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a b s t r a c t

Inadequate hole cleaning is one of the main reasons for inefficient operations in extended-reach drilling.
The mechanism of cuttings transport under the back reaming operation, which is frequently adopted to
remove the cuttings, has been investigated in this study. To this end, a coupled layering-sliding mesh
method with the Eulerian-Granular approach has been established innovatively. The dynamic layering
method has been employed to simulate the axial motion of the pipe, whereas the sliding mesh method
has been used to simulate the pipe rotation. The back reaming operation of a connector-furnished pipe
has been simulated, and the sensitive parameter analysis has been conducted. The results thus obtained
demonstrate that the increase in the initial bed height, inclination, and the diameter and length of the
connector causes a significant increase in the cuttings concentration. In addition, the cuttings concen-
tration is observed to decrease significantly with the pipe rotation speed. Furthermore, two main factors
contribute towards the cuttings accumulation around the connector, namely, the difference in the cross-
sectional area and the pushing effect of the connectordlike a “bulldozer”. The “bulldozer” effect of the
connector dominates when the tripping velocity is significant compared to the velocity of the cuttings.
Conversely, the effect of the difference in the cross-sectional area becomes the leading factor for cuttings
accumulation. The “bulldozer” effect of the connector causes a more severe impact on hole cleaning. In
both cases, increasing the tripping velocity only mildly affects the cuttings concentration. It is therefore
suggested that the tripping velocity should be slower than that of the sand during the back reaming
operation. Furthermore, increased fluid velocity might lead to a higher accumulated cuttings concen-
tration around the connector when the cuttings bed has not entirely passed through the connector. A
significant flow rate can be safely applied after the cuttings have passed through the connector furnished
with a large diameter, such as the bottom hole assembly. This exploration serves as an essential guide to
predicting and controlling tight spots while back reaming.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

A drilling project is fundamentally reliant on hole cleaning,
which is an essential component contributing to the overall effi-
ciency and profitability of a drilling project (Alshaikh et al., 2018).
Given the comprehensive impact of hole cleaning, inadequate
execution thereof may result in a wide array of problems, such as
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increased equivalent circulating density and formation leakage, low
ROP, high drag or torque of the pipe string, or even stuck pipe ac-
cidents (Epelle and Gerogiorgis, 2019). Given the scope of issues
that may occur, it is essential to note that a high proportion of stuck
pipe events, estimated at around 54%, occur during the execution of
tripping and back reaming (Yarim et al., 2007).

Back reaming is an operation that combines pumping, pipe
rotating, and pulling out of the hole (Paranhos Sobrinho et al., 2021;
Yarim et al., 2010). This operation has gained popularity due to its
ability to solve poor hole conditions while tripping. However, it is
also infamous for being risky on extended-reach wells (Yarim et al.,
2007). This operation cleans the wellbore entirely below the bot-
tom hole assembly (BHA) rather than leaving a small cuttings bed.
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Fig. 1. Schematic illustration of the back reaming operation with a connector
(①Sudden change of flow velocity leading to cuttings accumulation; ②Push effect of
the connector on cuttings like a“bulldozer”).
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As such, a dangerous cuttings dune is built up just above the BHA,
thereby significantly increasing the risk of packing off and stuck
pipe (Zhu et al., 2022).

Two primary procedures are involved in hole cleaning, namely
drilling and washing. However, the investigation on cuttings
transport under back reaming conditions is also important,
although current research regarding the effects is largely insuffi-
cient. To this end, the investigation of cuttings transport is mainly
considered to be experimental and theoretical research.

The influence of several variables on hole cleaning can be
studied experimentally (Pandya et al., 2019; Song et al., 2017;
Ozbayoglu et al., 2008). It can be determined that the current
shortcomings of this line of inquiry (Pang et al., 2019) arise from the
variations in wellbore geometry, solid characteristics, flow param-
eters, etc., resulting in complications of testing execution under a
majority of flow conditions. Specifically, when considering the
impact of drilling and washing, these components are generally
observed through the combination of the flow and drilling rate.
However, the pipe is often assumed to be stationary or merely
rotating. Specific experiments investigating back reaming, as well
as a coupling of axial and rotational pipe movement, are complex,
more difficult, and scarcely conducted.

