

or pore openings in the borehole wall as the aerated mud attempts to flow to the
thief fractures and pores [2]. This bubble blockage restricts the flow of the dril-

ling mud into these lost circulation sections and thereby allows the drilling opera-

tions to progress safely. Aerated fluids have been used to avoid lost circulation in

shallow water well drilling, geotechnical drilling, mining drilling, and in deep oil

and natural gas recovery drilling operations. Aerated fluids drilling operations are

nearly always direct circulation operations.

Since the late 1980s another important application for aerated fluids drilling

operations has emerged. This is underbalanced drilling applied to oil and natural
gas recovery operations. Over the past two decades practical field research has

demonstrated that most oil and natural gas bearing rock formations can be pro-

duced more efficiently if they are drilled with drilling fluids that have flowing bot-

tom hole pressures that are slightly less than the pore pressures of the potential

producing rock formations being drilled. Underbalanced drilling operations allow

the oil or natural gas to be produced into the annulus as the drilling operation pro-

gresses. The underbalanced drilling operation allows the natural fracture and pore

systems to be kept clear of rock cutting fines and drilling mud filter cake, thereby
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avoiding formation damage. Formation damage has been a problem in oil and nat-

ural gas recovery operations nearly since the discovery of oil and natural gas min-

eral deposits. Underbalanced drilling operations are often carried out using a

variety of incompressible fluids (e.g., crude oil, formation water, or clear water)

and a variety of compressible gases (e.g., air, inert atmosphere, or natural gas).
An inert atmosphere is created by a filter system (placed downstream of the pri-

mary compressor) that strips most of the oxygen from the intake air [3]. This dril-

ling gas is known as membrane generated nitrogen.

This chapter outlines the steps and methods used to plan a successful aerated

fluids drilling operation. This chapter also discusses the application of these

steps and methods to typical deep drilling operations. The objective of

these steps and methods is to allow engineers and scientists to plan their drilling

operations cost effectively. The additional benefit of this planning process is that
data created by the process can be used later to control the drilling operations as

the actual operations progress.

9.1 DEEP WELL DRILLING PLANNING
Aerated drilling operations use a variety of incompressible fluids and compressed

gases to develop a gasified drilling fluid. The majority of the operations use stan-

dard fresh water-based drilling mud with injected compressed air or membrane

generated nitrogen. In this chapter, a performance drilling operation will be

assumed and, therefore, standard drilling mud and atmospheric air will be used

as the example aerated drilling fluids.
The basic planning steps for a deep well are as follow:

1. Determine the geometry of the borehole sections to be drilled with aerated

drilling fluids (i.e., open hole diameters, the casing inside diameters, and
section depths).

2. Determine the geometry of the associated drill string for each section to be

drilled with aerated drilling fluids (i.e., drill bit size and type, the drill collar

size, drill pipe size and description, and maximum depth).

3. Determine the type of rock formations to be drilled in each section and

estimate the anticipated drilling rate of penetration (use offset wells).

4. Determine the elevation of the drilling site above sea level, the temperature

of the air during the drilling operation, and the approximate geothermal
temperature gradient.

5. Establish the objective of the aerated drilling fluids operation:
n Performance drilling
n Underbalanced drilling

6. For either of the aforementioned objectives, determine the required approx-

imate volumetric flow rate of the mixture of incompressible fluid and the

compressed air (or other gas) to be used in the aerated fluid drilling
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operation. This is usually the minimum incompressible volumetric flow rate

that would clean the rock cuttings from the bottom of the well and transport

the cuttings to the surface. In most aerated drilling operations, the incom-

pressible fluid volumetric flow rate is held constant as drilling progresses

through the open hole interval.
7. Using the incompressible fluid and gas volumetric flow rates to be injected

into the well, determine the bottom hole annulus pressures and the surface

injection pressures as a function of open hole interval drilling depth.

8. Select the contractor compressor(s) that will provide the drilling operation

with the appropriate air or gas volumetric flow rate needed to aerate the

drilling fluid properly.

Chapter 6 derived and summarized the basic direct circulation drilling

planning governing equations. The equations in that chapter are utilized in the

discussions and illustrative examples that follow.

9.2 AERATED FLUIDS DRILLING OPERATIONS
Several drill string and well configurations are used for aerated fluid drilling opera-
tions. These are divided into two general technique classes of air (or gas) injection

operations: drill pipe injection and annulus injection [4].

9.2.1 Drill Pipe Injection

Figure 9-1 shows a schematic of the drill pipe injection-aerated drilling configura-

tion. In this configuration, incompressible fluids and compressible air (or other
gas) are injected together into the top of the drill string (at Pin). These two fluid

streams mix as they flow down the inside of the drill string and pass through the

drill bit nozzles. When the mixture of these fluids flows into the bottom of the

annulus, the rock cuttings (from the advance of the drill bit) are entrained and

the resulting mixture flows to the surface in the annulus. The mixture exits the

annulus (at Pe) into a horizontal flow line. This horizontal flow line flows to either

conventional open mud tanks or sealed return tanks. Conventional open mud

tanks are used when the returning air is not mixed with contaminated fluids or
gases or mixed with produced hydrocarbons. Separators are used when hydrocar-

bon fluids are expected in the return flow from the well.

Figure 9-2 shows a schematic of the jet sub drill string injection drilling config-

uration. An alternative to flowing the mixture down the entire length of the inside

of the drill string to the drill bit is to place a jet sub above the drill collars to allow

most of the compressed air (or other gas) to pass from the inside of the drill string

into the annulus before the two-phase mixture flows through the inside of the drill

collars. The jet sub drill string injection technique is usually used for deep aerated
drilling operations where the bottom section of the well is usually drilled with
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a small diameter drill bit and corresponding small diameter drill collars. In much

the same way as bubbles provide a resistance mechanism to counter the loss of cir-

culation zones, the surface tension of the bubbles in the aerated fluid creates some-
what high pipe friction resistance when flowing through small inside diameter drill

collar opens. This increased resistance to flow is not modeled by conventional fric-

tion factors derived from homogeneous fluids experiments [5–9]. Thus, in order to

reduce circulation pumping pressures, the jet sub is placed in the drill string in the

drill pipe section above the drill collars. Usually the jet sub is placed several drill

pipe joints above the drill pipe to drill collar transition. There are usually two to

three jet nozzles in the jet sub. The jet sub orifices can be sized to allow the com-

pressed gas to be vented to the annulus before the gas-aerated fluid can flow to the
drill collars.

When the aerated drill string injection technique is used to drill through

loss of circulation zones, a constant volumetric flow rate of incompressible dril-

ling fluid is circulated. The actual volumetric flow rate of the incompressible

Pbdca= Pbh

Pbdpa

Pbdpi

Pbdci

Pai

Pbca

Pin (All)

Pe

FIGURE 9-1. Schematic of direct circulation. Pin is the injection pressure into the top of the drill

string, Pbdpi is the pressure at the bottom of the drill pipe inside the drill string, Pbdci is the

pressure at the bottom of drill collars inside the drill string, Pai is the pressure above the drill bit

inside the drill string, Pbdca is the pressure at the bottom of drill collars in the annulus, Pbh is

the bottom hole pressure in the annulus, Pbdpa is the pressure at the bottom of the drill pipe in

the annulus, Pbca is the pressure at the bottom of the casing in the annulus, and Pe is the

pressure at the top of the annulus.
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drilling fluid is usually the minimum flow rate that will adequately clean and carry
the rock cuttings from the bottom of the annulus. The volumetric flow rate of

injected compressible gas is the amount that will facilitate the performance dril-

ling objectives (e.g., improved rate of penetration, reduce loss of circulation).

In underbalanced drilling situations, these operations usually require that a near

constant bottom hole pressure be maintained as the drill bit is advanced through

the reservoir. To accomplish this objective, a constant volumetric flow rate of

incompressible drilling fluid is injected into the inside of the drill string. Here

again, it is desirable to design the volumetric flow rate of the incompressible dril-
ling fluid that will adequately clean and carry the rock cuttings from the bottom

of the annulus. In order to maintain a nearly constant bottom hole annulus pres-

sure while the drill bit is advanced, the volumetric flow rates of either the incom-

pressible drilling fluid or the compressed gas (or both) can be adjusted as the well

is deepened.

9.2.2 Annulus Injection

Figure 9-3 shows the annulus injection of gas for an aerated drilling operation

(can be accomplished with a parasite tubing string drilling behind the casing, a

parasite concentric tubing and drill pipe string, or through a completion string)

[4]. In this configuration the incompressible drilling fluid is injected into the drill

Pbdca= Pbh

Pbdpa

Pbdpi

Pbdci

Pai

Pbca

Pin (Gas & Liquid)

Pe

FIGURE 9-2. Schematic of jet sub drill pipe injection-aerated flow.
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string and the compressed gas is injected into the annulus. In the early years of

aerated drilling, the technique was used to eliminate the threat of formation frac-

ture (and the eventual loss of drilling fluid). More recently, this technique has

been used for limited underbalanced drilling operations (usually in the geometry

of parasite casing drilling or through completion drilling).

9.2.3 Advantages and Disadvantages

The Drill Pipe Injection Technique
Advantages to the drill pipe injection technique are as follow:

n Because the technique does not require additional downhole equipment,

drill pipe injection is less costly than annulus injection.
n Nearly the entire annulus is filled with aerated fluid, thus lower bottom hole

pressures can be achieved.
n Because the gas is injected into the annulus at or near the bottom of the

annulus, less gas volumetric flow rate is needed to achieve a given bottom
hole pressure than via annulus injection.

Disadvantages to the drill pipe injection technique are as follow:

n Aeration of the incompressible drilling fluid cannot be continued when

circulation is discontinued for connections and tripping. Therefore, it is

Pbdca= Pbh

Pbdpa

Pbdpi

Pbdci

Pai

Pbca

Pin (Liquid)
Pin (Gas)

Pe

FIGURE 9-3. Schematic of annulus injection-aerated flow (parasite tubing string example).
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difficult to maintain constant bottom hole annulus pressure throughout the

entire drilling operations.
n Because the injected gas is trapped under pressure inside the drill string by

the various string floats, time must be allowed for the pressure bleed down

when making connections and trips. Here again, the bleed down makes it
difficult to maintain a constant bottom hole pressure.

n The flow down the inside of the drill string is two-phase flow; therefore,

higher pipe wall friction losses are present. The high friction losses result

in high pump and compressor pressures during injection. This is somewhat

relieved when a jet sub is used.
n The gas phase in the aerated flow attenuates the pulses of conventional

measure-while-drilling (MWD) systems. Therefore, conventional mud pulse

telemetry MWD cannot be used.

The Annulus Injection Technique
Advantages to the annulus injection technique are as follow:

n Aeration of the incompressible drilling fluid in the annulus above the gas

annulus entrance position can continue during connections and trips.
n Flow down the inside of the drill string is single phase; therefore, conventional

mud pulse MWD can be used in aerated directional drilling operations.
n The compressor pressure used to maintain gas injection will usually be low

when compared to the pressure required for direct circulation (to the drill

bit) aerated drilling operations.

Disadvantages to the annulus injection technique are as follow:

n Because the parasite tubing string or the temporary casing is placed at a par-

ticular fixed location in the well, the aeration technique is more inflexible

than the drill pipe injection techniques.
n Initiating (kickoff) gas flow to the annulus requires very high compressor

pressures.
n Because the gas is injected into the annulus at fixed depths that are well above

the bottom of the annulus, higher gas volumetric flow rates are required to

maintain constant bottom hole pressures than in the drill pipe injection

technique.

9.3 MINIMUM VOLUMETRIC FLOW RATES
Most aerated drilling operations are planned with a constant volumetric flow rate

of incompressible drilling fluid and only the volumetric flow rate of the com-

pressed gas is allowed to vary. The volumetric flow rate of gas is usually increased

as the depth is increased in order to maintain the same aerated fluid properties in

the annulus column. The drill pipe injection technique requires that both the
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incompressible drilling fluid injection and the compressible gas injection be sus-

pended when connections and trips are made. Similarly, the annulus injection

technique requires that the incompressible drilling fluid injection be suspended

when connections and trips are made. Further, the cleaning, lifting, and suspen-

sion capabilities of the incompressible drilling mud is generally independent of
the depth of drilling. Conversely, the cleaning and lifting capabilities of com-

pressed gas are dependent of the depth of drilling. Also, it must be noted that

compressed gas drilling fluids have little or no suspension capabilities. Therefore,

when designing an aerated drilling fluid, the injected compressed gas should not

be assumed to contribute to bottom hole cleaning, lifting, and suspension of rock

cuttings in the annulus. The additional cleaning and lifting properties of the com-

pressed gas to the aerated drilling fluid should be considered bonuses. This argu-

ment requires that the incompressible drilling fluid properties and circulation
characteristics be designed to provide the aerated drilling operations with

stand-alone cleaning, lifting, and suspension capabilities of the rock cuttings in

the annulus.

9.3.1 Discussion of Theories

A variety of minimum volumetric flow rate theories can be used to design incom-

pressible drilling fluid properties and circulation characteristics for direct circula-

tion drilling operations [10–12]. In order to formulate a workable simple

procedure for determining the minimum volumetric flow rates of incompressible
fluid and ultimately the gas, this chapter will confine its attention to performance

drilling operations.

The average annulus velocity of the fluid, Vf, in the largest annulus cross section

will be the sum of the critical concentration velocity, Vc, and the terminal velocity,

Vt, of the average size rock cutting particle in the incompressible drilling fluid.

Thus, the average fluid velocity in the annulus is

Vf ¼ Vc þ Vt ; (9-1)

where Vf is the incompressible drilling fluid (ft/sec, m/sec), Vc is the critical con-

centration velocity (ft/sec, m/sec), and Vt is the terminal velocity of the rock cut-

tings particle (ft/sec, m/sec).

The critical concentration velocity is the additional velocity needed to distrib-
ute the rock cuttings through the incompressible drilling fluid at a predetermined

concentration factor. The usual concentration factor is 0.04 or lower [13]. There-

fore, the critical concentration velocity Vc is

Vc ¼ k
3; 600 C

; (9-2)

where k is the instantaneous drilling rate (ft/hr, m/hr) and C is the concentration

factor (usually assumed to be 0.04).

Equations (9-1) and (9-2) can be used with any consistent set of units.
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Terminal Velocities
For direct circulation operations the terminal velocity of the rock cutting particle

is assessed in the annulus section of the borehole where the cross-sectional area

is the largest. It is assumed that the rock cuttings average particle will fall in the

drilling fluid with a terminal velocity (and, therefore, a particle velocity Reynolds

number) that indicates turbulent flow conditions around the particle.

Aerated drilling operations can utilize either Newtonian or non-Newtonian

incompressible fluid components. In this section, only Newtonian fluids will be

used in examples. The Stokes’ law describes the terminal velocity of a particle
where the flow around the particle is laminar [11]. This equation in consistent

units is

Vt l ¼ D2
c

18 m

� �
gs � gf
� �

; (9-3)

where Vtl is the terminal velocity for laminar flow conditions (ft/sec, m/sec), Dc is

the approximate average diameter of the rock cutting particle (ft, m), gs is the
specific weight of the solid rock cutting (lb/ft3, N/m3), gf is the specific weight

of the incompressible drilling fluid (lb/ft3, N/m3), and m is the absolute viscosity

of the fluid (lb-sec/ft2, N-sec/m2).

The Rittinger empirical correlation has been modified to take into account

friction loss in the flow around the particle [11]. This modified correlation is

given in Equation (9-4). This equation can be used for both transitional and turbu-

lent flows depending on the nondimensional particle flow Reynolds number

value and the associated flow friction factor. This correlation in consistent
units is

Vtt ¼ 4

3

gs � gf
gf

 !
g Dc

fp

" #0:5
; (9-4)

where Vtt is the terminal velocity for transitional/turbulent conditions (ft/sec, m/

sec), g is the acceleration of gravity (32.2 ft/sec2, 9.81 m/sec2), and fp is the par-
ticle friction factor.

The nondimensional Reynolds number for flow around the particle in consis-

tent units is

NRc
¼ DcVt

n
; (9-5)

where n is the kinematic viscosity of the flowing fluid (ft2/sec, m2/sec).

Equation (9-3) is valid for particle Reynolds number�3 (laminar flow conditions).

Equation (9-4) is valid for transitional flow conditions for particle Reynolds

number >3 and�300 and valid for turbulent flow conditions for particle Reynolds

number >300.

Figure 9-4 shows the relationship between particle Reynolds number and

particle friction factor, fp, for particles having various coefficients of sphericity, f.
The sphericity coefficient is used to describe the geometry of the outer surface
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of the particle (the perfect sphere f ¼ 1.0). The lower the sphericity value, the

higher the particle friction factor. This also means that the lower the sphericity

value, the lower the terminal velocity. Using a sphericity of 1.0 will give the

highest, and therefore the most, engineering conservative drilling fluid lifting

properties.

9.3.2 Engineering Practice

The engineering practice for aerated drilling operations is to design the incom-

pressible drilling fluid to have minimum lifting capability for the planned open

hole interval. Modern aerated drilling operations utilize a variety of incompress-

ible drilling fluids. These can be fresh water and salt water drilling muds, oil-

based drilling muds, production fluids, fresh waters, and formation waters.
The minimum volumetric flow rate of the incompressible drilling fluid will

be determined using Equations (9-1) through (9-5). When assessing the lifting

capability of Newtonian incompressible drilling fluids, analyses should include

whether the flow conditions around the particle are laminar, transitional, or

turbulent.

Once the incompressible drilling fluid minimum volumetric flow rate has

been determined, a volumetric flow rate of injected compressed gas can be deter-

mined for a variety of performance or underbalanced drilling objectives. The
basic equations derived in Chapter 6 for direct circulations will be used to solve

the illustrative examples in this section.
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FIGURE 9-4. Cuttings particle Reynolds number for non-Newtonian terminal velocity

determinations.
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Illustrative Example 9.1 The borehole to be used in this illustrative exam-

ple is the basic example used in Chapter 8. The 77 8= -in (200 mm)-diameter

borehole is drilled out of the bottom of API 85 8= -in (219 mm)-diameter 32.00-

lb/ft (14.00 kg/m) nominal casing set to 7000 ft (2134 m)(see Figure 9-4 for well

casing and open hole geometric configuration). This is special clearance casing
fabricated by Lonestar Steel, which has a drift diameter that will pass a 77 8= -in

(200 mm)-diameter drill bit. The drill bit used to drill the interval is a 77 8= -in

(200 mm)-diameter tricone roller cutter insert type with three 11
32= -in (8.7

mm) nozzles. The anticipated drilling rate in a sandstone and limestone

sequence (sedimentary rock) is approximately 60 ft/hr (18.3 m/hr). The open

hole interval below the casing shoe to be drilled is from 7000 ft (2134 m) to

10,000 ft (3047 m).

The drill string for this illustrative example is made up of 500 ft (152.4 m) of
61 4= -in (158.8 mm) by 213 16= -in (71.4 mm) drill collars above the drill bit and

120’ (37m)
1400’

(427m)

7000’
(2134m)

20’’, 94 Ib/ft
(508mm, 140 kg/m)

133/8’’, 48 Ib/ft
(339.7mm, 71.4 kg/m)

85/8’’, 32 Ib/ft
(219.1mm, 47.6 kg/m)

77/8’’
(200mm)

Production
Zone

Open Hole Bit Size

10000’
(3048m)

FIGURE 9-5. Illustrative Example 9.1 casing and open hole well geometric configuration.

9.3 Minimum Volumetric Flow Rates 223



API 41 2= -in (114 mm), 16.60-lb/ft (7.52 kg/m) nominal, IEU-S135, NC46 drill pipe

to the surface. The tool joints of this drill pipe have an outside diameter of 61 4= in

(154.8 mm) and an inner diameter of 23 4= in (69.9 mm). The drilling is carried

out at a surface location of 4000 ft (2129 m) above sea level (see Table 5-1 and

Appendix B). The regional geothermal gradient is approximately 0.01�F/ft
(0.018�C/m).

The incompressible drilling fluid has a specific weight of 10 lb/gal (1200.0

kg/m3) and a viscosity of 30 cp. The drill pipe injection technique is used, and

the drilling operation is carried out to maintain a bottom hole pressure of 3360

psig (2414 N/cm2 gauge) at the bottom of the open hole interval at 10,000 ft

(3048 m). A horizontal section of API line pipe that runs 100 ft (30.5 m) from just

above the BOP stack to the mud tank is used as the return flow line. The surface

return line is an API 65 8= -in (168 mm) line pipe, 32.71 lb/ft (49.0 kg/m) nominal,
Grade B. The inside diameter of this line pipe is 5.625 in (143 mm). Two gate

valves are installed in the return flow line at the end of the line that is attached

to the BOP stack. These valves have an inside diameter of 59 16= in (141 mm).

An average drilling cuttings particle diameter of 0.36 in (9.14 mm) and a spheric-

ity coefficient of 1.0 are used to determine the approximate minimum volumetric

flow rate of the incompressible drilling fluid that is required for this aerated

drilling operation.

Minimum Incompressible Fluid Volumetric Flow Rate (USCS Units)
The incompressible fluid used in this illustrative example is a water-based drilling

mud with plastic properties. Therefore, the minimum volumetric flow rate of

the incompressible drilling fluid is determined using Equations (9-1) through

(9-5) above.

The anticipated drilling rate is 60 ft/hr. The critical concentration velocity is

Vc ¼ 60

3; 600 0:04ð Þ
Vc ¼ 0:417 ft=sec:

The specific weight of the sedimentary rock to be drilled is approximately

gs ¼ 2:7ð Þ 62:4ð Þ
gs ¼ 168:5 lb=ft3;

where the specific gravity of sedimentary rock is assumed to be approximately

2.7 (see Chapter 6).

The specific weight of the 10-lb/gal incompressible drilling fluid in consistent
units is

gf ¼
10 12ð Þ3

231

gf ¼ 75:0 lb=ft3:
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The viscosity of the incompressible drilling fluid in consistent units is

mf ¼ 30 0:001ð Þ 0:02089ð Þ

mf ¼ 0:0006267
lb� sec

ft2
:

Assuming laminar flow conditions around the particle, Stokes’ law will

be used to determine the initial value of the particle terminal velocity. Equation

(9-3) is

Vtl ¼
0:36

12

� �2

18 0:0006267ð Þ

2
6664

3
7775 168:5� 75:0ð Þ

Vtt ¼ 7:46 ft=sec:

The incompressible drilling fluid density rf is

rf ¼
75:0

32:2

rf ¼ 2:329
lb� sec2

ft4
:

The general equation for kinematic viscosity of the fluid is

n ¼ m
r
; (9-6)

where n is kinematic viscosity (ft2/sec). The kinematic viscosity is

n ¼ 0:0006267

2:329

n ¼ 0:0002691 ft2=sec:

The Reynolds number of the fluid flow around the average cuttings particle

[Equation (9-5)] is

NRc
¼

7:46
0:36

12

� �

0:0002691

NRc
¼ 832:

This Reynolds number is greater than 3 and therefore the flow around the parti-

cle is not laminar.

