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Abstract 

Multi-particulate flow CFD modelling is carried out while taking eccentricity 
into account considering drilling horizontal oil wells. The present work focuses 
on the effect of different cuttings sizes and their concentration on borehole clean-
ing. The carrier phase is a CMC-Bentonite solution which is a non-Newtonian fluid 
and the secondary phase is sand cuttings with different sizes. The RNG-k-ε turbulence 
mixture model is implemented along with the Eulerian-Eulerian multiphase model. The 
present CFD work has been validated with different experimental work and analyti-
cal results. The cutting size distribution in terms of volume fraction has been plot-
ted along the various planes. Contours for volume fraction for different cutting size 
and inlet cuttings concentrations are also obtained. The increase in turbulence kinetic 
energy through increase inlet axial slurry velocity and drillpipe rotation (from v = 1 m/s, 
N = 50 rpm to v = 3.5 m/s, N = 100 rpm) is very effective in reducing cuttings accumula-
tion for slurry A. The migration of cuttings from stationary zone to suspension zone 
is high for larger cuttings as compared to smaller cuttings from plane P2. The equiva-
lent two-phase simulation for considered five-phase flow of slurry A has the similar 
cuttings distribution.

Keywords:  Multi-particulate flow, Borehole cleaning, Eccentricity, CFD, Cuttings 
transport

Introduction
Multi-particulate flow through eccentric annulus is difficult to model due to flow being 
ladened or suspended with particles (acting as secondary phases) of different cutting 
sizes, shapes, and materials [1]. The non-Newtonian behavior of the primary phase of 
slurry flow makes it additionally complicated. This arises during the flow of drilling flu-
ids carrying the cuttings through borehole annulus (in horizontal and directional drill-
ing), which is of eccentric configuration. Drilling fluid is pumped to the bottom hole 
through the annulus between the drill string and drill pipe. Cuttings produced during 
drilling are brought to the surface by drilling fluid. The typical drilling fluid is a non-
Newtonian fluid with a high yield stress and low effective viscosity, which helps to trans-
fer cuttings and maintain solid particles in suspension during stationary periods. Poor 
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hole cleaning causes several issues, including clogged pipes, early bit wear, excessive 
torque, and power loss. In horizontal and inclined drilling because of gravity, cuttings 
get settled down in lower wall of the wellbore which leads to the formation of cuttings 
bed. The hydrostatic pressure gradient is 10 kPa/m for the well 214/28–1 [2].

Single-phase and multi-particulate slurry flow through annulus is an area of interest 
for researchers for many decades in the oil and gas industries. Directional and horizontal 
drilling is more difficult as compared to vertical drilling due to the formation of cut-
tings bed. Generated cuttings during drilling get accumulated due to insufficient cut-
tings transport fluid velocity. Preliminary work on the flow loop (Nouri et al. [3], Nouri 
and Whitelaw [4], Escudier and Gouldson [5]) is highly important in understanding 
flow through concentric and eccentric annuli for Newtonian and non-Newtonian flu-
ids. Nouri and Whitelaw [4] studied experimentally the flow of Newtonian and non-
Newtonian fluid in an eccentric annulus with the rotation of inner wall. They concluded 
that drill pipe rotation has similar effect on both Newtonian and non-Newtonian fluid. 
The major factors affecting the cuttings transport from the experimental investigation of 
Tomren et al. [6] are drilling fluid velocity, hole inclination, and rheological properties.

