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CHAPTER 1
TUBULAR DESIGN AND USE

GENERAL

The axiom of tubular design is that the loads placed on a tube by natural
phenomena must be offset by its strengths. There are many natural phenomena
which could dictate a particular tubular design. Also, there are many theories for
determining the strengths of a tube. The tubular designer must therefore derive
practical design equations from the theories and phenomena. These equations
represent the "criteria for tubular design”.

COMMON FAILURE THEORY ASSUMPTIONS

The most common simplifying assumptions with regard to tubular strengths are
that the failure theory known as the MAXIMUM STRAIN ENERGY OF
DISTORTION THEORY! applies only to tubular collapse strengths and that only
biaxial? loads are considered within the theory. Thus tensile loads and burst loads
are thought to be uniaxial3 and strengths are rationalized with the MAXIMUM
PRINCIPAL STRESS THEORY OF FAILURE.4 Design factors are usually based
on experience.

1 This theory predicts failure of a specimen subjected to any combination of loads
when the portion of the strain energy per unit volume producing change of shape
(as opposed to change of volume) reaches a failure determined by a uniaxial test.
Refer to Strengths of Materials, by S. Timonshenko, reprint 1976, Krieger
Publishing Company.

2 Biaxial loads are those which result in the material of a structure being
subjected to the simultaneous action of tension or compression in two
perpendicular directions. Reference same as above.

3 Uniaxial loads are those which result in the material of a structure being
subjected to the action of tension or compression in one direction only. Reference
same as above.

4 This theory predicts failure of a specimen subjected to any combination of
normal and shear stresses when the maximum principal stress, which is the
maximum normal stress acting on a set of perpendicular planes which have no
shear stress acting on them, reaches a failure value determined by a uniaxial
test. Reference same as above.

TUBULAR END CONDITIONS

The ends of tubulars (top and bottom of the casing) may either be fixed or free. The
bottom end is usually free until cemented and the top end is free until the
wellhead slips are set. These conditions are tubular end conditions. The common
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practice in tubular design today is to design tubulars as if both ends were free. Of
course, in stability analysis for buckling and loads, the critical conditions are
when both ends are fixed. This condition only occurs after the tubular has been
cemented and set in the wellhead.

NAMES OF CASINGS

The name given to a casing is

closely related to its primary
purpose. Some popular
names are
NAME PURPOSE
Drive returns mud Cemented
to elevated Casing
pits
Conductor returns mud
to elevated
pits and
supports the
weight of the
other casings
Consolidation prevents
caving of hole
(gsraal‘l;il)and Side to Side Bending
Surface seals off fresh
water zones
Intermediate blocks formations and their fluids, commonly set in top of a
pressure transition zone
Protection protects against high pressure formation fluids
Production conduit for fluid transport
Oil or Gas conduit for fluid transport
Liner casing terminated down hole rather than at the surface
Injection conduit for fluid transport to a formation
Test for testing a well
LOADS

The following is a list of loads which could be critical with a brief discussion of

those loads.

1. Wellhead and BOPE are supported by casing in most designs.

2. When slips are set, the weight of a tubular is transferred from the
hook to the wellhead. The wellhead in turn places this new load
onto previously set casing.

3. Gravitational loads are the weights of tubulars and fluid pressure
forces.

TUBULAR DESIGN AND USE 2
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4. Friction loads act in the axial direction of the tubular if torsion is
not present. These loads are derived from either an inclined hole
or a dogleg. Doglegs cause a two fold friction problem: (1) the
forces which bend the tubular around the dogleg also clamps the
tube against the wall of the hole causing the highest of drag
frictions, and (2) because all of the sections of a dogleg can not be
vertical, the tubular, because of gravity, will be lying on the low
side of the hole, producing drag. Also Drag is produced in
inclined holes only because gravity pulls the tube to the low side of
the hole. A load placed on a tubular, such as a collar hanging on a
ledge, is not drag. It is contact load. ‘

5. Contact loads are those placed on a tubular by objects within the
hole. Common objects are ledges, other pipe, bridges, and even the
bottom of the hole.

6. Formation loads can cause hoop loads to levels near those of the
overburden. Movement of salt zones are an example. It is also
possible for trapped brine in a salt zone to develop full overburden
pressure and hydraulically collapse casing.

7. Applied loads at the surface often lead to tubular failure. Common
loads are the following

internal and external pressures

pick-up and slack-off of the casing

changing the weight of the internal or external fluids
evacuating the casing

Most human errors which directly cause the failure of tubulars
are those for which combination loads are overlooked. For
example, internal pressure and pick-up both add tension to a
tubular.

8. Temperature changes produce loads.

9. Tubular corrosion and erosion are not loads, but both reduce the
strength of tubulars: Tubular erosion (reduction of wall thickness)
by drill collar or tool joint wear while drilling out of casing cannot
be reliably quantified at this time; however, some designers add a
measure of wall thickness to account for anticipated erosion
and/or corrosion.
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HYDROGEN SULFIDE AND STEEL
SOUR SERVICE - (Hydrogen Sulfide)

NACE Material Requirement MR-01-75 defines gas as "sour"” if the partial
pressure of Hydrogen Sulfide is 0.05 psia or more.

At 10000 psi, this translates to 5 parts per million (ppm) or 0.0005 Mol% of
hydrogen sulfide.

MR-01-75 does not address pressures in excess of 10000 psi or partial pressures
less than 0.05 psia. The NACE definition of "sour” is in Figure 1.

Sulfide-stress cracking

of a particular steel . e

depends on the amount NACE Definition of Sour Gas

of Hydrogen Sulfide 15000
present and also on the \
amount of tensile stress 12000 \

in the steel. 9000 \\ Sour

Steel at low stress can 8000 )

tolerate more Hydrogen Not Sour \\

Sulfide than it can at 3000 Pr—
high stress. The
"threshold stress” is the o 5 10 15 50 25
maximum stress that

the steel can tolerate
without brittle fracture.

Pressure (psi)

P ————

Parts per Million Hydrogen Sulfide

The Threshold Stress decreases as the amount of Hydrogen Sulfide increases.

Similarly, steel at high temperature can tolerate more Hydrogen Sulfide than it
can at lower temperatures.

Manufacturers usually classify a steel as "sour service" if the minimum
Threshold Stress is 80% or more of the yield stress in tests at room temperature.

The next charts, for example, show that steel of grade P-100 should not be used for
sour service unless temperatures are 175°F or more while H9S is in contact with

the steel.
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SALT AND DIAPERIC SHALE

The basic guidelines for preventing collapse caused by plastic salt are as follows
in order of decreasing priority: '

1. Drill a gauge hole through the salt.
2. Get a good cement job.
3. Run heavy wall pipe.

Two completely different mechanisms may responsible for casing collapse. A
third is indirectly responsible, but may be the more prevalent cause of failure.
Two of the mechanisms are shown in the sketches:

1. Salt Sheer Loading
2. Salt Point Loading
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A good sheath of cement reduces the point loading and makes the external load
more like hydrostatic pressure. The best results are obtained by increasing wall
thickness, rather than yield strength. If point loading occurs, it is unlikely that
even the heaviest pipe which is practical to run will be strong enough. A
minimum collapse rating corresponding to a load of 1 psi/ft or more is usually
required.
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CASING DESIGN CRITERIA
MANAGEMENT'S GUIDELINES

Satisfying management's guidelines is one step in the process of choosing casing.
Their guidelines fit into the scheme of design after the objectives and loads are
reconciled and before the creation of specific criteria into which the casing must
fit. The total process of selecting casing involves these steps.

Decide on rational objectives to be attained by the casing.

Identify the loads to which the casing will be subjected during its
life.

Satisfy management's guidelines. Management's guidelines will
be broad and present a balance between risk and cost.

Create specific criteria in the form of equations and charts for the
well. ,

Make the computations and draw the charts.

Select casing.

A M

Management's guidelines are based on risk and cost analysis. When addressing
guidelines it should be kept in mind that the primary objective of design is not to
eliminate failures; but to provide an optimum balance between materials costs
and risk costs.

It is the designers function to explain to management that his design satisfies
their guidelines. '

Major guideline topics for management's considerations are
Inspection of casing
Whether to run casing empty or filled
Considerations for running casmg through doglegs
Margin of overpull for pulling casing
Casing wear by drilling operations
Run new or used casing
Loss of fluid level within the casing (lost circulation)

Gas column to surface versus gas kick bubble, versus water
column for surface burst

Displacement of cement plugs with mud or water
Cement back to the surface
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Corrosion protection of the casing

HoS considerations

Salt zone diaperic shale considerations
Permit buckling or not
Permit yielding or not

Considerations of formation bearing stress versus contained
fluid pressures

Permit yielding of the steel in the casing within cemented
sections

Selection of casing test pressures after setting the casing

The potential for actually having design loads on the casing
and the consequence of failure

CRITERIA AND EQUATIONS FOR CASING DESIGN

Design criteria are different from management's guidelines in that the criteria
are specific to loads and casing strengths. Mathematical equations are derived
from criteria, not precepts of risk and cost. Every designer must envision the
maximum tensile loads and their backups, maximum burst loads and their
backups, and maximum collapse loads and their backups, for every foot over the
length of the casing. Then the designer must match those loads with sufficient
strength casing. All equations must be in the following format.

BASIC EQUATION
Strength => Design Factor * (Load - Backup)

MAXTMUM LOADS

The governing design load is the maximum which may be reasonably expected. It
may or may not be reasonable to expect a fault to slip as shown in the sketch.
However, prevalent selected maximum loads for casing design are the following.

1. The maximum burst load for a tubular
occurs if all the mud in the hole is
displaced by gas.

2. The maximum collapse load occurs if the pipe is fully evacuated
and
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a. the full formation fluid pressure acts on the casing
b. the formation's rock bearing stresses act on the casing.

3. Maximum tensile loads occur during running casing through
doglegs or after cementing during stability loadings.

Tensile failures and collapse can be tolerated, but a burst failure, particularly if it

occurs at the surface, may be disastrous. A discussion and comparison of various
drilling burst load conditions is presented below.

The following criteria and equations are popular in the industry.

TENSION

IN WORD FORMAT

b

2RRARe

-~ >
[ <> U7

The design tensile load is the weight of the steel in the casing below
the depth for which the casing is being designed. The backup is the
buoyancy of the casing below the point. Dogleg bending loads are
included and are to be computed with Lubinski's modified equation.

IN EQUATION FORMAT

)

S, = tensile strength of the tube or joint; 1b

DF = design factor of tube or joint; 1b

W, = buoyed weight per foot of the casing; 1b/ft

TVD = total vertical depth of the hole; ft

D = design depth; ft

Frus = dogleg bending load with Lubinski's equation; lb
BURST
IN WORD FORMAT 4

C
The design burst load is the pressure at any depth placed upon the i
casing by a column of methane gas which extends from the
formation containing gas which will produce the highest pressure
at the surface or from the shoe of the casing to the surface.

The gas pressure at the shoe can not exceed the formation's

fracture strength at the shoe. The formation which will produce

the highest pressure at the shoe must be reasoned or found by comparing all
probable formations. In any case their are two basic equations.

The backup load is the pressure of the mud outside the casing at all depths.
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IN EQUATION FORMAT

MWD

Sy, = DF * [(P¢- B * (TVD - D)) - 1—9.%] if formation pressure controls

MWD

Sp = DF * [(Pg-B* (TVD - D) - 755571 if fracture strength controls

Sy
DF
Py

COLLAPSE
IN WORD FORMAT

The collapse load is the pressure of the mud outside the
casing above the top of the cement and formation fluid
pressure below the top of the cement.

For production casing, there is no backup load. For
intermediate and surface casing, the casing contains a
column of water equivalent to the formation fracture
strength at the casing shoe.

casing burst strength; psi

burst design factor
formation pressure; psi

formation fracture resistance; psi
gas gradient; psi/ft
depth of hole; ft

depth of design; ft
mud weight; ppg

IN EQUATION FORMAT
S, pix = DF *[D * MW - 0] in the evacuated space above
the water column

S, pix = DF *[D * MW - WG * (D - EL)] in the water column
S, = casing collapse strength; psi
bix = API method of derating collapse strength for

tension
S. bix derated collapse strength of casing; psi
DF = design factor
D = depth of design; ft
MW = mud weight; ppg
WG = water gradient; psi/ft
EL = evacuated length; ft
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POPULAR DESIGN FACTORS

Design factors for tension loading call for a 1.6 design factor for the pipe body and
connection, and a 2.0 design factor for skinny connections. Higher design factors
should be used for clearance connections, such as a flush liner connection,
because these connections are weaker and prone to failure.

TABLE OF DESIGN FACTORS
CASING BURST COLLAPSE TENSION§ STABILITY TORSION VON MISES
éONDUCTOR 1.0 1.0 1.6 1.25 1.5 1.25
SURFACE 1.0 1.0 1.6 1.25 1.5 1.25
INTERMEDIATE 1.0 1.0 1.6 1.25 1.5 1.25
PRODUCTION 1.25 1.0 1.6 1.25 1.5 1.25
LINER 1.25 1.2 1.6 1.25 1.5 1.25
WORK & FISHING 1.25 1.25 1.6 1.25 1.5 1.50
§ Body and joint unless joint skinny; then use 2.0 rather than 1.6.

DRILLING BURST CRITERIA

Design of intermediate casing for burst is controversial because the range in risk
and cost can be great and there are many burst criteria. However, they may be
placed into four fundamental categories.

1. Gas to surface. This is the most expensive design. It assumes the
casing is filled only with gas.

2. Water to surface. This is intermediate in cost. It assumes losses
at the casing shoe and the casing is kept full (or partially full) of
water by pumping into the casing at the surface.

3. Kick design. This is a lower cost. It assumes taking a gas kick of a
specified volume.

4. No control. This permits the least expensive design. It assumes
no gas, oil, or water will enter the casing.

The four criteria are compared in the chart for an intermediate casing set at 14000
ft. The external pressure gradient (backup) is 0.468 psi/ft (9 ppg).

For the kick criterion, a kick sufficient to fracture the shoe is assumed. The
Maximum Anticipated Surface Pressure (MASP) for the three cases are
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1. Gas column = 12300 psi
2. Water column = 7800 psi
3. Kick at surf = 1250 psi

It should be noted that the three load lines intersect at the
deepest casing shoe since all assume fracture at the shoe.
All are intended to represent an underground blowout, i.e.,
the well is flowing at the deepest casing shoe.

Intermediate String Burst
Load Lines
0 1,250 7,800 12,300
YKICK [ ]
N\ WATER

1 .\
] NONE
A

The high burst ratings
required are difficult to obtain
for the large diameter casing
required to allow setting 6: AN GAS
multiple liners. Additionally, . \ /
the gas to surface criterion 91 :
would require 15000 psi ] /
blowout preventers. Even the 127 '

water to surface burst 1] 2 4 6 8 10 12 14

condition is difficult to Pressure (1,000 psi)
achieve.

Depth (1,000 feet)
w

GAS TO SURFACE

There are two ways "gas to surface” can occur. A gas bubble can be allowed to rise
to the surface with the well shut in; or, with a drillpipe kick, the drillpipe parts or
is sheared near the surface. An underground blowout will occur if the formations
fracture pressure at the shoe is less than the pressure of the gas in the zone from
which the gas came; such is usually the case.

WATER TO SURFACE

The assumption of "water to the surface"” also may produce an underground
blowout. However, it is assumed that preparations can be made to pump water
into the well before running out of mud. This does not account for drillpipe failure
or pumping equipment failure. The problem of drillpipe kicks can be minimized
by running a float. For this case, the pump pressure required is about 7800 psi.
Even cementing equipment is not rated for extended service at this pressure;
therefore, considerable redundancy is mandatory. If the pumping equipment
fails, the casing will burst if not designed for the gas to surface load, leaving a
blowout.
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KICK

The assumption of a kick also represents an underground blowout if the kick
exceeds the available kick tolerance (as is the case here). The shoe is broken down
and the permeable gas zone will flow if the fracture pressure at the shoe is below
formation pressure in the permeable zone. This does not account for drillpipe
failure, pumping equipment failure or running out of mud. A float minimizes the
risk from drillpipe kicks. There is usually sufficient pumping equipment
redundancy for pumping mud at the low pressures and rates required.

AN OVERVIEW OF CASING SELECTION

Tubular designs are now based on real loads and more realistic tubular strengths
and limitations. Design factors and tubular strength derating factors are no
longer allowing for the less exacting and arbitrary design. The personal computer
is responsible for the new revelation in tubular design. Without a personal it is
improbable that a casing can be designed for realistic collapse loading in which
buckling and the new API collapse strength equations are applied.

THE "APT' DESIGN METHOD

The old way of casing design is out. The old method is known, and incorrectly so,
as the API method. API does not have a method or a procedure for the design of
casing or tubing. API has tubular strengths and size tolerances. The old method
considers four fictitious loads and the required casing strengths to overcome these
loads:

1. The body tensile strength at any point in the casing had to be 1.8
times the hanging weight in air of the casing below that point.

2. The joint tensile strength at any point in the casing had to be 2.0
times the hanging weight in air of the casing below that point.

3. The burst strength of the casing at all points had to be equal to the
highest bottom hole pressure created by the mud while drilling.

4. The collapse strength, after derating it for combined loading, of
the casing at a selected point had to be 1.125 times the pressure
created by the mud at that point. The tensile load used in the
combined loading was the buoyed weight of the casing below the
point of interest. The combined load derating factor was biaxial
and was extracted from von Mises 'Maximum Strain Energy of
Distortion Theory at Yield' failure theory.

This set of criteria is not adequate for the design of shallow casings or deep
casings. In deep holes casing can not be manufactured of sufficient strengths to
overcome the unrealistic loads. In shallow casings the loads considered are
incomplete. For example in a real situation the casing must be lowered into the
hole one joint at a time and the real load associated with this action is call 'Casing
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Running Loads’; however, the above criteria do not contain rules for running
casing. The big and important area of 'Buckling' and "'Wellhead Loads' after
cementing is also not addressed.

ITERATIVE CASING DESIGN

The new way considers fictitious loads only to initiate an iterative process which
produces the final casing design.

The iterative steps are the following:

1. Casing of sufficient strengths are selected to overcome the
fictitious loads of
a. Hanging weight of the casing before cementing
b. Burst by formation pressures before cementing
¢. Collapse by mud or formation pressures before cementing

2. Adjust casing strengths to account for running loads and dogleg
running loads if required.

3. Adjust casing strengths to account for buckling and wellhead
loads during and after cementing.

4. If there were changes in steps 2 and 3, then return to step #1 and
continue through step #4.

5. If there were no changes, your design is finished.

MINIMUM TUBULAR STRENGTHS

It is recommended to tubular designers to use the minimum strengths as
published by the API. It may be noted that the values of tubular strengths as
published by the API have no built in safety factors.

API publishes the following strengths for tubulars

1. internal yield (burst)
2. collapse

3. body tension

4. joint tension

TUBULAR FAILURE CRITERIA

It is recommended to tubular designers to use the API procedure for derating
casing for collapse. The API procedure incorporates the "Maximum Strain
Energy of Distortion Failure Theory at Yield" in a biaxial loading manner. It has
been reasonably argued that triaxial equations from the same theory are more
valid in theory and less practical in application. To compensate designers
frequently use buoyed weight rather than actual loads to initiate their designs.
Biaxial loads are loads which act simultaneously in only two perpendicular
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directions within the wall of the tubular. MSEDFTY' predicts failure of tubulars
based on the energy needed to change its shape (as opposed to change of volume).

DESIGN FACTORS AND LOADS

A tube design factor must not have a value of less than one (1.0). The best policy is
that design tubular strengths must be at least equal to loads. If a design factor can
be reasonably assigned a value which is less than one (1.0), then the load needs to
be reexamined, because this means that the load is sufficient to fail the tubular.
Design factors are often call "ignorance factors”, because design factors should be
higher as less is known about the loads which will be placed on the tubulars.

FAILURE MODE: ELASTIC, PLASTIC, AND YIELD

Tube failure means that a casing can no longer serve its purpose. In casing
design failure means that casing stresses have met or exceeded the API yield
point of the steel in the casing. It should be kept in mind that the casing may not
show one indication of failure. Yield may occur long before a tube breaks into two
pieces, splits, or collapses.

Elastic failure can occur during bending and stability loadings, for example. A
large diameter casing may be bent to such a degree in a dogleg that its internal
diameter may diminish in size to the point that it does not allow the passage of
tools or perhaps a bottom hole assembly. If upon pulling the casing from the
dogleg, the casing regains its nominal internal diameter, one could think that the
casing had failed, and had failed elastically.

One well known plastic.design problem in which the casing is failed if judged by
the yield point criterion; but, it will not have failed if failure is thought of as the
inability of the casing to continue to serve its function. The problem occurs in
steam injection wells and is caused by the cyclic injection of steam. The problem
is this: After cementing the casing and locking it in place, injected steam heats
the casing to the point that the casing wall is placed in a compressive stress state
which is greater than the yield of the steel. Thus, the casing is failed according to
the yield point criterion; however, in practice, the casing will continue to serve its
purpose and in fact will not be failed. The reason it is not failed is that the casing's
shape and dimensions can change because the casing does not have a place in
which to deform. However, if the cement is bad and the hole is enlarged then
deformation of the casing can cause failure. During a cooling cycle, steam is not
being injected, the casing can cool and put itself into tension and under those
conditions may be capable of pulling itself into two pieces or more.

TRIAXIAL VS. BIAXTAL TUBE DESIGN

From time to time interest in triaxial stress design of tubulars in the oil patch
surfaces. The API supports biaxial stress design in their bulletin 5C3, page 7,
February 1, 1985, only in regard to the affect of axial loading on collapse. The
usual concern is that triaxial design should be more accurate; and therefore,
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biaxial must contain some inherent error. Designers have used buoyed weight
rather than tension in tubular design to compensate for the 'known' error in
biaxial design.

As indicated by its name, triaxial stress design assumes that every cube of steel
has three stresses acting on its surfaces. These are axial, tangential, and radial.
Biaxial designs set the radial stress to zero, because it is usually the smallest.
Other than this assumption, biaxial and triaxial equations are identical.

API BIAXIAL EQUATION DERIVATION

von Mises's failure theory is the beginning point for deriving the biaxial equation.
It assumes that all stresses placed on a volume of steel within the wall of a tube
consumes part of the strength of the steel. His equation is the following

2 YP?=(S,- S + (S, - 8% + (8, - 8,)°

YP API yield point of the steel in the tube; psi
S, axial stress, psi

radial stress, psi

wn
|

tangential stress; psi

N
[

The axial stress is either the load or design load divided by the minimum corss-
sectional area of the wall of the tube. The radial stress is set to zero. The resulting
equation is then solved for the tangential stress, S;. API has chosen to name the

tangential stress, 'axial stress equivalent grade' and has assigned it the symbol
"YP,'. In reality, this is nothing more than the remaining strength of the wall of

the tube for resisting collapse pressures.

It may be easily determined with von Mises' equation that negative axial loads
(compression loads) will increase the collapse resistance of tubes and positive
axial loads (tension loads) will increase the internal yield resistance.

TRIAXTAL EQUATION DERIVATION

The radial and tangential stresses are defined with Lame's equation.

A, A
Radial stress S, =P (1- (%)2) -P ) (- (%)2)
: . A
Tangential stress S, = P (1+ ) - PG (14 P
Sr = radial stress, psi
S = tangential stress, psi
A; = pid2,in2
Ao = piD2,in2
A = Ao - Ai
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diameter of stress investigation; in
- internal diameter of the tube; in

external diameter of the tube; in

internal pressure; psi

external pressure; psi

N e o

i

Pe

It may be shown with Lame's tangential stress equation that setting the
parameter b’ equal to 'd' gives the maximum value of tangential stress for all
pressure conditions. Therefore, b’ is set equal to 'd'.

Following conventional schemes and for the above reason, Lame's radial stress
equation reduces to the following, rather simple, equation:

Sr=‘Pi

Substitution of ' - Pi’ into Von Mises' equation and then solving for St, in a
manner similar to the biaxial case, gives the triaxial 'axial stress equivalent
grade’. Thereafter, if one so desires, collapse strengths of tubes may be derated
with triaxial stress considerations rather than with API's biaxial considerations.

APT's BIAXTAL STRESS EQUATION

1
Sa 15 1S
3 1
YPa=YP{ [1-;(?—%)2]2—5%}

TRIAXTAL STRESS EQUATION

S -Pio. = S
ve,=vp{ [1-3 (o) 12 122]

EXAMPLE TRIAXIAL & BIAXIAL PROBLEM

7" 29 ppf L80 casing is run to 15,000" in 15 ppg mud and cemented with 15.2 ppg
cement from 15,000 to 10,000'. While the mud is displaced with completion fluid,
the temperature of the casing above the cement drops by an average. of 126 Deg F.
What is the minimum weight completion fluid which must reside within the 7"
casing to prevent it from collapsing at a depth of 10,000"?

This problem is most easily solved by a trial and error technique in which several

weights of completion fluids are estimated. Begin with a 3.31 ppg completion
fluid.

The axial stress in the casing at 10,000 is found with a free body of the bottom
5,000 of the casing. Assume a check valve is at the shoe of the casing and that the
cement is displaced with 15.0 ppg mud. The forces acting on the free body are the
following:
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Weight of steel =29 * 5000 = 145,000 Ib

External pressure area force

=052 * (10000 * 15 + 5000 * 15.2) * 7854 * 72 = 452,271 1b

Internal pressure force area

= .052 * (15000 *15) * 784 * 6.184> = 351,411 1b
The resultant force at 10,000’ because of the cementation
= 145,000 - 452,271 + 351,411 = 44,140 1b (real tension)

Note that the buoyed weight of the casing at 10,000 is the following (and is not
equal in value or meaning to the real tension)

= 10,000 * (29 + .0408 * 6.1842 - 0408 * 72)
= . 285,611 1b (buoyed weight)
The stability load caused by the temperature drop after displacing the mud
=60 *29 *126 = 219,240 1b
ghgdstability load caused by changing the 15.0 ppg mud to the 3.31 ppg completion
ui
=.0122 * 6.184% * 10,000 * (3.31 - 15) =54,5401b
Total tension after cementation and stability considerations
= 208,840 Ibs
The cross-sectional area of the casing
= 7854 * (7 2. 6.184%) =8.449sqin
The axial stress at 10,000’
= 208,840/8.449 = 24,716 psi
The external pressure at the depth of 10,000’
=.052 *15.0 * 10,000 = 7,800 psi
The internal pressure at the depth of 10,000’

=.052 * 3.31 * 10,000 = 1721 psi
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BIAXITAL
Biaxial axial stress equivalent grade (See API BULLETIN 5C3)

The biaxial collapse resistance of the casing which is also the allowable
differential pressure across the wall of the casing at 10,000’
= 6,077 psi

Thus, an internal column pressure must be precisely equal to the difference
between the external mud pressure at 10,000' and the collapse resistance of the
casing at 10,000". The density of the fluid to achieve this pressure

7800 - 6077
=052 * 10000 =3.31 ppg

This is the correct density value, because this is also the estimated value. A trial
and error procedure of more steps is normally required.

TRIAXITAL

Begin by estimating that a 3.26 ppg completion fluid will be required and complete
the above computations. It will be found that the axial stress is 24,609 psi and that
the internal pressure is 1,695 psi.

= 65,171 pSi
Compute the triaxial axial stress equivalent grade

The triaxial collapse resistance of the casing which is also the allowable
differential pressure across the wall of the casing at 10,000’

= 6,107 psi
The required density of internal completion fluid
7800 - 6107
=052 * 10000 =326 ppg

This is the correct density value, because this is also the estimated value. A trial
and error procedure of more steps is normally required.

Note that the percent difference between the biaxial and triaxial strengths of
casing relative to the biaxial strength expressed in internal completion fluid
densities as set forth in this problem is

% difference = 3—3‘3}—3%2—6 *100 = 1.5%
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REAL GAS SURFACE PRESSURE

L. Z-factors for Natural Gas
Estimating gas surface

pressures to which tubulars Pseudo-reduced Pressure, Pr
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nkin
Rankine Pseudo-reduced Pressure, Pr

Noting that Z is a function of P and T and the fact that the pressure and
temperature changes are small in a static gas column suggests that if Z is
computed with the known bottom hole temperature and pressure and is thereafter
constant, then a reasonable surface pressure for casing design may computed.

Thus, the gas gradient for a methane column which will give the highest surface
pressure of all hydrocarbon gases becomes

TUBULAR DESIGN AND USE 2 MITCHELL Box 1492 Golden CO 80402



o= Ppu
1544
ZPBHTBH 16 TBH

Finally, the surface gauge pressure is

Psurf= PBH -p * DEPTH - P

atmospheric

EXAMPLE GAS COLUMN PRESSURE

If methane gas is drilled at 14,000 feet and the expected bottom hole gas pressure
1s 9,000 psig at a temperature of 205°F, what is the expected static shut-in
pressure‘?
The absolute bottom hole pressure and temperatures are
Ppy = 9000 + 14.7 = 9014.7 psia
Tgy =460 + 205 =665 R

The critical pressure and critical temperature of methane are

P, =673 psia T,=343 R

The reduced pressure and temperature of methane are

9014.7

P = 673 =13.4
665
T.= 13 =194

The Z factor is taken from the chart where a value of 1.32 was read.
90147

p=—2oxl = 0.1064 psi/ft
132 %

The surface pressure is

P, .= Ppy - p* DEPTH - P

atmospheric

P = 9014.7 - 0.1064 * 14000 - 14.7 = 7,510 psig
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FUNDAMENTALS OF TUBULARS
DEFINITIONS AND CONCEPTS

The following is a review of only that part of mechanics which is required for a
full understanding of the thoughts put forth in this manual. The section begins
with meanings of terms.

1. Neutral points: There are five named neutral
points.

a. Neutral point of bending (NPB) is the
location within a tube at which the sum of
the moments are equal to zero. The tube is
not bent above this point.

b. Neutral point of distortion (NPD) is the location
within a tube at which one-half the sum of the
radial and tangential stresses are equal to the
axial stress if mud weight inside and out are
equal and no surface pressure. Von Mises
stress has a value of zero. The tube at this point
is subject to dilatation but not distortion.

S, + S,
S, = 5

c. Neutral point of buoyancy (NPB) is the location
within a tube at which the buoyed weight of the
tube hanging below the location is equal to an

N)

f
Sy

applied force at its bottom end. %

d. Neutral point of tension and compression is the location A
within a tube at which the sum of the axial forces are T T
equal to zero. /B!

v
]
e. Neutral point of pressure area is the location within a /!

tube at which the sum of the pressure area force acting 4
on its ends and the weight of the tube are equal to axial
tension at the location.

It may be shown that the neutral points 'a’, 'b’, and ‘¢, are exactly equal and that

points 'd’ and 'e’ are exactly equal. The thoughts conveyed by 'a’, b’ and 'd’ are
most useful in tubular design.
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2. Buoyancy: Buoyancy is not a force. There are
three recognized percepts of buoyancy and all
three have their place.

o
NI L,
A Sttt

AT, Y
NN N

a. Buoyancy is the weight of displaced fluid. This
precept solves most problems but has limitations.

b. Buoyancy is the difference between fluid pressure area forces
acting on the top and bottom of a tube. This precepts also has
limitations.

¢. Buoyancy is the sum of the moments acting on a tube or any
B} portion of a tube. This precept is most powerful.

3. Triaxial and biaxial loads and f
coordinate systems:
a. Triaxial loads are loads in an : T Coonate Sytem
orthogonal coordinate system in
which the loads are axial, z
tangential, and radial.

b. Biaxial loads are loads in an orthogonal coordinate system in
which the loads are axial and tangential. The radial load is

neglected (omitted).
BUCKLE
CRITICAL \
BUCKLING LOAD

BENT,

4. Buckling: The precept is
that buckling is severe
bending; however,
buckling in and of itself
is not necessarily bad.

INIWIOVIdSIa

a. Buckled is a bent LOAD DISPLACEMENT
condition in which bending increases with little increase in the
load which caused the bending. The steel in the tube may not
be yielded. The load exceeds the critical buckling load.

b. Bent is a condition in which the bending increases
proportionally with load.

5. Bending: There are two recognized equations for computing axial
stresses derived from bending of tubes within curved holes
(doglegs).

a. Lubinski's equation is used if the tube has connections which
prohibit the wall of the tube from contacting the wall of the hole
along the tube's body; i.e., only the connections touch the wall
of the hole.
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b. The beam equation is used if all of the tube contacts the wall of
the hole throughout the dogleg; i.e., the connections do not
provide standoff.

c. Equivalent bending load is the bending stress as computed
with either of the above equations multiplied by the cross-
sectional area of the steel in the wall of the tube. This was
invented because designers had rather work with loads than

stresses.

6. Stress and Strain: b without
Force is an entity which causes mass to - !| |! -
accelerate. There are only three real forces, not » »| with
including nuclear physics, contact, mass

attraction, and magnetism and electrical. Examples of contact forces are a liquid
pushing on the end of a tube, a drillpipe pulling on a bottom hole assembly, and
gas pushing on the wall of a tube. Examples of mass attraction is the force
holding a man on the surface of the earth and the force pulling a tube down a drill
hole. A fishing magnet holding a piece of steel is an example of magnetism. Note
that buoyancy is not a force. All real forces are found with Newton's laws of
motion. These are YM =0 and YF = 0if a body is static.
F

a. Stress is a force divided by an area
perpendicular to the force. It acts within
solids and it has a direction. By convention,
a negative stress is usually associated with

compression.
I_IL

b. Strain is the change in the value of a
dimension divided the original value of the |
dimension. Two common strains in tubes
are the change in its length divided by its
original length and the change in its circumference divided by

its original circumference. A third is the change in wall
thickness.

c. Yield occurs if the
stress is equal to or
exceeds the yield point
of the steel.

API YIELD
b
“NPLASTIC

d. Pressure is exerted by
a fluid. It acts in all
directions equally in
magnitude. A
pressure must be

positive. Differences in 0.5% STRAIN

pressures may be negative.

STRESS

~T——FELASTIC

TUBULAR DESIGN AND USE 24 MITCHELL Box 1492 Golden CO 80402



e. von Mises stress determines if steel is yielded and is computed
with von Mises equation.

f. Axial stress is real tension divided by the cross-sectional area
of the tube.

g. Radial stress is computed with Lame's equation.
h. Tangential stress is computed with Lame's equation.
7. Loads and Tension:

a. Tension causes two marks which were previously drawn on a
tube to separate; i.e. become farther apart.

b. Real tension is found with Newton's law of motion (F = M * a)
and free bodies.

c. A free body is sketch of a portion of a tube with all of the loads
in a chosen direction (usually vertical or horizontal) drawn on
the sketch.

d. Effective tension is the real tension at a
location less the internal pressure at that
location multiplied by the internal area of the
tube plus the external pressure at that location multiplied by
the outside area of the tube. It, within von Mises equation,
controls yield of tubes.

e. Load is a generic word which could mean force, tension,
compression, bending, pressure, or weight.

f. Strength is a generic word which means a tubes resistance to a
load.

g. Buoyed weight at a location is the weight of a tube and its
contents hanging below a location less the buoyancy of the that
section of tube and its contents hanging below the location.

h. Weight in mud is the buoyed weight.

i. Air weight is the 'nominal API' weight and is as listed in the
API tables.

8. End Conditions

a. Fixed end means that the implied end of a tube can not move in
any direction and especially vertically.
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9.

10.

11.

12.

18,

14.

15.

b. Free end means that the implied end of a tube can move

vertically.

¢. Moments at the ends of tubes are not considered in this

manual.

d. Lateral displacements at the ends of tubes are not considered

in this manual.

Y, Ay
Poisson's ratio is the negative ratio of the A ¥ > I__Ax
contraction of steel perpendicular to F
the load divided by the extension of the ’ |->
steel in the direction of the load. >

Young's modulus is the slope of the stress-strain plot within the
elastic region.

Elastic deformation is a deformation which results from a stress
which is less than the yield of the steel.

Plastic deformation is a deformation which results from a stress
which exceeds the yield of the steel.

The change in a variable is the last value less the previous value
of the variable.

Pressure-Area force is the force which results from a pressure
acting on an area. Its direction is normal to the area and
toward the body which has the exposed area.

A moment is the product of a force and a lever arm. N F*
2 1
N
% M=a*F
N
N
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STRESS ANALYSIS

In order to perform a stress analysis of casing
or tubing, we need to understand how the
stresses and displacements in a tube are
affected by internal and external pressure,
axial forces and temperature.

+S

In particular we need to know how stresses *S

and displacements change as we change
internal or external pressure, temperature or
apply an axial force to the end.l

DOWN

Areas

External area A, = Z—D2 (1)
Internal area A; = §d2 (2)
Area of steel A =A -A;

A =7D2-d) 3)

If the outside diameter, D, and the 1nS1de diameter, d, are in inches, then the area
is in square inches (in2).

Moments of Inertia
Second moment of the area = @ (D4-d%) (4)
Polar moment of inertia J=21 5)

INote: Triaxial Coordinates
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I 1s used in bending equations and J is used in torsion
equations.

Stresses

Lame's equations for stresses in a tube, given an
internal pressure, Pj, and an external pressure, Py are

A. A

Radial stress S, =P,z) (-2 -P, G0 a-&? ®)
A A

Tangential stress S, = Pifxl) (1+ (%)2) - PO(A—O) (1+ (%)2) (7

The variable b’ ranges from d at the inside wall to D at the outside wall.

It is useful to note that the sum
2
Sr +S; = constant = & (PjA; - PoA,) (8)

This fact will be used in determining the axial stress S, or the axial strain e,. The
stresses S, and S; do not depend on S,.

T
5, = ©)
Axial stress
If the tension T is in pounds and the area A is in in2, then S, is in psi.
Bending stress

The bending equation developed by Lubinski is

[ D2-d2
. 3385*D*C*~ / T eff* D—2+d—2

LUB = - | (10)
tanh[0.2* _D‘:%]
2x_
tanh(x) = :2x+11 11

C = tube curvature; = °/ foot
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The pure beam bending equation is
Fppay = 17,135 * D * C * (D2.d%) (12)

The bending stress is

F F
S, = IAUB or BﬁAM which ever is larger (13)
/

LUBINSKI TUBE PURE BEAM BENDING

Hooke's law for stress-strain relations
_ Sy - u(St +S,)

Radial strain e, B + B (At) (14)
Si - (S, +S
Tangential strain e = el EZ 2 + B (At) (15)
S, - uS, +Sy)
Axial strain e, =— = Er ¥ +B(At) (16)
E = Young's modulus = 30 x 106 psi for steel
1L = Poisson’s ratio = 0.3 for steel (dimensionless)
3 = coefficient of thermal expansion
6.9 x 1076 °F-1 for steel
At = temperature increase in °F.
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7 F
The equations also apply to changes in strain caused by changes in
stress. Changes in stress ASy, AS¢, AS, and temperature At, give

changes in strain Ae. Equation (16) with equations (8) and (9) gives the
form that is needed to calculate length changes of tubes caused by .

tension, pressure, and temperature. % 4 %
i Ln La
AT - 2u (AP; A; - AP Ay Y

Ae, = NG ° + B(At) (17)

brpbpbpb

The change in length of a tube of length L caused by changes in tension, pressure
and temperature, is

AL = L(Ae,)ayg (18)

where (Aez)ayg is the average value of Ae, over the length L. For an axially
restrained tube (e.g., cemented casing), Ae,=0 and we may solve for AT from
Equation (17)

AT = 20 (AP; A; - AP, A,) - AE B (Ab). (19)

Equations (17), (18) and (19) are all that are needed to solve problems involving
straight tubes.

EFFECTIVE TENSION

Teffx =Trealx' (PiAp, + (PoAg)y (20)

= "effective tension” at one single depth, 'x'.

Effective tension is the sum of the moments at a depth in a
tube. It is called tension only for convenience. In the below
sketch and development, the lever arm, a, is assigned a value
of unity for convenience, and because its true value can not be
known or computed. Thus, effective tension is the force
component of a moment. Tp.,,] is ascertained with a free body

and the setting of the sum of forces acting on the free body to
equal zero.
Whereas, Tor is ascertained with a free body and the setting of

the sum of the moments acting on the free body equal to zero and then setting the
lever arm equal to unity.
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With the sketches T

rea

]iS

'Treal + W + PblAl - Pbvo - WOB =0

and also with the sketches M is

M=+Wa + [Py A -Po A la + [P, A;-PyAda - WOB a

Considering Af; to be negligible, setting a = 1.0, and T g = M, then

Teff = Treal N PtiAi + Ptvo

which is the effective
tension at the top of
the section. Note that
tensions, pressures,
and areas must be
computed at one
single .depth. For
example, 8,984 feet
could be the chosen
depth.

BUOYED WEIGHT

Note that if wj is the
weight of the fluid
inside the pipe per
unit length, wg is the
weight of the fluid

+-—

T
*real
PA
q q )@ tho
\ VY Y
\ f
IRy - —
a Iy
\ ' M * N w L
N At b v
N pa \
S A A
M ‘R

displaced by the pipe, and wg is the weight of the steel per unit length in the wall
of the pipe, then the effective weight of the pipe is

Weff = Wg + Wi - W, = "effective weight” | (21a)

Wefr = Wq +0.0408 * (MW, * d% - MW _* D?) (21b)

All variable in oil field units: 1b/ft, 1b/gal, inches.

This is also called "buoyant weight” or "weight in mud”, etec.

The buoyed weight of pipe at a specified depth is the buoyed weight per unit length
of the pipe multiplied by the length of pipe below the depth.
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YIELDING OF AN IDEAL TUBE

The calculated stresses in a tube is compared with some maximum allowable
stress in order to determine whether or not the tube is adequate to carry the loads.
It is usually desirable to avoid yielding the pipe. In the following, the formulation
for an ideal tube is developed. Note that "real” pipe is not round and the wall
thickness is not uniform.

The yield stress YP is the maximum tensile stress which may be applied without
causing permanent deformation of the steel. The pipe body yield

Tyiela = YP * Ag (22)

is the maximum tension that the tube can withstand. If YP is in psi and Ag is in

square inches, then Ty is in pounds. The pipe body yield strength listed in API
Bulletin 5C2 and most catalogs is in 1000's of pounds.

The yield behavior caused by combined loads, such as tension and pressure, is a
bit more complicated. The yield condition attributed to von Mises is

(Sy-Sp2 + (S, - S)2+(Sy- S,)2 + 6 (T,2 + T2 + T,2) = 2 YP2 (23)

Sy, St, S, are the normal stresses
T, Ty, T, are the shear stresses

Shear stresses arise from torsion and
shearing forces on the pipe. The torsional
shear stress is significant for drillpipe but
is usually neglected for casing. The other
shear stresses are often negligible. For
casing under tension and pressure loads,
the yield condition becomes

(S -S)2 + (S, -S,)2 + (S, - S,)2 =2 YP2
(24)

Z

A major assumption in von Mises theory of yield behavior is that a hydrostatic
pressure, such as the pressure acting on a bar submerged in a fluid, cannot
cause yielding. The left side of Equation (23) is a mean square measure of shear
stress. The average stress, (S, + S; + S,)/3, does not affect the value of the left side
of Equation (23).