Assuming that the flow conditions around the particle are transitional, Equa-

tion (9-4) becomes

Vtt ¼ 4

3

168:5� 75:0

75:0

� � 32:2ð Þ 0:36

12

� �

fp

2
664

3
775

0:5

:
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The value of fp in the aforementioned equation is determined by trial and

error using the result of the aforementioned equation, Equation (9-5) (for

NRc
), and Figure 9-4. The value of fp must be on the c ¼ 1.0 curve. These ana-

lyses yield a value of fp ¼ 0.80 and a NRc
¼ 158. This clearly establishes

that the fluid flow around the particle is transitional. The transitional terminal
velocity of the average cuttings particle from the aforementioned equation for

fp ¼ 0.80 is

Vtt ¼ 1:417 ft=sec:

Equation (9-1) for the average total fluid velocity in annulus becomes

Vf ¼ 1:417þ 0:417

Vf ¼ 1:834 ft=sec:

The total velocity of the fluid must be the minimum average velocity of the

incompressible fluid in the borehole annulus section where the cross-sectional

area is the largest. In this illustrative example, the largest cross-sectional area of

the annulus is in the cased section of the well where the inside diameter of the

casing is 7.921 in and the outside of the diameter of the drill pipe is 4.50 in. Thus,
this annulus cross-sectional area, Aa, is

Aa ¼ p
4

� � 7:921

12

� �2

� 4:50

12

� �2
" #

Aa ¼ 0:232 ft2:

The volumetric flow rate in the aforementioned annulus section is

Qa ¼ 0:232ð Þ 1:834ð Þ
Qa ¼ 0:426 ft3=sec:

In field units, this is

qa ¼ 0:426ð Þ 60ð Þ 12ð Þ3
231

qa ¼ 191:0 gpm:

Minimum Incompressible Fluid Volumetric Flow Rate (SI Units)
The incompressible fluid used in this illustrative example is a water-based

drilling mud with plastic properties. Therefore, the minimum volumetric flow

rate of the incompressible drilling fluid is determined using Equations (9-1)

through (9-5).

The anticipated drilling rate is 18.3 m/hr. The critical concentration velocity is

Vc ¼ 18:3

3; 600 0:04ð Þ
Vc ¼ 0:127 m=sec:
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The specific weight of the sedimentary rock to be drilled is approximately

gs ¼ 2:7ð Þ 1000:0ð Þ 9:81ð Þ
gs ¼ 26487:0 N=m3;

where the specific gravity of sedimentary rock is assumed to be approximately

2.7 (see Chapter 6).

The specific weight of the 1200.0-kg/m3 incompressible drilling fluid in con-

sistent units is

gf ¼ 1200:0 9:81ð Þ
gf ¼ 11772:0 N=m3:

The viscosity of the incompressible drilling fluid in consistent units is

mf ¼ 30 0:001ð Þ

mf ¼ 0:030
N� sec

m2
:

Assuming laminar flow conditions around the particle, Stokes’ law will be used

to determine the initial value of the particle terminal velocity. Equation (9-3) is

Vtl ¼
"

0:00914ð Þ2
18 0:030ð Þ

#
28487:0� 11772:0ð Þ

Vtt ¼ 2:28 m=sec:

The incompressible drilling fluid density rf is

rf ¼ 1200:0 N � sec2=m4:

The kinematic viscosity is

n ¼ 0:030

1200:0

n ¼ 0:0000250 m2=sec:

The Reynolds number of the fluid flow around the average cuttings particle

[Equation (9-6)] is

NRc
¼ 2:28 0:00914ð Þ

0:0000250

NRc
¼ 832:

This Reynolds number verifies that the flow around the particle is not laminar.

Assuming that the flow conditions around the particle is transitional, Equation
(9-4) becomes

Vtt ¼
"
4

3

28487:7� 11772:0

11772:0

� �
9:81ð Þ 0:00914ð Þ

fp

#0:5
:
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The value of fp in the aforementioned equation is determined by trial and error

using the result of the aforementioned equation, Equation (9-5) (for NRc
), and

Figure 9-4. The value of fp must be on the c ¼ 1.0 curve. These analyses yield

a value of fp ¼ 0.80 and a NRc
¼ 158. This clearly establishes that the fluid flow

around the particle is transitional. The transitional terminal velocity of the average
cuttings particle from the above equation for fp ¼ 0.80 is

Vtt ¼ 0:432m=sec:

Equation (9-1) for the average total fluid velocity in annulus becomes

Vf ¼ 0:432þ 0:127

Vf ¼ 0:559 m=sec:

The total velocity of the fluid must be the minimum average velocity of the

incompressible fluid in the borehole annulus section where the cross-sectional

area is the largest. In this illustrative example, the largest cross-sectional area of

the annulus is in the cased section of the well where the inside diameter of the

casing is 201.2 mm and the outside of the diameter of the drill pipe is 114.3

mm. Thus, this annulus cross-sectional area, Aa, is

Aa ¼ p
4

� ��
0:2012ð Þ2 � 0:1143ð Þ2

�

Aa ¼ 0:02153 m2:

The volumetric flow rate in the aforementioned annulus section is

Qa ¼ 0:0215ð Þ 0:559ð Þ
Qa ¼ 0:0121 m3=sec:

In field units, the aforementioned is

qa ¼ 12:04 liters=sec

qa ¼ 722:7 lpm:

9.4 NONFRICTION AND FRICTION ILLUSTRATIVE EXAMPLES
Over the past two decades, the analyses of aerated fluid vertical drilling problems

have been carried out by two distinct analytic methodologies.

The first methodology ignores the major and minor friction losses due to fluid
flow inside the drill string and in the annulus. This methodology includes only

the fluid column weight [14, 15]. This methodology was originally derived and

adapted for aerated drilling from the large body of literature pertaining to multi-

phase flow of oil and natural gas in production tubing [16, 17].

The second methodology can include all the complexity of fluid flow friction

losses. The initial application of this methodology also came from adapting
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multiphase oil and gas flow tubing production theory to aerated drilling annulus

problems. This production theory application includes only major friction losses

and was not applicable to complicated borehole geometry. New additions to this

methodology, which do not come from production literature, have included major

and minor losses and can be applied to complicated borehole geometry. Also
included in this second methodology is the inclusion of liquid holdup correlations,

which were first examined in the production literature [16, 17].

Chapter 6 derived the basic aerated fluid drilling governing equations and pre-

sented their auxiliary friction factor and nozzle flow equations. These equations

form the foundation for both methodologies as discussed in this treatise.

9.4.1 Nonfriction Approximation

The simple nonfriction methodology allows straightforward deterministic approx-

imate solutions of aerated drilling problems. However, the practical applicability

of these nonfriction solutions is limited to shallow (generally less than 3000 ft

of depth) wells with simple geometric profiles. The nonfriction solution will be

applied to a deep well example only as a demonstration and ultimate comparison

of the results to those obtained from the friction solution.

In what follows, the basic equations in Chapter 6 for aerated drilling are used

to derive the nonfriction governing equation. Letting f ! 0 in Equation (6-48)
yields

ðPbh

Pe

dP

_wt

Pg

P

� �
Tav

Tg

� �
Qg þ Qf

2
66664

3
77775

¼
ðH
0

dh;

where Pbh is the pressure at the bottom of the annulus (lb/ft2, abs) and Pe is the

pressure at the exit from the annulus (lb/ft2, abs). This equation can be rear-

ranged and integrated to yield
�����Pg

�
Tav

Tg

��
Qg

_wt

�
In P þ

�
Qf

_wt

�
P

�����
Pbh

Pe

¼
����h
����
H

0

:

Evaluating the aforementioned equation at the limits, rearranging the result, and

solving for gas volumetric flow rate, Qg, yields

Pg

Tav

Ts

� �
Qg ln

Pbh

Ps

� �
þ Qf Pbh � Psð Þ ¼ _wt H: (9-7)

The nonfriction solution is usually not applied to a deep well like our example.
This is only done as a demonstration. It is instructive to compare the nonfriction

solution results to the full friction solution results obtained later in this chapter.

The approximate values for the volumetric flow rates of the incompressible fluid

9.4 Nonfriction and Friction Illustrative Examples 229



and the compressible gas (air) can be used as initial values for the complicated

trial and error solution required for the full friction solution.

Illustrative Example 9.2 Using the nonfriction method and the given data and

results obtained in Illustrative Example 9.1, determine the approximate volumetric

flow rate of air required for the incompressible drilling fluid (drillingmud) volumetric
flow rate of approximately 191 gpm (723 lpm) while drilling at 10,000 ft (3048 m).

USCS Units
Table 5-1 gives an average atmospheric pressure of 12.685 psia for a surface loca-

tion of 4000 ft above sea level (also see Appendix B). The actual atmospheric pres-

sure for the air at the drilling location (that will be used by the compressor) is

pat ¼ 12:685 psia

Pat ¼ pat 144

Pat ¼ 1826:6 lb=ft2 abs:

The actual atmospheric temperature of the air at the drilling location (used by the
compressor), Tat, is

tat ¼ 44:74� F

Tat ¼ tat þ 459:67

Tat ¼ 504:41� R:

Thus, Pg and Tg become

Pg ¼ Pat ¼ 1826:6 lb=ft2 abs

Tg ¼ Tat ¼ 504:41� R:

Using Equation (4-11), the specific weight of the gas entering the compressor is

gg ¼
1826:6ð Þ 1:0ð Þ

53:36ð Þ 504:41ð Þ
gg ¼ 0:0679 lb=ft3:

The bottom hole pressure in absolute pressure is

pbh ¼ 3360þ 12:685

pbh ¼ 3372:685 psia

Pbh ¼ pbh 144

Pbh ¼ 485666:6 lb=ft2 abs:

The temperature of the rock formations near the surface (geothermal surface

temperature) is estimated to be the approximate average year-round temperature

at that location on the earth’s surface. Table 5-1 gives 44.74�F for the average year-

round temperature for a surface elevation location of 4000 ft above sea level (see
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Appendix B). Therefore, the absolute temperature of the rock formations at the sur-

face is

tr ¼ 44:74� F

Tr ¼ tr þ 459:67

Tr ¼ 504:41� R:

The depth of the well is

H ¼ 10000 ft:

The bottom hole temperature, Tbh, is

Tbh ¼ Tr þ 0:01 H

Tbh ¼ 604:41� R:

The borehole average temperature is

Tav ¼ 504:41þ 604:41

2

Tav ¼ 554:41� R:

The open hole diameter is

dh ¼ 7:875 inches

Dh ¼ dh

12

Dh ¼ 0:656 ft:

The estimated drilling rate of penetration is 60 ft/hr. The weight rate of flow of

solids from the advance of the drill bit is

_ws ¼ p
4

� �
D 2

h 62:4ð Þ Ss k
60ð Þ 60ð Þ

� �
(9-8)

_ws ¼ p
4

� �
0:656ð Þ2 62:4ð Þ 2:7ð Þ 60

60ð Þ 60ð Þ
� �

_ws ¼ 0:949 lb=sec:

The volumetric flow rate of drilling mud in consistent units is

Qf ¼ 191ð Þ 231ð Þ
12ð Þ3 60ð Þ

Qf ¼ 0:426 ft3=sec:

The weight rate of flow of the drilling mud is

_wf ¼ 75:0ð Þ 0:426ð Þ
_wf ¼ 31:92 lb=sec:
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Equation (9-7) can be solved by trial and error. The value of qg is selected and
_wg determined from

_wg ¼ ggQg:

Substituting the values of H, _wf ; _wg; _ws; Qf , Ps , Pbh , Tg, and Tav into Equation

(9-7), a value of Qg can be determined. The trial and error process is carried

out until the right side and the left side equal each other. This gives an air

volumetric flow rate of

Qg ¼ 6:617 actual ft3=sec:

The air volumetric flow rate in field units is

qg ¼ 6:617ð Þ 60ð Þ
qg ¼ 397 acfm

or

qg ¼ 353 scfm:

SI Units
Table 5-1 gives an average atmospheric pressure of 8.749 N/cm2 abs for a surface

location of 1219.1 m above sea level (also see Appendix B). The actual atmo-

spheric pressure for the air at the drilling location (used by the compressor) is

Pat ¼ 8:749 N=cm2 abs

Pat ¼ Pat 10000

Pat ¼ 87490:0 N=m2 abs:

The actual atmospheric temperature of the air at the drilling location (used by the

compressor) is

tat ¼ 7:08� C

Tat ¼ tat þ 273:15

Tat ¼ 280:23 K :

Thus, Pg and Tg become

Pg ¼ Pat ¼ 8:749 N=cm2 abs

Tg ¼ Tat ¼ 280:23 K :

Using Equation (4-11), the specific weight of the gas entering the compressor

is

gg ¼
87490:0ð Þ 1:0ð Þ
29:31ð Þ 280:23ð Þ

gg ¼ 10:652 N=m2:
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The bottom hole pressure in absolute pressure is

pbh ¼ 2317:39þ 8:749

pbh ¼ 2329:14 N=cm2 abs

Pbh ¼ Pbh 10000

Pbh ¼ 23261410:0 N=m2 abs:

The temperature of the rock formations near the surface (geothermal surface

temperature) is estimated to be the approximate average year-round temperature

at that location on the earth’s surface. Table 5-1 gives 7.08�C for average year-

round temperature for a surface elevation location of 1219.1 m above sea level

(see Appendix B). Therefore, the absolute temperature of the rock formations

at the surface is

tr ¼ 7:08� C

Tr ¼ tr þ 273:15

Tr ¼ 280:23 K :

The depth of the well is

H ¼ 3048 m:

The bottom hole temperature is

Tbh ¼ Tr þ 0:018 H

Tbh ¼ 334:96 K :

The borehole average temperature is

Tav ¼ 280:23þ 334:96

2

Tav ¼ 307:60 K :

The open hole diameter is

dh ¼ 200:0 mm

Dh ¼ dh

1000

Dh ¼ 0:200 m:

The estimated drilling rate of penetration is 60 ft/hr. The weight rate of flow of

solids from the advance of the drill bit is

_ws ¼ p
4

� �
D2

h 9810:0ð Þ Ss k
60ð Þ 60ð Þ

� �
(9-8)

_ws ¼ p
4

� �
0:200ð Þ2 9810:0ð Þ 2:7ð Þ 18:3

60ð Þ 60ð Þ
� �

_ws ¼ 4:222 N=sec:
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The volumetric flow rate of drilling fluid in consistent units is

Qf ¼ 0:723ð Þ
60ð Þ

Qf ¼ 0:01215 m3=sec:

The weight rate of flow of the drilling mud is

_wf ¼ 1:2ð Þ 9810:0ð Þ 0:01215ð Þ
_wf ¼ 143:0 N=sec:

Equation (9-7) can be solved by trial and error. The value of qg is selected and
_wg determined from

_wg ¼ gg Qg:

Substituting the values of H, _wf ; _wg; _ws; Qf , Ps , Pbh , Tg, and Tav into Equation
(9-7), a value of Qg can be determined. The trial and error process is carried

out until the right side and the left side equal each other. This gives an air volumetric

flow rate of

Qg ¼ 0:187 actual m3=sec:

The air volumetric flow rate in field units is

qg ¼ 187:0 actual liters=sec:

9.4.2 Major and Minor Losses for Homogeneous Multiphase Flow

The governing equations for the second methodology are also presented in

Chapter 6 [see Equation (6-26)]. These equations require much complicated trial

and error solutions to obtain solutions that can be used in operational applica-

tions. The basic assumption for these equations is that the flow of the incom-

pressible fluid and the gas proceed in the annulus and inside drill string as a
homogeneous multiphase flow. This means that the theory does not account

for any relative motion between the two fluids. This homogeneous flow assump-

tion extends to the exclusion of the cuttings stream relative movement with

respect to fluids in the annulus.

Illustrative Example 9.3 carries out the solution of the examples described in

Illustrative Examples 9.1 and 9.2. This solution assumes a homogeneous flow of

fluids and cuttings in the annulus and a homogeneous flow of fluids inside the drill

string.
Illustrative Example 9.3 In this illustrative example, data given in Illustrative

Examples 9.1 and 9.2 are used for solutions using the friction solution method

given in Chapter 6. The objective of this example is to determine the approxi-

mate volumetric flow rate of the air required to be injected with the incompress-

ible drilling fluid volumetric flow rate of 191 gpm (723 lpm) in the top of the
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inside of the drill string while drilling at a depth of 10,000 ft (3048 m). This is to

be done while maintaining a bottom hole annulus pressure of 3360 psig (2317 N/

cm2 gauge).

The detailed Mathcad solution for this example is given in Appendix D.

Figure 9-6 shows multiphase flow pressures throughout the circulation system
in the project well while drilling at 10,000 ft (3048 m). In Figure 9-6, the bottom

hole annulus pressure is 3373 psia (2326 N/cm2 abs) in the annulus and the

injection pressure at the standpipe is 637 psia (439 N/cm2 abs).

The solution requires a trial and error selection of the volumetric flow rate of

gas injected into the top of the drill string. This gas injection rate is approximately

1225 scfm (596 standard liters/sec). This injection rate, together with the incom-

pressible volumetric flow rate of 191 gpm (723 lpm), is required to maintain the

bottom hole annulus pressure of 3360 psig (3214 N/cm2 gauge) at a drilling
depth of 10,000 ft (3048 m). The relatively high injection pressure (for both

the liquid and the gas) reflects the homogeneous hydrostatic weight of the fluid

column inside the drill string above the bit nozzle chokes. This homogeneity of

the multiphase flows in the annulus and inside the drill string are also reflected

by the nearly equal slopes of the annulus and inside the drill string pressure plots

shown in Figure 9-6.
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9.4.3 Major and Minor Losses and the Effect of Fluid Holdup

The mathematical models described by Equation (6-26) for the fluid flow in the

annulus was formulated on the assumption of homogeneous multiphase flow

where all the fluids are assumed to flow at the same velocity. In reality, in vertical

upward multiphase flow streams, the liquid and solid phases always flow slower

(due to gravity) than the gas phase, resulting in liquid holdup. In vertical down-

ward multiphase flow streams, the liquid phase (due to gravity) flows faster than
the gas phase, which results in gas holdup.

In upward flow (in the annulus), differences in phase velocities result in annu-

lus volume fractions of liquids and solids that are different from the volume frac-

tions at the injection point (surface). To be specific, the amount of pipe occupied

by a phase is often different from its proportion of the total volumetric flow rate

at the injection point. This allows the annulus to essentially “store” more liquid

in it relative to the homogeneous model discussed in the previous subsection.

The most important empirical model for this type of flow is the generalized
Hagedorn–Brown model [5].

Empirical models similar to those just described for downward multiphase

flow (inside the drill pipe) and for multiphase flow through the drill bit nozzles

do not exist for petroleum applications.

Liquid Holdup
The term liquid holdup is defined mathematically as

yL ¼ VL

V
; (9-9)

where yL is the incompressible (liquid) fluid fraction, VL is the liquid phase

volume (ft3, m3), and V is the total volume in the annulus (ft3, m3).
Liquid holdup depends on flow regime, fluid properties, and pipe size and

configuration. Its value can only be determined quantitatively through experi-

mental measurements. A direct application of the liquid holdup is to use it for

estimating mixture specific weight in two-phase flow. This mixed specific weight

was used in Equation (6-26). This new mixed specific weight is

gmix ¼ yLgL þ 1� yLð ÞgG; (9-10)

where gL is the liquid-specific weight (lb/ft3, N/m3) and gG is the gas-specific
weight (lb/ft3, N/m3).

The generalized Hagedorn–Brown correlation is widely used in petroleum pro-

duction engineering for multiphase flow performance calculations [5]. Most

applications pertain to multiphase production fluids flowing up the inside of

the production tubing. This discussion applies the generalized Hagedorn–Brown

correlation to multiphase drilling fluids up the annulus.

The generalized Hagedorn–Brown correlation determines liquid holdup values

from three empirical charts [5]. All of these charts are accessed by using the fol-
lowing additional dimensionless numbers:

236 CHAPTER 9 Aerated Fluids Drilling



Liquid velocity number NvL:

NvL ¼ FvL uSL

ffiffiffiffiffi
gL
s

4

r
: (9-11)

Gas velocity number NvG:

NvG ¼ FvG uSG

ffiffiffiffiffi
gL
s

4

r
: (9-12)

Pipe diameter number ND:

ND ¼ FD D

ffiffiffiffiffi
gL
s

r
: (9-13)

Liquid viscosity number NL:

NL ¼ FL mL

ffiffiffiffiffiffiffiffiffi
1

gLs3
4

s
: (9-14)

where uSL is the superficial velocity of the liquid phase (ft/sec, m/sec), uSG is the

superficial velocity of the gas phase (ft/sec, m/sec), s is the liquid–gas interfacial

tension (dyne/cm, dyne/cm), D is the hydraulic diameter of the flow cross section

(ft, m), and mL is the liquid viscosity (cp, cp).

USCS unit conversion constants are

FvL ¼ 1:938

FvG ¼ 1:938

FD ¼ 120:872

FL ¼ 0:15726

SI unit conversion constants are

FvL ¼ 1:7964

FvG ¼ 1:7964

FD ¼ 31:664

FL ¼ 0:55646

Figure 9-7 is the first chart and is an empirical graphic representation of

the relationship between parameter CNL versus NL [5]. Guo and colleagues [19]

found that Figure 9-7 can be replaced by the following correlation equation:

CNL ¼ 10Y ; (9-15)
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where

Y ¼ �2:69851þ 0:15841X1 � 0:55100X2
1 þ 0:54785X3

1 � 0:12195X 4
1

and

X1 ¼ log NLð Þ þ 3:

Once the value of parameter CNL has been determined, it is used to calculate

the value of the nondimensional group (at depth and pressure position along the

annulus pressure gradient)

NvLðCNLÞ
N0:575

vG ND

� P

Pa

�0:1
;

where Pa is the atmospheric pressure (lb/ft2 abs, N/m2 abs) and P is the pressure

at the calculation location at depth (lb/ft2 abs, N/m2 abs).
The second empirical correlation chart is given in Figure 9-8 [5]. Guo and col-

leagues [19] found that Figure 9-8 can be replaced by the following correlation

equation:

yL

c

� �
¼ �0:10307þ 0:61777



log X2ð Þ þ 6

�� 0:63295


log X2ð Þ þ 6

�2

þ 0:29598


log X2ð Þ þ 6

�3 � 0:0401


log X2ð Þ þ 6

�4
; (9-16)

where

X2 ¼ NvL CNLð Þ
N0:575

vG ND

P

Pa

� �0:1

: (9-17)
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FIGURE 9-7. Nondimensional CNL versus nondimensional NL [5].
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The third empirical correlation chart is given in Figure 9-9 [5]. Guo and co-

workers [19] found that Figure 9-9 can be represented by the following correla-

tion equation:

c ¼ 0:91163� 4:82176X3 þ 1232:25X2
3 � 22253:6X3

3 þ 116174:3X4
3 ; (9-18)
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where

X3 ¼ NvGN
0:38
L

N2:14
D

: (9-19)

Equations (9-18) and (9-19) are only valid for

NvGN
0:38
L

N2:14
D

> 0:01:

Note that for
NGVN

0:380
L

N2:14
D

� 0:01, c ¼ 1.0 [19].

The liquid holdup yL can be calculated using

yL ¼ c
yL

c

� �
: (9-20)

The interfacial tension is a function of pressure and temperature. Interfacial

tension is determined using the following empirical correlation:

s ¼ s74 � s74 � s280ð Þ t � 74ð Þ
206

; (9-21)

where the temperature t is in �F.
For temperatures in �C, the correlation is the following:

s ¼ s74 � s74 � s280ð Þ 1:8tC � 42ð Þ
206

; (9-22)

where temperature tC is in �C, and

s74 ¼ 75� 1:108 p0:349 (9-23)

and

s280 ¼ 53� 0:1048 p0:637; (9-24)

where pressure p is in psia, or

s74 ¼ 75� 6:323 P0:349
MPa (9-25)

and

s280 ¼ 53� 2:517 P0:637
MPa (9-26)

where pressure PMPa is in MPa abs.

