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ABSTRACT

In this study, a 1-D transient state mechanistic model of cuttings transport with foam
in inclined wells has been developed; The model was solved numerically to predict
the optimum foam flow rate (liquid and gas rate) and rheological properties that

would maximize cuttings transport efficiency in inclined well.

The model predictions of total pressure drops were compared to the results from full
scale low pressure ambient temperature flow loop experiments conducted by Tulsa
University Drilling Research program. The model predictions of total pressure drop

were 4 to 21 % lower than the experimental result.

A detailed sensitivity analysis of the effect of gas and liquid flowing rates, drilling
rate, foam rheological properties, borehole geometry, wellbore inclination, back
pressure and the rate of gas and liquid influx from the reservoir on the cuttings

transport efficiency in inclined wells was presented.
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NOMENCLATURE

A Cross-sectional area, ft?
As Characteristic area of cuttings, ft?
C  Volumetric concentration, dimensionless
Cp Drag coefficient, dimensionless
C. Lift coefficient, dimensionless
Cs  Foam concentration in lower layer, dimensiqnless
Csior G, Solid concentration in lower layer, dimensionless
CBHP Circulating bottom hole pressure (psia)
d Diameter, ft
D Diameter of pipe, ft
Dy Hydraulic diameter, ft
D, Diameter of outer pipe, ft
'D; Hydraulic diameter, ft
f Friction factor, dimensionless
F bForce, Ibft/sec?

Fpg Drag force on suspended solids, Ibft/sec?
Fps Drag force on foam, Ibft/sec?

FGs Gravity force on suspended solids, Ibft/sec
FGs Gravity force on foam, Ibft/sec’

Fprs  Pressure force on suspended solids, Tbft/sec’

Fprf Pressure force on foam, Ibft/sec?
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Fg.w Shear force due to contact of suspended solids with wellbore, Ibft/sec’
Ff.y Shear force due to contact of foam with wellbore, Ibft/sec?

Fg.w Shear force due to contact of cuttings bed with wellbore, Ibft/sec’

Fp-2 Shear force due to contact of cuttings bed with the upper layer, Ibft/sec?
Fent-Bs Force due to entrainment of solids from upper to lower layer, Ibft/sec”
Fepnt-Bf Force due to entrainment of foam from upper to lower layer, Ibft/sec
Fent-s Force due to entrainment of solids from lower to upper layer, Ibft/sec’
Fent-f Force due to entrainment of foam from lower to upper layer, Ibft/sec’
Fpep-s Force due to deposition of solids from upper to lower layer, Ibft/sec’
Fpep-f Force due to deposition of foam from upper to ylower layer, Ibft/sec’
Fpep-Bs Force due to deposition of solids from upper to lower layer, Ibft/sec?
2

Fpep-Bf Force due to entrainment of foam from upper to lower layer, Ibft/sec

g Acceleration of gravity, ft/sec’

g. Newton’s law conversion factor, ft-Ibm/Ibf-sec’
K  Consistency index, Ibf-sec"/ft*

L  Distance from center of pipe to center of hole, ft
m  Mass flow rate, Ibm/sec

N Total number of particles in the control volume

n Flow behaviour index, dimensionless

Ny, (n,k) Modified Reynolds number for laminar flow in annulus, dimensionless

N N Modified Reynolds number, dimensionless

P Pressure in wellbore, psia
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P, Back pressure, psia
Py, Bottomhole pressure, psia

PI  Specific productivity index, ft*/(psi.sec)

AP Pressure drop, psia

AP, Parasitic preSsure loss, psia

AP, Pressure drop across the ‘bit, psia
Flow rate, ft’/sec

Q Flow rate, ft*/sec

r Radius, ft

Re Reynolds number, dimensionless

ROP Rate of Penetration, ft/hr

S Mass source term, Ibm/(sec-ft3)

sf  Source term of foam, Ibm/(sec-ft3)

sg  Source term of gas influx, Ibm/(sec-ft3 )

So  Source term of oil influx, Ibm/(sec-ft3)

Sw ‘Sourcebterm of water influx, Ibm/(sec-ft*)

S Wetted perimeter, ft

Stw Total wetted perimeter of foam with pipe and well of wellbore, ft
Ssw Total wetted perimeter of suspended solids with pipe and well of wellbore, ft
Sg.w Total wetted perimeter of bed with pipe and well of wellbore, ft
S; Length of interface between Layers, ft

AS Length of control volume, ft

t Time, sec.
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VD
VE

Vi

H,
M,

Hy

Velocity, ft/s
Critical deposition velocity, ft/sec

Volume-average velocity, ft/s

Mass average velocity, ft/s

Volume, ft*

Depositional velocity, ft/sec.

Entrainment velocity, ft/sec.

Terminal settling velocity of solids, ft/sec

Coefficient used in critical velocity correlation, dimensionless
Distance between the bottom of outer and inner pipes, ft
Gas deviation factor

Coefficient accounting for drag force, 1bm/(sec-ft%)
Optimum gas liquid ratio, dimensionless

Well inclination from the vertical, degree
Cutting angle of repose, degree

Eccentricity, dimensionless

Shear rate, 1/s
Viscosity of foam, cp
Apparent viscosity, cp
Effective viscosity, cp
Plastic viscosity, cp

Foam quality, dimensionless
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p  Density, Ibm/ft’

p  Bulk density, Ibm/ft’

7,  Yield strength, psia
7 Shear stress, psia
7,, Shear stress at the wall, psia

v Particle sphericity

Subscripts

1, B bed/lower layer

2 upper layer

an wellbore annulus

b  condition at the choke

B-i interface between bed and upper layer
bh bottomhole

dp drill pipe

f  foam

f-w foam-wellbore interface

g gas
h  hole
i interface between the upper and lower layer

I number of computational cell
In injection

1 liquid phase
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nozz bit nozzle

N last control cell

p  particle

re  reservoir

s solids

sc  surface condition.
t total

w wellbore
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CHAPTER 1
INTRODUCTION

1.1 Overview
Underbalanced drilling (UBD) refers to a drilling operation where the circulating

bottomhole pressure is less than the formation pressure.

Underbalanced drilling operation is generally designed to ensure underbalanced
drilling condition is achieved throughout the entire drilling and completion operation
(Wang et al., 1997). To achieve underbalanced drilling condition at all times, the
selection of the drilling fluid is of great importance. Based on the type of drilling fluid
used, UBD operations can be classified under four different categories (McLennan et
al. (1997)): Air/gas drilling in which low density air or gas like nitrogen is used as the
drilling fluid; Gasified liquid drilling in which a gas-liquid two phase drilling fluid is
used for the drilling operation; Foam drilling which involves using stable foam with
high viscosity for good cutting lifting ability and low variable density to maintain an
underbalanced condition at all times; Flow drilling which involves using liquid with

density below the formation’s hydrostatic pressure gradient.

Field applications have proven that UBD techniques has many advantages including

minimized formation damage, increased drilling rate, improved formation evaluation |
while drilling, minimized lost circulation, reduced occurrence of differential pipe and
logging tools sticking, enhanced detection of all producing zones, and enhanced

earlier production from reservoir.

With underbalanced drilling, the invasion of the formation by fine particles in the
drilling fluid is minimized or completely eliminated reducing formation damage to a
minimum. This benefit accounts for the use of underbalanced drilling in horizontal
well drilling (Bennion et al., 1998). Culen et al. (2003) conducted a field test to
compare conventional overbalanced drilling with UBD in horizontal well in Saih
Rawl in Oman, and observed an increase in the ultimate oil recovery as a result of

using UBD.
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Underbalanced drilling facilitates faster drilling. Negrao et al. (1999), Rojas et al.
(2002) and Jaramillo (2003) presented several case histories, where significant
increase in drilling rate was observed by using UBD as compared to the conventional

drilling performance.

Reservoir evaluation is made possible while using underbalanced drilling technique.
This is possible because the reservoir is producing hydrocarbon while drilling
underbalanced. For conventional drilling, reservoir evaluation while drilling is
difficult as the formation has been severally damaged due to invasion of drilling fluid.
Lage et al. (1996), and Hannegan and Divine (2002) reported failure of drill stem test

in wells that was conventionally drilled.

Producing zones which would have been missed using conventional drilling could be
easily detected with UBD. This is mainly due to the fact that when drilling
underbalanced, formation fluids flow into the wellbore and are carried to the surface
by the circulating fluid for observation. The presence of oil in the circulating fluid
received at the surface is an indication of the presence of a hydrocarbon zone. This is
usually not the case with conventional drilling where formation fluid never flows into
the wellbore during the drilling process. Cade et al. (2003) gave a case study of a field
in Lithuania where a hydrocarbon zone missed by conventional drilling was detected

while drilling underbalanced (UBD).

UBD also have the advantage of reducing or eliminating differential pipe sticking and
sticking of logging tools in open hole. Amoco (1995) showed that the probability of
pipe and logging tool sticking is much higher in overbalanced drilled wells as

compared to UBD wells.

There is also the advantage of early production from the hydrocarbon zone while
drilling underbalanced. With the formation pressure higher than the drilling fluid
pressure, reservoir fluids are forced into the wellbore from where they are transported
to the surface. Since production occurs naturally in UBD, the need for simulation

treatment to enhance production is reduced, hence saving time and money.
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The net effect of the above listed benefits of UBD is an increase in productivity from

the production zone which makes the project economically feasible.

This research will focus on foam drilling. Foam is an agglomeration of gas bubbles
separated from each other by thin liquid films Bickerman (1973). Foam can also be
defined as a dispersion of gas bubbles in a liquid, in which at least one dimension
falls within the colloidal size range. The gas is usually stabilized by surfactant. Foam
can be obtained by in-situ generation at the point of injection or can be preformed by
' paésing the various fluid components through a porous medium. Preformed foam is
preferred to in-situ generated foam as a circulating fluid because of its ability to

withstand more contamination.

Foam as a drilling fluid is commonly used for underbalanced drilling because of its
low variable density which makes adjustment of foam density possible in order to
keep control of the circulating bottomhole pressure and its high effective viscosity
which gives a superior cuttings lifting and transport ability. The variable density of
foam is attributed to the presence of gaseous component in foam whose volume
changes as it flows from the surface, down the hole and back to the surface due to

change in pressure and temperature.

The change in the volume of the gaseous component with pressure causes the quality
of foam to change. Foam quality is defined as the ratio of the volume of gas in the
foam to the total volume of foam at a given pressure. Okpobiri and 'Ikoku‘(1986)
recommended keeping the foam quality between 50-60 % at the bottom and below
96% at the surface for effective cuttings transport. Above 96% foam quality, they

concluded that foam becomes unstable and break into mist.

In a field case study from Western Venezuela, Rojas et al. (2002) reported that drilled
solids as heavy as 15g were lifted successfully by using foam as a drilling fluid.
Based on laboratory investigation, Anderson (1984) reported that from laboratory that
foam has a lifting ability about 2 to 10 times that of water. Apart from having a good

lifting ability and the ability to maintain an underbalanced drilling condition, foam is -
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also used to remove formation fluids that enter the borehole while drilling and also

serve as an insulating medium if loss circulation is a problem.

The prediction of the performance of foam is difficult due to the compressible nature
of foam which makes foam flow mechanism quite complex. This is attributed to the
fact that unlike conventional drilling fluids only very little is known about the
hydraulic and rheological properties of foam. This problem associated with foam flow
makes determination of the optimum gas/liquid injection rates for effective cuttings
transport while achieving maximum drilling rate a problem. Other questions exist on
how to combine the various different controllable variables in order to achieve

efficient cuttings transport while maintaining maximum drilling rate.

In this research, a transient mechanistic model is presented for the prediction of foam
drilling performance in inclined wells. The new model considers foam rheological
properties, drag coefficient of cuttings in foam, formation fluid influx, drillpipe
eccentricity, inclination effect and drilling rate and thereby provides an effective
numerical Solution to simulate the hydraulics of foam drilling in inclined wells which

in the past have been a major problem.

1.2 STATEMENT OF PROBLEM

Cuttings transport is one of the most important factors affecting drilling cost, time and
quality of oil and gas wells. Inadequate hole cleaning can result in costly drilling-
problems such as stuck pipe, excessive bit wear, reduced drilling rate, lost circulation,

and high torque and drag.

Hole cleaning is affected by many parameters, such as well geometry (diameter,
inclination, eccentricity), cuttings characteristics (size, porosity of bed), drilling fluid
properties (rheology, density, drag coefficient), and drilling operational parameter
(drilling rate, drilling fluid circulation rate). Optimization of drilling hydraulics

design requires a good understanding of the mechanics of cuttings transport.

Advantages of drilling with foam (i.e., high drilling rate, improved bit life, minimized

formation damage and environmental impact, improved formation evaluation,
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reduced lost circulation, etc.) can be restrained by poor hole cleaning. The interaction
between foam and the drill cuttings must be investigated to make the efficient use of
all the benefits of using foam as a drilling fluid. Better understanding of how drilling
operational parameters affect cuttings transport with foam will lead to a more

widespread use of foam as a drilling fluid.

Several hydraulic design models for drilling vertical wells with foam were proposed
by Krug and Mitchell (1972), Okpobiri and Ikoku (1986), Harris et al. (1991), Guo et
al. (1995), Liu and Medley (1996), Valko and Economides (1997), and Owayed
(1997). These models were developed by assuming steady-state flow conditions,
therefore, they can not be used to analyse the transient nature of solids transport with
foam. In addition, assuming a homogeneous flow, these models did not consider the
slip velocity between cuttings and the foam. In homogeneous flow, particles are
considered uniformly dispersed in the foam and slip velocity of solids was neglected
in the calculation of pressure drops in the vertical well. Other aspects such as the
friction between the drilled solids and borehole wall and water or /gas influx from

reservoir were not properly addressed in most of the existing models.

Very few research studies have been reported on solids transport with foam in
horizontal wells (Thondavadi and Lemlich, 1985; Herzhaft et al., 2000; Martins et al.,
2001; Ozbayoglu et al., 2003). Thondavadi and Lemlich (1985), Herzhaft et al.
(2000), and Martins et al. (2001) conducted experimental studies. Ozbayoghi et al.
(2003) presented a 1D three-layer mechanistic model for foam cuttings flow.
Ozbayoglu et al.’s model also assumes steady state flow conditions and, therefore, it
can not be used for analysing the transient behavior of foam-cuttings flow in
horizontal wells. The effect of reservoir fluid influx was not taken into account in the

Ozbayoglu et al’s model either.

Capo (2003) conducted an experimental study of cuttings transport with foam in
inclined wells. Capo reported that foam cuttings transport exhibits a critical behavior
within the range of 55 to 65 degrees where in-situ cuttings concentration reaches the

highest values.
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Recently, an unsteady-state model of cuttings transport with foam has been presented
by Li (2005). Li’s model includes the effect of slip velocity between the cuttings and
foam. It also considers the effect of formation fluid influx into the wellbore.
However, Li’s results are limited to vertical and horizontal wells and do not apply for

the transport of cuttings at intermediate inclination angles.

For cost-effective and trouble free drilling of inclined borehole sections using foam, a
more comprehensive approach of modeling cuttings transport with foam in inclined
wells is needed. The current research project is, therefore, proposed to analyse the
transient non-homogenous flow of cuttings transport with foam through inclined

wells.

1.3 OBJECTIVES OF RESEARCH
This research will focus on the numerical modeling of foam drilling hydraulics and

cuttings transport in inclined wells. The main objectives of this research include:

(1) Develop 1-D transient mechanistic models of cuttings transport with foam in

inclined wells,

(2) Provide numerical solutions of the mechanistic models of foam-cuttings transport

in inclined wells,

(3) Develop a numerical wellbore simulator that could be used for hydraulic
optimization of foam drilling operation in inclined wells (i.e., effective transport

of cuttings while keeping the bottom hole pressure at minimum).

1.4 SCOPE OF RESEARCH

The major tasks accomplished throughout this research can be summarized as follows:

(1) A 1-D transient model of solids-foam flow in inclined wells has been developed.
This task requires the formulation of governing equations for the fully suspended
solids-foam flow and the associated boundary conditions within the inclined drilling
circulating system. This task also requires for the selection of closure equations to

complete the governing equations of solids and foam phases. The closure equations.
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include the correlations to calculate the foam rheology and density, foam and solids
friction factors, drag coefficient for power law fluid and the hydraulic diameter of the

open flow area.

(2) The proposed model has been solved numerically. The numerical solution of the
model has been implemented into a wellbore simulator. A well-known numerical
method for dilute two-fluid flow model in fluid mechanics is adopted, and modified
to discretize the governing equations for foam-solids flow in inclined wells.
Numerical wellbore simulator is then, developed by using the proposed numerical

method and FORTRAN programming language.

(3) The accuracy of the model predictions has been checked by comparing model
prediction of pressure losses in inclined wellbores to the experimental data available

from the literature.
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CHAPTER 2
LITERATURE REVIEW

The literature review focuses on mechanism of cuttings transport in vertical well,
horizontal and inclined wells. It also looks into foam drilling with focus on the foam

rheology, foam stability, foam flow and cuttings transport with foam.

2.1 Mechanisms of Cuttings Transport.

2.1.1 Cuttings Transport Mechanism in Vertical Wells.

When vertical wells are drilled, cuttings are generated at the bottom of the hole which
needs to be transported to the surface. The movement of cuttings upward to’ the
surface is achieved by means of drilling fluids which are pumped from the surface
through the pipe to the bottom of the hole, up through the annular space and back to
the surface. One of the major functions of the drilling fluid is to lift cuttings from the
hole as they are formed so as to prevent cuttings accumulation. Problems associated
with inefficient cuttings transport are; reduction in penetration rate, wear of bit, pipe

stuck, high torque and drag and other hole problems.

For cuttings to be transported to the surface as they are formed, the fluid must possess
certain energy (force) which is a function of the fluid properties and pressure applied
at the surface. In vertical wells, this force is called the drag force, which is the major
force pushing the cuttings out of the hole. The other force acting on the solid cuttings
is the gravitational force which acts against the drag force. These external forces
acting on the cuttings control their movement. Fig 2.1(A) shows an upward
movement of the cuttings when the drag force is greater than the gravitational force.
Fig 2.1(B) shows a downward movement of the cuttings when the drag force is lower
than the gravitational force i.e. settling of cuttings due to gravity and Fig 2.1(C)
represent a critical condition where the forces are balanced over the particle and its

movement is determined by its previous motion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.1: Forces acting on a cutting in a vertical well

2.1.2 Cuttings Transport Mechanism in Horizontal Wells.

For horizontal wells, cuttings are also generated when they are drilled and as a result
needs to be transported to the surface. Gavignet and Sobey (1989) and Ford et al.
(1990) concluded that two major mechanisms are responsible for cuttings
displacement in horizontal wells: saltation and sliding are responsible for cuttings
transport in horizontal wells. In saltation, the cuttings are lifted to a position from
where they are being carried by the fluid to the surface and this occurs when the lift
force is greater than the gravitation force on the cuttings. Fig 2.2 (A) shows a lifted
cutting which is being transported by the drag force to the surface. Sliding on the
other hand is the transport mechanism which results when the lift force is not
effective but the drag force is sufficient to overcome the frictional force between the
cuttings and the wellbore and as a result the cuttings are moved along the wellbore to
the surface as shown in Fig 2.2(B). Fig 2.2(C) shows a condition in which the
gravitational force is higher than the lift force and the drag force is less than the

frictional force. In this case, the cuttings would accumulate to form cuttings bed.
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Figure 2.2: Forces actingBon a cutting in a horizontal well

2.1.3 Cuttings Transport Mechanism in Inclined Wells.

Different forces acts on cuttings being transported in an inclined wellbore. The
combined effect of these forces at different wellbore angles result to different
mechanism which plays a major role in transporting cuttings generated at the bit to
the surface. The wellbore angle has considerable effect on the hole cleaning process;
this is reflected on the effect its changes have on the forces acting on the cuttings and

the mechanism that dominate. An increase in the wellbore angle would:

Decrease the axial component of the gravitational force and increase thé frictional
force thereby increasing the effect of the drag force. There is also decrease in the
axial component of the slip velocity which promotes rolling but an increase in the
radial component of the slip velocity which hinders lifting process. High cuttings
slippage as explained above account for the worst cutting transport at angle of
inclination in the 40 to 45° range. This is true however, when relative low flow rate
are used (Okrajni and Azar (1986)).

