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Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

Abstract

Field experience shows that the accumulation of cutting in a wellbore causes several drilling
problems. These include an increase in torque and drag, which may limit drilling from reaching
to a desired target formation. In addition, it may cause drill string sticking and poor hydraulics as

well. Therefore, an efficient hole cleaning is the most important aspect of drilling operation.

Hole-cleaning is a very complex subject, which integrates fluid mechanics, fluid rheology,
thermodynamics and mechanics. Since the introduction of hole-cleaning research several works
have been carried out to investigate the behavior of cutting transport through modeling and
experimental studies.

In this thesis, the sensitivity of several parameters associated with the hole-cleaning was studied.
For the analysis, widely known industry standard software, WellPlan™ /Landmark, was used.
The results are in line with experimental works documented in literatures. The overall simulation

analyses are summarized. In addition, list of recommendations as future work are proposed.
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1 Introduction

This thesis analyzes the sensitivity of cutting transport phenomenon with respect to various
parameters using WellPlan™ software [3]. Landmark’s WellPlan™ software is widely used

in the oil industry. 11003ft length real wellbore was considered for the simulation study.

1.1 Background

Circulation of drilling fluid is an integral part of the drilling operation. Figure 1.1 illustrates a
typical rotary drilling system [1]. The drill bit crushes the rock formation into small pieces
called cuttings. The drilling fluid is pumped through pipe and then circulated back through

the annulus bringing cuttings to the surface facilities such as shale shaker and mud pits [2].

The ability of circulating drilling fluid system to transport cuttings is known as the carrying
capacity of the drilling fluid. The term carrying capacity is also called hole-cleaning capacity.
The carrying capacity is basically a function several parameters mentioned in Table 1.1. In
this thesis work, the effect of these parameters on the hole-cleaning phenomenon will be
evaluated. Before drilling, the common practice during planning phase is to perform a
simulation study in order to predict effective cleaning efficiency of a given mud system with
respect to the operational parameters and cutting properties. The prediction is performed by
calculating the critical cutting transport velocity. The critical transport fluid velocity is
defined as minimum fluid velocity required preventing cutting bed formation and allows
cuttings upward transport [3]
Hence during planning phase, proper design and implementation of cutting transport is very
important for the success of the overall drilling operation. Poor hole-cleaning leads to several
negative effects. The overall effect is extending drilling time and increasing drilling cost.
Some of the consequences related to poor hole-cleaning are [4]:

» Slow rate of penetration,
Increase drilling string torque (increase in rotary power requirement),
High drag (in ability to reach target),
Risk of pipe sticking (fishing or loss of hole),
Difficultly in casing landing due to drag and cutting accumulations,

Challenging problems during cementing (reason for channeling),

YV V. V V V V

Difficulty in logging
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Figure 1.1: Drilling system [1]

Poor hole cleaning problems is common in directional and horizontal drilling as illustrated in
Figure 1.2. Cutting bedding development occurs as angle increase from vertical to horizontal
provided that the flow rate is not sufficient for cleaning. In addition during a sudden pump

shut down, or during connection cutting bed would slide down in intermediate angles
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between about 40-55/60 deg. Figure 1.2 illustrates cutting deposition and drill string sticking
during tripping operation [35].

Figure 1.2 Illustration of cutting bed deposition in deviated well [35]

Transportation of cuttings in the annulus is a very complex process. It is affected by many
parameters. Several investigators [5] [6] [7] [9-22] have listed the most relevant factors that
affect the carrying capacity of drilling fluids. As shown in Table 1.1, the parameters can be

categorized into three groups: Fluid parameters, cutting parameters and operational

parameters:
Fluid parameters Cutting parameters Wellbore configuration +
Operational parameters
Mud density Cutting density Angle of inclination
Rheology Cutting size Pipe rotation
Shape Rate of penetration
Cutting concentration Eccentricity of the hole
Bed porosity Flow rate
Angle of repose Depth
Hole size/Casing well inside
diameter

Table 1.1: Parameters that influences hole-cleaning

MSc Thesis, 2013
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Laboratory test results show that relatively a higher flow rate can remove cuttings for any
fluid, hole-size, and hole-inclination angle. However, the higher fluid flow rate will also
increase the equivalent circulation density of the mud system. This as a result may cause well
fracturing. To avoid this minimization of pressure losses in the annulus is an important issue
for drilling in an extended reach well. The pressure losses depend on the fluid velocity, fluid
density, and particle concentration. Therefore, a compromise between well stability and
cutting transport should always exist, which one can optimize an appropriate flow rate for

these operations.

Efficient transportation of cuttings is an important factor for a good drilling operation. Using
WellPalan™ software, this thesis will analyses the sensitivity parameters on cutting transport

in a vertical and an inclined well geometry.

1.2 Problem formulation/Problem statement

Since the introduction of hole-cleaning research several studies have been documented. The
studies include both experimental and modeling works, which investigated different
mechanisms under different operational and fluid/cutting parameters that governs cutting

transport.

From the Larsen’s [5] experimental data (Figure 1.3), one can observe different cutting
transport phenomenon as a function of well inclination. However, the Larsen model handles
only from the 55-90deg well inclination. The Chen’s [6] and Moore’s [7] models handle only
for vertical well. Rubiandini [8] developed a method of correlation which is a linear
interpolation between the vertical and 45deg. However, the experimental data of Larsen

doesn’t show the linear trend between vertical and 55deg.

Recently an extensive literature review on cuttings transport is published by Nazari et al [4].
The paper summarizes the effect of drilling parameters on cuttings transport in deviated and

horizontal wells.

MSc Thesis, 2013
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However, this thesis will look into the sensitivity of these effects under various drilling

operation and fluid properties.

DATA ORIGINATOR
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Figure 1.3: Laboratory observer transport velocity [5]

Some of the hole-cleaning issues that this thesis is trying to look at are:

e What is the combined effect of operational parameters and drilling fluid properties?

e What is the combined effect of operational parameters and cutting properties?

e Does the application software describe the major phenomenon observed in laboratory
experimental measured data?

e What is the effect of rheology model on cutting transport simulation?

e What is the effect of well length and size on cutting transport?

MSc Thesis, 2013



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

1.3 Objectives

The primary objective of the thesis is to perform a simulation study to investigate the impact

of various parameters on cutting transport. The activities are to:

v Review different cutting transport models, experimental laboratory investigations and

their model verifications

v' Simulate the impact of various parameters on cutting transport in vertical and deviated
wells using WELLPLAN™ Landmark software.
o The parameters to be used for sensitivity parametric simulation studies are
various operational, wellbore configuration (well size & inclination), drilling
fluid and cutting properties listed in Table 1.1.
o During simulation a single and combined effect of the parameters on cutting

transport will be investigated.

v' Compare the simulation results with the trends of experimental observations

documented in the reviewed literatures.

MSc Thesis, 2013
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2 Literature study of cutting transport

As mentioned earlier, in literature there are several studies documented on cuttings transport
issues. These include i) empirical and ii) theoretical (mechanistic model) and iii)
experimental works.
e Empirical correlations studies presented by references [6] [7] [32] [33] [34]
e Mechanistic modeling presented by references [20] [23] [35]
e Experimental works under small and large scale flow loops performed by references
[5] [6] [7] [9-22] [32-36].

The cuttings transport behavior in deviated well is different from in vertical well. The

problem become worst in deviated well.

This section highlights the major investigation documents in literature.

2.1 Experimental
This section briefly highlights the experimental works with regards to the experimental set up

and the major investigations.

Tomren et al. (1986) [9] reported the results of laboratory experiments carried out with
various drilling fluids and cuttings in plastic pipes at well inclination angles varying from
vertical (0) to horizontal (90°). The length of the test section was 40-ft. The annular size of 5
in x 1.9 in. and flow rates up to 200 gal/min. The pipe rotates in the annulus. The
investigators observed that:

o For near vertical well (i.e. when deviation from vertical is less than 10°), cuttings
transport is similar to the vertical situation; It was observed that with 10° tests,
cuttings movement and concentrations are only slightly worse than with vertical
tests.

e When well inclination increases, a cuttings accumulated and hence bed develops
at low flow rates;

« For a given flow rate, the bed thickness increases with deviation up to an angle

where it becomes independent of the deviation angle;
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e In given conditions of deviation and flow rate, the bed thickness is strongly
influenced by drillpipe eccentricity, but only moderately influenced by fluid
viscosity. The transport performance reduces as the well inclination and rate of
penetration increase.

e Hole-angles of 40 to 50° are critical because of cuttings buildup and downward
sliding of the bed of cuttings.

e High-viscosity muds were observed to provide better transport than low-viscosity
muds.

Ali Piroozian et al 2012 [10] have experimentally investigated the influence of the drilling
fluid viscosity, velocity and hole inclination on cuttings transport in horizontal and highly
deviated wells. For the investigation, the authors have considered three types of drilling fluid.
The experiment was conducted using a 17-feet long flow loop of 2-in. diameter as the test
section. During testing, they have determined the amount of cuttings transport performance
(CTP) from weight measurements. The result of the experiment shows that:

e For constant flow velocity, increase drilling fluid viscosity has improved CTP by

approximately 8 % at all angles provided the flow regime remained turbulent
e Further increase of viscosity as flow regime was turning into transient or laminar

flow, has reduced CTP by a total average of 12 %.

Cutting transport is becoming difficult in inclined and horizontal wells. This is because the
gravitational force causes the particles settle down to the bottom Mengjiao et al [11] have
written a new approach to improve cutting transport in an extended reaches horizontal wells.
The method is to counteract the gravitational force while simultaneously increasing the drag

force by attaching the drilling particles with chemical surfactants as illustrated in Figure 2.1.

Surfactants
1. Frother

Figure 2.1: Diagram of Air Bubble attached to cutting particle [11]
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During the lab-scale test, the performed cutting transport experiments with and without
chemical additives. Their test result in horizontal section shows that:

e Without chemical additives, no cuttings were transported
e With the addition of straight chained chemical surfactants, 30% of the cuttings were
carried out by air and many others were carried partially across the tube

e Use of branched chemical surfactants, 58% of the cutting were transported

Ford et al 1990 [12] have experimentally investigated the cutting transport phenomenon in an
included wellbore. The main investigation obtained from the experiments is that the velocity
that initiates cuttings transport is sensitive to hole-inclination. The effectiveness of a
circulating fluid in removing drilled cuttings dependent on the rheology of the fluid and the
fluid flow pattern (ie. laminar or turbulent). Observation in water shows that under turbulent
flow the cutting transport was very effective. Operational parameter such as pipe rotation
shows little or no effect when circulating with water but it significantly reduced the critical

fluid transport velocity when circulating with medium or highly viscous fluids.

Hareland et al (1993) [ 13] have experimentally investigated the limestone cutting transport
behavior in Low-Toxicity Invert Emulsion Mineral-Oil-Based and Water-Based Muds
systems. As reported by the authors, their experimental set up similar other investigators such
as Tomren et al [9] and Okanji’s [14] work. Analyzing the observed experimental data, the

authors came to the following conclusion:

e Except the vertical or near vertical well inclination, at all angles it was observed that
an increased yield point and plastic viscosity of both mud systems results in decreased
cuttings transport rate. They have also observed that this effect is more severe in the
inverted emulsion oil-base muds.

e At higher well inclination, decreased yield point and plastic viscosity, coupled with
increased flow, shows improve hole-cleaning for both mud types. This conclusion is
based on the experimentally observed bed sliding and film formation.

e For a well inclination from 40° to 50°, water-base muds show a better hole cleaning

than mineral oil-base muds provided similar rheology.

MSc Thesis, 2013
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Okrajni, and Azar 1985 [14] have experimentally investigated the effect of mud rheology on
annular hole-cleaning. From the study, they have identified three cutting transport regions
namely;

e Region 1 (0 to 45°),

e Region 2 (45 to 55°) and

e Region 3 (55 to 90°).
Their work shows that under turbulent regime, the cuttings transport is not affected by the
mud rheological properties (yield and YP/PV ratio) in all three regions. On the other hand
when the flow is laminar, higher mud yield value reduces cuttings concentrations, which
shows a better transport performance. The effect of mud yield value is very significant in the
range of low-angle wells (Region 1) and becomes nearly negligible in Region 3. The authors
also observed a poor cleaning (i.e. highest annular cuttings concentration) when the angle
was 40 to 45 ° range. This observation was when low flow rates were used. They also
analyzed the effect of eccentricity and the result shows that a relatively small effect for low-
angle inclination (Regions 1 and 2) for any flow regimes. The effect becomes moderate in
Region 3 under turbulent flow and significant for laminar flow. They also observed in general

that the mud flow rate has a dominant effect on annular hole-cleaning.

SIHerman, and Becker, 1992 [15] performed a full scale based hole cleaning experiments in
an inclined well varying from 45-90deg. The length of the experimental was 18.3 m long.

The drill pipe 3- and 4.5-in. and the wellbore was an 8-in ID diameter.

The investigators evaluated the effect of several parameters on hole-cleaning. The
parameters are mud velocity, mud density, mud rheology, mud type, cuttings size, rate of
penetration (ROP), drillpipe rotary speed, drillpipe eccentricity, drillpipe diameter, and hole
angle. Mud velocity and mud density have the greatest effect on hole-cleaning. According to
the investigators, as the mud weight increases the cutting beds shows decreasing. The
drillpipe rotation effect on cutting buildup is greater under certain conditions such as at
inclination angles near horizontal, for small cuttings (0.08 in. [2 mm]), and low ROP (50
ft/nr). They have also reported that bed Beds forming at inclination angles between 45 and
60° may slide continually and tumble down. At angles from 60 to 90° from vertical, cuttings
beds are showing little sliding or reducing tendency.

MSc Thesis, 2013
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Hussain et al 1983 [16] have conducted an experimental study of cutting transport. Their
investigation shows that annular velocity and yield strength of drilling fluid increases are

favorable conditions for efficient hole-cleaning.

Sifferman et al. 1974 [17] conducted experiments using a full scale vertical annulus to study
the various parameters affecting cuttings transport ratio to annular velocity for different
systems of field mud. They concluded that rotary speed, feed concentration, annular size and
pipe eccentricity had minimal effect on cutting transport.

A large scale experimental study was performed using several drill pipes and casing sizes in
140ft vertical flow system. The annular velocity used for the evaluation was varied (4 to 200
ft/min), using different fluid rheological properties, cutting sizes, and operational parameters.