Illustrative Example 9.4 In this illustrative example, data in Illustrative Exam-

ple 9.3 will be resolved, but in this example, liquid holdup empirical correlations

will be considered for the flow up the annulus.

The detailed Mathcad solution for this example is given in Appendix D. Figure

9-10 shows multiphase flow pressures throughout the circulation system in the
project well while drilling at 10,000 ft (3048 m). In Figure 9-10, the bottom hole

annulus pressure is 3373 psia (2326 N/cm2 abs) in the annulus and the surface

injection pressure at the standpipe is 62.4 psia (43.0 N/cm2 abs).
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The solution requires a trial and error selection of the volumetric flow rate of
gas injected into the top of the drill string. This gas injection rate is approximately

301 scfm (142 standard liters/sec). This injection rate, together with the incom-

pressible volumetric flow rate of 191 gpm (723 lpm), is required to maintain the

bottom hole annulus pressure of 3360 psig (3214 N/cm2 gauge) at a drilling

depth of 10,000 ft (3048 m).

Comparing the gas injection rate in this example with the gas injection rate

obtained in Illustrative Example 9.3 (i.e., the multiphase homogeneous flow solu-

tion) shows that the effect of liquid holdup is to allow storage of a significant
quantity of liquid in the annulus at steady state flow conditions. This is reflected

in the low incompressible fluid and gas injection pressure at the standpipe. This

low gas and liquid injection pressure at the standpipe is the result of the higher

liquid content inside the drill string (since the gas injection rate is so low). This

means that the hydrostatic column of liquid places a higher pressure on the

bottom of the inside of the drill string.

Figure 9-11 shows the injection pressure and the bottom hole pressure as dril-

ling takes place from the casing shoe at 7000 ft (2134 m) to the final depth of
10,000 ft (3048 m). Figure 9-11 shows the injection pressure and the bottom hole

pressure as a function of drilling depth and assumes that the same gas injection

of 301 scfcm (142 liters/sec) will be used as the open hole section is drilled.

This would be consistent with a performance drilling operation. Figure 9-11
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FIGURE 9-10. Illustrative Example 9.4 pressure versus depth.
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shows that the injection changes very little as the open hole is drilled. The injec-
tion pressure is 87.4 psia (60.4 N/cm2 abs) at the casing shoe and 62.4 psia (43.0

N/cm2 abs) at the bottom of the section at 10,000 ft (3048 m). The bottom

hole annulus pressure variation is much larger, changing from 2151.2 psia

(1483.7 N/Cm2 abs) at the casing shoe to 3372.2 psia (2326.2 N/cm2 abs) at

the bottom of the open hole section.

9.5 CONCLUSIONS
The discussions in this chapter have concentrated on direct circulation perfor-

mance drilling operations. The Mathcad illustrative examples in Appendix D

utilized lumped geometry approximations for the drill pipe body and drill pipe
tool joints. These approximations appear to quite adequately model the overall

friction resistance along the circulation system and give reasonable results, par-

ticularly for the bottom hole annulus pressures. The large variations in pres-

sure versus depth in the annulus and inside the drill string are masked in the

aerated fluid model (due to large pressure magnitudes) as compared to the simi-

lar air drilling model plots in Chapter 8 (small pressure magnitudes). Field
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results compare favorably with liquid holdup model bottom hole annulus pres-

sure calculations (given similar incompressible and compressible fluid injection

rates).

The injection pressures are not as close to field operations data. Since there

are few reliable gas holdup models for the downward multiphase flow inside
the drill string and for multiphase flow through the drill bit nozzles, this is

expected.
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CHAPTER

Stable Foam Drilling 10
The term stable foam from the mathematical modeling point of view describes a

special class of aerated drilling fluids and work over completion fluids. This class

of drilling fluid is made up of a specific mixture of incompressible fluids injected

with compressed air or other gases. To create a stable foam drilling fluid, the

incompressible component is usually a mixture of fresh water with a surfactant

foaming agent. However, stable foam drilling fluids can use formation water with

dissolved salts. The surfactant foaming agent usually comprises about 1 to 5% by
volume of the treated water being injected (depending on the surfactant product).

The term “stiff foam” refers to the use of viscosified (aqueous polymer) water

instead of fresh nonviscosified water as the incompressible fluid component (typ-

ical viscosity additives are polyanionic cellulose, xanthan gum polymers, and car-

boxymethyl cellulose). In essence, stiff foam is drilling mud with a surfactant

additive. The subject of stiff foam is beyond the scope of this chapter.

Figure 10-1 shows a schematic representation of a direct circulation foam

drilling operation. In a typical deep drilling operation, the foam mixture is
injected into the top of the inside of the drill string (i.e., direct circulation, see

Chapter 6). The mixture of the incompressible fluid (with surfactant) and com-

pressed air (or other gas) flows as an aerated fluid mixture down the inside of

the drill string to the bottom of the string just above the drill bit nozzles. The noz-

zles in the drill bit are usually required in order to allow the foam to be generated

by the high shearing action in the fluid as the mixture passes through the nozzles.

In this manner, the foam is formed at the bottom of the annulus and then flows as

stable foam up the annulus.
In deep wells, it is often necessary to place a back pressure valve and pressure

gauge in the return line from the annulus. This valve and gauge are used to mod-

ulate the flow from the well in such a manner as to assure that the flow remains

as a stable foam throughout the annulus and return line up to the valve. The pres-

sure gauge allows rig personnel to obtain periodic pressure readings, which in

turn can be converted into foam quality data.

There are some shallow direct circulation drilling situations where the foam

can be preformed at the surface and injected into the inside of the drill string.
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In reverse circulation drilling or work over operations the performed foam can be

injected into the top of the annulus. Flowing foam will create large friction forces

and these forces are a function of the pressure conduit diameter. The smaller the

diameter, the larger the resisting friction forces of flow. This foam property pre-

cludes performing foam for injection into the inside of the drill string in deep

direct circulation operations. For discussions in this chapter, stable foam drilling
fluids will be assumed to be an aerated drilling fluid as it flows down the inside

of the drill string and a stable foam drilling fluid as it flows up the annulus.

A new term foam quality G (or gas fraction) must be used to discuss the rhe-

ology of the stable foam drilling fluid. Rheology describes the bubble and liquid

structures that can form in stable foam and the mechanisms that create friction

resistance as the foam flows in the conduits. Stable foam rheology will be com-

bined with the basic derived equations and the empirical friction factor expres-

sions in Chapter 6 (or Chapter 7) to give a usable theory for stable foam
drilling predictive calculation models. Foam quality is defined as

G ¼ Qg

Qg þ Qf

; (10 -1)

where Qg is the volumetric flow rate of the compressible gas (ft3/sec, m3/sec) and
Qf is the volumetric flow rate of the incompressible fluid (ft3/sec, m3/sec).

Pbdca= Pbh

Pbdpa

Pbdpi

Pbdci

Pai

Pbca

Pin (Gas and Liquid)
Pe

PS

P

H

dP

FIGURE 10-1. Schematic of direct circulation. Pin is the injection pressure into the top of the

drill string, Pbdpi is the pressure at the bottom of the drill pipe inside the drill string, Pbdci is the

pressure at the bottom of drill collars inside the drill string, Pai is the pressure above the drill

bit inside the drill string, Pbdca is the pressure at the bottom of drill collars in the annulus, Pbh

is the bottom hole pressure in the annulus, Pbdpa is the pressure at the bottom of the drill pipe

in the annulus, Pbca is the pressure at the bottom of the casing in the annulus, Ps is the

surface pressure at the top of the annulus (usually back pressure created by an adjustable

valve), and Pe is the exit pressure at the end of the surface return flow line.
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10.1 STABLE FOAM RHEOLOGY
Stable foam work over and drilling fluids have been used by the oil and gas indus-

try since the 1950s [1–4]. Since the introduction of foam drilling fluids there have

been efforts to mathematically describe the rheology of stable foam fluids. In the

1970s, the first serious experimental and practical mathematical modeling studies

were carried out to describe the static and dynamic physical characteristics of sta-
ble foam [5–8]. In the 1980s, successful foam rheology and flow models were

developed. One practical power law mathematical model was developed by

Sanghani for foam flowing in pipe and in annulus geometry pressure conduits

[9]. In addition, the most extensive foam experiments were conducted by Ikoku,

Okpobiri, and Machado, which described the frictional resistance of the foam

structure flow in pipes and the motion of solids cutting in these structures [10–

13]. During the 1990s, field operational data became available that could be com-

pared with the existing rheologic and flow models [14, 15]. In the early 2000s,
Guo, Sun, and Ghalambor correlated the Sanghani power law model with the

extensive experimental data of Ikoku and colleagues [16].

Laboratory and field experiments show that stable foam will exist within

certain limits of the foam quality value. These limits are approximately the foam

qualities of 0.60 and 0.98 [9–11, 13]. If the foam quality value falls below approx-

imately 0.60, the foam will separate into its two phases. If the foam quality value

is above 0.98, the stable continuous foam becomes unstable in that the foam

flows as slugs of foam (which is denoted as “mist” as described in Chapter 8).
For stable foam deep drilling operations the lower foam quality values are usually

at the bottom of the annulus and the higher foam quality values at the top of the

annulus.

Stable foam is a complex flowing structure, which has viscosities that change

as a function of pressure, temperature, and pressure conduit geometry. Under-

standing the viscosity change mechanism of the foam drilling fluid is critical to

the successful development of practical predictive flow models. In general, the

parameters of pressure, temperature, and geometry can be represented more
conveniently by foam quality, foam average velocity, and the effective diameter

of the pipe or annulus. Experiments have shown that viscosity magnitude can

increase 10 to 15 times as the foam quality is increased from 0.60 to 0.98. A simi-

lar change can accompany changes in velocity and effective diameter [17].

The development of a power law rheologic model for flowing stable foam

has allowed major improvements in flow modeling efforts. The power law equa-

tion for the effective viscosity for the flow of foam inside a pipe pressure conduit

is [9]

me ¼
K Cvis

g

3nþ 1

4n

� �n
8 V

D

� �n�1

; (10-2)
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where K is the consistency index, n is the power law exponent, V is the average

velocity of the foam inside the pipe (ft/sec, m/sec), D is the inside diameter of the

pipe (ft, m), g is the acceleration of gravity (32.2 ft/sec2, 9.81 m/sec2), and Cvis is

a conversion constant (equals 1.0 for USCS, equals 14.5727 for SI).

The power law equation for the effective viscosity for the flow of foam in an
annulus pressure conduit is [9]

me ¼
K Cvis

g

2nþ 1

3n

� �n
12 V

D2 � D1

� �n�1

; (10-3)

where Van is the average velocity of the foam in the annulus (ft/sec, m/sec), D1 is

the inner surface diameter of the annulus (ft, m), and D2 is the outer surface diam-

eter of the annulus (ft, m).

The correlation expression for the consistency index as a function of the foam

quality G is [16]

K ¼ �0:15626þ 56:147 G� 312:77 G2 þ 576:65 G3

þ 63:960 G4 � 960:46 G5 � 154:68 G6 þ 1670:2 G7

�937:88 G8:

(10-4)

Also, the correlation expression for the power law exponent as a function of foam

quality G is [16]

n ¼ 0:096932þ 2:3654 G� 10:467 G2 þ 12:955 G3

þ14:467 G4 � 39:673 G5 þ 20:625 G6 (10-5)

These correlation expressions were developed for the fresh water and surfac-

tant combination used in the experiments by Ikoku and colleagues. The

surfactant foaming agent used in the experiments was a 1.0% solution (with

fresh water) of Adofoam BF-1 (Nalco Chemical Co.)[9–13].

The following is a limited list of the commercial foaming agents available

through various drilling service and chemical companies. These are

DuraFoam Weatherford

SMA-100 Weatherford

DrillFoam PDS Air Drilling Associates

DrillFoam MSDS Air Drilling Associates

Adofoam BF-1 Nalco Chemical Company

AirFoam AP-50 Aqua-Clear

AirFoam B Aqua-Clear

F-52 surfactant Dowell

F-78 surfactant Dowell

10.1.1 Laboratory Stable Foam Screening

The flow performance of a stable foam drilling fluid is very dependent on the

quality of the fresh water (or formation water), the surfactant, and what other

additives would be used to create the foam. In order to assess the performance
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of a proposed mixture of water, surfactant, and additives in a future drilling project,

it is necessary to (1) establish a nominal baseline laboratory assessment of a stable

foam mixture that has undergone extensive laboratory experimental assessments

and has a record of good performance in the field; (2) devise and use a simple lab-

oratory test that could be used to measure other potential stable foam mixtures
against the nominal baseline mixture; and (3) create an empirical relationship that

can be used to predict the future performance and, more importantly, the future

nonperformance of nonbaseline drilling project mixtures. In this stable foam per-

formance screening, the quality of the water used in a drilling project cannot be

overemphasized. Therefore, it is very important that the actual water used in a

forthcoming drilling operation be used in these laboratory screening tests.

A screening test used by a few of the companies is a highly modified version

of an ASTM foam properties test [17]. The test requires the use of a commercial
blender and a tall 1000-ml beaker. The actual mixture of drilling project water,

surfactants, and additives is to be used in the test. One hundred milliliters of

the drilling project water with its additives (excluding the surfactant) is placed

in the blender. The appropriate quantity of surfactant is placed in the blender

with the water plus additives mixture. The blender is operated with an open

top for 10 min. Stable foam will be created as the blender is operated. At the

end of the blending time, a spatula is used to pour all the stable foam in the

blender into the beaker. The total “height” in milliliters of the mixture is
recorded (e.g., 500 ml). A stop watch is used to obtain the time needed for

50 ml of liquid to accumulate at the bottom of the beaker. This time is known

as the “half-lifetime” of the foam mixture and is recorded in seconds (e.g.,

200 sec). For illustration, these values will be considered “nominal baseline”

for a stable foam mixture that has shown good performance characteristics in

extensive laboratory dynamic flow tests and in field drilling project results.

Using Equation (10-1), the foam quality of the nominal baseline stable foam mix-

ture would be G ¼ 0.80.

10.1.2 Empirical Algorithm for Screening

Most screening empirical algorithms are constructed on the basis of the height

and half-life ratios of the proposed drilling project mixture values to the nominal

baseline mixture values. The expression given here is an example of such an

empirical algorithm. In this expression, L is the value used to multiple the effec-

tive viscosity of the nominal baseline stable foam mixture.

L ¼ Ctest

ht

hn

� �a tt
tn

� �b

; (10-4)

where ht is the height of the test mixture (ml), hn is the height of the nominal
baseline mixture (ml), tt is the half-life time of the test mixture (sec), tn is the

half-life of the nominal baseline mixture (sec), and Ctest, a, and b are constants

determined by dynamic laboratory experiments or field data.
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This nominal baseline effective viscosity would have been determined previ-

ously for a variety of foam quality values using dynamic laboratory test and evalua-

tions using Equation (10-2) or (10-3).

10.2 DEEP WELL DRILLING PLANNING
Stable foam drilling operations can use a variety of incompressible fluids and com-

pressed gases to develop stable foam. The majority of the operations use fresh
water and commercial surfactants with injected compressed air or membrane

generated nitrogen. In this chapter, fresh water, surfactant, and atmospheric air

will be used as an example of a stable foam drilling fluid.

The basic planning steps for a deep well are as follow:

1. Determine the geometry of the borehole sections to be drilled with the stable

foam drilling fluids (i.e., open hole diameters, the casing inside diameters, and

section depths).

2. Determine the geometry of the associated drill strings for each section to be

drilled with stable foam drilling fluids (i.e., drill bit size and type, drill collar

size, drill pipe size and description, and maximum depths).

3. Determine the type of rock formations to be drilled in each section and esti-
mate the anticipated drilling rate of penetration (use offset wells).

4. Determine the elevation of the drilling location above sea level, the estimated

temperature of the atmospheric air during the drilling operation, and the

approximate geothermal temperature gradient.

5. Establish the objective of the stable foam drilling fluids operation:
n Performance drilling
n Underbalanced drilling

6. For either of the aforementioned objectives, determine the required approxi-
mate volumetric flow rate of the mixture of incompressible fluid (with surfac-

tant) and the compressed air (or other gas) to be used to create the stable

foam drilling fluid. This required mixture volumetric flow rate is governed

by (a) the foam quality at the top of annulus (i.e., return flow line back pres-

sure) and (b) the rock cutting carrying capacity of the flowing mixture in

the critical annulus cross-sectional area (usually the largest cross-sectional area

of the annulus).

7. Using the incompressible fluid and gas volumetric flow rates to be injected
into the well, determine the bottom hole pressure (and foam quality)

and required back pressure (and foam quality) at the top of the annulus as a

function of drilling depth. Also determine the surface injection pressure as a

function of drilling depth (over the open hole interval to be drilled).

8. Select the contractor compressor(s) that will provide the drilling operation

with the appropriate air or gas volumetric flow rate needed to create the sta-

ble foam drilling fluid.
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Chapter 6 derived and summarized the basic direct circulation drilling

planning governing equations. The equations in this chapter will be utilized in

the discussions and illustrative examples that follow.

10.3 STABLE FOAM DRILLING OPERATIONS
Stable foam drilling operations are carried out using only drill string injection con-

figurations. Figure 10-1 shows a schematic of the drill pipe injection stable foam

drilling configuration. Both incompressible fluid (with surfactant) and compress-

ible air (or other gas) are injected together into the top of the drill string (at Pin).

These fluid streams mix as they go down the inside of the drill string and pass
through the drill bit nozzles. Stable foam is created when the fluids pass through

the drill bit nozzles. As stable foam is generated in the bottom of the annulus, the

rock cuttings (from the advance of the drill bit) are entrained in the foam and the

resulting mixture flows to the surface in the annulus.

The mixture exits the annulus into a horizontal surface return flow line just

upstream of the back pressure valve and gauge (upstream of Ps). The pressure read-

ings just upstream of the back pressure valve can be converted to foam quality values.

In order to assure that there is a continuous column of stable foam from the bottomof
the annulus to the return line back pressure valve, the foam quality upstream of the

valve should be held at 0.98 or less. As conditions change in the well (e.g., an influx

of formation water, wall caving), the back pressure valve can be adjusted by rig per-

sonnel to give pressure readings required to give the needed foam quality at the sur-

face. Someoperators design their return line systems so that the system itself provides

sufficient back pressure resistance to the foam flowing from the top of the annulus. In

these return line systems, the stable foam transitions to an unstable foam as the flow

reaches the top of the annulus (or in the horizontal return line itself) and the
flow from the return line at its exit (at Pe) is in slugs of unstable foam.

This horizontal return flow line flows to either a burn pit or sealed returns

tanks. The burn pit is used when the returning air is mixed with hydrocarbons

that can be burned off as they enter the pit. Sealed returns tanks are also

used to contain contaminated fluids and gases, or hydrocarbons. The use of

sealed tanks can only be carried out where the stable foam drilling operation is

utilizing membrane-generated inert nitrogen gas as the foaming gas.

Advantages and disadvantages of the stable foam direct circulation drill are as
follow:

Advantages
n The technique does not require any additional downhole equipment.
n Nearly the entire annulus is filled with the stable foam drilling fluid, thus a

variety of low bottom hole pressures can be achieved.
n Since the bubble structures of stable foam drilling fluids have a high fluid

yield point, these structures can support the small rock cuttings in
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suspension when drilling operations are discontinued to make connections.

Stable foams have seven to eight times the rock cutting carrying capacity of

water.
n Rock cuttings retrieved from the foam at the surface are easy to analyze for

rock properties information.

Disadvantages
n Stable foam fluids injection cannot be continued when circulation is discon-

tinued during connections and tripping. Therefore, it can be difficult to
maintain underbalanced conditions during connections and trips.

n Because the injected gas is trapped under pressure inside the drill string by

the various string floats, time must be allowed for the pressure bleed down

when making connections and trips. Here again the bleed down makes it

difficult to maintain an underbalanced condition.
n The flow down the inside of the drill string is two-phase flow and, there-

fore, high pipe friction losses are present. The high friction losses result

in high pump and compressor pressures during injection.
n The gas phase in the stable foam attenuates the pulses of conventional

MWD systems. Therefore, conventional mud pulse telemetry MWD cannot

be used. Often EM MWD systems can be used.

10.4 MINIMUM VOLUMETRIC FLOW RATES
Most stable foam vertical performance drilling operations are drilled over a con-

stant cross-section interval with constant incompressible fluid volumetric flow

rates, constant compressible gas volumetric flow rates, and a constant back pres-

sure setting at the surface. Therefore, the minimum volumetric flow rates of
incompressible fluid and compressible gas to carry drill bit cuttings from the well

can be determined at the maximum true measured and/or vertical depth of the

constant cross-section well bore.

Becausemost potential producing formations are usually of the order of a fewhun-

dred feet or tens of meters thick, vertical drilling of these formations also requires lit-

tle changes in back pressure or flow rates as the section is drilled. Here again, the

maximum depth can be used to determine minimum volumetric flow rates to carry

the drill bit cuttings for the well. This will not be the case for drilling horizontal bore-
holes underbalanced. Horizontal drilling will be discussed in Chapter 12.

There are few minimum volumetric flow rate theories available for use in sta-

ble foam drilling modeling. Stable foam drilling fluids have high effective viscos-

ities and yield points. Early experiments have found that spherical rock

particles will fall at terminal velocities of the order of 10 to 20 ft/min [18]. These

terminal velocities are low when compared to terminal velocities in water. Early

experiments also indicated that terminal velocities tend to increase with
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increasing foam quality. These experimental data were used to develop plots that

could be used to approximate the minimum volumetric flow rate of stable foam

[8]. However, these plots were not easy to use in stable foam flow models. Moore

developed empirical relationships that were more model friendly [19]. These rela-

tionships are the basis of the example calculations used in this chapter.
For stable foam drilling applications the minimum volumetric flow rate will be

determined using a rather simple, straightforward procedure, which requires that

the circulating incompressible fluid be capable, on its own, of maintaining a mini-

mumconcentration of rock cuttings in the largest annulus section of thewell [6]. This

requires that the average velocity of the fluid, Vf, in the largest annulus section be

equal to or greater than the sum of the critical concentration velocity, Vc, and the

terminal velocity, Vt, of the average size rock cutting particle in the drilling fluid.

Thus, the average fluid velocity in the annulus is

Vf ¼ Vc þ Vt ; (10-5)

where Vf is the incompressible drilling fluid (ft/sec), Vc is the critical concentra-
tion velocity (ft/sec), and Vt is the terminal velocity of the rock cuttings particle

(ft/sec).

It is tacitly assumed that if the incompressible drilling fluid can carry the rock

cuttings on its own, then the injection of gas into the fluid will enhance the over-

all carrying capacity of the aerated fluid.

The critical concentration velocity is the additional velocity needed to distrib-

ute the rock cuttings through the incompressible drilling fluid at a predetermined

concentration factor. The usual maximum concentration factor is 0.04. Therefore,
the critical concentration velocity Vc is

Vc ¼ k
3; 600 Ccf

; (10-6)

where k is the instantaneous drilling rate (ft/hr, m/hr) and Ccf is the concentra-
tion factor.

Equations (10-5) and (10-6) can be used with any consistent set of units.

