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A B S T R A C T

Field experience has shown that the inefficient transport of small cuttings is a main factor contributing to ex-
cessive drag and torque during the drilling of a deviated hole; however, very little is known about the transport
behavior of small cuttings. This experimental study investigates the effect of different polypropylene bead
concentrations in water-based mud (WBM) on hole cleaning, along with the effects of cutting size, drill pipe
rotation, and hole inclination angle. A total of 160 runs were performed using an experimental rig consisting of a
13 ft (3.96 m) long casing with a 2 in (50.8mm) Inner Diameter (ID) and a rotary inner pipe with a 0.8 in
(20mm) Outer Diameter (OD). Four cutting size ranges, namely, 0.5–1.0 mm, 1.0–1.4 mm, 1.4–1.7 mm, and
1.7–2.0mm, with a density of 2400 kg/m3 were tested in WBM with varying polypropylene bead concentrations
ranging from 0 to 8 ppb. The concentric annulus flow test section was changed to vertical and horizontal angles
with pipe rotation from 0 to 150 rpm. The mud density and viscosity were maintained at 10 ppg and 16 cp,
respectively, under a flow velocity of 3.48m/s (Reynolds number of 6620). The results indicate that smaller
cuttings are easier to transport at all pipe rotations and polypropylene bead concentrations in both vertical and
horizontal holes. The optimal pipe rotational speed was found to be 60 rpm. In this study, polypropylene beads
undeniably enhanced the mud carrying capacity by significantly increasing the cutting transport ratio (CTR) by
up to 16.57% in vertical holes and 15.73% in horizontal holes.

1. Introduction

ONE of the most crucial functions of mud in drilling operations is to
transport the drill cuttings to the surface through the wellbore annulus.
(Bird and Garrett, 1996; Boyou et al., 2019; Epelle and Gerogiorgis,
2017; Hakim et al., 2018; Kamyab and Rasouli, 2016; Majid et al.,
2018; Moraveji et al., 2017; Piroozian et al., 2012; Sayindla et al., 2017;
Skalle, 2010; Werner et al., 2017; Yan et al., 2018; Yeu et al., 2019;
Zeng et al., 2018). Efficiently transporting cuttings is a noteworthy
challenge when a long extended reach well with a horizontal section of
more than twenty-five thousand feet has to be drilled. Cuttings can be
ground into fine sand while being transported out of the hole, parti-
cularly when rotary drilling is used. Drilling may not be able to proceed
if cutting transport remains a problem in such holes. Field experience

has demonstrated that the inefficient transport of small cuttings is a
main factor contributing to excessive drag and torque during extended
reach drilling, where small cuttings settle at the lower part of the
horizontal section. Other operational problems that may surface are;
stuck pipe, reduced rate of penetration (ROP), etc (Akhshik et al., 2016;
Amanna et al., 2016; Beck et al., 1947; Becker and Azar, 1985; Bilgesu
et al., 2007; Bland et al., 2006; Clark and Bickham, 1994; Duan et al.,
2008b; Egenti, 2014; Epelle and Gerogiorgis, 2018a,b,c; Ezeakacha and
Salehi, 2019; Hussaini and Azar, 1974; Luo et al., 1994;
Mohammadzadeh et al., 2016; Ozbayoglu et al., 2010a; Pigott, 1941;
Saxena et al., 2017; Sifferman et al., 1974; Walker and Li, 2000; Yu
et al., 2004).

Yu et al. (2004) observed that under the action of gravity, cuttings
have a tendency to settle outside the drilling fluid, which is commonly
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known as slip velocity. The slip velocity is dependent on the density and
viscosity of the drilling fluid. The hole angle, annular velocity and
viscosity of the drilling fluid are considered to be the most critical
parameters in effective hole cleaning. The drill cuttings (solid particles)
that must be circulated from the bottom of the hole to the surface have
four forces acting on them: a downward gravitational force, an upward
buoyant force due to the cuttings being soaked up in the drilling fluid, a
drag force parallel to the direction of the mud flow due to the mud
flowing around the cutting particles and a lift force perpendicular to the
direction of the mud flow, which is also due to the mud flowing around
the cutting particles.

Iyoho and Azar (1981) presented an accurate slot-flow model for
non-Newtonian fluid flow through eccentric annuli. Their analysis ex-
amined the factors affecting the transport of cuttings in directional
wells, such as drilling fluid velocity, inclination angle, drilling fluid
viscosity and rate of penetration (ROP). They also determined that
designing the mud flow for transporting cuttings based on the nominal
average velocity could lead to serious problems associated with the
buildup of cuttings in the low-velocity region of the annulus.

Ford et al. (1990) observed two distinctly different mechanisms of
cutting transport, namely, the transport of cuttings up the annulus by
rolling or sliding along the low side wall and the transport of cuttings in
suspension in the flowing annular fluid. These two mechanisms resulted
in the definition of two critical fluid velocities, both of which satisfy the
minimum transport velocity (MTV). One is the fluid velocity needed to
initiate and maintain a rolling or sliding motion of the cuttings along
the low side wall of the annulus while maintaining the MTV for cutting
rolling or sliding. The other is the higher fluid velocity that maintains
the cuttings in suspension in the circulating fluid and the MTV for
suspended cuttings. The point at which all of the cuttings are trans-
ported up the annulus may be visually observed in the ’test section’ of
the column. At this point, the circulating fluid flow rate is measured,
and the annular fluid velocity (MTV) can subsequently be determined.

Azar and Sanchez (1997) presented a comprehensive review of the
factors that affect cutting transport, listing flow rate, hole inclination
angle, annular eccentricity, drill string rotation and ROP as the most
prevalent parameters.

Larsen et al. (1997) confirmed the results of Iyoho and Azar (1981)
by concluding that the inclination angle and drilling fluid flow rate had
the most significant effects on hole cleaning. The parameters listed by
Iyoho and Azar (1981) impose some limitations on the system. Under
the most desirable conditions, the drilling operation is run within the
allowable multidimensional area of these parameters. Internal states,
outputs and inputs need to be monitored to ensure safe windows of
operation.