Among others observations; the most important controlling factors are:

e Annular velocity and rheological properties are the most cutting transport controlling
parameters. The annular velocities of 50 ft/min provided sufficient cutting transport in
typical muds.

e As the fluid viscosity increase the cutting transport efficiency of the fluid increase. In
laminar flow of oils as transport fluid, cutting transport is 85 to 90% of the theoretical
values based on the terminal slip velocity of the cuttings. In turbulent flow, cutting
transport is around 75% of the theoretical values.

e Casing size and drilling fluid density shows a moderate effect. But the drill pipe
rotation, drilling rate (cutting feed concentration), and drill pipe eccentricity had a

minimal effect on cutting transport.

2.2 Experimental and modeling

This section also presents the some of the experimental works along with model verifications.
Modeling is an important part of hole-cleaning research. If the model predicts the cutting
transport phenomenon one can run several computer experiments. In this thesis work several

simulation works will carried out.

Gavignet and Sobey (1989) [18] presented a cuttings transport model based on physical

phenomena, is known as the double-layer model. The investigators have compared their

MSc Thesis, 2013
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model against lyoho et al’s laboratory data. The model shows relatively good prediction of

Carbopol fluid system than the water.

Paden et al. (1990) [19] have developed minimum transport velocity prediction models for: a)
cuttings suspension and b) cuttings rolling. The predictions were compared with laboratory
data. The investigators observed than as increase in the viscosity of the circulating fluid
results a decrease of MTV. The effectiveness of hole-cleaning is dependent on the rheology

of the fluid and fluid flow regimes (i.e laminar or turbulent flow).

Clark and Bickham (1994) [20] developed a mechanistic model is based on the momentum-
forces acting on a particle. The model predicts the minimum pump rate to transport a particle.
They define three modes for cuttings transport: settling, lifting, and rolling each dominant
within a certain range of wellbore angles. The authors came up with solutions for the
minimum velocities to transport particle on the bed. However, the model takes into account
the annular (axial) velocity only without consideration of drill string rotational speed. The

model predicts quite well the given experimental data.

Duan et al. (2009) [21] experimentally investigated the cutting transport phenomenon of
smaller sized cuttings. They have studied two conditions for efficient transport. These are 1)
the minimum fluid velocity required to initiate solids-bed erosion, 2) the minimum fluid
velocity that prevent bed formation. For the investigation, they used a full scale flow loop (8
x 4.5 in., 100 ft long) in water and polymer fluids and hole-inclinations. The cuttings used

were 0.45-mm and 1.4-mm sands

The results show that in terms of bed erosion water is more effective than low-concentration
polymer solutions. Their experimental observation also shows that polymer solutions prevent
bed formation better than water. The authors also developed a mechanistic model for sold bed
and showed the model predictions in good agreement with experimental results. In addition,
the authors recommend that water or low viscous fluids are preferable to high viscous fluids
for cleaning out operations when drilling is stopped. They also recommended that polymer

solutions be used for small-solid transport when drilling is in progress.

Zeidler [22] conducted a series of experiments in an attempt to predict recovery fractions.

The investigator developed a correlation for settling Velocity of cuttings in a Newtonian fluid

MSc Thesis, 2013
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end for the recovery fraction of cutting subjected to turbulent flow of water in the annulus.
He concluded that pipe rotation had a significant increase in the recovery of particles, while

viscosity is not a major factor in the transportation of cuttings.

2.3 Modeling without experiment

A more advanced three layer mechanistic model has been derived by Nguyen and Rahman
(1998) [23]. However, the applicability of the model was not verified against measured data.
The authors have presented a parametric study to investigate the effects of cutting, drilling

fluid, and eccentricity parameters on cutting transport phenomenon,

However, the authors have indirectly verified their simulation results against the experimental

data trends reported by several investigators, which are listed in the paper.

MSc Thesis, 2013
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3 Theory related to cutting transport

3.1 Fluid rheology

The fluid rheology models are used in cutting transport simulator (Wellplan™, [3]). This
section therefore reviews the models. During simulation, the choice of rheology model on

cutting transport will be analyzed in simulation part of the thesis (Section 84.4.3.2, page 41).

Fluid categorized as Newtonian and non-Newtonian. The non-Newtonian rheological models
include Bingham plastic, Power law, API, Herschel-Bulkley, Unified, and Robertson-Stiff. A

typical rheological behavior of the fluid systems is shown Figure 3.1.

Real Plastic/yield plastic

Shear stress t

A
<

To

Shear rate du/dz

Figure 3.1: llustration of fluid rheology behaviours

3.1.1 Newtonian Model
A fluid that has a constant viscosity at all shear rates at a constant temperature and pressure is

called a Newtonian fluid. An equation describing a Newtonian fluid is given below [24]:

T=py 1)
When the shear stress (t) of a Newtonian fluid is plotted against the shear rate (y) in linear
coordinates a straight line through the origin results. The Newtonian viscosity () is the slope

of this line.

MSc Thesis, 2013
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3.1.2 Bingham Plastic Model

The shear stress -shear rate is a linear relationship and slope represents the Bingham plastic.
The intercept is the yield stress of the fluid. To initiate flow, a minimum pressure is required

to overcome the yield stress. The model is given as [24]

T=Upy + Ty 2)

The yield point/yield stress (ty) and plastic viscosity () can be calculated by the following

equations:
up (CP) = Reoo- R 300 3)
Ty (Ibf/100sqft ) =R 300—L1p 4)

3.1.3 Power Law Model

This model is used to better representation of the behavior of a drilling fluid since the
viscosity is the shear rate dependent. As shear rate increases most of drilling fluid shows a
shear thinning behavior. The model is given as [24]

T=ky" (5a)
The parameter k represents the consistence index and n is flow behavior index. These
parameters can be calculated from the measured rheometer data.

n=3.32 Iog[MJ

300
k =510 w00
511"

Where, n is dimensionless and k is given by Ibf /100t

(5b)

(5¢)
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3.1.4 Herschel-Buckley

Unlike the power law model, the Herschel-Buckley model assumes that drilling fluid has a
certain yield stress. Therefore, this model is the modified version of power law model. The

model is given as [25]

=1, +ky"
(7)
The parameter 1, is calculated from the following equation.
)
T = T Xy
T, = "
2XT —T . —7T
min max (8)

The parameter 7~ calculated by interpolation, which corresponds to y*:

Y* = NIYmin XYmax (9)

From Eq. 10, y* = 72.25 sec™.

3.2. Basic physics related to cutting transport

From mechanics point of view, the transport, deposition or suspension mechanism of cutting
is determined by the forces acting on a particle as illustrated in Figure 3.2. As cutting
transported through the annulus, it experiences several types of loading. These are to mention
in general categorized as hydrodynamic forces static forces, and colloidal forces. In addition
sticking force due to the stagnation of the mud system. According to Duan et al. (2009) [21],
the cutting loading forces are:
1. Gravity, Fg, and buoyancy, Fy, are static forces which are due to the properties of the
particle and its surrounding fluid only and do not depend on the fluid flow.
2. Drag, Fq, and lift, F., are hydrodynamic forces incurred by the fluid flow.
3. Van der Waals dispersion, Fy,, forces are colloidal forces existing between any
neighboring particles.
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Fhud Flow

Figure 3.2: Forces acting on a single cutting particle on the surface of a cutting bed [21]

Figure 3.3a shows an illustration of cutting in suspension and cutting deposition. Figure 3.3b

also illustrates the action of forces on cutting particles and the action of pie rotation on

altering the velocity distribution [26]

Drilling fluid with
cuttings exiting the
_~ Cross section CC@IDIVUIWHE

Wellbore — . _—
) "-’“--legjh"nlt'ululne

— - | - - \-‘-
Curt_mgs_ particle ﬁ 3 T~ Drilling fluid with
settling in a bed T / cutings entering the

control volums

Cuttings particle
returning to suspension_-

~— Drill-pipe *

Cuttings bed™

Figure 3.3a: Cutting in suspension and cutting deposition [26]
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component

Figure 3.3b: Forces acting on a cutting particle in suspension [26]

Figure 3.4 illustrated the sizes of cutting obtained from conventional and Reelwell methods

drilling. This thesis work will be limited to analyses the conventional types sized cutting.

Figure 3.4: Cutting sizes and shapes [27]
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How cuttings are transported?

Due to gravity, cuttings in deviated well have a tendency to settle and form cuttings beds on
the low side wall. These cuttings are transported either as a continuous moving bed or in
separated beds/dunes. Figure 3.5 is a schematic representation of the transport mechanisms

for a range of well inclinations [28].

-
=
[
O o
= e
o
= /_\
—
=
= E
=
<C —
- ——
e _preafadredin.
| |
[ |
30 * 60 ~© 90 -~

VWELL INCLINATION

Figure 3.5: Cuttings transport mechanisms in vertical and deviated wells [28]
KEY
A Zone 1 - Efficient hole cleaning
B Zone 2 - Slow cuttings removal
C Zone 3 - Good hole cleaning with moving cuttings bed

D Zone 4 - Some hole cleaning — cuttings bed formed

AN NN

E Zone 5 - No hole cleaning

As shown in the figure, in well inclined less than 30°, one can observe that the cuttings are
effectively suspended by the fluid shear and beds do not form (Zones 1 and 3). Above 30°,
the cuttings can be deposited and form beds. The bed may slide back down (Zone 4).
Rotating drill string disturbs the cuttings beds. The cuttings can then be exposed to the

flowing drilling fluid towards the high side of the hole.
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3.2.1 Bed height

Bed height is calculated based on the fundamental trigonometric relations. The model back
the Wellplan™ simulator is not presented in the documentation. However, the following
presents the model developed by Minggin Duan et al. [29]. The authors have developed flow
area from which one can calculate the bed deposition. Figure 3.6 illustrate circular pipe

positioned at a certain eccentricity and bed deposition.

Figure 3.6: General well bore geometry configuration and cutting deposition [29]

Casel: h<h

low

A —Rarcos( j+(R h)yR? —(R—h)* -

(10a)
Case 2: h,, <h<h, .,
A =R arcos( J+(R h)yR* = (R —h)?
- rzarcos(h_R—JraV]—(R—h—av)\/rz—(R—h—av)2
R (10b)
Case 3: h>h,,,,
A, =R arcos( j+(R h){/R* — (R —h)?
(10c)

Where R = radius of well/casing and r = radius of the drill string, h = bedding height.
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3.2.2 Particle slip velocity /Terminal settling velocity

The particle slip velocity is an important parameter. It is defined as the velocity at which a
particle tends to settle in a fluid because of its own weight. The slip velocity depends on the
particle size, its geometry, its density, and fluid rheological properties. The carrying capacity

of muds also is affected by the velocity profile in the annulus.

Force in the direction of flow exerted by the fluid on the solid is called drag. Figure 3.7
shows a stationary smooth sphere of diameter Dp situated in a stream, whose velocity far

away from the sphere.

Figure 3.7: Drag force on a solid suspended in fluids [30]

If the annular flow velocity doesn’t exceed the slip velocity, this often leads to problems
related to cutting accumulations. To avoid such problems, we need to accurately predict the
slip velocity in order to determine the appropriate flow rate for better cleaning operation.

The slip velocity is assumed to be equal to the terminal settling velocity of the particle in a
stationary liquid. However, an assumption is questionable because of the complex motion of

the particle in the annulus.
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Gravitational force: This is the apparent weight of the particle, which is the apparent weight
[35].

3

Fg = Tcgp(pp _pf)'g

(11)
Where d, is particle size, py is density of particle and ps density of fluid
Drag force [35]
A :gdﬁpfvj.CD (12)

Where, Vs is solid Patrice velocity, and Cp is Drag Coefficient = f(Particle Reynolds No,
Particle Shape). The drag coefficient as a function of particle Reynolds number is illustrated
in Figure 3.8.

For terminal settling velocity, balancing the drag force and gravitational force, one obtains
the settling velocity as:

Fpo =Fg (13)

(4, (o, -p )"
3, C,

S

(14)

The experimental results of the drag on a smooth sphere may be correlated in terms of two

dimensionless groups - the drag coefficient Cp and particles Reynolds number Ngep:

Particle Reynolds No

_ pfvsdp 15
Re
p 0 (15)

w is fluid viscosity

Case 1: For 1 < Nge <10° (typically for non-smooth sphere), we may approximate the
expression: [31]

24
1+ 0.2Ng, + 0.0003N2,
Ny, 102N . (16)

Case 2: For values Nge >10° , Cp is about 0.1

Co =
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Case 3: For sufficiently small grain particles, Ngre <1, the drag coefficient is approximated as:

C, ~ 24
NRe (17)
This gives the settling velocity as:
(o, —py)
e
18“eff (18)
(This expression is often referred to as Stokes’ law)
1000 \.\ -
& 100E \ ' =
] ]
E | —
E 0 24 A 7
- 24 h =
E : Eﬂ.'wl:!l_‘f "\.\\ -
"
prbo oo v el p b v v v v vl v pb g n il
TUB 1) O I L N 1) (D T) IS [V TV 1 B [ (1
i vp
Revnolds number, Mg, = —{L—

Figure 3.8: Drag coefficient vs Reynolds number [39]

3.2.3 Fluid velocity

The annular flow velocity is defined as the amount flow rate (Q) per the annular cross
sectional area (A). The flow consists of solid phase and liquid phase. The solid phase is
cuttings and the liquid phase indicates drilling fluid. To lift the drill cuttings vertically
upward, the velocity of the fluid should be larger than the settling velocity. The fluid velocity

(Vﬂuid) is given as

Vf|uid = Q/Area (19)
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3.2.4 Transport velocity

A cutting particle exposed to an upward force due to the drilling fluid velocity and a
downward force due to gravity. The rate at which a particle falls in stagnant fluid is called the
terminal settling velocity or the slip velocity, Vgi,. The net upward velocity V+ of the cutting

in annulus is obtained by subtracting the slip velocity from the fluid velocity is then given by:

_ 20
Vi =Viuid _Vslip, (20)

Where, Vig is the velocity of the fluid in the annulus given as Eq. 19.

3.2.5 Transport ratio

The hole cleaning is quantified using the cuttings transport ratio [F]:[2]

Fr=— 21)

Viiuig

For positive cutting transport ratios the cuttings will be transported to the surface and for a
slip velocity of zero, the cuttings will be transported at a velocity equal to the fluid velocity

and the cuttings transport ratio will equal unity.