Since the last 20 years, advances in computational methods have made it possible to 
simulate the transport of cuttings while taking into account turbulence and multiphase 
models. Researchers frequently employ commercial CFD tools, open-source software, 
or object-specific programs based on FVM, FEM, etc. to optimize borehole cleaning in 
deep drilling. Due to extremely large high pressure and high-temperature such analysis 
is difficult to perform using an experimental approach due to the complexity involved. 
The Eulerian-Eulerian multiphase modelling is mostly considered by researchers for 
CFD modelling of cuttings transport through concentric and eccentric annulus (Rooki 
et al. [7], Sun et al. [8], Dewangan and Sinha [9], Amanna and Movaghar [10]). Dewan-
gan and Sinha [9] compared different numerical schemes for non-Newtonian flow in 
eccentric annulus considering rotation of drillpipe. They studied the effect of slurry inlet 
velocity, drillpipe rotation and inlet cuttings concentration in hole cleaning process. 
Two-phase flow, having primary phase as water and secondary phase as sand particle, 
through concentric annulus was considered. Dewangan and Deshmukh [11] investigated 
multi-particulate flow in concentric annulus with different slurry concentration consid-
ering different cutting sizes. Pang et al. [12] performed numerical simulation for cuttings 
transport phenomenon implementing sliding mesh for drill pipe rotation. They stud-
ied the flow behavior of cuttings by changing the rheological parameters. It was found 
that flow behavior index is significant factor that affects pressure drop for flow through 
annulus. Kelessidis et  al. [13] investigated concentric and eccentric annular flow for 
bentonite-water dispersions using Hershel–Bulkley model for laminar, transitional, and 
turbulent conditions. Escudier et al. [14] studied both concentric and eccentric annulus 
(with and without drillpipe rotation) for shear-thinning fluid flow.

Ferroudji et  al. [15] investigated annular cuttings transport using ANSYS fluent for 
power law fluid considering turbulent condition. They estimated volume fraction and 
pressure drop for the considered multiphase flow of slurry. They applied ERT (electric 
resistance topography) technique in the flow loop system for the validation of their 
work. They also applied the Buckingham-П theorem for the development of dimensional 
less analysis for the prediction of cuttings volume fraction and pressure drop. Khaled 
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et al. [16]studied cuttings transport in spiral tortuous hole for horizontal well using CFD. 
They implemented polyhedral meshing style along Eulerian- Eulerian multiphase flow 
for laminar flow conditions. Ferroudji et al. [17] investigated the cuttings transport the 
orbital motion of drillpipe in an eccentric annulus implementing sliding mesh in Ansys 
Fluent.

Many researchers have studied the concentric and eccentric annulus experimentally, 
numerically, and analytically for both Newtonian and non-Newtonian fluids ([1, 4, 5, 
11, 18–25]). They have studied the effect of axial slurry velocity, cutting concentrations, 
pressure loss, eccentricity, and variation of rotational speed. Mostly, these works are 
based on single-phase and two-phase flow. Research on slurry flow involving more than 
two phases has been investigated by very few authors [26].

The present study aims the CFD modelling for multiphase flow considering cuttings 
transport. The study presents the cuttings distribution for eccentric annular flow for dif-
ferent inlet cuttings concentration considering the inlet axial slurry velocity and drillpipe 
rotation. The cuttings volume fraction is plotted across different radial and sectional 
planes. The main objective is to study the effect of different cuttings and their distribu-
tion in annular flow to analyze the cuttings transport. The equivalent two-phase flow for 
the considered five-phase flow has been also performed and cuttings volume fraction 
is compared. The present investigation will be very helpful in understanding the actual 
oil well horizontal drilling process which involves slurry transport of cuttings of differ-
ent sizes. The drilling fluid undertaken in the present investigation is a CMC-Bentonite 
solution that obeys the Herschel-Bulkley model of non-Newtonian behavior. As the cut-
tings generated in the drilling process are of different sizes and shapes it is a tough task 
to simulate the actual process. In the present work, the spherical cuttings have been con-
sidered of different diameter to replicate the actual condition.

Physical conditions and mathematical modelling

Physical conditions (geometry and boundary conditions)

Essential dimensions of modeled geometry of eccentric annulus are given in Table 1. Pic-
torial view of model and its mesh are shown in Figs. 1 and 2 which were done in ANSYS 
design modeler and meshing.

