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Abstract: This paper presents a coupled computational fluid dynamics–discrete element method
(CFD–DEM) simulation to predict cuttings transport by the drilling fluid (mud) in different oil well
drilling conditions. The mud rheology is expressed by the Herschel–Bulkley behaviour and modelled
in a Eulerian framework (CFD), while the cuttings are modelled using the Lagrangian approach
(DEM). In this work, the effects of drill string rotation, inclination angle, cutting size, mud rheology,
and annular velocity on cleaning efficiency are investigated. It is found that increasing the well
deviation from vertical to horizontal leads to a higher cuttings concentration. However, at low
annular velocity, the cuttings concentration for the inclined (45-degree) annulus is found to be higher
than the horizontal one due to the sliding motion of cuttings on the lower section of the annulus.
Overall, the drill pipe rotation has little effect on decreasing the cuttings concentration, but the effect
is more pronounced at low annular velocity.

Keywords: CFD–DEM; multiphase flow; oil well drilling; mud rheology; particle transport

1. Introduction

In oil and gas drilling, the term hole cleaning refers to the transport of the generated
cuttings to the surface by circulating a drilling fluid, commonly known as mud, through
the annulus of the wellbore. The cutting deposition in the direction of the gravitational
force leads to formation of a cutting layer bed near the bottom section of the annulus.
Formation of the cutting bed caused by inefficient hole cleaning leads to a slow drilling rate
(rate of penetration) and consequently increases the cost of the drilling. In order to tackle
this problem, it is essential to gain an in-depth understanding of the mud hydraulics and
identification of influencing parameters that control the hole cleaning efficiency.

The most relevant parameters that affect the cleaning efficiency can be listed as: (1) an-
nular fluid velocity profile, (2) mud properties, (3) hole inclination angle, (4) mud annular
velocity, (5) drill pipe/string eccentricity, (6) penetration rate, and (7) drill pipe/string
rotation. The challenges associated with transporting the cuttings have been investigated
by numerous experimental studies (e.g., Udo Zeidler [1]; Tomren et al. [2]; Brown et al. [3];
Penden et al. [4]; Sifferman et al. [5]; Bassal, A.A. [6]; Sanchez et al. [7]; Yu et al. [8]).
Experimental investigations provide a comprehensive study on the cuttings concentration
in simulated well conditions in laboratory conditions; however, in real well conditions,
considering operational limitations and boundaries besides unexpected situations that
typically occur during the drilling processes, it is difficult and very expensive to create a
well-designed and controlled full-scale laboratory rig. A reliable numerical simulation can
help to understand the hole cleaning process while investigating the effects of various key
parameters in cuttings transport simultaneously.

Many researchers have investigated the cuttings transport performance in directional
well drilling using modelling and simulation techniques (e.g., Bilgesu et al. [9,10]; Wang
et al. [11]; Yilmaz [12]; Rooki et al. [13]; Mohammadzadeh et al. [14]; Amanna et al. [15];
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Tong et al. [16]). Computational fluid dynamics (CFD) has been used in the majority of
these studies, mainly in a Eulerian framework, to assess the impact of different parameters
on the cleaning efficiency of oil well drilling operations. The major drawback of the CFD
simulations is the difficulty in accurately modelling the solid phase (cuttings). For example,
Rooki et al. [13] developed a two-phase fluid model (TFM) to study the impact of mud
properties on cuttings transport mechanisms. Since the cuttings are treated as a continuous
phase in a Eulerian–Eulerian framework, their true discrete characteristic information could
not be easily modelled. Yilmaz [12] studied the impact of mud properties, well inclination
angle, and pipe rotation speed on cuttings transport using the discrete dense particle
method (DDPM) based on a two-way coupling approach. DDPM (Lagrangian–Eulerian)
overcomes the TFM limitations and allows to track solid particles individually or grouped
(parcels) according to Newton’s second law of motion. However, in DDPM the particle–
particle interaction is not accurately modelled and can be more applicable for a dilute
system. The most appropriate approach to model the hole-cleaning process in oil wells is
fully coupled CFD–discrete element method (DEM). A few studies have considered this
approach, addressing the common issues with the transport of rock fragments during the
drilling operation [17–20]. For example, the effect of mud flow rate, inclination angle, well
pressure, and raised temperature on the cuttings transport efficiency in a concentric annulus
for an aerated mud drilling process were studied by Akhshik et al. [20]. In another work,
the effect of drill pipe rotation on cuttings transport behavior has been investigated using
the CFD–DEM approach [17]. The impact of the microscopic properties of particles, such
as the sliding and rolling friction coefficients of particle–particle, particle–drill string, and
particle–wall contact interactions on the characteristics of cuttings transport mechanisms
near a horizontal deviated well was investigated [19]. It was reported that the sliding
friction coefficient has a dominant role in cuttings transport in comparison with the rolling
friction factor. It should be noted that in the work by Akhshik et al. [19], the particle
size and the hydraulic diameter were 6.35 mm and 78 mm (annular distance of 36 mm),
respectively. No information on the mesh size nor a clear mesh dependency study was
reported, but considering the approach requires a mesh size about two times (or more)
bigger than the particle diameter, the number of meshes (relatively coarse) should have
been very limited across the annulus. Moreover, considering the turbulence of the carrier
phase (fluid), the velocity gradient near the wall was significantly high, and the simulation
results tend to be influenced by the mesh size [21].