According to Nazari et al. (2010), finding a solution for removing
drill cuttings from the annulus can be addressed by finding relation-
ships between drilling parameters such as ROP, eccentricity, pressures,
torque, drag, WOB, etc. The parameters should be classified as effective
parameters or affected parameters, in which any change in the effective
parameters will cause a change in the affected parameters. The affected
parameters are further classified into two groups, namely, internal
states and outputs. The outputs are measured parameters, whereas in-
ternal states cannot be measured during drilling.

Ozbayoglu et al. (2010b) found that there is a linear relationship
between the flow rate and transport velocity of cuttings. Cuttings will
start to accumulate at the bottom of the pipe and create a stationary
cuttings bed when the total volumetric flow rate does not generate the
fluid velocities required for transporting the cuttings.

In a typical bed erosion test conducted by Adari et al. (2000), the
bed height decreased exponentially to a certain residual bed level, or it
decreased to zero, depending on the drilling mud properties and mud
flow rate. Duan et al. (2008b) found that the bed height decreases al-
most linearly with an increasing flow rate within the range of
200–400 rpm and that the concentration of cuttings is reduced by
10–15%, regardless of pipe rotation speed, testing fluid or cutting size.

Mohammadsalehi and Malekzadeh (2011) noted that drilling fluid
rheology and flow rate are the two main parameters that strongly in-
fluence cutting transport, but controlling these parameters in the field is
relatively easy. Ogunrinde and Dosunmu (2012) also stated that fluid
flow rate is the dominating parameter affecting the development of the
cutting bed.

It has been well documented that as the hole angle increases from
zero to approximately 65° from the vertical, hole cleaning becomes
increasingly difficult and the hydraulic requirement increases. Azar and
Sanchez (1997) reported that the flow rate requirements peak at hole
angles between 65° and 75° from the vertical, and Adari et al. (2000)
also reported that the circulation time increases in the case of high-
angle wells.

Cho et al. (2002) classified hole inclination into three sections,
namely, a vertical and near-vertical section (0° to 30° from the vertical),
a horizontal to near-horizontal section (60° to 90° deviation), and a
transit section (30° to 60° deviation), in the development of their model.
It was shown that the wellbore deviation has significant effects on
cutting transport. The cutting bed nearly vanished at 25° to 30°, and it
was reported that there is no bed at 0° to 25°. In the transit segment, the
cutting bed abruptly decreases with a decrease in hole inclination
angle. However, the stationary bed in the horizontal segment is nearly
constant or slightly increases, which was explained in the experimental
study on small cutting transport by Duan et al. (2008b), in which the
hole angle had only minor effects on cutting concentration and bed
height within the range of 70° to 90° from the vertical.

Williams and Bruce (1951) observed that the carrying capacity is
higher when there is pipe rotation in the drilling process. The cen-
trifugal forces established by the pipe increase the carrying capacity
because they tend to project the particles away from the pipe into re-
gions of higher velocity, thus preventing small and medium particles
from slipping down the wall of the centre pipe. The effectiveness of drill
pipe rotation in increasing carrying capacity is caused in part by the fact
that it aids in creating turbulence and in part by the fact that it helps
prevent the existence of stagnant, gelled pockets between the drill pipe
and the wall of the bore hole.

Azar and Sanchez (1997) also demonstrated that pipe rotation
caused by the different modes of vibrations (torsional, longitudinal, and
lateral) has moderate to significant effects on cutting transport effi-
ciency in directional wells. The level of enhancement in removing drill
cuttings due to pipe rotation is a function of the combination of mud
rheology, cutting size, flow rate, and the dynamic behavior of the
string.

Sanchez et al. (1999) reported that the dynamic behavior of the drill
pipe, including steady-state vibration, unsteady-state vibration, whir-
ling rotation and true axial rotation parallel to the hole axis, plays a
major role in determining the magnitude of the improvement in hole
cleaning. The authors found that only orbital motion improves hole
cleaning. Orbital motion of the pipe improves the transport of cuttings
in two ways: by mechanical agitation of cuttings in an inclined hole in
which resting cuttings on the lower side of hole are swept into the upper
side, provided that the annular velocity is higher, and by exposing
cuttings under the drill string to the moving fluid particles.

However, the drill pipe is generally not concentric with the hole,
particularly in cases of directional drilling when the pipe's weight
causes a strong tendency for the pipe to lie against the hole. Gravity
shifts cuttings to the lowest side of the hole, building a bed of small rock
chips on the lower side of the hole known as the cutting bed. This effect
can lead to significant problems for the drilling operation if the pipe
becomes stuck. For applications of directional drilling, Iyoho and Azar
(1981) defined positive and negative eccentricities as pipe displacement
toward the low side and high side of the hole, respectively. The limited
study conducted by Thomas et al. (1982) on a vertical wellbore found
that no definite trend has been established regarding the effect of ec-
centricity on particle concentration, but the effect appears to be oscil-
latory in nature.
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Studies by Tomren et al. (1986) revealed that in directional drilling,
hole eccentricity produced some effects on bed thickness and particle
concentration. The concentration of cuttings is the lowest when the
pipe is concentric with the hole, which indicates good hole cleaning.
The worst cutting transport was observed in cases of both negative and
positive eccentricity, defined as hole inclination angles less than 35°
and greater than 55°, respectively. The effect of eccentricity was not
consistent between the transition zones of 35° to 55°. The rate of bed
buildup appeared to be slightly higher in the positive-eccentricity case.

The findings of Ford et al. (1990) contradict those reported by
Tomren et al. (1986), as negative- and positive-eccentricity annuli were
observed to yield better borehole cleaning than concentric annuli. Azar
and Sanchez (1997) argued that positive eccentricity is the worst po-
sition for cutting transport. Positive eccentricity causes very low fluid
velocities in the narrow gap below the drill string, where most of the
cuttings are located, whereas higher fluid velocities occur in the wider
gap above the drill string.