Layer-modeling and computational fluid dynamics (CFD) are the
two main primary theoretical approaches used to investigate hole
cleaning. Layer-modeling facilitates effective simulation of the
cuttings transport along the entire wellbore with a fast-computing
speed. However, most layer models are still based exclusively on
the two procedures of washing & drilling (Li and Luft, 2014a; Cho
et al., 2002; Nguyen and Rahman, 1998; Gavignet and Sobey,
1989). Given that the drill pipe rotation mechanism is rather
complicated (Guo et al., 2010), models of back reaming featuring a
coupling of axial and rotational pipemotion have yet to be perfectly
simulated (Zhu et al., 2022).

The CFD method, which aims to determine how cuttings are
transported in the annular wellbore, is popular among researchers
and readily employed (Zhang et al., 2020; Heydari et al., 2017). This
method exhibits the advantage of providing detailed accounts
pertaining to the desired properties without limiting experimental
conditions or layer models (Bicalho et al., 2016). Variables such as
fluid velocity and rheological properties, ROP, the drill pipe rota-
tional effect, etc., have all been extensively investigated using the
CFD method. However, even when considering the efficacy and
popularity of this approach, no model exists that can accurately
forecast cuttings’ concentration during back reaming. This lack of
investigative methodology is solely attributed to the computational
bottleneck created by the immense flow complexity caused by the
coupled motion of the pipe.

CFD simulations can be conducted using two types of methods:
Eulerian-Eulerian and Eulerian-Lagrangian (Table 1 in Appendix A).
The former treats both the fluid phase and the particles as con-
tinuum phases. This approach can effectively represent many par-
ticles at little computational expense, although it is unable to
provide comprehensive details regarding the flowat themicro- and
mesoscales (Zhang et al., 2018). Then, using the Eulerian-
Lagrangian approach, particles are treated as discrete phases,
making it possible to determine the motion of each particle sepa-
rately and thereby better analyze the particle collisions (Akhshik
et al., 2015; Capecelatro and Desjardins, 2013). Although
providing improved individual particulate analyses, the disadvan-
tage of the Eulerian-Lagrangian approach is that its computational
cost is much higher than that of the former Eulerian-Eulerian
approach, especially when considering flows containing many
particles. Additionally, it is difficult to converge when combined
with moving mesh. As a variant of the Eulerian-Eulerian approach,
the Eulerian-Granular model enables the modeling of multiple,
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separate, and interacting phases. This method treats the solid phase
as a continuous ‘fluid’ phase via the Eulerian approach and is only
differentiated by designating it as a granular phase, which can input
the granular parameters, such as diameter and packing limit. This
method requires fewer computational resources and is used
extensively in studying liquid-solid flows (Basu et al., 2015;
Bonamy et al., 2009).

To this end, a novel coupled layering-sliding mesh method with
the Eulerian-Granular approach has been proposed in this study to
investigate the back reaming operation. In this method, the dy-
namic layering method is employed to simulate the axial motion of
the pipe, whereas the sliding mesh model simulates the pipe
rotation action. This article intends to provide some perspectives on
the mechanism of the cuttings transport under the back reaming
operation and propose an optimization strategy to lessen and
control the pipe sticking risks.

2. Mechanism of back reaming

Back reaming is defined as a mechanical operation combing
pumping, pipe rotating, and extraction from the hole (Fig. 1). This
method is widely adopted when there is a problem with tripping
out of the hole (Yarim et al., 2010). However, its use on extended
reach wells has garnered a notorious negative connotation for be-
ing high risk. Furthermore, the supposed advantages of back
reaming for cuttings transport might in fact have an overall nega-
tive influence on hole cleaning. To investigate the mechanisms
entailed in back reaming, four aspects of the process will be
accordingly analyzed as follows：

2.1. Impact of the circulation

Liquid phase circulation generates a shear force at the interface
to efficiently erode the cuttings bed and is vital for cutting removal
(Li and Luft, 2014b). Most studies have demonstrated that fluid
circulation positively affects cutting transport (Mahmoud et al.,
2020).