The use of CFD–DEM requires careful consideration of particle–fluid interactions,
particularly considering appropriate mesh configurations, which would be computationally
very expensive for fully resolved systems. Hence, approximations based on unresolved
systems, where mesh size should be larger than particles, need careful attention, particularly
for investigating particle behavior near the wall conditions. Most of the recent studies are
suffering from lack of mesh refinement for particle–fluid interactions near the wall region,
which is significantly important for the sedimentation and suspension of cuttings. Overall,
a systematic study of the effect of mud rheology on cuttings transport in fully coupled
CFD–DEM with appropriate mesh configuration near wall regions is still lacking in the
literature. The aim of this paper is therefore to simulate The cuttings transport process in
the bottomhole using a fully coupled CFD–DEM approach. In this work, we use optimized
mesh refinement to account for the wall effects. The impact of mud rheology, cutting size,
drill rotation, inclination angle, and mud annular velocity on the cuttings transport and the
hole cleaning efficiency are investigated.

2. Model Description

A three-dimensional (3D) model of an annulus of an oil well was simulated to study
the cuttings transport in vertical, deviated, and horizontal well drillings using fully coupled
CFD–DEM. The mud (the continuous phase) motion is modelled as an incompressible fluid
based on a Eulerian CFD approach and the cutting (dispersed solid phase) collisions are
simulated by the DEM method. The continuous fluid and discrete solid phases are fully
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coupled via interaction forces (e.g., drag force, lift force). The mathematical formulation for
modelling of each phase is presented in the following section.

2.1. Fluid Phase Modelling

The governing equations of motion of unsteady, viscous, and incompressible fluid
phases can be described by the Reynolds averaged Navier–Stokes equations (RANS) as fol-
lows:

∂
(

αρ f

)
∂t

+∇·
(

αρ f uf

)
= 0 (1)

where uf is the fluid velocity, ρ f is the fluid density, and α is the volume fraction of the
fluid phase. The momentum conservation equation is expressed as:

∂
(

αρ f uf

)
∂t

+∇·
(

αρ f ufuf

)
= −α∇p + α∇·τ − S f + αρ f g (2)

where p is the fluid pressure, τ is the viscous stress tensor, and S f is the volume-averaged
interaction force. For a particular computational cell, the source term force, S f , is obtained
using the following equation:

S f =

(
∑M

i=1 Ff ,i

)
Vcell

(3)

where M is the number of particles, Ff,i is the force from particle i, and Vcell is the volume of
fluid in the computational cell.

In oil well drilling operations, the mud follows non-Newtonian fluid properties. It
has been suggested that the Herschel–Bulkley model better agrees with the rheological
performance of drilling fluids [22], and it can approximate the mud viscosity over a large
range of shear rates. The dynamic viscosity in the Herschel–Bulkley model is expressed
using Equation (4): 

µ = µyield i f
.
γ <

(
τ0

µyield

)
µ =

τ0+k
(

.
γ

n−
(

τ0
µyield

)n)
.
γ

i f
.
γ ≥

(
τ0

µyield

) (4)

where k is the consistency factor, n is the power law exponent, µyield represents the yielding
viscosity, τ0 defines the yield stress threshold, and

.
γ expresses the strain rate magnitude.