Hakim et al. (2018) proposed a method for improving hole cleaning
in a horizontal wellbore with the aid of polyethylene and polypropylene
beads. The authors used a mud formulation reported by Scomi (2018)
to observe the effect of polymer beads on cutting transport efficiency.
The analysis demonstrated that polymer beads can improve cutting
transport efficiency. The experiments were conducted with the absence
of pipe rotation.

Yi et al. (2017) and Yeu et al. (2019) performed experiments to
improve hole cleaning using low-density polyethylene (LDPE) beads
and high-density polyethylene (HDPE) beads at different hole angles.
Their experiments used a mud formulation reported by Scomi (2018)
without commercial viscosifiers to investigate the effect of polymer
beads on cutting transport efficiency. Experimental results indicated
that both LDPE and HDPE beads can improve hole cleaning efficiency
better than basic mud can. However, LDPE beads performed better than
HDPE beads; moreover, both studies were also carried out in the ab-
sence of pipe rotation.

Table 1 presents a summary of the previous studies that have in-
vestigated the effect of pipe rotation on hole cleaning. Based on these
studies, the following questions can be asked. Why and under what
conditions are drill cuttings harder or easier to transport especially in a
horizontal hole as compared to a vertical hole? How will the addition of
polypropylene beads improve the carrying capacity of mud? To what
extent does the effect of pipe rotation improve hole cleaning? Does pipe
rotation behavior show any variations as the bead concentration is
changed? These questions form the basis of this study to elucidate the
effect of pipe rotation on hole cleaning. The reason is that

polypropylene beads provide a buoyancy force, which can impart an
additional lifting capacity in the form of collision and drag in the
drilling fluid due to its less dense nature, aiding in lifting cuttings in a
considerably more efficient manner from the wellbore to the surface.

2. Experimental setup and methods

The purpose of this study was to investigate the effect of pipe ro-
tation on cutting lifting efficiency using different concentrations of
polypropylene beads and different cutting sizes in WBM for vertical and
horizontal wellbores.

2.1. Test matrix

2.1.1. Simulated drill cuttings
Fine sands were used as solid particles or simulated drill cuttings for

this study. The cuttings had irregular shapes with a density of 2.4 g/cc
(2400 kg/m3), as determined using the ASTM D4253-00 (2006) ASTM
(2006) testing method. The collected sand was washed and dried at
80oC using an oven (see Fig. 1).

To prepare the sand samples, the sand particles were washed,
cleaned and dried in a typical laboratory oven, as shown in Figure
LABEL:fig:oven. Then, the sieve shaker shown in Figure
LABEL:fig:shaker was used to sieve the sand samples to obtain the de-
sired sizes. Four size ranges of sand-sized cuttings, shown in Table 2,
namely, 0.5–1.0mm, 1.0–1.4 mm 1.4–1.7 mm, and 1.7–2.0mm, were
obtained by using a sieve shaker, as shown in Figure LABEL:fig:shaker.

2.1.2. Polypropylene beads
Fig. 2 shows the polypropylene beads used in this study. The

polypropylene beads had a regular size of 4.0mm and were spherical in
shape with a density of 0.9 g/cc (900 kg/m3). Polypropylene beads have
a melting point temperature above 130oC (266oF), which enables
polypropylene polymers to be widely used in drilling operations.

Polypropylene beads were selected in this study due to their lower
density compared with that of cuttings and drilling mud, which pro-
vides the intended buoyancy force to improve the transport of cuttings.
The polymer beads used are generally inert and therefore do not react
with drilling mud; thus, the beads can be reused in the system.
Polypropylene in particular may provide an economic and cost-effective
solution. Table 3 shows the properties of polypropylene beads.

Table 1
Summary of previous studies investigating the effect of drill–pipe rotation on hole cleaning.

Authors Approach Remarks

Pang et al. (2018, 2019) CFD The drill pipe rotation produces a spiral flow, whereas orbital motion of the drill pipe improves cutting transport
but increases both the resistance and resultant moment exerted by the liquid-solid mixture.

Ytrehus et al. (2018) Experimental Cutting transport in the absence of drill pipe rotation is significantly better when the well angle is less than the
critical angle.

Moraveji et al. (2017) CFD Drill pipe rotation affects hole cleaning when the inclination is increased
Epelle and Gerogiorgis (2017) CFD Pipe rotation accompanied by a slight pressure increase improves hole cleaning.
Heydari et al. (2017) CFD Pipe rotation effect is negligible at certain speeds of rotation and may increase cuttings' accumulation due to

eccentricity
Akhshik et al. (2015) CFD-DEM When a critical speed at high fluid inlet velocities is attained, the contribution of drill pipe rotation vanishes.
Sun et al. (2014) CFD When flow rates are low or intermediate, pipe rotation has a significant on annular cutting volume and pressure

drop.
Rooki et al. (2018) CFD Hole cleaning ratio increases with annular velocity, foam quality,& drill pipe rotation
Terry and Ravi (2010) Mathematical Modeling Drill pipe rotation may have a significant effect on shear rates and fluid viscosities across the annular gap.
Ozbayoglu et al. (2008) Experimental & Modeling The effect of pipe rotation on cuttings transport increases with fluid viscosity.
Bilgesu et al. (2007) CFD Drill pipe rotation enhances hole cleaning, but its effect is greater on smaller particles.
Sanchez et al. (1999) Experimental The effect of drill pipe rotation on hole cleaning is a function of the compound effect of mud rheology, cutting

size, and mud flow rate.
Peden et al. (1990) Experimental and Numerical The use of high-viscosity fluids combined with pipe rotation appears to enhance the hole cleaning greatly,

especially at highly deviated angles.
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2.2. Drilling mud preparation

API (2009) recommended practices were followed in the prepara-
tion of the WBM used in this experimental study. The WBM used in this
work is a mixture of bentonite as the viscosifier, barite as the weighting
agent, xanthan gum and polypac-R as the thickener, and water as the
continuous phase. The rheological properties were measured and
maintained constant throughout the experiment to establish a justified
basis for evaluating the transport of cuttings between WBM and WBM
with various concentrations of polypropylene. Four concentrations of
polypropylene beads, namely, 2, 4, 6, and 8 ppb, were applied. Table 4
and Table 5 show the components of the drilling mud used in the study.

