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ABSTRACT

Underbalanced drilling facilitates the effective control of wellbore pressures
amongst several other important advantages when compared to conventional
drilling technology. However, this involves the flow of multiphase fluids which
introduces additional complexities due to highly transient flow patterns,
unpredictable wellbore hydraulics and increased tendency for the settling of drilled
cuttings in the wellbore. An accurate prediction of the fluid dynamics and cutting
transport efficiency is required to achieve an effective pressure management hole
cleaning operation

In this research, a theoretical, numerical and experimental study was performed
to analyse and investigate the cutting transport dynamics and wellbore hydraulics.
The analytical study involved the development of several mechanistic models that
are valid for both single phase and two-phase flows in the concentric and eccentric
annuli with and without inner pipe rotation. Reynolds number and effective
viscosity equations valid for annuli flow of both Newtonian and non-Newtonian
Power law, Bingham plastic and Yield power law fluids were derived and presented.
New Laminar and turbulent friction geometry parameter and friction factor
equations that take in account the combined effect of the fluid rheology, fluid
circulation rate, pipe eccentricity and inner pipe rotation speed for the evaluation
of the that flow dynamics and pressure losses in the annuli were formulated from
the solution of the continuity equation of motion for axial steady-state flows. In
addition, new flow gas-liquid pattern dependent multi-layered models valid for
horizontal and inclined annuli flows were developed for the different cuttings
transport mechanisms. Numerical computational fluid dynamics simulations were
performed to discretise and solve the governing equations for fluid flow using a
finite volume mathematical approach to obtain velocity, viscosity and pressure
fields for different input conditions. Furthermore, an experimental study was
carried out to evaluate the interplay between the two-phase gas-liquid flow
patterns and the major drilling parameters and investigate its influence on the
cuttings and fluid flow dynamics in a horizontal and inclined drilling wellbore.
Results showed that the effect of the drillpipe rotation on cuttings transport in the
annuli is highly dependent on the fluid rheological properties, the drillpipe

eccentricity, the wellbore inclination and fluid flow pattern. The annuli pressure
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gradient was found to be dependent on the fluid flow pattern and the prevailing
cutting transport mechanism. The minimum requirements to clean an eccentric
annulus is higher than that required for the concentric annulus. Furthermore, the
local mixture properties and gas-liquid flow pattern of the fluid is strongly
influenced by the inclination angle of the wellbore which as of a result, influences
the annuli pressure losses and cutting transport dynamics. Although drillpipe
rotation can improve cuttings transport through the annuli, the influence of
drillpipe rotation on the cutting’s movement in the two-phase gas-liquid drilling
fluid is much less than that of the single-phase drilling fluid.

Overall, a good match was found when the mathematical models were compared
to the experimental data. The output of this research is very useful for
implementing an efficient cutting transport operation, hydraulic program
optimisation and effective wellbore control, particularly for managed pressure
drilling operations.
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Chapter 1

Introduction

1.1 Background

Drilling of complex wells in the oil and gas industry has been on the rise due to
the increasing demand for crude oil. These complex wells such as horizontal wells,
extended reach wells and multilateral wells are often drilled in order to maximise
the hydrocarbon recovery from the reservoir and optimise productivity. In
depleted or low-pressure reservoirs, if the hydrostatic pressure is higher than the
formation pressure, wellbore instability issues emerge, leading to lost circulation,
and formation damage. Multiphase (gas-liquid) drilling fluids or underbalanced
drilling techniques are mostly used in these environments to control the wellbore
pressures and improve the stability and productivity of the field by reducing
formation damage (Baojiang, 2016).While operating in underbalanced drilling
(UBD) conditions, the pressure in the wellbore is kept below the static pressure of
the formation, allowing formation fluids to flow into wellbore and up to the surface.
In some cases, an inert gas is pumped into the drilling fluid in order to reduce the
equivalent density of the fluid and thereby reduce the hydrostatic pressure
throughout the entire wellbore. Due to the complexity of multiphase flow, the
prediction of the flow dynamics, wellbore hydraulics and the effective transport of
the cuttings out of the wellbore is a lot more challenging when compared to
conventional drilling operations. An improper hole cleaning job can lead to
increased torque and drag, lost circulation, weight stacking, increased hydraulic
requirements, stuck pipe and wellbore instability, all of which have a negative
impact on the effectiveness or cost of the drilling project and may affect the
productivity of the field (Hajipour, 2020).

Field and laboratory analysis over the years has shown that an effective cutting
transport during drilling operation is dependent on a number of important
parameters including the rheological properties of the drilling fluid, the drillpipe
and wellbore/casing sizes, the wellbore inclination angle, the cutting sizes, rate of
penetration (ROP), drillpipe rotary speeds, eccentricity and most importantly the
fluid flowrates (Ford, et al., 1990). However, the influence of these drilling
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parameters on the effectiveness of hole cleaning has not been adequately
investigated for UBD conditions where a multiphase drilling fluid is flowing in the
wellbore annuli. If the velocity of the drilling fluid in the wellbore annuli is not high
enough to transport the cuttings, the cuttings would settle out of the flow and
form a stationary at the low-side or bottom of the wellbore. The fluid velocity
required to avoid the formation of this stationary bed is often referred to as the
critical velocity or the minimum transport velocity. The magnitude of this velocity
is dependent on the cutting transport mechanism, meaning that the cuttings would
be transported as a moving bed if the fluid velocity is higher than the minimum
transport velocity for the moving/sliding bed and in suspension if the fluid velocity
is higher than the minimum transport velocity required to suspend the cuttings in
the annuli. In general, for multiphase (gas-liquid-solid) flow in pipes or tiebacks,
it has been reported that the fluid flow pattern has a major influence on solids
transport and the ability of the fluid to transport the solids effectively is highly
dependent on the prevailing flow pattern. Other than the influence of the flow
pattern on solids transport, the flow pattern also has a direct impact on the
pressure losses experienced by the two-phase flow through the pipe. It is fair to
assume that if this phenomenon exists for multiphase flow in pipes it would also
be an issue of concern in the for multiphase flow in the annuli. Due to the
complexity and highly transient flow pattern of multiphase flow, at the present
time, there is no rigorous method available for the prediction of the pressure
gradient for multiphase flows through pipes or annuli. For this reason, the
alternative has been to develop either empirical or mechanistic models that are
flow pattern dependent for the determination of the pressure losses for two-phase
flows. For underbalanced drilling operations, since the need for wellbore pressure
management is critical, it is important that the methods employed for the
prediction of the pressure profile through the length of the wellbore be dependent
on the flow pattern existing in the entire wellbore. Two-layered or three-layered
cutting transport models developed for the prediction of cutting transport
efficiency and the pressure losses for the flow of single-phase drilling fluid in the
wellbore annuli has been applied directly to that of the underbalanced drilling
scenario by various researcher to develop a method for performing wellbore
predictive calculations (Doan et al., 2000; Li and Kuru, 2005; Ozbayoglu and
Miska, 2003). However, the direct application of these models for underbalanced

drilling operations is questionable and may lead to highly inaccurate predictions,
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the main reason being that the transient gas-liquid fluid flow pattern has been
ignored. There are several cutting transport mechanisms that may exist either
individually or simultaneously in the wellbore annuli and unlike the single-phase
flow, is most likely to be highly influenced by the fluid flow pattern in the
multiphase flow. Again, due to gas expansion with changes in pressure and
temperature, the fluid properties change rapidly, thereby changing the speed of
the phases, the in-situ hold up and hence the flow pattern. This phenomenon also
has to be taken into account when performing predictive calculations as it has a
huge influence on the wellbore pressure losses and cutting transport efficiency. It
is important to understand the fundamental physics of the hydraulics of
multiphase flow in the annuli and how to manipulate the key drilling parameters
to optimise the wellbore pressure management and ensure an effective hole-
cleaning process. In this research, a theoretical, numerical and experimental study
is performed to investigate the effect of the major drilling parameters on wellbore
hydraulics and cutting transport efficiency for both single-phase and two-phase

Newtonian and non-Newtonian fluid flow.

1.2 Research objectives

The aim of this study is to investigate the effect of the major drilling parameters
on wellbore hydraulics and cutting transport efficiency and to develop reliable
methods that can be used to perform the accurate design and predictive wellbore
calculations required to optimise and maximise the benefits of underbalanced
drilling operations. This research focused on the following objectives:

1. Conduct an intensive literature review of single-phase and two-phase
Newtonian and non-Newtonian flow in both pipes and annuli, evaluating the
current predictive methods of the flow dynamics and cuttings transport.

2. Design and construct an experimental rig and data acquisition system to
imitate the wellbore drilling process using single-phase and two-phase drilling
fluids.



3. Establish methods to determine the rheological parameters for non-Newtonian
drilling fluids.

4. Experimentally investigate the flow dynamics and cutting transport
phenomenon in single-phase and two-phase flow in the annuli for different flow
patterns.

5. Develop new analytical and mechanistic equations for the determination of the
friction factor for Newtonian and non-Newtonian fluid flow in an annulus with
any level of eccentricity and with or without drillpipe rotation.

6. Develop using a computational fluid dynamics (CFD) approach a method to
discretise fluid flow governing equations, create geometry and mesh a
concentric and eccentric annulus to perform numerical simulations for the flow
of Newtonian and non-Newtonian fluids in a wellbore with and without drillpipe
rotation.

7. Develop new flow pattern dependent mechanistic models for the prediction of
wellbore hydraulics for underbalanced drilling operations.

8. Develop new flow pattern dependent multi-layered cutting transport models
for the evaluation of cuttings transport performance for underbalanced drilling
operations

9. Validate and refine developed mathematical models using the data obtained

from the numerical and experimental study.

1.3 Method and Approach

A theoretical, numerical and experimental study was carried out to explore the
effect of several input conditions on wellbore hydraulics and cuttings transport
efficiency. Generally, the methodology was based on the exploration of
fundamental studies previously performed for single-phase and two-phase flow in
both pipes and annuli, identifying the gaps in regard to their direct application to
a wellbore with underbalanced drilling conditions and developing new
mathematical models from the fundamental physics of single-phase and two-
phase Newtonian and non-Newtonian annuli flows. New mathematical flow pattern
dependent models were developed to determine the pressure losses in the
concentric and eccentric annuli with or without inner pipe rotation, by considering

the fluid properties and momentum equations for each of the phases flowing in

4



the annuli. A novel idea is applied to develop new flow pattern dependent multi-
layered cutting transport models from the consideration of the different cutting
transport mechanisms that exists in the wellbore annuli. The numerical
computational fluid dynamics (CFD) simulations were generated using a finite
volume technique to mesh the annuli and discretise the governing equation for
fluid flow to obtain optimum data required to test and validate the theories and
mathematical modelling performed in the theoretical study. Furthermore, an
experimental rig equipped with data acquisition tools is designed and constructed
to emulate the conventional and underbalanced wellbore drilling process, perform
flow pattern characterisation and investigate how the key drilling parameters
influence the wellbore hydraulics and cuttings transport dynamics. Experimental
data was obtained and compared with the results generated from the theoretical

study in other to validate the new mathematical models.



Chapter 2

Literature review

2.1 Non-Newtonian fluid flow in annuli

In oil well drilling, the drilling fluid, which generally has a non-Newtonian
rheological behavior, flows into the wellbore through the drillpipe and out through
the annular space between the drillpipe and the wellbore or casing to the surface.
The main functions of the drilling fluid are to control or maintain wellbore pressure,
lubricate the drilling bit and transport the drilled cuttings out of the wellbore.
Unlike the Newtonian fluids, the drilling fluid is shear rate dependent and deforms
under the action of a shear stress in a manner that is dependent on the rheological
characteristics of the fluid. Although various rheological models have been
proposed to describe the rheological behavior of non-Newtonian fluids, the most
popular and widely accepted models are the power law, Bingham plastic and the
Yield power law generally known as the Herschel-Bulkley model (Kelessidis, et al.,
2006). The figure 2.1 shows the shear stress to strain relationship for models that
describes the rheological behavior of the different fluid types. The flow curve of
the Newtonian fluid shows a straight line through the origin of the coordinates
which means that the shear stress is directly proportional to the shear rate. The
slope of the curve is referred to as the viscosity of the fluid and for a Newtonian
fluid, remains constant under the application of a shear stress at a given
temperature and pressure. The power law model describes fluids which are shear
dependent and are functions of the flow behaviour index and the consistency index
of the fluid. The flow curves of this type of fluids pass through the origin but they
are not linear. Thus, there exist a term referred to as the apparent viscosity which
is not constant and highly dependent on the magnitude of the applied shear stress.
The Bingham plastic and the Herschel-Bulkley fluids are non-Newtonian fluids that
possess a yield stress. For these types of fluids, a finite shear stress is required to
be overcome before flow commences and thus the flow curve does not pass
through the origin but intercepts the shear stress coordinate at the yield stress
point. After the yield stress has been overcome, the Bingham plastic fluids exhibit
a trend that is similar to the Newtonian fluids while the Herschel-Bulkley fluids
follows a non-linear trend that is similar to that of the power law fluids.
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Figure 2.1: Shear stress to shear strain relationship for non-Newtonian fluids

The fundamental models that are used to describe the rheological behavior of
bentonite mixtures particularly for drilling applications are the power law, Bingham
plastic or the Herschel-Bulkley model. The shear stress to strain relationship and
the apparent viscosity of the drilling fluids can be expressed as a function of the

flow behaviour index, n and the consistency index, K of the fluid.

Powel law model:

T= Ky" 2.1

Hap = Ky"1 2.2

Bingham plastic model:

T=Ty+ WY 2.3



Hagp = — + Hp 2.4

Herschel-Bulkley model:

T= 1, + Ky" 2.5

T
HaHB = 70‘*‘ Ky 2.6

During drilling operations, the drilling fluid flows through the annulus under the
action of an axial pressure gradient and in order to control wellbore pressures, it
is important to perform drilling hydraulic calculations that are dependent on the
rheological characteristics of the drilling fluid that is being used. The drilling fluids
being shear dependent are highly influenced by the flowrate and most importantly
the geometry of the wellbore. In some cases, the drillpipe is rotated with the idea
of improving the drilling process and improving the cutting transport efficiency
(Xiaofeng, et al., 2014). The drillpipe rotation subjects the drilling fluid to an axial
and tangential force that makes the fluid flow in a helical pattern due to the
presence of an axial and tangential velocity component. The tangential velocities
are highest at the drillpipe wall and zero at the borehole or casing wall, while the
axial velocities are zero at the drillpipe wall and at the borehole or casing wall due
to the no-slip effect that occurs at the boundaries. Unlike the Newtonian fluid flow,
the axial and tangential velocity components are coupled and thus, needs to be
solved simultaneously, adding more complexity to the solution procedure. The
drillpipe may be positioned eccentrically in the wellbore, especially in a deviated
wellbore where the drillpipe has a strong tendency to be offset towards the low
side of the wellbore due of gravitational effects (Luo & Penden, 1987). This creates
an uneven distribution of the velocity fields where a higher velocity exists in the
larger space in contrast to a lower velocity in the smaller area of the wellbore
annuli (Figure 2.2).



Figure 2.2: Wellbore velocity profiles in eccentric annuli

The pump rate, eccentricity, drillpipe rotary speed and the drilling fluid rheological
properties has been the major parameters used to perform or model hydraulic
calculations even though some of the reports of various researchers has been
conflicting. For example, while the earlier researchers that investigated the effect
of drillpipe rotation on wellbore hydraulics reported that the annuli pressure
gradient decreases with an increase with drillpipe rotation due to the shear-
thinning effect of the drilling fluid, later studies and field measurements have
reported the reverse effect (Terry, 2015). Some other investigators have either
reported an increase or a decrease in pressure gradient depending on the annuli
geometry and the fluid rheology. (Luo & Penden, 1990) showed that the annular
frictional pressure gradient reduces with an increase in drillpipe rotation due to
the shear-thinning behavior of drilling fluids. They showed from theoretical
analysis that the effect of drillpipe rotation on annular pressure losses depends on
three dimensionless variables, which are the dimensionless drillpipe rotary speed,

the flow behaviour index and the ratio of the annular diameters.



(Ooms, et al., 1999) carried out a numerical, analytical and experimental study to
investigate the influence of drillpipe rotation on drilling hydraulics and concluded
that for laminar flow through an eccentric annulus, the inertia effect induced by
the pipe rotation increases the axial pressure drop. They inferred that the
magnitude of this increase was dependent on the annular gap width, the
eccentricity and the Taylor number of the flow. (Ahmed & Miska, 2008) carried
out an experimental investigation of different power law and yield power law
polymer-based fluid flow with inner pipe rotation in several annular geometries.
They reported that inner pipe rotation creates an inertia effect and induces a shear
thinning effect on the fluids and in a slightly eccentric annulus, shear-thinning
effect dominates the inertial effect, whereas for the highly eccentric annulus, the
inertial effect dominates. Their results indicated that the inner pipe rotation
increases the frictional pressure loss and the magnitude of increase was
dependent on the fluid flow regime. Under laminar flow conditions, the effect of
the rotary speed on the friction factor and consequently the pressure loss is
relatively large in comparison to higher Reynolds number flows, where the effect
of the inner pipe rotary speed on the pressure loss is minimal. (Ozbayoglu &
Sorgun, 2010) also reported from an experimental study that increase in pipe
rotatory speed increases the friction factor for low Reynolds number flows and has
a little or no effect for flows with high Reynolds number. They concluded that an
increase in pipe rotation leads to a corresponding increase in drillpipe rotation and
failure to consider rotation effects may lead to underestimating the pressure
gradient.

(Podryabinkin, et al., 2013) carried out numerical studies in an attempt to
investigate the hydrodynamic behavior of drilling fluid flow in an eccentric annulus.
A finite volume method was used to obtain numerical solutions for the flow of
Newtonian and non-Newtonian Herschel-Bulkley rheological fluids with the
combined effect of inner pipe rotation and eccentricity. They pointed out the
importance of the consideration of eccentricity and drillpipe rotation when
performing drilling hydraulics modeling and concluded that eccentricity usually
decreases the pressure drop as much as 50%. They showed that drillpipe rotation
significantly alters the velocity distribution of the flow and when the axial flow
dominates, rotation in the eccentric annulus increases the pressure drop when
compared to the normal axial flow. Furthermore, it was suggested that performing

systematic flow modelling and study can enable recommendations to modify
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drilling parameters in other to optimize fluid flow for maximum rates of

penetration and prevent wellbore instability issues.

(Viera, et al., 2014) presented results obtained from an experimental and
numerical CFD simulation of the pressure drop of non-Newtonian fluid flow
through a concentric and eccentric annulus (e=0.75). The experiments involved
the use of aqueous solutions of Xanthan gum, XG and Carboxymethylcellulose,
CMC with a rheology best fitted to the power law model to simulate the drilling
fluids and considered an inner cylinder rotation in the range of 0 - 300rpm. Their
experimental and numerical simulation results showed that for a concentric
annulus, the pressure drop was slightly reduced with an increase in pipe rotation
speed. The reverse effect of inner pipe rotation was reported to take place in the
eccentric annulus where an increase in pressure drop occurred with inner pipe
rotation of up to 200rpm. They also presented CFD simulation results for the
velocity profiles at different sections of the annuli that showed that inner cylinder
rotation had little or no effect on the axial velocity fields for the concentric annulus
but altered the distribution of the axial velocity fields for the eccentric annulus.
(Bicalho, et al., 2016) experimentally and numerically studied the laminar and
isothermal helical flow of non-Newtonian fluids through horizontal annular sections
with partial obstruction and analysed the effect of the orbital motion of the inner
pipe for fluid flow through the eccentric annulus. Xanthan gum, XG of different
concentrations by mass (0.1, 0.3 and 0.5%) that were best fitted to the Herschel-
Bulkley model were used in other to simulate the behavior of non-Newtonian
drilling fluids. From the analyses of the results obtained, they reported that the
effect of inner cylinder rotation on pressure drop was not well defined in their
experiments using the 0.1 and 0.3% concentrations of XG. However, experiments
using the 0.5% concentrations of XG resulted in a decrease in pressure drop with
inner pipe rotation. It was pointed out that in the case of the obstructed eccentric
annulus, preferential zones are found in the larger sector of the annulus and
favours the accumulation of particles in the smaller sector of the annulus when
there is no inner pipe rotation. They concluded that the inner pipe rotation results
in a uniform distribution of the velocity axial velocity fields and improves the flow
in the smaller sector of the annulus, thereby improving cuttings transport during
drilling.
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The published results of the effect of inner pipe rotation on the pressure gradient
of single-phase non-Newtonian fluid flow through annuli has been conflicting.
While some researchers have shown that the increase in inner pipe rotation
increased the pressure gradient, others have shown analytically and
experimentally that the increase in pipe rotation decreased the annuli pressure
gradient. The effect of inner pipe rotation on the annuli velocity distribution has
also been of concern especially during drilling operations as this effect might help
to improve the cutting transport efficiency and the drilling process.

An accurate prediction of the velocity distribution in the annuli is required for a
successful design of mud displacement in cementing operations and cutting
transport modelling especially in highly deviated wellbores. To obtain the annuli
velocity fields, analytical solutions of the equation of motion for the steady state
axial flow of an incompressible non-Newtonian fluid flow between two coaxial
cylinders has been developed and presented by several investigators. The
governing equations that can be used to describe the isothermal flow of fluids
through a concentric or eccentric annulus is the equations of continuity and the

equations of motion.

The equation of continuity can be expressed in cylindrical coordinates as (Bird, et
al., 2002)

1 a(rvr) 1 a(Ve) a(vz) _ 2 7
Tor Tt ae T 70

and the equations of motion may be expressed as:
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(Fredrickson & Bird, 1958) simplified the governing equations of fluid motion
(Equations 2.8-2.10) in other to analyze the flow of non-Newtonian Bingham
plastic and Power law fluid flow in a concentric annulus. They published plots that
showed the relationship between the flowrate and frictional pressure gradient for
laminar non-Newtonian fluid flow through a concentric annulus. However, as the
outcome of this study could not be applied when the annuli is eccentric, later
studies were carried out to develop a relationship between the flowrate and
pressure gradient for fluid flow through an eccentric annulus. The equation of fluid
motion for an isothermal steady-state incompressible laminar flow of a specific
system can be simplified and expressed in cylindrical coordinates as:

1d dP 2.11
;a(rrzr) = E+ P8

This first-order differential equation is valid for any kind of fluid flow through an
annulus and may be integrated to yield the axial shear stress across the entire
region of the flow
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P designates the sum of forces per unit volume of the fluid flow and X is the
constant of integration. The radial distance » R = 0 represents the radial position
at which the magnitude of the local shear stress value is zero t,. =0 for fluids
without a yield stress and is the point at which maximum axial velocity exists. This
equation was taken as the starting point for the derivations of the velocity profiles
and the pressure gradient to volumetric flowrate relationship for the non-
Newtonian fluids.

They showed that the shear stress distribution and velocity profiles for axial flow
of non-Newtonian fluids through annuli are a function of the rheological
characteristics of the fluid (Figure 2.3). Thus, it is strictly important that the annuli
flow behavior and pressure gradient for non-Newtonian fluids is modeled in line

with the rheological characteristics of the fluid.
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(Uner, et al., 1988) presented an approximate solution to predict the relationship
between the flowrate and the pressure gradient for a steady-state laminar flow of
non-Newtonian fluids through an eccentric annulus. The solutions to the equations
of motion for non-Newtonian fluid flow in annuli geometries are usually difficult to
obtain due to the nonlinear nature of the shear stress-shear rate relationship.
Eccentricity, however, adds more complexity to the problem because unlike the
concentric annuli, the fluid forces acting in the flow vary across the angular
direction of the eccentric annuli creating an additional difficulty to obtain analytical
solutions. This makes the derivations of the analytical solutions for the equations
of motion for non-Newtonian fluids unattainable at this present time.

In this study, the exact model for the slot height and the solutions of the velocity
profiles for Power law fluids derived by (Iyoho & Azar, 1981) was extended to
approximate the volumetric flowrate for eccentric annuli flows. The eccentric
annulus was modelled as a slit of variable height (Figure 2.4) to develop an
analytical relationship between the flowrate and pressure drop for the Power law,

Bingham plastic models, by simplifying the equations of continuity and motion.

The slit height, h is expressed as a function of the angle, 0 < 6 < 2m as:

h = r,[(1 — k?sin?0)*/2 + kcos 6 — r*| 2.13
where
k=€e(1-r1%) 2.14

The eccentric annulus is characterized by two parameters, namely, an eccentric

ratio, e and a radius ratio, r*defined by

2.15

and

r' = ri/r, 2.16

where, r; and r, are the radii of the inner and outer pipe respectively
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The velocity profiles and pressure drop to flowrate relationships were developed,
taking into consideration the fundamental rheological behavior of the non-
Newtonian Power law and Bingham plastic models and applying the no-slip
boundary conditions that exist at the walls of the geometry. The equation for the
axial velocity profile and pressure drop to flowrate relationship for the Power law

fluids in an eccentric annulus were presented as:

v = (M) (E)S+1 - (Z_Y)S“ 2.17
Z s+1 KL 2 h

where s= 1/n

and

Q= . _1: 1 (%)SH (21]3—_—1«;;)5 Ln[(l — k2sin20)1/2 4+ kcos 6 — r*]S+2d9 2.18
where

Q= - (pf_ iy 2.19
and

E= Jomu — k2sin?0)1/2d0 2.20

The term P, — P, represents the modified axial pressure drop between z = 0 and
z = L.

The velocity profile equations and the pressure drop to flowrate relationship for
the Bingham plastic fluid flow in an eccentric annulus were presented as follows
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These models were compared to previously published theoretical and
experimental data and was reported to show a significant agreement. They
pointed out that the application of these models for geometries with small radius
ratios, r* produces inaccurate results. However, satisfactory results can be

obtained for geometries with radius ratios, r* > 0.5.

There have been issues regarding the accuracy of the slot models in terms of the
obtaining reliable solutions for the velocity and shear stress profiles (Luo &

Penden, 1990). The reason for this is that the slot models are derived on the basis
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of modifying the models for flow between parallel plates the only difference being
that the distance between the plates varies across the domain. As a result, the
shear stress profiles obtained from the slot models are linear and the velocity
profiles are symmetric about the center line of the annulus. Unlike the case of pipe
flow the shear stress profile for annuli flows are not linear and the velocity profiles
are not symmetric about the center line of the annulus. This makes the application
of the slot models for velocity profile predictions invalid as unrealistic solutions

can be obtained.

(Haciislamoglu & Langlinais, 1990) presented numerical studies investigating the
flow of non-Newtonian fluids through eccentric annuli. The equations of motion
were discretized using a finite difference technique and solved on grids
transformed to the bipolar coordinate system. The velocity profiles in the eccentric
annuli were analyzed from data obtained from the numerical procedures. The
numerical results showed that the velocity in the narrow part of the annulus was
reduced due to the increased resistance of flow created by the reduction in the
gap between the inner and outer pipes while the velocity in the larger region of
the annuli was increased. This effect was seen to be increasingly emphatic as the
eccentricity was increased showing a high velocity in the larger region of the annuli
while a no flow or stagnant region was created in the narrow region of the annuli.
The effect of eccentricity on the frictional pressure losses in the annuli were also
analyzed and it was shown that for a constant flowrate, the frictional pressure
gradient decreases with an increase in eccentricity. With fluids that are more shear
thinning (decreasing n), their velocity profiles in the large and narrow parts of the
annuli become flatter; thus, increasing the overall viscosity of the flow.
Consequently, these fluids are subject to less reduction in frictional pressure
losses in eccentric annulus. A non-linear regression analysis was performed on
the generated numerical data to develop an empirical correlation that serves as a
correction factor for the prediction of pressure gradient in an eccentric annulus.

The correction factor R, developed as a function of the pipe diameter ratios, the

eccentricity e, and the flow behaviour index n, is given as
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where d; and d, are the diameters of the inner and outer pipe respectively

The pressure gradient in the eccentric annuli (dP/dL). can thus be calculated from
the knowledge of the pressure gradient in the concentric annuli (dP/dL). using the

following relationship:
dpy _ o (dP
(dL)e_ (dL)c 2.29

However, the correlation was reported to be accurate within +5% and valid for
eccentricities from 0 to 0.95, pipe diameter ratios of 0.3 to 0.9 and flow behavior
indexes of within 0.4 to 1.0.

Figure 2.4: Eccentric annulus defined by bipolar coordinates
(Haciislamoglu & Langlinais, 1990)

The numerical data was obtained using a method where the eccentric annular
geometry was defined in a bipolar coordinate system, which consists of two

orthogonal families of circles. The walls of the eccentric annulus are represented
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by two constant values of ¢ while n, varied from 0 to 2w, across the angular
direction of the eccentric annulus (Figure 2.4). The relationship between the
cartesian coordinates, x and y, and the bipolar coordinates, € and n, can be

obtained as follows:

_ a, sinh(e) 2.30
~ cosh(g) — cos(n)

__ apsin() 2.31
~ cosh(g) — cos(n)

where a, = rjsinh(g;) = r, sinh(g,) and 0 < 1 < 2n

The circle € = ¢ represents the inner tube and the circle ¢ = ¢, represents the
outer tube. Thus, any point within the eccentric annulus can be described by ¢
from g; to ¢, and by n from 0 to 2n. Based on these geometric considerations and
the coordinate transformation, the following relationships to compute ¢ and g,

may be expressed respectively as:

. = cosh- [(1+(1‘1/r0 ))— e(1 4+ (ri/ro ))] 2.32
' ape(ri/ry )
e = cosh-! [(1 + (ri/10)) — €2(1+ (ri/ro ))] 2.33
ape

where, e is the dimensionless eccentricity.

The unidirectional equation of motion expressed in the cartesian coordinate
system (Equation 2.34) may be transformed to the bipolar coordinate system and

expressed as (Equation 2.35) after a tedious process.
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dP+ d s ov 4 g ( Ovy 0
dL c')x(uax) 6y<u6y> B 2.34

aZdP+0 6v+0 av -
(q;) dL as(“as> an<“an>_ 2.35

where ¢y = cosh(e) — cos(n) &< e <¢g, 0 <n <2m

The Herschel-Bulkley model (Equation 2.5) was used in this study to characterize
the rheological property of the fluids as it combines both the Power law and
Bingham plastic models. It reduces to the Power law model when yield stress is
zero and the Bingham plastic model when flow behaviour index, n=1. The
viscosity of the fluid is transformed to the bipolar coordinate system with a similar
technique to yield:

n-1

2.36

= o) (2)

YA

n=n
Figure 2.5: Eccentric annulus grid in bipolar coordinates
(Haciislamoglu & Langlinais, 1990)
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This equation for viscosity is substituted into the equation of motion expressed in
bipolar coordinates (Equation 2.35) and solved with the application of a numerical
and computational approach. The equation of fluid motion is discretized based on
a finite difference technique where the eccentric annular geometry is subdivided
into a network of grids. Since the axis that goes through the central points of the
inner and outer pipes is the line-of-symmetry which divides the velocity fields into
two identical parts, the governing equations are only solved in one half of the
eccentric annulus to reduce computational cost. The Figure 2.5 shows the grid
network in bipolar coordinates. They concluded that the previous studies
performed for eccentric annuli flows have been shown to employ an inadequate
approach to the solution of the equation of motion and this proposed bipolar
coordinate method developed is a rigorous numerical solution of the equation of
motion for non-Newtonian annuli flow that can be used to predict the velocity
profiles, viscosity profiles, and frictional pressure gradients in the eccentric annuli.
(Luo & Penden, 1990) analyzed the non-Newtonian laminar flow of fluids through
an eccentric annulus in other to develop an analytical and rigorous solution for the
prediction of the velocity profiles and pressure gradient to volumetric flowrate
relationship. They claimed that the use of the slot approximation method was
inaccurate, and the procedures involved with the bipolar coordinate method were
extremely tedious and involved a lot of time-consuming computations. They
proposed a method that was based on the representation of the annulus by an
infinite number of concentric annuli with variable outer radii, with the idea of
developing mathematical equations that were functions of the radius and angular
positions in the eccentric annulus. Although the proposed models were developed
for laminar flows of non-Newtonian fluids through the eccentric annuli, the
application of the models for calculations involving the flow of non-Newtonian
fluids through the concentric annuli is pretty much straight forward and follows
the same computational procedures.

(Fredrickson & Bird, 1958) simplified the equations of motion for a steady-state
isothermal flow of incompressible fluids (Equations 2.8-2.10) and integrated the
product of the simplification to obtain an equation that represents the axial shear
stress profile as a function of the radii and modified pressure gradient as
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7F2—rtzr=B 2.37
The term B is the constant of integration and Gp represents the modified pressure

gradient defined by:

~ oP 2.38
GP = P8z — E

Applying the appropriate boundary conditions to the Equation 2.37 yields the
following expressions of the shear stress profiles for the Power law and Bingham

plastic fluids respectively

T, = 0 atr = e

2.39
GP rme2
Ty = 7r 1- -
Tur = —Ty atr = Iype
Gp(r r
() e
2.40

Combining the shear stress Equations (2.39-2.40) with the appropriate rheological
models Equations (2.1-2.4) and integrating the results yields the following

expressions for the velocity profiles for the Power law and Bingham plastic fluids.

Power law:

GorS [T /1 S
ve = (i) J < n;e —I‘) dr, r{ <1 < I'pe 24
ry
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Gp\® [12° ro.2\°
ve = (i) J <r — rr;e > dr, Tme <T < Ipe 2.42
r

where s= 1/n

Bingham plastic:

Gp o T r2—r? o r 2.43
= — In—— + —[ In—— (r— , <r < y
\4 2|J-p <rne ry 2 up I'ne ry (I‘ I‘1) rq r Ine
Gp r2e2 - r? 21.. F2e o I'e 2.44
V= E " Tpe lnT + H—p[rpe lnT— (rye — r)] , Tpe ST < Tpe

The parameter r,, represents the distance between the inner pipe and the outer
pipe and is not constants across the angular direction of the eccentric annuli.
However, if the annulus is concentric the value of r,. becomes constant and is
equal to the radius of the outer pipe. The value r,, can be calculated from the

Equation 2.45 where 6 represents the angular position in the annulus and e is the
fractional eccentricity.

rze = (r; — ry)ecos® + \/rzz —[(r, — ry)e sin0]? 2.45

The radial position of the maximum velocity for the power law fluid, r,,. may be
obtained from the Equation 2.46 for cases where n > 0.5 and r; /r,. > 0.3 while the
boundaries of the unsheared plug r,. and r,. can be obtained from the Equations

(2.47-2.48) for cases where r;/r;. > 0.3 and B,/(rze — r;) < 0.5.

me = v ((r2e2 — 112)/21In(rz¢/11)) 2.46

Bp = 21,/Gp = Tpe — Tpe 2.47
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tpe = N ((oe? = 12D/ IG5 /) + 1,/Go 2:48

The results of the solution of these equations show that the velocity profiles and

the magnitudes of shear stress/shear rate are not symmetric about the radial
position at which the maximum velocity exits and where the magnitude of the
shear stress is zero t,. = 0. This occurrence shows why the assumption that the
maximum velocity exits at the midpoint in the radial space of the annulus would

lead to erroneous results.

The pressure gradient to volumetric flowrate relationship was derived for the

Power law and Bingham plastic fluids as:

Power law:

0= (@), 2.45

S AT +s s+1
o= ) [ ) |- ]
_s 1+s
) - )] e

2.50

Bingham plastic:

Gpry*\ —
Q= (L)QBP 2.51
Hp
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Although the method required for the solution of these equations are far less
tedious than that required for the slot models or the bipolar coordinate
transformation method, iterative and numerical integrations would be needed to
solve these equations as the analytical solution does not exist at this present time.
The results obtained from the solution of the volumetric flow rate for Power law
fluids were numerically compared with those obtained from the slot models or the
bipolar coordinate transformation method. They concluded that for low fractional
eccentricity cases, their proposed method produced more accurate results while
for middle and higher eccentricity cases the slot model produced better
approximations.

Experimental, numerical and theoretical modelling studies has been performed
over the years with the aim of investigating and predicting the behaviour of non-
Newtonian fluids flow through the concentric/eccentric annuli with or without inner
cylinder rotation. Most of these studies have pointed out that eccentricity alters
the axial velocity distribution in the annuli where a higher magnitude of velocity
exists in the larger region of the eccentric annuli while a significantly lower
magnitude of velocity exists in the smaller region. Inner pipe rotation has been
shown to influence the velocity fields in the eccentric annuli as it redistributes
velocity fields and improves the flow of fluids in the stagnation zones or the smaller
region of the eccentric annuli. Although literature has shown no disputing to the
effect of the inner pipe rotation on the velocity fields in annuli flows, the results
published on the effect of the inner pipe rotation on the annuli pressure gradient
has been quite conflicting. While some researchers have concluded that inner pipe
rotation can be used to decrease the pressure drop for non-Newtonian flows
through an eccentric annulus, some have reported that the increase in the inner
pipe rotation leads to a corresponding increase in the pressure drop. (Diaz, et al.,
2004) in an attempt to develop a method to account for the effect of inner pipe
rotation on the pressure drop for fluid flow in concentric annuli using an

experimental and theoretical approach reported that for the shear-thinning fluid,
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the pressure drop decreased with an increase in pipe rotary speed and started to
increase again. Hence literature has shown that the effect of the inner pipe
rotation on the axial pressure drop in a concentric or eccentric annulus is not quite
certain. For drilling applications, it is important to be able to accurately predict the
velocity fields and pressure gradient behavior in other to alleviate wellbore control
and stability issues. In cases where a multiphase fluid (gas and non-Newtonian
liquid) is used as the drilling fluid for oil well drilling operations, it is imperative
that the hydraulic modeling and design of the drilling process takes into account
the distinctive properties of two-phase flow, because unlike single-phase flow of
general fluids through conduits, multiphase flow is highly transient in nature and
adds more complexity to the system. While the velocity field prediction is required
for the modeling of an effective cutting transport system during drilling, the
accurate prediction of the annuli pressure gradient is necessary especially for

wellbore bottom-hole pressure management.

2.2 Multiphase Gas - Liquid flow in pipes

The hydrodynamics of single-phase flow in pipes and annuli is well understood at
this present time. Pressure gradient vs flowrate behaviour and the heat transfer
processes for single-phase fluid flow in pipes and annuli can be determined in a
relatively straightforward manner although the solution of non-Newtonian flow in
annuli requires a more compound approach. The simultaneous flow of two phases
in a pipe presents more complexity due to its transient nature, flow pattern
variation and a large number of flow variables associated with the flow. The
mechanism of mass, momentum and energy transfer between phases vary
depending on the prevailing flow pattern (Guo, et al., 2007). In other to
investigate the multiphase flow of fluids through the annuli, it is necessary to
explore the primary studies that have been done on the multiphase flow of fluids
through pipes as the ideas and modelling techniques developed for two-phase
flows in pipes have been the fundamental basis on which the methods for the
prediction and modelling of the hydrodynamic behaviour of two phase flows in
annuli are being developed. In fact, the early methods used for the prediction of
two-phase flow behaviour in annuli have either applied correlations originally

developed for flow in pipes by use of the hydraulic diameter concept or have
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applied empirical correlations developed from data obtained from two-phase flow
through annuli (Brill & Mukherjee, 1999).

Over the years extensive experimental and theoretical studies have been carried
out to develop models that can be used to predict the dynamics of multiphase
flow. Based on experimental data, correlations developed to describe the flow are
only valid for a limited range of operating conditions. However, improvements in
technology has provided the flexibility to construct and use large-scale
computational models to simulate two-phase flows especially in complex
geometries where experimental investigation is not feasible (Sandra, et al., 2008).
Two-phase flow models were developed using an empirical and mechanistic
approach, limiting their applicability to the number of flow parameters and
conditions considered. For example, the early two-phase models developed
neglected the flow patterns in predicting the flow behaviour and were found to be
inaccurate under various flow conditions. This brought about a drive for several
investigator to determine the important parameters that govern multiphase flow

in an attempt to close the gap of the uncertainty posed by two-phase flow.

(Wallis, 1969) derived a simple vet versatile model well known as the
Homogeneous No-slip Model. This model assumes that the flow is a pseudo single-
phase fluid and that both fluids move at the same velocity. The physical properties
of the system are determined from the single-phase liquid and gas properties
using the input or No-slip liquid holdup. They assumed that the flow was a steady
state compressible one-dimensional flow, all phases were mixed and exist at any
point in the flow field, and no slippage occurs between the phases. These
assumptions limited the accuracy and applicability of the Homogeneous No-slip
Model.

The homogeneous No-slip model is based on the determination of the pressure
gradient of a two-phase flow by the solution of the conservation of momentum
and energy equations using average mixture properties of the fluid. The total
pressure gradient of a multiphase flow can be obtained from the summation of
the gravitational, frictional and acceleration components which makes up the

momentum Equation 2.53.
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The conservation of energy equation can be expressed as

2

dQ dhy d [Vyu ) dw 2.53
d_LE = pnstAPE"' pnstAPE<T + PnsVmApgsin 9p + d_LS
dP S i dVy
_a = AL:,TpW + Pnsg S ep + pnstE 2.54
dPy _ (dPy  (dPy  dP
(dL)T B (dL)F (dL)G (dL)A 2.55

Where dQg/dL represents the heat transfer per unit length of the pipe and hy
represents the mixture enthalpy of the system. The term dw,/dL is the shaft work
rate per unit length of the pipe and is usually assumed to be negligible for flow in
pipes.