2.2. Solid Phase Modelling
2.2.1. Solid Phase Motion

The motion of each particle is simulated individually using Newton’s equations by
considering the relevant forces acting on the particle p in a fluid flow using the follow-
ing equation:

mp
∂up

∂t
= mpg

(
1 −

ρ f

ρp

)
+

(
kc

∑
i=1

Fp
c,i

)
+ FD + FS + FM + FP + · · · (5)

where mp and ρp are the mass and density of particle p, respectively, Fp
c,i is the contact force

acting on the external spherical element of the particle at element i, kc refers to the number
of spherical elements on the external surface of each particle (we assume all the particles
are spherical in this study), FS is the shear lift force, FM is the rotational lift or Magnus
force, and FP is the fluid pressure gradient force [23]. For the contact force calculations,
we consider both particle–particle and particle–wall collision interactions according to the
elastic contact behavior in absence of adhesion or cohesion, based on the Hertz–Mindlin
(no-slip) model.
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The rotational motion of particle p can be described as:

d
dt

Ipωp =
kc

∑
e=1

(
TD

t,e+TD
r,e) + Tp

DT (6)

where Tp
DT is the drag torque created by the slip rotation and TD

t,e and TD
r,e (e = 1, 2, . . . , k c)

are the torque vectors created by tangential and normal contact forces, respectively, acting
on a particle p [24] with the moment of inertia Ip and rotational velocity ωp.

Once the force has been calculated, the particle trajectories are obtained by means of
integration of the particle velocity as follows:

dxp

dt
= up (7)

where xp and up the particle position and velocity at time t, respectively.

2.2.2. Cuttings Slip Velocity

Cuttings slip velocity is the velocity of particles relative to the adjacent fluid. For
instance, while particles experience an upward force by drilling fluid velocity, inversely,
gravity forces them downward (settling tendency of cuttings) (Figure 1). Therefore, in the
cleaning process, mud flow velocity should be greater than cuttings slip velocity, otherwise
the cleaning process fails.
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Various equations have been derived to evaluate the slip velocities of spherical particles
in different flow regimes. The applicability of theses equations depends on the particle
Reynolds number:

Rep =
ρ f dpVs

µ
(8)

where particle Reynolds number (Rep) is a function of slip velocity (Vs), diameter of particles
(dp), viscosity (µ), and density (ρ f ) of fluid.

The equation of motion for a spherical particle inside a viscous fluid is given below:

dup

dt
=

18µ f

ρp D2
p

CD Rep

24
(u f − up) (9)

where the drag force coefficient CD is obtained as follows [25]:

CD =


24
Re i f Rep < 1

24
Rep

(
1 + 0.15 Re0.687

p

)
i f 1≤ Rep ≤ 1000

0.44 i f Rep > 1000

(10)
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In turbulent flow, the drag coefficient becomes constant. Hence, slip velocity can be
calculated by Zeidler’s [26] equation:

Vs = 9

√√√√Dp

(
ρp − ρ f

)
ρ f

Rep > 1000 (11)

In the intermediate range of particle Reynolds number, applicable in this study, Stokes’
law can be used to obtain the slip velocity, as shown by Equation (12):

Vs =

√√√√4gDp

(
ρp − ρ f

)
3ρ f CD

1< Rep < 1000 (12)

In Equation (9), for the lower limits of Reynolds numbers, CD → 1, the velocity
response time can be obtained from Equation (13):

τp =
ρpD2

p

18µ f
(13)

which is used to characterize the capability of particles to follow velocity changes in
the flow.

The Stokes number is a very important parameter related to the particle velocity. It
can be defined as the particle response time over the characteristic time scale of the flow
using the following correlation:

St =
τp

τf
(14)

where the characteristic time of flow field (τf ) can be defined as:

τf =
l

u f
(15)

where the length scale (l) in this study would be the hydraulic diameter (D h). Hence,
Equation (15) can be rewritten as:

St =
τpu f

Dh
(16)

If St ≤ 1, the particle response time is much less than the characteristic time associated
with the flow field. As a result, the particle has sufficient time to respond to changes in
flow velocity. Consequently, the particle and fluid velocities will reach velocity equilibrium.
Conversely, if St ≥ 1, the particle has no time to respond to changes in flow velocity, and
the particle velocity will be unaltered.