Define the "von Mises stress” or "equivalent stress” as

2V2 = (S, -Sp2 +(S,- S, + (S - Sp)? + 6 (T2 + T2 + T,2) (25)
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The yield condition is then
V < YP the material is elastic
V = YP the material is yielded.

For a tube under tension and pressure loads, the expression for the von Mises
stress V can be written as follows. Substituting the expressions for Sy, S, and S,

from Equations (6), (7) and (9) into Equation (25), we obtain (following a little
algebraic manipulation)

V2

A T
3 (D2 aP? + 2 (26)
AP = P;.P,
Teff = Trea] = PIAI + POAO

The Von Mises stress is a maximum at the inside wall of a tube. Equation (26) has
been solved to give the von Mises stress at the inside wall of the tube. Incidentally,
this form of the equation is only good for the inside wall of the tube. A tube with
pressure and tension loads only always yields at the inside wall, both for burst
and collapse loads. Further, it is the effective tension Tgfr which governs the
tensile yield behavior of a tube in the absence of shear stress.

Bending stresses may be accommodated in Equation (26) with the 'principle of

superposition. The bending stress Sy is in the axial (z) direction and adds to the
axial stress S;. Equation (26) becomes

A T
V2=3 D2 aP2 4+ (a8, ) @7

The * in Equation (27) appears because the bending stress is positive on one side of
the pipe and negative on the other. To obtain the maximum von Mises stress V'
choose the maximum value of Equation (27) by choosing + or - as appropriate.
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Since the expression for the von Mises stress is the value at the inner wall,
substitute d for D in Equation (12) to obtain the bending stress. This is the usual
practice for tubing stress analysis. However, for sufficiently high bending stresses
(or low pressure loads), the maximum stress occurs at the outer wall; therefore,
the von Mises stress at the outer wall must be calculated as well.

The usual practice for casing stress analysis is to compute the bending stress at
the outer wall as in Equation (12) and use that value in Equation (27); this is
conservative.

A useful form of the Von Mises equation is

D2, Teff 4310*D*C*\[T ¢, 2
V2=3*(D2_d2)2-(Pi-P0)2+ A
4 eff
\Dt.g* *tanh[OZ'\’ 4d4
T
eff _Treal D?
A “ip P, [D2 d2] +P [ 5] (29)
FREE BODIES

Free bodies are constructed for the purpose of ascertaining real tension, "Treal.”
There are 4 cases which often occur

1. Find the real tension at any depth and let Tyea1 =T

ZFV=O
T +WL-PA=0

T =WL-PA
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2. Find the real tension in a tube if the real tension at a second
location is known (Tyeat = T)

€Fv=0
-T2+ Wt T —1PA =0

T2=T1+W*L—PA

3. Find the real tension with internal surface pressure (Treal = T):

HL (Hook Load) = Buoyant weight of steel in all of the tube (w g * total length) OR
Weight Indicator less block & tackle.

XFv=0
+'I'1 -HL-PA+W'L=0

T1=HL+PA-W*L

4. Find the Hook Load, "HL"

Case A: stuck tube, resting on bottom of hole or ledge, or
supported by wall friction.

HL = Weight Indicator - Block & Tackle
Case B: freely suspended pipe.
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EXAMPLES OF THE FUNDAMENTALS OF TUBES 300,000#

The examples which follow assume the following data:
10,000 of 7" * 6.276" * 26 PPF * L.80 tube with 3000 psi
internal pipe surface pressure, 2000 psi external pipe
surface pressure, 7.5 ppg internal pipe mud weight,
12.0 ppg external pipe mud weight, "b" at midpoint of
wall, real tension equal 300,000 lbs at the surface, tube
curvature is 0.05°/ft, and the temperature rises +45°F.

In terms of our variables this data would be

L  =10,000f D =7
d =6.276"
w  =26ppf P.  =3000 psi
P, = 2000 psi
T = 300,000 lbs C =0.05%%t
At = +45°F
MW. =7.5ppg MW _ =12.0 ppg
Y  =80,000 psi ‘
Also from the given data: b = D; d = 7+6é276
External area A, = ~D2 =2 (7)2
o =% =1

Internal area A; =%1f'd2 =£ (6.276)2

Area of steel A

~
w)
[
QL
N
=

Bla A

(72 - 6.2762) =7549sqin (3)

Second moment of the area 1 =—- (D4-d%

- % (74 - 6.276%) =41.703in* (@)

Polar moment of inertia J =21

=2%41.703 =83406in% (5
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Radial stress at the surface

A. A
S, = P, (1- (P - P (- )

30.935 7 38.485, . 6.276 .
S, =3000 (7 z49) (1- (6—_638-)2) - 2000 (S 549 (1- (6.638)2) =-2,459 psi (6)

Tangential stress at the surface
A D2 A, d\2
S, = PR 1+ (Y - P, 1+ ©F)

B 30.935 7 9 38485 6.276.9 .

S, + S; = constant
2
Se+Sp= 7z (PifAj- Pohg)

S+ S, = % (3000 * 30.935 - 2000 * 38.485) =4,196psi  (8)

Axial stress at the surface

Sz - T:al
300000 .

Teff = Treal - PiA] + POAO

Tege = 300000 - 3000*30.935 + 2000*38.485 = 284,163# (90

2 12
3385*D*C*[ T o\ ]]))2:12

LUB ~
Teff
tanh[0.2* D4_d4]
2. 2
3385+7*.05*\/ 284163\ /;%—2;722
Flup = = =208,5201b  (10)
284163
tanh[0.2* i
74.6.276
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Bending stress at the surface

F F
Sy = % or iiA—M Whichever is larger
208520 57645

S =7 549 °F 7549
S, = 27,625 psi or 7,636 psi (choose largest)

Radial strain at the surface

Sy - uwSy +Sy)
er = r u.:Et z +B(At)

2459 - .3(6655 + 39740)
er = 30 x 106

+6.9x10% (45)

Tangential strain

S; - u(S, + Sp
e =T L B (A

6655 - .3(39740 + (-2459))
% = 30 x 106

+6.9x 106 (45)

Axial strain

_ Sz - U(Sr + St)

e, B + B3 (At)
o, =2740- fé‘f"i%% +6659) , 6.9x 106 (45)
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=27,625psi  (13)

=-2.35x 10 “4infin (14)

=1.60 x 10 *4 in/in (15)

=.00159 in/in (16)
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Change in pipe length as would be measured at the surface

AL =L (Aez)aygor L * €z 0
AL =10000'(.00159) =159 ft (18)
Effective weight of pipe for all depths
Wer =W + 0.0408 * (MW;*d® - MW _*D?)
Worr =26 +0.0408 * ( 7.5*6.276% - 12+72) “1_40.000
= 14,062 ppf (21b) 10,0159
Pipe body yield tension for all depths
Tyielg = YP * A
= 80,000 * 7.549 ‘ =603,9291bs (22)
von Mises equivalent stress at the surface |
2 _ ﬁ 2 2 ~eff\o
o 38485, o 284163, _ .
A% =3 (T 549/ 1000° + (549" =88,664 psi (26)
von Mises stress including bending stress at the surface
A
2 =367 AP? + (——+s y
2 o, 384855 o 284163 9
—3(7.549) 1000° + ( 7549 +27625)
A% =65,861 psi (27)

Also solve for the von Mises stress at the surface with the expanded form of the

equation
4310*¥D*C*~ / Totr 2

!
\/D4-d4 “tanh] 0.2 _eff]

D4-a*

VZ=3%(

~3 dz)z * (PP )%+ [(
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A %D2_ a2) D2
T 2 72
eff 300000 6.276
A i, 3000[5ors] 2000[5 ]
A 22,6276 7%-6.276 7%-6.276
T
ff
A =37642psi  (29)
T *7% )5 2
V2o 3[m]2[3000 20002« 4310+7+*.05*\/284163 ]
\l (74-6.2764)*tanh[0.2\/ (7—;22%—)

Y2 _ 804135)2
\'4 = 77965379 + {37642 +o 29.109

A% ' = 65,861 psi (28)
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STRETCH, OD, AND ID, WALL STRAINS

The following five example problems further demonstrate the fundamentals set
forth in the stress analysis section.

All problems use the same tube and associated data as in the previous section:
10,000' OF 7" * 6.276" * 26 PPF * L80 CASING

Also, assume as before, that the average change in temperature over the entire
length of the casing is 45°F. Other conditions are given as required.

CHANGE IN THE DIAMETER OF A TUBE

The change in the circumference of a tube
because of tangential strain is

ACt =C*e
which leads to
nAD,=nD *e

and

AD, =D *e, (30)

The change in the wall thickness caused by
radial strain is

At=t*e,

Because the thickness of the wall of a tube is equally likely to change dimensions
on the inside as on the outside of the wall, the affect is to change the OD by half the

. . At )
change in the total thickness (3). However, a tube at any diameter has two walls.

Thus, the equation for a change in diameter caused by radial strain is
At
AD, =2 (3) v (31)

The total change in OD caused by tangential and radial strains is

AD = AD, + AD,

or »
AD=De, +te, (32)
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EXAMPLE #1

Find the new length of the casing after pulling 300,000 +300,000#
pounds above the buoyed weight of the casing. ‘1__

| 6 1| 1AL
The area of the pipe is 1

A =7(D2-d®) =7(12-62762) =7549sqin (3)

The only load which has changed is the tension in the

casing which affects the axial stress. Since there is no 10,000 L
internal or external pipe pressure S, and S; are equal to
Zero.
Treal
Sz = A ToC@
IR =7, 10,000°
0 7
S
300000 - : S
Sz = 7549 - =39,740pst () é»zni =y
Zod . | Ky
Hooke's Law relates the strain with the stress é ““““““““““““ 7
TR
S, - WS, + Sy
e, =22 L g ()
39740 - .3(0 + 0)
- _6 - . .
e, = 30 % 10° +6.9x10 =.00164 in/in (16)
Every foot of the casing has changed in length by the same amount
AL = Lxe,
AL = 10000 * 0.00164 | =164 ft (18)

The new length is the change added to 10,000’
Lpew = L + AL = 10000 + 16.4 = 10,016 ft
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EXAMPLE 2

What is the new outside diameter of the casing after pulling  +300,000#
300,000 pounds above its buoyed weight? ’r

i

This is the same problem as #1, only now the concern is with :
the radial and tangential strains. Again, the only load |
which has changed is the tension in the casing which affects :
the axial stress. As in problem #1, since there is no internal I
I

!

|

I

|

[

TOC@
10,000

or external pipe pressure, S, and S; are equal to zero.
As in Example #1

o /
A=TD2-a0)=7(72-62160) =7 in (3 Z
=7 -d9) =7 (72-62762)  =7549sqin (3) A ke /é
Sz _ T;fal
S, = 39%%%0 = 39,740 psi 9)

Hooke's Law relates the strain with the stress

S, - W(S; + S,)
P “(E“+ Z 4B (AL) (14)

_ 0-.3(0 + 39740)
®r="""30x106

+6.9x106 =-8,69 x 10 -3 in/in (45)

St - S, + Sp
ey = t HEZ = + B (At)

_ 0-.3(39740 + 0)
= 30x 106

§
=-8.69x 10 -5 in/in (15) I._|;:§l _‘l

It is important to note that even though the radial and tangential stresses are
zero, the corresponding radial and tangential strains are NOT.

+6.9x10°6

The change in the circumference is

AC:nD*et=7t*7*-8.69x10‘5 =-.00191 in
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and the change in the diameter caused by et is

AC -.00191

ADt=*;t—= T =-6.08x 10 4in

The change in the wall thickness is

7-6.2
At=t*e = 6276*-8.69x10-4 =-3.15x105in

and OD will change by an amount equal to At, and is

AD, = At  -.315x105in
The total change in the OD is then the sum of the partial changes

AD=AD, + AD_=-6.08x10"4+-3.15x10-5 =-6.40x 10 4in
The new OD is the change added to 7"

Dnew= Dold+AD =7+ (-6.40 x 10 -4) =6.999in

EXAMPLE #3

What is the new length of an open end casing after an internal pressure of 3, OOO
psi is applied? (For this problem let change in temperature = zero.)

The various areas are:

A, =7 D2=7 (12 = 38485 sq.in. (1)
LY T .

A; =7 d2=7(6.276) =30.935 sq.in. (2)

A =7 (D2-d2) =7 (72-62762) =7549sqin  (3)

The only loads which are changing are the Sr and St. Sz is equal to zero since
there is no tension.

2
S+ Sy= 7 (PiA; -PA)
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2
S+ 5 = 7549 (3000 * 30.935 - 0 * 38.485) =24,587psi (8)

Now we solve for the axial strain

e, + B (At)

‘ SZ - “-(Sr + St)
- E
e, = 0'3_3(3%_27) +6.9x 106 (0) =-246x 10 4 in/in (16)

Again, note that even though the axial stress is zero the corresponding axial
strain is not.

Every foot of the casing has changed length by the same
amount.

3 E
4

L\'\\\\\\\\\\\\\\“\\\\\\\\\\\\\\\\\\"n

AL = Lse,
6.276

AL =10000" * -2.46 x 10 4 =-246ft (18)
The new length is the change added to 10,000
L new =L + AL = 10000 + (-2.46) =9,998 ft

b
=

An alternate solution is to use eqn (16) rather than eqn (8) and eqn (15) to
determine the axial strain.
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EXAMPLE #4

What is the new diameter of the casing after an internal pressure of 3,000 psi is

applied? (For this problem let the change in temperature = zero.) Lower end is
free and not capped.

The change in the axial tension for every foot of casing is
AT =AP;*A; and St = AT/A

The change in the radial stress at the outside wall of the casing 6.276
is zero

) > 7 H-a
S_P(A)(l (b)) P( %) (1- (g)) >E NewODﬂ<

5, =300 (1. £?)- o22232) (1. E2182) _opsi (6)

The change in the tangential stress at the outside wall of the
casing is (b=D)

A, A
S, =P,z) (1+ (%)2) -P, ) (1+ (%)2)

5 27 . .
S, = 30005 5.2 (L+ (0P 0 o2y (14 G219 =24587psi (7

The change in the radial strain is

Sp- (S, + S
e =X BB g a)

e, = (1-E2820 | 69106 (0)) =.246x 10 infin (14)

The change in the circumferential strain is

S, - (S, + S
e = t IJ.(E hl r)+B(At)

_ 245?3’3) -X,:i((;)6+ 0) +6.9x 106 (0) =8.20x104in/in (15)

The change in the OD is
AD=De, +te,
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AD=7%820x10%+ .362x-2.46% 1076

The new OD is
ODyew = ODgjq + AD

=7+565x%x103

= 5656 x 10'3 in

=7.00565 in

(32)

EXAMPLE #5

Find the new diameter of the

casing after an internal pressure -

of 3,000 psi is removed? Further,
assume that the
cemented

pressured at 3000 psiis 7".
is the micro-annulus problem.

The casing is cemented, thus it is -
assumed that it can not change .

length.

e, =0 17)

casing is .
in place and the :
diameter of the pipe while it is
This .

Betore

Hd
>
?

>

> > ¥y > >
Hd

>

~ o~

Micro-annulus

Algebra and leaping forward a few steips yeilds (T is Treal)

AT = 2u(AP;A; - AP A,)

- AE B(Ab)

R TS LR
P A I I O O
LI N D D 2 T O I U I

>
* > > >
LA 2 A R R I R B A

G A A Al

LR I )

R TS

i1
o

AT = 2*.3(-3000*30.935 - 0*38.485) - 7.549*30 x 106%6.9 x 10-6 (0)

AT = -55684 #

and the change in the axial stress is

T -55684
AS, = A ="77549

The change in the tangential stress at the OD is:

AS —AP(K)(1+( 27 - AP(A><1+(b>>

30.935

A, = -3000 C2222) (1 4+ () -

TUBULAR DESIGN AND USE

38485 6.276.2
0 e 1+ 7))

=-7376 psi

= -24587 }Ei

(19)

9

(7)
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The tangential strain is

St - WS, +S
ey = t u(EZ+ 2 + B (At)

o, = 22T ITI0LD) . 695 106.0) =-7.46x 104 infin (15)

The the radial strain is

S, - u(S; +S,)
ep=— UEt+ Z + B (At)

-.3(-24587 + (-737 .
er = 0 3( 23(??{ 1-*0-(5 3 6)) +69x 10'6 (O) =3.20x10 4 in/in (14)

The micro-annulus which is the change in the outside diameter is
AD=De;+te,

AD =7 *(-7.46x 104 + 362 * 3.20 x 10-4 =-5.28x 103 in

The new diameter is

ODnew = OD0]d +AD =7+ ('528 X 10-3) =6.995in
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BENDING STRESS IN DOGLEGS

Stresses caused by the bending of tubulars within doglegs is computed with one of
either two equations. Lubinski's bending equation resolves the stresses in which
the connections contact the wall of the hole but the wall of the tube does not contact
the wall of the hole. His equation not only requires a standoff at the wall but that
the tube not have bending moments acting on it (positive effective tension or
negative buckling tendency).

The second equation is the beam bending T
equation of mechanics. The equation '
requires that the wall of the tube fully
contacts the wall of a hole which is smooth
and circular; for example, slimline tubing
in casing. Partial contact near the midpoint
of a joint of pipe is possible and in which
case a value for the bending stress would lie
between the values computed with the two
equations.

LUBINSKI BENDING STRESS

Suppose in the above sketch that the plane
curve OA represents a free body of a section

of a tube between connections but does not include the connections. Further
suppose that as a result of connections that the free body does not contact the wall
- of the hole. The section weighs W pounds per foot in mud. The forces and
moments acting on the free body are the buoyed weight of the tube hanging below
the section and within the section, B, the bending moment created by the tubes
connected free body and at each end of the free body, EIC , and the shear at each

end by the tube, S

(9]
Y< Summing the moments around the point X at the lower
end of the free body, setting the positive direction of the
moments to be counter clockwise, and limiting angles to

small values gives the following equation.

=M =EIC, +S, X+ TY-[; WXsinB dX

*W Yx The integral is explained in the sketch. Note that the lever
arm of the buoyed weight is (a-x)sinf} if tanfl = sinf8 and

T(a—X)tan B

the force is W dx.

The sum of the moments is equal to the second derivative of the elastic line of the
tube. After integrating the weight term, the equation is
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The solution of the differential equation which satisfies the requisite boundary
conditions is

Y = f{lz— [(C, - @) (cosh KX - 1) + 5, (sinh KX - KX) + %(KX)2]

T
K =N\ &1
d . Y
a; cosh x =sinh x " 1
ad— sinh x = cosh x R L
X ) Qsin b

q 1 Qsinb

k2 EI

15 )
8o =K EI X

Suppose drill pipe is subject to conditions shown in the figure. If 2 L is the
distance between tool joints, a is the change in wellbore angle in the length L, C is
the curvature of the dogleg, then the pipe is parallel to the wellbore at L and a
boundary condition for the elastic line of the pipe is

( )XL—a—LC

If the pipe is not contacting the wellbore wall then shear cannot exist at L and a
secondary boundary condition is

d3y
3)X=L =0
b'e

3
d _(C q) sinh (KL) + s, cosh (KL) =0

sinh (KL) 0
(€y - @) Cosh(KL) cosh(RKL) ¥ 50 =

This boundary condition yields
=-(C, - q) tanh KL
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and the first boundary condition in combination with the last equation yields

oy =é[(co-q)Ksinh(KX)+sOKcosh(KX)-Kso+2%K2X - LC
1 K
C=§(Co—q)ftanh(1ﬂl)+q =C

28,  tanh (LVT/EI D,

C=(sr- Q)
ED "V TR

In practical problems the weight of the pipe over the length of the dogleg is
insignificant and the length of the tube is 40 feet; therefore

4310D C /T,
\D*- a¢ TANH|[ 0.2 eff ]

S-bz

For the convenience of designers, the term equivalent bending force, Fg, was

invented and defined to be the bending stress acting over the entire cross-sectional
area of the pipe. This allows designers to work with loads rather than stresses.
The equivalent bending force in conjunction with Lubinski's equation is

D2- ¢
3385 DC '\’Teff m

Frus =
eff
tanh[ 0.2\ [ > = 4l
Sy = bending stress in the outer fiber of the wall; psi
Fius = equivalent bending force; lb
C = curvature of the pipe; °/ft
Topr = effective tension in the pipe at the dogleg; 1b
D = OD of the pipe; inch
d = ID of the pipe; inch
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If the pipe is continuously in contact with the wall of the hole and collars do not
provide standoff, the equivalent bending force equation for beams applies and is

Fpeam = 17135 D C (D? - d?)

EXAMPLE

A string of 7" * 6.094" * 32 #/ft * P-110 casing has been run to 16,000 feet in 14.0 ppg
mud. A dogleg with a severity of 6°/100 feet exists where the effective tension in the
casing is 200,000 lbs. If there is no wall contact except at the collars, what is the
equivalent bending force acting on the casing in the dogleg?

2 2
3385 * 7 * .06 V200000 ‘\ ’ —7-——6—(&%
F 3 +6.094

= = 237,623 Ib
LUB ’
200000
tanh| 0.2
[ \j 74 -8, 0944]
If continuous wall contact were the case, then
Fpoam = 17135 * 7% .06 (72 - 6.0942) =853761b
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BUCKLING versus TENSION & COMPRESSION

A long tubular may be bent
or buckled and at same
location and time be in
tension.

Also, a tubular may be
straight and be 1in
compression at the same
location and time. There are
many so called, "neutral
points.” '

The buckling (or bending)
and tension situation for a
normal drill string is shown
in the sketch. Note that the
bottom part of the drillpipe is
in compression and straight
and that only the BHA is
buckled (or bent).

TENSION
T—[_ F NPT&C
STRAIGHT
COMPRESSION
BUCKLE
BUCKLED
ORBENT
Y
Z AN

Buckling is caused by moments while tension is caused by stréss.

In the drilling literature, the sum of all moments acting at a location within a
tube is known as the buckling tendency, the effective tension, or the fictitious

force.

The table summarizes the possibilities of moments and stresses, and the
experiments which demonstrate them.

TENSION & STRAIGHT BY
TENSION & BUCKLING BY
COMPRESSION & BUCKLING BY
COMPRESSION & STRAIGHT BY

TABLE OF MOMENT AND STRESS EXPERIMENTS

PULLING ON A RUBBERBAND . .-
PRESSURING A TUBE FIXED ONLY AT ITS ENDS
PUSHING ON A RUBBER BAND OR RULER
SUCKING A NOODLE INTO THE MOUTH
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CRITICAL BUCKLING EVENTS OF CASING

Post cementation loads are called stability loads and/or buckling and wellhead
loads.The wellhead load is the real tension in the casing just below the wellhead.
The buckling load is the moment in the casing at the top of the cement according
to the equations of W. R. Cox as published in the paper, 'Key Factors Affecting
Landing of Casing,’ DRILLING AND PRODUCTION PRACTICES, API, (1957),
P. 225. Several text books contain his equations; i.e., Craft, Holden, & Graves,
WELL DESIGN: DRILLING AND PRODUCTION, Prentice-Hall, Inc., 1962, and
Mitchell, DRILLING HANDBOOK, Mitchell Engineering, 1974.

Cox's equations only compute the real tension load in the casing at the wellhead
and the buckling load at the top of the cement. To find the real tension at any other
location it is only necessary to subtract the air weight of the casing from the
surface to the location. To find the buckling load at any other location it is only
necessary to subtract the buoyed weight of the casing between the top of the
cement and the location. Buoyed weight is the sum of the weights of the steel and
fluids contained in the casing less the weights of the fluids displaced by the
casing.

During the life of a casing string there will occur a set of loading conditions which
will peak the loading on the ¢asing while lowering its strengths to a minimum.
This condition is called the critical load condition. For example, it is well known
that axial compression reduces internal yield (burst) strength; therefore,
pressuring the casing with hot oil may create a critical buckling load condition.

It has been found that one of the listed ten sets of loadings (as given on the
following page) produces a critical load condition. Within the table the '+' means
an increase in the important variable or a resulting increase in buckling and/or
tension. A minus indicates a decrease.

For example, if the casing is tensioned after the cement sets but before inserting
the casing slips, (this is called pre-tension), then the important variable is tension
and it does increase and the effect is that buckling decreases and tension
increases. In practice if the casing is buckled or if the tension is excessive then
steps must be taken to alleviate the situation.

PRETENSIONING OF CASING

Casing is pretensioned for the purpose of preventing buckles during the life of the
casing. Pretension is the additional tension put in the casing above its natural
hook load at the time that the cement sets. Casing may be pretensioned by two
methods.

FIRST METHOD of PRETENSIONING THE CASING

The most popular method of casing pretensioning is to stretch it with rig hoisting
equipment after the cement has set and before the casing slips are set.
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TABLE OF CRITICAL LOAD PRODUCING OPERATIONS
OPERATION [IMPORTANT VARIABLES BUCKLING TENSION

Pre-tension Tension(+) - +
Casing pressure test Internal surface pressure(+) + +
Leak off test Internal surface pressure(+) + +
Drilling deeper Temperature(+) + -
Mud weight (+) + +
Fracturing Internal surface pressure(+) + +
Temperature(-) - +
Internal fluid density(-) - -
Kick " Internal surface pressure(+) + +
Temperature(+) + -
Mud weight(-) - -
Blowout Internal surface pressure(-) - -
Temperature(+) + -
Internal fluid density(-) - -
Close in on Blowout Internal surface pressure(+) + +
Temperature(+) + -
Internal fluid density(-) - -
Production Internal surface pressure(-) - -
Temperature(+) + -

Internal fluid density(-) - N

Braden head squeeze
Inner casing ‘
External surface pressure(+)
External fluid density(-)

Outer casing
Internal surface pressure(+) + +
Temperature(-)

]
+

A major problem is that the casing slips do not set instantaneoulsy upon slack-off
of the casing in the casing bowl. Because of this, additional load must be pulled
above the pretension load. The pretension that is put into the casing may be
ascertained with the rig weight indicator.
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Let us suppose that the casing weighs 200,000 lbs just after circulating cement
and the pretension load is to be 100,000 lbs. The block and lines weigh 35,000 1bs.
Now, when the slips bite the casing and set, the weight indicator should show
335,000 lbs. To accomplish this setting weight, it may be required to initially pull
350,000 lbs.

Regardless of what the pull, the final setting weight will be when the weight
indicator’'s hand falls rapidly during the setting process, figure 'C'. The hand
will not fall quickly before the slips bite, figure B’

A B C
335,000 335,000
» \ 350,000

35,000
TENSION & CASING SET
PRETENSION OVER PULL

SECOND METHOD

The second method is to internally pressure the casing prior to the setting of the
cement. The amount of tension put into the casing is the internal pressure
multiplied by the internal end area of the casing.

Suppose that it is desired to pretension a casing which has an internal cross-
sectional area of 31 sq. in., Aj, to a value of 100,000 Ibs. Then, the pretensioning

pressure, pP, required is given by the following equation.

Pretension 100000 .
pP = —T - = 31 = 3,226 psi

The lower portion of the casing and the bottom end must be free so that the
pressure can stretch the casing downward during the pressuring of the casing; if
not, the casing will not be pretensioned. N

If the casing is internally pressured prior to the setting of the slips and if the
weight indicator does not change during the lowering of the casing to set the slips,
then the casing will be pretensioned as planned.
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BUCKLING TENDENCY & WELLHEAD LOAD

Euler defined the buckling of a column as the continuous lateral displacement of
the column with constant axial loads. An oil field tubular is a column. It buckles
into a helix if contained in hole. BUCKLING IS MOMENT DEPENDENT AND IS
INDEPENDENT OF TENSION OR COMPRESSION. Recall that a moment is a
lever arm multiplied by a force. A tubular in a hole can buckle while in either
tension or compression. A tubular can be buckled while in either tension or
compression. Those who speak of 'buckling loads' or 'buckling tendencies' are
simply referring to only the force factor in the moment.

Buckling

Important phenomena which may create buckles in oil tubulars are the
following:

(1) Temperatures

(2)  Surface pressures
(3)  Fluid densities

(4) Evacuations

(6)  Slack-off

NORMAL BUCKLING ANALYSIS OF OIL TUBULARS REQUIRES THAT BOTH
ENDS OF THE TUBULAR BE FIXED. This is also true for the equations written in
this section. Those who have not readily comprehended the effects of the
phenomena, most often have falsely assumed that the change in the length of the
tubular is also the change in the distance between the fixed ends. A tubular may
increase in length between two fixed ends by buckling.

Temperature
Increasing the temperature of steel causes the steel to expand. After it expands in

length to a critical length, it will buckle; because, a longer length of tube must
occupy the constant distance between its fixed ends.

Surface Pressure
The volume which a tubular can contain, must increase with an increase in
internal pressure. Its containment volume can be increased by either an increase

in its diameter, or its length, or both. If the length of the tube and internal
pressure are sufficient, its length must increase and buckling will occur.

Fluid Densities

The effect of fluid densities is similar to surface pressures, in that, an increase in
densities raises the internal pressure.
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Evacuation

The effect of evacuation is similar to surface pressures, in that, an evacuation is a
decrease in internal pressure.

Slack-off

Slack-off is the lowering of the top of the tubular into the hole. This adds to the
length of the tube between the constant distance fixtures at the ends. Thus, the
lengthening of the tube causes it to buckle.

Wellhead Loads

The wellhead load is the force placed on the hanger assembly by the tubular. It is
equal to the load in the top of the tubular just below the hanger.

The wellhead load equation is a summation of the forces acting on the steel of the
tubular. The forces are the attraction of the steel by the earth and pressures acting
on cross-sectional areas of the tubular.

Equations

The four equations, two for buckling and two for loads, were modified from Cox's
derivations. Equations number 1 and 3 (on the following pages) apply to a tubular
which has free ends. This is the end condition of a tube before cement sets or
before a packer is set. This is often called the "as cemented" condition. Thereafter,
the ends are fixed and equations number 2 and 4 must be used. Final buckling
and wellhead loads are evaluated by algebraically adding any changes to the free
end solutions ("as cemented"”).

B'=B+AB
W =W + AW

If the value of B' is positive, then the tubular is buckled. If the value of B (as
cemented) is positive, the tubular is buckled after cementing and it will float out of
the hole. If the value of B is negative and cement has been circulated to the
surface, the tubular can never buckle. The reason is that lateral displacement of
the tubular and not take place. If cement is not circulated to the surface and
buckling occurs, the buckles begin at the top of the cement and diminish toward
the surface. The value of B or B’ only applies at the top of the cement which is also
the bottom end of the free tubular. During the life of a tubular many operations
will be performed with or within it One of the operations in the following list could
cause maximum buckling.

EVENTS VARIABLES
1. "as cemented u, h, v, w
2. test casing Ap
3. FPIT (leak-off test) Ap
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4. drilling deeper At, Aw
5. circulating out a kick At, Ap

6. during a blowout At, n

7. shuting in on a blowout At, Ap, n
8. hydraulic fracturing At, Ap
9. production At, Ap, n

Buckling 'as cemented’ at the top of cement

B =-hu+.0408 h (D2c - dw)

Change in buckling (after cement sets) at the top of cement

3 m?
H)

2
H)

AB= +.0408D2(-7THAv+ (v +Av)(4m +-

+.0408 A2 (+.TH Aw - (w + Aw)(.4 n +
+.314 (42 Ap - D2 AP) + 60 u At - As

Wellhead load 'as cemented’

W=+uL-.0408D?(hc+Hv)+.0408d2wL+.7854 (d2p-D? P)

Change in wellhead load after cements sets

AW =-.0122 H (D2 Av - d% Aw)
5 m2
7 )
2
- 0245 &2 (w + Aw) (n - 225

+.471 (4% Ap - D® AP) - 60 u At + AS

+.0245 D2 (v + Av) (m - -

Wellhead load at 'Z' depth down from the wellhead
i W'=W-uZ
Buckling at 'Y’ feet up from the top of the cement

B'=B'-Y (u+.0408 (D% v - 42 w))

(1)

(2)

(3)

4)
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= pickup load (-
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= change in surface pressure inside pipe after

cement sets, psi

= change in fluid-level outside pipe after cement sets,

(-rise in level)

= change in fluid-level inside pipe after cement sets,

(-rise in level)

average change in pipe temperature above cement

top after cement sets;’F

= fluid weight outside pipe when cement sets; ppg
= change in fluid weight outside pipe after cement

sets; ppg

= fluid weight inside pipe after cement sets, ppg
= change in fluid weight inside pipe after cement

= outside diameter of pipe, in.
= inside diameter of pipe; in.
= weight of pipe; ppf

= cement slurry weight; ppg

sets, ppg

= distance from cement top to hanger; ft.
= distance from pipe shoe to cement top; ft

= buckling tendency load, 1b
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EXAMPLE
10,000 of 7" * 6.276" * N-80 casing is run in 12 ppg mud and is cemented with 16
ppg cement. Surface pressures were 1000 psig in the annulus and 1500 psig

within the casing during the setting of the cement. Cement plugs were displaced
with 9 ppg mud.

The buckling of the casing "as cemented” is

B = -2000 * 26 + .0408 * 2000 (72 * 16 - 6.2762 * 9)
B =-52,000 + 35,048 = -16,952 Ib (not buckled)

The wellhead load of the casing " as cemented” is
W = + 26 (2000 + 8000) - .0408 * 72 (2000 * 16 + 8000 * 12)

+.0408 * 6.2762 * 9 (8000 + 2000) + .785 (6.2762 * 1500 - 72 * 1000)
W = + 260,000 - 255,898 + 144,633 + 7,915 = +156,650 1b

After the surface pressures are bled off, this is also called the "as cemented”
condition:

AB = +.314 (-1500 * 6.2672 - (-1000 * 72)) =-3,166 1b

AW = +.471[6.2762 * (-1500) - 72 * (-1000)]
W =+ 156,650 - 4749 =+151,901 Ib as cemented load
B =-16,952 - 3,166 =-20,118 1b as cemented buckling

Later, 25,000 Ibs are slacked off; the annular fluid density is changed to 15 ppg and
drops 1700°; the casing fluid is changed to 7 ppg and drops 6000’; the casing is
pressured w1th gas (negligible density) to 4000 psig; and the average temperature
of the free casing from the top of the cement to the wellhead drops by 15°F. ,

3* 17002
g000 )
* 2
+60 * 26 * (-15) - (-25,000) + .314 (4000 * 6.2762 - 0)

AB = +.0408 * 72 [-.7 * 8000 * 3 + (12 + 3) (4 * 1700 +

AB =-9,945 - 60,184 - 23,400 + 25,000 + 49,472 =-19,0571b
B+ AB =- 20,118 - 19,057 =-39,1751b
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AW = -.0122 * 8000 [72 * 3 - 6.2762 * (-2)]
5 *17002
8000
5 * 60002
8000
+.471[6.2762 * (4000) - 72 (0)] - 60 * 26 * (-15) + (-25,000)

+.0245 * 72 % (12 + 3X1700 -

- .0245 * 6.276% * (9 - 2) (6000 -

AW =-22,036 + 27,360 - 25,332 + 74,207 + 23,400 - 25,000 =+52,599 1b
W+ AW =+ 151,901 + 52,599 = +204,500 1b

Thus, the final buckling is -39,175 lbs and the wellhead load is +204,500 1bs. The
casing is not buckled and is in tension at the wellhead.
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INTERMEDIATE CASING DESIGN

An intermediate casing design must consider two factors which promote the
buckling of the casing: temperature and/or mud weight changes. It seems
reasonable that buckled casing, and therefore crooked casing, will wear at a
higher rate, by drill sting rotation, than unbuckled casing. The most critical of the
two factors is the rise in the average temperature of the casing while hot mud is
circulated from deeper and deeper depths. Normally, mud weight increases as
drilling progresses and casing buckles with higher mud weights.

EXAMPLE

Calculate the Hook Load required to prevent the buckling of the following
described intermediate casing while drilling at the final total depth. Select a
casing grade to run across the dogleg.

Casing: O0.D.: 95/8"
I.D.: 8.681"
Wt/Ft: 47 ppf

Length: 12,141

Mud: Casing set in 9.1 ppg water base mud.
After Drilling to Total Depth (19,281): 18.3 ppg

Cement:  Top of Cement Outside 9 5/8": 11,500
Wt. Of Cement: 15.9 ppg.

Geothermal Bottom hole Temperature: 371°F @ 19,281
Geothermal Surface Temperature: 50°F @ 0'

Hole: Final Total Depth: 19,281
Dogleg from 3100 to 3200" w/ a severity of 5°/100’

Temperature Effect

Make a temperature profile of the mud while circulating during drilling
operations. Assume that the temperatures of the 9 5/8" casing are the
temperatures of the mud. The initial temperatures of the casing will be the
geothermal temperatures. (See the equations below)

Circulating bottom hole temperature 6*(371-500+50 =243°F

Circulating flow line temperature 3*@B71-50)+50 =146°F

]

Circulating maximum temperature 7*371-50)+50 =275°F

]

Circulating temperature at the x =11,500/19,281 =0.6
bottom of the free casing
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T-50 R 5
371_50 =.3+.6'.4*.6 ‘.3*.6 =272T

Circulating average temperature from the surface to bottom of the free casing

T, -50

—— - 2 3
37155 =-3+5%6-.135%6%-.074%.6

CIRCULATING TEMPERATURE DIAGRAM
TEMPERATURE —=

GST FLT
SURFACE A

Annular
Circulating

AS CEMENTED Temperature

DEPTH CASING » . FREE
TEMPERATURE CASING
CIRCULATING
% CASING

TEMPERATURES

FCD Bottom Free Casing \
Top of Cement *

Geothermal ¥ \ |

Temperatures .
\ CEMENTED

MAXIMUM CASING

DMT _ normal

circulatin

TEMPERATURE

BILL MITCHELL
BHD

CBHT GTBHT

Geothermal (and cemented) average temperature from the surface to the bottom
of the free casing
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Ta—50
m=.5'.6 =146 °F

Average Casing Temperatures

Initial =146 °F

Final =222°F
Increase in the average casing temperature to final total depth:

222 - 146 =76°F (rise)
EQUATIONS FOR THE VALUES ON THE SKETCH

FLT = .4 (GTBHT - GST) + GST OIL MUD

FLT = .3 (GTBHT - GST) + GST WATER MUD

DMT = .7 BHD
MCT = .7 (GTBHT - GST) + GST

CBHT = .6 (GTBHT - GST) + GST

BUCKLING TENDENCY of the casing as cemented
B =-h*w+.0408 h (D® * MW, - d?* MW,)
=-641 * 47 + 0408 * 641 (9.6252 * 15.9 - 8.6812 *9.1)
=-30,127 + 38,523 - 17,935 , =-95391b

Change in buckling after drilling to 19,281 feet

AMW =18.3-9.1 =9.2 ppg
At =222-146 =76°F
AB  =+0408 *d?* (.7 *L* AMW,) + 59.8 * w * At

= +.0408 * 8.6812 (.7 * 11,500 * 9.2 ) + 59.8 * 47 * 76

=+ 227,711 + 213,606 lbs =+441,3171b
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B’ =-9,539 + 441,317 =+431,778 b final buckling tendency

Must pull 431,778 lbs above hook load after cement sets to prevent buckling while
drilling at total depth.

WELLHEAD LOAD after cementing

W=+ w*(h+L)-.0408 * D* (h * MW, + L * MW,) + .0408 * d* * (h + L) * MW,

= +47 *12,141 - .0408 * 9.6252 (641 * 15.9 + 11,500 * 9.1) + .0408
* 86812 (641 + 11,500) * 9.1

=+ 570,627 - 434,073 + 339,700 =+ 476,254 1b
WELLHEAD LOAD after drilling to TD
AW =+.0122 % d2 * L * AMW, - 59.8 * w * At + As
=+.0122 * 8.6812 * 11,500 * 9.2 - 59.8 * 47 * 76 + 431,778
=+ 97,271 - 213,606 + 431,778 =+3154431b
W' =+476,254 + 316,501 =+ 791,697 1b
EQUIVALENT TENSION in casing at the top of the dogleg

WTOD =W -w*Y Newton's Law of Motion

where: Y = Depth to top of dogleg

Wrop =+ 792,755 - 47 * 3100
=+647,0551b load in casing at top of dogleg

LUBINSKI bending load caused by the dogleg

2 o a2
3385 *9.625 * .05 * \/647055 * \/ 9.625" - 8.681

2 2
- 9.625% + 8.681 -+ 422418 1b

3
TANH [\/ 0.2 46470554
9.625 - 8.681

TOTAL TENSION LOAD in outer fiber of casing wall

Load = WTOD + TL

= 647,055 + 422,418 = 1,069,473 1b
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Casing Selection

The body yield strength and joint strength of the casing within the dogleg must be
superior to the load caused by the dogleg.

The API listed body strength of 9 5/8" * 47 ppf * P-110 casing is 1,493,000 1bs and its
joint strength is 1,500,000 lbs.

Adjusted Strength =1,493,000 * .875*.9 = 1,175,738 1b

where: .875 = wall thickness
.9 = API yield point ambiguity

The tension design factors for P-110 casing and real loads are as follows
D.F. body =1,175,738/1,069,473 =1.10
D.F. joint =1,500,000/1,069,473 =140

If the dogleg is NOT considered, the design factor at the depth of 3,100 is as
follows

D.F. body =1,175,738/647,055 . = 1.82
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TUBULAR STRENGTHS

BIAXTAL FACTOR DEFINED

APT's revision of Bulletin 5C3, February 1, 1985,
contains its new method for the computation of tubular
collapse pressure resistance. It requires that the
minimum unit yield strength of the steel in the
tubular be adjusted rather than a direct adjustment of
the collapse pressure resistance. API has called the
adjusted minimum unit yield strength, 'axial stress
equivalent grade’, and has given it the symbol, 'Ypa'.

For reasons of brevity, the adjusted minimum unit
yield strength is commonly called the adjusted yield strength. The following
equation which is derived from the 'Maximum Strain Energy of Distortion at
Yield' theory forms the basis of the biaxial factor.

Ypa]2 _ Ypa] (LA, [T/A]2 .
Yp YP YP Yp
LetU = %&
P
A = plain end area of the tubular or casing; in2
T = axial load in the wall of the tubular; lbs

Substitution and solving for Y pa’ gives the API equation for the adjusted biaxial
yield strength of the steel:

3 S 1S
v 329012 1%
Ya -Yp[[1‘4(YP)] " 3YP

Care must be observed while using this equation, because it is well known that the
"axial stress equivalent grade” of steel may be increased as well as reduced. For
example, tension reduces the collapse pressure of pipe while it increases the
internal yield pressure.

The commensurate triaxial stress equation is inherently more accurate than the
biaxial equation. Several authors have written that the percent differences in
required pipe strength between the two theories will be less than 18%. This means
that if 95,000 psi casing, as computed with the biaxial, is required, then in reality
112,100 psi casing may be needed.

Biaxial factors, Bx, for both tension and compression are defined by the following
equations. Because of the adjustment of the sign which occurs before the last
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term, both tension and compression loads may be substituted in the appropriate
position as positive values.

Biaxial Factor Equations
' 3,5, 2 1§ 15,
Tension-collapse Bx =[ 1-7 (ﬁ) ] - 5Y7P
1
S 5 S
Tension-burst Bx =[ 1- %(?%)2 ] 2 + %ﬁ
1
S > S
Compression-collapse Bx =[ 1- %(Y—%)z ]2 + %?313
1
S = S
Compression-burst Bx =[ 1- %(—;)2 ]2 - %—;
EXAMPLE

Calculate the adjusted yield strengths of 7" 26 ppf N-80 casing for both collapse
and burst purposes for a tension load of 400,000 pounds. Its nominal plain end
area 1s 7.549 square inches.