Polypropylene reduced the density of the drilling mud because it is

less dense than water. Hence, the proportion of barite required in-
creased as the concentration of polypropylene increased to maintain the
density and rheological properties of the drilling mud. The addition of
barite successfully kept the mud density constant at 10 ppg in all ex-
periments.

2.3. Specification of experimental variables

The test matrix in section 2.1 was designed to study the effects of
cutting size, optimum drill pipe rotation, and hole inclination angle on
the cutting transport ratio (CTR). The CTR is defined as the final weight
of transported cuttings divided by the initial weight of the cuttings.

= ×CTR
Final dried weight of transported cuttings

Initial dried weight of cuttings
(%) 100

(1)

Varying concentrations of polypropylene were injected into the
drilling fluid to perform a comparative study to evaluate the enhance-
ment in the CTR. The CTR is an important hole cleaning indicator that
reflects general cleaning status because it represents the success rate of
cutting transport in a well.

2.4. Lab-scale flow-loop rig simulator

A lab-scale flow-loop rig simulator (Fig. 3) was used to investigate
the effect of pipe rotation using polypropylene beads in WBM in vertical
and horizontal wellbores.

2.5. Experimental procedure

The drilling mud was prepared in two separate phases to avoid
coagulation of the drilling mud. In the first phase, a mixture of xanthan
gum, polypac-R, caustic soda and 50 L of water was prepared using a
laboratory stirrer. The second phase involved a mixture of bentonite,
barite and 100 L of water prepared inside the mud tank shown in Fig. 3.
Bentonite and barite were stirred using a six-blade stirrer until the
mixture was stabilized, and the mixture from the first stage was then
added. Weighed polypropylene beads were subsequently added to the

Table 2
Properties of cuttings.

Cutting Size
(mm)

Drag Slip Velocity Drag Force

Coefficient, Cd(−) (m/s) 10−6 (N)

0.5–1.0 14.83 0.026 2.59
1.0–1.4 8.09 0.044 10.69
1.4–1.7 5.82 0.059 22.96
1.7–2.0 4.63 0.072 39.04

Fig. 1. Laboratory equipment used in the preparation of sand cuttings.

Fig. 2. Polypropylene beads.

Table 3
Polypropylene beads chemical properties.

Properties TITANPRO ASTM

SM 840 Method

Density, g/cm3 0.9 D1505
Tensile strength at yield, kg/cm2 280 D638
Elongation at yield, % 10 D638
Rockwell hardness, R scale 80 D785A
Water absorption after 24 h, % 0.02 D570

Table 4
Drilling mud composition.

Mud type Composition

Bentonite (g) Barite (g) Polypropylene (g)

Water-based mud (WBM) 4285.71 39840 857.14
WBM with 2 ppb polypropylene 4285.71 39334.3 1714.29
WBM with 4 ppb polypropylene 4285.71 40088.6 2571.43
WBM with 6 ppb polypropylene 4285.71 40092.9 3428.57
WBM with 8 ppb polypropylene 4285.71 40594.3 4285.71

Table 5
Rheological properties of water-based mud used with various concentrations of
polypropylene beads.

WBM WBM WBM WBM WBM

& 2 ppb PP & 4 ppb PP & 6 ppb PP & 8 ppb PP

ρ, ppg 10 10 10 10 10
μa, cp 48 48 48 48 48
μp, cp 16 16 16 16 16

Yp, lb/100 ft2 16 16 16 16 16
Gel strength,

10 s–10min
5–6 5–6 5–6 5–6 5–6

Filtrate liquid, ml 4 4.5 5.1 5.6 5.9
Mud cake thickness,

/32 in
2 2.23 2.55 2.86 3.06
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mixture. The experiment was conducted at ambient temperature, 25oC,
and pressure, 101.325 kPa, throughout the process.

The rig simulator was preset to the desired hole angle and pipe
rotation. A total of 160 test runs were conducted to cover the scope of
this experimental study. A typical run process consisted of the following
five experimental stages.

In the first stage, drilling mud was pumped into the annular test
section from the mud tank. The mud circulated continuously for 10min
to ensure a stabilized flow. The mud flow rate was kept constant
throughout the run at 0.16 ft3/s by using an ultrasonic flowmeter.

In the second stage, once the flow rate was stabilized, weighed
cuttings were injected into the test section from the cutting feed hopper.
The flow of drilling mud was diverted to the bypass line to carry the
cuttings and to simulate the drilling process that was initiated.

In the third stage, drilling mud carrying cuttings that flowed
through the test section and back to the mud tank was observed. The
time at which the mud flow was diverted through the bypass line to the
cutting separation system, which is a double-stage wire mesh separator,
was recorded. The flow loop from the test section to the mud tank was
shut by closing the valve. Cuttings were collected at the wire mesh, and
the separated mud circulated back to the mud tank. The time was re-
corded, and after 7min of flow, the drilling mud was diverted back to
the mud tank by closing the bypass valve. Cuttings and polypropylene

recovered at the wire mesh were collected for further processing.
In the fourth stage, cuttings and polypropylene beads collected at

the screener were separated using tap water. Reusable polypropylene
beads were reinjected back into the system. The collected cuttings were
dried, weighed and recorded.

Finally, drill mud was flushed in the test section to the mud tank.
The test section was clear of cuttings. The weighed cuttings were re-
injected for the next run. The estimated time required to a complete a
run was approximately 20min. To obtain a data point, three test runs
were performed prior to taking/calculating an average value to ensure
consistency. The experiment was repeated by varying the pipe rotation,
concentration of polypropylene, hole angle and cutting size.

3. Results and discussion

3.1. Effects of drill pipe rotation

Drill pipe rotation helps to increase the CTR for all cutting sizes with
increasing number of rotations. However, the extent to which the pipe
rotation helps to increase cutting transport depends on the cutting size
and hole angle. In this study, the effects of pipe rotational speeds of 0,
60, 120 and 150 rpm for all cutting size ranges, namely, 0.5–1.0mm,
1.0–1.4mm, 1.4–1.7 mm, and 1.7–2.0 mm, were tested. Industrial ro-
tational speeds are in the range of 60–180 rpm.

