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Abstract

To improve the rate of penetration (ROP) in drilling deep and hard formations, this paper proposes a new drilling method
called coiled tubing partial underbalanced drilling (CT-PUBD). As a preliminary investigation into the new drilling
method, this paper presents predictions of hole cleaning efficiency, drilling speed, cuttings migration and pressure loss in
the drilling process with CT-PUBD. Based on numerical simulation and full-scale experimental studies, we conclude that
using CT-PUBD, an underbalanced drilling condition can be achieved near the bit while maintaining wellbore safety at the
same time. This condition can be achieved using a cuttings discharge device, a rotary packer and a backflow controller.
According to the numerical simulations performed in this study, CT-PUBD can achieve high efficiency of hole cleaning.
Along the cuttings migration process, the fluid velocities can reach the maximum values in the backflow holes. A full-scale
laboratory experimental system was used to test the hydraulic characteristics and obtain the drilling performance of the new
technology. The result shows that CT-PUBD significantly improves the ROP compared to the conventional drilling
method.
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1 Introduction

With the increasing demand for energy, exploration and
extraction of oil and gas have stepped into deep formations
which normally consist of hard rocks (Chen et al. 2016a;
Rui et al. 2017). In contrast to soft formations with high
clay contents, hard formations cause a low rate of pene-
tration (ROP) and a long drilling cycle, resulting in high
drilling costs (Bhattacharya et al. 2013; Wang et al. 2015;
Shi et al. 2015; He and Hayatdavoudi 2018). To improve
ROP in hard formation drilling, special techniques such as
underbalanced drilling (UBD), Reelwell drilling and coiled
tubing drilling have been developed (Wang et al. 2007;
Tantawy 2015; Guo et al. 2009).
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Compared to the overbalanced drilling method, the
UBD technique using low mud weight can minimize lost
circulation, differential sticking and formation damage in
depleted and fractured reservoirs (Salimi and Ghalambor
2011). Using the UBD technique, the bottom hole pressure
can be controlled to be lower than the formation pressure.
The low mud weight in UBD helps reduce rock strength
and release drill cuttings from the hole bottom and subse-
quently increase ROP (Guo 2001). In addition to the direct
use of low-density liquid (i.e., water, oil, low-density
brine), the low-weight mud can also be gas (i.e., N, CO,,
air) or two-phase fluids such as foams and aerated liquids
(Hossain and Wajheeuddin 2016; Guo et al. 2017). The
main problem associated with underbalanced drilling is the
poor wellbore stability (Di Meglio et al. 2014; Udegbunam
et al. 2015; Cheng et al. 2013). It is also difficult to drill
underbalanced in abnormal pressure formations owing to
drilling safety and well control issues (Samson et al. 2015).

In 2004, the National Oil Company of Norway and
Norway Science Research Council initiated an innovative
drilling technique called Reelwell drilling method (RDM)
(Vestavik et al. 2017; Squillace 2016; Aleksandersen and
Vestavik 2015). It uses a dual-wall drill string where an
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inner pipe is used inside the traditional drill pipe. Unlike
the conventional transport of drill cuttings through the
borehole pipe annulus, RDM transfers drill cuttings to the
surface through the inner string. The good hole cleaning
effect and the accurate pressure control in the RDM pro-
moted deepwater drilling and extended reach drilling
(EDM) techniques to long horizontal well drilling (Wang
and Sun 2014; Belarde and Vestavik 2011; Mirrajabi et al.
2010). However, the complicated operation procedure and
the additional required tools make RDM hard to use (Gu
et al. 2017; Belarde and Vestavik 2011; Tantawy 2015).
The requirements of a high-torque capacity rig and a high-
flow capacity mud pump also hinder the wide application
of the RDM technique (Carpenter 2017; Aleksandersen and
Vestavik 2015).