The first component of the Equation 2.54 represents the frictional pressure
gradient which is derived by expressing the wall shear stress in terms of the
friction factor. The wall shear stress and the resulting frictional pressure gradient
expressed in terms of the friction factor can be written respectively as:

1 2.56
Tw = EfpnsVM2

dP 2 ) 2 G2 2.57
—_— = — = —f -
(dL)F piPasV® = [l

G - anVM 2-58

where f, is the fanning friction factor and G is the total mass flux of the mixture

assuming that the conditions for no-slippage exists. The friction factor is
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determined from standard methods using the mixture no-slip Reynolds number
defined as:

Pps VM D 2.59
Hns

Re,s =

The mixture properties can be utilized to calculate the pressure distribution and
the temperature distribution of the flow, by applying standard single-phase flow
methods. The mixture average properties of the flow are determined from the
input liquid hold (no-slip liquid hold up) or in terms of the mass fraction (quality)

as follows:
The mixture velocity of the mixture can be calculated from the summation of the
superficial velocity of the gas and the liquid phase obtained from dividing the liquid

and gas flowrates by the total cross-sectional area of the pipe Vs;, = Qu./Ap; Vg =
Qc/Ap;

Vm = Vs + Vs 2.60

The no-slip mixture density and viscosity of the fluid is calculated using the input
or no-slip liquid hold up as:

Pns = PLAL + pg(1—2L) 2.61

Hns = MLAL + pg(1—2g) 2.62

The no-slip mixture density can also be expressed in terms of the mass fraction
(quality) as:

1 X 1—x
—=—+ =xVg+ (1 —-x)V;, 2.63
pns pG pL
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The mass fraction (quality) is the ratio of the mass flux of the gas phase to the

total flux of the mixture and can be written in terms of the liquid hold up as:

. pcVeAp(1 — Hy) 2.64
peVeAr(1 — Hy) + p VLARH,

For no-slip conditions, V; = V;, and H; = A reducing equation 2.64 to

< = p(;(l—)kL) 2.65
an

The mixture enthalpy is averaged based on the mass fraction and is given by

hM = XhG + (1 - X)hL 266

The determination of two-phase mixture properties has not been a simple task.
Various methods have been proposed by two- phase flow researchers to estimate
the mixture parameters of two-phase flows. By all means, these are not rigorous

methods, and are merely approximations.

The gravitational pressure gradient component can be determined directly form

dP B ) 2.67
(E)G_ pnsgsmep

In general, the use of the density based on the in-situ liquid holdup in the
determination of the gravitational pressure gradient component is rigorous. This
is mainly because the gravitational head depends on the accumulative weight of
the two phases, which are related to the in-situ volume fractions of the two
phases. In the Homogeneous No-Slip Model, however, the no-slip liquid holdup is
used to determine the mixture density, resulting in an inaccurate prediction of the
gravitational pressure gradient. This represents the largest limitation of the

homogeneous no-slip model. The prediction of the accelerational pressure

gradient component in the no-slip homogeneous model is determined using a
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systematic approach that is well attached to the physical phenomena of two-phase

flow.

The mass flow rate of the two-phase mixture can be expressed in terms of the no-
slip density and mixture velocity as:

M ES anVMAp 2-68

From Equation 2.54 the accelerational pressure gradient component can be

written in terms of the mass flux of the two-phase mixture

dPy Vde_Mde_Gd M 2.69
( )A_p“SMdL_APdL dL

E dL pnsAP
Taking the partial derivative of the Equation 2.69 yields:

dP ,d /1y G2 1dAp
(@) ety Sl 270

Differentiating the Equation 2.70 in terms of the specific volumes of the phases,

yields the following equations

L) - L+ -

dL(pns> — gL e X)VL 2.71
d/1 dx  dvg dv,

a(@)— Ve - Vi)gr+xg + A=-9030 2.72

Assuming that the flow is compressible, the equation 2.72 can be expanded in

terms of pressure as:
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= (Vo- V) —+x——t 1 —x)—=—

d /1 dx  dVgdP dvy, dP 2.73
( ) dP dL dP dL

Substituting the equation 2.73 into equation 2.70 yields the final form of the

accelerational pressure gradient equation

dpP dx  dvgdP dv_dP\ G2 1 dAp 5> 74
—) =G| (Ve— V) —+x—— 1-x)——— |- ————— :
(dL)A <( Vgt gpat 10 dL) ons Ap dL

Combining the frictional, gravitational and accelerational pressure gradient
components Equation 2.57, 2.67 and 2.74 yields the total pressure gradient for a

two-phase gas-liquid flow:

(dP) 26 vt ino
—(=] == sin
dL - D PnsVM Pns8 p 275
v ooy oy o8 dVedP a )de dP\  G? 1 dAp

Ve = Vi) qr+¥ g0 ar YL dL

Rearranging the equation 2.75 and solving for the pressure gradient term the

yields
2 . dx G2 1 dA
(dP 5 fPnsVir”* + pnsgsin® + G2 (Vo = VL)? qp — o—7-q1 2.76
- E>T: N av,
1+ G (XW'F (1—X)W)

The denominator of the total pressure gradient equation 2.76 can be related to

the velocity of sound of the two-phase mixture as

Var\ > dav, dv, 2.77
2 _ (IM) _ _g2(y2S — ) —L .
Ma® = (cM> G (X ap T (=% dP)

Where ¢y, and M, represents the mixture velocity of sound and the Mach number

respectively. The velocity of sound of the gas and the liquid phases are defined as
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1, d/(1 Ve 1, d(1 , v,
—_— = — | — )= - —, an _— = — | — )= — -
2 e ap\p, P ap a? toap\p P "ap 2.78

Using equation 2.58 and solving equation 2.77 for the mixture velocity of sound
yields the following equations

: Te kil 2.79
- = 2 i 1— .
CMZ pns <X dp + ( X) dP)

— Ve v, 2.80
o=~ (et 0 -00) oot =20 (=) + o (-5

Substituting the velocity of sound of the gas and the liquid phases Equation 2.78
into Equation 2.80 yields

1 a1-n) N 2.81
— = (p,A 1-2 :
N (pL Lt p(;( L)) ( PGCGZ + pLCLz

Lockhart & Martinelli (1949) developed a separated flow model that assumes that
the gas phase and liquid phase flows separately from each other and is limited to
determination of frictional pressure drop for horizontal pipes. The solution of the
frictional pressure gradient is performed via a method that is similar to that of the
single-phase flow methods but applies the hydraulic diameter concept to account
for flow of each of the phases. Although the model was derived theoretically using
the concept of the single-phase flow, experimental data was required to complete
the process, providing a solution for the separated flow model. The concept
applied in the development of this model and the solution procedures are

explained further.

34



The frictional pressure loss for the flow of two-phase gas-liquid fluids in pipes,

obtained by applying the hydraulic diameter concept to each of the phases, may
be written as

(dP) 2f, p V.2
L

i) = b, 2.82
_ (@) _ 2f6pe Ve’ 2.83
dL/g Dg
The liquid and gas phase velocities can be determined respectively from
QL QL Qq Qg
vp=—=——— and vg=—= 2.84
AL a%DL2 ¢ Ag b%DG2

The parameters a and b represent the ratio of the cross-sectional area of the flow
of each of the phases to the total area of the pipe based on the hydraulic diameter
of the phase. D;, and D; are the hydraulic diameters of the liquid and gas phase
respectively.

The liquid holdup which represents the actual cross-sectional area of the flow of
each of the phases to the total area of the pipe can be determined with the

following expressions

A A
—L+—G=HL+HG=1 2.85
AP AP
TT TT
azD.” + bz Dg” 2.86
TTp2 =1
)
Dp\? Dg\? 2.87
H = a(=) = 1—b(—)
L a(D) D
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Using the general Blasius equation for friction, f = C;Re™i and the phase velocities,

the pressure gradient equations 2.82 and 2.83 can be written as

—mg 2
Q6 | peD Q6 ) | mg-2 (E)S_mg 2.89
Tpz | kg P Tp2 D¢

where Coand m; and Cg and m, are friction factor constants for the liquid and gas
phase.

The pressure gradient that would occur assuming only the liquid or gas phase
were flowing individually in the pipe is referred to as the superficial pressure
gradient. Equation 2.90 and 2.91 expresses the superficial pressure gradient of
the liquid and gas phase respectively.

dp pLVsLD 7™ 2py, VSL2 2
(), - e R (2
dL/sy HL D D

C [ PG VscD ]_mgz pe Vsg” (2
¢ HG

dpP
(dL)SG D D

From the Equations 2.90 and 2.91, it is clear that the terms in the bracket of
Equations 2.88 and 2.89 are the same making it possible to express the liquid and

gas pressure gradients in terms of their superficial pressure gradient.
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dPy Py D 2.92
(dL)L_ (dL)SLa (DL>

_ (3{)6 __ (%)SG ping-2 (DE() 2.93

Lockhart and Martinelli defined two dimensionless groups @;, and @ as the square
root of the ratio of the phase pressure gradient to its superficial pressure gradient.
Taking a ratio of the gas to liquid dimensionless group and assuming that the
pressure gradient in the liquid and the pressure gradient in the gas phase are
equal for a steady-state flow, they obtained a dimensionless parameter X which
they defined as the Lockhart and Martinelli parameter. From equation 2.98 it is
clear that the parameter X is just the square root of the ratio of the liquid

superficial pressure gradient to the gas superficial pressure gradient.

oL = = (DRL) 2 2.94
Me=2 /D = 2.95
Pa = -v e (5)
X = %: _(%)G % _(%)SL 2.96
o, dap dp
(@, (@),
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(.- -G,

From quation 2.97 Equation 2.96 reduces to

2.98

The Lockhart and Martinelli model cannot be solved analytically to obtain the
solution of the pressure gradient in the pipe due to the fact that the model contains
various unknowns. However, they developed a method for the solution of the
model using an experimental approach. Four scenarios depending on the flow
regime that each of the phases were flowing in that is, whether the gas or the
liquid phase exists in the laminar or turbulent flow domain. The experiments were
carried out using the air and water or diesel, kerosene and several oils to simulate
the flow of two-phases in small diameter pipes in the range of 0.15 to 2.54
(Shoham, 2005). Using the experimental data obtained from the study, they
plotted the dimensionless groups @; and @; vs the parameter X and reported a
significant correlation of the experimental data with the parameter X. In other to

calculate the pressure gradient one has to first determine @, or @¢ from the plots.

The pressure gradient calculation using the separated model can be made more
convenient by using the Equations 2.99 and 2.100 derived by (Chisholm 1967)
using a curve fitting to the original plots for the parameter @¢; and the liquid hold
up Hy.. However, the constant C in Equation 2.99 is dependent on the flow regime

of each of the phases and can be determined as provided in the table 2.1

2
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H,=1- (1+ X08)70378 2.100

Table 2.1: Chisholm 1967 correlation coefficients for the constant €

Liquid phase Gas phase Constant C
Turbulent Turbulent 20
Laminar Turbulent 12
Turbulent Laminar 10
Laminar Laminar 5

The early investigators of multiphase flow as explained previously, treated the
flow as a homogenous mixture of gas and liquid. This led to some drawbacks as
these methods did not recognise that slippage occurs between the gas and the
liquid phase and did not account for the effect of the prevailing flow pattern. For
this reason, the no-slip approach underpredicted the pressure gradient.

Empirical correlations were developed to make improvements to the no-slip
approach. This approach used empirical liquid holdup correlations to account for
the slippage between the phases, and the liquid holdup and friction factor
predictions were dependent on empirically developed flow pattern maps.
Unfortunately, these methods also treated the flow as a homogenous mixture of

gas and liquid resulting in an inaccurate prediction of the flow dynamics.

Table 2.2: List of major two-phase flow models and their range of applicability

Empirical Models Flow pattern Slippage Angle
(Poettmann & Carpenter, 1952) (©) @ 6 =90
(Baxendell & Thomas, 1961) () o 8=90
(Fancher & Brown, 1963) () () 0 =90
(Hagedom & Brown, 1965) () Qo 6 =90
(Asheim, 1986) () (@) 6=90
(Duns & Ros, 1963) 0) @) 6 =90
(Orkiszewski, 1967) (o) (%) 8 =90
(Aziz, et al., 1972) Q@ (0) 8=90
(Chierici, et al., 1974) 0) Q 6 =90
(Beggs & Brill, 1973) ©) (©) —-90<6=90
(Mukherjee & Brill, 1985) Q@ @) -90 <0 =90

@ Considered @ Not considered
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The empirical correlations developed were separated into three major categories:
The correlations placed in the first category were not flow pattern dependent and
did not consider the slippage between the gas and the liquid phase. The mixture
properties of the flow were calculated based on the no-slip or input liquid holdup
as both phases were assumed to travel at the same velocity. The second category
correlations considered the slippage between the phases but are independent on
the flow pattern. Although a correlation is required for both liquid holdup and
friction factor calculations, the same correlations are used for all the flow patterns.
To account for the slippage effect of the liquid and gas flowing at different
velocities, a method to predict the portion of the pipe occupied by the liquid phase
at any local point is required. In the third category correlations, slippage between
the phases and the flow pattern are considered. However, several correlations are
required to predict the liquid holdup and friction factor along with methods to
predict the prevailing flow pattern.

Table 2.2 gives a list of some of the major empirical models developed by various
researchers and their ranges of applicability. It is clear that most of the early
empirical models were built for vertical two-phase flow in pipes except for the
Beggs and Brill and the Mukherjee and Brill multiphase correlations. This made
the Beggs and Brill and the Mukherjee and Brill multiphase correlations more
attractive to end users as the models were flow pattern dependent, accounted for
slippage effects, and could be applied to a wide range of pipe inclination angles.
The models were also reported to be applicable to injection wells and hilly terrain
pipelines.

Beggs and Brill (1973) presented the first method to predict the two-phase flow
behaviour and determine pressure gradient at all inclinations. They developed
empirical correlations for predicting the flow pattern and the corresponding
pressure drop using experimental data obtained from a 90ft long transparent

acrylic pipe. The parameters considered in the study and the range in which they
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varied were: gas-liquid flow patterns, maximum gas flowrate of 300 Mscf/D, liquid
flowrate up to 30 gal/min, system average pressure within 35 to 95 psia, 1 to
1.5in pipe sizes, Liquid holdup varying from 0 to 0.870 and inclination angle of -
90° to + 90°.

For each of the selected pipe sizes, the liquid and gas rates (water and air) were
varied while observing the resulting flow patterns when the pipe was horizontal.
After this the pipe angle was varied through the range of angles considered so
that the effect of the pipe inclination on hold up and pressure gradient could be
studied. In this study they showed that the input liquid holdup and Froude number
were very important parameters for two-phase flow in terms of flow pattern
prediction. They concluded that the inclination angle significantly affected the
liquid holdup and pressure gradient for most flow conditions, and the frictional
pressure drop is highly affected by liquid holdup. A correlation was developed to
determine the pressure gradient after determining the flow pattern and in-situ

liquid hold up.

Beggs and Brill (1973) presented several correlations that predict the transition
boundaries between several flow patterns as a function of the no-slip liquid holdup
and the mixture Froude number. The Table 2.3 shows the inequality equations

that were developed for the different gas-liquid flow patterns considered.

Table 2.3:Beggs and brill flow pattern transition boundaries

Flow pattern Existing range
AL <0.01&Ngp. < L or A, =20.01 &N <L,
Segregated
001 <A, <04& L; <Ng- <14
or
Intermittent
AL=04&L; < Np <L,
A <04&Np. =214
or
Distributed
AL =04 &Ng > Ly
Transition AL=0.01& L, < Np. <Lg

41



The equation for the flow pattern transition boundaries are given as:

L, = 31610302 2.101
L, = 0.0009252) >*684 2.102
Ly = 0.10A; 14516 2.103
L, = 0.50A5738 2.104

Since the pipe inclination angle has an impact on the liquid holdup, the horizontal
liquid holdup is first calculated and then corrected to account for the pipe angle.
The liquid holdup in the dispersed bubble flow pattern was reported to be
independent of the pipe inclination angle and needs no correction. The horizontal
liquid holdup is given as:

aAP
HL(O) — FLC : HL(O) > AL 2.105
r
N = Ym 2.106
Fr gD

Equation 2.105 is used to calculate the horizontal liquid holdup for all the flow
patterns. However, the empirical coefficients used are different for each flow
pattern as given in Table 2.4

Table 2.4: Beggs and Brill empirical coefficients for horizontal liquid holdup

Flow pattern a b c

Segregated 0.980 0.4846 0.0868
Intermittent 0.845 0.5351 0.0173
Distributed 1.065 0.5824 0.0609

42



The correction factor  that is applied to account for the effect of pipe inclination

on the liquid holdup is given by

¥ = 1.0 + Bi[sin(1.86,,) — 0.333sin°(1.86,)] 2.107

where 8, is the pipe angle and Bi is defined by Equation 2.108.

Bi = (1.0 — A In(er,'NgENL); where Bi =0 2.108

The empirical coefficients f, g and h for the different flow patterns are given in
Table 2.5

Table 2.5: Beggs and Brill (1973) empirical coefficients for

Flow pattern e f g h
Segregated uphill 0.011 -3.7680 -1.6140 3.5390
Intermittent uphill 2.960 0.3050 0.0978 -0.4473
Distributed uphill No correction C = 0;

All downhill flows 470 -0.3692 -0.5056 0.1244

The expression for the inclination angle corrected liquid holdup is then given as

H,® = H, Oy 2.109

If the transition flow pattern exists, the liquid holdup is obtained by interpolating
between the segregated and intermittent flow pattern to obtain the transition
liquid holdup

(HL®) = W(H,®) + (1-W)(H,®) 2.110

Transition Segregated Intermittent
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Where the interpolation weight parameter W is given as:

L3 - NFr
Lz =L,

W =

The two-phase friction factor f;, is calculated from the following equations

fp _ s 2.111

fns

y= In|—2_ 2.112
(1)

There are discontinuities for y values of about 2.63 x 10™* and 1.1016. It is unlikely
that the discontinuity at the smaller value of y would be encountered. However, it
is necessary that s is set to zero if equals one. This ensures that the correlation

degenerates to the single-phase i.e. s(y=1)=0;

s = y 2.113
—0.0523 + 3.28y — 0.872y2 + 0.01853y*

s = In(2.2y — 1.2) ; 1<y <12 2.114

Payne et al. (1979) carried out an experimental study on two-phase flow in an
inclined pipe and found out that because the Beggs and Brill (1973) method was
based on experimental data obtained for smooth pipes, it underpredicted the
friction factors. They recommended that the no-slip friction factor should be
obtained from the moody friction chart or from equation 2.115 for the actual value

of the relative roughness, using an iterative procedure.

1 2¢ 187
—=1.74—210g<—+—> 2.115
1:ns D Rens,/fns
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Where Re,q, is the no slip Reynolds number defined by Equation 2.59

Payne et al discovered that the Beggs and Brill method also overpredicted the
liquid holdup for both uphill and downhill flows. They recommended correction
factors for the liquid holdup defined by:

H® = 0924H,®; 0, >0 2.116

H® = 0.685H,®; 6, <0 2.117

The pressure gradient for all the flow patterns can then be calculated from

. fiplpLAe + (1 —AL) Vi
dp [pLHL(e) + pg(1 - HL(B)) lgsin6, + - 5D = 2.118

S dzZ 1— VinVsc [PLAL 41'3 pc(1—2Ap)]

This correlation has been one of the most widely used method to predict two-
phase flow patterns and calculate the pressure gradient in pipes due to its ease of
application and the vast range of parameters considered. The pressure gradient
Equation 2.118 was derived by considering the sum of the individual components
that contribute to the pressure drop in a steady state fluid flow. These are made
up of the potential energy change, kinetic energy change and the frictional loss

component.

Mukherjee and Brill (1985) carried out an experimental study using air, kerosene
and lube oil in an attempt to alleviate some of the limitations of the Beggs and
Brill (1973) method. They carried out experiments using an inverted U-shaped,

1.5-in. nominal ID steel pipe which could be raised or lowered to allow the varying
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of the pipe inclination angle within a range of 0° to + 90° from the horizontal.
Transparent test sections were used to allow for flow-pattern observations and
permitted the use of capacitance sensors to measure liquid holdup. About 1000
pressure drop measurements were taken and more than 1500 liquid holdup
measurements for a broad range of gas and liquid flowrates. Flow pattern and
liquid prediction methods were developed using an empirical approach and the
suggested pressure gradient calculation methods are very similar to that of the
Beggs & Brill (1973) method. However, a steady state momentum balance on the
gas and liquid phases was applied to generate a method to calculate the pressure

gradient for stratified flow in a highly deviated or horizontal well.

The models generated using the empirical approach were found to be inaccurate
under certain conditions and often proved inadequate in that they are limited by
conditions and the range of experimental data on which they were developed. The
empirical models cannot be used with confidence for all types of fluids and
conditions encountered in the oil and gas industry. Furthermore, some of the
empirical models produce large discontinuities at flow pattern transitions which

may create convergence errors (Petalas and Aziz, 2000).

Further along the line, the mechanistic modelling approach was developed to
improve the prediction of the flow dynamics and was a compromise between the
empirical and the two-fluid approach. The mechanistic modelling approach tends
to consider the important parameters that govern the flow dynamics by applying
the fundamental laws of physics. However, a relatively much lower amount of
empiricism is still required to determine closure relationships or predict certain
flow mechanisms. Although most mechanistic models that predict two-phase flow
behaviour in pipes are for an isolated mechanism, such as flow pattern, liquid film
thickness, or bubble rise velocity in liquid columns, the mechanistic models being
based on fundamental laws, offered more accurate modelling of the geometric and

fluid property variations.
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Taitel and Dukler (1976) developed a mechanistic model for the unambiguous
analytical prediction of the transition between flow patterns. The model predicts
the relationship between the following variables at which the flow pattern
transitions occur; gas and liquid mass flowrates, fluid properties, pipe sizes and
pipe inclination angle. The mechanisms for the flow pattern transitions are based
on physical concepts and are fully predictive in the sense that no flow pattern data
was used in the model development.

The study provided considerable insight to the mechanism for transition between
five basic flow patterns which were dispersed bubble, stratified smooth, stratified
wavy, intermittent (slug and plug), and annular with dispersed liquid. No
distinction is made between slug, plug, or elongated bubble flows, which are
considered as different conditions in the intermittent flow pattern.

The process of analysing the transitions between the different flow patterns starts
from the condition of stratified flow. The approach is to visualize a stratified liquid
and then do determine the mechanism by which a change from stratified flow can
be expected to take place, as well as the flow pattern that can be expected to
result from the change.

Assuming a stratified flow of gas and liquid in a pipe, if the liquid flowrate is
increased, the liquid level in the pipe rises, and a wave is formed which grows
rapidly tending to block the flow. At lower gas flowrates, the liquid bridges the
pipe to produce the slug or plug flow pattern. At higher gas flowrates, there is
insufficient liquid flowing to maintain or, in some cases, even to form the liquid
bridge, so the liquid is swept up and around the pipe to form an annulus with
some entrainment if the gas flowrate is high enough. A summary of the transition
criteria of the different gas-liquid fluid flow patterns are presented in Table 2.6:
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Table 2.6: Taitel and Dukler (1976) gas-liquid flow pattern transition criteria

Stratified to non-stratified transition:

T ) ,
pz| EhL >1 C2=1——L F= Pa SG

C,> Ag D RO /Dgcos B,

Intermittent to Annular Transition:

If the equilibrium liquid level in the pipe is above the pipe centre line, intermittent
flow pattern would occur, and if hy/D < 0.5, the annular flow pattern would
occur. Barnea et al (1980) modified the criterion for the transition and suggested
the following equation:

_ h
hp= 5 =05x07=035

Thus, for hy, > 0.35, the slug flow pattern would occur whereas for h;, < 0.35,
the intermittent flow pattern would occur.

Stratified smooth to stratified wavy transition:

2
K>——
NARE
K2 = pGVSGszVSL _ PGVSG2 (pLVSLD>
. (pL — pglgcos Op (pL — pg)gDcos 0p KL
Intermittent to dispersed bubble transition:
. 8 Ag ]
SV (VD)™™
-ml 212 1
C [ PLVsLD ] 2 py, Vsy, _ (Q) 2
T = L ML D — dL SL
(pr. — pglgcos Op (pL — pglgcos 0p

The flow pattern transition criteria are a unique function of the dimensionless liquid
level in the pipe, which has to be obtained initially before the prevailing flow
pattern can be predicted. The equilibrium liquid level in the pipe can be determined
for a given set of input flow conditions by applying the momentum balance on the
gas and liquid phases. Assuming a steady state flow and neglecting the rate of
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change of momentum across the control volume, the momentum balances for the

liquid and the gas phase can be expressed respectively as

dP S, S; _
AL A Tt T PLEsing, =0 ZH0
dP S S, _
—E—A—GTWG'FA—GTi—pGgSlnep:O 2.120

The combination of Equations 2.119 and 2.120 eliminates the pressure gradient

term and yields an equation that is implicit for the equilibrium liquid height h;.

Se S

L 1 1 .
—TWG__TL_l_Ti Sl (_+_>_(pL_p)gS1ne —0 2.121

The liquid, gas and interfacial shear stresses can be calculated respectively from
the following equations

1 2.122
TwL = E fLPLVL2

2.123

T —lf V2
wG—ZGpGG

1
T = 5 ipc (Vg — Vp)? 2.124

The calculation of the friction factors for the different shear stress equations are
carried out using the standard single-phase flow method by applying the hydraulic
diameter for each of the phases. The friction factor for smooth pipes equations
can be expressed as

fL = CL ReL_ml and fG = CG ReG_mg 2125
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The following coefficients are utilised for the friction factor equations: C;, = Cg =

16 and m; = mg; =1 for laminar flow, and C;, = C; = 0.046 and m; = mg = 0.2 for

turbulent flow.

The Reynold numbers and hydraulic diameters for each of the phases are given

as
V, D
Re, = LL L L 2.126
ML
V. D
Reg = L6676 2.127
Hg
_4AL 2.128
=
SL
D.—_*Ac 2.129
TS+ S;

The interfacial shear stress can be approximated by

1 1 2.130
T = EfipG(VG - V)? = 3 ipc (Vg — V)2

For a stratified smooth flow, Taitel and Dukler (1976) suggested the friction factor
of the gas phase should be used the interfacial friction factor f; = f;, while for a
stratified wavy flow a value of f; = 0.0142 can be used (Shoham, 2005).

Using the dimensionless variables in Equation 2.127 it is useful to transform these
equations to a dimensionless form making the variables a function of the
dimensionless liquid height h,.. The resulting dimensionless form of the equations

can be expressed as:

= W - V& =_S ~_h = _ A 2.131
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S

L G

where
4 C pLVstD \77 pL Ve dp
XZ _ D ( Ll’liL ) - ZSL _ (E)SL
© 4Cg [ pgVsgD \ ™ pg Vi —(dP
( GuzG ) ¢ ZSG (dL)SG
and
Y = (pL B pG)gSin ep _ ( - pG)gSin Bp
4CG< PgVscD )‘”‘ pg Vsc” (dP)
D Mg 2 dL/sg

2.132

2.133

2.134

The following functional relations are required for the solution of the dimensionless

equations in other to obtain the equilibrium liquid height.

>

AL =0.25 [T[ — cos™*(2hy - 1) + (2h, - 1)\/1 - (2 - 1)2 ]

1
I

25 [cos‘l(ZBI —1)— (2h; - 1)J1 — (2h; - 1)2 ]

gl

= m— cos~!(2h; — 1)

S = cos™Y(2h; — 1)

§=J1— (2h; — 1)

2.135

2.136

2.137

2.138

2.139
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— A — Ap
VL: :P and VG = :P 2.140

— 44, ~ _ 4Ag 2.141

When the determination of the equilibrium liquid holdup has been determined, the
gas-liquid flow pattern is predicted, and the resulting pressure gradient can be
calculated from Equation 2.119 or 2.120 as both equations would yield the same
result. It should be noted that the pressure gradient obtained using the Taitel and
Dukler model is only valid for all flow conditions at which the stratified flow pattern
exists. This constitutes one of the major limitations of the Taitel and Dukler (1976)
model. Other mechanistic models have been developed by several investigators
to calculate pressure gradients for other flow patterns namely Dispersed bubble,
bubble, slug, and annular flow pattern (Hasan and Kabir, 1988; Ansari et al.,
1990; Petalas and Aziz, 2000; Xiao et al., 1990; Barnea, 1987). The mass and
momentum transfers between the gas and the liquid phases at different pipe
inclinations are unique for each flow pattern prompting a distinctive modelling
approach for the different flow patterns. For instance, slug flow hydrodynamics is
complex with unsteady flow behaviour characteristics. It possesses a distinctive
gas-liquid fluid configuration and complex velocity, liquid holdup and pressure
distributions. This makes the prediction of the liquid holdup, pressure drop, heat
transfer, and mass transfer difficult and challenging, hindering the development
of accurate predictive methods.
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Duckler and Hubbard (1975) carried out an experimental study to shed light on
the mechanism and process of mass transfer for slug flow in horizontal and near
horizontal pipes. Using a horizontal test section of 1.5-in id, 65ft long and
equipped with fast response pressure transducers, an understanding of the slug
flow mechanism was developed from an extensive visualization study including
short exposure time still photographs, motion picture sequences at several
speeds, and dye tracer work. From visual observations they outlined the stages

at which slug flow develops in a pipe:

Liquid and gas flow simultaneously into a pipe with the liquid flowing as a stratified
phase and the gas flowing above the liquid. When the gas-liquid velocities under
which the slug flow pattern is attained, the liquid level rises, approaching the top
of the pipe and waves begin to appear on the liquid surface. Eventually the liquid
level bridges the pipe and momentarily blocks the gas flow. (See Figure 2.6A, B,
and C). As soon as the bridging occurs, the liquid in the bridge is accelerated to
the gas velocity. The liquid appears to be accelerated uniformly across its cross-
section, thereby picking up all the slow-moving liquid ahead of it and accelerating
it to slug velocity. (See Figure 2.6D.) As the slug is travels down the pipe, the
liquid is shed uniformly from its back forming a film region which decelerates
rapidly from the slug velocity to a much lower velocity, due to the interfacial and
wall shear stresses. The length of the slug stabilises as the slug is now picking up
liquid at the same rate that it is shed. With the slug having a higher kinetic energy
than that of the liquid film, the liquid film penetrates a distance into the slug before
attaining the slug velocity, creating an eddy at the front of the slug which is
essentially a mixing vortex. The length of the mixing eddy is the distance of
penetration of the liquid film.
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Figure 2.6: Process of formation of the slug flow pattern (Duckler & Hubbard, 1975)

Duckler and Hubbard (1975) developed a hydrodynamic model for a fully
developed slug flow in pipes based on the observed flow dynamics and mechanism
of the slug movement. The total pressure drop across a slug unit in a horizontal
flow is the combination of the acceleration and frictional pressure drop. The
acceleration pressure drop results from of the acceleration of the slow moving
liquid film to the slug velocity while the frictional pressure drop results from the
wall shear stress. However, in the model development, the pressure drop of the
gas phase flowing above the liquid film was neglected, only considering the slug
body and the liquid film region.

Taitel and Barnea (1990) presented a pioneering comprehensive analysis for slug
flow in pipes. The idea of the study was to extend the scope of the existing slug
flow models and develop a unified model that accounts for horizontal, inclined
upward and vertical upward slug flow. The observation of the slug flow mechanism
suggested by the Dukler and Hubbard was adopted in the development of the
model. However, some of the aspects of both models differ. For example, this
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model recognised that the gas and the liquid phase in the slug body region may
move at different velocities unlike the Dukler and Hubbard model that assumes a
homogeneous no-slip flow in the slug body Vi = Vg = V. This gives the model a
major advantage as it alleviates the error produced by assuming that both phases
flow at the same velocity and calculating the fluid properties using the no-slip
approach. Another great advantage of this model is that it can be applied to
perform two-phase slug flow hydraulic calculations for a wider range of pipe
inclination angles as most of the slug flow mechanistic models developed prior to
this considered either only vertical upward, horizontal or inclined slug flow.

The translational velocity V; coordinate system was used in the formulation of the
model along with the basic assumption of steady state flow. In this coordinate
system, the liquid and the gas phases can be expressed as flowing backwards at
velocity of Vy— Vi and V; — Vi, with respect to the coordinate system. This
velocity is defined as the relative velocity and as the cross-sectional area of the
liquid film behind the slug decreases, the relative velocity increases. Thus, it is
possible to relate the velocities in the slug body region and the liquid film region
to a given location in a fully developed slug unit. The significant advantage of
using this coordinate system is that the flow variables become dependent on the
local position in the pipe but independent of time. The mass flowrate W, of the
liquid in a slug unit can be obtained by integrating the liquid flow through a fixed
pipe area over the time taken for the passage of a slug unit. The mass flowrate of

the of the liquid phase can be expressed as

Te 1
Vi pr ApHpr dt >t_

u

Wy, = <VLS pL ApHists  + J 2.142
0

The times taken for the entire slug unit t,, slug body t; and the liquid film region

t¢ to cross a given point in the pipe can be expressed in terms of the translational

velocity as
L L L
ty = —  tg=— tfz_f 2.143
Vr Vr Vr
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Substituting equation 2.143 and dt = dL/V; into 2.142 and yields

L 1 Le
WL = VispL APHLSL—S + ™ J Vie pL ApHps dL 2.144
u u 0

In order to determine the pressure drop, the hydrodynamics of the liquid film
region would have to be carefully considered. A momentum balance of the phases
in the liquid film region would be required to obtained profiles of the liquid film
velocity and the liquid film holdup as there are a function of position and vary
along the length of the slug in the pipe. The momentum equations for the liquid
film and gas pocket is expressed in terms of the translational velocity coordinate
system, respectively as

av JopP T0eS TS5 dh
f — o MO pLgsin B, — prgcos ep—aﬁf 2.145

PLYISL T 7oL T AL, A

and

av 0P 1S T;S; dh
g — 4 S — + PcgsinB, — pggcos Gp—aff 2.146

PeVeal = TaL T TAg | Agr

The relative velocities of the liquid and gas phase in the liquid film region is given
as

ve=Vr — Ve ; Vg =Vp— Vg 2.147

Applying a mass balance on a control volume bounded by a slug body with respect
to the translational velocity coordinate system, the mass pickup/shedding rate can
be obtained. In this coordinate system, the interface in liquid film region is
assumed to be stationary and all the liquid flows backwards. The liquid film moves
backwards at Vi —Vi; and the liquid slug moves backward at V; — V;;. The mass
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flow rate backward is equivalent to the mass pickup/shedding rate x, which can
be obtained by applying the liquid phase continuity equation to the control volume

at the translational velocity coordinate system as

x = pLApHis(Vr — Vig) = pLApHpe(Vr — Vi) 2.148

The relative velocities of the liquid phase in the liquid film region, v; can be
determined from Equation 2.148 and in a similar approach, the relative velocity

of the gas phase in the liquid film region, v, can also be obtained.

V- — V;)H
ve = (Vp— Vi) = —( T HL];S) = 2.149
(Vr = Vgo)(1 — Hpg) 2.150
v, = (Vp— Vgp) = .
g ( T Gf) (1 — HLf)

Combining Equations 2.145 through 2.150, rearranging and simplifying yields an
ordinary differential equation for the liquid film height as a function of the local
position in the liquid film region.

ohy¢
oL
TueSLf _ TGESGf 1 1 _ . 2.151
_ ALf AGf TiSi (ALf + AGf) + (pL pG)g sin ep
(Vr — Vgs)(1 — Hyg) OHye (Vr — Vig)Hps OHpf _
PGVg (1— Hi)? ohy  PLVr o ¢ + (pL — pg)gcos B,

The differential Equation 2.151 can be solved numerically to obtain the liquid film
profile, hi¢(L) and the liquid film velocity profile, Vi¢(L). The initial condition for the
ODE is hy(L=0)= hg= H; 3D corresponding to Vi(L=0)= V;y— V. The

numerical integration is performed until the mass balance equation is satisfied,
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yielding the length of the liquid film, the liquid film holdup and velocity just before
the pickup point. (Shoham, 2005)

The change in the liquid film holdup with respect to the height of the liquid film

can be determined from geometrical relationship as

OH 4 h 2 .
_sz_jl_(z_u_1> 2.152
ath T[D

The terms S;¢, Sgr, Si, Ars, @and Agr can be determined from geometrical relationships
as presented earlier in Equations 2.135 to 2.141.

The shear stresses in Equation 2.151 is expressed in terms of the actual velocity

of the phases as

o PVl Vigl 2.153
T =f———
. PcVarl Vel 2.154
Tgf = fg —2
o= pc(Ver — Vil Ver — Vil 2.155
i— 4
2

The friction factor between the liquid film and the pipe wall, f; and the gas phase
and the pipe wall, f, can be obtained from the general Blasius correlation for
smooth pipes, f=CRe™ using the hydraulic diameter concept. The hydraulic

diameter for the liquid film and the gas can is given as

d= Sy o Mo 2.156
Sie 8 Sgr
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The following coefficients are utilised for the friction factor equation: C =16 and
m = 1 for laminar flow, and C =0.046 and m = 0.2 for turbulent flow. For rough
pipes, the following expression can be used to determine the friction factors of

liquid or gas phases.

106]"/° 2.157
D Re

€
f=0.001375 <1+ [2 X 10* =+ —

The determination of the interfacial friction factor, f; is more complex than that of
the liquid or the gas phase friction factor. If the flow has a smooth interface, the
interfacial friction factor is approximated as the gas phase friction factor i.e. f; =

fy. If the flow exhibits a wavy interface, then a constant value of f; = 0.014

suggested for a stratified wavy flow can be used as the interfacial friction factor.

Due to the intermittent nature of slug flow in pipes, the local axial pressure drop
is not constant and cannot be determined through a conventional approach.
However, the axial pressure gradient of slug flow can be determined by obtaining
the average pressure drop across a slug unit. Since the momentum fluxes in and
out of the control volume of a slug flow is equivalent, the global pressure drop can
be reduced to a force balance relationship as:

Lf

T.D Ty ¢Sy 5 + TS

AP, = pugsin8, Ly + L J LeSue + Terder o 2.158
Ap Ap

Where

Ppu= pLHLA + pc(1— Hpa) 2.159

and the average liquid holdup of a slug unit H; 4 is defined as
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_ VpHps — VigHis + Vs, 2.160

From the Equation 2.158, it is evident that the pressure drop across a slug unit
contains the gravitational pressure drop component and the frictional pressure
drop component. The acceleration pressure drop component does not exist in its
own form but has be accounted for the third term of the Equation 2.158.

Closure relationships are required in other to calculate the pressure drop across a
slug unit. Some of the closure relationships as presented by (Shoham, 2005) are

given in Table 2.7
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Table 2.7: Closure relationships for mechanistic slug flow model for pipe flow

Parameter

Closure relationship

Translational velocity, V¢

Vr = ¢,V + 0.54,/gDcos 6, + /gDsin B,

0° < 9p < 90°

For laminar flow ¢, = 2
For turbulent flow ¢, = 1.2

Gas bubble velocity in slug body Vi,

Vos = CoVu + 0.54[

For laminar flow ¢, = 2
For turbulent flow ¢, = 1.2

go(p, — pG)]O'ZS
pL2

Hys” sin 6,

Liquid holdup in the slug body H; ¢

Horizontal flow:
1

TN
1+ (5e)

His =

Horizontal to upward inclined flow:

H; = exp[‘

0° < Gp < 90°

Re; s =

(7.85x 10730 + 2.48 x 10" ®Rerg)|

Slug frequency, vg

Vo \'? /212.6
Vg = 0.0226 (g—D) ( VM

+2.75(sin6,)"*|

0° < 0, < 11°

1.2

+ VM) 0836

Slug length, Lg

L,=30D, D<2in

In(L,) = —25.4 + 28.5[In(D)]%1,

D =inches, L in ft

D>2in
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2.3 Multiphase Gas - Liquid flow in annuli

There are a lot of works regarding two-phase flow in pipes. However, their
application to two-phase flow in annuli is limited due to the additional complexity
of the flow dynamics generally encountered for flows in annuli geometries.
Although some the early investigators had developed methods for predicting two-
phase flow dynamics for annuli flows using the methods previously developed for
two-phase flow in circular pipes by applying the hydraulic diameter concept,
studies have shown that this approach often generates significant errors. For
example, the error involved in predicting the friction factor in annuli pipes by
applying the hydraulic diameter concept can vary between about 40 to 50 percent
depending on the inner to outer pipe diameter ratio and the degree of eccentricity
of the inner pipe (Caetano et al., 1992). These errors prompted the development
of specific methods for the prediction of two-phase flow behaviour in annuli
configurations by applying either some of the techniques developed for single

phase flow in annuli, two-phase flow in circular pipes or a combination of both.

Sadatomi et al. (1982) studied the Taylor bubble rise velocity for two-phase flow
in circular, rectangular, triangular and concentric annuli configurations. They
reported that the Taylor bubble’s shape differs from that of a circular-cap and
varies in the range of an elliptical-cap to a parabolic-cap. The new shapes found
were reported to provide faster bubble rising velocities when compared to flow
without insertions which is a function of the particular flow geometry. In this study,
flow pattern maps were developed for air-water vertical flows through the various
circular and noncircular configurations considered by detecting the transition
criteria between the different flow patterns. They concluded from the analysis of
their experimental results that the flow geometry had little to no influence on the
flow pattern transitions. However, they did not provide information on the factors

that affects the flow pattern transitions.