2.3. CFD–DEM Coupling

Figure 2 illustrates a diagram of the CFD–DEM framework. The ANSYS fluent CFD
code is coupled to the EDEM 2022.1 software (Altair Engineering) via adding a user defined
function (UDF) file to the coupling interphase library. It can be observed that the calculation
process begins with the initialization of all components of the simulation. Based on the
position of the particles and mesh information, the fluid properties are calculated in each
fluid cell and transferred to the coupling phase. Furthermore, the fluid–particle interaction
force acting on each particle is calculated using the information at current fluid time steps.
Moreover, the volumetric fluid–particle interaction force in each fluid cell is calculated. The
next step consists of the iteration loop of the DEM. The data from the coupling phase is
used in the equation of the motion of each particle. The iteration loop of DEM is repeated
m times (here, the DEM time step is typically 10−2 times smaller than the CFD time step).
Next, after the DEM loop completion, the new information of all particles is calculated at
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the next fluid time step. In CFD, all fluid phase equations are used to obtain volumetric
fluid–particle interactions. The CFD solver iterates over the next time step until the solution
converges in sequence of calculations.
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2.4. Model Geometry and Boundary Conditions

The model is considered as a confined-length concentric annulus consisting of two
cylindrical bodies. The interior cylinder represents the drill pipe and rotates with a constant
angular velocity around its axis. In real drilling conditions, the mud is injected through the
drill string all the way to the drill bit and is exerted from the nozzles of the bit, followed
by flushing the cuttings from the bottomhole and transferring drill cuttings to the surface
through the annulus. In the drilling process, the length of the annulus can be thousands
of meters, in which the drill string is placed. In order to reduce the computational cost,
a section of the annulus with fully developed length is modelled [26]. In this work we
assume that this annulus is very close to the drill bit; hence, a known number of cuttings
per second (based on rate of drilling) are constantly generated and enter the annulus,
where they can be ejected/flushed from the other end. The length of the annulus (l) is
selected in a way to ensure fully developed turbulent fluid flow within the annulus at a
different Reynolds number (l > 20D ) [27]. A concentric annulus with an outer diameter of
120 mm and an inner diameter of 50 mm with a 1500 mm length is modelled as presented
in Figure 3. In this work, we employed the Reynolds stress model (RSM) to account for the
turbulence regime.

Two-phase (particle–fluid) flow with uniform bulk velocity and uniform cutting fluid
volume fraction enters the annulus from one end and exits from the other end. Boundary
conditions were considered as the inlet flow velocity and the ambient pressure outlet. The
process is isothermal, and the wall boundary (contact between particles and walls) was
treated as a no-slip condition. Particles were generated at the inlet with the same velocity
as the inlet fluid. In this study, 10,000 particles per second are injected into the system
where the particle density is 2600 kg/m3. This corresponds to the cuttings mass flow rate
of 0.037 kg/s, calculated based on the representative rate of penetration (ROP) of 4.57 m/h
(15 ft/h). The rheological properties, geometrical characteristics, and simulation input
parameters in this study are shown in Table 1.
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Table 1. Simulation input parameter.

Parameter Experimental Work of Tomren et al. (1986) [2] Simulation Data in This Work Units

Drill string length 12 1.5 m

Angle of inclination 0, 20, 40, 60, 80 0, 45, 90 deg

Wellbore (hole) diameter 127 120 (4.75′′) mm

Drill pipe diameter 48.26 50 mm

Drill pipe rotation (rpm) 0, 50 60, 120 rpm

Eccentricity ratio 0.5 0 -

Fluid behaviour index (n) 0.65 0.65 -

Consistency index (k) 0.28 0.28 Pa.sn

Fluid inlet velocity 0.58, 0.72, 0.87, 1.1 0.5, 1, 1.5 m/s

Fluid density 1018 1018 Kg/m3

Particle density 2619 2600 Kg/m3

Particle shear modulus 10 MPa

Particle coefficient of restitution 0.5 -

Particle coefficient of sliding friction 0.5 -

Particle coefficient of rolling friction 0.05 -

Cutting diameter (average) 6.35 0.8–1.1 (1), 1.3–1.5 (1.4) mm

2.5. Relative Cuttings Concentration

Sifferman et al. [28] defined the cuttings transport efficiency as the ratio of the average
cuttings transport velocity to the average fluid velocity. In this study, a different concept
is defined to investigate the cuttings transport capacity of mud. The ratio of the number
of remained particles in the annulus (until reaching steady state) over the total number of
particles injected into annulus is defined as relative cuttings concentration (RCC):

RCC =
Number of particles remained in annulus

Total number of injected particles
(17)

A lower RCC would refer to a better cleaning performance. In this study, RCC needs to
be distinguished from the absolute cuttings concentration, which is the ratio of the volume
of remaining particles to the total volume of the annulus at steady state.