400000/7.549
U =7 80000 = 0.6623

Y, =80,000%[(1-.75% 66232)° - 5 * 6623]
Y pa = 39,037 psi (for collapse computations)
Y, =80,000%[(1-.75% 66232 + 5* 6623]

Y pa =92,024 psi (for burst computations)

API COLLAPSE RESISTANCE

The API Bulletin 5C3, fourth edition, February 1, 1985, recommends four
equations for computing the collapse pressure resistance of tubulars. The choice
of equations is based only on the D/t ratio of the tubular.

Equation 1 is a theoretical equation which is based on the yielding of the inner

wall of a tubular. It is Lame's equation and it is well known in the literature of
mechanics of materials.

Equation 2 is an empirical equation which was derived from collapsing 2,488
tubes composed of K-55, N-80, and P-110 grades. API calls these values the 'plastic
collapse pressure’ of tubes. It should be noted that API expects one-half percent of
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the tubulars which fall into the range of equation 2 to fail with a frequency of 95
percent.

Equation 3 is an arbitrary equation which was generated by connecting the plastic
collapse equation 2 with the elastic collapse equation 4. It holds no theoretical or
empirical substance.

Equation 4 is a theoretical equation which is based on the bifurcation of the wall of
the tubular without yielding. Bifurcation of the wall of a tube is similar to the
axial buckling of a column in which the material of the column is not yielded.
Bresse reported the solution to elastic buckling in 1866. The yield strength of the
steel, Yp , is not adjusted in this equation.
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AP| COLLAPSE RESISTANCE OF TUBULARS TABLE
PROPERTIES AP| FACTORS FOR COLLAPSE CRITICAL ‘Dﬂ RATIOS
GRADE _Yp _A B C F G COL1 COL2 COL3
H40 40,000 2.950 0.0465 755 2.063 0.0325 16.40 27.01 4264
J,K65 55,000 2.991 0.0541 1,206 1.989 0.0360 14.81 25.01 37.21
C75 75,000 3.054 0.0642 1,806 1.990 0.0418 13.60 2291 32.05
L,N80 80,000 3.071 0.0667 1,955 1.998 0.0434 13.38 22.47 31.02
C95 95,000 3.124 0.0743 2,404 2.029 0.0482 12.85 21.33 28.36
P105 105,000 3.162 0.0794 2,702 2.052 0.0515 12.57 20.70 26.89
P110 110,000 3.181 0.0819 2,852 2.066 0.0532 12.44 20.41 26.22
P125 125,000 3.238 0.0895 3,301 2.106 0.0582 12.11 19.63 24.46
V150 150,000 3.336 0.1021 4,053 2.174 0.0666 11.67 18.57 22.11
API COLLAPSE EQUATIONS

(1] P, =2*Y,* 1()1; ';t); (D/t < Column 1)

1P, =Y *[A-B]-C (Col 1 < D/t < Col 2)
pc p DA

Bl P, =Y *[L-G] (Col 2 <D/t < Col 3)
te p ‘DA

[4] P 465950000 (D/t > Col 3)

ec

" O * (D - 17
A=+2.8762+0.10679*10° ¥ Y +0.21301¥1070* Y_2-053132¥1010 * Y _°

B = +0.026233 + 0.50609 * 10°*Y

C =-465.93 + 0.030867 * Y__ - 0.10483*107 *Y_ 2 + 0.36989*10 % * Y 3
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3*X78

46.95 * 106 * [

2+ X B
F= X =+
3*X 3*X A
Ypa [2+X X] I:1'2+X
B
G=F*%

API COLLAPSE RESISTANCE (NO TENSION)

To ascertain the API collapse pressure resistance of tubulars, it is only necessary
to adhere to the following procedure (see the table on the preceding page).

1. Compute the D/t ratio of the tubular.

2. Find the minimum yield strength of the steel in the column
denoted by 'Yp' which is the second column from the left.

3. Compare the D/t ratio for the tubular with the critical D/t ratios in
the far right hand columns.

4. Select the correct collapse equation by comparing the values of the
critical D/t ratios with the D/t ratio of the tubular.

5. Substitute the appropriate API constants, A, B, C, F, and G, into
the selected collapse equation.

6. Compute the collapse pressure resistance of the tubular.

EXAMPLE
Compute the API collapse pressure resistance of 7" 26ppf N-80 casing.
D/t = 7.000/.362 = 19.34
This value of D/t ratio lies between columns 1 and 2 of the critical D/t ratio

columns on the right side of the table. Thus, the correct collapse equation is
equation 2, the plastic collapse equation.

A
Ppc =Yp*['ﬁ/{-B]-C
071 .
P, =80,OOO*[19 24 - 06671 - 1955 = 5,414 psi

The rounded off table value published by API is 5,410 psi.
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API ADJUSTED COLLAPSE RESISTANCE (WITH TENSION)

The API, within Bulletin 5C3, 1985, recommends two procedures for the
computation of the effect of axial stress (tension or compression ) on the collapse
pressure of tubulars.

EXAMPLE

Compute the adjusted collapse pressure resistance of 7" 26 ppf P-110 with an axial
tension of 83,040 pounds. Cross-sectional area is 7.549 square inches.

The procedure begins with the computation of the biaxial factor and the adjusted
minimum unit yield strength of the steel in the tubular.

1. Compute the relative stress variable U.

T
u =24
p
83040/7.549
Y ="Tio000 =01

2. Compute the biaxial factor.

Bx =[(1-.75*U%)%. 5*U]
Bx =[(1-.75%0.1%2)° - 5% 1] =0.946

3. Compute the adjusted yield strength (axial stress equivalent
grade) of the steel.

Y,, =Y, *Bx

Y pa = 110,000 * 0.946 = 104,087 psi
4. Compute the constants A, B, C,-F, and G.

A =+2.8762+0.10679*10°* Y +0.21301*1070* Y 2-0.53132*107° Y3

A =+28762 +0.10679*10™ * 104,087 * 0.21301*10 ~10 * 1040872 -0.53132 * 10716 *
104,0873

= 3.158

B =+0.026233 + 0.50609 * 1076 * Y,
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B =+ 0.026233 + 0.50609 * 106 * 104,087 =0.0789

C =-465.93+0.030867 * Y -0.10483* 1077 *Y_*+0.36989 * 10713 * Y 3

C =-465.93+0.030867 * 104,087 - 0.10483 * 1077 * 1040872 + 0.36989 * 10713 *

1040873
=2,675
B .
LetX = A In the next formula.
X =0.0789/3.158 =0.02498
pa = 104,087
*
46.95 * 10° * [g +§] .
F = =2.051
[3 2. 3 Xy
2 + X
_B . ., 00789 |
G =F'A —2051"‘3158 = 0.0512
5. Compute the critical (D/t) ranges in order to select the proper

collapse equation.

[(A-2%+8*(B+C/Y )%+ (A-2)

D/, = 2% (B+C0/Y,)

[(3 158- 2)% + 8 * (L0789 + 2675/104087) I° + (3.158 - 2)
2*(.0789 + 2675/ 104087)

= 12.59 and less

*(A-D

. pa
(D/t)pt =C +Ypa *(B-G)

_ 104087 *(3.158 - 2.051) 92075
= 2675 + 104087 * (.0789 - .0512) -

_2+B/A
~3*B/A

(DA,
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2 + .0789/3.158
= 3*.0789/3.158 =27.02

6. Collapse ranges for selection of collapse equation.
(D/t) for YIELD collapse = 12.59 and less
(D/t) for PLASTIC collapse =12.59 t0 20.75
(D/t) for TRANSITION collapse =20.75 to 27.02
(D/t) for ELASTIC collapse = 27.02 and more

Note the Elastic collapse value is not altered by the adjusted yield strength of the
steel. Always use Yp in equation 4, and never use Ypa.

7. Compute the nominal D/t ratio for the casing.

7
D/t = 369 =19.34

8. Select the correct collapse equation.

Because the real D/t ratio for the casing is in the D/t range of PLASTIC collapse,
the plastic collapse equation is to be used.

wp A
Pp =Ypa ‘ [D/t.B].C

= 104,087 * [El’>91 58

34 - 0789 1-2,675 = 6,110 psi

API INTERNAL PRESSURE RESISTANCE

The API, in Bulletin 5C3, February 1, 1985, divides the internal pressure
resistance of tubulars (BURST) into three areas:

1. INTERNAL YIELD PRESSURE OF THE WALL OF THE TUBE

2. INTERNAL YIELD PRESSURE OF THE COUPLINGS

3. INTERNAL PRESSURE LEAK RESISTANCE
The API lists the smallest of the values calculated within the three areas as the
API internal pressure resistance of the tubular. This procedure could lead to

problems. For example one may be interested in the internal yield pressure of the
wall of the tube rather than the listed value which may be the leak resistance.
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INTERNAL YIELD PRESSURE OF THE WALL OF THE TUBE

The internal yield pressure (burst) of the wall of a tube is given by the following
API formula. The factor 0.875 accounts for the minimum wall tolerance. This is
the thin wall formula of mechanics and loses accuracy as walls thicken.

2*Y.
P =0.875 * [ T ]
t
P = internal yield pressure of the wall; psi
Yp = yield strength of the steel; psi
t = wall thickness of the tube; inches
D = external diameter of the tube; inches

EXAMPLE

Compute the internal yield pressure for the wall of 7" 6.276" 26 ppf LT&C N-80
casing. t =0.362

2% *0.362
P =0.875 *{ 8000? 0.362, , = 7,240 psi

The API lists the same value of 7,240 psi.

INTERNAL YIELD PRESSURE OF COUPLINGS

Computation of the internal yield pressure of couplings requires two publications
of API. These are the Bulletin 5C3 and Standard 5B.

EXAMPLE AND EQUATIONS

Compute the internal yield pressure for the coupling of 7" x 6.276" 26 ppf LT&C
N-80 casing. Wall thickness, t, is 0.362.

W-d,

P = YC * [ W ]
P = minimum internal yield pressure of couplings; psi
Y. = minimum yield strength of couplings; psi

= 80,000 psi
A = nominal external diameter of coupling; inches

= 7.656 inches
d; = diameter at the root thread of the coupling; inches

For round thread casing and tubing use
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P =80,000 * [7'6567f665'(757162] =9,241 psi

Computation of variables for API's equation.
d, =E; -[L, +A]*T-|-\H-2*S)m
=6.90337 - [2.92]1 + .375]* 0625 + 0.10825 - 2 * .017 =6.77162
E, = pitch diameter at hand tight plane; in. (Std 5B)

= 6.90337 inches (TABLE 2.3, page 7, Std 5B)
L, =length, end of pipe to hand tight plane; in (Std 5B)

= 2.921 inches (TABLE 2.3, page 7, Std 5B)

A = hand tight standoff; in. (Std 5B)
= column 12 / column 3 (TABLE 2.3, page 7, Std 5B)

=3/8 _ = .375in
T =taper = 0.0625 in/in
H = thread height, inches
" =0.08660 for 10 TPI
= 0.10825 for 8 TPI

Srn = 0.014 inches for 10 TPI
' = 0.017 inches for 8 TPI

For Buttress thread casing use:

P = 80,000 * [-220-5545, = 8,464 psi

Computation of variables for API's equation.

d, =E;-[L; +1]1*T+.062

=6.954 - [2.2160 + 0.5 ] *.0625 + .062 =6.846
E, = pitch diameter; inches (Std 5B) =6.954 in
L, =length of perfect threads; inches (Std 5B) =2.2160in
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PIPE SIZE
inches

45  S5through13.375  over 13.375
= 0400 0.500 0.375

T= 0.0625 0.0625 0.0833

INTERNAL LEAK RESISTANCE OF COUPLINGS

The appropriate equations and tables for the computation of the internal pressure
leak resistance of couplings in the API Bulletin 5C3 and Standard 5B.

EXAMPLE AND EQUATIONS

For 8 round thread casing use

| 117188 * N *[W2-E,%]
P =

E, *W?

p _117188*4.5*[7.656- 2.903372] - 14,281 psi
6.90337 * 7.656

P = internal pressure leak resistance of couplings; psi

A = hand tight standoff, turns (Std 5B) = 3 turns

N =A+15 =3+15 | =45

W = external diameter; inch = 7.656 inches

E, = pitch dia. at hand tight plane; inches (Std 5B) = 6.90337

For Buttress thread casing use
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3000000 * T * N * [ W2 - E?]
P =

E- * W2
* * * 2. 2
b _ 3000000 *.0625 * (1 + 1.5) g 7.656° - 6.954°] _ 11,795 psi
6.954 * 7.656
PIPE SIZE
13.375" and smaller 16" and larger

T = .0625 .0833
N = A+15 A+1

PIPE BODY YIELD STRENGTH

The API pipe body strength is the axial load fequired to yield the tube. This
equation does not reduce the body strength of a tubular for tolerances on
dimensions or for the API yield point anomaly.

— % *TN2_ 42
Py =0.784 Yp [ D“-d“]
Py = pipe body yield strength; lbs
Yp = minimum yield strehgth of steel; psi
D = external diameter of tube; inches

internal diameter of tube; inches

EXAMPLE

Compute the API body strength for 7" 6.276" 26 ppf N-80 casing.

P, =0.784*80,000 * 72 . 6.2762] = 603,930 Ib
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CASING STRENGTHS TABLE (API SPEC. 5CT)

Group Grade

1 H40

N8o
2 C75

C75

C95
T95
T95
T95

3 P105
P110

4 Q125
Q125
Q125

Type Yield Tensile Hardness Specified Extension
psi psi Ultimate HRC Wall for yield
min max psi max Thickness percent
inch
40,000 80,000 60,000 .5
55,000 80,000 75,000 .5
55,000 80,000 95,000 .5
80,000 110,000 100,000 .5
1,23 175,000 90,000 95,000 .5
9Cr 75,000 90,000 95,000 2 .5
13Cr 75,000 90,000 95,000 2 .5
1 80,000 95,000 95,000 23 .5
9Cr 80,000 95,000 95,000 2 .5
13Cr 80,000 95,000 95,000 23 .5
1,2 90,000 105,000 100,000 25.4 3.0 0.500 or less .5
1,2 90,000 105,000 100,000 24.5+4.0 0.501t00.749 .5
12 90,000 105,000 100,000 25.4+5.0 0.750 to 0.999 .5
1,2 90,000 105,000 100,000 24.5146.0 1.000 and above .5
95,000 110,000 105,000 .5
1,2 95,000 110,000 105,000 25.4+3.0 0.500or less .5
1,2 95,000 110,000 105,000 25.414.0 0.501 to 0.749 .5
1,2 95,000 110,000 105,000 25.4+5.0 0.750 to 0.999 .5
105,000 135,000 120,000 .6
110,000 140,000 125,000 .6
125,000 150,000 135,000 .. £3.0  0.500 or less .65
125,000 150,000 135,000 ... 4.0  0.501t0 0.749 .65
125,000 150,000 135,000 ... £5.0  0.749 and above .65

#Additional page in book after page 69.

AMinimum elongation in 2 inches in percent rounded to nesrest 1/2 percent is

e =625,

A0:2

000>
09
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CASING SHORT-THREAD DIMENSIONS
All dimensions in inches, except as indicated. Sec Fig. 2.1.
See Appendix B for metric tables.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
inal Length Total Pitch gnd % Lencth
m| N : ota i : Minimu
vvnelﬂ'::: ’ End of Length: Dumcter Ce:::rwo( F:c:e‘o{ Tiand- ic-‘sr;;am
Threads No.of  Plpeto End of Counling, Covpling Diameter Depth _ Tight  Full Crest
Size: and Threads Hand- Lcnn.h: Pipe to lhnd Posver- to Hand- of of StandofT, Threads,
Outside Coupling, Per Tight . Effective Vanish Ticht Tight Tight  Coudling Coupling Thread From End
Diameter Major th. per ft.  Inch Plane ‘Threads Point Plane Make-Up  Plane Recess Recess  Turns of Pipe
D Dixmeter L; Le L; £, J M Q q A Le¢®
4% 4.500 9.50 8 0.921 1.715 2.000 4.40337 1.125 0.704 4% % 3 0.875
4% 4.500 Others 8 1.546 2.340 2.625 4.40337 0.500 0.704 439, % 3 1.500
5 5.000 11.50 8 1421 2215 2.500 4.90337 0.750 0.704 5% % 3 1.375
5 5.000 Others 8 1.671 2.465 2.750 4.90337 0.500 0.704 5 Yy % 3 1.625
5% 5.500 Al 8 1.796 2.590 2.875 5.40337 0.500 0.704 5%, % 3 1.750
6% 6.625 All 8 2.046 2.840 3.125 6.52837 0.500 0.704 62Y,, P 3 2.000
7 7.000 017};00 g %.(2)96 gggo 2375 233337 1.28g 0.704 T % 3 %388
7 7.000 thers .046 840 3.125 .90337 0.5 0.704 7Y % 3 A
7% 7625 8 2104 2965 3250 752418 0500 0709 7, % 3% 2125 Cow r( \g Grades
8% 8.625 24.00 8 1.854 2715 3.000 8.52418 0875 0.709 8y, % 3y 1875 “\ e
8% 8.625 Others 8 2.229 3.090 3.375 8.52418 0.500 0.709 8% % 3% 2250 LESY \
9% 9625 A 8 2229 3090 3375 952418 0500 0709 9%, % 3% 2.250(1) € P .
9% 9.625 All 8 2.162 3.090 3.375 9.51999 0.500 0.713 9%, % 4 2.250(2) €— Fl o &»-4; EREE »J A~
10% 10.750 32.75 8 1.604 2.465 2.750 10.64918 1250 0.709 1027, % 3% 1.625(1) K
10% 10.750  Others 8 2.354 3215 3500 1064918 0500 0.709 10?7, Y% 3% 2.375(1)
10% 10.750  Other 8 2.287 3215 3.500 10.64499 0.500 0.713 10%7,, % 4 2.375(2)
1% 11.750 All 8 2.354 3215 3.500 11.64918 0.500 0.709 1127, % 3% 2.37:(1)
113 11.750 All 8 2.287 3215 3.500 11.64499 0.500 0.713 11#%, % 4 2.3732) R
13% 13.375 All 8 2.354 3215 3500 13.27418 0.500 0.708 137, % 3% 2.373(1) & ,)8 >
13% 13.375 All 8 2.287 3215 3.500 13.26999 0.500 0713  13'W, 1% 4 2.375(2) Cow)&ncg i
16 16.000 All 8 2.854 3.715  4.000 15.89918 0500 0.909  16Y, % 3% 2875
18% 18.625 87.50 8 2.854 3315 4.000 1852418 0.500 0.709 182, % 3% 2875 L\’%' ‘\\ i< -
20 20.000 All 8 2.854 3.715 4.000 19.89918 0.500 0.709 20%. % 3% 2873 «- N
20 20.000 All 8 2.787 3.715 4.000 19.89499 0.500 0.713 20", % 4 2.875(4) K-S ~—d e s -':‘h \
Included taper on diameter, all sizes, 0.0625 in. per in. !
CASING LONG-THREAD DIMENSIONS '
All dimensions in inches. except as indicated. See Fig. 2.1.
See Appendix B for metric tables.
1 2 3 4 5 (1 7 8 9 10 11 12 13
End of
Length: Tetal Pitch Pipe to Tength: Minimum
End of Length:  Diameter Center of Fnee of Length,
No. of Pipe to - End of at Coupling,  Counli Di Demh Hand-Tight Full Crest
- .She: T - +  Threads Hand. Length:  Pipeto Hand- Power- to Hand- of Standoff. Threads,
Outside Major Per Tight Effective  Vanish Tight “Tight Tight Coupling Gouollnx Thread From End
Diamecter Diameter Inch Plane Threads , Point Plane Make-Us Plane Recess  Recess Turns of Pipe
D Dy L Le L E; J M Q q A Le*
A% 4.500 8 1.921 2.715 3.000 440337 0.500 0.704 4% Y% 3 1.875
5 5.000 8 2296 3.090 3375  4.90337 0.500 0.704 5% % 3 2.250
5Y% 5.500 8 2421 3215 3500 5.40337 0.500 0.704 519/, % 3 2.375
6% 6.625 8 2.796 3.590 3875 6.52837 0.500 0.704 6%, % 3 2.750
7 7.000 8 2.921 3.715 - 4.000 6.90337 0.500 - 0.704 e % 3 2.875
T 7.625 8 2.979 3.840 4.125 7.52418 0.500 0.709 Ty ¥% 3% 3.000 o
8% 8.625 8 3.354 4.215 4500  8.52418 0.500 0.709 82%, Y% 3% 3.375 N -
9% 9.625 8 3.604 4.465 4.750  9.52418 0.500 0.709 92, % 3% 3.625(1) ‘é -
9% 9.625 8 3.537 4.465 4.750 9.51999 0.500 0.713 92, % 4 3.625(2) e
20 20.00 8 4.104 4.965 5250 19.89918 0.500 0.709 20%%, % 3% 4.125(3 s -
20 20.00 8. 4.037 4.965 5250 19.89499 0.500 0.713 20%. % 4 4.125(4)
Included taper on diameter, all sizes, 0.0625 in. per in.
. . . . BUTTRESS CASING THREAD DIMENSIONS
All dimensions in inches, except as indicated. See Fig. 2.2. See Appendix B for metric tables.
1 2 3 4 5 6 1 8 9 10 11 12 13 14
End of End of Minimumn
“Total Pipe to Pipe to Length.
Length: Centerof Conterof Length: Length: Hande Full Craxt
i No. of Endof Coupling, Coupling. Face ol Endof Tight Diameter Threads
S e TR leen Romh o ERe L, e M Gl peen samen a0 Ten
uisi A 3 i il
Diameter Diarneter Inch  Threads Threads Point Diam:ler‘ Mak:-l‘lp M‘nl:e—Up Pl:ne Er TSY:::S’ 1';::’:::1 ?:‘&:f;ﬁ?: 21:59:
D D, .g L- L. Es J Ja A A Q Le*
i % 4.516 5 1.984 1.6535 3.6375 4.454 0.500 0.900 1.884 342 % 4.640 1.2535
5 §.(_)IG 5 1.984 1.7785 3.7¢25 4.954  0.500 1.000 1,784 4 1 5.140 1.3785
S% 3.316 5 1.984 1.8410 3.8250 5.454  0.500 1.000 1.784 4% 1 5.640 14410
6% 6641 - 5 1.984 2.0285 4.0125 6.570  0.500 1.000 1.784 47 1 6.765 1.6285
7' 7.016 5 1.984 2.2160 4.2000 6.951  0.500 1.000 1.784 44 1 7.140 1.8160
T3 7.641 5 1.984 2.4035 43875 “1.579  0.500 1.000 1.784 441 1 7.765 2.0035
8% §.641 5 1.984 2.5285 4.5125 8.579  0.500 1.000 1.784 412 1 8.765 2.1285
9,"2 9.641 5 1.984 2.5285 4.5125 - 2579 0.500 1.000 1.784 413 1 9.7G5 2.1285
IO?t 10.766 S 1.984 2.5285 4.5125 10704  0.500 1.000 1.784 443 1 10.890 2.1285
117, 11.766 S 1.984 2.5285 4.5125 11704  0.500 1.000 1.784 14 1 11.890 2.1285
13% 13.391 S 1.984 2.5285 4.5125 13.329  0.500 1.000 1.784 411 1 13.515 2.1285
16 16.000 5 1.488 3.1245 4.6125 15938 0.500 0.875 1.313 413 % 16.154 2.7245
‘13% 18.625 5 1.488 3.1245 4.6125 18.563  0.500 0.875 1.313 412 % 18.779 2.7245
20 20.000 5 1.488 3.1245 1.6125 19938  0.500 0.875 1.313 L§t] % 20.154 2.7245

Included taper on diameter: Sizes 13% in. and smaller — 0.0625 in. per in.
Sizes 16 in. and larger -— 0.0833 in. per in.

Std 5B: Specification for Inspection of IMipe Threads
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API HYDROSTATIC TEST PRESSURES

The API's hydrostatic test pressures for plain-end pipe, extreme-line casing, and
integral joint tubing are calculated with the following formula. (Exceptions for
line pipe are noted in Bulletin 5C3).

Test Pressure for the Wall of Casing & Tubing

2*S
P = 2
t
P - = hydrostatic test pressure rounded to nearest 100 psi
for casing and tubing; psi '
S = fiber stress as a percent of specified minimum yield
strength as given in the following table.
t = nominal wall thickness; inches
D = external diameter of pipe; inches
TABLE OF FACTORS FOR TEST PRESSURES
GRADE SIZE 'S’ MAXIMUM
: wW/0
AGREEMENT
HA40, J55 & K55 9.625" & under 80 3,000
10.750" & larger 60 3,000
L80 & N80 all &0 10,000
C75thru P110 all 80 10,000
EXAMPLE

Compute the API hydrostatic test pressure for 7" 6.276" 26 ppf N-80 casing (wall
thickness = 0.362").

p =2 (.80 80;)00) 0.362 = 6,619 psi

Note that this value is 80 percent of minimum internal yield strength.

Test Pressures for Coupling Yield and Leak Resistance

Coupling yield test pressure is 80% of yield and leak resistance test pressure is
100% of leak resistance.
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TOLERANCES ON DIMENSIONS

The following table shows the tolerance on manufacturing dimensions for API
tubulars. The following problem shows by example the affect of tolerances on the
strength of API casing.

EXAMPLE

Compute the minimum body yield strength of 7" 6.276" 26 ppf N-80 casing.

Nominal wall thickness, t = 7 62276 =0.362 in

Wall thickness tolerance =.125*¢

Minimum wall thickness =0.362*%(1 - .125) =0.317in

Tolerance on OD . = +.01 or -.005 of nominal OD

Minimum OD =7*(1-.005) =6.965 in

Minimum ID = Minimum OD - Wall thickness
=6.9475 - 2%0.317 =6.314in

Minimum Cross-sectional Area

7854 * (OD? - ID?)
7854 * ( 6.9652 - 6.3142)

=6.789 sq in
Adjustment of API yield strength factor =0.9
Yield strength = 80,000 * .9 = 72,000 psi
Minimum body yield strength =72,000 * 6.789 =488,842 Ib
The difference between API and the Adjusted = 115,158 1b
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Percent difference below the API minimum body yield strength value is

. API value - Adjusted Value
% diff = API Value * 100

= 6040384-0%%8842 *100 =19 %

TUBULAR DESIGN AND USE & MITCHELL Box 1492 Golden CO 80402



TOLERANCES ON DIMENSIONS AND WEIGHTS

OUTSIDE DIAMETER, D erances do not apply for a distanee of 1y, from the
Tolerance enel of the pipe.
dincandsmaller (ool = 0.79 mm . 3
din.and larger ool +1.00 percent Pipe 5_"’*'*" on. Tolerance,
-0.50 pereent m mm
For upset casing the following tolerances apply to 2% 3% +2.48 -0.79
the vutside diameter of the pipe body immediately 4 +2.78 -0,79
behind the upset for a distance of approximalely A% +2.78 -0.75% D
127 mm for sizes 5% in. OD and smaller, and a dis-
tance approximately equal to the OD for sizes WALLTHICKNESS. f...oooeneeene -12.5 percent
larger than 5% in. Measurements shall be made .
with calipers or snap gages. WEIGIHT:
Tolerances Singlelengths.. oo, +6.5 percent
Pipe Size, OD, Behind M, or Ly, -3.5 percent
in. mm Carload lots ....oevieiiiiiiinnninnns -1.75 percent
1.050-3.500 +2.38 -0.79 A carload is considered t be 2 minimum of 40.000
4.000-5.000 +2.78 -0.75% D 1b (18144 kgr).
5.500-8.625 +3,18 -0.75% D
9.625 and larger +3.97 -0.75% D

INSIDE DIAMETER. d. is governed Ly the outside

For 2% in. and larger external-upset tubing the dixmeter and weight tolerances.

following tolerances shall apply to the outside
diameter at distance L, from the end of the pipe.

The measurements shall be made with snap-gages UPSET DIMENSIONS: )
or calipers. Changes-in diameter between L, and Tolcrances on upsct dimensions are given in Tables BUTTRESS THREAD CASING COUPLING
14, shall be smooth and gradual. Pipe body OD tel- G.4. 6.6, 6.7, and 6.8.
APIDRILL PIPE LISTt Outside Diameter
1 2 3 4 5 6 Steer Reculur Cinaace Lonr
Size: Calculated Lid e Ne
Qutside Nominal Plain-end Wall , - -
Diameter, Weight, Weight, Grude Thickness, Upset Ends. for Weld-on g% gggg gggg g{;
P | -7 (S — S N— Tool Joints 5% 6.050 5.875 9%
in. mm tb/ft kg/m in. mm
D 14 ¢ 6% 7.390 7.000 9%
> 7 7.656 7.375 18%
2y 60.3 6.65 626 932 EX.G.S 0280 711 Ext. Upset ZZ 3;222 Siig io’/.
2% 73.0 10.40 9.72 1448 EX.G.S 0.362 9.19 Int. Upset or Ext. Upset 9% 10.625 10.125 10%
2 Wi 1.250 10
3% 889 9.50 8.81 13,12 E 0.254 G645 Int. Upset or Ext. Upset %g.-;: i%"zgg 1. ceen 10? .
3% 88.9 13.30 12.31 18,34 EX.G.S 0.368 9,35 Int. Upset or Ext. Upset 13% 14.375 (PPN 10%
3% €89 1550  14.63 21,79 E 0449 1140 Int. Upset or Ext. Upset . 17,000 10%
3y 88.9 15.50 14.63 2179 X.G. S 0449 1140 Ext. Upset or Int.-Ext. Upsct llg%. 20.000 10%
4 1016 1400 1293 1926 EX.GC.S 0330 838 Int. Upset or Ext. Upset 0 21000 e 10%
A 1143 13.75 12.24 18,23 E 0.271 6.88 Int. Upset or Ext. Upsct
Y 114.3 16.60 14.98 22,31 EX.G.S 0.337 8,56 Ext. Upsct or Int.-Ext. Upset
4% 114.3 20.00 18.69 2784 EX,G.S 0430 1092 Ext. Upsetor Int.-Ext. Upset
5 1270 16.25 14.87 22.15 X.G.S 0.296 752 Int. Upset
K] 127.0 19.50 17.93 26,71 E 0.362 9,19 . Int-Ext. Upset
5 1270 19.50 17.93 26,71 X.G. S 0.362 9.19 Ext. Upset or Int-Ext. Upset
5 127,0 25.60 24.03 35.79 E 0.500 12,70 Int-Ext. Upset
5 127.0 25.60 24.03 35,79 X.G.S 0.500 12,70 Ext. Upsct or Int.-Ext. Upset OUPLING
. s SASING C NG
5i 1397 21.90 19.81 29,51 EX.G.S 0.361 9,17 int.-Ext. Upset ROUND-THREAD CASD
SY% 1297 24.70 22.54 33,57 EX.G.S 0415 10.54 Int.-Ext. Upset
6% 168.3 25.20 22.19 33,05 E 0.330 8.38 Sce footnote
tDrill pipe with special end finish is available under this specification, See Par. 7.1. Minimum Length
Upset requirements for 6% in. — 25.20 1b. drill pipe not established. Slzet Quiside Shors Tons
Dt ter ort® n
ame NL N‘
API PLAIN-END CASING LINER LIST
5" $503 o 7%
1 2 3 5 :
Size: 3 : 5% 6.050 6% 8
Octaide Plafa.End v ,
Din:cur. Weixb: Crade T'h:_:;’un g% ;ggg 7,2 g"
in == /1 ke/m in. . 7% 8.500 7% 9%
2 t 8% 9.625 % 10
3% 88.9 9.91 14,76 J 0.289 734 g 2 1% 10%
i 101.6 11.3¢ 16,89 3 0.286 7.26 133 iggég 8 s
4y 1143 13.04 19,42 J 0.290 7.37 11y 12.750 8 e
5“ 12 4,9 17.93 26,71 J 0.362 9,19 133 14.375 8 cean
5% 1397 19.81 29,51 J 0.361 9,17 “ )
6% 1683 27.65 41,18 J 0.417 10,59 16 17.000 9 cene
18% 20.000 S veen
21.000 9 113%

TENSILE REQUIREMENTS

1 2 3 4
Yield Strength

Tensiie Strength

Grade min. max. min.
—_——— PN ——
psi MPa psi MPa psi MPa
E-75 75.000 517 105.000 724 100,000 689
X-95 95.000 655 125,000 862 105.000 724
G-105 105.000 724 135.000 $31 115.000 793
S-135 135.000 931 165.000 1138 145.000 1000
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MAKE-UP TORQUE FOR API COUPLINGS

It is written in the API Bulletin 5C3, February 1, 1985, on page 39 that the optimal
make-up torque is one percent (1%) of the calculated joint pull-out strength for
round thread casing and tubing. The minimum value is 75% of the

optimal value and the maximum is 125% of the optimal.

ROUND THREAD WITH BENDING AND TENSION

API Bulletin 5C3, page 24, gives the following formula which was taken from the
work of Clinedinst for the affect of bending and tension on the fracture strength of
round thread pipe. Two bending cases exist.

No Bending

The joint strength of pipe is the lesser of its ultimate fracture strength, Pu, and its
jump out strength, Pj.

P, =0.95*A *U_

|4
05L+014D T L+014D

0.74 D% = U Y
P, =0.95*Ajp*L[ L ]

Bending with Tension

The strength of a joint with combined bending and tension is found by reducing
the ultimate fracture joint strength. Two cases exist and depend on the axial
tensile stress. '

Py
Case #1 A——>Y
ip P
140.5 * B * D\5
— * * .
P, =095*A *[ U, - ( Uy )]
P p
Py
Case #2 A—<Y
jp P
U -Y
® * P D *
P, =0.95%A [o.sm +Y,-218.15 B+*D |

A, =.7854% [(D-0.142572 -(D-2*t)?]
bending; degrees/100 ft

nominal external diameter of pipe; inches
nominal internal diameter of pipe; inches

Ao W
T
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L =Ly - M (APIStd. 5B) p. 81 of text

Y o = minimum yield strength of pipe; psi
t = nominal wall thickness; inches
'{‘Up = minimum ultimate strength of pipe; psi (API Spec.
5CT) see page 80
EXAMPLE

Compute the coupling strength of 7" 6.276" 26ppf LT&C N80 casing if it is in a 20
deg/100ft dogleg.

U, =100,000 psi

B =20.0deg/100ft
D =7.0 inches
L =L4-M =4-0.704 = 3.296

t = 0.362 inches
A, =.7854*[(D- 0.1425)% - (D - 2 * t)2
= 7854 %[ (7-0.1425)2 - (7-2* 362)2] = 5.998 in?
No Bending
P, =095%A *U  =0.95%5998*100,000 = 569,829 Ib
0.74 D™ *7 o Y,
Py =095% A, *LIGg5T 704D * T+0.14D

. 0.74 * 7-59 * 100000 80000
=0.95%5.998%3.296 [ 5 x5 3996+ 0.14*7 * 3.296+0.14%7 )

P.
J
=514,1451b

The value of the joint strength listed by API is 519,000 lbs which is the smaller of
the two values.

Bending

140.5*B*D
_ * * (—
P, =095*A *[U-(

]
v )8
U, -Y)
140.5 * 20 * 7 5
(100000 - 80000)3

Py, =0.95*5.998 *[ 100000 - (

Py = 464,945 Ibs (case #1)
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Py 44045

_ = 717,517
A, ~59% y

Note that this value of 77,517 psi is less than 80,000 psi which the Yp value for N80.
Thus, this value does not apply and is not the reduced joint tensile strength.

U,- Y,
Py =095*A *[ g +Y, 21815*B*D]

100000 - 80000

P, =0.95%5.998*[ 0.644 + 80000 - 218.15* 20 * 7 ]
= 458,782 Ib (case#2)
P
b 527699 .

Note that this value of 76,489 psi is less than 80,000 psi which is the Yp value for
N80. Thus, the joint strength of this casing in a 20 degree per 100 foot dogleg is
458,782 lbs.

Thus, it has been ascertained that the maximum tensile load which this casing
can bear is 458,782 lbs while it is in a 20 degree per 100 foot dogleg.
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TUBULAR CONNECTIONS

Tubular connections have two functions: (1) NO To Much
support tension and compression loads and (2) Interference Interference
contain fluids under pressure. Connections fall
into two categories: API and proprietary. The API
recognizes four connections

1. Round thread
a. long
b. short

2. Buttress thread

3. Extreme-line CROW! BLACK

4. Line pipe \

Loads are supported by threads. API modified
thread dope seals the ' connections except for
buttress thread which must be plated. Common
platings are tin, zinc, ECCENTRICITY and metallic phosphate.

The illustrations show some of the SLOW ' FAST
problems manufacturers have in  pagT BOX SLOW X
making a connection. All of the p)y PIN

API connections are classified as

interference connections. TAPER TOLERANCE
BLACK THICK PIN
NORMAL THIN PIN ATHREADS —u———CROVVh

—"\/\J\A/\/\A/J A, A \A/W\/V\,q

The bearing stress, which is a result of interference, is produced while torquing
the connection and is the most critical aspect of making-up a connection. Bearing
stress is the stress between the pin and collar. Proper bearing stress is achieved
for an ideal connection by making buttress thread up to the base of a stamped
triangle, and by making round thread up until the collar covers the last thread on
the pin. Because there are few ideal connections, torque turn devices are popular.

To prevent galling of the surfaces of the pin and collar, API
- recommends that make-up speeds do not exceed 25 rpm for all
"\,% sizes of pipe. Others recommend that the surfaces not have a
relative velocity of more than 50 feet per minute. The rpm's

BEAL which corresponds to this relative velocity for 7 inches pipe is

rpm = ﬂ:é% 12 =27.3 rpm
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<

Proprietary connections use threads for supporting loads |

and one or more of the following for sealing the |
connection. "

1. Elastomer which may act as O-ring or as |

packing [ g
2. Bevelled shoulder and a bead N
3. Interference of the threads on the pin and |
collar d |
4. Near square shoulders on the pin and SKEWNES: .
collar

Except in unusual events only one of the multiple seals

P‘ which are manufactured within the connection will be

' effective, and the others may or may not serve as back ups
SHOULDER in cases where the effective seal begins to leak.

Galling, dirt, and seal damage are the primary causes of
leaks. Gaining proper torque may also be a problem.

SLACK-OFF BENDING LOADS Elastometer

Slacking off weight can cause the tubular being slacked-off
to buckle. The bending stress at the location in the tubular at which the effective
tension is being applied is given by Lubinski's equation

g OD*(H-OD)* Ty
Sb_n OD4_ID4

Lubinski also published the following equation for the purpose of ascertaining
whether the tubular is bent or buckled. He called this load which induces
buckling the, CRITICAL BUCKLING LOAD.

173 -

F,, =80.13 *[B2 (OD? - ID%? * (OD? + ID?)]

Sy = bending stress in outer fiber; psi

OD = outside diameter of tube; in

ID = inside diameter of tube; in

H = hole diameter containing the tube; in
T ¢ = effective tension; b

B¢ = buoyancy factor

F ool = critical buckling load; 1b
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EXAMPLE

20,000 pounds are slacked-off onto the bottom of the hole with 7" * 6.094" casing in

a 36" drill hole which contains 14 ppg mud. Is the casing buckled and what is the
stress caused by buckling?

14
Bf= 1- 6545 (bouyancy factor) =.786
3
F,, =80.13% [.7862 (72 - 6.0942)3 * (72 + 6.0942)] =35761b
8 . 7%(36-7)*20000
_ % x = 10,118 psi
Sy Il 74 - 6.094% IO DS

The tube is buckled and the bending stress alone will not fail N 80 steel.
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SURFACE AND DOGLEG RUNNING LOADS
IN DIRECTIONAL AND VERTICAL HOLES

Tubulars have been broken and parted while being run. Axial tension loading, at
any one point in the tube, may be at its highest intensity while that point is being
lowered through the rotary table. Further, if a tube enters a dogleg, an additional
bending load must be added to the tension load.

In directional holes, the true vertical length of a section of tube changes as the
section passes from one position to another position. Thus, the tension at one
particular point in the tube changes with its depth in a hole. Also, in a directional
hole, the build section is a dogleg and the maximum tension load may occur while
the top of a section of tube is in the top of the build. This is also true for a dogleg
which has increasing inclination with depth. If the inclination angle is
decreasing, most likely the maximum tension will occur while the tube is at the
bottom of the dogleg.

EXAMPLE

Casing: 16"%15.124"75ppf *7,769'

buoyed wt.: 64.2 ppf :

Mud: 9.4 ppg RKB T

buoyancy factor: 0.8564

Directional: '

target departure: 3,875 . ,

target tvd: 6,154 E'ngﬁ - 1.510'

build gradient: 2 °/100' oin - o '
kop: 1510 . Build 2°/100

3.683'

The following contains a table of VD
values and their explanations.

3.977
MD

49.3430°
Slant Angle

1. Final resting
depth (MD) of a
point, X', in the 7.769'
casing after the Measured Depth
casing has been 6.154" .
run to total depth. = 3.875
Depths are TVD Target Departure
selected to yield
sufficient casing loadings for the purpose of selecting casing.

2. Length (MD) of a segment of casing hanging below the point of
interest, 'X'. This length (MD) can not and will not change.

3. TVD of the bottom of the casing with the top of the segment at the
surface. This is also the true vertical length of the casing for
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computing surface running loads. Column (3) = Column (2)
transposed.

4. Surface running load. It is also the buoyed weight of the casing as
it is being run at the surface. Column (4) = Column (3) * wt per
foot * buoyancy factor.

5. Length (MD) of casing which is hanging below the top of the
dogleg. This is also the depth (MD) of the bottom of the casing with
X' at the top of the dogleg.

6. TVD of the bottom of the casing with 'X' at the top of the dogleg.
Column (6) = Column (5) transposed.

7. True vertical length of the casing segment below the top of the
dogleg. Column (7) = Column (6) - dogleg depth (TVD).

8. Buoyed weight of the casing hanging below the dogleg. Column (8)
= Column (7) * weight per foot * buoyancy factor.

9. Lubinski's bending force is computed with the load in Column (8).
10. This is the 'continuous wall contact’ bending force.