Produce a net decrease in lifting force due to increase in the radial component of the

gravitational force.

Clark and Bickham (1994) suggested that three mechanisms are responsible for that
the mechanism that dominates at any time depends on the angle of inclination. They

suggested rolling mechanism at high wellbore angle, lifting mechanism at low

10
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wellbore angle while the settling mechanism (sedimentation) dominates near vertical
wellbore angles. Gavignet and Sobey (1989) and Ford et al. (1990) suggested that two
different mechanisms are responsible for cuttings transport in inclined wells; the
sliding/rolling in which the cuttings moves along the low side wall of the annulus and

saltation/suspension where the cuttings are transported in suspension. The sliding and

saltation mechanisms are shown in Fig 2.3(A) and Fig 2.3(B) respectively.

Figure 2.3: Sliding and Saltation mechanisms in inclined well

2.2 Flow Pattern in Inclined Wells.

Flow patterns were observed during cuttings transport experiments by researchers.
Ford et al. (1990) from their experiment observed and identified seven types of flow
patterns which includes; Homogeneous Suspension, Heterogeneous Suspension,
Saltation /Suspension, Sand Clusters, Separated Moving Beds, Continuous Moving

Bed, and Stationary Bed.

Luo et al. (1992) observed three type of flow patterns for cuttings transport in
inclined wells depending on the hole angle and fluid properties which includes: (1)
Heterogeneous suspension, this type of flow pattern results when the fluid velocity is

high enough to set up a strong lift force which overcomes the gravity force causing

11
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the cuttings to be lifted and suspended in the fluid. For this flow pattern, there is
usually a concentration gradient with more cuttings suspended in the lower half of the
wellbore. (2) Separated Beds/Dunes, this type of flow pattern results when the fluid
velocity is not high enough to create lift force to suspend all the cuttings. The result
of this is the formation of cuttings bed with discontinuous interface between the solid
beds and the carrying fluid. (3) Continuous Moving Bed, this flow pattern results
when the velocity of the fluid is such that the lift force is weak to suspend the cuttings
in the fluid but the drag force is strong enough to drag the deposit of cuttings forward
and thus a layer of cuttings bed is formed on the low side of the wellbore. They also
recognized Stationary Bed which usually results when fluid velocity is so low that
both the drag and lift forces cannot move the cuttings forward but did not consider it

as one of the flow pattern since it usually avoided during drilling operation.

Kelessidis et al. (2003) from their study of cuttings transport in inclined wells
concluded that the main factors that determine flow pattern in pipes are the liquid
properties, the solid loading, and the properties of the solid and liquid. They
suggested five types of flow patterns namely: the fully suspended symmetric flow
pattern, the asymmetric flow pattern, a moving bed flow pattern, a three layer flow

pattern and finally full blockage in which the solids pile up in the pipe and blocks it.

2.3 Forces on a Single Solid Particle in an Inclined Well.

Different authors have analyzed forces on cuttings being transported in an inclined
well. Luo et al. (1992) for better understanding of the cuttings transport mechanism in
inclined wells, analyses the forces acting on a cutting on the low side of the wellbore.
Clark and Bickham (1994) obtained the velocity needed to initiate flow of cuttings in
an inclined well for both the rolling and lifting mechanism by the balance of the
forces acting on the cutting resting on the low side of the wellbore for the rolling
mechanism and that in suspension for the lifting mechanism. Ford et al. (1996)
based their minimum transport velocity (MTV) model on the balance of forces acting
on a single cutting resting on the low side of the borehole. From the force analysis
carried out by these authors, two major groups of force are observed: Dynamic forces

and Static forces. See fig 2.4 for forces acting on a cutting in an inclined well.

12
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Fig 2.4 Forces acting on a cutting in an inclined well

2.3.1 Dynamic Forces Acting on a Cutting in Inclined Wells.

Dynamic forces comprise of the lift force, drag force and the pressure force. The drag
and lift forces are supplied by the fluid (its properties) and are usually experienced by
a particle due to relative motion between the body and the surrounding fluid. These

forces actually result due to pressure and shear stress distribution on a body.

Drag Force. The determination of the drag force is quite complex when compared to
the determination of the gravitational and buoyant forces. This is attributed to the
variability of factors that affect it. These factors which includes; the type of fluid, the
particle being transported (the particle shape, size and density), the density and

viscosity of the fluid should be considered for proper determination of the drag force.

The drag force which is a resistant force induced when particles moves through a

fluid has two components (Peden, 1987); the viscous component which is represented

FDv =% _DvApr (uf _us)2 2.1

13
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Ap is the characteristic area of the particle parallel to the direction of motion. The

second component is the pressure component and is represented by;
Fy =1c, A,p, J
Dp_.z— Dp pr uf_us 2.2

Where Ay, is the characteristic area of the particle perpendicular to the direction of

flow.

The addition of these two components gives the total drag force represented by;

FD=%CDASpf(uf—us)2 2.3

Where A;is the characteristic area of the cutting and Cp is the drag coefficient

The above equation can also be re-written as

FD=%CDﬂ'd2pf(uf—us)2 24

2.3.2 Drag Coefficient Models.

The drag coefficient Cp is required for the calculation of the drag force on the
cuttings supplied by the fluid. Numerous studies have been conducted to develop
correlations for the determination of the drag coefficient in both Newtonian and non-

Newtonian fluids with spherical and non spherical particles.

McCabe (1956) developed correlations for drag coefficient as a function of particle
Reynolds number for Newtonian fluid around a smooth sphere for the creeping,

intermediate and Newtonian flow regimes:

Stokes regime or Creeping flow

14
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C, = ,  Re, <01 25

Intermediate flow regime

185
- ReO,G

14

Cp , 2=<Re, <500. 2.6

Newtonian (Turbulent) flow regime

C,=0.44 R 500 <Re » = 200,000 2.7
Where

Re, = D"pf(zf ) 28

Haider and Levenspiel (1989), Gausier (1995), Hartman et al. (1994), Swamee and

Ojha (1991) also presented expressions for drag coefficient for Newtonian fluids.

Clift et al. (1978) recommended standard correlations for the determination of drag
coefficient of spherical particles in both Newtonian and non Newtonian fluids for all

flow regimes. They came up with the following expressions for the drag coefficient:

3 24

Cp=—+
16 Re,

, 0.01<Re, 2.9

CpRe, )
Log 4 -1 =—O.881+0.8210gRep—0.0S(logRep) » 0.01<Re, <20

2.10

C,Re
Log( b_»_ 1) =-0.7133+0.6305logRe , , 20<Re <260 2.11
24 ’ ’
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LogC, =1.6435-1.12421ogRe ,+0.1558(logRe ,)* , 260 <Re, <1500
2.12
LogC, =-2.4571+2.5558logRe ,—0.9295(logRe ,)* +0.1049(logRe ,)?

2.13
1500 < Re , <12000

LogC,, =—-1.9181+0.6370logRe ,— 0.0636(logRe, )? , 12000 < Re , < 44000

2.14
LogC, =—-4.339+1.58091ogRe ,— 0.1546(logRe ,)* , 44000 <Re, <10’

2.15
Cp, =29.78-53logRe, , 10° <Re, <4x10’ 2.16
Cp =0.1logRe ,—0.49 , 4x10° <Re, <10° 2.17

4
C,=019-212 " Re >10° 2.18
Re,
. 2-n gn
Re, =2V 4" 2.19
K v

The fact that most drilling fluids commonly used in drilling operations show non-
Newtonian flow behavior calls for the need to estimate drag coefficient in this type of

fluids.

Dedegil (1987) developed an expression for drag coefficient for Bingham plastic type
fluids. He expressed his result as a function of Reynolds number for the three

different flow regimes. Dedegil results were based on his experimental data.

24

C,=
? Re,

., Re, <8 2.20
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22

C,=—2+025 , 8<Re, <150 221
Re,
C,=04 ,  Re, <150 222
Re, =M 2.23
Hp

Where 4, is the plastic viscosity.

Shah (1982) expressed the drag coefficient of a power law fluid as an implicit
function of the particle Reynolds number. He obtained an expression of the form

given in equation (2.24)

JC7"Re® = A+Re’+C 2.24

Where A, B, and C are unknown constants which are functions of fluid model
parameter n. The above equation is valid for Reynolds number greater than 0.01 but

less than 100 and value of n greater than 0.281 but less than 1.

prtZ—nd :

ReP - 8n—1K

225

V. is the terminal settling velocity and K is the consistency index for the power law

fluid.

Fang (1992) derived a correlation for power law fluid, as follows

_50.28

CD = W Re <100 2.26

Above this value of Reynolds number, Cp approaches a constant value of one.

17
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pf(uf _us)dp

Re, =
B ,ua

Peden and Luo (1987) established a generalized correlation for the determination of
drag coefficient for both power law and Newtonian fluids from experimental data.

The generalized equation is given by equation (2.27)

C, = 2.27

For Newtonian fluids, “a” and “e” depends on the flow regime whereas for power law
fluids, these variables depend on both the flow regime and the flow behavior index.
For power law fluids, they derived empirical equations for the determination of “a”
and “e” for different flow regime based on their experimental data. For non-spherical
particles, the drag coefficient is a function of both the particle Reynolds number and
particle sphericity y . Particle sphericity ¥ is defined as the ratio of the surface area of
a spherical shape having the same volume as the particle to the actual surface area of
- the particle. They developed following expressions for determination of the drag

coefficient depending on the flow regime.

Laminar flow

@=39.8-9n , Re, <5,n> 0.45 228
e=12-047n
Transition flow

a=42.9-239n

» 1<Re, < 200, 2.29
e=1-0.33n

For non spherical particles, they introduced a shape correction factor F, so that the

expression becomes
C =F.C, 2.30

D s
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Where

F,=15-05¥ , Re, <1 2.31

F,=2.6-1.6% . Re,>1 2.32

Acharya et al., (1976) based on experimental data developed a correlation for
calculating the drag coefficient for power law fluids. Their correlation for drag

coefficient is represented by equation (2.33).

c,=2X®W, F_ ' Re, <100005<n<1 2.33
Rep Re
14
Where
¥ = 3ls0-m 2-22n*+29n 534
n(n+2)2n+1)
F, =10.5n-3.5
F,=0.32n+0.13 2.35

Grahams and Jones (1995) also derived empirical correlation for the determination of
drag coefficient for power law fluids from numerical analysis. For their correlation,
the drag coefficient was expressed as a direct function of Reynolds number and flow

behavior index.

1.03n 1.11n n+l
c, = 35.2()" %" n(l_ 20.9(2) j 2

Re ' ® Rell W <Re, < 4(2)"04<n<1
2.36

Darby (1996) developed an empirical correlation for the determination of drag

coefficient for power law fluids from numerical analysis. The expressions for his

correlation is given by equation (2.37).

19
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0502
C,= [Cl + 4.8(%) j , Rep <1000.4<n<1 2.37
e

182 3 -0.125
C =£(—j +34] 2.38
n
y - 1:33+0.37n 239
1+0.7n% -

Ceylan et al. (1999): based on the results of Lali et al. (1989) also develop

correlations for the determination of the drag coefficient for power law fluids.

c, =2x 2.40
Rep
X=X for . Re, < 1073 2.41
* 1_ 2
X'=X +(3 nJlog(0.00lRe) for , 107%° < Re , < 107 2.42
n+ .
4n* 2
X*=X +(2—4]Re 3 for s Re,2 107 2.43
Where
nt-n+3
X =37 2.44
n

Matijasic and Glasnovic (2001) based on experimental result also developed a

correlation for the determination of the drag coefficient of the power law fluids.
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24 _ Re , < 1000
Cp, =(—)(-1.26n+2.3)+0.653 R 2.45
Re 053<n<1

For all the cases above, the Reynolds number is obtained using the expression,

2-n gn
Re, :__pV d
K

V is the terminal settling velocity.

Chhabra (2002) carried out a detailed comparison of different correlations developed
by the above authors and found out that correlation by Acharya et al. (1976) and
Matijasic and Glasnovic (2001) gave the best result followed by that of Darby (1996).

Bases on the work done by Chhabra (2002), the following expressions for the

determination of the drag coefficient will be used for this study.

C, = (%)(—1.2&1 +2.3)+0.653 0.01<Re,<700 2.46
(&}
c,=2Xm, h__ 700< Re, <1000 247
Re, Re >
Where

X = 3150-n) 2-22n%+29n
n(n+2)2n+1)

F,=10.5n-3.5
F, =0.32n+0.13

300 67.289

5.03

C. =
b Rep e

Re, > 1000 248
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Equation (2.46), (2.47) and (2.48) are the Matijasic and Glasnovic (2001), Acharya et
al. (1976) and Chien (1994) models respectively for the determination of drag

coefficient for power law fluid.

Lift Force. The lift force arises due to asymmetric distribution of the fluid velocity
and/or due to turbulent eddy in the annular flow causing the cuttings to be lifted from
‘the low side of the inclined annulus and be suspended in the fluid from where the
cuttings are transported by drag force to the surface. The lift force supplied by the
fluid is obtained by using:

1
F,==CAspu, 249

Lift Coefficient. A correlation for the determination of the lift coefficient was

proposed by Clark and Bickham which was developed for spherical particle given as;
d 2

2u f

Rep

_q‘i
dr

C,, =582 2.50

If C,;>0.09

Then

C,=Cy 2.51

But if C,;<0.09

Then

C, =0.09 2.51b
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Pressure Force. This is the force which results due to pressure gradient experienced
when fluid flow pass a solid particle. Clark and Bickham (1994) showed that this

force can be expressed as

27,7’

F
& 3Dhyd.

2.52

For the model developed in this project, the pressure force over a given section would

be considered as the difference between the entry and exit pressures of that section.

2.3.3 Static Forces Acting on a Cutting in Inclined Wells.

Static forces acting on a cutting are comprised of the gravity force, the plastic force
and the friction force between the cuttings and wellbore due to contact. This group of
forces tends to hold the cuttings down in the low side of the hole which if therefore

not overcome would result to cuttings bed formation.

Gravitational force. This is a measure of the weight of the cuttings. For
inclined wells, a component of this force acts in opposite direction to the lift force and
the other component against the drag force as shown in fig 2.4. The net effect of
gravity force is to pull the cuttings back into the hole. The force of gravity on a

cutting is given by equation (2.53).
F,-F,=glp.-p, V 2.53

Where ‘V’ is the volume of the cutting represented as;

The cutting is assumed to be spherical with a diameter “d”

Plastic force. This force results due to the yield stress of the drilling fluid. A cutting
sitting on a cuttings bed is positioned in the interstice of neighboring cuttings held

stationary by the bed. The fluid in the interstice beneath the cutting would be stagnant |
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and plastic while that at the upper portion is flowing. Clark and Bickham (1994)

derived an expression for this force given by:

2

7T T 5 . |
F,= 5 4 (¢+(E—¢jSin ¢—C0s¢1$'m¢) 2.54

Where ¢ is the cutting angle of repose.

For power law fluid which is the case with foam considered as the drilling fluid in

this study, the plastic force is neglected.

Friction Force. The frictional force is another force in this group and acts at the point
of separation between the cuttings and the wall of the wellbore tending to oppose the
forward motion of the cuttings. This force acts in opposite direction to the drag force
supplied by the fluid. When the frictional force is greater than the driving force acting
to pull the cuttings out of the hole, the cuttings tends to settle down at the lower part
of the wellbore to form a bed. The lift force in this case is assumed to be ineffective.
From fig 2.4 an expression for the frictional force is obtained as given by equation
(2.55).

F, =ulF, - F,)sin0-F,) 2.55

Where the term g is the coefficient of friction.

2.3.4 Force Analysis for the Rolling and Lifting Mechanism

For more accurate force analysis, two conditions are considered. The first is when the
drilling fluid has sufficient force (velocity above the critical transport velocity) to
transport all the cuttings to the surface with no cutting bed formation (zero bed height
condition). The second case is that where the drilling fluid transport velocity is below
the critical depositional velocity. This condition is termed the sub-critical flow
condition and under this condition, cuttings will be deposited at the bottom of the
wellbore and cuttings bed will form. As the cuttings bed builds up under the sub-

critical flow condition, the area above the cuttings bed open to flow reduces causing
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the drilling fluid velocity above the bed to increase. The bed continues to build until
the foam (drilling fluid) velocity above the bed increases to a certain critical value
called the critical foam velocity that prevents further formation of cuttings bed. At
this point an equilibrium bed height is attained. Any additional deposition of cuttings
to this bed height will cause the foam velocity in the neighborhood (area open to
flow) of that region to increase above the critical foam velocity. This sets up a
stronger fluid force (turbulent dispersing force) which causes the protruding cuttings
to be displaced thereby re-establishing the local equilibrium bed height. In other
words, the steady state height of the bed is obtained when the velocity in the upper
layer, which for this model is the layer of fluid containing suspended particles, is
sufficient to support all the particle that are still suspended. Increasing flow rate at
this point would increase the magnitude of the dispersing force causing an increase in

the average concentration of cuttings in the upper layer and hence a reduction in the

bed height.

2.3.4.1 Force Analysis for Rolling Mechanism.

The rolling mechanism is pronounced at high wellbore angle where the wellbore

complementary angle is less than the cutting angle of repose ¢ (Clark and Bickham,

1994). The cutting angle of repose is simply the angle of inclination the wellbore

makes with the horizontal above which the cutting begins to slide down to the lower

part of the wellbore. Considering a cutting at equilibrium under the influences of the .
above listed forces as shown in fig 2.4 the following force balance equations is

obtained for the rolling mechanism.