Terminal Velocities (USC Units)
For direct circulation operations the terminal velocity of the rock cutting particle

is assessed in the annulus section of the borehole where the cross-sectional area

is the largest.

Empirical data indicate that laminar flow conditions exist when the nondimen-
sional Reynolds number for the flow around the particle is between 0 and 1. The

empirical relationship for the terminal velocity of a rock cutting particle in an

annulus with laminar flow Vt1 is

Vt1 ¼ 0:0333 D 2
c

gs � gf
me

� �
; (10-7a)
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where Vt1 is the terminal velocity of the particle in laminar flow (ft/sec), Dc is the

approximate diameter of the rock cutting particle (ft), gs is the specific weight of

the solid rock cutting (lb/ft3), gf is the specific weight of the incompressible dril-

ling fluid (lb/ft3), and me is the effective absolute viscosity (lb-sec/ft2).

Empirical data indicate that transition flow conditions exist when the nondi-
mensional Reynolds number for the flow around the particle is between 1 and

2000. The empirical relationship for the terminal velocity of a rock cutting parti-

cle in an annulus with transition flow Vt2 is

Vt2 ¼ 0:492 Dc

ðgs � gf Þ
2
3

ðgf meÞ
1
3

" #
; (10-8a)

where Vt2 is the terminal velocity of the particle in transition flow (ft/sec).

Empirical data indicate that turbulent flow conditions exist when the nondi-
mensional Reynolds number for the flow around the particle is greater than

2000. The empirical relationship for the terminal velocity of a rock cutting parti-

cle in an annulus with turbulent flow Vt3 is

Vt3 ¼ 5:35 Dc

gs � gf
gf

 !" #1
2

; (10-9a)

where Vt3 is the terminal velocity of the particle in turbulent flow (ft/sec).

Terminal Velocities (SI Units)
Empirical data indicate that laminar flow conditions exist when the nondimen-

sional Reynolds number for the flow around the particle is between 0 and 1.

The empirical relationship for the terminal velocity of a rock cutting particle in

an annulus with laminar flow, Vt1, is

Vt1 ¼ 0:0333 D2
c

gs � gf
me

� �
; (10-7b)

where Vt1 is the terminal velocity of the particle in laminar flow (m/sec), Dc is the

approximate diameter of the rock cutting particle (m), gs is the specific weight of

the solid rock cutting (N/m3), gf is the specific weight of the incompressible dril-

ling fluid (N/m3), and me is the effective absolute viscosity (N-sec/m2).

Empirical data indicate that transition flow conditions exist when the nondi-

mensional Reynolds number for the flow around the particle is between 1 and

2000. The empirical relationship for the terminal velocity of a rock cutting parti-
cle in an annulus with transition flow Vt2 is

Vt2 ¼ 0:331 Dc

ðgs � gf Þ
2
3

ðgf meÞ
1
3

" #
; (10-8b)

where Vt2 is the terminal velocity of the particle in transition flow (m/sec).
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Empirical data indicate that turbulent flow conditions exist when the nondi-

mensional Reynolds number for the flow around the particle is greater than

2000. The empirical relationship for the terminal velocity of a rock cutting parti-

cle in an annulus with turbulent flow Vt3 is

Vt3 ¼ 2:95 Dc

gs � gf
gf

 !" #1
2

; (10-9b)

where Vt3 is the terminal velocity of the particle in turbulent flow (m/sec).

Note that Equations (10-7a) to (10-9a) and (10-7b) and (10-9b) were originally

developed in field units [19]. To be consistent with most of the other equations in

this text, these equations have been restated in consistent USC units [Equations

(10-7a) to (10-9a)] and consistent SI units [Equations (10-7b) to (10-9b)].

The nondimensional Reynolds number NRc for the flow around the

particle is

NRc ¼ Dc Vt

n
; (10-10)

where Dc is the diameter of the particle (ft, m), Vt is the terminal velocity of the

particle (ft/sec, m/sec), and n is the kinematic viscosity of the flowing fluid (ft2/

sec, m2/sec).
The aforementioned nondimensional Reynolds number equation can be used

with any consistent set of units.

10.5 NONFRICTION AND FRICTION ILLUSTRATIVE EXAMPLES
Early analyses of stable foam drilling fluids utilized nonfriction solutions to obtain

an initial approximate solution for these complex problems. Later efforts to simu-

late stable foam drilling situations introduced flow friction (major losses only)

additions to the simple nonfriction theory [20, 21]. The nonfriction and friction

theories are outlined mathematically in Chapter 6 (direct circulation) and Chapter

7 (reverse circulation).

The nonfriction ignores all major and minor friction losses due to fluid flow
inside the drill string and in the annulus. This methodology includes only pres-

sure due to fluid column weight.

The friction theories initially included the complexity of the major fluid

flow friction losses [15, 21, 22]. The initial drilling application theories came

from adaptations of multiphase oil and gas flow in production tubing. These

production-based theories included only major friction losses and were not

directly applicable to complicated drilling borehole geometry. In the past two

decades, new additions to friction foam flow theories have included extensive
experimental and field data-based empirical correlations. These new foam flow

drilling fluids theories include both major and minor losses.
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10.5.1 Nonfriction Approximation

The simple nonfriction methodology allows straightforward deterministic approx-

imate solutions of stable foam drilling problems. However, the practical applica-

bility of these nonfriction solutions is limited to simple geometric borehole

profiles.

The simple nonfriction solution is obtained from Equation (10-8) by letting

f ! 0. The nonfriction approximation is
�����Pg

Tav

Tg

� �
Qg

_wt

� �
ln P þ Qf

_wt

� �
P

�����
Pbh

Ps

¼ j h jH0 : (10-11)

The aforementioned equation can be integrated into the following equation:

Pg

Tav

Tg

� �
Qg ln

Pbh

Ps

� �
þ Qf ðPbh � PsÞ ¼ _wt H: (10-12)

Illustrative Example 10.1 The borehole used in this illustrative example is

the basic example used in Chapters 8 and 9. The 77 8= -in (200 mm)-diameter

borehole is drilled out of the bottom of API 85 8= -in (219 mm)-diameter 32.00-
lb/ft (14.00 kg/m) nominal casing set to 7000 ft (2134 m) (see Figure 10-2 for well

casing and open hole geometric configuration). This is special clearance casing fabri-

cated by Lonestar Steel that has a drift diameter that will pass a 77 8= -in (200 mm)-

diameter drill bit. The drill bit used to drill the interval is a 77 8= -in (200 mm)-diameter

tricone roller cutter insert type with three 12
32= -in (9.5 mm) nozzles. The anticipated

drilling rate in a sandstone and limestone sequence (sedimentary rock) is approxi-

mately 60 ft/hr (18.3 m/hr). The open hole interval below the casing shoe to be

drilled is from 7000 ft (2134 m) to 10,000 ft (3047 m). A back pressure of 80 psig
(55.2 N/cm2 gauge) is applied to the end of the return line to control the foamquality

at the top of the annulus. This back pressure is selected so that the foam quality just

upstream from the back pressure valve will be approximately 0.98.

The drill string for this illustrative example is made up of 500 ft (152.4 m) of

61 4= -in (158.8 mm) by 213 16= -in (71.4 mm) drill collars above the drill bit and

API 41 2= -in (114 mm), 16.60-lb/ft (7.52 kg/m) nominal, IEU-S135, NC46 to the

surface. The tool joints of this drill pipe have an outside diameter of 61 4= in

(154.8 mm) and an inner diameter of 23 4= in (69.9 mm). The drilling is carried
out at a surface location of 4000 ft (2129 m) above sea level (see Table 5-1 and

Appendix B). The regional geothermal gradient is approximately 0.01�F/ft
(0.018�C/m). The borehole is drilled with a stable foam drilling fluid composed

of fresh water (with a surfactant) and compressed air.

Appendix E gives the Mathcad detailed solution of Illustrative Example 10.1.

The nonfriction solution is sometimes used to obtain the lower boundary of the

bottom hole pressure. This value is useful for the efficient initiation of the friction

solution. In this nonfriction solution, the return line and the small geometric
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changes in the inside diameter of the annulus casing and open hole are ignored.
Also, the effective foam viscosity is not relevant for this solution. In this solution,

a fresh water injection rate of 50 gpm (189 liters/min) and an air injection rate of

2120 scfm (1000 standard liters/sec) are used to obtain the nonfriction solution.

It should be understood that volumetric flow rates of air or gas to be injected into

the standpipe for a foam drilling operation will be specified in either standard

cubic feet per minute (scfm) or standard liters per minute (for a specified set of

standard conditions, e.g., ISO, API, ASME).

As discussed in Chapter 9, unlike air drilling operations, the volumetric flow
rate of air for a stable foam operation is selected to create, together with the fresh

water volumetric flow rate, stable foam throughout the annulus volume. In this

event, a surface bypass valve and line would be used to vent excess air flow from

the feed line from the compressors to the injection standpipe operation.

20’’, 94 lb/ft
(508mm, 140 kg/m)

133/8’’, 48 lb/ft
(339.7mm, 71.4 kg/m)

85/8’’, 32 lb/ft
(219.1mm, 47.6 kg/m)

10000’
(3048m)

77/8’’
(200mm)

Open Hole Bit Size

Production
Zone

7000’
(2134m)

1400’
(427m)

120’ (37m)

FIGURE 10-2. Illustrative Example 10.1 casing and open hole well geometric configuration.
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In this special illustrative example, no friction due to flow is considered.

Therefore, the bottom hole pressure reflects only an effective static weight of

the foam column in the annulus. The nonfriction solution gives a bottom hole

pressure of 386 psia (264 N/cm2 abs). The foam quality at the top of the annulus

is 0.98 (at the back pressure valve) and 0.93 at the bottom of the annulus.

10.5.2 Major and Minor Friction Losses

The governing equations for the direct circulation foam drilling friction solution

were presented in Chapter 6. These require complex trial and error solutions that

can be applied to deep wells with complicated borehole geometry. The adding of

major and minor friction losses to the foam drilling fluid theory allows analytic

solutions that simulate the actual drilling situation more closely.
In general, the adding of flow friction losses requires the addition of volumet-

ric flow rates of incompressible fluid and compressed gas to compensate for the

added energy losses in the system (relative to the nonfriction solution above).

This is reflected in a higher bottom hole pressure in the annulus and elsewhere

in the system.

Illustrative Example 10.2 In this illustrative example, data given in Illustra-

tive Example 10.1 are used for a solution that considers both major and minor

friction losses for direct circulation foam drilling. In this solution the pressure
and foam quality for annulus foam flow will be determined as a function of depth.

Also, the pressure inside the drill string as a function of depth will be determined

for this aerated flow region. The bottom hole cleaning characteristics of the foam

flow are also determined. For this example, it is assumed that a 100-ft (30.5 m)-

long, 5.625-in (143.9 mm) inside diameter return flow line allows foam from

the top of the annulus to flow through the back pressure valve to the separator.

The back pressure at the end of the return line is 80 psig (55.2 N/cm2 gauge).

Also, it is assumed that the foam screening test run on the foam to be used in
the forthcoming drilling operation has been given a beaker height of 610 ml

and a half-life of 280 sec. It will be assumed that the constants C, a, and b for

Equation (10-4) are all 1.0.

Appendix E gives the Mathcad detailed solution of Illustrative Example 10.2.

Figure 10-3 shows the flowing foam pressures in the annulus and the pressures

in the aerated flow of the mixture of incompressible fluid and incompressible

gas inside of the drill string. The injected fresh water flow rate and compressed

air flow rate to the standpipe are 50 gpm (189 liters/min) and 2120 scfm (stan-
dard 1000 liters/sec).

It is clear from Figure 10-3 that the foam drilling fluid in this example can pro-

vide a significant side wall and bottom hole pressure in the open hole section.

The value of 1315 psia (907 N/cm2 abs) bottom hole pressure at 10,000 ft

(3047 m) is higher than the bottom hole pressures calculated in the air drilling
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illustrative example in Chapter 8 and lower than the aerated drilling illustrative
example in Chapter 9.

In foam drilling, use of a surfactant with the water and air allows the develop-

ment of a foam structure in the annulus, which in turn provides resistance to the

flow of the foam from the bottom of the annulus. This resistance is demonstrated

by the high bottom hole pressure of 1315 psia (907 N/cm2 abs). In this friction

solution the foam quality upstream of the back pressure value is 0.98 (the same

as in the nonfriction solution), but the bottom hole foam quality in this friction

solution is 0.81 (the nonfriction annulus bottom hole quality is 0.93). This lower
bottom hole annulus foam quality reflects the friction resistance to foam flow in

the annulus. It should be noted that the nonfriction solution approximates the

bottom hole pressure and foam quality under nonflowing or static conditions.

This means that the difference between the friction bottom hole pressure,

1315 psia (907 N/cm2 abs), and the nonfiction bottom hole pressure, 386 psia

(266 N/cm2 abs), is 929 psi (641 N/cm2) of friction pressure created by the flow

of the foam structure in the annulus.

Figure 10-4 shows the injection pressure and bottom hole pressure as drilling
takes place from the casing shoe at 7000 ft (2134 m) to the final depth of

10,000 ft (3048 m). Assuming that this example is more typical of a performance
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drilling operation, then it is clear that the same water (and additives), air injection
rates, and back pressure setting could be used to drill the entire 3000 ft (914 m)

of open hole. Injection pressure changes very little with increasing drilling depth,

staying at around 500 psia (345 N/cm2 abs). However, the bottom hole pressure

nearly doubles as drilling progresses from 7000 ft (2134 m) to the final depth of

10,000 ft (3048 m). At the 10,000-ft (3048 m) depth the bottom hole pressure is

1315 psia (907 N/cm2 abs). This is a significant bottom hole pressure when dril-

ling into possible water producing formations. This magnitude of pressure could

curtail some formation water and natural gas influxes.
Figure 10-5 shows the foam quality as drilling takes place from the casing shoe

at 7000 ft (2134 m) to the bottom of the open hole section at 10000 ft (3047 m).

Also shown is the transit time for the rock cuttings as a function of the drilling

depth below the casing shoe.

The foam quality decreases from approximately 0.86 to 0.81 as the drilling depth

increases. This is a small change over the open hole interval. The decrease in foam

quality reflects the increase in bottom hole pressure with depth. Also shown in

Figure 10-5 is the time to get rock cuttings to the surface as a function of drilling
depth. The time to surface or “bottoms up” time increases as the drilling depth

increases.
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10.6 CONCLUSIONS
The discussions in this chapter concentrated on direct circulation operations. Sta-
ble foam drilling operations are generally restricted to direct circulation opera-

tions (note: reverse circulation techniques are used extensively in work over

and production operations).

The Mathcad illustrative example calculations in Appendix E have utilized

lumped geometry approximations for the drill pipe body and drill pipe tool joints.

Such approximations appear to adequately model the overall friction resistance

along the circulation system and give accurate results for bottom hole and injec-

tion pressures. The Mathcad solution program illustrated in Appendix E and
results discussed in this chapter have been correlated successfully with the other

programs used in industry and with field data from foam drilled wells.

The importance of obtaining accurate foam rheologic data for forthcoming

foam drilling operations cannot be overemphasized. In order for predictive calcu-

lations to be relevant and useful for planning and operations, these programs

must use foam rheology data that reflect the actual components to be used in

the operation. Further, these predictive programs will be only as good as the
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rheology models within them. These rheology models must be correlated with

real experimental data. The correlation process can be made efficient by obtain-

ing quality experimental data on a combination of waters, surfactants, and addi-

tives that have been successful in laboratory tests and in field drilling

operations (i.e., the nominal baseline foam). Once this baseline nominal foam
has been selected, a screening process must be set up to measure all other com-

binations against this baseline mixture.

New foams are being developed for use with oil-based fluids used in synthetic

oil-based mud drilling operations. These foams are being developed for operations

in high temperature wells and possibly in future drilling and work over offshore

operations.
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CHAPTER

Specialized Downhole
Drilling Equipment 11
There are two downhole drilling devices used with air and gas drilling technol-

ogy. These are the down-the-hole hammer (DTH) and the progressive cavity posi-

tive displacement motor (PDM) drilling motor. The DTH is unique to air and

gas drilling. It can only be used with an air or other gas and with unstable (mist)

drilling fluids. The PDM was originally developed for use with incompressible

drilling fluids, but will operate on unstable foam, aerated, and stable foam drilling

fluids. PDMs that are operated on these drilling fluids have sealed bearing
packages and bypasses that are unique to light drilling fluid operations.

11.1 DTH
There are two basic designs for the DTH. One design utilizes a flow path of the

compressed air through a control rod (or feed tube) down the center hammer

piston (or through passages in the piston) and then through the hammer bit.

The other design utilizes a flow path in the wall of the hammer housing. This

type of hammer design allows for the flow of gas in this wall small annulus
passage (around the piston) and then through the hammer bit. Some hammers

combine these two design concepts. DTHs require rotation of the drill string in

order to allow advance of the drill bit in the rock formation. This rotation allows

the insert teeth to cover the rock face with rock impacting drill bit inserts and

remove the rock cuttings with the exhaust gas from the piston chamber.

Figure 11-1 shows a schematic of a typical control rod flow design. The ham-

mer action of the piston on the top of the drill bit shank provides an impact force

that is transmitted down the shank to the bit interface with the rock formation.
This transmitted impact force crushes the rock at the rock face. The gas flow

through DTH moves in an intermittent flow. In shallow boreholes there is little

annulus back pressure and a low pressure on the top of the hammer inside

the drill string. In these situations, the piston will impact the top of the bit

shank at a rate of from about 800 to 2000 strikes per minute (depending on the
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volumetric flow rate of gas and the detailed internal design of the hammer). How-

ever, in deep boreholes where the annulus back pressure is usually high, impacts

can be as low as 100 to 400 strikes per minute [1].

Figure 11-1 shows the air hammer suspended from a drill string with the

shoulder of the bit not in contact with the shoulder of the driver sub (housing)

of the DTH. In this position, compressed air flows through the pin connection
at the top of the hammer to the bit without actuating the piston action (i.e., to

blow the borehole clean). When the hammer is placed on the bottom of the

Hammer

Pin Up Connection

Back Flow Valve

Control Rod

Piston Case

Control Rod Windows (4)

Piston

Lock Rings

Driver Sub

FIGURE 11-1. Schematic cutaway of a typical air hammer (courtesy of Diamond Air Drilling

Services, Incorporated).
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borehole and weight is placed on the hammer, the bit shank will be pushed up

inside the hammer housing until the bit shoulder is in contact with the shoulder

of the driver sub. This action aligns one of the piston ports (of one of the flow

passage through the piston) with one of the control rod windows. This allows

the compressed air to flow to the space below the piston, which in turn forces
the piston upward in the hammer housing. During this upward stroke of the

piston, no air passes through the bit shank to the rock face. In essence, rock cut-

ting transport is suspended during this upward stroke of the piston.

When the piston reaches the top of its stroke, another one of the piston ports

aligns with one of the control rod windows and supplies compressed air to the

open space above the piston. This air flow forces the piston downward until it

impacts the top of the bit shank. At the same instant the air flows to the space

above the piston, the foot valve at the bottom of the control rod opens, and air
inside the drill string is exhausted through the control rod, bit shank, and the

bit orifices to the rock face. This compressed air exhaust entrains the rock

cuttings created by the drill bit for transport up the annulus to the surface. This

impact force on the bit allows the rotary action of the drill bit to be very effective

in destroying rock at the rock face. This in turn allows the air hammer to drill

with low WOB (or the order of a few 1000 lbs or a few 100 kg). Typically,

a 6.9-in (175 mm) outside diameter DTH is used to drive a 77 8= -in (200 mm).

This generally requires a weight on bit of 1500 lb (682 kg). DTHs must have some
type of lubricant injected into the injected gas during the drilling operation.

This lubricant is needed to lubricate the piston surfaces as it moves in the ham-

mer housing. DTHs are used exclusively for vertical drilling operations. There

are attempts underway to develop a gas-driven hammer that can be used in a

directional borehole.

DTHs are available in housing outside diameters from 3 in (76.2 mm) to 16 in

(406.4 mm). The 3-in (76.2 mm) housing outside diameter hammer can drill a

borehole as small as 35 8= in (92.1 m). The 16-in (406.4 mm) housing outside
diameter hammer can drill a borehole from 171 2= in (444.5 mm) to 33 in

(838.2 mm). For shallow drilling operations, conventional air hammer bits are

adequate. For deep drilling operations (usually oil and gas recovery wells), higher

quality oil field drill bits are required (see Chapter 4).

There are a variety of manufacturers of DTHs. These manufacturers use several

different designs for their respective products. The air hammer utilizes very little

power in moving the piston inside the hammer housing. For example, a typical

6.9-in (175 mm) outside diameter air hammer will use less than 2 hp driving
the piston at around 600 strikes per minute. This is a very small amount of power

relative to the total needed for the actual rotary drilling operation. Thus, it is clear

that the vast majority of the power to the drill string is provided by the rotary

table. Therefore, any pressure loss (i.e., energy loss) due to the piston lifting effort

can usually be ignored. The major pressure loss in the flow through an air ham-

mer is due to the flow energy losses from the constrictions in the flow path

when the air is allowed to exit the hammer (on the down stroke of the piston).
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All air hammer designs have internal flow constrictions. These flow constrictions

can be used to model the flow losses through the hammer.

Figure 11-2 shows the pressure drop through two typical DTH models as a

function of the volumetric flow rate of air through the hammers [2]. These data

can be obtained from the hammer manufacturer, although it often takes some
research. In most designs the constrictions can be approximately represented

by a set of internal orifice diameters in the hammer housing, piston, and flow

passages to the drill bit exhaust holes. In order to obtain the near linear plots

shown in Figure 11-2, each position on the plot represents a slightly differ-

ent internal setup within the hammer to allow that hammer to operate with a

different volumetric flow rate.

Combining the complexity of these flow passages and the unsteady state flow

conditions within the hammer, this type of analysis is probably not worth
attempting in detail. From data shown in Figure 11-2, it is clear that flow condi-

tions a few tens of feet (meters) above the hammer inside the drill string are

steady state.

The best way to analyze gas flow pressures in a drill string with a DTH is to

analyze the unsteady state dynamics of the hammer by itself and then combine

0 200 400 600 800 1000

400

800
q

 (
S

ta
n

d
ar

d
 L

it
er

s/
se

c)

1200

1600

0

15001000

Dp (Psi)

Dp (N/cm2)

500

Hammer No. 1

Hammer No. 2

0
4000

3500

3000

2500

2000

q
 (

sc
fm

)

1500

1000

500

0
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the essential properties of the study to the steady-state flow analysis already devel-

oped in Chapter 8 for air and gas drilling fluids.

The unsteady state dynamics of a DTH is governed by the volume of the piston

displacement. As the piston moves in its chamber, the gas flow reverses the pis-

ton before it strikes the top of the chamber. The chamber volume is described
by the open length of the chamber and the inside diameter of the chamber. Thus,

the volume is

Vol ¼ Apc Lc

or

Vol ¼ p
4

� �
D2

pc Lc; (11-1)

where Vol is the total volume of the piston chamber (ft3, m3), Ap is the cross-
sectional area of the inside of the piston chamber (ft2, m2), Dpc is the inside diam-

eter of the piston chamber (ft, m), and Lc is the length of the chamber above the

piston (ft, m).

The length of the chamber just given is the distance from the top of the piston

when the piston is in its full down position in contact with the top of the shank

of the drill bit. Thus, the above volume describes the maximum possible displace-

ment of the hammer. As stated earlier, in operation the piston does not move all

the way up to the top of the chamber. Therefore, an effective fraction of chamber
usage friction is introduced to define the actual DTH displacement volume.