11. The dogleg running load is the sum of Column (8) and the larger
of Column (9) or Column (10).
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TABLE OF SURFACE & DOGLEG RUNNING LOADS IN A DIRECTIONAL WELL

X' LENGTH TVD WEIGHT MD TVD VERTICAL buoyed LUBINSKI  CIRCULAR DOGLEG
IN  BELOW WITH WITH WITH WITH  LENGTH WEIGHT BENDING BENDING RUNNING
THE POINT 'X'AT XAT X'AT 'XAT OF IN FORCE LOAD LOAD
CSG X SURF SURF DGL DGL SEGMENT DLG 1000'S 1000'S 1000'S
M (2) 3) (4) 6 (6 (7) 8) ©) (10) (11)
o 7769 6154 395261 - - - = - - -
500 7269 5828 374313 -- - - - - -- -
1000 6769 5502 353384

1510- 6259 5169 331997 7769 6154 4644 298277 -- -- -
1510+ 6259 5170 332060 7769 6154 4644 298277 190 1560 488
2000 5769 4851 311572 7279 5828 4318 277338 187 150 464
2500 5269 4525 290634 6779 5509 3999 256849 184 150 441
3000 4769 4199 269695 6279 5183 3673 235911 181 150 417
3500 4269 3873 248757 5779 4857 3347 214973 178 150 393
3977 3792 3542 227497 5302 4546 3036 194997 176 150 371
4500 3269 3160 202962 4779 4205 2695 173096 173 150 346
5000 2769 2729 175279 4279 3880 2370 152221 170 150 322
5500 2269 2260 145156 3779 3549 2039 130962 167 150 298
6000 1769 1769 113620 3279 3169 1659 106555 163 150 270
6500 1269 1269 81506 2779 2738 1228 78872 159 150 238
7000 769 769 49392 2279 2270 760 48814 155 150 204
7500 269 269 17277 1779 1779 269 17277 150 150 167
75156 254 254 15698 1754 1754 244 15698 150 150 166
7769 0 . 0 0 1510 1510 0 0 0 150 150

DOGLEG RUNNING & SURFACE

RUNNING LOADS |
0 50 100 150 200 250 300 350 400 450 500
b 0 —+—t : : —t i.-'"'r —
E o000 ="
b 1
Il{‘ 4000 - SURFACE
a-m
ft 6000 4+ ././l‘.
8000 "

LOADS, Ib

The chart is a plot of the measured depth of the casing after being run in the drill
hole (listed in column 1) in the above table versus the surface running load (listed
in column 5 and the dogleg running load (listed in column 11)).

TUBULAR DESIGN AND USE H MITCHELL Box 1492 Golden CO 80402

.




TUBING DESIGN
TUBING MOVEMENT AND STRESS COMPUTATIONS

Neutral Point
Tubing designs are resolved with the paper written by /_> Y
Lubinski, A., "HELICAL BUCKLING OF TUBING [~
SEALED IN PACKERS", AIME TRANSACTIONS
(Jornal of Petroleum Technology), JUNE, 1962.

ASSUMPTIONS

The following problem is one in which tubing is used to
squeeze cement casing perforations. The following
assumptions, which are standard in most tubing design
methods, are made
1. the tubing fills with the fluid which is
within the casing as it is run ™
2. no surface pressures are applied Whlle F
running the tubing (no snubbing)
tubing is at geothermal temperatures immediately after running
initial length of tubing is as measured in the hole
movement of tubing depends only on the following
slack-off
pressure area forces
gravitational attraction of steel
ballooning
fluid flow friction
fictitious force (Lubinski's)
temperature changes
tresses in tubing depend only on the following
. packer to tubing force
internal and external tubing pressures
bending
gravitational attraction of steel
temperature changes

AR

WOy RO A0 TP

° Qoo

Properties of Steel:
Poisson's ratio v =.3 in/in
Adiabatic linear expansion coefficient b = 6.9E-6 in/in/F
Modulus of Elasticity E = 30E+6 psi
STEPS - WHATTODO?
1. Record the tubing O.D.; D =2.875 inch

2. Record the tubing 1.D; d = 2.441 inch
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3. Record the nominal weight of the tubing; W, =6.5 ppf

4. Record the diameter of the hole; H = 6.094 inch
5. Record the packer bore diameter; D b = 3.25 inch
6. Record the depth of the packer; D b= 10,000 ft

7. Record the initial surface pressure within the tubing; p ; = 0.0 psi
- 8. Record the initial surface pressure within the tubing annulus;
p,; = 0.0 psi
9. Record the final surface pressure within the tubing;
p;¢ = 5,000 psi Ap,.= 5,000 psi
10. Record the final surface pressure within the tubing annulus;
p¢= 1,000 psi Ap ¢ = 1,000 psi
11. Record the initial API gravity of the fluid within the well;

API = 30.0 "AP1
12. Record the final weight of the fluid within the tubing; MW.. = 15.0 ppg

13. Record the force slacked-off(+)/picked-up(-) on to packer; Fp = 20,000 1b
14. Record the initial temperature of the tubing; T, = 150°F
15. Record the final temperature of the tubing; Te = 130°F
16. Compute the outside end area of the tubing; sq in.
A, =.7854*D? =7854*STEP1® =.7854*2.875° =649sqin
17. Compute the inside end area of the tubing; sq in.
A, =.7854*d® =.7854*STEP2® =.7854*2441° =4.68sqin
18. Compute the nominal cross-sectional area of the steel of the tubing; sq

in.
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A =7854*(D? -d%) =.7854 * (STEP 12 - STEP 22)

7854 * (2.875% - 2.4412) =1.81sq in

19. Compute the ratio of the tubing O.D. to the tubing 1.D.; in./in.

O0D. STEP1 2875 e e
R =ID =STEP2 =2441 =1.178 ln/m

20. Compute the weight per inch of steel in the wall of the tubing; lb/in.

W, STEP3 65

Ws =120 = 120 120 =.542 Ib/in
21. Compute the moment of inertia of the tubing; in*

I =6l4 *(D*-dbh  =.0491* (STEP 1* - STEP 2%)

= 614 *(2.875% - 2.441%) = 1.61in%
22. Compute the radial clearance; in.
H-D STEP4-STEP1 6.094 - 2.875 .
r = = = =1.611in
2 2 2

23. Compute the depth of the packer; in.

Lp = D—p *12 =STEP 6 * 12 =10,000 * 12 = 120,000 in

24. Compute the cross-sectional area of the packer bore; sq. in.

A D2 =7*STEP5? =7 %325 =8.30sqin

_ITy
p 4 p!
25. Compute the initial specific gravity of the fluid within the well; ppg.

1415 _ 1415 1415 _ a762
S80il 1315+ APl ~ 1315+ STEP 11 ~1315+30 ~—°

26. Compute the initial fluid weight within the tubing; ppg.

MW.. =sgg * weight of water @ 60°F (Ib/gal)

=STEP 25*8.337 =.8762*8.337 =7.30 ppg
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27. Compute the initial fluid weight within the annulus; ppg.

MW . = sg,; * weight of water @ 60°F (Ib/gal)
= 7.30 ppg (same steps as in STEP 26)
28. Compute the final fluid weight within the annulus; ppg.
MW . =sg,; * weight of water @ 60°F (Ib/gal)
= 7.30 ppg (same steps as in STEP 26)
29. Compute the change in the fluid weight within the tubing; ppg.

AMW, = MW_.- MW, =STEP12-STEP26 =15.0-7.3 ="7.7 ppg
30. Compute the change in the fluid weight within the annulus; ppg.

AMW =MW .- MW _. =STEP28-STEP27 =7.30-730 =0.0ppg

31. Compute the initial pressure within the tubing at the depth of the
packer; psi.

P..

11

052 * MW, *D_ +p; =.052* STEP 26 * STEP 6 + STEP 7

052 *7.30 * 10,000 + 0.0 = 3,796 psi

32. Compute the initial pressure within the annulus at the depth of the
packer; psi.

P, =.052* MW *D_+p, =.052*STEP 27 *STEP 6+ STEP 8

=.052 *7.30 * 10,000 + 0.0 ’ = 3,796 psi

33. Compute the final pressure within the tubing at the depth of the packer;
psi.

P

if 1

052 * MW, *D_ +p,; =052 * STEP 12 * STEP 6 + STEP 9

.052 *15.0 * 10,000 + 5,000 = 12,800 psi

34. Compute the final pressure within the annulus at the depth of the
packer; psi.

P, =.052*MW *D_+p, =.052*STEP 28 *STEP 6+ STEP 10
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=.052 *7.30 * 10,000 + 1,000 = 4,796 psi

35. Compute the change in pressure within the tubing at the depth of the
packer; psi.

AP, =P,- P, =STEP33-STEP31 =12,800-3,796 =9,004 psi

36. Compute the change in pressure within the annulus at the depth of the
packer; psi.

AP =P_.-P. =STEP34-STEP32 =4,796-3,796 = 1,000 psi

37. Compute the fictitious force on the end of the tubing; 1b.

Fg=A *(Py-P) =STEP 24 *(STEP 33 - STEP 34)

= 8.30 * (12,800 - 4,796) =66,4331b

38. Compute the change in the fictitious force; lb.
AF, = A, *(AP;e- AP o) = STEP 24 * (STEP 35 - STEP 36)
=8.30 * (9004 - 1000) =66433b
39. Compute the real pressure area force on the end of the tubing; lb.
F, = Ay -A) *Pe- (Ap-Aa) *P,
= (STEP 24-STEP 17)*STEP 33 - (STEP 24-STEP 16)*STEP 34
=(8.30 - 4.68) * 12,800 - (8.30 - 6.49) * 4,796 =37,6551b

40. Compute the change in the real pressure area force on the end of the
tubing; lb.

AF, = (A -A)* AP~ (A -A)* AP
= (STEP 24-STEP 17)*STEP 35 - (STEP 24-STEP 16)*STEP 36
= (8.30 - 4.68) * 9004 - (8.30 - 6.49) * 1000 =30,7841b

41. Compute the final weight per inch of the fluid within the tubing; lb/in.
w, =MW, *A,/231.0 =STEP 12 * STEP 17/231.0

1

=15.0 *4.68/231.0 =.3039 Ib/in
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42. Compute the final weight per inch of the fluid displaced by the tubing;
1b/in.

w, =MW _*A /231.0 =STEP 26 *STEP 16/231.0

(o]
=17.30 *6.49/231.0 =.2051 lb/in
43. Compute the buoyed weight of the tubing at final conditions; lb/in.
We =W+ W, - W, =STEP 20 + STEP 41 - STEP 42

=.5420 + .3039 - .2051 =.6408 lb/in

44. Compute the distance from the lower end of the tubing to the neutral
point; in.

Fr  STEP37 66433

£ .

45. Compute the change in tubing length caused by Hooke's law
(STRETCH); inches.

L,*DF,  STEP23*STEP40 120000 * 30784

E*A, -  E*STEP18 - 30E+6+181 - 6803in

ALl =-

46. Compute the change in tubing length caused by buckling; in.
2 x 2 2
7 * AT (AP - AP o)
§*E*1*w,

AL2 - =

_ STEP22% *STEP 242 * (STEP 35 - STEP 36)°
= 8 *E * STEP 21 * STEP 43

1.612 *8.30% * (9004-1000)2 i
=- T 8 *30E+6* 1.61 * .6408 = -46201in

47. Enter the Pressure Friction Loss because of fluid motion Pg psi/in (flow

direction: +down/-up).

Pf’ =.0083 psi/in
48. Compute the interim variable p;;; Ib/in3.
MW..
ii STEP26 7.30 .
Piis =537 = 931 =931 =.0316 Ib/in3
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49. Compute the interim variable p.g 1b/in3.

MW,  gsTEP12 150

_ _ _ _ 3
Pir =7231 =~ 231 ~ 9231 = .0649 Ib/in

50. Compute the interim variable Ap; Ib/in.
Ap; =py-p;; =STEP49-STEP48 =.0649-.0316 =.0333 Ib/in
51. Compute part #1 of the ballooning effect; in.

Ap..- R% * Ap

v if of

Part #1 =-7%* *
E R2-1

L

_ 2*3 , STEP9-STEP 19% * STEP 10
~ 30E+6 STEP 192 - 1

* STEP 23

_2*.3,5000-1.178 * 1000
~ 30E+6 1.1782-1

* 120000 . =-2236in

52. Compute part #2 of the ballooning effect; in.

2 1+ 2v
B;- B80T D" Fr,

R2:1 P

*

Part #2 =-

=l <

STEP50-0 - (12'6) * STEP 47

STEP 192 -1

= - (.3/30E+6) * * STEP 232

.3, .0333-(1+.6/.6) * .0083
~ 30E+6 1.1782-1

*120,000% + (-22.36) = -4.15in

Tubing ballooning effect change = STEP 51 + STEP 52 =-26.51 in

AL, =-26.51in

53. Compute the change in temperature of the tubing; °F

AT =Tg- T, =STEP 15-STEP 14 =130- 150 =-20°F
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54. Compute the change in tubing length caused by the temperature
expansion/contraction effect; in.

AL4 =Lp*b*AT =STEP 23 * b * STEP 53
= 120,000 * 6.9E-6 * (-20) =-16.56 in
55. Compute the required seal length for a free motion packer; inch
AL =AL; + AL, + AL3 + AL,

= STEP 45 + STEP 46 + STEP 52 + STEP 54

= (-68.03) + (-46.20) + (-26.51) + (-16.56) =-157.30in
56. Compute the virtual tubing length change caused by the packer force
effect; in.
. LF, ©°F7
AL

EA * 8Ewa

_ STEP23*STEP 13 = STEP 222 * STEP 132
=" E*STEP18 ' 8*E*STEP21*STEP43

_ 120000 * 20000 1.612 * 200002
="30E+6 * 1.81 T 8*30E+6 * 1.61 * .6408

=48.39in

57. Compute the required seal length if the tubing locator lifts off of the
packer; in. v

ALy =AL+ ALp = STEP 55 + STEP 56 =-157.30 + 48.39 =-108.91 in

IF THE TUBING IS FIXED TO PACKER OR TUBING DOES NOT LIFT OFF

58. Plot a force-length change curve as shown by using several values of F
and computing AL with the following equations.

Lp W= 120,000 * 0.6408 = 76,896 1b
Lp Fp
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Lpr r2F2

LF, rF? L L,
EQN 3 AL_EpA +8Ewa [pjf(z- :Vf)] Fo>Lw

FORCE LENGTH CURVE
F dL F dL
P P

-20,000 +40.0 +60,000 -170.1

0 0 +70,000 -205.8
+10,000 -23.1 +80,000  -243.6
+20,000 -48.3 +90,000 -282.0
+30,000 -75.6 +100,000 -319.9
+40,000 -104.9 +110,000 -358.0
+50,000 -136.5

FORCE - LENGTH TUBING PLOT

MOVEMENT; inch
e q
5
Z
N
n
—
8

EQN. 3BEGINS

FORCE; 1b

59. 'A’ is located by intersecting the Force-Length Change curve with the
value of F, (STEP 37), + 66,433 1b.
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60. 'B'is located by moving a vertical distance equal to dLg (STEP 57) up or
down from point ‘A’. The direction to move is found from the sign of dLg.

If it is negative,then move up; if it is positive, then move down, up 108.91
in. .

61. 'C'is located by drawing a horizontal line from B’ to the curve.

62. Line 'BC’, 33,000 lb, is the new packer force, Fp'. The change in packer

force is caused by the changes in temperature, pressure, and fluid
density within the tubing.

F = -33,000 Ib.

63. Compute the new fictitious force; 1b.
Fo =F;+F p' =STEP 37 + STEP 62 =66,433 + (-33,000) =33,4331b

64. Compute the new pressure area force on the end of the tubing; lb.

F,& =F+ Fp' = STEP 39+ STEP62 =37,655+(-33,0000 =4,655Ib

a
65. Compute the axial stress; psi.
s, =F, /A, =STEP64/STEP18 =4,655/181 =2572psi
66. Compute the bending stress; psi.

_D¥r*Fy _ STEP 1 * STEP 19 * STEP 63
T 4F] = 4*STEP 21

2.875 * 1.178 * 33433 .
= 15161 = 17,582 psi

67. Compute the triaxial stress at the outer diameter of the tubing wall
(tension and compression); lb.

2
P P.-R2P 51.5
[suf of +(lf of +s) ]
R2 . { b

STEP 33 - STEP 342 _STEP33-STEP 192 * STEP 34

=[3 )"+ % "
STEP19 STEP 19 - 1

+ STEP 65 + STEP 66)2]°

12800 - 4796 2 ,12800 - 1.1782 * 4796
=[3 ¢ > )"+ 1 >
1.1787 - 1 1.178% -1

+ 2572 + 17582)3>

= 50,744 psi
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- 2
Pe-P 2 P -RP 215
_ ( if ~of if of ) ]
802 ...[3 2-1) +(—‘2-1 +S4 Sb)

R R
2
TEP T - STEP 19° * STEP 34
(3 (STEP33- s EP 34)2 STEP 33 STE 1;9 1 + STEP 65 - STEP 66/
STEP 192 ]
2
12800 - 47 -1.178% * 4796
3 02 96}2 (12800 11;8 + 25721758225
1.178 1.178° -

= 36,842 psi

68. Compute the triaxial stress at the inner diameter of the tubing wall
(tension and compression); lb.

2 2
RSP, -P_()\ 2 P.,-RP $.\ 215
s, =[3 \( if of) ("it of .o, b) ]

+
R2 -1 \ R2.
STEP 19°(STEP 33-ST 3 .
¢ ( 33 EP 342  STEP 3S§FLEPP1199. : STEP34 oo oo SsTng ?3)2]
STEP 192-1
2 2
1.178%(12800 - 4796).2 12800 - 1.178° * 4796 17582
-3¢ ( 2 )2, ¢ : + 25724 1178)2]5
1.178° - 1 1.178
= 59,787 psi
R2(P..-P_.) P. R2 P s
[3 ( 1f of ) ( if ” b )2 ]-5
i2 = + Sa' R
STEP 19%(STEP 33 STEP 34)2 STEP 33-STEP 192 * STEP 34 S7Ep a5 STEP862.5
={3( +1 STEP 19 - 1 + “STEP 19
STEP 19°-1
1.178°%(12800 - 4796)2 12800 1. 1782 * 4796 17582 2.5
=[3 ¢ +2572-7—=>52) ]
s a2 t 1782 . 1 25727178
= 49,746 psi

69. Pick the largest value computed in steps 67 and 68. This is the required
minimum yield value of the steel in the tubing.

Required minimum yield value = 59,787 psi

70. Ascertain if the initial slack-off, Fp, yields the steel in the tubing.

F D*r*F
P P
YP > abs As+ ESi ]
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STEP 13 STEP 1*STEP 22*STEP 13

>abs| STEp g * 4*STEP 21
bs[ 20000 | 2875 161 * 20000
>absl 787 + 4*161

NO Yield, if Yield of steel is >254251b
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DRILLPIPE DESIGN
INTRODUCTION

Drillpipe may fail because of stresses induced by one or a combination of the
following phenomena.

1. Tension load
(a) Gravity
(b) Pick up
(¢c) Temperature
2. External pressure (collapse)
3. Internal pressure
: (a) Burst
(b) Leaking of joint
4. Bending
(a) Shear :
(b) Equivalent tension
5. Fatigue
(a) Rotation in doglegs
6. Crushing .
(a) Slips
(b) Stacking
7. Torsion (twisting)
(a) Twist off in body
(b) Over make up of joint
(¢) Unscrewing (ratcheting)
8. Buckling (stability)
(a) Slack off
(b) Temperature rise
(c) Pressure rise
(d) Fluid density rise
9. Acceleration (hard braking)
10. Abrasion (wear)
(a) Wall of tube
(b) Tooljoints
11. Erosion (fluid wear)
12. Corrosion (H,S, CO,, O5)

TAPERED DRILLPIPE STRINGS

A tapered string contains more than one OD, tooljoint, weight, grade, or levels of
wear.

The problem with tapered strings is ascertaining how much weight can be placed
on the weight indicator without failing any one of the sections of the tapered
string.
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COMBINED TENSION, TORSION, BENDING, & PRESSURE
LOADS

Combined tension, torsion, bending, and pressure loads are frequently placed on
drillpipe. The normal drilling operation of making hole does this. However, the
damaging combined loads will most likely occur while fishing. The tension is
created by the hook pulling on the drillpipe; the torsion arises while twisting the
pipe with either tongs or the rotary table; the bending is derived either from
doglegs in the drill hole or the misalignment of the crown block with the rotary
table; and pressures are created by surface pressures or different fluid weights on
the inside and the outside of the drillpipe.

Vonr Mises triaxial equation depicts the combined stress. This stress is also
known as general stress. If failure is forecasted by the equation it is known as
general failure, because the mode of failure is not forecasted. For example if
drillpipe is subjected to tension and pressure simultaneously and it fails, it would
not be possible to ascertain from Von Mises equation whether it was the tension or
the pressure which caused the failure.

The fundamental approach to drillpipe selection is to compute all the loads
separately to determine if the strength of the drillpipe is exceeded by the
individual loads and then combine the individual loads with Von Mises equation
to ascertain if general failure is likely.

VON MISES STRESS

von Mises equation is

V2= [(S,-S,)% + (Sy-Sp)% + (S5- Sp?] + 6[T2 + T2+ T,3)]
V = von Mises stress or general

stress; psi
S, = axial stress in the wall of the

drillpipe; psi N — T,
S, = radial stress in the wall of the e
drillpipe; psi t 1
S; = tangential stress in the wall of "

the drillpipe; psi
T, = tangential shear stress normal to the longitudinal axis of the drillpipe;

psi
T, = radial shear stress normal to the longitudinal axis of the drillpipe; psi

T, = axial shear stress parallel to the radial axis of the drillpipe; psi
The formula for computing the external diameter and cross sectional area of

worn drillpipe is the following. The API specifies that class 1 drillpipe may have
as much as 20% of its external wall worn away; i.e. 80% will be remaining.

It should be noted that much of the drillpipe will have all of its wall remaining.
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EXAMPLE
Compute the worn diameter and the remaining minimum wall area of 5" x 4.276"
19.5 ppf API class 1 drillpipe.

D, =(0.8D)+(0.2d) no wear on ID
D,, = (0.8 * 5) + (0.2 * 4.276) =4.86 inch

The worn wall area is

T 242
=2 (D,, -d%)
w = (4862-4.276%) ' = 4.190 inch?
D, = API nominal outside diameter; inch
D, = worn diameter; inch
d = API nominal internal diameter; inch
AXIAL STRESS

The axial tension and tensile stress is found with free bodies and Newton's laws of
motion. Thereafter, overpull and equivalent bending stress is added.

g _ Trea OP FLu

REAL TENSION

Treal, at the rotary table, is the sum of the hook load and the internal pressure
area force acting on the end of the drillpipe. At any other depth Treg] is the value

at the rotary table less the air weight of the drillpipe between the rotary table and
depth where Tyeg] is desired. The equations are the following.

AT THE ROTARY TABLE
Treal = HOOKLOAD + Psurface * Ai

AT ANY OTHER DEPTH

Treal = HOOKLOAD + Pgyrface * A; - Wiy * DEPTH
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EXAMPLE DRILLPIPE TENSION

The weight indicator shows 230,000 lbs. The block and lines weight 30,000 1lbs. A
pump pressure gauge in line with the drillpipe shows 7,000 psi. The drillpipe is 5"
by 4.276" by 19.5 ppf and the average weight per foot of the steel in the drillpipe is
21.4 1b/ft. What is the real tension in the drillpipe at the rotary table and at a depth
of 5,000 feet?

The inside end area of 5" drillpipe = (r/4) 4.276> = 14.360 sq. in.
Treal = 230,000 - 30,000 + 7,000 * 14.360 = 300,520 b (rotary table)
Treal = 300,520 - 21.4 * 5,000 = 193,520 1b (at 5,000 ft)
DRAG LOADS

Drag loads may be measured with the weight indicator or estimated with
equations.

MEASURED DRAG
The driller, as a standard practice, routinely measures three drillstring loads:

1. Free rotating weight. It is the weight of the drill string with the
string off bottom and while the string is being rotated. The rotary
speed should be above 35 rpm.

2. Pick-up weight. It is the weight of the drill string while raising the
string at a normal working speed. Most drillers raise the string
too slowly. Be careful not to add in the load of accelerating the drill
string and breaking gel of the mud.

3. Slack-off weight. It is the weight of the drillstring while lowering
the string at a normal working speed. The above potentials for
error must be once again avoided.

The differences in the pick-up and slack-off weights from the free rotating weight
are the pick-up drag and the slack-off drag.

EXAMPLE DRAG

The free rotating weight of a drill string is 200,000 lbs, the pick-up weight is
250,000 lbs, and the slack-off weight is 170,000 Ibs. What are the pick-up and slack-
off drag loads?
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Pick-up drag = 250,000 - 200,000 = 50,000 1b
Slack-off drag = 200,000 - 170,000 = 30,000 Ib

ESTIMATION OF DRAG

In a hole which is free of severe doglegs the tension drag may be estimated with
the coefficient of friction method.

The method requires that the coeficient of friction be multiplied by the product of
the buoyed weight and departure length of and for each section of the drill string
and-then summed. Drillers in the North Sea have measured coefficient of friction
between 0.2 and 0.3. In the example which follows a value of the coefficient of
friction of 0.28 was chosen.

The equation for tension drag is the following.

Tension drag = % (U * Wyyoyed ™ Ligep)

EXAMPLE TENSION DRAG

The drill string is composed of three sections: 1,500 of 5" drillpipe which weighs
21.4 1b/ft, 1,000 feet of 5" by 50 1b/ft heavy weight, and 100 feet of 8" by 147 1b/ft drill
- collars. The heavy weight and drill collars are in a 55 degree hole. The departure
length of the drillpipe is 1,500 feet. The mud weight is 12.0 ppg. What is the
estimated tension drag?

The buoyant factor is 1- 65_1245— =0.817
The departure factor for the 55 degree hole is sin(55) =0.819
The tension drags are
Drill collars = 0.28*0.817 * 147 * 100 * 0.819 ) = 2,7531b
H;eavy wt. = 0.28*0.817*50 * 1,000 * 0.819 = 9,3651b
Drillpipe = 0.28 *0.817 *21.4 * 1,500 = 7,3431b
Total tension drag for the drill string =19,461 1b
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PRESSURE LOADS

The radial and tangential stresses account for the pressure acting on the inner
and outer walls of the drillpipe and are computed with Lames' equations.

2 2 212
_d&®P;-D?P, DB Py)
T D2_ d2 b2 (D2- d2)

d?p;-D%P, d2D%P;-P,)
D2  BD2-d

S, =

P, = pressure acting within the drillpipe; psi
P, = pressure acting outside the drillpipe; psi
b = any diameter within the wall of the drillpipe; inch

Diameters and pressures are always positive in the two Lames' equations. As
always compressional stresses are negative and tensile stresses are positive.

TORSIONAL LOADS
TANGENTIAL STRESS
Two formulae are available for computing the tangential tdrsional shear stress.

The first uses the number of turns of the drillpipe while the second uses the
torque applied to the drillpipe.

Number of turns formula T, = L giN
_eqgQ
Torque formula T,=6d J

and eliminating T, from the two formulae relates Q and N

_nGJN
- 72L

shear modulus of steel, 12 * 106; psi
number of turns in the free drillpipe; rev
torque applied to the drillpipe; 1b-ft
length of drillpipe; ft

~ rfozZe o
oo

polar moment of inertia, % (D% - d%; inch*
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AXTAL STRESS

The equation for axial shear stress which is associated with bending of the
drillpipe is

T, = f;eal * 5in(15 C)

S

Ag = Cross-sectional area of steel in wall of pipe; in2
RADIAL STRESS

T, is equal to zero for most drillpipe load conditions.

BENDING STRESS

Lubinski's bending stress formula is the preferred formula for computing
bending stresses in drillpipe derived from the curvature of the drill hole.

. oA | D2-d2
3385*d*C*'\,Teﬁ.‘ 52+—c12

F

LUB =
As * tanh[0.2* A | 2
g *tan [ . Dt 4t
2x
e“*t-1
tanh(x) =
e?X 4+ 1
C = tube curvature; °/ foot
EXAMPLE

5" * 4.276" * 21.3 ppf S-135 drillpipe became stuck at a depth of 9,000 ft. In an
attempt to get loose a hook load of 300,000 lbs is pulled, the pressure within the*
drillpipe is increased to 3,000 psi, and the drillpipe is twisted 9 revolutions. A
dogleg with a severity of 5°/100ft exists at a depth of 1,000 feet. Mud weight is 11.0
ppg. Will the 5" drillpipe yield and most likely fail?

von Mises stress must be resolved. The internal and external pressures at the
depth of 1000 feet are

11 * 1000 .
P; 1000 = ~1995 * 3000 = 3571 psi

11 * 1000 .
P, 1000= 1995 +0 =571 psi

TUBULAR DESIGN AND USE 113 MITCHELL Box 1492 Golden CO 80402



A; =7 *4.2762 = 14.36 in®

T r2 . 2
Ay=7%5 =19.63 in
A =A, - A, =5.275 in®
Curvature of the drillpipe =.05 °/ft

11
Buoyancy factor =1 - 65.45 =.83
Buoyed weight per foot = .83 * 21.3 = 17.72 Ib/ft
Tension (o = 300,000 + 3000* 14.36 - 21.3 * 1000 =321,781 Ib
Tensile stress;ygg = 3251—;,?1- = 61,005 psi
Effective tension, gy, = 321781 - 3571*14.36 + 571*19.63 =281,7101b
Radial stress. . - 22767%8571-52* 571 4.276 * 5%(3571- 571)
1000 = 52 - 4.2762 4.276% (5% - 4.276%)
=-3,571 psi

4.276%* 3571 -52*571  4.2762* 543571 -571)

Tangt] stress; o) = 524 om62 T 42762 (52 - 4.2762)
= 19,335 psi
E6 * 4.276 * i
Tang'tl shear;, = i (:512 303(36 > = 13433 psl

2
Axial shear g = 351% * 5in(15 .05) = 798 psi
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2 2
, ’ _42
3385 * 4.276 * .05 * 281714 * 574—762
52 + 4.276
5275 * tanh[0.2 * %]
5% .4.976

Bending stress 1000 =

= 28,746 psi

von Mises stress;ogo

= \/.5[(61005+28746-(-3000))2 +(19335-(-3000))2 +(61005+28746-19335)2] + 3[134332 +7982+O]
= 87,497 psi
Thus, the S-135 grade drillpipe will not fail. A design factor for the drillpipe at a
depth of 1,000 feet is

135000
87497

DF = 1.54
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SLIP CRUSHING OF TUBULARS

Reinhold, Spiri, and Vreeland published the following equation and table which
relates the tube crushing tangential stress derived from slips and axial tensile
loads. The steel in the pipe will be crushed when and if Sy, is equal to the unit yield

strength, YP, of the steel.
9 1/2
S, =S, [1 + 2L + ( )]

Sy = tangential stress in the pipe derived from the

crushing action of slips and the effective tension
, in the pipe; psi v

S = axial effective tensile stress in the pipe at the slips;
psi

Teff

A
outside diameter of the pipe; inch
length of the slips (usually either 12" or 16"); inch

lateral load factor of slips
1

tan(y + z)
4.0 for a coefficient of friction of 0.08

N ialw)
[ T T TR

y taper of slip, usually 9° 27" 45"
z = friction angle = tan lu
u = coefficient of friction between slips and bushing.
= reasonable value for lubricated slips = 0.08
A = cross-sectional area of the wall of the drillpipe;
inch?2
A = 70%-d)
EXAMPLE

How deep can 5" 4.276" 21 ppf D-60,000 grade drillpipe be run in 11.2 ppg if only
slip crushing is considered?

5*4 9
60000 =5, [1 + Pere + rm) 1"
S, = 42,262 psi
The effective tension at the rotary table while running 5" drillpipe is
(1- 15155) * 21 * Depth
S = = 42,262 psi
1 (6%-4.2767)
Depth = 12,806 ft
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FATIGUE OF DRILLPIPE

In deep holes most drillpipe failures are the direct result of fatigue. Drillpipe
fatigues while it is rotated within doglegs. The amount of fatigue damage depends
on (1) the tensile load in the drillpipe at the dogleg, (2) the severity of the dogleg, (3)
the number of turns of the drillpipe while it is within the dogleg, and (4) the
mechanical dimensions and metallurgical properties of the drillpipe.

Because tension within the drillpipe is a major factor, the most critical location
for a dogleg is at shallow depths. In regard to the fatigue of drillpipe, rotating off
bottom is not recommended because of the increased load created by the
suspended BHA.

Fatigue cracks are recognized by a characteristic polished area within the crack.
The cracks are normal to the longitudinal axis of the drillpipe. Field people often
call the cracks "washouts”.

The maximum permissible dogleg severity with respect to the
fatigue of drillpipe is given by the following equation
(Lubinski's equation with modifications)

S, , tanh(K * L)
*D  K*L

DLS = 137,500 * E

DLS = maximum permissible dogleg
severity; deg/100 ft

Tefr
EI

=
[

= modulus of elasticity of steel; psi
= buoyed weight of drill string below the dogleg; lbs

=g D*-d%

= outside diameter of the drillpipe; inch

= inside diameter of the drillpipe; inch

= half the distance between tooljcints; inch
= 180" for range 2 drillpipe

= allowable bending stress; psi

Qroeg — HE

The tensile stress in the drillpipe within the dogleg is

(3

S, =
The cross-sectional area of the wall of drillpipe is

A=>"(D*-d%

w3
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The allowable bending stress in
the outer fiber of the wall of the
drillpipe if the steel is grade E and
the tensile stress is less than or

equal to 67,000 psi is
10 0.6
=19500- = *S - —5 *(S, -
Sy &7 S G

33,500)2

The allowable bending stress in
grade S drillpipe and if the tensile
stress is less than or equal to
133,400 psi is

St
)
145000

S, = 20,000 * (1-

Bending Stress
(1,000 psi)

W
o

N
(8]

- N
o O

—_
o

(3}

o

Modified Goodman Diagram
(After A. Lubinski)

11
Drill Pipe

Fatigue

P
e~

No Drill Pipe

Fatigue

EEEEEE

0 20 30 40 50 60 70 8
Tensile Stress (1,000 psi)

The maximum permissible lateral dogleg severity in regard to the excessive wear
of tooljoints caused by contact between the wall of the hole and the tooljoint is

DLS = 34,400 * [y

cr3 =

TUBULAR DESIGN AND USE
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chosen maximum lateral tooljoint force on the
wall of the hole; 1bs

buoyed weight of drill string below the dogleg; lbs
half the distance between tooljoints; inch

180" for range 2 drillpipe
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Allowable Dogleg Severity Chart

RT 1775 I

Depth (feet)
S
3
)

»

S
>
-
Q)
C
m

6000 FATIGUE

N\

.

156 20 25 30 35 40 45 50 55 6.065
Allowable Dobleg Severity (°/100 ft)

Lubinski suggests a value of 2,000 lbs for the maximum force in water base muds.

An allowable dogleg severity chart, such as the one presented, can be published in
the drilling plan if doglegs are anticipated. The chart is constructed with the
highest anticipated loads in the possible doglegs on the drillpipe during the
drilling of the hole versus the depth of the dogleg.

EXAMPLE

A dogleg with a severity of 4 deg/100 feet is at a depth of 500 feet. The drill string is
composed of 300 feet of 8" * 3" drill collars and 42 feet of tools and 14,000 feet of 5" *
4.276" * 21 ppf * grade S drillpipe. The mud weight is 11.3 ppg. Assume a zero
weight on bit for a worst case scenario.

The buoyancy factor is

11.3

= 1-651—5- =0.827

The cross-sectional area of the drillpipe wall is
I1
= 4 *(52-4.2762) =5.275

The weight of the drill string below the dogleg is the sum of the weights of the
collars, the tools, and the drillpipe

=147 * 300 + 147 * 42 + 13,500 * 21 = 333,774 Ibs
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The buoyed weight below the dogleg is
=.827 * 333,774 = 276,147 lbs

The buoyant tensile stress in the drillpipe within the dogleg is

276147 .
=5.275 = 52,354 psi

The value of I, the cross-sectional moment of inertia is

I
& (54-4.276%) = 14.269 in4

The value of K is

276147 112
=[ ]

3E7 * 14.269 =0.0254
The maximum permissible bending stress is
. 52354 .
= 20,000 *(1 - 145000 ) = 12,779 psi

The maximum permissible dogleg severity as not to fatigue the drillpipe is

. 12779 tanh(.0254 * 180) _

The maximum permissible dogleg severity as not to excessively wear the tooljoint
is
2000
_ LA -
= 34,400 180 * 976147 = 1.38 deg/100ft
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LIFE OF DRILLPIPE

Gensmer reported the life of drillpipe within the Rocky Mountain region in terms
of cumulative tube failures and cumulative drilled footage. He categorized the
drillpipe into 3 groups. Group 1 was internally plastic coated drillpipe, group 2
was drillpipe operated with oxygen scavengers, and group 3 was bare drillpipe in
normal mud. The figures show that the life of internally plastic coated drillpipe
has a life of 200,000 to 250,000 drilled footage and that failures within 200 feet of the
top of the collars dominate. He also wrote that about 90% of the failures were
fatigue cracks and occurred within 17 inches of the upset area below the box and
few failures were near the pin end.
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CASING TALLY

An example problem is presented to illustrate the problems encountered in
making a casing tally and the subsequent location of centralizers on the casing
string.

Caution must be exercised in regard to any attempt to set the casing shoe near the
bottom of a drill hole. The depth of the bottom of a hole as determined by the
strapping of a drill string while in tension or in the derrick may disagree by as
much as ten feet with its depth as determined by a casing tally. Logging cables
give similar disagreements. If the casing tally finds the bottom ten feet high or
low, then the following negative events may occur:

1. A casing collar may be
opposite either a shear or pipe 8
B. O. P. E. ram which in turn
would prevent its proper Vo

operation.
o 0——SR—12"

2. A casing collar may be in the ol |B——PR—18'

bowl of its spool which would ol |8~ Bowl—25

prevent the setting of the 0 P—p. c~-51°

casing slips. O ;| —P. Cc—g§
3. The casi.ng shoe inadvertently  Pp—=cent.-200"

may contact the bottom of the _ PO

hole which would partially or q b Cent.=210

totally eliminate the buoyant d P—cent.—220"

force acting on the end of the —

casing. Thereafter, it may be — 325"

impossible to pull the casing off bottom.

4. The static head of the cement head and lines would be ten feet
higher than planned which would not expedite the subsequent
cementation. The best height above the rig floor for the top of the
casing is 5 to 6 feet.

Joints of casing are assigned a number and this number is written on the joint
while it is on the pipe racks at the rig site. While numbering a joint, its length
which includes its collar but excludes its threads is recorded. The resulting list is
called a casing tally.

TUBULAR DESIGN AND USE 122 MITCHELL Box 1492 Golden CO 80402



EXAMPLE |
Suppose the following casing tally has been recorded and it is desired that the
casing shoe be set at a depth of 325 feet. Depths as measured from the rotary table
of the various components are as follows.

1. shear rams: 12 feet

2. piperams: 18 feet

3. casing bowl: 25 feet

4. positive centralizers: 37 and 55 feet

5. spring centralizers: Three beginning at 200 feet and placed 10
feet apart.

Casing guide shoe is 1.12 feet long. Cementing collar is 1.96 feet long.

- CASING TALLY TABLE
Joint Length Cumulative
No. feet length
1 44.28 44.28
2 36.19 80.47
3 39.22 119.69
4 41.00 160.75
5 42.86 203.55
6 43.57 247.12
7 3841 285.53
8 37.38 32291
9 42.06 364.97

Plan to place the longest joint of casing (#1-44.28") at the top of the casing. This will
provide a maximum space between the next casing collar and the bowl. The
length of casing required (excluding the top joint) is then

L. C. = Setting depth - top joint + floor clearance - shoe length -
cementation collar length

L.C.=325-44.28+5-1.12-1.96 = 282.64

By trial and error it is found that joint #7 should not be used. The length of the
casing with the shoe and collar is

364.97 - 3841 + 1.12 + 1.96 = 329.64
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and the floor clearance is the setting depth subtracted from the length of the made
up casing.

=329.64 - 325 = 4.64 feet
The depth of first collar = length of top joint - floor clearance

=44.28 - 4.64 | = 39.64 feet
Note that this collar is 14.64 feet (39.64 - 25) below the casing bowl.

The depth of the second collar is 81.70 feet (39.64 + 42.06)

CASING COLLAR DEPTH TABLE

Joint Length Collar Notes
No. Depth

1 4428 -464 Place positive centralizer
down on joint #1

9 42.06 3964 Place positive centralizer
down on joint #9
(55-39.64 = 15.36)

3738 8170

4357 119.08

4286 16265 Place centralizer down
37.35' on joint #5

41.00 20551 Place centralizers down 4.49'
and 14.49' on joint #4

W ooy

3 3922 24651

Collar 196 285.73
2 36.19 287.69

Shoe 112 323.88
Bottom 325.00
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CASING CENTRALIZER SPACING

L LT T T T TT)
I L T T T T T TN

The purpose of centralizers on casing is to provide separation for the casing from
the wall of the hole. This separation is called standoff. The strength of a
centralizer is the amount of force required to compress its bows a given distance.
Thus, stronger bows provide more standoff for casing.

Wall force is the sum of two components: (1) the product of the tension in the pipe
and the dogleg severity of the hole and (2) buoyed weight of the pipe. The moments
transmitted through the string of pipe in not considered and therefore, closer
spacings of centralizers in holes which have "S" shaped doglegs may require
additional thought. The following equations apply to all pipe (casing, tubing, drill
pipe, etc.) which is in normal oil field service.

CENTRALIZER SPACING EQUATION

F =2Tsin(DLS* CQS) +(WF), *CS *sing  (exact transcendental function)

F

CS = 0175 * T* DIS + (WF)b Fsn g ( with an 0.02% precision)
F = force on each centralizer if.spaced CS feet apart; 1bf
CS = centralizer spacing; feet
DLS = dogleg severity; degrees/100 feet; example DLS = .03
w = weight per foot of pipe ( steel only); Ibf/foot
Fy, = buoyancy factor; no units
9 = average inclination angle near the centralizer;
degrees
T = tension in the wall of the pipe (for drill pipe see

"tension in drill pipe in directional wells"); 1bf
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T - =.0408 * TVD * (pidz-peDz) + cos ¢ * w * S (for casing
only in the slant portion of the hole); 1bf

(WF),  =w+.0408 (p,d” - p_D?); Ibf/foot

p = mud weights inside and outside casing; ppg

d,D = ID and OD of casing; inches

TVD = true vertical depth to the shoe of the casing; feet

S = distance from the casing shoe to the centralizer in
question; ft

M = measured depth to the casing shoe; feet

EXAMPLE CENTRALIZER SPACING

A centralizer will provide a standoff of 1 LOAD DEFLECTION CURVE
inch while bearing a wall force of 1200 1bf.

The centralizer is in a gradual dogleg where 15
the average survey data and other data are
as listed. » —
Inclination angles 36° at 6122 ft and 44°at & 10
6302 ft o
m AN
Direction angles N 2°E at 6122 ftand N 7°E =~ Z \
at 6302 ft N 600 1200 1800
N = 9989 ft TVD = 4111 ft RESTORING FORCE, LB
p; = 15 ppg Pe = 12 ppg (cement)
w=531bf/ft d=28.535" D =9.625"
What centralizer spacing is required in the dogleg?
S=9989-(61L;6302—) =3777ft
6+44
T = 0408 * 4111 * (15 * 85352 - 12 *9.625%) + cos 5 ) *53*3777
T = 150,162 Ibf
o 2td o
Dogleg length = 6302 - 6122 =180 ft
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DLS = 100 [(44 36)2 + ((7-2) * sin 40)2] = 4.79 deg/100 ft

(WF), = 53 + .0408 (15 *8.535% - 12 * 9.6257) = 52.23 Ib/ft

Exact Equation
1200 = 2 * 150,162 * sin (.0479 * CS ) + 52.23 * CS (sin 40)

CS = 7.53 ft (trial and error solution)

Thus, the centralizers would be placed 7.53 feet apart throughout the 180 feet of
the dogleg within the hole.