The modelled geometry is meshed in hexahedral cell structure in Ansys mesh imple-
menting edge division (Fig.  2). The boundary conditions adopted in the simulation of 
multi-particulate flow through the eccentric annulus is shown in Fig. 3. At inlet section 
slurry having sand particles of different sizes have given constant inlet axial velocity. 
The velocity at the inlet for the primary phase (CMC-Bentonite solution) and secondary 

Table 1  Model geometrical parameters

Model geometrical parameter Value

Well bore diameter (annulus outer dia.),Do 80 mm

Drill Pipe diameter (annulus outer dia.),Di 60 mm

Annulus length,  Le (> 100 DH) 2.5 m

Hydraulic mean diameter,DH = Do − Di 20 mm

Annulus eccentricity 8 mm
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phase (sand cuttings of different sizes) is equal (Tables 2 and 3). The outer wall of the 
eccentric annulus (casing) is stationary while the inner wall (drillpipe) of the eccentric 
annulus has provided constant rotational speed. The outlet boundary condition is pres-
sure outlet with a pressure of 350 bar.

Mathematical modelling and governing equation

The flow through eccentric annulus is assumed a three-dimensional, turbulent, steady, 
incompressible, and multiphase flow. In the Eulerian-Eulerian multiphase model, n set of 
the equation for momentum and continuity is solved for each phase. Let−→u s,−→u L,Cs,CL,ρs 
and ρL denote the velocity, volumetric concentration, density of the solid phase (suffix ‘s’) 
and carrier phase (suffix ‘L’) respectively. Coupling is achieved through the pressure and 

Fig. 1  Isometric view of the modeled geometry in ANSYS design modeler

Fig. 2  Hexahedral mesh for modelled geometry
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Fig. 3  Boundary conditions adopted for the flow through the eccentric annulus

Table 2  Slurry characteristics

Slurry characteristics Value

Density of primary phase: CMC-Bentonite solution 1200 kg/m.3

Non-Newtonian Rheology parameters of CMC-Bentonite solution Consistency index (K) 2.191728

Power law index (n) 0.46

Yield stress threshold 7.5168 Pa

Critical shear rate 100 s−1

Density of secondary phase: sand 2650 kg/m.3

Particle sizes (mm) 1, 0.95, 0.93, 0.9, 0.87, 0.85, 0.8, 
0.75, 0.72, 0.7, 0.68, 0.65, 0.6, 0.5

Inlet cuttings concentration 8%, 10%, 12%, and 14%

Slurry inlet axial velocity 1 m/s and 3.5 m/s

Inner wall rotation 50 rpm and 100 rpm

Table 3  Simulated cases

Case 1: different cutting sizes

Inlet axial slurry velocity, v = 1 m/s, Drillpipe rotation, N = 50 RPM and Inlet cuttings concentration = 12% (Ph. 
2 = 4%, Ph. 3 = 4%, Ph. 4 = 2%, and Ph. 5 = 2%)

Slurry Ph. 2 Ph. 3 Ph. 4 Ph. 5 Average cuttings size

A 1 mm 0.85 mm 0.75 mm 0.65 mm 0.8500 mm

B 0.9 mm 0.8 mm 0.7 mm 0.6 mm 0.7833 mm

C 0.95 mm 0.75 mm 0.65 mm 0.5 mm 0.7583 mm

D 0.93 mm 0.87 mm 0.72 mm 0.68 mm 0.8333 mm

Case 2: Different cuttings concentration slurry A

Inlet axial slurry velocity, v = 3.5 m/s, Drillpipe rotation, N = 100 RPM

Slurry Inlet cuttings 
concentration

1 mm 0.85 mm 0.75 mm 0.65 mm Average cuttings size

E 8% 2% 2% 2% 2% 0.8125 mm

F 10% 1% 2% 3% 4% 0.7550 mm

G 12% 4% 4% 2% 2% 0.8500 mm

H 14% 3% 4% 3% 4% 0.8036 mm
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interphase change coefficient. The sum of the volume fraction of the solid and liquid is 
always unity. The volume-averaged steady continuity equation is given as

where k is the representative index for liquid and solid phases. Similarly, the momentum 
equation for the n phases is given as

Where, −→g  is the acceleration due to gravity, τk is the stress tensor,p is the pressure,  
−→