Kelessidis and Dukler (1988) investigated the flow patterns in a vertical upward
gas-liquid flow in a concentric and 50% eccentric annulus in other to examine the
factors that influences the flow pattern transitions and propose methods to predict
the flow pattern transition zones. The test section consisted of two acrylic pipes
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which are eclectically non conducting. The outer diameter of the inner tube, and
the inner diameter of the outer tube was 0.0508m and 0.0762m respectively. The
flow pattern identification was achieved by mounting conductivity probes on the
inner and outer pipe walls of the annular configuration.

The flow patterns observed in this study were the bubble flow, slug flow, churn
flow and annular flow.

The flow pattern classification was accomplished by applying a probability density
function (PDF) to the voltage-time traces obtained from the conductance probes.
The voltage scale of the voltage-time trace signal V(t), is divided into equal
increments of width w and the time scale into equal increments of width AT (Figure
2.7). During the observation period, if the voltage is seen within the range (v —
w/2, v + w/2) for a total of n; times, then, for a stationary time series, the PDF,

p(v), can be defined as

Plv,w 1 T
P(v) = lim v w] = lim —( lim —X> 2.161
w—0 w w—0W \T—oo T

P[v,w] is the probability distribution function and T, = n;AT.
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Figure 2.7: Voltage-time trace illustrating the estimation of the PDF
(Kelessidis & Dukler, 1988)
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PDF plots are generated from the signals obtained by the conductivity probes for
the different flow patterns and flow pattern transitions. The PDF values are plotted
against the normalized voltage values V/ V..., where V... represents the
maximum value of the voltage.

For the Bubble flow pattern, the PDF plot will show a distribution with a single
peak near the maximum voltage as the conductivity probe will be exposed majorly
to liquid the liquid phase and little of the gas phase. Hence, the [Pdv =1 for
V/ Vimax > 0.75 (Figure 2.8). Two well-defined peaks exist in the PDF plot for the
slug pattern. One of the peaks exists in the range of 0.75 <V/V,.x < 1.0 and the
other has a maximum at zero with a range of V/ V.« < 0.25. For a fully developed
slug flow it was suggested that the Taylor bubble must occupy at least 20% of the
entire length of the column and the peak at the low voltage must have an integral
> 0.2.

The churn flow pattern PDF displays a single peak at the low voltage region with
its maximum voltage at zero position (Figure 2.9). The peak exists in the range
0.75 <V/Vnax < 1.0. for the annular flow pattern, a single peak is observed at the
zero-voltage position since the output of the conductivity probe is zero.
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Figure 2.8: Example of PDF plots for the bubble (left) and slug flow pattern (right)
(Kelessidis & Dukler, 1988).
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Figure 2.9: Example of PDF plots for the churn (left) and annular flow pattern (right)
(Kelessidis & Dukler, 1988)

The transition between the investigated flow patterns were characterized in a
similar approach based on the signal voltage peak values, the position of the peaks
and the integral value of the PDF function. Mathematical models for flow pattern
prediction were developed with an approach dependent on the study presented
by Barnea et al, (1980) were they investigated how the void fractions and liquid
and gas flowrates influence the transition criteria between the various flow
patterns. Although only the 50% eccentricity was considered in this study, it was
concluded from the analysis of the experimental data that the degree of

eccentricity has little effect on the flow pattern transitions.

Caetano et al. (1992) experimentally and theoretically studied the upward gas-
liquid flow through a concentric and fully eccentric annulus. The experimental
setup consisted of a 16-m long vertical annulus with a 76.2-mm ID outer tube and
a 42.2-mm OD inner tube. A comprehensive experimental data was obtained from
the setup using air-water and air-kerosene mixtures over a wide range of flow
conditions. A classification of the different flow patterns encountered for vertical
flows in a concentric and eccentric annulus was performed along with the

development of flow pattern maps based on the input superficial gas and liquid
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velocities. Measurements of volumetric average liquid holdup and average total
pressure gradient were obtained for each the different fluid mixtures and flow
patterns for a wide range of flow conditions. Mechanistic models were developed
for each of the existing two-phase annuli flow patterns to calculate important
parameters like the average in-situ liquid holdup and pressure gradient of the
flow. The development of the models was based on the physical phenomena of
two-phase flow incorporated with annulus characteristics such as the casing and
tubing sizes and eccentricity. In this study, it was shown from data analysis that
the application of the hydraulic diameter concept for annuli configurations can be
inaccurate especially when the flow has a low Reynolds number. it is common
practice to predict friction factor for flow in noncircular conduits by applying the
hydraulic diameter concept. However, this procedure should be limited to high
Reynolds numbers, since unacceptable errors may occur for lower degrees of
turbulence. This prompted the development of a more rigorous approach to
calculate the friction factor and accurately predict the frictional pressure gradient
in annuli under low or moderate degrees of turbulence.

Assuming that all annuli configurations have the same hydraulic diameter and
Reynolds number, comparison of the friction factor behaviour in annuli can be

made in terms of the pipe diameter ratio and the friction geometry parameter.

The fanning friction factor for laminar flow through a circular pipe is given by

[ = b _ 10 2.162
Re Re

Where Fp represents the friction geometry parameter which has a constant value
of 16 for pipe flow.

The friction factor for laminar flow of Newtonian fluids in a concentric annulus

developed by Bird et al. (1976) was used to express the friction factor in terms of
the friction geometry parameter and the annulus pipe diameter ratio as
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Fea 16 (1 - K)2
A= Re = Re I-KF  1-K2 2.163

1-K2 In(1/K)

The friction geometry parameter for a concentric annulus, Fc, can then be

expressed as a function of the pipe diameter ratio, K, = D,/D, as

16(1 —K,)?
1-K,* 1-K,°
1-K,2 In(1/K,)

Fca = Fea(Ky) = 2.164

The equations to calculate the friction factor for a Newtonian laminar flow through

an eccentric annulus, fz, are present as follows:

e _ Fea _ 1 40-K)*(1-Ko") 2.165
EA Re Re @sinh*n,

The friction geometry parameter for an eccentric annulus expressed as a function

of the pipe diameter ratio, K, and the eccentricity, e is given as

4(1 - K,)*(1-K,?) 2.166
Fga = Fpa(Kje) = Gsinhin.
K.(1+e?) +(1—e?) 2.167
coshn; = 2K.e
K.(1—e?)+ (1 + ¢e?
coshn, = d-e ;e d+e) 2.168

> 2m
@ = (cothn; — cothn,)? -2 2
i Mo Mo — T m=1 eXp(Zmni) - exp(Zmno) 2.169

+ 1 1 1
4(sinh4n0 sinh4ni>

67



28

24

e-0.1

2 e-0.2

——
S —

12

e-0.3
e-04

e-0.5

e-0.6

e-0.7
e-0.8

e-0.9

FRICTION GEOMETRY PARAMETER

8

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ANNULUS PIPE DIAMETER RATIO, K

Figure 2.10: Friction geometry parameter for laminar flow in annuli and circular pipes

Figure 2.10 shows graphically the influence of the pipe diameter ratio and the
eccentricity on the friction geometry parameter. The friction geometry parameter
is a function of the pipe diameter ratio for a concentric annulus, a function of both
the pipe diameter ratio and eccentricity for an eccentric annulus and is constant
for a pipe flow. If the pipe diameter ratio is held constant, the friction geometry
parameter decreases with an increase in eccentricity and as a result leads to a
decrease in the friction factor and consequently a decrease in the frictional
pressure gradient. The friction geometry parameter and the consequent friction
factor for a pipe flow is always higher than of the annuli with high degrees of
eccentricity. This again shows why it is highly probable to obtain inaccurate results
when the application of the hydraulic diameter is used to predict the friction factor

for annuli flow using standard or conventional single-phase pipe flow methods.
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Friction factors for turbulent flows through a concentric and eccentric annulus was
developed using a semi-empirical approach and compared to experimental data.

The friction pressure drop was measured for single-phase turbulent water flow in
concentric and fully eccentric annuli, and Fanning friction factors were calculated
for each test using the developed friction factor equations. The friction factor
equations for turbulent flow in a concentric and eccentric annulus is given

respectively as:

0.45exp[— (Re—3000)/106]}_1/2

F
{fCA (i)
2.170
0.45exp[— (Re—3000)/10°] /2
) —0.40

Fp
= 4log{Rel fca (F_>
CA

(FP 0.45exp[— (Re—3000)/106] '/
e \F L

2.171

F. +0-45exp[~ (Re=3000)/10°] /2
) —-0.40

= 4log Re(fEA(F—P
EA

The study showed that for the same hydraulic diameter, there is a significant
difference between the annuli friction factor values when compared to that of a
circular pipe. In turbulent flow in annuli, the difference between the measured and
the predicted friction factor values decreases with an increase in the Reynolds
number of the flow. Usually the friction factor for a concentric annulus is higher
than for pipe flow; however, for a fully eccentric annulus the friction factor is lower
than for pipe flow. This difference is greatly dependent on the annulus pipe

diameter ratio and the degree of eccentricity.
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Sunthankar et al. (2000) performed extensive experiments using a horizontal
field-scale low-pressure flow loop (8" X 4.5", 90' long) to simulate the annuli flow
of non-Newtonian fluids with or without drillpipe rotation. The liquids used were
water and aqueous polymer solution (CMC+XCD+water), at flow rates in the range
75-360 gpm and air in the range 10-1000 scfm. The study involved the
measurements of the pressure drop and average liquid holdup along the entire
annular section, including the identification of the flow pattern by visual
observation and the investigation of the effect of the gas-liquid input flowrates,
fluid viscosity and drillpipe rotation on average liquid holdup and pressure drop.
However, the drillpipe rotary speed considered in these experiments was 100 rpm.
It was noted that the intermittent flow pattern was observed for a wide range of
the tests carried out prompting the need to modify the available flow pattern
transition criteria for two-phase annuli flows. For the flow of air-aqueous polymer
solution fluids it was observed that the flow pattern appeared to be similar to that
of the air-water fluids with or without the drillpipe rotation. Flow pattern maps
developed by visual observations were compared to their model for flow pattern
prediction which was developed by modifying the Taitel and Dukler (1976) based
on the hydraulic diameter concept.

In this study, it was concluded that the frictional pressure drop for air-water annuli
flow increased with the drillpipe rotation due to a turbulence effect caused by the
rotating drillpipe while for the air-aqueous polymer solution flow, the effect of the
drillpipe rotation was dependent on both the turbulent effect of the drillpipe and
the shear-thinning effect of the fluid. Thus, the frictional pressure drop was found
to either increase or decrease depending on the gas-liquid flow rates, the rheology
of the fluid and the rotary speed of the drillpipe.

Lage and Time (2002) formulated a steady-state mechanistic model to predict the
mixture behaviour for vertical two-phase flow in a concentric annulus. An
experimental program was lunched to obtain a wide variety of data by pumping
air and water to form the two-phase mixture that simulated the gas injection
through the drill string during underbalanced drilling operations. The flow pattern

transition criteria were developed based on the underlying physics governing two-
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phase flow mixture as presented by Taitel et al. 1980. Pressure gradient
calculation models for slug and annular flow were developed by considering the
mass balance between each of the phases and the friction factor model used was
that suggested by Caetano et al. (1992). The proposed model was compared to
measurements obtained from the experimental study, showing good agreement
and was reported to have a better performance when evaluated by comparing its
performance to the mechanistic model developed by Caetano et al. (1992) and
the empirical model developed by Beggs and Brill (1973). Although the objective
of this study was to develop a model to predict the behaviour of two-phase flow
through an annulus during underbalanced drilling operations UBD, the application
of the model to the drilling scenario is questionable as both the experimental and
mathematical modelling were based on Newtonian air-water mixtures while the
drilling fluid is practically a non-Newtonian fluid. For example, the friction factor
used in the model was developed fundamentally for annuli Newtonian flows and
cannot be applied directly to model the flow of hon-Newtonian drilling fluid through

the annuli.

Omurlu and Ozbayoglu (2007) conducted an experimental and theoretical study
for two-phase modeling of liquid-air flow through horizontal fully eccentric annuli.
The test section was 16ft long and made of acrylic casings and a steel drillpipe.
Two pairs of annular geometrical configurations were used to simulate the flow of
air and water mixtures and visually identify the prevailing flow pattern. They
introduced the use of a representative diameter in other to characterize the fully
eccentric annulus and reported that the use of this parameter was more accurate
in predicting the flow pattern and pressure gradient when compared to the
experimental data. The models presented for the calculation of the pressure
gradients for the different flow patterns did not take into account the geometry of
the annulus and once again are developed from methods designed for Newtonian
flow through pipes.

Although a large number of experimental and theoretical work has been done on
multiphase flow in annuli, most of the empirical or mechanistic models that has
been presented for annuli flows have been developed by modifying the models

that were initially developed for Newtonian two-phase flows in pipe. It has been
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shown that the rheological behavior of hon-Newtonian fluids differs to that of the
Newtonian fluids. Thus, the application of the conventional methods developed for
Newtonian fluids in predicting the behaviour of drilling fluid flow in annuli would
definitely be inadequate and lead to inaccurate results as the drilling fluids exhibit
a non-Newtonian behaviour. For drilling applications, there are a number of
parameters that influence the behaviour of the fluid flow dynamics and would need
to be taken into account when modeling the flow of hon-Newtonian annuli drilling
fluid flow.

Ettehadi and Ozbayoglu (2013) conducted an experimental study to investigate
the effect of the changes in the gas and liquid rates, penetration rate, and drillpipe
rotation speed on multiphase flow through horizontal and inclined annuli. The
fluids used for the simulation of the drilling fluids were water to represent the
liquid phase and air to represent the gaseous phase. It was observed that for a
constant gas-liquid flowrate, the drillpipe rotation led to an increase in the total
pressure gradient of the flow and for an inclined annulus, the pressure gradient is
not affected when the drillpipe rotary speeds is higher than 80 rpm. It was also
observed that for gas superficial velocity more than 20 ft/sec, the effect of drillpipe
rotation speed is negligible due to high turbulence effects. They reported that for
a horizontal eccentric annuli flow, increasing the gas velocity in the wellbore, lead
to a relatively smaller change in the total pressure loss change when compared to
the pressure gradient changes for the inclined configurations. This is because the
frictional pressure gradient component is only effective term contributing to the
total pressure gradient in the horizontal configuration whereas in the other
configurations the frictional and gravitational components contribute to the total

pressure gradient.

Nossen, et al. (2017) carried out a project involving experimental and numerical
studies of the fundamental physics governing multiphase annuli flows. Their drive
was to develop a method that could be applied to acquire reliable data and shed
light on the physical understanding that can be used as a basis for developing
reliable commercial models for prediction of the behaviour of multiphase flows in
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annuli. The well flow loop constructed in this study was equipped with various
instrumentation for measurement of flow details including gamma densitometers
and X-ray computer tomography. Velocity profile measurements were obtained
using LDA (Laser Doppler Anemometry). With this experimental setup, they were
able to obtain measurements for the flow patterns, liquid holdup, phase
distributions and annuli velocity profiles. The analysis of the data obtained from
this study showed that the behavior of multiphase flow in pipes was different that
of the annuli flow and concluded that this method of data acquisition can be
beneficial in developing robust mechanistic models and limit the number of

assumptions made due to the difficulty of obtaining detailed experimental data.

Ibarra et al. (2019) conducted a recent study to investigate two-phase flow
through a concentric and fully eccentric annulus. The flow of gas-water and gas-
oil were studied using high speed photography, differential pressure transducers,
and a broad-beam gamma densitometer to characterize the flow the properties of
the liquid phase, the inner pipe eccentricity and the inclination angle of the
annulus. The first part of this study involved the identification of the flow patterns
and the measurement of the average liquid holdup, the slip ratio and pressure
gradient in the respective annular configurations. Flow pattern identification and
mapping were achieved by collecting data with the help of visual observations
from high-speed cameras and probability density function of the average liquid
holdup obtained from the gamma densitometer. It was reported that the structure
of the flow in the eccentric annulus was more stable than that of the concentric
annuli and the observed trend can be attributed to the difference in velocity
distribution of the flow between the concentric and eccentric annulus. The
experimental data also showed that for the same flow conditions, the pressure
gradient in the concentric annulus is higher than that of the eccentric annulus.
The second part of this study involved the development of flow pattern transition
algorithms and a mechanistic model to determine the pressure gradient for slug
flow. The friction factor model for single-phase annular flows presented by
Caetano et al. (1992) was modified to give a better performance for a wider range

of the annulus pipe diameter ratio.
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The friction factor for the concentric and eccentric can be expressed respectively

as
fCA :fp FCAC 2172
fEA:fP FEAC 2173

The friction factor for laminar Newtonian flow in pipes is give as fp, = 16/Re, while
the Zigrang and Sylvester (1982) friction factor correlation was suggested to be

applied for Newtonian turbulent flow in pipes.

\/_f_P__‘HOg{ 37 Re 8|37  Re ¥\ 737 ' Re

Where the parameter ¢ represents the roughness of the pipe.

The friction geometry parameter for the concentric annuli was modified by
introducing a correction factor K,

Fo— K 16(1 — K,)?
CA — o 1—Ka4_ 1—Ka2 2.175
1-K,2 In(1/Ky)
K, =1- 056 — K,| 2.176
K, = max(0.68,K;) 2.177
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The parameter ¢ =1 for laminar flow while for turbulent flow, the parameter is

given by
c = 0.45exp[— (Re —3000)/10°] 2.178

The prediction of the models was compared to the experimental data and was
reported to show good agreement for both the concentric and the fully eccentric
annulus. However, for the horizontal gas-liquid flow in the concentric annulus, the
model was found to under predict the pressure gradient by an absolute average
relative error of about 23%.

2.4 Cuttings transport in drilling annuli
One of the primary functions of the drilling fluid is efficient transportation of the

drilled cuttings from the wellbore to the surface. This transport process is usually
called the drilled cuttings transport and the ability of the drilling fluid to lift the
drilled cuttings out of the wellbore is referred to as the carrying capacity of the
drilling fluid. A poor hole cleaning process can lead to wellbore instability issues
and may also lead to stuck pipe or an increased drag and torque on the drillstring
which may possibly result in a twist-off pipe, incurring cost and an unwanted non-
productive time. Understanding the cutting transport process itself relies on
exercising the knowledge from three key areas namely, the flow characteristics of
the drilling fluid flow through the annuli, the settling characteristics of the drilled
cuttings, and the mechanism at which the drilled cuttings are being transported
(Luo, 1988). Experimental and field reports have indicated that the effective hole
cleaning process during drilling activities is a function of some important
parameters that can be managed appropriately to optimise the overall drilling
process. These parameters are the fluid flowrate, the fluid rheological and physical
properties, and the cutting sizes. However, over the years, it has been reported
that the wellbore geometry also have a strong influence on the hole cleaning
efficiency so the main issue has been the development of a reliable method that
adjusts the fluid properties and fluid circulation rates to suit the fixed design
parameters such as wellbore inclination angle, drillpipe rotary speed, pipe

eccentricity, etc, in order to have an optimum hole cleaning process.
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Empirical and mechanistic cutting transport models have been published by
various researchers in an attempt to provide solutions for the prediction of the
cutting transport dynamics by taking into account the important parameters that
influence the movement of cuttings in the wellbore annuli. Some of these models
were developed with an idea of determining the minimum liquid flowrate that
would be required prevent the cuttings from settling and forming a stationary bed
at the bottom section of the annuli while some of the were developed with an idea
of predicting the cuttings velocity from the simultaneous solution of the governing

fluid-cuttings transport momentum equations.

Peden et al. (1990) were one of the early investigators that performed
experiments in other to investigate the influence of drillpipe rotation and
eccentricity (+50% and -50%) on the cutting transport process during drilling. A
concept known as the minimum transport velocity MTV was adopted to
characterise the cuttings transport efficiency, assuming that there is a critical
annuli velocity above which the drilled cuttings is transported in suspension or
rolling at the bottom of the wellbore annuli. Thus, the operational flow rate, used
in the drilling hydraulics programme, should be able to generate an annular
velocity that is at least equal to the minimum transport velocity and the lower the
MTV required, the easier it is to achieve an effective hole cleaning operation. In
an attempt to shed light on the factors responsible for the initiation of cutting
movement in a wellbore annulus, they analysed the forces that act on a cutting
lying at the bottom of a deviated wellbore annulus being transported in a drilling
fluid. These forces are the lift forces, the drag forces, the frictional forces and the
gravitational forces. The lift force is the force that tends to lift the cuttings into
suspension in the annuli and is presumed to be generated due to two main
reasons. The first reason is due to the asymmetric distribution fluid velocity around
the cutting that creates an asymmetric pressure distribution around the cutting
where a higher pressure exists on the lower surface than on the upper surface of
the cutting. This creates a net upward force on the cuttings. The second reason is
due to the instantaneous turbulent velocity fluctuations generated as a result of
the turbulent flow regime.

It was deduced that the cuttings would be transported in by rolling/sliding at the
low side of the wellbore annuli wall for conditions where the drag force acting on

the particle in the direction of the flow is equal to or greater than the gravitational
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force and the cuttings would be transported in the suspension regime, the lift for
has to be greater than the gravitational force component perpendicular to the
wellbore axis. The predictions obtained by minimum transport velocity MTV
models were compared to their experimental results showing significant
agreement for cuttings suspension. The minimum transport velocity models were
previously developed by Luo (1988) where dimensional analysis was applied to
the important parameters that influence the effective movement of cuttings in a
wellbore annulus. Luo (1988) did not validate the models but recommended that
the models should be validated with the results obtained from an experimental

study.

Peden et al. (1990) presented several conclusions on how certain parameters
influence the hole cleaning process. For the wellbore inclination angle, they
concluded that this angle has a significant effect on hole cleaning and this effect
was dependent on the mechanism of the cuttings transport considered. The worst
scenario for hole cleaning was seen between 40° and 60° inclination angle for both
cuttings rolling and suspension transport mechanisms. However, the specific angle
where the worst hole cleaning is obtained appears to be dependent on a wide
range of other parameters some of which are the fluid rheology properties, well
geometry, cuttings sizes and drillpipe rotary speed. Pipe rotation reduces the
minimum transport velocity for the cases of +50% eccentricity and no significant
effect of drillpipe rotation was noticed for the cases of -50% eccentricity. The MTV
required for smaller concentric annuli are lower than that required for the larger
concentric annuli and for large annuli, pipe rotation has no significant effect on
hole cleaning while the opposite effect occurs for smaller annuli types. An
interesting conclusion drawn from this study was that the degree of turbulence of
the flow strongly influences the hole cleaning efficiency leading to situations
whereby water may require a lower MTV than a viscous fluid. However, even
though this effect turbulence effect was highlighted, it was not considered in the
model that was used to validate their experimental study or develop their

computer model.

Clark and Bickham (1994) developed mechanistic models that could be applied to

perform cuttings transport analysis throughout a drilling wellbore. When the
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velocity of the drilling mud in the annuli is high enough, the drill cuttings are
transported upward. This annular mud flowrate only needs to exceed the cuttings
bed build-up conditions in the most sensitive areas the in the entire wellbore and
as the annular mud velocity is continuously decreased, a point is reached where
some cuttings are lost from the flow. They called this velocity the critical velocity
required to effective clean the wellbore. From experimental flow loop tests, they
identified the three significant patterns that describe the mechanisms for cuttings
transport: the rolling, lifting and stationary bed pattern. They reported the
prevailing cutting transport mechanism is highly dependent on the wellbore
inclination angle. At high angles, the cutting transport mechanism is mainly the
rolling pattern. At lower wellbore angles where the wellbore’s complementary
angle is greater than the cutting’s angle of repose, cuttings are lifted from a
churning fluidized bed. Whereas at near-vertical to vertical wellbore angles, the
cuttings are uniformly distributed in the annuli and tend to settle downhole against
the flowing mud. At high wellbore angles, a stationary cuttings bed is formed and
accumulates in the lower part of the wellbore annuli when the wellbore’s
complementary angle is less than the cutting’s angle of repose. However, if the
wellbore complementary angle, is less than the angle of repose, the cuttings are
either rolled or lifted from the bed surface. It was then inferred that the flowrate
required to remove a stationary cuttings bed can be predicted if the dynamic
forces acting on the bed can be calculated as a function of local fluid velocity in
the annuli. It was assumed that the static forces acting on the cuttings are the

buoyancy force, gravity force, and the plastic force due to the yield stress of the
mud, while the dynamic forces acting on the cuttings are the lift force, drag force,
and a pressure gradient force. These forces are assumed to act through the centre
of gravity of the cuttings and the rheology of the drilling fluid is assumed to be
governed by the Herschel-Bulkley rheological model. From a force balance
analysis, the two equations were developed for the prediction of the critical
velocity required to transport the cuttings via a lifting or rolling mechanism in the
wellbore annuli. The model was compared to experimental and field data and was
reported to produce favourable agreements. They concluded that these models
can be used to reliably predict the cutting transport efficiency in a drilling wellbore
as a function of the major drilling operating parameters. However, they admitted
that the effect of the drillpipe eccentricity and the drillpipe rotation were not taken

into consideration in the development and validation of these models even though
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theses parameters have been reported by earlier researchers to have a significant

influence on the cutting transport efficiency.

A computational/numerical approach is another method that has been used for
the prediction and modelling of cuttings transport in the drilling annuli. The drilled
cuttings transport is modelled as a two-phase flow process. A dispersed cutting
phase is assumed to be flowing simultaneously in a continuous liquid phase for a
single-phase drilling fluid or in a continuous multiphase drilling fluid. For instance,
in underbalanced drilling operations, the reservoir fluids (gas, oil or/and water)
that flow into the wellbore due to the underbalance condition of the system are
assumed to be combined with the drilling fluid as the continuous phase with
uniform and homogeneous transport properties (Masuda, et al., 2000). The drilled
cuttings are assumed to be under the influence of several forces that influences
the annuli cuttings distribution, including the drag force, the lift force and the
gravitational force. This modelling technique is commonly referred to as a two-
layered or three-layered modelling approach, depending on the number of
distinctive layers assumed to exist in the annuli flow. In the two-layered modelling
approach, the flow is considered to be consisted of two-layers, where the upper
layer consists of drilling fluid with a certain concentration of suspended cuttings
and the lower layer is made of a stationary or moving cuttings bed (Li et al.,
2007). In the three-layered modelling approach, the flow is considered to be
consisted of three-layers in the annuli. The bottom layer is assumed to be a
stationary cuttings bed, the middle layer is assumed to be a moving bed region
while the upper layer is considered to be the cuttings suspension region. The
distribution of the cuttings in the annuli varies with time and location. Thus, the
multi-layered dynamic models can offer a theoretical basis for hole cleaning and
drilling hydraulics modelling. This is usually based on the assumption that the
cuttings and drilling fluids are incompressible and there is slippage between the
cuttings and fluids in the suspension layer of the flow.

The multi-layered dynamic models are generally formulated with the idea that the
behaviour of the drilling fluid and cuttings in the suspension layer are governed
by their separate mass and momentum balance equations and each of the phases
flow at separate velocities, which is believed to be the reason for the slippage
between the drilling fluid phase and cuttings phase.
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For the two-layered model, the general form of the transient conservation
equations is derived by relating the mass accumulation in a differential volume of
element to the net rate of mass inflow across the bounding interface.

The mass and momentum balance partial differential equations can be solved
numerically to obtain the unknown variables, including the area of the cuttings
bed, deposit bed velocity, cuttings concentration in the suspension layer, drilling
fluid velocity and cuttings velocity in the suspension layer, and the annuli pressure
gradient. However, a number of empirical correlations are required to describe the
interphase interactions, cutting interactions (due to particle-particle collisions),
and interactions between each of the distinctive layers and the physical boundary
of the annuli. These empirical correlations are mainly derived from experimental
investigation of the dynamics of particle-particle interactions and particle-fluid

interactions during particle-fluid simultaneous flow in a conduit.

The empirical, numerical CFD and experimental methodology have been applied
by various investigators to develop methods can be applied to predict the cutting
transport behaviour and efficiency of hole cleaning during drilling activities.
Although the actual method used by these researchers have differed in a lot of
aspects, the effect of the major drilling parameters on the efficiency of hole
cleaning published has shown similar trends. The key parameters that have been
concluded to be the most dominant or controlling factor for the behaviour of
cuttings in the drilling annuli. Literature has stated that these major parameters
are the flowrate, annuli size, wellbore geometry, cutting size, drilling fluid
viscosity, rate of penetration ROP, wellbore inclination angle, drillpipe rotation and
the cutting and drilling fluid densities. The sensitivity of each of these parameters
or a combination of a number of these parameters on hole cleaning have been
studied by various researchers (Table 2.7) leading to the development of
predictive models or guidelines to ensure an effective hole cleaning operation
during drilling activities.

Gao and Young (1995) performed an analysis of field generated data along with a
theoretical analysis for hole cleaning efficiency with an aim to develop a series of
guidelines that can be applied to achieve an effective hole cleaning operation
based on the sensitivity of some of the parameters that govern hole cleaning.
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The major conclusions of the effect of the drilling parameters on the effectiveness
of the hole cleaning aspect of a drilling operation obtained from literature has been
summarised in this study. This summary has been arrived at by taking the
similarities of the effect of each of the major drilling parameters as discovered and
published by previous researchers or from field acquired data, from the past to
this present time (Table 2.7). The effect of the major drilling parameters on hole

cleaning are as follows:

Drilling fluid circulation rates:

The drilling fluid flowrate is the most important parameter that highly impacts the
hole cleaning efficiency during drilling operations. There are two distinctly different
mechanisms of cuttings transport that have been identified. The first is whereby
the cuttings are transported by rolling or sliding along the low side wall of the
annuli and the second is where the cuttings are transported by suspension in the
flowing annuli drilling fluid. These two mechanisms have led to the definition of a
minimum transport velocity MTV or critical velocity that is required to transport
the cuttings via rolling or sliding at the bottom of the annuli and a minimum
transport velocity MTV or critical velocity required to suspend the cuttings in the
annuli. The flowrate of the drilling fluid must be high enough to generate an annuli
velocity that exceeds at least the MTV or critical velocity for rolling in other to
ensure an adequate hole cleaning operation. It is suggested that in other to
prevent the formation of a stationary cuttings bed, a high flowrate as possible,
that guarantees the MTV required for cutting suspension should be aimed for

towards the optimisation of the hole cleaning efficiency.

Fluid rheology and flow regime:

The effect of the fluid rheology on the cutting transport is dependent on the drilling
fluid flow regime. Increasing the drilling fluid viscosity can improve the cutting
transport efficiency in the laminar flow regime. however, for the turbulent flow

regime, reducing the viscosity may be favourable for cutting transport especially
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in a deviated wellbore. The turbulent flow regime provides a better hole cleaning
when the viscosity of the drilling fluid is relatively low and if the fluid viscosity is
increased above a certain threshold, the laminar flow regime would be a lot more
effective. Once a stationary cuttings bed is formed on the low side of the wellbore
annuli, the MTV for cuttings suspension must be achieved if the drilling fluid has
a high viscosity as it is difficult to remove the cuttings using a highly viscous fluid.
However, with a low viscosity drilling fluid, the removal of the cuttings bed is far

more efficient and strongly recommended.

Effect of wellbore inclination angle:

The effect of the wellbore inclination angle on hole cleaning efficiency is dependent
on the prevailing cutting transport mechanism. The minimum transport velocity
MTV required to suspend the cuttings in the annuli increases with an increase in
the wellbore inclination angle. The minimum transport velocity MTV required to
transport the cuttings in the rolling mechanism increases with an increase in the
wellbore angle from the vertical until about a range of 40° to 60°. Thereafter, any
further increase in the wellbore angle leads to a decrease in the minimum

transport velocity MTV required to clean the hole.

Rate of penetration (ROP):

Drilling with a high ROP increases the concentration of the cuttings generated in
the annuli which as a result reduces the ability of the drilling fluid to have an
effective transport. An instantaneously high ROP should be avoided when drilling.
It is favourable to minimise the ROP in other to improve the hole cleaning
efficiency especially when drilling extended reach wells. The higher the rate of
penetration, the higher the minimum transport velocity required to transport the
cuttings out of the wellbore.

Drillpipe rotation:
The effect of the drillpipe rotation is dependent on the geometry of the wellbore

and the rheology of the drilling fluid. In large annuli, drillpipe rotation has no

82



significant effect on the hole cleaning while for smaller annuli clearances, drillpipe
rotation significantly improves cutting transport. The effect of pipe rotation is also
dependent on the degree of eccentricity of the drillpipe in the annuli. The cutting
transport efficiency is improved with drillpipe rotation for an eccentric annulus.
However, for the concentric annuli, drillpipe rotation had a little or negligible effect
on hole cleaning. Although the general reports from experimental and field studies
have shown that drillpipe rotation improves cutting transport, some studies have
reported that this effect is rheology dependent as they noticed a negligible effect
when using water as the drilling fluid, but a significant improvement when using
a viscous non-Newtonian fluid. In some studies, it was reported that the axial
drillpipe rotation had an insignificant effect on the hole cleaning efficiency.
However, if the drillpipe is rotated in an orbital manner, it can improve the hole
cleaning for the cuttings rolling mechanism in a deviated wellbore. It is indicated
that field operations data have shown that pipe rotation significantly improves the
cutting transport efficiency in extended reach wells as a direct result of the orbital
motion and sweeping effect of the drillpipe.

Cutting size:

Although almost all developed cutting transport models relate the MTV or critical
velocity to the cutting size in a proportional manner that implies that the larger
the cutting size, the more the difficulty for transportation, there have been reports
that this phenomenon is not always the case. Depending on the drilling fluid
viscosity, annuli velocity, and wellbore inclination angle, smaller cuttings may
show more resistance to movement than the larger cuttings. Some reports have
shown that smaller cuttings are harder to transport with water in horizontal
wellbores where the transport of larger cuttings are relatively favourable.
However, using a more viscous fluid presents the opposite results. Smaller
cuttings are transported most efficiently in inclined wellbores when using low-
viscosity fluids, while between 0° and 50° larger cuttings are transported most

efficiently with high viscosity drilling fluids.

Table 2.8: Studies of the effect of the major drilling parameters on hole cleaning

Source Method Factors Model | Major conclusions
Okrajni and Azar (1986) Experimental | Single-phase flow The worst cuttings transport
Theoretical Fluid rheology AM is experienced at inclination
Rpm
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Hole angle

angles within the range of 40

Eccentricity to 45.
Gavignet and Sobey. Theoretical Single-phase flow The criterion for the
(1989) formation of a stationary bed
TLM | is strongly dependent on drill
pipe eccentricity and particle,
pipe, and hole sizes
Ford et al. 1990 Experimental | Single-phase flow Increasing the fluid viscosity
Fluid rheology decreases the MTV for both
Rpm the cuttings rolling and
Holq ang@e suspension mechanisms
Cutting size when using the medium and
Pipe size . highly viscous fluids.
However, the MTV for both
transport mechanisms was
lower when using water than
it was when using the
medium viscosity fluid
Sifferman and Becker. Experimental | Single-phase flow Drillpipe rotation reduces
(1992) Flowrate annular cuttings  build-up
Fluid rheology under certain conditions and
ROP this effect is greater at
Rpm - inclination  angles  near
Hole angle horizontal, for small cuttings
Cutting size
Sanchez et al. (1999) Experimental | Single-phase flow Pipe rotation has a significant
Rpm -- effect on hole cleaning
Hole angle
Kamp and Rivero (1999) Numerical Flowrate At constant mud flowrate, the
ROP TLM | bed height increases as the
rate of penetration increases
Doan et al. (2000) Experimental | Two-phase flow Cuttings removal from annuli
Numerical Cuttings rate TLM | is highly dependent on the
cuttings injection rate
Walker and Li (2000) Experimental | Two-phase flow Fluid rheology plays an
Particle size important role for solids
Fluid rheology transport. It is beneficial to
Eccentricity pick up solids with a low
viscosity fluid in turbulent
- flow but to maximize the
carrying capacity a gel or a
multiphase system should be
used to transport the solids out
of the wellbore
Cho et al. (2001) Experimental | Single-phase flow A highly viscous fluid reduces
Theoretical Hole angle the cuttings-bed area and
TLM | increases the pressure gradient
under the same nominal
annular velocity.
Bilgesu et al. (2002) Numerical Single-phase flow The velocity in the annuli
CFD | plays a major role in the
effectiveness of hole cleaning.
Ozbayoglu and Miska Experimental | Two-phase flow
(2003) Theoretical THLM --
Yibing and Kuru (2004) Numerical Two-phase flow TLM | The quality of foam has an

Fluid rheology

effect on the cutting transport
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Theoretical

ROP

efficiency. As the foam
quality increases, the foam
viscosity also increases, which
is favourable for cuttings
transport and vice versa.

Duan et al. (2006) Experimental | Single-phase flow In horizontal pipes, smaller
Theoretical Hole angle cuttings are more difficult to
Rpm transport with water but easier
EM | with a  viscous  fluid.
Improvement due to pipe
rotation in the transport of
small cuttings is two times
that as seen for larger cuttings
Ozbayoglu et al. (2007) Numerical Single-phase flow The major variable
Theoretical Hole angle influencing the cuttings bed
ROP EM | thickness is the shear stress
acting on the cuttings bed
surface.
Liet al. (2007) Numerical Single-phase flow A thicker mud will remove the
Flowrate cuttings at lower flow rates
Fluid rheology than that of a thin mud or
eccentricity water. However, Water will
TLM | remove the cuttings more
effectively if the sufficient
pump capacity is available to
pump the water at the required
critical flow rate
Costa et al. (2007) Numerical Single-phase flow A decrease in ROP leads to a
ROP TLM | gecrease in cuttings bed height
Duan et al. (2008) Experimental | Two-phase flow Pipe rotation significantly
. Rpm AM | decreases cuttings
Theoretical - .
Eccentricity concentration and pressure
EM . .
drop in a horizontal annulus
during foam drilling.
Wang et al. (2010) Numerical Single-phase flow The thickness of the cuttings
Rpm bed decreases with an increase
THLM | in flowrate and pipe rotation.
Drillpipe rotation is one of the
most effective practises for
hole cleaning.
Li etal. (2010) Numerical Single-phase flow Pipe rotation within the range
Rpm CFD |of 80 to 120 rpm has a
significant benefit on hole
cleaning.
Wei et al. (2013) Experimental | Two-phase flow In horizontal gas-liquid flow,
Theoretical Rpm . depending on the. ﬂpid
eccentricity flowrate  and  viscosity,
EM cuttings transport is mainly
saltation, and the drillpipe
rotation improves cuttings
transport.
Cayeux et al. (2014) Numerical Single-phase flow An increase in pipe rotation
Flowrate from 60 to 100 Rpm showed a
Rpm significant improvement in
ROP CFD cutting transport. The

reduction of ROP is a viable
option that benefits hole
cleaning.
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Xiaofeng et al. (2014) Numerical Single-phase flow Pipe rotation has a major
. Flowrate influence on the distribution
Theoretical . Lo .
Rpm of cuttings in inclined annuli.
CFD . . .
Hole angle Increasing  pipe  rotation
EM speeds can  significantly
reduce cuttings volume and
annular pressure drop at low
or medium flow rates.
Gul et al. (2017) Experimental | Two-phase flow The area of the cuttings bed
Flowrate decreases with an increase in
- liquid and gas flowrates.
However, an increase in the
liquid flowrate was found to
be more effective.
Akhshik et al. (2015) Numerical Single-phase flow The transportation mechanism
Flowrate of particles is the suspension
Rpm regime at low well inclination
ROP angles (near vertical), rolling
Hole angle CFD- | regime at high inclination
DEM angleg (n;ar horizontal) ar}d a
combination of both medium
inclination  angles.  Pipe
rotation significantly
decreases cuttings
concentration
Pandya et al. (2020) Experimental | Single-phase flow The transport efficiency of
Theoretical Flowrate solids is strongly dependent
Hole angle on the fluid rheological
Cuttings density EM properties. Particle-transport
mechanisms  are  highly
influenced and vary
depending on the wellbore
inclination angle.
Zhang et al. (2020) Numerical Single-phase flow The maximum height at which
Flowrate the cutting can be suspended
Hole angle to decreases with an increase
CFD in the cutting’s diameter. This
makes the cuttings more likely
to form a bed at the lower
region of the annuli
Erge and Van Oort. (2020) | Numerical Single-phase flow Axial flow alone is not
. Fluid rheology sufficient for effective hole
Theoretical . . )
Rpm cleaning, especially in the
eccentricity CFD highly deviated and horizontal

wells. In a fully eccentric
annulus, without pipe rotation,
cuttings will form a bed on the
low side of the annuli even at
elevated axial flow rates
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2.4.1 Multiphase cutting transport in annuli

In general, the models developed for cutting transport for drilling applications
have been formulated based on an empirical, mechanistic or numerical
methodology. However, their application to two-phase flow scenarios are
questionable as the dynamics of solids transport in a multiphase fluid is flow
pattern dependent which means that the ability of the multiphase fluids to
transport solid particles is strongly influenced by the prevailing flow pattern of the
flow (Oyeneyin, 2015). For instance, for underbalanced drilling operations, the
intermittent and dispersed bubble flow pattern are more effective than the other
flow patterns in terms of hole cleaning (Lage, et al., 2000).