Nonetheless, it is important to note that the incidence of higher
circulation during cutting removal can also subsequently increase
the risk of pipe sticking, mainly because the fluid velocity increases
when there is a connector with a greater diameter and smaller
cross-sectional area than the pipe body. The fluid velocity behind



Fig. 2. Annular flow geometry with a connector.
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the connector then reduces, resulting in an accumulation of cut-
tings as they stack up into a pile. Thus, the key to enabling complete
and full use of the circulation is investigating how it influences the
cuttings concentration with the existing connectors and then
manipulating it within the predetermined safe value.

2.2. The axial motion of the pipe

The pipe moves upwards to the wellhead while back reaming,
exerting a shear force on cuttings. Whether the shear force is
regarded as propulsion or resistance, force is determined by the
relative speed of the drill pipe and cuttings. More specifically, when
the tripping velocity exceeds that of the velocity of the cuttings, the
cuttings’ shear force from the pipe acts as a propulsion force;
otherwise, it acts as a resistance force.

When considering these aspects, one can regard the fact that the
presence of a propulsion force does not necessarily entail a benefit
for hole cleaning. When there is a connector present, the propul-
sion force from the pipe connector may push the cuttings bed like a
“bulldozer” thus causing the cuttings to pile up behind the
connector. The layering method is employed to simulate the axial
motion of the pipe (Section 3.3.1).

2.3. The rotational motion of the pipe

Pipe rotation positively affects cuttings’ removal since the
tangential velocity of the pipe can directly affect the axial velocity
of the cuttings’ phase. Furthermore, the extra drag disperses and
lifts the settled cuttings into the broader areas (Cayeux et al., 2014;
Heydari et al., 2017). The sliding mesh model simulates the pipe
rotation (Section 3.3.2).

2.4. Impact of the connectors

The connectors’ diameter is larger than that of the pipe body,
which may represent tool joints, stabilizers, BHA components
(Yarim et al., 2010), etc. When considering the presence of a
connector, the propulsion force acting upon the cuttings, either
from the circulation or the tripping pipe, may change from a pos-
itive to a negative influence when observed in the context of hole
cleaning. For example, circulation is recognized as a beneficial
factor for cuttings removal. However, the difference in the cross-
sectional area around the connectors and the corresponding
change in the fluid velocity may cause cuttings to accumulate
behind the connectors. These accumulated cuttings may result in a
pile that can in turn lead to a stuck pipe while tripping. In this
specific case, the presence of the connector may result in circula-
tion being considered disadvantageous. Therefore, the total effect
of the connectors on back reaming requires further investigation to
portray a more functional, positive comprehension thereof.

3. Methodology

3.1. CFD model description

As a variant of the Eulerian-Eulerian approach, the Eulerian-
Granular method considers the particle phase as a separate
continuous phase, and two-phase interpenetrating continua
represent the fluid-particle mixture (Basu et al., 2015). This method
requires less computational resources and has been extensively
used in liquid-solid flows. The detailed equations are presented in
section 3.2.

The computational domain comprises a horizontal annulus with
a borehole as well as a pipe that rotates eccentrically, and has a
connector. In Fig. 2, the horizontal annulus’ computational grid is
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displayed. The parameters of the geometry and the simulation
setup parameters are all shown in Table 1.

3.2. Mathematical formulation

3.2.1. Mass conservation
The mass conservation is given by (Fluent, 2021):

v

vt

�
aqrq

�þV ,

�
aqrq v!q

�
¼

Xn
s¼1

�
_msq � _mqs

�
(1)

where, v!q is the velocity, _m is themass transfer of the two phases, a
is the volume fraction of each phase, r is density, q and s represent
the liquid and solid phases, separately.

3.2.2. Conservation of momentum
The momentum conservation for the phase q is:
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where, F
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q and F
!

vm;q is the external body force and virtual mass

force, tq is the stress-strain tensor for the qth phase, F
!

lift;q and F
!

td;q

is the lift force and turbulent dispersion force, F
!

wl;q is a lubrication

force of the wall, R
!

sq is the force between two phases, v!sq is the
relative velocity, and p is pressure.

3.2.3. Granular temperature
For the solids phase, the granular temperature is expressed by:

Qs ¼1
3
usus (3)

where, us is the fluctuating solids velocity.
The transport equation based on kinetic theory is given by:

3
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where, ð�psIþtsÞ : V, v!s is the energy generated due to the stress
tensor, kQs

VQs is the energy diffusion, gQs
is the energy dissipation

due to collision, 4ls is the energy transfer of two phases.
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3.2.4. Solids pressure
The solids pressure is expressed by:

ps ¼asrsQs þ 2rsð1þ essÞa2s g0;ssQs (5)

where, ess is the restitution coefficient, g0,ss is the radial distribution
function.