Fig. 4 shows CTR vs. pipe rotation for four different cutting sizes in a
vertical hole for WBM. The CTR increases for 0.5–1.0 mm, 1.0–1.4mm,
1.4–1.7mm, and 1.7–2.0 mm cuttings when the drill pipe rotational
speed increases from 0 to 150 rpm are 2.39%, 2.51%, 2.80%, and
2.85%, respectively (absolute difference obtained by directly sub-
tracting two ratios). The highest CTR increase occurs when the pipe
rotational speed is increased from 0 to 60 rpm, with the CTR increasing
within 2.41–4.23%, depending on the cutting size. The CTR increases
from 60 to 120 rpm and from 120 to 150 rpm were minimal and almost
negligible, within 0.04–0.36% and 0.01–0.26%, respectively.

Fig. 5 shows CTR vs. pipe rotation for four different cutting sizes in a
vertical hole for WBM with 2 ppb polypropylene beads. The CTR in-
creases for 0.5–1.0 mm, 1.0–1.4 mm, 1.4–1.7mm, and 1.7–2.0mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 2.80%, 2.89%, 3.24%, and 4.81%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 2.14–4.12%, depending
on the cutting size. The CTR increases from 60 to 120 rpm and from 120
to 150 rpm were minimal and almost negligible, within 0.03–0.57%
and 0.09–0.19%, respectively.

Fig. 6 shows CTR vs. pipe rotation for four different cutting sizes in a

Fig. 3. Flow-loop rig simulator.

Fig. 4. CTR vs. pipe rotation for different cutting sizes in vertical hole for WBM.
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vertical hole for WBM with 4 ppb polypropylene beads. The CTR in-
creases for 0.5–1.0 mm, 1.0–1.4mm, 1.4–1.7mm, and 1.7–2.0 mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 3.81%, 4.77%, 4.94%, and 5.27%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 3.23–4.75%, depending
on the cutting size. The CTR increases from 60 to 120 rpm and from 120
to 150 rpm were minimal and almost negligible, within 0.06–0.56%
and 0.04–0.16%, respectively.

Fig. 7 shows CTR vs. pipe rotation for four different cutting sizes in a
vertical hole for WBM with 6 ppb polypropylene beads. The CTR in-
creases for 0.5–1.0 mm, 1.0–1.4mm, 1.4–1.7mm, and 1.7–2.0 mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 3.61%, 4.78%, 4.92%, and 5.10%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 2.72–4.56%, depending
on the cutting size. The CTR increases from 60 to 120 rpm and from 120
to 150 rpm were minimal and almost negligible, within 0.09–0.64%
and 0.02–0.31%, respectively.

Fig. 8 shows CTR vs. pipe rotation for four different cutting sizes in a

vertical hole for WBM with 8 ppb polypropylene beads. The CTR in-
creases for 0.5–1.0 mm, 1.0–1.4 mm, 1.4–1.7mm, and 1.7–2.0mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 3.06%, 3.48%, 3.58%, and 3.87%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 2.33–3.43%, depending
on the cutting size. The CTR increases from 60 to 120 rpm and from 120
to 150 rpm were minimal and almost negligible, within 0.02–0.58 and
0.03–0.34%, respectively.

Fig. 9 shows CTR vs. pipe rotation for four different cutting sizes in a
horizontal hole for WBM. The CTR increases for 0.5–1.0mm,
1.0–1.4mm, 1.4–1.7 mm, and 1.7–2.0 mm cuttings when the drill pipe
rotational speed increases from 0 to 150 rpm are 5.10%, 6.43%, 6.44%,
and 7.22%, respectively. The highest CTR increase occurs when the
pipe rotational speed is increased from 0 to 60 rpm, with the CTR in-
crease within 4.99–6.81%, depending on the cutting size. The CTR in-
creases from 60 to 120 rpm and from 120 to 150 rpm were minimal and
almost negligible, within 0.03–0.34% and 0.04–0.09%, respectively.

Fig. 10 shows CTR vs. pipe rotation for four different cutting sizes in

Fig. 5. CTR vs. pipe rotation for different cutting sizes in vertical hole for WBM
and 2 ppb polypropylene beads.

Fig. 6. CTR vs. pipe rotation for different cutting sizes in vertical hole for WBM
and 4 ppb polypropylene beads.

Fig. 7. CTR vs. pipe rotation for different cutting sizes in vertical hole for WBM
and 6 ppb polypropylene beads.

Fig. 8. CTR vs. pipe rotation for different cutting sizes in vertical hole for WBM
and 8 ppb polypropylene beads.
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a horizontal hole for WBM with 2 ppb polypropylene beads. The CTR
increases for 0.5–1.0mm, 1.0–1.4mm, 1.4–1.7mm, and 1.7–2.0 mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 3.19%, 3.43%, 4.85%, and 8.83%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 2.72–7.97%, depending
on the cutting size. The CTR increases from 60 to 120 rpm and from 120
to 150 rpm were minimal and almost negligible, within 0.10–0.56 and
0.09–0.21%, respectively.

Fig. 11 shows CTR vs. pipe rotation for four different cutting sizes in
a horizontal hole for WBM with 4 ppb polypropylene beads. The CTR
increases for 0.5–1.0mm, 1.0–1.4mm, 1.4–1.7mm, and 1.7–2.0 mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 3.86%, 4.06%, 6.65%, and 6.81%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 3.40–6.70%, depending
on the cutting size. The CTR increases from 60 to 120 rpm and from 120
to 150 rpm were minimal and almost negligible, within 0.02–0.37 and
0.09–0.25%, respectively.

Fig. 12 shows CTR vs. pipe rotation for four different cutting sizes in

a horizontal hole for WBM with 6 ppb polypropylene beads. The CTR
increases for 0.5–1.0mm, 1.0–1.4mm, 1.4–1.7 mm, and 1.7–2.0mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 4.65%, 5.57%, 5.97%, and 6.32%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 3.73–5.91%, depending
on the cutting size. The CTR increase from 60 to 120 rpm and from 120
to 150 rpm was minimal and almost negligible, within 0.03–0.37% and
0.03–0.23%, respectively.