The numerical two-layer or three-layer cutting transport modelling approach has
recently gained a lot of popularity over the empirical or mechanistic cutting
transport models mainly because it allows for the simultaneous solutions of
cuttings moving in the different transport mechanisms, accounts for cutting-
cutting physical interactions and can be applied to complex wellbore geometries.
However, the direct application for simulation of cutting transport in two-phase
flows has neglected the complex and transient nature posed by two-phase fluid
flows in a conduit.

The multi-layered cutting transport modelling expresses the mass and momentum
conservation equation for the two-phase fluid as if the fluid is homogeneous
mixture with a no-slip effect where the gas and the liquid phases flow at the same
velocities. The mechanism of mass, momentum and energy transfer between
phases in a two-phase is highly dependent on the flow pattern (Guo, et al., 2007)
and the prevailing flow pattern is dependent on a number of parameters amongst
which is the fluid input flowrate, the geometry of the conduit and the physical
properties of the fluid. In other to accurately perform numerical simulations for
multiphase fluids with cuttings, the momentum and mass conservation equations
must take into account the flow pattern transitions along with the momentum and
mass conservation equations for the cuttings phase where the drag, lift and other
dynamic or static forces acting on the drilled cuttings are also determined based
on the local position in the annuli. This is important because the forces acting on
the cuttings in the annuli would vary depending on the location of the cuttings in
the annuli and the magnitude of this effect is strongly dependent on the flow
pattern existing in the given section of the wellbore.
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2.5 Summary of research gaps

In order to develop a reliable method for the prediction of the dynamic behaviour
of multiphase drilling fluid flow, it is important that the combined effect of the
rheology of the drilling fluid, the wellbore geometry, as well as the other important
drilling parameters are taken into consideration. The methods developed for the
modelling of multiphase drilling fluid annuli flows have either been accomplished
by modifying the models originally developed for two-phase flows in pipes using
the hydraulic diameter concept or adopted the concept formulated for Newtonian
two-phase flow in annuli. The drilling fluid is a non-Newtonian fluid that is shear
dependent. Thus, its behaviour when flowing through the annuli is highly
dependent on the physical conditions to which it is subjected to. Early researchers
that studied the annuli flow of single-phase drilling fluids showed experimentally,
numerically and from field data that the rheology of the drilling fluid combined
with the other important drilling parameters as discussed in the literature,
significantly impacts the dynamic behaviour of the flow, thereby influencing the
drilling hydraulics and the hole cleaning efficiency during drilling activities. The
current methods developed for the modelling of two-phase drilling fluid flow in
annuli for oil well drilling applications have neglected the combined effect of the
drilling fluid rheology with the major drilling parameters. If this leads to inaccurate
or erroneous predictions for single-phase drilling fluid annuli flows, it can be
deduced that the negligence of this effect would also lead to inaccurate predictions
for two-phase drilling fluid annuli flows provided that the liquid phase of the drilling
fluid possesses a non-Newtonian characteristic behaviour.

From the analysis of the previous studies that have been done on two-phase flows
in annuli, it is evident that some of the results published have been conflicting in
certain aspects. It has been established from literature that the effect of the
drillpipe rotation on the velocity fields in the concentric annuli is negligible while
for the eccentric annuli, the drillpipe rotation significantly redistributes the velocity
fields and improves the flow in the stagnation zones or in the smaller region of
the annuli. However, the results of the effect of the drillpipe rotation on the
pressure drop in the concentric or eccentric annuli for both single-phase and two-
phase flow has been conflicting and not generally or conclusively defined. While
some studies have reported that the increase in drillpipe rotation decreases the

pressure gradient, other studies have reported an increase in pressure gradient
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or either an increase or a decrease in pressure gradient depending on the
investigated flowing conditions. Another issue is that the currently developed
models for the hydraulics of multiphase drilling fluid annuli flows have ignored the
combined effects of the drilling fluid rheology, the eccentricity and the drillpipe
rotation which significantly influences the accuracy for the prediction of the

pressure drop.

Furthermore, cuttings transport predictions are essential for the planning of
directional and horizontal drilling operations. An effective multiphase cuttings
transport modelling is one of the essential components for the achievement of a
successful underbalanced drilling operation. A poorly designed and/or executed
UBD procedure can provoke deeper formation damage than that which may result
from a properly planned and executed conventional overbalanced drilling
operation (Bennion, et al., 1996). The current multi-layered cutting transport
models developed for multiphase flow applications neglects the complex and
transient nature of multiphase flow. The ability of a two-phase drilling fluid to
transport cuttings effectively is highly dependent on the flow pattern along with a
number of other drilling parameters. Negligence of the fluid flow pattern may lead
to large prediction errors as the mechanism of mass, momentum and energy
transfer between the phases are highly dependent on the flow pattern and hence
the forces acting on the cuttings would be strongly influenced by this

phenomenon.

This study aims to experimentally, theoretically and numerically investigate the
dynamics of cuttings transport and the effect of the drillpipe rotation and
eccentricity on the pressure gradient for drilling fluid annuli flow and develop
reliable drilling hydraulic and cutting transport models that alleviate the
inaccuracies posed by the current models. The flow patterns to be considered are
the dispersed bubble, bubble, stratified flow and slug flow patterns, as these flow
patterns most likely to be encountered for underbalanced or multiphase drilling
operations (Mousavi, et al., 2008). The output of this research would provide
methods that can be applied for multiphase drilling hydraulics calculations for
wellbore pressure maintenance and models to optimise the cutting transport
efficiency throughout the life of a drilling operation.
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Chapter 3

Experimental study

A laboratory program was designed and conducted in order to simulate the flow
of single-phase and multiphase fluids in a drilling annulus. An experimental rig
was built at Robert Gordon University (RGU), consisting of various measurement
equipment and a data acquisition system to acquire real-time experimental data.
The experimental rig includes a horizontal and an inclined test sections and is
designed to operate with a maximum gas flowrate of 28 m3/hr and a maximum
liquid flowrate of 35 m3/hr. Single phase or multiphase (air and liquid) Newtonian
or non-Newtonian water-based polymer mixtures with or without solid particles
are flowed through a flow loop in order to imitate an oil well drilling process and
study the fluid and cutting transport dynamics. The test sections are designed and
constructed in a systematic manner to represent a concentric annulus and can be
switched to represent an eccentric annulus when desired. Various concentrations
of water-based polymer solutions were prepared, and rheological measurements
were carried out using a rotational rheometer to obtain the shear stress to shear
rate relationship. The liquid and gas flowrates required to establish the required
flow patterns for the different experimental fluid types, section geometries and
inclination angles were mapped out prior to the start of the experimental
investigation and data acquisition phase. The flow patterns considered for the
experimental study are the dispersed bubble, bubble, stratified flow and slug flow
patterns, as these are the flow patterns that have been reported to mostly occur
during underbalanced or multiphase drilling operations. Prior to commissioning
the experimental rig, the measuring equipment were calibrated and tested along
with the data acquisition systems, to ensure that accurate data was generated,
and measurement errors were minimised.

The main aim of the experimental study was to create a single-phase or
multiphase drilling scenario and physically investigate the combined effects of fluid
rheology, eccentricity and drillpipe rotation on real-time drilling hydraulics and
cutting transport mechanism and efficiency. The experiments conducted provided
an experimental database that was used for the verification and validation of the

empirical correlations and mechanistic models that were developed in this study.
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3.1 Test fluids

The drilling fluid used during oil-well drilling operations possess mostly a non-
Newtonian rheological behaviour. Thus, experiments performed to investigate the
behaviour of flow of drilling fluids through the annuli must make use of non-
Newtonian fluid mixtures to produce a similar effect. In other to reproduce the
pseudoplastic behaviour of the drilling fluid, polymer solutions prepared with
concentrations of 0.1% and 0.5% Xanthan Gum (XG) in water were used in this
experimental study. This was done by adding the required amount of the Xanthan
Gum (XG) into distilled water in the mixing/storage tanks and vigorously agitating
the mixture until the solute is completely dissolved in the mixture. At several
points during the experiments, fluid samples were taken from the tank and tested
to determine the rheological properties of the testing fluid and provide the
certainty of repeatability. These rheological measurements (shear stress to shear
strain relationship) are carried out using a Brookfield Viscometer. Figure 3.1
presents a plot of the shear stress to shear rate data obtained for the test fluids

used in this experimental study.
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Figure 3.1:Shear stress versus shear rate data for the test fluids
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3.1.1 Determination of rheological parameters

To obtain the rheological parameters of the water-based Xanthan Gum (XG)
polymer mixtures, a nonlinear regression was performed on the shear stress to
shear strain relationship generated for each of the polymer solutions. The shear
stress to shear strain data was best fitted to the appropriate rheological models
(Equations 2.1-2.6) using a systematic computational method explained as

follows:

A modified golden search iterative method and non-linear regression analysis was
performed simultaneously to obtain the rheological parameters (t,, K,and n) of the
polymer mixtures from their shear stress to shear strain relationship data. The
procedure is based on the prediction of the appropriate yield stress value that best
fits the rheological data obtained using the Brookfield Viscometer. The golden
search iterative method is an iterative process used to determine the minimum or
maximum of a given function within a certain domain. This adopted iterative
method involves the selection of a lower bound shear stress value 1, and an upper
bound shear stress value 1y, with the assumption that the optimum yield shear
stress value lies within t;, and ty. Two yield stress values, t; and T, are calculated
from the upper and lower bound shear stress values, and a non-linear regression
is performed on the data using both values. The correlation coefficients R?
obtained using t; and 1, are then compared, and if the convergence criterion is
not met, either the upper or the lower limit value is changed and passed on to the
next iterative process. This process is repeated until the correlation coefficient, R?
obtained using t; and t, form the current upper and lower bound yield stress
values converges to the same value (Figure 3.2), thereby yielding the yield stress
T, as well as the flow behaviour index, n and the consistency index, K of the fluid.

The equations used to predict the yield stress values at every iteration can be

expressed as:

T1:TL+GR(TU_ TL) 31

T, =Ty — Gp (Ty — T0) 3.2
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The parameter Gy in Equations 3.1 and 3.2 is referred to as the golden ratio and
is approximately equal to 0.618.

Regression coefficient, R?

Shear stress, Pa

Figure 3.2:Variation of correlation coefficient with assumed values of yield stress

The steps involved in the computation algorithm used to determine the rheological

parameters of the experimental testing fluids is explained as follows:

1. Store the data of the shear stress to shear rate relationship of the polymer
mixture in a matrix T of n rows and two columns

2. Guess a value for the upper ty and lower limit t;, (in this study, an initial guess
of zero for the lower limit value t;, = 0 was used and the initial guess for the
upper limit value was the minimum shear stress value in the matrix T, 1, =
Tmin)

3. Compute t; and t, using equations 3.1 and 3.2

4. Subtract t; from all the shear stress values in matrix T and store results in
another matrix T1
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5. Subtract t, from all the shear stress values in matrix T and store results in
another matrix T2

6. Perform non-linear regression on both matrix T1 and T2 to obtain the
correlation coefficients R?; and R?, respectively

7. If R?; < R?,, set upper limit equal to t; , Ty = 1; else if R?; > R?,, set lower
limit equal to t,, T, =1,

8. Repeat steps 3 to 7 until R?; and R%, converges to the same value yielding t; =
T, = To. The slope and intercept from the non-linear regression yields the

parameters n and K.

A script written in MATLAB for the computation of the rheological parameters of
the experimental testing fluids using this developed computation algorithm is
presented in the appendix A. The rheological parameters for the test fluids used
in this experimental study are presented in the Table 3.1.

Table 3.1: Rheological parameters for experimental test fluids

Fluid type Phases K(Pas™) n 1,(Pa)
1 Water 0.014 1.002 0
3 Polymer (0.1% XG) 0.1566 0.66 1.88
5 Polymer (0.5% XG) 0.6461 0.43 2.29

Table 3.2: Experimental test fluid types

Fluid type Phase type Contents
1 Single-phase Water
2 Two-phase Water + air
3 Single-phase Polymer (0.1% XG)
4 Two-phase Polymer (0.1% XG) + air
5 Single-phase Polymer (0.5% XG)
6 Two-phase Polymer (0.5% XG) + air

The fluid types used for the experimental study are summarised in the Table 3.2.
In this study the numbers 1 to 6 would be used to represent the fluid types used
in an experimental run depending on the types and rheological characteristics of
the phases that make up the testing fluid.
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3.2 Model drilled cuttings

Solid materials were used in this experimental study to represent the drilled
cuttings with the aim of studying the transport mechanism of cuttings in wellbore
annuli and investigating the effect of the major drilling parameters on cuttings
transport efficiency. Plastic and glass beads of different, sizes, weight and
concentrations were used to simulate the cuttings in a wellbore annulus (Figure
3.3b). This offered a significant benefit of providing a clearer system, enabling the
visibility of the cutting transport dynamics to be more effective. Another added
advantage of using the plastic beads is they can be retrieved, cleaned and re-used
for other experimental runs. A sieve tank (Figure 3.3a) was designed and
constructed and connected to the drain outlet of the mixing/storage tanks. A mesh
size of 0.9mm apertures were used to ensure that all the particles used in the
experiments were captured prior to the disposal of the experimental fluids. The
retrieved particles are then washed with water and sorted using a sieve shaker to

prepare them for the next experimental runs.

@ ()

Figure 3.3: (a) solids separation tank and (b) glass and plastic beads

Table 3.3 presents some of the properties of the particles used to simulate the
cutting transport in this experimental study.

Table 3.3: Types of the particles used in experimental study

Particle Colour Shape Size, mm Density, Kg/m?3
1 Red Spherical 3-4 950
2 White Spherical 3-8.5 500
3 Light Green Spherical 2.5-3.7 2100
4 Dark Green Spherical 2.20-2.4 1500
5 Blue Spherical 1.25-1.65 2000
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3.3 Experimental rig design and setup

A multiphase flow rig, capable of simulating both single-phase and two-phase fluid
flow in concentric and eccentric annuli geometries was designed and constructed
to conduct this experimental study. The flow loop consists of transparent test
sections that enables the visual observations of the two-phase gas-liquid flow
patterns and particle transport mechanism under various experimental conditions.
Each annular test section has an outer diameter of 0.1440 m, an inner pipe
diameter of 0.0885m. Figure 3.5 shows an illustration of the entire experimental

unit used to run tests and acquire experimental data.
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Figure 3.4:Schematic diagram of the experimental unit
The main components of the experimental unit are described in the following

sections.

3.3.1 Test sections

The experimental unit is composed of two annular test sections made of a 144mm
outer diameter acrylic glass tube and an 88 mm diameter inner Acrylonitrile
Butadiene Styrene ABS pipe. The Figure 3.1 shows the acrylic glass tube and the
inner ABS pipe. The ABS pipes are completely sealed at both ends to prevent the
flow or accumulation of fluids through inner pipe. One of the test sections is

mounted in a horizontal orientation and is approximately 14ft long. The outer test
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section is mounted on an erected plane in which the inclination angle can be set

and varied at will.

Figure 3.5: Acrylic glass tube and ABS pipe used to construct a concentric/eccentric

annulus test section

The use of the transparent acrylic glass tube offers some significant benefit of
being able to visually observe the prevailing gas-liquid flow patterns, the cutting
transport mechanism and the point in time where the cuttings begin to settle at
the low side of the annuli to form a stationary bed. The inner pipe is fitted into
flanges to position them centrally in the acrylic glass tube. Either concentric and
eccentric holes are bored into the flanges to allow for the inner pipe to be
positioned concentrically or eccentrically (e = 0.7). Roller ball bearings are fitted
into the flanges to enable the inner pipe to rotate readily about its axis (Figure
3.7). A steel pipe fluid accumulator was installed upstream of the test sections in
order to stabilise and create a timely fully developed flow. A non-return valve is
installed on the steel pipe and connected to the gas line from a gas compressor.
When multiphase gas-liquid flow is desired, the two phases are introduced
simultaneously and mixed in the steel pipe containing the baffle plates before

flowing into the test sections.
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Figure 3.6:Concentric and eccentric flanges

In order to maintain the bearings, it is required that they are lubricated at regular
intervals and this lubrication is important process in preventing the failure of the
bearings. When the experimental unit is assembled, there is no access to bearings,
so the maintenance processes are only possible if the rig is dismantled. The use
of the sealed bearings provided a solution to this issue as they are already
lubricated by the manufacturer and require no further lubrication. Another major
advantage of using the sealed bearings is that the seals prevent the entry of solid
particles when performing cutting transport experiments thereby reducing the
chances of mechanical wear and tear and favouring the lifespan of the bearings.

3.3.2 Pressure transducer

Absolute and differential pressure transducers were connected to the test sections
to obtain pressure measurements. While the absolute pressure transducers were
used to obtain the pressure readings at local points in the test sections, the
differential transducers were used to obtain the pressure difference between two
points in the test sections. The absolute pressure transducers are in the range of
0 to 7bar while the differential pressure transducers are in the range of -25 to
25mbar.
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3.3.3 Flow meter

The magnetic inductive flowmeter was selected as an option to measure the
flowrate of the liquids. The magnetic inductive flowmeter consists of a transmitter
and a converter which exist separately but are connected to one another by cables
forming a functional unit. The converter has an analog output and can also be
provided optionally with a pulse output. The analog output supplies an electric
current in the standard signal 0 to 4 to 20mA, which is proportional to the fluid
flowrate, and is designed to meet the requirements for control, indication and
recording as well as other measurement applications. The converter is the
equipment that converts an electrode voltage into an output signal which is
proportional to the flowrate.

The transmitter operates with no moving parts, consists of a meter tube,
electromagnets, reference core and measuring electrodes and measures the mass
or volume flow rate of electrically conductive liquids in pipes. When electrically
conductive products flow through the transmitter, a voltage is induced that is
taped off by the electrodes which are insulated against the meter tube. The
induced measure voltage is proportional to the mean velocity of the flow.
Flowrate measurements using the magnetic inductive flowmeter offer some major
advantages. The transmitter has no moving parts and therefore can be operated
with little or no maintenance, the flow is not altered as there is no expansion or
contraction of the meter tube and thus constitutes no pressure loss on the flow,
flowrate measurements for high or low conductivity liquids are straight forward
due to high input resistance of the converter, possess a high degree of

measurement accuracy

3.3.4 DC motor

A DC motor is connected to the inner pipe with a metal shaft to enable the inner
pipe to rotate about its axis in the annulus (Figure 3.7). The motor has a rated
torque of 4.2Nm and operates to a maximum rotary speed of 159rpm. In order to
regulate the speed of the motor, and thus the speed of the inner pipe in the

annulus, the motor is connected to a low voltage DC motor speed controller. The
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DC motor speed controller is used to vary the supply voltage to the motor thereby
enabling the increase or decrease in the speed of the inner pipe to the desired

rpm value.

I.-bv Voltage d.c. Motor Speed Controller

Input | 12vac. | Output | 0-12vac. | Outpur | 124 |
Voltage | 24vac. | vonage | 0-24vac. | Furing |12

6
7.
8
9

10

Figure 3.7:DC motor connected to inner pipe and the motor speed controller

3.3.5 Photoelectric sensor

A cylindrical photoelectric sensor was used to determine the rotary speed rpm of
the inner pipe in the annulus. The sensor is a retro-reflective photoelectric sensor
that has both the transmitter and receiver contained within the same housing but
require a reflector opposite to the sensor. The photoelectric sensor is placed just
above the area of the shaft where the reflective tape is located (Figure 3.8). The
reflector bounces the light beam back to the transmitter until an object breaks the
beam. When the light beam is broken a voltage is outputted from the device. The
times at which these voltages are detected can be used to determine the

frequency and thus, the speed of the rotating inner pipe.

Photoelectric sensor Reflective tape

Figure 3.8:Photoelectric sensor and reflector tape arrangement
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3.3.6 Data acquisition system

The data acquisition system is composed of a computer and two data acquisition
devices from National instruments. The DAQ devices which are the NI SCB-68 E
series and the USB-6009 are used to obtain real-time data from the experimental
rig (Figure 3.9). A LabVIEW software is installed on the computer and a virtual
instrument program is written in other to display and acquire the desired data
from the key experimental rig equipment and sensors such as the pump, the
absolute and differential pressure transducers, the photoelectric sensors (inner

pipe rotary speed, rpm) and the liquid and gas flow meters.

Figure 3.9:Data acquisition devices

3.4 Calibration of experimental rig

In order to ensure that the experimental data obtained from the experimental rig
are reliable, the equipment were calibrated and tested to ensure that the
measured readings were accurate, and the errors imposed by the device or

equipment were minimised.

3.4.1 Pressure transducers

The absolute and differential pressure transducers were calibrated using a Druck
pressure calibrator obtained from SCOTIA Instrumentation Ltd (Figure B.1). In
order to mitigate obtaining erroneous readings during experimental tests, it is
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important to ensure that at a given pressure, all the pressure transducers installed
on the experimental rig outputs the same voltage. This may not always be the
case as each of the transducers has a certain range of accuracy or manufactured
error. To calibrate the pressure transducers, the transducers are connected to the
Druck pressure calibrator and wired to the DAQ device and thus, the LabVIEW
software. Once a given pressure is supplied from the Druck to the pressure
transducers, the voltage output from the transducer is converted to pressure in
the LabVIEW virtual instrument program and recorded. This process is repeated
three times for each transducer and an average of all the readings are taken to
improve the calibration accuracy. After the process has been completed, a
regression analysis is performed on the pressure readings to obtain pressure
correction equations for all the transducers. These pressure correction equations
are written into the main LabVIEW virtual instrument program to ensure that the
transducers output the same voltage readings for a given or applied pressure.

Figure B.2 and B.3 show an example of the calibration plot of one of the absolute
and differential pressure transducers that were calibrated and installed on the

experimental rig.

3.4.2 Fluid flow meter

The readings obtained from the liquid flow meter was checked manually to ensure
that the flowrate reading display in LabVIEW front panel was accurate. This was
accomplished by running the pump and flowing water from the mixing tanks,
through the flow loop with the return line flowing back to the tanks. A plastic
container of 10 litres in volume was placed at the outlet of the flow loop and the
time taken for the container to be filled completely with water was recorded. As
the system had no mass accumulation, the actual flowrate of the liquid
experimental rig was deduced and compared to the values received from the liquid
flow meter. Figure B.4 shows a comparison of the flowmeter readings to the
measured liquid flowrate readings. From the plot it is clear that the flowmeter

readings are quite accurate and require no adjustments.
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3.5 Data acquisition techniques

A LabVIEW software is used together with the NI SCB-68 E series and the USB-
6009 DAQ devices to obtain data from the experimental unit. The NI SCB-68 E
series offered an advantage of having a relatively larger board surface area and
has 8 different analog input channels that can be used for instrumentation, making
it possible to connect a total of 16 devices. The pressure transducers, pump and
flowmeters were connected to the SCB-68 E series DAQ device while the
photoelectric sensor was connected to the USB-6009 DAQ device. Separate
LabVIEW virtual instrument programs were written to obtain and process the data
generated by the DAQ devices. Figure B.5 shows the front panel design for

pressure and flowrate data acquisition.

3.5.1 Pressure readings

The absolute and differential pressure transducers are connected to the SCB-68 E
series DAQ device and real-time data is obtained simultaneously from all the
transducers during experimental runs. The pressure correction equations derived
from the transducer calibration process is incorporated into the LabVIEW program
to ensure that all the transducers are operating in the same plane, and errors are
minimised. Two-phase flow mixtures are transient and highly turbulent, and the
pressure drop across the annuli sections is dependent on the transient in-situ
liquid hold up and the gas-liquid flow patterns amongst other parameters. This
means that the differential pressure readings from the transducers would vary
significantly for a given experimental run with constant gas-liquid flowrate. In
order to account for this effect, a sub VI LabVIEW program is included to take the
average of the differential pressure readings over the period of time for the
experimental run. Figure 3.10 shows the Block diagram design for pressure data

acquisition.
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Figure 3.10:LabVIEW block diagram for pressure to flowrate data acquisition

3.5.2 Rotary speed of the inner pipe

The photoelectric sensor was used to obtain the information of the rotary speed
of the inner ABS pipe in the annuli test sections. A reflective tape cut to a size that
is a lot smaller than the circumference of the rotating shaft, is placed on the
rotating shaft connected to the motor. When the shaft is rotated, and the reflective
tape comes across the sensor the light beam produced by the sensor is broken
and an impulse voltage is outputted from the device and obtained by the USB-
6009 DAQ device. The frequency at which the photoelectric sensor outputs the
impulse signal can be used to calculate the instantaneous rotation speed w,, of

the inner pipe using the following relationships:

Foo 3.3
(T = Tj-1)
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(l)t=60 X Ft 3.4

where T, and Tj_,; are the times at which the current and the previous impulse
voltages were obtained respectively.

A precaution to note is that depending on the width of the reflector tape, the RPM
of the inner pipe can be greatly overestimated. This error is significantly
pronounced at lower rotary speeds where the reflector tape takes more time to
rotate past the sensors beam. Thus, the sensor would output multiple impulse
voltage signals during one revolution of the shaft, rendering the rotary speed
calculations invalid. This can be corrected by ensuring that once an impulse
voltage signal is generated by the sensor, every other voltage signal is ignored
until a zero-voltage signal is obtained. This would ensure that only one impulse
voltage signal is obtained for one revolution of the inner pipe, making the
instantaneous rotary speed calculations highly accurate. Figure 3.11 shows the
Block diagram design for the inner pipe rotary speed data acquisition.

Initial time
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Current time
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g o [z |  Indicator
» 8 °
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data Lin: g
»urG{ o}
Last time

Figure 3.11:LabVIEW block diagram for inner pipe rotary speed calculation
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3.6 Experimental test procedures

The operational ranges for the test conditions explored is presented in Table 3.4.

Table 3.4: Operational parameters for experimental tests

Parameters Value range
Eccentricity 0 and 0.7
Rotation 0 to 150 rpm
Angle 0 - 300

Air flowrate 0 to 28 m3/hr
Liquid flowrate 0 to 35 m3/hr

The following procedures are used for the experimental investigation and data

acquisition involving the fluid flow hydraulics and cutting transport dynamics in

the concentric or eccentric annuli, with or without inner pipe rotation.

3.6.1 Single-phase flow

This section highlights the experimental procedures used when the testing fluids

are of fluid types 1, 3 and 5. This procedure is the same for when the experimental

rig is setup as a concentric or an eccentric annulus. The experimental procedures

are as follows:

9.

© N Ok W NE

Prepare testing fluid in the mixing/storage tanks

Power on the flowmeter, pressure transducer, photoelectric sensor

Start-up data acquisition system

Switch on the pump

Adjust the controller to set the liquid flowrate to the desired value

Switch on DC motor and set inner pipe rotation speed to the desired Rpm
Start recording data

As soon as the readings stabilise, adjust motor speed controller to change the
rpm values and take readings until data for all the rotary speeds are recorded.
Switch off the DC motor

10. Re-adjust the controller to set the liquid flowrate to the next desired value

11. Repeat steps 6 — 10 until the required data has been acquired.
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3.6.2 Single-phase flow with solid particles

This section highlights the experimental procedures used when the testing fluids
of fluid types 1, 3 and 5 are mixed homogeneously with solid particles. This
procedure is the same for when the experimental rig is setup as a concentric or

an eccentric annulus. The experimental procedures are as follows:

1. Prepare testing fluid in the mixing/storage tanks

2. Switch on the mechanical agitators

3. Add solid particles until the required solid-liquid volumetric concentration is
reached

4. Power on the flowmeter, pressure transducer, photoelectric sensor

5. Start-up data acquisition system

6. Switch on the pump.

7. Adjust the controller to set the flowrate to the desired value

8. Switch on DC motor and set inner pipe rotation speed to the desired Rpm

9. Start high-speed camera to record the flow dynamics in the test section

10. Start recording data

11. Adjust motor speed controller to change the Rpm values and take readings
until data for all the rotary speeds are recorded.

12. Switch off high-speed camera

13. Switch off the DC motor

14. Re-adjust the controller to set the flowrate to the next desired value

15. Repeat steps 8 — 14 until the required data has been acquired.

3.6.3 Two-phase flow

This section highlights the experimental procedures used when the testing fluids
are of fluid types 2, 4 and 6. This procedure is the same for when the experimental
rig is setup as a concentric or an eccentric annulus. The experimental procedures

are as follows:

1. Prepare testing fluid in the mixing/storage tanks
2. Power on the flowmeter, pressure transducer, photoelectric sensor

3. Start-up data acquisition system
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10.

11.
12.
13.
14.
15.

Switch on the pump and air supply

Adjust the controller to set the liquid flowrate to the desired value

Adjust the gas controller to set the air flowrate to the desired value

Start high-speed camera to record the flow dynamics in the test section
Switch on DC motor and set inner pipe rotation speed to the desired Rpm
Start recording data

As soon as the readings stabilise, adjust motor speed controller to change the
rpm values and take readings until data for all the rotary speeds are recorded.
Switch off high-speed camera

Switch off the DC motor

Re-adjust the controller to set the liquid flowrate to the next desired value
Re-adjust the gas controller to set the air flowrate to the next desired value

Repeat steps 7 — 14 until the required data has been acquired.

3.6.4 Two-phase flow with solid particles
This section highlights the experimental procedures used when the testing fluids

of fluid types 2, 4 and 6 are mixed homogeneously with solid particles. This

procedure is the same for when the experimental rig is setup as a concentric or

an

eccentric annulus. The experimental procedures are as follows:

1. Prepare testing fluid in the mixing/storage tanks

w

© © N o un bk

10.
11.

. Switch on the mechanical agitators

Add solid particles until the required solid-liquid volumetric concentration is
reached

Power on the flowmeter, pressure transducer, photoelectric sensor

Start-up data acquisition system

Switch on the pump and air supply.

Adjust the controller to set the flowrate to the desired value

Adjust the gas controller to set the air flowrate to the desired value

Switch on DC motor and set inner pipe rotation speed to the desired Rpm
Start high-speed camera to record the flow dynamics in the test section

Start recording data
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12. Adjust motor speed controller to change the Rpm values and take readings
until data for all the rotary speeds are recorded.

13. Switch off high-speed camera

14. Switch off the DC motor

15. Re-adjust the controller to set the liquid-solids flowrate to the next desired
value

16. Re-adjust the gas controller to set the air flowrate to the next desired value

17. Repeat steps 9 - 16 until the required data has been acquired.
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Chapter 4
Mathematical modelling of multiphase flow in annuli

4.1 Reynolds number for annuli flow of non-Newtonian fluids

The prediction of the pressure loss in either single phase or two-phase flow in the
drilling annuli requires the generalisation of a Reynolds number which is
dependent on the rheological characteristics of the drilling fluid. The Reynolds
number for fluid flow in any geometrical configuration can be interpreted as the
ratio of inertial forces to viscous forces. This is a dimensionless number that allows
for the estimation of the transition from laminar to turbulent flow conditions and
is also used as a criterion for dynamic similitude. This means that if two
geometrical configurations with different diameters, different flowrates or different
fluid properties have the same dimensionless numbers, they are classified as
dynamically similar.

The relationship between the friction factor and the Reynolds number for laminar
isothermal flow of Newtonian fluids in cylindrical ducts can be expressed as
follows:

4.1

f g
2 Re

The relationship between the friction factor and the frictional pressure gradient is
given as

Tw _ dp Dh 4.2

f
2 pv2  dL4pv?

and the Reynolds number for Newtonian fluid flow is

_ pvDy 4.3
V)

Re

For non-Newtonian fluids the rheological models are shear rate dependent and
there exists an apparent or effective viscosity that is highly dependent on not just
the forces applied to the fluid, but the rheological properties of the fluid. Thus, the
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determination of the Reynolds number for non-Newtonian fluids cannot be
performed through the conventional approach applied to obtain the Reynolds

number for the Newtonian annuli flows.

Metzner and Reed (1955) solved the momentum equations using the Power law
model (Equation 2.1) to develop a generalised Reynolds humber. They analytically
obtained a relationship between the friction factor and the Reynolds number for a
fully developed laminar flow in a pipe. This generalised Reynolds number when
multiplied by the friction factor, produced the same result as the one given by a

Newtonian fluid.

Re = V2D, 4.4
K@(n)ngn-1

The parameter € in the Equation 4.4 is the product of the friction factor and the
Reynolds number for a Newtonian fluid under laminar flow conditions. The function
@(n) is a hyperbolic function of the flow behaviour index which is largely dependent
on the conduit geometry. This hyperbolic function may be represented generally

in the following form

un + 1 4.5

where u is a geometrical parameter that is dependent on the cross-section the
conduit and n is the flow behaviour index of the fluid. The geometrical parameter

u is defined by

24 4.6
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Metzner and Reed defined the parameter € = 8 for flow in circular ducts and € = 12

for flow through infinite plates.

The Reynolds number derived using the Power law model cannot be used to
characterise the Bingham plastic or the Herschel-Bulkley drilling fluids as these
fluids have different rheological properties to that of the Power law drilling fluids.
In this study, the generalised Reynolds number for the Bingham plastic or the
Herschel-Bulkley drilling fluids are derived as the Power law theory is not capable
of describing the viscosity characteristics of fluids with different rheological

properties.

For non-Newtonian drilling fluids, the wall shear stress t,, in the equation has to
be calculated by the appropriate viscosity law using the Equations 2.1-2.6. Since
the shear rate is defined as the negative gradient of the velocity profile, the wall
shear stress can be obtained if the expression of the velocity gradient is considered
at the wall of the annuli pipe. For a Herschel-Bulkley drilling fluid, the shear stress

at the wall of the annuli pipe can be expressed as

dvy " 4.7
Tw = To + K(-a)w

For incompressible fully developed 2D flows of liquids with a rate-dependent
viscosity, the calculation of shear rate is more complex because unlike that of
Newtonian fluids the velocity profile is not parabolic. The true wall shear rate can
be found using the Weissenberg-Rabinowitsch-Mooney (WRM) equation expressed

for flow through a slit as

(2,7 5(@. e
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The term (—dv/dr),,, represents the apparent shear rate while the constant m is
the gradient of the log-log plot of the shear stress against the shear rate and may
be expressed as:

dIn(t,) dIn(t,) 4.9

M= A= dv/dD).y - dIn(Yaw)

The constant m can be determined by the differentiation (chain rule) of the

logarithmic expression as follows

din(t,)  dIn(t, + Kya,")

m= dln(yaw) B dln(Yaw) 410
m= L In(t, + Ke® ln(yaw))
d ln(Yaw) ° 11
_ nKyay"
= IRy 4.12

The apparent shear rate at the wall of the annuli in the case of a Newtonian fluid
flow can be expressed as

dv> _ 12v
aw

Yaw = ( E Dy, 4.13

Substituting Equation 4.13 into Equation 4.8 and 4.12 and simplifying the result

yields the final expression for the shear rate at the wall of the annuli as

dv _ 2m+ 1\ /12v 4.14
( dr)w_( 3m )(Dh>
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n K (&)n

_ Dp 4.15
12v\"
K (=—
To + (Dh)
Using Equation 4.14, the shear stress at the wall of the drilling annuli yields
B 2m + 1\" /12wn\" 4.16
=t K5 (35)

For fluid flow through parallel plates, where £ = 12, the relationship between the

friction factor and the Reynolds number from Equation 4.1 can be written as

24
Re = 24 4.17

From Equation 4.2 and 4.16, the friction factor f can be expressed as

21, Z(To + k(g (11)—2:)> 4.18

f= =
pv? pv?

Thus, the Reynolds number that characterises the flow of Herschel-Bulkley drilling

fluids, Reyg in a drilling annulus can be expressed as

pv?

R = 24
T g e k(Y (Y

4.19
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This Equation for Reyg can be expressed in the generalised form as

pvDy

e k(G (5

4.20

ReHB =

From Equation 4.20, it can be deduced that the equation for the effective or

apparent viscosity of the Herschel-Bulkley drilling fluid for annuli flows is

ToDp (Zm + 1)“ (12V>n_1 4.21

HuB = oy 3m ) \D,.

For a Power law fluid where the yield stress is zero t, = 0, the constant m becomes
equal to the flow behaviour index of the fluid, m = n.Thus, the Reynolds number

and effective viscosity of the Power law drilling fluid can be expressed respectively

as
pvDy
RepL = T I\ 121 4.22
K(“55) (D_h)
_ K(Zm + 1)“ (&)”‘1 4.23
HpL 3m Dy,

For drilling fluids described by the Bingham plastic rheological model, the shear

stress at the annuli wall can be expressed from Equation 2.3 as
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._dv) 4.24

2m + 1y (12v 4.25
) (5,)

Tw = Ty + Hp (
Following the procedures as explained above, the constant m for the Bingham

plastic fluid can be expressed as

Hp (%}:/) 4.26
12V)

m =
Ty+ Hp (D_h

The Reynolds number for the Bingham plastic drilling fluid flow in the annuli Regp,

can then be derived as follows

2m+ 1\ /12v
2, Z (TY + 1y (T (D_h)> 4.27
f= =
pv? pv2
pvDy
R = .
©BP TyDp (Zm + 1) 4.28
12v p 3m

Thus, the effective viscosity of the Bingham plastic drilling fluid can be expressed

as

= TyDy (Zm + 1) 4.29
BP™ 12v 7 "P U 3m
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4.2 Friction factor for laminar flow of nhon-Newtonian fluids

The literature review in chapter 2 has indicated that the theoretical methods
adopted for the calculation of the frictional pressure gradient for non-Newtonian
fluid flows in the annuli have either neglected the effects of eccentricity, fluid
rheology or drillpipe rotation. The friction factors determined with the concept of
the friction geometry parameter has been applied for the determination of the
frictional pressure gradient especially for two-phase flow. The friction geometry
parameter has been developed for Newtonian fluid flow in the concentric and
eccentric annuli and cannot be applied directly for the determination of the friction
factor for non-Newtonian fluid flow. Another major concern is that these methods
have neglected the drillpipe rotation effect and the shear thinning characteristics
of the non-Newtonian drilling fluid, both of which are known to have a significant
impact on the drilling hydraulics from field data and experimental reports.
However, a vigorous treatment of the helical flow fields is possible for any annulus
configuration and would be developed from the solution of the continuity equation.
This section presents new methods for the determination of the friction factor for
the concentric and eccentric annuli, with or without drillpipe rotation.

In a situation whereby a fluid flows through the annular space between the
drillpipe and the casing during drilling operations, the drillpipe might be rotated
at a certain angular velocity while the casing or borehole well is stationary. The
motion of the fluid through the annuli would be purely due to the axial pressure
gradient because the centrifugal force in the radial direction, produced by the
rotary motion of the fluid, is compensated by the pressure and gravitational force
in the radial direction and hence would not contribute to the motion of the fluid.
The drilling fluid flow in this situation would move in a helical path creating the
existence of an axial and tangential velocity component due to the rotation of the
drillpipe. The equation of motion in the cylindrical coordinates (Equations 2.7-
2.10) can be simplified to obtain two major equations that can describe the helical
flow of fluids in the annuli. These equations can be expressed in terms of the axial
and tangential shear stress gradients as
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For concentric annuli helical flows, the flow is a function of r and does not vary in

the radial direction 6. Thus, these systems of equations can be simplified to yield

10 4.31
—Z (y2 - .
r2 ar (r TBI‘) 0
oP 10 B 4.32
P82 =5~ T (rt,) =0

The first two terms in the Equation 4.32 can be combined and expressed as a
modified pressure gradient (0P, /0z)

b, 10 4.33
2 ;a(”zr) =0

The integration of these equations yields the equations for the axial t,, and

tangential tq, shear stresses for fluid flow in a conduit, expressed respectively as

P G 4.34
N ) r
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The constants C, and C, in the axial and tangential shear stress equations are

constants of integration.