2.6. Mesh Information

The discretization of the computational domain is preformed based on the fluid phase
calculations. It should be also noted that for the unresolved CFD–DEM modelling, the grid
size must be larger than the largest particle in the domain. To obtain the optimum mesh
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arrangement with the minimum number of computational cells, a mesh sensitivity study is
usually carried out prior to running the main simulations. In this work, the RCC results of
a vertical well with 1.5 m/s mud velocity were obtained using different number of mesh
elements. In Figure 4, the steady state RCC and the required computational efforts (using
the Intel® Xeon® @ 3.10 GHz workstation with 24 cores and 64 GB of RAM) is plotted
against the mesh number. It can be seen that the cuttings concentration slightly decreases
as the mesh number is increased. This could be due to the fact that a smaller mesh size (due
to higher number of meshes) could result in more accurate representations of fluid–particle
interactions, leading to more particles being transported by fluid in the annulus. It can be
also observed that the change in cuttings concentration from 450,000 to 569,710 mesh cells is
very small. It was not possible to increase the mesh number beyond 569,710 as this would
result in mesh sizes being equal or smaller than particle sizes, which is not compatible with
the unresolved CFD–DEM principles.
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Figure 4. Mesh independency study; vertical annulus, mud annular velocity of 1.5 m/s.

Based on the results in Figure 4, with respect to particle size, grid size limitation, and
computation effort, the 569,710-cell mesh configuration was chosen. The computational
cells on the axial and radial cross sections of the annulus are presented in Figure 5.

Processes 2024, 12, x FOR PEER REVIEW 9 of 16 
 

 

Axial cross section view Radial cross section view 

  
Figure 5. Computational grid on the cross section of the concentric annulus. Rin and Rout are inner 
and outer radii, respectively. 

2.7. Mud Properties 
Simulations were carried out for fully developed fluid–solid phase flow in a vertical 

(0°) and deviated annuli (45° & 90°), where muds with different rheological properties, 
i.e., low, intermediate, and high viscosities, were used. The mud properties shown in Ta-
ble 2 were selected based on the experimental studies of Tomren [2] and Okranji and Azar 
[29]. The mud was considered as a Hershel–Bulkley non-Newtonian fluid, as discussed 
previously in the methodology section. 

Table 2. Rheological Properties of Mud Fluid Studied. 

Drilling Fluid 
Low-Viscosity Mud 

(LVM) 
Intermediate-Viscosity Mud 

(IVM) 
High-Viscosity Mud 

(HVM) 
Apparent Viscosity (Pa·s) 0.004 0.013 0.028 
Plastic Viscosity (Pa·s) 0.003 0.009 0.019 
Yield Point (Pa) 0.5 4 8 
Mud Re 9000–26,000 3000–8000  4000–12,000 
Particle Re 1 < 89–143 < 1000 1 < 13–18 < 1000 1 < 3–6 < 1000 
Slip Velocity (m/s) 0.25–0.4 0.12–0.16 0.05–0.12 
Particle Stokes Number 1–1.5 0.15–0.45 0.07–0.2 

2.8. Steady State Condition 
For a typical case, the evolution of number of particles in the annulus as a function 

of simulation time is plotted in Figure 6. In this figure, the results are shown for a hori-
zontal wellbore with high viscosity mud (HVM) and annular velocity of 1.5 m/s with an 
average particle size of 1.4 mm, while the pipe is rotated at 60 rpm. It can be seen that 
there is an initially linear correlation between number of particles and time, which is sim-
ilar to the rate of particle injection (10,000 particles/second). After about 0.8 s, the number 
of particles in the annulus starts to level off and reaches the steady state at around 4.5 s, 
where a relatively constant particle number in the annulus, corresponding to a solid frac-
tion of about 0.00128, was achieved for this case. 

Figure 5. Computational grid on the cross section of the concentric annulus. Rin and Rout are inner
and outer radii, respectively.



Processes 2024, 12, 784 9 of 15

2.7. Mud Properties

Simulations were carried out for fully developed fluid–solid phase flow in a vertical
(0◦) and deviated annuli (45◦ & 90◦), where muds with different rheological properties,
i.e., low, intermediate, and high viscosities, were used. The mud properties shown in
Table 2 were selected based on the experimental studies of Tomren [2] and Okranji and
Azar [29]. The mud was considered as a Hershel–Bulkley non-Newtonian fluid, as dis-
cussed previously in the methodology section.

