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ABSTRACT

In the recent years, oil and gas exploration and production are being carried out in
extremely harsh and challenging environmental conditions. Hence, accurate prediction
of the hook load is essential in order to minimise the Non- Productive Time (NPT)
during the drilling operation stages. With accurate prediction of hook load,
undesirable drilling problems such as buckling, stuck pipe, tensile failure can be

minimised if not completely eradicated.

There are numerous factors affecting the hook load prediction such as, the weight per
unit length (W/1) of the drill pipe used, the density of the drilling mud used, the
friction in the well, the weight per unit length (W/]) of the drilling line used, just to
mention but a few. These above factors will not be discussed in-depth in this thesis
but rather this thesis aims at developing a mathematical model to incorporate into the

existing models, the effect of acceleration on hook load prediction.

There are numerous hook load prediction models in the oil and gas industry such as
the industry accepted hook load prediction model, the Luke and Juvkam-Wold hook
load prediction model and the Cayeux et al hook load prediction model. The rationale
behind this thesis is to understand these existing hook load prediction models and
further develop them by incorporating the effect of acceleration. These existing models
gives a good prediction of the hook load measurements but the accuracy can be
improved by taking into account that the efficiency of each sheave might not be same
and also taking into consideration the effect of acceleration. The extended models will

be analysed using hypothetical data.

After analysing the extended models using the hypothetical data, it was
discovered that during non-uniform movement of the travelling equipment the
sum of the tensions in the supporting lines are not the same as the hook load
(W). Hence, the position for the load cell placement is very essential to ensure
accurate hook load measurement.
% During hoisting with non-uniform movement of the travelling equipment,
the sum of the tensions in the supporting lines always exceeds the hook
load (W) value with the discrepancy between them being influenced by

the acceleration (a) of the travelling equipment.
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Hence, the minimum expected hook load (W) value during hoisting is

during non-uniform movement of the travelling equipment with high g

ratio and vice-versa.

During lowering with non-uniform movement of the travelling equipment,
the hook load (W) measurement always exceeds the sum of the tensions
in the supporting lines with the disparity between them also influenced
by the acceleration (a) of the travelling equipment.

Hence, the maximum hook load (W) measurement during lowering

occurs when the travelling equipment is undergoing non-uniform

. . a . .
movement with high 7 ratio and vice-versa.

Finally, it was observed that even though the dead line is non-rotating,
its efficiency is not perfect(ey; # 1). The efficiency of each sheave from the
extended Cayeux et al hook load prediction model was used as an input
for the extended Luke and Juvkam model. It was observed that the
extended Cayeux et al hook load prediction model (which served as the
experimental data) produces approximately the same results as the
rotating (Active) dead line sheave hook load prediction model but deviates
from the non-rotating (inactive) dead line sheave counterpart. The degree
of the deviation depends on the coefficient of friction (the efficiency of
each sheave). Hence, it can be inferred that the dead line sheave is not

perfect. This can be confirmed with experimental data.
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NOMENCLATURE

Weight per unit length of the drill pipe in air

Density of the drill pipe used

Weight of the drillstring in air

Weight the drillstring in mud (Buoyed drillstring weight)
True Vertical Depth of the well

Buoyancy factor (upward force) on the drillstring
Density of steel

Density of the mud outside the drillstring

Density of the mud inside the drillstring

Inner cross-sectional area of the drill pipe

Outer cross-sectional area of the drill pipe
Cross-sectional area of the drill pipe (Steel)

Efficiency of each sheave

Derrick load, mL/t2, Ibf

Dead line tension, mL/t2, Ibf

Fast-line tension, mL/t2, Ibf

Number of lines between the crown block and the travelling block
Hook load, mL/t2, Ibf

The net force on the system

Total mass of the travelling equipment

Mass of the drillstring

Mass of the travelling block

Mass of the drill-line

Acceleration due to non-uniform movement of the travelling equipment
Force acting downwards

Final velocity

Change in velocity

Initial velocity

Change in position

Next position of the travelling equipment
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S1 Current position of the travelling equipment
So Previous position travelled by the travelling equipment

dt Change in time

ty Time reading corresponding to position s,
ty Current time reading corresponding to position s;
to Previous time reading corresponding to position s,

M,  Actual Mechanical Advantage (MA) with friction
M, Ideal Mechanical Advantage (MA) without friction
a, Azimuth at the initial position (position 1)

a, Azimuth at the next position (position 2)

y Hook load correction factor during non-uniform movement
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1 INTRODUCTION
Currently, the Oil and Gas industry are now exploring in harsh and challenging

environmental conditions. These challenging environments need special equipment
and operational procedures and hence, this leads to increased cost as compared to the
non-challenging environments. Hence, there is the need to optimize the drilling
operations thereby minimizing the operational cost. One way to achieve this is to
reduce the Non-Productive Time (NPT) to the barest minimum thereby saving rig time
which will result in the reduction in the Operational expenditure (OPEX) especially for
ultra-deep water drilling operations.

As every tangible entity in the world produces a shadow when light falls on it, so are
the hook load measurements the “shadow” of the actual downhole condition as
depicted by Cayeux et al [1]. Hence, accurate prediction of the hook load is essential to
identify the deteriorating down hole conditions due to ledges, tight hole due to swelling
clay or mobile formations such as salt, poor hole cleaning (cutting transport
challenges) just to mention a few. i.e. Accurate hook load measurements are important
for predicting well friction. If these problems are identified ahead of time, appropriate
measures can be taken thereby minimizing NPT.

In addition to the above, during drilling weight on bit (WOB) is applied to the bit before
we can drill ahead. Hence, it is important to accurately predict the hook load in order
not to exceed the buckling limit when applying the WOB. On the other hand, if the
tensile limit of the string is exceeded due to over-pull, it can also result in tensile
failure and hence accurate prediction of the hook load is indispensable in the drilling

operation.

1.1 BACKGROUND
In order to accurately predict the hook load, various models have been developed such

as the Luke and Juvkam-Wold model [2], the industry accepted model [3] and the
Cayeux et al hook load prediction model [4].

The hook load (W) is literally the force exerted by the drillstring suspension point in
the travelling equipment. In this thesis we assume vertical well and hence the well
friction was neglected. i.e. The hook load remains constant for a given drillstring

weight. Below is a schematic illustrating a typical block and tackle hoisting system.
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Figure 1: Shows a schematic of a typical block and tackle hoisting system

In the Luke and Juvkam-Wold model, they identified the effect of the load cell position
on the accuracy of the hook load measurements. According to their model, if the load
cell is positioned at the dead line it will measure the lowest line tension during
hoisting since the line tension decreases from the fast line (Fn) towards the dead line
(Fay). This results in lowest hook load measurements during hoisting and it is therefore
not representative of the actual downhole drilling condition.

On the other hand during lowering, the line tension decreases from the dead line (Fa)
towards the fast line (Fg) and hence the dead line (Fa) experiences the highest tension
while the fast line (Fn) experiences the least. With the load cell positioned at the dead
line, the highest tension is recorded during lowering which is counter intuitive since

the hook load (W) has the same direction as the acceleration due to gravity (g).
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The challenge with the Luke and Juvkam-Wold model is that they assumed constant
sheave efficiency (e) for all the rotating sheaves which might not be necessarily true. It
was also based on constant velocity and hence, no effect of acceleration of the

travelling equipment was taken into account.

On the other hand, the accepted industry method for predicting hook load (W) is either
too low during hoisting or too high during lowering. This discrepancy can be attributed
to the fact that the industrial approach assumes a perfect block and tackle system
with no frictional losses. In this case, the efficiency of each sheave is not only constant
as suggested by Luke and Juvkam but perfect (i.e. e =100% or e =1). This is a

conservative approach and impractical.

Both the industry accepted model and the Luke and Juvkam-Wold model are based on
the efficiency of the sheaves. Unlike the aforementioned models, Cayeux et al model [4]
is based on the coefficient of friction (u) at the sheave axle during rotation. Cayeux et
al model utilizes the Stribeck friction coefficient (y;) at the sheave axle instead of the
Coulomb friction model (y,) in order to account for the effect of changing from static
friction (striction) to kinematic friction and vice-versa. The limitation of the Cayeux et
al model is that it was also based on constant velocity of the travelling equipment and
hence the effect of acceleration was not incorporated into the model.

Ff “@

Striction

/ Viscous friction

Kinetic friction

v

/\ Threshold velocity

Figure 2: Schematic showing the transition from static coefficient of friction to dynamic
coefficient of friction and vice-versa by courtesy of Cayeux et al [4]

The beauty of using the Cayeux et al hook load prediction model is that, the sheave
efficiency (e) which is a global effect due to the rotation of the sheave is not utilized in
their model. According Cayeux et al, the sheave efficiency depends on the applied
load, the elasticity of the drill line, block position and direction of movement of the

travelling equipment (whether hoisting or lowering) as illustrated below
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Figure 3: Shows the variation in sheave efficiency as a function of block position and direction of
movement of the travelling equipment (hoisting or lowering) by courtesy of Cayeux et al [4]
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Figure 4: Shows variation in the sheave efficiency as a function of the applied load by courtesy of
Cayeux et al [4]
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Figure 5: Shows variation in the average sheave efficiency during hoisting and lowering for
different applied loads, different elasticity of the drill-line and at different speed of the travelling
equipment by courtesy of Cayeux et al [4]
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The Cayeux et al hook load prediction model also account for the effect of stick-
slip which is prominent at very low velocity. According to Cayeux et al [4], the
stick-slip condition is not limited to the dead line sheave. The combination of
static friction at the level of the sheave axle and the drill-line elasticity may
result in the pulley not rotating [4]. In addition, the Cayeux et al hook load
prediction model also account for the effect of each sheave weight (Fw), the
centrifugal force (Fc), the coefficient of friction (u,) at the sheave bearing, the
direction of rotation of each sheave etc. Hence, improving the accuracy of the

hook load prediction.

1.2 OBJECTIVES
This thesis aims at incorporating into the existing hook load prediction models,

the effect of varying the travelling equipment velocity (i.e. non-uniform
movement) on the hook load measurements with emphasis on fixed
installations (Platform wells) and a vertical wellbore. Below are some of the
contributions to the existing models;
% Incorporating into the industry accepted model [3], the effects of
acceleration during non-uniform movement

% Incorporating into the Luke and Juvkam model [2], the effect of
acceleration during non-uniform movement of the travelling equipment
for;

i.  Both Inactive and Active dead line sheave during either hoisting or
lowering.

ii. Both varying sheave efficiency and constant sheave efficiency
during either hoisting or lowering.

% Incorporating into the Cayeux et-al hook load prediction model [4] the
effect of acceleration during non-uniform movement for either hoisting or
lowering. Below are some of the other contributions to the Cayeux et al
hook load prediction model.

i. Cayeux et al proposed two line tension relations for the crown

block sheaves and that of the travelling block sheaves during
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hoisting with uniform movement of the travelling equipment. In
this thesis, a generalised line tension relation during hoisting has
been developed for both the crown block sheaves and the travelling
block sheaves and with the effect of the non-uniform movement of
the travelling equipment also taken into consideration.

ii. In a similar vein during lowering, a generalised line tension
relation has also been developed for both the crown block sheaves
and the travelling block sheave from the line tension relations
proposed by Cayeux et al during lowering. In addition, the effect of
non-uniform movement of the travelling equipment has also been
incorporated into the generalised line relation.

iii. These generalised line tension relations during either hoisting or
lowering were then combined to get the sum of the tensions in the
supporting lines. After which Newton’s second law of motion was
apply to obtain the extended Cayeux et al hook load prediction

model.
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2 GENERAL OVERVIEW OF THE DRILLING SYSTEM

2.1 TYPES OF DRILLING RIGS
Drilling rigs can be categorised into two (2) main groups based on the location

in which it is being used. i.e. Either land rigs for onshore use or marine rigs for

offshore use.

2.1.1 LAND RIGS
The land rig can also be categorised into two main subgroups namely
i. Conventional rigs such as medium land rig

ii. ~ Mobile rig such as Portable mast

2.1.2 MARINE RIGS
The marine rigs can also be subdivided into two (2) major categories namely
i.  Bottom supported rigs such as Jack up, platform etc.
ii.  Floating rigs such as semi-submersible and drillship.
The model in this thesis is developed for either a land rig or an offshore bottom

supported rig such as the platform rig.

2.2 THE DRILLING SYSTEM
The drilling system is made up five (5) essential systems which make it possible
to drill ahead. These systems include;
i. Power system
ii.  Circulation system
iii. Rotary system
iv.  Well control system

v. Hoisting system

2.2.1 POWER SYSTEM

All living things require some form of energy such as food in order to undertake
their daily activities. Likewise, the drilling system requires electrical power in
order to drill ahead. This electric power is either transmitted from a nearby
onshore electric power station using power lines or by generating it at the rig

site using internal-combustion diesel engines (power plant) [9]. There are two
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(2) types of internal-combustion diesel engines depending on the mode in
which the generated power is transmitted to the other rig systems, namely a
diesel-electric type and a direct-drive type.

The Diesel-electric type refers to an internal-combustion diesel engine in which
the main rig engines are used to generate the required electric power but in the
Direct-drive rigs, the electrical power is transmitted from the internal
combustion engines by utilizing belts, gears, chains clutches instead of using
motors and generators to accomplish the electric power transmission [9].

The hoisting system, the circulation system and the rotation system are the
three main systems that place high demand on the power system. The power

system forms an integral part of the drilling system.

2.2.2 CIRCULATION SYSTEM
The circulation system is essential with respect to cutting transport thereby
minimizing the downhole problems such as stuck pipe, high well friction as a
result of cutting bed formation etc. In addition, the drilling mud which is an
integral component of the circulation system also helps to lubricate the bit
thereby minimizing bit wear. The circulation system is made up of the
following components,

i.  Mud pumps which can be either duplex pump or triplex pump

ii. Flow lines

iii.  Drill pipe

iv.  Nozzles

v. Mud pits and tanks (e.g. settling tank, mixing tank, suction tank)

vi.  Mud mixing equipment ( mud mixing hopper)
vii. Contaminant removal equipment (e.g. shale shaker, desander, desilter,

degasser etc.)

2.2.3 ROTARY SYSTEM
For the past decades, the oil and gas industry has moved from the percussion

(hammer) drilling into a more efficient and a reliable drilling technique called

the rotary drilling technique. The rotary system is used to provide bit rotation
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in order to drill ahead. The rotary system is either top drive based or rotary
table based depending on the mechanical device that provides the required
torque to the drillstring in order to drill ahead. The top drive rotary system is
composed of the top drive and the drillstring while the rotary table based rotary
system consists of the following components;

i.  Swivel

ii.  Kelly

iii. Rotary table

iv.  Drillstring

2.2.4 WELL CONTROL SYSTEM
The well control systems are very important in ensuring the integrity of the well
at all times by preventing uncontrolled inflow, cross flow or outflow from the
wellbore to the external environment. The well barrier during drilling as
stipulated in NORSOK D-010 (Rev. 4, June 2013) has the drilling mud (fluid
column) as the primary barrier. The secondary barrier elements with shearable
string includes,

i. In-situ formation

ii. Casing cement

iii. Casing

iv.  Wellhead

v. High pressure riser

vi.  Drilling BOP

2.2.5 HOISTING SYSTEM
The hoisting system is used to either raise or lower pipe into and out of the
well. In addition, it is also used to provide the required weight on bit (WOB) on
the drillstring during drilling. Currently, there are three (3) types of hoisting
systems used in the oil and gas industry. It includes;

a) Ram-rig hoisting system

b) Rack and pinion hoisting system

c) The conventional draw-work hoisting system
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2.2.5.1 RAM-RIG HOISTING SYSTEM
In the ram-rig hoisting system, hydraulic power supplied by the hydraulic

power unit (HPU) to the two hydraulic cylinders also known as rams provides
the required power for either hoisting or lowering. The HPU is made up of eight
(8) to fourteen (14) variable displacement pumps with equal hoisting capacity.
Each pump is driven by a constant speed alternating current (AC) motor and
hence, each pump can give full hoisting force but at lower speed thereby
conserving enough power for drilling activities. The hydraulic oil forms an
integral component of the HPU. In addition to the HPU and the rams, other
components of the ram-rig includes, guide tower (ram-guide), top drive, the

travelling yoke, the lifting wires and equalizer assembly.

Figure 6: Shows a ram-rig by courtesy of Cayeux et al [4]

2.2.5.2 RACK AND PINION HOISTING SYSTEM
The rack and pinion hoisting system as its name implies is composed of a

pinion and a rack. In this type of hoisting system, a rotational motion from the
pinion is transformed into a linear motion along the rack thereby permitting
hoisting or lowering depending on the direction of rotation of the pinion. This

principle is utilized by the jack-up rigs when it is being raised or lowered.
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Figure 7: Shows a rack and pinion rig by courtesy of Cayeux et al [4]

2.2.5.3 CONVENTIONAL DRAW WORK HOISTING SYSTEM
This is the oldest hoisting technique used in the industry and with the draw

work supplying the required hoisting power. The hoisting power is then
transmitted through the drilling lines to the travelling block in order to either

raise or lower the drillstring.

Traveling
Block

Draw Works
N

Figure 8: shows a conventional draw work hoisting system by courtesy of Bourgoyne et al 1986 [9]

This type of hoisting system will be employed in this thesis. The conventional

hoisting system is composed of the following components
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i.  Derrick and substructure
ii. Crown Block
iii. Traveling Block
iv.  Drilling Line

v. Draw-works

2.2.5.3.1 DERRICK AND SUBSTRUCTURE

The derrick is a steel tower that provides mechanical support for the crown
block, the traveling block and the drillstring. It also provides vertical clearance
for running in hole (RIH) or pulling out of hole (POOH) during the drilling
operations. Hence, the greater the vertical clearance, the longer the drillstring
length that can be handled thereby saving rig time. Derricks are rated based on
their wind load and their compressive load capacities.

The substructure on the other hand elevates the derrick thereby providing
working space below the derrick floor for installing the BOP (Blowout Preventer)
and other surface equipment. The derrick is positioned above the substructure
and hence the substructure must be able to withstand the entire derrick load
together with its maximum drillstring weight during RIH or POOH. The design
of the substructure depends on the equipment to be installed on it such as the
Blow-out preventer (BOP) and it also depend on the local soil condition at the

installation point.

2.2.5.3.2 CROWN BLOCK

In the conventional rotary drilling, the block and tackle arrangement is used to
increase the mechanical advantage (MA) of the pulley system. The stationary
block at the top of the derrick is referred as the Crown block. The crown block
consists of a group of pulleys which may be built into the derrick structure.
Below is an illustration of the crown block and its sheaves arranged in a

stacked form.
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Figure 9: shows a the crown block sheave arrangements, to the left is the zoomed-out view and to
the right is the zoomed-in view by courtesy of directional drilling technology blog [6]

2.2.5.3.3 TRAVELLING BLOCK
The moveable block which runs between the crown block and the drill floor is

referred to as the traveling block. These pulleys are arranged in a stack form
and covered in a protective housing to withstand the corrosive environment as

illustrated below

X
-~

Figure 10: shows the travelling block. To the left is the travelling block sheave in its protective
housing while to the right shows an opened protective travelling block housing by courtesy of
directional drilling technology blog [6]
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2.2.5.3.4 DRILLING LINE
The applied tension from the draw work is transmitted through a steel drill-line

that connects the crown block sheaves to the travelling block sheaves in order
to either raise or lower the drillstring. Failure of the drill-line can lead to
catastrophic events such as injuries to personnel, loss of drillstring downhole
thereby resulting in fishing operation etc. Hence, it is essential not to exceed
the tensile limit of the drill-line during the drilling operations. This can be
achieved using the slip-and-cut maintenance program to get rid of the worn-
out sections of the drill-line with time depending on the ton-mile covered.
Accurate record of the ton-mile is essential to ensure an effective slip-and-cut

maintenance program.

2.2.5.3.5 DRAW-WORK
The draw work serves as the heart of the drilling system and it is used to run

equipment into and out of the well. In other words, the draw-work provides
both the hoisting and the braking power needed to either raise or lower the

drillstring.

Figure 11: shows a conventional draw work hoisting system by courtesy of directional drilling

technology blog [6]

The draw work is composed of the following components
i. Drum
ii. Brakes

iii. Transmission

iv.  Cathead
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DRUM

The drum transmits the required torque needed for either hoisting or lowering
of the drillstring. The drum is also used to store the drill-line required to move
the traveling block between the crown block and the drill floor. i.e. The hoisting

drum is used to spool the drill-line in order to raise or lower the drillstring.

BRAKES
The brakes are used to halt and sustain further movement of the drum by

applying the brake lever. There are two types of auxiliary brakes namely
hydrodynamic brake and electromagnetic brake. In the hydrodynamic type,
water is impelled to the direction opposite to the direction of the drum rotation
thereby halting the drum movement whereas the electromagnetic brakes
utilizes two opposing magnetic fields in order to stop and maintain the drum
from any further movement. Water cooling system is also used to cool down the

heat generated during braking.

TRANSMISSION
The draw work transmission is responsible for changing the direction and
speed of the travelling block thereby permitting either hoisting or lowering of
the drillstring.

CATHEADS

Catheads are attached to both ends of the draw works to transmit the required
electric power needed for the draw work operation. Friction catheads rotate
continuously and thereby aiding in hoisting. The torque required to screw or
unscrew the pipe is provided by the second catheads which is positioned

between the friction catheads and the draw works housing.

2.3 HEAVE COMPENSATION SYSTEM

In the olden days, oil and gas exploration was limited only to onshore
operations due to lack of technologies. With the dawning of advanced and
reliable technologies, the exploration of oil and gas has been extended to harsh

and challenging environmental conditions such as the offshore environment.
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The effect of the heaves on the drilling operations such as the tension
measurements became a major concern for the striving industry during the
early offshore exploration activities. Hence, there was the need to decouple the
dynamics of the drilling rig from the drilling system. This necessitated the
introduction of heave compensator in the 1970 by Vetco offshore Inc. The
purpose of the heave compensator is to minimise the load variation on the drill
bit due to the heave effects during drilling operations. There are two (2) major
types of heave compensation used in the oil and gas industry namely, Passive

and Active heave compensation.

2.3.1 PASSIVE HEAVE COMPENSATION
This type of compensation is usually crown block based. i.e. The compensator

is located at the crown of the derrick. This crown mounted compensator is
used to decouple the drillstring from the dynamics of the entire drilling system
due to the heaves effect and it is usually pneumatic in nature. i.e. It utilizes the
compressibility of gas usually nitrogen to provide the needed compensation.
The passive heave compensator is made up of gas (air) which also serves as an
accumulator due to its compressibility, cylinder and piston assembly. The
principle behind the passive heave compensation is that as the load exerts a
downward force on the piston, the air inside the cylinder is compressed until
the pressure-force that is build-up inside the cylinder becomes equal to the

external load that is exerted on it.
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Figure 12: shows Passive heave compensation by courtesy of Hatleskog and Dunnigan (2007). To
the left is the zoomed-out view of the Passive heave compensation while to the right is the
zoomed-in view of the Passive heave compensation [7]

2.3.2 ACTIVE HEAVE COMPENSATION
Active heave compensation is usually achieved at the winch level with the help

of the hydraulic piston and the reference signal. There are three (3) types of
Active heave compensation (AHC) namely, Rotative Active Heave Compensation
(RAHC), Primary Controlled Active Heave Compensation (PAHC) and Linear
Active Heave Compensation (LAHC)

Y
g

Load

Figure 13: Is a schematic of a Rotative Active Heave Compensation (RAHC) by kind courtesy of
offshoreteknikk [8]
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3 HOOK LOAD THEORY
Hook load (W) is the total downward force on the hook of the top drive and it

includes the buoyed weight of the drillstring, friction in the well etc. According
to the Luke and Juvkam-Wold hook load prediction model [2], the hook load
(W) during constant velocity of the travelling equipment is equal to the sum of

the tensions in the drilling lines supporting the total downward force.

3.1 FACTORS AFFECTING HOOK LOAD MEASUREMENT
The hook loads measurements are affected by a number of factors among these
are as follows
i.  Weight of the drillstring
ii. Buoyancy effect
iii.  Well friction

iv.  Load cell position

3.1.1 WEIGHT OF THE DRILLING STRING

The weight in air of the drillstring (weight per unit length) will have a direct
effect on the hook load measurements. The weight in air (Wa) of the drillstring
is given by the relation

Wa = papAsg [1]
where W, is the weight per unit length of the drill pipe in air

Pap is the density of the drillpipe used

A, is the cross-sectional area of the drill pipe

g is the acceleration due to gravity

The total weight of the drillstring (W,4s ) in air is given by the relation

= Waas = Wahryp = papBsg hrvp (2]
Hence, the density of the drill pipe used (pgp), its cross—sectional area (A;) and
the true vertical depth (hyyp) of the well will directly affect the weight of the
drillstring.
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3.1.2 BUOYANCY

Archimedes principle states that when a body is partially or fully immersed in a
fluid, it displaces its own weight of fluid in which it flows. The weight of fluid
displaced is equal to the upward force (buoyancy factor) on that body. When
the densities of the fluid inside and outside the drill string are different, the
buoyancy force is given by the relation

_ PS_(POI:_Z_Pij_i)
Ps

B

where £ is the buoyancy factor (upward force) on the drillstring

[3]

ps is the density of steel

po is the density of the mud outside the drillstring

p; is the density of the mud inside the drillstring

4; is the inner area of the drillstring

A, is the outer area of the drillstring

A is the cross-sectional area of the drillstring (Steel)

In drilling operations, the density of the mud inside and outside the drillstring
is approximately the same neglecting temperature and pressure effects.

i.e. p; = Po = Pmua = Constant and hence Eqn (3) becomes,

A A; A A;
N B _ Ps — (poA_:_piA_;) _ Ps — (pmudA_Z_pmudA_;)
Ps Ps
A A; A, — A;
Ps Pmud (A - A_;) Ps — Pmud ( As l)
= ﬁ = =
Ps Ps
But 4, —4; = A
A, — A A
Ps Pmud ( OAS l) Ps — Pmud (A_s)
= ﬂ = =
Ps Ps
_ Ps™ Pmud — __ Pmud
= ﬁ - Ps 1 Ps [4]

Hence, the buoyed weight (Wnas) of the drillstring in the well is given by the

relation

Whas = BWaas = BWahryp = .depAcsg hrvp [S]
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3.1.3 WELL FRICTION
The well friction has very high influence on the hook load measurement. The

well friction is often depicted in the torque and drag measurements and its
values varies for varying well section i.e. It has different values for the build-up
section, sail section and drop-off section. Since, the well friction models are
not the main focus for this thesis, we shall take a quick look at some of the soft

string well friction models developed by Aadney and Andersen [10].

3.1.3.1 TORQUE AND DRAG IN SAIL SECTION

According to Aadney and Andersen [10], the torque and drag model is based on
Coulomb friction model and it is given by the relation

F, = F, + wAs(cosa * usina) = F; + mg(cosa + psina) (6]
where F, is the Force at the top of the drillstring

F; is the Force at the bottom of the drillstring

“+” represents hoisting of the drillstring

“-” represents lowering of the drillstring

The rotation friction which is also referred to as torque and it is given by the

relation

T = pwAsrsina [7]

Figure 14: Shows the drag on a drillstring in the sail section by courtesy of Aadngy and Andersen [10]
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3.1.3.2 TORQUE AND DRAG IN BUILD-UP SECTION
According to Aadney and Andersen [10], the torque and drag in the build-up
section for both hoisting and lowering of the drillstring is given by the relation
i.  Hoisting (Pulling) of string is given by the relation
F, = Fje #(®2=%1) _ wR(sina, — e *(*2~%sina,) [8]

ii. Lowering of string is also given by the relation

WR
1+u?

e—u(az—a1)cosa1)) [9]

F, = FjeMaz-a) _

((1 — ,uz)(sinaz — e‘”(“z_“l)sinal) — Z,u(cosaz —

iii. Torque in the build-up bend
T = ur((Fl + wRsina,)abs(a, — al)) + 2uwRr (cosa, — cosa,) [10]

LDz

Figure 15: Shows the torque and drag in a build-up section by courtesy of Aadney and Andersen [10]

TORQUE AND DRAG IN DROP-OFF SECTION

The torque and drag in the drop-off section for both hoisting and lowering of
the drillstring as suggested by Aadney and Andersen [10] is given by the
relation

i.  Hoisting (Pulling) of string is given by the relation

— WR . - - .
F, = FeM@z-a) 4 e ((1 - ,uz)(sma:2 — e M@ “1)sma1) - 2,u(cosa2 —

e‘”(“z‘“l)cosal)) [11]
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ii. Lowering of string is also given by the relation
F, = Fje #(®2=%1) 4 wR(sina, — e *(*2~%sina,) [12]
iii. Torque in the drop-off bend
T = yr((Fl + wRsina,)(a, — al)) — 2urwR (cosa, — cosa;) [13]
ra

LOAD CELL POSITION

The load cell position is essential in ensuring accurate hook load prediction.
The accepted industry practice is to position the load cell at the dead line. This
usually results in discrepancy in the actual hook load (W) measurements as
compared to the expected values as described by Luke and Juvkam-Wold [2].
On the other hand, a direct and a more accurate hook load measurement can
also be achieved using an Instrumented Internal Blow-out Preventer (IIBOP) as
depicted Wylie et al [11]. The only challenge with the latter approach is that it
can only be installed on some few top drives that can accommodate an IBOP.
The load cell position is extremely important during non-uniform movement of
the travelling equipment since the sum of the forces in the supporting lines is

not the same as the hook load (W). i.e. Either the hook load exceeds the sum of
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the tensions in the supporting lines or vice-versa. Hence, the best position for
the load cell placement is just above the top of the drillstring as suggested by

Wylie et al [11]. Below is a schematic of some of the possible load cell sensor

positions.
Stationary Crown Block
Fast line own Block Dead line
sheave sheave gheave
Fa
dl
#q Load cell
Draw work
Tr ! Travelling
E’L E“mgck Block
sheave sheave
Dead line anchor
Hook load (W)
Legend
@ Crown block sensor B Dead line sensor
@ Travelling block sensor B3 120P 35 suggested by Wylie et-al

Figure 17: Shows some of the possible load cell positions for measuring hook load (W)
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3.1.4 OTHER FORCES AFFECTING THE HOOK LOAD MEASUREMENT
Cayeux et al [4] also described the effect of other parameters on the accuracy of

the hook load prediction. These sources of discrepancy include;

1.

ii.

iii.

iv.

The tension exerted by both the mud hose and the umbilical connected
to the top-drive. The magnitude of the force exerted by the mud hose
depends on the position of the travelling block, the volume of the mud
hose filled with the drilling mud and the density of the drilling mud
used.

The additional force exerted by the dolly on the drilling line during
retraction with the magnitude of the force determined by the dolly
position during the retraction.

The friction between the dolly and its rails.

The efficiency of each rotating sheave which depends on the velocity of
the travelling equipment and the applied load.

The position of the travelling equipment which depends on the length of
the drilling line that is spooled out from the drum and the elasticity of

the drilling line (i.e. The effect of the drilling line weight).
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3.2 EXISTING MODELS
There are numerous hook load prediction models but only three (3) of these

models will be considered in this thesis. These models includes the industry
accepted method [3], the Luke and Juvkam-Wold model [2] and Cayeux et al
hook load model [4]. These models were derived based on constant velocity of
the travelling equipment and hence need improvement to account for non-
uniform movement of the travelling equipment if the need arises. The average
sheave efficiency (e) as suggested by Luke and Juvkam-Wold [2] is 0.9 while
Cayeux et al [4] also suggested that for both hoisting and lowering, the average
sheave efficiency (e) over 0.8 m for 5 kg load and 50 kg load are 0.84 and
0.905 respectively. Below is a schematic of the block and tackle hoisting

system and its sheave efficiency (e).

Stationary Crown Block & its Fa

Load cell

Draw worls I .

Dead line anchor

Travelline Block mass (mex)

d
Hook load (W)
Legend
B Active load cell n = The number of supporting lines between the blocks
B Dummy load cell e = Efficiency of each sheave
Fa= Derrick load (mL/t?, 1bf) Fs= Fast line tension {mL/t?, 1bf)
Fai= Dead line tension (mL/t?, Ibf) W = Hook load (mL/t?, Ibf)

Figure 18: Show a block and tackle hoisting system and its constant sheave efficiency as proposed
by Luke and Juvkam- Wold
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3.2.1 INDUSTRY ACCEPTED MODEL
The industry relies on a conservative approach which does not reflect the

actual downhole conditions and hence resulting in either too low hook load
measurements during hoisting or too high measurements during lowering.
Below is the industry accepted relations for the hook load (W) prediction and

the derivations are given in Appendix-A.

3.2.1.1 ACCEPTED INDUSTRY METHOD FOR DERRICK AND HOOK LOAD
PREDICTION
The basic assumption behind this model is that it is based on perfect

transmission of line tension (i.e. e =1) and hence the tensions in the lines
remains constant. On the other hand, the relationship between the fast line

tension (Fy) and that of the dead line (Fy) is based on constant sheave

efficiency (e) and inactive (non-rotating) dead line sheave assumptions.

Fg = Fy(n+2) [A-1]
Fg= = (n+2) [A-2]
W = anl [A_S]

3.2.1.2 HOISTING

F,
Fpo=-5 [A-4]
3.2.1.3 LOWERING
Ffl = eanl [A_S]

3.2.2 LUKE AND JUVKAM-WOLD MODEL
Unlike the industry accepted model which is based on perfect transmission of

line tension (i.e. e=1), the Luke and Juvkam model is based on imperfect
transmission of the line tension (i.e. e # 1) but the efficiency of each sheave is
assumed to be constant (i.e. e = constant) as illustrated in figure (18). i.e. The
line tension varies from line to line.