3.2.6 Reynolds number

Due to changing flow regimes Moore and Chien proposes different expressions for the slip
velocity depending on the particle Reynolds number that is given in field units as: [2]

928p.v
Re —
Ha

d, (22)

slip

where px is the fluid density, d. is the diameter of the cutting particle and .., is the apparent

Viscosity.
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3.3 Cutting transport models

3.3.1 Vertical Empirical model

Several investigators have proposed empirical correlations for estimating the cutting slip
velocity experienced during rotary-drilling operations. The correlations of Moore [7] and

Chien [6] are most commonly used.

The cutting transport efficiency in vertical wells is usually analyzed by computing the settling

velocity, which is dependent on several factors such as:

o Particle property: Density, shape and size
e Drilling fluid properties: Fluid rheology, density and velocity
o Hole configuration: Inclination and size

o Operational parameters: Pipe rotation and eccentricity

3.3.1.1 Chien-model

Chien [6] presented two empirical correlations for the settling velocity of drill cuttings for
rotary drilling operations: one for determination of the settling velocity of cuttings in all slip

regimes and the other a simplified version for the turbulent-slip regime.

For mixtures of bentonite and water, the plastic viscosity can be used as the apparent
viscosity, while for polymer-type drilling fluids; the apparent viscosity is calculated as shown

below:

7,d;

Hy = 1, +300 (23)

v,
Where p, = apparent viscosity, p, = plastic viscosity (PV), 1, = yield stress (YS) or yield
point (YP) and ds = diameter of drill string. Settling velocity or slip velocity is the velocity at
which solid particles sink down through liquid. The empirical equation tried to correlate
factors such as cutting size, cutting density, mud weight and viscosity of the mud to settling

velocity.
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The empirical equation for settling velocity Vip:

_ (24)
144 |d 2="P1 N >100
P

0.0075 _Ha 36800d02 Pe=Pi 1 1| N, <100
pfdc /Ja pf
pfdc

All correlations are given in field units and p. is the density of the cuttings.

slip =

3.3.1.2 Moore'’s correlation

In order to calculate the slip velocity using this correlation, the apparent viscosity of the fluid
is obtained by equating the annular frictional pressure loss equations for the power-law and
Newtonian fluid models. The apparent viscosity is then given by [7]:

1
1-n —

_ i dz _dl 2+ n

" 1aa v, 0.0208

n

The apparent viscosity is then used to calculate the Reynolds’ number as follows:

N - 9280Vl
M,

For Reynolds’ number greater than 300, the slip velocity can be calculated as:

\_/slip 2154 dS ps _pf (26)
V P

For Reynolds’ number less than 3, when flow is considered to be laminar, the slip velocity

(25)

equation becomes:

2

Veiip = 82.872—5 (o, —p;) (27)
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The friction factor is given as:

40
N

f = (28)

Re
For intermediate Reynolds numbers (3 <Re<300) corresponding to the transitional flow

regime, friction factor and the slip velocity can be calculated as:

. 40 (29)
N

- 2.90d —p, )5

Veip = s (ps P ) (30)

0.333 ,,0.333

pf /ua

3.3.1.3 Zeidler’s slip velocity correlation

Zeidler 1972 [34] has performed cutting transport experimental study and have generated a
slip velocity correlation equation. The study shows that the pipe rotation and drilling muds
produces changes in the recovery fractions. From the study the following relations were

obtained to determine the settling velocity (Vs) of the drilled particles in a Newtonian fluid:

2< N, <15

0,782 1.35
V, =13.42 (s — o )" deg (31)

0.218 0,564
1 2

15< N , <80

)0,612 0,836

(/) — P &
V,=1388-= plo.sss luozz4 (32)

80< N , <1500

_ 0,516 d0,548
v, ~1788 =) " e (33)

P M

In the above relations, all values are in cgs units. From these relations the dependence of
settling velocity on viscosity is seen to decrease with increasing Reynolds numbers. This
indicates that the form drag becomes more predominant and the viscous drag becomes less

significant with increasing Reynolds numbers.
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3.3.2 High angle empirical model

3.3.2.1 Larsen’s empirical model

Larsen 1990 [5] developed a high angle empirical correlation equation based on extensive
experimental works. The study analyzed several factors that affected cutting transport in the
annulus. The parameters considered for the study were angle of inclination, annular flow rate,
mud rheology, eccentricity of drill pipe, cutting size, mud weight, drilling rate and rotary
speed of the drill pipe. Larsen proposed three vital equations on the basis of experimental
study. The first one was cuttings velocity while the second equation was slip velocity. The

third equation is critical transport velocity which is the sum of the above mentioned equations

Critical velocity: The model of Larsen predicts the critical transport fluid velocity, vy for
an angle of deviation in the range 55°-90° from vertical. This velocity is defined as the
minimum fluid velocity required to maintain a continuously upward movement of the
cuttings.V is found by adding the average cuttings travelling velocity, V to the equivalent
slip velocity, Ves:

_ 34
Ve =V, +V, (34)

ctf

The average cuttings travelling velocity can be expressed through a mass balance between the

cuttings generated by the drill bit and the cutting mass transported by the fluid:

chi = pc AannCcht ( 35 )

Here Q; is the volumetric injection rate, Aan, IS annulus area, C. is the cutting concentration,

and vy is the cuttings transport velocity.

Cutting transport velocity (Vcu) : By converting the volumetric injection rate to rate of
penetration, ROP, and expressing the cutting concentration in terms of percent, C,, We get

the following expression for v:
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ROP (36)
36 1-| " | [C,
Dh

Where, the cutting concentration (Ccp) at critical transport fluid velocity is:

Vct -

C,, = 0.01778- ROP +0.505 (37)
Equivalent slip velocity (Vesiip):

The equivalent slip velocity is given by:

__[0.00516- 11, +3.006if 1, <53cp (38)
P 0.02554(u, —53)+3.28if 1, >53¢cp

the apparent viscosity is given by:

5Ty(DH _DP) (39)
Vctf

My = Mo +

Where, Dy- diameter of hole, Dp= diameter of pipe, W, = plastic viscosity ty =yield stress.

If the annular fluid velocity is lower than v, cutting will start to accumulate, and form a bed

in the well bore. We then get the following expression for the area occupied by cuttings:

Quum

Abed = Aann - Aupen = Aann[l_ : P] ( 40 )
Qctf

Correlation factors: It is observed from experimental data that the model over predicts

the bed heights, and the over prediction increases for increasing mud viscosity. To
compensate for this, Larsen introduced a correction factor based on regression analysis of the

experimental data. Bed correction factor (C,,,) in terms of apparent viscosity:

C,.y =0.97 —0.00231, (41)
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Q pump J (42)

Abed = Ann 'Cbed 1-
Qctf

The general equivalent slip velocity can be expressed as:

Ves = Camgccd meveslip ( 43)
The angle of inclination correction factor (C, ) is given by:
C,g =0.03420 —0.000233¢* - 0.213 (44)

The cutting size correction factor (C_, ) is given by:

C,, =-1.04d_+1.286 (45)

Here d, is the average cuttings diameter.

The mud weight correction factor (C,,,) is given by:

 [1-2.779-10%(p, —1042.5) if p, >1042.5kgm? (46)
™ |lelse

Larsen’s experimental and simulation work clearly shows that:

e Cutting size: Cuttings with smaller size are difficult to transport for high angles while
the contrary is true for low angles.

e Mud density: Increasing mud weight resulted in decreasing critical transport
velocity.

e Drill pipe rotation: Pipe rotations show no effect on cutting transport velocity.
However, several other experimental works shows RPM effect even including
WellPlan™ simulator.

e Drilling rate (ROP): The higher drilling rate required higher critical transport

velocity.

MSc Thesis, 2013
30



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

3.3.2.2 Hopkins method -Critical Flow rate

Hopkins 1995 [33] developed a model used to determine the critical cutting transport
velocity. The method use slip velocity slip velocity chart. The slip velocity is calculated
using analytical procedure.

(ps ~ Pn )0.667X175Xdc

V= pg.sssxﬂo.sss (47)

Where, ps is density of solid, pr, is density of mud, d. = diameter of cutting and p is apparent
Viscosity

Step 2: The correction term that includes the effect of mud weight on slip velocity is
estimated from Eq. 48.

FMW = 2.117 —0.1648xp,, +0.003681x0? (48)
V, = FMWxV,, (49)

Step 3: Using the mud density corrected slip velocity, the minimum cutting transport velocity
is estimated as:

V.in =V, C0s@+V,sing (50)

Step 4: In Step 3, V, is calculated using formula;

1
_ d —d [
ps pm 3 h p
V, =C*
’ [ Pr ]g[ 12 ] &

Step 5. Finally, the minimum flow required in gal/min is obtained using the formula below;

Quye = 0.04079(d? —d2)xV,, (52)

As can be see, the application of this method is very simple to understand and can be applied
for field and laboratory purposes.
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3.3.2.3 Rubiandini’s modified slip velocity correlation

Rubiandini [8] made attempts to couple the mud weight, RPM and well inclination effects on
cutting transport model. Basically he used the Moore’s correlation equation, on which the
modification was performed. According to the author, the minimum drilling fluid flow
velocity is the sum of the slip velocity and the cutting falling velocity. Figure 3.9 illustrates

the minimum velocity (Vnmin) calculation Procedure using Rubiandini’s correlation

Vertical slip velocity calculation procedure using Moore’s method (Vs, Moore)

0<45

—RP
Vs = 1 + 6(600 lvl)(3 ! pm) Vs Moore
202500 -

0>45

_ (600 — RPM )3 +p,,)

\'% :
s 3000 s _ Moore

min cut ]

END

Figure 3.9: Algorithm to couple mud density and well inclination on cutting transport model
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3.3.3 Mechanistic model

Ramadan et al (2001, 2003) [35, 36] have developed a mechanistic model used to describe
the particle transport phenomenon. Figure 3.10 shows the particle deposition at the bed of a

tube.

—

Fflzl id Flow

U/(___f___';sg-’

Figure 3.10: Forces acting on a single particle at an active erosion site of a cuttings bed [35]

During lifting, a cuttings bed particle starts its motion in the direction normal to the bed and
move up into the region where the axial mud velocity carries the cuttings downstream.
Lifting occurs when the lift force overcomes the plastic force and the component of force of
gravity in the direction of the lift. Consequently, if we balance the forces in the y direction

then the condition for lift will be:

Fy=F_—Fp-Wsina>0 (52)

The models used for evaluating the forces in Equation 52 is presented in Table 3.1
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Force Model equation
Lift 2 d,Crpu
Drag 5 diDRCng:
Plastic z dﬁjf}.

Net gravity ‘—;dij{p,‘- — p)g

Table 3.1: Model equations used in particle mechanics modelling [35, 36]

By substituting the model presented in Table 3.2 into Equation 3.2 the net upward force can
be expressed as:

y (53)

F =2d
2

) fLCLUZ_ 7, _dpsina(s—l)g
A 3

The criteria for lifting a particle from the surface of a bed is that the term in brackets in
Equation 53 must be positive. Therefore, the critical velocity that is sufficient to suspend a
cuttings particle can be estimated as:

(54)

. 0.5
U= 2t +4dpsma(s—1)g
fLCLp; 3f.C,

The critical velocity in Equation 54 is a function of the lift coefficient, which is by itself a
function the critical velocity. Therefore, the determination of the critical velocity requires an

iterative process.

! _(&y cos¢+4dpg(s—1)sin(¢+a)]o'5
= (59)

3(DCysing + f, C . cosg)

Ramadan [36] has performed laboratory scale cutting transport study. He compared the
model against the measured data. Figure 3.11 shows the results. As shown the higher
particles require a higher transport velocity.
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Figure 3.11: Comparison of model prediction and experimental data [35,36]

The pattern of critical velocity for lifting and rolling that are shown in Figure 3.12 obviously
indicates the superiority of one mechanism over the other one. For that reason, lifting
mechanism is highly expected to occur at low angle of inclination (less than 15 degrees) but
rolling takes place in both intermediate and near horizontal angles. Clark and Bickham [20]
has also developed a mechanistic model and they have also reported that their model capture

some of the experimental data quite well

T Net lift force e —
"’ Rolling Torque -

" Critical velocity for rolling L
" Critical velocity for lifting

0 15 30 45 60 75 90

Angle of mchnation [degrees]

Figure 3.12: Various forces as a function of well inclination [36]
As can be seen from the figure, the lifting force reduces as the well inclination increasing. At

the same time the rolling torque reduces and then the torque begins to recover
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4 Cutting transport simulation

4.1 Introduction

During planning phase, the Hole Cleaning model is used to predict the critical (minimum)
annular velocities/flow rates required to remove or prevent a formation of cuttings beds

during a directional drilling operation.

In this thesis work, simulation was carried out in order to analyze the effect of parameters on
the cuttings concentration percentage, bed height, and critical transport velocity flow rate as a

function of well inclination and annular diameters.

For the analysis, we used hole cleaning parametric to determine the effect of varying
parameters, including hole/string geometry and varied flow rate using the varied hole-

geometry.

4.2 Theory of cutting transport back the WellPlan™ simulator

This mathematical model is based on the analysis of forces acting on the cuttings. It can be
used to predict the critical (minimum) flow rate required to remove or prevent the formation

of stationary cuttings beds during a directional drilling operation.

This model has been validated with extensive experimental data and field data [3]. For more
information see Hole Cleaning Model, see Appendix B. Basically the model looks like
Larsen’s model presented in section §3.3.2.1. However, the WellPalan™ software model

includes more physics, which could capture hole cleaning phenomenon.
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4.3 Description of Simulation arrangement
The cutting transport simulation was performed on 11003ft deviated well geometry. For

parametric sensitivity study two well configurations were considered,

e Part I: A real well geometry was considered.

e Part II: A constant well inclination was oriented from vertical to horizontal.
The cased hole is 4012ft and the open hole is 6990ft length. The details are given in Table
4.1. The string consists of drill pipe and Bottom Hole assembly component data. The detail of

the geometries and grading is given in Table 4.2.