3.2.5. Solids shear stresses
The solids stress tensor includes three components of

viscosities:

ms ¼ ms;col þ ms;kin þ ms;fr (6)

where, ms,col, ms,kin and ms,fr, represents the collisional section, kinetic
section, and frictional section of the viscosity.

3.3. Meshing scheme for the coupled motion of translation and
rotation of the pipe

For the back reaming process, the drill pipe moves out via a
coupled translation and rotation motion, and the sliding mesh and
layering are employed simultaneously to simulate the above
procedure.

3.3.1. Dynamic layering mesh method
In deforming regions subject to the boundary motion, three

approaches are available for updating the volume mesh: smooth-
ing, dynamic layering, as well as local remeshing. The dynamic
layering method can increase or decrease layers of cells next to a
moving boundary, and can simulate the translation movement of
the pipe while tripping. The cells of layer j are merged or split with
cells of the next layer i depending on the cells height of layer j
(Fig. 3).

The cell heights of the layer j may increase till:

hmin > ð1þ asÞhideal (7)

where, hmin and hideal is the minimum and the ideal height of the
cell, and as is the split coefficient. The cells are divided following the
specified height or ratio when the condition in Eq. (7) is satisfied.
Table 1
List of input data for modeling.

Variables Symbols Values Units

Flow Geometry
Wellbore diameter do 73.9 mm
Pipe outer diameter di 33.3 mm
Connector diameter d_con 46.0 mm
Length of pipe L 3 m
Length of connector L_con 0.25 m
Fluid Properties
Drilling fluid density rf 998.5 kg/m3

Consistency coefficient K 0.001 Pa$sn

Flow behaviour index n 1.0 dimensionless
Particle Properties
Cuttings density rc 2500 kg/m3

Cuttings diameter dp 3.0 mm
Drilling variables
Pipe rotation speed w 120 RPM
Tripping velocity v_pipe 0.1 m/s
Eccentricity e 0.3 dimensionless
Inclination q 90 �

Initial and boundary conditions
Inlet velocity of water v_water 1 m/s
Inlet velocity of sand v_sand 0 m/s
Temperature T 298 K
Pressure P 0 psig
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The cell heights of the layer j may decrease till:

hmin <achideal (8)

where, ac is the layer collapse factor. Cells in the compressed layer
are merged with the above layer when the condition Eq. (8) is met;
that is, layer j is merged into the layer i.

3.3.2. Sliding mesh method
The sliding mesh method can adequately define the entire

transient startup, which is the most accurate method to simulate
rotating flows (Fluent, 2021). This technique has two separate cell
zones. One of the cell zones is attached to the drill pipe (rotating
region), while the other is attached to the annulus between the
pipe and casing (stationary region). Sliding-mesh interfaces are
formed between rotating and stationary zones. Those interfaces
can be arbitrary mesh interfaces (AMI), which can patch the ge-
ometries of both cell zones (Ramírez et al., 2015). Despite being
geometrically separated, the two subdomains are numerically
connected by AMI, which ensures that generic fields on all surfaces
have the same value (Fluent, 2021). Thus, communication between
the stationary and the rotating meshes is realized through in-
terfaces (Zhang and Liang, 2015).

A closer look at Fig. 4 reveals how stationary and rotating re-
gions on the sliding-mesh interface are connected. The sliding re-
gion covers the drill pipe as well as the connector, and the
stationary zone is from the interface to the wellbore. On the other
hand, both the drill pipe and the connector move along the axial
wellbore, thus achieving the combined motion of translation and
rotation of the pipe.