The resultant force in the x-direction
F,+F,, —(F, —F,)Cos6~F, = Fy
F, = ullF, - F, Jsin6-(F, - F, )
F,=0

3

Fy=F), +FAP_(g((ps —pf))—ﬂ—d6—Cos¢9——,u((Fg _Fb)Sine_FL) 2.56
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The term (friction portion) in the bracket becomes zero when

F,~(F, —F,)sing

This is because under this condition, the cutting will be in a lifted position with no

contact with the wellbore and hence the friction force would be zero.

For a cutting at equilibrium,

F, =0

4 in equation (2.56) is the coefficient of static friction. Iyoho (1980) indicated that
the coefficient of static friction is 0.6 since. cuttings slide down the wellbore under no

flow condition when the wellbore makes an angle of about 60° with the horizontal. A
close approximation for the value of the static friction coefficient is the tangent of the
angle the wellbore makes with the horizontal at which the cutting bed will just begin
to slide under no flow condition. This is approximately equal to the tangent of the
cutting angle of repose. Gavignet and Sobey (1989) showed that for a sliding bed, the
sliding coefficient of friction is less than half the coefficient of static friction of
cuttings studied by Iyoho. For their model they suggested a sliding friction factor of
0.2. It should be noted however that correlations have also been developed for the

determination of this coefficient (Ozbayoglu 2003).

2.3.4.2 Force Analysis for Lifting Mechanism.

The lifting mechanism occurs at intermediate and low wellbore angles. In this case,
the cuttings while resting on the wall of the wellbore would not move in the radial
direction but in the axial direction. The cutting would move up into the region where
the axial velocity of the fluid moves it downstream (i.e. if the drag force is sufficient

to move it to the surface) as shown in figure (2.4).

For the lifting case, the resultant force in the Y-direction is:

F,+(F,~F )sin6=F, | 257
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For a cutting at equilibrium,
F, =0

The resultant force pulling a cutting that have been suspended and drag toward the

surface is given by:

F, =/F} +(F, +F,, -(F, -F,)Cos6)> 2.58

Below is a summary of the cases of cutting transport mechanisms in inclined wells.

F, >0
X Rolling mechanism is observed (sliding upwards)

F, <0

F, <0 ) , .

F <0 Cuttings would slide down the hole to form cutting beds.
Y

Fy =0 : o : : o

£ <0 Neither rolling nor lifting mechanism present (cuttings at equilibrium)
Y

Fy <0 e : , :

F =0 No lifting mechanism but cuttings slides downwards
=

Fy, =0 . . cpps . . -

£ =0 Neither rolling nor lifting mechanism present (cuttings at equilibrium)
Y =

Fy<0) .. . :

F >0 Lifting mechanism is observed (cuttings would be suspended)
Y ‘

And

F, >0
( FX S OJ Cuttings would be lifted and dragged in suspension to the surface.
Y

Considering the effect of these forces, cuttings can be effectively transported to the
surface if the dynamic forces are optimized so as to overcome the static forces and

still have sufficient energy to transport the cuttings to the surface without eroding the
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wellbore. This can be achieved by optimizing operating conditions of the drilling

fluid and drilling operation as would be discuss in a later chapter.

Clark and Beckham(1994) showed that the fluid velocity needed to dislodge the
cutting for either the lifting or the rolling mechanism can be determined by
expressing the dynamic forces acting on the stationary cutting as a function of local

fluid velocity.

2.4 Critical Conditions for Cuttings Transport in Wells.

Different conditions are being used as critical conditions for effective cutting
transport in wells. The specification of critical condition during cutting transport is
necessary to prevent cutting deposition which would eventually result to bed
formation. The determination of these conditions is vital to the field engineers as they

are useful in setting the lower pump rate limit.

Different authors have used different criteria as critical conditions in cuttings
transport to prevent cuttings bed formation. Clark and Bickham (1994) and Ford et al.
(1996) used the minimum transport velocity as the critical condition for effective
cuttings transport. They developed their model for the prediction of this velocity
based on the balance of forces acting on a cutting in the annulus for both the sliding
and the saltation cases. This method for predicting critical condition is not common in
slurry transport in pipes because of the uncertainty involved in the determination of
the lift force in a multi-particle system. Oroskar and Turian (1980) developed a more
superior model which takes into account the fluid properties, solid characteristics and
pipe geometry to predict a critical depositional velocity for cuttings transport in
horizontal wells. Their model was based on balancing the energy needed to suspend
the particle with the effective energy dissipated by the turbulent eddies in the flow.

Their expression for horizontal flow is given by:

-0.378
VD — 1.85C0.1536(1 _ C )0.3564(_‘&) ]'\70.09X 0.30
5 s D

p.—p
gd | =L
Py
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Where N .. 1s the modified Reynolds number defined by

- Do, | (p-p
Ny, = gd, 2.60

7 Py

For foam drilling, the effective viscosity is given by

3n+1 " 8uf
=K
s -e{1) )

The Oroskar and Turian correlation had been modified by Campos (1997) for

application in inclined wells by incorporating the inclination effect. This modification

is shown in the expression modified by Campos given by equations (2.61b to 2.61c).

. 0378

Vo —1.8 5C0.1536(1_ C, )0.3564[ ﬂ ] ]’\70.09 x 030 2 61b

8 D Re .
ps —pf . 2
gdp —— |Sin@
\ Pr
7 Dp ps - p .
Nge = ﬂf 8dp[—;—‘ij5m€ 2.61c
f

Another factor which is sometimes used as critical condition is the critical cuttings
concentration. The idea here is that above the certain cuttings concentration, cuttings
would deposit and cuttings bed would be formed and vice-versa. Many authors have
used different techniques in an attempt to determine this concentration. Doron et al.

(1987) used the well-known diffusion equation to represent solids dispersion in fully
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suspended flow. Solving this equation, the average concentration of cuttings in the

fully suspended flow is obtained which is taken as the critical cuttings concentration.

2.5 Experimental Studies of Cutting Transport in Inclined wells

Okrajni and Azar (1986) experimentally investigated the effect of mud rheology
using water and bentonite/polymer mud on cuttings transport in directional wells.
From their studies they observe three separate regions of hole inclination regarding
cuttings transport; 00—450, 45°-55° and 55°90° with effect of laminar flow
dominating at low angle wells (0°-45% and turbulent flow effect at higher angle well
(550-900) while between 450-550, both turbulent and laminar flow have similar effect.
They observe worst cuttings transport between 40°-45° inclinations when flow rate is
relatively low. Considering the effect of drilling fluid rheology, investigation showed
that drilling fluid yield point affects the cuttings transport process for laminar flow
especially when the inclination angle is between 0°-45° but diminishes or becomes
negligible between 55°-90° inclinations. They showed that YP/PV ratio affects the
cuttings transport process for the whole range of inclination angles. Further
investigation reveals that drilling fluid rheology (yield value and YP/PV ratio) have
no effect on turbulent flow and that annulus eccentricity has little effect for low angle
wells and effect becomes moderate for high angle wells (55°-90% under turbulent

flow and significant when the flow becomes laminar.

Ford et al. (1990) presented an experimental investigation of drill cuttings transport in
inclined wells using a 21’ long borehole simulator to determine the effects of various
drilling parameters on the circulation rate required to prevent cutting bed formation.
They found out that two different mechanisms are responsible for cuttings transport in
inclined wells; the sliding/ rolling mechanism in which the cuttings moves along the
low side wall of the annulus and the cuttings are transported in suspension. They
concluded that the minimum transport velocity corresponding to the two transport
mechanisms were affected by different variables such as hole-angle, fluid viscosity,
inner pipe rotation and cutting size. They also found out that there are about seven

possible slurry flow patterns namely; homogeneous suspension, heterogeneous
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suspension, suspension/saltation or saltation/suspension, sand cluster, separated

moving bed, continuous moving bed, and the stationary bed.

2.6 Empirical and Mechanistic Model of Cuttings Transport in Inclined wells
Doron et al. (1987) developed a two layer model with a heterogeneous suspension as
the upper layer and a lower bed layer made of cuttings which are assumed to be
uniformly compacted. This lower layer may either be moving or stationary.
Neglecting slip between phases in each layer, two continuity equations for developed
steady state flow were formulated for both the solid and the liquid phase. The model
also consists of force balance equations for the upper dispersed layer and the lower
moving bed layer. The force acting at the bottom of the well has two components: the
dry friction force and the hydrodynamic resistance force due to the motion of the bed.
~ The above four equations together with the turbulent diffusion equation which is used
to obtain the mean cutting concentration in the second layer and operational
conditions and physical properties of the two phases were solved to obtain the mean
velocity in the upper layer, the mean velocity of the bed, the mean concentration in

the second layer, the cutting bed height, and finally pressure drop.

Gavignet and Sobey (1989) developed a two layer mechanistic model for cutting
transport in deviated wells. The model consisted of an upper layer of clear fluid and a
lower layer of closely packed bed with cutting concentration of about 0.52.
Mathematically, the model is made up of simple steady state momentum equations
for both the upper and lower layers. They also presented an approach to determine
hydraulic perimeter, area of each layer, frictional factor for the pure liquid and solids. .
Gavignet and Sobey proposed that the sliding friction coefficient is usually less than
half of the static friction coefficient. They used a sliding friction factor of 0.2 for the
determination of the moving bed velocity and bed height based on Iyoho model.
Iyoho suggested that with no flow, a cuttings bed would slide down the wellbore at
an angle of about 60° which gives a static friction coefficient of about 0.6 (the tangent
of 60°).

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Luo et al. (1992) developed an empirical model based on the forces acting on the
cuttings to predict the critical-flow rate required to prevent the formation of cutting
bed in deviated wells. Using the Buckingham PI theorem, four dimensionless groups
were developed from seven dimensionless variables. The model developed was
validated with experimental results obtained from an 8” wellbore simulator located at
BP Research center Sunbury, and with field data from 8-1/2”, 12-1/4” and 17-1/2”
holes. Based on this model, a computer program and simple to use charts for planning
and drilling of deviated wells were also developed. A correlation for critical flow rate
determination based on two dimensionless groups which are believed to have
significant effect on cutting transport process was formulated. This correlation is

expressed as

.
2 (ayv:
4 =a[ ”pf] 2.62
a|2=Ps \sing Ha
P

The empirical coefficient a’ and b’ were obtained from regression analysis.

Martins and Santana (1992) developed a two layered mechanistic model with an
upper liquid layer containing suspended solid and a lower layer of cutting bed which
can either be moving or stationary. The model consists of two continuity equations
for the solid and liquid phase and two momentum equations for the upper and lower

layer.

Clark and Bickham (1994) presented a mechanistic model based on the analysis of
the forces acting on a single cutting in the annulus for both the rolling and the lifting
case in combination with other auxiliary equations to obtain the critical fluid velocity
(as a function of operational parameters, wellbore configuration and cutting
characteristics) needed to initiate flow of cuttings during either the rolling or lifting
transport mechanism. They concluded that three mechanisms are responsible for
cutting displacement; rolling, lifting and the settling. The mechanism that dominates

at any time depends on the angle of inclination.
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Ford et al. (1996) also developed semi-empirical, mathematical models and a
computer program based on experimental data obtained by Ford et al. (1990) and
Peden et al. (1990) , that can be used to determine the minimum transport velocity for
efficient hole cleaning. For the computer program, the rheological properties of the
fluid were represented by the general Herschel-Bulkley model. They also investigated
the removal of cutting beds when formed. The program was used to investigate the
effect of hole-angle, transport mechanism and drill pipe diameter on the minimum
transport velocity. It was also used to define an appropriate rheological model for

fluid and to investigate the velocity profile in the annulus.

Larsen et al. (1997) developed an empirical model based on the combination of their
experimental data (1990) generated in a 35’long and 5” diameter flow loop with basic
theoretical principles to predict the critical fluid transport velocity needed in highly
inclined wellbore and horizontal wells to prevent the formation of cutting bed and
also to predict the annular cuttings concentration when the fluid velocity is below the
critical transport velocity. They established empirical correlations, which express the
cuttings concentration as a function of penetration rate and the equivalent slip
velocity as a function of the fluid apparent viscosity. By incorporating the correction
factors for the angle of inclination, cutting size and the drilling fluid weight into the
equivalent slip velocity, a generalized equivalent slip velocity was obtained which

was added to the cutting velocity to obtain the critical transport fluid velocity.

Kamp and Rivero (1999) developed a two layered model for cutting transport in
highly inclined wells. The model consisted of mass balance equations for solid, liquid
and the cutting bed and momentum equations for the heterogeneous layer and the bed.
In this model, the cuttings bed height was governed by the mass flux of cuttings per
unit interface that are deposited and that which is re-suspended. The former was
found to be proportional to the mean cuttings concentration and the velocity of the
suspension whereas the latter is a function of the interfacial shear stress. The model
did not give the expected decrease in bed height with increase in the flow rate, results
were not very sensitive to viscosity in contrast to experimental and field evidence.

When comparing the experimental results with prediction of correlation, it was
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observed that although it gives similar trend, the model over predicted cuttings

transport at a given liquid rate.

Ozbayoglu et al. (2003) developed a mechanistic one dimensional three layer model
using the principle of mass and momentum conservation for a steady, isothermal flow
condition. The three layer model consists of a clear fluid upper layer, a fluid and solid
suspension as second layer and a stationary bed which is uniformly compacted as the
third layer. In their model they also developed an empirical correlation for the
determination of coefficient of static friction from experimental data. This model was
developed for foam drilling but can be applied to other underbalanced drilling
operations. With the mass and momentum balance equations, together with other
auxiliary equations they determined the cuttings bed thickness, the velocity of each

layer, the in-situ cuttings concentration of the suspension and the total pressure drop.

Kelessidis et al. (2003) developed both a two and a three layer model for cutting
transport in inclined wells. The three layer model is an extension of the two layer
model by the addition of a stationary bed layer as the third layer. For the two layer
model, they consider an upper layer of fluid containing a suspended solids and a
lower layer of solids which is moving. They developed two mass balance, two
momentum equations and a turbulent diffusion equation i.e. five equations with five

unknown which they solved considering other five auxiliary equations.

Doan et al. (2003) developed a two layered transient model with an upper layer of
fluid with suspended solid and a lower layer of moving bed. Three time depéndent
mass equations and three time dependent momentum equations were developed for
the fluid component and the solid component in suspension and the moving bed. The
velocity of deposition and velocity of entrainment were used to represent the mass
transfer rate between the suspension and the moving bed. The velocity of deposition
was assumed to proportional to the hindered terminal settling velocity while the

velocity of entrainment was a function of the interfacial velocity.
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2.7 Physical Properties of Foam.

2.7.1 Foam.

Foam is an agglomeration of gas bubbles separated from each other by thin liquid
films Bickerman (1973). Foam can be unstable, transient or stable depending upon
the presence and nature of the components in the liquid. The gas is usually stabilized

by surfactant

2.7.2 Classification of Foam

Foém can be classified using different criteria. Based on gas content, foam can be
considered to be either wet or dry. Foam is considered “wet” when the gas bubbles
are spherical and with large amount of liquid between the bubbles. For dry foam, the
bubbles are polyhedral in shape with very small amount of liquid between the bubbles.

Wet foams generally have low quality while dry foams have high quality.

Considering texture, foam can be classified into fine and coarse foam. Fine foams are
those with small bubbles and coarse foams are those with large bubbles. Based on
stability criterion, foam can be classified into two extreme types: Metastable
(permanent foam) and unstable foam (transient foam). Foams generally are
thermodynamically unstable because of their high interfacial energy. The fact that the
liquid phase is denser than the gaseous phase makes the separation or drainage of the
liquid phase from the foam itself spontaneous. This separation of phases or the
drainage of one phase from the other phase causes instability and change in the
physical properties of foam. The stability of foam however can be improved by
certain physical processes such as circulation and agitation or by the addition of
certain chemicals such as surfactant. These processes improve the stability of foam by
reducing the interfacial energy and hence ensuring an excellent dispersion of the

gaseous phase in the liquid phase.

The foam quality which is a measure of the amount of gas dispersed in the liquid
phase defined as the ratio of the volume of gas to the volume of the foam is another

criteria which can be used for the classification of foam. The foam quality (I") has

value ranging from 0 to 1 depending on the amount of gas in the foam. The

expression for the foam quality is given by:
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r=—-:=2 2.63

Based on the criterion of foam quality, foam can be classified into: Dispersion when
foam quality is less than 52%, wet foam when it is between 52% and 74%, and dry

foam when it is between 74% and 96%.

The presence of gas component in foam makes it quality to change with temperature
and pressure. The real gas law can be used to determine the gas volume ratio at
different temperature and pressure. With the volume of gas in the foam at condition 1
known, the volume of gas in the foam at another condition of temperature and

pressure can be obtained by using;

Z,PT
Vo= Vgl(z—”j 2.64
Z,hT,

The volume of foam at another condition of temperature and pressure can be obtained

by using;

v, =v{(1-r1)+ZZPIT2 r,j 2.65
. ZIPZTI

The gas density at the new condition can be obtained by using:

ZIPZTI
= 2.66
pg2 pgl(ZZPITZ

The foam quality at the new condition can be calculated by combining equation (2.63)
and (2.64) to obtain:

-1
T,=|1+ -5 | 251 2.67

1_‘1 ZZP)ITZ )
The Z- factor (gas deviation factor) in the equations above is obtained using a

Yarborough and Hall approach (1974).
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2.7.3 Foam Density.

The change in the volume of the gas phase of foam with change in temperature and
pressure will cause the density of the foam to change. For foam flow, it is assumed
that the liquid volume does not change with temperature and pressure i.e. the volume
of the liquid phase is constant. For a particular pressure and temperature condition,

foam is treated as a homogenous fluid and the density can be calculated by using:

p,=Tp, +(1-T)p, 2.68

To obtain the density of foam at different temperature and pressure, equations (2.65),

(2.67) and (2.68) are combined:

Z PT,
P2 = 7 PT (;oflrl) = 2.69
2\ +Z2P1T2F1
2.7.4 Foam Rheology.

Several models have been suggested to describe the rheology of foam. These models
suggest that foam can be classified into one of the following class of fluid: Power law

fluid, Bingham plastic fluid or yield power law fluid.

Wise (1951), Raza and Marsden (1967), David and Marsden (1969), Wendorff and
Ainley (1981), Sanghani and Ikoku (1983), Harris (1995), and Enzendorfer (1995)
investigated foam rheology and found that foam behaves as a pseudo plastic fluid

(power law fluid) and its rheology could be expressed by equation (2.70).
r=K(y)" 2.70

Mitchell (1969), Krug and Mitchell (1972), Beyer et al. (1972), Blauer et al. (1974),
Calvert and Nezhati (1987) and Khan et al. (1988) investigated foam rheology and
found that foam behaves as a Bingham plastic fluid and its rheology could be

expressed by equation (2.71).

T=T,+ U1,y 2.71
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Wenzel et al. (1970), Cawiezel and Niles (1987), Reidenbach et al. (1986) Burley and
Shakarin (1992), Bonilla et al. (2000), Sani et al. (2001) and Lourenco (2002) also
investigated foam rheology and found that foam behaves as a yield pseudo plastic
fluid also called the Herschel Buckley fluid and its rheology can be expressed by
equation (2.72).