Hole data (Casing + Open hole)

Section Measured Length Shoe Id Drift Effective Friction Linear Excess Item

type Depth (ft.) (ft.) Measured (In) (In) Hole factor Capacity (%) Description
Depth Diameter (bbl/ft)
(ft.) (In)
Casing 4012.5 4012.5 4012.5 12.250 12.459 12.615 0.25 0.1458 13 3/8in,
54.5ppf, J-55

Open 11003.0 6990.50 12.250 12.250 0.30 0.1458 0.00
Hole

Table 4.1: Hole data (Casing + Open hole)

Drill String data (Drill pipe + BHA)

Bod | Stabilizer/tool joint
Type Length Depth y Weight Material | Grade Class
oD ID Avg.jo | Length oD ID
(ft) (ft) int (ppf)
(in) (in) Lengt (ft) (in) (in)
h
(ft)
Drill pipe 10445 10445.00 5.0 4.27 30.00 1.42 6.40 3.75 22.26 CS_API E 2]
6 6 5D/7
Heavy weight 120.0 10565.0 6.62 4.5 30.00 4.00 8.25 4.5 70.50 CS_1340 1340
Drill pipe 5 MOD MOD
Hydraulic Jar | 32.00 10597 6.5 2.75 91.79 CS_API 4145H
5D/7 MOD
Heavy weight 305.0 10902 5.0 3.0 30.00 4.00 6.50 3.063 49.7 CS_1340 1340
Drill pipe MOD MOD
Bit sub 5.00 10907 6.0 2.4 79.51 CS_API 4145H
5D/7 MOD
MWD tool 85.00 10992 8.0 2.5 154.36 SS_15- 15-15LC
15LC MOD
Integral blade 5.00 10997 6.25 2.0 1.00 8.45 93.72 CS_API 4145H
stabilizer 3 5D/7 MOD
Bit sub 5.00 11002 6.0 2.4 79.51 CS_API 4145H
5D/7 MOD
Tri-cone bit 1.00 11003 10.6 166.0
25

Table 4.2: Drill String data (Drill pipe + BHA)
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Temperature gradient

The thermodynamics states of a system described by temperature and pressure. Therefore, for
the simulation, geothermal gradient was constructed. The surface ambient and the geothermal
gradient were 80 °F and 1.5 °F/100ft respectively. The geothermal profile is shown in
Appendix C

Survey
The inclination and azimuth of the well data is attached in Appendix C.

4.4 Simulation results-Part I: Real well geometry

4.4.1 Description of well arrangement

The well construction and drilling string elements are given in Table 4.1 and Table 4.2. The

survey data (measured depth, inclination and azimuth) are given in Appendix C.

Ground Lewel [0,0 1)

13 3/ in, 54.5 ppf, .55, | 401250 ft

40125 ft

OH 12,250 in, £990,50 ft

110030 ft

Figure 4.1: Real well geometry arrangement used for cutting transport simulation
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4.4.2 Description of drilling fluid and transport analysis data

In this well geometry higher viscous Oil based mud (OBM) was used to evaluate the cutting
transport phenomenon. The operational parameters and the cutting properties are given in
Figure 4.2.
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Figure 4.2: Rheology and cutting transport analysis data WellPalan'™s input box [3]
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4.4.3 Result analysis

4.4.3.1 Effect of well inclination

Figure 4.2 is the simulation result carried out on the real well geometry (i.e Figure 4.1). As

can be seen on the figure below, at around 4000 ft the inclination began to change and
gradually increasing and reaching 26 deg at around 6000 ft. The simulation result shows that

cutting volume increases from 0% to 25 % and bed height increases from 0 inch to 4.7 inch

as well inclination increases from vertical/near vertical to 35deg. The result in general shows

that the hole-cleaning problem increases as well inclination increases. In other words, a

higher flow rate is required for highly inclined well. The effect of azimuth also simulated and

the result shows that azimuth has no effect on hole-cleaning at all.
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Figure 4.3: Simulation results in real well geometry
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4.4.3.2 Effect of rheology model

There are several rheology models available in literature. Some of the most commonly used
models are reviewed in section § 3.1. These models are implemented in WellPalan™
simulator. In this thesis work, the choice of rheology model on cutting transport phenomenon
is analyzed in the real well geometry (Figure 4.1). For the analysis Bingham and Power law
models were considered.

Figure 4.4 shows the comparison of the effect of rheology model on cutting deposition
behavior. As can be seen, on the figure, in vertical and near vertical well geometry there is no
difference between the results obtained from the two rheology models. However, as well
deviation increases, the results shows that the use of Bingham rheology model predicts about
8.5% lower than the Power law rheology model.
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Figure 4.4: Effect of rheology model on cutting deposition behavior

MSc Thesis, 2013
41



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

4.5 Simulation results-Part II- Parametric sensitivity analysis

4.5.1 Description of well arrangement

The second part of simulation (Part Il) is to investigate the effect of parameter on cutting
transport behavior. For this a constant well inclination was analyzed as illustrated in Figure
4.5. As shown on the figure, the well is inclined from vertical to horizontal and the pipe is in

concentric annuli.

Case 1= Vertical

0=0 N\ Pp N\

Case ll= Inclined

0°<0<90°
Case lll= Horizontal > Annulus
0=90° Pipe_______

Figure 4.5: Fluid and particle dynamics in concentric well geometry annuli of various
inclinations.
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4.5.2 Description of mud system

Three water based mud systems were used for the investigation. The density of mud #1, mud
#2 and mud #3are 68, 64 and 69pcf respectively. The Fann 77 rheometer data is shown in
Figure 4.6. The gel strength (10sec/10min values) of the mud systems are (2.53/3), (2/2.5),
and (4/5) Ib/100sqft respectively
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©
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N \
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c 30
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g \
20 \
0
Q600 Q300 Q200 Q100 Q6 Q3
e Mud 1 10 6 4,5 3,6 1,5
e Mud 2 37 20 15 9 2,5 p
Mud 3 76 46 40 26 11 10

Figure 4.6: Rheological properties of the Fann 77 dial reading of mud systems

4.5.3 Operational parameters effects Analysis

Several laboratory scale experimental studies have shown that drilling operational parameters
have effect on hole-cleaning. However, this section analyzes the sensitivity of rotational

velocity and rate of penetration with respect to well inclination.

4.5.3.1 Effect of rate of penetration (ROP)
During drill bit optimization study, the higher ROP is the better in order to drill faster and
reduces cost. It is well known that the higher ROP increase the cutting volume in wellbore.

The higher cutting concentration leads to increasing the density of mud, which increase the
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effective circulation density. It is therefore, important to clean the hole as effectively as
possible. In this thesis work, the sensitivity of the cutting transport with respect to the ROP
was studied. For the investigation, mud system #3 was considered. The density and the size
of the cutting were 2.145sg and 0.25in respectively. The drilling string rotational velocity was
50RPM. Figure 1 shows the simulation result for the 30, 50 and 80ft/hr. As can be seen, the
higher ROP requires more flow rate to clean the hole. This is because the higher the ROP

generates more cuttings in the wellbore.
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500 _ '
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=—30ft/hr
350 ——» == 50ft/hr
80ft/hr

300

Minimum flow rate in gpm

250

200
0 20 40 60 80 100

Well inclination, deg

Figure 4.7: Effect of ROP on cutting transport

Figure 4.8 shows the relative % change in minimum hole cleaning flow between the
simulated results presented in Figure 4.7. The analysis shows that when the drilling rate
increases from 30ft/hr to 50ft/hr there is an increase minimum flow rate of about 5 %, while
when the rate of drilling increases to 80 ft/hr the need for minimum flow rate increases by
about 12% on average. Larsen (1990) [5] came to a similar conclusion on the impact of
drilling rate. He has found out that doubling drilling rate from 27ft/hr to 54ft/hr needs an

average increase in flow rate about 6-7%.

One can also observe that for an increase in ROP from 30ft/hr to 80ft/hr. the % increase in
flow rate becomes peak (16%) at around 30 deg and gradually decreasing towards 55 deg.

Then it begins to level out at 14 % for larger inclination. When ROP increases from 30ft/hr to
MSc Thesis, 2013
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50ft/hr, the flow rate shows increasing by about 7% at 30 deg and levels out to 6 % after 55
deg. Generally speaking, it seems that relative flow rate increment is not sensitive to changes

in inclination for larger well inclinations.
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Figure 4.8: % Relative change between ROP’s effects on flow velocity

4.5.3.2 Effect of rotational speed (RPM)

As pipe rotates, it reduces eccentricity and also alters the velocity distribution as illustrated in
Figure 3.3b [26]. A rotating pipe drags cuttings from the low side of annulus to the high side.
Several experimental at laboratory scale on the effect of RPM are documented in literature. In
modeling both the Larsen (1997)[32] and other mechanistic model (Clark & Bickham, 1994
[20] don’t consider the effect of RPM. Rubiandini (1999) [8] made an attempt to couple the
effect of RPM. Larsen, however, asserted in his studies that pipe rotation does not have an
effect on critical flow requirements for positive eccentricity. He tested three different pipe
rotations; 0, 50, and 100 rpm to investigate the impact on cutting transportation. On the other
hand, Bassal (1995) [37] concluded pipe rotation has a moderate to significant effect on hole

cleaning.
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In this thesis the effect of RPM investigated by considering 12.5 ppg mud system, which has
the plastic viscosity =17.52cP, and YS =2.43Ibf/100sq ft. The drilling rate of penetration was

50ft /hr. the cutting density and size are 2.145sg and 0.25 in respectively.

For muds, rotation of the centered as well as eccentric drill pipe generally showed increasing

transport with higher rotary speeds. In water, however, drill pipe rotation caused a slight

decrease in transport. In all cases, the effects were slight as shown in Figure 4.9. In the rage

of 0-30 deg, the effect of RPM shows insignificant changes. For the angle 30 to 90deg, the

effect is moderate showing that RPM positive in hole cleaning. The minimum flow rate for

the drilling pipe at rest (O rpm) increases sharper than for pipe rotation 50 rpm and 100 rpm.

For inclination angles more than 30 degrees the graph gradually increasing and it is flattened

for angles more than 60 degrees.
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Figure 4.9: Sensitivity of RPM on cutting transport
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As shown in figure 4.10, impact of pipe rotation is negligible for inclination less than 25 deg.
Then, the graph sharply shows increasing and attaining maximum value at around 30 deg.

After a small reduction in gradient at around 35, deg then the graph becomes flat.

It is evident from the graph that by increasing the pipe rotation from stationary state to 50 and
100 rpm resulted in a reduction in the demand of flow rate of 5% and 7% respectively.
Increasing the pipe rotation to 100 RPM gives a reduction of only 2% in flow rate. Given the
demand for power at such high speed, the reduction gained by increasing the rotation does
not seem beneficial. For inclination larger 30deg, the impact of pipe rotation is almost

uniform irrespective of hole inclination.

% decrease in flow rate

Well inclination,deg

= (0RPM/50RPM = (0RPM/100RPM

Figure 4.10: % Relative change between RPM effects on hole-cleaning
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4.5.4 Drilling fluid density and Rheological property effects

In this section, a simulation study will be presented. The study will investigate the effect of
rheology and density of fluid systems. In order to eliminate other effect such as cutting
properties and operational parameter, they were kept constant.

4.5.4.1 Effect of Plastic viscosity and Yield stress

In this thesis work a simulation study was performed on the three mud systems (A, B & C)
shown in Table 4.3. An attempt was made to generate three relatively closer PV/YS values.
For the considered mud systems, the parameters were kept constant, but the Q600 values
varied by 3 in order to obtain the desired PV/YS variation. The well size and the drill string is
8.57’x5”’. The flow rate was considered higher so that the cuttings are completely removed.
In this relatively narrower annulus, the flow pattern could be turbulent. The reason for this
assumption is that the result obtained from the simulation shows very insignificant difference
between the three mud systems. The density and size of cuttings were 2.5sg and 0.125in
respectively. The rotatory speed and rate of penetration were 90RPM and 60ft/hr

respectively.

Measured Parameters | Mud A Mud B Mud c
Q600 73 76 79
Q300 46 46 46
Q200 40 40 40
Q100 26 26 26
Q6 11 11 11
Q3 10 10 10
Density 12.5 12,5 12,5
Calculated parameters

YS 19 16 13
PV 27 30 33
PV/YS ratio 1,42 1,88 2,54
YS/PV ratio 0.70 0.53 0.39

Table 4.3: Water based mud systems considered for PV/YS ratio effect simulation

Figure 4.11 shows the simulation result. As can be seen as the PV/YS increase, the flow rate
required to clean the cutting out of the hole also shows increasing. However, as discussed

earlier the effect within the given parameter shows insignificant. In horizontal well, the %
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change reaching to about 1.3 %. It should be remember that the observation and analysis is

based on the given system.
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Figure 4.11: Effect of PV/YS on cutting transport

4.5.4.2 Effect of fluid density

For the effect of fluid density on cutting transport phenomenon, three drilling fluid densities
were considered. These are 8.5, 10.5 and 12.5 ppg. The rheology of the mud systems were
kept constant. The yield stress (YS or YP) =2.54LB/100sq ft, and PV = 17.52cP. The drilling
speed was at the rate of 50ft/hr and the drill string rotation was 50RPM. The cutting density

and size were 0.25in and 2.145sg respectively.

Figure 4.12 shows the result of the simulation. The fluid weight is seen to have a significant
effect on transport. As can be seen, comparing the lower density mud (8.5ppg), the higher
the density mud (12.5ppg) moves the cuttings at lower flow rate in horizontal well. One can
observer at higher deviated and horizontal angle, the three mud systems shows a higher
difference than at the near vertical angle. However, it also shows that in vertical well the

three mud systems show almost equivalent performances.
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Figure 4.12: Effect of mud weight on cutting transport phenomenon.

Figure 4.13 shows the analysis of the simulation result presented in Figure 4.12. As shown on
Figure 4.13, increasing the mud density from 8,5ppg to 10,5 ppg up to 16 % reduction can be
achieved for well inclination larger than 40 deg. The % of increment doubles when the
density increases from 8,5ppg to 12,5 ppg. The % reduction increases at moderate gradient

and comes to the peak at 30 deg and then levels out irrespective of well inclination.

In this study, it was found out that fluid with higher density performs better than fluid with
lower density. As clearly shown on Figure 4.12, the performance of denser fluid is substantial
as well inclination increases by decreasing the flow rate. Larsen (1990) [5] in his studies
concluded that for a given viscosity, higher mud density would improve cutting transport

performance.
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Figure 4.13: % Relative change between mud densities analysis

4.5.5 Cutting property effects

4.5.5.1 Effect of cutting density
For this simulation, two types of mud systems were considered as show in Table 4.4. The

operational parameters and the cutting properties are kept constant throughout the simulation.