Luke and Juvkam also predicted two (2) types of the hook load model which
depends on whether the dead line sheave is rotating (Active dead line sheave)

or non-rotating (Inactive dead line) sheave. The rotating (active) dead line
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sheave assumption is questionable since one end of the dead line is fixed to the
dead line anchor thus preventing any rotation, though stick-slip may occur due
to elongation in the line as suggested by Cayeux et al [4]|. Hence, the Inactive
dead line sheave is the most practical assumption to use. Below is the Luke
and Juvkam-wold hook load prediction relations for both active and in-active

dead line sheave (Derivations are given in Appendix-B)

3.2.2.1 HOOK LOAD PREDICTION FOR NON-ROTATING DEAD LINE SHEAVE
This model was based on constant sheave efficiency (e) and uniform movement

of the travelling equipment and hence there was no acceleration effect on the
hook load measurements. In addition, the weight of the drill-line is negligible

as compared to the tensions in the line.

3.2.2.1.1 HOISTING

Fp = -4 [B-1]
Fu=2o [B-2]
F, = (1%)(1 +(2) - 2e) [B-4]

3.2.2.1.2 LOWERING

Fpp = e"Fq [B-5]
P =0 [B-6]
W= F, ((11‘_21;) [B-7]
Py = G [B-§]
3.2.2.2 HOOK LOAD PREDICTION FOR ROTATING DEAD LINE SHEAVE
3.2.2.2.1 HOISTING

Fp= o [B-9]
Fri = xil__e?) [B-10]
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_ Fgi(1-e™)

w=tule [B-11]

A [B-12]
3.2.2.2.2 LOWERING

Fy = e™1F,, [B-13]
Fp = "o [B-14]
W= Fy G [B-15]
F, = fa@=e"?) [B-16]

(1-e)

3.2.3 CAYEUX ET AL MODEL
Unlike the previously discussed models above which utilizes the efficiency (e) of
each rotating sheave to predict the tension in the lines, Cayeux et al hook load
prediction model [4] is based on the coefficient of friction (u) at the pulley axle.
The advantage of using the Cayeux et al model is that the sheave efficiency (e)
which depends on the coefficient of friction at the sheave axle is not required in
order to accurately predict the hook load. The model also account for the effect
of the centrifugal forces on each sheave (F¢), the effect of the weight (Fw) of each
sheave on the hook load prediction, the effect of the coefficient of friction at the
sheave axle and the effect of the tension in the drilling lines.

Both Coulomb friction model and Stribeck friction models were used. The
beauty of using the Stribeck friction model(u,) over the coulomb friction model
(ug) is that it accounts for the transition from static to dynamic conditions and

vice-versa. Below is a schematic of the forces acting on the crown block sheave.

Figure 19: Shows the forces on the crown block sheave by courtesy of Cayeux et al [4]
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3.2.3.1 CROWN BLOCK SHEAVE
Cayeux et al predicted the line tension relations for both the crown block

sheaves and that of the travelling block sheaves for either hoisting or lowering.

3.2.3.1.1 HOISTING

TB - _ rbTA+IlaraTA_zzmﬂa(b2Tbzra"'mpgﬂara [C- 1]

HaTa—Tp

3.2.3.1.2 LOWERING

TB - _ _rbTA+HaTaTA_27Lmﬂad’2rbzra"'mpgliara [C—Q]
HaTat Tp
3.2.3.2 TRAVELLING BLOCK SHEAVE

Similarly considering the travelling block, the line tensions relation as

predicted by Cayeux et al for the sheaves in the travelling block is given by

3.2.3.2.1 HOISTING

—rbTA_I»laraTA+27Lmﬂad)2Tbzra+mpg#ara [C—3]

HaTa—Th

3.2.3.2.2 LOWERING

TB:

rbTA_I»laraTA+Zimﬂawzrbzra+mpg#ara [C—4]
HaTa+ Tp

TB:

Where

1, = radius of each sheave [L](m)

1, = radius of each sheave axle [L](m)

Uq = friction coefficient between the sheave and its axle [dimensionless]
A, = linear weight of the drill line [ML™*](Kg/m)

m,, = mass of the pulley [M] (Kg)

P
g = acceleration due to gravity [LT 2] (m/s2)

@ = angular velocity of each sheave [T™1] (rad/s)

T, = line tension at contact point A , as illustrated in figure (19)

Ty = line tension at contact point B, as illustrated in figure (19)
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4 EXTENDED MODELS
The existing models utilizes Newton’s second law of motion but assumed

constant velocity of the travelling equipement and hence there is no
acceleration effect. The acceleration effect will be incorporated into all the three
(3) existing models after which hypothetical data will be used to confirm if
indeed non-uniform movement of the travelling equipment has an effect on the
hook load measurement by comparing the data with and without acceleration
effect in the model. All the three models will also be compared with each other
to determine which model has the most accurate hook load prediction. In
addition to investigating the acceleration effect, this work seeks to investigate
the validity of the constant sheave efficiency (e) assumption as proposed by

Luke and Juvkam-Wold.

4.1 PROPOSED MODEL
From Newton’s second law of motion, the resultant or the net force acting on
the travelling equipment is equal to its rate of change of the moment. It is

mathematically given as

leie. Y Fpor = a’;l:v = mTva_tmTu = mTS)t_u) =mra [6- 1A]
My = Mgy + My, + Mg = Mgy, + My, [6- 2]
where

mr = Total mass of the travelling equipment

mg, = mass of drill pipe

mg; = mass of the drill line

my, = mass of travelling block with its pulley

v = final velocity

u = initial velocity

For simplicity, it is assumed that the mass of the drill line (mg) is negligible
compared with the mass of the drill pipe (mg,) and that of the travelling block
(msp) and hence it can be neglected in the total mass (my) calculation.

Below is a schematic showing the total mass of the travelling equipment (mr)

and the direction of the resultant force during hoisting or lowering
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Stationary Crown Block & its Fu

Decreasing line tension during haisting

Decreasing line tension during lowering

Load cell

Draw work

‘l Dead line anchor

Travelling Block mass (Mes)

HOISTING LOWERING
nass of drill pipe ‘l
(=)
— — T — #
Legend Total mass of the travelling equipment [my)
B Active load cell Fs=Fast line tension e = Efficiency of each sheave during hoisting
B Dummy load cell W = Hook load e = Efficiency of each sheave during lowering
Fy=Derrick load Fy=Dead line tension my, = mass of travelling block
E, m; = Total mass my = mass of drill-line my, = mass of drillpipe

Figure 20: Shows the total mass of the travelling equipment and the direction of the resultant

force during either hoisting or lowering

Considering the travelling equipment (i.e. the combined mass of the travelling

block and the mass of the drillpipe neglecting the mass of the drill-line) for

three (3) discrete positions as illustrated in the figure below
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s Fa Fa Fy

i Fa Fs Fa
+ t 4 n
] Decreasing line tension during hoistine — =
= —— Decreasing line tension durine Lowering —
F — —

LOWERING
HOISTING

Travelling Block mass (M)

Hass of drill pipe
=)

Paosition 2 (5], time 2 (&) Position O (Sa), time 0 ()

YR

l Tl
Position 1 (S4], time 1 () |> u
Position 1 (S}, time 1 (]

u—  Position © (S, time O () |I Position 2 (5], time 2 |> W
L immsmmmssmsmnsnnnannen B e e e e e e ————tamamas s mmmm w————
Legend
M., = mass of travelling block Mg = mass of drill-line Mg, = mass of drillpipe

I mr = mass of the travelling equipment at positions 0 or 2 (Sg or S;) and time 0 or 2 (t; or tz)
I mir = mass of the travelling equipment at position 1 (S;) and time 1 (t,)

E'mr = mass of the travelling equipment at position 2 or 0 (S, or 5;) and time 2 or 1 (t; or t3)

Figure 21: Shows the net forces on the travelling equipment for either hoisting or lowering

Substituting Eqn [6-2] into Eqn [6-1A] gives

=Y Frer = (mdp + myp)a [6_ lB]

But acceleration (a) is also given by the relation

a=2=2r [6- 3A]
dt  t,—t;

p=8_2% [6- 4]
dt  t,—tg

u=%_3"% [6- 5]
dt  ti—tg

Substituting Eqn [6- 4]and Eqn [6- 5] into Eqn [6- 3A] gives
w_ v _ G-
dt  ty—t; ty—t1

a=—= (=) - (=) [6- 3C]
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a=——(s:=5) = (22) (51 = 50)] [6- 3D]

(t2—t1)? t1—to
Substituting Eqn[6- 3C| into Eqn [6- 1B] gives
_ ((map+mep) [(so—s1 _ ($1=50
2 Frer = ( (t2—t1) (tz—tl) (tl—to)]) [D-1A]
Alternatively, W = my g = (mgp + Myp)9 = Fpown [6- 6A]
mr = Mgy + My =% [6- 6B]

Substituting Eqn[6- 6B] into Eqn [D-1A]| gives

S Fret =z | (22) — (2] D-1B]
HOISTING

During hoisting the sum of the upward forces exceeds that of the downward

force as illustrated below

Il Decreasing line tension during hoisting

Direction of
movement of
the travelling
equipment

Travelling Block mass (M)

Figure 22: Shows the net force on the travelling equipment during hoisting

Hence, Eqn [D-1A]becomes

(Fy 4 By 4 By oo ) = Py = itz M) [(52780) _ (91750)] [D-2A]

(t2—t1) tr—tg t1—to
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Substituting Eqn [6- 6A] into Eqn [D-2A] gives

(F,+F, +F3+ - +E)—-W = (Mmap+ mep) (sz—sl) _ (51_50)]

(t2—t1) t2—ty ti1—to
— _ (map+ mep) [ (s2=51 _ (S1=S0
W= (Fy+ By + Fy o4 B — 2 (tz_tl) (tl_to)] [D-2B]

Eqn [D-2B] is the hook load relation during hoisting for both uniform and non-
uniform movement

Alternatively, substituting Eqn [6- 6B] into Eqn [D-2B]| gives

W= (F+F + Pt B) = s (=) - (2=2)]

ta—t; t1—to

W+g(t:V—t1) (%) - (%)] =P +FR +FB++F)

W(l n 1 [(52—51) _ (51—50)]) =(F,+F, +F;++E)

g(ta—t1) L\tz—t ti—to
(Fy+Fy +F3+-+Fy)
W = S5—S 51—50 [D_QC]
(1 : g(tzl—tl)[(t;—ti)_(ti—to)])
LOWERING

In a similar vein, during lowering the sum of downward forces exceeds that of

the the upward forces as illustrated below

Decreasing line tension during lowering

Direction of
movement of
the travelling
equipment

Travelling Block mass (M)

Figure 23: Shows the net force on the travelling equipment during lowering
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Eqn [D-1A] becomes

= Foown — (Fy + Fy + Fy + oo ) = Lt Rae) [(sa79) (5170 [D-3A]

(t2—t1) tr—tg ti—to

Substituting Eqn [6- 6A] into Eqn [D-3A] gives the net downward force as

W= (Fy+ Fy + Fy 4t Fy) = Dt (Sm)]

(t2—t1) ta—t1 ti—to
— (mdp+ Mep) S2—51 _ S1—So _
S W= (F+Fy 4 Fy 4ot F) + 2 [(tz_tl) (—tl_to)] [D-3B]

Alternatively, substituting Eqn [6- 6B] into Eqn [D-3B]| gives

W= (F +Fy +Fy o4 )+ —— [ (252) — (2=2))|

g(tz2—t1) L\t2-ty t1—to

V-l (- s e

g(t2—t1) L\tz—t t1—to
_ 1 52751\ _ (51=So —
w (1 g(ta—t1) [(tz—tl) (tl—to)D (Fi+F + B+ + )
W= (Fi+F; +F3++Fp) (D-3C]

(- sl G -GS
From Eqn [D-2B] and Eqn [D-3B] the effect of the non-uniform movement of

the travelling equipment is given by

o= () = Dt () () - 78

try—tq (t2—t1) tr—t1 t1—to

Similarly, from Eqn [D-2C] and Eqn [D-3C] the effect of the non-uniform

movement is also given by

A= (1 5 |G - =) 8- 75

During constant velocity of the travelling equipment (i.e. uniform movement),

the final velocity (v) is the same as the initial velocity (u) and hence, there is no

effect of acceleration on the hook load (W) measurements.

4.2 EXTENSIONS OF THE INDUSTRY ACCEPTED MODEL TO ACCOUNT FOR THE
EFFECT OF ACCELERATION DURING NON-UNIFORM MOVEMENT
The industry accepted hook load prediction model assumes a perfect

transmission of line tension from the fast line (Fy;) towards the dead line (Fy;)

and vice-versa. (i. e.e = 1 and hence Fp = Fy, ) The hook load relation for both
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hoisting and lowering during uniform movement of the travelling equipment is
given by Eqn [A-3] as

Hook load (W) = nFy = nFy,

4.2.1 HOISTING WITH NON-UNIFORM MOVEMENT

Since the industry accepted hook load prediction model assumes perfect
transmission of line tension (i.e. e = 1) as illustrated in figure (20) above

> Fhg=F=F=FK="=F_;=F=F

Hence for “n” supporting lines between the travelling block and the crown block
the sum of the tensions in the supporting lines is given by

E+F +F++F =Fyg+Fy +Fy+-+Fy =nky [s-1]

Substituting Eqn [g-1] into Eqn [D-2B]|, which is the hook load relation during

hoisting gives

W = anl _ (mgp+ mep) [(sz—sl) _ (sl—so)] [E—IA]

(t2—t1) tr—ty t1—to
Similarly substituting Eqn [g-1] into Eqn [D-2C] gives,

nFq;

(15| () -(229)))

W = [E-1B]

4.2.2 LOWERING WITH NON-UNIFORM MOVEMENT
Similarly since the industry accepted hook load prediction model assumes a

perfect transmission of line tension, substituting the sum of the tensions in the
supporting lines relation (Eqn [g-1]) into the hook load relation during lowering

(Eqn [D-3B]) gives

W =y + St ) [(smn) (o) E24]

(t2—t1) ta—t1 t1—to

Similarly, substituting Eqn [¢-1] into Eqn [D-3C] gives

TLFdl

(- sl ) -G

W =

[E-2B]
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4.3 EXTENSION OF LUKE AND JUVKAM-WOLD MODEL TO INCORPORATE THE EFFECT
OF ACCELERATION FOR NON-UNIFORM MOVEMENT OF THE TRAVELLING
EQUIPMENT

Luke and Juvkam-Wold derived the hook load prediction model for two (2)

different types of dead line sheaves namely, active (rotating) dead line sheave
and inactive (non-rotating) dead-line sheave. Their model was based on both
constant sheave efficiency (i.e. e; = e, = e; = e = constant) and also with the
assumption that the travelling equipment undergoes uniform movement(i.e.u =
v = constant). In this thesis, we seek to account for the effect of acceleration on
the hook load measurement during non-uniform movement of the travelling
equipment and also confirm the constant sheave efficiency assumption as
proposed by Luke and Juvkam-Wold. This will be achieved by equipping each
sheave with a load cell and hence, the efficiency of each sheave can be
determined. Hook load prediction models will be developed for both varying

sheave efficiency assumption and that of constant sheave efficiency.

4.3.1.1 INACTIVE (NON-ROTATING) DEAD LINE SHEAVE DERIVATION

HOOK LOAD RELATION DURING HOISTING FOR NON-UNIFORM MOVEMENT AND VARYING SHEAVE
EFFICIENCY

During hoisting, maximum tension occurs in the fast line (Fg), while the
minimum tension occur in the dead line (Fa) i.e. The tension decreases from

the fast line towards the dead line (ie. Fr = Fdl)-

The efficiency for each sheave is given by Eqn (a) as (given in appendix A)

_ __ Output force (Fg)
€= MA " Input force (Fp) [Cl]

Considering the fast line sheave (First sheave in the crown block (from the

direction of the draw work) and from Eqn (a), its efficiency (e4) is given by

Output force (Fg) _ Fi
Input force (Fy) o Fry

e1= My =
= F]_ = elFfl [Y—l]
Similarly, the efficiency (e,) of the next sheave in the travelling block is also

given by
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_ _ Output force (Fp) F,
€= Ha = Input force (F) F

=>F, =eF; = 32(31Ffl ) = eye1Fp = ) Y Fry [Y-2]

Also, considering the efficiency (e3) of the next sheave in the crown block gives
_ _ Output force (Fp) _ F3
€= M4 = Input force (F))  F,

= F; =e3F, = 33(3231Fﬂ) = ezeyeFp = | J E Frp [Y-3]
Hence, for “n” number of lines between the travelling block and the crown
block, the relationship between the tension in each line and the applied fast
line tension (Fa) is given by

E, = [li=1 e Fri [Y-4]

I. ACTIVE DEAD LINE SHEAVE
Considering rotating dead line sheave, its efficiency (e;) becomes
Output force (Fp) Fy

¢a= Ma = Input force (F,) F_n

= Fy =eqF, = eq([llL1e:Fry) = eq [T}, € Fry [Y-5A]

II. INACTIVE DEAD LINE SHEAVE

Similarly, considering non-rotating dead line sheave in the crown block, it is

assumed that there is perfect transmission of tension (i.e. e; = 100% = 1)

= F, =Fy =12, e Fp [Y-5B]
_ _Fa
Fe = e o [Y-5C]

With the assumption of varying sheave efficiency and from the relationship
between each of the lines with respect to the fast line Eqn [Y-5B], the sum of
the tension in the supporting lines gives

Y1F =Fples +eze; +ezeze; + -+ [k, e] [Y-6]
Substituting Eqn [Y-6] into the hook load relation during hoisting Eqn [D-2B]

gives

= n 1 — (Map+ mep) [(s2=51) _ (S1=So _
W =Frle; +eze; +ezeze + -+ [l €] ot (tz_tl) (tl_to)] [Y-7]
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FAST LINE (F;,) AND DEAD LINE TENSION (F,)
Making Fy; the subject of Eqn [Y-7] gives
_ 1 (Map+mep) [(s2=51 _($1=5o _
Ffl - (61 +62€1+6362€1+"‘+n?=1 Ei) (W + (tz—tl) (tz—tl) (tl—to):l) [F lA]

Substituting Eqn [Y-5C] into Eqn [F-1A] gives

e e + ) (22)
Tiei  (ep+ezer+ezeze++[[1L; e) (t2—t1) t2—t1 ti—to

Fdl - (e1 +e2e1+e31ie1=2:i.-~+n?=1ei) (W + (m(i:ttil)tb) [(Z::) B (Z::)]) [F_IB]

HOOK LOAD (W) RELATIONS
From Eqn [F-1A], the hook load is given by

— n N _ Maptmep) [(s3—s1) _ (S1=So )
W = Fp(e; +eye; +ezeze; + -+ [[in1€) i) [(tz—tl) (tl—to)] [F-2A]
Similarly, From Eqn [F-1B], the hook load is given by

_(eq +egeqtezeze++[[I e)Fq _ (map+mup) [(s2=s1) _ (S1=So )
W= I, e (ta—t1) [(tz—tl) (tl—to)] [F-2B]

Alternatively, the derrick load (F;) is given by the relation

Fd = Ffl +W+Fdl

=> W= Fd - Ffl - Fdl = Fd - (Ffl + Fdl) [F-QC]
Substitituing the relationship between the dead line and the fast line tension

(Eqn [Y-5C]) during hoisting into Eqn [F-2C] gives

Fy 1
W = Fd_(Ffl+Fdl)=Fd_ T e+Fdl =Fd_Fdl n e+1

i=1%i

W - Fd — Fdl (n; + 1) [F—QD]

i=1€i
Also substituting Eqn [Y-6] into Eqn [D-2C] gives
_ Fpiles +ezeq+ezezer++1, ef]
(+ smmlE)-E=2))

Substitituing the relationship between the dead line and the fast line tension

[F-2E]

(Eqn [Y-5C]) during hoisting into Eqn [F-2E] gives

Fa[ e; +ezeq+esezer+-+[11-, ;]

o1 s G- ()

W = [F-2F]
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Eqn [F-2A], Eqn [F-2B|, Eqn [F-2C]|, Eqn [F-2D], Eqn [F-2E] and Eqn [F-2F]
are the hook load (W) relations during hoisting for inactive dead line sheave

and with non-uniform movement and varying sheave efficiency.

DERRICK LOAD (F;) RELATIONS
From Eqn [F-2D], the derrick load is given by the relation

SF, =W+ Fdl( +1) (F-3A]
11 €i

Substitute Eqn [F-2A] into Eqn [F-3A] relation gives

1
ﬁFd—W‘FFdl( +1>
llel

Fq=Fples +ezeq+ezepei+.. + I ] — (Map Mep) (Sz_sl) — (Sl_so)] + Fy <_’.1_11ei + 1)

(t2—t1) ta—ty t1—to
[F-3B]
Substituting Eqn [F-2B] into Eqn [F-3A] relation gives

e; +e,eqtezeseq ++I0 F (mgp+mep) [(s,—5 S1—S 1
:Fd_(l 261t€3€z81 iz1€dFar p_ 2_1)_ 1_0 + Fy(=—+1
ML, e (t2—t1) ta—t1 ti—to i=1€i

Fd=Fdl( ! +g;izz+
1=

z1i

(e1 +ezestezezer+--+[1—y ei)) _ (map+mep) (52—51) _ (51—50)]
T, e (t2—t1) tr—ty ti—to

Fg4

(1 + Tk e + (er +ezeq +egener +-+ [ e)) — ((mdﬁmtb) [(sz_sl) -
e (t2—t1) tr—t1

(%)D [F-3C]

Substituting Eqn [F-2E] into Eqn [F-3A] gives

Fy = it ey R (g + 1) [F-3D]
(1+ g(tz—tl)[(tz—tl)_(tl—fo)]) I' 1€
Finally, substituting Eqn [F-2F] into Eqn [F-3A] relation gives
Fail e1 +eze;+ezezer++[1-; ;]
Fd = S2—S ; —So + Fdl( + 1) [F_3E]
MMz, e (1+ g(tzl—tl)[(tz—ti)_(ti—to)]) =1 €
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4.3.1.2 HOISTING WITH NON-UNIFORM MOVEMENT AND CONSTANT SHEAVE
EFFICIENCY

FAST LINE (F;,) AND DEAD LINE TENSION (F,) RELATIONS

If we assume a constant sheave efficiency (e) as proposed by Luke an Juvkam

iee,=e,=e3=¢,=++=¢, =e = Constant , Eqn [F-1A]becomes
1 (mdp + mtb) Sy — 581 S1— S,
Ffl = W + -
(e+62+83+'"+e") _tl) tZ_tl tl_tO
e(l—e"
But, e+e2+e3+---+e"—¥
(1-e)
_ (1-9 (mdp+mtb) S2—S1\ _ (S1=So ~
Ffl - e (1—€n) (W + (tz—tl) [(tz—tl) (tl—to)]) [F lAl]

For uniform movement, Eqn [F-1A:] satisfies Eqn [B-2] in the Luke and
Juvkam model

Similarly Eqn [F-1B| becomes

Fu= oo (v + Tt )| () ()

e(l—e"
But, e+e2+e3+---+e"=(—)
(1-e)
__e(1-e) (mdp+ Mep) [(S2=51 _ [51=5So _
Fdl - e (1_en) (W + (tz—tl) I:(tz—tl) (tl—to)]) [F 1B1]

HOOK LOAD (W) RELATIONS

Assuming a constant sheave efficiency (e), Eqn [F-2A] becomes

W = Fye +e? + €3 + - + en) — et Tew) [(52‘51) — (ﬂ)]

(t2—t1) ta—tg t1—to
e(l—e"
But, e+ez+e3+---+e"=¥
(1—-e)
. e(1—e™)  (Mmap+mep) [(s2=s1) _ (S1=So _
W= Fp (1-e) (ta—t1) [(tz—tl) (tl—to)] [F-2A]

Also considering Eqn [F-2B]| gives

W= (e+e?+e3+-+eMFy _ (mgp + my) (sz — Sl) _ (51 — So>]
e (tz —t1) t, =t t1 —to
e(l—e™
But, e+ez+e3+---+e"=¥
(1-e)
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_¢ (1—eMFy (Mmgy + myy) (52 - 51) _ (51 - So)]

e™"(1—e) - (t; — t1) =ty t1 —to
W = Fe A=) mapt mes) [(sz—sl) B (sl—so)] [F-2B]
(e-1) (t2—t1) tr—t ti—to

For constant velocity, Eqn [F-2Bi] satisfies Eqn [B-3] in the Luke and Juvkam
model

With the same constant sheave efficiency assumption Eqn [F-2D] becomes
W= Fy—Fq(5+1) [F-2D1]

Assuming a constant sheave efficiency (e), Eqn [F-2E]| becomes

Fﬂ(e+e +e3+--4+e™)
(5l =) -(E=2)))

But, e+e’+ed+.+em

W =

_e(l—e"
(1-e)
e(1- en)Ffl

- - g lE)-G=2))

With the same constant sheave efficiency assumption Eqn [F-2F] becomes

[F-2E4]

Fgile+e?+e3+--+e™)

W = _
e”(l y(tz1 t1)[(i§ 2) (ii—ig)])
e(l—e"
But, €+62+e3+---+en—(—)
(1-e)
W = e(ll—e )Fal (F-2F]

en(1-e)(1+ gl (=a) -G

DERRICK LOAD (F;) RELATIONS
Similarly, Eqn [F-3A] becomes

Fd - W + Fdl ( + 1) [F‘SAl]
Also, Eqn [F-3B] also result in

Fo=Fu(et+e?+e’+-+em)— (map+ mep) [(52"51) - (51 S)] +Fy ( + 1)

(t2—t1) -t t1—t
e(l—e™
But, e+ez+e3+---+e"=—( )
(1-e)
_ e(1-e™) B (mdp+ mtb) s2=S1) _ (51=So ]
Fa =" (t2—t1) (tz—tl) (tl—to)] + Fdl( + 1) [F-3Bi]
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Similarly, Eqn [F-3C] also result in

Fa="2(1+e"+(e+e+ed+-+eM) - ((m(iifz)tb) (Z:Z) — (2:;)])

_e(l-eM
C (1-e)

N [ R =)

FL=Fy 1 14 e (ein -1\ -e)e _ ((mdp + Myp) [<sz - sl) _ <51 - sO)D

en (1—-e) J(1—e)en (t; —ty) t, —t; t; — to

But, e+e’+ed+--+e

Fp=—392 ((1—e)+e”—e™l+e(l—e"))— ((mdp+ me) (Sz_sl) - (Sl_so)])

(1—e)e™ (ta—tq1) tr—tq t1—to
Fou = (- e et =4 ooty - (Tl (o) - (=)
Fo= ot (b en —geney - (M L) (e ) (52
(1—-e)e (tz — t1) t — ty —to
o=ty (1 - 20) = (T (5 - (=) [F-3C1]

If we assume constant velocity of the travelling equipment, Eqn [F-3C]

satisfies Eqn [B-4] in the Luke and Juvkam model

Similarly, Eqn [F-3D] also result in

Fri(e+e?+e3+--+e™)

Fq = S7—S $1-So0 + F +1
¢ = ey (1)
) 3, n_e(l—en)
But, et+e‘+e3+-+e _—(1_8)
Fy = et Fy (241 [F-3D]
‘ (1_6)(1+g(t21—t1)[(tz—ti)_(ti—tg)]) “ ( )

Finally, Eqn [F-3E] also result in

Fgi(ete?+e3+--+e™)

F, = ertel) 4 Fu(=+1

4= ety + P (Gt 1)
1 —en

But, e+e2+e3+---+en=%
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e (1-e™Fy4; 1
Fy = : + Fa(5+1) [F-3E1]
_ [(52=51)_(51=So al \_n
en(l e)(1+g(t2—t1)l(t2—t1) (tl—to)]) €
4.3.1.3 LOWERING WITH NON-UNIFORM MOVEMENT AND VARYING SHEAVE
EFFICIENCY

During lowering, maximum tension occurs in the dead line (Fa) while the fast
line (Fq) records the least tension .i.e. The tension decreases from the dead line
towards the fast line ie. F;; < Fy

Considering the dead line sheave (First sheave in the crown block from the

direction of the dead line anchor), Eqn (a) becomes
B _ Output force (Fp) F
©1= YA T Thout force (F)  Fy

= F = e Fy

For non-rotating dead line sheave, it is assumed that there is no work done
against friction and hence the efficiency of the dead line sheave is assumed to
be 100% (e; = 100%)

> F, =Fy [K-1]
Similarly, the efficiency of the next sheave in the travelling block is given by,

Output force (Fg) _ F,
Input force (Fp) - F

=>F, =eF; =e, (Fy) =e; Fy [K-2]

62=MA=

Also, considering the efficiency of the next sheave in the crown block gives,

_ _ Output force (Fp)  F3

A Input force (F))  F,

= F3 = esF, = e3 (e, Fy) = eze; Fy =17, €; Fay [K-3]

1= 2 since e1 is 100% (ie e1 = 1)

Hence, for n number of lines between the travelling blocks and the crown
block, the general line tension reduction from the dead line towards the fast
line is given by the relation

F =Tz e Fa [K-4]
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Finally, considering the efficiency (ef;) of the fast line sheave in the crown block
gives,

_ 4, _ Output force (Fo) _ Fp
err = Ma = Input force (F;) B E,

= Fr = eqF, = er (Iliss i Fa) = e 12z € Fay

Fry=eq[li=sei Fa [K-5A]
_ __Fn -
= Fa = —th— [K-5B]

With the assumption of varying sheave efficiency and from the relationship
between each of the lines with respect to the dead line Eqn [K-4], the sum of
the tension in the supporting lines become

YiF =Fyu(1+e;, +eze; +egezey +--+ H?=2 e;) K -6]

HOOK LOAD (W) RELATIONS
Substituting Eqn [K-6] into the hook load relation during lowering (Eqn [D-3B])

gives

W =Fy(1+e, +ese, +egezey + -+ [, e) + (map+ mep) [(52_51) - (sl_s")] [F-4A]

ty—tq ty—tq t1—to
Substituting the relation between the fast line tension and the dead line

tension during lowering (Eqn [K -5B]) into Eqn [F-4A] gives

W = I (14+e, +esze, +egeze, + -+ e) + (map+ mey) (52_51) - (51_50)] [F-4B]

N efl_[?:z ej ta—ty ta—ty t1—to
Alternatively, the derrick load is given by the relation
Fd = Ffl +W+Fdl
= W - Fd - Ffl - Fdl - Fd - (Ffl + Fdl) [F—4C]
Substitituing the relationship between the dead line tension and that of the

fast line tension (Eqn[K-5A]) during lowering into Eqn [F-4C] gives

n

W= Fq—F;—Fgy=Fg— (efl_[eiFdl +Fa1)
i=2

W =F; —Fq (es[Iiz,6i + 1) [F-4D]
Finally, Substituting Eqn [K-6] into the hook load relation during lowering (Eqn
[D-3C]) gives

MSc. Well Engineering Thesis, UiS (15" June, 2015) Page 45



W = Fai(1+e, -i;e362+e4e362+-~+1'[’i1=2 e;)
S2—S S1—S
(1 g(tz—tl)[(tj—ti)_(ti—tg)])

Eqn [F-4A], Eqn [F-4B]|, Eqn [F-4C], Eqn [F-4D] and Eqn [F-4E| are the hook

[F-4E]

load (W) relations during lowering for inactive dead line sheave with non-

uniform movement and varying sheave efficiency.