4.2.1 Generalised rheology model

A rheology model referred to as the generalised rheology model in this study, is
used in the development of the methods for the prediction of the friction factors
for non-Newtonian annuli flows. This generalised rheology model expresses the

shear stress to shear rate relationship for the drilling fluid as

T= Tet+EY" 4.36

The apparent viscosity may then be expressed as:

= eyt 4.37

The constants 1., €, and n are the yield stress, consistency index, and flow
behaviour index of the drilling fluid. This generalised model represents drilling
fluids with the rheological behaviour described by the Power law, Bingham plastic
or the Herschel-Bulkley rheology, depending on the input constants to the model.
Table 4.1 shows the input constants dependent on the drilling fluid type.
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Table 4.1: Constants for the generalised rheology model

Fluid rheology type Te € n
Newtonian =0 E= 1 n=

Power law (shear thinning) Te=0 €= n<l1
Bingham plastic Te=T, E= I n=1
Herschel-Bulkley (shear thinning) Te =T, €= n<l1

Following this concept, a generalised Reynolds number for the drilling fluid annuli

flow can be expressed as

pvDy

Regen = 1 4.38
e (20 (2
12v\"
m = nE(Dlhz‘),n 4.39
Tet+ € Cﬁ;)

4.2.2 Annuli shear stress and velocity profiles

When the drillpipe is rotated, the drilling fluid would experience a multi-directional
shear force that creates the helical movement of the fluid. Thus, the shear stress
to shear rate relationship, which is the fluid rheology model, must be represented
in a tensor form. The magnitude of the shear rate for a multi-directional shear

flow can be expressed in the cylindrical coordinate system as

v\ 10v v 2 v\ 2
2] _ ' —2'6  'r i
v'l= 2[(ar) +(r 69+r) +(az)]+

1dv, Odvg z 10v, d /vy 2 dv, avrz
36+ 50 *lras (D) + (Gt )

4.40

r o8 Yar
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For a concentric annulus, assuming that the axial and tangential velocity
component (v, and vg), existing in the helical flow are constant in the axial z-
direction, and vary in the radial r-direction, the magnitude of the shear rate can

be simplified to yield

2

Jd /vg av, 4.41
- 9 (vg .
"l = (rar(r)> +(6r>

_ Jw 2+ dv, 2 4.42
vl = (r 0r> (61‘)

where vy = wr

In the case where there is no drillpipe rotation and the drilling fluid flow is purely
in the axial direction, the shear rate equation reduces to the conventional or
general form for a 2D fluid flow y = dv,/dr. Similarly, the magnitude of the shear

stress for the helical flow of fluids can be expressed as

7] = VTer + Ter2 4.43

Adopting the form of the Newtonian model, the axial and tangential shear stresses

may be expressed in form of their velocity gradients as:

6@) 4.44
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d
Tzr = —Ha (&) 4.45

The apparent viscosity of the drilling fluid subjected to a helical flow pattern, using
the general model in Equation 4.37 and 4.42 is derived as follows:

_ le n-1 4.46
a= —+E :
Ha = 1) vl
n—-1
2 2
a = < te j(ra—“’) +(22) 4.47
or or

65 + (G

Using Equation 4.44 and 4.45, the apparent viscosity equation can be further
simplified to yield

, ot
Ha = - 4.48

wheres =1/n
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r=r,3 = TIp
T = —Te Tzr = +Te

V; = Vmax Vz = Vmax

Axial velocity

Annuli radial space
Figure 4.1:Annuli velocity profile of a non-Newtonian with a yield stress

Figure 4.1 shows the shape of the velocity profile for a fully developed annuli flow
of non-Newtonian drilling fluids that possess a yield stress. For fluids with a yield
stress to flow through the annuli, the axial pressure force must produce a shear
stress that exceeds the yield stress 1. Thus, as the fluid flows through the annuli,
there is a region of the fluid that does not shear and the fluid elements in this
region, move at the local maximum velocity. This unsheared region of the fluid is
referred to as the unsheared plug. In the derivation of the shear stress and velocity
profiles, the points that mark the boundaries of the unsheared plug in the radial
direction are signified as the points r= r, and r = r, as shown in Figure 4.1. For
the Herschel-Bulkley drilling fluid the shear stress at point r = r, is equal to the
negative value of the yield stress t,, = —tc = —t, While the shear stress at the
point r= r, is equal to the positive value of the yield stress t,, = +tc = +71,.
Likewise, for the Bingham plastic fluid, the shear stresses at the points r = r, and
r = r, are equal to the negative and positive value of the Bingham yield stress
respectively t,, = —t¢ = -1, and 1, = +1¢ = +1,. The Power law fluid does not
possess a Yield stress and hence does not have the region of an unsheared plug
in the annuli. In the axial velocity profile of the Power law fluid, the local maximum

velocity exists at the point r, = r, and the shear stress at this point is zero t,,. =
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te = 0. The width of the unsheared plug can be determined by considering a force
balance of the pressure force being equal to the shear force in the region of the
plug. The pressure force acts on the cross-sectional area of the plug, while the
shear force, which is equal to the yield stress times the surface area of the plug,
acts on the inner and outer surfaces of the plug. Performing this force balance
over a differential length 9z of the plug, yields the equation for the width of the
plug as:

0P
m(ry? — raz)a—;naz = 21(ry + ry)Tc 0z 4.49
2T¢
b = 'y = 55 4.50
m
0z
1P, 4.51
Te = Ea—;n(rb — TIa)

It is obvious that the width of the plug depends on just the axial pressure gradient
and the yield stress value of the fluid and is independent of the size of the annuli.
However, in an eccentric annulus, the width of the unsheared plug and the position
of the local maximum velocity varies across the angular direction of the annuli.
Thus, the points r= r, and r = r, are a function of the angle 6 hence the shear
stress and velocity profiles vary across the angular direction of the annuli and are
direct functions of the angle 6. To account for this phenomenon, the annuli can be
represented by an infinite number of concentric annuli with variable outer radii r§

as shown in Figure 4.2.
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Figure 4.2:Eccentric annulus with a variable outer radius

The outer radius of the eccentric annulus is a function of the angle 8 and the

eccentricity e and can be determine with the following equations:

r§ = decos6 + \/r% — (de sin 6)? 452

de = (rz - rl)e 4.53

By using this concept, the line r; to r§ represents the distance from the inner pipe
to the outer pipe of a given concentric annuli and hence the mechanical equations
for the flow do not vary with 8 but only varies along the radial direction r. for this
reason, the equations for the concentric annuli can be used to obtain a solution

for the flow in the eccentric annuli.
The axial shear stress profile at a given angular position in the annuli may be

obtained by applying the boundary conditions to Equation 4.34 that t,, = —1¢ at

r = r, and inserting the Equation 4.51 to the result to yield:
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10P, 2 -
T, (6,1) = E(’)_;n [(r—ri> - M] r<r<r, 4.54

Similarly, from the boundary condition that t,, = +t< at r = r,, the axial shear

stress profile is

1 9P, rp? r,(rp— 1
rzr(e,r)=za—;n [(r—%>+w] p, <r<r; 4.55

where r, = f(6,¢e) and r, = f(6,e).

Substituting the axial and tangential shear stress equations into the Equation 4.48

yields the equations for the annuli viscosity profile as:

n-1
2172

@ (% [(-3) -2 )

()" + (3 [-10) - 20 )

4.56

“a(er I') =

N[ -

2

Inserting the shear stress profile equations into Equation 4.45 and integrating the
results with the appropriate boundary conditions produces the velocity profile
equation for fluid flow in the concentric and eccentric annulus, with or without
drillpipe rotation. In the region of r;, <r<r,, the axial velocity of the fluid
increases with an increase in r, so the axial velocity gradient can either be greater
than or equal to 0, dv,/dr = 0. Conversely, in the region of r, <r <r§, the axial
velocity gradient is either zero or a negative value as the fluid velocity decreases
with an increase in r. in the region of the maximum axial velocity or the plug
region r, <r<rp,, the axial velocity gradient is equal to zero dv,/dr=0. The

velocity gradients or shear rate equations are thereby given as
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2 _
CACTS S [ O\ el V) RN 4.57
or 2u,(0,r) 0z r r

ov. 4.58
a—rz= 0 ry<r<r,

0 1 0P 2 rp,(r, — r

Wy 1 0w T} Wbl 4.59
or 2u,(0,r) 0z r r

Integrating Equation 4.57 and applying the no-slip boundary condition that
v,(0,r) = 0, at the drillpipe wall r = r; yields the axial velocity profile:

10P, (* 1 r,? r,(r, — r,)
= = ——r|+ —=| d <r<
v2(6,1) 2 0z Jrl u,(6,r) [( r r r Fh=arsh 4.60

Similarly, integrating Equation 4.59 while applying the no-slip boundary condition
that v,(0,r) = 0, at the drillpipe wall r = r§ yields:

1P, (% 1 2 r,(r, — r,)
- Z -2 —— 271 d <r<rs .
v,(6,1) > 32 Jr 0.0 [(r . + . r r, <r<r§ 4.61

In the region rp <r<ry, Vz(e: I‘) = Vz(e: ra) = Vz(e: rb) = Vzmax(e)

The angular velocity profile may be derived from Equation 4.44 as follows

ow 1 C,
ar  u(6,r)r3

4.62
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Integrating the above equation and applying the boundary condition that the
angular velocity is maximum at the drillpipe wall, ® = wp.x @t r = r; we can arrive

at:

r dr
) ) Car 4.63
w(6,r) Wmax — Ce(6,1) Jr u,(0,r) r3

The volume flow rate for the generalised drilling fluid flow through the concentric
and eccentric annulus with or without drillpipe rotation annulus can be expressed
by integrating the velocity distribution over the entire annulus region while

applying the appropriate boundary conditions:

21 1§
Q= f f v,(8,1) r drd® 4.64
0 rq

Substituting the equations for the axial velocity profiles into Equation 4.63, the

equation for the volume flow rate becomes:

_1op, 2m r (rb ry)
f (r,2 — rZ)J ua(e 5 [( ) ]d 0
10P, [T -
f (ra2 — rp?) J ua(e ) [(—— ) —a(rbr ra)] drd®

4.65

10P, 2m | 2 r(r—r)]
2 2 b b\b a
r——)|+ —— | drd6
f ( b )er I*la(er I') [( r > r

The constant C,(6,r) can be determined by applying the no-slip boundary condition

that w = 0 at the outer wall of the annulus r = r§ , thereby arriving at:
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(*)max
Col,1) = ——m 4.66

e
rZ

r1 w,(6,r)r3

The following function can be used to determine the radial position r, = f(6,e) and
r, = f(0,e).

— e 1 raZ ra(rb - ra)
f(ra: rb) = Jrl m [(T - I') + f] dr

o1 rp? rp(r, — T,)
_er Ma (6, 1) [(r_T> * r ] dr

4.67

Due to the complexity of these fluid flow equations, there is currently no method
by which an analytical resolution or simplification can be derived towards the
solution of the fluid flow equations. Thus, these equations, must be solved
simultaneously using numerical integration and iterative methods. However,
special iterative methods should be applied in other to reduce the computational
cost of the solution. From the solution of these fluid flow equations, Figures 4.3
to 4.8 are presented to show the combined effect of drillpipe rotation and
eccentricity on the fluid velocities for a non-Newtonian drilling fluid flowing
through a concentric and eccentric annulus. The inner and outer pipe sizes used
for this case study are 40mm and 80mm respectively and the fluid rheological
parameters were selected from public domain to represent a Power law drilling
fluid. The parameters for the Power law fluid were 1t = 0,Pa, € = 0.096,Pas"” and
n = 0.75, while for the Herschel-Bulkley fluid a yield stress of 1t =0.5Pa was
included to the parameters in order to simulate the behaviour of the Herschel-
Bulkley drilling fluid. The drilling fluid flowrate for both fluid types was 6.696 m3/h,
the eccentricity value was e = 0.7 and the drillpipe rotary speeds were varied from
0 to 300 rpm.
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Figure 4.3: Axial velocity profiles for the Power law fluid flow in the concentric annulus
with drillpipe rotation

The axial velocity fields existing in the angular position 6 =0 and 6 =m are
determined in order to theoretically examine the combined effect of drillpipe rotary
speeds and eccentricity in the drilling annuli. For an eccentric annulus geometry,
the angular position 6 = 0 represents the largest region of the annuli while the
position 8 = m is the region with the smallest radial distance from the drillpipe wall
to the outer pipe.

The results obtained for the case of the concentric annulus e = 0 shows that when
the drilling fluid flowrate is held constant, an increase in the drillpipe rotary speed
has very little or no effect on the annuli axial velocity distribution and there is no
change in the axial velocity in the angular direction (Figure 4.3). For the Power
law fluid, the radial position r = r, = r, is the location where the local maximum
axial velocity exists across the angular direction of the annuli. For the eccentric
annulus e = 0.7 without the drillpipe rotation, the axial velocity at the angular
position 6 =0 significantly increases, while the axial velocity at the angular
position 6 = decreases to become a region of relatively very little fluid flow or

near stagnancy (Figure 4.4). At this region of low fluid flow in the eccentric
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annulus, the drill cuttings may tend to accumulate to form a stationary cuttings

bed.
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Figure 4.4:Axial velocity profiles for the Power law fluid flow in the eccentric annulus

with drillpipe rotation

Figures 4.5 and 4.6 show the effect of drillpipe rotation on the axial velocity

for the angular position 6 =0 and 6 = n respectively. When the flowrate is held
constant, an increase in the pipe rotary speed leads to a slight decrease in the
axial velocity in the angular position 6 = 0 and a significant increase in the axial
velocity in the angular position 6 =n. The axial velocity at the other angular
positions in the annuli also either increase or decrease with increase in drillpipe
rotation, depending on the radial distance from the drillpipe to the outer pipe and
the local apparent viscosity of the fluid. These results explain why the eccentric
annulus has been reported in literature to encourage the accumulation of drill
cuttings at the bottom of the annuli and why drillpipe rotation may significantly

improve the cutting transport or prevent the formation of a stationary bed.
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Figure 4.5:Effect of drillpipe rotation on the axial velocity at the largest region of the
eccentric annulus for the Power law fluid flow
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Figure 4.6:Effect of drillpipe rotation on the axial velocity at the smallest region of the
eccentric annulus for the Power law fluid flow
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Figure 4.7:Axial velocity profiles for the Herschel-Bulkley fluid flow in the eccentric

annulus with drillpipe rotation

Figures 4.7 shows the axial velocity for the Herschel-Bulkley fluid flow in the
eccentric annulus. Similarly, for the Power law fluid flow in the eccentric annulus,
the axial velocity in the largest region in the annulus largely increases while that
of the smallest region decreases to an almost no flow zone. It is obvious that the
reason for this is that the resistance of flow between the layers of the fluid are
greater in the smaller region than the enlarged region of the annuli, leading to a
disproportionate distribution of the velocity fields across the annulus. The increase
in the drillpipe rotary speed leads to an increase in the axial velocity of the fluid
at the region where there is relatively very little flow in the eccentric annulus for
the Herschel-Bulkley fluid. From Figures 4.6 and 4.8, it can be deduced that
drillpipe rotation can improve the fluid flow in the smallest region of the eccentric
annuli by over 50% for a Power law or Herschel-Bulkley non-Newtonian drilling
fluid. However, even though the drillpipe rotation may tend to improve the
cuttings transport efficiency, the effect of drillpipe rotation on the annuli pressure

gradient must be considered simultaneously in order to manage wellbore

pressures.
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Figure 4.8:Effect of drillpipe rotation on the axial velocity at the smallest region of the
eccentric annulus for the Herschel-Bulkley fluid flow.

4.3 Friction geometry parameter

The friction factor for fluid flow through annuli configurations has been calculated
using the friction geometry parameter obtained from the analytical solution of the
continuity equation and equations of motion for fully developed Newtonian steady
state axial fluid flow. For the eccentric annuli, analytical solutions using the bipolar
coordinate system has also been obtained for Newtonian axial fluid flow under
steady state assumptions.

These analytical solutions cannot be applied to obtain solutions for non-Newtonian
Concentric/Eccentric laminar fluid flows especially in a helical annulus. However,
a vigorous treatment of the helical flow fields is possible for any annulus
configuration and has been developed from the solution of the continuity equation

and the general momentum equations governing fluid flow.
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The fanning friction factor for a concentric/eccentric annulus with or without
rotation, considering the generalized non-Newtonian fluid flow can be expressed

as:

F

ReGen

The generalised Reynolds number Reg., for the drilling fluid annuli flow can be
obtained from Equations 4.38 and 4.39, the parameter F, in Equation 4.68
represents the annuli geometry parameter and the frictional pressure gradient for
single phase drilling fluid flow in a concentric/eccentric annulus, with or without

drillpipe rotation can then be calculated from:

dp _ 2fpv? 4.69
dL Dy,

From the solution of the governing equations for non-Newtonian fluid flow, the
friction geometry parameter for the concentric and eccentric annulus, with or
without drillpipe rotation, the annuli geometry parameter can be obtained from
the following equations

™ a1 r,2 ry(ry — ry)
S =f ry? — r? J [(i—r> + u] rdrd®
") (ra ) r, Ma@ D) [\ T r

T ry 1 2 —

+ f (ra? — rbz)J — [(ri - r) + M] rdrd6
0 r, Ma(BD) [\ T r

4.70

™ 51 2 r,(rp, — 1
+ f (r?2 — rbz)J <r—L> + M] rdrd®
0 r, HMa(6,1) r r
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Figure 4.9: Friction geometry parameter plot (n = 0.75)
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Figure 4.10:Friction geometry parameter plot (n = 0.55)

Figures 4.9 and 4.10 show that the friction geometry parameter for non-
Newtonian annuli fluid flow is significantly dependent on the flow behaviour index
and the flow rate of fluid. For the Herschel-Bulkley fluid, the friction geometry
parameter is not only dependent on just the flow behaviour index and fluid flow
rate but is also dependent on the yield stress of the fluid. This emphasises why
the friction geometry parameter developed for the Newtonian annuli fluid flow
cannot be applied to calculate the friction factor for non-Newtonian annuli fluid

flow.

Table 4.2:Input parameters for sample calculations

Input

Outer wall/casing diameter, m 0.08
Drillpipe diameter, m 0.04
Flow rate, m3/h 6.7

Fluid density kg/m3 800

Consistency index, pa.s” 0.096
Flow behaviour index 0.75
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The friction geometry parameter values obtained from the newly developed
analytical model was compared the that which was suggested by Caetano et al.
(1992) for the friction geometry parameter for laminar flow of Newtonian fluids in
annuli (Table 4.3). The results showed that values matched perfectly with an

absolute error of £0.

Table 4.3:Friction geometry parameter values for Newtonian fluid flow at different pipe
diameter ratios in the concentric annuli (e =0).

Pipe diameter ratio Friction geometry parameter (e = 0)
Caetano et al. (1992) New analytical model
0.1 22.3430 22.3430
0.2 23.0881 23.0881
0.3 23.4612 23.4612
0.4 23.6783 23.6783
0.5 23.8125 23.8125
0.6 23.8970 23.8970
0.7 23.9495 23.9495
0.8 23.9801 23.9801
0.9 23.9956 23.9956

Furthermore, sample calculations for the pressure gradient in annuli flows,
performed using the data given in Table 4.2 were compared to the pressure
gradient obtained using Haciislamoglu and Langlinais (1990) empirical corrleation
(Equation 2.28 and 2.29) which has been applied by various studies to calculate
the pressure gradient in an eccentric annulus. Haciislamoglu and Langlinais (1990)
claimed that their empirical correlation has an accuracy of £5% and is valid for
eccentricities from 0 to 0.95, pipe diameter ratios of 0.3 to 0.9 and flow behaviour
indices of 0.4 to 1.0. However, the comparison of the analytical model showed a
maximum deviation of about 7%. The Haciislamoglu and Langlinais (1990)
emprical corrleation was developed for Power law non-Newtonian annuli fluid flow
and cannot be applied for annuli flow of non-Newtonian fluids with other
rheological characteristics. However, the new model can be apllied to calculate the
frictional pressure gradient for the laminar flow of Power law, Bingham plastic and
Herschel-Bulkley drilling fluids in a concentric and eccentric annulus, with or

without drillpipe rotation.
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Figure 4.12 and 4.13 shows the trends of the friction geometry parameter for the
helical flow of non-Newtonian Power law fluid flow in the eccentric annuli. It can
be seen that the friction geometry parameter for non-Newtonian fluid flow
decreases with an increase with drillpipe rotary speed. However, for low annulus
pipe diameter ratios, the effect of the drillpipe rotation on the friction geometry
parameter is insignificant. This is mainly because the axial force is a lot more
dominant than the tangential force due to the large annular gap between the
drillpipe and the outer wall/casing. Thus, the fluid in the annuli is subjected to a
low tangential shear rate, resulting in a relatively lower effect on the axial pressure
gradient. For larger pipe diameter ratios, the tangential shear rate due to the
drillpipe rotation is higher as the annular gap between the drillpipe and the outer
wall/casing reduces. At very high annulus pipe diameter ratios, the effect of
drillpipe rotation on the friction geometry parameter becomes less significant.
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4.4 Friction factor for turbulent flow of hon-Newtonian fluids

There is no rigorous or exact method available for the prediction of the friction
factor for annuli or pipe flows under turbulent flowing conditions till date. However,
the friction factor for single phase turbulent flows can be predicted from the
application of three main methods: The empirical approach, semi-empirical
approach and the universal velocity distribution (Caetano, et al., 1992).

The semi-empirical approach involves the use of experimental data for turbulent
flow in combination with characteristics of laminar flow in the same noncircular
configuration. An example of this prediction category is the procedure of Gunn
and Darling (1963). An important conclusion by Gunn and Darling is that the
similarity existing between friction factors for circular and noncircular
configurations in the laminar region is also accompanied by a similarity in the
turbulent region. Using dimensional analysis, they showed that for turbulent flow
in noncircular sections, the following functional dependency for friction factor

exists.

F
f= Q)(Re,—c) 4.74

The term FF—C is the ratio of the friction geometry parameters for circular and
NC

noncircular conduits. The friction factor is inversely proportional to the ratio FF—C at
NC

low Reynolds number and independent of the ratio at high Reynolds number.

In this study, the Gunn and Darling (1963) method is applied to predict the friction
factor for Non-Newtonian turbulent flows through the annuli, by modifying the
method suggested by Caetano et al (1992) for Newtonian fluid flow through a
concentric and eccentric annulus. This method has been reported to be beneficial
for turbulent friction factor predictions due to its simplicity and good performance
(Brill & Mukherjee, 1999).

The non-Newtonian turbulent friction factor with or without drillpipe rotation for a
concentric and eccentric annulus may be predicted from the following equations

using the generalised Reynolds number Reg., for the drilling fluid annuli flow and
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the friction geometry parameter for laminar steady state flow through the annuli.

(f (;—i)A> = 4log (Re(;en [f@—i)A]OE) —04 4.75

A= 0_45e[—(ReGen—3000)/106] 4.76

4.5 Multiphase drilling hydraulics modelling

When two or more phases flow simultaneously in through annuli configurations,
the flow behaviour a lot more complex than that of the single-phase flow. The
phases separate and the shear stresses at the pipe wall are different for each
phase due to the differences in their densities and viscosities. For liquid and gas
flows, the expansion of the highly compressible gas phase with decreasing
pressure increases the in-situ volumetric flow rate of the gas. As a result, the
liquid and gas phases do not travel at the same velocity in the pipe. For upward
flow, the less dense and less viscous gas phase tends to flow faster than the liquid
phase, while for downward flows, the liquid phase flows faster than the gas phase.
This phenomenon, generally referred to as slippage, significantly influences the
pressure gradient in the annuli and has to be taken into account when performing
pressure gradient predictions. Different flow patterns can exist in the drilling
annulus as a result of the large pressure and temperature changes the fluids
encounter. The prevailing flow pattern has a significant influence on the pressure
and temperature gradients in the annuli as the buoyancy, turbulence and surface
tension forces vary significantly with fluid flow rates, wellbore sizes, inclination
angle, and fluid properties of the phases that make up the drilling fluid. Thus, the
ability to predict the flow pattern as a function of the drilling parameters is of
primary importance for wellbore pressure management. Many empirical
correlations have been developed to predict the flow pattern, slippage between

phases and the frictional pressure gradient for pipes and annuli configurations.
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However, these approaches often present major disadvantages due to the high
degree of empiricism applied towards the predicting of the fluid flow behaviour.
In this study, a mechanistic approach that relies on the fundamental mechanisms
that govern multiphase flow of fluids in annuli, has been applied to develop flow
pattern specific models that rely much less on empirical correlations. Mechanistic
models have been developed for the Dispersed bubble, bubble, stratified and slug
flow patterns as these flow patterns have been reported to be most likely
encountered in a drilling wellbore. Flow pattern prediction techniques used in this
study are similar to the methods presented by Caetano, et al., (1992) for annuli
flows. The drilling hydraulics models for each of the flow patterns have been
developed as detailed in the following sections by exploiting the fundamental
physics governing two-phase flow in a conduit.

Model development

The basis for virtually all computations involving fluid flow in annuli is the
conservation of mass, momentum and energy. Application of these principles
permits the prediction of pressure and temperature changes with respect to time
and space across an entire drilling wellbore. The conservation of mass in a control

volume can be expressed as:

dp  0pV

4.77
ot + oL 0

For a steady state flow, it is assumed that there is no accumulation and the mass
of fluid flowing into the system is equal to the mass of fluid flowing out. The
Equation 4.77 then becomes

%V _, 4.78
aL

From this expression it is evident that for a steady state flow, pv =constant.

The conservation of linear momentum for single phase flow through an annulus

can be expressed as:
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dpv ~dpV? 9P  tmDy 4.79

St T oL T oL A Pesind
Dh = dz - d1 4.80
fpV? 4.81

Combining the Equations 4.78 and 4.79 to eliminate the rate of accumulation of

linear momentum and assuming steady state flow yields:

oP dpV? Dy . 4.82
- — pgsin 6,

oL~ oL A

Equation 4.82 shows that the pressure gradient is made up three main
components namely: the frictional component, acceleration or kinetic component,
and the elevation component. For multiphase flow, the prediction of the pressure
gradient requires the analysis of each of these components as a function of the

prevailing flow pattern.

4.5.1 Pressure drop for dispersed bubble flow

The dispersed bubble flow pattern occurs at low to medium gas superficial gas
velocities with high superficial liquid velocities. The flow pattern is discontinuous
gas phase which is distributed as spherical discrete bubbles in a continuous liquid
phase. The discrete gas bubbles do not exhibit significant slippage through the
liquid phase. Thus, the dispersed bubble flow can be treated as a no-slip
homogeneous mixture flow as it is assumed that the liquid and gas flow at the
mixture velocity. The mixture properties of the drilling fluid may be determined

from the following relationships:

Vm = VSL + VSG 483
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A= — st 4.84

Pm = PLAL + pc(1— Ay) 4.85

Hm = WAL + pug(1— Ay) 4.86

The annuli pressure gradient for the dispersed bubble flow pattern, determined
based on the mixture properties of the drilling fluid can be expressed as:

oP  0pVy® TemDy - 4.87
oL oL A PmBSNTD
fnPm Vi 4.88
=
V.d
Rem _ Pm VmYh 4.89
m

The liquid viscosity y;, is set as the generalised non-Newtonian viscosity for the
drilling fluid pgen and the friction factor f,,, is determined by the method presented
in Section 4.3 and 4.4.

4.5.2 Pressure drop for bubble flow

The pressure gradient calculation for the Bubble flow pattern is similar to that of
the dispersed bubble flow pattern but slippage between the phases is taken into
account and the in-situ liquid holdup Hyis used instead of the no-slip holdup.

pp = pLHL + pc(1— Hy) 4.90

up = pHp + pe(1— Hy) 4.91
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4.5.3 Pressure drop for stratified flow

Stratified flow occurs when the simultaneous flow of liquid and gas in a pipe is
stable. The liquid height and pressure gradient can be obtained by assuming
equilibrium stratified flow is attained for a set of given flow conditions: the liquid
and gas flowrates, the annulus size and eccentricity, rpm, and the physical
properties of the phases. This is carried out by applying a momentum balance of
all the phases in a differential control volume. For a steady state stratified flow, it
is assumed that there is little or no acceleration so the rate of change of
momentum across the control volume is neglected.

The momentum balance for the liquid and gas phases in a drilling annulus can be

expressed as:

dP  TywSiw | TpSip TS 4.92
——+ + -2 in0, =0 :

oL " AL A, A, T Pu8sInGp

dP TGWSGW TGpSGp TiS' 4.93

1 .
- — 0,=0
L Ag Ag + Ag + pggsinb,

Substituting Equation 4.92 into Equation 4.93 thereby eliminating the pressure
gradient term, yields a combined momentum equation that is implicit for the

equilibrium liquid height in the annulus.

TLWSLW + TLpSLp _ TGWSGW _ TGpSGp _

TiSi (i‘*'i)"' (pL — PG)gsinb, =0 4.94
AL AL A Ag Pila, " Ag P

When the combined momentum equation has been satisfied, the pressure gradient
can then be obtained from the momentum equations of either the liquid or the

gas phase as both equations would yield the same result.
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4.5.4 Pressure drop for slug flow

Intermittent flow exists over a vast range of liquid and gas flowrates in horizontal,
vertical and inclined pipe configurations. It is the flow pattern found to be
dominant in upward inclined flows. The process of slug flow possesses a complex
hydrodynamic behaviour making liquid hold up, pressure drop and mass transfer
predictions difficult due to its unsteady nature. In order to perform accurate
hydraulic calculations for slug flow in a concentric/eccentric drilling annulus it is
important to understand the flow mechanism. As presented by Duckler and
Hubbard (1975) as gas and liquid flow at velocities under which slug velocities
take place, the liquid level decelerates leading to an increase in liquid level
approaching the top of the pipe. Eventually the liquid bridges the pipe temporarily
blocking the flow of the gas and forming a gas pocket and liquid slug zone. The
liquid is accelerated uniformly across its cross-section picking up the slow-moving
liquid film in its front and accelerating it to the slug velocity. At the same time the
liquid is shed from the back of the slug as the gas pocket pushes into it creating
the liquid film region. Assuming a steady state flow, the pickup rate is equal to
the shedding rate and since the slug is picking up liquid at the same rate that it is
shed, the length of the slug stabilizes.

The slug flow model development is based on the study presented by Taitel and
Barnea (1990) to predict pressure drop across a slug unit in a horizontal and
upward inclined pipe flow. The fundamentals have been adopted here and
modified to develop mechanistic models for the determination of the pressure

gradient for Intermittent flow in the concentric and eccentric annuli.
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Var Vor

Figure 4.14:Configuration of a fully developed in an inclined wellbore annulus

The liquid and gas flowrates in a control volume containing the liquid slug and
liquid-film/gas pocket region can be expressed respectively as:

Qn = VisAps + VirArs 4.95
Qc = VisAgs + VorAgr 4.96

The time taken for the slug unit, the liquid slug region and the liquid-film/gas
pocket region to cross a given point in the wellbore annulus can be expressed in

terms of the translational velocity:

L L L
U s ¢ Lf 4.97

Where the length of a fully developed slug unit is given by: L, = Lg + L;¢

148



From Equation 4.95 and 4.97 the liquid volume in the slug unit can be expressed

as.:

Quty = VisApsts + VieApstie 4.98
L Ly

QL — VisArs— — Vit =0 4.99

Considering that the liquid level is not constant throughout the length of the
liquid-film/gas pocket region

Lre

L V; [AH
s J LfL Lf e =0 4.100
u

The Liquid film velocity can be obtained from the mass balance due to the pickup

rate of the liquid film in the front of the slug as follows.

(Vr — VigHps = (Vr — VipHps 4.101
V- — V; . )H
Vi = Vo — (Vp _ 1s)Hps 4.102
Lf
L i (V- Vis)H AH
Qu — Vi AH =S — J (VT (Vg = Vg Ls) Lf oLye =0 4.103
Lu HLf Lu
V—-AH; .L V- ALLf
Al gLyf T 4.104
Qu = VighHys + = T [y oLy =0
Ly Ly
0
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The area and holdup of the liquid film is a function of the liquid height. Since the
liquid height varies along the length of the liquid-film/gas pocket region, the area
of the liquid film would correspondingly vary across the film length. The area of
the liquid film in a concentric and eccentric annulus can be obtained from

geometrical relationships.

dh

Figure 4.15:Annulus geometry schematic for rate of change of liquid area with height

Unlike pipe flow, the liquid height and holdup for annuli flows cannot be
determined with the conventional approach as there exist an inner pipe inside the
outer pipe. Again, the liquid height may be influenced by the eccentricity of the
inner drillpipe because for the same liquid area, the liquid height in a concentric
annulus may be different from that of the eccentric annulus, the effect being
dependent on the degree of eccentricity of the annuli geometry. To account for
this effect a new model is developed to determine the liquid height and liquid

holdup for a concentric and eccentric annulus.

From the schematic diagram (Figure 4.15), the area of the liquid film in a
concentric or eccentric annulus can be obtained by considering the gradient of the

area of the liquid film (area of the shaded portion) in the annulus. Using
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geometrical relationships and taking half of the annulus configuration, the rate of

change of the area of the liquid film is derived as:
1/2 2 a1/2

dAre  |(d* pdy N d,*  dy 4.105
a8~ (rana) (4 (o)

The geometric positions h, and h; in Figure 4.15 can be expressed respectively

as.:

d d, . 4.106
h, =?2+ 7251n0(2

d
h; = 72— de + %sinal 4.107

Since the positions h, and h; are both equal to the liquid film height,

h, = h; = hy; the following relationships can be derived

2h;;— d 2h;f— d, + 2d
sinay, = % sinoy = Lf dz z 4.108
2 1

From Equations 4.105 to 4.108, the expression for the area of the liquid in a

concentric or eccentric annulus can be expressed as:

hrf

y 2\ Y/
4.2 1 2\ 2 (492 /1 2
au=2 l(f - (E(Zth— d2)>> —(Zl —(5(2th— d; + 2de)>) ‘dhu 4109
0

1
de = E(dz - dl)e

Equation 4.109 is solved analytically to yield the following rigorous equations for

the area of the liquid film:
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2hy¢ — dz) R <2th —dy + 2de) 4.110

4 d

1 y
X2 = | (Zhys = dg)(heed, —heg® ) 2

+ (dy — 2d,
1 1 212 4.111
= 2hyg) [(d, = 2dedhys— hy® +75d,° - (E (d, - 2de)> ]
1
+Z1Td22
1 1 1 22 d, —2d 4.112
X3 = E(dz — 2d,) (Z(hz - <§ (d, - Zde)> ) + Zd12 Sin_1< 2 a. e) '

Summation of the of the Equations 4.110, 4.111 and 4.112 yields the area of the

liquid film in a concentric or eccentric annulus.

A= X1+ X2+ X3 4.113

Thus, the liquid holdup in the liquid-film/gas pocket region can then be calculated
from:

4(X1+ X2 +X3)

_ 4.114
n( d,® — dy 2)

Lf
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Figure 4.16:Change in the liquid film height with distance in the liquid film region

The steady state slug flow pattern differs significantly from the other flow patterns
as the fluids tend to accelerate creating a change in the liquid height of film with
length (Figure 4.16). This phenomenon clearly influences the axial pressure
gradient and must be accounted for in the governing equations used to describe

the slug flow behaviour.

The conservation of momentum equations for the liquid film and gas pocket in the

drilling annulus can be expressed as

opP Ovif | TuawSiew | TupSup TS ohy¢
0p 0 =0
30 ==+ pPLVLf oL ALs + AL ALl —+ pLgsinb, — pLgcos O, L 4.115
opP 0vgr  TorwSarw = TafpScfp  TiSi Ohy 4.116
0p — 0 =0 :
6 — + pPgVgr oL + Age + Age + — Ags + pggsin pggcos By aL
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The relative velocities to the translational velocity are used as the analysis is
carried out in the translational-velocity coordinate system assuming that the
interface between the liquid film and the gas is stationary. The relative velocities

of the liquid film and gas are given as:

vie = Vr — Ve 5 vgr = Vo — Vi 4,117

Using Equations 4.101 and 4.102, the relative velocity of the liquid film can be

expressed as:

(Vr — Vig)Hps 4.118

Similarly, from the mass balance of the gas phase in the liquid-film/gas pocket
region, the relative velocity of the gas may then be expressed as follows:

(Vr = Vgs)(1 — Hps) = (Vr — Vgp)(1 — Hyp) 4.119
Ve = (VT - VGS)(l - I—ILS) 4.120
o (1— Hyp)

The change in the relative velocities with length is a function of the hold-up of
the liquid film and can be expressed as:

ovis _ ovie x OH\ ¢ x ohy ¢ 4.121
oL OHys  Ohge oL

0vge  O0vgr xaHLf Xath
oL ~ 9Hys = ohy ~ 0L

4.122

ovis _ (Vr — Vig)Hpg 4,123
6HLf HLfZ
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0vr _ (Vr — Vgo)(1 — Hyy) 4.124
OHp¢ (1— Hpp?

Substituting Equation 4.116 into Equation 4.115 thereby eliminating the pressure
gradient term and applying Equation 4.121 through 4.124, the gradient of the
change in liquid height with wellbore length yields

ohy¢
oL
TwaSwa TprSpr _ TwaSwa _ TGfPSGfP _ i L _ i 4,125
_ _ A + Arf Agr Agr ©Si (ALf + AGf) + (pL— po)gsin by
(Vr — Vgs)(1 — Hyg) 0Hye (Vr — Vig)Hps OHpf _
PcVaf (1— Hy)? ohy PLVLf Hsz dhy ¢ + (pr. — pg)gcos 9p

Equation 4.125 has to be integrated numerically to yield the liquid film profile
h;¢(L), and also to determine the liquid holdup and liquid film velocity distributions.
The boundary condition for integrating the first-other differential equation is
hi¢(L=0) = hyp corresponding to vis(L=0)=V;—V;,. Before starting the
numerical integration, the boundary condition is obtained by first solving Equation
4.126 to obtain hyg,

Hpm( dy? — dy 2) — 4(X1+ X2 +X3) 4.126
n( d,® — dy 2)

fChyg) =

The numerical integration is performed while checking that Equation 4.104 is
satisfied. Once the mass balance is satisfied the integration is stopped yielding the

length of the liquid film in the liquid-film/gas pocket region.

The interfacial, outer wall and drillpipe shear stresses of the gas and liquid phases
are expressed in terms of the actual phase velocities rather than the relative
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velocities used in the momentum equations. This is because the translational

velocity coordinate system is nonaccelerating hence the force is invariant.

o Vel Vil 4,127
TLfw = fowT
_ P Varl Vol 4,128
TGfw = fowT
pc(Vor — VLo [Vgr — Vigl 4.129
Ti = fi )
fLep PLVLeI Vil 4.130
W= 5
farp PG Varl Vel 4,131
Tefp = 5

The friction factors in the equations above are determined using the hydraulic
diameters expressed as follows:

4A 4A g 4.132

dpfw = dgrw =
Swa Swa

4A 4A g 4.133
dpep = Sun deep = Son '

Due to the intermittent nature of slug flow, the local axial pressure drop is not

constant. Thus, it is practical to determine the average pressure drop and
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corresponding pressure gradient across a slug unit. The pressure drop across a
slug unit can be calculated by performing a global force and momentum balance
across a given slug unit in an annulus. The global pressure drop across a slug unit

can be expressed as:

Lpf
T, D Tpfw S + Ty, Si 60 + TepeS + Tee, S
AP, = p,gsin ep L, + s th + J LfwOLfw Lfp°Lfp GfwGfw Gfp2Gfp dL 4.134
A A

0

Pu= pLHLA + pc(1— Hpp) 4,135
fspsVim” 4.136
Tg =
2

ps = pLHLs + pg(1 — Hyg) 4.137

The first term in Equation 4.134 represents the gravitational component of the
pressure drop while the second and third represent the frictional pressure drop
component in the slug body region and the liquid-film/gas pocket region. The

pressure gradient is given as:

dP  —AP, 4.138

dL L,

The average liquid holdup H;, in a slug unit can generally be expressed as:

L Lis
Hpa = Hig —LS + Hy 4.139
u u

Since the liquid holdup in the film is not constant along the length of the liquid-
film/gas pocket region, the average liquid holdup should then be expressed as:

Lrf

L 1
Hpa = HLSL_S+ L_J Hpe OLys
u u

0

4.140
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Lif
j Hir OLir = HiaLe — Hiole 4.141
0

Substituting Equation 4.141 into Equation 4.104 and rearranging yields a
simplified equation for the average liquid holdup in a slug unit, thereby avoiding
the integral term.