Fig. 13 shows CTR vs. pipe rotation for four different cutting sizes in
a horizontal hole for WBM with 8 ppb polypropylene beads. The CTR
increases for 0.5–1.0mm, 1.0–1.4mm, 1.4–1.7 mm, and 1.7–2.0mm
cuttings when the drill pipe rotational speed increases from 0 to
150 rpm are 4.42%, 4.48%, 4.86%, and 4.99%, respectively. The
highest CTR increase occurs when the pipe rotational speed is increased
from 0 to 60 rpm, with the CTR increase within 3.94–4.82%, depending
on the cutting size. The CTR increases from 60 to 120 rpm and from 120
to 150 rpm were minimal and almost negligible, within 0.03–0.73 and
0.01–0.25%, respectively.

Fig. 9. CTR vs. pipe rotation for different cutting sizes in horizontal hole for
WBM.

Fig. 10. CTR vs. pipe rotation for different cutting sizes in horizontal hole for
WBM and 2 ppb polypropylene beads.

Fig. 11. CTR vs. pipe rotation for different cutting sizes in horizontal hole for
WBM and 4 ppb polypropylene beads.

Fig. 12. CTR vs. pipe rotation for different cutting sizes in horizontal hole for
WBM and 6 ppb polypropylene beads.
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As shown in Figs. 4–13, the CTR values for all cutting sizes increase
as the rotational speed increases from 0 to 60 rpm, regardless of the
polypropylene concentration and hole angle. In a vertical hole, as the
drill pipe rotational speed increases from 0 to 60 rpm, the CTR increases
for 0.5–1.0mm are within 2.14–3.23%, those for 1.0–1.4 mm are within
2.24–4.31 those for 1.4–1.7mm are within 2.46–4.41% and those for
1.7–2.0 mm are within 2.90–4.75%. In a horizontal hole, as the drill
pipe rotational speed increases from 0 to 60 rpm, the CTR increases for
0.5–1.0 mm are within 2.72–6.23%, those for 1.0–1.4mm are within
2.88–6.70%, those for 1.4–1.7 mm are within 3.73–6.81% and those for
1.7–2.0 mm are within 4.55–7.97%.

Moreover, the increasing trend of the CTR for both vertical and
horizontal holes increases as the cutting size increases with increasing
pipe rotation. This result indicates that a larger cutting size provides a
better CTR improvement due to pipe rotation. The CTR improvement
due to pipe rotation in the horizontal hole has a better cutting lifting
effect than that in the vertical annulus does. This finding can be in-
terpreted as the gradient of the CTR at the horizontal between 0 and
60 rpm for all cuttings being steeper than in the vertical hole.

Duan et al. (2008b, a) and Peden et al. (1990) reported that pipe
rotation in a vertical well has rotational movement that spins cuttings
outward and pushes cuttings away to a location with low annular ve-
locity. This movement may cause cuttings to settle due to the cutting
slip velocity being higher than the annular velocity. Pipe rotation also
creates vibration movement around the drill pipe, which helps cuttings
re-enter regions of high annular velocity; in this case, cuttings are
continually transported to the surface, and the mechanism of cutting
transport in a vertical hole is somehow not as effective as that in a
horizontal well.

In a horizontal well, as shown in Figs. 9–13, a cutting bed con-
sistently forms on the lower side of the wellbore, and rotational
movement of the drill pipe will stir the cuttings and consistently move
them into an area of higher annular flow. However, all CTR values
reach a threshold value above 60 rpm, and the increases from 60 to
150 rpm are insignificant.

3.2. Optimum pipe rotation

Martin et al. (1987) reported that an increase in drill pipe rotation
speed from zero will measurably increase the average particle rise ve-
locity. However, there is a threshold value beyond which a further in-
crease in rotation speed appears to have no effect on the particle rise

velocity. Figs. 4–13 show the highest CTR increase within 2.14–7.97%
when the pipe rotational speed is increased from 0 to 60 rpm, de-
pending on the cutting size, hole angle and polypropylene bead con-
centration. However, the CTR increase is almost negligible when the
pipe rotational speed is increased from 60 to 120 rpm and from 120 to
150 rpm, i.e., within the ranges of 0.02–0.73% and 0.01–0.55%, re-
spectively.

This study shows that pipe rotation is good for hole cleaning, which
does not suggest that a higher pipe rotational speed provides a better
means of hole cleaning. Moreover, experimental results indicate that a
higher rotational speed will tend to make the cuttings break into
smaller pieces. Hence, in this study, 60 rpm was considered the optimal
rotational speed for the combined parameters within the scope of this
study as an approach for drilling optimization.

3.3. Effects of cutting size

Fig. 14 shows CTR vs. cutting sizes for WBM with various poly-
propylene bead concentrations in a vertical hole at 60 rpm. The smallest
cutting size, 0.5–1.0 mm, has the highest CTR at all polypropylene bead
concentrations with CTRs ranging from 86.55 to 91.57%, followed by
1.0–1.4mm with CTRs ranging from 80.79 to 91.14%, 1.4–1.7 mm with
CTRs ranging from 77.13 to 90.74% and 1.7–2.0 mm with CTRs ranging
from 72.52 to 80.09%. As the cutting size increases from 0.5 – 1.0 mm
to 1.7–2.0 mm, the CTR decreases for all polypropylene concentrations.
The CTR for the smallest cuttings, 0.5–1.0mm, yields better transport
than that for larger cuttings measuring 1.0–1.4 mm, 1.4–1.7mm, and
1.7–2.0mm; at 0 ppb polypropylene beads, the CTRs increase by
5.76%, 9.42%, and 14.03%; at 2 ppb polypropylene beads, the CTRs
increase by 3.31%, 6.77% and 8.03%; at 4 ppb polypropylene beads,
the CTRs increase by 1.81%, 3.99%, and 5.16%; at 6 ppb polypropylene
beads, the CTRs increase by 1.25%, 1.85%, and 3.23%; and at 8 ppb
polypropylene beads, the CTRs increase by 0.43%, 0.83%, and 2.48%,
respectively.