The main objective here was to study the sensitivity of cutting density in the given two mud

systems.
Q600 | Q300 | Q200 | Q100 | Q6 | Q3 | Gel PV | YS(YP) Density
10sec/10min | cP | Lbf/100sqft | Pcf
Lbf/100sqft
Mud 2 | 10 6 4.5 3.6 15 |1 2.53/3 5 1 68
Mud 3 | 76 46 40 26 11 |10 |4/s5 27 |19 69

Table 4.4: Rheology measured data of water based systems Mud 2 and Mud 3

The density of cutting was chosen from typical log properties. Coal (1.2- 1.5 g/cc), poorly
consolidated shale (2-2.8 g/cc), carbonate with 10% porosity (2.56 g/cc), Sandstone (2.65
g/cc) and Carbonate 2.71 g/cc, Ingenious (2.9 g/cc). The well/bit size is 10.625 in. For all the
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simulation the cutting size was 0.125in. The rotary speed was 90rpm and the rate of
penetration is 60ft/hr.

Simulation result with mud system #2 (lower viscous)

Figure 4.14 shows the simulation result for various cutting density. The result shows that the
lower cutting density is easier to clean out from the well. As the well inclination increase the

flow rate also increase.

Simulation with mud system #3 (higher viscous)

Figure 4.15 shows the simulation result in a relatively higher viscous mud system. As can be
observed from the less viscous and higher viscous fluid systems, as cutting density increase,
higher flow rate require to clean the cutting out of the hole. Figure 4.16 compares the heavier
(igneous=2.9sg) and the lighter (Coal=1.13 sg) cutting transport behavior. It is interesting to
observe a different phenomenon. As shown on the figure, for the heavier cutting (igneous), as
the viscosity increase the flow rate also shows even at a higher difference (350gpm) in
horizontal well. One can also observe that the lighter cutting required a lower flow rate in the
viscous mud system as compared in lower viscous fluid system. However, the difference is

insignificant.

For better visualization and analysis, Figure 4.17 shows the difference between the simulation
results obtained from mud 3 (i.e Figure 4.14) and mud #2 (i.e Figure 4.15). As can be see, the
heavier cutting shows higher flow rate in both mud systems, whereas the lighter cutting
density (eg. Unconsolidated and coal) shows good hole-cleaning performance in less viscous
mud system. An attempt was made to review if this simulation result confirms with small
scale laboratory results documented in literature and we ended up without success. However,

interested readers may do experiment to verify the simulation result.

Figure 4.16 shows the cleaning behavior of lighter and heavier cuttings in less viscous and

relatively higher viscous mud systems.
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Figure 4.14: Effect of cutting density on hole cleaning in less viscous mud system Mud #2
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Figure 4.15: Effect of cutting density on hole-cleaning in viscous mud system Mud #3
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4.5.5.2 Effect of cutting size

Cutting size is one of the parameter that influences the hole-cleaning phenomenon. For this
simulation the small, medium and large sized cuttings were considered for the analysis.
Figure 4.18 shows the simulation result.

The result shows that for the range of well inclination up to approximately 30 deg from
vertical, the three cutting sizes transport behaves similar. However, for the larger size, more

flow rate is required to clean the hole.

In general larger size and heavier cutting makes the hole cleaning more difficult and require

higher pump rates for high-viscosity fluids.
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Figure 4.18: Effect of cutting size on hole-cleaning

As indicated on Figure 4.18, the impact of cutting size on flow rate is not substantial. Figure
4.19 shows the analysis of simulation result. When the cutting size increases from 0.09 inch
to 0.275 inch the flow rate increases to 4,5 % at higher angles from vertical. In the case of
increasing the cutting size from 0.09 inch to 0,175 inch, there is no change in flow rate up to
60 deg. After an inclination of 60 deg a very minor increase in flow rate takes which is less
than 1 %. In general, altering cutting size alone does not have significant role in enhancing

hole-cleaning.

MSc Thesis, 2013
56



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

2 /

% increas minimum flow rate

0 ]

10 20 30 40 50 60 70 80 90 100

well inclination,deg

===(,09 inch/0,275inch ===(,09inch/0,175 inch

Figure 4.19: Analysis of % change in cutting size effect on hole-cleaning

4.5.6 Effect of annular size and well length

4.5.6.1 Effect of annular size

The effect of annular size on the cutting transport phenomenon was studied by considering
three well sizes. These are 8.5in, 10.5in and 12.5in. For the investigation the mud system 2
was considered. For the simulation, the cutting diameter was 0.12, and density was 2,5g/cc.
The rate of penetration and the rotary speed were 62.5ft/hr and 100rpm respectively.

As the borehole size increase, the concentration of cutting excavated per a given period of
time would be higher. The simulation result is shown in Figure 4.29. As can be shown as the
well size, the higher flow rate required to clean cutting effectively. One can also observe that
the difference in flow rate between the 8.5 & 12in hole sizes higher in horizontal well (i.e.

443 gpm) than the vertical well (243gpm).
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Figure 4.20: Sensitivity of well size on cutting transport

From the simulation (Figure 4.20), it is evident that demand for flow rate is very sensitive to
changes in the size of the hole. Figure 4.21 shows the analysis of the simulation result
presented in Figure 4.20. When the hole size increases from 8. 5 inch in diameter to 10.5
inch, the % increase in flow rate is around 60 % for near vertical inclinations. For inclinations
larger than 35 deg, the % increase becomes constant at around 58 %. The % increase double -
folded the above mentioned when the hole-size increases from 8.5 inch to 12.5 inch. The
inclination of the hole does not have so much impact for intermediate and larger angles from
the vertical. Over all, the smallest increase in the size leads to larger demand in flow rate.
This may be due to additional cutting volume added to the annulus as a result of increased

diameter.
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Figure 4.21: Analysis of % change in flow rate due to change in hole size

4.5.6.2 Effect of well length
The sensitivity of well length on cutting transport is simulated. For the analysis the rheology

of Mud 3 was considered. The rate of penetration and the rotational speed was 60ft/hr and
90RPM. The well size is 12.625in and the bit size is 10.625in.

Q600 | Q300 | Q200 | Q100 | Q6 | Q3 | PV | Gel YS Density
cP | 10sec/10min | Ibf/100sqgft | pcf
Lbf/100sqft
Mud 3 | 76 46 40 26 11 |10 |27 |4/5 19 69

Table 4.5: Rheology measured data of water based mud system

Two well lengths were considered, namely measured depth, MD=1003ft and MD=11003ft. It
is well known that the pressure loss in the longer well length is higher. During cutting
transport simulation, the size of cuttings used was 0.0625in, 0.125in, 0.25in, 0.275in and
0.30in. The simulation results shows that the results obtained from 0.0625 to 0.025in are
almost the same. The cutting size responds at higher angle when the cutting size increased to
0.275in. Therefore the simulation results presented are for cutting sizes 0.25 in, 0.275 and
0.30in (Table 4.6). The main reason for the similar observation is that the cutting transport

model is not a function of the well length.
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MD =11003ft MD =1003ft & MD =11003ft MD =1003ft & MD = 1003ft &
Hole & Cut Diam Cut Diam = & Cut Diam = | Cut Diam = MD =11003ft & | Cut Diam =
Angle(°) =0.3in 0.30in 0.275in 0.275in Cut Diam=0.25in | 0.25in

0 413 413 413 413 413 413

5 461 461 461 461 461 461
10 509 509 509 509 509 509
15 557 557 557 557 557 557
20 605 605 605 605 605 605
25 653 653 653 653 653 653
30 702 702 702 702 702 702
35 772 772 772 772 772 772
40 836 836 836 836 836 836
45 894 894 894 894 894 894
50 953 953 946 946 946 946
55 1008 1008 992 992 992 992
60 1056 1056 1036 1036 1033 1033
65 1096 1096 1076 1076 1067 1067
70 1130 1130 1109 1109 1095 1095
75 1157 1157 1135 1135 1117 1117
80 1176 1176 1154 1154 1132 1132
85 1187 1187 1165 1165 1142 1142
90 1191 1191 J 1169 1169 1145 1145

Table 4.6: Effect of well length on cutting transport model

4.5.7 Effect of flow rate on cutting bed deposition

The simulation results presented in the previous sections deals with the determination of
minimum flow rate to completely clean cuttings out of the hole without bed formation. In this
section an attempt is made to study the sensitivity of flow rate on cutting bed deposition when
the flow rate is lower than the minimum flow rate. The study will look into the situations at
various angles. The operational parameters used for this simulation were ROP 50ft/hr and
rotations speed of 50RPM.The cutting density and cutting size were 2.65 & 0.250

respectively. The 12.5ppg density of the mud density was used as transport media.

Figure 4.22 shows the simulation result. As can be seen on the Figure, the 625gpm flow rate
is the minimum flow rate that capable of completely cleaning the cutting out of the hole
throughout the drilling depth. However, when the flow rate reduces from the minimum flow
rate the cutting beds begin forming in highly to lower well inclination. This simulation
illustrates the demand for minimum flow rate to clean the hole increases with inclination. The
formation of cutting bed correlates to the flow rate in that when the flow rate is less than the
minimum requirement, particles begin to settle and form bed in the annulus. For this

simulation we need to start to operate with 475 gpm up to 20 deg, then increase the rate to
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525 gpm and use it up to 40 deg. Then use 575 gpm to 60 deg inclination. Above 60 deg, 625

gpm is the minimum requirement to get the hole cleaned.
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Figure 4.22: Sensitivity of flow rate with respect to cutting bed formation

4.5.8 Parameters combined effect on cutting transport
For the investigation, three water based mud drilling fluids were considered. Table 4.7 shows

viscosity parameters.

Based on the given mud system, the simulator computes the viscosities as the following
Mud 3

Measured parameters Mud 1 Mud 2 Mud 3
Q600 10 37 73
Q300 6 20 46
Q200 4,5 15 40
Q100 3,6 9 26
Q6 1,5 2,5 11
3 1 1,5 10

10 Sec -Gel (Ibf/100sq ft) 2,53 2

10 min -Gel (Ibf/100sq ft) 3 2,5 5
Density, pcf 68 64 69

Mud 1

Mud 2

PV=4.34 cP

PV=17.52cP

PV=31.3cP

YP=1.61 Ib/100sqft

YP=2.54 1b/100sqft

YP=14.15Ib/100sqft

Table 4.7: Water based mud systems used for combined effect investigation
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The comparisons are between mud 1/2 and mud 2 / 3 which is:

1. PV (4.34/17.52) & YP(1.61/2.54)
2. PV (17.52/31.3) & YP(3/14.15)

As can be seen PV = 13.18 and 13.78 are nearly equal, but the difference between YP is
relatively very high. In the following section the relative difference of the cutting transport

velocity of between mud systems 1& 2 and 2 & 3 are compared.

4.5.8.1 Combined effect of viscosity and RPM

The simulation was conducted by using the three different mud types mentioned above. Two
pipe rotations; 50RPM and 100 RPM were used. The rate of penetration (ROP) was 50ft/hr.
Cutting size and cutting density were 0.275 in. and 2,145 sg respectively. The purpose of the
simulation was to find out what impact does the variation of the two parameters have on

minimum flow rate.

As shown on Figure 4.23 below, the minimum flow rates for mud 1 and mud 2 are very close
to one another irrespective of the pipe rotation. The minimum flow rate for mud 3 strongly
deviates from the two other mud systems after an inclination of 30 deg. The impact of
rotation (50 & 100 RPM) is not visible for mud 1 & mud 2, since the curves for 50 & 100
RPM are almost overlapping. In case of mud 3 there is slight variation for the two pipe
rotations (50& 100 RPM).
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Figure 4.23: Combined effect of rotary speed & rheological properties

Figure 4.24 shows the analysis of the effect of RPM between mud systems 1 and 2 and mud
systems 2 &3. The result shows that as RPM increase from 50 to 100, the % increase in

minimum flow rate reaches to about 16% in the lower yield stress mud system.

The effect in the higher yield stress mud systems, the % increase reaches to 55% and 48% for
RPM 50 and 100 respectively. The combined effect of the parameters is very significant as
the yield stress (YS) increases from 2.54 to 14.15Ibf/100sqft. For muds with higher viscosity
the impact of pipe rotation is considerable. By decreasing or increasing the viscosity and
yield stress/point of the mud (PV,YP) in combination with the pipe rotation, the flow rate is
significantly altered. In mud systems with low yield stress increasing or decreasing the pipe
rotation does not have an impact. On the figure, the% increase in flow rate is the result of
change in rheological properties (PV and YP).It seems logical to say that the yield stress
plays major role in influencing the flow rate requirement to clean the hole. Thus, it is possible
to manipulate the yield stress in combination with pipe rotation to reduce the flow rate by

altering the plastic viscosity in proportional way.

MSc Thesis, 2013
63



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

60

50 =

. e

g /
s

3 30 /

[y

£

3

3 20

5

2

®

10 //
0 /

T/ 20 40 60 80 100
-10

well inclination,deg

= RPM 100(PV 4.34/17.52 &YP 1.61/2.52) =50 RPM(PV 4.34/17.52 & YP 1.61/2.54)

100 RPM(PV 17.52/31.3 &YP 2.54/14.15) =50 RPM (PV 17.52/31.3 & YP 2.54/14.15)

Figure 4.24: % Relative flow rate changes for combined effects in higher and lower viscous
mud systems

4.5.8.2 Combined effect of ROP and RPM
In this simulation the two operational parameters, rate of penetration (ROP) and pipe rotation

(RPM) were subjected to variations. The cutting size and density used were respectively. The
mud used for the simulation was mud 2 mentioned above. The cutting size and destiny and
size were 2.145 and 0.250 respectively while the fluid density was 12.5 ppg. As can be seen
on figure 4.25 the flow rate is highest for ROP 50 and when the pipe is stationary, while the
lowest flow rate is when ROP is 30 and the pipe rotation is 100 RPM. However, once the
pipe is in rotation, the flow rate reduction is insignificant even when the rotation speed

increases.
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Figure 4.25: Combined effect of ROP and RPM

Figure 4.26 shows the analysis of relative flow rate change due to the combined effects of
ROP and RPM presented in Figure 4.25. We can observe the same change in RPM (from 0-
50 and 50-100). Under this condition different ROP were used as an input. As can be seen at
30ft/nhr ROP, the relative decrease in minimum flow rate is 2.4% and 5.4% as RPM increases
from 50/100 and 0/50 respectively. For ROP 50 ft/hr, the % decrease is 2.3% and 5.1% as
RPM changes from 50 to 100 and 0 to 50, respectively.
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Figure 4.26: % Relative change of flow rate for the RPM and ROP combined effects

4.5.8.3 Combined effect of cutting size and viscosity

The effect of each cutting sizes is compared as the mud system changes from PV =4,31 to
17,52 cP and PV=17,52 to 31,3cP. The simulation was performed at RPM/ROP (50/50).