R  
is the interaction force between the phases, 

−→

F k is the body force, 
−→

F lift,k is a lift force and 
−→

F vm,k is the virtual mass force per unit mass of phase k. The same pressure is shared by all 
the phases while the pressure at the interface is the average pressure of both the phases. The 
lift force acting on solid phase S in a carrier phase L is computed as

The interphase momentum exchange coefficient is given by

The drag coefficient CD is given by

where,ReS is the relative Reynolds number for the solid phase ‘s’ and liquid phase ‘L’. The 
random motion arising from the particle–particle collision is used to obtain the viscosi-
ties. The solid stress tensor contains shear viscosity µS , arising from the particle momen-
tum exchange due to translation and collision. The shear viscosity of the solid is obtained 
as the assumption of collision kinetic parts as per the following expressions.
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A frictional component of viscosity can also be included to account for the viscous-
plastic transition that occurs when particles of a solid phase reach the maximum solid 
volume fraction.

Frictional viscosity using the Schaeffer [27]

In the granular flow for the compressible regime, a solid pressure term is calculated 
independently where the solid volume fraction is less than the allowed maximum 
value. It is used to describe the pressure gradient term used in the granular phase 
momentum equation.

The granular bulk viscosity of solid is given by Lun et.al [28].

where, eSS  is the coefficient of restitution for particle collisions which is taken as 0.9, 
TS is granular temperature and  go is the radial distribution function. TS is proportional 
to the kinetic energy of the fluctuating particle motion. The radial distribution func-
tion is inferred as the probability of particle touching another particle. The function 
go is a distribution function that governs the transition from “compressible” condition 
(α < αS,max) to the “incompressible” condition with ( α = αS,max ). The mixture-based 
turbulence model has been implemented in present work considering the particulate 
loading. The governing equations for mixture based RNG k-ε turbulence model is given 
as follows:

The mixture density and velocity, ρm and  −→v m , are computed respectively, by the 
following relationship:
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Turbulent viscosity ( µt,m ) is given by

The production of turbulence kinetic energy Gk ,m is computed by the following 
formula.

The constants in the RNG k − ε turbulent, σε = 1.3,C1ε = 1.42 and C2ε = 1.68  has 
been derived by solving the RNG theory analytically.

Numerical procedure and parameters used for present analysis

The simulations have been carried out in Ansys 18.2 Fluent. The CFD simulation per-
formed in the present study is for a steady state. The pressure-based solver has been 
considered for the simulation. The Eulerian-Eulerian multiphase model has been imple-
mented on the computational domain with an implicit method for the volume fraction 
in the present investigation dealing with the flow in the eccentric annulus. The flow is 
a five-phase flow involving primary phase as CMC-Bentonite solution and sand parti-
cles of different size. The primary phase is (ph.1) and secondary phases (ph.2–5) which 
is tabulated in Table 3. Five-phase consist of primary phase (CMC-Bentonite solution) 
which is phase 1 while the four cuttings of different sizes are count as four different 
phases.

For the turbulence modeling of the eccentric annular flow, the mixture-based RNG k-ε 
turbulence model has been applied. This turbulence model has been adopted by many 
researchers (Najafi et  al. [29], Gupta and Kumar [30], Escue and Cui [31]) to deal the 
swirling flows in their investigations. ANSYS-FLUENT [32] also recommends RNG k-ε 
model for swirling flows.

The phase-coupled SIMPLE algorithm has been adopted for the pressure–veloc-
ity coupling which is an extension of the SIMPLE algorithm for the multiphase flow. 
First-order upwind discretization scheme has been used for the momentum, turbulent 
kinetic energy, and turbulent dissipation energy equation. The residual value for the 
velocity components, turbulent kinetic energy, turbulent kinetic energy dissipation rate, 
and volume fraction was set to the value of 10−4 . These schemes along with the residual 
convergence criteria ensured the accuracy of the obtained results. The residual of turbu-
lence kinetic energy is monitored at Z = 1.8 m to ensure the convergence. Table 2 shows 
slurry characteristics, while Table 3 shows various simulation cases considering different 
phases (Ph.) concentration and cuttings size. The initial and final under-relaxation fac-
tors for different parameters have been shown in Tables 4 and 5. Under-relaxation fac-
tors have been reduced from their initial values for convergence.
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Mesh independency and validation