Famous for its reduction in drilling cycle, coiled tubing
drilling can significantly increase ROP by eliminating drill
pipe connections, quick rig setup, easy wellsite mainte-
nance, fast tripping and good well control (Livescu and
Craig 2015). However, there are many problems associated
with the coiled tubing drilling technique, including small
hole size and low hole cleaning efficiency, especially in
deviated wells (Rajmohan et al. 2012; Blanchette and
Getzlaf 2015; Livescu et al. 2017a, b). Due to the inherent
material properties, coiled tubing normally has a short
operational life. The coiled tubing drilling technique is also
difficult to use in the operations of orienting, steering and
drilling long horizontal sections (Chen et al. 2016b). In
addition, the daily cost in coiled tubing drilling is much
more expensive than that in conventional drilling due to
large number of operational personnel required on the
wellsites (Livescu et al. 2017a, b).

Although all the three techniques discussed above play
important roles in improving the drilling speed, there are
still some problems such as poor hole cleaning, low well-
bore safety and high drilling cost. To solve these problems,
a new drilling technique called coiled tubing partial
underbalanced drilling (CT-PUBD) is proposed here (Shi
et al. 2018). It uses a dual-wall pipe system by inserting
coiled tubing into the traditional drill pipe to achieve an
underbalanced drilling condition near the bit. It is shown in
this paper that the CT-PUBD can not only improve the
drilling speed and reduce drilling time but also achieve
drilling safety under underbalanced conditions.

2 Principles of CT-PUBD

Figure 1 shows a schematic of the CT-PUBD technique.
The system consists of a drilling system, a circulation
system and a monitor system. The drilling system includes
such key devices as rotary packer, cuttings discharge
device and backflow controller. The rotary packer is used

to divide the annulus into the upper annulus and the
annulus near the bit. The low-density drilling fluid is
pumped into the annulus near the bit producing an under-
balanced condition. The high-density drilling fluid is
pumped into the upper annulus to balance the formation
pressure. Through the coiled tubing and drill bit, the low-
density drilling fluid reaches the bottom hole to cool the
drill bit and clean the cuttings. Then, it flows into the
micro-annulus between CT and drill string through the
backflow controller to transport the cuttings to the
wellhead.

The cuttings discharge device is located between the
coiled tubing injector head and the Kelly. Below the Kelly,
all the necessary related components are connected in
sequence of drill pipe, drill collar, rotary packer, the back-
flow controller and drill bit. All of these components make
up what is commonly referred to as a drill string. Using a
coiled tubing injector head, the coiled tubing is inserted into
the drill string. It is connected to the drill bit via a quick
connector in the backflow controller which can also realize a
fast disengagement of the coiled tubing with the drill bit.
During the drilling process, the rotary packer is located
outside the drill collar. It has a good setting effect and can
move down with the drill bit. The backflow controller is
located between the drill bit and the drill collar, in which
there are holes. These holes are backflow channels for the
low-density drill fluid to the micro-annulus between the drill
pipe and the coiled tubing, from the bottom annulus.

Since the high-density drilling fluid is relatively sta-
tionary, the main circulation of the drilling fluid refers to
the flow of the low-density drilling fluid. After being
pumped into the coiled tubing, it flows into the bottom
annulus through the bit nozzles. Due to the presence of the
sealing rotary packer, the low-density drilling fluid flows
back into the micro-annulus between the drill pipe and the
coiled tubing through the backflow holes, carrying cuttings
from the bottom annulus. Then, it climbs up to the well-
head and is discharged outside by the cuttings discharge
device. Thus, a low-pressure zone is created near the drill
bit while maintaining an overbalanced condition for the
stability of the main structure of the wellbore well. As for
the connection of drill pipes, the coiled tubing can be
detached and reinstalled fast by a quick connector inside
the backflow controller. To make the CT-PUBD technique
effective and efficient, there are three-key component
accessories, including a cuttings discharge device, a rotary
packer and a backflow controller:

1. Cuttings discharge device (Fig. 2a): Since the main
backflow channel is changed to the micro-annulus
between the drill pipe and the coiled tubing, a cuttings
discharge device is designed especially for the back-
flow of the fluid circulation of the low-density drilling
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Fig. 1 Schematic of the CT-PUBD technique
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Fig. 2 Schematic diagrams. a Cuttings discharge device. b Rotary packer. ¢ Backflow controller

mud. Surrounding the centered coiled tubing, it is
located between the coiled tubing injector head and the
Kelly. And it transfers the drilling mud waste (the
drilling mud with cuttings) to a surface fluid-handling
system. The drill pipe gland on the top of the cuttings
discharge device can seal the micro-annulus effec-
tively while the drill pipe joint is used to closely
connect the drill pipes below. The dynamic sealing
joints keep fixed while the drill pipe joint is rotating
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with the Kelly. In addition, the spatial distribution of
holes in the drill pipe joint and dynamic sealing joints
allows the discharge of the drill cuttings into the
surface fluid-drilling system.