T=T,+U,7" 2.72

Valko and Economides (1992), Winkler et al (1994), Argillier et al (1998), Winkler et
al. (1998) and Gradiner et al (1998) applied the volume equalized principles to
describe the rheology of foam. The principles states that all volume equalized shear-
stress and volume equalized shear-rate points obtained at different qualities and

different geometries collapse into one curve in isothermal conditions.

Li (2004) based on Sanghani and Ikoku (1983) experimental results developed
correlations for the determination of n and K through regression analysis. He found
that two different correlations exist for two different ranges of foam quality. When
the foam quality is less or equal to 0.915, exponential relationship exists between n
and k and foam quality but above a quality of 0.915, a linear relationship exist. The

equations developed by Li (2004) are given by equations (2.73) to (2.76).

For I"'<0.915
K =0.0074.¢35163T 2.73
n=1.2085.¢7"%" 2.74

For 0.98>T >0.915
K =-2.1474T +2.1569 2.75
n=2.5742I"' - 2.1649 2.76

These correlations developed by Li (2004) will be used for the proposed model in this
study.
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David and Marsden (1969) carried out both theoretical and experimental studies on
foam rheology considering both fluid slippage at the wall and semi-compressibility of
foam and came up with the conclusion that foam exhibit a pseudo-plastic fluid
behavior. They also observed that when slippage and compressibility is considered in
the determination of apparent viscosity that it is independent of foam quality and that
the apparent viscosity corrected for slippage still increases with tube diameter. They
related the rheology of foam not only to the quality but also to the texture and

stability of foam.

Wenzel et al. (1970) based on their experiment conducted by using a cone and plate
viscometer and a concentric capillary viscometer concluded that foam is a yield

power law fluid.

Blauer et al (1971) in their work, methods for prediction of frictional pressure losses
in laminar, transitional and turbulent flow regime for foam flow in pipe flow was
described. The Reynolds number and fanning friction factors used for the calculation
of the pressure losses were calculated using effective foam viscosity, actual foam
density, average velocity and true pipe diameter. They also found out that the
Reynolds number and fanning friction factor for foam was similar to that of single
phase fluid. Using experimental data, they expressed foam viscosity and yield as a
function of foam quality. They also expressed the foam density as a function of foafn
quality neglecting the contribution of the gas phase and concluded that foam behaves

like a Bingham plastic fluid.

Beyer et al. (1972) based on their experimental data developed explicit function for
the determination of frictional pressure drop in vertical pipes and annuli. They
observed slippage at the pipe wall and concluded that liquid volume fraction is the
principal independent variable that affects foam flow behavior and that the total foam

velocity is made of a slip component and a fluidity component.

Bonilla et al. (2000) conducted experiments using both aqueous and gelled foams and
from their result concluded that the flow behavior of foam can be represented by yield

power law model. For foam flow they also concluded that there is no slip at the wall.
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Lourenco et al (2000) based on their experiments on foam stability developed
correlations for the determination of flow behavior index and consistency index in

terms of foam quality.

n=a;(1"r) 2.77

b
K=b (1—}5) | 2.78

Martins et al (2001) obtained values for regression coefficients a, , a,,b, and b,

which were given as 0.8242, 0.5164, 0.0813 and -1.5909.

Sanghani and Ikoku (1983) based on experiments conducted in a concentric annular
viscometer to determine the rheology of foam concluded that the foam behaves like a
power law fluid. They expressed the flow behavior index, n, and the fluid consistency,
K, as function of foam quality and observed that effective viscosity increases with
increasing shear rate. They concluded that for best drilling result, drilling operation
should be carried out in laminar flow region with the foam quality at the bottomhole
not less than 55%. They also recommended that the foam quality at any point in the
wellbore should not exceed 96% otherwise foam would be unstable and break to form

mist.

Ozbayoglu et al (2002) investigated foam rheology and observed that foam can be
treated as either power law fluid or Bingham plastic fluid depending on the foam
quality. When the foam quality is between 70-80% foam is treated as a power law
fluid, but as a Bingham plastic fluid when the foam quality is above 90%. They
suggested that texture and bubble size should be included in a rheological model for

foam in order to develop a general model.

2.7.5 Foam Viscosity
Mitchell (1969) based on his work on foam rheology concluded that foam behaves

like a Bingham plastic fluid with no slippage observed at the wall. He also found out
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that foam viscosity depends on both foam quality and shear rate and developed

empirical correlations to determine foam viscosity for two ranges of foam quality:

When foam qualities is between 0 to 54%

=, (1.0+3.6T) 2.79

When foam qualities is between 54% to 97%

i, = (ﬁ) 2.80

Mitchell (1971) based on Einstein’s and Hatschek’s theories and his experimental
results divided foam rheology into four regions using foam quality. Foam with quality
between 0 to 54% falls into the first region called the dispersed bubble region. In this
region foam is Newtonian. Foam with quality between 54 to 74% falls into the second
region called the zone of bubble interference. The third region is for foam quality
between 74 to 97%, in this region the foam undergoes full bubble deformation. The
fourth region is for foam with quality above 97%, this region is characterized by slug

and mist flow.

Others who developed correlations for the determination of foam viscosity are
Einstein (1906) and Hatschek (1910). Einstein (1906) developed viscosity correlation
for uniformly dispersed region with foam quality less than 52% based on energy

balance given as:

iy =, (1.0+2.5T) 2.81

Hatschek (1910) also developed correlations for the determination of foam viscosity
for two ranges of foam quality. The first correlation was for foam quality between 0

and 74%. This correlation was based on Stoke’s law for a slowly falling ball.

#y =, (1.0+4.5T) 2.82
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When foam quality is between 74% and 96%, the correlation developed was based on
conservation of energy during interference, deformation, and passage of packed

bubbles within a flow boundary.

A 2.83

A=
(1.043)

Equations (2.80) and (2.83) can be applied only at very high shear rate where the

foam viscosity becomes almost independent of shear rate.

2.7.6 Foam Stability

Foam being a two-phase system has a considerable amount of interfacial energy
which accounts for the significant amount of surface free energy. Instability of foam
may result from the separation of phases in foam or due to the merging of smaller
bubbles to form large bubbles. The fact that the liquid phase is denser than the
gaseous phase makes the separation or drainage of the liquid phase from the foam
itself spontaneous. This separation of phases or the drainage of one phase from the
other phase causes instability and change in the physical properties of foam. The
decomposition of foam decreases the surface free energy. Ross (1969) observe that
there are two spontaneous processes that control the decomposition of foam, the
diffusion of gas through the liquid film resulting to the formation of larger bubbles
and the rupturing of liquid film. Friberg and Satio from their experimental result on
foam stability using different surfactant association structures and their combination
observed that liquid crystal affects stability. Buscall et al from their work observed
that stable foam are formed by the addition of sodium chloride and potassium
thiocyanate. This stability was attributed to charge-stabilized foam film formed from

the surfactants with the film made of anions drawn from the solution.

2.8 Cuttings Transport with Foam
Using the modified Buckingham-Reiner equation and rheological model of Mitchell

(1969) to analyses foam flow in pipe and annulus, Krug and Mitchell (1972)
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developed charts for the determination of minimum volume of liquid and gas, and the

injection-pressure required for foam drilling operation.

Okpobiri and Ikoku (1986) using an iterative approach developed a procedure for the
determination of the minimum foam velocity and required wellhead injection pressure
for effective cuttings transport. Semi-empirical correlations for the determination of
frictional losses due to solid in the foam-cuttings mixture and a model for the
determination of pressure drop across the bit due to foam flow which takes into
consideration the compressibility of the foam were developed. In their study, foam-
cuttings flow was assumed homogeneous and suggested that for effective cutting
transport, the fluid velocity at the bottom should be at least 10% higher than the

terminal velocity at the same depth.

Guo et al. (1995) developed an analytic model that can be used to calculate
bottomhole pressure when drilling with foam in deviated wells. Their model was
similar to that of Okpobiri and Ikoku’s (1986) model except for the fact that solid
friction factor of the cuttings was not taken into account. For this reason, the
bottomhole pressure obtained by their approach was lower than that predicted by the

Okpobiri and Ikoku’s (1986) approach.

Assuming the compressibility of gaseous phase as one, Buslov et al. (1996) used an
iterative computational procedure to calculate pressure losses associated with foam
flow. In their study, Mitchell’s (1969) viscosity model was used to determine the

viscosity of foam.

Owayed (1997) developed a model similar to that of Okpobiri and Ikoku (1969), but

unlike the latter he accounted for reservoir influx (water) in his model.

Capo (2003) conducted experiments on cuttings transport with foam for intermediate
inclined angled wells using the LPAT-TUDRP flow loop at the University of Tulsa.
He focused his studies on the effect of inclination angle, foam viscosity, foam
velocity and rate of penetration on the cuttings transport process. He also went further

to develop a simulator that computes pressure, flow velocity and foam quality along
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the wellbore under typical wellbore flow conditions. The result from experiment
indicated that lower foam quality had lower cuttings accumulation and that the worst

cuttings transport for inclined wells occur at around 55-65 degree inclination.

Ozbayoglu et al. (2003) developed a mechanistic one dimensional steady state three
layer model for cuttings transport with foam for horizontal and highly inclined wells.
An empirical correlation for the determination of static friction coefficient was
established from experimental data. Their model was developed for foam drilling but
can be applied to other underbalanced drilling operations. They assumed slippage

exist between the solid cuttings and the foam in the suspension.

-Li (2004) developed a one-dimension transient model which was solved numerically
using a method presented by Crowe (1998) a modified form of the numerical method
developed by Patankar (1980) to solve two phase flow. He assumed an initial fully
suspended flow but cuttings would be deposited when the concentration of cuttings in
the annulus goes above a critical value. He used an iterative computation procedure to
calculate the pressure losses across the drill pipe and the annulus and developed a
model for the calculation of pressure drop across the bit. With this model he was to
predict the combination of gas-liquid injection rates and backpressure that would give
good cleaning and maximum rate of penetration while keeping the bottomhole

pressure minimum.
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CHAPTER 3
DEVELOPMENT OF MECHANISTIC MODEL OF CUTTINGS
TRANSPORT WITH FOAM IN INCLINED WELLS

A one-dimensional, transient mathematical model is developed to study cuttings
transport with foam in inclined wells. A detailed description of the model

development is presented in this chapter.

3.1 Model Development

In this study a two layer model is developed to investigate cuttings transport with
foam in inclined well. A schematic view of two-layer model for foam-solid flow in
inclined well is shown in Fig 3.1. The upper layer is made of foam with suspended
cuttings having a low solid concentration and the lower layer a bed of solid cuttings
which is either stationary or moving. The cuttings bed layer is considered to be
uniformly compacted with cuttings concentration of 0.52. The pores are considered to
be completely filled with foam. The two layer model in studying cuttings transport in
inclined wells has been adopted by different researchers. Ford et al. (1990), Luo et al.
(1992), Clark and Bickham (1994) and Kamp and Rivero (1999) carried out their
studies considering a two layer model in which the lower layer is a stationary bed.
Gavignet and Sobey (1989), Martin and Santana (1992), Kelessidis et al. (2003), and
Doan et al. (2003) carried out their studies of cuttings transport in inclined well using

a two layered model in which the lower layer is a moving bed.
The following assumptions are made for the development of the foam drilling model
in inclined wells:

(1) Foam is considered as a homogeneous non-Newtonian fluid whose rheology can

be represented by power law model.

(2) The cuttings are assumed to be spherical with uniform sizes, shape and velocity at

any cross-sectional area of the well.
(3) Inflowing reservoir fluids commingle with the drilling foam completely.

(4) Inflowing reservoir fluids accelerate to the mean stream velocity instantaneously

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(5) There is slippage between the foam and the solid cuttings

Fig 3.1 Schematic view of two-Layer model for cuttings transport with foam in inclined

wells

3.1.1 Geometry of Cutting Transport Model

The two layer model is composed of an upper heterogeneous layer which is made of
cuttings (the disperse phase) suspended in foam (the continuous phase). Below this
layer is the cuttings bed layer which is made of particles that are cubically packed
with a particle concentration of 0.52. The upper layer has a cross sectional area
denoted by A, and two wetted perimeters; the first one is along with the drill pipe (arc
GHF) and the second one is along with the wellbore (arc CFD). The sum of these two
wetted perimeters gives the total wetted perimeter for the upper layer (Ss.w Or St.y).
Similarly, the lower cuttings bed layer has a cross sectional area of A; and two wetted
perimeters; the first one is along with the drill pipe (arc GIF ) and the second one is
along with the wellbore (arc CED), which sums up to give the total wetted perimeter
for the lower layer represented as Sp.w. The wetted perimeter between the upper and
the lower layers is represented by S; (Iength CG plus length FD). See figure 3.2 for

details.
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In the derivation of the wetted perimeters and cross sectional areas, three different
pipe positions in relation to the cuttings bed are considered. The inner radius of the
pipe is taken as r; while the outer radius of the pipe is taken as r.

The hydraulic diameter is given by:

_44
S

D, 3.1

Where A is the total area of the annulus open to flow and S is the total wetted

perimeter.

A= ﬂ'(ro2 -r?) 3.2

i

1; is the radius of the hole and r, is the outer radius of the pipe.
S=27(r,—r,) 33
D, =2r,-r) | 3.4

Determination of S;, Ss.w, Sp.w. The values of the wetted perimeters will depend on
the eccentricity of the pipe. The eccentricity is simply a measure of the distance

between the center of the pipe and the centre of the hole. Eccentricity € is defined as

€= 3.5

L is the distance from the center of the pipe to the center of the hole. Eccentricity is
positive when the pipe is positioned toward the bottom of the hole, and negative

positioned toward the top the hole. The distance between the bottoms of the pipe and

669

the borehole wall shown as “y” in figure 3.2 is obtained using;

y=(,~n)i-e) s

For determination of geometry, three cases are usually considered.

1.The pipe is above the cutting bed.
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2.The pipe is partially covered by the cutting bed.
3.The pipe is completely covered by the cutting bed.

A detailed analysis of each case and derived expressions for the different geometry

are shown in appendix D.

F

Fig 3.2 Two-Layer model for cuttings transport with foam in inclined wells

3.1.2 Forces Acting on Cuttings within the Control Volume
Certain forces act within the control volume which are responsible for the change in
momentum within each layer and determine the direction in which each layer would

move. Below is the description of these forces:

1. The pressure force is due to pressure differential at the entrance and exit of the
control volume. The pressure forces considered in this model are those due to the
suspended solids, fluid in the suspension and the one due to the cuttings bed if it is

moving.

2. The drag force is due to the viscous and pressure drag of the fluid on the cuttings.
The drag forces considered in this model include the one due to solids in the

suspension and that due to the fluid itself.
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3. The gravity force is due to the weight of the cuttings within the suspension, that

due to the fluid itself and that due to the cuttings bed.

4. Shear forces are due to contact of the suspension with the wall of the pipe, borehole,

and also due to interfacial contact between the suspension and the cuttings bed.

5. The frictional force at the surface of separation between the cuttings bed and the
wall of the wellbore which acts to resist the forward movement of the bed in the

direction of movement of the upper layer.

6. Another group of forces considered here are those associated with the deposition of
solid cuttings and fluid from the upper layer into the cutting bed region and the re-
suspension of solid cuttings and fluid from the moving bed layer into the suspension
in the upper layer. The deposition and re-suspension processes are governed by

certain factors which will be discussed.

Figure 3.3 Forces acting on layers within control volume

For fully suspended flow with no cuttings bed, however, some of the forces listed

above are not considered. The forces not considered for fully suspended flow include;

o The forces associated with deposition and re-suspension
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e The frictional force between the bed and the wellbore.

o The interfacial frictional force between the cutting bed and the upper suspension

layer since there is no wetted interfacial perimeter.

Pressure Force. The determination of the pressure force on a single particle is quite
complex. Because of this, the pressure over the whole body of the system instead of
single particle will be considered. The volume of the suspended solids in the control

volume is,

V, =C,A,As 3.7

The above volume can be assumed to be that of a cylinder with height As and cross-

sectional area C A, . The pressure across the cylinder in the direction of flow can be

expressed as follow;

F _ =C,A(P-P)=-C,AAP 3.8

prs

b%

h o
Figure 3.4: Pressure force acting on the suspended solids

Similarly for the foam in the suspension and for the cuttings bed, the pressure across
the cylinder in the direction of flow is given by equations (3.9) and (3.10)

respectively.

F,. =C,A(P,—P)=-C,AAP 3.9
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F

prB

=A(P - PB)=-AAP 3.10

Gravity Force. The gravity force acting on the all particles in the system is

calculated by using;

F,=-CA,p,gAsCosb 3.11

The gravity force acting on foam in suspension within the control volume is

calculated by using;
F,=-C;A,p,gAsCosb 3.12

The gravity force acting on the cuttings bed within the control volume is calculated

by using;

F,=-Ap gAsCosb 3.13

Shear Forces. This set of forces play significant roles in the cuttings transport
process in inclined wells. These forces result from interaction (collision and contact)
between objects (solids in suspension, fluid in the suspension, and the moving bed)
with the wall of the wellbore and also due to interaction between layers. The stresses

that exist during cuttings transport in inclined wells are;

e The shear stress which result from collision and contact of the cuttings in the

suspension with the wall of the pipe and borehole.

e The shear stress due to contact of the fluid in the suspension with the wall of the

pipe and wellbore.

e The interfacial shear stress that result from interfacial contact between the

suspension layer and the bed layer.

e Finally, the shear stress due to contact of the bed with the wall of the pipe and

wellbore.
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However, it should be noted that depending on the layer under consideration, these
shear stresses can either act as driving forces or resistant forces. From figure 3.3, it
can be seen that all the stresses acting in upper layer are resistant forces whereas for
the lower layer, all stresses except the interfacial shear stress act as resistant forces to
the cuttings bed (the bed is assumed to be moving in the direction of the upper layer).
In other words, since the velocity of the upper layer is higher than that of the lower
layer, the interfacial shear stress accelerates the sliding bed and tends to slow down
the upper layer. The net effect of the shear forces is a reduction in momentum since
all the shear forces in the system act as resistant forces except the interfacial shear

stress associated with the cuttings bed which acts in the direction of the drive force.

Doan et al (2003) assumed the hydrodynamic shear stresses in the upper suspension
region and interfacial stresses to be a function of the fluid hydrodynamics only. For
this study, the stresses would be expressed as a function of both the liquid and solid
properties. The shear force which results from contact between the wall of the hole

and the solid in the suspension is obtained by using equation (3.14).

F(s_w) =—7_ .S _ As 3.14
For fully suspended flow,
: As
F(s—w) = _2ms s us ) 3.15
H

The shear force which results from the contact of fluid in suspension with the wall of

the hole and the pipe is determined by using equation (3.16)

Fiipy =T8548 3.16
For fully suspended flow,
As
F. =-2m —u 3.17
(f-w) fff‘ DH f
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The shear force between the moving bed and the wellbore is obtained by using:
F(B_W) =—T,_ S5, AS | 3.18

For fully suspended flow, the above force (3.18) is zero.