3.4. Simulation strategy

The Reynolds Averaged Navier Stokes (RANS) equations (conti-
nuity and momentum equations) are numerically solved in a dis-
cretized domain using the finite-volume formulation. The coupled
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
scheme is applied for the solution. The effect of numerical diffusion
on the solution accuracy is mitigated by employing second-order
accurate solution schemes (Second Order Upwind) for the mo-
mentum and turbulent parameters. The volume fraction is spatially
discretized using the Quadratic Upstream Interpolation for
Convective Kinematics (QUICK) method. Also, under-relaxation
factors were appropriately tuned to ensure stable convergence. A
velocity inlet boundary condition (Table 1) is specified alongside a
pressure outlet at atmospheric pressure. The wall boundaries were
treated according to the conventional fluid mechanic's no-slip
condition. Furthermore, a constant time step of 1 � 10�4 s for
satisfactory convergence is used in all simulations. The simulation
procedure for the EulerianeGranular model via Ansys Fluent is
presented in Fig. 5.

3.5. CFD model validation

As mentioned earlier, both the experiment and simulation on
the coupled motion of translation and rotation of pipe, i.e., the
tripping process, are very scarce, so there is little data that can be
used to verify the coupled translation and rotation motion. How-
ever, the employed Eulerian-Granular method can be verified by
the drilling process. In Fig. 6(a), Garcia-Hernandez et al. (2007)
provide some experimental measurements of moving bed veloc-
ity with a cutting diameter of 4 mm and the ROP of 30 ft/h. The
mean absolute percentage error of the prediction is 5.7%. Similar
predictions have been conducted by Duan et al. (2008) via exper-
iments in which the cutting diameter is 1.4 mm, and the ROP is



Fig. 3. Schematic illustration of the dynamic layering.

Fig. 4. Schematic illustration of the sliding mesh concept.
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30 ft/h. The Eulerian-Granular model yields a mean error of less
than 10% (Fig. 6(b)). The cuttings concentration at a higher flow rate
is difficult to predict (the error is 13%); this is because the particle-
fluid interaction is complex considering the turbulence, and the
inhomogeneity of particle size is not considered. Besides, Fig. 6(c)
and (d) present the mean errors of less than 10% via the Eulerian-
Granular models in addition. Overall, Fig. 6 shows that the model
matches well with the experimental data (Duan et al., 2008; Garcia-
Hernandez et al., 2007; Osgouei, 2010; Han et al., 2010); thus, the
capability of the Eulerian-Granular model can reasonably predict
the cuttings concentration.

4. Results and discussion

4.1. Impact of the circulation time

An initial cuttings bed with a height of 10% of wellbore diameter
(do) with a packed porosity of 52% is distributed along the annulus
(average cuttings concentration is 6%). The contours of cuttings
concentration under different circulation time while back reaming
are presented in Fig. 7. As observed in Fig. 7(a), the pipe and cut-
tings bed move towards the outlet with time. However, it also can
be found that cuttings pile up behind the connector, which has a
risk of getting pipes stuck. The reason may be that the velocity of
water decreases behind the connector as a result of the increase of
the cross-sectional area (Fig. 7(b)), resulting in an accumulation of
cuttings as they stack up into a pile.

The impact of the circulation time on the cuttings concentration
of the cross-section is presented in Fig. 8. The cuttings are trans-
ported via water, and pile up behind the connector, resulting in a
higher concentration and higher risk behind the connector. The
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highest concentration can achieve 12.8%, two times the initial
average concentration. The reason is that the cross-sectional area of
the connector is narrower than the pipe body; thus, the fluid ve-
locity around the connector is faster. On the other hand, the drilling
fluid and cuttings velocities are smaller behind the connector, so
the cuttings are stacked as a pile.

4.2. Impact of the initial bed height

Fig. 9 presents contours of cuttings concentration under
different initial bed heights. Observation shows that an increase in
the initial bed height will cause a significant improvement in the
cuttings concentration. Also, the impact of the initial bed height on
average cuttings concentration is shown in Fig. 10. It can be
demonstrated that with the initial height increases from 5% to 20%
(the corresponding average cuttings concentration is from 1.2% to
9.3%), the highest average concentration rises from 3.6% to 16.0% (as
high as 1.7e3.0 times the initial average concentration), which
implies that the higher the cuttings bed, the harder it is to carry
through the annulus; thus, it should wash the well to be clean
enough before back reaming.