DERRICK LOAD (F;) RELATIONS
From Eqn [F-4D], the derrick load is given as

Fd =W + Fdl (ef H?:Z €; + 1) [F—5A]
Substituting Eqn [F-4A] into Eqn [F-5A] gives

Fqg = Fy(14e; +eze;, +egeze, + -+ [, 0) + (map + mep) (52_51) — (Sl_s")] +
(t2—t1) tz—ty ti—to

Fa (ef[Ticzei +1)

(map+ mep) [(sz—sl) _

(t2—t1) tra—t1

(=) [F-SB]

t1—to

Fa=Fgy ((1+ez + eze; +egeze, + -+ [, e) + (ef [T, e + 1)) +

Similarly, substituting Eqn [F-4B] into Eqn [F-5A] gives

—_Ffn LT o o (maptme) (sz—sl) B (sl—so)]
Fy; = P (146, + eze; +egeze, + -+ [, e) + o s o +

Fa (ef [licpei +1) [F-5C]
Finally, substituting Eqn [F-4E] into Eqn [F-5A] gives
Fai(1+e; +eze+egezer+-+[11e, €;)

Fg = ( T [(52—51)_(51—50)]) + Fy (ef l_[?zz e;+1)

1_
g(tz—tl t1—to

t2—tq

P =, <<( +i3€212‘;;32)*;(:}12;2)]30 ro T, e+ 1> F-5D]

1_
9(tz—tDW\ea—t1/ \t1-tg

Eqn [F-5A], Eqn [F-5B], Eqn [F-5C| and Eqn [F-5D] are the derrick load (Fq)
relations during lowering for inactive dead line sheave with non-uniform

movement and varying sheave efficiency.
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4.3.1.4 LOWERING WITH NON-UNIFORM MOVEMENT AND CONSTANT SHEAVE
EFFICIENCY

For simplicity, If we assume a constant sheave efficiency (e) as proposed by

Luke and Juvkam iee =e,=e;3=¢,="- =¢, =e = Constant, Eqn [F-4A]
becomes
Mg, + M —S -5
W= Fa(irer e vt vy Mot M) (o9 (55
— t1 — 1o
1-—e™
But 1+e+e?+ed ...+e”=(—)
(1-e)
_ Fa(1-e™ | (map+tmup) [(s2=s1\ _ (51=So ~
W= (1-e) + ty—tg (tz—tl) (tl—to)] [F 4A1]

If we assume constant velocity of the travelling equipment, Eqn [F-4A1] reduces
to Eqn [B-7] as proposed by Luke and Juvkam
Similarly, Eqn [F-4B] becomes

=1l 3 n-1 (map+mep) [(s2-51\ _ (S1=So
T e(en 1) e to—tg (tz—tl) (tl—to)]
1— e
But 1+e+e2+e3...+e"=((1fe))
_ Fr(—e™ | (map+mep) [[s2-51 _ (51=So
W= enice) T (-t (tz—tl) (tl—to)] [F-4B1]

In a similar vein Eqn [F-4D] also becomes,
W = Fd — Fdl (e(e”_l) + 1) = Fd — Fdl (en + 1) [F—4D1]
Finally Eqn [F-4E]| also becomes,

Fgi(1+e+e?+e3..+e™ 1)

W = S3—S S1-So
(1 g(tzl—tl)[(t;—ti)_(ti—to)])
(1—e")
2 3 n _
But l+e+e‘+e’..+e" = d—e)
(11— e™)Fa [F-4E1]

- -~ g pl(E=)-G=2))
Eqn [F-4Ai1], Eqn [F-4Bi]|, Eqn [F-4C,], Eqn [F-4D:] and Eqn [F-4E:| are the
hook load (W) relations during lowering for inactive dead line sheave with
non-uniform movement and assuming constant sheave efficiency (e) as

proposed by Luke and Juvkam.
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DERRICK LOAD (F;) RELATIONS

Also considering a contant sheave efficiency (e) as proposed by Luke and
Juvkam, Eqn [F-5A] becomes

Fg=W+Fy(e(e"H)+1)= W+Fy(e"+1) [F-5A1]
Similarly Eqn [F-5B] becomes

Fqg = Fdl((1 +e+te’+ed..+ e"‘l) + (e(e"_l) + 1)) + (map+ mep) (52—51) . (51—50)]

tr—t1 ty—tq ti—to
(1—e™)
But l4+e+e?+ed. . +et=—=
-
_ (1-e™ n (mdp+ mtb) 52751\ _ (5170
Fa = Fdl( CESERI 1) + ta—ts [(tz—tl) (tl—to)]
_p (a-e)ra-em | 4 (map+ mep) [(s2=51\ _ (S1=S0
Fa = Fa (1-e) ( (1-e) ter+ 1) + ta—ts [(tz—tl) (tl—to)]
_ Fa [ (-eM@-e) R _ (map+mep) [(s2=s1) _ ($1=S0
Fa = (1—e)< o Td—ee"+10 e)> R— (tz—tl) (tl—tg)]
_ Fa _n n_ ,n+1 _ (mdp+mtb) S2751\ _ (51=So
Fa = (1-e) (1-e"+e € tl-e)+ ty—ts (tz—tl) (tl—to)]
_ Fg L n+1 (mdp+ mtb) 52751\ _ (51=5o ~
Fa = (1-e) 2Z-e-e™)+ ta—ts (tz—tl) (tl—to)] [F-5B1]

If we assume a uniform movement of the travelling equipment, Eqn [F-5Bi] is
the same Eqn [B-8] as proposed by Luke and Juvkam-Wold.

Also assuming a constant sheave efficiency for Eqn [F-5C] gives

(1 yete?qed .. 4 en1) Maptm) (52'51) —~ (Sl's")] + Fy (e(e™ 1) + 1)

a~— e(e"‘l) tr,—t1 t—tq t1—to
1—e"
But 1+e+e?+e3 ...+e"=¥
(1-e)
_ Fp(1-e™) n (Map+ mep) [(s2=51 _ (51=So
Fa = en(1-e) +Fg (e"+1) + ty,—ty (tz—tl) (tl—to)] [F-5C4]

Finally, assuming a constant sheave efficiency for Eqn [F-5D] become

(1+e+e?+e3..+e™ 1)

Fq = Fy T = = + (e(e™ )+ 1)
(5l ()~
But e = 1+e+ez+e3...+e”=%

(1-e™)
F,=F Sp—S S1—So
¢ “ <(1_e)(1 g(tzl—tl)Kt;—ti)_(ti—to)])
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Eqn [F-5A1], Eqn [F-5B1], Eqn [F-5Ci] and Eqn [F-5D:]| are the derrick load
(Fa) relations during lowering for inactive dead line sheave during non-uniform
movement of the travelling block and assuming constant sheave efficiency (e)

as proposed by Luke and Juvkam.

4.3.2 ACTIVE (ROTATING) DEAD LINE SHEAVE DERIVATION

4.3.2.1 HOISTING WITH NON-UNIFORM MOVEMENT AND VARYING SHEAVE EFFICIENCY
During hoisting, maximum tension occurs in the fast line (Fa), while the

minimum tension occurs in the dead line (Fa).i.e. The tension decreases from

the fast line towards the dead line, ie.Fs, = Fy

Considering the fast line sheave (First sheave in the crown block from the
direction of the drum) and from Eqn (a), its efficiency e is given by

_ _ Output force (Fp) F
= % = Input force (F)) Fpy

= F]_ = elFﬂ [Q—].]
Similarly, the efficiency (e,) of the next sheave in the travelling block is also
given by

_ _ Output force (Fp) F,
2= Ma = Input force (F)  F

=>F, = e;F; = 32(91Ffl ) = eyeqfp = [T;-1 e Fry [Q-2]

Also, considering the efficiency (e3) of the next sheave in the crown block gives
_ _ Output force (Fp) F;
¢ = Ma = Input force (F)) F,

= F; = e3F, = es(eye,Fy)) = eseze Frp = [[3-1 e; Fyy [Q-3]
Hence, for “n” number of lines between the travelling block and the crown
block, the relationship between the tension in each line and the applied fast
line tension (Fa) is given by

Fy =1Ti=1 € Fri [Q-4]
Finally, considering the efficiency of the dead line sheave (e;) in the crown

block gives
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_ _ Output force (Fp) _ Fy
a = Ma = Input force (F))  FE,

= Fy =eqF, = e ([Tre Fr) = eq 1= e Fy

For active dead line sheave since it is rotating and hence imperfect

transmission of tension (i.e. e # 1) = F, # Fy

Ffl = Far [Q—S]

eqlliz e
If we assume varying sheave efficiency and from the relationship between each
of the lines with respect to the fast line (Eqn [Q-4]) the sum of the tension in
the supporting lines is given by

Y1F = Fri(e; + eze; +ezezeq + -+ + [T e) [Q-6]

Substituting Eqn [Q-6] into Eqn [D-2B] gives

W = Fr(ey +ezeq +ezeze; + -+ 1) — ((m(dt’;gtb) [(Z::) - (::i;’)]) [Q-7]

FAST LINE (F;,) AND DEAD LINE TENSION (F;) RELATIONS

From Eqn [Q-7], making Fy, the subject gives

Fﬂ - (e1 +9291+e3921€1+"'+1_[?:1ei) <W + ((m(i:i:)tb) [(Z:z) B (2:2)]» [G_IA]

Substituting Eqn [Q-5] into Eqn [G-1A] gives

Far 1 W+ (Mmap+ mep) [ (s2=51 __(51=Se
e ( I e ty—t to—t t—t
eqlli= e ej tegse;tezezer ++[Ii, el) (t2—t1) 2=ty 1—to

Fu = Gt (v + (262 - G=)) (G-15]

HOOK LOAD (W) RELATIONS
From Eqn [G-1A], the hook load is given by

W = Fri(e; +ezeq +ezepeq + -+ Ik e) — ((mdp+ mep) [(52_51) - (51_50)]) [G-2A]

(t2—t1) tr—t1 t1—to

Similarly, From Eqn [G-1B]|, the hook load is given by

W=—% (e, +eye; +esese; + -+ [Ti-ie) - ((mdermtb) [(52_51) B (51—50)]) [G-2B]

eqlli, e (t2—t1) tr—ty ti—to
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Alternatively, the derrick load (F,) is given by the relation

Fg=Fq+W+Fy

>W=F;—F;—Fgy =Fg— (Fp +Fg) [G-2C]
Substitituting the relationship between the dead line and the fast line tension

(Eqn [Q-5]) during hoisting into Eqn [G-2C] gives

W= Fq—F;—Fgy=Fg— ( + Far)

Fy
dl_[l 1 l
W= Fy = Fa(ome + 1) [G-2D]

i=1€i
Substituting Eqn [Q-6] into Eqn [D-2C] gives

Fri(eq +ezei+ezezer+-+[11- e;)

W = S3—5 51-S50 [G_QE]
(1+ g(tzl—tl)Kt;—ti>_(ti—to)])
Finally, substituting Eqn [Q-5] into Eqn [G-2E] gives
_ Fai(er +ezes+ezeseq++[1L, el-) [G—QF]

ealls e+ el (o) -(5=)))

Eqn [G-2A], Eqn [G-2B], Eqn [G-2C]|, Eqn [G-2D], Eqn [G-2E] and Eqn [G-2F]
are the hook load (W) relations during hoisting for active dead line sheave with
non-uniform movement of the travelling equipment and varying sheave

efficiency.

DERRICK LOAD (F,) RELATIONS
From Eqn [G-2D] the derrick load is given by the relation

Fg= W+ Fa(omrs + 1) [G-3A]

lll

Substituting Eqn [G-2A] into Eqn [G-3A] gives

Fd = Ffl(el +ezel+€3€2€1+'”+n? l)+Fdl(

+ 1 - (T -

H? 1 €i (t2—t1) ta—ty
=2)]) G-3B]

Similarly substitute Eqn [G-2B] into Eqn [G-3A] relation gives
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F, =
1) - (T (25) -

fal (e; +eze; +ezepe; +-+ [l e) + Fdl(

eqlli- e e (t2—t1) t—t1
(=2)))

ti—to

Fd -

(mdp+ mep) [(S2-51
Fy (edl'll > (1 +ezeq +eseze +-+ 1L e) +( T l+ 1)) ( T [(tz—tl)

G=)) (6-3¢]
Substituting Eqn [G-2E] into Eqn [G-3A] relation gives

Fri(es +e2e1+e3e_2e1+ +1:[?=1 e;) L F (
(Homml=)-E=d)) P eallie

Finally, substituting Eqn [G-2F] into Eqn [G-SA] relation gives

Fd:

+1) [G-3D]

_ Fqi(e +ezei+ezezer++[17; e;) )
F edl'[?=1ei(1 1 [(sz 51) (sl—so)D +Fdl(e Hl . i+ 1) [G 3E]

g(ta—t)\ty—t1 t1—to

Eqn [G-3A], Eqn [G-3B|, Eqn [G-3C], Eqn [G-3D] and Eqn [G-3E] are the

derrick load (Fq4) relations during hoisting for active dead line sheave during

non-uniform movement with varying sheave efficiency.

4.3.2.2 HOISTING WITH NON-UNIFORM MOVEMENT AND ASSUMING A CONSTANT
SHEAVE EFFICIENCY

FAST LINE (F;,) AND DEAD LINE TENSION (F;) RELATIONS

For simplicity, lets assume a constant sheave efficiency (e) as proposed by Luke

and Juvkam i.e e, =e, =e3 =¢, =+ =¢, = e = Constant, Eqn [G-1A] becomes

_ 1 (Map+ mep) [(s2-51\ _ (S1=So
Ffl - (e+ez+e3+---+en) <W t ( (tz—tl) [(tz—tl) (tl—to)])>

_,n
But, e + e + e3 4 -+ et =202
(1-e)

_ (-9 (Map+mep) [(s2=s1) _ (5150 _

Fp = e (1-eh) (W +( (ta—t1) (tz—tl) (tl—to)])) [G-1A41]

For uniform motion, Eqn [G-1A1] reduces to Eqn [B-10] as proposed by Luke
and Juvkam.

Similarly considering Eqn [G-1B]
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Fa = (e+e2+eei’:--+e”) (W + ((m(‘i:itrj)tb) (Z::) B (2::)]))

But, e+e2+e3+---+e"=%
Fa = o (v + (T2 [(2) - (22))
Fa =G (v + (T (=) - () 6151

HOOK LOAD (W) RELATIONS

Also considering a constant sheave efficiency (e) as proposed by Luke and

Juvkam, Eqn [G-2A] become

W = Fq(e + e24+ed 4+ +eh)— ((mdp+mtb) [(52_51) _ (51—50)])

(tz—t1) tZ_tl tl_to
But, e+ e’ +ed3 4 --4+em = e(1—e™)
(1-e)
_e(1-eMFyp _ (mdp+ mep) [(S2=51 _ (5150\] _
W= (1-e) ( (t2—t1) (tz—tl) (ti—to)_) [G 2A1]

Similarly Eqn [G-2B| become

W = %(e +e’4+ed+-+ en) — ((md?’+mtb) _(52_51) _ (Sl—so)])

(tZ_tl) L tZ_tl tl_tO
e(l—e"
But, e+e’+e3+--+em _ed-e)
(1-e)
_ Fa (e (1- e")) _((map + mep) ( ) ( L - so>]
ee” (1 - e) (tz - tl) tz - t1 - to
_ Fa(-e™) (Map+mep) [(s2=51 _ (S$1=5 ~
W N en(l_e) ( (tz—t1) (tz_t1) (tl—to):l) [G 2B1]

If we assume constant velocity of the travelling equipment Eqn [G-2B1] satisfies

Eqn [B-11] as proposed by Luke and Juvkam.

Eqn [G-2D] also becomes,
1
W = Fd — Fdl (ee_n + 1) - Fd Fdl ( ) + 1) [G—QDI]

Assuming constant sheave efficiency, Eqn [G-2E] becomes
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Fr(e+e?+e3+--+e™m)

W= S2—S S1—So
(1 I g(tzl—tl){(tz—ti)_(ti—to)])
But, e+ €%+ e® + -+ e =822
(1-e)
e (1—e”)Fﬂ
W= Sp—S S1—So [G_QEl]
(1_6)(1 : g(tzl—tl)[(tj—ti)_(ti—to)])
Finally, assuming constant sheave efficiency, Eqn [G-2F] becomes
Fa(ete?+e3+-+e™)
W = S3—5 5150 [G_QF]
ee"(1+ g(tzl—tl)[(ti—ti)_(ti—to)])
e(l—e™
But, e+ez+e3+---+e"=¥
(1-e)
W = (= Vui [G-2F1]

er-o)(1+ 5, 5l (=) -(B=e)))

Eqn [G-2A:], Eqn [G-2Bi], Eqn [G-2D4], Eqn [G-2E;] and Eqn [G-2F;] are the
hook load relations for an active dead line sheave during non-uniform
movement of the travelling equipment when assuming constant sheave

efficiency as proposed by Luke and Juvkam.

DERRICK LOAD (F;) RELATIONS

With the assumption of a constant sheave efficiency (e), Eqn [G-3A]

Fd = W + Fdl (ee%‘k 1) = W+ Fdl(; + 1) [G-3A1]

ent1

Similarly, Eqn [G-3B] becomes

Fo= Fple+e*+e*+-+eM)+Fy (ee% +1)— ((mdp+ men) [(52_51) - (sl_so)])

(t2—t1) -ty ti—to
_on
But, e + e + e3 4 -+ et =202
(1-e)
- e(1—-e™ 1 . (mdp+ Mep) [(S2-51 __(S51=5So
Fq = Fp (1-e) +Fdl(en+1 +1) ( (tp—t1) (tz—tl) (tl—to)]) [G-3B1]

Also, considering Eqn [G-3C] gives

Fo=Fau (n(ete? +ed 4ot em) + (4 1)) - (et (o) _ (sms0)))
e(1-e™
(1-e)

But, e+e*+e*+--+e" =
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Fo = Fu S (Lo (1) ) - (Rl (=) - (2=2)))

Fg = Fy —1 (e(l—e™ +(1—e)+e™i(1—¢)) — ((mdp+ mep) (52—51) B (ﬁ)])

entl(1-e) (t2-t1) ta—ty ti1—to
1 (map+ mep) [(s2—5 5150
F; = Fy T (e—e™l+1—e+ettl—et2)) — ( (‘Z_tl)tb [(ti—ti) - (ti—fo)])
_ (1—en+2) _ (mdp+ mtb) S27S1\ _ (S1=So
Fa = Fa enti(1—e) ( (t2—t1) (tz—tl) (tl—to)]) [G-3Ci]

Eqgn [G-3D] becomes

— Ffl(€+ez+e3+...+en) .
= (14— [(=2)-(2=22))) +Fu(m+ 1D

1 Fota-tol

tp—t1 t1—-to
But, e+ €%+ e% + -+ e =822
(1-e)
e (1—en)Ffl 1
Fd = 1 Sp—S S1—So + Fdl(n_ + 1) [G-SDl]
(1_8)(1:g(tz—tl)[(t;—ti)_(ti—to)]) et

Finally, Eqn [G-3E] becomes

Fg(ete?+e3+--+e™)

1

F, = — — +F,—+1

0= i e gy + P (Gt 1)

5 3, . n_e(l—e”)
But, ete‘+e’+--+e _—(1—9)
Fqi (1—e™) 1

F, = I (S G-3E

= et ey e ) (G-3E1]

If we assume constant velocity of the travelling equipment Eqn [G-3C1] and

Eqn [G-3E:]| reduces to Eqn [B-12] as suggested by Luke and Juvkam

4.3.2.3 LOWERING WITH NON-UNIFORM MOVEMENT AND VARYING SHEAVE

EFFICIENCY

During lowering, maximum tension occurs in the dead line (Fa) while the fast

line (Fg) records the least tension .i.e. The tension decreases from the dead line

towards the fast line, ie.Ff; < Fy

Considering the dead line sheave (First sheave in the crown block from the

direction of the dead line anchor), Eqn (a) becomes
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_ _ Output force (Fp) F
= Ma = Input force (F))  Fy

=>F = e Fy

For rotating dead line sheave, it is assumed that there is work done against
friction and hence the efficiency of the dead line sheave (e;) is assumed to be
less than100% (e; = e4; # 100% # 1)

= F, = e Fy [€-1]

Similarly, the efficiency of the next sheave in the travelling block is given by,

Output force (Fp) _ F,
Input force (Fp) - Fy

=>F, = eF; =ey(eFg) =e;e.Fy = Hi2=1 eiFq [€-2]

€ = My =

Also, considering the efficiency of the next sheave in the crown block gives,
_ _ Output force (Fp)  F3
¢ = YA = Thut force (F)  F,

= I3 = e3F, = ez (e; e.Fy) = eze; eFy = Hi3=1 e;Fa [€-3]
Hence, for “n” number of lines between the travelling blocks and the crown
block, the relationship between each line tension and the dead line is given by
Fy =1li=1 e Fa [€-4]
Finally, considering the efficiency (ef;) of the fast line sheave in the crown block
gives,

Output force (Fp) Fp
en = Ma = Input force (F;) - F_n

Fry = ep By = ep ([Ii21 € Fa) = ep [1ic1 e Fay

= Fr=eq [li-1 6 Fa [€-5A]
___Fn _
Fa = i~ [€-5B]

If we assume varying sheave efficiency and from the relationship between the
tension in each of the lines with respect to the dead line (Eqn [€-4]) the sum of
the tension in the supporting lines is given by

= Y1 F; = Fy(e; + exe; + ezeze; +egezeze; + -+ [y e)) [€-6]
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HOOK LOAD (W) RELATIONS
Substituting Eqn [€-6] into Eqn [D-3B] gives

(Mmap+ mep) [ (s2—5 51=s
W - Fdl(el + 6261 + 636281 + 84838281 + -+ H?=1 ei) + E ( 2 1) - ( L o)]
ty—tq tr—tg ti1—to

[G-4A]
Substituting the fast line tension and the dead line tension relation during

lowering (Eqn[€-5B]) into Eqn [G-4A] gives

W = efl%;:llei (eq + e,e; +ezeyeq +e4e360e0 + -+ H?zl e)+ (mdtZJ_ertb) (Z:z) — (Z:Z)]
[G-4B]

Alternatively, the derrick load is given by the relation

Fo=Fq +W+Fy

W= F;—F;—Fy =Fg— (Fs + Fg) [G-4C]
Substituting Eqn[€-5A] into Eqn [G-4C] gives,

W= Fg—Fy—Fgy =Fqg—(ef[li~; € Fa + Far)

W =F; — Fy(es[liz1e; + 1) [G-4D]
Finally, substituting Eqn [€-5] gives into Eqn [D-3C] gives

W = Fai(ei+ezeq +esezeq+esezezer+-+[1, e;) (G-4E]

(—SmmlEGa)-G=))

Eqn [G-4A], Eqn [G-4B], Eqn [G-4C]|, Eqn [G-4D] and Eqn [G-4E]| are the hook

load (W) relations during lowering for an active dead line sheave

DERRICK LOAD (F;) RELATIONS

From Eqn [G-4D], the derrick load (Fq)is given by

Fo =W+ Fy(e[licie; + 1) [G-5A]
Substituting Eqn [G-4A] into Eqn [G-5A] gives

Fq = Fg(es +eze; +ezeeq +egezeze; + -+ [in1e) + Fyler [l +1) +
() - (=)

Fd:

(Mmap+ mep) [(52—51) .

Fg((e; + eze; +ezeze; +eqezezey + -+l e) +tef[[iie;+1) + po— po—s

(=) o581

t1—to
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Similarly substituting Eqn [G-4B]| into Eqn [G-5A] gives

F
Fqg = efngl o (e1 +eze; +ezeze; +egezeze; + -+ [y e) + Fylep[lin e +1) +
=1
(mdp+ Mmep) [(52—5‘1) _ (51—50)] )
tr—tg ty—t; t1—to [G SC]

Finally, substituting Eqn [G-4E] into Eqn [G-5A] gives
Fd _ Fdl(e14('eze1 +1e3ez[?ls-zi-—eile)giz(iij;;;]l)—lizl €;) + Fdl (ef H?:lei + 1) [G—SD]

gtz—tl t1—to

tp—t1
Eqn [G-5A], Eqn [G-5B], Eqn [G-5C| and Eqn [G-5D] are the derrick load (Fq)
relations during lowering for active dead line sheave with non-uniform

movement and varying sheave efficiency.

4.3.2.4 LOWERING WITH NON-UNIFORM MOVEMENT AND ASSUMING A CONSTANT
SHEAVE EFFICIENCY

HOOK LOAD (W) RELATIONS

For simplicity, If we assume a constant sheave efficiency (e) as proposed by

Luke and Juvkam iee =e,=e3=¢,="'-=¢,=e = Constant, Eqn [G-4A]
becomes
_ 2 3, ... n (Map+ mep) [ (S2—51 _(S$1=So
W = Fale +e? + e+t e ) 4 T T | (2] (—tl_to)]
e(l—e™
But, e+e2+e3+---+e"=(—)
(1-e)
_e(1-e™MFg , (Map+mp) [(s2—51 _ (51750 -
W= (1—e) + to—tq [(tz—tl) (tl—to)] [G-4A1]

If we assume a uniform movement of the travelling equipment, Eqn [G-4Ai]
satisfies Eqn[B-15] as suggested by Luke and Juvkam.

Similarly eqn [G-4B] also becomes

W=Lete?+ed++en)+ Tpimwl[(m0) (3750

-ty tr—ty t1—to
e(l—e™
But, e+ez+e3+...+en:¥
(1-e)

_ Ffl(l—en) (mdp+ mtb) Sp—S1 . S$1—So i
W= e(1-e) + tr—tg [(tz—tl) (tl—to)] [G-4Bi]
Also Eqn [G-4D]| becomes
W = Fd — Fdl(een + 1) = Fd — Fdl(en+1 + 1) [G-4D1]
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Finally, Eqn [G-4E| becomes

Fgilete?+e3+--+e™)

W= Sp—S S1—So

(1 g(tzl—tl)[(tj—ti)_(ti—to)])
But, e + e + 3 4 -+t =202

(1-e)
e(1-e™MFq
= S3—5 S1-So [G_4E1]

(1_6)(1_ g(tzl—tl)[(t;—ti)_(ti—to)])
DERRICK LOAD (F;) RELATIONS
Assuming a constant sheave, Eqn [G-5A] becomes
Fd = W + Fdl(een + 1) = W + Fdl(en+1 + 1) [G—5A1]

Similarly Eqn [G-5B] becomes,

Fy=Fy((e+e®+e3+ -+ et) + (ee™ + 1)) + Lt Ten) (52‘51) _ (51‘5")]

ta—tg t—t, ti—to
But, e+e?+ed3+--4+em = e(1—e™)
(1-e)
Fq Fdl(e (1-e )_I_ e+l 4 1) + (Mmap+ mep) (52—51) _ (51—50)]
t2—t to—tq ti—to

Fa = Far =5 (1 se(l—e™+ el(1—e)+ (1 —e)) + (Mmap+ mup) [(52_51) B (@)]

tr—ty tr—ty ti—to

Fg=Fy—— (1 (e — e+l on+l _ on+2 4 q _ e) + (mi:i:tb) [(Z:Z) _ (::Z)]

Fy, = Fqy (1- n+2) + (map+ mp) (52—51) _ (51—50)] [G-5B1]

(1-e) tr—t tr—t ti—to

Also, considering a constant sheave efficiency for Eqn [G-5C] gives

Fa = ,%( e+e?+ed+ o+ em) + Fyleem + 1) + Tt ) [(sz—sl) _ (sl—so)]

ty—t, to—ty ti—to
e(l—e™
But, e+ez+e3+---+e"—¥
(1-e)
_ Fp(1-e™) n+1 (Map+ mep) [ (52—51 _ (51_50 ] _
Fa = en(1—e) + Fai(e +1+ (ta—t1) (tz—tl) tl—to) [G-5C1]

Finally, considering a constant sheave efficiency for Eqn [G-5D] gives

24034l
Fd = ( Fdll(e+er(:ze_s:)_+(-fl_)50)]) + Fdl (een + 1)

g(tz—tDW\ta—t1/) \t1-tg

_e(l-eM

But, e+e’+ed+--+e
(1-e)
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Fo= e (1-e™MFg4;
¢ o (i (- (329)

If we assume uniform movement of the travelling equipment, Eqn [G-5B1] and

+ Fy(e™1 4+ 1) [G-5D1]

Eqn [G-5D:] satisfies Eqn [B-16] as proposed by Luke and Juvkam.

4.4 EXTENSION OF CAYEUX ET-AL HOOK LOAD PREDICTION MODEL TO ACCOUNT
FOR THE EFFECT OF ACCELERATION DUE TO NON-UNIFORM MOVEMENT OF THE
TRAVELLING EQUIPMENT

Unlike the previously discussed hook load prediction models, Cayeux et-al

hook load prediction model [4] is based on the coefficient of friction (u) at the

sheave axle instead of utilizing the efficiency (e) of each sheave. Both Coulomb
kinetic friction coefficient (y,) and stribeck friction (uy) model were used. The
advantage of using the stribeck friction model is that it compensates for the

transition from the static to dynamic coefficient of friction and vice-versa [4].
With the exception of the weight (m) of the sheaves which always acts

downwards, the tensions in the line (T, or Tz) and the centrifugal force (F_C))
always acts in the opposite direction to each other for the sheaves in the crown
block and that of the travelling block.

In addition, the sheaves in the travelling block rotate in the same direction as
that of the draw work but opposite to that of the crown block sheaves. Using
the right hand rule for determining the angular acceleration vector, we will
assume clock-wise rotation of each sheave as negative (“-”) while anti-clock-

wise rotation as positive (“+”) as illustrated in the schematic below

MSc. Well Engineering Thesis, UiS (15" June, 2015) Page 60



T T o === === === - == ]

Stationary Crown Block & its Fa

Translational
acceleration
(2=0]

‘<_' Increasing angular velocity () and acceleration ()
SSRPRRY [N IRV NP

Draw work | I
| |
| |
| |
| | Dead line anchor
| |
| |

et ! '
acceleration (3=0) —< | Travelling Block mass (M) I
| |
| |
| |
| |
| |
| |
|
Hoolk load |W]
Legend el .
B Active load cell Fy=Derrick load
. Dummy load cell Fa=Dead line tension
c Direction of rotation during hoisting Fa=Fast line tension
¢ Direction of rotation during lowering W = Hook load

¢ Direction of movement of the travelling equipment during lowering

¢ Direction of movement of the travelling equipment during hoisting

Load cell

Figure 24: shows the direction of rotation of the sheave for both the crown block sheaves and the travelling block sheaves

during hoisting and lowering

We will consider the forces and torque on each sheave for both the crown block

and the travelling block.
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4.4.1 FORCES ON EACH SHEAVE
Below is an illustration of the forces on each sheave for a typical block and tackle

hoisting system.

Stationary Crown Block & itsFa

Fw w w
Fa
' a1
Laad cell
Draw work
Dead line anchor
Hook load
Legend ° Ll
B Active load cell Fy=Derrick load
B Cummy load cell Fu=Dead line tanszion
Fu: = Weight of each sheave Fn=Fast line tension
F- = Centrifugal force on each rotating sheave Fr= Reaction force on the sheave axle

Figure 25: Shows the centrifugal force (F.;) , weight of the each sheave (F);) and the reaction force
(Fr) on the block and tackle hoisting system

MSc. Well Engineering Thesis, UiS (15" June, 2015) Page 62



Based on Coulomb friction model(y,), the magnitude of the torque due to the

friction at the sheave axle is given by |[M]| = uata||Fx|

Figure 26: Shows the applied load(F;) and its corresponding reaction force (Fz) on a crown block
and a travelling block sheaves respectively

The net force on each sheave during non-uniform movement of the travelling
equipment is given by

F, + Fp = my,d

:ﬁzmp&—ﬁzmp&+(—ﬁ) [H-1A]
From figure (26), the applied load (F;) on each sheave is given by the relation

F =Fy+F +Tg+T, [B-1A]
The magnitude of the applied load ||FL>|| becomes

I=Fll = | Fll = V(Fud? + (Fu)? [B-1B]

Where F;y and F;;, are the horizontal and the vertical components of the line

tensions respectively.

Substituting Eqn [B-1B] into Eqn [H-1A] gives the magnitude of the reaction

force (||[Fz||) as

Fell = mpd + [[F.]l = £mya +/(F)? + (Fuy)? [H-1B]
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4.4.2 TORQUE ON EACH SHEAVE

There is no contribution to the net torque by either the weight of each sheave
(Fw) Or the centrifugal force (F;) since their line of action is through the center
of the sheave.

The direction of the net torque on each sheave is always in the direction of the
maximum line tension and hence for T, > Tz, the net torque on the sheave
becomes,

Ty (Ta = Tp) & patal|Fell = (£ @) = + Ia [H-2A]
Since the crown block sheaves rotate in the opposite direction to the direction
of rotation of the travelling block sheaves, this is accounted for in the angular
acceleration (+ «). Based on the right hand rule to determine the direction of
the angular acceleration(a), we assume anti-clockwise rotation as positive (“+”

«© »

while clockwise is negative (“-”). In addition, the direction of the reaction force
(_f";) differ for the crown block sheaves and that of the travelling block.
Substituting Eqn [H-1B] into Eqn [H-2A] gives

Ty (Tg — Tp) + gty (xmya + \/(FLH)Z + (Fy)?) =%la [H-2B]
Eqn [H-2B] is the generalized torque relation for both the crown block sheaves

and that of the travelling block sheaves during both hoisting and lowering.

4.4.3 FORCES AND TORQUE THE CROWN BLOCK SHEAVE

The crown block sheaves undergo only rotational motion but not translational
motion since the crown block is stationary. During non-uniform movement of
the travelling equipment, there will be no effect of the translational
acceleration (i.e. d = 0) on the crown block sheaves’ reaction forces. The crown
block sheaves experiences angular acceleration during the non-uniform
movement (i.e. « # 0) as illustrated in figure (25).

The generalized net torque relation, Eqn [H-2B] reduces to

1y (Ta — Tp) & pata N (FLp)? + (F)?) = £ Ia [H-3A]
From figure (26), the horizontal (F;y) and the vertical (F;;) component of the

line tension of the crown block sheave is given by
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Fuy = (Ty — Tg) cos(3) [B-2A1]
Fiy = —myg +sin( ) @Any” &% = Ty = Tp) [B-2B1]
where w,; is the angular velocity of each rotating sheave

For simplicity, let’s assume that the angle (¢) subtended by T, and T_,; as
illustrated in figure (26) is 180° (i.e. ¢ = 180°). Hence, Eqn [B-2A1] and Eqn [B-
2B1] becomes

= Fuy = (Ty — Tp) cos(—=) = (T4 — T5) c05(90) = 0 [B-2A2]
Fy = —m,g + sin ( %) (2Ammp2 @25 — Ty — Ts)

Fiy = —my,g + sin( 90) 24,12 0% s — Ty — Tp)

Fiy = —mug + 2212 @%s — Ty — Tp [B-2B2]
Substitute Eqn [B-2A2] and [B-2B2] into Eqn [H-3A] gives

1, (Ty— Tp) .uara(\/(o)z + (_mpg + 2An1p? @2 — Ty — T )2) =tla

1o (Ta — Tg) + ugta(-myg + 24m? @25 —Ty—Tp) =+ la [H-3B]
During hoisting the line tension reduces from the fast line (F;;) towards the
dead line (Fy) i.e. (Ff >Fy > F, >F; > F, > Fs > > FyorTy > Tg)

1o (Ta — Ts) — ata(Mpg — 2412 %5 + Ty + Tp) = + la [H-3B]
Similarly, for the non-rotating deadline sheave in the crown block with no
angular velocity or acceleration(i.e.w = o0,a = 0), Eqn [H-3B1] becomes

Ty (Ta — Tp) — pata(Mpg + Ta+Tp)) =0 [H-3B2]
During lowering since the line tension reduces from dead line (F;) toward the
fast line(Fy). (i.e. Fy >F >F,>F;>F,>F;> > F,orTg >T,). The friction
moment at the sheave bearing always oppose the direction of the net torque,
and hence the net torque relation during lowering for both the rotating and
non-rotating crown block sheave is given by

1o (Tg — Ta) + ot (—mpg + 24,1p% 0% —Tp —Ty) = — la [H-3C1]
Ty (Tg — Ty ) + pata(-mpg —Tp —Ty) =0 [H-3C2]
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4.4.4 FORCES AND TORQUE ON THE TRAVELLING BLOCK SHEAVE

Unlike the crown block sheave, the travelling block sheaves undergo both
rotational and translational motion since they are mobile. Hence during non-
uniform movement of the travelling equipment, the travelling block sheaves will
experience both translational acceleration(i.e.a # 0) and rotational acceleration
(o # 0) effects. In addition, all the sheaves in the travelling block rotates unlike

the crown block in which the dead line sheave is non-rotating (inactive).