If the dogleg were not present, then the centralizer spacing would have been

.
(52.23 * sin 40) =35.7 ft

CS=

CASING SAG BETWEEN CENTRALIZERS

The approximate sag ( maximum downward deflection of the casing between the
centralizers) MD of the pipe is given by the following equation (Timoshenko,
"Strength of Materials”, Part 2, page 45, equation 52)

WFy, * Smﬂ*CS) (1296)(U2 UcoshU-U

MD = ( sinh U

(36 * T * 052)1/2

; DO units

E = 30 * 10% ; Ibffin®
I =—&;*(D4-d4);in4

EXAMPLE

The sag in the casing in the case where there is not a dogleg but the hole is
inclined at 40 degrees as in the example problem is

52.23 * sin 40 * 35.74 | [1 1952 1.195 cosh 1.195 - 1.195
30 * 10 * 160.8 1. 1954 sinh 1.195
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* % 2
U = 36 1501662 35.7 = 1.195 no units
30 *10° * 160.8

.04909 * (9.625% - 8.535%) = 160.8 in?

I =
MD =0.534 inch
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WALL FORCE EQUATION

The equation relating wall force with pipe tension and dogleg sé{rerity of the hole
is established in the following

c=a+b
F=t +t"
Ift =t", then F+2¢t
c
DLS=§

t' =T sin (%)
thus

F=2Tsin(DLSZ*S)

DLS *S *
Note: sin( ) )=DL2 S

If DLS (rad/foot), C = rad

F=T(DLS*S)

Wall Force F T*DLS*S *

~ Tot 8- g =T*DLS
(rad/ft)
EXAMPLE

Compute the wall force if pipe is in 100,000'of effective tension and in a dogleg of
5°/100feet which is 100 feet long.

DLS = 5100’ S = 100' T = 100,000
F=2*T*sin('5o/L02*199) =8723.88 Ib
F = 2 * 100,000 sin (2.5°) = 8723.881b
F = 2 * 100,000 sin (2.5° * 3¢5 =8723.88b
F=T*DLS*S

F = 100,000 * (% * 150) * 100 = 8726.651b
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NOTES:  DLS 2% = DLS (25 * (&)

0008726 = (Tgﬁ) * (150)

STRETCH OF PIPE WITH HELICAL BUCKLING

If weight is slacked-off at the surface and placed on the bottom of the hole or on
tools at the bottom of the hole, the pipe will shorten because of resulting
compression of the steel in the walls of the pipe and because the pipe will settle
into a helical coil within the wellbore. For practical problems both occur
simultaneously.

Lubinski gives the following equation for the change of pipe length with helical
buckling

2 72
r° F
AL = SE—ISW L (Shortening because of helical buckling)
F, = slack-off weight after helical buckling has commenced
A =W, + W, - W_ (Buoyed weight of the tube)
\Y
W = (pipe weight per foot/12) = ng
T2
W; = phAy = phizd
= _ T2
W, = pf A, =pf, 3D
W P; gdz pogDz
W =2 4 -
12 231 231
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1bf . Ibf

NOTE: ON UNITS: p— =p' - 7/231
pin3 P gal

and Hooke's law with appropriate units gives the axial strain elongation equation

. F .
AL =——28§ \?V L (can cause shortening or lengthening)
S

Change in Pipe Length with Helical
Buckling and Stretch

100

20 [ / »
80 | __v'd

70t >
60 [

.9‘" -
50 } - & Buckling —

40 | ;- ~ andStrain | Strain Only
sl
20[ &
ol

Pipe Stretch (inches)

O . [ B B B 1 L1 ]

40 50 60 70 80 90 100 110 120 130 140 150
Indicator Weight (1,000 Ibf)
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EXAMPLE

The drill pipe has become stuck while
drilling with 4%" * 16.60 ppf drill pipe in a

17%" hole. Mud weight is 12.6 ppg. Find
the depth to the stuck point and indicator
weight such that the neutral point with
regard to axial stress is at the stuck
point. The block and tackle weighs 18,000
1bf.

The following data, stretch (inches) of
the drill pipe versus weight indicator
reading (1,000 1bf), has been recorded.

Analysis of the plot constructed with the
data shows that the last 5 points are
linear which indicates that the buckles
have been removed and that only axial
strain is occurring. Hooke's law applies:

EW_AL
Lo—— 8~
= 283 AF

In oilfield units

(8.82E6) W (ppf) AL(inches)

L=- AF(IbD)
30 * 10% * %6 *(98.5 - 90.3)
L =

.283 *(141,000 - 121,000)
= 60,124 inch or 5,010 feet

18,000#
Traveling Block
and Hook

4 1/2'x16.60 ppf
Drill Pipe PP

17 1/2" hole

Stuck Point \

Ae Reading

0.0 41
21.7 51
40.2 61
55.5 71
67.6 81
76.5 91
82.1 101
86.2 111
90.3 121
94.4 131
98.5 141

A free body of the drill pipe shows that the hook
load required to place the neutral point of axial stress at the stuck point is

Hook load =16.6 *5010
Weight Indicator =83,166 + 18000
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= 83,166 Ibf
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Slacking off more weight than 101,166 1bf will cause buckling of the drill pipe. The

change in the length of the pipe will be the sum of the helical buckles and Hooke's
Law effects.

Suppose 30,000 1bf are slacked off from the neutral position of 101,166 1bf; then

2
PF? . 983+ AF

ALgota “BEW *  EW,
17.5-4.5
1'2 - [—__2 ] = 42.25
F 2  =30,0002 =9+*10°
_ 4 4 -
I =57 (4.5*-3.826% =9.61
166 1261 o 1267 5
W =75 + 557 1 38267 - 57145 =1.143
L =5,010 * 12 = 60,120
AF  =30,000
16.6
W, =75 | =1.38
42.24 %9 * 108 283 * 60120* 30000
ALtot:al = 7 + 7
8*3*107*9.61*1.143 3*107 *1.38
AL, =14.42+ 1233 =26.75 inch

Because weight is being slacked off, the pipe will shorten 26.75 inches.
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CASING WEAR

Laboratory physical tests show that tool joints of
drillpipe are most responsible for casing wear
under all but the most extreme circumstances.
Casing wear is reported either as the depth of
wear into the wall of the casing or the volume of
steel worn from the wall. An ideal crescent is
shown in the figure.

AREA AND VOLUME OF CRESENT
1L A, =A;-(Ay-Ay

c

2. A, = Segment of circle with r and 8
3. Ay = Segment of circle with R and ¢
4. S =R-r-D

5. 9 = acos[(R? + r- S?)2Rr]

6. B = asin[ Sgn %

7. ¢ =B+0
8. p =R+"‘;"+,S
9. Ay =¥
10. A, =¢TR2

11. A = [p(p-S) (p-r) (p-R)}°

12. V, =L*A,

Note: 231 cubic inches =1 gallon
16 cups =1 gallon
16 tablespoons =1 cup
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EXAMPLE WEAR PROBLEM

7" 23ppf 6.366" ID 40 foot long casing is worn in a cresent shape to a depth of 0.0234
inches by 3.5" drillpipe which has 5" tooljoints. How many cups of steel is
contained in the cresent?

RE — : : .

Radius of casing =3.183 “; | : . / —:
in. A et .
Radius of tooljoint = 2.5 in. ~ =i ; i / ._:
S =.7064 in. 2 P A
o =0.0639 radian < — "/ T
n =3.1947 in. <o — Vi —
B =0.2281 radian AT SR /A S—
6 . =0.2920 radian e ] EVe
A, =0.9125 sq. in. & " | VA
A, =1.1554 sq. m ¢ - | ; T T
Az =0.2542 sq. in. 2 =— ' — / 5 —_— =
A, =0.0227 sq. in. S E— . —— -
V., =A *L B SN N/ S N I

=0.0227 * 40 * 12 ‘ : ! S

= 10.896 cubic inches s e zee 328 e 3 o

16 Contaect Pressure (ps!i)

V. =10.896 * 231

=0.755 cups

The literature identifies three wear phenomena by which steel is removed from
the wall of casing:

1. lubricated friction wear at low contact pressures between smooth
tool joints and &=e casing (no meaningful wear occurs)

2. abrasive and grinding wear at medium contact pressures (sand
intensifies wear) :

3. galling wear at highest of contact pressures.

These are depicted by the slopes of the lines in the figure.
Lubinski writes that contact loads of 2,000 or more pounds per tool
joint will cause excessive wear.

Beware of corrosion under drillpipe rubbers.

All grades (K-55, N-80, P-110, etc.) of casing wear at about the same
rate. Guard against casing wear with extra wall thickness.

Run a casing inspection log to ascertain wear. Statements like, "I
can drill for 30 days before wear is serious”, is foolish.
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WEAR DEPTH ESTIMATION

Bradley published an equation for estimating casing wear; however, it should be
pointed out that he himself claims errors of 800%.

F.
D =.002—LL * RD * RS
1000

D = depth of penetration (cresent shape); inch
th = lateral tooljoint force; 1b
RD = days of ratation inside casing; day
RS = rotary speed; rpm
EXAMPLE WEAR DEPTH

Ce

o
~
T

o
[
T

VOLUME WEAR ~ in)

/- ~F1E1D WORN TOOU JOINT
7 /. 12.5 b/got FRESH WATER
FIELD MUD 3% ADDED SANT

0.2} % /

7 T——FHELD WORN TOOU JOINT

-/ 1! b/gal Ol BASE MUD
a NO ADDED SAND

-~

= /, &omu PIPE RUESERS-12.S Ib/gel FRESH
/ WATER FIELD MUD 3% ADOED SAND

: 1
[} 1000 2000
CONTACT FORCE,~(8S

A 3,810 1b lateral tooljoint force has existed for 4.375 days. The rotary speed has
been 88 rpm. Estimate the wear penetration depth?

3810 8

D =0.0244 in.

The figure compares wear of various drilling components with contact force.
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SCRAPING FORCED IN A DOGLEG

CRITICAL LENGTH OF A TOOL

A tool will be bent in a dogleg if it exceeds a critical length. The figure depicts the
points of contact. The equations give the value of the scraping force and the
friction force of pushing the tool through the dogleg. The equations only relate to
the rigidity of the tools and not to axial tension which may add to the forces. The
industry recognizes two type of doglegs: circular and abrupt.

BENT CONFIGURATIONS OF A TOOL

Three bending modes are considered and depicted in the following sketches.
These are NOT BENT, BENT, AND TANGENTIALLY BENT. The equations
which give the radius of curvatures of tool for each of the configurations are as
listed.

Not Bent: R; = infinity

2 2

Bent: R = L_;—GLL Circular dogleg
U -R-C-0.5[4R%-132
R = radius of curvature of the tool; in
C = Clearance between hole ID and tool OD; in
R = radius of curvature of the hole; in
L = length of tool; in
DA = dogleg angle; deg

Tangentially Bent: R¢= —CDA— Abrupt dogleg

1- cos(T)
T o
NOT BENT BENT TANGENTIALLY BENT
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SCRAPING FORCE OF A TOOL

The standard mechanics of material equation gives the scraping force.

r 42
E = 3E7;psi
I = % [OD4 - ID4] ;for cylinder tool; in*
L = length of tool; ft, for circular dogleg
L =Ri DA %5 ; for abrupt dogleg and tangentially bent
CIRCULAR DOGLEGS

The length of a tool which may be run through a circular dogleg and not be bent is
given by the following equation.

L. =2[C@QR-Y?

687.55
R =7pIS
L. = critical length; ft
C = clearance between hole ID and tool OD; in.
R = radius of curvature of hole; in
DLS = dogleg severity of hole; deg/ft

EXAMPLE CRITICAL LENGTH, RADIUS OF CURVATURE, AND
SCRAPING FORCE

An 8" OD by 3" ID by 30’ (360") tool is run in 9 5/8" by 8.535" casing where a 5
deg/100ft dogleg exists. What is the critical length of the tool?

C =8535-8=0.535in

687.55 .
R = 05 =13,751in

L. =2[0535(1*137541-0535)]"° =242.6in

Note that the tool is bent.

U  =13,751-0.535- 0.5 [413,751% - 360%]"2 =0.64315
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360 + 4 *0.64315°

Re  =""g§%064315 =25,1891n
I =%[84-34] =197.1in*
4*3E7*197.1
Fs  ="55189% 360 =2,6081b
ABRUPT DOGLEG

The maximum length of a tool which may be run through an abrupt dogleg
without be bent is given by the following equation.

) 2 [H - D cos (DTA)]

Le

. (DA
sm(——z—)
Le = critical length of tool; in
DA = abrupt dogleg angle; deg
H = hole diameter; in
D = tool diameter; in

EXAMPLE CRITICAL LENGTH, RADIUS OF CURVATURE, AND
SCRAPING FORCE

An 8"0D by 3"ID by 30’ (360") tool is run in 9 5/8" by 8.535" casing where a 1 degree
abrupt dogleg exists. What is the critical length of the tool?

2[8.535-8 cos(%)]

Lc = 1 - 122.7 ill
in(s)
sin(g
Note that the tool is bent.
R = “Ml— = 14,050 in
1- cos(ﬁ)
I =% [8*-34 =197.1in*
L =14,050*1* 180 =245.21n
4 *3K7*197.1
Fs  =740507 2452 =6,865.51b
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FREE BODIES

The steps in constructing, analyzing and using a free body are embodied in the
following steps. '

a. Draw sketch

b. Select free body

c. Direction of forces

d. Select unknown force on free body
e. Place known forces on free body

f. Writ force equation (Newton's Law)
g. Solve for unknown force

h. Select direction of unknown force

il ———
-— —Pi—P

s R I

FREE
BODY

YF=0
-HL-PA+W +T=0

SKETCH
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CHAPTER 11

DRILLING OPTIMIZATION
METHODS

Drilling optimization is the application of technology which yields a reduction of
drilling costs associated with making hole. The following optimization techniques
are popular in drilling.

Cost per foot equation

Time value of money

Expected value method
Lagrangian multiplier

Multiple regression

Confidence intervals

Lagrange's interpolation formula

Neouk -

COST PER FOOT EQUATION

The cost per foot equation is used for the comparison of alternative equipment,
chemicals, and procedures for the drilling of a formation or an interval. The
comparisons are often called break-even calculations and are usually between
drill bit types or manufacturers; however, any of the variables may be compared.

_ Bit + Tools + Mud + [ Drill Time + Trip + Lost ] [ Rig + Support + Tool Rental]

C Drill Rate * Drill Time
C = Cost per foot for the interval of concern; $/ft
Bit = Cost of delivered bit at the drill site; $
Tools = Cost of tools or repairs to tools; $
Mud = Cost of mud to drill the interval; $
Drill Time = Time required to drill the interval or bit life; hr
Trip = Time to pull and run a bit; hr
Lost = Time chargeable to non-drilling task; hr
Rig = Contract rental rate of a rig; $/hr
Support = Third party contractors rates; $/hr
Tool Rental = Rental of tools; $/hr
Drill Rate = Average drilling rate over the interval; ft/hr

In a comparison of drill bits, the drilling rate and life of the proposed bit will
always be in question. The usual procedure is to compute the cost per foot with the
data from a standard bit with the proposed bit; and, then construct a chart of
required drilling rate and bit life for the proposed bit. The following example
illustrates the method.
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EXAMPLE

A study of bit data from a data base predicts that the expected values from a bit
run with a tooth bit are as follows.

Bit =$1,491

Tool = Stabilizer $250

Mud = $2,000

Drill Time = Bit life; 33 hr

Trip =7hr

Lost = Surveying after every trip; 0.3 hr
Rig = 550 $/hr

Support = Contractor and Supervisors; $250/hr
Tool Rental = Large drill collars; 9 $/hr additional
Drill rate = 13 ft/hr

1491 + 250 + 2000 +[33 + 7 + .3][550 + 250 + 9]

C 13%33

C=84.72$/ft Cost per foot for the data base tooth bit.

Cost of PDC bit

The costs for a proposed PDC bit which is to be run on a bottom hole motor are the
following.

Bit =$9,283

Tool = (1) Bottom hole motor repair charge; $1,894
(2) Two stabilizers; 2 * $250 = $500

Mud = $2,500 ($500 additional required by the BHM)

Drill Time = Bit life; Unknown; hr

Trip = 7.5 hr (.5 additional hour)

Lost = Surveying after every trip; 0.3 hr

Rig =550 $/hr

Support = Contractor and Supervisors; $250/hr

Tool Rental = Bottom hole motor; 200 $/hr
Drill rate = Unknown; ft/hr

9283 + (1894 + 500) + 2500 + [Drill Time + 7.5 + .3][650 + 250 + 200]
Drill Rate * Drill Time

84.72 =

Reduction of the equation yields,
[Drill rate - 11.80] * Drill Time =259.41

A break-even chart of required drill rates versus required drill time (bit life) may
be prepared with the equation.
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BIT BREAK-EVEN CHART

R
E 12000 .
Q
[1] 100.00 1
r R SAVE $ WITH A PDC BIT
e A 8000 }

T
D E

E 6000 {
D * LOSE
%o 40001 witH
L 2000} S?TC
I ——

0.00 —
N L | L L | | LI L ] L} L |
G 10 5 D % 0D B 0 465 50
REQUIRED BIT LIFE; hr

It is seen from the chart and the equation, that if the proposed bit is break-even
with the data bit, it must drill at a rate of 20 ft/hr for 25 hours. The proposed bit
can not break-even at any bit life if its drilling rate is less than 11.80 ft/hr.

EXAMPLE OF EXPECTED VALUE

A mud company claims that a spending $3,000 more dollars on the mud will
cause bits to drill 10% faster and 20% longer. Thus, the values for the data bit
adjusted for the new mud are the following.

Bit = $1,491

Tool = Stabilizer $250

Mud = $2,000 + $3,000 = $5,000

Drill Time  =Bitlife; 33 hr * 1.2 = 39.6 hr

Trip =7hr

Lost = Surveying after every trip; 0.3 hr
Ri g =550 $/hr

Support = Contractor and Supervisors; $250

Tool Rental Large drill collars; 9 $/hr additional
Drilling rate =13 ft/hr * 1.1 = 14.3 ft/hr

1491 + 250 + 5000 +[39.6 + 7 + .3][550 + 250 + 9]

C 14.3*39.6

=78.91 $/ft

Because the cost is 78.91 $/ft versus 84.72 $/ft, the cost increase in the mud is
justified by this analysis.
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TIME VALUE OF MONEY

Because interest is paid on savings, the value of money varies with time. Suppose
that a company has had an average rate of return of 21% over the past five years.
Further, if an employee had bought a stabilizer five years ago for $1,000 and did
not use it, what would its value need to be today to break-even?

The equation for computing the time value of money is the following.

£ 3
V=P* (1 +£ )n 1
q
\Y% = Value of principal five years later and is unknown; $
P = Amount of dollars spent five years ago; $1,000 $
r = Yearly rate of return or interest rate; 0.21 fraction
n = Number of years which have transpired; 5 yr
q = Number of payments per year; 4 quarterly
EXAMPLE

With the numbers given above, the future value of the $1,000 is the following.

5%4
V =1,000*(1+ O—'Zl) = $2,782.50

Current required value to break-even.

Time Value Money
5000
v 1
4000+ x
fé _ 15 % interest ,
30004 x
U | x ® x 10.‘7% « ¢
E 5000 x,x:°°.°°
! x X400 . 4 + + 1
$ 10004 ¥ ¥ ‘ § § : : 4+ + + 1 + + 5 %
0 T T T T T | A | T ' 1
0 1 2 3 4 5 6 7 8 9 10
YEARS
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EXPECTED VALUE METHOD

The expected value method provides a means of reaching a decision based on
expected costs and the probabilities of their occurrences. The fundamental form of
the expected value equations are the following.

EV = Expected Value; $

C1 = Cost of first event; $

P = Probability of first event; fraction

Co = Cost of second event; $

Py = Probability of second event; fraction.
EXAMPLE

If a coin is tossed 100 times, and one dollar is won on heads and one dollar is lost
on tails, what is the expected value of our 100 bets? The answer is zero, because no
money should be won or lost. A step by step solution with the expected value
method gives a value of zero as expected.

Choose a basis for cost. The cost of 100 tosses and bets is chosen.

Choose the first event to be the winning of one dollar and assign it a positive value
of one.

Choose the second event to be the losing of one dollar and assign it a negative
value of one.

On the toss of a coin, only two possibilities exist; either a head or a tail.
The probability of a head is 1/2 because a head is one of two possibilities.
The probability of a tail is 1/2 because a tail is one of two possibilities.

Check to ascertain if the individual probabilities add to the value of one.

+

N =
DN
Il
-y

Now substitute the values reasoned into the expected value equation.
1 1
EV:(l*lOO)*§ + (-1*100)*§

EV =0

The expected value is zero as was reasoned.
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EXAMPLE

Should 4" or 5" drillpipe be rented if the following data are factual? In this
problem the expected values of renting the 4" and 5" drillpipes will be computed
and compared for the drilling of an interval of hole.

TABLE OF COST AND EXPECTED PERFORMANCE
DRILLPIPE DELIVERY RENTAL DRILL

SIZE CHARGE  COST RATE

inch $ $/day ft/hr Prob

4 1,000 80 9290 020

315 0.80

5 1,100 900 00 040

350  0.60

HOLE: 10,000 ft of hole are to be drilled.
Cost basis: The drillpipe cost while drilling 10,000 ft of hole.
C1 = cost of drilling 10,000 ft of hole at 290 ft/hr

10000 , 800 . ft $/day
C1="000 " note: C=gar ¥ S4hr/day = 9
P71 = probability of drilling at 290 ft/hr is 0.2
Cso = cost of drilling 10,000 ft of hole at 315 ft/hr

10000 , 800
315 A

Co =

P2 = probability of drilling at 315 ft/hr is 0.8

The $1,000 entry is the delivery charge for the drillpipe.

EVy =[

The costs and probabilities for the 5" selection are reasoned in a manner similar
to the 4" drillpipe.

10000
300

* 9—2042] *4+ [1?3280 * %9] *.6 + 1,100

EVs' =[
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EVs" = $2,242

The expected saving if 4" drillpipe is selected is $166.

EXAMPLE OF EXPECTED VALUE

A decision is required as to whether 8", 9", or 10" outside diameter drill collars
are to be used to drill a tough 1,000 ft section of hole. A data base and an analysis
have yielded the following expected information.

C = OD of the collars
Drill rate;ft/hr =3*C

Bit Cost =$2,500

Mud Cost; $ =1,500 + 500 * C

Bit consumption = 16/C
Trip time; hr =8+ C/5
Rig rate; $/hr =150
Cost of fishing =3,000*C

Probability of fishing: In the past 72 sections drilled, the number of fishing jobs
was 6 plus the collar size divided by 2.

The problem will be resolved by comparing the expected computed costs of the
three collar sizes.

Cost basis: cost to drill the 1,000 ft section.
C1 = cost with fishing cost

bits mud drill  trip fish
C1=(2500 * lCﬁ) + (1500 + 500 * C) + [giﬂé +(8 +-5Q)] *150 + 3000 *C

Cy = 90800 +2,700 + 3,530 * C

P; = probability of fishing is given by the equation

C
(6 + 2)

72

P -

Ca2 = cost per foot and not fishing

bits mud drill trip
Co = (2,500 * %6) + (1,500 + 500 * C) + [%%O—% +(8+ £53‘)] *150
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Co= 90800 + 2,700 + 530 *C

C
(66-3)
P2 = probability of not fishing= 1-P1= 7
C C
6+3) (66 -3)
EV = (90800 + 2,700 + 3,530 C) * 722 + (90800 +2,700+530C) * ™ 2

Substituting the
values of 8", 97,

Optimum Drill Collar Selection

and 10" yields % 24000 _
EVg: =$21,523 A 23500 7
L 23000 1
EVgr =$21407 [ -
E 22500 7 OPTIMAL
EVipr =$21,583 99000 - l
This analysis $ 21500_-
predicts that the ]
9" drl].l COllarS 21000 Y T T T T T

chould be 6 7 8 9 10 11 12
selected. Drill Collar Outside Diameter (inches)
EXAMPLE

OF EXPECTED VALUE

A study with a database shows that for 100 trips, if the hole were circulated for two
hours no fishing jobs occurred; however, if the holes were not circulated, ten
fishing jobs occurred. Also, the study showed that for every hour of circulation,
fishing costs were reduced from $20,000 by $7,000. How many hours of circulation
should there be between cessation of drilling and tripping?

Cost basis: cost to drill 500 ft of the section. 500 ft is an average bit run. Values of
the variables are as shown in the equations.

C1 = cost with fishing cost

bit mud drill trip rig fish circulation
C1=2,000 + 5,000 +[16 + 8]* 400 + (20,000 - 7,000 T) + 400 T

C1=36,600-6,600T
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P; = probability of fishing is given by the equation

(10-5T)
P = 100 = 0.1-0.05T
Cg = cost per foot and not fishing

bit mud drill trip rig circulation
C2=2,000 + 5,000 + [16 + 8] * 400 + 400 T

C2=16,600+400T

(10+57T)
100

P2 = probability of not fishingis1-P1=1-
Py=0.9+0.05T

EV = (36,600 - 6,600 T) * (0.1 -.05 T) + (16,600 + 400 T) * (0.9 + .05 T)
EV = 18,600 - 1,300 T + 350 T2

From calculus, by taking - OPTIMUM CIRCULATING TIME

the derivative of the

. A 21000
equation with respect to T ) f
and setting the resulting 20500 1
equation equal to zero A 20000 1
yields, [, 1950
19000 A
700 T - 1,300 = 0 b ]
18500 Minimum Cost
From which $ 18000 *
17500 -
T =l.86hr 17000 T ™7 T 71 1. 5. 17 T T T T T ™
00 05 10 15 20 25 30 85 40 45 50
The analysis predicts that TIME hr

the optimal circulation
time is 1.86 hours.
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LAGRANGIAN MULTIPLIER

The Lagrangian multiplier technique may find maximums and minimums
where an objective and a constraining equation exist. The technique is shown
with an example.

EXAMPLE OF OPTIMUM PIT DIMENSIONS

The perimeter of a rectangular mud pit is to be 144 ft. Its depth is 8 ft. What
should its length, L, and its width, w, be to maximize its volume? -

Identify the objective equation; it is, f = 8 w L. The objective equation gives the
parameter to be maximized.

Identify the constraint equation; it is g = 2 w + 2 LL - 144. The constraint equation
limits the values of the independent variables which are w and L.

Lagrange's equation is the following.

o 9g  of g _,
oL ow ~ ow JL ™~

Take partials of f and g, and substitute into Lagrange's equation.

af o % _, &
aL=8W a "'8L aL=2 =2

—

Optimum Mud Pit Dimension

Determination

V 11000
O 10000 ‘l‘. .............................................. rY

9000 :
U é
M :
E 7000 Optimum:

6000 Width = 36 feet
of Length = 36 feet

4000 I R—

0 15 20 2% 30 3B 40 45 K

PIT LENGTH & WIDTH ft
Substitution yields,

8w*2-8L*2=0

and then w = L
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Substitute L for W in the g equation and find the L.
2L+2L-144=0
Yields
L =36 ft and then w = 36 ft.

These are the required length and width to maximize the volume of the mud pit.

EXAMPLE

Maximize the hydraulic horsepower through the jets of a bit. The following
relationships are assumed.

thp =PQ P;=MW Q25+ Pr=iQ™ Py, =Pr+ P;
thp = bit jet hydraulic horsepower
P; = pressure drop through jets
Q = circulation rate
S = jet number ( size in 32nds of an inch)
Ps = friction loss through circulation system except jets
P, = operating pump pressure
mw = mud weight

Lagrange's objective equation and the variable to maximize is

f= Pj Q - JET HYDRAULIC HORSEPOWER
- o Y 07
Subsitution for P; gives g o0 en ond o
f=mwQ3S‘4 G 4(1): .9'
L l °
The constraint equation is é ] _°
—Pe+P,-P 3 A A
LAl bhp 0 200 400 600 800 1000 1200

Substitution for P¢and P; gives CIRCULATION RATE gpm

g=jQ™ +mw Q2 S - Py
Lagrange's partial functions are

of/ds = -4 mw Q3 S5
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of/0Q = 3 mw Q2 S4
dg/os = -4 mw Q2 S5
0g/0Q = m jQM-1 + 2 mw Q S4
Lagrangian equation
(-4mwQ3S¥)(mjQMl+2mwQS4)-BmwQ3S4)(-4mwQ2S95)=0
which reduces to the following
MW Q2S84-mjQm=0

after replacing parameters becomes

PJ = m+1Pp
1
Pe=+1 50

Of course these are the equations for maximizing Jet Hydraulic Horsepower.
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MULTIPLE REGRESSION WITH LEAST SQUARES

Multiple regression is used to find the parameters of an ,
equation which causes the equation to best represent the
data. If a computer is available an alternative which is
not associated at all with multiple regression and is very
powerful is the table look-up method.

The multiple regression method is illustrated with two
independent variables, X, Z, and three parameters, k, b,
and c. :

Compute k, b, and ¢ with the least squares method for
this popular engineering equation.

Y =k Xb Z¢c
Begin by putting the equation into linear form by taking logarithms
InY=Ink+bLnX+cLnZ
For ease of presentation
let a=Lnk Xi1=LnY X9=LnX X3=LnZ
The transformed equation is
Xi1=a+bXo+cX3
Next, the three least squares equations are solved simultaneously for a, b, and c.
X1 =a N +b XXo+c¢ XX3
YX1Xo=aYXo +b XXoX2 + ¢ TX35Xo
YX1X3=aYX3 +b ¥XoX3 + ¢ YX3X3
Cramer's rule é‘ives the solutions

N >Xo >X3
D= | XXg XXoXs XX3X2
2X3 2XoX3 2X3X3

X1 2> X9 >X3
2X1Xo 2XoXgo 2X3Xg
YX1X3 XXXz 2X3X3

D

a=
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N 2X1 2X3
2Xg 2X1Xo 2XX3Xo
>X3 2XX1X3 XX3X3

D

N 2Xo 2X1
2Xo XXoXo 2X3X;
2X3 2XoX3 >X3X1

D

C=

k is computed with the equation: k = e@

EXAMPLE OF LEAST SQUARES
Find: k, b, and ¢, of the equation,
Y = k XbZe
The linear form of the equation is
InY=Ink+bInX+cLnZ

For ease of presentation let

X;=InY Xo=LnX X3=LnZ a=Lnk

) Y\ /N — COMPUTATIONS---------nwnee-
X 7 Y X2 X3 X1 XiX2 XiX3 XoX2 XoX3

3 5 #A 1.10 161 353 387 5.68 1.21 1.77
8 10 164 208 230 510 10.60 11.74 432 4.79
17 15 514 283 271 624 1769 16.90 803 7.67
26 241252 326 318 713 2324 2267 1062 10.35
37 352544 361 356 786 2839 2795 13.04 1284
50 48 4804 391 387 848 3316 3282 1530 15.14

n = 6.00

2 X1 = 38.34

2 X2 = 16.79

2 X3 = 17.22

> X1Xe = 11695

2 X1X3 = 117.76

Y XeX2 = 5252

2 X2X3 = 5257
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D = 2.06
a = 0.74
b = 0.85
c = 1.14
k = 2.10

The sought after equation becomes

Y = 2.10 X0.85 Z1.14

EXAMPLE
A popular friction loss hydraulic equation is Pe=j QM

Find: j and m with the hydraulic rig test given in the table below.

Linear form: Ln Pf=Lnj+mLnQ

Let: X1=LnPy¢ X2=LnQ a=Lnj)

5 5 Y'Y N — COMPUTED---—es CHECK---

Q P¢ X2 X1 X1X2 X2X2 Y' %error

569 1085 6.34 699 4434 4024 1084 0.12
4556 738 6.12 6.60 4042 3746 776 -5.18
347 505 585 6.22 3641 3421 518 -2.59
285 444 565 6.10 3446 3195 386 13.01
228 272 543 561 3044 2948 277 -1.79
171 172 514 515 2647 2644 180 -4.79

n = 6.00
> X1 = 36.67
> X2 = 34.54
Y XoX2 = 199.78
D = 5.89

a = -248

DRILLING OPTIMIZATION METHODS 158 MITCHELL Box 1492 Golden CO 80402



Least Squares Fit
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The values of j and m are computed to be

J
m

and the equation is

Pr=0.084 Q1492

400

¥

600

800 1000 1200

Flow Rate (gal/min)

= 1.492
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CONFIDENCE LINES

Confidence lines are computed and drawn to provide the following type of answer:
if 100 holes are drilled, 95 of the holes will have an expected maximum cost of
$125,000 per hole and a minimum expected cost of $75,000 per hole and an
expected cost of $100,000 per hole'. These are often called the maximum,
minimum, and best values.

Draw two confidence lines and the least squares line for the linear equation
Y=a+bX

Begin by computing a, b, and ¢

_NEXY-3XSY  3Y XX 3X
T NsZX2-(zX2 2T NPN N

X, Y are data point pairs
N is number of data point pairs

e s ISy CONFIDENCE AND LEAST SQUARE

given by the

3 A" Y=a+bX+tS

equation A 8.0

Y=a+bX ¥ 6o
Ascertain the E
value of the S 40
student's 't’
distribution g 2.0
For example: 0

Y

if 95% VALUES OF X

confidence is
desired and N =4

thenI'=1-95 and
thent ,, ., = t, o; = 430 (value depends on number of data points)

The two confidence lines as shown in the sketch are

Y=a+bX+tS upper line
Y=a+bX-tS lower line
Where S is given by the equation below
o [ 1 c)z ]1/2 i} Z(Y-a-bX)z]]/z
>:(X N-2
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EXAMPLE

Find the confidence lines for the following data.

X DATA Y DATA X*Y X*X (X-c)2  (Y-a-bX)2
2.106 2.321 4 888 4435 5.609 .046
3.406 3.159 10.760 11.601 1.141 .045
4.692 4.264 20.007 22.015 047 129
5432 5.692 30.919 29.507 917 122
6.736 6.621 44 599 45374 5.115 .000
n = 5.000 > X = 22372 _
Xbar = 4474 XYY = 22057 Exz ;3;3'931
Ybar = 4411  Y(X-Xbar)2 = 12830 b — 973
Y XY = 111.172 Y(Y-a-bX)2 = 342 n-2 = 3.000
) 1-Gam/2 =.975
studentt =3.180
Confidence and Least Square

B y = .059 + 0.973x
- y=.059 + 0.973x +3.180 * S
m y=.059+0973x-3.180*S

Values of X

Selected pairs for plotting chart
Xo Yo Yo+ Yo- S

2004 2.888 1.121 .278
2977 3630 2325 205
3.950 4.451 3449 .157
4923 5428 4417 .159
5.895 6.558 5.232 .208
6.868 7.765 5972 282

SO0 LN
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LAGRANGE'S NON-LINEAR INTERPOLATION FORMULA

The following abbreviated form of Lagrange's interpolation formula fits a second

order polynomial (y = a + b x + ¢ x2) through three data points and then computes
a value of y corresponding with a value of a selected x.

(x-x92)(x-X3) (x-x1)(x-X3) (x-x1)(x-X2)
Y1 (x1x9)(x1x3) T Y2(xox)(xox3) T3 (x3x1X(x3-X2)

y:

EXAMPLE

Given the following table of x and y values find the value of y which corresponds
with the value of x of 26.

X 14 2 2 35 50
y 10764 11134 ? 12160 1.3350

Choose the points 20,1.1134; 35,1.2160; 50,1.3350 to substitute into Lagrange's
interpolation formula. Note that the points 14, 20, and 35, could have also been
chosen.

(26-35)(26-50) (26-20)(26-50) (26-20)(26-35)
(20-35)20-50) T 12160 (35750¥35-50) * 13350 (50-2050-35)

y=1.1134

LAGRANGE INTERPOLATION
1.4

1.3

b

1.2

1.1

1.0)
1015 2 2% 30 35 40 45 50 55 60
X

Reduction gives the value of y corresponding to the value of 26 for x,

y - 1.1525
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CHAPTER II1

DRILL HOLE MECHANICS

INTRODUCTION

Drill hole mechanics is the topic which aids most of all in the choice of a mud
weight for drilling a section of hole. The choice of mud weights is one of the most
analytically complex, political taxing, and critical task. The following list are

those factors which may have an effect.

R I I S O S
N H O © XN ok WO

DRILL HOLE MECHANICS 164

© XN O0s W=

Fracture gradients (there are two)

Pore pressure

Kick tolerance

Casing shoe depths

Borehole stability (sloughing formations)
Surface pressure control equipment

Annular circulating pressures

Pressure surges (swabbing and running pipe)
Differential sticking of pipe

Filtration of mud

. Filling of the hole

Gas cutting of the mud
Bit hydraulics

Mud cost

Drilling rate

. Removal of drill solids
. Formations porosity, permeability, and fluids
. Safety margin over the pore pressure

Safety margin under the fracture gradients

. Electric log analyst
. Geologist (cuttings analysis)

Reservoir engineering (formation damage)
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SELECTING CASING SETTING DEPTHS
Of the topics in the above list, casing CASING SETTING DEPTH

shoe depth is most critical. Casings
must be set at correct depths in order to
drill a well into the earth with the rotary
drilling system. The sketch considers
only a pore pressure gradient and well
depth.

The least feet of casing will be run and
set in a practical well if the casings are
planned from the bottom to the top of the
well.

The crucial points are that the mud
must be greater than the pore pressure
gradient but less than the weakest
fracture gradient in the open hole which

is usually at the shoe of the last casing Vt+—T—T—T——7T—"T T~
string. , 9 10 11 12 18 14 15 16 17

GRADIENT ppg

2 TAHAPYEC

Thus, as shown in the sketch the

deepest that the hole can be drilled below

the casing which is set at a depth of

2,000' is 7,200'. An attempt to drill

deeper will result in a kick if permeable

beds are present at 7,200’ or lost circulation at the casing shoe if the mud weight is
increased above the pore pressure at 7,200'.

As a consequence, the casing string must be set below 2,000’ to drill deeper than
7,200'.

A casing setting depth equation is

C *LOT > Pr*D -p*L - MW(D-C-L)
Py = "1925 2 Pmeshoe = 19.25
(P -MW)D + (MW-p,)L
c = LOT - MW
C = required shoe depth; feet
ePr = equivalent formation pressure; ppg
D = drilling depth; feet
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MW = drilling mud weight; ppg

L = gas kick length; feet
Pg = down hole density of gas; ppg
LOT = leak off test value at depth C; ppg
Py = resistance of the formation to fracturing; psi
EXAMPLE
What is the required casing setting depth?
LOT =15.0ppg  ¢Pf =12 ppg
' MW = 10 ppg
D =10,000 feet =~ MW = 10 ppg
L =500 feet Pg = 2ppg
- S =4,800 ft
H LOT = 15 ppg
L =500 ft
—IPNENEs___ D =10,000 ft
| "~ PP= i
C= u2-10) 10(1)g(? IO(IO 27500 _ 4,800 feet (required shoe depth)
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ENLARGEMENT & FRACTURE OF DRILL HOLES

Drill holes are not
'washed out' by the
annular mud stream.
Stresses within the wall of
a drill hole fails the rock
(sand, shale, limestone,
etc.) which is the wall of
the hole causing this rock
to fall into the hole where

it is carried away by the annular mud stream.

The stresses associated with a drill hole are the overburden, radial, tangential,

and mud pressure.

A perception of the stresses may
be gained by considering the
sketch. Sand grains are resting
on top of other creating an
overburden stress. The wedging
of the two grains not aligned
creates the x direction and y
direction stresses.

The two x and y stresses are
used to discuss stresses removed
from the hole while radial and
tangential stresses are used to
discuss stress near the drill
hole. All stresses are
orthogonal.

Sx

AT AT ATATAY AV AT AV A AV
&

LN N AN AN o NN

would occur.

DRILL HOLE MECHANICS

The radial and tangential stress may be
perceived by imagining a masonry bridge
which spans a stream and is supporting a
truck. This is one-half of a drill hole
viewed horizontally rather than vertically.
The bricks will have a tangential stress
which will be compressive in this case;
however, in a drill hole the mud pressure
could put the bricks into tension. If the
resulting tension were larger than the
tensile strength of the bricks a fracture
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Mills and Topping developed equations for the compressive, tensile, and shear
stresses around a drill hole for the case in which the two horizontal forces are not
equal in value.

45 oo inclined
shear plane *SN

Sy = overburden stress; psi

Sw = tangential stress on west and east sides of hole; psi

SN = tangential stress on north and south sides of hole;
psi

= shear stress; psi

= vertical direction

= west or east side of hole
= north or south side of hole

Z 5 <t

Their equations for the stresses at the north and south sides and west and east
sides are

SN tangential =~ 3~ Sx-Sy) (compression at north side)
SW tangential =+ 1% (Sy-Sy) (tension at west side)
Sy N =-Sy-2m (Sy-Sy) (compression at north side)
Sv w =-Sy+2m(Sy-Sy) (compression at west side)

*Syn-S
™N = y (shear at north side)

Sy w-S

Tw = w (shear at west side)
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EXAMPLE

The drill hole has penetrated a zone 10,000 psi
in which the overburden stress is
10,000 psi, the horizontal stress in the
west east direction is 7,500 psi, and
the horizontal stress in the north

N

south direction is 2,500 psi. What are W E
hole at the west east sides and north S _ 7500 psi
south sides? 2500 psi
Sy - Sy =-2500 - (-7500) =+ 5,000 psi (net stress at west side)
SN,tangential =-3*5000 =-15,000 psi (compression at north side)
SW,tangential =+ 1*5000 = +5,000 psi (tension at west side)
SV,N =-10000 - 2 (.25) 5000 =-12,500 psi (compression at north side)
SV,W =-10000 + 2 (.25) 5000 = -7,500 psi | (compression at west side)
N = -12500 _2(-15000) = +1,125 psi (shear at north side)
Ty = w = -6250 psi (shear at west side)

POINTS DEDUCED FROM THE ABOVE EXAMPLE

1. Because rocks are weaker in
shear than in compression and
from this example, it is expected
that the hole is to enlarge in the
west east direction preferentially
over the north south direction
because of the large shear stress
on the west east sides.

2. The drill hole is expected to
enlarge into an oval shape with
the major axis aligned in the
direction of the major stress,
west east stress.
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3. It may also be surmised that directional drill holes t
are expected to enlarge vertically preferentially over
horizontally because the overburden stress is the
major stress.

4. Directional drill holes are expected to require higher
mud weights because the difference between the
overburden stress which is acting on the upper side
of a directional hole and the applicable horizontal stress is more
than the differences in the horizontal stresses which would be
acting in a vertical hole.

5. Directional drill holes are expected to have lower leakoff values
because the sides of the drill hole which are aligned with the
major stress is in tension. In the above example, the west and east
sides are in 5,000 psi of tension.

Kirsch's equations are the following.