Mesh independency

The four different mesh sizes were considered for the mesh independency test. The 
hexahedral mesh is generated with the different azimuthal, radial, and longitudinal dis-
tribution which is shown in the Table 6. For mesh independency, two-phase numerical 
simulation has been performed in ANSYS-Fluent for eccentric annulus flow considering 
Eulerian multiphase model using mixture model approach. In this simulation, primary 
phase is CMC-bentonite solution, which is a non-Newtonian fluid used as drilling mud, 
and secondary phase is sand particle of diameter 0.8333 mm. Axial inlet slurry velocity 
was taken 1 m/s and inner wall rotation was taken 50 rpm. The RNG k-ε turbulent model 
was used for the simulation as suggested by many researchers.

Figure 4 shows insight of section cut at z = 1.8 m. This section has been considered at 
much larger distance than the entrance length due to the complication involved in the 
multi-particulate flow. The flow is fully developed at z = 1.8  m which is more than 50 
times of hydraulic diameter. Figure 5 shows the radial plane P1, P2, P3, and P4 at an axial 
distance of 1.8 m from the inlet. The plots for the volume fraction of different cutting 
sizes and slip velocity of different cases have been obtained along these planes.

Figure 6a, b shows volume fraction of sand particles obtained along planes P1 and P2. 
Mesh A and mesh B follow the same trends. After mesh B, the axial pressure drop shows 
nearly identical results. In the present simulation Mesh C is optimum mesh considering 

Table 4  Initial under-relaxation factor

S.N Parameter Factor S.N Parameter Factor

1 Pressure 0.5 6 Turbulent kinetic energy 0.8

2 Density 1 7 Turbulent dissipation rate 0.8

3 Body forces 1 8 Turbulence viscosity 1

4 Momentum 0.7 9 Granular temperature 0.1

5 Volume fraction 0.5

Table 5  Final under-relaxation factor

S.N Parameter Factor S.N Parameter Factor

1 Pressure 0.3 6 Turbulent kinetic energy 0.5

2 Density 1 7 Turbulent dissipation rate 0.5

3 Body forces 1 8 Turbulence viscosity 0.8

4 Momentum 0.7 9 Granular temperature 0.1

5 Volume fraction 0.3

Table 6  Different meshes considered in the mesh independency test

S.N Mesh Azimuthal Radial Longitudinal Elements

1 A 120 40 100 492,000

2 B 120 40 120 590,400

3 C 130 40 120 633,600

4 D 120 40 150 738,000
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the accuracy of the result and computational time. Hence, in the further investigation 
Mesh C is chosen for the proceeding simulations.

Fig. 4  Representation of Section cut at z = 1.8 m

Fig. 5  Different planes at section z = 1.8 m
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Validation with analytical results

The considered fluid is water with density and viscosity of 998.9  kg/m3 and 
0.001003  kg/m-s. The simple scheme has been used for the pressure–velocity cou-
pling. For turbulence modeling RNG k-ε model along with enhanced wall treatment. To 
deal with the turbulent condition pressure gradient corrections were considered. The 
obtained results are compared in Figs. 7 and 8 considering the bulk Reynolds number 
and with bulk slurry flow velocity with pressure gradient. It is found to be in good agree-
ment. The average error has been calculated for the validation of CFD result with experi-
mental and analytical for Figs. 7 and 8. The average error is 5.73% for CFD result and 
analytical result while average error is 4.84%. for CFD result and experimental work.

Validation with the previous experimental work

Roco and Addie [34] experimentally studied the water–sand slurry in horizontal 
channel with water as the carrier fluid. Two different cases have been simulated for 
the experimental validation in ANSYS Fluent. The Eulerian multiphase approach is 
implemented for multiphase modeling.