From the generalised net torque relation, the net toque for the travelling block

sheave becomes

1, (Ty— Tp) = llara(impa + \/(FLH)Z + (Fp)?) = xla [H-4A4]
From figure (26), the horizontal (F,5) and vertical (F;, ) component of the line

tension for the travelling block sheave is given as

Fip = (Ta — Tp) COS(%) [B-3Ai]
Fry = —mpg + sin( 2 )(—22m7p* @2 s + Ty + Tp) [B-3B1]
where w,; is the angular velocity of the rotating sheaves

For simplicity, let’s assume that the angle subtended by T, and T, is 180°
(i.e. ¢ = 180°) and hence Eqn [-3A:] and Eqn [3-3B1] becomes

= Fuy = (Ty — Tp) cos(=) = (T4 — T5) c05(90) = 0 [B-3A2]
Fpy = —m,g + sin ( 1;&) (=242 @%ps + Ty + Tp)
FLV = _mpg + Sin( 90)(—2/1_me2 (,1:)21-5 + TA + TB)

Fiy = —mpg — 221> @5 + T4+ Tp [B-3B2]

Substituting Eqn [B-3Az2] and [3-3Bz2] into Eqn [H-4A1] gives

1y (Ty — Tp) £ uara(fmpa + J(O)Z + (—mpg — 22,12 W2, + Ty + TB)Z) =+]a

1y (Ta — Tp) £ para(Emya —myg — 2/Tm‘r'b2 WPrs + Ty +Tp) = £ la [H-4A2]
During hoisting, the translational acceleration is positive (+a) and the friction

moment also opposes the direction of the net torque. Eqn [H-4A2] becomes
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1o (Ta — Tp) — HaTa(Mpa—mypg — 24072 0% s + Ty + Tp) = — la

1o (Ta — Tg) + Hata(—mpa + myg + 24,12 @25 — Ty —Tp) = — la [H-4B]
Eqn [H-4B] is the net torque on each of the travelling block sheave during
hoisting (Fy > F; > F, > F3 > Fy > Fs > -+ > Fg 01 Ty > Tp).

Similarly since the friction moment always impose the direction of the net
torque and the translational acceleration is negative direction (—a) during
lowering (Fdl >FH>FR>F>F>F; > >F,orTg > TA) Eqgn [H-4A2] becomes

1o (Tg — Ta) — uata(—mpa—myg — 24,12 0%s + T4+ Tp) = + la [H-4C]

4.4.5 HOISTING

During hoisting, the line tension decreases from the fast line (Fﬂ) towards the
dead line(F;). The fast line is always in motion and hence its line tension
cannot be measured directly. Hence, the static dead line tension (Fy) will be
used as our reference line tension during hoisting instead of the fast line
tension(Fy;). During hoisting, the line tension increases from the dead line (Fy;)
toward the fast line (i.e.Fy <F; <F, <F3; <F, <--<Fp) as illustrated in the

figure (27) below.

The net torque on the dead line sheave (sheave A) in the crown block is given
by Eqn [H-3B1] as (See Appendix C for derivation)

For F; > Fg

1o (Fy — Fai) — Mata(mpg — 22m1p? @2py + Fy + Fy) = + Iy,

Fl(rb - ﬂara) —MpgUata + 2/‘l_mrbz UaTy d)zcbl - Fdl(.uara + rb) = Iacbl
-1

a (HaTa=Tp)

Fl (Iacbl + Fdl(.uara + Ty ) - Z/Tmrb2 UaTq d)zcbl + mpg.uara) [V' 1A]

For simplicity, let x = par, —1mpand y = par, +1p

Substituting the x and y into the Eqn [y-1A] gives

1 7 .
Fl = ( lacbl + Fdly - 2}Lmrbz HaTa C‘)Zcbl + mpg:uara) [Y—lB]

X
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F3 ’\- Fa2 ﬂF1

Increasing line tension
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Draw work

Dea line anchor

Trw =03 Tr. =0 Trw =0 Tr. =0

Travelling Block mass {m)

Translational
acceleration (a=0)

Hook load (W)
____________________ |
Legend
b Direction of the torque due to the friction at the sheave bearing Fn=Fast line tension
D Direction of the torque due to the applied line tension Fw= Weight of each sheave
Fai=Dead line tension Fr = Reaction force on the sheave axle Fa=Derrick load

Fc = Centrifugal force on each rotating sheave

Tew = Torque due to the weight of each sheave

Figure 27: The forces and torques on both the crown block and the travelling block sheaves during
hoisting

Similarly considering the net torque in the next sheave (sheave B) in the
travelling block, Eqn [H-4B| becomes

For F, > F;

m, (F; — Fp) + ,uara(_mpa +myg + 201y @2y — Fp = F1) = —layy,

FZ (rb - .uara) —MyalgTy + MmygUaTa + 2)_Lmrbzﬂara d)ztbl - Fl (.uara + rb) = _Iatbl
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1

"~ (MaTa~Tp)

F, (latm — MpapaTy — Fy (UaTe + Tp) + 2):mrbz.uara d)ztbl + mpg.uara) [v-2A]
For simplicity, let x = u,r, —m,and y = u,r, + 1, and substituting x and y into
Eqn [y-2A] gives

F, = %(Iatm —myap,ty — Fiy + Z/Tmrbzuara W% p1 + mpg.uara) [y-2B]
Substituting Eqn [y-1B] into Eqn [y-2B| and multiplying through the resulting

equation by z gives
1 = . .
FZ = ;(_mpa/'larax + 1(“Cb1y + atblx) + Fdl.’y2 + 2/1mrb2 UaTq (_a)zcbly + (‘)thlx) +

My glata(y + X)) [y-2C]
Considering the net torque on the next sheave (sheave C) in the crown block,
Eqn [H-3B1] becomes

For F3 > F,

1y (F3 = F) = tlaTa(mpg — 2Amn,® @%cpy + F3 + F,) = + lag,

F3 (rb - .uara)_mpg.uara + 2/Tmrbzﬂara d)zcbz - FZ (.uara + Tb) = Iacbz
-1

n (Harq=7p)

F3 (Tachs + Fo(MaTa + 1) = 22mTy? aTe @%chz + MpghaTe) [v-3A]
For simplicity, substituting x = u,r, — 1, and y = u,r, +r, into Eqn [y-3A] gives
F3 = _71( [acp; + Fy — 2AmTh 2 aTa &% cp2 + MpgiaTy) [v-3B]
Substitute Eqn [y-2C]| into Eqn [y-3B] and multiplying through the resulting
equation by i—z gives
Fy =
= (—mpauaraxy + 1(@p1y? + Qeprxy + Aepax?) + Fagy® + 2072 taTa (02 cpry? +
0% 11Xy — @2 cpyx?) + MpgaTa(V? +xy +x7)) [v-3C]
Similarly considering the net torque in the next sheave (sheave D) in the
travelling block, Eqn [H-4B] becomes
For F, > F3
1y (Fy = F3) + pata(—=mpa + myg + 245,1,% 024y — Fy — F3) = — Ly,
Fy(ry = UaTa) — MpaiaTy + MpGiaTy + 24m1p tala @z — Fs(aTa + 1) = — [y

1

F4 = —) ([atbz —MyalgTy — F3 (.uara + rb) + Z/Tmrbz/iara d)ztbz + mpg:uara> [V“4A]

(aTa—Tp
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For simplicity, substituting x = u,r, — 1, and y = u,r, +r, into Eqn [y-4A] gives
Fy = = (I, — myitaTy — F3y + 22Ty aTa @2 pz + MpGHaTs) [v-4B]
Substitute Eqn [y-3C]| into Eqn [y-4B] and multiplying through the resulting
equation by i—z gives

F, = x%(_mpa:uara(xyz +x°) + I(aep1y® + a1 xy® + aepax®y + appx®) + Fgy* +
2AmTy? HaTa (=02 cp1y® + @21 xy? — 02 cpox?y + 0% px®) + Mpguata(v® +xy? +

X%y +x%)) [y-4C]
Hence for “n” number of lines between the crown block and the travelling
block, the general relation for the increase in the line tension from the dead

line (Fy)towards the fast line (Ff;) is given by

-1 n B B o B
E, = (7) (_mpa“ara(zlrc=1x2k Lyn-2ky 4 I(ZZJS 1a(1+k)yq “xF) + Fay™ +

mypghata(Eizo Y1) + 22y ata{Zi0 T () 0% eanyy X" Y) [v-5A]
where

q = n-1 (i.e. the number of supporting lines minus 1)

r = the number of travelling block sheaves between the dead line and the line of
interest.

W41y and a4y represent the numbering of the angular velocity and the
angular acceleration of each sheave from the dead line sheave in the crown

block through the travelling block sheave as illustrated in figure (27)

4.4.6 HOOK LOAD (W) DURING HOISTING WITH NON-UNIFORM MOVEMENT OF THE
TRAVELLING EQUIPMENT
During hoisting, the sum of the upward forces exceed that of the downward

forces as illustrated in figure (22)

= Z?:l F; — Fpown = mra [[-1A]

But Fpoyn =W = (mdp + mtb)g =mrg [6-1A]
w

Mmr = Mgy + My, = 7 [6-1B]

Substituting Eqn [6-1A] into Eqn [I-1A] gives

rFE—-W= (mdp + mtb)a
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W=y F— (mdp + mtb)a [I-1B]
Alternatively, substituting Eqn [6-1B] into Eqn [I-1B] gives

w
W = Z?=1Fi _;a

w

w (1 +§) = W(%“) =y F,
S W= (;ﬁ) n [1-1C]

4.4.7 THE RELATIONSHIP BETWEEN THE TRAVELLING BLOCK VELOCITY (V,,) AND
THE VELOCITY OF THE LINE OPPOSITE THE DEAD LINE (V;;,)

The velocity of the travelling block (V) is assumed to be the same as the

velocity of the line opposite the dead line(Vy,), i.e.Vyp = Vg as illustrated in the

figure (28) below

Stationary Crown Block

Load cell

Draw work

Dead line anchor

| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| !
| 1
| 1
| |
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1
| 1

_________________________

Legend

I\n"elocity of the line opposite the dead line [Vao)

I _Welocity of the travelling block (Vi)
| W =T Tiv)
Figure 28: Shows the relationship between the travelling block velocity (V,,)and the angular

velocity of the first sheave (@w;;;) in the travelling block connected by the line opposite the dead
line
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The relationship between the linear velocity of the line opposite the dead
line(V4,), and its corresponding angular velocity for the first rotating sheave in

the travelling block is given by

. 14 v
Wip1 = ;1;0 = rLbb [9‘1]

Similarly, the angular acceleration (a;,;) of the first rotating sheave in the

travelling block becomes

Vib
a = 90eh1 = a(ﬁ) = lthb =2
tb1 at at r, 0t 1
a
Aeb1 = 7, [©-2]

From figure (28) above, the relationship between the angular velocity (w) of all
the rotating sheaves relative to that of the first sheave in the travelling block

(w¢p1) that is connected by the line opposite the dead line is given by

acp1 = 01 & wepr = 0Wepy [6-1A]
Atp1 = b1 & W1 = W1 [6-1B]
Acpz = 20p1 &  Wepy = 2Wpp1 [6-1C]
Ap2 = 3Ap1 & Wep2 = 3Wep1 [6-1D]
Ucpz = 4app1 & Wepz = 4Wepy [6-1E]

Substituting Eqn [©-1A] into Eqn [y-1B] gives the value of F; as

-1
F, = 7(Fdly+mpg.uara) [Y_IBI]
Similarly, substituting Eqn [©-1A] and Eqn [©-1B] into Eqn [y-2C] gives the
value of F, as

1 T .
FZ = ; (_mpa:uarax + Iatbl(x) + Fdly2 + 2Amrbz UagTy wztbl(x) + mpg.uara(y + x))
[y-2Ci1]
Also, substituting Eqn [0-1A], Eqn [©-1B] and Eqn [0-1C] into Eqn [y-3C] gives
the value of F; as
F3 = ;_;(_mpauaraxy + I(atblxy + zatblxz) + Fdly3 + Zimrb2 UaTy (d)ztblxy -
(260ep1)*x%) + My grata(V? +xy +x7))

F3 = ;_;(_mpaluaraxy + Iatbl(xy + sz) + Fdly3 + 2imrbz .uarad)ztbl (xy - 4X2) +

My ghata(¥? + xy + x?)) [y-3Ci1]
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Finally, substituting Eqn [©-1A], Eqn [©-1B], Eqn [©-1C] and Eqn [©-1D] into
Eqn [y-4C] gives the value of F, as

F4 =

x%(—mpauara(xyz +x3) + I(atblxyz + 20‘tb1x2y + 3atb1x3) + Fdly4 +

272 PaTy (02 1p12Y% — (Aep1) 2%y + (Bdep1)2x®) + myguata(v3 + xy? + x%y + x%))

Fy = = (—myauara(ey? + x3) + Iy (xy? + 2x2y +32%) + Fgy* + 2Zmny? pata®@?ep (xy? —
4x%y 4+ 9x3) + myguar, (v + xy? + x2y + x3)) [y-4Ci]
By substituting Eqn [0-1] and Eqn [0-2] into Eqn [y-1Bi1], Eqn [y-2C1], Eqn [y-

3Cq] and Eqn [y-4C] gives

-1
F = = (Fdly + mpg:uara) [y-1B2]

F, = xi(—mpauarax +1 ( )x + Fyy? + 2412 Ty (‘;’Z’;) X+ myguata(y + x))

[y-2C2]

-1

F3=— ( MpApa T Xy + I( )(xy + 2x2) + Fyy3 + 21,12 ,uara( ) (xy —4x?) +
My gata(y? +xy +x2)) [y-3C2]

F4_ =
: ( myap,r, (xy* + x3) + I( ) (xy? + 2x%y + 3x3) + Fyy* +

20,12 UaTy ( ) (xy? — 4x%y + 9x3) + mpg,uara(y +xy? + x%y + x3)) [y-4C2]

(P

Hence for “n” number of lines between the crown block and the travelling
block, the general increase in the line tension from the dead line (F;) towards

the fast line (Fy;) during hoisting becomes
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F, =

(_—1)n<—m apgry Ok x2-1yn= 2")+1a(2q M kydRx Ky £ Fyyt +
" pAlaTa\lik=1 y ary

2 tataVer” (Bt (— R4 (k2yaxk)) + my, gpara (B4zy 1yq"‘xk)> [y-5B]

But I =_m,(R,” +R;%)
where R, and R, are the inner and outer radii of the each sheave. In this thesis,

we assume that R, and R, are constant for each sheave.

Substituting the relation for I into Eqn [y-5B]

-1\" _ _ R1*+R _
E=(3) (a (—mpuara(zzzlx“ 2k g Rt (94 e kxk))+Fdly"+

Vin? (22 ta®a) (Bizy (= D*H 1 (k2yT7*xk)) + mygpara (Bios 1yq"‘x")> [y-5C]

During uniform movement of the travelling block, the translational acceleration
is zero (i.e. a = 0). Hence, Eqn [y-5C] becomes
F, =

-1

(7) (Fdly + th (ZAm Mara)(zq o 1( 1)k+1(k2yq . k))‘l'mpgﬂara(zq 0 1yq—kxk))
[v-SD]

For simplicity let
A= —myau,r, = The torque as a result of the acceleration effect on each of the
travelling block sheave’s reaction force, during non-uniform movement of the

travelling equipment

B=1(2)=imy(R* +R?) 2

acceleration on each of the rotating sheave, during non-uniform movement of

M = The torque due to the angular
b

the travelling equipment
2

C =212 Ugty (V‘Z’ ) = 22 UaTaVen® = The torque due to the centrifugal force on

each rotating sheave

D = my,gu,r,= The torque due to the weight of each sheave

MSc. Well Engineering Thesis, UiS (15" June, 2015) Page 74



Substituting these relations A, B, C and D into Eqn [y-1B2|, Eqn [y-2Cz], Eqn
[y-3C2] and Eqn [y-4C2] results in

F,="far P [y-1Bs3]

X X

Similarly F, becomes

F, = xiz(Ax+Bx+Fdly2 + Cx+ Dy +x))

2
Fp=2424000 4 24 (242 [y-2C3]

x2 x

Also F; becomes
F; = ;—;(Axy + B(xy + 2x2) + Fy® + C (xy — 4x?) + D(y* + xy + x2))

F3=_—Ay+(_—3y+_x£)+%§y3+ (_—Cy+4x—c)+(_Dy2+_Dy+ﬁ) [y-3Cs]

x2 x2 x2 x3 x2 x

Finally F, becomes

F, = x% (A(xy? + x3) + B(xy? + 2x%y + 3x3) + Fyy* + C (xy? —4x*y + 9x3) + D(y® +
xy® + x%y + x%))

2 2 4 2 3 2
e (40 () (20 (242D

x2 x3 x2 x

SUM OF THE FORCES IN THE SUPPORTING LINES

For simplicity, let us assume the number of supporting lines is four (n = 4)
n=4

$ZFL :F1+F2+F3+F4
i=1

Also since addition is commutative, the sum of the forces will be performed
sheave-wise (sheave by sheave) and also term by term (A, B, C, D and Fy; )

bases.
TORQUE DUE TO THE TRANSLATIONAL ACCELERATION EFFECT ON EACH OF THE
TRAVELLING BLOCK SHEAVE’S REACTION FORCE (A)

The total torque (Arota;) as a result of the acceleration effect on each of the
travelling block sheave’s reaction force, during non-uniform movement of the
travelling equipment is given by

Arotal = Atp1 + Atp2
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A —Ay Ay? A
Aro = () + (57) + <x—s+;)

The total torque contribution from the first rotating sheave in the travelling
block (A1) is given by

A —A Ay? A — 2 A
Ay =24 y+iz_(l+_y+y_):_as
X X X

x2 x3

e as-1242 )G oy

2 7 €22) =
X 1 pe R 24 (x+y)

= Atbl = g(xi—y)<1 a (%y)n_l) - (xiy) (1 N (_Ty)n_l) [Q_IA]

Similarly, the total torque contribution from the second rotating travelling
block sheave (4;,,) is becomes

Aty = ;

Atp2 = L(1 - (_—y)n_3) [a- 1B]

(x+y) x

From Eqn [a-1A] and Eqn [a-1B], Arytq becomes

Arotat = duvn + Aoz = @Aﬁ (-~ & ; (- ")

a5 (-7 (-7)
A =5 (22 (1-(2)7) o2

Where “r” is the number of rotating sheave in the travelling block for “n”

number of supporting lines (i. e.r= g)

TORQUE DUE TO THE ANGULAR ACCELERATION ON EACH OF THE ROTATING
SHEAVE (B)

The total torque (Brora,) from each of the rotating sheave during non-uniform

movement of the travelling equipment is given as

BTOTAL = Btotal_cbl + Btotal_tbl + Btotal_cbz + Btotal_tbz

For non-rotating dead line sheave the angular acceleration is zero

(i.ie Brotar,, = 0)
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= Brorar = Btotal tb1 + Btotal cb2 + Btotal tb2

B —By —2B By? 2By 3B
= o = () + (G )+ (G

Considering the torque due to the total angular acceleration from the first

sheave in the travelling block (Biy¢q; tp1) giVES

B —-By By? B -y y?\ B
Btotal_tb1:;+ 2 x—3=;<1+7+? =;GS
_(zY "‘1> ( _(ZY "‘1>
But Gs=1+_—y+£=1<1 &) U &) =— (1—(__)})71_1)
x = x? 1-Y x+y) (x+y) x
X X
=B =8 x (1 (‘—'y)n_1 =L (1- (‘—y)n_1 3A

Similarly, considering the torque due to the total angular acceleration from the

second sheave in the crown block (Biyta; cp2) gives

—2B 2B 2B 2B
Biotalcvz = T x_zy = 7(—1 + X) = —GS
_ (Y n-2 (Y n-2 _
But G5 =-1+ % - 1(11Ef—y) ) - s g ) - (x_+xy) (1 B (_Ty)n 2)
= Brotal bz = %(x_:;) (1 B (—x_y)”_z) - (;ii) (1 - (_Ty)n_z) [a- 3B]

Finally, considering the torque due to the total angular acceleration resulting

from the second sheave in the travelling block (Biy¢q; tp2) becomes

3B —y\" 3
Btotar t2 = 1) (1 - (73/) ) [a- 3C]

From Eqn [a-3A], Eqn [a-3B] and Eqn [a-3C], Brora, becomes
_ B -y n-1 —2B —y n-2 3B —y n-3
= BTOTAL - (x+y) (1 - (7) ) + (x+y) (1 - (7) ) + (x+y) (1 - (7) )
B B -y n—-1 -y n—-2 -y n-3
= Broras —m<(1‘(7) )-2(1-(3) )+3(1-() ))

B B _An—(k+1)
= Brorar = 1y) le(z)(_l)mz(k +1) (1 - (7}/) ) [a- 4]
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TORQUE DUE TO THE CENTRIFUGAL FORCE ON EACH OF THE ROTATING SHEAVE (C)
The total contribution due to the centrifugal force on each of the rotating
sheave is given by

Crorar = Ctotai.cb1 + Crotartv1 + Crotai_cbz + Crotal_tb2

But for the non-rotating dead line sheave(Cipq; cp1), its angular velocity is zero
(i.e.wp; = 0)n and hence no centrifugal force contribution to the total torque
(i-e. Ceotarcp1 = 0)

= Crorar = Ctotar tb1 T Ctotal cb2 + Crotal tb2

Cora = )+ (2 +)+ (& -2+ 9

x? x x3
Considering the total contribution to the torque by the first sheave in the
travelling block (Cio¢qr tp1) giVeSs

C —-Cy Cy* ¢ -y v\ C
Crotat e =7+ 3 +x—3=;<1+—+— =—GS

oo 1[1-@&EY (- (=) .
But GS=1+jg+%f:( E%; )=( ££££.>:Xxiw(1—Q%)l)
X
Ctotat cb1 = g(x%y)<1 B (—73/)"_1) - (xiy) (1 B (—x_y)”_1> [a- SA]

Similarly, considering the total contribution to the torque by the second sheave

in the crown block (Ciota; cp2) gives

4C —4Cy 4AC —yy  4C
Cootaterr = — +—3-=—(1+—=) =—GS

x?2 X X

But GS=1+ ‘73’ — 1(1_(%)71_2) (1_(_%)11_2) x (1 B (__y)n—z)

1-=2 - (€222 T (x+y) x
x x

_4C x -»\"2\ _ ac —y\ 2
= Ctotal_cbz - 7(x+y) (1 B (7) ) - (x+y) (1 - (7) ) [Cl_ SB]

Finally, considering the total contribution to the torque by the second sheave in

the travelling block (Cipra tp2) becomes

_A\N—3
= Crotal th2 = - (1 - (—y) ) [a- 5C]

(x+y) x
From Eqn [a-5A], Eqn [a-5B] and Eqn [a-5C], the total contribution to the

torque (Crorar ) becomes
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=i (-G ) i) (-G

Croras =5 (1= ()7 #4 (1= () ) o (1-()))

n—(k+1))

C _ -
= Croras = oy SR80+ 17 (1= (2) ja- 6]

TORQUE DUE TO THE WEIGHT OF EACH SHEAVE (D)

The total contribution from the weight of each sheave on the torque (Drorar) is
given by
DTOTAL = Dtotal?cbl + Dtotal?tbl + Dtotal?cbz + Dtotal?th

-D Dy D -Dy? —Dy -D Dy® Dy* Dy D
= Drora :<7)+(x—z+;)+( e et )t e t e tety

Considering the total contribution from the weight of the first sheave in the

crown block (Diotar cp1) to the total torque gives

-D D -D 2 D 3 D —y2 3 D
Dtotal_cb1=7+x_:2y x??] x_}j}=_<_1+%+xiz+%>=;65
(1= (=)
But GS=-1+2+2+% = 1(11_(—75) ) (1o:§_;f>) ). (1 2))
X
= Diotar_cp1 = g(x—:cy) (1 - (—73/)”) = (x—+[;) (1 N (‘73’)”) la-7A]

Similarly, considering the total contribution from the weight of the first sheave

in the travelling block (D¢otq; tp1) to the total torque gives

D -=D Dvy? D — 2 D
b, y+iz_(l+_y+§_):_cs

Diotar tv1 =
otat_ x

x2 x3 X x 2 X
(-@7) (-7 .
-y .y x X x ( AN )
But GS=1+—+>== = _ 1 (22
u -I_x-l_x2 1-=Y (x+y) (x+y) (x)
x x
D x -y n-—1 D —y n-—1
= Dtotal_tbl - ;(x+y) (1 B (7) ) - (x+y) (1 n (7) ) [Cl— 7B]

Also considering the total contribution from the weight of the second sheave in

the crown block (Dioeq; cp2) to the total torque becomes

MSc. Well Engineering Thesis, UiS (15" June, 2015) Page 79



2,221

Dtotat cv2 = —+ -
otali_c x x

D
=—GS
X

- > B B -(% " — —
et +¥: ( —(%) ) ) ( L);)) ) e +xy) (1 B (Ty) 2)
X

D —x -y n-—2 _ -D -y n—2
= Drotatenz =35 (1 a (7) ) = =) (1 B (T) ) [a- 7C]

Finally considering the total contribution from the weight of the second sheave

in the travelling block (D¢ota; ¢tp2) to the total torque becomes

D _A\Nn—3
= Deotar tv2 = (x-i-—y)<1 - (Ty) ) [a- 7D]

From Eqn [a-7A], Eqn [a-7B], Eqn [a-7C] and Eqn [a-7D], the total contribution

from the weight of each sheave on the torque (Dypra.) is given by
= Drorar = % (1 B (—x_y>”> + (xiy) (1 B (—73/)""1> + (x_+Dy) (1 B (_73/)“_2) + (xiy) <1 B
@)
X
prora = 25(-(1- @)+ (1-@)7) - (-@7)+ (1-@)7))

D B _.A\Nn—k
= Drorar = ngz:(l)(_l)kﬂ (1 - (Ty) ) [a- 8]

TORQUE DUE TO THE DEAD LINE CONTRIBUTION
The total contribution from the dead line tension on the total torque is given as

Farrora, = X ) 3  x _1+;+_+F =—GS

—F, Fuy? —Fyuy® Fuy* F —y? 3 F,
dz)’_l_ dz)’_l_ dly+dly_dly< y x); Y>_ f;ly

But GS=-1+ % + "x—yzz + i—z = _1(1_(__;‘1)11) = _(1_(%)11) I (1 _ (-_y)")

1——= +y) T (x+y) x
x x

= Farora, =55 (1- () ) =55 (1= (2)) a- 9]
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From Eqn [a-2], Eqn [a-4], Eqn [a-6], Eqn [a-8], and Eqn [a-9], the total

tensions in the line supporting the hook load becomes

= Z Fi=F +F,+F;+F, = Arorar + Brorar + Crorar + Drorar + Faiporay,
i=1

n _ A o1 (- n—(2k+1) B k42 _ n—(k+1)
LiF = ( el (1 (2) F =YD+ 1) (1 (2) +

c s 2+ (~ n—(k+1)) D ne1y gkl ( ([~ n—k) —Fay (1 _
(x+y) k=0(k + 1) (1 ( x ) + (x+y) k=0( 1) 1 ( x ) + (x+y) (1

())

?=1 F; = (x+y) [ ( (1 _ (Ty)n—(2k+1))) e ( 1)k+2(k ) (1 B (Ty)n—(kﬂ)) N

cxpsite+ 2 (1-(2)") + oz (1 -()")-rar (1- ()]

Substituting the value of A, B, C and D into the above equation gives

n

1 _ —y\n~(2k+1) mya(R1%+R,?)

L = [ mpmar (i (1 (2)7) ¢ D gy
—y\—(k+1) - n—(k+1)

0 (1= (2)) + 28”0+ 2 (1- (27 ¢

My GiaTa Xi=o(—1) (1 - (_Ty)n_k) — Fay (1 - (_Ty)n)]

a0 - v
(%y)n—(kﬂ)))) v, (Z)E?f;)ra) (Z 2 () 4 12 (1 B (_Ty)n—(kﬂ))) N
(ees) (im0 (1= ()) = Fa () (- () [a- 10)

The hook load (W) relation during hoisting for non-uniform movement of the

travelling block is given by Eqn [[-1B] as
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W=3L F- (mdp + mtb)a
Substitute Eqn [a-10] into Eqn [I-1B]

— 4 (Z™pHaTa r=1(1 _ (ZY n_(2k+1))) mp(R1%+R,?) ( n-2(_ 1\k+2
- W= a( (x+y) )( k=0 (1 (x ) T a( 27 (x+Y) ) k=o(—D*"(k +

N (1 B (_Ty)n_(kﬂ))) + 1,7 (2/1(,;+;L;)ra) (Z 2(k 4+ 1)? (1 B (_Ty)n—(kﬂ))) N
(22 (i (1= ()" )~ (5) (= ()~ i+

== () (i (- ()7 )) + (o) (B 0 -
(_Ty)n_(kﬂ))) ~ (g + mtb)> + 1,7 (2/1(Zl+u;)ra) (Z 2(k + 1)? (1 _ (xy)n (k+1)>) N

() (rmtone (1- (D)) - R (25) - () S

Alternatively, the hook load (W) during hoisting for non-uniform movement of

the travelling block is given by Eqn [I-1C] as

_ X Fi 1 n _ g Z

—(1+§)—(g;:a) i=1 l_(g_l_a) i=1 F;

= o (22 (i (- () + (A8 i
(1" ) (s (- (7))
(%) (Z;‘l;é(_l)kﬂ (1 - (_Ty)n_k)) —Fy ((x+y)) (1 - (_Ty)n)> [a- 11B]

Where x = p,r, —npand y = g1, + 1y
X+Y=Uglg —Tp + Uala + T = 2UgTg
Hence, u, can be as small as possible but should not be equal to O (i.e.

fg = 0.00000001 but p, # 0) since ﬂi = < = undefined
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Eqn [a -11A] and Eqn [a -11B] are the extended Cayeux et al hook load (W)
relations during hoisting with non-uniform movement of the travelling

equipment.

4.5 LOWERING
During lowering, the line tension decreases from the dead line (Fy;;) towards the

fast line (Fy;) as illustrated in figure (29) below.