Where
1
T, = -2~Csfspsuf | 3.19
1
T, =5Cfffpfu§ 3.20
and
1
Tpw ='2_f1:01“12 ' 3.21

Py s, p,, u, and p,u, are the density and velocity of the liquid, solid and the

cuttings bed respectively.

Therefore,
F -——le u.s As——ln'zf Jsw Asu 3.22
(s—w) 2 K] sps s M s-w* 2 sJs A2 s .
1 2 _ 1 . s -w
Fipy==5CifspsusSp, As=—cmfy——Asu, 3.23
2 2 A,
and
1 2 1 . SB—W
F(B—w) = —Eflplul Sz As = —5m1f1 —A—Asul 3.24

2
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The shear force due to contact between the suspended solids and the cuttings bed is

obtained by using equation 3.25

F(s—B) =—7, SAs 3.25

The shear force due to contact between the fluid in suspension and the cuttings bed is

obtained by using equation 3.26

F (f-B) — —Tf—iSiAS 3.26

The shear force between the upper layer and the moving bed is obtained by using

equation 3.27.

Fpiy= Tp_iS,As 3;27
Where
T =T+ T, | 3.28
1 2
(e ECsfsps (u, —u,) | 3.29
=2, 1,0, luy —u,
T, =3 sfrp\uy—u 3.30
Therefore,
1 2
Es—B) = _Ecsfsps (us _ul) SiAs 331
1 2
Fis g Z_chffpf (uf —u, | S,As 3.32
and
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F

(B-i) — F(s—B) + F( f-B) 3.33

Friction Factors: The terms f; f; and f; in equations (3.19), (3.20) and (3.21) are the
solid, foam and cuttings bed frictional factor respectively. Different empirical
correlations have been developed for the determination of the solid friction factor
(Konno and Satio (1969), Cape and Nakamura (1973), Yang (1978), Tulay and
Ozbelge (1984)). In this research, the correlation developed by Cape and Nakamura
(1973) (Eqn. 3.34) which gave the highest solid frictional pressure drop was used.

0.206
fo=— 3.34

u

s

The friction factor for the flow of power law fluid through pipes and the annulus
depends on the flow regime. For turbulent flow of power law fluid through pipes and

annulus, the Dodge and Metzner expression for fanning friction coefficient (Skelland,

1967) is used.
1 4.0 /) 0.395
Tz_n°'75 log(Ref .ff1 2)— oE 3.35
f

Where Re is the generalized Reynolds number for power law fluid modified for foam

calculated using equation (3.36).

_ 81—n pfu]%—ndn

Re
f . (371 N 1) n 3.36
4 4n

Martin et al. (1992) also suggested the use of equation (3.37)

fr =0.0454+0.645 Re;fz'7 337
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For laminar flow of power law fluids in pipe, the fanning friction factor is obtained

using;

16
(Re,)

3.38

ff=

Frederickson and Bird (1958) have shown that the friction factor for the laminar flow

of power law fluids in annuli could be written as follows:

16 3.39

In which the modified Reynolds number N (n,

N.. (%)= 2RsJu —:% Q 3.40
e
1

+ K

) is defined as:

| Where

}=%2 3.41

ey
Q. = il (I*K ) 3.42

2n+1

Values of ¥ was tabulated as a function of n and x in Table-III of Frederickson and
Bird (1958). For convenience, values given by Frederickson and Bird were curve

fitted and could be represented by the following two parametric equations:
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When 0.3 < ;- < 1.0

¥ (s, &) = (0.001152-0.0217s + 0.4972) K - 0.0009s + 0.0178s + 0.5023
3.43

When x<0.3

W (s, k) = (-0.0715s% + 1.0241s +O.4402);2+(O.O36132 - 0.5412s + 0.2972)1
0.0052s* +0.0851s + 0. 5237
3.44

Where s = 1/n

Note that the values of the function ¥ (S,.K_‘) can be calculated by using equations

(3.43) and (3.44) within less than 3% error margin of Frederickson and Bird solution.

For the turbulent flow of power law fluid in the annulus, the Reynolds number used
for the calculation of the friction factor is the same as that used for turbulent flow of

power law fluid through pipes.

The friction factor for the moving cuttings bed is calculated by using equations 3.45
to 3.47

16
fi= m 3.45

2-n 3n

u, 'd
ReB=p83n_lf+K.1 3.46
B

K, =K (1+2.5C, +10.05C2 +0.00273¢'°" ) 3.47
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Drag Force. The total drag force in the control volume is obtained by summing up
the drag forces acting on individual particle in the suspension. The drag force over a
particle is given by:

1
Fpy = ‘z‘prDAsk (“f —Ug )2 3.48

It is assumed that all the solid cuttings move at the same velocity, and the particles

have uniform size and shape. The total drag force on all the particles is given by

1
Fp, = EprDZ (Ask (”f —Ug ) 3.49
k
Where,
A, =md’ 14
FDs =%prDAs(uf _us)2 3.50

N, = Volume occupied by all suspended solid particles in layer 2/Volume of a solid.

_6CYV,
a
The force on the foam fluid due to particle drag is:

Fy =__]'\_;_LpchAs(uf —u, ) 3.51

Frictional Force (F1) between Bed and Wellbore. Frictional force results due to
contact between the cuttings bed and the wall of the wellbore. For stationary bed, the
static frictional force which acts on the bed, balances the driving forces acting on the
bed. Increasing the driving force on the bed would increase the dry frictional force

until it reaches a certain maximum value. At this point, increasing the driving force
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any further would cause the bed to slide. This maximum frictional force acting at the

point of sliding is given by:

Fi = uR 3.52

Where u is the dry friction coefficient and R is the sum of normal forces exerted by

the solid particles on the wall of the pipe. “R” for a moving bed consists of two

components as shown in figure 3.5.

1. The first component (R;) is that due to the submerged weight of the solid particle.
R, is calculated using equation (3.53)

R, = p,A gAs 3.53

2. The second component is that due to transmission of stress from the interface
through the cuttings in the bed. This component represented by R, is also known as
the Bagnold stresses. Bagnold (1954,1957), showed that when fluid flows over a
moving bed, a normal stress exists at the interface which is associated with the shear

stress exerted by the fluid on the bed. This Bagnold stress can be calculated using

equation (3.54).
7.5.

R, = ———As 3.54
tan ¢ '

Combining equations (3.52), (3.53) and (3.54) gives;

_ 7,8,
F,=u(p,AgSin 6 + ——)As 3.55
tan ¢
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R,

Figure 3.5: Friction between moving bed and wellbore

Where ¢ is angle of internal friction with value of tan¢ ranging from 0.35 to 0.75
depending on the type of flow and the particle characteristics; ¢ is the dry coefficient
of friction of the cuttings bed. Iyoho (1980) indicated that the coefficient of static
friction is about 0.6 since cuttings slide down the wellbore under no flow condition
when the wellbore makes an angle of about 60 ° with the horizontal. A close
approximation for the value of the coefficient of static friction is the tangent of the
angle the wellbore makes with the horizontal at which the cuttings bed will just begin
to slide under no flow condition. This is approximately equal to the tangent of the
cutting angle of repose. Gavignet and Sobey (1989) showed that for a sliding bed, the
sliding coefficient of friction is less than half the coefficient of static friction of the
cutting studied by Iyoho. For their model they suggested a sliding friction factor of
0.2. Ozbayoglu (2003) also presented empirical correlation based on his experimental

results for the determination of this coefficient expressed as a function of 4,,,/A,

given by:

A 0.252
M= 0.617(—;—5‘1—] 3.56

w
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For stationary beds, equation (3.55) cannot be used to directly calculate the static dry
friction force as this applies to a bed at the verge of motion. The static dry frictional
force for a stationary bed is calculated from the momentum equation for the bed. The
friction force calculated should be less than maximum dry friction obtained using
equation (3.55) (Wilson, 1970). A stationary bed would be at the verge of moving if
the calculated frictional force from the momentum equation (3.83) is equal to that

obtained from equation (3.55).

3.1.3 Forces Due to Deposition and Entrainment of Cuttings.

As cuttings are being transported to the surface either in suspension or as a moving
bed, there is usually transfer of materials from one layer to the other due to deposition
and re-suspension. Mass and momentum associated with these transfers need to be
incorporated into the continuity and momentum equations in order to represent a
complete dynamics of the cuttings transport process. As cuttings and foam fluid are
being deposited from the upper to the lower layer, so is there re-suspension of

cuttings and foam fluid from the lower layer to the upper layer.

Re-suspension is the process by which in the presence of shear flow, an initially
settled layer of negatively buoyant particles is dragged into the suspension upper
layer and is convected away (Leighton and Acrivos, 1985). Gadala—Maria (1979) was
the first to show re-suspension can occur at small values of Reynolds number for
which inertia effects are insignificant and flow is laminar. From his study usihg coal
suspension, he observed that the viscosity of the suspension decreased when sheared
at a low shear rate and left overnight. But with increasing shear rate he observed an
increase in the viscosity of the suspension. The reason for this decrease in the
viscosity was attributed to deposition of the coal particles from the suspe nsion while
the increase was attributed to the re-suspension of the already settled coal particles.
Leighton and Acrivos (1986) also investigated the re-suspension process and explain
it in terms of shear-induced diffusion process, in which the diffusivity resulted from

inter-particle interaction within a suspension as it is sheared.

Forces are associated with deposition and re-suspension processes. The determination

of these forces has been treated by several investigators in the literature. Doan et al.
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(2003) calculated the deposition velocity using the method proposed by Doron et al.
(1987). They have assumed that the depositional and entrainment rates determine the
volumetric transfer rate across the interfacial boundary aligned in the direction
perpendicular to bulk flow. The depositional rate was expressed as a function of
hindered terminal velocity of a single particle. The force balance on a single particle
was used to determine an expression needed for the determination of the hindered
terminal velocity in inclined wells. They did not consider the inclination effect in the
determination of the forces associated with these processes which, however, was

included in the model described in this study.

Kamp et al. (1999) showed that the cuttings bed height was governed by the mass
flux of cuttings per unit interface that are deposited and that re-suspended. The former
was found to be proportional to the mean cuttings concentration and the cutting
settling velocity whereas the latter is a function of the friction velocity (interfacial

velocity), the cuttings bed concentration and the particle velocity.

In this study, the following expressions for the forces and masses associated with the
deposition and re-suspension of fluids and cuttings from one layer to the other during
cuttings transport in inclined wells are obtained. A detailed derivation of these is

given in appendix C.

Mass associated with solid transfer for upper layer.

M, -M

ent,s Dep,s

= p,S,AsAt(v,C, —v,C) 3.57

Mass associated with transfer of fluid for upper layer

CS
M, =My, =p;C.SAsAt| v, "'C_VD 3.58

sl

Mass change associated with the cuttings bed due to re-suspension from lower layer.
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M, , =v. S AsAp, 3.59

ent,B

Mass change associated with the cuttings bed due to deposition from upper layer.

C
MDep,B = CSVDSiASAl{ps + C_flpf] 360

sl

Force change associated with the solid component in the upper zone due to deposition -

and re-suspension:

F

ent,s - Dep,s

= p.AsS.(C v u, —C.vpu,,)Cos@ 3.61

Force change associated with the fluid component in the upper zone due to deposition

and re-suspension:

CS
Fem,f - FDep,f = prfIASSi [vEul _E"VD”sz jCosﬁ 3.62

sl

Force change associated with the cuttings bed due deposition and re-suspension:

C
Fpes = Foup = (ASSiCsvD(psuSZ Py C_f]ufz)" Vi AsS, py ]Cosﬁ

s1

3.63

3.1.3.1 Deposition and Entrainment Velocity.
Doron et al. (1987) suggested the use of the following equations for the determination
of depositional rate. The equation takes into consideration the concentration effects

on the hindered terminal velocity.
vp=v,(1=C)" 3.64

v, is the terminal settling velocity obtained by using:

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4dpg ps_pf

y =

T 3.65
m=445Re,™  RE,<500 3.66
m=2.39 RE, >500 | 3.67

RE, is the Reynolds number based on, v,,, the hindered terminal deposition velocity.

Re = PsVpdp
p /uf

Where g, is the apparent viscosity of foam.

Doron et al (1987) expressed the entrainment rate as a function of the interfacial shear

velocity. They calculated the interfacial shear velocity using equation (3.68).

1
T, Efipf(uz —ul)z

Up = = =(“2"""1)

Py Py

- 3.68

N |

Doan et al (2003) assumed a linear relationship between the entrainment velocity and

the difference between the interfacial velocity (u,,) and a critical threshold velocity

(u;, ), given by equation (3.69). The slope m" they obtained from simulation study.

v, =m"u, —u.,) * 3.69
E— 12 12 U > Uy .

Vg, = 0 U, < u1*2 3.70

When the interfacial shear velocity is below a certain critical level as shown by
equation (3.70) there would be no re-entrainment of deposited cuttings into the
flowing suspension layer. In their model there was no expression for the

determination of critical threshold velocity.
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Kamp et al (1999) suggested using equation 3.72 for calculation of the critical
threshold velocity.

1
. [ PP 2d,p
= —fgdp _prf

Re 3.71
Py My

p

. Rep u12

3.72

Vp

When Z=7. which ‘has a value of S, interfacial velocity becomes is the critical

threshold velocity.

In this study, the entrainment velocity is determined by using the mass continuity

equation for the cuttings bed (Eqn. 3.75).

3.1.4 Conservation of Mass and Momentum Equations.

With the mass and force balances for foam and solids in the upper layer and that of
the cuttings bed layer in a control volume, the continuity and momentum equations
for the solids in the suspension, foam in the suspension and the cuttings bed are

derived. Altogether six equations are obtained.

Detailed derivations are given in appendix A and B. Equations (3.73), (3.74), and
(3.75) are the continuity equations for the solids in the suspension, foam in the

suspension and the cuttings bed respectively.

Ip,C,) , puC,) S, S,
s7s) g stss) C 1+ C, — 3.73
at aS psvD xAz pst bA2
Ap,C,) dlpu,Cc,) S, S,
. - Cv 2itpy C.2iy 3.74
ot 3s c, P1osvo g TPy Ty
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C S, S,
f1 i i
C, pf)CsvD A - PVe A 3.75

aﬁ a(p1u1)__
x o P

vp and vg are the deposition and entrainment velocities respectively of materials

deposited and re-suspended from one layer to the other.

It should be noted, however, that for fully suspended flow there is no cutting bed,

hence there would be no momentum equation for it.

The foam flow rate in the upper layer is affected by fluid influx from the reservoir
due to the underbalanced drilling condition. The mass influx rate of water, oil and

gas from the reservoir per unit volume of the wellbore are given by equations 3.76 to

3.78
A2
So = pOPIO (Pre —P) 3.77
A2
PI,(P,—P
5, =2 e D) 3.78
A2

Where PI is the specific productivity index, which is the volumetric inflow rate of
fluid from the reservoir into the wellbore per unit pressure drop between the reservoir
and the wellbore per unit length. The total mass influx from the formation into the

wellbore is given by equation (3.79).

s;=5,+s,+s, 3.79

_ puqre,u + prre,w + pg qre,g

S¢ 3.80
A,As
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The momentum equations for the suspended solid, the foam in the suspension and the
cuttings bed for the inclined wells are given by equations (3.81), (3.82) and (3.83)

respectively. Detailed derivations of these equations are given in appendix B.

a(Cspsuf)_}_a(Cspsus)_
Os ot
dp 1 28, 1 _ 2 S, 3.81
-C —-C Cos@——C ——-=C - —=+ .
Jas spsg os 2 sfspsus A2> 2 sfsps(us ul) A2
3C S, S,
4d: C, (uf —us)2 +u,v,.C,p, Z;—Cosﬁ—usVDCsps A—2Cos9.
a(Cfpfu;)_l_a(Cfpfuf):
os ot
dp 1 2 Spw 1 ) S, )
~Cy 5= Cypy8Cos0~—C o fypyu . chffpf(uf—ul) i 3.8
3C, S, C S,
_Zd_prD( P ) +u, v, C flpf A, ~CosO~u,v, Cfbl CpfA—2C0s0
a(/’“x) pl
os ot
ap 9 Si 1 2 Si
—a__plgcose-'_ cfffpf( 1) Xl+_2-csfsps(us —ul) Xl—
- u =2 +tuyv,C p.—~+u,v,—C p,——uyv,p, —— |Cos@ ———
2 fipi A ( Vol P Al Vb , Py A WEeP A AAs
3.83

F; is the frictional force that exist between the cutting bed and wellbore.
Equations (3.81) and (3.82) can be added together to eliminate the drag force between

solid cuttings and the foam in the upper layer.

a(Cspsuf + Cfpfujzf) + a(Cspsus + Cfpfuf) -

% P
D (G rCplsCos—te fppi -t -tat oS- g plu uf
i s s c
-6 sps(us—ul)zg‘+u1vEg’Cos€(Cbps+Cﬂpf) ( wp,+~2uypy Vi, A2Cos9
b
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3.84

Under steady state flow condition, neglecting the acceleration term and material

exchange terms (between layers) in equation (3.84) would yield

op 1 S, 1 S

P -(C,p, +C,p; )8C0s‘9_50fffpf“§ A_2—§Csfspsusz A_Z_

1 s S2 2 3.85
2D, 2 D

chffpf(uf —ul) A_Z—Ecsfsps(us _ul) A_z

As seen from above equation (3.85), the steady state pressure drop for the model in
the upper layer consist of the two parts; the hydrostatic pressure drop due to
suspension and the frictional pressure drop due to the suspension and that due to

relative motion between the upper and the lower layer if a bed is formed.

3.1.5 Boundary Conditions
The gas and liquid injection rates must be specified. Drilling rate should also be
specified so that the mass flow rate of the cuttings in the annulus can be calculated.

Finally, back pressure is specified at the exit of the pipe.

3.1.6 Initial Conditions
Stable foam flow condition is assumed to be achieved before the drilling begins. The
pressure and velocity distribution, and properties of foam are calculated and set as the

initial condition of the flow model.

3.1.7 Method of Solution

In this research, the Crowe’s method (Crowe, 1998) for two phase steady state flow
which is a modification of the numerical solution scheme called SIMPLE developed
by Patankar for single phase flow was employed with some modification to facilitate
the convergence of the numerical solution. This technique was also used by Li (2004)

in the development of his model for cuttings transport with foam in horizontal wells.

3.1.8 Foam-Cutting Flow in Drilling Annulus
The numerical solutions of equations (3.73) to (3.75) and (3.81) to (3.83) which

describe cuttings transport with foam in the annulus of an inclined well are needed in
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order to determine the flowing bottom hole pressure and the cuttings concentration
along the well. For foam-cuttings transport under steady state flow condition, the total

pressure drop across the annulus can be calculated by using the equation (3.86)

2S

2 S,
fffpffA2 2 fps A2

:mzmg+qgkwﬁmQZCfm@f%) 3.86

B?L%»?I“

+%QﬂA@;WY

The total pressure drop across the annulus as shown by the equation (3.86) can be
obtained by dividing the annulus into sections and summing up the pressure drops in
all sections. The circulating bottom-hole pressure is the sum of the total pressure drop

across the annulus and the back pressure applied at the surface.