Fig. 6  a Volume fraction for different meshes along plane P1 and P2. b Axial pressure drop for different 
meshes
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•	 Slurry–A: us,L = 3.78m/s , Cs = 9.18% , D = 51.5mm , dp = 165µm

•	 Slurry–B: us,L = 3.2m/s , Cs = 11.93% , D = 50.7mm , dp = 520µm

The simulated result for the present case and the experimental work of Roco and 
Addie [34] has been compared in Figs. 9 and 10. Two different cases have been simulated 

Fig. 7  Validation for turbulent flow through concentric annulus for present CFD prediction with analytical 
results

Fig. 8  Comparison CFD prediction and experimental work (Kaushal et al. [33]) for different slurry flow 
velocity and axial pressure gradient
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for the comparison of experimental results with CFD results for the slurry flow through 
pipe. There is a good agreement between the CFD predictions using fluent and experi-
mental data. The maximum error is around 5.6% for Fig. 9 and 5.7% for Fig. 10 in com-
parison of CFD prediction with the experimental data.

Nouri and Whitelaw [3, 4] experimentally studied flow of both Newtonian and non-
Newtonian fluid in eccentric annulus. They measured axial and tangential velocity 
across different planes. The experimental results are compared for axial and tangential 
velocity with CFD simulated results using RNG k-ε and SST k-ω model turbulence. Both 

Fig. 9  Variation of solid concentration for slurry A and B along the pipe diameter

Fig. 10  Variation of solid velocity for slurry A and B along the pipe diameter
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the turbulence model is in good agreement with experimental results (Fig. 11). The pre-
sent CFD work have been simulated with RNG k-ε turbulence model for lesser mesh ele-
ments considering the ease of simulation.

Both the models are underpredicting normalized axial velocity in plane 2 while over-
predicting in plane 3. In planes 2 and 3, both the models are predicting almost same 
for both normalized axial and tangential velocity. Also, both models are underpredicting 
normalized tangential velocity in plane 1.

Results and discussion
Effect of different cuttings sizes for slurry A

The inlet axial velocity of slurry A is 1  m/s while drillpipe rotation is 50 RPM (anti-
clockwise). The contours and plots are obtained for z = 1.8 m. This is a suitable location 
to obtain accurate results as the flow is fully developed much before this considered sec-
tion. Rotation is seen as anti-clockwise when it is viewed from the outlet end. Figure 12 
depicts the contours of volume fraction of different cuttings for slurry A. Bed formation 
is shifted from narrow to wider region which enhances the cuttings transport. The small 
cuttings (0.65 mm and 0.75 mm) are mostly in the stationary zone while the large cut-
tings (0.85 mm and 1 mm) are in the suspended zone due to the high drag force. Thus, 
the cuttings transport of small size particles is difficult as they cannot be suspended 
due to the less drag force. The removal of small cuttings can be enhanced by increasing 
the drilling fluid velocity which not only increases the axial component of the cuttings 

Fig. 11  Normalized axial and tangential velocity along different planes e = 0.5, Reynolds number = 9000 and 
Rossby number = 4.6 (Nouri and Whitelaw [4])
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velocity but also increases the drag force. To get the clearer view of the particle size dis-
tribution of sand particles, the volume fraction is plotted along different planes which 
are shown from Fig. 13. It is observed that the cutting concentration is the maximum 
towards the outer wall of the annulus along plane P1. This is due to the centrifugal effect 
due to the rotation of the inner cylinder. The cutting concentration is almost constant 
for all the particles sizes between the annular gap in plane P1. The plane P2 is the criti-
cal plane in terms of bed formation in the absence of rotational speed of inner cylinder 
because of gravity. Due to the rotational effect (anti-clockwise rotation) and the drillpipe 
eccentricity the bed formation is shifted away from the bottom plane (plane P2) towards 
the right. The bed formation can be seen clearly observed as the maximum concentra-
tion is on the lower portion of the annular gap across the plane P2.