The DTH volume is

VolDTH ¼ p
4

� �
D2

pc Lc es; (11-2)

where VolDTH is the effective hammer displacement volume (ft3, m3) and es is the

effective fraction of the length of the piston motion (taken here as 0.80).

Knowing the volumetric flow rate of the gas entering the top of the DTH,

then the number of strokes per minute of the piston becomes

Nps ¼ Qin 60

2 VolDTH
; (11-3)

where Nps is the piston strokes (strokes per minute) and Qin is the volumetric

flow rate of the gas through the DTH (ft3/sec, m3/sec).

The time for the piston to complete a stroke is

Dtts ¼ 60

Nps

; (11-4)

where Dtts is the total time for a piston stroke (sec).
The velocity of the piston as it impacts the top of the drill bit shank is

Vp ¼ 2
Pin Ap þWp

Wp

g

� �
0
@

1
Aes Ls

2
4

3
5
0:5

; (11-5)
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where Vp is the velocity of the piston (ft/sec, m/sec), Pin is the pressure in the

gas as it enters the top of the DTH (lb/ft2, N/m2), Wp is the weight of the piston

(lb, N), and g is the acceleration of gravity (32.2 ft/sec2, 9.81 m/sec2).

The total kinetic energy generated when the piston strikes the top of the

shank of the drill bit is

KEps ¼ 1

2

Wp

g

� �
V 2
p ; (11-6)

where KEps is kinetic energy (lb-ft, N-m).

Illustrative Example 11.1 For the two DTH examples given in Figure 11-2,

determine the number of strokes per minute and the total kinetic energy trans-

ferred to the top of the shank of the drill bit assembly. Also determine the total

stroke time and the downward impact travel time. Use the example well

that was used in the illustrative example discussed in Chapters 8, 9, and 10.
Figure 11-3 shows this example well geometry. In this illustrative example,

120’(37m) 20”, 94 lb/ft
(508mm, 140 kg/m)

133/8”, 48 lb/ft
(339.7mm, 71.4 kg/m)

85/8”, 32 lb/ft
(219.1mm, 47.6 kg/m)

77/8”
(200mm)

Open Hole Bit Size

10000’
(3048m)

1400’
(427m)

7000’
(2134m)

Production
Zone

FIGURE 11-3. Illustrative Example 11.1 casing and open hole well geometric configuration.
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assume that the hammer is being used to drill at a depth of 10,000 ft (3048 m).

Assume that 3600 acfm (1698 liters/sec) is the circulation volumetric flow rate

of air. Table 11-1 gives the required geometric and physical properties data for

hammers No. 1 and No. 2.

From Illustrative Example 8.4 (in Chapter 8 and Appendix C), the bottom hole
annulus pressure while drilling at 10,000 ft (3048 m) is 251.8 psia (173.6 N/cm2

abs). The details of Illustrative Example 8.4 are found in Chapter 8 and

Appendix C. The approximate pressure drops across the hammer models are

given in Figure 11-2.

Appendix F gives the Mathcad detailed solutions for hammer No. 1 and No. 2.

Table 11-2 gives a summary of the results.

It is instructive to show a portion of the aforementioned results in graphic

form. Figure 11-4 shows where hammer No. 1 and No. 2 are located on a KEps
versus Nps plot. Other candidate DTHs could be potted on the same map to facili-

tate some rational decisions regarding which DTH might be better for a particular

deep drilling application.

The information just given can be used to calculate circulation pressures for a

DTH drilling operation similar to that given in the Mathcad solution for Illustrative

Example 8.4 (see Appendix C). The annulus flow pressures will remain the same

as in Illustrative Example 8.4. To obtain the pressures on the inside of the drill

string, it is only necessary to replace the “flow through the bit nozzles” subpro-
gram in Illustrative Example 8.4 to a pressure drop value appropriate to the appli-

cable DTH used in the calculation (from data similar to Figure 11-2).

Because the Figure 11-2 vertical axis is given in scfm (standard liters/sec), it is

necessary to enter the plot with a volumetric flow rate of 2136 scfm (1008 stan-

dard liters/sec). This volumetric flow rate is equivalent to the total compressor

output of 2400 acfm (1133 actual liters/sec). For hammer No. 1 at 2136 scfm

(1008 standard liters/sec), the approximate pressure drop through this hammer

Table 11-1. Hammer Dimensional and Physical Property Data

Hammer Length (in, mm) Diameter (in, mm) Weight (lb, kg)

No. 1 7.11 (181) 5.90 (150) 97 (44)

No. 2 4.69 (119) 6.00 (152) 78 (36)

Table 11-2. Illustrative Example 11.1 Summary of Results

Hammer Nps (spm) KEps (lb-ft, N-m) Dtt (sec) Dtdn (sec)

No. 1 405 6538 (8864) 0.148 0.014

No. 2 418 6313 (8559) 0.141 0.009
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is 340 psi. Figure 11-5 shows the drilling ahead plot for bottom hole annulus pres-

sures and injection pressures as a function of open hole depths from 7000 ft

(2134 m) to 10,000 ft (3047 m). Comparing this figure with Figure 8-9, the bot-

tom hole annulus pressures are unchanged, but the injection pressures are signif-

icantly higher. These higher injection pressures reflect the additional pressure
losses through the DTH at the respective depths.

11.2 PDM
The most commercially successful positive displacement fluid downhole motor

has been the progressive displacement “cavity” motor. This motor design is based

on the work of French engineer Rene Moineau, who patented numerous variants
of these devices for hydraulic (incompressible fluid) pumps (and hydraulic

motors) between 1930 and 1948 [3]. The driving shaft of these motors is a rigid

shaft composed of helical lobe repeating sections (like a screw thread) and is

denoted as the rotor. This rigid helical lobe shaft is inserted into a flexible helical

lobe cavity sheath (tight fitting) denoted as the stator. The outside surface of the

sheath is affixed to the inside surface of a rigid cylindrical housing. As fluid is

pumped under pressure into one end of this device motor in the space between
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the rigid drive shaft and the flexible helical lobe cavity, the rigid shaft is forced to

rotate as the fluid passes through the progression of cavities in the motor.

Figure 11-6 shows a cutaway view of the helical lobe section of a typical

downhole positive displacement mud motor based on this Moineau design [4].
The flow of the drilling mud through the motor would force the rotor to rotate.

The bottom end of the rotor is connected to a flexible universal joint coupling

and shaft with a bearing assembly and drive sub. Through this connection the

drill bit is turned at the same rotational speed as the rotor. The drilling mud exits

the motor at the bottom end and flows through the drill bit open orifices (or noz-

zles). At the bottom of the annulus, the drilling mud entrains the rock cuttings

generated by the drill bit and carries these cuttings to the surface in the annulus.

The example positive displacement motor shown in Figure 11-6 has a five lobe
rigid helical shaft and a six lobe flexible helical cavity sheath configuration.
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A cross-section view of this configuration is shown in Figure 11-7, together with
several other typical configurations [3].

Assuming the same downhole motor size and fluid volumetric flow rate

through the motor (same hydraulic power), the basic differences among the five

typical lobe configurations given in Figure 11-7 are as follow:

n The higher the lobe configuration, the higher the rotor shaft output torque.
n The higher the lobe configuration, the lower the rotor shaft output speed.

Depending on the drilling applications, one motor size and lobe configuration
may be more effective than another.

Bypass
Valve

Rotor

Stator

Universal Joint

Bearing
Assembly

Drive Sub

Bit

FIGURE 11-6. Cutaway view of a typical 5:6 lobe configuration positive displacement mud

motor (courtesy of Baker Oil Tools).
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USCS Units
PDMs are defined by their displacement. For USCS units, the displacement per

revolution is

s ¼ qPDM 231

Nr

; (11-7a)

where s is the displacement (in3 ), q is the volumetric flow rate (gpm), and Nr

is the rotation speed of the motor and drill bit (rpm).

SI Units
For SI units the displacement per revolution is

s ¼ qPDM

1000 Nr

; (11-7b)

where s is the displacement (m3), q is the volumetric flow rate (lpm), and Nr

is the rotation speed of the motor/drill bit (rpm).

Downhole positive displacement motors have been very useful in directional
drilling operations. For directional drilling operations, the downhole positive dis-

placement motor is made up to a bent sub directly above the motor with an MWD

system made up above the bent sub. The conventional drill string is made up to

the top of the MWD.

These drilling mud-actuated positive displacement motors have been adapted

for use in air and gas drilling operations. Positive displacement motors converted

for air and gas drilling operations usually involve replacing the conventional

mud motor bearing assembly (which uses drilling mud as the lubricant) with
a sealed grease-lubricated bearing assembly. Also, the dimensional tolerances

between the rigid helical lobe shaft and the helical lobe flexible sheath are

relaxed to provide a looser fit between these elements. To operate these down-

hole motors in an air drilling operation, a liquid lubricant must be injected into

the compressed air flow being injected into the top of the drill string. These

downhole motors can be operated with aerated drilling fluids (usually drilling

mud with air or gas aeration) or with stable foam with little or no special motor

preparations.

FIGURE 11-7. Different lobe configurations for progressive helical lobe positive displacement

motors.
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The primary operational concern when drilling with a downhole positive dis-

placement motor using compressed air (or gas) is the tendency of the rotor shaft

to rotate at too high a speed and, thus, destroy (with friction heat) the elastomer

flexible helical cavity sheath of the motor. One operational situation where this

can occur is when there is excessive expansion of the air as it passes through
the progressive cavities of the motor. Such excessive expansion can allow run-

away rotor speeds, which can only be controlled by inserting appropriately sized

nozzles into the drill bit (or a single nozzle inside motor flow passage above the

drill bit connection)[5]. The small diameter nozzles choke the air flow from

the motor and provide a back pressure at the bottom of the positive displacement

motor (above the drill bit). This back pressure controls the air expansion and,

thereby, controls the output rotational speed of the rotor.

Another runaway speed situation can occur when the drilling load is taken off
the motor by lifting the drill string. Under these conditions, the rotor can again go

to high speeds and destroy the elastomer flexible sheath. This must be controlled

by installing a bypass valve above the motor section. This bypass valve is actuated

when weight is taken off the drill bit. When the weight is removed, the valve is

opened and most of the flow down the inside of the drill string is diverted

directly to the annulus. Little fluid flow goes through the motor cavity and,

therefore, the speed of the rotor is kept under control.

The downhole positive displacement motor is actuated by the volumetric flow
rate of the fluid passing through it. The output speed of the motor rotor shaft is

directly proportional to the volumetric flow rate of the fluid. The torque that the

rotor shaft can produce is nearly directly proportional to the pressure drop

through the motor. Thus, the power the motor can generate is also directly pro-

portional to the pressure drop through the motor. Figures 11-8a and 11-8b show

the torque and power outputs versus pressure drop plots for a typical 63 4= -in

(171.5 mm) outside diameter, 5:6 lobe, downhole positive displacement motor

with a volumetric flow rate of 400 gpm (1514 lpm) of drilling mud or other
incompressible drilling fluid.

The plots shown in Figures 11-8a and 11-8b are for the drilling fluid volume-

tric flow rate of 400 gpm (1514 lpm). This volumetric flow rate gives a nearly

constant motor rotor rotation speed of 200 rpm (the drill bit speed). There are

similar families of plots that can be prepared for this motor for other drilling

fluid volumetric flow rates. Higher volumetric flow rates yield higher drill bit

speeds, and lower volumetric flow rates yield lower drill bit speeds. The torque

and power plots are similarly altered for increases and decreases in volumetric
flow rates.

Illustrative Example 11.2 Determine the injection pressure and resulting

compressor fuel consumption when a Baker Oil Tools Model Mach 1, 63 4= -in
(171.5 mm) outside diameter, 5:6 lobe, downhole positive displacement motor is

utilized to drill the open hole interval from 7000 ft (2133 m) to 10,000 ft (3048 m)
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of the Illustrative Example 8.3 series in Chapter 8. The positive displacement motor

uses a 77 8= -in tricone roller cutter drill bit to drill at 10,000 ft (3048 m). It is

required that the downhole motor develops 25 hp when drilling under load. In

the Illustrative Example 8.3 series, two semitrailer-mounted Dresser Clark Model
CFB-4, four-stage reciprocating piston compressors were selected. Each of these

compressors was driven by a Caterpillar Model D398 diesel-fueled prime mover.

These two compressor units provide a total of 2400 acfm (1133 actual liters/sec)

to the borehole. The drilling location is at 4000 ft (1219 m) above sea level. The

annulus solution given in Illustrative Example 8.3 will be used as the starting point

for this example. The horsepower/torque versus pressure plots are shown for the

aforementioned PDM in Figures 11-8a and 11-8b.

Appendix F gives the detailed Mathcad solution for Illustrative Example 11.2.
Figure 11-9 gives the pressures versus depth for the circulation system given in

Differential Pressure (psi)

2600

2400

2200

2000

1800

1600

To
rq

u
e 

(f
t-

lb
s)

1400

1200

1000

800

600

400

200

130

120

110

100 500

400

300

200

100

0

90

80

70

60

50

40

30

20

10

0

Circulation Rate 400 gpm

Bit Speed
Horsepower H

or
se

po
w

er

B
it

 S
p

ee
d

 (
rp

m
)

Torque

0 100 200 300 400 500 600
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Oil Tools Model Mach 1, 6 3/4-in (171.4 mm) outside diameter positive displacement motor

(courtesy of Baker Oil Tools).
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this PDM example and shows that the bottom hole annulus pressure is 161.7 psia

(122.1 N/cm2 abs) while drilling at 10,000 ft (3048 m). The injection pressure

for this PDM example is 781.5 psia (539.0 N/cm2 abs).

Figure 11-10 gives bottom hole annulus pressures and injection pressures for

drilling ahead from the casing shoe at 7000 ft (2133 m) to the target depth of

the open hole at 1000 ft (3048 m). Unlike most other examples in this text, this

example shows that the injection pressure actually decreases as the open hole
depth is increased. This clearly shows the dominance of the hydrostatic head por-

tion of the pressure [see Equation (6-1)]. This is caused by the high pressure

above the PDM required to operate the PDM at approximately 25 hp (33.5 kW).

Note also that it was necessary to reduce the diameter of the drill bit nozzles in

order to control the rotation speed of the PDM drive shaft and, thereby, the

power output of the PDM (see Appendix F)[5].
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11.3 CONCLUSIONS
The specialized surface downhole equipment discussion has general applications
to vertical and directional drilling operations. The specialized downhole air ham-

mer is only used for straight hole vertical drilling. This is because the drill string

must be rotated in order for the drill bit to impact all of the drilling face. Due to

the low weight on bit for DTH drilling, the wells are very straight (relative to the

rather cork screw shape of a conventional rotary drilled borehole). However,

there are several efforts underway in industry to develop a DTH directional

capability.

PDMs are nearly always used to drill directional boreholes. Normal operations
require nonrotation of the drill string when making course corrections with a

bent sub in the BHA. This necessitates sliding of the BHA as the PDM driven drill

bit makes the course correction. When holding an angle the drill string is rotated

to nullify the bent sub action. Just as in conventional drilling fluid operations,
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drilling with a PDM in the BHA with gas or foam will require high compressor

injection pressures.

An important issue for specialized downhole equipment is that of lubrication.

There are some environmental drilling applications that require no lubricants be

injected into the compressed air flow to the drill string. Also, there are underba-
lanced oil and natural gas recovery drilling applications that do not allow water to

be injected into the compressed air or gas flow to the drill string. Downhole

pneumatic turbine motors are the only specialized downhole drilling equipment

that can be used with dry compressed air (or other drilling gases).
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CHAPTER

Underbalanced Drilling 12

12.1 INTRODUCTION
Underbalanced drilling is an oil field term. These drilling operations require that the

bottom hole annulus pressure during circulation of the drilling fluid be maintained at

a magnitude that is less that the static bottom hole pore pressure of the reservoir pro-

ducing pressure. These underbalanced operational requirements extend to the
follow-on completions. Oil and gas drilling operations are generally the only drilling

operations that require the drill bit to advance into rock formations that contain high

pore pressure reservoir fluids. When underbalanced conditions are maintained dur-

ing drilling or completions, reservoir fluids will enter the well bore and be carried

out as the drilling fluids are circulated through the well. Note that the only

other operations that drill into high pore pressure rock formations are geothermal

drilling operations and artesian water well drilling. Geothermal drilling and comple-

tion operations are usually carried out with the oil industry.
Conventional drilling operations are either balanced or overbalanced. These

operations require that the circulating fluid exert bottom hole pressures that

are equal to or greater than the fluid pore pressure of the reservoir. In these

operations the drilling fluid is the primary control barrier that keeps the high

pressure reservoir fluids in the reservoir. Thus, the circulating drilling fluid is

not cut with reservoir fluids. The secondary control barrier in these operations

is the mechanical BOP. In underbalanced drilling operations the primary control

barriers that restrain the reservoir fluid from flowing to the surface in an uncon-
trolled manner are the RCH, the blooey line, and so on. Basically, these primary

control barriers restrict the flow of the reservoir fluids that are entrained in the

annulus flow of the circulating drilling fluid. The secondary control barrier in

these operations is also the mechanical BOP.

Figures 12-1 and 12-2 show graphic schematics of the physical fluid flow from

the producing reservoir formation during conventional drilling and underba-

lanced drilling operations.

Low head drilling is the most utilized conventional drilling technique. Care
must be taken when using this technique when transitioning from circulating
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Over-Pressure → Under-Pressure

Reservoir
Formation

FIGURE 12-1. Conventional drilling with drilling fluid and fines flowing into the reservoir.

Under-Pressure ← Over-Pressure

Reservoir
Formation

FIGURE 12-2. Underbalanced drilling with formation fluids flowing from the reservoir.
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to not circulating. If the drilling fluid is designed to keep the bottom hole pres-

sure just above the pore pressure while circulating, then when there is no circu-

lation the well could take a kick. Obviously, low head drilling is used to reduce

excessive formation damage (that results when drilling is overbalanced). Underba-

lanced drilling allows the bottom hole pressure to always remain below the pore
pressure of the producing reservoir. This allows the produced fluids to continu-

ally flow and flush the near borehole pores and permeable passages, thus reduc-

ing the possibility of formation damage.

A number of drilling fluids types that can be used in underbalanced drilling

operations have been discussed in Chapter 2. These are

n Conventional drilling muds
n Gasified drilling fluids
n Stable foam drilling fluids
n Unstable foam (“mist”) fluids
n Air and gas drilling fluids

All of the drilling fluids just mentioned allow the design of bottom hole circu-

lation pressures that can be below nearly any reservoir pressure. This is accom-

plished by adjusting the density (or weight) of the drilling fluid for the actual

drilling operation application. Oil and gas deposits are found in sedimentary

basins. These basins are formed over geologic time of hundreds of millions of
years. These basins go through many geologic processes (e.g., submergence, sedi-

mentation, uplifting, tectonics). When the basin-forming geologic time is long,

these basin sediments become well cemented (usually with CaCO3)[1]. These

basins form competent rock formations at depth and are referred to as mature

sedimentary basins. These basins usually have dispersed hydrostatic columns of

retained ancient sea waters or fresh lake waters and often have no retained water

in their formations at depth. In young or immature sedimentary basins, the

cementing processes have not yet fully cured. Such immature rock structures can-
not fully support themselves in the buoyant environment of retained ancient sea

and fresh water. In general, underbalanced drilling and completions operations

are basically restricted to mature sedimentary basins. Immature basins can only

be drilled underbalanced with conventional drilling muds.

It has long been known that the longer an open hole section is left open dur-

ing both drilling or completion operations, the more hole-related problems occur.

Because of the increased penetration rates while drilling underbalanced, hole pro-

blems can be minimized. The most important impact of utilizing underbalanced
drilling and completion techniques is the prospect of improved long-term produc-

tion from completed wells in producing formations [2]. Underbalanced drilling

and completion of a well reduce or eliminate formation damage to the well bore.

This often eliminates or reduces the requirements for well stimulation. Overall,

underbalanced drilling and completion operations hold the prospect of enhanc-

ing the production of oil and gas from reservoirs.
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Drilling engineers must deal with the existing subsurface conditions. As the

drill bit is advanced, new and possibly unknown conditions can exist. Careful

planning for underbalanced (and conventional) operations must utilize offset data

in order to minimize subsurface problems.

12.2 VERTICAL WELLS
The typical underbalanced drilling operation is the drilling vertical or near verti-

cal well in an existing producing oil and/or natural gas field. These wells can

be air or gas, aerated, or foam drilling fluid operations. The air or gas drilled wells

can be rotary with roller cone, PDC, or air hammer drill bits. In aerated and foam

drilled, wells are drilled with roller cone or PDC drill bits.
Thesewells are drilled at a closer spacing than the original field (i.e., infill drilling).

Infill drilling is carried out in older producing fields to allow for the production of

portions of the field that could not be produced efficiently by the original wells.

Since many of these fields have been produced for 30 or more years, their bot-

tom hole shut in reservoir pressures in the original wells (and in any new wells)

can be as low as 400 to 900 psia (276 to 621 N/cm2 abs). Assuming that the typ-

ical infill drilling operation will be at depths greater than 3000 ft (914 m), then air

and gas drilling technology must be used in order to maintain a bottom hole pres-
sure that will be below the reservoir static bottom hole shut in pressure. In some

older producing fields that have higher bottom hole shut-in reservoir pressures,

aerated and foam drilling fluids are the operational choices. It should be noted

that some of the new vertical wells in these fields are sidetrack boreholes drilled

out of the bottom of the original wells in the field.

12.2.1 Underbalanced Example

In the illustrative examples that follow, the example well that was used in Chap-

ters 8, 9, and 10 is altered to demonstrate underbalanced drilling mathematical

modeling. Figure 12-3 shows a schematic of a well that has a 300-ft (91.4 m)

reservoir thickness. Above the reservoir the well is drilled to a depth of appro-

ximately 9700 ft (2956 m) where the API 85 8= -in (219 mm), 32.00-lb/ft

(14.00 kg/m) nominal, Grade J-55, casing is set. The trap or seal formation above

the reservoir is shale and the reservoir formation is assumed to be a fractured

limestone. The casing set is placed in the harder more competent limestone for-
mation. Therefore, the casing borehole is drilled around 30 ft (9.1 m) into the res-

ervoir and casing run and cemented to 9700 ft (2956 m). The desire is to drill out

of the bottom of the casing shoe and to drill through the reservoir underbalanced.

The drill string is initially made up of 9200 ft (2804 m) of API 4 1/2-in

(114.3 mm) drill pipe and 500 ft (152 m) of 61 4= -in by 213 16= -in (159 mm by

71.4 mm) drill collars. The drill bit will be a 77 8= -in (200 mm) roller cone. As

required by IADC standards, the inside of the drill string will be fitted with several
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float valves. The well head at the surface will have a rotating control head (i.e.,
RCH) capable of controlling surface annulus pressures up to 1500 psia

(1035 N/cm2 abs). This RCH is essential to plans for drilling through the reser-

voir underbalanced.

As drilling progresses through the reservoir formation, connections will need

to be made. To keep the well underbalanced while connections are made, the

drill string will be stripped from the well through the RCH. The well will be

allowed to flow during connection operations. When the drill bit has been

advanced to the bottom of the reservoir or, if necessary, slightly into the rock for-
mation below the reservoir, the drill string can be removed from the well via

stripping and snubbing operations.