Rotary packer (Fig. 2b): The rotary packer, between
the drill collar and the wellbore wall, is used to divide
the normal annulus into two parts, an upper annulus
and a bottom annulus near the bit. To make it possible
for a low-pressure gradient near the drill bit but
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maintaining the pressure balance in the main wellbore
structure, a high-density drilling fluid is pumped into
the upper annulus to maintain the stability of the
wellbore wall. During the drilling process, the packer
can be alternately set and released to move down with
the bit.

3. Backflow controller (Fig. 2c): An underbalanced
drilling condition is desired near the drill bit and this
can be achieved by a low-pressure-gradient drilling
fluid. To achieve well-connected fluid circulation
channels, a backflow controller is designed between
the drill bit and the drill collar. It consists of a
backflow jointer, a quick connector and an upper joint
for bits. Meanwhile, holes on the backflow jointer
provide flow channels of the low-density drill fluid
from the bottom annulus to the micro-annulus. The
quick connector can provide a quick connection and
disengagement of the coiled tubing and the drill bit.

Compared with the conventional drilling technique, CT-
PUBD has the following features: (1) Due to the good
setting effect of the rotary packer, the annulus is separated
into a bottom annulus and an upper annulus. The high-
density drilling fluid in the upper annulus can ensure the
drilling safety of the main wellbore structure. (2) In the
bottom annulus, the hydrostatic pressure of the wellbore
bottom can be controlled well. The low-density drilling
fluid can create an underbalanced drilling condition, leading
to an improved ROP. (3) According to the test performance,
a small flow rate (13 L/s) of drilling fluid can have a high
efficiency on the bottom hole cleaning, providing guidance
on releasing the cuttings deposit problem. (4) Using a low-
density drilling fluid near the drill bit can reduce the
reservoir damage (Salimi and Ghalambor 2011). Thus, it
can effectively protect the productivity of the reservoir and
enhance the production capacity of oil and gas wells.

3 Numerical analysis of flow fields

In this research, we applied the discrete phase model
(DPM) to study the hydraulic characteristics of the flow
fields of the annulus and the micro-annulus, i.e., the fluid
velocity and the cuttings removal efficiency.

3.1 Basic modeling of flow fields

Using the geometric model shown in Fig. 3, we mainly
studied the flow fields of the bottom annulus near the bit
and the micro-annulus. As shown in the diagram, the fluid
flows downward to the drill bit and into the bottom annu-
lus. Then, it runs across the holes in the backflow

controller. Finally, it flows back through the micro-annulus
between the drill pipe and the coiled tubing.

The drilling parameters of the coiled tubing drilling are
from elsewhere (Ozbayoglu et al. 2004), and the basic
inputs are listed in Table 1. Considering the underbalanced
condition, the drilling fluid density is set as 960 g/cm®
which is lower than water, and the viscosity is set as
26 mPa s (Meng et al. 2001). The mass flow rate of cut-
tings can be calculated from the ROP, and the formula is as
follows:

0. _ROPxA
m= 3600 Fe

where O, is the mass flow of cuttings, ROP is the rate of
penetration, A is the area of bottom hole, and p. is the
density of the cuttings.

3.2 Hydraulic characteristics of the bottom
annulus

In this section, the transient CFD model is used to analyze
the hydraulic characteristics of the flow fields of the bottom
annulus near the bit. A typical simulation capture of the
flow fields is shown in Fig. 4, where the legend stands for
the velocity magnitude. According to the legend scale, the
warmer the color, the higher the velocity. As can be seen
from the figure, the velocities of the drilling fluid and the
cuttings can reach maximum values when running across
the backflow holes. Meanwhile, the movement of the cut-
tings is more affected by the backflow holes since the
overall trajectory is much shorter than that of the drilling
fluid. However, the velocity distributions of both the dril-
ling fluid and the cuttings support that the flow field can be
divided into two sections:

1. Type I (active zone): This term describes the section of
the bottom annulus below the backflow holes. This
zone is significant for a high-velocity drilling fluid and
a high efficiency of cuttings removals.