Stationary Crown Block & Fa

Transzlational
accelerstion
[a=0)

Load cell

Draw work

-7

ine anchor

Travelling Block mass (ms)

Translationzl
zcceleration (a=0)

Hook load (W)
________________________ o
Legend
b Direction of the torqgue due to the friction at the sheave bearing Fn=Fast line tension
: Direction of the torgue due to the applied line tension Fw = Weight of each sheave
Fa=Dead line tension Fr = Reaction force on the sheave axle Fa=Derrick load

Trw = Torgue due to the weight of each sheave

Tre= Torgus dus to the centrifiagal force in the rotating sheave

Figure 29: Shows the forces and torques on both the crown block and the travelling block sheaves during lowering
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Considering the dead line sheave (sheave A) in the crown block, the net the
torque is given by Eqn [H-3C1] as (see Appendix C for derivation)

For Fg > F;

1y (Fay = F1 ) + pata(—mpg + 2Am1% @%cp1 — Fyy — F1) = —lagy

—Fi(UaTe + T )—Mp gl T, + 2AmTp* HaTa @%cp1 — Far(HaTa —1p) = —latep

_ -1
(Hara+7p)

Fy (_Iacbl + Fg (,uara - rb) - 2/Tmrbz.uara d’zcbl + mpg.uara) [6' 1A]

For simplicity, let x = par, —1pand y = par, +1p

F = _71(—1%1)1 + Fyx — 2An T2 phaly 0% cpy + mpg.uara) [6- 1B]
Similarly considering the net torque in the next sheave (sheave B) in the
travelling block is given by Eqn [H-4C] as

For F; > F,

1y (Fy — F3) = paTa(=mpa — (Mpg + 2472 0% ep1 — Fy — F2)) = + Ly,

_Fz(ﬂara + rb) = Iatbl —MyAlgTy + Fl(,uara - rb) —MygUgta — 2/Tmrbz .uarad’ztbl
. 1
a (Hara+t Tph)

[6- 2A]

F, (_ Ty, + MmyAflqTq — Fl(.uara - rb) + MyGHhaTa + 2/Tmrb2 .uarad)ztbl)
For simplicity, let x = u,r, —1mpand y = par, +1p

1 T .
FZ = ;(_ Iatbl + myallgty — le + MmyJUala + 2Amrbz ,uaraa)ztbl) [6_ 2B]
Substituting Eqn [6-1B] into Eqn [6-2B] and multiply through the resulting
equation by % gives

1 T .
FZ = ? (_ Iatbly + myailatyy — Iacblx + Fdlx2 - 2Am‘rbzﬂara wzcblx + MygUaTaX +

My Ghatay + 2Amly” fala®?tp1Y)

F, = y_12 (mpauaray — I(@cp1X + ap1y) + Farx? + 2m 12 faTa (—@0%cprX + @2 ep1y) +

My GhaTa(x +)) [6- 2C]
Similarly considering the net torque in the next sheave (sheave C) in the crown
block is given by Eqn [H-3C;] as

For F, > F3

Ty (FZ - FB ) + .uara(_mpg + 2):mrbz d)zcbz - FZ - F3) = _Iacbz
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_FB (ﬂara + 1 )_mpgﬂara + 2A_mrbz.uara d)zcbz + FZ (Tb - .uara) = _Iacbz
. -1
N (Hara+Tp)

F3 (=Tacpz + Fa(itaTa = 1p) = 22T °HaTa @%bz + MpGiala) [6- 3A]
For simplicity, let x = p,1; —mp,and y = par, + 13

Fy = = (e + FxX = 22T faTa @ ez + My GHaTa) [6- 3B]
Substituting Eqn [6-2C] into Eqn [6-3B] and multiplying through the resulting
equation by i—z gives

_1 . .
F3 = F(mpaﬂarayx - I(acblxz + ap1yx + acbzyz) + Fdlx3 + 2/1mrb2.uara (_(J‘)Zcblx2 +

21 YX = 0 cppy?) + My gaTa(x* + xy + y?)) [6- 3C]
Also, considering the net torque in the next sheave (sheave D) in the travelling
block, Eqn [H-4C| becomes

For F3 > F,

1y (F3 — Fy) — paTa(=mpa — (mpg + 2412 0%y — F3 — F3)) = + Iy

—Fy(ugry + 1) + mpaugr, + myguat, + 2AnTp 2 laTy 0% ep2 + F3(ry — HaTa) = lagp;

. 1
(Hara+t Tp)

[6- 4A]

F4 (_ Iatbz + myaigty — F3 (#ara —Tp ) + Z/Tmrbzﬂara d)ztbz + mpg.uara)

For simplicity, let x = p 7, —m,and y = pgr, + 1,
l 1 .
I ;(_ lay,, + my,allaTy — F3x + ZAmezﬂara wztbz + mpg/iara) [6- 4B]

Substituting Eqn [6-3C| into Eqn [6-4B] and multiplying through by i—z gives

1
Fy = F(mpauara(yxz +¥%) = I(Qep1¥® + @1y + aepay?x + appy®) + Fyx* +

2Am1p? aty (=02 cp1 x> + @2 1p1yx? = 02 cpo¥2x + @212 ¥®) + Mpgliata (x° + x%y + xy? +
¥*)) [6- 4C]
Hence for “n” number of lines between the crown block and the travelling
block, the general relation for the line tension reduction from the dead line(Fy;)

towards the fast lines (Fy,) is given by
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E, =
-1\" _
(7) (mpauara(Zk Ly HL ) — I(Zq 0 gyt “yE) + Fyx™ +

MpGhaTa(Tize  x17*Y9) + 2201 tataf{Tiz0 (DK 102 gy 1yx T~ *ykY) [6- 5A]

where

q = n-1 (i.e. the number of supporting lines minus 1)

r = the number of travelling block sheaves between the dead line and the line of
interest

W1y and a4x) represent the numbering of the angular velocity and the
angular acceleration respectively for each sheave from the dead line sheave in

the crown block through the travelling block sheave as illustrated in figure (29)

4.5.1 HOOK LOAD (W) DURING LOWERING WITH NON-UNIFORM MOVEMENT OF THE
TRAVELLING EQUIPMENT
During lowering the sum of the downward forces (Fp,,n) €xceeds that of the

upward force (Yj=, F;) as illustrated in figure (23)

= Fpown — ?:1 F,=mra [I_QA]
Fpown =W = (mdp + mtb)g =mrg [6' 2A]
S>mry = mdp + My = % [6— 2B]

Substituting Eqn [6-2A] into Eqn [[-2A] gives

n
W — Z F; = (mdp + mtb)a
i=1

W =35 Fi+ (mg, + my)a [I-2B]
Alternatively, substituting Eqn [6-2B] into Eqn [I-2B] gives
W=YLF+ wa

W(1—§)= i=1 Fi

_Z?=1Fi_2?=1pi_ g
W= [ = (ﬁ) i=1Fi [1-2C]
g g
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4.5.2 RELATIONSHIP BETWEEN THE ANGULAR ACCELERATION AND THE ANGULAR
VELOCITY OF EACH ROTATING SHEAVE RELATIVE TO THAT OF THE FIRST
SHEAVE IN THE TRAVELLING BLOCK

With an assumption that the dead line is non-rotating and using the

relationship between the travelling block velocity (V;,) and the angular velocity

of the first rotating sheave (w:,;) in the travelling block which is connected to
the dead line sheave by the line opposite the dead line as depicted in Figure

(28). The angular velocity and acceleration of all the rotating sheave will be

determined relative to that of the first sheave in the travelling block (w¢1).

Substituting Eqn [0-1A] into Eqn [6-1B] gives the value of F; as

-1
F = ?(Fdlx + mpg/"ara) [6- 1B4]
Substituting Eqn [0-1A] and Eqn [©-1B] into Eqn [6-2C] gives the value of F,
1 = .

F, = ﬁ(mpaﬂaray —lag,,(y) + Fdlx2 + 2/11‘r17'b2,uara wztbl(Y) + mpg:uara(x + y))

[6- 2C4]

Similarly, substituting Eqn [©-1A], Eqn [©-1B] and Eqn [0-1C]| into Eqn [6-3C]

gives the value of F; as

-1 T .
Fy = F(mpa.uarayx — (a1 yx + 201Y%) + Fgux® + 2Am1p 2 paty (0% 1 yx —
(200051)**) + MpGhaTa(x* + xy +¥?))

_1 5 .

Fy = oz (mpapatayx — lag (yx + 2y%) + Fux® + 2Amtp*HaTa®®epr (VX — 4y%) +

My GhaTy(x* + xy + ¥?)) [6- 3C1]

Finally, substituting Eqn [©-1A], Eqn [0-1B], Eqn [0-1C] and Eqn [©-1D] into

Eqn [6-4C] gives the value of F, as

F4 =

1

F(mpa,uara(yxz + y3) — I(ap1yx? + 21 y%x + 31 y>) + Fgx* +

2A_’mrbzﬂotra ((‘.)thlyx2 - (Zd)tbl)zyzx + (3d)tb1)2y3) + Tnp.g.uara(x3 + xzy + xyz + yg))

F4 ==

1 Y .

F(mpa.uara(yxz +¥%) = lag (yx? + 2y%x + 3y°) + Fgx* + 2001, a1 0% oy (7x° —

4y?x +9y°) + muguar, (3 + x%y + xy* + y3)) [6- 4Cq]
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Substituting Eqn [©-1] and Eqn [0-2] into Eqn [6 -1Bi], Eqn [6 -2C;], Eqn [0 -
3C1] and Eqn [6 -4C4] gives

-1

Fy = Y (Fdlx + mpgﬂara) [6- 1B2]
1 a — Vi 2

Fo=5 (mpaltaray —1 (ﬁ) y + Fgx? + 2412 ey (r':’z )y + my gty (x + y))

[6- 2C9]

F3 = F(mpaﬂarayx - ( ) (yx + 2y ) + Fdlx + Zlmrb ,l,tara( ) (yx 4y ) +

My gitata (2 + xy + %)) [6- 3C4]

F4_ =

1 2 3 3

F(mpaﬂara(yx +y°) — ( )(yx +2y X+ 3y )+Fdlx +2/1mrb Hara( )(yx -
4y2x 4+ 9y°) + myguara (0 + x%y + xy* + y*)) [6- 4C2]

«© ”

Hence for number of lines between the travelling block and the crown
block, the general line tension reduction from the dead line towards the fast
line during lowering is given by

F, =

-1\" I _
(5) (mpauara(z _y P2y (IR xRy ) 4 Py +

2ZmbataVen” (Tizg (D*H(R2x07*Y9)) + mpgara(Tizo ™ ¥ k)/")) [6- 5B

But I =-m,(R,* +R;%)

Where R; and R, are the inner and outer radii of the each sheave. In this thesis,
we assume that R; and R, remain constant for each sheave.

Substituting the relation for I into Eqn [6-5B]

R1%+Ry?%)

—1\ mya -
E, = (7) (mpaﬂara(Zk QyHetanT) — =2 ( (ZA20 7 kxT7kyk) + Fyx™ +

21"b

Vin? 2Ambtate) (Tp2oH (— DR (k2% yk)) + my guara (T120~ 1x""‘y"))
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_1\" R{24+R _
Fn = (7) (a (mp.uara(thzlyyc ! x™ Zk) mp( ; - ) (Zq o 1kxq kyk)> +Fdlxn +

2Tp

Vio” @Amtata) (Tizo (= DF 1 (k2x8*yk)) + mpgpara(Ti5 1xq"‘y")> [6-5C]

Hence during uniform movement of the travelling equipment, the translational
acceleration is zero (i.e. a=0). Eqn [6-5C] becomes

F, =

(Z)" (Fax™ + Vs> @hptara) (SE2 (~ ¥ (k200 *y)) + my guara(SE2s " 24749%)
[6-5D]

For simplicity let

A = myau,r, = The torque as a result of the acceleration effect on each of the
travelling block sheave’s reaction force, during non-uniform movement of the

travelling equipment

mpa(R12+R22)

B=1 (%) = %mp(Rlz + Rzz)% = = The torque due to the angular

2rp
acceleration on each of the rotating sheave, during non-uniform movement of

the travelling equipment

C = 2,12 ,uara( tbb ) = 21 HataVin® = The torque due to the centrifugal force on

2

each rotating sheave

D = m,gu,r,= The torque due to the weight of each sheave

Substituting these relations A, B, C and D into Eqn [6 -1B2z], Eqn [6 -2C2]|, Eqn
[6 -3C2] and Eqn [6 -4C;] gives

F, becomes

Fy = ~fax 7P [6 -1B3]
y y
Similarly F, becomes
F, = y—12(Ay — By + Fyx?>+ Cy+ D(x +y))
_A_B  Fax’ b .
Fp=5- 24t gt +( +y) [6 -2C3]

Also F; becomes
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F; = ;—:(Ayx — B(yx + 2y%) + Fyx3 + C (yx — 4y%) + D(x? + xy + y?))

— — 3 — —Dx?2 — —
F=+(S+8)+ 28 4 (Z+8) + (2 +2F+2) [6 -3C3]
y y y y y y y y y

Finally F, becomes
F, = }% (A(yx? + y3) — B(yx* + 2y*x + 3y3®) + Fyx* + C (yx* — 4y*x + 9y3) +
D(x? + x%y + xy* + y?))

= (B ) (2 e ) Fat (G dCr 90y (a2 D2 Dr D)
F4_(y3+y)+(y3+y2+y)+ y4+ y3 y2+y+ y4+y3+y2+y

[6 - 4C3]

SUM OF THE FORCES IN THE SUPPORTING LINES

For simplicity, let’s assume the number of supporting lines between the crown

block and the travelling block is four (n = 4)

n
ﬁZFi=F1+F2+F3+F4
i=1

Also since addition is commutative, the sum of the forces will be performed
sheave-wise (sheave by sheave) and term by term (A, B, C, D and Fy )

approach.

TORQUE DUE TO THE TRANSLATIONAL ACCELERATION EFFECT ON EACH OF THE
TRAVELLING BLOCK SHEAVE’S REACTION FORCE (A)

The total torque(Ar,tq;) @s a result of the translational acceleration effect on the
reaction force on each of the travelling block sheave is given by

Arotal = Atp1 + Atp2

A —Ax Ax? A
Arotar = (;) +< e )+ ?‘l';

Total torque due to the translation acceleration effect on the first sheave in

travelling block (A4;,1) is given by

A
=—GS
y

A —Ax Ax* A —x x?
Atb1=;+ )2 +F=; 1+7+)7
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—x\1 _—_xn_1 —
But GS=1+‘7"+;—2—1(11(_y7) )=(1% ):(xiy)<1_(__x)n 1)

= =375 (1-G)) =25 0-G)) €14

Similarly, the torque due to the translation acceleration effect on the second

rotating travelling block sheave (4;,,) is given by

S Ay, = L(1 - (‘—x)n_3> (C-1B]

From Eqn [C-1A] and Eqn [C-1B], the total torque contribution from the
translation acceleration effect on all the sheaves in the travelling block

becomes

=i (1=GY )+ 1-6))
Aot = o5 <<1 - (_TX)n_l) +(1- (_Tx)n_B)) = & (2@% (1- (?)n_(zm))) c-2]

Where “r” is the number of sheaves in the travelling block between the dead

line and the line of interest. Hence, for “n” number of supporting lines, r = %

TORQUE DUE TO THE ANGULAR ACCELERATION ON EACH OF THE ROTATING
SHEAVE (B)

The total torque from all the rotating sheave (Brors,) during non-uniform
movement of the travelling equipment is given as

Brorar = Btotal_cbl + Btotal_tbl + Btotal_cbz + Btotal_tbz

For non-rotating dead line sheave the angular acceleration is zero
(i.ie Brotar,, = 0)

= BTOTAL = Btotal_tbl + Btotal_cbz + Btotal_tbz

= o = () + (543 + (4343
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Considering the torque due to the total angular acceleration resulting from the
first travelling block sheave (B;y¢q; tp1) giVes

Btotal_tb1=7+F+ 53 =; —1+;+7 =;GS

—-X —-X

n-1 n-1
B -1{1-(= -(1-(= - -\ 1
But GS=—1+§+yi22= <1EX7X) >: ( g ):(x+3;)<1_(7x)n )

_ B -y —x\"1 __ -B -\ 1
= Brotarev1 = 75055 (1 B (7) ) T @) (1 B (7) ) [C- 3A]

Considering the torque due to the total angular acceleration resulting from the

second sheave in the crown block (Biytq; cp2) gives

2B —2Bx 2B —X 2B
Beotai_cb2 = 7"' Il 7(1 7) =—GS

But GS=1+ _7" — 1(1_(_7x)n_2) _ (1_(%)11_2) oy (1 B (__x)n—Z)

1_—726 (yy;x) T (x+y) y
. _ v (4 (__x)n—z _ 2 (| (—_x)”‘z C-3B
total_cb2 — y (x+y) b% B (x+y) y [ ]

Finally, considering the torque due to the total angular acceleration resulting

from the second sheave in the travelling block (Biy¢q; tp2) becomes

-3B —x\"3
Biotar tv2 = (xTy)(l - (Tx) ) [C-3C]

From Eqn [C-3A], Eqn [C-3B] and Eqn [C-3C], the total torque due to the total

angular acceleration (Brgra; ) from all the rotating sheave

<5 =i (-G )i (-G e (-G

= Broras, = o{%(ﬂ (1 - (‘7")"_1) +2 (1 - (‘7")"_2> -3 (1 - (‘7")”_3)>
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B B _n—(k+1)
= BroraL, = mZﬁ:g(—l)kH(’f +1) (1 - (Tx) ) [C-4]

TORQUE DUE TO THE CENTRIFUGAL FORCE ON EACH OF THE ROTATING SHEAVE (C)

The total contribution to the torque from the centrifugal force (Crors) is given
by

CroraL = Ctotal_cbl + Ctotal_tbl + Ctotal_cbz + Ctotal_tbz

But for non-rotating dead line sheave(Cipq; cp1), its angular velocity is zero
(i.e.w¢pq = 0) and hence no centrifugal force contribution to the total torque
(i.e. Ceotal.cb1 = 0)

= Crorar = Ctotar tb1 T Ctotal cb2 + Ctrotal tb2

[ —Cx . 4C Cx? —4Cx  9c
CTOTAL = (;) + (?4'7) + (?4‘ y2 +;)

Considering the total contribution to the torque by the first sheave in the

travelling block (Cio¢q; tp1) glVes

c , —-Cx , Cx? c -x . x? c
Ctotal_tbl =;+y_2+F= ;(1+7+?)=;Gs

1(1‘(_7)5)71_1) (1‘(_7x)n_1)_ y (1_<—x)"‘1>

_ 2
But GS=1+=+== = =
y y

1-= OB x4y) y
B EL _ —_x n—1 B C _ —_x n—1>
= Ctotarep1 = y (x+) (1 (y ) ) T (x+y) (1 (y ) [C-5A]

Similarly, considering the total contribution to the torque by the second sheave

in the crown block (Ctota cp2) gives

4C | —4Cx _ 4C

Crotal_ch2 = 5 2y (1 + —Tx) = A;—CGS
a2 (=2 ~
But GS=1+>= (s 1(_y_7)x ) % )_ (xfy)(1 -(=) 2)
y
Ctotal_cbz = i/_c(xiy) (1 - (_Tx)n_z) = (;_Cy) (1 - (%x)n_z) [(C—SB]

Finally, considering the total contribution to the torque by the second sheave in

the travelling block (Cipta tp2) becomes
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_.A\N—3
= Crotal th2 = L(l - (_x) ) [C-5C]

(x+y)

From Eqn [C-5A], Eqn [C-5B] and Eqn [C-35C], the total torque due to the

centrifugal force (Crorys) from all the rotating sheave is given by

= Crora = (’C"LLy)(l B (%x)n_l) + (x4+Cy) (1 B (—7’“)"_2) + (ngy) (1 B (—7")71_3)

= Grora = 55((1= () (-6 5 (1-2))

C B _.\N—(k+1)
= Croral = Gy hoo(k + 1)? (1 - (Tx) ) [C-6]

TORQUE DUE TO THE WEIGHT OF EACH SHEAVE (D)
The total contribution to the torque from the weight of each of the sheave
(Drora) is given by

DTOTAL = Dtotal_cbl + Dtotal_tbl + Dtotal_cbz + Dtotal_tbz

-D Dx D -Dx?> -Dx . —-D Dx3 Dx?>  Dx , D
Droral =(7)+(?+;)+(y3 +?+T)+(F+F+?+;)

Considering the total contribution from the weight of the first sheave in the
crown block (D¢ora cp1) to the net torque gives

—D Dx —Dx* Dx3 D( x —x? x3>

Dtotal_cbl = 7"_ yz + y3 + y4 = y

s os=-1e3eze s 2GR e (o)
= Dtotal_cbl = g(x;yy) (1 - (—7x)n) = (x_+Dy) (1 — (—Tx)n) [((:—7A]

Similarly, considering the total contribution from the weight of the first sheave

in the travelling block (Dioq; ¢p1) to the net torque gives

D —-Dx Dx* D —x x2\ D
Dtotal_tb1:;+ + - = (1+—=4+")==¢S

2 vy y Ty "
—x n-—1 —x n-1
But GS—1+_—x+£—1(1_(7) )_(1_(7) )_ y (1_<__x>”‘1>
y y? 1__7x (y +x) (x + ) y
y
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Dy —x n—1 D —x n—1
Drotar o1 = 7355 (1 B (7) ) T @) (1 B (7) ) (C-7B]

Also considering the total contribution from the weight of the second sheave in
the crown block (Dioeq; cp2) to the total torque becomes
-D Dx D

X D
Dtotal_cbz = 7 + yz = ;(_1 + ;) = ;GS

—af1-(=)"° (1 (=x)"? _ ne2
o as=cp - 2B B 2 (-0

_ D -y —x\N—2 _ -D —x\—2
Drotar.cvz = 5555 <1 B (7) ) T ) (1 a (7) ) [€-7C]

Finally considering the total contribution from the weight of the second sheave

in the travelling block (D¢ota; ¢tp2) to the total torque becomes

D _.\Nn—3
= Diotar_tbz = (x+_y)(1 - (TX) ) [C-7D]

From Eqn [C-7A], Eqn [C-7B], Eqn [C-7C] and Eqn [C-7D], the total torque due
to the weight of all the sheaves (Drory.) is given by

= ororw =785 (1= G) )+ (1= 6 )45 (1- G ) (1
5)")
rorw =5~ (0= GY)+ (1-G) ) - (-G )+ (-())

X

= Droras = s Thob-14 (1= (2)7) c-8)

(x+y)

DEAD LINE CONTRIBUTION TO THE TOTAL TORQUE

The total contribution to the net torque by the dead line (FleOT AL) is also given

by

F _ —Fdlx Fdlxz _Fdlx3 Fdlx4 . Fdlx X —xz x3 . Fdlx
dltoraL — y + y?2 y3 y4 - y
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Furorn, =555 (1-(5)) =5 (1- (5)) €-9)

From Eqn [C -2], Eqn [C -4], Eqn [C -6], Eqn [C -8], and Eqn [C -9], the total

tensions in the lines supporting the hook load becomes

n
= Z Fi=F +F,+F;+F, = Arorar + Brorar + Crorar + Drorar + Faipora,,
i=1

A _ _ A\ (2k+1) B B _ A\ Nn—(k+1)
tiF = ( k=0 (1 - (Tx) )) + n-2(_1)k+1(k + 1) (1 _ (Vx) ) +

(x+y) (x+y)
(xiy) ’,:;(z,(k +1y (1 B (_Tx)n_(kﬂ)) * (xiy) ﬁ;é(—l)k“ (1 - (_Tx)n_k) * (_xi_d;)c (1 -
))

?=1 F, = ﬁ[A( ;;(1) (1 3 (_Tx)n—(2k+1))) +B ﬁ;g(—l)kﬂ(k 1) (1 3 (_Vx)n—(kﬂ)) 4
expsiteo+ 2 (1-(2) )+ oz (1-(2)7) - Fax (1- (2))
Substituting the relations of A, B, C and D into the above equation gives

= (552 (1~ ()7 )+ (222 sy

_.n—(k+1) _ _.n—(k+1)
1) (1 —()) + Vot rar) TR0+ 12 (1- (D) ) +

s B0 (1= () < (- (G

n Fi=a ((w)( r-1 (1 B (__x)n—(2k+1))> n (M)( n-2(_ 1)k (k 4

(x+y) y 2rp(x+y)

D (1 B (_Vx)n_(kH)))) +Vep” (ZI(T;+M;)ra) 2k + 1) (1 — (%x)n_(kﬂ)) +

() (e 1 (2)7) - (35 1- ) 10

The hook load relation during lowering for non-uniform movement of the

travelling block is given by Eqn [[-2B] as
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W = z F; + (mdp + mtb)a

i=1

v a2 (5 (1- ()" )) + () s e+ 1
G)) vt Gt missces 2 (1-G) )
(%) ( koo(=D)F* (1 - (_Tx)n—k)) — Fay ((xiy)) (1 - (_jx)n) + (Map + mep)a

v o (2) (i 1~ () ) () i e -
(—_x)”_(k“‘l))) N (mdp N mtb)) N th (2/1(m+lia)7’a)z 20 4 1) (1 B (_TX)n—(kH)) N

y

() st (- ) -2 (- () ciin

Alternatively, the hook load (W) during lowering for non-uniform movement of

the travelling equipment is given by Eqn [[-2C] as

n
o Zimbi Y B _( g )ZF
(1-2) (=9 g

g g =
Substituting Eqn [C-10] into Eqn [[-2C] gives

w = G20 (o (322 (et (1 () (A (ot
(1= ()" ) v (i) (o (1- ) ))
(e (s (-G )R G 0-G))) e

Where x = pary, —rpand y = gty +1p

X+Y = Uy —Tp + Uala + Ty = 2UgTy

Hence, u, can be as small as possible but should not be equal to O (i.e.

fg = 0.000001 p, # 0) since ﬂi = < = undefined
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Eqn [C-11A] and Eqn [C-11B] are the extended Cayeux et al hook load (W)
relations during hoisting for non-uniform movement of the travelling

equipment.
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5 ANALYSIS OF THE EXTENDED HOOK LOAD PREDICTION MODELS USING
HYPOTHETICAL DATA
The analysis of the extended models will be done with hypothetical data. The

output of the extended Cayeux et al hook load prediction model for a given
coefficient of friction will be used as input for analysing the extended Luke and

Juvkam-Wold model as illustrated in the figure (30) below.

The output of the Extended Cayeux et al hook load
prediction model at different coefficient of friction (u,)

The Tensions in each supporting lines |||

L

||| The Efficiency (e) of each sheave |||

-

The Efficiency (e) of each sheave was used as input to the
Extended Luke & Juvkam hook load prediction model

Figure 30: Schematic illustrating how the output of the extended Cayeux et al hook load
prediction model was used as input to the extended Luke and Juvkam hook load prediction model

In addition, two (2) hook load prediction methods were developed for each
extended model. The first approach is a function of the sum of the tensions in
the supporting lines(}{.; F;), the mass of the drill pipe(mgy,), the mass of the
travelling block(my,), and the acceleration (a) of the travelling equipment as

given in the relation below.
n
W = ZFi + a(mdp + mtb)
i=1

The sum of the tensions in the supporting lines can easily be determined from
the dead line tension(Fg). Since hypothetical data was used in analysing the
extended models, it will be very difficult to predict the dead line tension (Fy;)
that will correspond to a given travelling equipment mass(my = mg, + myp).

Hence, the first approach cannot be analysed using the hypothetical data.
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On the other hand, the second hook load (W) prediction approach is also a
function of the sum of the tensions in the supporting lines(3}X,F;), the
acceleration (a) of the travelling equipment and the acceleration due to
gravity(g) as illustrated in the relation below.
(145)

Similarly, the sum of the tensions in the supporting lines can easily be

W =

determined from the dead line tension(F;). Since the mass of the travelling
equipment (m;) has already been incorporated into the hook load (W), the

hypothetical data can be used to analyse the extended model.

The hook load measurements during non-uniform movement of the travelling
equipment for both hoisting and lowering will be performed for five (5) different
acceleration of the travelling equipment values of a = 0 m/s2, a = 0.5 m/s?,
a=10m/s?, a=15m/s? a=2.1m/s2 They will then be compared with
the sum of the tensions in the supporting lines ()}, F;) during constant
movement of the travelling equipment (i.e. a = O m/s2) based on the extended

Cayeux hook load prediction model as illustrated in table (1) below.

Acceleration Dead line Acceleration Dead line
values (a), m/s? tensions (Fa), N values (a), m/s? tensions (Fa), N
0 600 1400
0.5 700 1500
1.0 800 1600
1.5 900 1700
220 1000 1800
1100 1900
1200 2000
1300

Table 1: Shows different acceleration (a) of the travelling equipment values and different dead line
tensions (Fdl) used to analysed the extended models.
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5.1 ANALYSIS OF THE EXTENDED INDUSTRY ACCEPTED MODEL

5.1.1 HOISTING
The industry assumes a perfect transmission of line tension ( i.e. € = 1). The

hook load values during hoisting with non-uniform movement of the tavelling
equipment will be compared with the sum of the tension in the supporting lines

during uniform movement as illustrated below.

Legend Name of Equation
W (Eqn [E-1B]) The Extended Industry accepted hook load
at different acceleration prediction model during hoisting
Y(F1+FatF3+F4) The sum of the tensions in the supporting lines
ata=0m/s? during hoisting based on the Industry accepted

hook load prediction model.

HOOK LOAD MEASUREMENT FOR e =1

EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK LOAD (W)
MEASUREMENT DURING HOISTING BASED ON THE EXTENDED INDUSTRY ACCEPTED
HOOK LOAD PREDICTION MODEL (e= 1)

¢ W (Eqn [E-1B]) ata=0 m/s2

®m W (Eqn [E-1B]) at a= 0.5 m/s2

7% W (Eqn [E-1B]) at a = 1.0 m/s2
* W (Eqn [E-1B]) at a = 1.5 m/s2

(-0 &

¥Xpim e

§

¥ XprHe

* W (Eqn [E-1B]) at a = 2.1m/s2

*Xrae

X0 e

© X(F1+F2+F3+F4) ata = 0 m/s2

E
>Xr-Re
»>XPm &

f

rae

Hook load {W), N
bos s | 2

§

g F
2000 v

1000

0 500 1000 1500 2000 2500
Dead line Tension (Fdl), N

Figure 31: Shows the extended Industry accepted hook load value during hoisting with non-
uniform movement of the travelling equipment

MSc. Well Engineering Thesis, UiS (15thJune, 2015) Page 101



PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT BETWEEN THE UNIFORM & THE
NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT DURING HOISTING (e=1)
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Figure 32: Shows the percentage deviation of the extended Industry accepted hook load values
during hoisting with non-uniform movement of the travelling equipment from the sum of the
tensions in the supporting lines during uniform movement also based on the Industry accepted
hook load prediction model

4
L 4
4
4

COMMENT: It can be observed that during uniform movement of the travelling
equipment, the sum of the tensions in the supporting lines is the same as the
hook load (W). During non-uniform movement, the hook load decreases with
increasing acceleration (a) of the travelling equipment. Hence, the higher the
acceleration (a), the higher the deviation of the non-uniform hook load values
from the sum of the tensions in the supporting lines during uniform movement

of the travelling equipment.

5.1.2 LOWERING

Still with the assumption that the transmission of the line tension is perfect
(i.e. e =1) as proposed in the industry accepted hook load model, the extended
industry accepted hook load values during lowering with non-uniform

movement of the tavelling equipment will be compared with the sum of the
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tension in the supporting lines during uniform movement also based on the
industry accepted hook load prediction model. The relations used in the

analysis are given below.

Legend Name of Equation
W (Eqn [E-2B]) The Extended Industry accepted hook load
at different acceleration prediction model during lowering
Y(F1+Fo+F3+F4) The sum of the tensions in the supporting lines
ata=0m/s? during lowering based on the Industry accepted

hook load prediction model

HOOK LOAD MEASUREMENT FOR e =1

EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK LOAD
(W) MEASUREMENT DURING LOWERING BASED ON THE EXTENDED INDUSTRY ACCEPTED
HOOK LOAD PREDICTION MODEL (e =1)

12000
+ W (Eqn [E-2B]) at a=0m/s2
m Eqn [E-2B] at a=0.5 m/s2 !
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Figure 33: Shows the extended Industry accepted hook load values during lowering with non-
uniform movement of the travelling equipment
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT (e=1)
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Figure 34: Shows the percentage deviation of the extended Industry accepted hook load values
during lowering with non-uniform movement of the travelling equipment from the sum of the
tensions in the supporting lines during uniform movement also based on the Industry accepted
hook load prediction model

COMMENT: For either hoisting or lowering, it can be observed that during
uniform movement, the hook load measurement is the same as the sum of the
tensions in the supporting lines. Hence, no deviation between the two hook
load values as illustrated by figure (32) and figure (34) respectively. During
lowering with non-uniform movement of the travelling equipment, the hook
load (W) always exceeds the sum of the tensions in the supporting lines unlike
during hoisting as illustrated in figure (33) and figure (31) respectively. The
higher the acceleration (a) of the travelling equipment, the higher the hook load

values become and vice-versa.

5.2 ANALYSIS OF THE EXTENDED CAYEUX ET-AL HOOK LOAD PREDICTION MODEL
In the analysis of the extended Cayeux et al hook load prediction model, the

effect of the coefficient of friction (u,) on the sheave efficiency (e) will be
analysed first. After which the relationship between the tensions in the lines
relative to the dead line tension during either hoisting or lowering will also be
performed. Finally, the hook load during hoisting and lowering will be analysed

respectively.
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5.2.1 EFFECT OF THE COEFFICIENT OF FRICTION ON THE SHEAVE EFFICIENCY

EFFECT OF THE COEFFICIENT OF FRICTION (pa) ON THE SHEAVES EFFICIENCY (e)
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Figure 35: Shows the effect of the coefficient of friction on the efficiency of each sheave based on
the extended Cayeux et al hook load prediction model

COMMENT: The higher the coefficient of friction (i,) at the sheave axle, the

lower the efficiency (e) of the sheave becomes and vice-versa.

5.3 HOISTING
The relationship between the tensions in the lines relative to the dead line

tension (Fy) will be analysed first after which the hook load (W) analysis will

also be carried out.