Table 2. Rheological Properties of Mud Fluid Studied.

Drilling Fluid Low-Viscosity Mud (LVM) Intermediate-Viscosity Mud
(IVM) High-Viscosity Mud (HVM)

Apparent Viscosity (Pa·s) 0.004 0.013 0.028

Plastic Viscosity (Pa·s) 0.003 0.009 0.019

Yield Point (Pa) 0.5 4 8

Mud Re 9000–26,000 3000–8000 4000–12,000

Particle Re 1 < 89–143 < 1000 1 < 13–18 < 1000 1 < 3–6 < 1000

Slip Velocity (m/s) 0.25–0.4 0.12–0.16 0.05–0.12

Particle Stokes Number 1–1.5 0.15–0.45 0.07–0.2

2.8. Steady State Condition

For a typical case, the evolution of number of particles in the annulus as a function of
simulation time is plotted in Figure 6. In this figure, the results are shown for a horizontal
wellbore with high viscosity mud (HVM) and annular velocity of 1.5 m/s with an average
particle size of 1.4 mm, while the pipe is rotated at 60 rpm. It can be seen that there is an
initially linear correlation between number of particles and time, which is similar to the rate
of particle injection (10,000 particles/second). After about 0.8 s, the number of particles in
the annulus starts to level off and reaches the steady state at around 4.5 s, where a relatively
constant particle number in the annulus, corresponding to a solid fraction of about 0.00128,
was achieved for this case.
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Figure 6. Number of particles remaining in the annulus in a horizontal wellbore, 1.5 m/s, 60 rpm,
dp = 1.4 mm, HVM.

In the following section, the impact of mud flow rate, rheology, inclination angle, and
drill pipe rotation speed on hole cleaning efficiency is investigated. All simulations were
carried out until the cutting concentration reached a near-constant value.
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3. Results and Discussion
3.1. Effects of Mud Rheology

The effect of mud rheology on the RCC at different annular velocities for the horizontal
annulus is presented in Figure 7. In these series of simulations, the cutting size was 1.4 mm,
and the drill pipe rotated at 60 rpm. As shown, increasing the mud viscosity from LMV to
HMV resulted in a decrease in RCC and an increase in cleaning efficiency in the annulus at
all ranges of velocities. By changing from low-viscosity mud (LVM) to HVM at constant
velocities of 0.5 m/s, 1 m/s, and 1.5 m/s, RCC decreases by 38%, 32%, and 30%, respectively.
It can be derived that the impact of rheology on the cuttings transport is less at higher
flow rates.
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Figure 7. Effect of mud rheology on RCC at different flow velocities; horizontal annulus,
(dp = 1.4 mm).

The effects of mud viscosity on the cleaning efficiency at different inclination angles
for different mud velocities are presented in Figures 8–10. In this series of simulations,
cutting size was 1.4 mm and drill pipe rerated at 60 rpm. Simulations were carried out
for 0.5, 1, and 1.5 m/s mud velocities. The results in Figures 8 and 9 show that at 1.5 m/s
and 1 m/s mud velocities, the RCC rises with an increase in the angle of inclination (from
vertical to horizontal) for all types of mud. However, at 1.5 m/s mud velocity, increasing
the mud viscosity from LMV to HMV reduces the RCC by 35%, 30%, and 8% for 45-degree
horizontal and vertical annulus, respectively, suggesting that the effect of mud viscosity on
RCC reduction is more pronounced for the 45 degree-inclined annulus. The same trend can
be observed for 1 m/s mud velocity.

However, as shown in Figure 10 for all mud viscosities, at 0.5 m/s mud velocity,
RCC increases as the well is deviated from vertical to 45 degrees, while it drops when the
angle is further changed from 45 degrees to horizontal. Figure 11 shows the snapshots
of cutting distribution in the annulus for different inclinations at 0.5 m/s mud velocity.
Qualitatively, it can be seen that at 0.5 m/s mud velocity there are fewer cuttings, with a
more uniform distribution for the vertical well as compared to the inclined wells. For the
horizontal well, there are higher accumulations of cuttings near the bottom wall due to
gravity. Nevertheless, at this annular velocity, the 45-degree well will have the highest RCC,
as quantitatively shown in Figure 10. It is worth pointing out that Tomren et al. [2] also
reported that the cuttings concentration faced an increase at inclination angles near 45◦ at
lower annular velocities (@0.59 m/s) [2], though in their study, the particle concentration is
significantly higher than in this work. This could be caused by the cuttings sliding down
along the lower wall of the annulus, which nullifies the impact of other parameters.
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3.2. Effect of Cuttings Size on RCC