VeAH L  VrA
s T (HyaLy — HigLe) =0 4.142
Ly Ly

Qr — VisAHps +

ViAHysLu | VeAHyLs ) 1

Hpp = — Vi AH, +
LA (QL LstHLs L, L, VoA 4.143

Vr 4.144

4.6 Geometric and Closure relationships

In order to obtain solutions from the developed hydraulic models, the
simultaneous calculations of the gas-liquid interface length and the wetted
perimeter of the gas and the liquid phases are required. These geometrical
parameters, as shown in the Figure 4.17 are mainly functions of the gas-liquid
input parameters, the wellbore annuli sizes and the degrees of eccentricity of the
drillpipe. Analytical equations have been developed in this study to compute the
gas-liquid interface length and the wetted perimeter of the gas and the liquid

phases directly form input parameters. These equations are presented as follows:
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hye

Figure 4.17:Schematic showing the annuli geometric parameters

The gas-liquid interface length §; :

Si= by = by 4.145
_ . (U2 (%1
Si = d,sin (7) — d; Sm(z) 4.146
d; — h d,—h
oy = 2 COS_l (Z—Lf) o = 2 COS_l (1—b) 4.147
dZ d1
hb = th— dX 4.148
=2 (M) 4.149
d, — 2h d, — 2(hye— dy
= o (S22 - o (2= 2
2 1
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Wetted perimeter of the gas phase on the drillpipe and wellbore wall/casing

respectively:

d; — 2(hye— d
Sgfp = mdy — dy cos'l( ! (hug X)> 4.151
dq
d, — 2h
Sgfw = mdy — dy cos™?! (Zd—]“f) 4.152
2

Wetted perimeter of the liquid phase on the drillpipe and wellbore wall/casing

respectively:

d, — 2h
Sir = d, Cos_l( 2= Lf) 4.153
2

dy — 2(hy — dx)) 4.154

St = dycos™? ( 4,

Translational velocity:

The slug flow model was developed by subjecting the annuli gas-liquid flow to the
translational velocity coordinate system in which for a steady state system, the
gas and the liquid phases were expressed as flowing backwards with respect to
the coordinate system. The translational velocity is the sum of the drift velocity of
a gas bubble, which is equivalent to the velocity of a Taylor bubble in a stagnant
liquid, plus the contribution of the mixture velocity in the preceding slug. The
equation for the translational velocity of may be written as:

160



The drift velocity for vertical flow Vp,, based on potential flow analysis and the

studies of Davies and Taylor (1950) and Dumitrescu (1943) was expressed as:

Vpy = 0.345[ g D]*° 4.156

Several studies reported that drift velocity also occurs for horizontal flows due to
the difference in hydrostatic head between the liquid film and the nose of the
Taylor bubble. Based on the analysis of Benjamin (1968), the drift velocity for

horizontal flows may be expressed as:

Vpu = 0.54[ g D]°° 4.157

Bendiksen (1984) observed that the drift velocity for horizontal flows was larger
than that of the vertical. He reported that as the inclination angle decreased from
the vertical, the drift velocity increased until a maximum value was attained at
about the 30° inclination angle from the horizontal. Further decrease in the
inclination angle resulted in a drop of the drift velocity. They proposed a
correlation for the drift velocity as a function of the inclination angle, by summing

up a component of the drift velocity for horizontal and vertical flows to yield:

Vp = Vpucosb, + Vp,sinb,, 0" < Bp < 90° 4.158

Based on the study of Sadatomi et al. (1982), Caetano et al. (1992) recommended
that the equi-periphery diameter Dg, should be used as the characteristic
dimension of the annuli instead of the hydraulic diameter. The equi-periphery
diameter of the drilling annuli is the sum of the drillpipe diameter and the

wellbore/casing diameter:
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DEp = d1 + d2 4.159

From Equations 4.155 to 4.159, the final form of the translational velocity may be

expressed as:

Vr = 1.2V, + 0.54 /g Dgp cos 8, + 0.345 /g Dgp sin @), 4.160

The gas velocity in the slug body V;; may be obtained from the following equation

4.161

Vgs = 1.2V, + 1.53

.25

(b —pa) 80" o5

7 Hps sin 6,
L

4.7 Chapter summary

The review of previous studies showed the several studies have provided
conflicting views on the effect of the inner pipe rotation on the pressure drop in
the concentric or eccentric annuli for both single-phase and two-phase flow. While
some studies have reported that the increase in drillpipe rotation decreases the
pressure losses, other studies have reported an increase in pressure losses or
either an increase or a decrease in pressure losses for annuli flows. While the
friction geometry parameter developed for flow of Newtonian fluids through the
annuli has been applied by some studies in the past to perform frictional pressure
gradient calculations for non-Newtonian fluid flows through the annuli, This
chapter revealed that unlike the Newtonian annuli flow, the friction geometry
parameter for non-Newtonian annuli flows are dependent on the combined effect
of the rheological properties of the fluid, inner pipe rotary speed and the
eccentricity of the inner pipe. To account for these issues, the following analytical
equations were developed and presented for the evaluation of annuli fluid
dynamics and pressure losses in the concentric or eccentric annuli with and

without inner pipe rotation:
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1. Generalised Reynolds humber and effective viscosity equations valid for annuli
flow of both Newtonian and non-Newtonian (Power law, Bingham plastic and
Yield power law) fluids were derived from fundamental principles and

presented (Section 4.1)

2. New friction geometry parameter equations valid for both Newtonian and non-
Newtonian flows were analytically developed (Equation 4.68 to 4.73).
Analytical velocity and shear stress profile equations were derived (Section
4.2.2) and laminar and turbulent friction factor equations that take in account
the combined effect of the fluid rheology, fluid circulation rate, pipe eccentricity
and inner pipe rotary speed were presented (Equation 4.75 and 4.76). The
output of these equations was compared favourably to that suggested by
Caetano et al. (1992) for Newtonian fluids (Table 4.3) and Haciislamoglu and
Langlinais (1990) (Figure 4.11)

Furthermore, for two-phase gas-liquid fluids, in addition to combined effect of
the aforementioned parameters, it is required that the gas-liquid fluid flow
pattern is taken into account in order to accurately predict the pressure losses
experienced by both Newtonian and non-Newtonian annuli flows. Section 4.5
presents details of the development of different flow pattern dependent models
valid for the Dispersed bubble, bubble, stratified and slug flow patterns. New
equations to determine the liquid height and area, which is valid for any level
of pipe eccentricity was developed by applying a novel concept (Equation 4.110
to 4.114). In addition, flow pattern dependent geometric relationships
necessary for the prediction of the pressure loss in the concentric and eccentric

annuli were also derived and presented in section 4.6.
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Chapter 5

Cuttings transport modelling

A successful drilling operation requires that the drilled cuttings being generated
are effectively transported with the aid of the drilling fluid, through the annulus of
the wellbore to the surface. Inefficient hole cleaning during drilling may cause
several problems such as increased torque and drag, stuck pipe, high hydraulic
requirements, poor wellbore pressure management, lost circulation or complete
loss of wellbore. Literature in chapter two shows that hole cleaning is dependent
on a number of important parameters that govern the cutting transport dynamics
in a wellbore and these parameters have been selectively investigated by several
researchers with the aim of developing fundamental theories that could be used
to explain the cuttings transport phenomenon. Empirical and mechanistic cutting
transport models have been developed using the concept of the critical velocity
required to ensure that cuttings are mobile in the annuli or with the concept of
the multi-layered model with an assumption that cuttings are transported in
several distinctive layers with each layer having a different cutting transport
mechanism. However, multiphase flow characteristics have been ignored when
applying these concepts in the modelling or flow dynamics predictions for
multiphase drilling fluids. During underbalanced drilling operations, the drilling
fluid is a multiphase fluid composed of a liquid and a gas phase either due to the
intentional introduction of the gas from the surface or the influx of gas or other
fluids from the subsurface formations into the wellbore. Multiphase drilling fluid
flow in annuli is accompanied by transient flow patterns that significantly influence
the hole cleaning efficiency of the drilling program. The mass, momentum and
energy transfer between the phases in the multiphase flow are different to that of
the single-phase flow and the forces acting on the cuttings in the wellbore are
reliant on the prevailing flow pattern in the annuli. While some flow patterns are
favourable for cuttings transport the others are known to have a higher tendency
to affect the cuttings transport dynamics and encourage the settling of the cuttings
to form a stationary bed at the low side of the annuli. Thus, it is important to take
into consideration the flow pattern along with the other relevant drilling
parameters when performing cutting transport modelling for multiphase drilling

fluid annuli flow. In this chapter, the concept of the minimum transport velocity
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has been used to develop models that can be used to predict the minimum annuli
velocity required to ensure that the cuttings in the wellbore are mobile and
entrained in the flow. Furthermore, a flow pattern dependent multi-layered
modelling approach has be applied to develop mechanistic models using the
principles of conservation of mass and linear momentum to determine the axial

pressure gradient in a drilling wellbore.

5.1 Concept of minimum transport velocity

When the flowrate in the annuli is below the minimum threshold required to
transport the cuttings out of the wellbore, the cuttings would fall to the low side
of the annuli and form a stationary bed. This gives rise to the concept of the
minimum transport velocity MTV, which can be referred to as the critical velocity
that must exist in the annuli in order to prevent the formation of a stationary bed
and ensure that the cuttings are transported effectively. The idea behind this
concept is based on the modelling of the critical annuli velocity as a function of
the major drilling parameters that have either been proven from field reports or
from experimental studies to have a significant influence on the cutting transport
efficiency during drilling activities. However, the fundamental knowledge of the
transport mechanism of fluid-solids mixtures in horizontal, vertical and inclined
pipes or annuli has to be considerably understood and applied towards the
establishment of the critical annuli velocity. There are a number of patterns that
can be formed in a conduit when transporting fluid-solids mixtures. These cutting
transport patterns have been generally classified as suspension, moving bed and
stationary bed patterns in other to simplify the solution to the problem. The
pressure gradient experienced by the flow in the annuli is also highly dependent
on the mechanism on which the cuttings entrained in the drilling fluids are being
transported. Thus, the concept of the minimum transport velocity is not only
required to ensure the cuttings are being transported effectively but is very useful
to determine the annuli pressure gradient, which is an important factor for
wellbore pressure management. The lower the MTV, the higher the tendency to
achieve an annular velocity that would effectively clean the wellbore during

drilling. The knowledge of the MTV is beneficial in the aspect of designing the

165



operational conditions used in the drilling hydraulics programme in order to

optimise cost and efficiency.

5.1.1 Initiation of cutting movement

There are various forces that act on a cutting in the wellbore annuli. These forces
are a function of the annuli velocity and properties of the drilling fluid in which the
cuttings are entrained. These forces are responsible for the movement or settling
of the cuttings and govern the mechanism by which the cuttings are being
transported in the annulus. At a relatively low fluid flowrate, the annuli velocity is
insufficient relative to the cuttings velocity to keep the cuttings hence the cuttings
will settle towards the bottom of the annulus to form a stationary bed, thereby
reducing the cross-section area of the flow and increasing the annuli fluid velocity
in available flowing region.

This process takes place until an equilibrium point is reached at which the fluid
velocity is high enough to maintain the remaining cuttings in suspension and the
increase in the height of the stationary bed existing at the bottom side of the
annuli stops. If the drilling fluid flowrate is gradually increased, the height of the
stationary bed will be gradually reduced as more cuttings would be lifted into
suspension region and a moving bed region may be formed, where a certain
concentration of the cutting slides along the top of the stationary bed. However,
there exists a vertical concentration gradient across the annuli space where most
of the cuttings tend to move in the lower half of suspension region. A sufficient
and further increase in the fluid velocity would lead to the movement of the
stationary bed at the bottom of the annuli and a cuttings suspension region above
the moving bed region. Eventually, when the annuli velocity is sufficiently high,
the moving bed will disappear, and all the cuttings will be transported in
suspension. The forces responsible for the transition between the cutting transport

mechanisms are the drag lift, buoyancy, frictional and gravitational forces.

The lift force is the force that tends to lift the cuttings into suspension in the annuli
while the drag force which is due to the viscous drag of the fluid acting on the

surface of the cutting, tends to move the cuttings in the direction of the flow.
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Wellbore wall

Figure 5.1:Forces acting on cutting particles in an inclined wellbore annulus

The lift and drag force can be expressed respectively as:

2
PeV 5.1
FL = Cep, Acr Tp
2
PeV 5.2
Fp = Cep Ace ——

where A, is the projected area of the particle in the direction normal to the flow,
Ac. is the projected area of the upper exposed portion of the particle, C., is the
cutting lift coefficient, C.p is the drag coefficient of the cutting and v, represents

the velocity of the fluid in the location of the cutting.

The frictional and gravitational force acts against the movement of the cuttings
and has to be overcome before the cuttings can be transported. The frictional and

gravitational force may be expressed as:
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Fe = f5 Fg 5.3

Fg =V (pc_ pf)g 5.4

fs is the friction coefficient between the cuttings and the annular wall under the

wet condition and V. represents the volume of the cutting.

In a horizontal or inclined wellbore, the cuttings may roll or slide along the bottom
wall of the annuli so the total resistance force acting on the cuttings is the sum of
the gravitational force and the frictional force between the cuttings and the
wellbore wall. The total resistant force to the cuttings movement in the annuli be

obtained as follows:

Fe=fs Fgsinf 5.5
Fg =V (pc_ pf)gCOSB 5.6
FR =Vc (pc_ pf)g[COSB-l_ fsSinB] 5.7

Under the action of the drag force of the drilling fluid, the cuttings may be
transported in the direction of the flow as a moving bed by rolling or sliding along
the surface of the annular wall. For this action to occur, the drag force has to be
greater than or equal to the total resistance force acting against the cutting. This

condition may be expressed as:

2
prp .
“E > Ve (pe — pp) glcos B + fysinf]

5.8
CcD Ace
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Similarly, the cuttings would be transported in the suspension pattern if the lift
force is strong enough to overcome the gravitational force acting against the

cutting:

2

prp 5.9

CcL AcL 2

= Vc (pc - pf) gSinB

5.1.2 Factors affecting cutting transport

From the force balance analysis on a cutting in the wellbore annuli, it can be
deduced that if the annuli fluid velocity is below the minimum transport velocity
MTV required to keep the cuttings suspended, the cuttings would fall towards the
bottom of the annuli wall. However, the cuttings would be transported as a moving
bed if the drilling fluid velocity is less than the minimum transport velocity required
to suspend the cuttings but greater than the minimum transport velocity that is
needed to roll or slide the cuttings along the bottom of the wellbore. If the drilling
fluid velocity is below the minimum transport velocity MTV required to transport
the cuttings as a moving bed, the cutting would form a stationary bed at the
bottom of the wellbore annuli.

Based on these assumptions and the force balance analysis, the critical condition
for initiating the cuttings suspension or rolling movement may be obtained by
defining the minimum transport velocity MTV as a function of the major
parameters that govern cutting transport. The minimum transport velocity for
rolling and suspension can be defined respectively by the following functions:

VMR = f(pf: Pc, dC' dX' Hf, 'g(Pc - pf) [fSSinB + COSB] ) 5.10
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Vus = f(pf, Per des A 1, 8(Pe — pe)sing) 5.11

Based on this concept, minimum transport velocity models for transporting drilled
cuttings in suspension and rolling/sliding at the low side of the wellbore annulus
were developed from dimensional analysis using the Buckingham pi theorem. The
developed models for the minimum transport velocity MTV are given in the final

form as:
Rolling:
. B
Voo — o M [de’prg(pe — pplcos B+ fsSInB]] [%]C 5.12
MR dcpf ufz dc
Suspension:
. F
Voo g M [dprg (e — pf)smB] [Q]G 5.13
MS dcpf Hfz dc

For a fully eccentric annulus, the distance between the drillpipe and the borehole
wall is zero so the above MTV equations cannot be used to predict the minimum
velocity as there is no fluid located in the lowest region of the annulus. A
parameter A, which represents 1% of the wellbore area from the bottom of the
wellbore is suggested in this study for determining the minimum transport velocity
in the fully eccentric annulus. However, the average velocity in the area A, would
have to be computed from CFD numerical simulations or obtained from
experimental investigation. The models for the minimum transport velocity MTV

for rolling and suspension for the fully eccentric annuli are:

Rolling:
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. B
e [d P peg (pe — plcosB+ fisinBl]  [A. |7 5.14
VMR_ Bl d F
C

cPf He?

Suspension:

. E E
Voo g M [dprg(pe — posinB] [ Ae | 5.15
MS — 1d d2
C

cPf He?

where B, B,, B3, Eq, E, and E; are the coefficients which should be evaluated based

on numerical or experimental data.

The fluid properties used for the minimum transport velocity predictions are those
which are existing at the bottom of the wellbore annuli where the cuttings are
most likely to settle and form a stationary bed. The fluid density p; and viscosity
ue in the MTV equations are the dependent on the multiphase flow pattern in the
annuli. This is more reason why the flow pattern is important in cutting transport
optimisation as the fluids located in the lowest region in the annuli is a function of

the prevailing flow pattern.

5.2Multi-layered model development

The pressure gradient in the wellbore annuli flowing with a multiphase drilling fluid
is significantly dependent on the gas-liquid flow pattern and the cuttings transport
mechanism. A stationary bed is formed in the annuli when the drilling fluid velocity
is below the minimum transport velocity to keep the cuttings in the moving bed
regime. The stationary bed height increases, thereby increasing the annuli fluid
velocity until the point is reached where the oncoming cuttings have enough forces

to keep them in suspension or in motion as a moving bed. This reduction in area
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and the vertical concentration gradient of the cuttings have an impact on the
hydraulics of the system. There are three layers that could be formed in the
annulus during the drilling operation (Figure 5.2): a suspension layer where the
cuttings are transported in suspension, a moving bed layer where the cuttings are
moving as a bed either on the bottom pipe wall or on top of the stationary bed,
and a stationary bed layer. One, two or three of these layers can occur
simultaneously in the wellbore annuli depending on the flowing or operating

conditions.

Suspension layer

Moving-bed layer

Stationary bed layer

Figure 5.2:Configuration of the three-layered cutting transport mechanism in wellbore annuli

The area of the flow can be obtained from the following relationships:

Q = Afow Vs 5.16

Q
Ao = & 5.17
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Vi = max(Van,VMR ) 5.18

n( d,® — dy ?) 5.19
4

Ay = Ap + Apow =

The area of the stationary cutting bed in a concentric or eccentric annulus can be

expressed as:

h

y:

dA

- = J [(I‘ZZ — (rysina,)?) 2 — (1,2 — (ry sinal)z)l/z]dy 5.20
y=0

The approach for the formulation of the stationary bed equation is similar to the
method derived in chapter 4. Equations 4.110 to 4.113 can be used to calculate
the area of the stationary bed by substituting the bed height. The bed height in a

concentric or eccentric annulus can be obtained from the following function:

f(h) _ A J_ <d_22 ) (%sin(Zh_%))Z)ﬂz
B 5.21

2 o\ 1/2
dz dz . 2h - d2 + e(dz - dl) dh
2 > sin 4

In this mathematical model development, the multiphase gas-liquid flow pattern

is taken into consideration with the cuttings transport mechanism, making this a
major improvement from the previously developed multi-layered models. The
mass, momentum and energy conservations for multiphase flowing fluids in
conduits are flow pattern dependent; therefore, the model development using the
governing conservation equations needs to be flow pattern specific. The model
development is based on the assumption that the drilling activity is carried out at
operating conditions where the suspension, moving bed and stationary bed layers

are formed simultaneously in the annulus.
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5.2.1 Dispersed bubble flow
Assuming that the flow is steady-state and there is no slip between the cuttings
and fluid phase. The continuity equation for the cuttings and the fluid phase in a

given control volume may be written as:

Cuttings phase:

a(F’pC1A1V1) a(ppCZAZVZ) a(PpC3A3V3)
+ +

=0 5.22
oL oL oL

Drilling fluid phase:

d(pe(1 — CALVY) n d(pe(1 — Cx)A,V5) n d(pe(1 — C3)A3V3)

oL oL oL =0 5.23

Integrating the continuity equations across the control volume, and
acknowledging that the stationary bed is not moving V; = 0, the mass balance of

the cuttings and the fluid phase can then be expressed as:

Cuttings phase:

pp C1A1V1 + ppC2A2V2 = ppCpAVm 5.24

Drilling fluid phase:

pm (1= CDAVi + pm (1= C)AV, = pp (1= Cp)AVp, 5.25
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Figure 5.3:Schematic diagram of the three-layer model for dispersed bubble flow

The momentum equations can be obtained from considering the sum of the forces
acting on each of the layers (Figure 5.3):

Suspension layer:

dpP r1W81W Tlpslp T12812 5.26
- + - + ind, =0 '
oL A, A, A, | PiBSITp
Moving bed layer:
dP Ty Saw TZpSZp T12512  T23523 5.27
- + + + + in®, =0 '
oL " T A, A, A, A, P28 SN Tp
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The mixture density for each of the layers are given as:

p1= pm(1—Cy )+ ppcl 5.28

P2 = pm(1— Cy) + +ppC2 5.29

where p,,, defined by the Equation 4.85, is the gas-liquid mixture density.

The wetted perimeters required for the solution of these equations are dependent
on the height of the stationary bed h,, and the height of the suspension-moving
bed interface h,. The functions for the wetted perimeters derived solely from

wellbore geometry and trigonometry are given as:

d, — 2h d, — 2(h,—d
Si2 = d; sin [005‘1 (g)] — d; sin [cos‘l( = (hy x) )] 5.30
d2 d1
d, — 2h d, — 2(h,—d
S,3 = dj sin [cos‘1 (Z—b)] — d; sin [cos‘i( E (hy x) )] 5.31
dZ d1

d;— 2(h,—d
Sip = md; — dy cos‘l( ! (hy X)> 5.32
dy
d, — 2h
Siw = md, — d, cos™? (#) 5.33
d;
d, — 2h
Ssw = dycos™?t (zd—b) 5.34
2
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d; — 2(hy,— d
S3p = dg cos‘l( L (hy, X)) 5.35

Sow = mdy — Sy — S3zw 5.36
Szp == T[d1 - Slp - S3p 5.37

The cross-sectional area of each of the layers can be computed using Equations
4.110 to 4.113 as a function of the interfacial heights h, and hy,:

A1 = Aa - (Xl(hZ) + Xz(hz) + X3(h2)) 5-38
Ap = Xi(hp) + Xa(hp) + X3(hy) 5.39
A2 = Aa - Al - Ab 5.40

In order to obtain a solution, Equations 5.24 to 5.40 would have to be solved

simultaneously using an iterative technique.

5.2.2 Stratified flow

The vertical cuttings concentration in stratified flow pattern is different to that
which is experienced by the dispersed bubble flow pattern. When the stratified
gas-liquid flow is formed in the wellbore annuli, the cuttings would fall to the liquid
phase flowing below the gas phase due to density differences. This leads to the
formation of 4 distinctive layers in the annuli where the suspension and moving

bed layers are embedded in the liquid phase alone (Figure 5.4). The layer one
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only contains all of the gas phase, hence the velocity of the layer 1 can be

expressed as a function of the input gas flowrate into the wellbore from:

v, = & 5.41

Since there are no cuttings traveling in the gas phase in layer 1, the material
balance for the cuttings and the liquid phase in the layer 2 and 3 may be expressed
as:

Cuttings phase:
pc C2A2V; + pcC3A3Vz = pcCcQy 5.42
Drilling fluid phase:

pL (1 — C)AV + pp (1— C3)A3V; = pL (1 - C)QL 5.43
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Figure 5.4:Schematic diagram of the four-layer model for stratified (gas, liquid and
cuttings) flow

The momentum equations obtained from considering the sum of the forces acting

on each of the layers may be expressed as:

Layer 1: Gas phase

dP Ty Siw | T1pSip  T12S12 5.44
- -~ + in6, =0 :
AL A A A, | PBSIEp
Layer 2: Suspension layer (Liquid phase)
dP T1,,S Ty5S Tq5S T,3S
_ar 2wO2w 2p°2p 4 fiz212  Tasozz ngsinep —0 5.45

oL A, A, A, A,

Layer 3: Moving bed layer (Liquid phase)
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dP T34 S3w T3pS3p T23523 T34534 5.46
- + in6, =0 .
oL " T A, A, A, A, P& SN Bp

The density of the layer 1 is the density of the gas phase as only the gas phase is

flowing in this layer. Thus, the in-situ density for each of the layers are given as:

P1 = Pg 5.47
p2 = pL(1— Cz )+ ppCy 5.48
p3 = pL(1— C3) + ppCs 5.49

The wetted perimeters required for the solution of the stratified flow momentum
equations are not only dependent on the height of the stationary bed h;, and the
height of the suspension-moving bed interface h,, but is also dependent on the
height of the gas-liquid interface h,. The functions required to compute the wetted

perimeters derived from the wellbore geometry can be expressed as:

d, — 2h d, — 2(h,—d
Si12 = dysin [COS_l (gﬂ — d; sin [cos‘l( 1 (h, x) )] 5.50
d2 d1
d, — 2h d, — 2(h; — d
S,3 = dj sin [cos‘1 (#)] — d; sin [cos‘l( = (hy x) )] 5.51
d2 d1
d, — 2h d, — 2(h,—d
S34 = d; sin [cos‘1 (Z—b)] — d; sin [cos‘i( L (hy x) )] 5.52
dZ d1
d, — 2(h,—d
S1p = Ty — dy cos™ (2 (dz X)) 5.53
1
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d 2h
Siw = md, — d, cos™? ( 2 2) 5.54
d;
d, — 2h
Ssw = dpcos™! (—2 1) — Suw 5.55
d;
d, — 2h
Saw = dpcos™?! (—2 b) 5.56
d;
d;— 2(h;—-d
S3p = dg cos‘1< 1 (hy X))— Sap 5.57
d,
d;— 2(h, — d
Sep = dy cos‘1< L (hy X)> 5.58
dy
Sow = Tdy — S1w — Szw — Saw 5.59
Szp = T[d1 - Slp - S3p - S4p 5-60

The cross-sectional area of each of the layers can be computed using a similar
approach to that which was used in the dispersed bubble flow pattern. The

functions required for determining the area of the layers may be expressed as:

Ay = Ay — (Xi(hy) + Xz(hy) + X3(hy)) 5.61
Ap = Xy(hp) + Xz(hp) + X3(hy) 5.62
Az = (X1(h1) + Xy(hy) + X3(h1)) — Ap 5.63
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A2=Aa_A1_A3_Ab 5.64

The wall and interfacial shear stresses in the mathematical models can be

determined respectively from the following equations:

_ fipVi? 5.65

Ty 2

_ fie(vi—v)° 5.66

Ti]' 5

where subscripts i and j indicate the position of the layers in the annulus.

5.2.3 Slug flow

The cutting transport modelling for the slug flow pattern is relatively more complex
than that of the other flow patterns. This is because there is not only the formation
of several vertical layers due to the disparities in the cutting transport mechanism,
but also two separate regions in the axial direction, where the phase configuration
and the fluid shearing forces differ significantly. As explained in detail in Chapter
4, a fully developed slug unit is composed of the axial movement of a slug body
accompanied by a liquid-film/gas pocket region. In the slug unit, if the drilling fluid
annuli velocity in the slug body is below the minimum transport velocity required
to keep the cuttings mobile, this would lead to the formation of a stationary
cuttings bed and the flow of the oncoming liquid-film/gas pocket region over the
stationary bed. The process of slug flow on its own in a conduit possesses a
complex hydrodynamic behaviour making predictions difficult due to its unsteady
nature and the fluid forces or conservation of momentum in the slug body differs
to that which exists in the liquid-film/gas pocket region. The fluid configuration of
a fully developed slug flow containing cuttings with formation of the different

cutting transport mechanisms can be observed from the Figure 5.5.
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Suspension Vp

Stationary bed

Moving bed

Suspension in liquid film

Figure 5.5:A fully developed slug flow with different cutting transport mechanisms in an
inclined wellbore annulus

The material balance of the cutting gas and fluid phase in the entire fully

developed slug unit may be expressed as:

Cuttings phase:

Lpf
5.67
pc C1AViLs + pcCrA VoL + chLfAflowJ Ve Hie 0L = pcCcAaVimLy
0
Drilling fluid phase:
ps (1 — CAVILg + ps (1 — Cu)A VoL +
Lpf Lpf
5.68
pr. (1 — Cpp) Anow | VirHir OLis + pg Afiow | Vor (1 — Hpg) OLyg
0 0

= Pm (1 - Cc)AanLu
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Slug body region:

The mass and momentum balance equations in the slug body region of the fully
developed slug unit are similar to that of the dispersed bubble flow. In the slug
body region, the cuttings can be both or either in suspension or mobile as a moving
bed. The momentum equations for the suspension and moving-bed layer may be

expressed as:

Suspension layer:

dpP leslw Tlpslp T12512 5.69
JR— — 1 e — 0 .
6L>S + A + A, A, + p18sin0O,
Moving bed layer:
dp TowSaw T2p32p T12512  T23523
= inf. =0 5.70
6L>5 TR, TTa A, TTa, TOPBSO
The mixture density for each of the layers are given as:
p1 = ps(1— Cy) + ppCy 5.71
p2 = ps(1— C1) + +ppC; 5.72

The parameters and procedures for the solution of the equations here are the
same as that required for the dispersed bubble flow pattern. However, the fluid
density in the slug body ps is obtained as a function of the liquid hold up in the
slug body H;s and not the input or no-slip liquid hold.

ps = pLHLs + pg(1 — Hyg) 5.73
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Liquid-film/gas pocket region:

The faster flowing slug body moving behind the slower liquid film overruns and
picks up the liquid in the liquid film and accelerates it to the slug velocity. The
acceleration of the liquid film is accompanied with a change in the height of the
liquid film, the liquid hold-up, the velocity of the liquid film and the interfacial and
wall shear stresses in the axial direction of the flow. The cuttings flowing in the
liquid-film/gas pocket region are only located in the liquid film due to density
differences, so the cuttings benefit from the acceleration of the liquid film, keeping
them in suspension. Figure 5.6 shows the geometric configuration of the liquid
film/gas pocket region which contains the gas layer on top, a liquid region with

cuttings suspension and stationary bed.

S

Figure 5.6:Schematic diagram of the mathematical model for liquid film/gas pocket region

The liquid film hydrodynamics analysis in the translational velocity co-ordinate
system permits the respective expression of the conservation of momentum

equations for the gas pocket and the liquid film in the drilling annulus as:
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Layer 1: Gas pocket

opP 0ver  TiwSiw n T1p51p n T12512 . dh ong 5.74

9 - 0 =0
6 —+ pPgVgr oL + Ags Agr Age + pggsin pggcos By OL

Layer 2: Liquid film and drilled cuttings

opP ov TywS TopS 1.,S ToaS

o7 t PLicVis . 2wo2w , _2p2p 12712, 23723

a OL ALf ALf ALf ALf
5.75

. ohyg
+ PLecgSinB, — precgcosB, — = =0
The relative velocities of the liquid film and gas are given as:

v = Vr — Vir and vge = Vp — Ve 5.76

pLre, 1S the mixture density of the liquid and the cuttings in the liquid film, given

as:

pric = PL(1 — Cre) + pcCrs 5.77

Substituting Equation 5.74 into Equation 5.75 to eliminate the pressure gradient
term and applying similar methods detailed in Chapter 4 for a fully developed slug
flow, yields an ordinary differential equation for the change in the liquid film height

in the axial direction.
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ohys

JL
TowSaw TZI)SZD _ TiwSiw T1135110 T23523 1 1 _ :
_ _Auis Arf Agr Ags Arf 12512 (ALf + AGf) + (pie = pa)gsin by
(Vr = V)@ — Hpg) 0Hys (Vr — Vig)Hps OHp¢
PGVat (1— H.p)? ohy; PLECVLE H, 2 o, + (Prfc — PG)gCos B,
d 2 1 2 1/2 d 2 1 2 1/2
<TZ - (7(2hb— dz)) ) —<Tl - (7 (Zh, — dz + 2de)> ) 5.79
OHir _
ohy¢ Aflow

Equation 5.78 has to be integrated numerically and iteratively following the
procedures explained in Section 4.5.4 for slug flow to yield the length of the liquid
film with the solution for the simultaneous flow of cuttings and gas-liquid fluids
flow with a slug flow pattern. Before starting the numerical integration, the
boundary condition is obtained by first solving the Equation 5.80 to obtain h;x,,

where hi¢(L = 0) = hy¢ corresponds to vi¢(L = 0) = Vp — V¢

X1(hpe) + X2(hpe) + X3(hpe) — Ap 5.80
Aﬂow

f(tho) = Hys —

Once the mass balance is satisfied the integration (Equation 4.104) is stopped
yielding the length of the liquid film in the liquid-film/gas pocket region L;. The
total annuli pressure drop experienced by the flow can be obtained from the global
force and momentum balance across the entire slug unit. The global pressure drop
across a slug unit can is written as the summation of the pressure drop in the slug

body region and the pressure drop in the liquid film region. The average density

187

5.78



of the fluids in the liquid-film/gas pocket region can be determined from the
flowing equation:

Lpf Lpf
PLf Pac
LCJ Hpf OLps + L_fj (1 — Hye) 0Ly
0 0

= 5.81
PLfAa Lis

The total annuli pressure drop across a slug unit can be obtained from the global
force and momentum balance across the given slug unit. The global pressure drop
across a slug unit can be written as the summation of the pressure drop in the

slug body region and the pressure drop in the liquid film region yielding:

dp _
AP, = —) Ls + preagsin®p Lis
L),
Lif 5.82
J TowSaw T T2pSap + TiwSiw + T1pSip + T23S23
+ dL
Aa - Ab

0

The velocity of the moving bed region, Vyg for all the flow patterns may be
obtained by considering the forces acting on the cuttings in the wellbore. To
initiate cutting movement, the forces moving the cuttings must be equal to or
greater than the forces resisting its movement (Fp + F;, = Fg — Fg). From the force
balance analysis, the velocity of the moving bed Vyz may be expressed as (Cho,
et al., 2002):

0.13g (pc — pp) [% Cmp Sin B] [1+1.73tan 0p | sinB
C
0¢[0.165Cp + 0.098C, ]

5.83

Vump =

where d,,;, and C,,,, represent the diameter and cutting concentration of the
moving bed layer respectively.
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The wall and drillpipe shear stresses for both Newtonian and non-Newtonian fluid

flow should be obtained from the knowledge of the friction geometry parameter
of the annuli (Equation 4.68 to 4.76). The Interfacial friction factors may be

determined from the following equations:

Gas-liquid interface:

1 Vi— Viy)?fi 9.35
_— _ 348—410g Y( 1 1+1) 1+

JE gDni Re;/f;

y=0.1-0.5

Suspension-moving bed interface:

Moving bed-stationary bed interface:

0.046

ReiO'z

5.84

5.85

5.86
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The hydraulic diameters and Reynolds number for each of the layers formed in
the annuli can be determined from the following equations:

Layerl:
4A, P1V1Dpy
Dh = Re =
YT Siwt Sip + S12 ! Hy 5.87
Layer2:
4A V,D
Dyy = 2 Re, = P2V2no
Sow + Sap + Sz3 Ha2
5.88
Layer3:
4A V3D
Dhs = 55, ¥ S Re, = S22
3w 34 3p H3 5.89
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5.3 Chapter summary

The current multi-layered cutting transport models presented in literature for two-
phase gas-liquid fluid flow applications considers the cutting transport mechanism
but ignores transient gas-liquid fluid flow patterns. The ability of a two-phase
drilling fluid to transport cuttings effectively during drilling operations is largely
dependent on the fluid flow pattern and the prevailing cutting transport
mechanism. The fluid flow pattern has to be adequately taken into consideration
when evaluating the cuttings transport efficiency in order to avoid large prediction
errors. In this chapter, the forces responsible for the movement of particles were
analysed and the concept of the minimum transport velocity was applied to
develop mathematical models to predicts the criteria required to transport the
cuttings in the different particle transport mechanisms (Equation 5.12 to 5.15).
New mathematical gas-liquid fluid flow pattern dependent multi-layered models
were developed and presented for the different cuttings transport mechanisms in
the bubble, dispersed bubble, stratified and slug gas-liquid flow patterns for the
first time (Section 5.2).These models are valid for both Newtonian and non-
Newtonian fluids and any level of pipe eccentricity.

This provides a new and reliable method that can be implemented to evaluate
cuttings transport efficiency and perform wellbore hydraulics calculations for UBD

operations.
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Chapter 6

Numerical CFD methodology

The technique of computational fluid dynamics CFD was applied to perform
transient simulations of single-phase and multiphase fluid flow in a concentric and
eccentric annulus with or without inner pipe rotation. For an incompressible
isothermal flow of a fluids whose effective viscosity is highly dependent on the strain
rate tensor, the modelling of the fluid flow can be described using the continuity
equations of mass and momentum. In other to obtain the velocity and pressure fields
in the domain, a mathematical Finite-Volume approach was employed by dividing the
flow domain into several control volumes and applying the conservation principles of
mass and momentum to the cells of each control volume by numerically integrating
the governing conservation equations across the faces bounding the control volume.
For the simulation of multiphase (gas-liquid flows), the one fluid approach where
a single set of equations for the entire flow domain is solved and the differences
in the material properties of the different fluids and the interfacial phenomena is
accounted for. The interface between the fluids was tracked by representing the
boundaries between the fluids by marker points and constructed using a marker
function onto a fixed grid. The methods of using marker points to represent the
interface between the fluids is generally referred to as the front-tracking method.
The standard way to integrate the governing momentum equations is by applying
the projection method. This is done by obtaining a temporal velocity field that is
non divergence-free and correcting the velocities by finding the pressure that
ensures that the velocity fields are divergence-free. The governing momentum
equation excluding other forces can be expressed as:

Ju 1
Cf Vuu=--VP + “Vu+g 6.1
Jat p p

Assuming that the flow is incompressible, the density of each fluid particle remains
constant as the fluid particle moves with the flow hence the conservation of mass

equation for the flow is expressed as follows:
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Dp dp 6.2
ﬁ—a + u.Vp =0

The integration in time of the Equation 6.1 using the projection method involves
the splitting of the process into two major steps. In the first step which is referred
to as the predictor step, a temporal velocity field u' is computed without the
consideration of the pressure fields with the following equation:

ut

—u W 6.4
= —V.u"u" + —VZu" + :
At u'u on u g

u” is the velocity at the current time step.

In the second step - the projection step, the correct velocity fields at the next time
step u"*! is obtained by including the pressure gradient. However, the required
pressure gradient has to obtained in a manner that ensures that the corrected

velocities are divergence-free. The projection equation may be expressed as:

_ _Lopnn 6.5

The addition of the Equation 6.4 and 6.5 yields a numerical approximation to the
Equation 6.1, where the change in the velocity with time has been approximated
using a method of first-order accuracy. The pressure gradient has no equation and
has to be determined through an iterative approach. To ensure that the pressure
obtained makes the final velocity divergence free at the end of a next time step,
the divergence of the Equation 6.5 is taken and expressed as:
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Vautt — voul =V (_ivpn+1) 6.6
At \ pn

From the conservation of mass Equation 6.3, the final velocity at the next time

step should be in such a way that

V.u'tl =0 6.7

Substituting the equation 6.7 into the Equation 6.6 yields the pressure gradient
that can be used to project the final velocity at the next time u®*! as:

V. (iVPnH) _ 6.8

In this study a MATLAB code was developed to perform transient simulations of
single-phase and multiphase Newtonian and non-Newtonian fluid flow through a
concentric and eccentric annulus and to numerically investigate the effect of
combined effect of the inner pipe rotation and eccentricity on the flow dynamics

and wellbore hydraulics.

6.1 Discretisation of governing equations

This section presents the discretisation of the Equations 6.4 to 6.8 for a concentric
and eccentric annular geometry with the aim of obtaining the pressure and velocity
fields in the annuli while considering the combined effect of inner pipe rotation
and eccentricity. The annuli geometry is divided into several small control volumes
and the with the application of the Gauss-divergence theorem, the governing
equations are integrated in time and space across the faces of a control volume
to obtain general discretised equations that can be applied to all the control

volumes existing within the flow domain. However, separate or special treatments
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are required at the boundaries or walls of the domain where the inlet and boundary

conditions are specified.

6.1.1 Concentric annulie =0

The Navier-Stokes equation for flow through the concentric annulus was
discretized using the cylindrical coordinate system. One of the major problems
involved in the design of numerical methods for the solution of the Navier-Stokes
equation is the development of an appropriate discrete form of the
incompressibility constraint. In order to avoid numerical instabilities, a numerical
scheme that preserves the global conservation of mass, momentum and energy
has to be developed. The numerical scheme developed in this study is based
fundamentally on the projection method. This method basically involves the
breakup of the partial differential in time of the velocity field into two halves where
one part is driven by advection and diffusion and the other by the differential
pressure. A structured and staggered mesh was used to obtain the numerical
solution for the flow through the concentric annulus where all the spatial
derivatives for the pressure, velocity and density fields are approximated on a
staggered grid system. In the staggered grid system, the density and other
material properties are stored at the pressure nodes while the velocities are stored
at locations usually shifted by half of the grid size. The main advantage of using
the staggered grid system is that it prevents the appearance of unphysical
behaviors referred to as checkerboard solutions. The control volumes are

designed in such a way that the axial direction is referred to as the k-direction and

Pi+1,k

- B T,k

Figure 6.1 Control volume in cylindrical coordinates
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the radial and angular directions are referred to as the i and j directions
respectively (Figure 6.1).

Figure 6.2 shows an example of a three-dimensional control volume in the
cylindrical coordinate system where the pressure and other material properties of
the fluid is allocated to the center of the control volume and the velocities are
assumed to exist at the boundaries of the control volume. The conservation of
mass and momentum equations for fluid flow in the cylindrical coordinates may

be expressed as:

la(rvr) + la(Ve) + a(vz) -0

6.9
r or r do0 0z
av, v, vedv. V& v,
r p(a* O e T O
6.10
3 oP 19/ dv, N 1 90%v, N 0%v, v, 2 0vy
T PE TG TR rar(r 6r> 12902 T 322 2 12 08
dvg dvg VvgOvg V.Vg dvg
G e A7)
6.11

10P 10 / dvg N 1 9%vy N 0%vy N 20v, vy
K r or (r 6r> r2 002 0z2 r2 0o r2
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Figure 6.2:Control volume showing the location of the pressure and velocity fields in
cylindrical coordinates

Figure 6.2 shows the positions where the velocity components and the pressure
points are located. The red points denote the pressure points at the center of
each control volume while the green, blue and yellow points, represented by the
symbols w, u and v denote the positions where the axial, radial and tangential

velocities (u,, u., ug) are located respectively.

The divergence of a velocity field u which is a measure of the rate at which the
field diverges can be measured by considering the flux out of an enclosed surface.
Where n is the outward normal on the faces or boundaries of the volume V =
rdrd6dz, approximating the Equation 6.7 by performing an integration over the

edges of the control volume in the Figure 6.2 yields:
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_ Z?:l ffsf(u- n)de 6.13

V.u =
JIf, rdrdedz
(u L G I LS ¥ )AGAZ (u DLy 0tl ) ArAz
V.ut! = Fijk 1 ri-1jk °S n 0ijk 0ij-1k
' r;ArA6Az r;ArA0Az
6.14
(uzrl‘;“ll — uZ‘Hﬁ_l) r;ArAB
+ —0
r;ArABAz
1 1 1 1 1 1
(Urril,-]":k r, — urril-:l,j,k ra) + (uBril,-j':k - ueril,;-_l’k) (uZI;,-j':k —_ uzr;:]-':k_l) _ 0 615
r;Ar r; A Az -
1
fy = 5 (i + 17) 6.16
6.17

1
rg = E(ri + ri_1)
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Figure 6.3: Control volume staggered by half a mesh in the axial direction
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Figure 6.4:Control volume staggered by half a mesh in the angular direction
In the staggered grid mesh, separate control volumes are defined for the axial,

tangential and radial components of the velocity. The axial velocity control volume
is displaced by half a mesh in the axial direction while the control volumes for the
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tangential and radial velocities are displaced by half a mesh in the tangential and

radial directions respectively.
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Figure 6.5:Control volume staggered by half a mesh in the radial direction

Figure 6.3 to 6.5 shows an example of the staggered grid system where the control
volumes are staggered axial by half a mesh in the all the directions. The blue line
represents the boundaries of the main control volume while the red line represents
the boundaries of the staggered control volume in the axial, radial or tangential

direction.