Fig. 15 shows CTR vs. cutting sizes for WBM with various poly-
propylene concentrations in a horizontal hole at 60 rpm. The smallest
cutting size, 0.5–1.0mm, has the highest CTR at all polypropylene
concentrations, with CTR values ranging from 76.72 to 88.44%, fol-
lowed by cuttings measuring 1.0–1.4mm with CTRs in the range
76.02–87.63%, cuttings measuring 1.4–1.7 mm with CTRs in the range
73.57–86.54% and cuttings measuring 1.7–2.0mm with CTRs in the
range 65.81–84.10%.

As the cutting size increases from 0.5 – 1.0 mm to 1.7–2.0 mm, the
CTR significantly decreases for all polypropylene concentrations. The
CTR for the smallest cuttings, 0.5–1.0 mm, yields better transport than

Fig. 13. CTR vs. pipe rotation for different cutting sizes in horizontal hole for
WBM and 8 ppb polypropylene beads.

Fig. 14. Cutting sizes in vertical hole with a pipe rotational speed of 60 rpm.
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the CTRs of all larger cuttings measuring 1.0–1.4mm, 1.4–1.7 mm, and
1.7–2.0 mm; at 0 ppb polypropylene beads, the CTRs increase by
0.70%,3.15%, and 10.91%; at 2 ppb polypropylene beads, the CTRs
increase by 1.62%, 4.41% and 6.75%; at 4 ppb polypropylene beads,
the CTRs increase by 1.27%, 3.22%, and 6.94%; at 6 ppb polypropylene
beads, the CTRs increase by 1.15%, 2.50%, and 7.19%; and at 8 ppb
polypropylene beads, the CTRs increase by 0.81%, 1.90%, and 4.34%,
respectively.

In a vertical hole, the difference between the CTR for cuttings
measuring 0.5–1.0mm and that for cuttings measuring 1.7–2.0 mm at
0 ppb is highly significant, 14.03%. However, when 8 ppb poly-
propylene beads are introduced into the mud system, the difference in
CTR between the smallest and largest cuttings decreases to only 2.48%.
The CTR difference is higher when no polypropylene beads are used.
Similarly, in the horizontal annulus, the CTR difference between the
smallest and largest cuttings is minimal with 8 ppb polypropylene beads
in WBM. Polypropylene beads undeniably contribute to better cutting
lifting, particularly for larger cuttings.

Cutting transport for smaller cuttings is better than that for larger
cuttings at all polypropylene concentrations and hole angles. This result
can be explained by the effect of the cutting slip velocity on the cut-
tings. The cutting slip velocity, also known as the slip velocity, is the
velocity at which cuttings naturally fall down due to their density. The
movement of cuttings is opposed by the annular velocity of the drilling
mud and mud properties that counteract cuttings. To effectively clean a
hole, the effect of the upward direction of drilling mud and mud
properties must be greater than the settling tendency of cuttings.
Otherwise, cuttings will fall down and form a cutting bed. Table 7
shows the slip velocity and drag force for each cutting size.

Table 2 indicates that the cutting slip velocity increases as the
cutting size increases. This result explains the trend of larger cuttings

having a lower CTR due to their tendency to settle at the bottom of the
annulus.

3.4. Effects of polypropylene bead concentration

Fig. 16 shows the CTR vs. various polypropylene concentration for
different cutting sizes in a vertical annulus at 60 rpm. Here, 0 ppb
polypropylene beads represents WBM without polypropylene beads,
which has the lowest CTR among all cutting sizes. The CTR increases as
the concentration of polypropylene increases and reaches its highest
level when 8 ppb polypropylene is used in WBM. The effect of in-
troducing 2 ppb polypropylene beads into WBM shows a significant
CTR improvement of 1.32–6.74%, depending on the cutting size. The
CTR increase for WBM containing 4 ppb polypropylene beads is within
2.08–4.06%; that for WBM containing 6 ppb polypropylene beads is
within 0.74–3.67%; and that for WBM containing 8 ppb polypropylene
beads is within 1.41–3.43%. The smallest cuttings, 0.5–1.0mm, have
the highest CTR at various concentrations of polypropylene. Con-
versely, the largest cutting size, 1.7–2.0mm, has the highest CTR in-
crease of 16.57% due to the increase in the concentration of poly-
propylene beads from 0 to 8 ppb.

Fig. 17 shows the CTR vs. various polypropylene bead concentra-
tions for different cutting sizes in a horizontal annulus at 60 rpm. WBM
without polypropylene beads has the lowest CTR for all cutting sizes.
CTR increases as the concentration of polypropylene beads increases
and reaches the highest level when 8 ppb polypropylene beads is used
in WBM. The effect of introducing 2 ppb polypropylene beads into WBM
shows a significant CTR improvement of 3.11–4.85%, depending on the

Fig. 15. Cutting sizes in horizontal hole with pipe rotational speed of 60 rpm.

Table 7
Final velocity at various polypropylene bead concentrations and cutting sizes.

Concentration of Mass of 0.5–1.0mm 1.0–1.4mm 1.4–1.7mm 1.7–2.0mm

Polypropylene Polypropylene Bead Slip velocity, ut (m/s)

bead (kg) 0.02574 0.04406 0.05903 0.07225

(ppb) Final velocity, Vf (m/s)

2 0.8571 2.216 2.206 2.198 2.191
4 1.7143 3.039 3.032 3.026 3.022
6 2.5714 3.466 3.461 3.456 3.453
8 3.4286 3.727 3.723 3.719 3.717

Fig. 16. CTR of different cutting sizes with various polypropylene bead con-
centrations in vertical hole.
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cutting size. The CTR increase for WBM with 4 ppb polypropylene
beads is within 2.80–4.44%; that for WBM containing 6 ppb poly-
propylene beads is within 3.18–5.41%; and that for WBM containing
8 ppb polypropylene beads is within 1.72–2.56%. The smallest cuttings,
0.5–1.0 mm, have the highest CTR at various concentrations of poly-
propylene. However, the largest cutting size, 1.7–2.0mm, has the
highest CTR increment of 15.73% due to the increase in the con-
centration of polypropylene beads from 0 to 8 ppb.