2. Type II (stagnation zone): Compared with the active

zone, it refers to the zone of the bottom annulus
between the rotary packer and the backflow holes. As
shown in Fig. 4, we can see the decreased velocities of
the drilling fluid and the cuttings when they flow
through such a stagnation zone. The gradual accumu-
lation of the drill cuttings, near the backflow holes,
may have a high probability of blocking the flow
channels, which must be analyzed and optimized later
for a high efficiency of cuttings removals.

The backflow holes play an important role in a high
efficiency of cuttings cleaning in the bottom annulus near
the bit. So, a sensitivity analysis was conducted on the
design parameters of backflow holes, i.e., the number N,
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Normal annulus
lower part

Fig. 3 Geometric model of investigated flow fields

Table 1 Basic inputs to simulation initialization

Fluid direction

Components Parameter Symbol Values
Drilling bit Bit diameter Dy 8 in.
Backflow controller Length Lyt 800 mm
Outside diameter Dy 178 mm
Inside diameter Dy 108 mm
Holes
Diameter Dyg 60 mm
Number N 3
Distance from the bit D 500 mm
Inclination angle 0 60°
Dirill pipe Inside diameter Dy 102.8 mm
Rotary speed RPM 60 rpm
Coiled tubing Outside diameter D 63 mm
Low-density mud Displacement Om 18 L/s
Viscosity v 0.026 Pa s
Density Pm 960 kg/m*
Cuttings Density Pe 2600 kg/m®
Diameter D, 0.004 m
Mass flow 0. 0.157 kg/s

the diameter Dyg, the distance from the bit D and the
inclination angle of the backflow holes 6. It was carried out
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Fig. 4 Movements of drilling fluid (left) and cuttings distribution
(right) in the bottom annulus Az =2 s

with certain combinations of the parameters as shown in
Table 2. The mass concentration profiles of the cuttings are
shown in Fig. 5 when the flow field is stable. Then, the
cuttings carrying efficiency of the drilling fluid in the
bottom annulus can be evaluated along the cuttings
removal direction. The mass concentration mentioned
refers to the total mass of the cuttings in the annulus near
the bit per 20 mm length of the annulus.



Petroleum Science (2018) 15:830-840

835

Table 2 Designed parameter

o Serial number of case
combinations of backflow holes

Parameters of backflow holes

Hole number
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Fig. 5 Mass concentration distribution of cuttings in the annulus near the bit in conditions of different hole numbers (a), different hole diameters

(b), different hole positions (c) and different hole phase angles (d)

Figure 5a shows that with the increase in the hole
number N, the mass concentration of cuttings both in the
stagnation zone and near the center of the holes decreases.
But the hole number N has a negligible influence on the
mass concentration of cuttings below the holes. In total, the
increase in the hole number N is able to enhance the cut-
tings carrying efficiency.

Figure 5b indicates that the mass concentration of cut-
tings near the holes decreases with the increase in the hole
diameter Dyg,. Therefore, the increase in the hole diameter
Dy, is able to increase the mass of cuttings directly flowing

into the holes and then to enhance the cuttings carrying
efficiency.

Figure 5c demonstrates that as the distance of holes
from the bit D increases, the mass concentration of cuttings
decreases in the area below the holes and increases near the
holes, and the total mass of the cuttings in the area
increases. Therefore, the increase in the hole position will
reduce the cuttings carrying efficiency.

Figure 5d illustrates that the effects of the hole phase
angle 0 on the mass of cuttings above and below the holes
are different. The mass concentration of cuttings below the
holes is almost unchanged with an increase in the hole
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angle, while the mass concentration of cuttings above the
holes and near the center of the holes decreases. In total,
the mass concentration of cuttings in the annulus near the
bit decreases as the hole angle 0 increases. Therefore, the
increase in the angle is able to enhance the cuttings car-
rying efficiency.