MSc Thesis, 2013
66



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

1]
|

800 l

700 r>

by
A
1)

A

600

)

500

400

Minimum flow rate in gpm

300

0 10 20 30 40 50 60 70 80 90 100
well inclination,deg

==¢=cutting size 0.09 in.,PV=4.34 &YP=1,61 == cutting size 0.09 in.,PV=17.52 & YP=2.54

=== cutting size 0.09 in. PV=31.3 & YP=14.15 e=¢= cutting size 0.175in,PV=4.34 &YP=1.61

==ie==cutting size 0.175 in., PV=17.52 & YP=2.54 ==@==cutting size 0.175 in, PV=31.3 & YP=14.15
cutting size 0.275 in.,PV=4.34 &YP=1.61 cutting size 0.275 in.,PV=17.52 & YP=2.54

cutting size 0.275in.,PV=31.3 & YP=14.15

Figure 4.27: Combined effect of cutting size and viscosity and yield stress

As can be on Figure 4.28, the % change increases shows very high in the very high yield
stress mud system. We can observe a similar effect as shown in section 4.5.6.1. The minimum
flow rate increases when the mud system changes irrespective of the cutting size. In the
figures, the trends are similar, with minor variation at higher inclinations. In all the three
cutting sizes, the demand for minimum flow rate to clean the hole significantly increases
when the yield stress difference is larger. For instance at 60 deg well inclination, for cutting
size 0,09inch, when plastic viscosity and vyield stress increased from (PV=4.34cP,
YP=11bf/100sqft) to (PV=17.52cp, YP=3 Ibf/100sqft), the minimum flow rate increased by
20%. For the same cutting size at 60deg, the flow rate increased by 50 % when plastic
viscosity and yield stress increases from (PV=17,YP=3) to (PV=31,YP=19).
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Figure 4.28: Relative increment between mud (1&2) & mud (2&3) with cutting size 0.09 in.
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Figure 4.29: Relative increment between mud (1&2) & mud (2&3) with cutting size 0.175 in.
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Figure 4.30: Relative increment between mud (1&2) & mud (2&3) with cutting size 0.275 in.

4.5.8.4 Comparisons of section 4.5.8.1 and 4.5.8.3

This part presents the comparisons of combined effect of viscosity/ RPM and combined
effect of cutting size/viscosity. In both cases viscosity is common, but the difference is RPM
and cutting sizes. The main objective here is to analyze the trends with respect to the fluid

and operational parameter.

As can be seen from Figure 4.31 and Figure 4.32, the change of yield stress from 2.54 to
14.15 shows a significant effect than the lower yield stress change from 1.61 to 2.54. In
general, the % increase is substantial irrespective of the cutting size and rotary speed. The
Figure shows the relative change in flow rate requirement when the variation in yield stress is
very small. For near vertical well inclination, the pipe rotations 50 RPM and cutting size
(0.275in) show negative increment or decrease. The relatively higher plastic viscosity holds

the particles in suspension.
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5 Discussion of the simulation results

This section presents the discussion of the overall investigations. The simulation results in
general agree in terms of trends of experimentally documented results. The thesis was
focusing to analyze the sensitivity of parameters with respect to hole-cleaning phenomenon.

Hole-cleaning is a very complex process which involves fluid rheology, fluid mechanics and

thermodynamics under the action of operational parameters.

In general the hole-cleaning becomes worse as well inclination increases from vertical to
horizontal. Increasing flow rates can improve the cuttings-transport performance. As hole-
inclination increases from vertical to horizontal, if appropriate flow rate is not used a
cuttings-bed development will occur. Especially at inclinations between 40 and 60°, hole-

cleaning is most difficult because of back sliding of the cuttings inside the wellbore.

The simulation study in this thesis investigated the effect of a single parameter keeping all
other parameters constant, and a combined effect of two or more parameters. The following is
a general discussion, which is based on the observed simulation results and the reviewed

literature study.

Annular-Fluid Velocity

The simulation result shows that for any well inclination and under all operational conditions
the higher the flow rate clean the well effectively. Laboratory and field scale experiments
also reported this. However, the maximum allowable flow rate is determined by the
maximum allowable equivalent circulation density (ECD) within the given drilling window.
In addition, the capacity of the rig pumps to circulate the drilling fluid. Care should therefore
be taken to optimize appropriate flow rate.

Hole-inclination Angle

Simulation and laboratory experiments have shown than as well inclination increases the hole
cleaning efficiency becomes difficult. From Larsen’s experiment for instance one can observe
that the effect of well cleaning changes gently between vertical and abut 30deg. As angle
increase from 25 to 45/50 the cutting transport velocity shows a step transition and cutting

sliding can occur in the case of connection where circulation stops or a sudden pump
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shutdown. This results a large amount of cutting accumulation and leads to drill string
sticking problem.

Drill string Rotation

Simulation study confirms the results obtained from several laboratory studies on the impact
of RPM on cutting transport. As pipe rotates, it agitates/initiates the settled lower part of
cutting into fluid system, which exposes the cutting to high flow velocity. The RPM shows a
moderate to significant on effect in improving the hole cleaning when combined with other
operational and fluid and cutting properties From the 576 measured data, Bassal [37] have
also shown a significant effect of drill string rotation on hole cleaning in directional well
drilling. Larsen [5] on the other hand reported the work of [lyoho, Okrajni, Becker], the
effect of rotation in a concentric well geometry shows a minor effect. Larson also referred to
the wellbore simulation study by Tormen, the effect of drill pipe rotation is minor in
concentric well geometry. Ford et al’s [12] experimental data observation also shows minor

effect for large annulus and significant effect in smaller annulus.

The Wellplan ™ simulator shows an impact reaching to 7.4% as compared to a non-rotating
drill string provided at that given rate of penetration, cutting and drilling fluid properties.

However, when changing these properties, the effect of RPM is also becomes different.
Rate of Penetration

The higher rate of penetration on leads to a higher cutting concentration in the annulus. The
simulation result shows that a higher flow rate required ensuring a good cleaning. For drilling
operation, a higher ROP has positive impact on drilling cost. The combined effect simulation
study also shows that at a higher RPM with flow rate improves the hole cleaning. This as
result prevents cutting accumulation problems, which indirectly causes drilling related
problems such as excessive torque, drag, and mechanical drill sticking. These problems

finally may lead to reducing rate of penetrations.
Drilling fluid Properties

In addition to balancing well pressure to control well instability problem, mud properties
have also impact on cutting transport. Several experimental works have shown the hole-
cleaning phenomenon in various mud systems. In this thesis work oil based and water based

mud system were considered.
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The properties of cutting (size, density) were investigated in low and high viscous water
based mud systems. The study shows that the for a given cutting and operational parameters,
viscosity and density of fluid have a significant effect on hole cleaning. Viscosity of the mud
system is responsible for the suspension of particles in mud systems. During simulation, it is
observed that the simulator is also sensitive to Q200 and Q100 values. However, | was not
able to find any literature study documenting the effect of these readings.

Cuttings properties

The cutting properties such as (size, density, shape and concentrations) have effect on hole-
cleaning. The simulation result shows that the smaller sized cutting behavior in less and
higher viscous mud system behaves almost similar. As the cutting size increases, higher flow

rate required to cleaning out of the hole.

The shape and the size of cutting generated is a function of the bit types used. Therefore these
cutting parameters cannot be controlled except the concentration in terms of ROP. However,
if more cuttings are produced, one must use a higher flow rate in order to prevent bed

development in a well.

The simulation result shows that a smaller cutting size is easier to clean in less viscous fluid
than the higher viscous fluid. The cutting transport can be improved under pipe rotations,

which set the cutting in suspension and this makes easier for transport.
Pipe Eccentricity

Since the simulation arrangement is not suitable to construct a well and pipe at different
eccentricity, the thesis don’t not have a look the degree of the impact caused by eccentricity.

However, the effect is documented in several laboratory studies. (Example [5], [9] [15])
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6 Summary and conclusion

Good hole-cleaning operation is one of the major factors for the successful drilling operation.
On the other hand, poor hole-cleaning causes several drilling related problems such as high
torque and drag, drill string sticking and poor hydraulics. As a result, this leads to higher
operational costs for the industry.

Hole-cleaning is a very complex subject, which integrates fluid mechanics, fluid rheology,
thermodynamics and mechanics. Since the introduction of hole-cleaning research several
works have been carried out to investigate the behavior of cutting transport through modeling

and experimental studies.

In this thesis, research works on hole-cleaning such as empirical, experimental and

mechanistic are reviewed.

It is also reported that Well Plan™ simulator [3] is industry standard and tested against field
data. In this thesis work, the Well Plan™ simulator is therefore used to evaluate the
sensitivity of parameters associated with hole-cleaning. A simulation experimental setup was
built based on real well geometry; operational, drilling fluid and cutting parameter. Based on

the considered systems, several sensitivity parametric simulation studies were carried out.

The results show that the impact of parameters depends on various combinations parameters.

The simulation results are in line with the reviewed research results.

e Increasing viscosity, density of fluid requires an increase flow rate
e Increasing ROP requires an increase flow rate

e Increasing well size requires an increase flow rate

e Increasing cutting density requires an increase flow rate

e Increasing cutting size requires an increase flow rate

e Increasing RPM reduces the flow rate required

¢ Increasing mud weight reduces the flow rate required
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The thesis work is summarized as the following:

v" The simulation result shows that operational parameters, drilling fluid and cutting
parameters have effect on cutting hole cleaning. The results also confirm the trends
and the behaviors of the laboratory documented cutting transport phenomenon. In
general, poor hole cleaning occurs as the well inclination increases from vertical to
horizontal. However, sufficient flow rate can improve hole-cleaning provided that the
flow rate doesn’t cause well fracturing problem. Therefore, during design phase hole-

cleaning optimization study is crucial.

v Except well size effect, the simulation result shows that cutting transport phenomenon
IS more sensitive to other parameters in deviated well than in vertical well. The results

are summarized in Table 6.1.

v" As shown in section § 4.4.3.2, the choice of rheology model has effect on the cutting
transport simulation result. It is therefore important to investigate which rheology
model is best with respect to model prediction comparing with measured data.

v As shown in section § 4.5.6.2, the cutting transport simulation results in 1003ft and
11003ft wellbore length are the same. This shows that well length doesn’t matter on
flow rate required to clean the cutting out of the hole. An attempt was made to search

if laboratory documented results exist. But, finally | was ended up without success.

v Based on the literature study, the reviewed papers reported that their models predict
quite well their experimental data. However, the dynamics situation in drilling
environment is very different from laboratory experimental environments. In
literature, it is also reported that there is no a global model which describes all the
cutting transport phenomenon very well [4]. It is therefore required more studies
which describe dynamic processes of hole-cleaning along with using real time
measured data. Recently, IRIS is trying to study in this line [26].
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Table 6.1 summarizes some of the major investigation obtained from the simulation results

discussed in Chapter 4. Please note that the result is based on the considered mud systems,

cutting properties and operational parameters. When changing the simulation input

parameters, we can get different values depending on their magnitude and combinations.

Note that ’-*> means that % reduction and positive means that % increase

Mud system, Parameter | Parameter % min flow rate change
operational & Cutting values Vertical 30deg 90deg
parameters used in the between well inclined well | inclined well
simulation
RPM= 50 Cutting change from | 0 0 0.59
ROP= 50ft/hr size 0.009-0.175
cutting density= 2.145 sg inch
mud density= 12.5 ppg
PV=17.52,
YP=2.54 Ibf/100sqft change from |0 1.86 4.56
0.09-0.275
inch
RPM=50 PV=17,52 cP ROP change from | 0 6.96 5.8
YP=2.54 Ibf/100sqft 30 to 50ft/hr
cutting diameter= 0.250 in change from | 0 16.12 13.58
cutting density= 2.145 sg 30 -80 ft/hr
mud density 12.5 ppg
ROP=50ft/hr PV=17.52cP | RPM change from | 0 -5.1 -5.2
YP=2544 Ibf/100sqft 0 rpm-50
cutting diameter= 0.250in rpm
cutting density= 2.145 sg change from | 0 -7.3 -7.45
mud density 12.5 ppg 0 rpm -100
rpm
RPM= 50 Mud change from | 4 -17 -17.4
ROP= 50ft/hr density |giOS(‘:]ppg-lo.S
¥|I:,S§gsé2/|§f\//10%)zq5ffcp change from | 6 -31.4 -32
L . 8.5 ppg -12.5
Cutting size=0.25 in PPy
Cutting density= 2.145 sg
PV=17,52cP, Hole size change from | 67.06 58.71 58.71
YP=2.541 1bf/100sqft 8.5 inch-
Cutting size= 0.275 inch 10.5
RPM= 50 ,ROP= 50ft/hr change from | 136.63 126.38 126.38
mud density= 12.5 ppg 8.5 inch -
12.5inch

Table 6.1: Summary of major simulation investigation
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7 Future work

The simulation results show that cutting transport model prediction is sensitive to the effect
of Q200 and Q100 values. In addition, the choice of rheology model also has effect on the
cutting transport simulation result. Therefore, this thesis work proposes the following

activities:

v One can in the future design several laboratory tests to investigate more the effect the

above mentioned on the hole cleaning behavior

v"Investigate which rheology model describe best cutting transport phenomenon

v Review more small scale and large scale cutting transport experimental data.
o Based on the reviewed experimental setup and inputs perform flow dynamics
simulation. Finally compare the simulation results with the reviewed data
o Compare the small and the large scale measured data in order to investigate

the impact of well length on cutting transport phenomenon.

MSc Thesis, 2013
77



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

Reference

[1] H.H Rodriguez J.B Ramirez, D.C Velazquez, A.N Conejo J.A Martinez //Annular flow
analysis by tracers in drilling operations // Journal of Petroleum Science and Engineering,
Volume 41, Issue 4, February 2004, Pages 287-296

[2] A.T. Bourgoyne Jr, K.K. Millheim, M.E. Chenevert & F.S. Young J// Applied Drilling
Engineering// SPE Textbook Series Vol. 2, ISBN:978-1-55563-001-0

[3] WellPlan (Landmark) ™ Software, Halliburton

[4] T. Nazari and G. Hareland, University of Calgary, and J.J. Azar, University of Tulsa//
Review of Cuttings Transport in Directional Well Drilling: Systematic Approach// SPE
132372, SPE Western Regional Meeting, 27-29 May 2010, Anaheim, California, USA

[5] Inge F. Larsen, //A study of the critical fluid velocity in cuttings transport for inclined

wellbores// MSc thesis, 1990

[6] Chien, S.F., 1994.//Settling velocity of irregularly shaped particles// SPE Drilling
Completion, 9: 281-2809.