Equations 6.4 and 6.5 are integrated across the faces of the staggered control
volumes in order to obtain an approximation of the velocity fields in the annuli
domain. The integration of the Equation 6.5 across the faces of each of the
staggered control volumes yields the equations for the correction velocities that
are required at the faces of the pressure control volume as shown in Figure 6.2.
The equations for the radial, tangential and axial correction velocities may be

expressed as:
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Lyt t [(Piryjxrivs — Pijrcti)  (Pirrjx+ Pijk)
Tijk = Tk Pr1 rpAr 2r,

n+1  _ ( Pllkrl Pi_ 1)k ri—l) ( Pi,]',k + Pi—l,i,k)
url 1jk — url 1,j,k pr2 I‘SAI‘ - er
Lt gt At (Piji1x — Pijk)

Oijk = Mo ijk Po1 ;A6

i1 ¢ At ( Pijk — Pijo1x)
Ugii ik = Upjiq1k —

Li=1, H-1 Po2 riA6

At (Pijirr = Pijk)

u, Ml =yl +

Zijk T TZijk P21 Az

Lt = gt At ( Pijic = Pijic1)
Zijk-1 " “Zijk-1 P2 Az

6.18

6.19

6.20

6.21

6.22

6.23

The pressure in the Equations 6.18 to 6.23 has to be determined in such a way

that the incompressibility constraint induced by the Equation 6.14 is satisfied.

There is no equation for the pressure, so the pressure is determined using an

iterative technique which is the most computationally expensive part of

simulations regarding incompressible fluid flows. The pressure equation can be

derived by substituting Equations 6.18 to 6.23 into the Equation 6.15 to obtain

the pressure located in the centre of a control volume:
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6.24
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Ar? \p,, Pr2 2r;Ar \prq Prz2 (riA8)2 \pgq Po2
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Lk T A r;Ar r; A8 Az

The local fluid densities in the centre of the staggered control volumes where the
velocities are located is required in order to apply the Equations 6.14 to 6.20.
since the fluid densities are not defined at location, the fluid density can be
obtained using a linear interpolation of the densities located in the centre of the
unstaggered or pressure control volume as:

1
Pz1 = E(pril,j,k+1 + pril,j,k) 6.26

L n 6.27
Pz2 = E(p ijkt pi,j,k—l)

1oy n 6.28
Po1 = E(pi,j+1,k + pi,j,k) '
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1
Po2 = E(pril,j,k + pril,j—l,k) 6.29
1 " 6.30
Pr1 = E(pi+1,j,k + pi,j,k)
6.31

1
Prz = E(pril,j,k + pril—l,j,k)

In order to improve the computational times for the iterative pressure solver the
successive over relaxation SOR method was applied by taking a weighted average
between the pressures obtained from the previous iteration P*7%;;, and the
pressure obtained from the current iteration P%;; to calculate the update pressure

in the control volume yielding the following equation:

Po<+1i,j,k = Bp Poci’]',k + (1 - Bp)P“_li,j,k 632

The term 3, is referred to as the relaxation parameter. This parameter has to be
chosen carefully to establish a compromise between an accelerated convergence
and stability. The range of the relaxation parameter used in this study was 1.2-
1.5.

The diffusion and advection term in the Navier-Stokes equation (Equation 6.10 to
6.12) can be discretised in a similar manner by integrating the terms over the
faces bounding the control volume. The numerical approximation to the advection
term denoted by A and the diffusion term denoted by D can be obtained using the
Gauss-divergence theorem by converting the volume integral into a surface
integral where the contribution of each of the faces bounding the control volume
are summed up. The axial, tangential and radial advection and diffusion equations

were derived as follows:
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6.33

6.34

6.35

6.36

6.37

6.38

6.39
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where rp;, = rp + Ar

6.1.2 Eccentric annulie > 0

In the eccentric annular geometry, a different approach was developed to solve
the governing fluid flow equations due to the non-orthogonality of the generated
mesh. If a structured grid is used to mesh the eccentric annuli geometry and one
of the faces of the control volumes located near the boundaries is aligned to the
walls of the domain, the radial position of the centroids and vertex nodes of the
control volumes changes in the angular and radial direction of the domain. From
Figure 6.6, where x =rcos® and y =rsin6, the point rjjx # rizqjx and rjjx #
ris1j+1k Since the radial position of these nodes are functions of their angular
position. Thus, the volume of a cell in the domain bounded by these points cannot
be determined from the equation V = rdrd6dz and the equations discretised for the
concentric annuli in cylindrical coordinates cannot be applied directly to obtain

solutions in the eccentric annuli.
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Figure 6.6:x-y plane of the control volumes for a structured mesh in the annuli

In order to obtain solutions for the governing equations in the eccentric annuli

structured mesh, the cartesian velocity system was used where the axial

tangential and radial components of the outward unit normal vector n are non-

zero on majority of the faces bounding the control volumes. Since the control

volumes are comprised of a set of discrete planar faces, the volume of each of the

cells can be determined by performing a surface integral over the discrete faces

using the following equations:

6.45

6.46
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In order to mitigate the numerical precision errors when determining the volume
of a cell regardless of the shape or orientation, it is customary to take an average
of the volumes obtained using the three components of the outward unit normal
summed over the faces of the control volume. Thus, the volume of a cell in the

domain may be expressed as:

Ngi Ngj N¢j
1 6.47
v, = 3 Z nyr Xf Ar + Zny,f yeAr + an,f Zg Ay
f=1 f=1 f=1

Where x¢, yf and z; are the coordinates of the centroid of the faces of the control

volume

The collocated grid method was applied towards the discretisation of the governing
equations for the eccentric annuli. In the method, unlike the staggered grid
method, all the components of the velocity and the material properties of the flow
are located at every node in the annuli domain. However, in order to avoid errors
or instabilities due to checkerboard oscillations, a technique referred to as
momentum interpolation is applied at the faces of control volumes in the domain.
The solution of the Naiver-Stokes equation involves three major procedures in
which are the calculation of a temporal velocity field, obtaining of the pressure

fields using an iterative technique and the velocity correction step.

The temporal velocity field is obtained from the Equation 6.4 as

ut = u" + At|-V.u"u" + invzu“ + g 6.48
p

While the pressure fields are obtained from the conservation of mass equation by
performing an integration over the faces of the control volume and substituting
the Equation 6.50 into the equation 6.49.
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N¢j

1
V. u““ = —Z Ug. D¢ Af 6.49
Vi
f=1
Ur = llft —%VP““ 650
f

The temporal velocities at the face centroid of a cell is obtained by interpolating
between the cell centroid values and the neighbouring cell that share the face
using the Equation 6.51.

ut = ufwe+ (1— wpu'ye 6.51

where wy, is the cell to face interpolation function

Each of the terms in the governing equations are integrated using the Gauss-
divergence theorem expressed by the following equations:

N¢j
1 1 1
Vu:_JVu aV:—Ju.n aAf: _Euf'nf Af 6.52
Vi Vi Vi
cv Cs f=1
N¢j
1 1 1
V2u=—JV2u 6V=—JVu.n 0Af = _Evuf-nf Af 6.53
Vi Vi Vi
cv cs f=1

Even though this method has been described to be developed for fluid flow
simulations in the eccentric annuli, it can also be applied directly for the fluid flow
simulations in the concentric annuli. For non-Newtonian fluid flow simulations in
the concentric and eccentric annuli, the viscosity of the fluid is not a constant and
varies across the annuli domain as a function of local shear rate of the fluid. To
account for the rheology of the non-Newtonian fluid, the viscosity of the fluid at
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every cell or face in the flow domain is calculated according to the Equations 4.40
and 4.46.

The approximation of the spatial derivatives was second-order accurate and in
order to keep the simulations stable, time-step limitations are required as a result
of the algorithm being explicit. The criteria employed to ensure that the diffusion
is large enough to keep the advection stable requires the step size At, is bounded

by the following relationship:

At < 21
~ p(u.u) 6.54

A second-order time integration scheme was implemented by obtaining two first
order time steps and taking the average between the current and the previous
results to improve the accuracy and stability of the simulations. Thus, the fluid
properties and velocities in the flow domain were obtained using a second order
forward in time integration. Assuming a function h exists in the flow domain, the

time integration of h is given as:

n

h* =h™ + At dh
B (dt) 6.55

. At [ /dh “+ dhy*
- 2 (dt) (dt) 6.56

6.2 Geometry and mesh generation

A mesh generation algorithm was developed to map the annuli geometry as a
function of the distance between the midpoint of the inner pipe and the outer pipe
wall and the angular position. The coordinates of the grid points in the structured
mesh within the domain of the annuli can be defined by the following functions:
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. 2 6.57
rijk = (rz — rye cos(ei,]-,k) + \/r% — ((rz - ry)e sm(ei,j,k))
Xijk = Tijk €0S(83x) 6.58
Vijk = Tijk Sin(6ix) 6.59
Zijx = dz(k — 1) 6.60

Concentric, e = 0

Eccentric, e = 0.7

Figure 6.7: Concentric and eccentric annuli geometry and mesh for fluid flow simulations
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The size of the inner and outer pipe diameter is 0.088m and 0.144m respectively.
Adequate boundary conditions are required at the walls of the annuli to ensure
that the simulations produce accurate and stable results. Dirichlet boundary
conditions are applied to the inlet face and inner and outer walls of the geometry
while Neumann boundary conditions are applied to the exit or outflow face of the
geometry. The nodes that are located on the red face (left face) of the geometry
are set to be equal to the inlet velocity while the on nodes that are located on the
outflow face (right face), the condition Vu = 0 is satisfied. Due to the no-slip effect
on the walls, the axial, radial and tangential velocities at the walls are set to zero.
In conditions where the inner pipe is rotating, the tangential velocity on the walls
of the inner pipe is set according to the equation Vg = wr. However, the tangential
velocity on the outer pipe is set equal to zero. Separate equations are however
needed for the cells close to the boundaries of the domain in order to enforce of
the boundary conditions and satisfy the governing equations.

These equations were obtained using the same procedures outlined in the previous

sections.

6.2.1 Mesh independence study
A mesh independence test was carried out to ensure that the numerical solution

obtained was independent of the resolution of the mesh (Figure 6.8).
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Figure 6.8: Mesh independence test
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This was done by monitoring the average velocity at the outlet face of the domain
while ensuring convergence criteria is met. The simulation was run with an initial
mesh size until a convergence of residual error of 10 is reached. The average
velocity at the outlet face is obtained and the simulation is run again after the
mesh has been refined. After the residual error of 10 is attained, the average
velocity obtained is compared to that of the previous simulation. This procedure
is repeated until the difference between the values are within a minimum tolerance
of about 1%. Figure 6.8 presents the results of the mesh independence tests
carried out for different pipe eccentricities.

6.3 Single-phase flow simulations

The results of the simulation of single-phase Newtonian and non-Newtonian fluid
flow in the concentric and eccentric annuli are presented and analysed in this
section. The rheological parameters used to characterise the non-Newtonian fluids
is presented in Table 6.1.

Table 6.1:Rheological parameters of the different fluid types

Fluid type Rheology €, Pas" n 1, Pa
A Powerlaw 0.094 0.62 0
B Herschel Bulkerly 0.154 0.75 0.55
C Herschel Bulkerly 0.643 0.44 1.5
D Newtonian 0.0054 1 0

The velocity fields were extracted from certain positions in the axial direction of
the flow domain. The distribution of the velocity fields across the annuli geometry
is shown in the Figures 6.9 - 6.14. Figures 6.9 and 6.10 show the velocity fields
for the Newtonian and non-Newtonian fluid in the concentric annuli respectively.
When the flow is fully developed, the tangential velocity introduced by the inner
pipe rotation had no influence on the distribution of the velocity in the concentric
annuli for both the Newtonian and non-Newtonian fluids. However, for the non-
Newtonian fluid, the rotation of the inner pipe had a little but insignificant effect
on the velocity fields. The inner pipe rotation when the flow is fully developed, led
to a slight reduction in the axial pressure gradient in the concentric annulus for

the non-Newtonian fluid. For a fully developed Newtonian fluid flow in the
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concentric annuli, no significant influence

observed.

Figure 6.9:Velocity fields in the concentric annulus (Q = 12m3/h, € =0.0054, n =1, T,
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Figure 6.10:Velocity fields in the concentric annulus (Q = 7m3/h, € =0.094, n = 0.62, tc =

0)
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The distribution of the velocity fields in the eccentric annulus is highly dependent
on the degree of eccentricity of the annuli geometry. It can be seen from Figures
6.11 - 6.13 that as the eccentricity increases, the velocity in the bottom region of
the annuli reduces significantly. This reduction in the flow in the bottom region of
the annuli increases the tendency for cuttings to settle and form a stationary bed
during drilling activities. While the rotation of the inner pipe has no significant
effect on the velocity fields for a fully developed Newtonian fluid flow in the
eccentric annuli, the inner pipe rotation influences that of the non-Newtonian fluids
and redistributes the velocity fields thereby improving the fluid velocity at the
bottom region of the annuli (Figure 6.14). The reason for this is that the viscosity
of the non-Newtonian fluid reduces with the effect of rotation due to its shear
thinning properties. The distribution of the velocity fields is also highly dependent
on the rheological properties of the fluid. The fluids that possess a yield stress
tends to form a different shape with more areas in the annuli having a relatively
higher velocity than that of power law fluids (Figure 6.13).
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Figure 6.11:Velocity fields in the eccentric annulus, e = 0.3 (Q =7m3/h, €=0.094, n =
0.62, Tc = 0)
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Figure 6.12:Velocity fields in the eccentric annulus, e = 0.7 (Q=7m3/h, €=0.094, n =
0.62, Tc = 0)

1.4
1.2
-10.8
|
£
08
8
7>, 0.6
= 0.6
2 04
i
02
0.
-
0.18 / 0.1 %4
0-16>\ 0.14
014 0.12 .
012
01 o1 02
oos\ 0.08
0.06 P
0.04 -~ 004
Radial position, m 0.02 \/o'oz Radial position, m ,

0 o0

Figure 6.13:Velocity fields in the eccentric annulus, e = 0.7 (Q=7m3/h, €=0.643, n =
0.44 , 1o = 1.5)
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Figure 6.14:Improvement in fluid velocity in the bottom region of the eccentric annuli
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Figure 6.15:Tangential velocity field in the concentric annuli (e = 0, rpm =150)
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Figure 6.16:Tangential velocity field in the eccentric annuli (e = 0.7, rpm = 150)
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Figure 6.17: Fluid viscosity field in the eccentric annuli (e = 0, rpm = 0)

219



008\
\

A
0.06 '\

0.036

0.034

0.032

0.03

-0.028

- 0.026

= 0.024

= 0.022

0.02

0.04 \ o
Radial position, m \\ — )\ 0.12 0.018

04 0016
o | ] 0.02 ’ Radial position, m

Figure 6.18:Fluid viscosity in eccentric annuli (e = 0, rpm =150)

The Tangential velocity produced due to the inner pipe rotation is seen to be
maximum at the inner pipe wall and reduces in the radial direction in the annuli
(Figure 6.15 and 6.16). Thus, the shear rate of the fluid is dependent on its local
position in the annuli. The viscosity of the non-Newtonian fluid being shear
dependent is highly dependent on the eccentricity of the inner pipe and the
rotation speed of the inner pipe. Figures 6.17 and 6.18 shows that the when the
inner pipe is rotated, the viscosity of the fluid reduces significantly with the
viscosity of the fluid close to the inner pipe and the bottom region of the annuli
showing a larger viscosity reduction that the other areas in the eccentric annuli.
Thus, this is the reason why the inner pipe rotation redistributes the fluid velocity

and improves the flow in the bottom region of the eccentric annuli.

The axial pressure gradient was also seen to reduce with an increase in the inner
pipe rotation in the eccentric annuli for a fully developed flow. This leads to the
conclusion that under the flow conditions numerically investigated, when the flow
rate of the fluid is held constant and the flow is fully developed, the axial pressure
gradient decreases with inner pipe rotation. Table 6.2 presents the summary of
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the results of the simulations carried out to investigate the effect of eccentricity
and inner pipe rotation of the hydraulics of non-Newtonian fluid flow for an annular
geometry with the inner and outer pipe diameter of 0.04m and 0.08m

respectively.

Table 6.2:Results of numerical simulation for the different fluid types

Fluid Wellbore Drillpipe Flowrate, Pressure
type Eccentricity, E speed, Rpm m3/h gradient Pa/m
0 0 3 140.98
A 0 60 3 139.55
0 80 3 138.63
0 120 3 136.44
0 0 7 803.29
B 0 60 7 801.63
0 80 7 800.47
0 120 7 797.50
0.7 0 3 84.69
0.7 60 3 83.67
0.7 80 3 83.14
A 0.7 120 3 81.96
0.7 0 7 143.83
0.7 60 7 142.72
0.7 80 7 142.46
0.7 120 7 141.84
0.7 0 7 479.49
0.7 60 7 477.53
0.7 80 7 476.59
B 0.7 120 7 474.48
0.7 0 3 279.12
0.7 60 3 274.64
0.7 80 3 272.67
0.7 120 3 268.59
0 0 7 409.36
0 60 7 369.20
0 90 7 348.23
0 150 7 318.03
0.5 0 9 336.23
C 0.5 60 9 315.45
0.5 120 9 289.43
0.7 0 7 260.05
0.7 60 7 242.34
0.7 90 7 231.04
0.7 150 7 213.45
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6.4 Two phase flow

In this study, the main aim of the numerical simulation of two-phase (gas-liquid)
fluid flow in the concentric and eccentric annuli is to investigate the combined
effect of inner pipe rotation and eccentricity on the prevailing flow pattern for both
Newtonian and non-Newtonian fluids. For the multiphase flow simulations using
the one-fluid approach, when the governing equations are solved at every cell in
the domain, the interface between different fluids is identified and tracked by a
marker function. The front tracking method was applied to move the interface
between the fluids and reconstruct the density of the fluids based on the location
of the interface. In the one-fluid approach, a single-set of the governing equations
are solved for the entire flow domain and the differences between the material
properties of the fluids are accounted for. The boundary or interface of the fluids
is represented by delta (6) functions that are discretised and approximated along
with the Navier-Stokes equations for fluid flow. The phases in the annuli are
represented by a step function C which is equal to 1 in the cells where the liquid
phase is located, equal to 0 where the gas phase is located and equal to a nonzero

value of the gradient of the step function at the interface between the fluids.

6.4.1 Fluid density field
For gas-liquid flow through the concentric and eccentric annuli domain, the density
of the fluid at every cell in the domain may be obtained from the following

equation:

Pf(X»Y:Z) = pLC(X'YJ Z) + pG( 1- C(X:YJ Z)) 661

The gradient of the density field can then be obtained from:

Vps = pL.VC — pgVC = (p, — pg) VC = ApsVC 6.62

Vpr = Aped(n)n 6.63
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In order to transfer the quantity from the front element to the grid points, it is
required that the transferred gradient is conserved. While the gradient of the
density on the front element is expressed as a gradient per unit area, the gradient
of the density in the cells is expressed as the gradient per unit volume. The
discrete form of the gradient of the density at the cell centres in the flow domain

may be obtained using the following equations:

Jfo av = JApfS(n)n ds 6.64
cv cs
AS]
(VPpijx = 2 Apsn wijj v 6.65
T

The term As; represents the area of the front element at the interface of the fluids
and wj;y is the weight that is used to determine the actual value of the gradient
shared between the neighbouring cells. Other similar quantities such a surface
tension that exist at the interface between the fluids can be added to the grid from
the front using this same approach. It is required that the total number of the

weights used must sum up to unity:

ZWiJ.k =1 6.66

6.4.2 Interface tracking

The front that represents the interface between the fluids is moved with the flow
by determining the velocity of the fluids at the local position where the front
element exists with the domain. After the Navier-Stokes equation has been solved
and the velocity fields have been obtained the interface or marker point velocities
are obtained by interpolation from the grid points that surrounding the location
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where each of the front elements are enclosed within the flow domain (Figure
6.19).
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ij,k

Figure 6.19:Interpretation of the location of the centroid of a front element within a fixed
grid

Considering Figure 6.19, if the grid points surrounding the front is known, the
velocity of the front us(xs, yt, z¢) can be determined from the following equations:

Uf = WjjkWijk T Wi+1jkWit+1jk T Wijk+1Wijk+1 T Wit1jk+1Wit1,jk+1
6.67

Tt Wij+1kWij+1k T Wij+rk+1Wij+1k+1 T Wit1j+1kWit1,j+1k

T Wit1j+1k+1Wit1j+1k+1

Here the weights are determined as volume fractions from the following

equations:

224



_ (Xi+1,j,k - Xf)(Yi,j+1,k - Yf)(Zi,j,k+1 - Zf)

Wijk = AxAyAz

Were o = (Xf - Xi,j,k)(Yi,j+1,k - Yf)(zi,j,k+1 - Zf)
Lk = AxAyAz

W _ (Xi+1,j,k - Xf)(Yi,j+1,k - Yf)( Zg — Zi,j,k)
AN AxAyAz

Wes _ (Xf - Xi,j,k)(Yi,j+1,k - Yf)( Zf — Zi,j,k)
i+1,jk+1 AXAyAZ

W _ (Xi+1,j,k - Xf)( ye— Yi,j,k)( Zijk+1 — Zf)
btk = AxAyAz

W _ ( Xit+1,jk — Xf)( e — Yi,j,k)( Zf — Zi,j,k)
ij+1k+1 AXAyAZ

Wes _ (Xf - Xi,j,k)( ye— Yi,j,k)( Zijk+1 — Zf)
i+1,j+1k AXAyAZ

Wes _ ( S Xi,j,k)( e — Yi,j,k)( Zf — Zi,j,k)
i+1,j+1,k+1 AxAyAz

6.68

6.69

6.70

6.71

6.72

6.73

6.74

6.75
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After the velocity of the front has been calculated the new position of the interface
at the next time step x¢**! can be determined from its position at the current time

step x/" using an explicit first-order integration in time:

an+1 = an + Uant 6.76
n+1 _ n n

ye o = yf 4+ v At 6.77

an+1 = an + anAt 6.78

Although there are other ways to determine the weights that are used for the
smoothing of the front element unto the grid, the method derived here has been
checked to be highly accurate and can be applied with confidence. In general, this
concept does not just apply to solving for the density fields in a fixed grid for
multiphase flow simulations. It can also be applied to solving for the volumetric
fraction of the phases following the same procedures as described for the gradient
of the density fields. The volumetric fraction in the cells where only liquid is
present would be set equal to 1, the volumetric fraction in the cells where only
gas is present would be set to 0 while the cells where the interface is present

would receive a nonzero value obtained from the front element.

A simple 2D simulation was developed for a pipe flow of single-phase water and
two-phase air and water in the stratified flow pattern using the interface tracking
mechanism. The marker function for the interface was modelled according to the
Taitel and Dukler (1976) liquid height model for stratified gas-liquid flow
(Equations 2.143 to 2.164). Figure 6.20 shows the transient tracking of the
interface between the fluids through the pipe domain:
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Figure 6.20:Air-water stratified flow density field using the interface tracking method
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Figure 6.21:Air-water stratified flow velocity field using the interface tracking method
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Figure 6.22:Velocity field for 2D single phase pipe flow simulation
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It can be seen that while the velocity field has a symmetrical pattern in the pipe
for the single-phase flow (Figure 6.22), the two-phase stratified flow results show
that the velocity in the pipe is highly dependent on the flow pattern formed in a
conduit. In the stratified flow pattern, the gas phase at the top flows faster than
the liquid phase at the bottom due to the difference in fluid properties (Figure
6.21). This sheds light on the reason why the velocity profile for single phase flow
is not valid for performing cutting transport calculations for multiphase flow with
the main reason being that the velocity distribution in the annuli is dependent on

the prevailing flow pattern.

6.4.3 Effect of rpm and eccentricity on flow pattern

In order to investigate the effect of the inner pipe rotation and eccentricity on flow
pattern dynamics, the marker function is first initialised based on theoretical
modelling for two-phase flow through the annuli, then the interface is tracked in
the flow at the proceeding time steps. The inner pipe speed used in this simulation
varied from 0-150rpm and the inlet parameters were set based on the flow pattern

being investigated.

Orpm time=0.375 60rpm time=0.375

0.6

80rpm time=0.375 120rpm time=0.375

Figure 6.23:Effect of drillpipe rotation on annular flow in the concentric annuli
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Figure 6.24: Effect of drillpipe rotation on annular flow in the eccentric annuli
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Figure 6.25: Effect of drillpipe rotation on slug flow in the eccentric annuli
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Under the range of inner pipe speeds investigated, the combined effect of inner
pipe rotation and eccentricity influenced the phase distribution across the annuli
domain. However, the rotation of the inner pipe did not alter the interface in a
manner that will lead to a transition from one flow pattern to the other for both
the Newtonian and non-Newtonian fluids. Some of the results showing the flow
patterns are presented in Figures 6.23 - 6.25. The illustration shows that although
the drillpipe rotation affects the flow pattern, the axial force is more dominant
than the tangential force exerted on the flow hence the flow pattern transitions
were not obtained for rotary speeds investigated (rpm <= 150). It is fair to
conclude that the prevailing flow pattern for two-phase drilling fluid flow in a
concentric and eccentric annulus with or without inner pipe rotation (rpm <= 150),
is majorly dependent on the flowrates and properties of the drilling fluid. For the
flow pattern transition to occur, the drillpipe speed would have to generate a force
that dominates the axial force of the flow. However, it is important to note that in
situations where the fluid properties are pressure/temperature dependent, the
change in pressure gradient due to the inner pipe rotation can alter the fluid
properties. This condition may alter the in-situ fluid flowrates at certain locations
in the wellbore annuli which can lead to a transition from one flow pattern to the

other.

6.5 Validation of mathematical modelling

For two-phase flow through the annuli, the distribution of the velocity fields like
the single-phase flow is influenced by the degree of eccentricity of the annuli. For
any flow pattern, the velocity of the fluids in the region with the reduced gap in
the annuli will generally have a lower average velocity than the region with the
increased gap. This is a factor that can largely affect the tendency of cuttings to
be transported effectively with the drilling fluids out of the wellbore during drilling.
Although inner pipe rotation can improve the velocity fields in the regions with low
average velocities, for multiphase flow, this improvement is dependent on the flow
pattern in the annuli. Generally, the impact of inner pipe rotation on the axial
annuli velocity fields for single-phase flow is a lot more significant than that of
two-phase. The reason for this is that some of the flow patterns that exist in two-
phase flow occur under highly turbulent conditions. Thus, the impact of the axial
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force pushing the flow in the axial direction is a lot more dominant than the
tangential force generated by the rotating inner pipe and like for single-phase
flow, there is a maximum inner pipe rotation speed after which the influence of
the tangential velocity on the axial flow becomes insignificant. Figures 6.21 and
6.22 show that the velocity distribution for two-phase flow in conduit is flow
pattern dependent so the impact of inner pipe rotation and eccentricity on the
velocity fields and cutting transport must also be flow pattern dependent. In order
to perform cutting transport simulations or theoretical calculations for two-phase
flow conditions, it is required that the flow pattern is taken into consideration.

The pressure gradient results obtained from the simulation for single-phase non-
Newtonian flow in concentric and eccentric annuli with or without the inner pipe
rotation were compared to the pressure gradient values obtained using the
theoretical model for friction factor derived in Chapter 4. Figures 6.26 and 6.27
shows the comparison of the numerical and theoretical pressure gradient data
obtained at several input flowrates for both the concentric and eccentric annulus

with and without inner pipe rotation.
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Figure 6.26:Comparison of the numerical and theoretical pressure gradient data
(Fluid type A)
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Figure 6.27:Comparison of the numerical and theoretical pressure gradient data
(Fluid type B)

The input conditions for this simulation are as provided: Fluid flowrate ranged
between 3m3/h to 10m?3/h, inner pipe rotary speed varied from 0 to 150rpm and
the eccentricity varied from 0 to 0.7. The comparison shows that the results
obtained with both methods match closely, validating the theoretical model for
determining the friction factor for the concentric and eccentric annuli with or
without inner pipe rotation. Considering that the drillpipe rotation does not lead
to a transition in the flow pattern under drilling conditions, the theoretical model
can be used to determine the friction factor for the annuli when extensive
numerical simulations cannot be performed. When the friction factor has been
determined, the pressure gradient can be determined based on the flow pattern
derived from the input conditions. However, when a detailed knowledge of the

flow dynamics is required, the numerical CFD method should be applied.

6.6 Chapter summary
CFD simulations were performed for single-phase and two-phase fluid flow in the
concentric and eccentric annuli to investigate the effect of the inner pipe rotation

on the fluid dynamics and the resulting axial pressure gradient. The governing
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equations for fluid flow were discretised using the finite volume method to obtain
solutions for mesh grids in the cylindrical and cartesian coordinate systems. Mesh
generation equations and algorithms were developed to enable the mapping of
the concentric and eccentric annuli and presented in Equation 6.54 to 6.57. Two-
phase flow simulations were created using the one-fluid approach, when the
governing equations are solved at every cell in the domain and the interface
between the fluids is tracked by a marker function. Although the simulation results
showed that the velocity, viscosity and pressure field distribution are influenced
by the inner pipe rotation in the annuli, for the two-phase flow simulations, the
inner pipe rotation of up to 150rpm did not generate enough force to cause a
significant distortion that would signal a change in flow pattern. For this reason,
the steady-state mathematical flow pattern dependent models can be used
without considering the flow pattern transitions. The pressure gradient predicted
from the friction factor models in section 4.2 to 4.4 were compared to that which
was obtained from the numerical simulation of the flow of different fluid rheological
characteristics (Figure 6.26 and 6.27) and maximum errors of about £9% were
seen. This chapter presented results that were used to validate the analytically
developed models, as well as provide a nhew method in which the CFD simulations
can be carried out for flow of Newtonian or non-Newtonian fluid flow through the

concentric and eccentric annuli, with and without inner pipe rotation.
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Chapter 7
Results and discussion

The following sections present the detailed analysis of the results from the
experimental study as well as the comparison of measured data to the data

obtained from theoretical predictions.

7.1 Effect of inner pipe rotation on flow pattern transitions
The flow pattern existing in the annulus when operating with a multiphase drilling

fluid is a major factor that influences the wellbore hydraulics during drilling. In
order to predict the change in pressure through the wellbore annuli, it is important
to have a knowledge of the possible gas-liquid flow patterns and be able to track
these flow pattern transitions across the entire length of the wellbore. Gas-liquid
fluid flow pattern transition boundaries have been established as a function of the
fluid properties, flowrate or superficial velocities of the gas and liquid phases by
previous researchers (Beggs and Brill, 1973; Taitel and Dukler, 1976; Barnea et
al., 1980; Caetano et al.,1992; Petalas and Aziz, 2000; Ibarra et al., 2019 etc.).

However, in a concentric or eccentric annulus, the impact of the drillpipe rotation
on the flow pattern transitions needs to be investigated and defined, especially if
the pressure gradient in a helical wellbore annulus is required. In this study, the
effect of the inner pipe rotation on the flow pattern was investigated and details
of the results are presented in this section. The flow patterns studied were set by
adjusting the gas and liquid flowrate until the required flow pattern was achieved.
After the flow was fully developed and the flow pattern was stabilised, the inner
pipe speed was varied (0, 60, 90, 120 and 150 rpm) and the resulting impact on
the gas-liquid fluid flow pattern behaviour was recorded. The Figures 7.1 to 7.3
presents some of the images that capture the impact of the inner pipe rotation on

the flow pattern transitions in both the horizontal and inclined annuli test sections.
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Gas bubbles

:0 rpm

Figure 7.1:Bubble flow pattern in horizontal concentric annulus (Fluid type 2)

Gas phase Liquid phase

:0 rpm

Figure 7.2:Stratified flow pattern in horizontal concentric annulus (Fluid type 2)

The experimental results on the fluid flow pattern for all the fluid types showed
that the inner pipe rotation had no significant influence on the flow pattern
transitions in both the concentric and eccentric annuli. Once the flow pattern is
stabilised, the inner pipe rotation of up to 150 rpm did not cause a transition from
one fluid flow pattern to the other. In the stratified flow pattern, the inner pipe
rotation transformed the flow from having a smooth interface, to a wavy like

interface (Figure 7.2). However, this phenomenon was not independent of the air-
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water input flowrates. For the inner pipe rotation to cause a transition in the fluid
flow pattern, the forces generated by the rotary motion in the azimuthal direction
has to overcome the pressure forces driving the flow in the axial direction. This
claim is also backed by the results obtained from the numerical CFD simulation of
the effect of drillpipe rotation on two-phase flow pattern, where a transition of
flow pattern did not occur despite the disturbance created. Thus, it can be
concluded that at standard conditions the prevailing flow pattern in the drilling
annuli is mainly a function of the gas and liquid input flowrates and when these
flowrates are held constant, the drillpipe rotation speed has to be high enough to

overcome the axial forces in order to change the fluid flow pattern.

:0 rpm

1150 rpm

Figure 7.3:Slug flow pattern in inclined eccentric annulus (E = 0.7, Fluid type 4)

It is important to note that even though the drillpipe rotation has a little or no
impact on the flow pattern transitions at standard conditions, it can impact the
flow pattern for the drilling hydraulics standpoint. The drillpipe rotation has been
reported to have a significant effect on the pressure gradient especially in the
eccentric annuli. In a wellbore operating with multiphase drilling fluids or under
underbalanced drilling conditions where hydrocarbons (gas and oil) may flow into
the wellbore, the liquid phase may contain dissolved gas. As pressures and

temperatures change, mass transfer occurs continuously between the gas and the

236



liquid phases and the in-situ flowrates of the gas and liquid changes. Thus, if the
combined effect of drillpipe rotation and eccentricity influences the annuli pressure
gradient, the flow pattern downstream the drilling bit can be influenced
significantly as this phenomenon is dependent on the in-situ flowrates of the gas
and liquid phases. However, when the local pressure and temperature in the
wellbore has determined the prevailing fluid properties, fluid flowrates and the
corresponding flow pattern, the drillpipe rotation cannot transform the flow
pattern. This means that in order to perform wellbore hydraulic calculations it is
important to simultaneously apply PVT analysis to determine the fluid properties,

in-situ gas and liquid flowrates and the resulting flow pattern in the annuli.

7.2 Effect of inner pipe rotation on annuli pressure drop

The experimental data of the differential pressure in the concentric and eccentric
annuli, with and without inner pipe rotation was obtained and compared to the
theoretical models developed and detailed in the previous chapters. This section
presents the analysis of the effect of inner pipe rotation on the annuli pressure
gradient for the single-phase and two-phase gas-liquid Newtonian and non-

Newtonian fluids.

7.2.1 Annuli pressure gradient

The results obtained from measuring the pressure difference across the concentric
annuli test sections have been analysed based on the fluid type and the existing
flow pattern in the annuli. For all the fluid types and flow patterns investigated in
the concentric annuli at the different inclination angles, the inner pipe rotation had
an insignificant effect on the pressure gradient. Figures 7.4 to 7.7 displays some
of the flow pattern dependent results obtained from the experimental

investigation.
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Figure 7.4:Effect of inner pipe rotation on the pressure drop in the horizontal concentric
annulus (Water)

The pressure gradient measurement for the slug flow pattern at specific input
liguid and gas flowrate was relatively more challenging than the other flow
patterns due to its high turbulent and intermittent nature. The slug flow pattern
occurs over a wide range of gas to liquid flowrates and is one of the most likely
encountered flow patterns for two-phase fluid flows in annuli. The pressure
gradient for the slug flow pattern is not constant due to its complex phase
distribution and intermittent nature, making it more difficult to measure the effect
of the inner pipe rotation on the annuli pressure gradient.
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Figure 7.7:Effect of inner pipe rotation on the pressure drop in the 30° inclined
concentric annulus (Polymer (0.1% XG) and air, slug flow pattern)

In order to minimise the inaccuracy occasioned by the intermittent nature of the
flow, the annuli pressure gradient was obtained by flowing the fluids in the flow
loop for a specific period of about 3-5 mins and obtaining the average pressure
difference measured within the flowing time. Figure 7.7 shows the effect of the
inner pipe rotation on the slug flow pattern in the concentric and inclined annulus
test sections. Despite the intermittent nature of the slug flow, there is no
conclusive evidence that the inner pipe rotation has a significant effect on the
pressure gradient in the horizontal or inclined concentric annulus under the
conditions investigated. The pressure gradient predicted using the developed
models in this study was tested against the experimental data obtained for the
single phase, bubble, stratified and slug flow pattern. Figure 7.8 to Figure 7.10
shows the mathematical model performance for the total pressure gradient

prediction in the concentric annulus with or without inner pipe rotation.
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Figure 7.8:Model performance for annuli differential pressure (Water)
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Figure 7.9:Model performance for annuli differential pressure (0.5% XG and air)
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Figure 7.10:Model performance for annuli differential pressure (0.1% XG and air)

Statistical analysis show that the mathematical model has a very good agreement
with the experimental results. The average of how large the errors are, is about
3.8% with a low standard deviation value. The mathematical model for the single-
phase flow was found to be slightly more accurate than the two-phase flow models
when compared to the experimental data. However, the bubble flow and stratified
flow models closely matched the experimental results when compared to the slug
flow model. This is due to the highly turbulent, intermittent and unsteady nature
of the slug flow pattern which increases its degree of unpredictability. However,
the errors margin for the prediction of the total pressure gradient in the concentric
annulus, with and without the inner pipe rotation for all the flow patterns is about
+23%.
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7.2.2 Liquid film length

The annuli pressure gradient for the slug flow pattern is dependent on the length
of the liquid film. Under the conditions investigated it was observed that the liquid
film length is dependent on the orientation of the annuli sections. In the horizontal
flow, the liquid film length is longer than that of the inclined flow for the same
input air-liquid flowrates (Figure 7.11 and Error! Reference source not found.).
This is due to the gravitational force acting on the liquid in the liquid film region
of the slug unit. The average liquid film length predicted by the mathematical
model for slug flow was compared to that measured in the experiments, showing

good agreement.

Figure 7.11:Liquid film length in the horizontal concentric annulus (air and water)

The performance of the slug flow model in predicting the liquid film length is
presented in Figure 7.13. This was obtained by conducting 20 tests with different
air-liquid flowrates for the slug flow pattern, comparing the observed liquid film
lengths and the measured pressure gradients to the liquid film length and the
corresponding pressure gradients that has been predicted by the mathematical
model. The average film length was obtained from the experimental runs and the
average pressure difference in the annuli sections was noted. The prediction of
the film length and the pressure gradient for the slug flow when compared to the

experimental results shows good agreement.
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Figure 7.13:Model performance for length of the liquid film in the annuli
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7.3 Cuttings transport

One of the major requirements for a cost effective and productive wellbore drilling
operation is having an effective cuttings transport system to optimise the hole
cleaning operation. In this study a number of drilling parameters that influences
the hole cleaning operation have been investigated in order to shed light on the
effect of these parameters on both conventional and underbalanced drilling
operations and also to validate the theoretically developed cutting transport
models. Even though the major concern in hole cleaning is to establish the
optimum drilling fluid flowrate that ensures an effective cuttings transport
programme as a function of the major drilling parameters, for underbalanced
drilling operations, this study shows that the gas-liquid fluid flow pattern is a major
factor that influences the cuttings transport mechanism in the annuli and that
there is a direct correlation between the flow pattern and cutting transport
efficiency. The following sections presents detailed analysis of some of the drilling
parameters that impact cuttings transport and how these parameters could be

systematically used to optimise the hole cleaning during drilling activities.

7.3.1 Effect of Fluid Flowrate

The fluid circulation rate must be high enough to ensure that the particles are
transported above the minimum transport velocity required to at least slide or
drag the particles along the bottom of the annuli. However, for a multiphase fluid
flow, this circulation rate is highly dependent on the fluid flow pattern. Several
experiments showed that while certain gas-liquid mixture flowrates were
favourable for particle transport in a given fluid flow pattern, other fluid flow
patterns needed additional flowrate requirements to clean the annuli. In many
cases an increase in the gas flowrate through the system led to an increase in the
requirement to transport the particles effectively even though the mixture flowrate
of the fluid is increased. Unlike single-phase flow the increase in the flowrate for
two-phase flow mixtures does not always lead to a corresponding increase in the
particle transport rate as this is dependent on the in-situ flowrate of each of the
phases in the flow and the prevailing flow pattern. For instance, in the Figure 7.14
the single-phase fluid flowing at a flowrate of about 30m3/hr had the cuttings
sliding along the bottom of the annuli creating the moving bed transport

mechanism, but the two-phase fluids formed a stationary bed at relatively higher
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mixture flowrates. The stratified and slug flow patterns formed a stationary bed
in the annuli at mixture flowrates of about 35m3/hr and 42m3/hr respectively.
Thus, for UBD operations, the flow pattern must be considered along with the gas-
liquid flowrates in other to optimise hole cleaning. However, it should be noted
that the type of the flow pattern formed in the annuli is also a function of the gas-

liquid in-situ flowrates.