4.3. Impact of the diameter of the connector

Fig. 11 reveals the impact of varying the diameter of the
connector with contours of cuttings concentration. The initial cut-
tings bed height is 10% do, and the packed porosity is 52%. Obser-
vation shows that after washing for 1 s, cuttings are accumulated
behind the connector. An increase in the connector diameter results
in a significant increase in the cuttings concentration behind the
connector.



Fig. 5. Simulation procedure for the EulerianeGranular model.
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Also, it can be found that in Fig. 12, when the diameter of the
connector increases from 42 to 54 mm, the maximum concentra-
tion at the interval of 1.2e1.5 m increases linearly from 6.5% to
10.5%, which is 1.1e1.7 times the initial average concentration. The
piles behind the connector may make the pipe get stuck, especially
when the diameter is more than 46 mm under the given eccen-
tricity. This can serve as a guide for selecting the diameter of the
connector.

4.4. Impact of the length of the connector

The length of the connector also affects the accumulated con-
centration. The contours of cuttings concentration under different
connector lengths (0.250e0.625 m) and the average cuttings con-
centration of the cross-section along the horizontal pipe are
depicted in Figs. 13 and 14. As can be manifested in Fig. 14, with the
increase of the length of the connector from 0.250 to 0.625 m, the
maximum cuttings concentration of the cross-section gradually
decreases from 12.8% to 9.7%; however, the area with high cuttings
concentration, for example, higher than 5%, become broader, which
implies it would take longer to remove the cuttings below the
connector with a more extended connector. This serves as an
3678
instruction for the cutting removal around the BHA, consisting of
several tools and a longer length.

4.5. Impact of the inclination

In Fig. 15, contours of cuttings concentration under different
inclinations are presented. The average cuttings concentration of
the cross-section along the horizontal pipe and the maximum
average concentration are illustrated in Figs. 16 and 17. Observation
shows that when the inclination ascends from 20� to 90�, the
cuttings concentration increases gradually from 3.6% to 12.8%. The
cuttings concentration is most pronounced at the inclination of 60�,
which is 12.9%. This is because the cuttings bed could slide down at
certain flow conditions (known as the “avalanche” effect). Thus,
more attention should be paid to the high-angle section while back
reaming.

4.6. Impact of the rotation speed

The impact of the rotation speed of the drill pipe on the contours
of the cuttings volume fraction is illustrated in Fig. 18. It can be
observed that the cuttings concentration decreases with the pipe



Fig. 6. Comparison of the CFD model simulation with the experiment data.

Fig. 7. Contours of cuttings volume concentration and the streamline of water.
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Fig. 8. The impact of the circulation time on average cuttings concentration.

Fig. 9. Contours of cuttings volume concentration under different initial bed heights.

Fig. 10. The impact of the initial bed height on average cuttings concentration.

Fig. 11. Contours of cuttings volume concentration under different diameters of the
connector.

Fig. 12. The impact of the diameter of the connector on average cuttings
concentration.

Fig. 13. Contours of cuttings volume concentration under different connector lengths.
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Fig. 14. The impact of the length of the connector on average cuttings concentration.

Fig. 15. Contours of cuttings volume concentration under different inclinations.

Fig. 16. The impact of the inclination on the average concentration of cuttings.

Fig. 17. The impact of the inclination on the maximum average cuttings concentration.
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rotation speed significantly. Similarly, the cuttings are transported
forward and pile up behind the connector. With the pipe rotation
speed increasing from 0 to 180 RPM, the maximum cuttings con-
centration decreases from 13.5% to 11.0% (Fig. 19). This is because
the pipe can disperse and lift the settled cuttings to the broader
areas during rotation. Thus, increasing the pipe rotation speed
benefits the cleaning efficiency significantly.

4.7. Impact of the consistency coefficient of the fluid

The effect of the power-lawmodel (Li et al., 2016; Livescu, 2012)
and different consistency coefficients have been investigated in
Figs. 20 and 21. It can be observed that when transported by water,
the maximum cuttings concentration is 12.8%. While transported
by power-law drilling fluid, the maximum cuttings concentration
decreases from 11.9% to 10.3% when the consistency coefficient
increases from 0.5 to 0.9 Pa$sn, which has better hole cleaning ef-
ficiency than water. The reason is that the power-law liquid has a
higher viscosity and can provide greater shear force to transport the
cuttings.