120’(37m) 20”, 94 lb/ft
(508mm, 140 kg/m)

133/8”, 48 lb/ft
(339.7mm, 71.4 kg/m)

85/8”, 32 lb/ft
(219.1mm, 47.6 kg/m)

77/8”
(200mm)

Open Hole Bit Size

10000’
(3048m)

1400’
(427m)

9700’
(2956m)

Production
Zone

FIGURE 12-3. Underbalanced drilling of example well.
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It is necessary during an underbalanced drilling operation to not allow the

well to become overbalanced during the entire operation. It is also necessary to

complete the well without allowing the well to become overbalanced. The com-

pletion operation can be very complex if elaborate production tubing and bottom

hole production assemblies are required. In general, most underbalanced drilled
wells are open hole completions and simple production strings with bottom hole

preslotted liners. The production tubing in bottom hole assembly must be

snubbed and stripped into the well.

Reservoir formation vertical thicknesses are usually small relative to the overall

depth of the well. Therefore, when applying the mathematical modeling techni-

ques demonstrated in Chapter 8 (air and gas drilling), Chapter 9 (aerated drilling),

and Chapter 10 (stable foam drilling), only one depth in the reservoir is used for the

calculations. It is evident when examining the illustrative examples in Chapters 8,
9, and 10 that the bottom hole pressures change very little over a few hundred feet

or meters of depth. Figure 12-4 shows a schematic of the “operative envelope” con-

cept used to summarize the results of underbalanced planning calculations [3].

The vertical stripped region in Figure 12-4 is the underbalanced drilling target

design objective. The vertical axis is the bottom hole pressure at the reservoir,

and the horizontal axis is the gas injected into the well via the top of the inside
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of the drill string. The anticipated reservoir shut-in pressure is shown as a hori-

zontal straight line. The concaved curved lines show two different incompress-

ible fluid injection rates into the top of the inside of the drill string, together

with various gas injection rates (i.e., incompressible fluid flow rate 1 and incom-

pressible fluid flow rate 2). The incompressible fluid flow rate 2 is lower than
incompressible fluid flow rate 1 (i.e., at the same gas injection rate, rate 2 has a

lower bottom hole pressure at the reservoir). The envelope in Figure 12-4 is lim-

ited on the left side by the flow rates needed for bottom hole cleaning. On the

right side of the envelope the limit is the maximum flow rate needed to operate

a downhole motor (e.g., PDM or turbine) or the DTH.

The actual drilling engineers, objective will be to select the surface and down-

hole equipment that will give a bottom hole pressure that is on the horizontal tar-

get pressure line. This line is usually 100 to 200 psi (67 to 138 N/cm2) below the
anticipated reservoir shut-in pressure. This guarantees that the well will flow

while the reservoir formation is penetrated with the advancing drill bit. If the

actual productivity index correlation equation (know as the PI curve) is known

for the target reservoir, this equation can be coupled with the underbalanced dril-

ling model and a more precise design selection of surface and subsurface equip-

ment can be made since this will also give the actual volumetric flow rates of

reservoir fluids expected in the annulus return flow.

12.2.2 Air, Gas, and Unstable Foam

Illustrative Example 12.1 This example applies the direct circulation air and

gas drilling model reviewed in Chapter 6 and demonstrated in Chapter 8 (and

Appendix C) to the underbalanced example shown in Figure 12-3 and discussed

earlier. In this illustrative example, the objective of the operation is to drill the last

300 ft (91.4 m) of the limestone reservoir while purposely allowing the reservoir

fluids to flow to the well annulus where they are removed by the circulating gas.
The results of these calculations are presented in the operative envelope form of

Figure 12-4.

Figure 12-5 shows the operative envelope for drilling of the example lime-

stone reservoir with membrane nitrogen and mist drilling fluids. Note that the

specific gravity of membrane nitrogen is taken in these example calculations as

SGmn ¼ 0.972.

In Figure 12-5, the dry nitrogen curve is the lower limit of the operative enve-

lope (fresh water incompressible flow rate of 0 gpm). The unstable foam (mist)
upper limit is given by the fresh water incompressible flow rate of 50 gpm. The

fresh water incompressible flow rate includes a surfactant and any other liquid

additives. The left limit of the envelope is the minimum cuttings lifting flow rates.

It is clear from Figure 12-5 that the membrane nitrogen and unstable foam

(mist) drilling for this example well geometry could be applied to drill underba-

lanced through reservoir candidates with bottom hole shut-in pressures from

approximately 60 to 400 psia (41 to 275 N/cm2 abs).
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12.2.3 Aerated Fluid

Illustrative Example 12.2 This example applies the direct circulation aerated

(gasified) drilling model reviewed in Chapter 6 and demonstrated in Chapter 9
(and Appendix D) to the underbalanced example shown in Figure 12-3. As in

the example given earlier, in this illustrative example the objective of the opera-

tion is to drill the last 300 ft (91.4 m) of the limestone reservoir while purposely

allowing the reservoir fluids to flow to the well annulus where they are removed

by the circulating gasified drilling fluid.

Figure 12-6 shows the operative envelope for drilling of the example lime-

stone reservoir with gasified drilling fluids (combination of membrane nitrogen

and an incompressible fresh water drilling fluid). In practice, gasified drilling
fluids can utilize a variety of liquids as the incompressible fluid component. This

can include fresh water and formation water to more compressible liquids such as

formation oil and diesel. The major concern in underbalanced drilling operations

is the compatibility of these liquids to the chemistry of the reservoir rock and its

produced fluids.

In Figure 12-6 the 50-gpm incompressible drilling fluid flow rate is the lower

limit of the operative envelope. The 200-gpm incompressible drilling fluid flow rate

is the upper limit. The left limit of the envelope is the minimum cuttings lifting flow
rate and a right limit is given for the maximum flow rate to operate a PDM.
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It is clear from Figure 12-6 that gasified drilling fluids for this example well
geometry could be applied to drill underbalanced through reservoir candidates

with bottom hole shut-in pressures from approximately 600 to 2700 psia (414

to 1862 N/cm2 abs).

12.2.4 Stable Foam

Illustrative Example 12.3 This example applies the direct circulation stable

foam drilling model reviewed in Chapter 6 and demonstrated in Chapter 10
(and Appendix E) to the underbalanced example shown in Figure 12-3. As in

the examples given earlier, in this illustrative example the objective of the opera-

tion is to drill the last 300 ft (91.4 m) of the limestone reservoir while purposely

allowing the reservoir fluids to flow to the well annulus where they are removed

by the circulating stable foam drilling fluid.

Figure 12-7 shows the operative envelope for drilling of the example lime-

stone reservoir with stable foam drilling fluids (combination of membrane nitro-

gen and incompressible fresh water).
In Figure 12-7 the 7-gpm incompressible drilling fluid flow rate is the lower

limit of the operative envelope. The 50-gpm incompressible drilling fluid flow

rate with 0 psig (0 N/cm2 gauge) is the upper limit of the shaded area. Stable

foam is often developed in the annulus of the well by utilizing a back pressure

at the surface on the horizontal return flow line. Using a back pressure on the

annulus extends the upper limit. Figure 12-7 shows an alternate upper limit with

a back pressure of 80 psig (55 N/cm2 gauge). Figure 12-7 shows that the left limit

of the envelope is the minimum cuttings lifting flow rate.
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It is clear from Figure 12-7 that stable foam drilling fluids for this example well
geometry could be applied to drill underbalanced through reservoir candidates

with bottom hole shut-in pressures from approximately 100 to 1400 psia (70 to

966 N/cm2 abs).

12.2.5 Summary

Figure 12-8 shows a combination of the three illustrative example operative envel-

opes for the example geometry shown in Figure 12-3. This summary figure indi-

cates that air and gas drilling technology can be utilized to drill underbalanced

through a variety of reservoir candidates that might have shut-in reservoir pres-

sures from as low as atmospheric to as high as 4000 psia (2760 N/cm2 abs).

For reference, the figure shows a horizontal static hydrostatic head for a well
filled with crude oil, which is basically the lightest possible liquid drilling fluid

used in a drilling operation.

12.3 DIRECTIONAL WELLS
Directional drilling is generally categorized by the build angle rate of the direc-

tional portion of the borehole. These categories are usually stated in borehole

angle build rate in angle degrees per vertical depth distance (ft, m). As an
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alternative, specifications for long radius, medium radius, and short radius drilling
tools and auxiliary equipment are presented in tabular form in Table 12-1. All

three of these directional drilling build rate categories have unique downhole

and surface equipment.

Directional drilling technology as applied to underbalanced drilling operations

is used in two distinct situations.
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FIGURE 12-8. Summary of operative envelopes for air and gas drilling technology.

Table 12-1. Directional Drilling Technology Specification (Baker Tool Company)

Tool Sizes (in, mm)
Minimum Bit
Diameter (in, mm)

Minimum Radius (ft, m)

Long radius 4 3/4 (120.7)

6 3/4 (171.5)

6 (152.4)

8 1/2 (215.9)

1000 (300)

1000 (300)

Med radius 3 3/4 (95.3)

4 3/4 (120.7)

6 3/4 (171.5)

8 (203.2)

4 1/2 (114.3)

6 (152.4)

8 1/2 (215.9)

12 1/4 (311.2)

286 (87)

286 (87)

400 (122)

400 (122)

Short radius 3 3/4 (95.3)

4 3/4 (120,7)

4 3/4 (120.7)

4 1/2 (114.3)

5 7/8 (149.2)

6 1/4 (158.7)

19 (6)

32 (9)

38 (9)
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1. The drilling of sidetracks through the vertical thickness of the reservoir

formation.

2. The drilling of horizontal or near horizontal boreholes parallel to the reser-

voir formation bedding plains.

Long Radius Drilling
In the early years of rotary drilling (i.e., the late 1920s), long radius directional

operations were the only directional methods available for the control of deviated

(from the vertical) boreholes. Much of the early constraint on deviation of bore-
holes was due to the availability of high-quality steel tubulars for downhole opera-

tions. Present long radius technology can place the drill bit in a 3-ft (1 m)-

diameter target sphere located at depths of 15,000 ft (4500 m) and at horizontal

displacements up to 30,000 ft (9000 m). It is generally accepted that long radius

boreholes are drilled with a build rate of approximately 2� to 6� per 100 ft

(30 m). This build rate translates to radii of curvature of boreholes of approxi-

mately 1000 ft (300 m) to 3000 ft (900 m). Long radius boreholes are limited to

kicked-off depths of 1000 ft (300 m) or greater. Long radius boreholes are applied
most frequently in underbalanced operations to the drilling sidetrack boreholes in

infill operations. This type of directional drilling is often denoted as “extended

reach” drilling.

Medium Radius Drilling
Medium radius directional drilling is characterized by a build rate of approxi-
mately 6� to 40� per 100 ft (90 m). This build rate translates to radii of curvature

of boreholes of approximately 300 ft (90 m) to 700 ft (210 m). The development

of medium radius drilling technology in the mid 1980s was the direct result of

improved high-quality tubulars and sophisticated downhole gyroscopic surveying

equipment. Medium radius directional drilling technology is mostly applied to

land directional drill operations. Medium radius directional boreholes can be

initiated at nearly any depth in a vertical well. Present medium radius technology

can place the drill bit in a 3-ft (1 m)-diameter target sphere located at a depth of
15,000 ft (4500 m) and with horizontal displacements from the vertical of 3000 ft

(900 m). Medium radius boreholes are applied most frequently in underbalanced

operations to the drilling of horizontal or near horizontal boreholes in infill

operations.

Short Radius Drilling
Short radius directional drilling is characterized by a build rate of approximately 40�

to 70� per 100 ft (30 m). This build rate translates to radii of curvature of boreholes

of approximately 82 ft (25 m) to 140 ft (43 m) for intermediate short radius tech-

nology and 40 ft (12 m) to 82 ft (25 m) for ultrashort radius technology. Present

short radius technology can place the drill bit in a 10-ft (3 m)-diameter target

sphere located at a depth of 5000 ft (1500 m) and with horizontal displacements
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from the vertical of 1000 ft (300 m). Short radius boreholes are applied most fre-

quently in underbalanced operations to the drilling of horizontal or near horizontal

boreholes in infill operations.

12.3.1 Directional Control and Surveying

Many technologies have been developed through the past seven decades directed

at improving directional drilling using conventional incompressible drilling fluids

(e.g., water-based, salt water-based, oil-based, and synthetic oil-based drilling

muds). Two decades ago air and gas drilling technology was a small niche area of

the drilling industry. Up until the late 1980s little attention was given to the devel-

opment of directional drilling technologies for air and gas drilling operations.

Present-day air and gas drilling directional operations have relied heavily on
existing conventional directional technologies for their operations. Field opera-

tions over the past 20 years have shown that there are few directional control

technologies that are successful with air and gas drilling technology.

Single and Multishot Borehole Survey Instruments
Magnetic single shot and multishot instruments cannot be used while drilling is

progressing. These downhole instruments require nonmagnetic drill collars to

be effective. These instruments are run in the well when all drilling operations
have ceased. Thus, when used simply as survey tools, these downhole instru-

ments are not subjected to the high drill string vibrations that characterize com-

pressed air (or other gas) drilling operations. Magnetic downhole instruments

are usually used to obtain a three-dimensional plot of the borehole. Once the mag-

netic instruments are retrieved, the photos developed (usually at the rig site), and

the position readings entered into a computer, calculations are made and the

borehole trajectory is plotted. This borehole trajectory plot can be used by a

directional driller to make the appropriate mechanical corrections to the drill
string (i.e., orientation of the tool face of the bent sub) to improve the accuracy

of a directional drill operation. However, when using magnetic instruments, such

corrections cannot be made rapidly (as with an MWD system). Using magnetic

survey instruments in a directional drilling operation is not a real-time process.

However, in some directional drilling operations, particularly small diameter bore-

holes, the use of magnetic survey instruments to control borehole trajectory is

quite cost-effective. In these drilling situations, even the single shot instrument

can be used to give position data that can be plotted with a computer to give a
good quality borehole trajectory. This trajectory can then be used to make tool

face corrections to improve subsurface target intercept accuracy. This simple

technology is often used in sidetrack operations in infill drilling projects.

The basic downhole gyroscopic survey instrument can be used in much the

same manner as the magnetic survey instruments discussed earlier. These instru-

ments can be run into the well when drilling has ceased and borehole deviation

versus depth readings taken as the instrument is withdrawn from the well. These
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simple gyroscopic survey instruments are hardwired to the surface with an active

wire line or are operated downhole with batteries. In the hardwire case, data

coming from the well can be used in real time to update a borehole trajectory

plot. In the battery-operated case, the downhole survey tool must be retrieved

and the information downloaded to a computer to prepare the borehole trajec-
tory plot. Once the trajectory is known, appropriate mechanical corrections

can be made to the drill string by the directional driller to improve the accuracy

of the directional drilling operation. The main advantage of the gyroscopic survey

instruments is that they can be used in any part of the well (cased and open hole)

and do not require nonmagnetic drill collars in the drill string.

Conventional MWD Equipment
MWD downhole and surface equipment utilize survey data in a real-time analysis
process to give an updated trajectory of a directional borehole and, with appro-

priate software, predict the future borehole path. This knowledge allows the

directional driller to make appropriate mechanical corrections in drill string ori-

entation (called “steering” the drill string) that will allow the advancing drill bit

to hit an intended subsurface target area. An MWD requires that the downhole

survey instrument operate in the drill string as drilling progresses. Both magnetic

and gyroscopic survey instruments can be used as basic survey tools for MWD

systems. Once survey data have been obtained (either by magnetic or gyroscopic
survey), the MWD system must provide a way to get this information to the

surface where the directional driller can act on the information and make appro-

priate drill string orientation adjustments.

Conventional drilling mud operations have MWD systems that make use of an

acoustic mud pulse signal communication system that provides nearly real-time

survey information to the surface operators (via a pulse-generated binary code).

However, this mud pulse system will only work in drilling fluids with up to

approximately 25% by volume of compressible gas content. This restricts its
usage in air and gas drilling technology to aerated drilling fluids. In drilling fluids

with greater than 25% compressible gas content, the acoustic signals are damp-

ened and scattered before they reach the surface receivers.

Steering Tools
The steering tool is an early type of MWD system. Steering tools have a hardwire

connection that runs from the downhole survey instrument package in the BHA

to a surface computer and output printer and plotter. Figure 12-9 shows a sche-
matic of this type of system. The active hardwire is run down the outside of

the drill pipe near the surface (secured to the drill pipe) to a side-entry sub.

The side-entry sub is in the drill string near its top. The hardwire plugs into a plug

connection in the side-entry sub. In the inside of the side-entry sub is a similar

plug connection that connects to another active wire line that runs inside

the drill string to the survey instruments in the BHA. The steering tool shown

in Figure 12-9 uses magnetic survey instruments to give compass/pendulum or
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accelerometer readings to the surface in real time. The survey package in the BHA
is located just above the bent housing (sub) and is referenced to the tool face of

the bent housing. Because this is a magnetic survey instrument, the survey pack-

age must be in a nonmagnetic drill collar or heavyweight drill pipe. With the sur-

vey package referenced to the bent housing tool face, the surface operator always

knows how the compass/pendulum readings relate to the position of the bent

sub. The steering tool example in Figure 12-9 makes use of a PDM to rotate the

drill bit. The downhole motor, together with the bent housing, allows the hous-

ing tool face to be oriented. When the tool face is oriented properly, the entire
drill string can be slid along the low side of the borehole as the drill bit is

advanced in a predetermined direction. When it is necessary to drill straight after

FIGURE 12-9. Schematic of a steering tool system.
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the direction corrections have been made and the directional portion of the well

completed, the drill string can be raised to the side-entry sub and the hardwire

section on the outside of the drill string removed. The drill string can then be

lowered into the well and slowly rotated as the combined PDM and drill string

rotation advance the drill bit. In this manner, the effect of the bent housing can
be averaged out and the borehole advanced along a more or less straight direc-

tional course. Obviously, any downhole motor that can operate on compressed

air (or other gas), aerated drilling mud, or stable foam can be used with a steering

tool to provide directional drilling capabilities for air and gas drilling operations.

Steering tools have had moderate success in providing directional drilling cap-

abilities for air and gas drilling operations. These successes have generally been

confined to larger diameter borehole directional operations. Steering tools are avail-

able in tool outside diameters from 91 2= in (241.3 mm) to 33 8= in (85.8 mm) in
diameter [i.e., for borehole diameters from 171 2= in (444.5 mm) to 43 4= in

(120.7 mm)]. Presently, steering tools are used extensively to drill large diameter

relatively shallow wells to extract methane from near surface and deep coal mines.

Electromagnetic MWD
The electromagnetic MWD downhole tool transmits its downhole survey measure-

ments by emitting electromagnetic waves, which are received at a surface antenna,

processed by a computer, and outputted as printouts and trajectory plots that can
be used by the directional driller to make drill string corrections. The electromag-

netic waves carrying survey data transmit through the rock formations between

the downhole tool and the surface (see Figure 12-10). Because the electromagnetic

transmission does depend on the rock types being traversed by the waves, the

operational capability of this MWD system can be depth limited. This electromag-

netic telemetry system does not depend on a particular type of drilling fluid being

in the well, thus the system can be used with any rotary drilling fluid system. The

electromagnetic telemetry system operates on a long-life battery subsystem; there-
fore, no drilling fluid driven on-board generator is needed.

These electromagnetic MWD tools are available with either magnetometer/

accelerometer-based survey subsystems or gyroscope-based survey subsystems.

The three-axis magnetometer and accelerometer survey subsystem must utilize

nonmagnetic housings and drill collars in much the same manner as the downhole

magnetic survey instruments discussed earlier. The alternative gyroscope-based sur-

vey subsystem utilizes two, two-axis gyroscopes, and three-axis accelerometers.

This gyroscope-based subsystem does not require nonmagnetic housings or drill
collars. Here again, any downhole motor that can operate on compressed air (or

other gas), aerated drilling mud, or stable foam can be used with a steering tool

to provide directional drilling capabilities for air and gas drilling operations.

The most serious problems are the depth transmission limitation of the elec-

tromagnetic system and its reduced transmission capability through halite rock

formations. This can be relieved somewhat by using relay subs placed in the drill

string at strategic intervals to boost the transmission signal from the MWD to the
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surface antenna. It is not clear if this signal boosting technique will be feasible in

the small diameter boreholes that are used most often in compressed air (or other

gas) drilling operations.

12.3.2 Horizontal Drilling with Membrane Nitrogen

The very recent development of membrane filter units to reduce the oxygen per-

centage in atmospheric air has been driven by the need to eliminate the risk of

downhole fires and explosions when drilling boreholes in rock formations con-

taining hydrocarbons (also see Section 5.8 in Chapter 5). This problem was recog-

nized in the early years of the development of air and gas drilling technology.

In those early years, the solution was to use natural gas as the drilling fluid.

However, using natural gas as a drilling fluid increases the risk of surface fire or

explosions in and around the drill rig. Also, although in early years natural gas
was inexpensive, today natural gas has a sizable share of the energy market and

the cost of using natural gas for drilling operations has become prohibitive.

The risk of downhole fires and explosions exists for both vertical and horizon-

tal drilling operations. However, this risk is far more acute for horizontal drilling

FIGURE 12-10. Schematic of an electromagnetic MWD transmission of data to a surface

antenna (courtesy of Geoservices Inc.).
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operations. This is due to the fact that during a typical horizontal underbalanced

drilling operation, the horizontal interval drilled in the reservoir rock formations

is many times longer than in typical vertical or sidetrack underbalanced drilling

operations. Further, the drilling rate of penetration for a horizontal drilling opera-

tion will be about half (or less) that of a vertical drilling operation (assuming a
similar rock type). This means that the risk for downhole fires and explosions is

many times higher than for a vertical underbalanced drilled well. Because of the

high productivity potential for new horizontal drilling technology, a concerted

effort was made starting around the late 1980s to develop a safer drilling gas.

Allowable Oxygen Concentrations
For the past three decades membrane filter technologies have been used to sepa-

rate oxygen (and some other molecules) from gas mixtures, particularly atmo-
spheric air. The early developments in membrane filter technology were directed

at medical applications. In the mid-1990s, membrane filter technology was adapted

to utilize high volumetric flow rates of atmospheric air and to strip a high fraction

of the oxygen from the air flow to produce an inert atmospheric air, which is

known more commonly as membrane generated nitrogen [4]. For drilling opera-

tions, membrane filter technology has been incorporated in portable skid-mounted

units that can be placed in series with a primary compressor(s) and a drill rig

(see Section 5.8 in Chapter 5). Figure 12-11 shows a schematic of a basic drilling
location plan that utilizes a membrane filter unit to provide the drilling operation

with membrane nitrogen.

In drilling operations, membrane units are available in input flow rate capaci-

ties that are rated as 750, 1500, and 3000 scfm. This is approximately the same

rating system used for most primary compressors. As can be seen in Figure 12-11,

the membrane units are fed compressed air from the primary compressors. The

filtered output of the membrane filter units is in turn fed to the booster compres-

sor, if required.

Minimum Volumetric Flow Rates for Horizontal Boreholes
There is general confusion regarding determination of the minimum volumetric

flow rates for drilling operations that include a final long horizontal borehole

increment. There are two different operational situations that affect how the min-

imum volumetric flow rate for a particular horizontal well situation is determined.