Gr=’;_ [1 - (?)2 + €0s26 (1 —4(%)2+3 (ré)4)]
06=§ [1+ (ré)2 - cos20(1+ 3 (?)4)]

to=-5 L1 + 2 ()P - 3(2)*]sin20

— ————
— ————
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LEAKOFF TEST

LEAK OFF TEST AT 4,398

PLASTIC ROCK DEFORMATION

U FRACTURE OF 1ST FM. _3_.
M GCO T “ ./
P 50 1 " /
400 4+ l:/ n L
II; a0 L v FILLING OF FRACTURE
E 200+ o «— ELASTIC ROCK DEFORMATION
S 100 +
/_’:/4__,_1,_ AIR COMPRESSION . '
. ] 1 ] 1 1 1 4 |}
psi 0 1 2 3 4 5 6 7

VOLUME OF MUD PUMPED (BBL)

Pressure integrity tests are conducted to ascertain the resistance of a formation
penetrated by a wellbore to the initiation of a fracture within the formation. There
are two phases of fracturing a formation: the fracture is initiated and then
extended. The pressure required to cause initiation of a fracture is usually greater
than the pressure causing extension.

A pressure integrity test is a test in which the drill hole is pressured at the
surface by pumping mud into the drill hole. Usually a graph of surface casing
pressure versus mud volume pumped is made.

A critical problem occurs during an integrity test because the magnitude of the
strain at the initiation of the test is not known,; i.e., the strain is not zero in value
and one does not know at what point on the curve that the test commenced. This
could lead to the fracturing of the drill hole.

Air residing in the surface equipment may also change the shape of the plot if not
purged.

In practice the pump rate must be continuous and sufficiently reduced to permit
the recording and the plotting of the data during the tests. Thus static equilibrium
1s not met but it is approached and bleed-off is minimized. Do not expect all of the
mud pumped into the annulus to return after removing the surface pressure
because a portion of a test will occur in the plastic deformation region of the open
formations.
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There are four categories of muds with which a L.O.T. may be run: penetrating
versus non-penetrating mud (oil base base versus water base and high filtrate
versus low filtrate mud) and clean versus contained solids.

Cementations and stimulations (with sand) show that plugging of fractures
which were extending causes most drill holes to regain their initial strength and
in some cases to surpass it. Thus, muds containing a high concentration of solids
should, and in most cases do, have higher L.O.T. values than clean muds.

It is argued that penetrating muds are more likely to intersect a plane of
weakness within the rock surrounding the drill hole than a non-penetrating
mud. A second reason is that a mud with a low filtrate will act as a non-
penetrating mud. Thus, it is frequently found that oil base muds will have a lower
L.O.T. than a high filtrate water base mud.

Many formations show a significant amount of creep. Two factors are important:
one is that all the mud pumped may not be returned from the drill hole and the
second is that the slope of the plot depends on the pumping rate. Multiple open
formations may give an 'S’ plot.

EXAMPLE
Estimate the wellbore pressure required to initiate a fracture in a formation if

mw = 10.2 ppg D = 5,200 feet

INTEGRITY TEST DATA

Casing Pressure, psig Volume Mud Pumped. Bbls

460
630
800
H0
1020
1090
1140

WOINOTH LWN =

The data is plotted on the adjoining chart. Extrapolation of the data (dashed line)
indicates a maximum pressure of 1220 psig. The equivalent density of this
pressure at 5200 feet is
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1220

ED  =552%5200

S

1100

initiate a fracture is

P =.052 *10.2 * 5200 + 1220

init

C

A

S

I

N

Thus the pressure required to G
P

R

E

= 3978 psig S
psi

88888888

and the equivalent mud density is

B 3978
mwe  ="052% 5200
= 14.7 ppg
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FRACTURES IN A DRILL HOLE

In order for a drill hole to fracture, the wall of the drill hole must be placed in
tension in the tangential direction. Further, the magnitude of the tension must be
greater than the tensile strength of the rock comprising the drill hole.

In drilling the resistance of a rock to fracturing is known as the 'leakoff test’
value (LOT).

The leakoff test depends on the type of fluid within the drill hole which is adjacent
to the rock to be tested. Clean water and oil have the lowest leakoff tests of all
muds. Clean gas may have the lowest values of all fluids. Water base and oil base
muds with high solids concentration have the highest leakoff tests.

Cementing has shown that [

zones may fracture and take F”ter Cake
all the mud or cement being
circulated until the fracture
is packed with solids and
then circulation continues.
In this case it seems that the
pressure of the cement acting
on the face of the zone in
addition to other stresses place the zone in sufficient tension to cause it to fracture
and diminish the tension. Thereafter, the packing of the fracture and building a
filter cake within the hole raises the leakoff test.

It has been observed that leakoff tests for a particular zone increases with time.

Clean fluids have a lower leakoff test because they penetrate and pressure zones
further from the drill hole. As a consequence, a plane of weakness is more likely
to be intersected and fractured.

Every zone appears to have two values for leakoff tests. One is the value required to
fracture a drill hole for the first time. It is called the initiation fracture pressure.
The other is the pressure required to extend a fracture and it is called the
extension fracture pressure.

TYPES OF FRACTURES

Fractures within a wellbore may be aligned horizontally or vertically. Vertical
fractures usually occur at depth. In regard to the drilling of a wellbore, fracturing
1s synonymous with loss of circulation.
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HORIZONTAL FRACTURES

Overburden
Pressure

L P 1 1L 1 L 1 1 1 11|
y o

N N S G A RS B s e .
L L L1 1 1 L 1 1 1 11

The pressure of the fluid in the wellbore must surpass the unit weight of the
overburden (includes the rock and the fluid within its pores) and the tensile
strength of the rock in order to lift the overburden and create a fracture.

Phor =Scb+ 5t
Pyor = wellbore pressure to create a horizontal fracture; psi

Sob = overburden stress; psi
St = unit tensile of rock being fractured; psi
VERTICAL FRACTURES

Two vertical fracture gradients exist for all points within a wellbore only because
of the size and geometry of common drill holes. These two fracture gradients are
called the fracture extension and initiation gradients.

Equal stress model

If a rock is equally stressed in all horizontal directions and the rock is totally
contained and can not strain, the equation which relates vertical and horizontal
stress may be derived with Poisson's ratio and Hooke's law.

S v
ey = —EX - S +8S) Hooke's law and Poisson’s ratio
S = stress; psi
v = Poisson's ratio; in/in
ey = horizontal strain after stresses Sy and S;; in/in
E = Young's modulus; psi

Because there is no strain, ey = 0

S
T - F Sc+8)=0
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Because the horizontal stresses are equal (S, = Sy) then

v
Sy =755,

Note that Poisson's ratio v hagnever been observed to be less than 0 or greater
than 1/2.

Thus, the horizontal stresses may have values near zero if compared with that of
the overburden stress.

If a cylindrical hole is drilled into a rock layer supporting overburden, the
horizontal stresses (radial) will be relaxed at the wall of the hole. However,
tangential stress will develop in the rock.

This tangential stress has been quantified by Lame
and his equation is

S a2
<__y_ S; =2 a2 b2 Sy
S; = tangential stress; psi
If a is large relative to b as is the case of drill holes,
S then
X
S =2 Sy
FRACTURE EXTENSION

If a vertical crack exists in a
rock which is supporting an
overburden, then the
magnitude of the stress
which is required to be placed
on the face of the fracture in
order to prevent its closure is
that of the horizontal stress
which is perpendicular to the
fracture. If the fracture is to
be extended, then the
pressure required in the drill
hole is the sum of, the minimum horizontal stress, the pressure of the fluid in the
formation, tensile strength of the rock, and the friction (and gel if applicable)
pressure loss in the fracture.

Py = Sy +Pr + S, +Pgye +Pgel

DRILL HOLE MECHANICS 176 MITCHELL Box 1492 Golden CO 80402



EFFECT OF FLUID

If the rock contains a fluid and is both porous and permeable,
then the pressure on the wall of the fracture will need to
counter both the pressure of the fluid within the pores of the
rock and the horizontal stress transmitted by the grains of the
rock.

Ptracture = Pr+ Sy

P¢ = Pressure of fluid in the pores of the rock; psi

OVERBURDEN CONTAINING FLUID

Terzaghi suggested that an overburden stress is the sum of the fluid pressure and
the stress transmitted by the grains of the rock.

Sob = Pf+ Sz
S, =Seb-Pr

and for a vertical fracture

v
Sy = 1 Sob ™ Priuid)
and for a cylinder (a drill hole)

2v
Sy = 1w (Sob - 1)fluid)

INITIATION AND EXTENSION FRACTURE GRADIENTS

The equation for fracture extension is
v
Pext = Tov Sob ™ Priuid) * Priuia + 8¢

Poxt = pressure in the wellbore to cause fracture extension; psi
The equation for fracture initiation is

2v
Piit= Tov Gob - Privid’ * Priuia + St

Pinit = pressure in the wellbore to create a vertical fracture; psi

The two equations may be converted to equivalent densities by dividing both by the
depth D.
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EXAMPLE

The overburden gradient of a rock layer at 6,000 is 19
ppg. Poisson's ratio for the rock layer is 0.3 and its unit

tensile strength is 50 psi. The effect of fluid pressure is ﬁ E
to be illustrated. ==z k==

Under pressured. Fluid pressure is 4 ppg.

.3 50 ool k=
MWE = 773 (19-4) + 4 + 55556000 ==Z| Hoppg
= 10.4 ppg (extension) B
3*%2 50
= 16.9 ppg (initiation) : T

Normal pressured. Fluid pressure is 9 ppg.

3 50 :
MWE = 13 (19-9) + 9+ 052 * 6000 = 13.3 ppg (extension)
MWE—'3*2(19 9) +9 + T =17.6 (initiation)
= 1-.3 (19-9 +9 + 55556000 = 4.6 ppg (inihation
Overpressured. Fluid pressure is 17 ppg.
3 50 .
MWE =775 (19-17) +17 + 555+ 6000 = 17.9 ppg (extension)
MWE-'B'*2 19-17) +17 0 __ =18.7 i 't'ti')
=71-3 (19-17 +17 + 55556500 = 18.7 ppg (initiation

It may be noted that fluid pressure gradients have a marked affect on the
fracture extension gradients and a lesser affect on the initiation gradients.

EXAMPLE

Calculate the fracture gradients of a formation at 1491 feet if the air gap (highest
rise of the mud in the conductor pipe above sea level) is 70 feet, the sea depth is 230
feet, and the formations have an average specific gravity of 1.9, a Poisson's ratio of
.2, and a tensile strength of 100 psi.

If the wellbore has not been previously fractured then the smaller value of either
the horizontal or initiation fracture pressures must be chosen.

Sob = 0*70 +.052 * 8.5 * 230 + .052 * 1.9 * 8.33 * (1491-300) = 1082 psi
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The horizontal fracture pressure is

Sea Air Gap 70’
Phor = 1082 + 100 = 1182 psi Level AT
230
Mud ¢
. Line
The expected pore pressure is
Pp =.052 * 8.5 * (1491-70) = 628 psi
The vertical initiation fracture pressure is
2 .
P; 5t = (1082 - 628) 2 1.9+ 628 + 100 =955 psig
1491" —

The maximum allowable mud weight is

0.052 * MW * 1491 = 955
MW =123 ppg

Thus the wellbore at a depth of 1491 feet is expected to fracture vertically at a mud
weight or equivalent mud weight of 12.3 ppg.

EQUIVALENT MUD DENSITY

A pressure with the units of psi acting within a wellbore at a depth D may be

converted to equivalent mud density or equivalent gradient in the units of ppg with
either of the equations

MWE = —0—5%)-*—5 (not exact) MWE = 19.25% (exact)
MWE = equivalent mud weight; ppg
P = pressure; psi
D = depth; feet
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FRACTURE GRADIENT PLOT (EATON)

In practical designs of fracture gradient plots problems may be solved by
generating fracture gradient lines depicting feasible minimum mud weights. The
mud weight selection sketch shows pressure gradients versus depth. The pore
pressure gradients were chosen to illustrate several points. The two fracture
gradients were calculated with the fracture initiation and extension equations;
with Eaton's gulf coast variable overburden gradient and Poisson's ratio charts;
and with a minimum formation tensile strength of 100 psi.

Fracture Gradient Plot (EATON)

i 0
2
N
Q .
@ 61 Poisson's Ratio
g Curve (in/in) \
E 10 ] \\ \\
14 Variable Overburden .
1 Gradient Curve
16 ) ¥
18 4 \
N0 1, : : — . : —1 -
02 03 04 05 06 07 08 09 10 1.1 1.2

Pressure Gradient (psi/ft)

Equations which very closely approximate Eaton's published curves are:

Variable Overburden Gradient (psi/ft)

Sep = VOBG = 0.84753 + 0.01494 D - 0.0006 D2 + 1.199E-5 D3

r >0.99%
D =depthin 1,000's of feet

Poisson’'s Ratio (no units)
v = 0.23743 + 0.05945 D - 0.00668 D2 + 0.00035 D3 - 6.71E-6 D*

r >0.99%
D =depthin 1,000's of feet
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EXAMPLE OF FRACTURE GRADIENT

Calculate the fracture initiation and extension gradients at a depth of 8,000 feet.
Use the approximations to Ben Eaton's data.

Seb = VOBG = 0.84753 + 0.01494 * 8 - 0.0006 * 82 + 1.199E-5 * 83

=.935 psi/ft (also known as sgp)

v = 0.23743 + 0.05945 * 8 - 0.00668 * 82 + 0.00035 * 83 - 6.71E-6 * 8*
=.437 in/in
MWE = 14 ppg (taken from the sketch at a depth of 8,000')
2 * 437 . 100
MWE, .. =(.935-.052%*14) 1-437 * 052* 14 + 3000
= 1.062 psi/ft or 20.44 ppg
437 100
MWEext =(935-.052* 14) 1-437 * 0562 * 14 + 3000

= 901 psi/ft or 17.34 ppg
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FILTRATION OF MUD INTO THE FORMATION

Two types of filtration exists within the borehole: static and dynamic. Dynamic
filtration occurs when mud is being circulated and occurs at both the wall and the
bottom of the hole. Static filtration tests have shown that bentonite muds have no
additional filter loss with increases in pressure. This is depicted in the graph.
Outman's has shown that dynamic filtration is also only slightly dependent on
pressure (or pressure differentials) for incompressible filter cakes.

EFFECT OF PRESSURE

CURVE TYPE MUD

A CLAY MUD
B SHALE MUD
e c BENTONIT?.M' -
— =
315:
o
(&)
» 10
8 L
a gk
a B
5 _E
E:s
y

200 300 600 1000 2000 4008 6000 . 10000
PRESSURE-POURDS PER SQUARE INCH -
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DRILL SOLIDS OPTIMIZATION

Shown below is a sketch of a typical flow loop for rotary drilling rigs. The drill
solids are generated by drilling new hole and hole enlargement. Because drill
solids accumulate in the annulus, the drill solids are at their highest
concentration there. A portion of the solids are removed by the solids removal
equipment and a portion are retained. This is called 'separation of solids'.

Because of the difficulties in removing solids, few old solids, i.e., those which have
been recirculated and reduced in size, can not be mechanically separated; and
only about 60% of the new drill solids can be separated. A fraction of the drill
solids are removed by the discarding of mud. This is called 'discarding solids'.

Chemicals, barite, and water are added to reduce the concentration of drill solids;
but, this does not remove the drill solids. This is called 'dilution of drill solids'.
The solids which are retained in the mud are recirculated. Drill solids
concentration is the ratio of the volume of the drill solids to the volume of the mud
including the drill solids, and is reported as percent drill solids.

Volume Drill Solids
Volume Mud

%Drill Solids =

:»/ Recirculated drill solids

A Flow line
'\/ drill solids barite

I I
xR

Annular water.
, drill chemicals
= | solids :/ Z:::
RN 1. T o —]m
/ e NN RN pu ph_l
Removed ‘
drill solids Discarded mud
& drill solids

One major problem exists in the optimization of mud costs. It is the selection of
the concentration of recirculated drill solids to be allowed in the mud. As drill
solids are allowed to increase, drill rate decreases and mud consumption
decreases. A decrease in drill rate means more bit to drill a section of hole, more
rotation time, more trip time, and more support time. Thus, cost per foot for the
rig goes up and mud costs goes down. A balance is required.

For a weighted mud the recirculated solids concentration can be estimated by
comparing the barite and water added to the mud while drilling a section of hole
with the computed amounts required. For an un-weighted mud, the comparison
must be based on only the water added.
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BARITE & WATER REQUIRED TO DRILL A SECTION OF HOLE

A definite quantity of barite and water are required to drill a section of hole. The
quantity of each depends on the length and size of the hole drilled, efficiency of the
solids removal equipment, percentage of retained solids, volume of the active mud
system, and the mud weight. Thus, following formula may be reasoned.

Disca}*ded
INITIAL MUD é)o Ilﬂils FINAL MUD
v, ‘ New Separated & Barite Ve
o: +| Drill | - Dnill | Liquid |t & =
g Solids| | Solids 1qu Water Pf
rds i Vd Pd Srds £
Srds d

The volume and weight of the new drill solids which are not separated and
retained in the mud are

2
Vigs = 116129 *L*[1-EFF_] {Expected cavings may be reasoned into H}

Whds =5G * pyy, ¥ Vigs * 42

The objective is to ascertain the volume of water and weight of barite to be added,
and the volume of mud to be discarded, for the purpose of controlling the solids
concentration in the recirculated mud while drilling a’section of hole. The
following equation is based on the conservation of mass of the drill solids. If the
pits are to be maintained at a constant volume, it is only necessary to set the

following equation equal to zero and solve for the quantity of mud to be discarded,
Vd-_
AVmud = Vf h Vi
Srdsi * Vi B Srds d * Vd + Vrds
srds f

The volumes and weights of the barite and water to be added are resolved in the
following.

AV -V,

mud =

From the sketch and the conservation of mass of the mud, the following equation
is written.

Pi Vi + Prds Vrds - PaVa + Wy + Py Vi, = P Ve

The conservation of volume which is adequate for barite and water, but is not
satisfactory for salts which can dissolve into water gives

A

b
Vi"'Vrds'Vd*’g*'Vw:Vf

The simultaneous solution of the last two equations gives the equations for the
computation of the weight of barite and the volume of water required to drill a
chosen interval of formation.
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- Pf Pd Py Prds
Ve(— -1)+V,43(— -1)-V.(— -1)-V — -1
f(pw + d(pw ) l(pw ) Tds(pw )
1 1
(— - )
Pw Pp
: p
vf<—-1)+vd<—-1)-vi(—’-1)-Vrds(;:s~1)

Pw
(— -1
Pb

Volume of new drill solids which are not

separated from the mud (retained); bbl
Weight of retained drill solids; lbm

Hole diameter; inch
Length of section drilled; ft
Efficiency of solids removal equipment; fraction

Specific gravity of drill solids; ppg/ppg

density of water; (350 ppb) (8.33 ppg) (62.3 ppcf)
Density of barite; (1488 ppb) (35.43 ppg) (265 ppch)
Increase in mud volume during the drilling of the

section; bbl
Recirculated drill solids concentration at the

beginning of drilling the section; fraction
Recirculated drill solids concentration at the end

of drilling the section; fraction
Recirculated drill solids concentration discarded

during the drilling of the section; fraction
Volume of mud at the beginning of the drilling of

the section; bbl
Volume of mud at the end of the drilling of the

section; bbl '
Volume of mud discarded during the during of

the section; bbl

Mud density at the end of drilling the section; ppg
Mud density at the beginning of drilling the
section; ppg

Density of the discarded mud; ppg

Quantity of barite to be added to the mud; 1b
Quantity of water to be added to the mud; bbl

Density of retained drill solids; ppg
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EXAMPLE

The minimum volume of a mud system is 800 bbls. The
native solids (S. G. = 2.65) are to be kept at 5% volume with
the addition of barite and water while drilling a 9" hole at e
200 feet per day. In all cases the mud weight is 10 ppg . . *

initially and the shale shaker and other equipment remove
1/3 of the solids. Calculate the sacks of barite required to
increase and maintain the system to and at higher mud |
weights. '

W, = 11,406 1b
v = 1913 bbl

water

" 200 fi/day

SOLIDS CONCENTRATION SELECTION

The selection of the concentration of recirculated drill solids to be maintained in
the mud can be based on minimum drilling cost per foot. The basic equation
combines the cost of the rig, tools, services, and mud for the drilling of a section of
hole. The optimal solids concentration equation is

cost = rigcost + mud cost
SRT&S nm
CPF = cost per foot to drill a section of hole; —2
RT&S = hourly cost rates of the rig, tools & services; -}%
ROP = rate of penetration of the bit; %
Mud = cost of mud per barrel during the drilling of
NI
the section; Bbl
Vim = mud which must be mixed and added to the
mud system during the drilling of the section
of hole; bbl
L = length of a section of hole to drill; ft

ROP versus SOLIDS CONCENTRATION
A popular relationship for ROP versus Sy is
A*S_30)
ROP=k € '
I = exponent for drill rate impedence caused by
recirculated drill solids
correlation coefficient

k

A suggestion for finding the values of k and I are to measure the ROP during
normal drilling and then measure the ROP after pumping a slug of new mud
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without solids to the bit. The S, 34 will be that which is being maintained during
normal drilling and will be zero while drilling with the new mud.

VOLUME OF MUD TO BE MIXED during the drilling of an interval of hole
If the final and beginning mud densities, retained drill solids, and mud volumes
are to be equal, and mud is to be discarded and mixed on a continuous basis, then

the equation for the volume of mud to be mixed and added is developed and given
in the following equations. .. -

New New s
Drill Mud Discarded v
Vil + solids + o - Mud = £
retained solids with solids

V; = V¢ {no change in mud volume in the system)

which becomes

New| _ [Discarded| | o
Mud Mud solids
The algebraic equation is
Vnm = Vdm B Vrds
Conservation of solids volume requires
0 = Srds* Vam - Vrds
Vids = Sras * Vam
Vdm _ grds
rds

Conservation of mud excluding solids requires
Vom = Vam - Spgs” Vim Vom = Vam(1 - Srq¢)

substituting for V4, gives

\Y
\Y% =

nm S

rds

1 - Srds)

rds
The volume of new mud to be mixed and consumed for the section is

H2 [1 - EFFg.l [1 -S4l
Vom = 1029 L S

rds

Substitution of the above gives the equation for selecting optimal solids
concentration. In order to ascertain the variance of cost per foot with retained
solids concentration a plot is made with the two variables

SRT &S (1 - EFFsre] [1-S,4s1

ke
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EXAMPLE
Rig, tools, and supplies cost $500/hr. Other variables are as listed.

Srds =0.05 TABLE OF ROPYV., SOLIDS
Mud = $20/bbl ROP Srds
Effsr =04 e e
Hole dia =9.0in 24 .05
15 .08

The appropriate equations and values from the table of ROP versus Solids give the
following values for k and 1.

ROP,
Ln ( Wpl ) 1*S
I = k = ROP e
Srdsl - Srdsz 1
I = 15.67 k = 52.67

Now, the cost per foot equation can be completed.

[1-.4][1-S.;.]
CPF - _5[?267*8 -~ 4+ 20 [1092295 x 5 rds- |
5267€ & ' rds
TABLE OF COST
VS. SOLIDS
Srds CPF D OPTIMUM SOLIDS
-------------- R 5
.03 45.72 | 1
.05 38.72 L 50 A
052 38.66 L
.07 40.98
09 4844 C 45 Qptimum
o Recirculated
S 1 - Solids
It is seen from the plot T 4 ] Minimum Cost 5 2(7//
that 5.2 volume % of 38.66 $/ft ~_ 2“7 '
solids is the optimal $it -
recirculated drill solids 35 — T T T T T T T T
concentration for this 0.01 0.02 0.03 0.04 0.05 0.06 0.07 008 0.09 0.10
example. RECIRCULTED SOLIDS vf
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CHAPTER IV
KICK REMOVAL

The driller's and engineer's removal methods are two reliable methods of
circulating a drilling kick from a hole. The other methods presented below are

satisfactory in special circumstances. The depicting attributes of each method are
the following:

Driller's
1. kill mud is pumped after the kick is removed from the hole
2. two circulations of the hole are required
3. annular and surface pressures will be higher while removing the
kick than those of the engineer's method

Engineer's

1. the drilling mud is weighted to kill mud weight prior to pumping
2. kill mud is pumped while removing the kick
3. one circulation is required to kill the hole

Concurrent

1. drilling mud is weighted as it is pumped into the hole but not
necessarily to the weight of kill mud
2. the hole will contain a variable weight mud

3. annular and surface pressures will be higher than the engineer's
and less than the driller's

Gas Migration

1. the gas bubble is allowed to rise in the annulus without
circulating

the casing pressure is allowed to rise to a selected value without
bleeding mud

mud is bled from the annulus while keeping the pressure at the
selected value

after the kick rises to the surface, heavy mud is lubricated into the
annulus to kill the annulus and well.

- WD

Dynamic

1. kill weight mud is pumped at a rate sufficient to raise the
pressure at the bottom of the hole above or equal to that of the
kicking formation. The increase in bottom hole pressure occurs
because mud is occupying more and more of the volume of the

DRILLING OPTIMIZATION METHODS 192 MITCHELL BOX 1492 Golden CO USA



annulus, and friction pressure losses in the annulus. (pump mud
faster than gas entry rate)

2. a choke pressure may or may not be applied

Low choke pressure

1. a pressure is held at the choke which will prevent the fracturing
of a formation in the hole

2. additional gas will enter the hole during the removal of the kick

3. similar to the dynamic method

Partition

1. the kick is pumped out of the hole in partitions
2. pressures will be the lowest of the methods

3. mud may or may not be welghted prior to the circulation of a
partition

There are three primary causes of kicks, 1) drilling into a permeable formation
which has a higher pressure gradient than the drill mud, 2) pulling of the
drilling string without filling the hole, and 3) lowering the mud weight after
drilling a section of hole. The followmg development discusses the type of kick
which arises from drilling into higher pressured formations.

In order to successfully remove a kick with any methods other than the dynamic
or the low choke methods, two basic rules must be observed. The first is that
additional gas must be prohibited from entering the dnll hole. The second is that
the pressure of the mud within the entire open drill hole must be less than the
fracture strength of the formation or the last casing. The first rule requires that
the pressure at the bottom of the hole be equal to or greater than the formation
pressure from which the gas came. The second requires that the choke be
continually adjusted. In equation form these two rules are

Pobh=Pr Rule number 1
P, « <Py, Rulenumber 2

After the kick is detected and the blowout preventers are closed, the standpipe and
casing pressures as well as the gain in the pits are recorded.

In the following discussion it is assumed that

1. the gas kick enters the drill hole at the bottom of the hole as a

contiguous bubble and remains as one through its removal from
the drill hole

2. the mass of the gas in the contiguous bubble does not change

(absorption into the mud, adsorption onto solids, loss into
formations, etc.)
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the intrinsic gas properties do not change (molecular weight,
density, etc.)

the temperature of the kick does not change during its removal
gel and friction pressure losses in the annulus are neglected

the kick will not rise in the hole without circulation.

SOtk W

The removal of the kick with the driller's method is segmented into five mud
pumping intervals

ascertaining initial conditions before pumping begins
pumping the top of the kick to the surface

venting the kick at the surface

pumping the kill mud to the drill bit

pumping the kill mud to surface.

vl o=

EXAMPLE

The following example is carried throughout the discussions. Suppose a 30
barrels kick has flowed into the hole and the standpipe and casing pressures are
recorded to be 200 psig and 400 psig, respectively. The mud weight is 14.3 ppg. The
drill string is 600 feet of 8" by 3" bha and 7,400 feet of 5" by 19.5 ppf drill pipe. The
last casing was set at 5,000 feet and the formation pressure integrity test at the
shoe gave a value of 16.0 ppg. The low circulating rate pressure is 1,500 psig. A
sketch of the drill hole follows.

Ps Ps Ps
Pc

GAS

INITIAL DRILLER'S ENGINEER'S
SKETCH OF HOLE WITH GAS KICK
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-~ RIG KICK REMOVAL EQUIPMENT

Larger drilling rigs have the equipment shown in the sketch.

140

11 13

12

15
14

NUMBER EQUIPMENT

NeTLN V) VLI

11
13

&

17

o

21

BNRRER

standpipe pressure gauge
casing pressure gauge
mud pump

kill line

flow line mud flow sensor
mud flow line

mud pit level sensor
separator mud flow line
accumulator

cement for last casing

"2 hole fill tank

4 blowout preventer rams (or bag)
6 mud pump stroke sensor

8 choke in choke line

10 gas flare and flare line

12 gas mud separator

14 active mud pit

16 choke line

18 bope lines

20 vent line

fracture in formation and loss of mud

shoe of last casing

kill mud and inside drillpipe
drilling mud and drillpipe annulus

drill collars
drill bit
jets in the drill bit

KICK REMOVAL

26 kick fluid and drill collar annulus
28 kicking formation
30 drillpipe
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Notes

KICK REMOVAL
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KILL PARAMETERS

Volumetric capacities of the annuli around the bha and drillpipe

2 2 2 Q2
H2.D 12.252- 8 _
C=Tm0z Cea= 53995~  Coa=0.0836bblst
12.25% - 52
Cpa = 1029.5 Cpa = 0-121 bb]/ft

Volumetric capacities within the bha and drillpipe

__Ip? 32
= 1029.5 C.= 10295 C, = .00874 bbV/ft
4.276°
Co=10295 C, = 0178 bbl/ft
INITIAL CONDITIONS
The initial length of the gas Kick is Ps
200
\Y%

L; = C_g (if kick is not above the drill collars)
ca

_0_
0836

L; = 359 ft (initial length of the gas kick)

Li=

2z é22222¢"22222???22?2?2222?2222&

The formation Pressure is

INITIAL

P;=P, +.052py D
D = Drilling depth
Pm = Drilling mud weight

P = Initial shut-in standpipe pressure

Pg=200 + .052 * 14.3 * 8000 = 6,149 psig
The pressure gradient of the formation is

Ps 6149

Cr= 552D =052 * 8000 = 14.8 ppg
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The initial density of the kick fluid is found with the equation

Pr=P, +.052 * ppy * (D - L) + .052 px L,

P; = Initial shut-in casing pressure
Initial kick density

Pki
6149 =400 + .052 * 14.3 * 7641 + .052 * px * 359
Pxi = 3.6 ppg (Gas and a little oil)

The initial pressure drop across the length of the kick and at the top of the kick is

AP; = .052 * py. * L = .052 * 3.6 * 359 = 67.2 psig
P,; = Pr- AP, = 6149 - 67.2 = 6082 psig

If the gas passes from one annulus to another, the pressure drop across the
kick only because of the annular capacity change is

C

AP = AP 2
Coa

new annulus

The gas column factor for the kick, ¢ = %, is computed with the gas column
formula

L. *359
Pe=P, ePh i 6149 = 6082 €
. 1
? = 32790
GAS COLUMN FORMULA

mw
Po _ ozZRT "
P~

P, = pressure at bottom of gas column; psia

P, = pressure at top of gas column; psia

L = length of gas column; ft

R = gasconstant; R = 1544

T = average gas temperature; Rankine

Z = average gas deviation factor; no units

mw = molecular weight of the gas
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DRILLER'S METHOD
DEFINITION OF THE DRILLER'S METHOD

The driller's method is a method of removing a kick from the hole which requires
the kick to be circulated from the hole prior to circulating a kill mud into the hole.
Two circulations are required and the method is sometimes called the two
circulation method.

PUMPING THE KICK TO THE SURFACE with driller's method

The volume of mud to be pumped to move the top of the Pc

kick to the top of the hole is

Vi = Lbha Cca +(D - I"bha -L) Cpa

V., =600 *.0836 + (8000 - 600 - 1311) * .121

V_ =790bbl

]
Y
~
~
~
aNy
%
Y
8y
/]
[
N
Y
Y
)
A
I~
]
]
g
)
™ ]
F@/
N
-
=
<

V_, = Total volume of mud pumped after shut-in

The static length of the gas kick while the top of the gas ,
kick is at a depth, X, is (Note: the kick must be completely DRILLER'S
contained in the annulus of the BHA or the annulus of the drillpipe. If the kick is
within the annulus of the BHA set Cp equal to C,, if not use as is.)

AP

1
¢ ca
Pf- AP, 5= - .052 p,, (D-K-L)
pa

The length of the kick while the kick is at the shoe of the last casing, i.e., X = 5,000

ft.
720558
L=32790Ln) 1+ 0336 -
6149 -67.2 —12—1— -.052 *14.3(8000-5000-L)
L =363 ft

The length and the volume of the kick when the top of the kick is pumped to the
surface is
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0836

672550
L=32790 Ln{1+ e
6149 672751 - 052 *14.3(8000-0-L)
L = 1,311 f¢
Vi=L* C, =159 bbls

V. = Pit gain

The static pressure acting on the drill hole at a depth of X (X = 5,000 feet) with the
top of the kick at a depth of X is

« Cea
. Pg=P¢-.052%p, (D-L-X)- AP

.0836

P5000 = 6149 - .052 * 14.3 (8000 - 363 - 5000) - 67.2—57 191

P5000 = 4,142 psi

The casing pressure with the top of the kick at 5,000 feet is
C
Pe=Pf-.052 % p,, (D-L)-AP5—

P, = 6149 - .052 * 14.3 (8000 - 363) - 67.2 01823f =424 psi

The casing pressure with the top of the kick at the surface is

P, =6149 - .052 * 14.3 (8000 - 1311) - 67.2 0182316 = 1,129 psi
The static standpipe pressure is
P,=Pg = 200 psig
The circulating standpipe pressure is
P, = LCRP + Py
LCRP = Low circulating rate pressure
P, =1500 + 200 = 1700 psig
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The volume of mud to be pumped to bring the top of the kick to a depth of 5,000 is
Vm = Lbha Cca +(D-X- Lbha -L) Cpa

Lyha = Length of the bottom hole assembly
L = length of kick with its top at 5,000’

V., = 600 *.0836 + (8000 - 5000 - 600 - 363) * .121 =298 bbl

The pit volume gain after pumping 296 barrels of mud is

Vy=L*Cy, =363 *.121 ~ =44bbl

VENTING THE KICK with driller's method

During the venting of the kick, the casing pressure will Ps
drop, from its highest value to the initial standpipe shut-in
value, in a linear manner as the mud fills the space
occupied by the kick . In our example the highest casing
pressure value is 1,129 psig and the initial standpipe
pressure value was 200 psig. The volume of mud to pump to

remove the kick from the hole (volume of the annulus) is

Vin = Lpha Cea + (D - Lypy) Cpa %
V,,, = 600 * .0836 + (8000 - 600) * .121 A H
Vm = Vannulus =949bbl DRILLER'S
The length of the kick is
Vann - Vm
L=—¢c—""
pa
Ly = length of kick with the top of the kick is at the surface
(1311 fv)
Vi = volume of the kick with the top of the kick at the
surface (159 bbl)

After pumping 870 barrels of mud the length of the kick is

949 - 870
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The casing pressure during the venting of the kick at the surface is

\ nn - Vm
Pe= Psi +— g — (P - Ps)
Py = casing pressure with the top of the kick at the surface
(1129 psig)
Psi = initial shut-in standpipe pressure (200 psig)

Let the volume of mud pumped be 870 barrels, the casing pressure is

P, = 200 + 9491%9 (1129 - 200) = 661 psig

The static standpipe pressure is

P, =P . = 200 psig
The cifculating standpipe pressure is

P = LCRP+P,

P, = 1500 + 200 = 1700 psig

The pit volume gain after pumping 870 barrels of mud is

V,=L*C,, = 653 *.121 =79bbl

PUMPING THE KILL MUD TO THE BIT with driller's method

The volume of mud required to pump the kill weight mud to the F;S

bit is the volume contained within the drill string e
Vin = Lpha € + (D - Lyp,) ¢
V., =600 *.00874 + (8000 - 600) * .0178 =137 bbl g
total V_, =949 + 137 = 1,086 bbl A %

The static casing pressure with the kill mud at the bit is equal to E

the initial standpipe pressure DRILLER'S

Pc = PS] - 2m IBig
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The circulating standpipe pressure while the kill mud is being pumped to the bit
is
(V. -V, e P
P = Pr+ [LDL—"] [LCRP * (—fﬂ)-75 - 052 pyy *D]J
m
V_ -V )e
+ [1 - ——"‘—D—a—p] [LCRP- 052 *p *D]

Pkm = Wweight of kill mud (14.8 ppg)

After pumping a total volume of mud of 1,000 barrels which consists of 949 barrels
of light mud and 51 barrels of kill mud, the circulating standpipe pressure is

(1000 - 949).0178 14.8 75 x
P, = 6149 +( 3000 ) (1500 * (53 " - .052 * 14.8 * 8000)
+ (1. 2000 ‘8%‘(’;%)/ D178, (1500- 052 14.3%8000) = 1,640 psi

The additional pit volume gain is equal only to the volumes of barite and other
additives mixed into the mud to increase the density of the mud.

PUMPING THE KILL MUD TO THE SURFACE with driller's method
The additional volume of mud required to pump the kill weight Ps
mud to the surface is the volume of the annulus

|

Vi = Liha Cca +(D - Lyp,) Cpa %
N
Wi
Vi = 600 *.0836 + (8000 - 600) * .121 =949bbl %
RN
V= 790 + 159 + 137 + 949 = 2,035 bbl 'Y
Vot = total mud volume to kill drill hole e e e
DRILLER'S
The casing pressure is
[th ) Vm]
Pe = th - Vb PSi
Vy = volume of mud pumped to put kill mud at the bit (
1,086 bbl)
Let 1,600 barrels of mud be pumped, the casing pressure is
2035 - 1600 .
P.= 2035-1086 (200) = 91 psig
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The circulating standpipe pressure is

P, = LCRP * (%E)-75 = 1500 * (ﬁjg)-”’ = 1,539 psig
m
ENGINEER'S METHOD

DEFINITION OF THE ENGINEER'S METHOD

The engineeer's method is a method of removing a kick Ps
from a hole which requires that the mud in the pits be
weighted to a kill value prior to circulating the kick from the
hole. One circulation is required. The method is often called
the wait and weight method.

PUMPING THE KICK TO THE SURFACE with engineer's
method

The volume of mud to be pumped to move the top of the kick
to the top of the hole is

Vin = Lpha Cea+ (D - Ly - L) Cpy ENGINEER'S

V., =600 *.0836 + (8000 - 600 - 1399) * .121 =779 bbl

The pressure drop across the drill mud below the kick, and while the kill mud is
in the annulus of the drillpipe is

V&
052*pm*6_—

pa

APy,

137 .
= 052* 14.3* Jo7 = 837 psi

The static length of the gas kick while the top of the gas kick is at a of depth, X, is
(Note: the kick and the kill mud must be completely contained in the annulus of
the BHA or the annulus of the drillpipe.

Cea
APET—

Lzan 1+
¢

Cea Vas
Pf -APiCpa 'APdm-O52 pkm (D' Cpa -X-L)

KICK REMOVAL 204 MITCHELL Box 1492 Golden CO 80402



The length of the kick while the kick is at the shoe of the last casing, i.e., X = 5,000
ft.

720858

L = 32790 Ln{l + 0336 : E }
6149 -67.2 o1 - -837 -.052 *14.8 * (8000- 357 191 -5000-L)

L =366 ft

The length and the volume of the kick when the top of the kick is pumped to the
surface is

67.9 .0836
121
L = 32790 Ln{l + 0836 137 }
6149 -67.2—57 191 - 837-.052 *14.8 * (8000- =57 191 -0-L)
L =1,399 ft
Vk=L* C,, =1,399* 121 =169 bbl

The static pressure acting on the drill hole at a depth of X (X = 5,000 feet) with the
top of the kick at a depth of X is

v
Py = Pr- ARG - APgy - 052 pyy D - Cd X - L)
p

Psooo = 6149 - 67.2 Of;f 837 -.052 * 14.8 *(8000 - 113271 - 5000 - 366)

P5000 = 4,110 psi
The static casing pressure with the top of the kick at 5,000 feet is

v
P,=Pf - AP,g= - APy, - 052 pyr, O - Cd X - L)
pa

0836 137
P.=6149 - 672 191 - 837 - .052 * 14.8 (8000 - B - 366)

Pc = 262 pSi
The static casing pressure with the top of the kick at the surface is

.0836 137
P.=6149 -67.2 51 191 - 837 -.052 * 14.8 (8000 - 121 -1399)
Pc = 1,057 pSi
KICK REMOVAL
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The static standpipe pressure is
Py =0 psig

The circulating standpipe pressure after filling the drillstring with kill mud is

Pkm\.75 14.8\.75
) 14.3)

P, = LCRP * ( = 1500 * ( = 1,539 psig

Pm
The volume of mud to be pumped to bring the top of the kick to a depth of 5,000 is
Vi = Lbha Cca +(D-X-Igp,- L) Cpa

-V, =600 *.0836 + (8000 - 5000 - 600 - 366) * .121 =297 bbl

The pit volume gain after pumping 296 barrels of mud is
Vg =L* Cpa =366 * .121 =44 bbl

VENTING THE KICK with engineer's method

During the venting of the kick, the casing pressure will drop,
from its highest value to a pressure equal to the difference in
the pressure across the length of the kill mud and the
pressure across a similar length of kill mud, in a linear
manner as the mud fills the space occupied by the kick . In
our example the highest casing pressure value is 1,057 psig
and the pressure difference is 29 psig. The volume of mud to
pump to remove the kick from the hole (volume of the
annulus) is

Vi = Lpha Cca + (D - Lyp,) Cpa

ENGINEER'S
V., =600 *.0836 + (8000 - 600) * .121
Vi = Vannulus =949 bbl
The length of the kick while the kick is being vented is
V. -V
L — an(r:; m
pa
Ly = length of kick with the top of the kick at the surface
(1311 ft)
Vi = volume of the kick with the top of the kick at the
surface (159 bbl)
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After pumping 870 barrels of mud the length of the kick is

949 - 870
L=T =653 ft

The casing pressure during the venting of the kick at the surface is

ann -

Vm
P. =Py +——Vk (Pn - Pg)

Ph = casing pressure with the top of the kick at the
surface (1057 psig)

Ps = pressure difference (29 psig)

Py = casing pressure with the top of the kill mud at the

surface (29 psig)
Let the volume of mud pumped be 870 barrels, the casing pressure is

Pc=29+94—91—é-9§7-9(1057-29) = 507 psig

The static standpipe pressure is

P =0

S

The circulating standpipe pressure is

p
P, = LCRP * ()75
P

P, = 1500 * (%)-75 ' = 1,539 psig

The pit volume gain after pumping 870 barrels of mud is
Vg =L* Cpa

Vg =653 *.121 ="79bbl
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PUMPING THE KILL MUD TO THE BIT with engineer's method

The volume of mud required to pump the kill weight mud to the @7 Pc
bit is the volume contained within the drill string | ~

Vm = Lbha Cc + (D - Lbha) Cp

V., = 600 *.00874 + (8000 - 600) *.0178 =137 bbl A
The circulating standpipe pressure is xl
[Vm/cp][ . (pkm)75 . . ] ENGINEERS
P,=Pr + | LCRP * (—— -.052%p, . *D

Pm
V_/c
+[1- 5 p][LCRP -.052*pm*D]

Pkm = weight of kill mud (14.8 ppg)

After pumping a total volume of mud of 100 barrels of kill mud, the standpipe
pressure 18

P, = 6149 + (%“88@ J(1500 * G275 . 052 * 14.8 * 8000)

14.3
100/.0178 N
+(1- 3000 1500 - .052 * 14.3 * 8000)

P = 1,582 psi

S

PUMPING THE KILL MUD TO THE SURFACE with engineer's method

Ps

The volume of mud required to pump the kill mud to the surface
after venting the gas is the volume of the drillstring

Vm = VdS = 137 bbl

N
A
AV
AAY
v
I~
A
o~
o~
o~
]
ANAY
A
AN
]
N
AN
NN
<l

ENGINEERS
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The static casing pressure during the venting of the kick at the surface is

Let the volume of mud pumped after venting the gas be 100 barrels, the casing
pressure is

100 .
Pe= 13729 = 21 psig

The circulating standpipe pressure is

Pkm..75
P, = LCRP * ()
. Pm
14.8,.75 .
P, = 1500 *(14‘3) = 1,539 psig

LATCHED
HEAD

WEAR
PLATE

PACKING
UNIT

OPENING
CHAMBER
HEAD

OPENING
CHAMBER

LIFTING
SHACKLES

CLOSING
CHAMBER

CONTRACTOR
PISTON

GX 13s/"-10,000 psi
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KICK CONTROL WORK SHEET
DATE COMPLETED: TIME:

Low Circulating Rates and Pressures

Pump #1  Circ. rate#l Press#1 Circ. rate#2 Press#2
Pump #2  Circ. rate#l Press#1 Circ. rate#2 Press#2
PUMP DATA
TYPE LINER STROKE MAXPRESS DISPLACEMENT
NAME inch inch psi bbV/stk
Pump No. 1
Pump No. 2

DRILLSTRING AND HOLE VOLUME DATA
2

__° , _
BHA e = CAP * LENGTH = VOLUME
D 2.0p_ 2
HOLE x BHA ANN —— == = CAP * LENGTH = VOLUME
D2 '
DP#1 0555 = CAP * LENGTH - VOLUME
ID__2.0p_ 2
HOLE x DP1 ANN —==__——— = CAP * LENGTH = VOLUME
D2
DP#2 T CAP * LENGTH - VOLUME
ID__2.0p_ 2
HOLE x DP2 ANN ——=—2—— = CAP * LENGTH = VOLUME
TOTAL DEPTH VOL
PIT VOLUMES ‘
PIT #1 SIZE L'x W' H o= CAP (bblin) 5
= VOL (bbD
. - L LW L*W*H
PIT #2 SIZE L'x W'x H = CAP (bblin) 5
= VOL (bbl)
. ' . L*wW .. L*W*H
PIT #3 SIZE L'x W'k H oo = CAP (bblin) ~ g
= VOL (bbb
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CASING, BOPE, AND SURFACE EQUIPMENT

CASING SIZE " WEIGHT __ GRADE SHOE DEPTH BURST
PRESS.________

WORKING PRESSURE OF BOPE AND SURFACE EQUIPMENT PSI
(LEAKOFF - DRILL MUD WT ) * SHOE DEPTH / 19.25 = FRAC CASING
SIP_ _PSI*

*IF THE CASING PRESSURE EXCEEDS THE FRACTURE CASING SIP BEFORE THE KICK
FLUID ENTERS THE CASING, AN UNDERGROUND BLOWOUT COULD OCCUR.