4.8. Impact of the flow behaviour index of the fluid

The effect of the power-law model and different flow behaviour
indexes have been investigated in Figs. 22 and 23. It can be
observed that when transported by water, the maximum cuttings
concentration is 12.8%. While transported by power-law drilling
fluid, the maximum cuttings concentration decreases from 11.9% to
10.1% when the flow behaviour index increases from 0.6 to 0.8,
which has better hole cleaning efficiency than water. The reason is
that the power-law liquid has a higher viscosity and can provide
greater shear force to transport the cuttings.

4.9. Impact of the fluid density

The impact of the fluid density on contours and the average of
cuttings volume fraction is illustrated in Figs. 24 and 25. It can be
observed that with the fluid density increasing from 1000 to
1300 kg/m3, the maximum cuttings concentration decreases from



Fig. 18. Contours of cuttings volume concentration under different rotation speeds.

Fig. 19. The impact of the rotation speed on average cuttings concentration.

Fig. 20. Contours of cuttings volume concentration under different fluid consistency
coefficients.

Fig. 21. The impact of the fluid consistency coefficient on average cuttings
concentration.

Fig. 22. Contours of cuttings volume concentration under different flow behaviour
indexes.

Fig. 23. The impact of the flow behaviour index on average cuttings concentration.
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Fig. 24. Contours of cuttings volume concentration under different fluid densities.

Fig. 25. The impact of the fluid density on average cuttings concentration.
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12.7% to 11.1%, which indicates that the increase of the fluid density
is beneficial to decreasing the cuttings concentration. This is
because the higher the fluid density, the greater the buoyancy, and
the easier it is for cuttings to be removed.
Fig. 26. Contours of cuttings volume concentration under diff
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4.10. Impact of the tripping velocity

Fig. 26 depicts the contours of the cuttings volume concentra-
tion under the impact of different tripping velocities. The fluid inlet
velocity is 0.75 m/s. It can be demonstrated in Fig. 26 that when
tripping fast, there are cuttings remaining on the left side of the
connector, which have not been removed. At the same time, cut-
tings also pile up on the right side of the connector. To figure out the
sand concentration around the connector, Fig. 27 illustrates the
impact of the tripping velocity on cuttings concentration based on
four groups of fluid velocity (i.e., 0.25, 0.50, 0.75, 1.00 m/s).

As observed in Fig. 27, the tripping velocity significantly impacts
the dune’s appearance. On the one hand, when the pipe is tripping
faster than the sand velocity (e.g., Fig. 27(a)), the sand piles up
much higher behind the connector than that in front, and the
average concentration distribution of the sand is in a convex shape.
The reason is that the connector, like a “bulldozer”, has a pushing
effect on the sand when tripping fast.

On the other hand, when the tripping velocity is smaller than
the sand velocity, for instance, when the tripping velocity is 0.2 m/s
in Fig. 27(b), the sand is more likely to pile up at both ends of the
connector in a concave shape. Because of the narrower cross-
section area at the position of the connector than the pipe body,
both the fluid and sand velocities become faster, which results in
the accumulation at the two ends of the connectors.

It needs to be mentioned that the higher tripping velocity does
not always lead to a higher dune. Take Fig. 27(a) for example; under
the given fluid velocity, the maximum cuttings concentrations
under different tripping velocities are almost the same after
simulation for 1 s. The most crucial factor is the relationship be-
tween tripping velocity and cuttings’ velocity. As depicted in
Fig. 27(c), the accumulated dune with the convex shape is higher
than the concave one under the given fluid velocity, which means
the “bulldozer” effect of the connector exercises a more severe
impact on hole cleaning. So, the tripping velocity is suggested to be
slower than the sand while back reaming.

4.11. Impact of the fluid inlet velocity

Fig. 28 depicts the contours of the cuttings volume concentra-
tion under different fluid inlet velocities when the tripping velocity
is 0.2 m/s, and Fig. 29 shows the impact of the fluid inlet velocity on
the cuttings concentration based on four different groups of trip-
ping velocity (i.e., 0.2, 0.4, 0.6, 0.8 m/s).

As observed in Fig. 28, the cuttings bed moves faster with a
higher fluid inlet velocity. However, we cannot simply conclude
that the higher fluid velocity is more beneficial to the hole cleaning
while back reaming. It is because a higher fluid velocity may also
erent tripping velocities. (fluid inlet velocity is 0.75 m/s).