Drilling a horizontal interval at the bottom of a well is usually accomplished by

using a downhole motor that is used in conjunction with some type of downhole
drilling control equipment. This downhole drilling control equipment can be

either a sophisticated MWD system referenced to a bent sub above the downhole

motor or a simple single shot survey referenced to the bent sub tool face. Regard-

less of the drilling control method used, when direction corrections are not being

made, the entire drill string is rotated slowly to average out the effect of the bent

sub to allow “straight” drilling. When drilling a horizontal borehole, the drill bit

cuttings generated by the bit advance will have a tendency to fall and accumulate
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on the low side of the hole. The rotation of the drill string mechanically agitates
these accumulated rock cuttings. This agitation will force the rock cuttings into

the drilling fluid return flow stream in the annulus. Thus, drill string rotation pro-

motes more efficient horizontal borehole cleaning.

When directional corrections are being made, rotation is stopped, the drill

string is oriented so that the bent sub can be effective in correcting the directions

of drilling, and the drill string is slid along the low side of the borehole as the

downhole motor rotates the drill bit (allowing the drill bit to advance). Under this

operational situation, the rock cuttings that accumulate on the low side of the
hole will not be mechanically agitated and forced into the return flow stream

above the drill string. This operational situation is probably the worst case from

the viewpoint of horizontal borehole cleaning. To analyze this particular opera-

tional situation, it will be necessary to draw on the pneumatic conveying
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Air Cooler

Mist Pump

Booster
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Oxygen Out

Inert Air
Into Standpipe

Oxygen
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Filter

Hydrocarbon
Filter

Water
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FIGURE 12-11. Schematic of location plan utilizing a membrane filter unit [4].
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literature [5]. For horizontal pneumatic conveying, the phenomenon of accumu-

lation or the low side of a horizontal flow line is known as “saltation.” To further

understand saltation, Figure 12-12 shows the solids flow characteristics for hori-

zontal pneumatic conveying.

The near vertical dashed line in the center of Figure 12-12 shows the salta-
tion velocity of the air flow for various solid flow rates ( _G). The right side of

the saltation line is the dilute phase flow, and the left side of the saltation line

is dense phase flow. Schematics a and b in Figure 12-12 show different air/solids

flow situations for the dilute phase flow. Schematic a shows all solids entrained

in the air flow. Schematic b shows a small volume of the solids lying on the low

side of the horizontal flow duct, but the air flow with entrained solids flowing

at steady-state conditions above slower moving low side steady-state solids/air

flow. Schematics c, d, e, and f show various stages of unsteady dense solids/
air flow.

Clearly the minimum volumetric flow rate for the sliding drill string situation

in horizontal drilling should attempt to avoid excessive saltation. Sliding of the

drill string in the horizontal borehole is complicated by the actual borehole

cross-section geometry. When sliding the drill string, the string will lay on the

low side of the borehole. Thus, the return flow in the borehole is not flow in
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FIGURE 12-12. Solids flow characteristics in horizontal pneumatic conveying. Note that the unit
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the full annulus cross section. To give some perspective, Figure 12-13 shows an

example of the borehole cross-section geometry for a 77 8= -in (200 mm) borehole

with API 41 2= -in (114.3 mm), 16.60-lb/ft (7.62 kg/m) nominal, EU-S135, NC50

drill pipe. This drill pipe has tool joints with a 65 8= -in (168.3 mm) outside diame-

ter. As can be seen in Figure 12-13, the tool joint larger diameter holds the drill

pipe body off the bottom of the borehole (the tool joint is the dashed circle).

The actual return flow of the gas with entrained rock cuttings will take the
path of least resistance around the drill string. This means that most of the flow

will be above the horizontal dashed line in Figure 12-13.

Illustrative Example 12.1 Determine the cross-section area and the hydrau-

lic diameter of the assumed flow path opening described earlier for the drill pipe

borehole geometry shown in Figure 12-13. Ignore the protrusion of the drill pipe

tool joints into this flow area.

The hydraulic radius is defined for this flow path opening (area above the hor-

izontal dashed line) as [6]

Rh ¼ flow cross� sectional area

wetted perimeter
: (12-1)

Note that the hydraulic radius term is not a true geometric radius. The flow path

opening cross-section area is (in USCS)

41/2"Drill
Pipe Body

65/8"Drill
Pipe Tool Joint

77/8"Borehole

FIGURE 12-13. Cross-section geometry of a 77
8= -in (200 mm) borehole with a sliding 41

2= -in

(114.3 mm) drill pipe on the low side of the hole.
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afp ¼ 12:0 in2

or (in SI units)

afp ¼ 77:4 cm2:

The wetted perimeter is (in USCS units)

swp ¼ 16:2 inches

or (in SI units)

swp ¼ 41:1 cm:

Equation (12-1) becomes (in USCS units)

Rh ¼ 12:0

16:2

Rh ¼ 0:740 inch

or (in SI units)

Rh ¼ 77:4

41:1

Rh ¼ 1:88 cm:

The effective hydraulic diameter of the flow path opening is (in USCS units)

dh ¼ 4 R

dh ¼ 4ð0:740Þ
dh ¼ 2:96 inches

or (in SI units)

dh ¼ 4ð1:88Þ
dh ¼ 7:52 cm:

The return flow of circulation gas, gasified, or stable foam drilling fluids will be

channeled to the annulus space above the dashed line above the drill string body
outer surface. For the same volumetric flow rate, the flow velocity in this upper

cross section will be higher than if the flow were channeled through an ideal annu-

lus space with equal openings on all sides of the drill string (assuming constant vol-

umetric flow rate). Thus, the carrying capacity of this higher velocity channel

above the drill string should be high. However, there are protrusions of tool joints

into this “path of least resistance” that will cause cuttings to be dropped into the

low side of the borehole in spaces that do not have high velocity flows. Therefore,

saltation of cuttings into the low side of the borehole is unavoidable. Thus, the only
way to avoid unmanageable saltation accumulations in the low side of the borehole

will be to rotate the drill string as much as possible. This mechanical agitation is

essential. Then drilling directionally with a PDM (by sliding the drill string tool

face-oriented BHA), the drill string must be pulled back and forth while rotating
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the drill string to mechanically agitate the cuttings on the low side of the open

hole. This agitation must be accompanied by circulation to get the cuttings

entrained and removed. This careful cleaning process while sliding the PDM BHA

drill string appears to unavoidable. The adaptation of rotary steerable technology

for air and gas drilling technology operations will be welcomed.

12.3.3 Equations for Radius and Slant (or Horizontal) Drilling

Direct circulation equations have been developed for air or gas drilling operations
that can be used to model the radius segment and the horizontal (or slant) seg-

ment of a directionally drilled borehole [7]. These equations have been developed

using the basic equations given in Chapter 6.

The equations that model the radius and straight sections of a directional bore-

hole neglect the column weight of the air or gas in these borehole segments.

Air and Gas Drilling Radius and Horizontal Equations
a. Annulus: The equation for the pressure at the bottom of the radius segment

Pbr in the annulus is

Pbr ¼ P2
tr þ 2 aa ba Tav L e

2 aa R
Tav

" #0:5
; (12-2)

where Ptr is the pressure at the top of the radius segment (lb/ft2 abs, N/cm2 abs)

and R is the radius of the curved segment (ft, m).

The values of aa and ba are the same as those given in Chapter 6 for air and

gas drilling.

The arc length of the curved segment L is

L ¼ ymR (12-3)

where ym is the maximum angle the borehole axis makes with vertical (radians).

The equation for the pressure at the bottom (toe) of the horizontal segment

Pex in the annulus is

Pex ¼ P2
en þ 2 aa ba Tav L

h i0:5
; (12-4)

where Pen is the pressure at the entrance to the horizontal segment (lb/ft2 abs,

N/m2 abs) and L is the length of the horizontal segment (ft, m).

b. Inside the Drill String: The equation for the pressure at the top of the

radius segment Ptr inside the drill string is

Ptr ¼ P2
br þ 2 ai bi Tav L e

2 ai R

Tav

h i0:5
; (12-5)

where Pbr is the pressure at the bottom of the radius segment (lb/ft2 abs, N/cm2 abs).

The values ofai and bi are the same as those given in Chapter 6 for air and gas drilling.
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The equation for the pressure at the bottom of the horizontal segment Pen
inside the drill string is

Pen ¼ ½P2
ex þ 2 ai bi Tav L�0:5; (12-6)

where Pex is the pressure at the exit to the horizontal segment (lb/ft2 abs,
N/cm2 abs).

Minimum Volumetric Flow Rate
As was discussed earlier, the minimum volumetric flow rate of gas to clean the

bottom of the well in a horizontal drilling operation is very dependent on its

changing angle (sliding) or its holding angle (and rotating). The mechanical agita-

tion of the cuttings at the low side of the open borehole is critical to the removal

of the cuttings. Figure 12-14 shows the example that has been used throughout
Chapters 8 to 11 adapted for a horizontal drilling operation. In this example,

the horizontal portion of the well is kicked off at a point just below the casing

1400’
(427m)

7000’
(2134m)

2500’
(762m)

Production
Zone

120’(37m)

318’ (97m)

20”, 94 lb/ft
(508mm, 140 kg/m)

133/8”, 48 lb/ft
(339.7mm, 71.4 kg/m)

85/8”, 32 lb/ft
(219.1mm, 47.6 kg/m)

FIGURE 12-14. Medium radius horizontal well profile.
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shoe (this is called the KOP). As already discussed in Chapter 8, the required volu-

metric flow rate dictated three Dresser Clark CFB-4 compressors with a combined

volumetric flow rate of 3600 acfm (1699 actual liters/sec). This flow is probably

pushing the high limit of the PDM discussed in Chapter 11. Even if a more

volumetric flow rate of gas was required to drill the open hole in Figure 12-14,
the motor maximum would be the controlling limit.

Therefore, cleaning of the horizontal section must depend on judicious use

of rotating and pulling the string back and forth while rotating when sliding

the PDM.

Illustrative Example 11.2 (i.e., the PDM example) can be altered easily with

Equations (12-2) to (12-5) to configure that illustrative example to the horizontal

profile in Figure 12-14.

The aerated drilling fluid and the stable foam basic equations in Chapter 6 can
be altered to obtain equations similar to Equations (12-2) to (12-6) for these dril-

ling fluids.

Field Operations
The following case histories of directional drilling operations demonstrate the

accuracy of the planning calculation procedures discussed in earlier chapters

and in this chapter that utilize complete major and minor friction loss terms.

Case History No. 1: This well was drilled in the San Juan Basin in northwest-
ern New Mexico. This was a directional borehole drilled to an MD of 7240 ft

(4993 m) and a TVD of 5568 ft (3840 m). The well was cased to an MD of

5173 ft (3568 m) with an API 7-in (177.8 mm) casing. The KOP was at 5183 ft

(3575 m). A 43 4= -in (120.7 mm)-diameter PDM with a 61 4= -in (158.8 mm) drill

bit was used to drill a medium radius curved segment of the borehole with an

arc length of 310 ft (94.5 m). A PDM was also used to drill the horizontal segment

of the borehole to a length of 1428 ft (435.2 m) in the Dakota sand formation.

The drill string was made up of 31 2= -in (88.9 mm) heavyweight drill pipe in the
vertical section of the well and an API 3 1/2-in (88.9 mm) drill pipe in the curved

and horizontal section of the well. The drilling rate in the horizontal segment of

the borehole was 23 ft/hr (7.0 m/sec). Membrane nitrogen was used as the dril-

ling fluid. The volumetric flow rate injected into the well was 2400 acfm

(1132.6 actual liters/sec). The surface location elevation was approximately

6100 ft (1858 m) above mean sea level. The predicted surface injection pressure

was 492 psig (339.3 N/cm2 gauge) and the actual injection pressure was 500 psig

(344.9 N/cm2 gauge).
Case History No. 2: This well was also drilled in the San Juan Basin in north-

western New Mexico. This was a directional borehole drilled to an MD of 8065 ft

(2458 m) and a TVD of 5800 ft (1768 m). The well was cased to an MD of 5461 ft

(1664 m) with API 7-in (177.8 mm) casing. The cased hole was kicked off at an

MD of 5557 ft (1694 m) so that the bottom of the casing had a build angle of

20� to vertical. A 43 4= -in (120.7 mm)-diameter PDM with a 61 4= -in (158.8 mm)

drill bit was used to drill a medium radius curved segment of the borehole with
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an arc length of 666 ft (203 m) to a final angle to vertical of 88�. Also in this well,

a PDM was used to drill the horizontal segment of the borehole to a length of

1937 ft (590 m) in the Dakota sand formation. The drill string was made up of

3 1/2-in (88.9 mm) heavyweight drill pipe in the vertical section of the well

and an API 31 2= -in (88.9 mm) drill pipe in the curved and horizontal section of
the well. The drilling rate in the horizontal segment of the borehole was 25 ft/

hr (7.6 m/sec). Membrane nitrogen was used as the drilling fluid. The volumetric

flow rate injected into the well was 2800 acfm (1321 actual liters/sec). The sur-

face location elevation was approximately 6200 ft (1890 m). The predicted sur-

face injection pressure was 539 psig (372 N/cm2 gauge) and the actual

injection pressure was 550 psig (379 N/cm2 gauge).

12.4 CONCLUSIONS
The analytic models developed in Chapters 8, 9, and 10 for performance and

underbalanced drilling applications are accurate predictive tools. These tools

are useful for the well-planning process as well as for assessment activities as

the well is being drilled. Underbalanced drilling operations represent a technol-

ogy that is finding great acceptance for the infill drilling of onshore fields. Air

and gas drilling technology is a vital component of the parent technology.
The Mathcad detailed solutions given in the appendices show how the various

solutions are organized. These should allow the reader to either oversee the

development of an in-house program or allow an individual to develop such a pro-

gram on their own. At the very least, an understanding of these programs should

allow an engineer to assess whether a contracted program is giving reasonable

results.

Three improvements need to be made to allow more efficient drilling of

underbalanced wells.

1. Improvement in MWD for high gas content drilling fluids.

2. Methods and equipment that will allow more efficient and more reliable

bottom hole cleaning of high angle directionally drilled boreholes.

3. More output reliable and cost-efficient primary compressors.
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APPENDIX

Dimensions and Units,
Conversion Factors A
The systems of dimensions and units used in mechanics are based on Newton’s

second law of motion, which is force equals mass multiplied by acceleration, or

F ¼ ma (A-1)

for consistent systems of units, where F is force, m is mass, and a is acceleration.

In the English unit system, engineers define a pound of force as the force

required to accelerate 1 slug of mass at the rate of 1 foot per second per second.

One slug of mass has a weight of approximately 32.2 lb when acted upon by the
acceleration of gravity present at the surface of the Earth. Thus, Equation (A-1) in

English units is

1 1b ¼ 1 slugð Þ 1 ft=sec2
� �

:

In the International System of Units (or SI metric), engineers define a newton of
force as the force required to accelerate 1 kilogram of mass at the rate of 1 meter

per second per second. Thus, Equation (A-1) in the SI metric is

1 N ¼ 1 kgð Þ 1 m=sec2
� �

:

Physicists, however, utilize a version of the SI metric that defines a dyne of force

as the force required to accelerate 1 gram of mass at the rate of 1 centimeter per

second per second.

Unfortunately, these different systems tend to create confusion. In many parts

of the world engineers use the kilogram for both force and mass units. With uni-

versal adoption of metric SI, however, this confusion should gradually disappear.

Any system based on length (L), mass (M), and time (T) is absolute because it

is independent of the gravitational acceleration g. A system based on length (L),
weight, i.e., force (F), and time (T) is referred to as a gravitational system, as

weight depends on the value of g, which in turn varies with location (i.e., altitude

and latitude). Hence the weight (W) of a certain mass varies with its location. This

variation is not generally considered in this text as the variation in the value of g is

small as long as we are analyzing a problem on or quite near the Earth’s surface.

Fluid mechanics problems for other locations, such as the Moon, where g is very
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different than on the Earth, can be handled by the methods presented in this text

if proper consideration is given to the value of g.

The metric SI is known as a mass system, as mass is not dependent on the

gravitational system. Indeed, the gravitational acceleration g at the location either

on the Earth’s surface or on the Moon’s surface needs to be known in order to
handle specific problems.

Table A-1. Definitions of USC system quantities

Force 1 lb ¼1 slug-ft/sec2

Area 1 acre ¼ 43,560 ft2

Energy 1 Btu ¼ 778 ft-lb

Flow rate 1 cfs ¼ 448.83 gpm

Length 1 ft ¼ 12 in

1 yd ¼ 3 ft

1 statute mile ¼ 5,280 ft

1 nautical mile ¼ 6,000 ft

Mass 1 slug ¼ 1 lb-sec2/ft

Power 1 hp ¼ 550 ft-lb/sec ¼ 0.708 Btu/sec

Velocity 1 mph ¼ 1.467 ft/sec

1 knot ¼ 1.689 ft/sec ¼ 1.152 mph

Volume 1 ft3 ¼ 7.48 U.S. gal

1 U.S. gal ¼ 231 in3 ¼ 0.1337 ft3 (8.34 lb of water)

1 British imperial gal ¼ 1.2 U.S. gal (10 lb of water)

Weight 1 U.S. (short) ton ¼ 2,000 lb

1 British (long) ton ¼ 2,240 lb

Table A-2. Definitions of SI quantities

Force 1 N ¼ 1 kg-m/sec2

Area 1 hectare (ha) ¼ 104 m2 ¼ 100 m square

Energy (or work) 1 joule (J) ¼ 1 N-m

Flow rate m3/sec ¼ 60,000 lpm

Length 1 centimeter ¼ 10 millimeter

1 m ¼ 100 centimeter

1 kilometer ¼ 1,000 m
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Table A-2. Definitions of SI quantities—cont’d

Mass 1 kg ¼ 1,000 gram

1 metric ton ¼ 1,000 kg

Power 1 Watt ¼ 1 N-m/sec

Velocity 1 kph ¼ 1,000 m/hr ¼ 0.277 m/sec

Volume 1 m3 ¼ 1,000 liter

1 liter ¼ 103 cm

Weight See Force

Table A-3. Basic quantities USC system to SI conversions

English unit SI unit

Acceleration of gravity 32.2 ft/sec2 9.81 m/sec2

Density of water (at 39.4�F or 4�C) 1.94 slug/ft3 1000 kg/m3

Specific weight of water 62.4 lb/ft3 9810 N/m3

Standard sea level atmospheric pressure

API (at 60�F) 14.966 psia

ASME (at 68�F) 14.7 psia

U.K. (at 60�F) 30.0 inches of Hg

Continental Europe (at 15�C) 750 mm of Hg

Table A-4. Other important USC system and SI quantities and conversions

Engineering gas constant Re

English Re ¼ 53.36 ft-lb/lb-�R
Metric Re ¼ 29.31 N-m/N-K

Energy

English 1 ft-lb ¼ 1 lb-ft

Metric SI 1 N-m ¼ 1 joule (J)

Heat

English 1 Btu ¼ 252 cal (heat required to raise 1.0 lb of water 1.0� R)
Metric 1 cal ¼ 4.187 J (heat required to raise 1.0 g of water 1.0 K)

(continued)
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Table A-4. Other important USC system and SI quantities and conversions—cont’d

Temperature

English �R ¼ 459.67� þ �F
Metric SI K ¼ 273.15� þ �C

Pressure

English 1 lb/ft2 ¼ 144 psi

Metric SI 1 pascal (Pa) ¼ N/m2

Power

English 1 horsepower ¼ 550 ft-lb/sec

Metric SI 1 watt (W) ¼ 1 J/sec (or 1 N-m/sec)

Absolute viscosity

English 1 lb-sec/ft2 ¼ 47.88 N-sec/m2

Metric SI 1 poise (P) ¼ 10-1 N-sec/m2

Kinematic viscosity

English 1 ft2/sec ¼ 0.0929 m2/sec

Metric SI 1 stoke (St) ¼ 10-4 m2/sec

Table A-5. Commonly used prefixes for SI units

Factor by which unit is multiplied Prefix Symbol

109 giga G

106 mega M

103 kilo k

10-2 centi c

10-3 milli m

10-6 micro m

10-9 nano n
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Table A-6. Conversion factors (USC system to SI)

To convert
English units

Multiply by
To obtain
metric (SI) units

Acceleration ft/sec2 0.3048 m/sec2

Area ft2 0.0929 m2

Acre (43,560 ft2) 0.4047

Hectare (100 m2)

Density slug/ft3 515.4 kg/m3

Energy (work or

quantity of heat)

ft-lb 1.356 N-m (joule)

ft-lb 3.77 � 10-7 kWh

Btu (778 ft-lb) 1,055 N-m (joule)

Flow rate ft3/sec 0.02832 m3/sec (103 liters/sec)

Force lb 4.4484 N

Length in 25.4 mm

ft 0.3048 m

mile (5,280 ft) 1.609 km

Mass slug 14.59 kg

Power ft-lb/sec 1.356 W (N-m/sec)

hp (550 ft-lb/sec) 745.7 W (N-m/sec)

Pressure psi 6,895 N/m2 (pascal)

psi 0.6895 N/cm2

lb/ft2 47.88 N/m2 (pascal)

Specific heat ft-lb/slug-�R 0.1672 N-m/kg-K

Specific weight lb/ft3 157.1 N/m3

Velocity ft/sec 0.3048 m/sec

Viscosity

Absolute lb-sec/ft2 47.88 N-sec/m2

Kinematic ft2/sec 0.0929 m2/sec (104 St)

Volume ft3 0.02832 m3

gallon (U.S.) 3.785 liters (10-3 m3)

Volumetric flow rate ft3/sec 0.0283 m3/sec

ft3/min 0.4719 liters/sec
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Table A-7. Conversion factors (SI to USC system)

To convert
metric SI units

Multiply by
To obtain
English units

Acceleration m/sec2 3.281 ft/sec2

Area m2 10.76 ft2

Hectare (100 m2) 2.471 Acre (43,560 ft2)

Density kg/m3 0.001940 slug/ft3

Energy (work or

quantity of heat)

N-m (joule) 0.7376 ft-lb

kWh 2.650 � 106 ft-lb

N-m (joule) 0.0009480 Btu (778 ft-lb)

Flow rate m3/sec (103 liters/sec) 35.31

ft3/sec

Force N 0.2248 lb

Length mm 0.03937 in

m 3.281 ft

km 0.6215 mile (5280 ft)

Mass kg 0.06854 slug

Power W (N-m/sec) 0.7375 ft-lb/sec

W (N-m/sec) 0.001341 hp (550 ft-lb/sec)

Pressure N/m2 (pascal) 0.0001450 psi

N/cm2 1.4499 psi

N/m2 (pascal) 0.02089 lb/ft2

Specific heat N-m/kg-K 5.981 ft-lb/slug-�R

Specific weight N/m3 0.006365 lb/ft3

Velocity m/sec 3.281 ft/sec

Viscosity

Absolute N-sec/m2 0.02089 lb-sec/ft2

Kinematic m2/sec (104 St) 10.76 ft2/sec

Volume m3 35.31 ft3

liters (10-3 m3) 0.2642 gallons (U.S.)

Volumetric flow rate m3/sec 35.34 ft3/sec

liters/sec 2.119 ft3/min
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APPENDIX

Average Annual
Atmospheric Conditions B
This appendix gives the graphic representation of the average atmospheric condi-

tions for midlatitudes (30� N to 60� N) of the North American continent.