A dynamic prediction on the changes of the mass of
cuttings in the bottom annulus, at the conditions of case
Fig. 5a, can be seen in Fig. 6. After 1.5 s, the mass of
cuttings remains relatively stable, with very small changes
in the curves. In other words, the potential blocking
problem can be neglected since there is no obvious increase
in the mass of the cuttings inside the bottom annulus. The
cuttings reach a dynamic balance between the newly gen-
erated cuttings from the wellbore hole bottom and the
removal of cuttings into the micro-annulus. In other words,
it has a high efficiency of hole cleaning.

3.3 Hydraulic characteristics of the micro-
annulus

Using the CT-PUBD technique, the micro-annulus is the
space between the drill pipe and the coiled tubing. Com-
pared with the traditional annulus, the micro-annulus has
distinct features. (1) Considering the sizes of the drill pipes
and the coiled tubing, the micro-annulus is much smaller
than the annulus between the wellbore wall and the drill
strings. (2) As a traditional annulus between the wellbore
wall and the drill strings, it has a rotating inside wall and a
static outside wall. However, the outside wall of the micro-
annulus, the drill strings, is rotating herein while the inside
wall keeps relatively static.

The hydraulic characteristics of the drilling fluid and the
drilling cuttings after they enter the micro-annulus are
analyzed in this section. As shown in Fig. 7, the schematic
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Fig. 6 A dynamic simulation of the mass of cuttings inside the
bottom annulus
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diagram of the narrow micro-annulus is shown to clarify
the boundary conditions.

Using the basic input parameters presented in Table 1,
Figs. 8 and 9 show the axial velocity component and the
tangential velocity component of the drilling fluid from the
inside wall to the outside wall of the micro-annulus. To
make the conclusion more universal, the abscissas and
ordinates are normalized. The abscissas are the ratio of
radius of position analyzed to that of outer wall and ordi-
nates are the fluid velocity at the position normalized to the
maximum velocity. From these figures, we can see that the
axial velocity components become bigger and bigger when
approaching the center of the micro-annulus, being maxi-
mum in the center and minimum near the walls. Besides,
the rotation of the outside wall of the micro-annulus results
in a nonlinear increase in the tangential velocity component
when approaching the outside wall of the micro-annulus,
being highest near the outside wall but lowest near the
coiled tubing wall.
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4 Experimental tests for CT-PUBD

To study the practical drilling performance of the CT-
PUBD technique, a full-scale laboratory experimental
system was designed and set up as shown in Fig. 10. Using
the simplified experimental facilities, we can draw much
useful information about the CT-PUBD technique. The
hydraulic characteristics of the flow fields discussed above
can be tested, using various combinations of coiled tubing,

drill pipe, drilling mud and backflow controllers. With the
installations of pressure sensors at desired positions, we
can also collect the pressure distribution data along the
circulation loop of the drilling fluid. By placing some rock
samples in the wellbore bottom, the drilling performance
can be evaluated, i.e., the drilling speed and the local
cuttings concentration by measuring the surface cuttings.
Using a specially designed drill pipe and wellbore, made of
transparent Plexiglas materials, both the cuttings migration
patterns in the annulus and that in the micro-annulus can be
captured with a V310 high-speed photography system. By
adjusting the system structure, we can also change it into a
conventional drilling system, thus making it possible to
compare it with the CT-PUBD technique.

Circulating a light drilling fluid with a viscosity of
1 mPa s and a density of 1 g/cm® into the wellbore, we
simulated the drilling process of CT-PUBD. As shown in
Fig. 10, three pressure sensors were placed in the positions
as below: Pressure sensor 1 was installed at the coiled
tubing above the top driver, Pressure sensor 2 was installed
near the cuttings discharge nozzles, and Pressure sensor 3
was placed at the wellhead. Thus, the differences between
Pressure sensor 1 and Pressure sensor 2 describe the
pressure loss of the low-density drilling fluid across the
drill bit and the flow back passage. Pressure sensors 2 and 3
describe the pressure loss of the drilling fluid across the
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Fig. 10 A schematic diagram of full-scale indoor experimental rig. 1.
Water tank; 2. inlet valve; 3. mud pump; 4. throttle; 5. flowmeter; 6.
pressure regulator; 7. vibrating screen; 8. experimental frame; 9.
lifting hook; 10. tensimeter; 11. coiled tubing; 12. seal flange; 13.
sliding girder; 14. top driver; 15. cuttings discharge device; 16.