5.3.1 TENSIONS IN THE LINE DURING UNIFORM MOVEMENT OF THE TRAVELLING
EQUIPMENT
The extended Cayeux et al line tension relations during hoisting with uniform

movement of the travelling equipment was compared with the original Cayeux
et al line tension relations at three (3) different coefficient of friction
Ua = 0.0, u, =0.1& pu, = 0.3 to illustrate the effect of coefficient of friction on

the tensions in the lines. Below are the equations used in the analysis.
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Legend

Name of Equation

Eqn [y-SD]

Eqgn [C-1] & Eqgn [C-3]

The Extended Cayeux et al line tension relation

during hoisting

The Original Cayeux et al line tension relations

during hoisting for the both the crown block &

the travelling block sheaves respectively

Tension (N)

g

A. TENSION IN THE LINES FOR p, = 0.0

REDUCTION IN THE LINE TENSIONS FROM THE FAST LINE (Fa) TOWARDS THE DEAD LINE
(Fat) DURING HOISTING WITH UNIFORM MOVEMENT BASED ON THE EXTENDED

CAYEUX ET AL HOOK LOAD PREDICTION MODEL & THE ORIGINAL CAYEUX ET AL MODEL

2500

2000

#

FORa=0m/s2 & pa=0

+ F1 (Eqn [y-5D]) at Vtb =0 m/s
® F2 (Eqn [y-5D]) at Vtb=0 m/s
4 F3 (Eqn [y-5D]) at Vtb =0 m/s
< F4 (Eqn [y-5D]) at Vtb =0 m/s

+ Ffl (Eqn [y-5D]) at Vtb =0 m/s
® F1 (Eqn[C-1])at Vtb=0 m/s
+ F2 (Eqn [C-3]) atVth =0 m/s

“F3 (Eqn [C-1])at Vib =0 m/s

F4 (Eqn [C-3]) atVitb =0 m/s
+ Ffl (Eqn[C-1]) at Vtb =0 m/s
5 Fdl

1000 1500 2000
Dead line Tension (Fdl), N

Figure 36: Shows the tensions in the lines with perfect transmission of the line tension (u, = 0)

COMMENT: For perfect transmission of the line tensions, there is no work done
against friction and hence, the fast line tension (Fg) is the same as the dead
line tension (Fa). (i.e. Fa - Fa = 0). In addition, the extended Cayeux et al line

tension relation output overlaps with the original Cayeux et al line tension

relation output.
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B. TENSION IN THE LINE FOR pu, = 0.1

REDUCTION IN THE LINE TENSIONS FROM THE FAST LINE (Ffn) TOWARDS THE DEAD LINE
(Fai) DURING HOISTING WITH UNIFORM MOVEMENT BASED ON THE EXTENDED
CAYEUX ET AL HOOK LOAD PREDICTION MODEL & THE ORIGINAL CAYEUX ET AL MODEL
FOR a = 0 m/s2 & ps=0.1

# F1 (Eqn [y-5D]) at Vtb =0 m/s
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Figure 37: Shows the tensions in the lines during slightly imperfect transmission of the line
tension (u, =0.1)

COMPARISON OF THE TOTAL TENSION LOSS DUETO COEFFICIENT OF FRICTION (pa) AT
THE SHEAVE AXLE FROM THE FAST LINE (Fa) TO THE DEAD LINE (Fai) BETWEEN THE
CAYEUX ET AL LINE TENSION RELATION AND ITS EXTENDED COUNTER-PART
DURING HOISTING FOR a=0m/s2 & pa=0.1

™ Ffl (Eqn [y-5D]) at Vtb =0 m/s- Fdl

700 M Ffl (Egn [C-1]) at Vtb =0 m/s - Fdl
&0

500

400

30

20

il

i 1800 1200 2000

ad llne Tension (Fdl),

Figure 38: Shows the total tension loss from the fast line (Fa) to the dead line (Fa) during imperfect
transmission of the line tension (y, =0.1)

Loss in line Tension,N
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COMMENT: For imperfect transmission of the line tension, there is work done
against friction. Hence, the friction needs to be overcome before the load can be
raised thereby resulting in higher tensions in the lines as compared to when
there is perfect transmission of tensions in the lines. The tension decreases
from the fast line (Fg) towards the dead line (Fay). (i.e. Fa - Fa # 0). In addition,
the extended Cayeux et al line tension relation produces the same loss in line
tension as its original counterpart.

C. TENSION IN THE LINES FOR py, = 0.3

REDUCTION IN THE LINE TENSIONS FROM THE FAST LINE (Fa) TOWARDS THE DEAD LINE
(Fa1) DURING HOISTING WITH UNIFORM MOVEMENT BASED ON THE EXTENDED
CAYEUX ET AL HOOK LOAD PREDICTION MODEL & THE ORIGINAL CAYEUX ET AL MODEL
FOR a =0 m/s2 & pa=0.3

000
« F1 (Eqn [y-5D]) at Vtb =0 m/s
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4 F3 (Eqn [y-5D]) at Vtb = 0 m/s .
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Figure 39: Shows the tensions in the lines during imperfect transmission of the line tension

(#a =0.3)

COMPARISON OF THE TOTAL TENSION LOSS DUE TO COEFFICIENT OF FRICTION (ua) AT
THE SHEAVE AXLE FROM THE FAST LINE (Fa) TO THE DEAD LINE (Fa) BETWEEN THE
CAYEUX ET AL LINE TENSION RELATION AND ITS EXTENDED COUNTER-PART
DURING HOISTING FOR a =0 m/s2 & pa=0.3
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Figure 40: Shows the total tension loss from the fast line (Fa) to the dead line (Fa) during imperfect
transmission of the line tension (u, = 0.3)
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COMMENT: For imperfect transmission of the tensions in the lines, the higher
the coefficient of friction at the sheave axle, the higher the work done against
friction. Hence, the higher the reduction in the line tensions from the fast line
(Fr) towards the dead line (Fa)) and vice-versa. In addition, the extended Cayeux
et al line tension relation match perfectly with its original counterpart since
both models produced the same loss in line tension for a given dead line

tension (Fai) and coefficient of friction as illustrated in the figure (40) above.

5.3.1.1 HOISTING WITH NON-UNIFORM MOVEMENT OF THE TRAVELLING
EQUIPMENT

The extended Cayeux et al hook load prediction model will be analysed for five

(5) different acceleration (a) values at different coefficients of friction and

compared with the sum of the tensions in the supporting lines during hoisting

with uniform movement of the tavelling equipment also based on the extended

Cayeux et al hook load prediction model. The relations used in the analysis are

as illustrated in the table below.

Legend Name of Equation
W (Eqn [a-11B]) The Extended Cayeux et al hook load
at different acceleration prediction model during hoisting
Y(F1+F2+F3+F4) The sum of the tensions in the supporting lines
ata=0m/s? during hoisting based on the extended Cayeux

et al hook load prediction model
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A. HOOK LOAD MEASUREMENT FOR p, = 0.1

EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOKLOAD (W)
MEASUREMENT DURING HOISTING BASED ON THE EXTENDED CAYEUX ET AL

HOOK LOAD PREDICTION MODEL FOR pa=0.1
0000

mW(Eqn o-11B) at a=0m/s2

-
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Figure 41: Shows the extended Cayeux et al hook load value during hoisting with non-uniform
movement of the travelling equipment for u, = 0.1

PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN
THE UNIFORM & THE NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR pa=0.1
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Figure 42: Shows the percentage deviation of the extended Cayeux et al hook load value during hoisting with non-uniform
movement of the travelling equipment from the sum of the tensions in the supporting lines during uniform movement based
on the extended Cayeux et al hook load prediction model for u, = 0.1
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COMMENT: It can be observed that the maximum hook load (W) value during
hoisting occurs when there is uniform movement of the travelling equipment.
During uniform movement of the travelling equipment, the hook load value
overlaps with the sum of the tension in the supporting lines with the deviation
between the models being 0% as illustrated in figure (41) and figure (42)
respectively. On the other hand, during non-uniform movement of the
travelling equipment, the hook load decreases with increasing acceleration (a)
of the travelling equipment. Hence, the higher the acceleration, the higher the
deviation of the non-uniform hook load value from its corresponding uniform

counterpart.

B. HOOK LOAD MEASUREMENT FOR p, = 0.3

EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK LOAD (W)
MEASUREMENT DURING HOISTING BASED ON THE EXTENDED CAYEUX ET AL
HOOKLOAD PREDICTION MODEL FOR pa=0.3
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Figure 43: Shows the extended Cayeux et al hook load value during hoisting with non-uniform
movement of the travelling equipment for u, = 0.3
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN
THE UNIFORM & THE NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR pa=0.3

20
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Figure 44: Shows the percentage deviation of the extended Cayeux et al hook load value during
hoisting with non-uniform movement of the travelling equipment from the sum of the tensions in
the supporting lines during uniform movement also based on the extended Cayeux et al hook load
prediction model for u, =0.3

COMMENT: From figure (41) and figure (43), it can be observed that for
Fa = 2000N and a=0Om/s?2, it can be observed that the hook load value
increases from approximately 9500N for p,=0.1 to approximately 14000N for
Uq=0.3. In a similar vein, considering the same dead line tension (Faq = 2000N)
and p,= 0.3, it can also be observed that for a = 0.5 m/s? corresponds to a
hook load value of approximately 13000N while a =1.0 m/s? corresponds to a
hook load value of about 12500 N as illustrated in figure (43). It can be
inferred that the coefficient of friction has higher effect on the hook load value
than the effect due to the acceleration. Hence, the higher the coefficient of
friction, the higher the work done against friction before the load can be raised
even though the hook load also decreases marginally with increase in

acceleration (a) of the travelling equipment.
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5.4 LOWERING

Like the hoisting analysis, the relationship between the tensions in the lines
relative to the dead line tension (Fy;) will be analysed first after which the hook

load analysis will also be performed.

5.4.1 TENSIONS IN THE LINE DURING LOWERING WITH UNIFORM MOVEMENT OF THE
TRAVELLING EQUIPMENT
The analysis of the extended Cayeux et al line tension relations during lowering

with uniform movement of the travelling equipment will be carried for three (3)
different coefficients of friction (y, =0.0, u, =0.1& u, =0.3) and then
compared with their original counterpart for a given coefficient of friction. This
is to illustrate the effect of the coefficient of friction on the tensions in the lines

during lowering.

Legend Name of Equation

Eqn [6-5D] The Extended Cayeux et al line tension relation
during lowering with uniform movement

Eqgn [C-2] & Eqgn [C-4] The Original Cayeux et al line tension relations
during lowering for the crown block sheaves &

the travelling block sheaves respectively

A. TENSION IN THE LINES FOR p, = 0.0

REDUCTION IN THE LINE TENSIONS FROM THE DEAD LINE (Fdl) TOWARDS THE FAST LINE (Fa) DURING
LOWERING WITH UNIFORM MOVEMENT BASED ON THE EXTENDED CAYEUX ET AL HOOK LOAD PREDICTION
MODEL & THE ORIGINAL CAYEUX ET AL MODEL FOR pa =0.0
< F1(Eqn [6-5D]) at Vib=0m/s
m F2 (Egqn [6-5D]) at Vib=0m/s
s F3 (EQn[5-5D]) at Vib=0m/s
= F4 (Egn [6-5D]) at vib=0m/s
+ Ffl (Egn [6-5D]) at Vib=0m/s
« F1(Egn [C-2]) atVvib=0m/s
+ F2 (Egn [C-4]) atVvib=0m/s
- F3(Egn [C-2])atVib=0m/s
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+ Ffl (Egn[C-2]) atvib=0m/s
Fdl

§

Hook load (W), N

§

o
o =00 1000 1300 2000 zs00

Dead line Tension (Fdl), N

Figure 45: Shows the tensions in the lines with perfect transmission of the line tension (u, = 0)
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COMMENT: For perfect transmission of the line tension, there is no loss in the
line tension from the dead line (Fq) towards the fast line tension (Fa).
(i.e. Fai - Fa = 0). In addition, the extended Cayeux et al line tension relation
during uniform movement of the travelling equipment produces exactly the

same output as its original counterpart.

B. TENSION IN THE LINES FOR p, = 0.1

REDUCTION IN THE LINE TENSIONS FROM THE DEAD LINE (Fai)) TOWARDS THE FAST LINE (Ffi) DURING
LOWERING WITH UNIFORM MOVEMENT BASED ON THE EXTENDED CAYEUX ET AL HOOK LOAD PREDICTION
MODEL & THE ORIGINAL CAYEUX ET ALMODEL FORa=0m/s2&uz=0.1
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Figure 46: Shows the extended Cayeux et al hook load values during lowering with uniform
movement of the travelling equipment for u, = 0.1

COMPARISON OF THE TOTAL TENSION LOSS DUE TO THE COEFFICIENT OF FRICTION (pa) AT THE SHEAVE AXLE
FROM THE DEAD LINE (Fai) TO THE FAST LINE (Fn) BETWEEN THE CAYEUX ET AL LINE TENSION RELATION AND
ITS EXTENDED COUNTER-PART DURING LOWERING FOR a=0m/s2 & pa =0.1

m Fdi - Ffl (Eqn [6-5D]) at Vtb = 0 m/s

m Fdl - Ffl (Eqn [C-2]) atVtb =0 m/s
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Figure 47: Shows the total tension loss from the dead line (Fay) to the fast line (Fa) during imperfect
transmission of the line tension (u, = 0.1)
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COMMENT: During imperfect transmission of the line tension, there is work
done against friction. Hence, there is loss in the line tension from the dead line
(Fa)) towards the fast line (Fr) depending on the magnitude of the coefficient of
friction(u,). The extended Cayeux et al line tension relation output overlaps
with its original counterpart during uniform movement of the travelling
equipment.

C. AT TENSION IN THE LINES FOR p, = 0.3

REDUCTION IN THE LINE TENSIONS FROM THE DEAD LINE (Fal) TOWARDS THE FAST LINE (FA) DURING
LOWERING WITH UNIFORM MOVEMENT BASED ON THE EXTENDED CAYEUX ET AL HOOK LOAD PREDICTION
MODEL & THE ORIGINAL CAYEUX ET ALMODEL FORa=0m/s2&ua= 0.3

2300
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Figure 48: Shows the extended Cayeux et al hook load value during lowering with uniform
movement of the travelling equipment for u, = 0.3

COMPARISON OF THE TOTAL TENSION LOSS DUE TO THE COEFFICIENT OF FRICTION (u=) AT THE SHEAVE AXLE
FROM THE DEAD LINE (Fdi) TO THE FAST LINE (Fn) BETWEEN THE CAYEUX ET AL LINE TENSION RELATION AND
ITS EXTENDED COUNTER-PART DURING LOWERING FOR a=0m/s2 & pa =0.3
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Figure 49: Shows the total tension loss from the dead line (Fa) to the fast line (Fn) during imperfect
transmission of the line tension (u, = 0.3)
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COMMENT: It can be seen that the higher the coefficient of friction, the higher
the work done against friction. Thereby resulting in higher loss in the line
tension from the dead line (Fa) towards the fast line (Fg) as illustrated in figure
(47) and figure (49).

5.4.1.1 HOOK LOAD MEASUREMENT DURING LOWERING WITH NON-UNIFORM

MOVEMENT OF THE TRAVELLING EQUIPMENT
The analysis of the extended Cayeux et al hook load prediction model during

lowering with non-uniform movement of the travelling equipment will also be
analysed for five (5) different acceleration (a) values with varying coefficient of
friction. The outcome will then be compared with the sum of the tensions in
the supporting lines during lowering with uniform movement of the tavelling
equipment also based on the extended Cayeux et al hook load prediction

model. Below are the equations used in this analysis.

Legend Name of Equation
W (Eqn [C-11B]) The Extended Cayeux et al hook load
at different acceleration  prediction model during lowering
Y(F1+Fa+F3+F4) The sum of the tensions in the supporting lines
ata=0m/s? during lowering based on the extended Cayeux

et al hook load prediction model

A. HOOK LOAD MEASUREMENT FOR p, = 0.1

EFFECT OF NON-UNIFORM MOVENMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK LOAD
(W) MEASUREMENT DURING LOWERING BASED ON THE EXTENDED CAYEUX ET AL

HOOK LOAD PREDICTION MODEL FOR = = 0.1
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Figure 50: Shows the extended Cayeux et al hook load values during lowering with non-uniform
movement of the travelling equipment for u, = 0.1
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & NON-UNIFORNM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR pa = 0.1

30
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Figure 51: Shows the percentage deviation of the extended Cayeux et al hook load values during
lowering with non-uniform movement of the travelling equipment from the sum of the tensions in
the supporting lines during uniform movement also based on the extended Cayeux et al hook load
prediction model for u, =0.1

COMMENT: It can be observed that the minimum hook load (W) measurement
during lowering occurs when there is uniform movement of the travelling
equipment. During non-uniform movement of the travelling equipment, the
hook load increases with increasing acceleration (a) of the travelling equipment.
The higher the acceleration (a), the higher the deviation of the non-uniform

hook load measurement from its corresponding uniform counterpart.

B. HOOK LOAD MEASUREMENT FOR p, = 0.3
EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK LOAD
(W) MEASUREMENT DURING LOWERING BASED ON THE EXTENDED CAYEUX ET AL
HOOK LOAD PREDICTION MODEL FOR pa = 0.3
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Figure 52: Shows the extended Cayeux et al hook load values during lowering with non-uniform
movement of the travelling equipment for u, = 0.3
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR p= =0.3
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Figure 53: Shows the percentage deviation of the extended Cayeux et al hook load values during
lowering with non-uniform movement of the travelling equipment from the sum of the tensions in
the supporting lines during uniform movement also based on the extended Cayeux et al hook load
prediction model for u, = 0.3

COMMENT: It can be seen that hook load value for a given coefficient of friction
and dead line tension (Fa) is lower during lowering than during hoisting. For
instance, for u, = 0.3 for either hoisting or lowering during uniform movement
of the travelling equipment (i.e. a = Om/s2) and for Fai = 2000N, the hook load
values for both hoisting and lowering are approximately 14000N and SOOON
respectively as illustrated in figure (43) and figure (52) respectively. This is
because during hoisting, the frictional force due to the coefficient of friction at
the sheave axle need to be overcome before the load can be raised and hence
resulting in higher hook load (W) value. This is analogous to rolling an object
up an inclined plane, the higher the coefficient of friction along the inclined
plane, the higher the effort required and vice-versa.

On the other hand, when rolling an object down an inclined plane, the load will
only begin to slide down the inclined plane when the frictional force due to the
coefficient of friction along the inclined plane has been exceeded. Hence, the

hook load value during lowering will apparently be less than during hoisting.
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5.5 ANALYSIS OF THE EXTENDED LUKE AND JUVKAM-WOLD MODEL WITH
HYPOTHETICAL DATA
The output of the extended Cayeux et al hook load prediction model at

different coefficient of friction (y,) will be used as input to the extended Luke
and Juvkam model as illustrated in figure (30).

Although, the extended Luke and Juvkam hook load prediction models were
developed for both constant sheave efficiency and varying sheave efficiencies,
only the constant sheave efficiency models can be verified. This is because,
both the Original Cayeux et al and its extended counterpart which serves as
the experimental data to the extended Luke and Juvkam hook load prediction
model were also based on constant coefficient of friction. Hence, the extended
Luke and Juvkam varying sheave efficiency hook load prediction model can

only be verified using experimental data.

5.5.1 HOISTING WITH LUKE & JUVKAM INACTIVE (NON-ROTATING) DEAD LINE
SHEAVE HOOK LOAD PREDICTION MODEL

Below are the equations used in the analysis.

Legend Name of Equation
W (Eqn [F-2F1)) The Luke and Juvkam (Inactive dead line
at different acceleration sheave) hook load prediction model during
hoisting
Y(F1+Fa+F3+F4) The sum of the tensions in the supporting lines
ata=0m/s? during hoisting based on the extended Cayeux

et al hook load prediction model
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A. HOOK LOAD MEASUREMENT FOR p, = 0.001 OR e = 0.999

EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK
LOAD (W) MEASUREMENT DURING HOISTING BASED ON THE EXTENDED LUKE &
JUVKAM (NON-ROTATING DEAD LINE SHEAVE) HOOK LOAD PREDICTION MODEL WITH
CONSTANT SHEAVE EFFICIENCY ASSUMPTION FOR pa =0.001 OR e=0.999
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Figure 54: Shows the extended Luke and Juvkam hook load values during hoisting with non-
uniform movement of the travelling equipment assuming constant sheave efficiency e ~ 1 which
corresponds to u, = 0.001

PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN THE
UNIFORM & THE NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT WITH CONSTANT

SHEAVE EFFICIENCY ASSUMPTION FOR pa =0.001 OR e= 0.999
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Figure 55: Shows the percentage deviation of the extended Luke and Juvkam hook load values
during hoisting with non-uniform movement of the travelling equipment from the sum of the
tensions in the supporting lines during uniform movement based on the extended Cayeux et al
hook load prediction model fore ~ 1 (1, = 0.001)
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COMMENT: During uniform movement, the sum of the tensions in the
supporting lines is the same as the hook load. On the other hand, during non-
uniform movement of the travelling equipment, the hook load decreases with
increasing acceleration (a) of the travelling equipment. The higher the
acceleration of the travelling equipment, the lower the hook load values
become. Hence, the higher the deviation from the sum of the tensions in the
supporting line during uniform movement based on the extended Cayeux et al

hook load prediction model.

B. HOOK LOAD MEASUREMENT FOR pu, = 0.3 0Re = 0.818
EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK
LOAD (W) MEASUREMENT DURING HOISTING BASED ON THE EXTENDED LUKE &
JUVKAM (NON-ROTATING DEAD LINE SHEAVE) HOOK LOAD PREDICTION MODEL WITH

CONSTANT SHEAVE EFFICIENCY ASSUMPTION FOR pa =0.3 OR e=0.818
16000
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Figure 56: Shows the extended Luke and Juvkam hook load values during hoisting with non-uniform movement of the
travelling equipment assuming constant sheave efficiency e =~ 0.818 which corresponds to u, = 0.3
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN THE
UNIFORM & THE NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT WITH CONSTANT
SHEAVE EFFICIENCY ASSUMPTION FOR pa =0.3 OR e= 0.818
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Figure 57: Shows the percentage deviation of the extended Luke and Juvkam hook load values
during hoisting with non-uniform movement of the travelling equipment from the sum of the
tensions in the supporting lines during uniform movement based on the extended Cayeux et al
hook load prediction model for e ~ 0.818 (u, = 0.3)

COMMENT: During uniform movement of the travelling equipment, the sum of
the tensions in the supporting lines was expected to be the same as the hook
load value with 0% deviation as illustrated in figure (54) and figure (S95)
respectively. But during uniform movement with high coefficient of friction
(ug = 0.3), the hook load value is not the same as the sum of the tensions in the
supporting lines based on the extended Cayeux et al hook load prediction
model as seen in figure (56) and figure (57). This due to the effect of the perfect
transmission of the line tension for the inactive dead line sheave (e; = 1) as
proposed by Luke and Juvkam. i.e. If we assume a perfect transmission of the
line tension with each sheave efficiency approximately 1 (u, = 0.001), since this
efficiency is approximately the same as the inactive dead line sheave
assumption (e5; = 1) proposed by Luke and Juvkam, the two model produces
identical results during uniform movement as depicted in figure (54) and figure

(55).
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The discrepancies between the two hook load values during uniform movement
becomes evident during imperfect transmission of the line tension when the
efficiency of the sheaves are less than inactive dead line sheave assumption
(eqq =1). i.e. The higher the disparity between the actual sheave efficiency
from the inactive dead line sheave (e; = 1) as proposed by Luke and Juvkam,
the higher the deviation between the two models as illustrated in figure (56)
and figure (57).

5.5.2 LOWERING WITH LUKE & JUVKAM INACTIVE (NON-ROTATING) DEAD LINE
SHEAVE HOOK LOAD PREDICTION MODEL

5.5.2.1 INACTIVE DEAD LINE SHEAVE
Below are the relations used in the analysis and how it was carried out.

Legend Name of Equation
W (Eqn [F-4E1]) The Luke and Juvkam (Inactive dead line
at different acceleration sheave) hook load prediction model during
lowering
Y(F1+F2+F3+F4) The sum of the tensions in the supporting lines
ata=0m/s? during lowering based on the extended Cayeux

et al hook load prediction model

A. HOOK LOAD MEASUREMENT FOR p, = 0.001 OR e = 0.999

EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK
LOAD (W) MEASUREMENT DURING LOWERING BASED ON THE EXTENDED LUKE & JUVKAM
(NON-ROTATING DEAD LINE SHEAVE) HOOK LOAD PREDICTION MODEL WITH CONSTANT

SHEAVE EFFICIENCY ASSUMPTION FOR pa = 0.001 OR e= 0.999
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Figure 58: Shows the extended Luke and Juvkam hook load measurement during lowering with
non-uniform movement of the travelling equipment assuming constant sheave efficiency e=x1
which corresponds to u, = 0.001
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT WITH CONSTANT

o SHEAVE EFFICIENCY ASSUMPTION FOR pa = 0.001 OR e=0.999
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Figure 59: Shows the percentage deviation of the extended Luke and Juvkam hook load values
during lowering with non-uniform movement of the travelling equipment from the sum of the
tensions in the supporting lines during uniform movement based on the extended Cayeux et al

hook load prediction model for e = 1 (u, = 0.001)

COMMENT: During lowering, the minimum hook load value occurs during

uniform movement of the travelling equipment. The hook load values increases

with increasing acceleration of the travelling equipment.

B. HOOK LOAD MEASUREMENT FOR p, = 0.3 OR e=0.818

EFFECT OF NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT ON THE HOOK
LOAD (W) MEASUREMENT DURING LOWERING BASED ON THE EXTENDED LUKE & JUVKAM
(NON-ROTATING DEAD LINE SHEAVE) HOOK LOAD PREDICTION MODEL WITH CONSTANT
SHEAVE EFFICIENCY ASSUMPTION FOR pa = 0.3 OR e= 0.818
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Figure 60: Shows the extended Luke and Juvkam hook load measurement during lowering with
non-uniform movement of the travelling equipment assuming constant sheave efficiency e ~ 0.818

which corresponds to y, = 0.3
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT WITH CONSTANT
& SHEAVE EFFICIENCY ASSUMPTION FOR iz = 0.3 OR e=0.818

SR S, AR CEE D, R, R Gl S G SR G, S
+ % DEV. W (Eqn [F-4E1]) at a =0 m/s2

® % DEV. W (Eqn [F-4E1]) at a =0.5 m/s2

+ % DEV. W (Eqn [F-4E1])at a = 1.0 m/s2

% % DEV. W (Eqn [F-4E1]) at a =1.5 m/s2

i % DEV. W (Eqn [F-4E1]) at a = 2.1 m/s2

PERCENTAGE DEVIATION(%)
@

E B §E § B E E E E B B " E B
L A (N S SR N S SN SRR SRR S (e dem. 4
20
10
o
0 50 1000 1500 2000 2500

Dead line Tension (Fdl), N

Figure 61: Shows the percentage deviation of the extended Luke and Juvkam hook load values
during lowering with non-uniform movement of the travelling equipment from the sum of the
tensions in the supporting lines during uniform movement based on the extended Cayeux et al
hook load prediction model for e = 0.818 (u, = 0.3)

COMMENT: It can be concluded that the higher the coefficient of friction, the
smaller the hook load value becomes during lowering since the friction bears
some of the weight of the load. For example, during lowering with uniform
movement of the travelling equipment (i.e. a = Om/s2) and for Fai = 2000N, for a
given u, = 0.001 corresponds to a hook load value of 8000N as illustrated in
figure (58) while pu, = 0.3 also corresponds to a hook load value of 6000N as
depicted in figure (60). In addition, even though the hook load increases with
increasing the acceleration of the travelling equipment, the effect due to the
coefficient of friction has a more pronounced effect on the hook load values

than the effect due to the acceleration of the travelling equipment.
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5.6 COMPARISON OF ALL THE EXTENDED MODELS
The extended models will be compared with each other to determine their

response under a given condition.

5.6.1 COMPARISON OF ALL THE EXTENDED MODEL DURING HOISTING WITH BOTH
UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT
The comparison of the extended model during hoisting will be carried out using

their respective equations as illustrated in the table below

Legend

Name of Equation

W (Eqn [F-2F1])

at different acceleration

W (Eqn [G-2F1))

at different acceleration

W (Eqn [I-1C]) OR

W (Eqn [a-11B]j)

at different acceleration
W (Eqn [E-1B])

at different acceleration
Y(F1+F2+F3+F4)

ata=0m/s?

The Extended Luke and Juvkam (Inactive dead

line sheave) hook load prediction model during
hoisting

The Extended Luke and Juvkam (Active dead
line sheave) hook load prediction model during
hoisting

The Extended Cayeux et al hook load prediction

model during hoisting

The Extended Industry accepted hook load
prediction model during hoisting

The sum of the tensions in the supporting lines
during hoisting based on the extended Cayeux

et al hook load prediction model
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A. HOOK LOAD MEASUREMENT FOR pu, = 0.001 & a = 0 m/s?

COMPARISON OF THE EXTENDED MODELS DURING HOISTING WITH UNIFORM
MOVEMENT OF THE TRAVELLING EQUIPMENT FOR pa =0.001 & a =0 m/s2
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Figure 62: Shows the comparison of all the extended hook load prediction models during hoisting
with uniform movement of the travelling equipment and the sum of the tensions in the supporting
lines also during uniform movement based on the extended Cayeux et al hook load prediction
model.

PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR
ALL THE EXTENDED MODEL WITH ps =0.001 & a =0 m/s2
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Figure 63: Shows the percentage deviation of all the extended hook load values during hoisting
with uniform movement of the travelling equipment from the sum of the tensions in the
supporting lines also during uniform movement based on the extended Cayeux et al hook load
prediction model for e ~ 1 (u, = 0.001) & a = 0 m/s2
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COMMENT: It can be observed that if we assume perfect transmission of line
tension during uniform movement of the travelling equipment, all the extended
models overlap with each other resulting in negligible deviation of each model
from the sum of the tensions in the supporting lines based on the extended
Cayeux et al hook load prediction model also during uniform movement.

B. HOOK LOAD MEASUREMENT FOR p, =0.1 & a=0m/s?

COMPARISON OF THE EXTENDED MODELS DURING HOISTING WITH UNIFORM
MOVEMENT OF THE TRAVELLING EQUIPMENT FOR pa =0.1 & a =0 m/s2
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Figure 64: Shows the comparison of all the extended hook load prediction models during uniform
movement of the traveling equipment and the sum of the tensions in the supporting lines also
during uniform movement of the travelling equipment based on the extended Cayeux et al hook
load prediction model for e ~ 0.94 (u, =0.1) &a=0m/s2

PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR
ALL THE EXTENDED MODEL WITH =z =0.1 & a=0 m/s2
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Figure 65: Shows the percentage deviation of all the extended hook load value during hoisting with
uniform movement of the travelling equipment from the sum of the tensions in the supporting
lines also during uniform movement of the travelling equipment based on the extended Cayeux et
al hook load prediction for e ~ 0.94 (1, =0.1) & a = 0 m/s2
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COMMENT: It can be observed that even at constant velocity of the travelling
block, the industry accepted hook load prediction model under predict the
hook load values during hoisting. In addition, due to the perfect sheave
efficiency assumption of the non-rotating dead line sheave, the extended Luke
and Juvkam inactive dead line sheave hook load prediction model also tends to
underestimate the hook load value during imperfect line tension transmission.
For example, from figure (63), it can be observed that the extended Luke and
Juvkam Inactive dead line sheave hook load prediction model for p,= 0.001
deviated 0.07% from the sum of the tensions in the supporting lines based on
the extended Cayeux et al hook load prediction model while for u,= 0.1 also
corresponds to about 6.3% deviation as illustrated in figure (63) and figure (65)
respectively.

Finally, since the output of the extended Cayeux et al hook load prediction
model was used to calibrate the extended Luke and Juvkam model, the
extended Luke and Juvkam Active dead line sheave hook load value always
overlaps with that of the extended Cayeux et hook load value as depicted in
figure (64) and figure (65).

C. HOOK LOAD MEASUREMENT FOR pu, = 0.3 & a = Om/s?

COMPARISON OF THE EXTENDED MODELS DURING HOISTING WITH UNIFORM
MOVEMENT OF THE TRAVELLING EQUIPMENT FOR s =0.3 & a =0 m/s2
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Figure 66: Shows the comparison of all the extended hook load prediction models during uniform
movement of the traveling equipment and the sum of the tensions in the supporting lines based
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on the extended Cayeux et al hook load prediction also during uniform movement of the travelling
equipment for e~ 0.83 (4, =0.3) & a =0 m/s2

PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR
ALL THE EXTENDED MODEL WITH p= =0.3 & a=0 m/s2
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Figure 67: Shows the percentage deviation of all the extended hook load measurement during
hoisting with uniform movement of the travelling equipment from the sum of the tensions in the
supporting lines also during uniform movement of the travelling equipment based on the extended
Cayeux et al hook load prediction for e = 0.83 (u, =0.3) & a = 0 m/s?

COMMENT: It can be seen that during uniform movement of the travelling
equipment, the deviation of the extended industry accepted hook load
prediction model increases with increasing coefficient of friction (decreasing
sheave efficiency).

D. HOOK LOAD MEASUREMENT FOR p, =03 & a = 1.5 m/s?

COMPARISON OF THE EXTENDED MODELS DURING HOISTING WITH NON-UNIFORM
MOVENMENT OF THE TRAVELLING EQUIPMENT FOR pis = 0.3 & a = 1.5 m/s2
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Figure 68: Shows the comparison of all the extended hook load prediction models during non-
uniform movement of the travelling equipment and the sum of the tensions in the supporting lines
during uniform movement of the travelling equipment based on the extended Cayeux et al hook
load prediction for e ~ 0.83 (u, =0.3) & a = 1.5 m/s?
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING HOISTING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR ALL THE EXTENDED
MODEL WITH pa=0.3 & a = 1.5 m/s2
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Figure 69: Shows the percentage deviation of all the extended hook load values during hoisting
with non-uniform movement of the travelling equipment from the sum of the tensions in the
supporting lines during uniform movement of the travelling equipment based on the extended
Cayeux et al hook load prediction for e ~ 0.83 (u, =0.3) & a = 1.5 m/s?2

2000 2500

COMMENT: It can be observed that the effect due to the non-uniform
movement of the travelling equipment on the hook load measurement is
negligible compared to the effect due to the coefficient of friction at the sheave

axle.

5.6.2 COMPARISON OF ALL THE EXTENDED MODELS DURING LOWERING WITH BOTH
UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT
Similarly, the comparison of the extended models during lowering will be

carried out using their respective equations as illustrated in the table below.