[7] Moore, L.P.:// Drilling Practices Manual, Petroleum Publishing Co., Tulsa, OK (1974)
Chap. 8.

[8] Rudi Rubiandini R. S., // Equation for Estimating Mud Minimum Rate for Cuttings
Transport in an Inclined-Until- Horizontal Well// SPE -1172519, This paper was
prepared for presentation at the 1999 SPE/IADC Middle East Drilling Technology
Conference held in Abu Dhabi, UAE, 8-10 November 1999.

[9]. Tomren, P.H., lyoho, A.W., and Azar, J.J.//[Experimental Study of Cuttings Transport
in Directional Wells// SPEDE (Feb. 1986)43-56.

[10] Ali Piroozian « Issham Ismail « Zulkefli Yaacob , Parham Babakhani « Ahmad Shamsul
Izwan Ismail // Impact of drilling fluid viscosity, velocity and hole inclination on cuttings
transport in horizontal and highly deviated wells //J Petrol Explor Prod Technol (2012)
2:149-156

MSc Thesis, 2013
78



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

[11] Mengjiao Yu, Daniel Melcher, Nicholas Takache, Stefan Z. Miska, Ramadan Ahemed,
/I A New Approach to Improve Cuttings Transport in Horizontal and Inclined
Wells//SPE 90529, SPE Annual Technical Conference and Exhibition, 26-29 September
2004, Houston, Texas

[12] J.T. Ford, J.M. Peden, M.B. Oyeneyin, Erhu Gao, and R. Zarrough, 1990
/[Experimental Investigation of Drilled Cuttings Transport in Inclined Boreholes//SPE
20421, SPE annual technical conference and exhibition, 23-26 September 1990

[13] Hareland, Geir, NM Inst. of Mining and Technology; Azar, J.J., U. of Tulsa; Rampersad,
P.R., NM Inst. of Mining and Technology// Comparison of Cuttings Transport in
Directional Drilling Using Low-Toxicity Invert Emulsion Mineral-Oil-Based and
Water-Based Muds// SPE 25871-MS SPE Low Permeability Reservoirs Symposium, 26-28
April 1993, Denver, Colorado

[14] Okrajni, S.S. and Azar, J.J.://The Effects of Mud Rheology on Annular Hole Cleaning
in Directional Wells// SPEDE (Aug. 1986) 297-308; Trans., AIME, 285.

[15] T.R. SIHerman, SPE, and T.E. Becker, SPE, Mobil R&D Corp.// Hole Cleaning in
Full-Scale Inclined Wellbores// SPE Drilling Engineering, June 1992

[16] Husssin, S.M., mrd J.Azac //Experimental Study of Drilled Cutting Transport Using
Common Drilling muds//,SPEJ (Feb. 1983), pp. 11-20.

[17] Sifferman, T.R. Myers, G.M. Haden, E.L. and Wahl, H.A., //Drill cutting transport in

Full-scale vertical annuli// J. Pet. Tech. Nov. 1974.

[18 ] Gavignet, A.A. and Sobey, 1.J. 1989. //Model Aids Cuttings Transport Predictions//
J. Pet Tech 41 (9): 916-922; Trans., AIME, 287. SPE-15417-PA.

[19] Peden, J.M., Ford, J.T., Oyeneyin, M.B., Heriot-Watt U.// Comprehensive
Experimental Investigation of Drilled Cuttings Transport in Inclined Wells Including
the Effects of Rotation and Eccentricity//SPE 20925-MS European Petroleum Conference ,
21-24 October 1990, The Hague, Netherlands

MSc Thesis, 2013
79



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

[20] Clark, R.K. and Bickham, K.L. 1994. //A Mechanistic Model for Cuttings
Transport// Presented at the SPE Annual Technical Conference and Exhibition, New
Orleans, 25-28 September. SPE-28306-MS

[21] Minggin Duan, Stefan Miska, Mengjiao Yu, Nicholas Takach, and Ramadan
Ahmed,SPE, University of Tulsa; and Claudia Zettner, SPE, ExxonMobil // Critical
88Conditions for Effective Sand-Sized Solids Transport in Horizontal and High-Angle
Wells // SPE 106707-PA SPE Drilling & Completion VVolume 24, Number 2 June 2009

[22 Zeidler, H. Udo “An Experimental Analysis of the Transport of Drilled Particles SPE
Journal Volume 12, Number 1 February 1972 PP. 39-48.

[ 23] Nguyen, Desmond, Rahman, S.S., // A Three-Layer Hydraulic Program for Effective
Cuttings Transport and Hole Cleaning in Highly Deviated and Horizontal Wells//SPE
51186-PA SPE Drilling & Completion, September 1998 Volume 13, Number 3 Pages 182-
189

[24]T. Bourgoyne Jr., Keith K. Millheim, Martin E. Chenevert and F.S. Young Jr. //
Applied Drilling Engineering, Vol. 2. 1991. Richardson, Texas: SPE Textbook Series,
Society of Petroleum Engineers

[25] Gucuyener, 1.H., Middle East Technical U., 1983. A Rheological Model for Drilling
fluids and Cement Slurries.SPE11487

[26] E. Cayeux, T. Mesagan, S. Tanripada, M. Zidan,; K.K. Fjelder//Real-Time Evaluation
of Hole Cleaning Conditions Using a Transient Cuttings Transport Model// SPE
163492-MS SPE / IADC Drilling Conference and Exhibition, Mar 05 - 07, 2013,
Amsterdam, The Netherlands

[27] Miguel Belarde, Shell Canada and Ola Vestavik, Reelwell//Deployment of Reelwell
Drilling Method in Shale Gas field in Canada//SPE 145599-MS Offshore Europe, 6-8
September 2011, Aberdeen, UK

[28] APl Recommended Practice 13D — Rheology and hydraulics of oil-well drilling fluids
API 2009

MSc Thesis, 2013
80



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

[29] Minggin Duan, Stefan Miska, Mengjiao Yu, Nicholas Takach, and Ramadan
Ahmed,SPE, University of Tulsa; and Claudia Zettner, SPE, ExxonMobil// Critical
Conditions for Effective Sand-Sized Solids Transport in Horizontal and High-Angle
Wells//SPE 106707-PA SPE Drilling & Completion Volume 24, Number 2 June 2009

[30] http://en.wikipedia.org/wiki/Settling#Single_particle drag

[31] Erling Fjar, R. Risnes, R.M. Holt, and R.M. Holt // Petroleum Related Rock
Mechanics//Elsevier Science; 2 edition | June 15, 2002 | ISBN-10: 0444502602 | 514 pages

[32] T.I. Larsen, Unocal Corp.; A.A. Pilehvari, Texas A&M U.; J.J. Azar, U. of Tulsa//
Development of a New Cuttings-Transport Model for High-Angle Wellbores Including
Horizontal Wells//SPE 25872-PA SPE Drilling & Completion Volume 12, Number 2 June
1997

[33] Hopkins, C.J. and Leicksenring, R.A. "//Reducing the Risk of Stuck Pipe in the
Netherlands//. Paper IADC/SPE 29422 presented at the IADC/SPE Drilling Conference,
Amsterdam, February 28 - March 2, (1995)

[34 ] H. UDO ZEIDLER STUDENT MEMBER AIME ///An Experimental Analysis of the
Transport of Drilled Particles//This paper will be presented in Transactions volume 253,
which will cover 1972. FEBRARY, 1972

[35] A. Ramadan, P. Skalle, S. T. Johansen//A mechanistic model to determine the critical
low velocity required to initiate the movement of spherical bed particles in inclined

channels//Chemical Engineering Science 58 (2003) 2153 — 2163

[36] Ahmed M. Ramadan //Solids Bed Removal in Deviated Boreholes//PhD thesis, 2001

[37] Adel Ali Bassal, //The effect of drill pipe rotation on cutting transport in inclined
wellbore// MSc thesis, 1995

MSc Thesis, 2013
81


http://en.wikipedia.org/wiki/Settling#Single_particle_drag

Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

[38] Augusto José Garcia-Hernandez, University of Tulsa, Drilling Research Projects, B.S. in
Mechanical Engineering, Central University of Venezuela// Determination of Cuttings Lag
in Horizontal and Deviated Wells // This report is prepared for TUDRP Advisory Board
Meeting, November 14th -15th , 2005, Tulsa-Oklahoma..

[39] http://www.rpi.edu/dept/chem-eng/Biotech-Environ/SEDIMENT/images/sed.drag.qgif

MSc Thesis, 2013
82


http://www.rpi.edu/dept/chem-eng/Biotech-Environ/SEDIMENT/images/sed.drag.gif

Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

Appendix A: Reviewed Literature study

Tables Al presents a summary of determinations of cutting lag in horizontal and deviated

well. This is summarized by Augusto José Garcia-Hernande. The report was prepared for

TUDRP Advisory Board Meeting, Tulsa-Oklahoma.The author performed a wide and details

of literature studies. [38]
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Experimental Vertical

Reference Type T f
Inclined of F":rzEdZs Review

Fluid

Pipe! Semi-
Annulus | Experimental

Author Year Title Mechanistic | Horizontal

Fiow Fabem maps
wers F-"EE:E'TI.EE.
The franshions
oebween tha Now
patterns are then
gatarmined oy

means of 3
meshanlstic three-
Fliow Patiam Acetal |ET'ET miodel and

Maps for Solkd- Mechanlstc and Spheras, compared with

thFl.lh:I Flow In Pipe Expermental Horzontal | water | F [1240 e::p-en'ﬁ:]erca. data.
Apes Kigima3] The boundary

betwesn flow wih a

551.3.'.|:ﬂ3.':f oed and
fiow with a 'T":l!.'hg

ted exhiits
salisfactony
agresment with the

EHF‘EFF’IEFH' data

obtalnad.

Hew expenmeanial

data on fow rais,

prassure dop,
dellverad
concantration and
Thow pa‘.ler'15 for
Soiid-Iquid Tiow [n

Pressure Drog Acstz umﬂlp:—e:;;:—:re*
and LUmit Depost Mechanlstic and SH E:r.E' .
Domon and Bamea | 1984 | velcity for Sold- Pipe Expermental Horizora Water 3}5;1?-%?1:] mr;.:;'e.;.m?gf
lqdi;;ag_‘# n Kgimi3] Doron and Bamea

In 1953 was
compared to the
new expenmental

data and ather data
fom the Berature,

Doron & Bamea 1985

Slmulation of 3 large numoer of solld partkdes motion 0 3 fowing quid wsing fnite elemant
Direct Simulation technique based on moving unstructured grids. Using an developed numerical procadure, the
Hu 1985 | of Flows of Solld- Polseullie fiow of solid-liquid mixtures In a vertical charmel was studied. For 3 sadimenting
Iquid Mxtures cyllnder along the cenierline of a channel, the compuisd terminal spead of the cylnder agrees
with previously pubiished numenical and heoretical results.

Transport of
parlicies In circwiar
- plpes Involving
I?:I;'np:le'lﬁ.j-l:t-,:l::ﬁf Sphencal | fmation of gunas
e Dver glass In e transition
Structu Water b=ads of Tiow regime. An
RapeniaNmanantsoa | ppg | Partcies Beds, Ppe | EXPEMMERElANd | yomrona ana 250 | Uttrasound Veloc!
etal Experimental CFD Smulations ' PAC | 300mmin | Srofie Mon wﬁﬂt‘r
o g
Qﬁhﬂfﬁf diamebear, Irestrument was
SImulEtons 3-2.52"5-'03 used 1o maIEsure
T e InsEntansous
VE l:IDﬂ.'p' oroflie over
e Sunes.

Table A-2.2: Literature review on solid-liquid flow patterns

MSc Thesis, 2013
85



Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

Experimental | Vertical
Reference Semi
. emi- . Tvoe
i Inclined ¥P
Pipe/ Experimental of T?p? of Review
Annulus fluid Particles
Author Year Title Mechanistic | Horizontal
ENEEEE E]
transport In
harzontal and
Fiow Regimas Inclinad pipes.
Creer Particles = Rhepiogy has besn
3 Sphedcal
E:q:gfluﬂimal water | 9l3ss b=ads ;ﬁnﬁﬁr-m r-:lhrE-::g
Racerjamanamsos | oo sapdles of Pipe Experimenial Hanzania and of 250 Tomatian
etal Darticle ard Inclined AL 300mm In mechanlsms
Transpon in d_g";gh; Relationships
Horzomtal P Y| petwesen pressure
Poes. drop and transport
velocity were used
10 Kenfty the slumy
fiow regime
Development of the
thrae-layer
modalng approach
for sollds transport.
The model predicts
Te pressure 1oss
and fransport rate
of s0lds.
Comparison
Application of a Pr— DEtween Me mode
e e o
5.0.=2.5,
Approach for 4 Water p shown agreement.
Ramadaneta | 2004 Zoids Ppe Mechanisis and | Harzant ang | TRArRAMCE | mption of
Transzor In Expesimenial and Inclined BAC slze mqg:-] consiant s2ting
- imean slze .
Harizontal and 0.38-5.00 valnchy. H||:|_
Inclined mm predictions of the
Chiannels tramslion from a
thres-layer patem
to & two-layer or
fully suspended
Tiow pattem wenz
presented
Comments about
the formation of
dunes and fpples
during the test.

Table A-2.3: Literature review on solid-liquid flow patterns

MSc Thesis, 2013
86




Cutting transport parametric sensitivity simulation studies in vertical and deviated wells

Experimental Vertical
Reference Pipe! Semi- ) Type of | Type of )
Annulus | Experimental Inclined fluid FParticles Review
Author | Year Title Mechanistic | Horizontal
A NEw Comelation was
developed bo predict the 5 atting
vedocity of Imeguiany shapad
Setting Wamrd partcies In both Newionlan and
Weloaity of P Hewtmtan | =225 nan-Kewionlan fuds for all
Chien 1292 Iregulany Pioe Expermena wertical —— opg. dp= types of slip regimes. The
Shaped gensity= D.i25-ln | Fesuts of the comeiation agreed
Fatizies u"*F‘F;E wel with the expermental data.
Comparison of the comelations
obtalned with data collected oy
previous Investigator [Richarts)
General neview of published
cormalations for pregicting e
an rhlsr!ass camying capacity of driiing
= Spheres, fluids. Data companson
-g':'”mlm p=25 petween Mis E-'.I.El:lj' and
Sampie or Slapalymer, -115'"3?-:92 fﬂplﬁ?:raiu:ﬂmﬁ;‘ﬁl:f:s
S - =0 332~ 4
et al 1977 | Comeatons | Annulus Experimental Vertical ;;gﬂ% . Cutings | developed for establishing the
Presficiing =2 g, camying capacity of driling
Cutting =g dp=0.195 & Twids. Of the publishad
Velotty o123 comelations evaluated, the
Inches method proposed by Praston
Moore provided the agreement
Wit T expenimental data.
Study sedimant bransport In
norizontal channsls, proppant
transpor In fractured reservoirs
using 20 direct numesical
e Camoite | simustions and expenmental
sor Sediment Oraaa data. Resulis of 2D simulations
. £and, p of solkd-liquld iows gave rise io
Patankar | 200z | TEEERORIN | channels e Horzontal -2.65-271 | straignt ines In log-log piots of
tal i —1 he relewant dimenskoniess
o=t dp=0.05- REynolds numbers. The
e 0.0% cm comelations obiained can be
used as pradictive 1Dols or 35 3
basks for modeis for sediment
transpon In SMulators e for
design puposEs.
. The I force off 3 circular particie In plane Polseulie fow parpendicuar o
HaEpn Sip Velouly gravity s studied by direct numercal simulabion. The value of the Polszullis
Cieando amaz and LIft Analytic fiow velocity at the polmi at the particie’s centre when the partice Is absent ks

always larger than the particle velocity; the velocity is positive at steady Now.