Flow direction
—

(a) Single-phase flow, Q = 30m’/hr

(b) Stratified flow, Qm = 35m’/hr

(c) Slug flow, Qm = 42m*/hr

Qm=QL+Qq

: % Bl 4 : a
Figure 7.14:Cutting transport mechanism in different fluid flow patterns and gas-liquid
flowrates

Generally, the experimental tests showed that unlike the single-phase fluid flow,
the minimum transport velocity for the gas-liquid two-phase fluid flows are
significantly dependent on the gas-liquid fluid flow pattern along with the other
important parameters that influence the particle transport efficiency. If the fluid
velocity falls below the critical or minimum transport velocity required to roll, drag
or slide the particles at the bottom of the annuli, the particles would settle and
form a stationary bed at the bottom of the annuli. The stationary bed height
increases, which decreases the area of flow available for the fluids and oncoming
particles, thereby leading to an increase in the fluid’s average velocity until the
point is reached at which the minimum transport velocity required to keep the
oncoming particles moving is attained. At this point the oncoming particles are
transported above the stationary bed as a moving bed with some particles in
suspension depending on the properties of the particles. Thus, the annuli pressure
losses experienced by the flow of two-phase fluids with particles are not only
dependent on the fluid flow pattern, but also dependent on the particle transport
mechanism and different from that experienced by the flow of the fluids without

the particles.
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Figure 7.15:Annuli differential pressure at different mixture velocities for two-phase air-
liquid flows with and without particles

The pressure loss data obtained from some experimental tests of two-phase air-
liquid flow with and without particles in the 30° inclined annuli is presented in the
Figure 7.15. The annuli pressure losses for the fluid flow with cuttings was
observed to be significantly higher that without cuttings and dependent on the
prevailing particle transport mechanism. At low mixture velocities or air-liquid
flowrates where the flow is operating below the minimum transport velocity, a
stationary bed is formed which significantly increases the pressure losses in the
annuli for conditions with both the Newtonian and non-Newtonian liquids (Figure
7.15). Increasing the fluid flowrate reduces the stationary bed height and
eventually transforms the stationary bed to a moving bed or suspension
mechanism which as a result leads to a decrease in the pressure losses in the
annuli. The increase in the fluid flowrate to transport the cuttings influences the
fluid flow pattern and produces a corresponding increase in the pressure losses in
the annuli. Thus, the necessary analysis of the optimum fluid flowrate required to
transport the cuttings and also control or maintain wellbore pressures is required

especially for UBD operations.
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7.3.2 Effect of eccentricity

The average fluid velocity required to transport the particles and prevent the
formation of a stationary bed at the bottom of the annuli, increases with an
increase in the eccentricity of the inner pipe. Thus, the fluid flow requirement
necessary to clean the eccentric annuli is higher than that required for the
concentric annuli for flows involving both the single-phase and two-phase fluids
with particles. In some experimental tests under fluid flowing conditions were no
bed or a moving bed was formed in the concentric annulus, either a moving bed
or a stationary bed was formed in the eccentric annulus. However, the effect of
the eccentricity on the particle transport was a lot more significant for the two-
phase air-liquid fluids than that of the single-phase fluids. The average fluid
velocity required to prevent the formation of a stationary bed when the particles
are flowing with the single-phase and two-phase fluids were measured from
experimental tests and compared in Figure 7.16 for the concentric (e=0), and
eccentric (e=0.7) annuli. The minimum transport velocity MTV required to keep
the particles at least rolling at the bottom wall of the annuli, increases with

eccentricity.
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Figure 7.16:Effect of pipe eccentricity on the minimum transport velocity

248



7.3.3 Effect of fluid rheology

The fluid rheology has a significant influence on the transport efficiency of the
particles in the concentric and eccentric annuli for fluid flow involving both the
single-phase and two-phase fluids. The experimental tests showed that for all the
fluid flow patterns investigated, the use of the fluids with the higher viscosity for
the single-phase flow or mixture viscosity for the two-phase flow were more
effective for the particle transport and the prevention of the formation of a
stationary bed in the annuli. However, when a stationary bed is already formed in
the annuli, the fluids with the lighter viscosity or the two-phase fluids are more

effective in clearing or reducing the stationary bed thickness.

Flow direction

A

A

Figure 7.17:Two-phase dispersed bubble flow pattern for the different fluid and particle
mixtures at the same air-liquid flowrates. a) moving bed mechanism in air-water
mixtures and (b) suspension mechanism in air-polymer mixtures

Generally, the minimum transport velocity required to prevent the settling of the
solid particles entrained in the fluid decreases with an increase in the fluid viscosity
for both the single-phase and two-phase Newtonian and non-Newtonian fluids,
irrespective of the fluid flow pattern. However, several studies have reported that
there is a threshold after which a further increase in the fluid viscosity can lead to
a corresponding increase in the minimum transport velocity (Penden, et al., 1990).
Figure 7.17 displays the comparison of the particle transport mechanism for the
two-phase flow of air and water to that of the air and XG polymer mixtures at the
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same air-liquid flowrates with the dispersed bubble flow pattern. Due to the higher
mixture viscosity of the air and XG polymer mixtures, the particles are transported
predominantly in suspension while a moving bed mechanism is formed for the air
and water mixtures. The properties of the liquid phase are more important than
that of the gas phase for particle transport and in two-phase flow conditions were
the stratified and slug flow patterns exists in the annuli, the particles are generally
transported in the liquid phase.

7.3.4 Effect of cuttings properties (density and size)

The density of the particles was more influential than the particle size for all the
experimental tests performed using both the single phase and two-phase fluids.
The magnitude of the gravitational or resistance force to the movement of the
particles are largely dependent on the density and size of the particles and in order
to ensure effective transport, the fluid would have to generate a sufficient drag,
lift and buoyancy force to overcome the resistance forces acting on the particles
in the annuli. The higher the density of the particles, the higher the resistance
forces and thus, the higher the minimum requirements to ensure an effective
transport. Thus, the single-phase fluids are more likely to present lower transport
requirements than the two-phase gas-liquid fluids due to the lower mixture
density of the later. Tests involving the two-phase gas-liquid fluid flow with
particles also showed that effect of the properties of the particles are highly
dependent on the gas-liquid fluid flow pattern in the annuli. For instance, if the
stratified flow exists in the annuli, the liquid properties and velocity would have to
be sufficient enough to prevent the formation of a stationary bed. However, for
the slug flow pattern, the fluid mixture properties and velocity must be sufficient

to generate the required forces to prevent the formation of a stationary bed.

250



o
[

o
~N
!

T

o
[e)]
!

T

o
(6]
!

T

—e—950Kg/m"3, 3.5 -
4.0mm

1500Kg/m"3, 2.20 -
2.40mm

©
w

2000Kg/m~*3, 1.25 -
1.65mm

Minimum fluid velocity, m/s
o o
[N >

o
i

0 : : :
0 10 20 30 40
Pipe angle, Degrees

Figure 7.18:Minimum transport velocity versus the annuli inclination angle for different
particle properties

Figure 7.18 shows the results of experimental tests performed to measure the
minimum transport velocity to ensure the movement of particles with different
densities and size ranges. It was observed that the MTV required to transport the
heavier particles were significantly higher than that required for the lighter
particles even though the size ranges of the heavier particles were much less than
the lighter particles. However, if the density of all the particles are the same, the
influence of the particle sizes on the MTV becomes a lot more significant. Figure
7.19 shows the phenomenon whereby the lighter red particles with a density of
950Kg/m? and a size range of 3.5-4.0mm are being transported in suspension
while the heavier blue particles with a density of 1500Kg/m?3 and a size range of
2.20-2.40mm is being transported as a moving or stationary bed. This shows that
the effect of the density of the particles on the particle transport mechanism is
more dominant than its size and as the heavier particles settle, they in some cases

collapse and trap some of the lighter particles in the stationary bed.
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Flow direction

Figure 7.19:Effect of the particle properties on particle transport mechanism. (a) Single-
phase water with the red and blue particles, (b) two-phase water and air with the red
particles (b) two-phase water and air with the blue particles

7.3.5 Effect of wellbore inclination

The particle movement in the annuli is highly dependent on the angle of inclination
of the wellbore. However, the effect of the wellbore inclination angle on the
transport of particles is dependent on the particle transport mechanism and not
independent of the drilling fluid flow pattern. Unlike the single-phase flow, the flow
configuration or fluid distribution of two-phase flow in the annuli is affected by the
angle of inclination of the flow and in some cases if the gas-liquid flowrate is
constant, an increase in pipe angle may change the fluid flow pattern from one
form to another. This angle effect on the fluid distribution or flow pattern is an
additional effect that influences the annuli hydraulics and particle transport
efficiency for two-phase flow. Figure 7.20 shows an example of a scenario where
gas flowrate of 24m3/hr and a liquid flowrate of 21m3/hr is passed simultaneously
into a horizontal and 20° inclined annuli test sections thereby generating the slug
flow pattern without the presence of particles. It can be seen that the gas-liquid
distribution of the flow in the horizontal annuli differs significantly from that of the
inclined annuli even though the slug flow pattern exists in both cases.

Experimental tests showed that while the horizontal case had a longer liquid film
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length, the liquid film length decreased with an increase in the inclination angle
and the local mixture properties of the fluid was also influenced by the inclination
angle (Figure 7.20). The effect of gravity on the liquid phase is a lot more than
that on the gas phase. Thus, depending on the wellbore inclination angle, this
effect tends to influence the fluid distribution in the annuli which will thereby

influence the forces that are responsible for the cutting’s movement.

(a) Horizontal

(b) 20° inclined

v
2 - A %

. o ) O . P 5 5, .4
Figure 7.20:Comparison of the fluid distribution and mixture properties of slug flow in
the horizontal and inclined annuli test sections

Figure 7.23 and Figure 7.24 presents some of the experimental results for the
effect of the wellbore angle on the cuttings transport efficiency in the concentric
and eccentric annuli. These results were obtained by introducing the particles of
a given concentration into the flow and recording the flowrate at which the
particles are rolling at the bottom of the annuli and just below which a stationary
bed is formed in the annuli. The flowrate required to transport the particles in the
rolling mechanism was found to increase with an increase in the inclination angle
and the gradient of this increase was greater for the two-phase flow than that of
the single-phase flow. An example of the particle transport mechanism for the
slug flow pattern in the horizontal and inclined annuli sections is shown in the
Figure 7.21. It was observed that at a certain air-liquid flowrate, the particles in
the horizontal test sections were being transported predominantly as a moving
bed at the bottom of the annuli while a relatively higher stationary bed is formed
is formed at the bottom of the inclined annuli test sections and increased over

time.
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(a) (b)
Figure 7.21:Comparison of particle transport in the horizontal and inclined annuli for (a)
Moving bed with slug flow pattern in the horizontal annulus (Fluid type 2) and (b)
Stationary bed for the slug flow pattern in 30° inclined annulus (Fluid type 2)

One of the main reasons for the formation of a stationary bed in the inclined
annulus is the change in the local mixture properties of the fluid in the annulus
which alters the forces acting on the particles. This makes it harder to transport
cuttings in an upward inclined flow when the slug flow pattern is existing in the
wellbore annuli. The flow requirement to achieve particle suspension in the annuli
increased with an increase in the inclination angle for all the fluid types and flow
patterns investigated. This was observed from experimental test where the fluid-
particle mixtures at a given particle concentration was introduced to the test
sections at a constant fluid flowrate while the angle of inclination was varied.

< Flow direction

(b)

Figure 7.22: Change in cutting transport mechanism from suspension to a moving bed
with increase in inclination angle from (a) 20° to (b) 30°
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Figure 7.22 shows one of the experimental tests where the suspension
mechanism was observed predominantly in the 20° inclined annuli test
sections in comparison to the moving bed mechanism that was observed when
the inclination angle was increase to 30°. As the inclination angle was increased
within the range of 0-30°, most of the particles fell towards the bottom of the
annuli showing that it is harder to suspend the particles with increase in inclination
angle. It was also noted that the effect of the inclination angle appeared to have
more influence on particles in the two-phase flow mixtures than that of the single-
phase flow.
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Figure 7.23:Effect of inclination angle on the MTV for rolling in the concentric annuli
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Figure 7.24:Effect of inclination angle on the MTV for rolling in the eccentric annuli

7.3.6 Effect of fluid viscosity

The effect of the fluid viscosity on the cutting’s movement has been analysed and
presented graphically in the Figure 7.25. These tests were carried out using an
annular fluid velocity of 0.82m/s. The increase in the viscosity of the fluid
corresponds to a decrease in the size or height of the stationary bed formed at
the bottom of the horizontal annuli sections. These analyses were only performed
for the single-phase fluid types because for the two-phase fluid types, the
stationary bed height is not only dependent on the angle of inclination of the pipe
but also highly dependent on the fluid flow pattern. For different flow patterns,
the local viscosity at the bottom of the annulus, where the particles are likely to
settle, varies. However, in general, the higher the mixture viscosity of the two-
phase fluid at the low side of the annulus, the higher the tendency for the cuttings
to clear from the wellbore. The tests showed that once a stationary bed has been
formed, the lighter fluid or two-phase fluid mixtures is of a greater advantage than
the heavier fluid towards the clearing of the stationary bed in the horizontal
annulus. In the upward inclined annulus, the heavier fluid possesses the cleaning

advantage.
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Figure 7.25:Effect of single-phase fluid viscosity on stationary bed thickness

7.3.7 Effect of inner pipe rotation

From the experimental study of the effect of inner pipe rotation on the movement
of the particles, it was observed that the effect of the inner pipe rotation on the
cuttings transport mechanism was dependent on the fluid, the flow pattern and
the angle of inclination of the annulus. In the horizontal concentric annuli sections,
the increase in the rotary speed of the inner pipe produced a little to no decrease
in the height or area of the stationary bed for both the single-phase and two-
phase fluids. The height of the bed formed in the annulus was not reduced by the
rotation of the inner pipe for all the investigated flow patterns in the horizontal

concentric annuli test section (Figure 7.26).
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Figure 7.26:Effect of inner pipe rotation on bed thickness in horizontal concentric annuli
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The effect of the inner pipe rotation on the particle transport for the flow of the
different fluid types in the inclined annulus is shown in Figure 7.27. It was
observed that while the inner pipe rotation had little or no influence on the area
or thickness of the stationary bed formed in the inclined annuli test sections for
the two-phase flow fluid types, for the single-phase fluids, the increase in the inner
pipe rotary speed leads to a significant decrease in the thickness of the stationary
bed. Figure 7.28 shows the effect of inner pipe rotation on the clearing of a
stationary bed formed in the 20° inclined annulus test section flowing with a single-
phase fluid. It can be seen that with change in time, the transport mechanism of
the particles was transformed from the stationary bed regime and the particles

were transported in the suspension and moving bed mechanism.

Flow direction

t=2>5s

t=09s

t=14s

Figure 7.28: The effect of inner pipe rotation (150rpm) on a stationary bed formed in the
20° inclined concentric annulus (water and particles)
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P Flow direction

Figure 7.29:The effect of inner pipe rotation (150rpm) on a stationary bed formed in the
inclined annulus (Fluid type 2 )

Figure 7.29 shows the effect of the inner pipe rotation on the particles in the two-
phase flow with the slug flow pattern in the inclined annulus. The increase in the
inner pipe rotary speed had little or no significant influence on the size or thickness
of the stationary bed formed in the annulus. The effect of the inner pipe rotation
on the transport of the particles is a lot more significant in the eccentric annulus.
However, the degree of the effect of rotation is highly dependent on the fluid
rheology, fluid flow pattern and the angle of inclination of the annuli. For the
horizontal eccentric annuli Figure 7.30, the height of the stationary bed reduced
significantly with the increase in the rotary speed of the inner pipe. The particles
in the single-phase flow responded a lot better to the inner pipe rotation than the
particles in the two-phase flow and the fluids with the non-Newtonian rheology
generally performed better than the Newtonian fluids especially for the single-
phase flows. The Figure 7.31 shows the impact of the inner pipe rotation on the
particles in the inclined eccentric annuli. It can be seen that the impact of the
inner pipe rotation is a lot more significant in terms of the reduction of the
stationary bed for the single-phase fluids. However, for the two-phase fluids the
stationary bed is just slightly reduced with the increase in inner pipe rotation.
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Figure 7.30:Effect of inner pipe rotation on bed thickness in horizontal eccentric annuli
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Figure 7.31:Effect of inner pipe rotation on bed thickness in inclined eccentric annuli
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7.4 Pressure gradient due to particle transport

The annuli pressure gradient of fluid flow with entrained solid particles is
significantly higher than the pressure gradient when no solid particles are
transported in the flow. The prevailing cuttings transport mechanism and the
properties of the particles and the fluid have a significant influence on the pressure
gradient in the annuli. If the fluid flowrate generates an annuli average velocity
that is below the minimum transport velocity required to keep the particles in
suspension, the particle would fall to the bottom of the annuli and be transported
as a moving bed. A stationary bed is formed if the average fluid velocity falls below
the minimum transport velocity required for the particles to roll or slide at the

bottom wall of the annuli.
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Figure 7.32:Real-time annuli differential pressure for (a) single-phase flow (water) and
(b) two-phase slug flow (water and air)

If a stationary bed exists in the annuli, the flow area is reduced, and the fluid is
forced to flow in the reduced flow area above the bed. With the flowrate being
constant, this leads to an increase in the average velocity of the fluid, increased
wall and fluid to bed interfacial shear stresses and a corresponding increase in the
annuli pressure gradient. Figure 7.32 shows the difference between the differential
pressure measured when a stationary bed is present and when no bed is present
in the annulus. It can be seen that the pressure transducer voltage outputs when
a stationary bed is present in the annulus is significantly higher than that obtained

when no stationary bed is present in the annulus. Even though the stationary bed
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increases the annuli pressure gradient, the pressure gradient is still highly
dependent on the fluid flow pattern and the existing particle transport mechanism

in the annuli.

(a)Single-phase flow,
stationary bed

(b) Dispersed bubble flow,
moving bed

(c) Stratified flow,
stationary bed

(d) Slug flow horizontal,
stationary bed

Figure 7.33: Examples of different cutting transport mechanisms and fluid flow patterns

The suspension, moving bed and the stationary bed particle transport mechanism
can exist either individually or simultaneously in the annuli irrespective of the fluid
flow pattern. However, the particle vertical concentration is highly dependent on
the fluid flow pattern. Figure 7.33 shows some of examples of the fluid flow pattern
and particle transport configuration experimental investigated in this study. The
output of this study is to validate the cuttings transport models developed in
chapter 5.
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In the development of the multi-layered cutting transport model for the stratified
and slug flow pattern, a theory was formulated based on the idea that the cuttings
were only entrained in the liquid phase for the stratified flow and for the slug flow,
the cuttings were only entrained in the liquid phase of the liquid film/gas pocket
region and the slug body region of the entire slug unit. This proposed concept was
validated by introducing particles into the two-phase annuli fluid flow under the
slug flow pattern conditions and recording the collective movement of the particles

in the flowing stream.

Gas pockets

Figure 7.34: Particle transport dyﬁamics with time in the sIvug flow pattern(Particlel: 3-
4mm, 950Kg/m?3)

Figure 7.34 validates the theory that at all times the particles are only traveling
in the liquid phase of the liquid film/gas pocket region and the slug body and as
shown in the figure, there is no particle entrained in the gas pocket due to
significant density differences and the particles in the liquid film are accelerated
with the liquid film to the slug body region. Figure 7.33c and Figure 7.33d also
show that for the stratified and slug flow in the horizontal annuli, the particles are
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only entrained in the liquid phase and the particle concentration in the gas

phase/gas pocket region is zero.

7.4.1 Cutting transport model validation

The model predicted stationary bed height was compared to the measured
stationary bed height data from the experimental tests involving the flow of single-
phase and two-phase fluids with solid particles in the annuli. and presents the
results which show a good agreement between the predicted and measured

stationary bed height with a maximum error of about £16%.
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Figure 7.35:Stationary bed height model performance for the annuli flow of water and
water and air
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Figure 7.36:Stationary bed height model performance for the annuli flow of
polymer(0.5% XG) and polymer and air

The comparison of the pressure gradient obtained from the experimental tests and
the pressure gradient calculated from the multi-layered cutting transport model
for all the investigated flow patterns and the different particle transport
mechanisms in both the concentric and eccentric annuli are presented in Figure
7.37 to Figure 7.39
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Figure 7.37:Model performance for the annuli differential pressure with the particles in
the suspension mechanism (Particlel: 3-4mm, 950Kg/m?3)
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Figure 7.38:Model performance for the annuli differential pressure with the particles in
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2100Kg/m3)
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From the plots showing the comparison of the predicted pressure gradient to the
measured pressure gradient it can be concluded that the experimental results
validate the developed cutting transport multi-layered model. The maximum error
margin is about £22% with the results for the suspension mechanism showing

the least error of about £10% and a very low standard deviation.
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Chapter 8

Conclusions and recommendations

8.1 Conclusions

Effective cuttings transport and accurate drilling hydraulics prediction are issues
of concern during drilling operations of horizontal, extended reach and multilateral
wells. Unlike the conventional drilling approach, underbalanced drilling operations
which allows the flow of multiphase fluids through the wellbore annuli adds more
complexity to the system due to the highly transient nature, relatively
unpredictable flow dynamics and the need for wellbore fluid control for bottom
hole pressure management. The flow of both Newtonian and non-Newtonian,
single-phase and two-phase fluids with or without solid particles through the
annuli have been studied theoretically, numerically and experimentally. This was
done in order to investigate the effect of some of the major or important drilling
parameters on the flow hydraulics and cuttings transport mechanism in horizontal
and inclined concentric or eccentric wellbore annuli. For this purpose, an
experimental unit was designed and constructed at RGU to perform extensive
experiments and data acquisition for conditions at various particle concentrations,
inner pipe rotary speed, different inclination angles and gas-liquid flowrates.
Several mathematical models were developed to enable the accurate
determination of the friction factor for both Newtonian and non-Newtonian flow in
the concentric and eccentric annulus. Additionally, a numerical CFD technique was
applied to discretise the governing equations of motion and obtain numerical data
that was favourably compared to the theoretically developed friction factor model.
New flow pattern dependent mechanistic models that can be applied to perform
predictive wellbore hydraulics calculations were developed and new flow pattern
dependent multi-layered cutting transport along with minimum transport velocity
models were also developed and validated with experimental data. These models
can be applied in the field for a wellbore of any level of eccentricity to determine
the pressure gradient during drilling operations, evaluate cuttings transport
performance, determine the stationary bed size and establish the required
threshold that ensures that the wellbore is maintained at the optimum pressure
and the drilled cuttings are transported effectively out of the wellbore. The

following are the main conclusions drawn from this study:
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1.

2.

3.

The friction geometry parameter and consequent friction factor for the flow of
non-Newtonian shear thinning fluids through the annuli is significantly
dependent on the level of eccentricity, annuli pipe diameter ratio, the
rheological properties of the fluid, inner pipe rotary speed and flowrate of the
fluid. For this reason, the friction geometry parameter equations developed for
Newtonian annuli flow cannot be used to determine the friction factor for
drilling fluid flow in wellbores. A friction geometry parameter, equation
validated with numerical and experimental data has been proposed in this
study (Chapter 4) to determine the friction factor for generalised fluid flows in

a concentric and eccentric annulus with and without drillpipe rotation.

The use of numerical computational fluid dynamics CFD techniques to map the
wellbore annuli and discretise the fundamental governing fluid flow equations
was proved to be reliable. This approach was used in this study to obtain
velocity fields in the concentric and eccentric annuli, investigate the effect of
inner pipe rotation on the distribution of the velocity fields and the pressure
gradient. The data obtained from the numerical study was compared to the
theoretical study in other to validate the mathematical models, showing good
agreement in a range of £5%. The CFD approach established in this study can
be applied used to obtain detailed information of the flow fields in the

concentric and eccentric annuli were experimental work is not feasible.

The impact of the drillpipe rotation on the velocity fields in the annuli is
dependent on the level of eccentricity of the wellbore. While there no significant
influence of pipe rotation on the velocity fields in the concentric annuli, the
rotation of the drillpipe in the eccentric annuli leads to a redistribution of the
velocity fields and the improvement of flow in the region of relatively lower or
no flow. Thus, the rotation of the drillpipe may be favourable for improving the
flow in the bottom region of the wellbore annulus and thereby improving the

cuttings transport efficiency while drilling.

270



4. When the flowrate is kept constant and the flow is fully developed, the increase
in the drillpipe rotation has little or no impact on the pressure gradient for the
flow of shear thinning non-Newtonian fluids in the concentric annulus.
However, for the eccentric annulus, the increase in drillpipe rotation leads to a
decrease in the pressure gradient and the rate at which this occurs is
dependent on the rheological properties of the fluid. The effect of pipe rotation
on the frictional pressure losses diminishes with an increase in the fluid
flowrate and after a certain pipe rotation speed, the effect of the pipe rotation
on the pressure gradient becomes negligible.

5. Although the fluid flowrate is the most important parameter that influences the
transport of cuttings in the annuli, unlike the conventional drilling operations,
the optimum flowrate to ensure that the cuttings are effectively transported in
the wellbore with underbalance drilling conditions is highly dependent on the
prevailing flow pattern existing in the wellbore annuli. To ensure effective hole
cleaning for UBD operations, the minimum fluid circulation rate or transport
velocity must be determined according to the wellbore gas-liquid fluid

properties and the flow pattern.

6. Under the flow conditions investigated for two-phase horizontal and inclined
flow, numerical and experimental study proved that the rotation of the drillpipe
within the range of 0-150rpm did not influence the transition of the gas-liquid
flow pattern in the flow. The flow pattern formed in the annuli is mainly a
function of the gas-liquid properties and the in-situ flowrate of each of the
phases. Thus, when performing predictive wellbore hydraulics calculations, the
impact of the pipe rotation(0-150rpm) on the gas-liquid flow pattern transition

can be neglected.

7. The wellbore inclination has a strong influence on the pressure gradient and
cutting transport efficiency for annuli flows. Unlike the single-phase flows, the
change in the inclination angle can lead to a change in the gas-liquid fluid
distribution and the fluid flow pattern for two-phase flows. This means that

apart from the gravitational effects, the inclination angle has a huge effect on
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the pressure gradient for two-phase flow because the pressure gradient is
strongly dependent on the flow pattern and the in-situ mixture properties of
the fluids. For instance, for the slug flow pattern at the same gas-liquid input
flowrates, the liquid film length for horizontal flow is always larger than that of
the upward inclined flow. Although it has been established that the effect of
the wellbore inclination angle on cutting transport is dependent on the cutting
transport mechanism, the change in the annuli fluid distribution and possible
change in the flow pattern influences the cuttings transport efficiency. Under
the range of conditions investigated, the optimum flowrate or minimum
transport velocity required to transport the cuttings in suspension or as a
moving bed increases with an increase in inclination angle for both single-
phase and two-phase flows. However, it was also observed that the effect of
the inclination angle on cuttings transport for two-phase flow is higher than
that of the single-phase flow.

. The fluid viscosity plays an important role in the effective transportation of
cuttings for both conventional and underbalanced drilling operations. The
higher the viscosity of the fluid, the lower the tendency for the formation of a
stationary bed at the bottom of the wellbore annuli. Once a stationary bed has
been formed in the annuli, the lighter fluid or two-phase fluid mixtures has a
more advantage in the clearing of the stationary bed than the heavier fluid in
the horizontal annulus. However, in the upward inclined annulus, the heavier

fluids have more advantage than the lighter fluids.

. Pipe rotation has little or no influence on the cutting transport for both the
single-phase and two-phase flows in the horizontal concentric annuli. However,
in the inclined concentric annuli, pipe rotation can improve the cuttings
transport for single-phase annuli flows. For the eccentric horizontal and inclined
annuli, an increase in the pipe rotation speed can significantly improve the
cutting transport efficiency for both the single-phase and two-phase flows.
However, in terms of improving the cuttings transport efficiency, the influence

of the pipe rotation on the single-phase non-Newtonian fluids at relatively
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lower flowrates is a lot more significant than that of the single-phase
Newtonian and two-phase flows in both the horizontal and inclined

orientations.

10.In general, for the single-phase and two-phase fluids, the critical circulation
rate or the minimum transport velocity required to transport the cuttings in
the eccentric annulus is always higher than that which is required for the

facilitation of cutting movement in the concentric annulus.

11.When a stationary bed is formed in the annuli, the pressure gradient is
increased due to the reduced area of the flow. For this reason, if an increase
in the pipe rotation speed reduces the thickness of the stationary bed, it will

correspondingly lead to a decrease in the annuli pressure gradient.

12.Generally, when operating at UBD conditions, unlike the conventional drilling,
the influence of the important drilling parameters on the wellbore hydraulics
and cutting transport efficiency are largely dependent on the gas-liquid flow
pattern. Thus, for UBD operations, it is important to track the flow pattern
throughout the length of the wellbore and perform wellbore predictive or real-

time calculations as a function of the local fluid flow pattern in the annuli.

13.New flow pattern dependent wellbore hydraulics and cutting transport
mechanistic models have been developed with a novel approach and proposed
for the carrying out predictive and real-time calculations for underbalanced
drilling operations in a wellbore annulus with any level of eccentricity and with
or without drillpipe rotation. New flow pattern dependent wellbore hydraulics
and multi-layered cutting transport model has been developed with a
maximum error of £12% when compared to experimental data. These models
can be used to determine the wellbore pressure profile and evaluate the cutting

transport efficiency during drilling or at the designing phase of a project to help
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save costs, mitigate the issues of wellbore instability and prevent non-

productive time.

8.2Contribution to knowledge

The outcome of this study presents the following contributions to existing

knowledge:

1.

2.

In order to determine the frictional pressure loss in a wellbore annulus, it is
important that the method for the calculation of the friction factor takes into
account the rheological properties of the drilling fluid. While previous
researchers have used methods derived solely for the Newtonian annuli flow
of fluids, this study has shown that these methods are largely inaccurate when
applied to shear thinning non-Newtonian drilling fluids. Apart from the
rheological properties of the fluid, the friction factor for non-Newtonian annuli
flows are also dependent on the pipe diameter ratio, level of eccentricity,
drillpipe rotary speed and the circulation rate of the drilling fluid. Thus, all
these factors must be taken into account when selecting a method to determine
the frictional pressure loss in a wellbore annulus. In this study a new method
has been proposed and several analytical and mechanistic equations have been
developed for the accurate determination of the friction geometry parameter
and factor for laminar and turbulent annuli flows. These equations are valid for
fluids with Newtonian, Power law, Bingham plastic and Herschel-Bulkley

rheological properties.

This research presents a novel approach for the determination of the liquid
area and liquid height in the annuli with any level of eccentricity, which is
important and required for the preforming the hydraulics or cutting transport
calculations involving the stratified and slug flow pattern. The equation
developed for this purpose can also be applied for the determination of the
stationary bed thickness/height in the annuli for any level of eccentricity. This
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is important because if the area or volume of fluid in the annulus is held
constant, a change in eccentricity may lead to a change in the liquid height
depending on the initial height of the liquid in the annulus. It is required that
this phenomenon is taking into account when determining either the liquid area
or the stationary bed height, especially when performing a multi-layered flow

modelling.

. While the methods applied to perform wellbore hydraulics and cutting transport
calculations for underbalanced drilling UBD conditions have neglected the
effect of the gas-liquid flow pattern, this research showed the importance of
the gas-liquid flow pattern by shedding light on the effect of the gas-liquid flow
pattern on wellbore hydraulics and how it can influence the important drilling
parameters to either the benefit or detriment of the cutting transport efficiency.
Taking the gas-liquid flow pattern into consideration goes a long way in
preventing wellbore instability issues during UBD operations.

. New flow pattern dependent models have been developed and presented in
this study for the calculation of the pressure gradient for underbalanced drilling
UBD operations in wellbores of any level of eccentricity and with or without
drillpipe rotation. As the flow pattern is an important factor to be considered
when performing UBD calculations, these proposed mathematical hydraulic
models have been tested with experimental data obtained from tests with
several flow patterns and proved to be reliable for performing flow pattern
dependent calculations.

. When a detailed solution of the annuli fluid flow fields is required, the
computational fluid dynamics CFD approach offers a great advantage. This
offers the benefit of generating useful numerical results that are not feasible
to obtain from physical experiments. For a detailed wellbore hydraulics and

cutting transport modelling, the annuli velocity fields, pressure fields and fields
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of other material properties of the flow may be required which brings the need
for a CFD technique. In this study, a method for the solution for fluid flow
through the annuli was developed by discretising the governing equations for
fluid flow in both the cylindrical and cartesian co-ordinate system, developing
a new method in which the wellbore geometry can be generated and meshed
and providing detailed information on how both single-phase and two-phase
flow CFD simulations can be accomplished. The method formulated can be
applied for both Newtonian and non-Newtonian annuli flow at level of
eccentricity and also takes into account the drillpipe rotation speed. This
provides CFD method that can be applied to perform numerical simulations in
other to investigate the effect of the important drilling parameters on the
wellbore hydraulics and cutting transport efficiency.

. The different cutting transport mechanisms and the fluid flow pattern have not
till date been considered simultaneously when performing the two or three-
layered cutting transport modelling for annuli flows. Due to the importance of
the flow pattern for cutting transport modelling, several mechanistic flow
pattern dependent multi-layered models were developed for calculations
involving fluid flows in underbalanced drilling operations in wellbores of any
level of eccentricity any fluid rheology and with or without inner pipe rotation.
This came along with formulation of a systematic technique in which the
wellbore annulus is divided into the required number of layers and the
formulation of new equations for the calculation of the wetted perimeters of
each of the layers as well as the interface between each of the layers or fluids.
This is a novel concept which can be applied to evaluate the sensitivity of the
major drilling parameters on wellbore hydraulics, thereby saving costs and
mitigating wellbore instability issues.

. A significant deliverable in this research was the design and construction of an
experimental rig that replicates the fluid-cuttings flow dynamics of either the
conventional or underbalanced drilling process. Data acquisition systems was
installed on the rig to enable the systematic collection of real-time information
from the experimental test in other to validate the empirical and mechanistic
models developed in this study.
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8.3Recommendations
The following are the recommendations for future research:

1. The wellbore inclination angle is one of the key parameters that influence the
cutting transport efficiency. Previous researchers that investigated the effect
of the wellbore angle on cutting transport using single-phase fluids concluded
that while the minimum transport velocity required to transport the cuttings in
suspension increased with an increase in the wellbore angle, the minimum
transport velocity required to transport the cuttings as moving bed increased
with an increase in angle until a certain angle is reached after which the
minimum transport velocity for the moving bed decreases. In this study, from
experiments conducted using the two-phase fluids, it was observed that the
minimum transport velocity for both the suspension and moving bed
mechanism increased with an increase in inclination angle. However, the range
of the angles considered were between 0 to 30° within the pipe axis and the
horizontal. It would be interesting to perform more two-phase flow
experiments using a wider range of inclination angles to establish the angle at
which the minimum transport velocity for the moving bed climaxes as this is

dependent on the fluid flow pattern.

2. In this study, the effect of the drillpipe rotation on the pressure gradient and
particle transport was investigated for both single phase and two-phase fluids
in both the horizontal and inclined annuli. There are cases where during drilling,
the drillpipe rotates in an orbital manner instead of rotating about its axis. It
is obvious that the effect of the orbital motion of the drillpipe on the pressure
losses and cutting transport would be different to that of the rotational motion.
The performance of numerical CFD simulations to imitate this process is highly
complex and may in many cases generate unrealistic solutions if not set-up
properly. The experimental rig setup developed in this study can be modified
in a manner that allows the inner pipe rotate in an orbital manner, to
investigate the key differences from the results obtained from the rotational
motion of the inner pipe.
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Appendix A: MATLAB code for the determination of the rheological
parameters of fluids

The following function is a subroutine function to be called in main script. This

function performs a non-linear regression analysis on the input data

function rl = lin Reg(a0)

% Performs linear regression on matrix input data and generates a column

vector of the following respectively:
% -Observations

% —-Gradient

% -Intercept

% -R

% -R Square

T2 = a0;

[ii, Jj] = find(isnan(T2)| isinf(T2));
T2(ii,:)=[1;
n = size(T2,1);

%% Determine slope and intercept of the data

no = mean(T2,1); % mean of x and y sample

Al = T2(:,1) - no(l);

A2 = T2(:,2) - no(2);

Al A2 = Al .* A2; Alx = Al."2; A2x = A2.72;

Al A2 s = sum(Al_A2); Alx s = sum(Alx); A2x s = sum(A2X);

rho = Al A2 s/sqrt(Alx_s * A2x s) ; % Pearson coefficient

Sy = sqrt(A2x _s/(n-1));

Sx = sqrt(Alx s/(n-1));

m = rho * Sy/Sx; %Gradient of regression slope
c = no(2) - m*no(1l);

%% Determine R and R"2 values

Bl = T2(:,1)."2; B2 = T2(:,2).72;

Bx = T2(:,1) .* T2(:,2);
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Bxl = sum(T2(:,1)); Bx2 = sum(T2(:,2));
Bl s = sum(Bl); B2 s = sum(B2); Bx s = sum(Bx);

R = (n*Bx_s - Bxl*Bx2)/(sqrt(n*Bl s - Bxl"2) * sqrt(n*B2_s - Bx2"2));

Rs = R"2;
rl = [n; m; ¢c; R; Rs];
end

Prior to the use of this MATLAB program, the shear stress to shear rate data
obtained from rheological measurements using a viscometer is saved in Microsoft
Excel and ready to be called into the program for processing. The shear rate vales
are stored in the left column while the shear stress values are stored in the right
column in Microsoft Excel. The main MATLAB script to be run to determine the
rheological parameters of fluids from the shear stress to shear rate data is given

below:

clear
clc

T

xlsread( 'Rheology2.xlsx');

n size(T,1);
tmin = T(n,2); % minimum shear stress value

GR = (sqrt(5) - 1)/2;

X

lower limit = 0.00; upper limit = tmin; % initial guess of lower and
upper bound yield stress values.

es = le-4; % convergence criterion
ea = 1;

count = 0

~e

while ea>es

count = count + 1;

tyl = lower limit + GR*(upper limit - lower_ limit);
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ty2 upper limit - GR*(upper_ limit - lower limit);

tyl round(tyl,4); ty2 round(ty2,4);

Tl = T; Tl(:,2) Tl(:,2) - tyl;

T2 = T; T2(:,2) T2(:,2) - ty2;

Tlx = loglO(T1l); T2x = loglO0(T2);

al = lin Reg(Tlx); a2 = lin Reg(T2x);

Rcl = al(5); Rc2 = a2(5);

%Compare error to tolerance and stop
% ea = 100 * abs(Rc2 - Rcl)/Rc2;

ea = 100 * abs(ty2 - tyl)/ty2;
ea(isnan(ea))=0;

if Rcl<Rc2, upper limit = tyl;

elseif Rcl>Rc2, lower limit = ty2;

end

end

ns = al(l); m = al(2); int = al(3); R = al(4); Rs = al(5);
K = round(10”(int),3); yield = round(tyl,2);

m = round(m,2);

yx = 0:1:1200;
fx yield + K.*yx."m;

plot(yx,fx, 'bo-', 'linewidth',0.01)
xlabel('Shear rate (s”-1)")
ylabel('Shear rate (Pa)')

grid on

hold on

shg

% Rheology characterisation

ifm<1&& m > 0 && yield == 0, Fluid type = 'Powerlaw fluid';

elseif m<l && m>0 && yield >0, Fluid type = 'Herschel Bulkerly fluid';
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elseif m == 1 && yield == 0, Fluid_type = 'Newtonian fluid';

elseif m==1 && yield>0, Fluid type = 'Bingham plastic fluid';
else
Fluid_type = 'Not found';
end
% Display of results
Resultl = ['Gradient : ',num2str(m)];
Result2 = ['Intercept : ',num2str(int)];
Result3 = ['R : ',num2str(R)];
Result4 = ['R Square : ',num2str(Rs)];
Result5 = ['Observations : ',num2str(ns)];
Result6 = sprintf ('Fluid rheology - %s',Fluid type);
Result7 = ['Consistency K ", num2str(K)];
Result8 = ['Power law index n : ',num2str(m)];
Result9 = ['Yield stress to : ',num2str(yield)];

disp('Regression Result Summary

disp(Resultl)
disp(Result2)
disp(Result3)
disp(Result4)
disp(Resulth)
disp('

disp( 'RHEOLOGY PARAMETERS

disp('

")

disp(Resulté6)
disp('

disp(Result7)
disp('

disp(Result8)
disp('

disp(Result9)
disp('
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Appendix B:

Figure B.1: Druck pressure calibrator
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Figure B.2: Calibration of absolute pressure transducer No.1
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Figure B.3: Calibration of differential pressure transducer No.5
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Figure B.4: Comparison of liquid flowmeter readings to manually measured values
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' Transducer calibration constants
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Figure B.5: LabVIEW front panel design for data acquisition

290



	coversheet_template_THESIS
	SALUBI 2022 Cuttings transport and hydraulics