Fig. 27. The impact of the tripping velocity on average cuttings concentration (fluid inlet velocities are 0.25, 0.50, 0.75, 1.00 m/s).

Fig. 28. Contours of cuttings volume concentration under different fluid velocities.
(tripping velocity is 0.2 m/s).
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lead to a higher accumulation of sand around the connector, which
may lead to the pipe getting stuck. For instance, the tripping ve-
locity is 0.6 m/s, and when the fluid inlet velocity rises from 0.25 to
0.75 m/s, the accumulated cuttings concentration rises from 6.7% to
3684
14.9% (Fig. 29(c)). The reason is that the cuttings bed has not
completely passed through the connector, and a higher fluid inlet
velocity may transport more cuttings to pile up behind the
connector. So, to take advantage of the significant flow rate, it is
safer to wait until the cuttings are transported behind the
connector, such as the BHA.
5. Conclusions

(1) A coupled layering-sliding mesh method with a Eulerian-
Granular approach is proposed innovatively to investigate
the cuttings transport while back reaming. The dynamic
layering method is employed to simulate the axial move-
ment of the pipe, whereas the sliding mesh model simulates
the pipe rotation. Both translation and rotation of the pipe
have been successfully simulated.

(2) The increase in the inclination, the initial bed height, the
diameter, and the length of the connector will cause a sig-
nificant increase in the cuttings concentration. The cuttings
concentration decreases with the pipe rotation speed
significantly.

(3) Moreover, the higher tripping velocity does not always lead
to a higher dune, and there are two main factors contribute
towards the cuttings accumulation around the connector,



Fig. 29. The impact of the fluid velocity on average cuttings concentration (tripping velocities are 0.2, 0.4, 0.6, 0.8 m/s).
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namely, the difference in the cross-sectional area and the
pushing effect of the connector, like a “bulldozer”. When the
tripping velocity is larger than the cuttings, the connector’s
“bulldozer” effect dominates. Conversely, the effect of the
cross-sectional area difference is the leading factor for cut-
tings accumulation. The “bulldozer” effect of the connector
exercises a more severe impact on hole cleaning. The accu-
mulated bed height under different tripping velocities in
both cases varies mildly. Thus, the tripping velocity is sug-
gested to be slower than the sand during the back reaming
operation.

(4) Furthermore, considering the existence of a connector, the
inlet velocity might turn from a positive to a negative factor
for hole cleaning. An increase in the fluid velocitymay lead to
a higher accumulated cuttings concentration around the
connector when the cuttings bed has not completely passed
through the connector. A significant flow rate can be safely
applied after the cuttings have passed through the connector
furnished with a large diameter, such as the BHA.

(5) The limitation of the current model is that the effect of the
particle shape and the detailed structure of the connector is
not considered. Complex structure of the connector, such as
3685
the cuttings bed remover, can be analyzed further to inves-
tigate the effect of the tools on cuttings transport. Moreover,
the particle trajectory can be investigated further via CFD-
DEM model. However, the CFD-DEM model with the dy-
namic mesh method may need much more computing
resources.
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Appendix A. Table of the comparison of Eulerian-Eulerian
and Eulerian-Lagrangian methods for the solid-liquid two-
phase flow
Table 1a
The comparison of Eulerian-Eulerian and Eulerian-Lagrangian methods for the solid-liquid two-phase flow.

Model Numerical approach Particle-Particle interaction Advantage Disadvantage

Eulerian-Eulerian Eulerian-Granular Fluid- Eulerian PeP interactions are modeled by fluid
properties, such as granular pressure,
viscosity, drag, etc.

Faster calculation speed
and less computational cost.

Unable to track the
motion of each particle
separately and consider the
particle collisions.

Particles- Eulerian

Eulerian-Lagrangian DPM Fluid-Eulerian Neglected More computational cost
and slower calculation speed.

Able to track the motion
of each particle separately
and consider the particle
collisions.

Particles -Lagrangian
DDPM-KTGH Fluid-Eulerian Approximate interactions determined by

granular models.Particles -Lagrangian
DDPM-DEM Fluid- Eulerian Accurate determination of PeP interactions.

Particles- Eulerian
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