Table A-3: Literature review on particle slip velocity

MSc Thesis, 2013

87




Cutting transport parametric sensitivity simulation studies in vertical and deviated wells
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Appendix B: Wellplan™ cutting transport models
The summary of the model are used in Well Plan ™][3].

Hole Cleaning Calculations

Calculate M’K’T”" and Reynold’s Number

(2.22)log 10 )(FP + 2P

(YP+FV)
I (PV+IF)
11
T, =(5.11&)
_ .-Gp:z@_x}[DH - DP:'N

1T (2B310.K
Concentration Based on ROP in Flow Channel
. 70,2 f1an )

© o, han e,
Fluid Velocity Based on Open Flow Channel
o .50,

* p,j-b,t

Coefficient of Drag around Sphere

e <25 o,

22
= —
o '_Ra
else,
CD =125

Mud carrying capacity

45(&}[@ - o)

12
e =
200,
Slip Velocity
g Va<B0 o V= (0.00516 7, +3.0006
fVaz B0 o Vg = (0.02554 Y, — 53.0)+3.28
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Settling Velocity in the Plug in a Mud with a Yield Stress

1
L+ _ e |22
7, =[i 2D, (e, fi}

3 'ﬂ—apal_b
Where:
a=42.9-25 9%
h=1-0733x

Angle of Inclination Correction Factor
5 0.6
C, = (sin (1. 53a))*| —
Dy
Cuttings Size Correction Factor
C,o=1286 180,
Mud Weight Correction Factor

i le <7.7) then

C, =10

else
C,=10-00833(p-77)

Critical Wall Shear Stress

. " 2n
e = [ag s ) o - o)L ﬁm]m
Where:
@ =1732
b=

Critical Pressure Gradient

_ i

MHgﬁ
]

Total Cross Sectional Area of the Annulus without Cuttings Bed

2 2
47105 =)

4 144
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Dimensionless Flow Rate

#
" ) ,
2014 28) 3555am F L
Hgb :H[BX(—].H)]E-(Q 13 X(l_(i)ﬂ)(l_(_ﬁ)gﬂ:g :lﬂl]
{a) — Py Ty
b
Where:
% =16
b =1

Critical Flow Rate (CFR)

A
.?"H

)
ot = rh? ,-:T-E,"E?—l Hg-!l
e

! (L)

Correction Factor for Cuttings Concentration
Cmp = 0.97 - (000231 4, )

Cuttings Concentration for a Stationary Bed by Volume

Cone = Cmp {1.0— QQ”* J[I.D—QB)[IDD)
Where:

b

E = Bit diameter

DH: Annulus diameter

D

#= Pipe diameter

b

I = Tool joint diameter
Do Cuttings diameter
T .

* = Mud vield stress

® = Power law geometry factor

R

4= Reynolds number
Rg = Particle Reynolds number
& = Fluid density

e = Cuttings density
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Fﬂ = Average fluid velocity for annulus
Va= Rate of penetration, ROP
Vav - Cuttings travel velocity
Vo = Orginal slip velocity
= Slip velocity
Fﬂw = Crtical transport fluid velocity

T = Total cuttings velocity
£ = Consistency factor
* = Flow behavior index

b Coefficients
¥F = Yield point

P = Plastic viscosity
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Lo Volumetric cuttings flow rate
L = Volumetric mud flow rate

Qﬂ# = Critical flow rate for bed to develop
T - Cuttings feed concentration

Cp Drag coefficient

Tz Mud carrying capacity

Ca= Angle of inclination correction factor
CS: Cuttings size correction factor

C’

wd = Mud weight correction factor
e = Carrection factor for cuttings concentration

Come = Cuttings concentration for a stationary bed by volume
Us = Settling velocity

*= Average settling velocity in axial direction

" = Average mixture velocity in the area open to flow

&= Wellbore angle
5= Bed porosity
Ha = Apparent viscosity

# = Plug diameter ratio

£ = Gravitational coefficient

'0= Radius of which shear stress is zero
"% = Radius of drill pipe

“% = Radius of wellbore or casing

Fg = Critical frictional pressure gradient

T "
w = Critical wall shear stress
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Appendix C: Well construction information

The input parameter for the simulation arrangement used are shown below.[Chapter 4]

Well inclination
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Geothermal gradient

The surface ambient temperature is 80 °F and the mud line is 40 °F. The geothermal gradient

is 1.5 °F/100ft.
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Survey data

MD (ft) INC (°) AZ (%)
0 0 67,73
584,4 0,1 298
678 0,06 309,93
770,9 0,18 249,32
865,7 0,31 153,14
1045,2 0,15 117,22
1138,3 0,06 222,3
1232,9 0,13 197,58
1325,2 0,15 167,42
1398,1 0,23 185,68
1511,4 0,32 176,78
1797 0,72 186,62
1891,6 0,93 177,96
1987,3 1,22 185,23
2081,3 1,41 184,71
2175,4 1,71 188,92
2270,3 1,99 186,52
2366,7 2,11 184,49
2460,6 2,04 180,63
2555 2,56 181,46
2646,5 2,68 180,81
2732 2,8 181,89
2825,6 2,81 181,18
2918,2 2,89 178,95
3104,4 3,32 181,26
3195,7 3,26 180,69
3291 3,29 180,87
3386,9 3,24 181,77
3481,3 3,13 181,71
3575,5 3,22 179,61
3670,6 3,28 178,28
3764,1 3,42 178,59
3852,4 3,28 178,41
3947,8 3,18 179,06
4030,1 3,09 181,55
4117,1 2,9 179,33
4210,8 1,98 177,08
4395,7 0,41 144,38
4500 1,64 77,68
4585,1 4,25 68,48
4677 5,5 66,47
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4774 5,47 65,41
4868,2 8,2 72,15
4957,1 9,73 68,56
5051,3 11,25 66,96
5154,8 13,44 69,7
5261,9 15,99 68,19
5341,2 17,94 66,03
5436,5 20,73 65,21
5490,5 21,77 65,44
5570,5 24,38 66,48
5648,7 26,55 66,19
5741,2 26,63 66,19
5847,2 26,74 62,77
5938,3 26,38 62,89
6026,5 25,79 63,01
6120,6 25,47 63,45
6212,6 25,15 63,59

6301 24,98 64,19
6397,1 25,72 64,27
6488,2 26,43 65,34
6582,3 26,64 65,78
6679,3 26,22 67,7
6774,2 26,23 67,67
6860,7 25,74 68
6953,4 25,33 68,18
7056,9 24,73 68,13
7150,9 24,53 68,98
7244,3 23,62 68,32
7307,6 23,69 68,09
7400,1 24,53 68,31
7490,9 25,89 67,26
7585,8 27,11 66,96
7681,8 27,72 66,36
7784,9 28,19 65,79
7866,2 27,61 66,06
7967,8 27,9 65,66
8052,2 28,21 65,41
8154,7 28,71 64,98
8248,1 29,33 64,88
8332,4 29,54 64,86
8425,5 29,43 63,48
8517,3 28,66 64,83
8610,1 29,23 64,27
8703,1 28,52 64,76
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8797,4 28,81 64,82
8889,4 28,76 46,95
8985,7 28,09 64,81
9091 27,59 64,58
9170,2 27,13 64,17
9264 26,96 63,84
9365,7 25,68 63,24
9385,7 25,43 63,12
9476,6 23,77 63
9549,8 22,36 62,4
9644,5 22,33 64,24
9735,8 23,25 56,05
9832,1 25,18 67,26
9924,2 26,74 66,35
10020,9 26,39 69,8
10113,1 26,8 70,64
10202 25,97 70,79
10294,4 27,16 66,41
10391,6 27 66,47
10398,3 28,36 68,64
10577,5 29,49 64,84
10672,2 29,19 65,49
10766 33,1 69,66
10859,9 36,13 69,25
10954,1 35,22 67,54
11043,1 34,45 64,7
11140,6 31,91 62,37
112456 31,2 63,1
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Appendix D: List of Figures

Figure 1.1: Drilling system [1]
Figure 1.2 Illustration of cutting bed deposition in deviated well [35]

Figure 1.3: Laboratory observer transport velocity [5]
Figure 2.1: Diagram of Air Bubble attached to cutting particle [11]
Figure 3.1: lustration of fluid rheology behaviours

Figure 3.2: lllustrations of forces acting on a single cutting particle on the surface of a cutting
bed [21]

Figure 3.3a: Cutting in suspension and cutting deposition [26]
Figure 3.3b: Forces acting on a cutting particle in suspension [26]
Figure 3.4: Cutting sizes and shapes [27]

Figure 3.5: Cuttings transport mechanisms in vertical and deviated wells [28]

Figure 3.6: General well bore geometry configuration and cutting deposition [29]

Figure 3.7: Drag force on a solid suspended in fluids [30]

Figure 3.8: Drag coefficient vs Reynolds number [39]

Figure 3.9: Algorithm to couple mud density and well inclination on cutting transport model

Figure 3.10: Forces acting on a single particle at an active erosion site of a cuttings
bed[35,36]

Figure 3.11: Comparison of model prediction and experimental data [35,36]
Figure 3.12: Various forces as a function of well inclination [36]

Figure 4.1: Real well geometry arrangement used for cutting transport simulation
Figure 4.2: Rheology and cutting transport analysis data
Figure 4.3: Simulation results in real well geometry

Figure 4.4: Effect of rheology model on cutting deposition behavior
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Figure 4.5: Fluid and particle dynamics in concentric well geometry annuli of various
inclinations.

Figure 4.6: Rheological properties of the Fann 77 dial reading of mud systems
Figure 4.7: Effect of ROP on cutting transport

Figure 4.8: % Relative change between ROP’s effects on flow velocity

Figure 4.9: Sensitivity of RPM on cutting transport

Figure 4.10: % Relative change between RPM effects on hole-cleaning

Figure 4.11: Effect of PV/YS on cutting transport
Figure 4.12: Effect of mud weight on cutting transport phenomenon.

Figure 4.13: % Relative change between mud densities analysis

Figure 4.14: Effect of cutting density on hole cleaning in less viscous mud system Mud #2
Figure 4.15: Effect of cutting density on hole cleaning in viscous mud system Mud #3
Figure 4.16: Comparison of heavy and light cutting in viscous and less viscous mud systems

Figure 4.17: Difference flow rates between of cuttings in viscous and less viscous mud

systems
Figure 4.18: Effect of cutting size on hole cleaning
Figure 4.19: Analysis of % change in cutting size effect on hole cleaning

Figure 4.20: Sensitivity of well size on cutting transport
Figure 4.21: Analysis of % change in flow rate due to change in hole size
Figure 4.22: Sensitivity of flow rate with respect to cutting bed formation

Figure 4.23: Combined effect of rotary speed & rheological properties

Figure 4.24: % Relative flow rate changes for combined effects in higher and lower viscous
mud systems

Figure 4.25: Combined effect of ROP and RPM

Figure 4.26: % Relative change of flow rate for the RPM and ROP combined effects

Figure 4.27: Combined effect of cutting size and viscosity and yield stress
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Figure 4.28: Relative increment between mud (1&2) & mud (2&3) with cutting size 0.09 in.
Figure 4.30: Relative increment between mud (1&2) & mud (2&3) with cutting size 0.275 in.
Figure 4.31:% Relative increment for different cutting sizes and pipe rotation combined with
rheological parameters

Figure 4.32: % Relative increment for different cutting sizes and pipe rotation combined with
rheological parameters

Appendix E: List of Tables

Table 1.1: Parameters that influences hole-cleaning

Table 3.1: Model equations used in particle mechanics modelling [35, 36]

Table 4.1: Hole data (Casing + Open hole)

Table 4.2: Drill String data (Drill pipe + BHA)

Table 4.3: Water based mud systems considered for PV/YS ratio effect simulation
Table 4.4: Rheology measured data of Mud 2 and Mud 3

Table 4.5: Rheology measured data

Table 4.6: Effect of well length on cutting transport model

Table 4.7: Water based mud systems used for combined effect investigation

Table 6.1: Summary of major simulation investigation

Appendix E: List of Nomenclature

Co Drag Coefficient

ds diameter of drill string [in]
Dy diameter of hole [in]

Dp diameter of pipe [in]

h bedding height [in]

Fg. Force of gravity [N]

Fo, buoyancy force [N]

Fd, Drag force [N]
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Fi, lift force [N]

Fvan Van der Waals dispersion, [N]

k consistence index [Ibf/100sqft]

n flow behavior index [-]

R radius of well/casing [in]

r radius of the drill string [in]

Vs Settling velocity[ft/min]

Vc Cutting velocity [ft/min]

Vit Critical transport fluid velocity [ft/min]
Vluid Fluid velocity [ft/min]

Q flow rate [gpm]

Ua apparent viscosity [cP]

Up plastic viscosity (PV) [cP]

Ty yield stress (YS)/ Yield point (YP) [Ibf/100sqft]

Appendix F: List of abbreviation

ft/hr foot per hour

pcf pound per cubic foot
deg degree

gpm gallon per minute

ppY pound per gallon

ECD equivalent circulation density [sg]
ROP rate of penetration [f/hr]
RPM revolution per minute
WBM Water based mud

OBM Oil Based mud

PV plastic viscosity, cP

YSorYP yield stress / Yield point, [Ibf/100sqft]
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