\

21 ~
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Plexiglass drill pipe; 17. adapters of drill pipe; 18. drill pipe; 19.
wellbore cover; 20. pressure transformer; 21. backflow controller; 22.
PDC bit; 23. designed wellbore; 24. regulation control terminal; 25.
high-speed camera
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backflow passage, consisting of the backflow holes and the
entire micro-annulus.

According to the pressure profile, Fig. 11a shows the
readers a typical pressure record with time, where pressures
started recording when the system is running stably, and
the pump is stopped at the time of 2000 s. In the conditions
of laboratory experiments, the pressures are in the range
between 10* Pa and 10° Pa. Besides, the total pressure loss,
between Pressure sensor 1 and Pressure sensor 2, increases
linearly with an increasing flow rate of the drilling fluid as
Fig. 11b, which can be used for the feasibility analyses of
CT-PUBD and the optimization on key components, like
the backflow designs.

We put the rock samples into the designed wellbore and
conducted the CT-PUBD as well as conventional drilling.
Footages of these two methods at different weight-on-bit
(WOB) settings and different fluid rates were recorded in
Fig. 12. Tt can be seen from that figure that the partial
underbalanced drilling had a higher drilling speed than that
of the conventional drilling at both conditions, which
proved the feasibility of CT-PUBD in enhancing the ROP.

5 Conclusions

To improve the ROP in drilling deep and hard formations,
this paper proposes a new drilling method called coiled
tubing partial underbalanced drilling (CT-PUBD). As a
preliminary investigation into the new drilling method, this
paper presents predictions of hole cleaning efficiency,
drilling speed, cuttings migration and pressure loss in the
drilling process with CT-PUBD. Based on numerical sim-
ulation and full-scale experimental studies, the following
key conclusions are drawn:

(a) 008
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1. Using CT-PUBD, an underbalanced drilling condition
can be achieved near the bit while maintaining
wellbore safety at the same time. This condition can
be achieved using a cuttings discharge device, a rotary
packer and a backflow controller.

2. According to the numerical simulations performed in
this study, CT-PUBD can achieve high efficiency of
hole cleaning. Along the cuttings migration path, the
fluid velocities reach the maximum values in the
backflow holes.

3. A full-scale indoor experimental system was used to
test the hydraulic characteristics and obtain the drilling
performance of the new technology. The result shows
that CT-PUBD significantly improved the ROP when
compared to the conventional drilling method.

6 Discussion

Although having many advantages, CT-PUBD may also
have some challenges when applied in the field. For
example, this method has high requirements for the relia-
bility of downhole supporting equipment, i.e., the rotary
packer and the multifunctional connector; there is a certain
risk of the wellhead blowout preventer (BOP) controlling
the micro-annulus pressure when a connection is made; and
lowering and lifting operations for coiled tubing working
machine need to be fast and safe. Therefore, the technical
processes supporting this method need further improve-
ment. The use of coiled tubing shows that the method is
more suitable for shallow formations. When optimizing the
hole diameter and the hole number, it is not only necessary
to consider the cuttings carrying efficiency, but also to
consider whether the strength of the backflow device can
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Fig. 11 Pressure profiles with the increasing time (a) and the fluid rate (b)
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(a) 60
—=— Conventional drilling, WOB of 0.8 tons
—4— Conventional drilling, WOB of 0.5 tons
50 1 —e—CT-PUBD, WOB of 0.8 tons
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(b)
—=— Conventional drilling, flow rate of 18 L/s
40 1 —a— Conventional drilling, flow rate of 16 L/s
—&— CT-PUBD, flow rate of 18 L/s

—¥— CT-PUBD, flow rate of 16 L/s
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Fig. 12 Drilling performances of CT-PUBD and conventional drilling at different WOB, fluid flow rate of 16 L/s, rotary speed of 80 rpm (a) and
different flow rates of drilling fluids, WOB of 0.5 tons, rotary speed of 80 rpm (b)

meet the requirements, which requires further work to
verify. In addition, in the choice of hole diameter it also
takes into account the cuttings size to prevent clogging of
the holes of backflow device. In general, this method may
be not mature enough and needs further research and
improvement.
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