Figure B-1 gives the average annual atmospheric pressure of air for midlati-

tudes of the North American continent as a function of surface elevation location

above mean sea level. These average annual atmospheric pressures are of critical

importance in predicting the actual weight rate of flow of air (or other gases) at

an actual drilling location (see Chapters 5 to 12). Figure B-1a is given in USCS
units and Figure B-1b is given in SI units.

Figure B-2 gives the average annual atmospheric temperature of air for midlati-

tudes of the North American continent as a function of surface elevation location

above mean sea level. These average annual atmospheric temperatures are of crit-

ical importance in predicting the approximate geothermal temperature at an

actual drilling location (see Chapters 5 to 12). Figure B-2a is given in USCS units

and Figure B-2b is given in SI units.
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FIGURE B-1b. Average annual atmospheric pressure versus surface elevation above mean sea
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APPENDIX

Chapter 8 Illustrative
Example MathCadTM Solutions C
This appendix presents the detailed MathCad solutions for the illustrative

examples in Chapter 8.

Illustrative Example No. 8.2: Minimum Flow Rate MathCad™
Solution (USCS) C-2

Illustrative Example No. 8.3: Two Compressor MathCad™
Solution (USCS) C-26

Illustrative Example No. 8.2: Minimum Flow Rate MathCad™ Solution (SI) C-53

Illustrative Example No. 8.3: Two Compressor MathCad™ Solution (SI) C-77
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APPENDIX

Chapter 9 Illustrative
Example MathCadTM SolutionsD
This appendix presents the detailed MathCad solutions for the illustrative exam-

ples in Chapter 9.

Illustrative Example No. 9.3: Non-H&B MathCad™ Solution (USC) D-2

Illustrative Example No. 9.4: H&B MathCad™ Solution (USC) D-28

Illustrative Example No. 9.3: Non-H&B MathCad™ Solution (SI) D-66

Illustrative Example No. 9.4: H&B MathCad™ Solution (SI) D-92
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APPENDIX

Chapter 10 Illustrative
Example MathCadTM Solutions E
This appendix presents the detailed MathCad solutions for the illustrative exam-

ples in Chapter 10.

Illustrative Example No. 10.1: Non-Friction MathCad™ Solution (USC) E-2

Illustrative Example No. 10.2: Friction MathCad™ Solution (USC) E-7

Illustrative Example No. 10.1: Non-Friction MathCad™ Solution (SI) E-55

Illustrative Example No. 10.2: Non-Friction MathCad™ Solution (SI) E-60
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APPENDIX

Chapter 11 Illustrative
Example MathCadTM Solutions F
This appendix presents the detailed MathCad solutions for the illustrative exam-

ples in Chapter 11.

Illustrative Example No. 11.1: DTH MathCad™ Solution (USCS) F-2

Illustrative Example No. 11.2: PDM MathCad™ Solution (USCS) F-10

Illustrative Example No. 11.1: DTH MathCad™ Solution (SI) F-37

Illustrative Example No. 11.2: PDM MathCad™ Solution (SI) F-45
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APPENDIX

Direct Circulation Minimum
Volumetric Flow Rates G
This appendix gives direct circulation minimum volumetric flow rates for deep

air drilled boreholes. For API Mechanical Equipment standard conditions, the fig-

ures that follow give the approximate minimum volumetric flow rates as a func-

tion of drilling depth for the drilling rates of 0, 30, 60, 90, and 120 ft/hr.

Figures are developed from the calculations presented in Chapter 8.

Figure G-1: Borehole 41 2= inches, drill pipe 23 8= inches

Figure G-2: Borehole 43 4= inches, drill pipe 23 8= inches

Figure G-3: Borehole 61 4= inches, drill pipe 27 8= inches

Figure G-4: Borehole 63 4= inches, drill pipe 27 8= inches

Figure G-5: Borehole 73 8= inches, drill pipe 27 8= inches

Figure G-6: Borehole 61 4= inches, drill pipe 31 2= inches

Figure G-7: Borehole 63 4= inches, drill pipe 31 2= inches
Figure G-8: Borehole 73 8= inches, drill pipe 31 2= inches

Figure G-9: Borehole 77 8= inches, drill pipe 31 2= inches

Figure G-10: Borehole 73 8= inches, drill pipe 4 inches

Figure G-11: Borehole 77 8= inches, drill pipe 4 inches

Figure G-12: Borehole 83 4= inches, drill pipe 4 inches

Figure G-13: Borehole 77 8= inches, drill pipe 41 2= inches

Figure G-14: Borehole 83 4= inches, drill pipe 41 2= inches

Figure G-15: Borehole 9 inches, drill pipe 41 2= inches
Figure G-16: Borehole 83 4= inches, drill pipe 5 inches

Figure G-17: Borehole 9 inches, drill pipe 5 inches

Figure G-18: Borehole 97 8= inches, drill pipe 5 inches

Figure G-19: Borehole 11 inches, drill pipe 5 inches

Figure G-20: Borehole 97 8= inches, drill pipe 51 2= inches

Figure G-21: Borehole 11 inches, drill pipe 51 2= inches

Figure G-22: Borehole 121 4= inches, drill pipe 51 2= inches

Figure G-23: Borehole 11 inches, drill pipe 65 8= inches
Figure G-24: Borehole 121 4= inches, drill pipe 65 8= inches

Figure G-25: Borehole 15 inches, drill pipe 65 8= inches

Figure G-26: Borehole 171 2= inches, drill pipe 65 8= inches
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FIGURE G-1. Minimum volumetric flow rate of air at API standard conditions for 23 8= -inch drill

pipe and 41 2= -inch borehole.
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FIGURE G-2. Minimum volumetric flow rate of air at API standard conditions for 23 8= -inch drill

pipe and 43 4= -inch borehole.
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FIGURE G-3. Minimum volumetric flow rate of air at API standard conditions for 27 8= -inch drill

pipe and 61 4= -inch borehole.
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FIGURE G-4. Minimum volumetric flow rate of air at API standard conditions for 27 8= -inch drill

pipe and 63 4= -inch borehole.
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FIGURE G-5. Minimum volumetric flow rate of air at API standard conditions for 27 8= -inch drill

pipe and 73 8= -inch borehole.
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FIGURE G-6. Minimum volumetric flow rate of air at API standard conditions for 31 2= -inch drill

pipe and 61 4= -inch borehole.
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FIGURE G-7. Minimum volumetric flow rate of air at API standard conditions for 31 2= -inch drill

pipe and 63 4= -inch borehole.
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FIGURE G-8. Minimum volumetric flow rate of air at API standard conditions for 31 2= -inch drill

pipe and 73 8= -inch borehole.
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FIGURE G-9. Minimum volumetric flow rate of air at API standard conditions for 31 2= -inch drill

pipe and 77 8= -inch borehole.
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FIGURE G-10. Minimum volumetric flow rate of air at API standard conditions for 4-inch drill

pipe and 73 8= -inch borehole.
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FIGURE G-11. Minimum volumetric flow rate of air at API standard conditions for 4-inch drill

pipe and 77 8= -inch borehole.

APPENDIX G

G-12



1000 2000

Depth (m)

3000 40000 5000

2000

2500

1500

V
ol

um
et

ric
 F

lo
w

 R
at

e 
(s

cf
m

)

1000

500

3000

0
4000 8000 12000

Depth (ft)

0 16000

200

400

V
ol

um
et

ric
 F

lo
w

 R
at

e 
(s

ta
nd

ar
d 

lit
er

s/
se

c)

600

800

1000

1200

1400

0

Drill Pipe Outside Diameter 4.0 (101.6 mm)
Borehold Diameter 8.75 (222.3 mm)

120 ft/hr (36.6 m/hr)

90 ft/hr (27.4 m/hr)

30 ft/hr (9.1 m/hr)

0 ft/hr (0 m/hr)

60 ft/hr (18.2 m/hr)

FIGURE G-12. Minimum volumetric flow rate of air at API standard conditions for 4-inch drill

pipe and 83 4= -inch borehole.
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FIGURE G-13. Minimum volumetric flow rate of air at API standard conditions for 41 2= -inch drill

pipe and 77 8= -inch borehole.
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FIGURE G-14. Minimum volumetric flow rate of air at API standard conditions for 41 2= -inch drill

pipe and 83 4= -inch borehole.
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FIGURE G-15. Minimum volumetric flow rate of air at API standard conditions for 41 2= -inch drill

pipe and 9-inch borehole.

APPENDIX G

G-16



1000 2000

Depth (m)

3000 40000 5000

2000

2500

1500

V
ol

um
et

ric
 F

lo
w

 R
at

e 
(s

cf
m

)

1000

500

3000

0
4000 8000 12000

Depth (ft)
0 16000

200

400

V
ol

um
et

ric
 F

lo
w

 R
at

e 
(s

ta
nd

ar
d 

lit
er

s/
se

c)

600

800

1000

1200

1400

0

Drill Pipe Outside Diameter 5.0 inches (127 mm)
Borehole Diameter 8.75 inches (222.3 mm)

120 ft/hr (36.6 m/hr)

90 ft/hr (27.4 m/hr)

30 ft/hr (9.1 m/hr)

0 ft/hr (0 m/hr)

60 ft/hr (18.2 m/hr)

FIGURE G-16. Minimum volumetric flow rate of air at API standard conditions for 5-inch drill

pipe and 83 4= -inch borehole.
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FIGURE G-17. Minimum volumetric flow rate of air at API standard conditions for 5-inch drill

pipe and 9-inch borehole.
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FIGURE G-18. Minimum volumetric flow rate of air at API standard conditions for 5-inch drill

pipe and 97 8= -inch borehole.
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FIGURE G-19. Minimum volumetric flow rate of air at API standard conditions for 5-inch drill

pipe and 11-inch borehole.
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FIGURE G-20. Minimum volumetric flow rate of air at API standard conditions for 51 2= -inch drill

pipe and 97 8= -inch borehole.
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FIGURE G-21. Minimum volumetric flow rate of air at API standard conditions for 51 2= -inch drill

pipe and 11-inch borehole.
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FIGURE G-22. Minimum volumetric flow rate of air at API standard conditions for 51 2= -inch drill

pipe and 121 4= -inch borehole.
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FIGURE G-23. Minimum volumetric flow rate of air at API standard conditions for 65 8= -inch drill

pipe and 11-inch borehole.
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FIGURE G-24. Minimum volumetric flow rate of air at API standard conditions for 65 8= -inch drill

pipe and 121 4= -inch borehole.
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FIGURE G-25. Minimum volumetric flow rate of air at API standard conditions for 65 8= -inch drill

pipe and 15-inch borehole.
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FIGURE G-26. Minimum volumetric flow rate of air at API standard conditions for 65 8= -inch drill

pipe and 171 2= -inch borehole.
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INDEX

A
Absolute roughness, 153, 157, 173, 177, 196

Absolute roughness for commercial pipe, 157, 173

Absolute surface roughness, 196, 197, 200

Absolute viscosity, 254

Actual atmospheric pressure, 192

Actual cubic feet per minute (acfm), 134

Actual shaft power, 118, 120–122, 124–127,

130–132

Aerated flow, 258

Aerated fluid drilling model, 157, 177

Air, 145, 165

Air and gas drilling model, 160, 178

Air hammer, 70

Air hammer bits, 65, 70

Air injection volumetric flow rate, 257

Air stripped of oxygen, 145, 13

Air volumetric flow rate, 40, 232

AISI grade classifications of steel, 84

American Iron and Steel Institute (AISI), 78

Annulus injection, 217

API drill pipe steel grades, 83

API Mechanical Equipment Standards standard

atmospheric conditions, 95

API threaded shoulder connections, 61

ASME standard atmospheric conditions, 96, 257

Atlas Copco, 280

Atmosphere at elevation, 97

Atmospheric temperature, 192

Average Absolute surface roughness, 196, 197, 200

Average kinematic viscosity, 221, 225

Axial flow compressors, 99

B
Back pressure, 245, 251, 256, 258

Bleed-down, 252

Bleed-off line, 38

Blind shear ram, 49

Blind tee, 198

Blooey line, 53, 197

Blowout preventer (BOP) stack, 43, 50, 192

Blowout prevention equipment, 48

Booster compressor, 25, 16

Bottom hole assembly (BHA), 76, 77, 81

Bottom hole foam quality, 158, 259, 261

Bottom hole pressure conditions, 155

Bottom hole temperature conditions, 155

Bubble structure, 251

Bubbles, 213

Burlington Resources Incorporated, 141

Burn pit, 54

Butane, 116, 128

C
Carboxymethyl cellulose, 245

Case History No. 1, 307

Case History No. 2, 307

Casing spool, 50

Casing, 191

Caterpillar Model ACERT CIS, 138

Caterpillar Model 3306, 138

Caterpillar Model D353, 134, 135

Caterpillar Model D398, 137, 211, 277

Cementing, 285

Centrifugal compressors, 97

Chrome-molybdenum steel alloys, 78

Circulation zones, 216

Clearance volume ratio, 117

Closed reverse circulation system, 19

Clusters, 187

Colebrook, 153, 173

Completion, 183

Compressed air flow, 29

Compression ratio for each stage, 102

Compressor classification, 93

Compressor clearance volume ratio, 117

Compressor shaft power requirements, 109

Concentration factor, 220, 253

Continuous flow compressors, 97

Control head, 53

Critical pressure, 154

D
Darcy-Weisbach friction factor, 147, 152,

167, 172

Deduster, 56

Deep boreholes, 213

Deep well drilling planning, 214, 250

Dense solids phase flow, 187

Derated input horsepower, 121, 122, 126, 127

Detroit Model 12V71T DDEC, 138



Diameter orifices, 154

Diamond drill bit, 65

Diesel fuel consumption rate, 128, 131

Diesel, 116, 128

Direct circulation, 16

Direct circulation air system, 18

Direct circulation methods, 17

Direct circulation mud system, 16

Directional control, 295

Double acting compressors, 100

Double drilling rigs, 12–14, 19

Downhole air hammer, 279

Downhole pneumatic turbine motor, 280

Downhole surveying equipment, 81, 296

Downhole surveys, 81

Down-the-hole hammer, 265

Drag bits, 65

Dresser Clark Model CFB–4, 136, 277

Drill bit, 65

Drill bit nozzles, 251

Drill collars, 12, 14, 77

Drill pipe, 12, 53

Drill pipe body lumped geometry, 261

Drill rod, 25

Drill string design, 89

Drilling rate, 192

Drilling rigs, 12, 17, 53

Drilling spool, 43

DTH. See Down-the-hole hammer

Dual-cone drill bit, 67

Dual tube, 19

Dual wall drill pipe, 62

Dual wall pipe drill string, 59, 62

Dual wall pipe reverse circulation, 62

Dual wall pipe, 20, 62

Dynamic flow compressors, 97

E
Effective absolute viscosity, 254

Effective hydraulic diameter, 304

Effective kinematic viscosity, 221, 225, 227

Electromagnetic MWD, 298, 299

Eliminate the stickiness, 203

Engineering practice, 189

Equivalent single orifice, 154

F
Factor of safety (FS), 90

Fire stop valves, 88

First swivel, 464

Fixed compression ratio, 123

Flapper type float valve, 89

Float valves, 87

Floats, 252

Flow line, 38

Fluid loss coefficient, 154

Foam quality, 158, 246, 259

Formation damage, 21, 23, 183

Fuel consumption, 128, 129, 130, 131, 132, 133,

210, 211

Fuel consumption rate, 128, 129, 130, 131, 132,

133, 211

G
Gardner Denver Model MDY, 135

Gardner Denver Model WEN, 134, 200

Gas constant, 111

Gas constant for API standard conditions, 111

Gas detector, 56

Gas kick, 22

Gas volumetric flow rate, 189

Gasoline, 116, 128

Gate valves, 53

Geothermal gradient, 27, 150, 170, 192

Geothermal temperature, 150, 170

Geysers geothermal fields, 137

H
Haaland, 153, 157, 160, 173, 176

Halco, 280

4140 heat treated steel, 78

4145 heat treated steel, 78

Heavy-weight drill pipe, 84, 85

Helical lobe compressors, 107

Helical lobe, 275

Horizontal drilling, 299, 305

Hydraulic diameter for the annulus, 152, 176

Hydraulic radius, 303

Hydraulics calculations, 25

I
IADC classification chart, 74, 75

Inert atmosphere, 214

Inert atmospheric air, 300

Influx of formation water, 206

Ingersoll Rand Model XHP, 137, 200

Injected water, 205, 206

Injection pressure, 137, 201, 202, 235, 241, 246,

250, 260

Input power, 101, 102, 104, 115, 117, 119, 121,

122, 126, 127

Insert tooth bit, 65

Integrated rotary compressor system, 122
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International Association of Drilling Contractors

(IADC), 74

Jet sub, 215, 216

J
Jod Model WB-12, 138

Jod Model WB-11, 138

K
Kelly, 14

Kelly bushing, 46

Kelly cock sub, 62, 89

Kelly saver sub, 60

Kelly sub valves, 89

Kick off point (KOP), 307

Kinematic viscosity, 152, 173, 225

Kinetic energy, 99

Kinetic energy per unit volume, 32–34, 190, 199,

205

L
Laminar flow conditions, 153, 156, 159, 173, 176,

221, 225, 227

Latitude North America, 97

Liquid piston compressors, 107

Long radius drilling, 294

Loss of circulation, 22, 216, 217

Lumped approximation, 211, 242

Lumped drill pipe body, 211, 261

Lumped drill pipe tool joint, 211, 261

M
Magnetic instruments, 295

Magnetic single-shot instrument, 81, 82

Major friction flow losses, 255

Major losses, 255

Margin-of-overpool (MOP), 90

Measure-while-drilling (MWD), 219, 252, 296

Mechanical efficiency, 117

Medium-radius drilling, 294

Membrane nitrogen, 139, 299

Mill tooth bit, 65, 69

Minimum bottomhole kinetic energy per unit

volume, 190

Minimum volumetric flow rate, 186, 219, 222, 252

Minor loss resistance coefficient of the Tee, 198

Minor losses, 192, 196, 200, 255

Mixed specific weight, 151, 155, 171, 175

Model Mach 1, 6-in. OD, 5:6 lobe, 276

Moineau, Rene, 272

Monel K-500, 78

Monocone drill bit, 70

Mud, 20

Mud pump, 13, 17

Mud rings, 206, 207

Multistage shaft power requirements, 113

MWD equipment, 296

MWD systems, 296

N
Natural fracture, 213

Natural gas from a pipeline, 168

Natural gas, 73, 83, 145, 149, 165

Newtonian, 222

Nitrogen, 145, 165

Non-magnetic drill collars, 81, 83

Non-magnetic, nickel alloys, 78

Non-Newtonian, 222

Non-rotating blade stabilizers, 79, 80

Non-slugging, 187

Nozzle throat, 154, 155

Nozzles, 154

O
Oil based drilling muds, 213

Open hole annulus, 200

Open hole outer wall absolute surface roughness,

197

Open hole surfaces, 153, 177

Open orifices, 202

Oxygen concentrations, 300

P
Parasite string, 218

Particles, 189

PDC bits. See Polycrystalline diamond compact bit

Percussion air hammers, 70

Pilot light, 57

Pipe ram, 49

Pipe roughness, 152, 156, 172, 173, 176

Pipeline, 149

Piston compressors, 277

Plastic viscosities, 25

Polyanionic cellulose, 245

Polycrystalline diamond compact bit (PDC), 65

Polytropic process, 110

Pore, 213

Positive displacement compressors, 93, 100

Positive displacement motors (PDM), 273, 275

Power swivels, 62

Pressure change through the drill bit, 154, 174

Pressure gauge, 40

Primary compressor system unit, 116, 137

Primary jets, 55
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Prime mover fuel consumption, 128, 210

Prime mover input power requirements, 115

Prime mover power ratio, 128

Prime mover, 13

Propane, 116, 128

Pumps, 17

Q
Quad-cone drill bit, 67

R
Reamer, 78

Reciprocating compressor, 100

Reciprocating piston compressor, 101

Reduction in power, 116

Reference surface geothermal temperature,

150, 170

Reference temperature, 170

Reservoirs, 183, 285

Reverse circulation operation, 20, 48

Reverse circulation, 17, 48, 62, 165

Reynolds number, 152, 153, 156, 157, 159, 173,

176, 221, 222, 254, 255

Rock flour, 206

Roller cutter bits, 65

Rolling cutter reamers, 78

Rotary compressor system unit, 122

Rotary compressors, 95, 102

Rotary drilling, 10, 12

Rotary table, 13

Rotating blade stabilizers, 78, 79

Rotating head, 43, 46

Rotor, 276

Runaway speed, 276

S
Sample catcher, 55

Saturate the air or other gas, 203

Saturation of gas, 205

Saturation of various gases, 205

Saturation pressure, 205

Screw compressor, 40, 105, 107, 131–133,

137, 200

Scrubber, 38

Second swivel, 64

Secondary jets, 54

Shallow boreholes, 265

Short-radius drilling, 294

Side inlet sub, 64

Single acting compressors, 100

Single blind tee, 198

Single cone bit, 67, 70

Single drill bit orifice, 174

Single orifice inner diameter, 174

Situation, 300

Skin effect, 22

Skirted tri-cone roller cutter drill bit, 20

Slant drilling, 305

Sliding drill string, 303

Sliding vane compressors, 104

Slip, 189

Slugging, 187

Solids injector, 39

Sonic flow conditions, 155, 162

Special crossover sub, 61

Specific weight of gas, 189

Stabilizers, 78

Stable foam, 158, 245

Standard API drill pipe, 83

Standard cubic feet per minute (scfm), 97

Standard units, 95

Standpipe, 17

Stator, 272

Steering tools, 296

Subsonic flow conditions, 155, 162, 174

Supressing the combustion, 203

Supression of hydrocarbon ignition, 207

Surface roughness of annulus, 200

Surface tension, 213

Surfactant foaming agent, 245

Surge tank, 104

Swivel, 17

T
Tapered drill string, 50

Tee, 199, 200

Terminal velocities, 221, 252–254

Theoretical shaft power, 114, 115

Theoretical shaft power in English units, 114, 115

Theoretical shaft power in SI units, 114

Thief formations, 22

Threaded connection, 61

Three phase flow in annulus, 149, 151

Three phase flow in drill string, 169

Three phase flow through the bit, 174

Three-point roller cutter reamer, 80

To head rotary drive slant rigs, 48

Tool joint length, 202

Top drive system, 63

Total actual shaft horsepower, 127

Total diesel fuel, 211

Total weight rate of flow, 150, 170

Transitional flow conditions, 153, 157, 173, 176, 221
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Trial and error, 153, 157, 160

Tricone drill bit, 63

Triple drilling rigs, 17

Tungsten carbide inserts, 70

Tungsten carbide studs, 65, 68

Turbulent flow conditions, 153, 157, 161, 173,

176, 179, 221, 254, 255

Two phase flow in annulus, 175

Two phase flow in drill string, 155

Two phase flow through drill bit, 154

Typical tapered drill string, 87

U
Underbalanced drilling, 2, 9, 23, 24, 46, 51, 183,

214, 306, 308

Unstable foam, 18

V
Valves, 37

ball type, 39

Velocity, 31, 156, 167

Viscosified, water, 245

Volumetric efficiency, 117–125

Von Karman, 153, 161, 163, 173, 179, 181

W
Water base drilling mud, 213

Water course orifice, 174

Water injection, 203

Water injection volumetric flowrate, 207

Weight rate of flow of the gas, 147

Weight rate flow of the solids, 189

X
Xanthan gum polymers, 245

Y
Yield point, 251
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