In summary, increasing the polypropylene bead concentration lin-
early increases the CTR. Figs. 16 and 17 show that polypropylene beads
significantly increase the CTR by up to 16.57% in the vertical hole and
by up to 15.73% in the horizontal hole. This result can be explained by
the effect of the low density of polypropylene beads. Table 6 shows the
effect of increasing the polypropylene concentration, which creates a
buoyancy force acting upon the polypropylene by drilling mud.

In this experiment, buoyancy force or upthrust is an upward force
exerted by drilling mud that opposes the weight of an immersed object.
The density of the cuttings is 2400 kg/m3, which is greater than the
density of the drilling mud, 1198.26 kg/m3, thereby explaining the
behavior of the cuttings. In contrast, the density of polypropylene is
900 kg/m3, which is less than that of the drilling mud; hence, poly-
propylene beads produce a buoyancy force. Increasing the volume and
concentration of polypropylene beads results in a greater buoyancy
force acting on the cuttings.

Fig. 18 shows the linear relation between the polypropylene bead
concentration and the buoyancy force exerted by the drilling mud.

By referring to Archimedes principle, if the buoyancy force is
greater than an objects weight, then the object will rise to the surface. It
was observed that polypropylene beads consistently rose upward in

drilling mud throughout the experiment due to their lower density. As
the polypropylene beads moved upward in the turbulent and high-ve-
locity drilling mud, polypropylene beads collided with cuttings at their
own velocity. Due to the action of internal friction between cuttings and
polypropylene, kinetic energy was not conserved, and an inelastic
collision occurred. The inelastic collision, however, did obey the con-
servation of momentum, producing the same final velocity, Vf , for both
cuttings and polypropylene beads. As shown in Table 7, Vf increased
with increasing polypropylene bead concentration and decreasing cut-
ting size.

The inelastic collision between polypropylene beads and cuttings
had a strong effect on cuttings. The final velocity of the cuttings was
significantly greater than their respective slip velocity, minimizing the
tendency of the cuttings to slip and settle to the bottom of the hole and
improving the transport of cuttings. The impulse time, i.e., the time of
collision, was 0.82 s. The impulsive force due to the collision of poly-
propylene beads of varying concentrations and all cuttings was as
shown in Table 8 and Fig. 19.

4. Conclusions

In this study, the effects of pipe rotations, cutting sizes and poly-
propylene bead concentrations on CTR have been investigated under a
series of 160 experimental runs, and the following conclusions can be
drawn.

1. Smaller cuttings are easier to transport at different pipe rotations,
hole angles and polypropylene bead concentrations. This result is
because larger cuttings have a relatively higher slip velocity, in-
creasing the tendency to form a cuttings bed at the lower side of the
bottom hole or lower side of the well.

2. Pipe rotation improves CTR better in a horizontal hole even though

Figure 17. CTR of different cutting sizes with various polypropylene bead
concentrations in horizontal hole.

Table 6
Buoyancy force created at various polypropylene bead concentrations.

Concentration Mass Volume Buoyancy

of Bead of Bead Force,

(ppb) (g) (10-3)m3 Fb (N)

0 – – –
2 857.14 0.952 2.786
4 1714.29 1.905 5.573
6 2571.43 2.857 8.36
8 3428.57 3.81 11.146

Fig. 18. Buoyancy force at various polypropylene bead concentrations.

Table 8
Impulsive force due to inelastic collision at various polypropylene bead con-
centrations.

Concentration of polypropylene beads
(ppb)

Impulsive force,
Fi (N)

0 0
2 2.71
4 3.7
6 4.22
8 4.53
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transporting cuttings in a horizontal hole is more challenging. Pipe
rotation also has a higher CTR increase for larger cuttings in vertical
and horizontal holes.

3. The optimum pipe rotation for small cutting sizes in less viscous
drilling mud of 16 cp is 60 rpm for different polypropylene bead
concentrations in vertical and horizontal holes.

4. The CTR increases up to 16.57% in vertical holes and 15.73% in
horizontal holes. Polypropylene beads have undoubtedly produced
good performance in enhancing mud carrying capacity.

5. Generally, smaller cuttings have a higher CTR than larger cuttings
for all polypropylene bead concentrations and pipe rotations in
vertical and horizontal holes. However, larger cuttings have a higher
CTR difference between 0 ppb and 8 ppb polypropylene beads than
smaller cuttings in horizontal holes. This result indicates that
polypropylene beads enhance cutting lifting better for large cuttings
than small cuttings in horizontal holes. Most importantly, poly-
propylene beads have significantly increased the CTR.
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Nomenclature

ρ Density
PP Polypropylene
ID Inner Diameter
OD Outer Diameter
Fb Buoyancy Force
Fi Impulsive Force
WBM Water Based Mud
WOB Weight of Bit
RPM Revolutions Per Minute
ROP Rate of Penetration
CTR Cuttings Transport Ratio
μa Apparent Viscosity

μp Plastic Viscosity
MTV Minimum Transport Velocity
MCT Mud Cake Thickness
g Acceleration due to gravity
m Mass of particle
ut Slip Velocity
Vp Particle Velocity
Vf Particle Final Velocity
Vi Particle Initial Velocity
PAC Polyanionic Cellulose
COF Coefficient of Friction
CFD Computational Fluid Dynamics
CFD–DEM Computational Fluid Dynamics–Discrete–Element Method
Unit Conversion

1 psi ≡ 6894.76 Pa
oF ≡ ×

°C( 1.8) +32
1m ≡ 3.28084 ft

≡
+ ⋅

ρ g cm[ / ] γ API
3 141.5

(131.5 )o

1m ≡ 39.37 in
1 Pa ⋅ s ≡ 1000 cP

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.petrol.2019.04.086.
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