The effect of particle size on RCC is studied for the average particle diameters of 1 mm
and 1.4 mm. In these series of simulations, annular velocities varied from 0.5 to 1.5 m/s,
but the mud viscosity was kept constant (HVM). The inner pipe was rotated at 60 rpm.
Simulation results of RCC versus mud velocity for two different particle sizes are illustrated
in Figure 12. It can be seen that by reducing the cutting size from 1.4 mm to 1 mm at
velocities of 0.5, 1, and 1.5 m/s, the RCC reduces by 27%, 34%, and 35%, respectively.
According to Equations (12) and (13), the slip velocity and Stokes number are lower for
smaller particles. Consequently, small particles are more easily removed from the annulus.
By increasing the annular velocity from 0.5 to 1.5 m/s, the RCC reduces by 50% for larger
particles, while it reduces by 57% for the smaller cutting sizes, suggesting that the impact
of mud velocity on RCC is slightly less pronounced for larger particles.
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Figure 12. Effect of cuttings size on cleaning efficiency at different mud velocities (60 rpm and HMV).

3.3. Effect of Drill Pipe Rotation

The effect of drill pipe rotation on RCC for various mud velocities is investigated in
this section. Simulations were carried out with an average particle size of 1.4 mm and
constant mud viscosity (HVM), but with varying annular velocities, as shown in Figure 13.
It is observed that an increase in the drill pipe rotation tends to slightly reduce the RCC
in the annulus; i.e., by increasing the drill pipe rotation from zero to 120 RPM at 0.5, 1,
and 1.5 m/s mud velocities, RCC reduces by 15%, 7%, and 5%, respectively. Increasing
the drill pipe rotation motivates the cuttings to travel in the middle of the annulus rather
than near the walls due to the lifting effect. Moreover, it can be observed that at higher
mud velocities, the impact of drill pipe rotation on cuttings concentration in the annulus is
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lower, and the drill pipe rotation yields negligible improvement in the cuttings transport
rate in the annulus. In comparison with other parameters investigated in this study, drill
pipe rotation shows less impact on cleaning efficiency under turbulent flow regime, and it
is more pronounced at lower annular velocities.
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Figure 13. Effect of inner pipe rotation on cuttings concentration in horizontal annulus.

The snapshot of particle dispersion is framed in Figure 14, where the effect of drill
pipe rotation can be seen for 0.5 m/s.

Processes 2024, 12, x FOR PEER REVIEW 14 of 16 
 

 

 
Figure 13. Effect of inner pipe rotation on cuttings concentration in horizontal annulus. 

The snapshot of particle dispersion is framed in Figure 14, where the effect of drill 
pipe rotation can be seen for 0.5 m/s. 

 

 

 

Figure 14. Effect of drill pipe rotation in cuttings trajectory in horizontal annulus at V = 0.5 m/s. 

3.4. Discussion 
The parametric study in this work implies that different factors can reduce the RCC 

and improve the hole cleaning. For deviated wells, increasing mud viscosity has signifi-
cant impact on the hole cleaning, while for vertical wells, mud velocity has a more pro-
nounced effect on the hole cleaning. This could be due to the domination of the axial com-
ponent of particles’ slip velocity in vertical wells and the drag effects, as compared to the 
behavior of particles in deviated wells. However, in practice, there are limitations on the 
level of mud viscosity and pumping rate (mud velocity). An increase in mud viscosity can 
lead to a higher pressure drop in the annulus, requiring higher pumping power and sur-
face pressure for mud circulation. While this will increase the equivalent circulation den-
sity (ECD) of the mud, the surface pressure can approach the maximum allowable annular 
surface pressure (MAASP), beyond which an unwanted formation fracture can occur. 
Hence, the drilling engineers should optimize the mud viscosity and pumping rate with 
the consideration of pressure drop and MAASP.  