Legend

Name of Equation

W (Eqn [F-4E1])

at different acceleration

W (Eqn [G-4E1])

at different acceleration

W (Eqn [I-2C] OR
W (Eqn [C-11B])

at different acceleration

The Extended Luke and Juvkam (Inactive dead

line sheave) hook load prediction model during
lowering

The Extended Luke and Juvkam (Active dead
line sheave) hook load prediction model during
lowering

The Extended Cayeux et al hook load prediction

model during lowering
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W (Eqn [E-2B])
at different acceleration
Y(F1+Fa2+F3+F4)

ata=0m/s?

The Extended Industry accepted hook load
prediction model during lowering
The sum of the tensions in the supporting lines

during lowering based on the extended Cayeux

et al hook load prediction model

A. HOOK LOAD MEASUREMENT FOR 4, = 0.001 & a = 0 m/s2

COMPARISON OF THE EXTENDED MODELS DURING LOWERING WITH UNIFORM
MOVEMENT OF THE TRAVELLING EQUIPMENT FOR pa = 0.001 & a = 0 m/s2
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Figure 70: Shows the comparison of all the extended hook load prediction models during lowering
with uniform movement of the traveling equipment and the sum of the tensions in the supporting
lines also under uniform movement based on the extended Cayeux et al hook load prediction

model
PERCEMNTAGE CHAMNGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & MON-UNMIFORM MOVEMEMNT OF THE TRAVELLING EQUIPMENT FOR
ALL THE EXTENDED MODELS WITH pa = 0.001 & a =0 m/s2
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Figure 71: Shows the percentage deviation of all the extended hook load values during lowering
with uniform movement of the travelling equipment from the sum of the tensions in the
supporting lines also under uniform movement based on the extended Cayeux et al hook load
prediction model fore = 1 (u, =0.001) & a = 0 m/s2
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COMMENT: It can be observed that if we assume perfect transmission of line
tension during uniform movement of the travelling equipment, all the extended
models overlap with each other resulting in negligible deviation of each model
from the sum of the tensions in the supporting lines during uniform movement
of the travelling equipment based on the extended cayeux et al hook load

prediction model.
B. HOOK LOAD MEASUREMENT FOR p, =0.1 & a =0 m/s?

COMPARISON OF THE EXTENDED MODELS DURING LOWERING WITH UNIFORM
MOVEMENT OF THE TRAVELLING EQUIPMENTFOR pa = 0.1 & a=0 m/s2
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Figure 72: Shows the comparison of all the extended hook load prediction models during lowering
with uniform movement of the travelling equipment and the sum of the tensions in the supporting
lines also during uniform movement based on the extended Cayeux et al hook load prediction
model for e~ 0.94 (u, =0.1) & a =0 m/s?
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR
ALL THE EXTENDED MODELS WITH pa=0.1& a=0 m/s2
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Figure 73: Shows the percentage deviation of all the extended hook load measurement during
lowering with uniform movement of the travelling equipment from the sum of the tensions in the
supporting lines during uniform movement based on the extended Cayeux et al hook load
prediction model for e ~ 0.94 (1, =0.1) & a = 0 m/s?

COMMENT: During uniform movement of the travelling equipment, the
extended industry accepted hook load prediction model tends to over predict
the hook load value during lowering. The magnitude of the deviation is
proportional to the coefficient of friction at the sheave axle. For example during
uniform movement (a = Om/s?) and for p,=0.001, the deviation of the extended
industry accepted hook load prediction model from the sum of the tension in
the supporting lines based on the extended Cayeux et al hook load prediction
model was 0.17% and at pu,=0.1, the deviation was 18% as depicted in figure
(71) and figure (73) respectively.

In addition, it can be observed that since the extended Luke and Juvkam hook
load prediction models were calibrated with the output of the extended Cayeux
et al hook load prediction model, it is not surprising that the extended Cayeux
et al hook load values overlap with the extended Luke and Juvkam Active dead
line sheave hook load values.

Finally, comparing the extended Luke and Juvkam Inactive dead line sheave
hook load values to the Active counterpart, the effect of the dead line sheave

efficiency perfect (e; = 1) transmission of the line tension becomes evident.
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From figure (73), the deviation of the extended Luke and Juvkam Inactive dead
line sheave hook load values from the sum of the tension in the supporting
lines based on the extended Cayeux et al hook load prediction model was about

7% and the deviation for the Active counterpart was 0%.

C. HOOK LOAD MEASUREMENT FOR p, = 0.3 & a = Om/s?

COMPARISON OF THE EXTENDED MODELS DURING LOWERING WITH UNIFORM
MOVEMENT OF THE TRAVELLING EQUIPMENTFOR pa= 0.3 & a =0 m/s2
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Figure 74: Shows the comparison of all the extended hook load prediction models during lowering
with uniform movement of the traveling equipment and the sum of the tensions in the supporting
lines also during uniform movement based on the extended Cayeux et al hook load prediction
model for e~ 0.83 (u,=0.3) & a =0 m/s?

PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & NON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR
ALL THE EXTENDED MODELS WITH pa=0.3 & a=0m/s2
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Figure 75: Shows the percentage deviation of all the extended hook load values during lowering
with uniform movement of the travelling equipment from the sum of the tensions in the
supporting lines during uniform movement based on the extended Cayeux et al hook load
prediction model for e = 0.818 (u, =0.3) & a = 0 m/s?2
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COMMENT: The magnitude of the over prediction of the industry accepted hook
load value depends on the coefficient of friction at the sheave axle.
For u,=0.1, the deviation of the extended industry accepted hook load values
from the sum of the tension in the supporting lines based on the extended
Cayeux et al hook load prediction model was 18% while for p,=0.3, the
deviation was about 60% as illustrated in figure (73) and figure (795)
respectively.

D. HOOK LOAD MEASUREMENT FOR p, =03 & a = 1.5 m/s?

COMPARISON OF THE EXTENDED MODELS DURING LOWERING WITH NON-UNIFORM
MOVEMENT OF THE TRAVELLING EQUIPMENTFOR pa =03 & a= 1,5m/s2
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Figure 76: Shows the comparison of all the extended hook load prediction models during lowering
with non-uniform movement of the traveling equipment and the sum of the tensions in the
supporting also during uniform movement based on the extended Cayeux et al hook load
prediction model for e ~ 0.818 (1, =0.3) & a = 1.5 m/s2
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PERCENTAGE CHANGE (%) IN THE HOOK LOAD (W) MEASUREMENT DURING LOWERING BETWEEN
THE UNIFORM & MNON-UNIFORM MOVEMENT OF THE TRAVELLING EQUIPMENT FOR
ALL THE EXTENDED MODELS WITH pa=0.3 & a = 1.5 m/s2

100

+ % DEV. W (Eqgn [F-4E1]) at = 1.5 m/s2

50

m % DEV. W (Eqn [G-4E1]) ata = 1.5 m/s2

~ B0
§ %DEV. W (Eqn [[I-2C]) at a= 1.5 m/s2
O 70
E % % DEV. W (Eqn [E-2B]) at a = 1.5 m/s2
- &0
=
I1]
O 5o
E + + + + + + + + * + + * + +
g4 a9
-
z
Y =
&
w
e = B B ® 8§ B B B § @ ©§@ & [ -
10
(1]
[H] 500 1000 1500 2000 2500

Dead line Tension (Fdl), N
Figure 77: Shows the percentage deviation of all the extended hook load value during lowering
with non-uniform movement of the travelling equipment from the sum of the tensions in the
supporting during uniform movement based on the extended Cayeux et al hook load prediction
model for e = 0.83 (1, =0.3) & a=1.5 m/s2

COMMENT: The over prediction of the hook load measurement during lowering
based on the extended industry accepted hook load prediction model is even
worse during non-uniform movement of the travelling equipment. The higher
the acceleration of the travelling equipment, the higher the over prediction of
the hook load value becomes. The extended Cayeux et al hook load prediction
model which is based on non-rotating dead line sheave assumption always
overlaps with the extended Luke and Juvkam Active (rotating) dead line sheave
hook load prediction model. This is due to the fact that the output of the
extended Cayeux et al hook load prediction model was used as input to the
extended Luke and Juvkam Active dead line sheave hook load prediction
model. If the above extended models are analysed with experimental data, their
hook load values might not be identical since they are based on different
assumptions.

Hence, it can be inferred that although the dead line sheave does not rotate, its

efficiency might not be perfect. (i.e. eq # 1).
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6 SUMMARY & CONCLUSION

6.1 SUMMARY OF ALL THE EXTENDED MODEL
Below is a brief description on how the extended models were developed during

non-uniform movement of the travelling equipment.

L

II.

III.

Newton’s second law of motion was applied on the travelling equipment
during either hoisting or lowering with the inherent assumptions behind
each particular model still taken into consideration during the extended
hook load prediction model. Assumptions such a perfect line tension
transmission (i.e. e = 1) for the case of the industry accepted hook load
prediction model, the constant sheave efficiency (e = constant)
assumption for the case of the Luke and Juvkam hook load prediction
model etc. were still taken into account in their respective models.

After applying Newton Second law of motion, the downward force exerted
by the drillstring suspension point in the travelling equipment which
literally represents the hook load (W) is made the subject of the
equation.

This relation then becomes the extended hook load prediction model

during non-uniform movement.

6.2 SUMMARY OF HOW THE EXTENDED CAYEUX ET AL HOOK LOAD PREDICTION

MODEL WAS DEVELOPED

Cayeux et al developed a model for the tensions in the line for both the crown

block sheaves and the travelling block sheaves during uniform movement of

the travelling equipment. Below is a brief description on how the extended

Cayeux et al hook load prediction models were developed from the line tension

relations.

L.

During hoisting the Cayeux et al line tension relation for both the crown
block sheave and the travelling block sheaves are given by Eqn [C-1] and
Eqn [C-3] respectively while during lowering they are respectively given

by Eqn [C-2] and Eqn [C-4].
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II. During hoisting, a generalized line tension relation (Eqn [y-5A]) was
developed for both the crown block sheaves and the travelling block
sheaves from Eqn [C-1] and Eqn [C-3] while a generalized line tension
relation (Eqn [6- SA]) was also developed from Eqn[C-2] and  Eqn [C-4]
for both the crown block sheaves and the travelling block sheaves to
account for the tensions in the lines during lowering.

[II. From the relationship between the angular parameter (angular velocity
and angular acceleration) of all the rotating sheaves relative to the
velocity of the travelling equipment, the generalized line tension relations
(Eqn [y-SA] & Eqn [6- S5A]) respectively become Eqn [y-5C] & Eqn [6- SC].

IV. From the generalized line tension relations during either hoisting (Eqn [y-
SC]) or lowering (Eqn [6- 5C]), the sum of the tensions in the supporting
lines (3, F;) during the non-uniform movement respectively become Eqn
[a- 10] and Eqn [C-10].

V. Applying Newton’s law of motion on the travelling equipment and the
sum of the tensions in the supporting lines during hoisting (Eqn [a-10]),
the extended Cayeux et al hook load (W) prediction model during hoisting
becomes Eqn [a- 11A] or Eqn [a-11B] as illustrated in the figure (78)
below.

VI. Similarly, applying the Newton’s second law of motion on the travelling
equipment and from the sum of the tensions in the supporting lines
during lowering (Eqn [C-10]), the extended Cayeux et al hook load (W)
prediction model during lowering also becomes Eqn [C-11A] or Eqn [C-

11B] as depicted in the figure (78) below.

NB. Special attention is needed when summing up the tension in the
supporting lines. Below is a brief description on how the summation was
carried out.

a. The tensions in the lines are due to the contribution from various terms

such as the centrifugal force on each rotating sheave, the weight of each
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sheave, the angular acceleration of each rotating sheave, effect of
translational acceleration (a) on the travelling block sheaves’ reaction
forces and effect of the dead line tension (Fai).

b. For simplicity, the weight of each sheave will be used as a case study.
For example, using the dead line as the reference point, the weight of
the dead line sheave will affect the tensions in the subsequent lines
depending on its magnitude. Hence, each subsequent line will
experience a “ripple effect” from the weight of the dead line sheave
depending on its magnitude.

c. Each of these “ripple effects” from each sheave forms a Geometric series
with the subsequent lines.

d. Adding all the contributions from each sheave gives the total
contribution to the sum of the tensions in the supporting lines by the
sheaves’ weight.

e. This procedure will then be performed for all the remaining terms (the
centrifugal force, the angular acceleration of each rotating sheave etc.)
to get their respective total contributions to the sum of the tensions in
the supporting lines.

f. Adding all these contributions from each term gives the sum of the
tensions in the supporting lines during non-uniform movement.

g. Newton’s second law of motion was then applied to the travelling
equipment to obtain the extended Cayeux et al hook load (W) prediction

models for either hoisting or lowering.
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From the Original Cayeux et al line tension relations during uniform
movement which is given by

Crown block sheaves line tension relation during hoisting, Egn [C-1]
Travelling block sheaves line tension relation during hoisting, Eqn [C-3]
Crown block sheaves line tension relation during lowering, Eqn [C-2]

Travelling block sheaves line tension relation during lowering, Eqn [C-4]

The generalized line tension relations during non-uniform movement for
both the Crown block sheaves & the Travelling block sheaves

During hoisting, Eqn [C-1] & Eqn [C-3] Eqn [y-54]

During lowering, Eqn [C-2] & Eqn [C-4] => Eqn [5- 5A]

From the relationship between the velocity of the travelling equipment and
its corresponding angular parameters (angular velocity & angular
acceleration) of each rotating sheave gives

Eqn [y-5A] Eqn [y-5C] & Eqn [6- 5A] —mm——=3 Eqn [5- 5C]

From Eqn [y-5C] & Eqn [6- 5C], the sum of the tensions in the supporting
lines during either hoisting or lowering respectively becomes

Eqn [y-5C] Eqn [a- 10] & Eqn [§- 5C] ==———=p Eqn [C-10]

Applying the Newton’s second law of motion on the travelling equipment
during non-uniform movement, the extended Cayeux et al hook load
prediction models during either hoisting or lowering respectively become

Eqn [a- 10] Eqn [a- 11A] or Eqn [a- 11B]

Eqn [C-10] === Eqn[C-11A] or Eqn [C-11B]

Figure 78: Schematic illustrating how the extended Cayeux et al hook load prediction model
during non-uniform movement of the travelling block was obtained
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6.3 CONCLUSION

The second hook load (W) prediction approach during non-uniform movement
of the travelling equipment is analogous to the effect of buoyancy factor (f) on
the weight of a body that is partially or fully immersed in a fluid as stipulated
by Archimedes principle. The buoyed weight (Wnq) of the body in a fluid is given
by

Pmud
Wha = BWeair = (1 - ;nu )Wair
s

In a similar vein, the second hook load prediction approach during non-

uniform movement of the travelling equipment is also given by

(L )yn (9 \yn F
W= <1i§> i=1Fi = (gia) i=1Fi

Comparing the hook load relation during non-uniform movement of the
travelling equipment to the buoyed weight of a body immersed in a fluid, the
correction factor (y) to compensate for the non-uniform movement of the
travelling equipment is given by

y = <1%g>= Non-uniform movement of the travelling equipment correction factor
g

The non-uniform movement of the travelling equipment correction factor
depends on the ratio between the translational acceleration (a) to the

gravitational acceleration (g).

During hoisting (+), the higher the 3 ratio, the smaller the non-uniform

movement correction factor (y) becomes. This results in a smaller hook load
value as compared to its uniform equivalent. The minimum expected hook load
value during hoisting with non-uniform movement of the travelling equipment
occurs when the translational acceleration (a) of the travelling equipment

attains its maximum value.
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On the other hand during lowering (-) the higher the g ratio, the higher the

non-uniform movement of the travelling equipment correction factor (y)
becomes. Hence, the higher the hook load value becomes and vice-versa. The
maximum expected hook load value during lowering with non-uniform
movement of the travelling equipment occurs when the translational

acceleration (a) approaches the acceleration due to free fall or acceleration due

to gravity (g). (i.e a = g)

In addition, during non-uniform movement of the travelling equipment, the
position for the placement of the load cell is very important since the sum of
the tensions in the supporting lines is not the same as the hook load

i.e.W # Y, F . For a smaller 3 ratio, the effect of the non-uniform movement

of the travelling equipment on the hook load measurement is negligible. Hence,
the indirect hook load measurement with the load cell positioned at the dead
line can be used although the direct hook load measurements remains the best

option as illustrated in figure (17).

On the other hand for a higher % ratio, the difference between the sum of the

tensions in the supporting lines and that of the hook load increases. An
indirect hook load measurement with the load positioned at the dead line will
result in large discrepancy between the actual and the measured hook load.
Hence, a direct hook load measurement with the load cell positioned just above
the drillstring connection point is very essential for accurate hook load
measurement as suggested by Wylie et al [11] using an Instrumented Internal

Blow-Out Preventer (IIBOP) as illustrated in figure (17).

Furthermore, during imperfect transmission of the line tension
(i.e. ug >00re<1), the hook load value during hoisting increases with
increasing coefficient of friction (u,) while the hook load value during lowering

decreases with increasing coefficient of friction (u,). Considering an inclined
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plane analogy, the higher the coefficient of friction along the inclined plane, the
higher the effort required to roll an object up the inclined plane and vice-versa.
On the other hand, before an object can be rolled down an inclined plane, the
frictional force along the inclined plane must be exceeded by the force applied
(weight of the object). Hence, the coefficient of friction bears some of the weight
of the object during lowering. The higher the coefficient of friction at the sheave
axle, the lower the hook load value during lowering becomes and vice-versa.
Hence, the hook load value during lowering will apparently be less than during

hoisting.

Moreover, during imperfect transmission of the line tension for either uniform
or non-uniform movement of the travelling equipment , the extended industry
accepted hook load prediction model tends to underestimate the hook load
value during hoisting while it overestimate the hook load value during lowering
due to its inherent perfect sheave efficiency (e = 1) assumption. This problem
becomes worse during non-uniform movement of the travelling equipment.
With reference to both the extended Cayeux et al hook load prediction model
and the extended Luke and Juvkam Active dead line sheave hook load
prediction model which always overlap with each other during either hoisting
or lowering since the output of the former model was used as an input for the
latter model. The extended Luke and Juvkam Inactive dead line sheave hook
load prediction model also tend to either slightly underestimate the hook load
value during hoisting or slightly overestimate it during lowering when
compared with its Active dead line sheave counterpart. This might be due to
the intrinsic perfect dead line sheave efficiency (e; = 1) assumption as

suggested by Luke and Juvkam-Wold.

Finally, although the dead line sheave is not rotating, it should be aware that
its efficiency is not perfect(ey; # 1). This can be further investigated with

experimental data.
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7 FUTURE WORK

Experimental data can be used to confirm all the extended models. With
respect to the extended Luke and Juvkam-Wold model, if each sheave is
equipped with a load cell, the tensions in the supporting lines can easily be
determined. Hence, the efficiency (e) of each sheave can also be determined to
compare the constant sheave efficiency assumption as proposed by Luke and

Juvkam-Wold with the extended varying sheave efficiency counterpart.

With reference to the extended Cayeux et al hook load prediction model, it
could be extended to account for the effect of the drill-line elasticity during

non-uniform movement of the travelling equipment.

In addition, both the Cayeux et al hook load prediction model and its extended
equivalent were based on constant coefficient of friction (y,) at the sheave axle.
Hence, an experimental data can be used to confirm this assumption. If the
coefficient of friction (u,) at the sheave axle is not constant, experimental data

can be used to determine possible range for the coefficient of friction (u,).
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APPENDIX

SOME IMPORTANT DEDUCTIONS FROM LUKE AND JUVKAM-WOLD
MODEL

The weight of each sheave and the drilling lines are negligible compared to the
hook load (w) and the tensions in the lines and hence the derrick load (Fg) is
given by the relation

Derrick load (Fd) = Fastline tension (Ffl) + Hook load(W) + Deadline(Fdl)

Fo=Fq +W+Fy [1]
Similarly, the sum of all the tensions in the lines supporting the hook load is
equal to the hook load (W) when the block is travelling with constant velocity
and is given by

i.e. Hook load (W) = Line Tension (F,) + Line Tension (F,) + ---+ Line Tension (F,)
W=F +F,+F;+-+F, 2]
Maximum tension occurs at the Fast line (Fn) during hoisting (raising of the
block) while the dead line (Fy;) records the least tension ie F, = Fy

Conversely during lowering, maximum tension occurs in the dead line (Fa)
since more drilling lines are spooled out of the draw work resulting in the
reduction of line tension from the fastline (Ff) towards the deadline (Fy).
ie Fpp< Fy

In the block and tackle pulley system all the sheave rotate with the exception of
the dead line sheave in the crown block which may or may not rotate.

Hence, if the dead line sheave does not rotate, it is considered as an Inactive
dead line sheave and the number of rotating pulley (m) is the same as the
number of lines (n) between the crown block and the travelling block.
iem=n

On the other hand, if the dead line sheave in the crown block rotates, it is

considered as an Active dead line sheave and the number of rotating pulleys
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(m) is not equal to the number of lines (n) between the travelling block and the
crown block but rather the n + 1 since there will be reduction in the line
tension between the dead line and the nth (the last) due to the rotation of the

dead line sheave. ie. m#n rather m=n+1

APPENDIX A

The industry accepted hookload prediction is based the assumption that the
efficiency of each sheave is perfect (i.e. € = 100%) There is perfect transmission
of tension from the fast line (Ff;) to the dead line (Fy)

Fry =F, =F, =F; =+ =F, =Fy = Constant [3]
Substituting Eqn [3] into Eqn [2] gives

W=Fy+Fy+Fy+--+Fy

W =nFy [4A]
Again, substituting Eqn [4A] into Eqn [1] gives

Fqg =Fp +0nFg + Fy

From Eqn [3], Fy; = Fy . Substituting this relation into the above equation gives

Fd = Fdl + anl + Fdl

Fd = Fz(n+2) [5]
From Eqn [4A], the dead line tension is given by
Fdl = K [4B]

n

Substituting Eqn [4B] into Eqn [5] gives
Fg= = (n+2) [6]

RELATIONSHIP BETWEEN THE FAST LINE TENSION (F;;) AND THE DEAD
LINE TENSION (F;) WHEN RAISING THE BLOCK (HOISTING)

This was based on an Inactive dead line sheave and hence the dead line sheave
provides a perfect transmission of tensions .i.e. Fn = Fa

But the efficiency (e) is given by

Actual Mechanical Advantage (with friction) M,

Effici = =4
iciency (e) Ideal Mechanical Advantage (without friction) M,

Mechanical Advantage (MA) is also given by

MSc. Well Engineering Thesis, UiS (15" June, 2015) Page 148



_ Output force (Fp)

MA =
Input force (F;)
For ideal pulley without frictional losses, Fa = F1 = Fo = Fz3=F4 ....=.... Fa
F, F
= MI = —1 = £ =
Ffl Ffl
e = MA — Output force (Fp) [q]

Input force (Fy)

During hoisting, tension decrease from the fast line towards the dead line,
ie.Frp = Fy

Considering the fast line sheave in the crown block, its efficiency is given by

_ _ Output force (Fp) F,
©= " T Tt force (F) Fyy

= Fl = eFfl [Cl—l]
Similarly, the efficiency of the next sheave in the travelling block is given by

M - Output force (Fp) F,
©= Y4 = Thout force (F)  F,

= F, = eF, = e(eFy) = e?Fy, [a-2]

Also, considering the efficiency of the next sheave in the crown block gives

_ Output force (Fp) F;

e= " = Input force (F))  F,

= F; = eF, = e(e*F,) = e3Fp [a-3]
Hence, the general form of the reduction in the applied fast line tension (Fg) is
given by

E, = e"Fy [a-4]

But for Inactive dead line sheave, the tension in the dead line is the same as
the tension in the nth line supporting the hook load (w) since it is does not
rotate .i.e. Fn = Fa

= Fy = F, = e"Fy

F
= Fp=—% [7]

en
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RELATIONSHIP BETWEEN THE FAST LINE TENSION (F;) AND THE DEAD LINE
TENSION (F,) DURING LOWERING OF THE BLOCK
During lowering of the block, maximum tension occurs in the dead line (Fa)

while the fastline (Fp) records the least tension. ie Fr < Fy

Considering the dead line sheave, its efficiency is given by
_ _ Output force (Fp) F
¢= M= Input force (F))  Fy

= F = eFy

But for inactive dead line sheave, the efficiency is 100% (e =1)

= F = Fg [B-1]
Similarly, the efficiency of the next sheave in the travelling block is also given
by

_ _ Output force (Fp) F,

©= " = Thput force (F)  F,

= F, = eF; =e(Fy) = eFy [B-2]

Also, the efficiency of the next sheave in the crown block becomes,

_ _ Output force (Fp) F3

©= AT Thput force (7)) K,

= F3 = eF, = e(eFy) = e’Fy [B-3]

Hence, the tension in the nth line supporting the hook load is given by

E,=e" 'Fy [B-4]
During lowering of the block, the least line tension is the fast line and hence
the efficiency of the fast line sheave is given by

_ Output force (Fp)  Fp

e = = =
A Input force (F;) E,

Fry = eF, = e(e" 'Fy) = e" Fy = e"Fy

Ffl = eanl [8]

APPENDIX B
The Luke and Juvkam-Wold model also based their prediction on constant
sheave efficiency assumption which might not necessarily be the case.

i.e. Ffl ¢F1 in ¢F3 ¢F4, iFdl
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Luke and Juvkam-Wold modelled the hook load prediction for both non-

rotating (Inactive ) dead line sheave and rotating (Active ) dead line sheave.

A. INACTIVE DEAD LINE SHEAVE DERIVATIONS
I. HOISTING

During hoisting, maximum tension occurs in the fast line (Fy), while the

minimum tension occur in the dead line (Fy).i.e. The tension decreases from

the fast line towards the dead line, ie.Ff; = Fy

Considering the fast line sheave (First sheave in the crown block from the
direction of the drum) and from Eqn (a), its efficiency is given by

_ _ Output force (Fp) F,

©= M4 T Thput force (F) Fr

o Fy = eFy, [6-1]

Similarly, the efficiency of the next sheave in the travelling block is also given
by

_ _ Output force (Fp) F,

e= " = Input force (F)) F

= FZ = eF]_ = e(eFfl) = eZFfl [6—2]

Also, considering the efficiency of the next sheave in the crown block gives

_ _ Output force (Fp)  F3

=M= Input force (F) F,

= F; = eF, = e(e?F,) = e3F, [6-3]

(P

Hence, for “n” number of lines between the travelling block and the crown
block, the relationship between the tension in each line and the applied fast
line tension (Fy,) is given by

E, = e"Fy [6-4]
For inactive dead line sheave since it is not rotating and hence has perfect
transmission of tension (e =100%)

=>F, =Fy =e"Fp

F
Fp= - [9]

en
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From Eqn (2), the hook load is given by

W =F +F,+F;++F,

During hoisting, the relationship between the fast line (Fy;) and each of the
lines is given by Eqn (6-4) as

F, = e"F

=> W =e'Fs + e?Fy + e3Fp + e*Fp 4 - 4+ e"Fpy

W =Fylet+te?*+e’+e*+--+e")=FyS

But S=e+e?+e3+e*+--+e" is the sum of a geometric series and it is given

by the relation

_ a (1-7‘"’)
S="am
2
Where a; = the first term of the sequence =e and r = the common ratio = e: =e
_e(l—e")
- (-9
_ _ e(1-e™)
W=FuS = Fu= - [10]
_ (1-e)
Ffl_ We(l—en) [11]
Substituting Eqn (9) into Eqn (10) gives
1 1
_Fye(l—e™ e@ﬁ—D_P‘e@ﬁ—D-a
Tem (1—e) M 1-e) % (1-e) -1
e(1--m)
W = Fdl £ [12]

From Eqn (1), the derrick load is given by
Fd = Ffl + anl + Fdl

Substituting Eqn [9] and Eqn [12] into Eqn [1] gives

_ Fal e(- ein) _ 1.° (1_ ein)
F; = e_n+Fdl 1) + Fdl = Fy (e_"+W+ 1)
1
Fy = Fu = +e@_-?)+1 e 1)
a7 Tdly gn (e—1) et(e—1)
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(e—1) e” xe(l ein)_l_en(e—l)

Fa = (e — 1) en em
F Tl+1 -1 Fdl (2 1 1) -1
= —_ —_—— X —_—
4= (e - 1) (e—1) ¢ e) -1
— _Far _
Fd (- e) + Ze [13]

II) LOWERING

During lowering, maximum tension occurs in the dead line (F;) while the fast
line (Ff;) records the least tension .i.e. The tension decreases from the dead line
towards the fast line, ie. Fs; < Fy

Considering the dead line sheave (First sheave in the crown block from the
direction of the dead line anchor), Eqn (a) becomes

Output force (Fp) F
Input force (F))  Fy

e: A =

= F, =eFy

For non-rotating dead line sheave, it is assumed that there is no work done
against friction and hence the efficiency of the dead line sheave is assumed to
be 100% (e =100% = 1)

= F, =Fy [K-1]
Similarly, the efficiency of the next sheave in the travelling block is given by,

Output force (Fgp) _ F
Input force (Fy) Fy

= FZ = eF1 =e (Fdl) =e Fdl [K'Q]

e:MA:

Also, considering the efficiency of the next sheave in the crown block gives,
Output force (Fp)  F3

Input force (F)) F,

= F3 = eFZ =e (eFdl) = edel [K'S]

e = 4 =

Hence, for n number of lines between the travelling blocks and the crown
block, the general line tension reduction from the dead line towards the fast
line is given by the relation

F, = e"Fy [K-4]
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For inactive dead line sheave, during lowering the fast line is the nth (last) line
and hence the relationship between the dead line and the fast line is given by

= F, =F =e"Fy

Fp = e"Fy [14A]
From Eqn [2], the hook load (W) is given by

W=F +F,+F+-+F,

But during lowering, the relationship between the dead line (F;) and each of
the lines is given by Eqn [K-4] as

E, =e"Fy

For inactive dead line sheave F; = F; since it is not rotating and hence perfect
transmision of tension and hence the hook load (W) becomes,
W=Fy+eFy+e?Fy+e3Fy+e*Fy+-+e"Fy=Fy(1+ e+ €2+ e3+e*+..+e™)

But S=1+4 e+ e?+ e3> +e*+..+e" is the sum of a geometric series and it is

given by

_a (1-rM
$= (1-7)
Where a; = the first term of the sequence = 1 and r = the common ratio = % =e
S_l(l—e”)_ (1-e™)

- (1-e) (1-e)

(1-e")

$W=Fd15= Fdl (1—3)
W = Fy (a-e?) [15]

(1-e)
From Eqn [14A], the relationship between the the fast line and the dead line

tension can also be written as

Fy = L [14B]

en
Substituting Eqn [14B] into Eqn [15] gives
_fnd=e?)
e (1—e)

e™(1-e)

Fpo=Ww (1-e™)

[16]

From Eqn (1), the derrick load is given by
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Fd:Ffl+W+Fdl

Substituting Eqn (15) and Eqn (16) into Eqn (1) gives

_n (1-e™) _ n, (-e _ n, (-em (-e)
Fd =e Fdl + Fdl (1-0) + Fdl = Fdl (e + _(1_6) + 1) = Fdl (e + _(l—e) + 1) X 1-e)
e"(l—e)+ (1—-e™) + (1—e) Fy
F,=F — n __ n+1+1_ nyq_
a dl( 1o (1_6)(6 e e e)
F, =24 (2 — ¢ — n*1) [17]

T (1-e)

B. ACTIVE DEAD LINE SHEAVE DERIVATIONS
I. DURING HOISTING

During hoisting, maximum tension occurs in the fast line (Fy), while the
minimum tension occurs in the dead line (Fy).i.e. The tension decreases from
the fast line towards the dead line, ie.Ff; = Fy

Considering the fast line sheave (First sheave in the crown block from the
direction of the drum) and from Eqn (a), its efficiency is given by

M = Output force (Fp)  F
e= " = Input force (F,)) Fry

= Fl = eFfl [g_]‘]
Similarly, the efficiency of the next sheave in the travelling block is also given
by

_ _ Output force (Fp) F,
= M= Input force (F)) F,

= F, = eF, = e(eFy;) = e*Fy [s-2]
Also, considering the efficiency of the next sheave in the crown block gives

M - Output force (Fp) F3
=M= Input force (F)) F,

= F3 = eFZ = e(eze) = e3Ffl [g'3]

()

Hence, for “n” number of lines between the travelling block and the crown
block, the tension in the nth line (the last line to the dead line) its tension is
given by

Fy = e"Fy, [s-4]
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But for inactive dead line sheave due to rotation, there is no perfect
transmission of tension

(ie e +100% # 1) = Fdl * F4_

Finally, considering the efficiency of the deadline sheave in the crown block

gives
_ _ Output force (Fp)  Fy
°= " = Input force (F))  FE,
= F; =eF, = e(e”Fﬂ) = e™1Fy, [¢-5]
F
Fri = s [18]

From Eqn [2], the hook load is given by

W=F+F+F+-+F,

During hoisting, the relationship between the fast line (Fa) and each of the lines
is given by Eqn (6-4) as

E, = e"Fy

=>W = eFy +e*Fpy+e3Fp+ e*Fy+ -+ e Fy = F(e+e*+ed +e* + -+ ™)
But S=e+e?+e3+e*+--+e™! is the sum of a geometric series and it is

given by the relation

_a (1-rM
S="un
2
Where a; = the first term of the sequence =e and r = the common ratio = % =e
_e(l—e"
- (1-9)
W=Fs = Fy o)
I L G
_ (1—-e)
Ffl - We(l—en) [19]

Substituting Eqn [18] into Eqn [19] gives
Fa (1-e)
entl 7 o (1—em)

_Fg e (1—e™) _Fy (1-e™)

el (1—e) e (1—e)
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_ Fai (1-e™)
T en (1—e) [20]

From Eqn (1), the derrick load is given by
Fd =Ffl+W+Fdl
Substituting Eqn (20) and Eqn (18) into Eqn (1) gives

1 (1-eM e"tl(1—e)
e (1-—e) entl(1-e)

_ Fqr | Fg (1-e™) _ 1
Fy _m-'_e_"m-'_Fdl = Fy (en+1+

Fy (1—-e) e(l—e™ e™(1-e)

Fq = (e —1) ( en+1 en+l en+l )
F o= Fqp ( 1-et+e—ently e""'l—e""’z) _ Fq (1—9""'2 )
a— (1-e) en+1 - (1-e) en+1
_ Fdl l_en+2 )
Fd T (1-e) ( entl [21]

II) DURING LOWERING

During lowering, maximum tension occurs in the dead line (Fa) while the fast
line (Fq) records the least tension .i.e. The tension decreases from the dead line
towards the fast line, ie. F5; < Fy

Considering the dead line sheave (First sheave in the crown block from the
direction of the dead line anchor), Eqn (a) becomes

_ _ Output force (Fp) F
©= Y4 T Thout force (F)  Fy

= F]_ = eFdl [Y—].]