CBHP = AP, +P, 3.87

3.1.9 Foam Flow across the Bit Nozzle.

The determination of the pressure drop across the bit needs modification of the
momentum equation for the suspended foam. Due to the fact that high pressure foam
flows through the bit nozzles, the frictional, gravitational and mass transfer terms can

be neglected in comparison to the acceleration term in equation (3.82).
ACpy)_ o 3.88

The finite difference equation for foam flow through the bit nozzle is given by

equation (3.89).

Py = an1+(Pf“f ) (Pf Uy ) 3.89

I “nozz f'dpP,N

3.1.9 Foam Flow in Drill Pipes
The flow of foam in a drill pipe is considered a steady state flow of single-phase

compressible fluid in a pipe. The equation describing foam flow in pipe can be
69
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obtained by modifying equation (3.82). The modification made includes: the

suspension is considered to be made of foam only, the concentration of foam is one,

the flow is downwards, and finally, the area open to flow is the entire cross-sectional

of the pipe. It should be noted that for pipe flow, the drag force and material transfer

in equation (3.82) are not considered.

dpu)  op
ds

———=—=+p,8Cos0 -

2f,p5u7 3.90
ds D

14

The finite difference formulation of equation (3.90) is given as follows

2f,pu’
P, =P, —AsgCostp, ., +[—-—il—)—u] + (pfuf )M - (pfui ) 3.91
i+l

p

D, is the diameter of the pipe open to flow.

An iterative calculation procedure is required to solve equation (3.91)
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CHAPTER 4
METHOD OF NUMERICAL SOLUTION FOR THE FOAM -CUTTINGS
FLOW MODEL

The prop(;sed model for the cuttings transport in inclined well is solved by a
numerical method described in this chapter. This numerical model can also be applied
to vertical and horizontal well with some changes in the momentum equations of

foam and solid and that of the bed if formed.

4.1 Discretization of the Physical Model.

A staggered grid system shown in Fig 4.1 is used to discretize the flowing system and
an algorithm of semi-implicit method is used to solve the discretized pressure-linked
equations. With this system, pressure and velocities are calculated at different nodes
with the pressure nodes at the center of the control volume, and the velocities on the
faces of the control volume. This strategy as suggested by Patankar (1980) would
prevent wavy velocity field and the inconsistency usually associated with the
conventional grid system. It also ensures a uniform pressure field since the pressure
difference between two adjacent grid nodes becomes the natural driving force for the

velocity component between these grid points.

Control Vélume

A

i+1 i+2
Figure 4.1: Staggered grid system
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4.2 Discretization of Momentum Equations.
4.21 Discretization of the Momentum Equations of the Solid Component.

The momentum equation for the solid component in the upper layer is given by

equation (4.1).

3C.p.ut), AC.pm,) _
ds o
ap S, 1 2 S,
-C,—-C C 49— C P Lo—C - —+ 4.1
a psg os fs s .v A2 2 sfsps(us ul) A2
3C

s 2 t l
Zi_:pfcl)(uf —us) +u v, C, p, — A, —Cos@—u VDC p, — A, Cos 6.

Discretizing equation (4.1) gives;

ol A,C
( ’ spsus)_i_a(msus)__
ot Js

) 1 1
_CsA2a_i—CsAZpsgcose_—iCsfspsu.fSZ _Ecsfsps(us _ul)zsi + 4'2

A,B, (uf —-us)+ uyv.C, p.S.Cos@—uy,Cp.S,Cos6.

Replacing the derivatives by forward difference approximation implicitly, numerical

expression for equation (4.2) at node i+1 and time step n+1 is obtained:

(4,C,pu, ity = (ACopyu )iy | (ingu, i — iy, )™
At As

n+l

n+l1 Pin+l - P,-+1 n+1 n+l n+1 n+l
(A, )| e |- (i€, o500 + (4,8, )i (o, 1 (i) 43

i+1

(o, ) = (D, — ) + (0,5, Cos )5 (s, )it = (o CL )i )

i+1

Where

C, = %’-’i fu.S, 44
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D, =SP g (u —u)s, 45
Re-arranging equation (4.3)

(us)::l(m (A,C.p, )+, )it + As(A,B, )i +C, + D, +As(vDCspsSiCos0)f:ll) =
As

Z?(
As(AB, )7, )7+ As(v, i, S,Cos O): + As((Dy, )12

i+1 i+1

tir, Y+ (v, )+ (A,€, )1 (P = P2 )= AS(A,C, p, gCos O3 +

i+1 i+1 i+l

4.6
Setting

(E ) =§(Azc P, )t + (i, S + As(A,B, ) + C o+ D+ As(v,C p, S CosO):)

i+1 At i+l 1i+1 Li+1 i+l

4.7
Then,

As s\ . nt n+ n+ n+ n+
(u )n+l _ 1 E (ms )i+1 + (msus )i 1 + (A’ZC );4—11 (P - Pl+11 )_ (A2C psgCOSH)IHI
slisl T \ntl

(E )’“ (AzB )7:11( )"+11 +As(ulvECsipsSiC0S0)?:ll +AS((D1 ("‘1 ))'-IH)

i+l

4.8
. . (A C )n+1 (Pn+1 Pnil-] )
()i =(Q, )i + AL 4.9
1 1 (Es )i-:-l1
With
As . \n . n+l n+l1 n+l1 n+1
_(m ) +(ms s) —AS(A C psgcose)zH +AS(A B )t+1 ( f)'+1 +

n+ 1 s Ji+
(Qs )i+11 = (E )n+1 At 1
s Jist As(ulvECsipsS Cos@)n+1 +AS((D ( ))n+l)

i+l i+l

4.10
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4.22 Discretization of the Momentum Equations of the Fluid (foam) Component.
The momentum equation for the foam component in the upper layer given by

equation

a(cfpfu; )+ a(C,pyuy)

ds ot
ap 1 28, 1 2 S,
-C,—-C Cos 6 ——C —=-—C U, —u ) —-—
fas  CrPr8 > s FiPruy A, 2 fffpf(f ) A,
3CS 2 ) Si Cs‘
4d. prD(uf —us) +prfIZ:C0s B(uIVE —uVp CbJ
4.11
Modify equation 4.11 as follows
a(Achpfu§)+a(mfu,)=
ot ds
d 1 1 » 2
—cfAzf—,cfAzpfgcos 9—-2-cff,pfu;sz—5cfffp,(uf—ul) S, -
C
Asz(uf —us)+ p;C . S,Cos 6’(ulvE —UgVy C—SJ
b
4.12

Replacing the derivatives by forward difference approximation implicitly, numerical

expression for equation 4.12 at node i+1 and time step n+1 is obtained:

(Achpf”f)?:x] - (A2Cfpfuf)?+1 + (mfuf )fm ~ (mfuf )M

i+1 i

At As
71+ P'n+1 - P~n+1 n+ n+ n+ n
R e R R e P 0
n+l
n+ n-+ -+ CA-
(Eluf )z+11 - (F1 (uf -u, ))Ml + (prflSl.Cos H)MI[(MIVE —u;Vy C J }
b Jin

4.13
Where
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C
E = fzpf fu,S, 4.14
- C.p
F = fszf(uf—ul)s,. 4.15

Re-arranging equation 4.13

n+l
1+ AS 1+ . " n+ Cs

(u, ) o™ (4,C,p, )t + (i, )i + As(4,B, )i + As(pf C,.S, —é:vDCosﬁ]i+l ] =

g

At

' AS(AzBu )n+1 (“s )7+1 + As(pf CflsivEcose):: (”1 )7:11 - AS((Eluf ):’: + (Fl (uf —U ))::1 )

i+l i+1

(i, )+ G, )+ (4,0, )2 (Bt - P2 )= As(A,C, p, 8CosO) ™ +

4.16
Setting

n+l

li+l Li+l

(£, )" =§(A2c, Py, I+ As(A,B, ) + B + +As[pfcﬂs,. %vbccsej
b i+l

4.17

i+l

B Sl )+l ) (4, ) 7 - B2 )-4,C, py 8Cos) +
flin _(

7+
E, )" AS(ALB, Y, ot + Aslip, €S, Cost) it + A((F )22

i+l i+l i+l

4.18

n+1 n+l 'n+1
e, )i = (o, )T“’,‘+(A2C’ hate — P 4.19
i i+ (Ef )n

i+l

With
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1 As i, )+l ) = AS(A,C, p, gCoO) + AS(A,B, ) ()i +
(Qf )i+1 ='(— &

n+1

E ) As(p, C ;v CosO)™ (u ) +as{(F ()
4.20

4.2.3 Discretization of the Momentum Equations of the Cuttings Bed.

The momentum equation for the cuttings bed is given by equation (4.21)

a(p u ) a(plu1

ot
a Sp 1 2 S,
—g—plgCosa—Ef,,plufngcsfsps(us = 2
1 2 S, S, Ch . S S, K
+5Cfffpf(uf —ul) Xl+usvDCsps ) +upvp P, —— c. C A Cosf—u, v, p, 1—E]£
4.21

Discretizing equation 4.21 gives;

a(Alplulz)+ a(Alplul) _
s ot
ap 1
~ AL~ pAgCosO~ fypuiS, + 5 C.f.p, 0, —u)'S,

1 2 Cf] F
+5Cfffpf(uf —ul) S, +luyvpCpS, +uvp,p, ——CS, —uvgp,S, cosB——A——

st S
422
Replacing the derivatives by forward difference approximation implicitly, numerical

expression for equation 4.22 at node i+1 and time step n+1 is obtained:

n+l n+l

( 1Py ),+1 _(Alplul )?+1 +(n'11u1 )i+1 (m1“1 )M _
At As

n+ PnH - P,:l.+1 n+ n+ n+ n+
(Al ),+11 [""—"‘—l—j ( lplgcosa)l+11 _(G u )i+11 +(H1 (us — i )),'4-11 + (Il (uf — U )) '+

As

n+ C ml - " F n+l
((u v G, P, ,),+11 (ufvbpf C_flcssi] (u VoS, ) IJ(COSQ),HI "(ZSI‘J

s1 i+1

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Where

G, :%fBMISB

4.4
H = %- 7., ~u,)S, 4.24b
p
:Tfff(uf _ul)Si 4.25

Re-arranging equation 4.23

wif AS n+] . \nt n+ n+ nt n+
("‘1 ).'+11('&'(A1p1)i+11+(ml),+11 +AY(G )1+11 +A9(H ),+11 +A9(I ) 11+AS(VEP15 COﬁ) 1)

i+l

5 i o+ (B~ B2 -l g o+ 3+l )2

i+l
C n+l
+((usvDCspsSi )7—:-11 +(uvapf C_fl Cs‘%] JN(C ﬁ):l:ll (F )::J—rll

s1 i+l

4.26
Setting

(Es )it —As( Apy N + i )i+ 8s(G )+ As(HL ) +As(1 )75 + As(vp,S,Cos6)

427
Then,

AS‘ « \n . bias nt] 71+ 7+ n+]
E (ml ),'+1 + (mlul )i 1 (Al ),+11 (P 1 —-Fi 1 ) (Alpl gCod )i+11

n+l
Las 1 1+ ar 1+ C
(”‘1),411 =W +A9((H1 s) 1)+A5'(I uf) 1+[(usvDCspsSi)i+11+(uvapr_f1CsSij ]
B

i+ 51 i+

AY( CO Aﬁ)nﬂ ( F )n+1

i+l 1/i1

4.28
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A fH'l Pn+l —P»n+1
Wt =0+ ‘)ﬁl(ﬁ; o ) 429
B /i+1

With

As . n . 1+ n+ n+l -t

A (ml )i+1 + (mlul )i - AS(Alp1 gCost )i+11 +As ((H 14 )ml )+ As (I 1Yy ),-+11
nt 1 '

(QB )i+11 Ay

(E B )f”ll + ( i Cfl " n+ nHl
" uVpCoP,S; )i+1 + UVp Py _C_ G, AS(COSH)M - (Fl )i+1

51 i+l

4.30

4.3 Formulation of Velocity —Correction Equations

In this study, the SIMPLE method developed by Patankar (1980) for single-phase
fluid and modified by Crowe (1998) for two phase flow is used for the calculation of
velocities in unknown pressure field. The SIMPLE method involves making a first
guess for the pressure field and then solving the momentum equations to obtain the
velocity field. An equation for correction of the guessed pressure field using the
resulting velocity field is needed in the iteration. This pressufe correction equation is-

obtained by introducing the velocity correction equation into the continuity equation.

Assuming the velocity is a function of the two pressures on each side of the velocity

node, we obtain:

() )t =, S (P, P2 431
()t = (o, ) (P ) 432
(u] )7:11 = (“1 ),Tll (PinH s PLZIA ) 4.33

Pressure changes at nodes i and i+1 would cause corresponding change in the
velocities at these nodes. This change in velocity can be estimated by applying the

Taylor series expansion to the velocity-pressure functions as given below:
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(A )n+1__[auf::r11]APn+1
Uiln = P i

au n+l

n+l Si+l n+l
(A”s )i+l = JAPl

» a[)inﬂ

au n+l

e+l 1i+l n+l
(Aul )i+l - \]APz

a P-n+1

au n+l

S i+ n+l

+ aPn+l APi’rl
i+l

au n+l
$i+l n+l
+ aPn+1 AI)H'I
i+l

au n+l
1i+1 ﬁ Pn+1
+ aP:H-l i+l
i+l

4.35

4.36

The derivatives in equations 4.34, 4.35 and 4.36 can be obtained by taking the

derivatives of equations 4.9, 4.19 and 4.29 respectively.

n+t n+1
ou fivt _ (Cf A2 )i+1

a P n+l1 E n+l

i+ fin

auffﬁl _ (CfA2 )n+l

—_ i+l

aPn+l E n+l

: fin

au n+l (Cs142 )n+l

s+l - i+l

aPn-H E n+l

i+l si+l

au n+l (Cs142 )n+1

Si+l — i+1
n+l . n+l
a})l E si+l
also

au n+l _ (A1 )n+1

1i+1 i+l

aP n+l E n+l

i+l Bi+i

au n+l _ (Al )n+1

1i+l i+l

aPn+l - E n+l

Bi+l
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4.38

4.39

4.40

4.41

4.42
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Introducing equations 4.37 to 4.42 into 4.34 to 4.36, the velocity correction formulas

for the fluid, solid and the moving bed at node i+1 are derived:

(8w, )t = ., ) (ar - arsy) 443
i+l ( Ef )n+1

i+1

ntl _ (Azcs )n+l (APin+l — AP, nH)

( Au, )i = i+l — i+l 4.44
" (E s )i+11
A "H'l APn+1 _APn+1
(Aul )tn:ll — ( 1)z+l ((Et )n+1 i+l ) 445
BJixl
Applying equations 4.43 to 4.45 to the velocity changes
A C f:+1 APn+1 —AP.n+l
o o
fli
n+l n+l n+l
(Aus );l+1 = (AZCS )i ((EAP)Z;;I AR ) 4.47
n+1 n+l n+l
(A )™ = (4) (?231 ar) 4.48
BJi

In addition, the mass inflow rate from the reservoir changes with wellbore pressure as

follows:
As,"! =K AP} 4.49
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K is a constant calculated from the reservoir inflow model given by equations 3.68 to

3.70 for sudden change in pressures at node i and i+1.

4.4 Discretization of the Mass Balance Equations.

4.41 Discretization of the continuity equation for the solid component in upper
layer.

The mass balance equation for the suspended solid component in the upper layer is

represented by equation given as:

dp,C,) d(p,u,C,) S, S.
s7s) g S5 7S/ - _pyv. C —4py.C —- 4.50a
at as ps D™s A2 ps E™ sl A2

Discretizing equation 4.50a,

(Azpscs )i+1 _(Azpscs)iﬂv + (A?.psuscs )i+1 _(Azpsusq)i = ( pstCb S )l'l:ll _( psvDCs S, ):1:11 4.50b

N As '

The concentration of the suspended solids in the upper layer is given as:

As n n+ n+

—(A2pscs )i+1 +(A2psuscs )i : + (pstCbSi )i+11As

(C ) <AL 4.51
B A n+ n+ nt

—A—%(AZPS )i+11 + (A2psus )i+11 + (psvDSi )i+11 AS

4.42 Discretization of the continuity equation for the foam component in upper
layer.
The mass balance equation for the foam component in the upper layer is represented

by equation given as:

ap,C, )+ alp,u,C;) €y
ot

S. S.
C —++ C,—+S§ 4.52a
s c, PsVp sA2 Prvel s A, f

Discretizing equation 4.52a,
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(Azpfc ),+1 (Azpf ),+1 ( 2pf”fcf)::11_( i )N ={C PvpC.S, JM
At As Cb

i+1
+(prECf1S )m (Azs ),n:
4.52b

The concentration of the foam in the upper layer is

Ag . . C n+t .
( 1 E (A2pfcf M (Azpfufcf ):‘ T+ (pfvECfISi ,-+11A9 _[E,j;‘l pfvl)Si] As+ (AZS I3 Z;:-Ag
C i:‘l - i+l

%Y(Azpf ),”If + (Az/’f“f )7:11

4.53

4.43 Discretization of the continuity equation for the moving bed.
The mass balance equation for the foam component in the upper layer is represented

by equation given as:

a(Alpl) a(Alplul) Ch S S
+ = 4.54
Y 3 Ps t c, pf VpCy === pvg—— A, a

Discretizing the above equation,

n+l

ml (A n Ao —_ w ) C n+
(A0 ) = ( 1P ) ( 1P 1)t+1 As( Pit )] ps+C—pf v,C.S, —(/71"1551'),'+1l
b

Ar

i+l

4.54b
4.5 Formulation of Pressure-Correction Equation
The concentration at node i+1 is assumed to be a function of the velocities at node i
and i+1 and the source term. Using the Taylor series expansion, the concentration

changes for the solid and foam components are obtained:

. aC n+l aC n+l ac n+l
n+l * et fin n+l fi+l n+l Sitl n+l
(Cf )i+1 - (C/ )i+1 +[au n+l ]Aufi +{au n+l Aufm + Os n+l Asfi+1 4.55

fi fi+l fi+t
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. aC n+l aC fl+1
<cs>::1=<c:),:+[ | S 456

a n+l
uSi S i+l

The superscript * represents the value from previous iteration. By taking the indicated

derivatives of the function of concentration and velocity the following equations are

obtained:
[acf:: ]= ( 2:0/ )Ml 4.57
n+l As 1+ n+
s At (Azp s )ml ( APy ).+11 §

Av C n+l
[x il _(Azpf)i:l Z(Azpfcf i+ +(Azpfqu})?+l +('OJ’VE(’}1‘S:' i+11As‘—(—CL’;pvaS'ij m+(142sf t+1A€
e | i+l
ou "”'lJ- As +
fin (N( }"1 (Azpf f)" j
4.58
[ac f:l++11 J - (A ),n++11 : 4.59
n+l v A n+ n+
asfi+1 _‘i( 2,0f )‘Hl ( 2pf f ),.Hl
[ac;:,l‘J (ac, )" 4.60
nt As n+ n+ nt
au” —&; (A )z+11 + (AZ § )z+11 + (vDSi )i+11 AS
o 4.61

n+ As n+ n
(ac ”HJ _(A2)[+]1(A (A C ),+1 (Az scs) 1+(vECbSi)i:11Asj

au n+l As ’
sivl (E(Az Yo+ (A, )+ (v,,8, ),T‘I,‘Asj

There is a need to discretize a final equation: the sum of the concentration is equal to

unity, in order to complete the set of momentum and mass equations.