On the other hand, in highly deviated and horizontal drillings a rotary steerable drill-
ing system (RSS) is normally used, which enables drilling without the rotation of the pipe. 
The current study implies that lack of drill pipe rotation may have minimal effect on the 
cutting transport if a sufficient mud-pumping rate (mud velocity) is used.  

Moreover, our study shows that RCC increases with the particle size, leading to a 
lower hole cleaning efficiency for larger particles. However, RCC can be reduced if higher 
mud velocities are used. Hence, one can conclude that for the optimization of hole clean-
ing, the drilling engineers should design the mud properties and its pumping rate (mud 
velocity) according to the larger cuts of particles, while considering safe and operable con-
ditions of the mud circulation, as stated earlier.  

0

5

10

15

20

25

30

0 60 120

RC
C 

(%
) 

RPM

V= 0.5 m/s

V= 1 m/s

V= 1.5 m/s

Figure 14. Effect of drill pipe rotation in cuttings trajectory in horizontal annulus at V = 0.5 m/s.

3.4. Discussion

The parametric study in this work implies that different factors can reduce the RCC
and improve the hole cleaning. For deviated wells, increasing mud viscosity has significant
impact on the hole cleaning, while for vertical wells, mud velocity has a more pronounced
effect on the hole cleaning. This could be due to the domination of the axial component of
particles’ slip velocity in vertical wells and the drag effects, as compared to the behavior
of particles in deviated wells. However, in practice, there are limitations on the level of
mud viscosity and pumping rate (mud velocity). An increase in mud viscosity can lead to a
higher pressure drop in the annulus, requiring higher pumping power and surface pressure
for mud circulation. While this will increase the equivalent circulation density (ECD) of the
mud, the surface pressure can approach the maximum allowable annular surface pressure
(MAASP), beyond which an unwanted formation fracture can occur. Hence, the drilling
engineers should optimize the mud viscosity and pumping rate with the consideration of
pressure drop and MAASP.

On the other hand, in highly deviated and horizontal drillings a rotary steerable
drilling system (RSS) is normally used, which enables drilling without the rotation of the
pipe. The current study implies that lack of drill pipe rotation may have minimal effect on
the cutting transport if a sufficient mud-pumping rate (mud velocity) is used.

Moreover, our study shows that RCC increases with the particle size, leading to a lower
hole cleaning efficiency for larger particles. However, RCC can be reduced if higher mud
velocities are used. Hence, one can conclude that for the optimization of hole cleaning, the
drilling engineers should design the mud properties and its pumping rate (mud velocity)
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according to the larger cuts of particles, while considering safe and operable conditions of
the mud circulation, as stated earlier.

This study has provided an insight into the effect of mud rheology and drilling
conditions on the efficiency of cutting transport using unresolved DEM–CFD simulations
and spherical particles; however, as there will be improvements in the computational power
and simulation algorithm, future work could be extended to the simulation of penetration
of drill bit into the formation, as a result of which, particles of different shapes and sizes
could be produced.

4. Conclusions

In this study, a fully coupled CFD–DEM model is simulated to study the effect of the
mud rheology, cutting size, well inclination, and drill pipe rotation on the hole-cleaning
process, where the relative cuttings concentration (RCC) is defined to represent the cuttings
transport performance in the annulus. In terms of the effects of mud rheology on cuttings
transport, where the mud behavior obeys the Herschel–Buckley viscosity model, three
types of mud viscosity (high, intermediate, and low) have been examined in the CFD–DEM
model. In this work, mud velocities varied from 0.5 m/s to 1.5 m/s for vertical, 45-degree,
and horizontal wells, while the drill pipe rotation was changed from 0 to 120 rpm.

In conclusion, the main findings of this study can be summarized as follows:

• Mud annular velocity has a dominant effect on RCC. Lower RCC and better cleaning
performance can be achieved by increasing mud velocity to its limiting value for all
ranges of well inclinations.

• At all well inclination angles, the RCC is lowest at high mud viscosity; however,
the effect of mud viscosity is more pronounced at lower annular mud velocities. By
increasing the velocity, the impact of mud viscosity on RCC is reduced.

• RCC increases from vertical to horizontal wells at higher mud velocities, but at low
mud velocity (0.5 m/s), the 45-degree well has the highest RCC.

• The impact of drill pipe rotation is more pronounced for lower values of annular mud
velocity. Increasing drill pipe rotation from zero to 120 rpm improves the cleaning
efficiency in deviated annuli at lower velocities, while it has very little effect for the
vertical annulus.
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