WELL KILLING VOLUMES

drill string bbl
. annulus bbl

CIRC ANN (KICK OUT) = pump vol Tstk) = ANN stk
CIRC to KILL HOLE = 2 *ANN stk +DS stk = = KILL stk
KICK DATA
SHUTIN DRILLPIPE PRESS SIDP SHUTIN CASING PRESS SICP
PIT GAIN PV
COMPUTATIONS
INIT. CIRC. PRESS. =LOW CIRC. RATE _PRESS + SIDP (DRILLER'S & W&W)

SIDP * 19.25 , .
KILL MUD WT. =W+ DRILL MUD WT. (DRILLER'S & W&W)

KILL MUD WT.

FINAL CIRC. PRESS “DRILL MUD WT.

* LOW CIRC. RATE PRESS (W&W ONLY)
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GRAPHICAL PUMPING SCHEDULE
WAIT AND WEIGHT

Plot the mud pump strokes on the abscissa. Plot the initial circulating rate
pressure at zero strokes and the final circulating rate pressure at the strokes to
circulate the mud to the bit.

Draw a straight line between the two points and then a horizontal line to the final
pump strokes.

Maintain the circulating pressures as shown by the line by adjusting the choke.

Plot the initial circulating rate pressure, the drill mud weight, and zero strokes
on the abscissa at the left side of the chart.

Plot on the abscissa even increments of strokes and mud weight increase (their
correspondence depends on the barite mixing rate).

Plot the final circulating rate pressure on the abscissa at the number of strokes
where the kill mud weight completely fills the drillstring. Draw a straight line
between the two points. Maintain the circulation pressures as shown by the line.

PUMPING SCHEDULE CHART

CIRCULATING
PRESSURE

2000 —

1500

1000

500

STk
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EXAMPLE

KICK REMOVAL WITH DRILLER'S AND ENGINEER'S METHODS
KICK REMOVAL PARAMETERS

HOLE DATA KICK DATA
Drillpipe OD INCH 5 Pit gain BBL 30
Drillpipe ID INCH 4.276 Standpipe Press init. PSIG 200
BHA OD INCH 8 Casing Pressure init. | PSIG 400
BHA ID INCH 3 *Formation Pressure PSIG 6149
BHA length FEET 600 Equivalent Formation Press PPG 14.8
Drillpipe length FEET 7400 Initial kick length FEET 359
Bit diameter’ INCH 12.250 Initial density of kick PPG 3.6
Drilling Depth FEET 8000 Press head of kick in bha ann PSI 67
Drilling mud wt. PPG 14.3 Press head of kick in pipe ann PSI 46
Capacity ann BHA BBL/FT 0.0836  Gas factor - 1/phi 32827
Capacity anndp - BBL/FT 0.12148 Mud pumped to remove kick BBL 949
Capacity in BHA BBL/FT 0.00874 Pres drop ac kill mud-Engr PSI 837
Capacity in dp BBL/FT 0.01776 Length of Kill Mud-Engr FEET 1125
Volume of ds BBL 137 Cas Pres w/kill mud at surf-Engr PSIG 28
Volume of Annulus BBL 949 Length of gas at surface-Engr FEET 1399
Low Circ rate pres  PSI 1500 Volume of gas at surface-Engr BBL 170
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KICK REMOVAL WITH THE DRILLER'S METHOD
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GAS MIGRATION
DEFINITION OF THE GAS MIGRATION METHOD

Gary Nance's gas migration method of kick removal as modified by B. J. Mitchell
is a method of removing a kick from the hole which requires that the kick be
allowed to rise within the hole without circulation. This method may be required
if rig power is lost.

The objective is to maintain a bottom hole pressure in the mud which is never
more than a selected value above the formation pressure. In the following
example this value is selected to be 200 psi. The 200 psi is composed of a safety
value of 100 psi and a value of 100 psi which is the upper value of a 100 psi range in
which the bottom hole pressure will be purposefully varied.

The events after the kick is shut-in are (1) the pressure on the casing gauge is
allowed to build by 200 psi, (2) while maintaining the casing pressure at the new
pressure, mud is bled from the annulus until a mud column equivalent to 100 psi
(the selected pressure range) is bled, (3) the pressure on the casing is allowed to
build by another 100 psi, and (4) and the process is repeated.

The explanation of the method will be aided with the example which has been
carried throughout the kick chapter.

Ps

50 Pc
INITIAL CONDITIONS 700 CHOKE

Initial conditions are the same as in Driller's and 4

Engineer's method and are partially shown in the 30k
sketch. Also, recall the following. B
Drillpipe OD inch 5 D 5000
Drillpipe Length feet 7,400
BHA OD inch 8
BHA Length feet 600
Capacity DP ann bbl/ft 0.121 INITIAL
Capacity BHA ann bbl/ft 0.0836
Formation Pressure psi 6,149
Press head of kick in BHA ann psi ' 67
Press head of kick in DP ann psi 46
Initial Kick length feet 359
Initial kick density PPE 3.6
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SELECTION OF SAFETY PRESSURE AND THE OPERATION PRESSURE
RANGE

A safety pressure is arbitrarily chosen as 100 psi to assure that additional gas will
not enter the drill hole during the implementation of the method.

An operating pressure range over which the bottom hole mud pressure will be
varied during the removal of the kick is arbitrarily selected as 100 psi. Thus the
overbalance on the kicking formation will never be less than 100 psi or more than
200 psi. In this example the maximum BHP is 6,349 psi.

The following table contains the values expected while allowing the gas to migrate
to the surface. Each row in the table corresponds with an event in the drill hole
and numbers on the two sketches.

The equations following the table gives the values in the table.

ROW BHP ABHP MUDt CP  BLEED NOTES
psi psi LENGTH psi  bbl
1 6149 0 i 0 400 0  initial shut-in gl.;ta
2 6328 179 241 585 0  top of kick at top of BHA
3 6349 200 600 550 1.25 bottom of kick at top BHA
4 6249 100 1226 1271 118  kick rises and bleed
T NOTES:
BHP = mud pressure at the bottom of the hole; psi

ABHP = difference between the BHP and the formation
pressure; psi

LENGTH =length of mud below the kick; ft
CP

"

casing pressure (annulus); psi

Bleed volume of mud required to be removed from the

annulus; bbl
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1271

CP
psi

1.2
BLEED VOL., bbl

C
120 BLEED VOLUME: bbl 118

Discussion of the rows in the table.

ROW 1 AND POINT 1

Row one is the initial shut-in conditions for this example.

ROW 2 AND POINT 2

The bottom hole pressure (BHP) is the sum of the formation and operating
pressures.

6328 = 6149 + 179

When the top of the kick rises to the
top of the BHA without bleeding mud
from the annulus, the kick volume,

B

length, and pressure will remain
constant. The gas will have moved up |2% 241
the hole (600 - 359) a distance of 241 [\ S
feet. The BHP will be the sum of the |
241 feet of head of mud and the 39 (WY VA 241
pressure at the bottom of the gas > P
which will be equal to the formation pressure (6,149 psi).
%
BHP = 1% + 6149 =179 + 6149 = 6,328 psi
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and the differential bottom hole pressure is
ABHP = 6328 - 6149 =179 psi
The casing pressure is the sum of the heads of fluids subtracted from the BHP.

14.3*241 3.6*359 14.3* 7400

CP=6328-\"1955 * 1925 * 1925
CP = 6328 - 179 - 67 - 5497 = 585 psi
ROW 3 AND POINT 3

It may be that a casing bleed is required while the kick is rising within the
annulus of the BHA. A casing bleed is required if the BHP during the rise of the
gas would exceed the value of 6,328 psi. The following explains the event.

If the bottom of the kick rises to the top of the BHA without bleeding mud from the
annulus, the kick volume and pressure will remain constant. The length of the
kick will shorten by the ratio of the capacities of the annuli of the BHA and the
drillpipe. The bottom of the gas will have moved up the hole a distance of 600 feet.
The BHP will be the sum of the 600 feet of head of mud and the pressure at the
bottom of the gas which will be the formation pressure (6,149 psi).

14.3 * 600

BHP = 1995 * 6149 =446 + 6149 = 6,595 psi

Because a BHP of 6,595 psi gives a ABHP of 246 psi (6595 - 6349) which is too large.
Thus a bleed is required.

If the BHP is to be 6,349 psi and ABHP is to be 200 psi when
the bottom of the kick rises to the top of the BHA, the
pressure at the bottom of the kick (Pp) will be

1
O

R

’
b)

14.3 * 600 .
Py = 6349 - T 1995 = 5,903 psi

The volume and length of the kick will become

6149
Vi =30 £903 = 31.25 bbl

R

31.25
b ="121 = 2581t

The required bleed volume is

Bleed = 31.25 - 30.00 =1.25 bbl
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The casing pressure will become

14.3 * 600 14.3 (8000 - 600 - 256)

CP=6349- 1955 -46- 1925
CP = 6349 - 446 - 46 - 5307 = 550 psi
ROW 4 AND POINT 4

Point 4 represents the drill hole with the top of the kick at the top of the surface.
When the kick rises to the surface and the BHP is 6,349, the casing pressure and
the length of the kick is

14.3 (8000 - X)
1925 46

CP = 6349 -

CP =360 +0.7429 *X

5903
Cp

X=264*

Substitution of X into the CP equation gives

" CP =360 + 0.7429 *(264 » 9903
CP
then CP2-360 CP - 1,157,663 =0 CP = 1,271 psi
5903
andX=264*ﬁ =1,226 ft.
and the volume of the kick is
Vk =1226 * .122 =148 bbl
and the total bleed volume will be S A
MA| | 3338000-X
Bleed = 150 - 31.25 =118 bbl m %
PUMPING SCHEDULE N O

The points 1, 2, 3, and 4 are connected with straight lines on the CP versus Bleed
Volume chart. The lines are the schedules for the bleeds of the casing and the
casing pressures to be held at any bleed volume.
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LUBRICATING MUD INTO THE DRILL HOLE TO REPLACE THE GAS

When the gas rises to the surface it must be replaced by mud. The ideal condition
would be to have the annulus of the drill hole free of gas, no pressure on the
casing, and a ABHP equal to the selected safety pressure. The volume of the mud
to be lubricated is the volume of the gas when it rises to the surface and this value
is 150 bbl. The required mud weight to be lubricated is

14.3 (8000 - 1226)] . [%]
1226

=19.1 ppg
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BLOWOUT CONTROL

If a hole is shut-in because of a gas kick entering at the bottom of the hole while
drilling, the gas will continue to enter the hole until the pressure at the bottom of
the hole is equal to the pressure of the kicking formation.

The gas which entered the hole during the early period must be repressured to the
formation pressure. This is the primary reason that the pressure gauges rise
slowly to equilibrium pressures.

If a formation fractures, the pressure in the annulus is relieved, mud and
possibly gas are lost from the hole, gas within the hole expands, and the U-tube
effect between the drillpipe and the annulus is broken. Thus, it is expected that
the standpipe gauge will initially rise and then fall to zero from which it may or
may not rise once again.

The casing gauge is expected to initially rise, then fall, and thereafter fluctuate.
The fluctuations could arise from pumping mud into the drillpipe or annulus,
bridging of the annulus, temporarily repressuring the hole after plugging the
fracture within the fractured formation, plugging of the drillpipe, flow of mud
back into the hole from the fracture, gravity segregation of the mud and gas, and
adjustments of the surface choke.

The period of these fluctuations may be as short as ten minutes to as long as a
day. Most likely adjustments of the surface choke will have no affect on the
drillpipe gauge.

At no time should it be assumed that the
pressure of the fluids (gas or mud) within the
hole at the bottom of hole is equal to the

pressure of the kicking formation.

HIGH WEIGHT PILL

Neal Adams recommended the five steps as depicted in the following sketch for
gaining control of an underground blowout. The method is not definitive and the
normal kill information will be obscure and un-examinable in most cases.

The objective of the method is to use the existing mud in the hole and a high

weight pill to terminate gas flow from the kicking formation until the hole is
repaired and a higher weight drilling mud is circulated.
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An underground blowout will occur if the fracture resistance of any formation in
the open hole is less than the pressure in the mud opposite the formation just
after the kick is taken or while the top of the kick is passing by the formation
during removal. Underground blowouts can be avoided by setting casing strings
deeper in most cases.

The control procedure is presented in the following steps which correspond with
the sketch.

1. A gas kick has occurred and an underground blowout is in
progress.
2. A pill of heavy mud is circulated to the bottom of the hole.

The density of the pill and its volume is such that the pill in combination with the
estimated density of the gas and mud in the hole above the pill, prevents
additional gas entry from the kicking formation. Because the density of the gas
cut mud and formation pressures, as well as the volume of the hole, are
unknown, the actual circulated pill should be three times the computed required
volume.

3. Pull (strip) the bit to the fractured formation which in most cases
will be the one just below the shoe and squeeze cement the
formation to regain or increase its fracture strength. A braden
head squeeze (down the annulus) will be required and any gas
above the bit must be purged before the squeeze is made. A squeeze
of one hundred sacks of cement could be sufficient.

4. Displace any gas cut mud below the squeeze out of the hole in
stages with the intended drilling mud.

5. Displace the high density pill out in stages. Because the requisite
density of the displacing and subsequent drilling mud is not
known, be prepared for another kick while displacing the high
density pill.
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EXAMPLE

Gain control of a hole which has an underground blowout. The following are
known.

13%' casing depth: 5,000’

leak-off test value at 5,000 14.9 ppg

bit: 12:1"

kicking formation depth: 8,000’

BHA: 8" 3" 600’

drillpipe: 5" 4.276" 7,400

drilling mud weight: 14.3 ppg

last observed drillpipe pressure before it fell to zero: 150 psig

The first step is to mix and circulate the high density pill into the hole.
Two estimates of the kicking formation's minimum pressure and its minimum

equivalent gradient are available. One is based on the observed drillpipe pressure
gauge, and the values are

Pe= 150 + .052 * 14.3 * 8000 = 6,099 psig
6099
Gf = 552 * 8000 = 14.66 ppg

The second is based on the leak-off test value, and the values are

Pr= 052 * 14.9 * 5000 + 052 * 14.3 * 3000 = 6,105 psig
6105
Gf = 052 * 8000 = 14.68 ppg

A reasonable estimate of the formation pressure of the kicking formation is on-
half pound per gallon more than the above minimums, 15.2 ppg.

An estimate of the average weight of the gas cut mud is based on the open hole
containing equal volumes of gas and mud, then the weighted average of the mud
in the entire hole is °

14.3 * 5000 + 2'0——’“534;‘3 *3000

Est. density gas cut mud = 3000 = 12.0 ppg

The combinations of the pill's length and weight are computed with the formula.

12.0 * (8000 - X) + weight pill * X
8000

15.2 =
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The possible combinations high weight pill length and weight are
Height Weight

6,400 16.0
5,120 17.0
4,267 18.0
3,657 19.0

The combination of 17.0 ppg and 5,120 feet of high weight pill is selected.

The computed pill volume is

. 12.25%
Hole capacity = 10295 = 0.146 bbl/ft
Veomputed pill = 5120 * .146 =746 bbl

Because the recommendation is to circulate three time the computed pill volume,
the actual pill to mix and pump is

Vpill = 3 * 746 = 2239 bbl

The second step is to pull the bit to the fractured formation which will most likely
be at the shoe, circulate the annulus, and squeeze cement the formation. Let the
strengthen leak-off test be 15.6 ppg.

The third step is to run the bit to the top of the high weight pill and circulate the
rest of the gas cut mud out of the hole.

The fourth step is to stage back to the bottom of the hole. The maximum column
length of 17.0 ppg mud which can be circulated in one stage is X.

.052 * 15.6 * 5000 = .052 * 15.2 * (5000 - X) + .052 * 17.0 * X

X =1,111 ft
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BARITE PLUG

The objective of the barite plug method of gaining control of an underground
blowout is to form a bridge of Barite solids in the hole which will terminate gas
flow above the bridge.

The procedure is not concerned with column pressures and mud weights.
The procedure is to circulate about 500 feet of a 22 ppg Barite pill into the hole

above the kicking formation at a rate such that little gas will penetrate the pill.
The recommended mixture of materials, per barrel, for a 22 ppg pill is

Barite 750 Ibs
Fresh water 21 gal
1
SAPP B Ibs
Caustic Soda Tibs
EXAMPLE
If a Barite pill is to be set in a 12% inches hole, the volume of the pill is
12.25%

Hole capacity = 10295

Hole capacity = 0.146 bbl/ft
Vpill = 0.146 * 500 =73 bbl

Also, 546 sacks of Barite and 37 barrels of water are required.

Cement mixing equipment is required in order to maintain adequate mixing
rates.

Dangers are that during any cessation of mixing or pumping, the drillpipe or the
annulus before the drillpipe can be pulled may become plugged or bridged.
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FILLING THE HOLE ON TRIPS

Pulling of the pipe from the hole on trips causes the mud
level in the hole to drop unless it is being continuously
- filled. The best procedure utilizes a trip tank because the
trip tank allows precise accounting of the mud entering or
leaving the wellbore. Regardless of the procedure or
equipment used, when a stand of drill pipe is pulled from
the hole, the volume of the steel of the drill pipe must be
replaced by mud. Density of steel is 2,749 pounds/barrel.

D2 w
Voran = L1585 ) *H
w = weight per foot of pipe (Ib/ft)
L = length of pipe (feet)
Wg = specific weight of steel (2750 1b/bbl)
Vap = volume steel in pipe (bbls)
Vp+an = volume mud contained by the annulus and pipe
(bbls)
H = drop in mud level (feet)
D = hole diameter (inches)
EXAMPLE

When one stand (93') of 5" by 19.5 ppf drill pipe is pulled, how
many feet does the mud level drop in a 9" hole?

19.5 * 93

=—_22@_—' =92 feet
92 195

1029 " 2749

The mud weight equivalent at the bottom of a 16,000" hole
changes from 11.8 ppg to

.052 * 11.8 * (16,000 - 9.2)
.052 *16000

MWE = = 11.79 ppg

which is insignificant, but does point out that filling the hole
on each stand prevents loss of bottom hole pressure.
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However, the pulling of 10 stands if drilling in the same hole at 2000 feet without

filling the hole reduces the mud weight equivalent from 11.8 ppg to 11.3 ppg which
may be significant.

Swabbing and lax hole filling procedures combine in reducing equivalent density
and could cause problems.

052 * 11.8 * (2000-92)
MWE = 052 * 2000 =11.3 ppg
NOVEL TECHNIQUES

It may be possible to squeeze a viscous polymer or diesel oil gunk into a kicking
formation to terminate gas entry until the hole can be repaired and the mud
weight increased.

It may be possible to pull the drillstring and run a packer to terminate gas entry
until corrective action is taken.
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CHAPTER V
RIG HYDRAULICS

OBJECTIVES

Objective of Rig hydraulics has eleven facets and one myth:

1.
2
3
4.
5
6
10.

11.

12.

cleaning of the bottom of the hole while drilling

. cleaning of the drill bit

. transportation of solids to the surface at a reasonable rate

removal of drill solids and cavings with mud cleaning equipment

. equivalent circulating density for the prevention of lost circulation

. running of close clearance tools

circulating by close clearance tools

friction pressure losses through and around the drillstring and
rig piping

hydraulic energy consumption and pressure drop through down
hole tools within the drillstring

circulation of cement and completion fluids
surge and swab

holes do not wash out ( This is the myth.)

BASIC RIG HYDRAULIC EQUATION

Pump Pressure = AI‘[?pipe&alrm + Aﬁjets + AI,)rmotor + A};liftoﬂ' + ATI?tools

lifts cleans turns diamond power
cuttings bottom of bit bits for
hole and tools
bit teeth
MUD RHEOLOGY

Recall that the University of Tulsa data showed that a powerlaw Reynold's
Number of 1,800 cleaned cuttings beds and prevented their accumulation in high
angle holes.
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TEMPERATURE EFFECT

As the temperature of a mud increases, the = Temperature Effect
shear stress at a shear rate decreases. The 32=
equation for temperature adjustments of 30

viscometer readings (shear stress) is ; 28
U % 26
© 24
Tr2 T 22
Tr= — & 20
U-1 e
Ty e 18
8 16 -
T-Ty 2 60 70 80 90 100 110 120
—_— (¢}
U=, T, Temperature (°F)
Tr = Shear stress or viscometer reading at temp. T
Tr1 = Shear stress or viscometer reading at temperature
T
Tro = Shear stress or viscometer reading at temperature
Ty )
T = Elevated downhole temperature; deg F
T, = Low temperature at which a shear stress was
measured; deg F
Ty = High temperature at which a shear stress was
measured;deg F
PRESSURE EFFECT

As the pressure in the mud increases, the shear stress at a shear rate increases.
The equation for pressure adjustment of viscometer readings (shear stress) is

C(P2 - Pl)
Tpo="Tp;

c Pressure constant which must be computed for

each mud

Shear stress or viscometer reading at a higher
pressure

A
g
I\

Il

Shear stress or viscometer reading at a lower

pressure
P, = Higher pressure -

A
o
-

]

P, = Lower pressure
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EXAMPLE REYNOLD'S NUMBER AND PRESSURE LOSS

Compute the expected FANN READINGS AT THREE TEMPERATURES
viscometer readings for the
temperature of 92 degrees F. The
temperature for the first set of
readings was 62 degrees F and
147 degrees F for the second set.
These values were taken with a
FANN by heating the mud in the X

FANN cup to tw% temperatures. 0 100 200 300 400 500 600
The values at 92 degrees F are to FANN RPM

be added to the table.

OHZ - OoO>»mMmD
o
o o

_ o\\
- m e

TABLE OF VISCOMETER READINGS

RPM Teo To s
600 100 82 55
300 55 45 32
200 42 33 24
100 24 2 15

6 5 4
3 5 4 3

# Low temperature data
# Generated column of data
# High temperature data

92 - 62
U=147"62 =0.3529

An example calculation for ascertaining the expected viscometer reading at 92
degrees I and 600 rpm is the following

0.3529
T147 600

To2 600 = 035291 = 82 1b/100sq.ft.
T 62600

This is the value recorded in the above table and used in the following example
powerlaw friction pressure loss example.
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FRICTION LOSS, MODELS, & FLOW REGIMES

There are four recognized types of flow regimes and each of the four has its
application. The powerlaw model predicts all of the these flow types.

Plug
Laminar
Transitional
Turbulent

i s

If a fluid has a yield strength and its yield strength has a value greater than the
shear stress at the wall of a pipe or annulus, then the fluid will be in plug flow.

A suitable criterion is if the value of the Reynold's number is less than ten (10)
and the fluid has gel strength, then the flow regime is plug.

The other flow regimes are predicted with the Moody diagram and the Reynold's
number.

POWERLAW FLOW MODEL

The powerlaw flow model is the superior model of those which are popular for the
computation of

1. Flow regimes
2. Friction pressure losses within pipe and annuli
3. Velocity profiles

The working powerlaw equation is

01066 T = K'(1.703 R)n

T = Fann rotary viscometer reading
R = Fann rotary viscometer speed:

For reference the laminar Newtonian equations are

AP v AP _ u v
L =1500 id L “~1000(H - OD)
AP = pressure loss for the length of pipe or annulus, L;

psi

L = length of pipe or annulus; ft
u = fluid viscosity; cps

v = fluid velocity; ft/sec

id = inside diameter of pipe; inch
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H
OD

hole diameter; inch
outside diameter of pipe; inch

The following steps illustrate the full, complete, no short cut powerlaw model
procedure of Rabinowitsch, Metzner, Reed, Dodge, and Savins.

STEPS
1. Make a logarithm-logarithm chart of the rotary viscometer data
T = rotary viscometer reading; 1bf/100sq ft
R = rotary speed; rpm
2. Draw a tangent line at a selected point and record T,
f = fluid

3. Select any two points on the tangent line and record their rpm's
(R; & R,) and rotary viscometer readings (T; & T,)

4. Compute the flow index (n)

T f " FLOW
CURVE

Tangent
Line
5. Compute the viscometer ,
consistency index (k) 2

0.01066 T, Ln R

5= 1703R)"

6. Compute the flow adjustment factors (F, Jand (F,)

__0.123m
1-1.06782M
3n+ 17" on + 11"
Fp=[4nX Fa=[3nX
P = pipe
a = annulus
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7. Compute the consistency indices for pipe (kp) and annulus (k,)

kszp*kv k, =F, *k,

8. Compute the Reynold's numbers for pipe (Np) and annulus (N,)
and the average velocity (V) or (V) of the fluid

Q Q
V.= V =o—2%
P 94542 2 945 (H2-D?)

186, [d 1" :
Np= kp * gg] *Vp(2n)*MW

2.79 . [H-D]" )
N, = d &7y *Va(zn)*MW
Q = Circulation rate; gpm
H = Hole diameter; inch
D = OD of pipe; inch
d = ID of pipe; inch
MW = mud weight; ppg
V. = average fluid velocity; fps

9. Ascertain the friction factor and the flow regime from the chart or
use the API friction factor equations (f)

Laminar If Np or N, <3470-1370 n
fp = 16/Np f, =24/N,
Turbulent Ipr or N, >4270-1370 n

b b
fp = a/Np f,=a/N,

Transitional If 3470 -1370n < Np or N, <4270- 1370 n

X]*L[ 16 16

ﬁﬁgx
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- -logqg(n) +3.93 1.75 - logo(n)

a= ) b= 7
X=3470-1370n Y =4270-1370n
10. Compute the friction pressure loss per foot of pipe or annulus
AP,
T
2 2
AP, _ fp MWV, AP, ~ f, MW V,
L = 258d L ~ 25.8(H-D)
L = length of pipe or annulus
AP,
71, = friction pressure loss, psi/ft

11. Compute the expected rotary viscometer for the friction pressure
loss per foot (T,)

AP

d& a
Tcp =2814 L Tea = 281.4 (H-D) i

c = computed

12. If the computed rotary viscometer reading is in satisfactory
agreement with the value recorded in step number two, then the
friction pressure loss is correct.

APp
APp =71, *1

If the computed values are not satisfactorily precise, then go to step
number 2 and repeat the steps. ‘

RIG HYDRAULICS 238 MITCHELL Box 1492 Golden CO 80402









Friction Factor Chart

N
\
o~ N f =24/Nre
el
N\
% NN
<
= \\
o f=16/Nre -
g \ ~ST n
g 01 N \\‘ 1 533
.g' Nod o> = Ty :1
= e 2.0
1) N .:\\ =3 1.4
s N \\.‘ T~ N~ 1' -
N TS~ LT 2:
k‘ \\ N \\\\~ '4~
3.
\\ T 2]
.001 =+
100 1000 10000 100000

Reynolds Number - Nr

EXAMPLE PRESSURE LOSS

Compute the friction pressure losses within the pipe and annulus for the
following data.

Pipe: 5 FLOW CHART FOR MUD
OD=5" G>
ID =4.276" A
Annulus: R v
Hole = 9" |y
OD =5 T Jrs P
Length = 1,000 ft H / -
Mud: .
Circ. = 400 gpm ° t //
MW =114 ppg R s
E . fine for annulyb
FANN READINGS 2 /
D o L1 Vinetorppe
R T P|e /V /
rpm  1b/100sqft N /
600 82 G 4 5 3 4 5 5 .
% 432 S LOGARITHM OF RPM
100 20
6 5
3 4
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1. The flow chart is drawn

2. Two tangent lines are drawn - one for the pipe and one for
annulus - at selected values of Fann readings, T, and Tg,. The

chosen values of the tangent points are
Tfp = 60
T, =15

3. Two values on each of the tangent lines for the pipe and the
annulus are selected

PIPE

1,=565 R, =403

ANNULUS

T, =40 R, =403

4. The values of n for the pipe and annulus are
55

Ln 3

0, =""403 =0.828
In g
Ln %

n, =203 =0.529
Ln73"

5. The viscometer consistency indices (k,,) are

0.01066* 55

.0026
(1.703* 403)0-828

kvp=

0.01066 * 40

k=
(1.703 % 403)0-929

va

0135
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6. The viscometer to pipe flow adjustment factors (Fp ) and (F,) are

0.123/0.828
Xp= 1- 1.06782/0.828 = 1.014

* 0.828
sz( 3%0.828+1 ) _ 1.031

4*0.828%1.014

_0.123/0.529
a7 1-1.067820529

= 1.0583

F - [ 2*¥0.529+1 ]0.529
a~— L3%*(0.529 *1.0583

=1.1135

p = pipe
a = annulus

7. The consistency indices for pipe (kp) and annulus (k,) are
kp =1.031 * 0.0026 .=0.0027

k, =1.1135*0.0135 = 0.015

8. The Reynold's numbers for pipe (Np) and annulus (N,) and the
average velocity (Vp) or (V,) of the fluid are

400

Vpl " 245%4.2762 =8.929 fps
V,= Eﬁéz) =2.916 fps
N, = .016% [%@]0-828 * 8.999(2-0.828) x 11 4 —7,772
N, = % [%415]0‘529 *2.91620629) x 11 4 = 1,538
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9. The friction factors and the flow regimes from the chart or use
API equations (f) are

PIPE
Flow regime in the pipe Y = 4270 - 1370 * 0.828 = 3,136
Because Np = 7772 > 3136 = Y the flow regime is turbulent within the pipe.

log;,(0.828) + 3.93 1.75 - log,((0.828)

a= 50 b= 7

a=0.0770 b =0.2615

f,=a/NP ~ % =.0074

ANNULUS
Flow regime in the annulus: X = 3470 - 137Q *0.529 = 2,745
Because N, = 1538 < 2745 = Y the flow regime is laminar within the
annulus.

f, =24/1538 ' =0.0156

DP
10. The friction pressure losses per foot of pipe or annulus (Tp) are

AP, 0.0074 * 11.4 * 8.9292

L =  258%4276 = 0.0610
APy 0.0156 * 11.4 * 2.9162
T =~ 258%9-5) =0.0147
11. The expected rotary viscometer for the friction pressure losses per
foot (1,) are
’Ccp =281.4 *4.276 * 0.0610 =734
T, = 281.4 *(9-5) * 0.0147 =16.5

12. The computed rotary viscometer readings are in satisfactory
agreement with the values recorded in step number two (15 versus
16.5 and 60 versus 73.4); therefore, the friction pressure losses per
foot of the pipe (.0610 psi/ft) and the annulus (0.0147 psi/ft) are

correct.
APp =0.0610 * 1000 = 61.0 psi
AP, = 0.0147 * 1000 = 14.7 psi
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EFFECT OF MUD WEIGHT ON BIT HYDRAULICS

Bit hydraulics are lost because of increased friction within the rig hydraulic
system as mud weight is increased. The bit hydraulic loss is proportional to the
ratio of mud weights to the 0.8 power.

EXAMPLE MUD WEIGHT ON BIT HORSEPOWER

A pump is capable of a pressure of 2000 psig at a circulation rate of 400 gpm.
Friction loss is 1000 psi and the mud weight is 12 ppg. Calculate the available bit
hydraulic horsepower if the mud weight is increased to 15 ppg and the circulation
rate remains at 400 gpm.

. 1000 * 400
Current Bit HHP = 1714 =2334 hp
- . 15.8 .
New friction loss = 1000 * (‘ﬁ) = 1195 psig
New pressure for bit = 2000 - 1195 = 805 psid

If the jets on the bit are enlarged, then

805 * 400

New bit HHP = ~ =2 — =188 hp
400 gpm
and 45 hp are lost to the additional friction of the +

heavier mud. ,000 )5 Pits

NOTE: P _£_W_V2_L f= 061N -22 \vf ;\.

- Yf=72584d = R vEN

wdv VA

NR =928 “Eg” a 2

000

(Common fluid mechanics equations)

Yool

vis‘22 W.78 Ql.78 L
9359 4478

Therefore: Pf =
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NOTE:
FOR SUDDEN ENLARGEMENTS AND
SUDDEN CONTRACTIONS THE
EQUIVALENT LENGTH IS IN FEET
OF PIPE OF THE SMALLER DIAMETER.
0
GLOBE VALVE, OPEN\ GATE VALVE 2 000
b 3/4 CLOSED L
!/, CLOSED - 2,000
— "4 CLOSED -
—F
ULLY OPEN 1,000
{ — ag—
/ - 500 a2 —
ANGLE VALVE, OPEN STANDARD TEE - ag—
/ [F-» — 300 30— 30
° | SQUARE ELBOW [*° e |
- 22—
I;/ - 20— 20
—_—— = — IOO ‘l:.lj '8-——“
iy e 16—
swn;e CHECI; VALVE, = d 14 -
ULLY OPEN BORDA ENTRANCE 50 &
- - 17 |2—.
- : LI') lil 10— qu
: -30 g ] c 10z
- £ = S =z
} 20 © w 8 —t— -
CLOSE RETURN BEND SUDDEN ENLARGEMENT uw < 7 &
o — -
dy o -
0= Va £ S s—t g
Pl Y £10 2 x s - B
— - —5
l—d/ =3, - - w | w
STANDAR D=4 4Y, 5
D TEE - = = o
THROUGH SIDE OUTLET -5 & 3 T 2
= ] z
\_ ] - g 3 e
@@ ORDINARY ENTRANCE [*3 3 z 313
3 w
- .,k
STANDARD ELBOW OR 227
RUN OF TEE REDUCED '/ B 2—_,
SUDDEN CONTRACTION = | |
4 0 = 175
o =V, -
D74 o .
d/D = '/2 - o 5 | /4’_
MEDIUM SWEEP ELBOW OR Yp =3/, - Y
RUN OF TEE REDUCED 4 o ) —
I 3
- 3, _F
= 4 I~
@ 45° ELBOW 02 -
i 2 -
LONG SWEEP ELBOW OR Lot z L
RUN OF STANDARD TEE i

[
o
o

Turbulent flow resistance of valves and various fittings.
(Courtesy of Crane Company.*)
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ANNULAR MUD VELOCITY PROFILES

Muds and flow regimes which have
flatter velocity profiles carry solid
particles and clean drill holes better.

Muds with low values of the power law
parameter, n', have the flatter velocity
profiles (n' < .4 are good).

The annular laminar flow velocity ® x=1 /2
profile may be computed with the
following equations.
l/n — -— -—
[1284P]" [ n ] x=1 X=0 yx-1
Vinax =5 k, L n+1
n+l
v,=v_ [1-x"]
Vonax = maximum velocity in the center of the annulus;
ft/sec
vV, = velocity at x distance from the center of the
annulus; ft/sec
X = distance from the center of the annulus on either
side of the center; ft
DP = pressure loss over the length of annulus; psi
L = length of annulus in question; ft
n' = power law parameter
ka = power law parameter
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BINGHAM'S DRILLING EFFICIENCY DIAGRAM

Bingham's drilling efficiency diagram depicts four fundamental ways in which a
drill bit responds to weight on bit and rotary speed during the drilling of a
formation. His diagram is based on hundreds of field and laboratory tests.

The axes of his diagram
are WEIGHT ON BIT

divided by DRILL BIT MAXIMUM

WOB
DIAMETER, (=5 ) and PERFORMANCE TRANSPORT
DRILLING RATE divided DR REMOVAL

by ROTARY SPEED, N

(%}. The WOB is LOWER LIMIT

divided by drill bit
diameter so that the
performances of bits of
various diameters may be
placed on one diagram.
The ordinate is the

volume of formation X
penetrated per revolution WOB
of the drill bit and is D

therefore the efficiency of

the bit's teeth in cutting of the formation. (Note that if in 2 minutes 1 feet of hole is
drilled by a 6 inches bit which is rotating at 100 rpm, then 339 cubic inches of rock
(1 ft* 12 in/ft * .7854 * 62) will be drilled in 200 revolutions (2 min * 100 rev/min) or
1.7 cubic inches are drilled per revolution of the drill bit.) Based on this piece of
reasoning, higher points are best. Drill bits wear faster if higher weights on bit
are used.

Thus, the best points are to the left in his diagram, in regard to bit wear.
Combining the two pieces of reasoning, it is seen that points which are in the
upper left region of the diagram are most efficient where the bit will drill the most
rock and last the longest.

Bill Maurer argued that the maximum value of the exponent, a, in the equation,

D—NR =k (W_CI;B_)a’ has a value of two. This equation represents the maximum

performance line drawn on the diagram.

The transport removal region is thought to occur if the cleaning of the bottom of
the hole is not thorough. For example, chips not removed from the surface of the
bottom of the hole could be being reground by the teeth of the bit and preventing
teeth from grinding new rock. Because cleaning is dependent on hydraulics, it is
believed that a line such as that drawn in the transport removal region on the
diagram results from insufficient bit hydraulics. In the above equation the
exponent, a, will have a value of less than one.
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The lower drilling region presents the prevalent drilling efficiencies which occur
in the field. The value of the exponent, a, is one. It is thought that characteristics
of the drilling mud relative to those of the formation being drilled are responsible.

The volume removal region is thought to be synonymous with the lack of cleaning
of the teeth of the drill bit. This is also called bit balling.’

A test to be described later can be conducted which will distinguish the region in

which a drilling operation is occurring. If a test shows, that while drilling with a

WOB : . 1 .
D equal to X, corresponding to an efficiency indicated by point number 1, then

nothing can be done to raise the efficiency with the current drill bit. A different
drill bit may have a pronounced affect.

If a test shows an efficiency at point number 2, then additional bit hydraulics or
extended nozzles should help.

If a test shows an efficiency at point number 3, then changes in the drilling mud
should help. It has been shown in laboratory tests that differential pressure will
produce lower limit drilling efficiencies. Water drills as fast as air if equal
differential pressures are maintained. Quar gum causes lower limit drilling.

If a test shows an efficiency at point number 4, then a higher circulation rate or a
center jet to better clean the teeth of the bit should help.

EXAMPLE

A drilling test with a 12.25" drill bit which is rotated at 100 rpm gave the followmg
data and computed results.

DRILLING TEST DATA COMPUTED RESULTS
WOB DR DR/N = DR/60/100
1.000# ft/hr ft/rev

10 1.8 0003
2 6.0 .001

30 15.0 0025
40 25.0 0042
50 27.0 0045
60 29.0 0048
70 30.0 .005
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The data and the
computed results

Bingham Efficiency Drilling Test

gave the chart on 0.006 1

the right. 0.005 ]

At the WOB of 0.004 - 4

50,000 lbs the = .

drilling will be in L 0.003 -

the transport and = 1

removal region. =~ 0.002 —-J

Additional bit <

hydraulics is g 0.001

required to give ]

better bottom hole 0.000 " T i L " T
cl.eaning and a 0] 20 40 60
higher drilling Weight on 12.25" Bit (1000#)
efficiency.

DRILL OFF TEST EQUATIONS

This drill off test method reqﬁires an initial weight be put on the drill bit, the
drum brake be set, and the change in the weight indicator values be recorded
versus time. The length of the string is also required.

AF AL F
As = E—L— Hooke's law é}
Drill rat AF " L A
rill rate= — =
At As E At As
f  ft Ib* f&
hr “hr = . ,, . 1b 1 hr
o I sec T 3500 sec L
. AF * L * 3600
Drill rate = w D
' 34 *3ET * At
Drill rate = ft/hr \|
AF = change in force on the pipe; lbf T
L = length of free pipe; ft
A4 = linear weight of pipe; ppf
At = time for change in pipe force; sec
AL = pipe stretch; ft
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OPTIMAL BOTTOM HOLE CLEANING

The first and the only arbitrary step in optimal bottom hole cleaning is the
selection of the desired bit hydraulic horsepower (BHHP) per square inch of hole
bottom or impact force(IF) per square inch of hole bottom. After one of these
values are selected the next step is compute the pump operation pressure,
circulation rate, and jet sizes which maximizes that portion of the BHHP or IF
produced by the pump and minimize the amount lost in circulating friction. The
following information will assist in the selection of BHHP/sq.in. of hole bottom.

Required Bit Hydraulic Horsepower

Laboratory and field BIT HYDRAULIC TEST

drilling tests show .
that drilling rate N 8.5" BIT, 50,000#, 100 RPM, SHALE

rises with increased
bit hydraulics to a
maximum value and
thereafter fails to
cause a further rise.
This phenomenon is
interpreted to mean

that once the bottom /

of the hole is cleaned L L I I

that further efforts at 0 2 4 6 8
cleaning is a waste of BIT HYD.HP/SQ.IN.OF BOTTOM HOLE, hhp/in2

bit hydraulics. The '

authors field data show that three hydraulic horsepower per square inch of
bottom hole was satisfactory for all drilling with rolling cone drill bits. A chart of
typical data is the following.