(c, )t +(c, ) =1 4.62

s /i+l i+l
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Introducing equations 4.55 and 4.56 into equation 4.62 yields the equation (4.63):

nl n+l ntl n+l
( )’”’1 aCf i+ nH + aCf i+ nHl i aCf i+ nHl +(ck)n+1 + aCsi+1 ntl +
I3/ u nl fi o nH fivl nHl fin s i u ntl si
fi fin asf i/ si
act’“JN
si+l n+ __1
nH sidl T
(ausiﬂ

Introducing equations 4.43 to 4.49 and 4.57 to 4.61 into equation 4.63

4.63

apclt  (ach (e -ag+)
Sapyislaou)y B

n+l

(Mfﬁl[g(@pfcf » +(mfy,~”l +(pfvECflS HAV ( C PVoS; )

(% (Azpf ):11 +(Azpf“f ):llj
ol -am) s, (ac)

firt

&) Zt‘(f‘z/’f):: Hapu ) %(Az)f': +Haw ) (DS,):’:

As+(as, )" Av]

( AZC; ):;+1( ml _ I;i,n+1) ( AZC ):t:]l( APn+1 AIZ,T) (Az)m( (AZC ),+1 (AzusQ-) +(vK;Si )i+1 AS‘)

(E)" (BN Bs(, ’
[k stau sy
-]

4.64

The above equation is the pressure correction equation. This equation can be

expressed in a more compacted form:

R A 0 A e
4.65
Where
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P 1) N o) (.G )" (a.C )

- Slae ) e ) B A et s s B

4.66
8 (a,p,C, Y, 4, ) 4 oy s s |
(4,0, ) c, " -~

. (C,, £;V5S lﬂ As+(4,5, )" As )

| (8, 2+ oy )

e, b (e (A + () + 00,5, |

R O A ]
4.67

! n+l
C (A2 )i+1 'AS 4.68

2pf):l:11 ( Apsu f)nH As

n+l __
i T As
At (

The equation above is the pressure formulation of the continuity equation. The tri-
diagonal matrix developed by Thomas can be used to solve this equation. The
solutions from the compacted pressure equation (4.65) are added to the old pressure
values to correct the pressure field and also introduced into equations 4.46 to 4.49,
4.55 and 4.56 to correct the velocity fields, source term and concentrations. Solving
the momentum equations again, new velocity fields are obtained. With this,
concentrations are calculated by using equations 4.51 and 4.53. If continuity
condition is met, calculation will switch to next time step until specified maximum

time is reached.

4.6 Numerical Method for Transient Foam-Solids Flow Model.
This section deals with how the already derived numerical solution is applied to

compressible foam flow with and without source term effect.
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Case-1: No source term.
For this case, the foam density and quality should be adjusted for change in pressure

and temperature.

Case-2: With source term effects.

The source term as already discussed has effect on velocity, pressure, and
concentration distribution. Because the source term also affects the foam quality
transiently, the foam quality needs to be adjusted for new pressure condition after
stable solutions for pressure, velocity, concentration and density were obtained with
the effect of source term Sy The gas continuity or the liquid continuity equation
obtained from equation 3.74 can be used as the adjusting equation. Re-writing

equation 3.74 as a function of foam quality

6, 1-Tp, T e 26, 0Tl 15, )5, 5,
4.69
(VECfISi _%CsvDSi J((l _r)pL +rpg)

sl

To satisfy the continuity of both liquid and gas phases, equation 4.69 is divided into

two parts.

260D, A -5, G5~ 1)

s1

4.70
and
J J Cs
20,00, )+ 216, (00, )= 415, + 30€,08, - G, o,

4.71
Either of equation 4.70 or 4.71 could be used for the adjustment of foam quality.

The gas equation can be discretized as follows:
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(CfAZufpg )ml + A_i(CfAng )Ml - [VECfISi - Fﬁ“csvnsl‘] (pg ),-+11

i+1

4.72

When using equation (4.72) for the first control cell, the injection gas rate at the

boundary should be used.
(C,Au, (o, ) =, 473
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- CHAPTER 5
RESULTS AND DISCUSSIONS

Results from sensitivity analyses of the factors controlling cuttings transport with
foam were presented in this chapter. Verification of the model predictions were also

provided by comparing model results with experimental data.

5.1 Verification of Model Predictions
The model predictions were compared with the experimental data collected from the
LPAT flow loop facility at the University of Tulsa (Capo, 2003). The input data used

for the comparison study are given in Table 5.1.

Table 5.1: Input Data Used for Model Verification Study

Length of inclined wells(ft) 90
Diameter of hole(in) 8.0

Outer diameter of pipe(in) 4.5
Cutting size (cm) 2.311
Density of cuttings(g/cm”) 2.613
Back pressure(psi) 14.7-20.0
Nozzle diameter (in) 28/32
Inclination of well(degree) 45

Table 5.2: Comparison of Model Predictions with Experimental Results

Test Qair Qliquid | ROP AP(Experiment) | AP(Model) | % |
(scfm) (gpm) (ft/hr) (psia) (psia) Error
1 60 108 59.9 26.85 25.6 4.655
2 80 120 325 30.99 26.1 15.78
3 135 96 27.7 22.44 273 21.65
4 135 64 86.6 32.70 28.0 14.37
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The results of the comparison of model predictions with experimental data are shown
in Table 5.2. It was seen that the numerical method under predicted pressure drop
observed during cuttings transport experiment conducted in 45° inclined well. The
difference between measured and calculated pressure value varied between 4.6 to

21.6%

5.2 Sensitivity Analyses of the Factors Affecting Cuttings Transport

The base data used for the simulation study are shown in Table 5.3. The sensitivity
analyses were conducted to show effects of gas and liquid injection rates, drilling rate,
back pressure, reservoir influx and inclination on the bottomhole pressure and

cuttings concentration profile along the inclined well.

5.2.1 Effect of Gas Injection Rate on Bottomhole Pressure and Cuttings Concentration

Figures 5.1 and 5.2 illustrate the effect of gas injection rate on the cuttings
concentration and bottomhole pressure respectively. The gas injection rate has
significant effect on the cuttings transport process. Increasing the gas injection rate
yields better cuttings transport reflected by reduction in the average cuttings
concentration in the annulus (figure 5.1). Increased gas flow rate increases foam
quality which in turn increases the effective viscosity of the foam and, hence, the
cuttings lifting capacity of the foam is increased. The effect of gas injection rate is

more pronounced at lower gas injection rates.

The bottomhole pressure decreases as gas injection rate increases. This is because
increasing the gas rate reduces the density of foam which in turn decreases the
hydrostatic pressure hence reducing the bottomhole pressure. The reduction of
bottomhole pressure can also be attributed to the reduction of average cuttings
concentration in the annulus with increasing gas injection rate. The hydrostatic
pressure has more impact on the bottomhole pressure when the foam flow rate is not

too high (i.e. frictional pressure losses are low).
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Table 5.3: Base Data Used for Simulation of Foam Drilling in Inclined Wells

Back Pressure 40 psia
Reservoir Pressure 500 psia
Time Increment 60 sec
Number of Control volume 30

Length of inclined well 400ft

Hole Diameter 8.5in

Drill Pipe OD 4.5in

Drill Pipe ID 3.826in
Eccentricity ' 1.0

Cutting Size 0.5in

Cutting specific gravity 2.7

Bit nozzle size (3 nozzles) 28/32 in
Surface temperature 60 °F
Geothermal gradient 1.5 °F/100 ft
Foam Air + water
Drilling rate 60 ft/hr

Gas injection rate 40scfm
Liquid Injection rate 40gpm

Gas specific PI 0 scfm/ft/psia
Water specific PI 0 gpm/ft/psia
Oil specific PI 0 gpm/ft/psia
Inclination 60 deg
Thickness of reservoir 100 ft

5.2.2 Effect of Liquid Injection Rate on Bottomhole Pressure and Cuttings Concentration

The effect of liquid injection rate on the average cuttings concentration and
bottomhole pressure is also illustrated by figures 5.1 and 5.2. Liquid injection rate has
little influence on the cuttings concentration compared to the effect of gas injection
rate. Results also indicate that at very low or very high gas injection rate, the effect of

increasing liquid rate has negligible effect on the cuttings concentration. Increasing
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liquid injection rates increases the bottomhole pressure but reduces the foam quality,
which in turns, reduces the effective viscosity and, therefore, so does the lifting and

transport ability of foam.

Figure 5.2 shows that the bottomhole pressure increases with increasing liquid
injection rate. Increasing the liquid injection rates reduces the foam quality (increase
in foam density) which as a result, increases the hydrostatic pressure. This increase in
bottomhole pressure can also be explained in terms of increase in cuttings
accumulation associated with increase in the liquid injection rate with resulting

increase in the foam-cuttings density in the annulus.

7 —=— 40 gpm

—— 50 gpm

\ — 60 gpm

Cuttings concentration(%)
[&)]

30 40 50 60 70 80 90 100 110
Gas rate(scfm)

Fig. 5.1 Average cuttings concentration variation gas and liquid injection rate
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Fig. 5.2 Bottomhole pressure variation with gas and liquid injection rate

5.2.3 Effect of Drilling Rate on Bottomhole Pressure and Cuttings Concentration
Figures 5.3 and 5.4 illustrate the effect of dfilling rate on the cuttings concentration
and bottomhole pressure respectively. For fixed gas and liquid injection rates,

cuttings concentration increases with increasing drilling rate (fig. 5.3).

The bottomhole pressure increases as the drilling rate increases (fig. 5.4). This effect
is attributed to increase in the average cuttings concentration in the annulus with
increasing drilling rate. The effect of drilling rate on the bottomhole pressure is more

pronounced at lower gas rates.

10

< 9 AN 80 ft/hr

s 8 N 60ft/hr

o

% Z \\ C 40ft/hr

g 5 NN

§ 4 NN N

% 3 \ \\

3 1 —
0 ‘ : : : : :
30 40 50 60 70 80 90 100

Gas rate(scfm)

Fig. 5.3 Average cuttings concentration variation drilling rate.
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Fig. 5.4 Bottomhole pressure variation with drilling rate.

5.2.4 Effect of Inclination on Bottomhole Pressure and Cuttings Concentration
Figures 5.5 to 5.7 illustrate the effect of well inclination on the cuttings concentration
and the bottomhole pressure in the annulus. Generally, cuttings concentration

increases as inclination angle of the well from the vertical increases (fig. 5.5).

Similarly, Figure 5.6 depicts that an increase in the bottomhole pressure with increase

in well inclination.

As shown in fig. 5.7 to keep the cuttings concentration in the annulus constant (say at
2%) more gas needs to be injected as the inclination of the well from the vertical

increases while keeping the liquid rate constant.

Figure 5.8 shows that the distribution of cuttings along the well under steady state
flow condition for different angle of inclinations of the well. For all angles of
inclination, the cuttings distribution along the well was similar with the highest
cuttings concentration at the bottom and the lowest at the top. Also shown by figure
5.8 is that cuttings concentration at any particular cross section of the wellbore

increases with increasing inclination angle.
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Results also indicate that effect of inclination on both bottomhole pressure and
average cutting concentration in the annulus is more pronounced at lower gas

injection rate.

8
. \
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Y" uey — 60deg
5
) \ \
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3 \
2 30 de

\\

30 40 50 60 70 80 90 100 110

Cuttings Concentration(%)

Gas rate(scfm)

Fig. 5.5 Average cuttings concentration variation with inclination
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Fig. 5.6 Bottomhole pressure variation with inclination
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Fig. 5.7 Gas injection rate variation with well inclination
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Fig. 5.8 Cuttings concentration profile variation with inclination

5.2.5 Effect of Back Pressure on Cuttings Concentration and Bottomhole Pressure
Increasing back pressure increases the cuttings concentration along the wellbore for a
fixed gas and liquid injection rate (fig. 5.9). This effect is due to decrease in foam

quality as back pressure increases.
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Figure 5.9: Cuttings concentration variation with back pressure

Increasing back pressure increases the average pressure along the wellbore, hence, an
increase in the bottomhole pressure (fig. 5.10). This can also be attributed to

increasing cuttings concentration resulting from increasing the back pressure.

140

120 -
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0 _——
0 _——

Bottomhole Pressure (psi)

“ 7 ——30psi
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0 T T T T T T T T

0 50 100 150 200 250 300 350 400 450
Length of well(ft)

Figure 5.10: Variation of bottomhole pressure with back pressure

5.2.6 Effect of Water Influx on Bottomhole Pressure and Cuttings Concentration
Increase in water influx increases the cuttings concentration along the wellbore for a
fixed gas and liquid injection rate (fig. 5.11). This effect is due to the fact that foam
quality is reduced as water influx increases. Increasing volume of water reduces the

effective viscosity of foam and, therefore, dwindles the lifting capacity of the foam.
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Fig. 5.11 Cuttings concentration profile variation with water influx from reservoir

Figure 5.12 shows the effect water influx on the pressure across the length of the
wellbore under steady state flow condition. Increasing water influx from the reservoir
also increases the pressure along the wellbore. This increase in pressure along the
well is caused by higher foam density due to water influx from the reservoir and the

increasing cuttings concentration associated with the water influx.
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Fig. 5.12 Pressure profile variation with water influx from reservoir.
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5.2.7 Effect of Gas Influx on Bottomhole Pressures and Cuttings Concentrations

Figure 5.13 and 5.14 illustrate the effect of reservoir gas influx on the cuttings

concentration and pressure profile along the length of the well respectively. The

influx of gas into the wellbore has a positive effect on the cuttings transport process

reducing cuttings concentration as shown in figure 5.13. The influx of gas increases

the effective viscosity of foam and, therefore, increases the cuttings lifting and

transport ability of foam

Increasing gas influx rate reduces bottomhole pressure (fig. 5.14). This is because of

the fact that influx of gas into the wellbore increases the foam quality, which in turns

reduces the density of foam. The decrease in the cuttings concentration resulting from

increase in the gas influx also contribute to the reduction of the bottomhole pressure.

18

16

14

12

10

Z

7

Cuttings concentration(%)

———— 0.1 sefm/psi/ft

—— 0.2 scfm/psi/ft

[ —— 0.05sctm/psifft

——

0 50 100 150 200

250

Length of well (ft)

300 350 400

450

Fig. 5.13: Cuttings concentration variation with gas influx from the reservoir
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Fig. 5.14: Pressure profile variation with gas influx from reservoir

5.2.8 Transient Bottomhole Pressure and Cuttings Concentration

Figure 5.15 illustrates the changes in the average cuttings concentration in the
annulus as a function of time. The trend in figure 5.15 is very similar to that in figure
5.16. This similarity in trend indicates that change in the bottomhole pressure as a
function of time is directly proportional to change in the average cuttings

concentration as a function of time, irrespective of the inclination angle.

Figure 5.16 shows changes in bottomhole pressure with time as drilling progresses for
different drilling rate at 60 degree inclination. It takes longer for the bottomhole

pressure to stabilize as the drilling rate increases.

Figure 5.17 and 5.18 further illustrate variation of cuttings concentration and
bottomhole pressures with time at different inclination angles. From figure 5.18, it is
seen that for a fixed drilling rate that the time it takes for the bottomhole pressure to
stabilize increases with increasing inclination angle. It is also seen that the
bottomhole pressures at all times increases with increase in inclination. Figure 5.17
shows a similar trend to figure 5.18. The change in bottomhole pressure is directly

related to the in cuttings concentration irrespective of the inclination of the well.
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Fig. 5.19 illustrates the distribution of cuttings along the well at different times for a
fixed drilling rate. Results indicate that cuttings are not uniformly distributed even
after stabilization. Here, steady state flow was achieved after about 50 minutes and

that maximum cuttings concentration still occurs at the bottom of the hole.
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Fig. 5.15 Transient average cuttings concentration at different drilling rate
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Fig. 5.16 Transient bottomhole pressure
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Fig. 5.18 Transient bottomhole pressure at different inclination
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

A numerical simulation study of cuttings transport with foam in inclined wells has

been conducted. A transient mechanistic model has been developed and numerically

solved to predict cuttings transport efficiency with foam in inclined wells. This

chapter summarizes the findings of this study.

A 1-D unsteady state mechanistic model of cuttings transport with foam in
inclined wells has been developed. The model is numerically solved to predict the
optimum foam flow rate (liquid and gas rate) and rheological properties that

would maximize cuttings transport efficiency in inclined wells.

The model developed in this study was verified using experimental results

~ obtained by Capo (2003). The model predictions of pressure drop values were

found to be lower than the measured pressure drop values by about 4 to 21%.

Increasing gas injection rate significantly increases the cuttings transport

efficiency.

The liquid injection rate has little effect on the cuttings transport efficiency when
compared to the effect of gas injection rate. Increasing the liquid injection rate
while keeping the gas injection rate constant reduces the cuttings trahsport

efficiency.

The well inclination is a major factor controlling cuttings transport efficiency in
inclined wells. The cuttings transport efficiency decreases with increase in well
inclination from the vertical under the same flow condition. More gas needs to be

injected to keep the cuttings concentration constant as the inclination increases.
Increasing back pressure increases bottomhole pressure and cuttings concentration.

The influx of gas into the wellbore has a positive effect on the cuttings transport
efficiency. The effect of gas influx is more pronounced in the low gas injection

rate region.
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e The influx of water into the wellbore has a negative effect on the cuttings
transport efficiency. The effect of water influx is more significant at high gas

injection rate region.

e The concentration of cuttings in the wellbore increases with increasing drilling

rate.

e The average concentration of cuttings in the annulus and the bottomhole pressure
do not stabilize immediately after drilling resumes. The time it takes for cuttings
concentration and bottomhole pressure to stabilize increases with increasing

drilling rate and inclination of the well.

e Even when steady state flow is achieved, the distribution of cuttings along the
annulus is not uniform. The highest concentration of cuttings occurs at the bottom

of the hole and the lowest occur at the top.

6.2 Recommendations for future investigations.
For further study of cuttings transport with foam in inclined wells, the following
areas can be considered:

e Development of cuttings transport model with foam treated as a yield power law
fluid. |

e The effect of reservoir water influx salinity on foam stability and the cuttings

transport efficiency
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APPENDIX A
CONTINUITY EQUATIONS FOR THE TWO LAYER MODEL
In this study, the Eulerian approach is used to derive the governing equation of foam-

cuttings flow. Foam rheological behavior is represented by the power law type fluid.

Basic Definitions.
For a good understanding of the mathematical derivation of the mass and momentum
equations for this model in both layers, a sound knowledge of some basic concepts is

needed.