For rotating dead line sheave, due to its rotation its efficiency less than 100%
(e # 100%)
= Fl * Fdl

Similarly, the efficiency of the next sheave in the travelling block is given by,

e= M, = Output force (Fo) _ F,
- 4 = Input force (Fy) - Fy

= Fz = eF]_ =e (eFdl) = edel [Y— 2]
Also, considering the efficiency of the next sheave in the crown block gives,

B _ Output force (Fp) F;
€= M= Input force (F)) F,

= F3 = er =e (edel) = e3Fdl [Y —3]
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()

Hence, for “n” number of lines between the travelling block and the crown

block, the tension in the nth line (the last line to the fast line) its tension is

given by
Fy = e"Fy [Y - 4]
Finally, considering the efficiency of the fast line sheave in the crown block is
given by,
o= _ Output force (Fp)  Fp

=M, = = 1

Input force (Fy) E,
= Fp = eF, = e (e"Fy) = e 'Fy
Fr = e™1Fy [22]
From Eqn [2], the hook load (W) is given by
W=F+F+F+--+EF
But during lowering, the relationship between the dead line (F;) and each of
the lines is given by Eqn [Y — 4] as
E, =e"Fy
For active dead line sheave F; # F; since it is rotating resulting in imperfect
transmision of tension and hence the hook load (W) becomes,
W =eFy +e%Fy +e3Fy +e*Fy+ -+ e"Fy =Fy (e+ e?+ e +e*+..e™ +e™tl)
But S= e+ e?+ e3+e*+..+e™ + e™*! is the sum of a geometric series and it is
given by

_a (1-rM

@a-n

2

Where a; = the first term of the sequence = e and r = the common ratio = e? =e

e(l—e"
s_e-en

(I-e)
e(l1—e")
ﬁW:FdlS Fdl (1_ e)
e(1-e™)

W = Fdl [23]

From Eqn [22], the relationship between the the fast line and the dead line

tension can be re- written as
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Fy = -2 [22B]

prrey
Substituting Eqn [22B] into Eqn [23] gives
_ Ffl e(l—e")
T oen+tl (1—e)

e™t(1-e) We"(l— e)

Frf=W =
It e(1—em) (1—en)
_ e"(1—-e)
Ffl = W [24]
From Eqn [1], the derrick load is given by
Fd :Ffl+W+Fdl
Substituting Eqn [23] and Eqn [22] into Eqn [1] gives
e(l—e™) e(1—-eM) (1-e)
F=n+1F Fy— F, =F n+1 -~ 7 1) —=
a=¢e ar t Far ) + Fap dl<e + D) + )
Fap
Fy=—2—(e™1 (1~ 1—e™+(1-
p (1_6)(6 (1-e)+e(l—e™+(1-e)
Fap Fap
F, = n+1 _ ,n+2 _ pn+1 1-— — 1-— n+2
d (1_6)(e e +e—e" + e) (1—e)( e™<)
_pn+2
Fqg = Fg (™) [25]

(1-e)

APPENDIX C

I. HOISTING
From figure (27), the net torque on the dead line sheave (sheave A) in the crown

block is given by Eqn [H-3B;] as

For F; > Fyg

1y (Fy = Fa) = pata(Mpg — 2Am1p* @%cpy + Fi + Fy) = + lagy

Ty F1 — 1y Fgp — Mpglaty + 22T UaTq @ cp1 — HaTaF1 — MaTaFa = Tcp:
Ty Fy = faTaFy — Mpglala + 2Am7n° fala @%cpr — HaTaFar — Ty Fy = Ty

Fl (rb - ﬂara) —MpgUaTa + 2A_mrbz UaTy d)zcbl - Fdl (.uara + rb) = Iacbl
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1

Fi=— -
YTy — per) 1

(Iacbl + Fdl(.uara + rb) - 21mrb .uara cbl + mpg.uara)

F1 (llara_r ) (Iacbl + Fdl (.uara + T'b) - 2/1mrb ‘LlaT'a Cbl + mpg‘ua-ra) [Y-].A]

For simplicity, let x = y v, —1pand y = v, +1p

Substituting the x and y into the Eqn [y-1A] gives

F = %(lacm + Fyy — 22mTp? faTa O cpr + MpglaTy) [v-1B]
Similarly considering the net torque in the next sheave (sheave B) in the
travelling block, Eqn [H-4B] becomes

For F, > F;

mp (F; — Fp) — ﬂara(mpa_mpg — 2AnTp? @Pepy + By + Fl) = —lap

Ty Fy — 1y Fy — MypapaTy + MypGaTy + 2dimTy? flaTy 0 i1 — HaTaFy — taTaFi = Iy,

Ty Fy = paTaFy — Mypapaly + MpgpiaTa + 20m1p el @%p1 — UaTaF1 — Ty Fy = =ty

F, = ;__1(_10—’1:1;1 + My ATy — MpGlala = 2AmTn el @%ep1 + Fi(aTy + T ))
(rp — HaTa) —1 P P

F, = m( Apr — MypAptaTy — Fy(RaTy + 1) + 24T % UaTy @%epr + Mpguaty) [V-24]

For simplicity, let x = y,r, — 1, and y = u,1, + 1, and substituting them into the

above equation gives

Fy =~ (1 — myiaty — Fry + 22ty MaTa @%ep1 + My gitaTs) [v-2B]
Substitute Eqn [y-1B] into Eqn [y-2B]| gives

F, = i(latbl —myapgt, + {%( [acys + Fary — 24m1p% Paly @2 cpy + Mypgpats)} +
ZEmeZﬂara W% p1 + mpg.uara)

Multiply through the equation by 5 gives

F, = xiz(latblx —myapaax + y(1aeps + Fary — 2Am1p? Haly @2 cpr + Mpgpaty) +
2Am T taTa @ p1X + MpglaTaX)

Fy = = (1@ = mpaparaX + Iacpy + Fay? = 2Anmy? pata 0% cpry + mpgiartay +

2/Tm‘rbzlia‘ra d)ztblx + mpg.uarax)
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1 T . .
F, = x—z(—mpaﬂarax + I(@cp1y + ap1x) + Fgy? + 2A,1% oty (0% cp1y + @ p1X) +

My Ghata(y + %)) [y-2C]
Considering the net torque in the next sheave (sheave C) in the crown block,
Eqn [H-3B1] becomes

F; > F,

m, (F3 — F) — ﬂara(mpg - 2/Tm"b2 d)zcbz +F; + Fz) =+ lag,

1y F3 — 1, F—myuguaty + Z/Tmrbz.uara d)zcbz — UaTaF3 — UaTaFy = lagy,

Tp F3 - .uaraFB —MpgUata + 2A_mrbzllara d)zcbz - .uaraFZ —Tp F2 = Iacbz

1 -1 = .
o= m—_l ( Tacy, + Fo(taTy + 1) = 24T UaTy @%cpy + mpg”ara)
_1 I .
F3 - m ( Iacbz + FZ (.uara + rb) - 2/1mrb2llara C’)26192 + mpg'uara) [V_BA]

For simplicity, substituting x = u,r, — 1, and y = u,r, +r, into Eqn [y-3A] gives
F3 = _71( [acps + Foy — 22T faTy @2y + mpg.uara) [v-3B]
Substitute Eqn [y-2C] into Eqn [y-3B] gives

F3; = _71( lagy, + {;—2 (_mpa.uarax + (@cpry + Ap1X) + Fapy? + 22752 gl (—02cp1y +
D21 %) + My GiaTa(y + )} = 2An1s 2T @%apz + My GHaTs )

Multiply through the above equation by z—z gives

F3 = ;_;( Iacp,x? + y(_mpa:uarax + [(@cpry + Ap1X) + Fyy?® + 2212 paty (—0? pry +
@ p1%) + My GlaTa(V + X)) = 20mTy taTa @ cp2X? + MpgHaTax?)

F3; = ;—31( [acpox* — mypaparaxy + 1(@ep1y? + ap1xy) + Fuy® + 24,102 paty (—@0%cp1y? +

d)ztblxy) + mpguara(yz + xy) - 2A_m‘r'bzlv‘a‘ra a’)zcbzx2 + mpg:uaraxz)

F3 ==

_1 3 .
F(_mpaﬂaraxy + I(acbly2 + Atp1 XYy + acbzxz) + Fdly3 + 2Amrbz UaTy (_wzcblyz +

0% 11Xy — @%cpX?) + MpGaTa(V? +xy +x7)) [y- 3C]
Similarly considering the net torque in the next sheave (sheave D) in the

travelling block, Eqn [H-4B] becomes
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For F, > F;

Tp (F4 - FS) - Uara(mpa_mpg - 2A_mrbz @thz +Fy + F3) = —lap,

Ty Fy — 1y F3 — MmyAllaTy + MmpGhala + 2A_mrbzlvlara d)ztbz — UaTaFy — PaTaF3 = — Iy
F4(rb - ,uara) —MyalgTy + MmygUaTa + 2/Tmrbzﬂara d)ztbz - F3(.uara + Tb) = - Iatbz
1 -1
F4 =~ ( Iatbz + mpa/vtara + F3 (/Jara + rb) 2/’lmrb UaTq w th2 — mpg:uara)
(rp — MaTa) —1
F4 m (Iatbz myaigty — F3 (.uara + rb) + 2/Tmrbzl"ara C':)thz + mpg.uara)

[y- 4A]

For simplicity, substituting x = u,r, — 1, and y = u,r, +r, into Eqn [y-4A] gives
F, = %(Iatbz — MpaUaTy — F3y + Z/Tmrbzluara d’ztbz + mpg:uara) [y-4B]|
Substitute Eqn [y-3C] into Eqn [y-4B]| gives

Fy = %(Iatbz — MpAaTy + {;_3 (=mpaparaxy + (@cp1y? + Qpp1Xy + aeprx?) + Fyy® +
201y’ HaTa (@0 cp1¥? + @2 ep1 Xy — @2 cppx?) + Mpgpata (V? +xy + 7))} +

2T T @%epz + MpGhaTs)

Multiply through the above equation by z—z gives

Fy = x% (Taepyx® = mypaparax® + {y(—=mpauaraxy + 1(@cp1y? + agpixy + acpx?) +

Fay® + 2212 aTa (0% 1y + @2 p1xy — @2 cppx?) + mpguara(y? +xy +x%))} +
2dmTp  laTy @%ppx® + mpg.uaraxB)

F, = x%(_mpauara(xyz +x3) + I(acb1y3 + atblxyz + acbzxzy + atb2x3) + Fally4 +
2AmTp? PaTy (—@%cp1Y3 + 0% p1xY? — @2 cpaX®y + 02 px3) + myguara(v3 +xy? +

x%y + x%)) [y-4C]

(P

Hence for “n” number of lines between the crown block and the travelling
block, the general relation for the increase in the line tension from the dead

line (Fy;) towards the fast line (Fy;) during hoisting is given by
_\N
Fn = (71) (_mpa#ara(z:};:lek Lyns Zk) + I(Zq B a1+kyq_kxk) + Fdlyn +

meUara(Zq B q K k) + 2/1mrb ."lara{zq o 1( 1)k+1d)2(k+1)yq_kxk}) [Y'SA]
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where

q = n-1 (i.e. the number of supporting lines minus 1)

r = the number of travelling block sheave between the dead line and the line of
interest.

Wk+1) and a4 are the numbering of the angular velocity and the angular
acceleration of each sheave from the dead line sheave in the crown block

through the travelling block sheave as illustrated in figure (27)

LOWERING

During lowering, the line tension decreases from the dead line towards the fast
line.

Considering the dead line sheave (sheave A) in the crown block, the net the
torque is given by Eqn [H-3C1] as

For Fy > F

1 (Fg —Fp) + #ara(—mpg + 2Am1p* @2 cp1 — Fyy — F1) = —lacy

Tp Fdl —Tp Fl_mpg.uara + 2/Tmrbzllara d)zcbl - Fdl.uara - Fl.uara = _Iacbl
_Fl(:uara +1p )_mpg:uara + ZA_mezluara (bzcbl - Fdl(.uara - Tb) = _Iacbl
-1 T .
F = m (_Iacbl + Fy (.uara - Tb) - 2/1m7'b2#a7ﬂa wzcbl + mpg.uara) [6'1A]

For simplicity, let x = p,r, —rpand y = ugr, + 1y

F = %(—Iacm + Fyx — 2AmTp 2 paTy @2 cpy + mpg:uara) [6-1B]
Similarly considering the net torque in the next sheave (sheave B) in the
travelling block is given by Eqn [H-4C]| as

For F; > F,

1y (F1 = F5) = figTa(=mpa — (Mpg + 24n1° 041 — Fy — F2)) = + lagy,

Ty F1 — 1pFy + mpapar, + myguat, + 22mTp? HaTa®?ip1 — FillaTa — FalaTa = Tatey,
~FyltaTy = TpFy + MyaptaTy + MyGHaTa + 22ms? fala®? o1 + Ty Fy — Fiflaly = Ity

_Fz(ﬂara + rb) = Iatbl —MpAlgTy + Fl(.uara - rb) —MpgUgta — 2):mrbz .uarad)ztbl
_ -1
N (Harat Tph)

FZ (Iatbl - mpaﬂara + Fl(."lara - rb) - mpguara - Z/Tmrb2 .uarad)ztbl)
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_ 1
(Harat Tp)

F; (= Tawy + mpapary = Fi(aTa = 1p) + MpGliaTa + 2AmTp? HaTa®?ep1)
[6-2A]

For simplicity, let x = u v, —1pand y = par, +1p

F, = %(— lag, + mpap,ty — Fyx + myguaty + 2212 faTa®?p1) [6-2B]
Substituting Eqn [6-1B| into Eqn [6-2B] gives

1 X T .
FZ = ; (_ Iatbl + myapaTy + {; (_Iacbl + Fdlx - 2/1m7ﬂb2.u¢7t7ﬂa (‘)Zcbl + mpg.uara)} +

mpg#ara + 2/Tmrb2 .uarad)ztbl)
Multiply through the above equation by % gives

1 T .
F, = v (_ lag,y + myap,1,y + x(_lacbl + Fgix — ZAmezﬂaTa (‘)Zcbl + mpgﬂara) +
myghaTay + 2/Tmrb2 ﬂarad)ztbly)

1 T .
F, = ﬁ(_ lapy + myapgtyy — lacpx + Fdlx2 - 2/1mrbzﬂara (‘)Zcblx + My gUaTeX +
mpg.uaray + 2/]:mrbz .uarad)ztbly)

1 T . .
FZ = ﬁ(mpa#aray - I(acblx + atbly) + Fdlx2 + ZﬂmezﬂaTa (_wzcblx + (‘)thl:)’) +
mpg.uara(x + y)) [6'201
Similarly considering the net torque in the next sheave (sheave C) in the crown
block is given by Eqn [H-3C4] as
For F, > F;

Ty (FZ - F3 ) + .uara(_mpg + 2)-_mrbz d)zcbz - FZ - F3) = _Iacbz

pFy =1y F3_mpgﬂara + 2)-_mrbz.uara d)zcbz — Fopaty — F3flaTa = —lacp;
_F3 (Uara + 75 )_mpguara + 2A_mrbzﬂara d)zcbz + FZ (Tb - .uara) = _Iacbz
-1 = .
F3 = m(_lacbz + FZ (.uara - rb) - 2/1mrb2.uara wzcbz + mpg.uara) [6'3A]

For simplicity, let x = uar, —1mpand y = par, +1p

1 'y .
F3 = ;m (_Iacbz + Fpx = 2AmTp* taTy @ cpz + mngara) [6-3B]

Substitute Eqn [6-2C] into Eqn [6-3B] gives
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_1 I .
F3 = 7(_10(0132 + {3% (mpa.uaray - I(acblx + atbly) + Fdlx2 + 2/’lmrbz:uara (_wzcblx +
d)ztb1Y) + mpg.uara(x + y))} - 2Zmrbzlvlara d)zcbz + mpg:uara)
2
Multiply through the above equation by % gives
_1 - .
F3 = F(_Iacbzyz + {x(mpaﬂaray - I(acblx + atbly) + Fdlx2 + 2/11‘r17'b2.ua7‘¢7t (_wzcblx +

d)ztb1Y) + mpg.uara(x + y))} - 2Zmrbzlvlara d)zcbzyz + mpg:uarayz)

_1 5 .
F3 = F(mpa.uarayx - I(Ofcblx2 + Ap1YX + acbzyz) + Fdlx3 + Zlmrbz.uara (_C’)Zcblx2 +

W2 p1yx — @2 paY?) + My gpaTa(x? + xy + y?)) [6-3C]

Considering the net torque in the next sheave (sheave D) in the travelling block,
Eqn [H-4C]| becomes

For F; > F,

1y (F3 — F) = taTa(=mpa — (Mpg + 2Am1y? @%epy — F3 — F})) = + [y,

Ty F3 — 1, Fy + MypQuualy + Mpglialy + 2407 ° UaTa @2 thy — HaTaFs — HaTaFs = Iy,

_F4(#ara + rb) + myAllaTq + MmpGUlaTa + 2/Tmrbzllara d)ztbz + F3 (Tb - /’Lara) = Iatbz

F4 = m ( Iatbz —MyalgTy + F3 (,uara - Tb) - 2/Tmrbzﬂara d)ztbz - mpg.uara)
1 T .

F4 = m (_ Iatbz + myailaTq — F3 (.uara - Tb) + 2/1mrb2/"ara wztbz + mpg.uara)

[6-4A]

For simplicity, let x = ugr, —1mpand y = pgr, +1p

1 T .
F4 = ;(_ Iatbz + myailqTa — F3x + 2)-mrbz.uara G)thz + mpg.uara) [6_4B]
Substitute Eqn [6-3C] into Eqn [6-4B] gives

1 X
F4 = ;(_ Iatbz + myallaTy + {F (mpa.uarayx - I(a{cblx2 + apryx + acbzyz) + Fdlx3 +

szrbzuara (_(Ji)zcblx2 + d)ztblyx - d)zcbez) + mpg.uara(xz + Xy + yZ))} +

2/Tm‘rbzlia‘ra d)ztbz + mpg.uara)

Multiply through the above equation by i—z gives
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1
F4 = 37 (_ I‘thzy3 + Tnpa/vlaray3 +Xx (mpa/vtarayx - I(acblx2 + Atp1YX + acbzyz) +
Fdlx3 + 22'_m‘r'bzlua‘ra (_(‘.)Zcblx2 + (’:)thlyx - d)zcbzyz) + n‘lp.g.uara(x2 + Xy + yZ)) +

22'_m‘r'bzlua‘ra d)ztbzy3 + mpg.uaray3)

1
Fy = F (mpaﬂara(yxz + )’3) - I(acb1X3 + atblyxz + acbzyzx + atb2y3) + Fdlx4 +

2/Tmrbzﬂara (_wzcble + d)ztblyxz - d)zcbzyzx + d)ztbzy3) + mpg.uara(x3 + xzy + xyz +
y*) [6-4C]
Hence for “n” number of lines between the crown block and the travelling
block, the general relation for the line tension reduction is given by

F, =
-1\" _
()" (mpastama (B v 725) — 1(EIZ0 ™ gy + Fyg™ +

mpgttata(Cizo  XTFYF) + 22mm 2 uara{ Zi20 T (=1 0% oy xR YY) [6-5A]
Where

q = n-1 (i.e. the number of supporting lines minus 1)

r = the number of travelling block sheave between the fast line and the line of
interest

Wes1) and a4y represent the numbering of the angular velocity and the
angular acceleration of each sheave from the dead line sheave in the crown

block through the travelling block sheave as illustrated in figure (29).
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APPENDIX D

Below are some of the calculations performed during hoisting for some of the

extended models.

01 1] 1] 0] E00| 64203563 1327.715 20613365 2844 877267 2844 87727 2844 BTT26T 1]
0.2 0 0 0] 700| 745.95213| 1548.88| 24046514 3318.765297[ 3318.7653 3318. 765297 0
0.3 1] 1] 0] 800| 855.84873| 1770.045) 2747566 3792 B53328| 379265333 3732 653328 1]
0.4 0 0 0] 900| 962.74523|  1391.21] 3031.2506 4266541358 426654136 4266.541358 0
05 1] 1] 0] 1000| 1063.6415| 2212376 3434.55352 4740.4233858) 4740.42333 4740423358 1]
0.6 0 0 0] 1100 176.5354| 2433541 3777.9035 S214.317413 5214.531742 5214317413 0
07 1] 1] 0] 1200] 1283.4343| 2654.706) 41212245 5688 205443| 568820545 SE&8 205443 1]
0.8 0 0 0] 1300] 1390.3315| 2875.872 44645391 6162.093473( 6162.03348 £162.033473 0
0.3 1] 1] 0] 1400] 1437225 3097.037 4807.8537 BE35.98151) BA35.58151 BB35.98151 1]
1 0 0 0] 1500] 160471246 3318.202( 51511683 T103.86954| T109.86354 109, 86354 0
11 1] 1] 0] 1600 17H.021| 3533.367 5454.45823 TS583.75757| 7563.75757 TEE3.7STST 1]
12 0 0 0] 1800] 1924.843| 3381635 6181121 8531.533631) 853153363 853153363 0
13 1] 1] 0] 1300] 20317105 4202883 B524.4267 3005.421661) 005,42 166 3005421661 1]
14 0 0 0] 2000| 2138.6074| 4424.023| BEET.TH3 9479.303632) 3473.30363 3473.309632 0

01 om0 0.5 600[ 642.05563) 1326.951) 20613365 2093.316536( 2705.38052 2705.380517 4.90343648
0z 003 015 05] 700| 745.95215| 1548.113| 2404.6302 3317.13392) 1562119 S156.211857 4.8560083
0.3 00s 0z 0.5 ©00[ 855.84873) TrE9.273) 27479155 3730923045 36070633 3607.0M633 4.834645553
04 01 0.25 05] 9500] 562 74523| 1330.432| 30911325 4264 65391 4057. 79333 4057793335 4. 832660013
0.5 015 03 0.5 1000 1083643  Z2M53] 3434481 4738.416513) 4508.54471 4508.544 712 4.831638651
06 021 035 05] T00] NM7E.5354| 2432.746) 377v.7212 5212120865 4953 265854 4355268541 4.831318583
0.7 023 04 0.5 1200( 1283.4343) 2853901 420,973 SB85.736353| 5403.96548 5409.965483 4.891524548
08 (.36 0.45 05] 1300] 13903315 2675.055| 4464.2165 6159.444731| 586063554 S560.635537 4.892135171
0.3 045 05 0.5 100[ M37.223) 3036.207) 46074516 BE33.064364)  B3N.27ET B3M.278703 4.833063764
1 055 0.55 0.5] 1500] 16041246 3317.358) 5150.6753 TI06.655673) BYE183435 G761.634351 4.633246746
11 086 06 0.5 1800[ 171021 3535507 5433.8367 TSE0.215735[ 721248437 T212.484372 4.835636423
12 075 0.65 05] 1500] 19245143 3980.521 61804212 8527.641562] 8113.94547 G113.945475 4. 834643501
13 03 ox 0.5 1900 20317103) d4201957) B523.6228 3001.148101| 8564.48103 8564.48103 4.836330066
14 105 075 05] 2000) 2135.6074| 4423112| BEEG.E161 5474.626351) 901495352 3014, 553817 4.85524565

01 0 0 0 500 00 00 00 00 2400 2400 0
0.2 0 0 0 00 700 700 700 700 2500 2800 0
0.3 0 0 0 500 500 00 500 500 3200 3200 0
0.4 0 0 0 300 300 300 300 300 3600 3600 0
0.5 0 0 0 1000)  1000) 1000 1000 1000 4000 4000 0
0.6 0 0 0 ] 100 00 oo 1100 4400 4400 0
0.7 0 0 0 12000  1200) 1200  1200) 1200 4500 4800 0
0.8 0 0 0 13000  1300) 13000  1300) 1300 5200 5200 0
0.3 0 0 0 1400)  1400) 1400  1400) 1400 5600 5600 0
1 0 0 0 1500]  1500) 15000 1500 1500 G000 5000 0
11 0 0 0 1600  1600) 1600 1600 1600 6400 5400 0
12 0 0 0 1800]  1800) 1800  1800) 1500 T200 200 0
13 0 0 0 1300]  1300) 1300 1300) 1300 TRO0 TR0 0
14 0 0 0 2000f 2000f 2000] 2000[ 2000 5000 5000 0

01 0.01 01 0.5 600 500 600 500 500 2400 2283.570316 4.851236823
0z 0.03 015 0s F00 0 700 700 00 2800 2664, 165369 4 851236523
0.3 0.06 0.2 05 800 800 500 800 800 3200 3044. 760422 4.851236823
0.4 0.1 0.25 0s 300 300 300 300 300 3600 3425 355474 4 851236523
0.5 0.15 0.3 05 000]  1000[  1000]  1000[ 1000 4000 3805950527 4.851236823
0.6 0.1 0.35 0s 1100 a0 100 1100 o0 4400 4156 54558 4 851236523
0.7 0.25 0.4 05 12000  1200[  1200] 1200[ 1200 4500 4567, 140633 4.851236823
0.8 0.36 045 05 1300 1300 1300 1300 1300 5200 4347 7356565 4 851236523
0.3 045 05 0.5 1400  1400[  1400]  1400[ 1400 S600 5328.330738 d4.851236823

1 0.55 0.55 05 1500 1500 1500 1500 1500 G000 S708.925731 4. 851236523
11 0.66 0.6 0.5 1600] 1600[  1600)  1600[ 1600 G400 5053.520843 d4.851236823
12 0,78 065 05 1800 1800 1500 1500 1500 7200 6550.710343 4. 851236523
13 0.3 07 05 13000  1300[  1300{  1300[ 1300 TR00 1231306001 4851236823
14 105 075 0s 2000) 2000) 20000 2000 2000 8000 611301054 4.851236823
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Below are some of the calculations performed during lowering for some of the

extended models.

01 i i 0] BOO| SE0BST|  1085.V7B236| 1574.333631 2035971784 2035971784 2035371784 I
i i i 0] 700] 654.208(  126B.837ES) 1833312032 2375.48545 2375.48545 237548545 1
03 i i 0] BOO] 747754 W4T.833034) 2102 240434 £TH.333115 2714333115 71433315 1
04 i i 0] 900 B41308]  16526.960473) 2365.168535 3054512781 3054512781 3054512781 0
05 i i 0] 1000] 534851  18I0.0ZM6T3) 2626097236 3334026447 3334026447 3334026447 0
0 i i 0] 100 i0z8d|  1951083267) 2891029637 IT33.54012 3733.540112 JT33.540M2 I
07 i i 0] fe00] 12185  2fv2ddecz) 3103354033 4073053778 4073.053778 4073053778 I
ik i i 0] 1300 12155 Z353206056) 3416.a524d 4412 567ddd 4412.567ddd 4412567444 1
0.3 i i 0] M00) 130904 2534267451 36TAGINGH 4752061109 4752,081109 4752081103 0
1 i i 0] 1500) 140253  2715.328A45) 3342 733242 5031534775 5031.534775 5031534775 0
11 i i 0] T600] W36 M| 2896.330233) 4705867643 543110844 543110844 543110844 0
12 i i 0] 1800] 168324  325851302B) 4731S2ddde GH0.135772 GH0.135772 B10.135772 I
13 i i 0] 1900] 177673 3433574422) 4394.452847 £443.643437 f443.643437 £443.643437 1
14 i i 0] 2000) 167035  3820.535A17) 5257.304d G783.63103 G783.63103 5783.16303 I

01 il 01 05| BOD| S0657|  10B5.0B7048) 1576509359 2034701302 2143576377 23376377 5.30484 7234
i 003 JIR5] 05| 700 B54.208|  1266.139665) 1633456357 2374.27364 2501730313 2501730313 5311036234
03 .06 0.2 05|  BOD| 7d77od|  MW4TISTETI] 2024124 2713880608 205563146 Z850.631446 53073333
04 01 025 05 500] 841303  1628.26478| 2365375009 3053507504 3217436556 3217436556 5.335300308
05 01 03 05| 1000] 934851  1803.333271) 2625345033 33336023 3575.392251 3575.332751 5.343676507
0 02 0.3 05| 10D 10284  1990.403052) 2831323TH 3732837585 3333312529 3333312529 5.35075052
07 .28 04 05| 1200 m2195)  2174Tdiad) 3154309957 4072 540768 4231259332 4231259332 5.35729764
ik .36 043 05| 1300] 12B5|  Z352 SdBdan| 3417303057 4412, 260851 4643.232830 4643.232830 5.363433719
0.3 0.45 05 05 1400 130304 2533620133) 3680.304216 4752 022223 5007.232563 5007.232569 5.363263573
1 .55 055 05| 1500] M0253)  274.635087) 3343.313033 5031800735 5365.253484 5365.253484 5.374832554
11 (.66 0 05| T60D| M3614| 2895771515 4206323509 5431604535 5723312683 5723 312683 5.38019532
12 .78 085 05| 100] f68324)  3257.90232) 4732282045 G110.34723 5435133348 6439133348 5.384564078
13 03 07 05| 1900] TRTETS| 3436 383046| 4995313833 £430.501548 79724631 G737, 246314 5383391787
14 105 07 05 2000] 19v033]  3620.06315) 5258.353231 5730661036 7195373265 T195.373265 5.33¢126213

01 1] 1] 0| 600 GOO| G00) 600/ GO0 2400 2400 1]
0.2 0 0 0| 00| 00| ¥OO| voo| voo 2800 2800 0
0.3 0 1] 0| 600 600 BO0) 800/ 60O 3200 3200 0
0.4 1] 1] 0| 900] 900) 35000 500/ 500 3600 3600 1]
0.5 0 0 0] 1000] 1000) 1000)1000) 1000 4000 4000 0
0.6 0 1] 0| 1100] 1100] 1100) 1900 1100 4400 4400 0
0.7 0 ] 0] 1200] 1200] 120001200 1200 4500 4800 0
0.8 0 0 0] 1300] 1300] 1300)1300) 1300 5200 5200 0
0.9 1] 1] 0] 1400] 1400] 1400|1400 1400 5600 5600 0

1 0 ] 0] 1500] 1500] 150001500 1500 5000 G000 0
11 1] 1] 0| 1600] 1600) 1500016000 1600 5400 5400 1]
12 0 0 0| 1500] 1500) 1500)1800) 1500 7200 ] 0
13 0 ] 0] 1300] 1300] 130001300 1300 TEO0 TRO0 0
14 1] 1] 0] 2000) 2000| 2000| ###| 2000 5000 8000 1

0.1 0.0 01 05 G00| &O0| 00| 600 600 2400 2528.340053 5372502458
0.2 0.03 0.15 05 TFO00[ 7OO[ VOO YOO F00 2800 2950.4:30069 5372502458
0.3 0.06 0z 05 500| &00| &00| 800 500 3200 3371920073 5372502458
0.4 0.1 0.25 0.5 300] 300] 300{ 300 300 3600 3733410055 5.372502458
0.5 015 03 0.5) 1000] 1000{ 1000[1000] 1000 4000 4214.300033 5372502458
0.6 0.1 0.35 05| 100] 100f 700[ 1100] 100 4400 4536330108 5372502458
0.7 0,23 0.4 05| 1200 1200{ 1200(1200] 1200 4300 S057.550115 5.372502458
0.5 0.36 0.45 05 1300 1300{ 1300(1300] 1300 5200 5479370128 5372502458
0.3 0.45 0.5 05| 1400{ 1400| 1400(1400( 1400 5600 5300.560135 5372502455

1 0.55 0.55 0.5 1500] 1500{ 1500(1500) 1500 G000 6322 350147 5372502458
11 066 06 05 1600] 1600{ 1800[1600] 1600 5400 E743.540157 5372502458
12 0.78 0.65 05| 1800| 1800 1800(1300( 1500 7200 TSEE.820177 5372502458
13 0.9 or 05| 1300 1300 1300(1300] 1300 7600 8008.310157 5372502458
14 105 075 0.5 2000| 2000| 2000 ###| 2000 5000 §429.500137 5372502458
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