W
o

G Lo 4 \-4 2

N
o
I

OPTIMAL BIT
HYDRAULICS

SRR g Il el el -l w)

—
&
)
-~

—
o

To conduct this test on the rig it is only necessary to measure the drilling rate at
various circulation rates while maintaining the rotary speed and weight on bit
constant.

NUMBER OF JETS AND THE JET PRESSURE DROP

Mobil Oil suggested that a cavitation-like process as the probable cause for the
effect that as jets are operated at deeper depths the pressure drop across the jets
decrease. The reduction can be as much as 15%. The theoretical equation with no
back pressure in consistent units is

2
MW Q2 MW V™ :
;= 2gch2A2 or Pj =190 I field units
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They published the following two equations. Both equations assume a 95% jet
discharge coefficient, C4, and are in practical drilling units (n is number of open

jets)

MW*V.2 D
3 j _ epth .
F=1.0 if Depth > 1000 ft

' *
P =[1-0.035 F o] MW * {— 201" Q_}2

J12 + J22 + J32

During one
revolution of the
drill bit, only 15%
to 20% of the
bottom of the hole
is impacted by the
jet stream.

The jet streams
can only wash
away the bottom
of the hole on
which they impact and then only if the pressure drop across the jets are about
equal to the compressive strength of the formation. Thus, soft clay can normally
be cut and hard rock cannot.

Center Jet and Extended Jet

Shell published the adjacent chart which shows that center and extended jets
drilled 30% faster than conventional jets in Louisiana.

The center jet only cleans the teeth of the bit. The center jet stream impacts on the
spear point of the drill bit and sends a cross-flow stream up and out across the
shell of the cone. Drill solids within the rows of teeth are washed away. Of course,
if drill solids are removed with normal washing of the teeth, then the center jet
will not raise drilling efficiency.

Two field practices are common in regard to sizing the center jet. One is to use a
center jet of a size equal to the other jets. The other is to use a minimum size
center jet; a number 12 jet for example.
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The extended jet
has raised
drilling rates in
those cases
where bit
hydraulics are
limited by a

small mud

pump.

Mud Pump

Maintenance

Costs

Pump "
maintenance

and lost rig time

are closely

related. These

two factors as
well as bit
hydraulic e =2
requirements (v} g:iee”—dche:c Cfgiiie”? :55; briil 308 raster im
Should be A Louisiane

carefully
considered

while selecting a
mud pump ,
operating pressure and circulation rate. The two charts show pump maintenance
costs versus operation pressures and circulation rates.

PUMP MAINTENANCE COSTS
The two charts show that raising the pump
pressure is the most costly means of raising $/
bit hydraulics. H _p3
0 =
Fuel costs for pumping are proportional to U
e.ither pump operating pressure, P, or R
circulation rate, Q. OPERATING CIRCULATION

There are three popular flow variables on which bit hydraulics may be optimized.
These are the bit hydraulic horsepower per square inch of bottom hole area, the
pump operating pressure, and the circulation rate.

The following three problems illustrates these optimizations.
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EXAMPLE

Optimization with a Chosen Bit Hydraulic Horsepower per Square Inch of Bottom
Hole Area

Optimize the hydraulics while drilling with a 8.5" drill bit with 10.0 ppg mud. Jets
in the bit are three #14. Choose a BHHP/sq. in. value of 3.0.

Steps

1. Ascertain the j and m in the equation Pf = j Q™. This is done by

running a circulating pressure test at the rig site. Conduct the
test by varying the pump speed and recording the pump pressure
and circulating rate at each speed. Let the data gathered be the

following.
TEST DATA COMPUTED
Q Pp PJ- Py

569 2550 1465 1085
455 1650 912 738
347 1035 530 505
285 800 356 444
228 500 228 272
171 300 128 172

A. A sample computation for the pressure drop across the jets is as follows.

1251*Q 12
P. =MW *
) {J12 +J22+J32}
12.51 %569 42
P.=10.0 % = 1,465 psi
. {142 +142 + 142 AR S
B. A sample computation for the friction loss is as follows.
Pe= P, - Pj =2,550 - 1,465 = 1,085 psi

2. Make a chart of pressure friction loss v. circulation rate.
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RIG CIRCULATION TEST

1200 2000
1000 7 100 /
c @ 800+ o
S @ 600 S 3 v
58, Z 8 2
= £ 4007 C o Pl
L Q550 T a )4
0+ — —T - 1oQ
100 200 300 400 500 600 100 1000
Circulation Rate (gpm) Circulation Rate (gpm)

3. If the chart appears reasonable compute the parameters j and m
of the equation, Pf = jQ™, with the multiple regression procedure
demonstrated in chapter #2. The points in the left chart should
have a slight upward curvature and should be smooth. The points
in the right chart should approximate a straight line. Both sets of
points are satisfactory.

Find: j and m

Linear form: Ln Pf=Lnj+ m Ln Q

Let: X1=LnP; X2=LnQ a=Lnj

STATISTICAL COMPUTATIONS
) V'Y, - VO — COMPUTED- - - CHECK---
Q P Xo X1 XiXe XeX2 Y' %error

69 1085 634 699 4434 4024 1084 0.12
4556 738 6.12 6.60 40.42 37.46 76 -5.18
347 505 585 6.22 3641 34.21 518 -2.59
285 44 5656 6.10 34.46 31.95 386 13.01
228 272 543 5.61 30.44 2948 277 -1.79
171 172 514 5.15 2647 2644 180 -4.79

n 6.00
sum X1 36.67
sum X2 34.54
sumn X1X2 212.53
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sum X2X2 199.78
D 5.89
a -2.48
The values of j and m are computed to be

J = 0.084
m = 1.492

and the equation is
Pr = 0.084 Q1492

4. The optimal circulation rate, Q*, is computed with the equation

1
e
1

1714 * 170 }1.492+1

Q* = 1584+ 1.492 =359 gpm

A. If the optimal circulation rate is greater than a pump limitation
or other parameter, then

Q* = Maximum chosen circulation rate

B. If the optimal circulation rate is less than a minimum chosen
value, then

Q* = Minimum chosen circulation rate

5. The optimal pump pressure, Pp*, is computed with the equation

k
P+ = @me 1714 QEHHP

4 *
P *=.084*% 3591492 4 %1—79 = 1,358 psi

6. The optimal jet pressure drop is found with the equation

m
ok *P ok
PJ m+1 Pp
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- 1.492
Pi" = Ta92+1 " 1,358

; = 813 psi

The optimal jet #'s are found by trial & error with the following
equation. The computed jet pressure drop must approximate that
of the optimal jet pressure drop.

L. 1251*%Q 2
P. = MW * {
) J12 + J22 4+ J32
1251 %359 2
P.=10.0 % =769 psi
J {162 +162 + 02 ps

Because the jet pressure drop of 769 psi compares well with the optimal pressure
drop of 813 psi, the two #16 jets are chosen. Two jets were chosen rather than
three for the better bottom hole cleaning.

Thus, for optimal drilling, use two #16 jets and circulate at 359 gpm. The pump
pressure should be about 1,358 psi.

Theory for Optimizing of Jet Hydraulic Horsepower with a Selected Bit Hydraulic
Horsepower per Square Inch of Hole Bottom

1.

RIG HYDRAULICS

The equation, Pr=j Q™, satisfactorily models the friction pressure
loss in a rig's circulation system.

Bit Hydraulic Horsepower is given by the equation

P; Q
BHHP = 714

At the condition of maximum hydraulic horsepower distribution
of the mud pumps hydraulic horsepower through the jets of the
bit, the two following equations were derived in chapter #2.

1
Pf=m+1*Pp
P, = —2_xp
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Substitutions for the variables Pfand PJ- into the last equation gives

X 1714 BHHP
M="rq

Solving for Q gives the Q which maximizes bit hydraulic horsepower with the
constraint of a selected BHHP. This Q is called optimal Q*.

1
1714 BHHP}m+1
jm

Q=1

The optimal pump pressure is the sum of the optimal friction pressure losses and
the optimal jet pressure drop.

P * =Pg + P*

The optimal friction pressure losses and optimal jet pressure drop is

P = j(Q*m
P = 1714 BHHP
AN m Q*

Substitution for P¢* and Pj* gives the optimal pump pressure

. - 1714 BHHP

The optimal jet numbers are ascertained by any trial and error procedure with
the equation

12.51 * Q* }2

P.* = MW *
J J12 4+ J22 + J32

EXAMPLE
Optimization with a Chosen Impact Force per Square Inch of Bottom Hole Area

Optimize the hydraulics while drilling with a 8.5" drill bit with 11.0 ppg mud. Jets
in the bit are three #14. Choose an IF/sq. in. value of 9.0. IF is then

Q (MW P12 ,
5766 IF=9*.7854 *8.5 =5111lbs

IF =

1. Complete steps one through three as in the previous example.
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4. The optimal circulation rate, Q*, is computed with the equation

2*57662IF2 m+z
Q*—{ *Mwl

1
2 * 57.66% * 5112 1.492+2
Q* =084+ 1492% 10 = 415 gpm

A. If the optimal circulation rate is greater than a pump limitation
or other parameter, then

Q* = Maximum chosen circulation rate

B. If the optimal circulation rate is less than a minimum chosen
value, then

Q* = Minimum chosen circulation rate

5. The optimal pump préssure, Pp*, is computed with the equation

Pgt = Q%M

Pt = le {57 66 IF}

Pp* =7 QY™ + M1W {57 .66 IF}

Pp* = 084 * 4151492 4 10 5 {57 6215511} - L181 psi

6. The optimal jet pressure drop is found with the equation

m

P =te2 Pp
1.492 .

7. The optimal jet numbers are found by trial & error with the
following equation. The computed jet pressure drop must
approximate that of the optimal jet pressure drop.
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1251*%Q 42

P+ = MW *
) {J12 +J2 + J3?
12,51 *415
P.* =10.0 * = 514 psi
J g o s 02} ps

Because the jet pressure drop of 514 psi compares well with the optimal pressure
drop of 505 psi, one #18 and one #20 jets are chosen. Two jets were chosen rather
than three for better bottom hole cleaning.

Thus, for optimal drilling, use one #18 and one #20 jets and circulate at 415 gpm.
The pump pressure should be about 1,181 psi.

EXAMPLE

Optimization with a Chosen Pump Operating Pressure

Optimize the hydraulics while drilling with a 8.5" drill bit with 11.0 ppg mud. Jets
in the bit are three #14. Choose a pump operating pressure of 3,000 psi.

Steps

1. Complete steps one through three as in the previous example.
2. Compute the optimal friction pressure loss with the equation

1
Pgt = m+1 *Pp¥
P”‘——1 * 3000 = 1,204 psi
f = 1492+1 = ps

3. Compute the optimal Q* with the equation.

Hus )y - (T8

=182 =611 gpm

A. If the optimal circulation rate is greater than a pump limitation
or other parameter, then

Q* = Maximum chosen circulation rate

B. If the optimal circulation rate is less than a minimum chosen
value, then

Q* = Minimum chosen circulation rate
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4. Compute the optimal jet pressure drop with the equation

R - S _ 1492 | .
P =1 o Py = 14921 3000 = 1,796 psi

5. Compute the optimal jet numbers with the following equation. A
trial and error procedure is required.

* O)* 2
{ 1251*Q }

P.* = MW *
y J12 + Jo2 + J32

‘ * N2
1796 = 100 * {12517 611

162 + 182 + 02
1,796 = 1,737
One #16 and one #18 jets are the optimal jets.

Thus, for optimal drilling, use one #16 and one #18 jets and circulate at 611 gpm.
The pump pressure should be about 3,000 psi.

Theory for Maximizing Impact Force with a Selected Pump Pressure

1. The equation, P¢=j Q™, satisfactorily models the friction pressure
loss in a rig's circulation system.

2. Bit hydraulic impact force is given by the equation

Q (MW Pj)l/Z

IF = 57.66

3. At the condition of maximum impact force distribution of the mud
pumps hydraulic impact force through the jets of the bit, the two
following equations were derived in chapter #2.

2
Pf=m+2*Pp
pP. =2 _=p

iTm+2 “p
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Substitutions for the variables P;and Pj into the last equation gives

2
£
m+2 Pp

Q=
2
Q" = mr2) Fp

Solving for Q gives the Q which maximizes the bit impact force with the constraint
of a selected pump pressure. This Q is called optimal Q*.

1/m

Q* = [

e Pl

The optimal jet numbers are ascertained by any trial and error procedure with
the equation

12.51 * Q* }2
J12 + Jo2 4+ J32

Pj*=MW*{
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Notes
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HOLE CLEANING

A solid particle in the hole is acted on by four factors 1) gravity, 2) viscous drag, 3)
impact and 4) buoyancy. Stoke's law and Newton's law governs particles falling in
Newtonian fluids with annular-to-particle ratios 100 or more and particle
concentrations below 0.1 % by volume. None of these hold for drilling.

VERTICAL HOLES

Sifferman published transport ratios collected with an annular flow model made
with a twelve inches outer steel tube and various diameter inner tubes. The model
was about 100 feet long. He defined transport ratio with the equation. His
transport ratio is the seen to be the solid's velocity expressed as a fraction of the
annular velocity.

R. = Vf j Vs
t— Vf‘

R, = Transport ratio

Ve = Mud annular velocity; fpm

V. = Solids free settling (slip) velocity; fpm

SIFFERMAN MUD TYPES

TYPE  Fgyy F3g0 Fooo Fioo Fs F3 G; Gy TOUCH
THICK 69 53 45 36 23 20 13 29 gooey
INTER- 49 b 30 2 15 13 13 22 slick
MEDIATE '
THIN 24 16 13 10 3 3 2 3 slick
WATER 2 1 0 0 not slick

His table depicting the degree to which various factors affect transport ratios is
the following.
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CUTTINGS TRANSPORT VARIABLES

VARIABLE MAJOR MODERATE MINOR

Annular Velocity X

Rheological Mud X X

Properties (vertical) (inclined)

Cutting Size X

Mud Weight X

Rotary Speed X X

(orbiting) (spinning)

Annulus Size X

Eccentricity X o X
(horizontal) (vertical)

Drilling Rate X

Sifferman identified three thicknesses of mud for the publication of his transport
ratios: thick, intermediate, and thin; and water has been added.

The Fann dial readings and gels of his muds are given in the table on the previous
page.

His chart as modified by Sample gives transport ratios versus inverse mud
annular velocity for his mud types.
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SIFFERMAN'S TRANSPORT RATIOS

1
Ihick
T
R
A
N 75T
S
P
o}
R
T 51
R
A
T
1 257
o
0 | 1+ |
0 .02 .04 .06 .08

INVERSE MUD VELOCITY, 1/ft/min

DRILL CUTTINGS CONCENTRATION IN THE ANNULUS

API 7 4

API used the following steady state equation for volumetric f Bouyancy
drill cuttings concentration in the annulus. ———

ij av1ty Drag

fe = TATIQR, “ /
Vee = volumetric c.lnll.cuttlngs Irr?pact
concentration in the annulus
DR = steady-state drilling rate; fph
B = drill bit diameter; inch
Q = circulation (pumping) rate; gpm
R, = drill cuttings transport ratio
EXAMPLE

Compute Vg, if a 8.5" drill bit is drilling at a rate of 50 fph. The mud circulation
rate is 108 gpm and the mud consistency is intermediate. The drillpipe is 4".
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The annular velocity is

_245*Q 24.5*108

AV = = =47 fpm
H2 - OD? 8.52 - 42 fp
The reciprocal of the AV is
ﬁ _ 2117 =.0213

From Sifferman’s transport ratio chart for intermediate mud, the transport ratio
is

R = .81

The volumetric drill cuttings concentration in the annulus is

DR * B2 50 * 8.5%
Vie=1471QR, 14717108+ 81 - 00280r28%
NEWITT'S EQUATION

Newitt published a more precise annular concentration
equation for steady state lifting of solids in a vertical tube.

1
1V v 2 V. 73
Ca=-§ {V§-1}+ [z{v;l-l} + V—:C]

and
v 245Q DR, 0.7854 B2
_ S _ == _—_c — w2
Vf_va{1+cava} Ve C=ve Ve=m i
C, = drill cuttings volumetric concentration in the
annulus
vV, = average bulk velocity of fluid entering without drill
cuttings; fpm
Vg = slip velocity of drill cuttings; fpm
Ve = adjusted annular velocity for drill cuttings effect;
fpm
V. = volume rate of cuttings entering the annulus;
cfpm
Vm = mud entry rate into annulus; cfpm
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EXAMPLE

Compute Vg, with Newitt's equation if a 8.5" drill bit is drilling at a rate of 50 fph.

The mud circulation rate is 108 gpm and the mud consistency is intermediate.
The drillpipe is 4".

The drill cuttings entry rate into the annulus is

24.5* 108

= =47 fpm
&~ 852-42 fp
DR .7854 B 50 7854 * 8.52
Ve="g0 144 =% 144 =.328 cfpm
The mud entry rate into the annulus is
Q_ _ 108
Vi =748 =748 = 14.44 cfpm
The value of C in Newitt's equation is
| Ve 328
C= V. =444 =.0227

The slip velocity of the drill cuttings from Sifferman’s chart and the equation
Vi=Ve(1-Ry) =47(1-.81) = 8.9 fpm
The drill cuttings concentration in the annulus (C, = V) is

A% A% 2 Vv 2
1 1 2
C,= {Va-1}+[;{v—j-1}+—a-c]

I;\Dl

2
1 47 -1} + [ -1 + 89 T 0227] = 0278
The adjusted annular velocity for the drill cuttings effect is

v
Ve=v, {1 + Ca‘th} =a7{1+.027852) = 47.25 fpm
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MITCHELL'S EQUATION

B. J. Mitchell published an annular concentration equation which accounts for
the cessation of circulation during connections and the circulation which occurs
prior to a connection but after drilling has ceased. This latter circulation is called
pre-connection circulation time. The volume fraction of cuttings computed with
his equation is the average in the annulus.

_1+[1_D2] [AV V] [GO*L pc]

Ve average new drill cuttings concentration; vol%

D = OD of drillpipe; inch

H = bit diameter; inch

AV = average annular mud velocity; fpm

Vv, = average drill cuttings slip velocity; fpm
Lj = length of one drillpipe (31"); ft

DR = average drilling rate; fph

Tpe = pre-connection circulation time; minute)

The required pre-connection circulation time for one connection is the time -
necessary to circulate the cuttings to a height which will prevent their settling to
the bottom of the hole during that connection.

S .
Tpe = V-V, - T

T, = time for one connection; minute
The increase in the average mud weight is
AMW =V, *[8.33 * W, - MW]
W, = specific gravity of the drill cuttings; sp. gr.
HOPKIN'S PARTICLE SLIP VELOCITY CHART
An example problem follows Hopkin's slip velocity chart.
Hopkin ran over 2,000 dynamic particle lifting tests with a 8 foot long 4.5"
diameter vertical tube with 13 types of mud and 52 particle shapes and sizes. The
particles were circulated from the bottom of the tube to the top with the fluid in
laminar, transitional, and turbulent flow. Mud Marsh funnel viscosities ranged

from 26 to 1,000 seconds/qt. A minimum of three data points were collected for
each test.
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A curve fit of his graph (not shown) which presents the effect of mud weight on
slip velocity gave

Fow = 2.117- 0.1648 * MW + 0.003681 * MW?

m

Thus, the adjusted slip velocity is (V,, is taken from Hopkin's figure)

Ve=Fnyw* Vg
HOPKIN'S SLIP VELOCITY
i v 1604 ~ « |
R E 140 -
T L . ' 0.95
1 O 120‘: spheres
c C 1004 R
L I i
T 80 -
S Y 60 :? O o o o
L £ 40 1 averageof o
]; 11;1 2 - all particles ° ! R )
0 ] © o o % 4
T T T T LA T T T T ] T I T I
0 10 20 30 40 50 60 70 80

API YIELD POINT 1b/100 sq.ft

EXAMPLE

Compute Vg, with Mitchell's equation if a 17.5" drill bit is drilling at a rate of 100
fph. The mud circulation rate is 1,148 gpm and the API yield point of the mud is
30 #/100sq.ft. The drillpipe is 5" and the mud weight is 9.3 ppg. Connection time is
3 minutes. The bottom hole assembly is 9.5" in diameter. Spheres of a diameter of
0.95" are to lifted.

The slip velocity read from Hopkin's chart is

Vse =46 fpm

The correction factor for the mud weight is

F_ . =2.117-0.1648 * 9.3 + 0.003681 * 9.3 = 0.903
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The adjusted slip velocity is
V,=0.903 * 46 =41.5 fpm
The required pre-connection circulation time is

415 .
Tpc=m * 3 = 2.1 minute

The average volume fraction of new drill cuttings in the annulus is

1 52 100-415 . 60*31
7 =1+[1-17.52][ 51T +21]

fe

Ve = 0.027 vol%

The increase in the mud weight in the annulus from the addition of the drill
cuttings and the final average mud weight in the annuluss are

AMW =0.028 *[ 8.33 *2.75 - 9.31] = 0.38 ppg

MW =9.3 +0.38 =9.7 ppg

new
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INCLINED HOLE CLEANING (DIRECTIONAL)

Cleaning of inclined and horizontal holes presents two
major concerns which are not present in vertical hole
cleaning. One concern is the existence and thickness of a bed
of cuttings on the low side of the hole. The other is the sliding
of a bed of cuttings down hole. In regard to sliding, a bed is .
said to be stable if it does not have a tendency to slide and
unstable if it does. Having a cuttings bed in the hole while
drilling places the tripping of the pipe in jeopardy. Having
an unstable bed places the drill string in jeopardy and
especially so any time mud circulation is halted. The thicker
beds are more likely to form in more deviated holes and

unstable beds are more likely in the less deviated sections of holes. The sketch
shows a cross-section of a cuttings bed and stable and unstable hole sections.

Most cuttings bed problems
occur with an oil base mud
and normally pressured
zones. It is thought that water

base muds aid in the
disintegration of the cuttings
and there subsequent

removal. Further, cuttings
from over-pressured zones
are more buoyant (cuttings
less dense and the mud is
more dense) and have less
cohesiveness (internal
strength) than cuttings from
normally pressured zones

UNSTABLE BED
HAS SLID

STABLE THICKER BED

and therefore are less likely to form as thick a bed if any at all.

RELATIVE EFFECTS OF PIPE ROTATION AND

VISCOSITY ON BLD THICKNESS

suR swnnaz
YOLOCITY 118 FY.4e0
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University of Tulsa published the chart which shows that the viscosity of the
circulating fluid has little influence on bed thickness; however, circulation rate
appears important.

If an oil base mud is being circulated cuttings beds cannot be removed by mud
circulation alone and this could be a major problem in cementations and sticking
pipe and drillstrings.

REMOVAL OF CUTTINGS BED
It has been found that thinner cuttings beds are formed and maintained by

1. mud in turbulent flow. This statement is based on laboratory data
which show that the mud flow within the area of the hole above
the cuttings bed will have a powerlaw Reynold's number value of
1,900 or more. In other words the mud will erode a bed until the
flow turns to laminar flow above the bed.

2. circulating slugs of 50 to 100 barrels in size of lower viscosity than

the base mud. This finding is from field observations.

circulating slugs of 50 to 100 barrels in size of higher density than

the base mud. This finding is from field observations.

circulating slugs of water base mud equal in viscosity and density

to the oil mud. This finding is from field observations.

reciprocating the drill string. This finding is from field
observations.

rotating the drill string and especially so if it is eccentric. This

finding is supported by both laboratory and field testing.

making short trips. This finding is from field observations.

circulating muds which have a flat velocity profile at the

circulating rate. This finding is supported by both laboratory and
field testing.

N e v kW

TRANSPORT AND STABILITY CHART FOR INCLINED HOLE CLEANING

B. Tarr proposed that a solids transport and bed stability chart can be constructed
by combining slurry pipeline and vertical hole particle transport technologies. His
equation for full transport is

Vg =(V, *cosf) + (V, *sinf)

Ve = full transport annular velocity; fpm

f = hole inclination angle; degree

\2 = particle slip velocity in a vertical hole (drilling
data); fpm

Vo = critical transport velocity for large solids in a

horizontal annulus (slurry pipe line data); fpm
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The long standing critical velocity equation (often referred at Newton's transport
law) for the transport of large solids by a Newtonian liquid within a horizontal
annulus is

Vy=Cpr [(SWMWy 5 oas (B Dy 1+

Q
—
]

4 The value of 44 fits University of Tulsa data
best; however, UT data never had full transport

C, = 60 Full transport
SW = specific weight of the solids (22 ppg); ppg
MwW = mud weight; ppg
g = acceleration of gravity (32.2 ft/sec?); ft/sec®
H = hole diameter; inch
D = OD of inner tube; inch
EXAMPLE

Compute the annular velocity necessary to have full transport in a hole which has
an inclination of 60 degrees and a 9.3 ppg which has an API yield point of 30
1b/100sq.ft. The diameter of the drill bit is 8.5 inches and the drillpipe is 4.5 inches.

From a previous problem which used Hopkin's chart and equatlon the slip
velocity of a 0.95 sphere was 41.5 fpm.

v, =415 fpm

The U of Tulsa data and the horizontal transport equation gives

Vo= 44 % [(22 93)*32.23*(8'5—1'24'5)3]116 =131 fpm

The full transport annular velocity and circulation rate for this 60 degree inclined
hole is

Vgq =(41.5*cos (60)) + (131 *sin(60) )+ =152 fpm
H2 -OD2)*V
Q = 24.5) =323 gpm

Assuming that the transitional flow regime is required for full transport; ie, Nr =
2000

9.3%(8.5-4.5)*Vy
40

2000 =928

Vft =139 fpm
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Using the data presented in the example problem and the full transport equation,
a chart is constructed which shows the required annular velocities versus hole
inclination.

The region above the curved line is the region where full transport of cuttings will
occur and a cuttings bed will not form. Below the line a cuttings bed will form.
Also shown is the angle at which stable and unstable beds will exist.

Suppose the hole inclination is 45 degrees and the annular velocity is 120 fpm,
then an unstable bed will form and could slide down the hole.

However, if the annular velocity is increased to 160 fpm, then the bed will be lifted
up the hole and dissipated.

If the annular velocity is 120 fpm and the hole inclination is 70 degrees, then a
stable bed which will not slide down the hole will be formed.

Full Transport Annular Velocities

160 + .
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WHIRLING MOTION OF THE DRILL STRING

The rule of not permitting turbulent flow in the
open hole annulus may be revoked by
considerations surrounding an orbiting drill
string. The figure is a view of a cross section of a
drill string while looking into the hole. The mud .-.
will be displaced by the orbiting drill string in the ..
direction of the arrow captioned with "MUD -
FLOW". The direction of the flow of the mud is <.
horizontal. However, while this motion is coupled
with vertical annular flow, mud will flow in a
spiral motion. With no slip of the drill string at the Ga
wall of the hole, the whirl rpm of the rotating NN
drillstring is AR

Y

OD '
RPMuwhirt = g_op ~ BPMspin  (rpm)

and its tangential velocity is
0D
Vtan.gential = RPMwhirl * IT* 19 (f/m)

OD = OD of the pipe; in H = diameter of hole; in

This is also the velocity at which the mud will be squeezed out of the crotch of the
drill string and the wall. The spiral velocity of the mud is then, the vector sum of
these to velocities. It must be noted that common turbulence computations ignore.
the tangential component of the mud's velocity. This velocity may be significant.

2 2
Vspiral = \/AV + Vtangential (f/m)

EXAMPLE
Let 8" collars be rotating at 120 rpm in a 12.25" hole and the < =
vertical annular velocity of the mud be 110 fpm. Compute the
average spiral velocity near the wall of the hole. |,$
The whirl rpm is
8 .
RPMwhirl = 75958 = 226 rpm ﬂ &

The tangential velocity near the wall is

\Y

tang = 226 * 1 * 8/12 =473 fpm
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T~

The spiral velocity is

486

Vpiral = V 1102 + 4782 =486 fpm
110
VERTICAL

SPIRAL
AV = 55 fpm

476
/

HORIZONTAL

- 473

The figure shows the relationships; however, note that if the vertical annular
velocity is cut in one-half to 55 fpm the spiral velocity will remain high at

Vepiral = V 557 + 473

=476 fpm
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SURGE AND SWAB FOR LONG PIPE STRINGS

Pressure surges within the borehole may be caused by one or more of the listed

operations:

1. Friction between the mud and the pipe because of TSI By

pipe movement.

2. Inertial force

because of
accelerating or
decelerating the
mud in the hole B SIS Ao
when initiating g i) P2
or terminating — D 4.

pipe movement or AP=P 1-P 2
circulation.

SHALLRRVALY

3. Breaking of the thixotropic gel of some

muds when initiating or terminating pipe movement or circulation.

4. Balling of the bit or a stabilizer when pulling the

drillstring.

BIT BALLING

AR

APPARATUS, CASING AND HOLE

If the mud and rig hydraulics are
adequate items, 3 and 4 will be
reduced to minimal importance.
Contrary to popular beliefs, balling
can occur and can swab the borehole
an appreciable amount if a permeable
zone is below the bit and if the mud
- pressure at the zone only slightly exceeds its pore pressure.

Exxon's bottom hole pressure chart (following page) indicates
the relative magnitudes of friction, inertial, and gel pressure
" surges and swabs in a typical hole.

The wellbore was 9 5/8 inches, 40 ppf casing set at a depth of 2,100 feet. The casing
for which pressure measurements were recorded while being run was 7 inches,
23 ppf. It was equipped with a differential fillup collar. Five subsurface pressure
gauges recorded the running pressures. Two were at the bottom of the 9
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5/8 inches casing, two were at the bottom of the 7 inches casing, and one was
within the 7 inches casing mounted above the fillup collar. It was reported that
most often the gauges were within 10% of one another.

The velocity of the casing was measured with three 7'8;§i3ngpf

devices: a telephoto camera photographing one foot

marks on the casing, a rig runner pointer and a second

camera, and a DC voltage generator driven by the rig
runner pointer line. ” va
5_
The mud properties and casing depths during the ;g-%--
pressure measurements shown in the figure were f;;_
MUD PROPERTIES |~ A8

PV =12¢p i - AR

YP = 7 1b/100sqft 9 5/8% x40 ppf.
Density =10.9 ppg é"azs:;"(‘m

Funnel Viscosity =41 seconds/qt
Filtration Rate = 12.5 ¢¢/30 min API
Gel Strengths

Initial =9 1b/100 sqft
3 Minute = 32 1b/100 sqft
CASING ~
The 7 inch casing was lowered from a depth of 1,812 to 1,856
feet. .

ANALYSIS OF THE EXXON FIGURES
Surge and Swab Pressures

It i1s important to

point out that 50C _

swabbing can occur 8

while running pipe 40( 1

into the hole as

shown at points #5 30CH

and #11 in the =

figure. The @ 20(A

maximum swab 5

pressure occurred i

while lifting the © 10

casing to release the 3 0

slips. Thixotropic

gel and the inertial 8

force of the mud = 1001

played major roles. o 20 11
Points #5, #7, #9, 00 25 50 75 100 125 150175

Time (seconds)
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while breaking the casing non-uniformly and inertial forces played the major role
in these swabs. The magnitude of pressures at points #4, #6, #8, #10 were
primarily developed by the velocity of the casing and the attendant friction drag.

The time for running the joint of casing which was 44 feet long was 17.5 seconds.
This is equivalent to an average running speed of 151 feet/minute. The equivalent
pressure surge at point #8 was 4.4 ppg and the equivalent swab at point #11 was

1.8 ppg.
PRESSURE SURGE COMPUTATIONS

Pressure surge computations call for the solving of two distinct equations for a
laminar and a turbulent pressure surge; thereafter, the larger of the two is the
applicable surge pressure.

In practice it is convenient and practical to request that the driller time the
number of seconds for the lowering of a joint of casing or the middle joint in a
stand of drill pipe.
VISCOUS DRAG PRESSURE SURGE EQUATIONS
The pressure surge equations are those published by J. Burkhardt

- LAMINAR MUD FLOW IN THE ANNULUS

PL=G*B*PV*VP+33 %

TURBULENT MUD FLOW IN THE ANNULUS

PT —F*A* Pv.zl * Mw.Sl * VP1.8

G&F = 10 @(if pipe is closed at the bottom)

G &F = values from charts if the pipe is open or partially
open at the bottom.

Py, = laminar pressure surge per 1000 feet of pipe;
psi/1000 ft

G&B = chart coefficients no units

PV = plastic viscosity of the mud; cps

VP = lowering or raising velocity of the pipe; feet per
minute

YP = yield point of the mud; 1bf/100 sq. ft

H = diameter of the hole (bit diameter); inches

E = effective diameter taken from the chart; inches

D = outside diameter of the pipe; inches

F&A = chart coefficients; no units

Pr = turbulent pressure surge per 1000 feet of pipe;

psi/1000 ft
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The seconds to lower one joint of casing which is L feet long is

*
T=2+ L-V%“" 2 L = length of one joint; ft

The first and last "2" in the above equation are the times required for the
acceleration and deceleration of the casing.

The following examples illustrate the use of the equations.

EXAMPLE

Casing is being run at a depth of 16,000 feet. Given the 7" x 6.004" x 23
data below, how many seconds are required to lower one ppf Casing
joint of casing which is 40 feet long?

Hole: drill bit size is 9 5/8 inch 9 5/8" hole
fracture strength = 19 ppg at 18,000 ft and is lowest
strength in the hole

Casing: 7",6.004", 32 ppf
partially open at bottom
Near 16,000 ft the first 10 ft of a joint was
lowered in 3 seconds

Mud: PV =42 cps Casing @ ==

YP =11 1bf/100 sqft 16,0000 T

3 min Gel =9 1b/100 sqft ==

MW = 18.5 ppg 18,000 T_F=
SOLUTION: Pf-19.0 ppe

The chart values for the solution of this problem are
F=0.26 A =0.00029 E=215 G=0.385 B=0.0055
The maximum permissible surge pressure per 1,000 feet of casing is

P, =.052 *(19-18.5) * 18,000/16 =416/16 T =29 psi/1000 ft

The laminar surge pressure per 1,000 feet of casing is

. YP
PL=G*B*PV*VP+3.3-E—
29 = 0.385 * 0.0055 * 42 * VP + 3.3 5 1=
VP - 139 feet/minute (laminar)
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The turbulent surge pressure per 1,000 feet of casing is
Pp=F*A*PV-2l+ MW 81 « ypl8
29 = 0.26 * 0.00029 * 42-21 * 18 581 + ypl38
VP = 221 feet/minute (turbulent)

The smaller of the two values must be chosen. Thus the maximum permissible
lowering velocity of the casing is 139 ft/min,

The seconds to lower one joint of casing which is L feet long is

L*60
4 ES
T=2+——013960+2 = 21 seconds

THIXOTROPIC GEL PRESSURE SURGE

Many oilwell drilling muds show a pronounced thixotropic property which may
place large pressure surges in the wellbore when initializing mud circulation or
the initial movement of pipe. The identical equation applies in both cases.

The pressure force at the bottom end of a pipe required to start the movement of
the mud in the annulus must be equal to the force required to break the gel
strength of the mud in the annulus.

P G*L
G~ 300(H-D)
Pg = pressure surge required to break gel of the mud,;
psi
L = length of pipe containing mud; ft
G = gel strength of mud; 1bf/100 sqft
H,D = diameter of hole, OD of pipe; inches
EXAMPLE

10,000 feet of 5" by 4.276" drill pipe is run into a 9" drill hole. The 3 minute gel
strength of the mud is 38 1bf/100 sq. ft. What is the expected value of the pressure
surge if the pipe is to be moved or circulation commenced?

G*L 38 * 10000 .
Pe=30@-D) =300(9-5) =317 psi
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INERTIAL PRESSURE SURGE

While pipe is being lowered into a hole containing mud, the mud must move up
the annulus of the hole. The velocity at which the mud moves up the hole depends
only on the velocity of the pipe. If the pipe is accelerated then the mud is
accelerated and a pressure force at the bottom end of the pipe is required to
accelerate the mud.

MW *A_ 4*L
Py = 620
D2
Amud = Apipe * H2.D2
A 2L,
pipe ~ e
Py = pressure surge caused by acceleration of pipe; psi
La = length of pipe during its acceleration; ft
L = length of pipe; feet
A\ = mud weight; ppg
t = time to accelerate the pipe; seconds
gc = gravitational constant; 32.2 (Ibm/1bf) (ft/sec?)
H,D = diameters of hole, OD of pipe, ID of pipe; inches
Apipe = acceleration of the pipe; ft/sec
Aud = acceleration of the mud in the annulus; ft/sec
9" Hole

EXAMPLE ) -~

5" by 4.276" drill pipe is being run into a 9" drill hole in 16 B X 4.976"
ppg. With the pipe at 10,000, and if the first 15" of 4 Drill Pipe
drillpipe passed through the rotary table in 3 seconds of a
stand, what was the value of the acceleration pressure
surge?

2 *15
Apipe =53 = 3.33 ft/s/s
52
A =33%* 75— = 1.49 ft/s/s
mud 92 ) 52
16 * 1.49 * 10000 .
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SURGE and SWAB PRESSURES of SHORT TOOLS

Swab and surge pressures are critical in close clearance operations. The
technical paper by Burkhardt which summarizes the work of many researchers
is used to show the effect of clearance on pressure surge or swab. It may be noted
in the plot that pressure surge or swab increases rapidly with decreasing
clearance. For the purpose of illustration and for tool and hole sizes which are of
small clearance, several simplifications may be made reasonably which reduce
the complexity of the surge and swab equations to the following. Fluid entrance
and exit effects are neglected in the following analysis.

- V,e = (k + HzD D2 ) * Vp k: clinging constant = .45
928 *(H-D)*V, *MW
N —
R ~ PV
-.22
f =.061* Ng

f*V, 2*MW*L
P €

f = 258*(H-D)

Ve = Effective annular velocity; fps

A" P = Casing running velocity; fps

D = Tool outside diameter; inch

H = Hole diameter; inch

Np = Reynold's number; dimensionless

MW = Mud weight; ppg

PV = Plastic Viscosity; cp

P, = Pressure surge or swab; psi

f = Friction factor; dimensionless

L = Length of tool; ft
EXAMPLE

The following example and plot illustrates the effect of clearance on pressure
surge and swab. The hole and tool configuration is as follows.

Hole diameter is 8.535". The two tools are 3' and 30’ long and have an external

diameter of 8.235". Its velocity is 300 fpm (5 fps). The mud weighs 12 ppg and has
a plastic viscosity of 43 cp.
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8.2352

\Y4 = (45 + * 5 =69.6
ae ( 8.5352 - 8.2352) | fps
* - % *
Ny - 928 * (8.535 84:2335) 69.6 * 12 5,407
f =.061%*5407-22 =.00921
00921 * 12 *67.42*3
P =058%(8535-8.235) =194.60
P, = 195 psi for a 3 foot drill collar or tool
P, = 1,947 psi for a 30 foot drill collar or tool
SURGE PRESSURE OF SHORT
P TOOLS
% 3500
S 3000 4
g 2500 +
U 2000 4
R 1500 4
E 1000 4
P E—
; 02 04 06 08 1
DIAMETRICAL CLEARANCE inch
DATA FOR THE PLOT
Clearance Surge Pressure
inch psi
0.25 3,439
0.30 1,959
0.50 397
0.75 108
1.00 42
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CIRCULATING PRESSURES FOR SHORT TOOLS

Annular circulating pressure have been shown to be significantly affected by close
clearances. This fact is further supported by the following example and is
illustrated in the plot on the following page. The pressure loss equations may be
simplified for close clearance tools and holes. Entrance and exit effects are
neglected. The hole configuration detailed in the previous section is used here.

The circulation rate of 400 gpm is used to illustrate the effect of clearance on
circulation pressures.

Q
V =
a 2.45 * (H2 - D?)

928 *(H-D)*V_ *MW

Ng = PV
0 f*V_2* MW * L
— * . —
£ = 061%Ng Pe= "258¥@H-D)
v, = Annular velocity; fps
Q = Circulation rate; gpm
All other terms are as previously defined.
EXAMPLE
Variables as defined in the previous problem.
400
V., = =32.5
8 245 *(8.5352 - 8.235%) s
928 * (8.535 - 8.235) * 32.5 * 12
Ng = 43 =2,525
f = .061%*252522 =.01089
01089 * 12 * 32.5%* 3 :
Pr = 958 *(8535-8.235) =53.5 psi for a 3 foot tool
Pe = 535 psi for a 30 foot drill collar or tool

RIG HYDRAULICS 287 MITCHELL Box 1492 Golden CO 80402



CIRCULATING PRESSURE BY

E A SHORT TOOL
E 2000 T
3 1500
H 1000 4\
\
p 04 T — =
s 0.2 0.4 0.6 0.8 1
|

DIAMETRICAL CLEARANCE (IN.)

DATA FOR THE PLOT
Clearance Friction Pressure Loss
inch psi
0.20 1,782
0.25 916
0.30 535
0.50 118
0.75 36
1.00 16
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EQUIVALENT CIRCULATING DENSITY

The equivalent circulating pressure, ECP, is the sum of the circulating friction
pressure loss in the annulus and the static pressure of the mud above a selected
location in the drill hole.

MW * DEPTH
cir. fric T 19.25

ECP =P,

Most often the circulating pressure friction loss is computed with the powerlaw
model as illustrated earlier in this chapter.

The equivalent circulating density is thought of as a static mud column from the
selected location up to the surface which will create a pressure equal to the ECP.

19.25
DEPTH

ECD =ECP *

EXAMPLE

A mud which has a weight of 11.4 ppg is being circulated within a 9" by 5"
annulus which is 15,000 feet long at a rate of 400 gpm. What is the value of the
ECD at a depth of 12,000 feet?

The mud properties are given in the powerlaw example of this chapter.

The frictional pressure loss in the annulus was computed to be 0.0128 psi/foot of
annulus in that example.

AP

a

T = 0.0128 psi/ft
and the frictional pressure loss in the annulus at 12,000 feet is
AP, =0.0128 * 12,000 = 154 psi

The static mud column pressure at the depth of 12,000 feet is

11.4 * 12000 .
Ptatic = 19.25 = 7,107 psi
The ECP and ECD are
ECP = 154 + 7,107 = 7,260 psi
7260 * 19.25 .
ECD = 19000 = 11.65 psi
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CHAPTER VI
DIRECTIONAL DRILLING

INTRODUCTION

Directional wells are defined as those wells which are to follow a prescribed
traverse and intersect a specific objective. The objective is called a target and is
usually an enclosed area in a horizontal plane. A target could be a circular area
at the top of a producing zone.

If tolerance in the deviations of the well from the planned traverse is
critical, the traverse is usually specified as a cylinder surrounding a section of the
hole; otherwise, the traverse is given as a line path between the rotary table and
the target.

Popular visual presentations of RTBO
directional well data are on charts called

horizontal and section views. The section _ U vertical
view 1S a vertical cross-section drawn . .
through the centers of the rotary table and KOP 1 build radius
the target.
N X build
BOB2 ¢
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