The bulk density of the suspended solid in the drilling fluid in region two is defined
as the ratio of the mass of the suspended solid to the total volume of the suspension

given by;

N

5 = lim

Ps AVSAY, AV A-l

The bulk density of the suspended solid is related to the actual density of this phase

by the formula given below.
ﬁ s Cs Ps A-2

The volume fraction of the suspended solid is

C,= lim Av,

5 avoav, AV

A-3

Where Av, is the limiting volume which remains unchanged even with a slight

increase in volume.

Similarly, the volume fraction for the foam in the upper layer is given as

C.,= lim —A-ﬁ A-4
o avSAy, AV
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The sum of the above volume fractions: for the dispersed and continuous phase in the

suspension would yield unity.
C,+C, =1 A-5

The local velocity of solids suspended in the foam in layer 2 can be represented by
either the volume average velocity of the particle or mass average velocity of the

particle.

The volume average velocity of particles is represented by

Z”sk
— k

Us A-6
N
N is the number of particle in an average volume.
The mass average velocity of particles is represented by
stkusk stkusk
— k k
u, = = A-7
z msk V2 Cs p s
k
From Eqn. A-7
VZCSpSLTS = ZV2 (Cspsus )k A-8
k
This gives

Csps_s = Z (Cspxus )k

k

When the particles are of uniform size,
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u.=u A-9

With the above, the mass flow rate and the foam flow rate for the second region can

be expressed as

ms = AZZ(CSpSuS )k =A2CSpSuS A-IO
k

And

m; =A,C,pu, A-11

Continuity Equations
The continuity equations are derived based on the law of conservation of mass, which
states that the mass rate generated within a control volume is equal to the sum of the

rate of accumulation and the rate of mass efflux through the control volume.

Continuity Equations for the Cutting Bed

The moving bed of density p, assumed to slide up the inclined wells in the control

volume is shown in figure A-2. The total mass of moving bed flowing out of the

control volume through surface 2 during the time interval of Ar is:
(M), = (gAr), =(A ), A A-12

The total mass of moving bed flowing into the control volume through surface 1

during the time interval of At is:
(M, )1 = (1, -At)1 =(4pu, )1 At A-13

Mass accumulation in the control volume at At is:

_oMya) _, 3(p)
M), == —AIAST.AI A4
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Mass of solid and fluid deposited from suspension to bed in At is:

M Cv,S.A Cn C.v,S.As |A
Dep=| O, ;VD i S+'E—"pf sVpoAs AL A-15

s1

Mass of solid and ﬂuid re-suspended from bed to the suspension in Af is:

Men= p,C,,v, S, AsAt A-16
By law of conservation of mass

My —My+M, =M, —My, A-17

By dividing result obtained in the above equation A-17 by A AtAs and taking limit

with respect to As , the equation becomes

2’21..*. a(plul) =(p +&

Csl

S; S,
pP: |Cvp——=pvyg— A-18
ot ds fJ E

4

Continuity Equations for the Solid Component of the Suspension

For the drilling case, solids particle in the upper layer with density of p  flowing

upwards with the fluid in the control volume are shown in figure A-2. The total mass
of solid particles flowing out of the control volume through surface 2 during the time

interval of Ar is:

(Ms )2 = (ms ‘At)Z = (AZCspsus )Z'At A_19

The total mass of solid particles flowing into the control volume through surface 1

during the time interval of Af is:

(Ms )1 = (ms 'At)l = (A2Cspsus )1 'At A-2O
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Mass accumulation in the control volume at Ar is:

_ (M .Ar)

M,), = _ a5 2GR A-21

ot ot
Applying the law of conservation of mass,

(MS)Z—(Ms)1+(Ms)acc=M -M A-22

ent ,s Dep ,s
By dividing result obtained in the above equation A-22 by A,ArAsand taking limit
with respect to As , the equation becomes

a(p-YCS)+a(pSuSCS) =---losvDC‘s.S_i-i“pstC‘sli A-23

ot os A, A,

Continuity Equations for the Fluid Component of the Suspension
The principle of the derivation of the continuity equation for the foam phase is similar
to that for the suspended solids except that the mass of fluid influx from the reservoir

has to be incorporated into the source term of the mass conservation equation.

Mass of fluid entering the control volume

(M), =, A1), =(A,Cpou, ), At A-24

Mass of fluid leaving the control volume

() = ir,.A0) =(4,C,p,u,) At A-25

The accumulated mass of fluid within control volume
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oM, )

(Mm,) = 2 =A2As—a—(cf—pf).At A-26

By conservation of mass,

(Mf)2 - (Mf)l + (Mf)acc = Ment,f _MDep,f +Mres—-influx A-27

By dividing result obtained in the above equation A-27 by A,ArAsand taking limit

with respect to As , the equation becomes

a(pfcf) a(/Df"‘fcf) Cfl S; S
+ - Cv.2itpopv.C,.—4s A-28
py P C. PsCsVp A, Prvebn A,
Where
+ +
Sf ~ poqre,o p;qg";‘w pgq’e’g A-29
2
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APPENDIX B
MOMENTUM BALANCE EQUATIONS FOR THE TWO LAYER MODEL

The momentum balance for the suspended solids

During the time Az, the total momentum due to solids entering or leaving the control
surfaces of the control volume of arbitrary length As and constant cross-sectional

area A, for layer 2 are;

The total momentum due to solids entering the control volume through surface 1 in

At is:

(M ,u,), = (., ), At = (AZZ(CS p.u’ )kJ At B-1
k

1

The total momentum due to solids leaving the control volume through surface 2 in Az

is:
O4.1), =), = ,.5(C.p.), ) B2
2

Where

M;is the mass of the solid cuttings and 71, is the mass flow rate of the solid cuttings.

Accumulation of momentum in the control volume is represented as

a(z (M sk W sk )acc )
ot

At

(Msus )acc. =

(Mu) = a(A2Asz (Cspsus )k)

= At B-3
$7°8 Jace. at

Considering the concept of average mass velocity of the particles, the above equation

becomes
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(M), = Azmiciaf;s”—s).m B-4

The total momentum change in the control volume

(Msus )total = (Msus )2 _(M u )1 +(Msus ) B-S

§8 acc.

W) =] (S C.00) (S o)+ 288N p

The forces responsible for this change in momentum are;
Pressure Force
Fprs :CSA2(P1 —P2)=_CSA2AP B-7

- Gravity Force

F, =-CA,p,gAsCos6 B-8

Drag Forces

The total drag force in the control volume is obtained by summing up the drag forces
acting on individual particle in the suspension. The drag force over a particle is given

by

Fpg = %prDAsk (uf —Ug )2

The total drag on all the particles is given by
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FDsz'l"prDZ (Ask(uf_usk)z) B-9

2 p
Where,
Ask = s2k /4
N
Fp, =_'s—prDAs(uf _us)2 B-9b

2

N, = Volume occupied by suspended solid in layer 2/Volume of solid.

_6CY,

= __”_Ja_ B-9¢

Shear Forces

The shear force which result due to contact between the wall of the hole and the solid

in the suspension is obtained using

Fs—w = _Ts—st—wAS B-IO
Where
1 2
Toow =5CsfSpSuS B-10b
Therefore,
1 2
F_, =—5CSfSpSuSSs_WAs B-11

The shear force due to contact between the suspended solids and the moving bed is

given by
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F_,=—7,,5,As B-12

Where

7, = %Csfsp; (e, =1, B-12b
Therefore,

F_, =—%cs fop,(u, —u, ) S, As B-13

By equating the total force acting on the particles in the control volume to the total

momentum change per unit time, the equation B-14 is obtained.

()

1 1 1
Ecsfspsug-sz-As_Ecsfips(us “”1)2-Si-AS+ ?prD Z (Ask (” FTUg )2)"'
%

—(Z(Cspsuf)k) +Asa—((/’-fa-§f-‘7s—)]=<—csA2AP%csAzpsgAsCose—
k 1

2

uv;C,p,S;AsCos@ —uv,C p.,S;,AsCos@). At : B-14

Divide both sides of Eqn. B-14 by A,A¢As and taking limit to obtain,

A>lcowl) dAcpi % '
(Z( asp“ )k) + a(csafsus) =—C, -g—g— —Cgpsgcoﬂ_% C.fspsits ZZZ' 3 Csfsps(”s _“1)2 %2' +

N S, S.
— p,C —u | +uyv,C,p,— Cof—uyv,C —+ Cosb.
2‘/; pf D14s(uf us)z Vg slps A2 uVp sA2 0

B-15
Simplifying the above equation, the momentum equation for the suspended solids in

the upper region is given written
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alc pu?) acC.pu,) p 1 , S, 1 2 S,
S L ii=-C —-C Cosf8——-C —“2_--C - —+
3 or * 38 P;8C0s > JsPsus A, 2 sfsps(uS u1) A,
3C, A S,
Zzpfcb(uf"'us)z+M1VemcslpsA—ZCOSQ“MSVDCSA—ZCOSH.

B-16
Momentum Equation for the Fluid in Layer 2.

During the time At the total momentum entering or leaving the control surfaces are;

(M u, ), = li,u, ) A= 4,(C,p,u?) At B-17

(M u,), = liu, ) A=A, (Cop u2) At B-18
AA,AsC,p,u,)

(M) = LA B-19

The total momentum change per unit time associated with the fluid in the suspension
must equal the force causing the change. The forces considered here is the same as

that considered for solids in suspension.

Total change in momentum

aa,AsC.pu,)

4, (Cfpfui" )2'At -4, (Cfpf“; )1'At+ : atf A=

(F; +Fss +F,, +Fsy+Fp +Fp +Fy, At B-20
Where

Foy =CiAy(p — p,)=~C A 0p B-21
Fo, =—C;A,p,8AsCosO B-22

1 2
F,, = —Tf_wa_wAs = —ECfffpfufo_wAs B-23
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1
Fyy=~1,.8i8s==2C,f,p, (4, —u, ] S,As B-24

N
Fo ==2P,CoA, T B-25
Foy =V,Cpp,S,As B-26

F, = “n As B-27
Depf _—ufsvD C_CspfSi -

s1

a(AZASCfpfuf)
ot

1 1 N,
St PsS - A== Cofy s (1, —u, S, > P,Coh (u, —u, ) +u,v,C,p,S,AsCos0

andc,puz) -(c,pu) I+ A =(=C, A Ap—C, A, p, gAsCos—

Cf1
_‘ufsVD —(—j—CspfS,ASCOSH)At

sl

B-28
Divide both sides of Eqn. B-28 by A,AsAt and taking limit with respect to As to

obtain the final momentum equation for the fluid flowing in region 2.

ac,pu2) Acom,) 1 2 Spw 1 . S,
% x g’cf/’fgcwg‘a C frPyus 4 2 Cif1Ps (“f -4 A
3Cs Si Cfl Si
..as_prD(uf —u, )2 +u1VeCf]pf E Cosf~uv, T C.p; 22— Cosd
B-29
Momentum Balance for the Moving Bed.
For the moving bed, the following momentum expressions are obtained.
(M yu,), = (A pul At) B-30
(M juy )2 = (Alplulz'At)Z B-31
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(4, pyu, As)

(Myu,), = A B-32

Force due to pressure drop across the bed is given by

F ,=—AAP B-33

pri

- Force due to the weight of the bed tending to pull the bed back into the lower side of '

the hole.

F,, =—A p,gAsCos 6 B-34
Where

pr=p,Cy+p,(1-C,) B-35

Shear forces due to contact between the moving bed and the layer of fluid containing

solid particles and also due to contact between it and the wellbore are given as

Fy, =75 ,Sp A8 =%Csfsps (5 — ) SiAs+%Cfffpf (uf —U )ZSiAS B-36

1
Fg,=7p ,Sp As= '2'f3-wp1 (u1 )2 Sp_,As B-37
With
foi =1 B-38

The forces associated with the deposition and entrainment of cuttings from and to the

moving bed are obtained by using;
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Cf1
——p;S,As |Cos@ B-39

s1

Fy by = (u vpCop S, As+u,v,C
Fy gy =uV,p,8;AsCos6 B-40
By equating the total momentum change to the total force acting on the bed per unit

time, and dividing both sides of the equation by A, AsAt,

The momentum balance equation for the moving bed is obtained as

a(pul ) ,01u1 ap—PlgCOﬂ"'li(Csfs p.(u, —u, ) +Cfffpf<uf —ul)2)__

ot os 2 A
! Sp S, Ch . S, S, F,
E fB—wplul2 Zl +(u VDC Ps l+usD Csl CPfA U em‘pl 1JCOS —AI—AS_
B-41

F, is the frictional force which opposes the motion of the moving bed over the surface

of the wellbore.
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APPENDIX C

Deposition and Re-suspension During Cuttings Transport in Inclined Wells.

Below is the derivation of the an expression for the mass of cuttings and fluid
deposited and entrained, and also the forces associated with the re-suspension and

deposition process during cutting transport in inclined wells.

Let the mass flux of solids deposited per unit interface =@ = p,Cv;,,

. . . C,
Mass flux of fluid deposited per unit interface = ®, = C_C 1P Ve
s1

Mass flux of solid re-suspended per unit interface= @, = p,v;C,
Mass flux of fluid suspended per unit interface=® ; ¢ = C(, 0V,

Considering
Mass of solids deposited from the layer 2 into the layer 1.

Moy, s =5, S, AtAs C-1
M, s = p,C,v,S,Asht C-2

Mass of solids re-suspended from layer 1 to layer 2

Mg, =®,, . SAsAl C-3

M, = pvyC,S,AtAs C-4

sus,S
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Mass of fluid deposited from layer 2 to layer 1.

It should be noted that the concentration of cuttings in the bed is always constant. For

a bed concentration of C; , the lower layer contains a fluid concentration of C;, .

si?

The deposition of Cs concentration of cuttings from layer 2 to layer 1 is associated

with the deposition of E—s—-.C s of fluid to keep the cutting concentration of the bed
sl

constant. The mass of fluid associated with this deposition is obtained by using;

My, ; =@, S,AtAs | C-5

¢,
MDep,f ='C_Cf1pvaSiAtAs C-6

s1
Mass of fluid re-suspended from layer 1 to layer 2

M =0

sus,f

S, AtAs C-7

fisus
M, =CuHpveSAtAs ‘C-8
Mass associated with solid transfer for upper layer.

M, . -M,  =pSA;As;t(v,C,—v,Cy) C-9

SUs,s Dep,s

Mass associated with transfer of fluid for upper layer

Cs
Msus,f —MDep,f = pf CfISiASAt(Vem _—(-/:—VD] C-IO

s1

Mass change associated with transfer of materials to and from the moving bed
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Total mass of substance re-suspended from the moving bed=Mass of solids re-

suspended + Mass of fluid re-suspended.

M
M

= vESiASAt(psCsl +prf1)
=v,. S, AsAtp,

sus,B

sus,B

Total mass of substance deposited into the moving bed= Mass of solid deposited +

Mass of fluid deposited to keep its concentration constant.

C
Mpys = CsvDSiAsAt(ps + cf 1 pf) C-12

s1

Forces associated with deposition and re-suspension

The force associated with deposition of solids from the upper to lower zone.

F

Dep,s

= p,C,vpu,AsS;Cos C-13
The force associated with re-suspension of solids from layer 1 to layer 2
F .. =p,CyveuAsS ,Cost : C-14

The force associated with the deposition of fluids from layer 2 to layer 1

C
Fppt =Py C—flcsvDSiAsAm ;Cos@ C-15

s1
The force associated with the re-suspension of fluid from layer 1 to layer 2

F,., = p;C,vyiu,AsS,CosO C-16
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Force change associated with the solid component in the upper zone due to deposition

and re-suspension.
Fsus,s - FDep,s = psASSi (CslvEul - CsvDus )COS& C_17

Force change associated with the fluid component in the upper zone due to deposition

and re-suspension.

C
Fior=Foeps =prf1AsS,.(vEu1 —C—svDusJCosé’ C-18

s1

Force change associated with the moving bed due deposition and re-suspension.

C
Fpps = Fusp =[AsSiCsvD(psux +p; —Ef—l—ufj—vEulAsS,.leCOSQ C-19

s1
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APPENDIX D

WELL GEOMETRY
e (Case 1- the case in which the pipe is completely above the cuttings bed i.e.

h, <y

A is the centre of the wellbore.

Figure D-1: Geometry for the case in which the pipe is completely above the cuttings bed

Considering the figure for this case, the area of the bed can be obtained as follows.

» = Area of sector ABCD- Area of triangle ABD

»o_D? 2h
Area of sector ABCD= %rf BAD = 40 [Cos'l (1 - Db D D-1

0

D2
Area of triangle ABD= 4" Sin@Cos @ D-2

From the diagram for this case,
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2h
Cosf=1- Db D-4
2
a, =) cos[ 122 | o[ 122 | (B fy B D-5
o DO DO DO
A =A-A, D-6

Determination of the wetted perimeters

From the diagram,

S, =Length of outer circle- §,

S, = D,,(?L’—Cos’l[l— i;lb D | D-8
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S =S2 +S1 =DO[E—C0S_1[1—2§L)}+ﬂDi D'9

4A,

D, = D-10
S, +5,

e Case 2- the case in which the pipe is partially covered by the cutting bed i.e.
y<h,<y+D,

Considering the figure for this case

Figure D-2: Geometry for the case in which the pipe is partially covered by the cutting bed

Area of bed= Area of segment ADF — Area of segment BCE

To obtain an expression for the bed in this case, an auxiliary function which represent

the area of the bed in case one is defined, represented as

D-11

o?

D
F(D,,h, )= 40
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Considering this auxiliary function, the area of the bed for case two can be

represented as

Ag=F(D,,h,)-F(D,, b, - y) D12
Where
i - - - —
F(Di’hb_y)':& Cos™ I—M ) 1_2(hb ) [, =y 1_h,, y
4 Di Di Di Di
D-13

Determination of the wetted perimeters

From the diagram,

S; =length of AD — length of BC

S; = 2'\/hb(Do "hb)_zw/(hb —y)(Di _(hb - )’)) D-14

S, =Length of outer circle- S,

S,=D, (71‘ - Cos'l(l _2h D
DU

S, =Length of outer circle- S,

S, = D{zz— Cos'l(l _2(%—))))] D-15

i
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2 h —
S, =5,+8,=D ﬂ—COS_l( —zDﬁ + D, 7Z—Cos_1£1—_%_12 D-16

(7

e Case 3- the case in which the pipe is completely covered by the cutting bed i.e.

y+D,<h <D,.
Considering the figure for this case, the area of the bed
Area of bed= Area of segment ABD — cross area of pipe completely buried by the bed

2
Ap=F(D, h,)- 2

Figure D-3: Geometry for the case in which the pipe is completely covered by the
cutting bed
Determination of the wetted perimeters

From the diagram,
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S; =Length of AD

S, =2.h,(D, —h, D-18

o

0

2h
S, =D, +D0Cos‘1(1— D”J

S, =Length of outer circle

S, =D, [75 - Cos™ (1 - —%{1—"—])
DD
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