The weighted average volume fraction is the volume fraction of different cutting size 
at the considered plane calculated based on the weighted method. The WAVF is used 
for slurry whereas the volume fraction is used for the cuttings in the slurry. The max-
imum volume fraction is around 23% in plane P2 for the particle size of 1  mm while 
the maximum weighted average volume fraction (WAVF) is around 14%.The cutting 

Fig. 12  Contour of WAVF of slurry A and volume fraction of its cuttings (v = 1 m/s, N = 50 RPM, ICC = 12%)
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concentration is the maximum near both the inner and outer wall of annulus while con-
stant for the annular gap. The cutting concentration is maximum near the inner wall of 
annulus and its constant for the annular gap in plane P4. The volume fraction of cuttings 
in the suspension zone is directly dependent upon the size. The cuttings concentration 
in the plane P1, P3, and P4 show the presence of cuttings in the suspension zone. The 
availability of cuttings in the suspension zone enhances the cuttings transport and bore-
hole cleaning.

Effect of different inlet cuttings concentration for slurry A

The cuttings of slurry A has been considered but the volume fraction of cuttings has 
been changed at the inlet (Table 3) i.e., Slurry E. It is simulated with the axial inlet veloc-
ity of 3.5 m/s and inner wall rotation of 100 rpm. The contour of volume fraction of dif-
ferent sized sand particle is shown in Fig. 14.

The accumulation of cuttings can be observed to form a symmetrical eccentric ring-
like structure near to the wall of the annulus. The cuttings of smaller sizes which are 
in the stationary zone have been migrated towards the suspension zone. This help to 
remove the cuttings of smaller sizes. Figure 15 shows the cutting concentration of sand 
different particle along different plane. The cuttings concentration has increased along 
the plane P1, P3, and P4. This indicates the migration of the cuttings from the stationary 
zone to moving and suspension zone.

Fig. 13  Volume fraction of different cutting sizes across Plane P1, P2, P3, and P4 (v = 1 m/s, N = 50 RPM, 
ICC = 12%)
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Effect of different slurries for same inlet cuttings concentration

Case 1 mentioned in Table 4 has been simulated with slurry A, B, C, and D. The inlet 
cutting concentration, inlet axial slurry velocity and inner wall rotations are constant 
for all the slurry considered in case 1. All the slurry considered in case 1 has different 
cutting size distribution. The contour of weighted average volume fraction (WAVF) 
for slurry A, B, C, and D is shown in Fig. 16. As the considered slurry in case 1 has 
different cutting size distribution the method of weighted average has been used for 
comparison. The zone of the maximum weighted average cutting concentration is 
the same for slurry A, B, C, and D which is around 16%. Slurry A, B, C, and D have 
0.85 mm, 0.7833 mm, 0.7583 mm, and 0.833 mm weighted average diameter respec-
tively. The stationary zone comprises almost same volume fraction irrespective of the 
cutting size distribution while the suspension zone has noticeable variation in the 
cutting volume fraction.

Figure 17 shows the WAVF of slurry A, B, C, and D along the Plane P1, P2, P3, and 
P4 respectively. The nature of the curve for all the slurry is almost same along all the 
plane except there is very little divergence is found along the plane P1 (towards the 
inner wall of the annulus) and P4 (towards the outer wall of the annulus). Thus, for 
the same inlet cutting concentration, the weighted average cutting concentration is 
same irrespective the different particle size distribution.

Fig. 14  Contour of WAVF of slurry E and volume fraction of its cuttings (v = 3.5 m/s, N = 100 rpm, ICC = 8%)
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Fig. 15  Volume fraction of different cutting sizes across Plane P1, P2, P3, and P4 (v = 3.5 m/s, N = 100 RPM)

Fig. 16  WAVF of slurry A, B, C, and D for the same inlet cutting concentration with different cutting sizes 
(v = 1 m/s, N = 50 RPM, ICC = 12%)
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Effect of different slurries for different cuttings concentration

Slurry E, F, G, and H have been simulated with the inlet solid concentration of 8%, 
10%, 12%, and 14% for the axial inlet slurry velocity of 3.5 m/s and inner wall rotation 
of 100 RPM. The contour of the WAVF of different slurries has been shown in Fig. 18. 
The maximum WAVF is around 12% which has been decreased as compared to the 
previous case due to an increase in the turbulence kinetic energy. Due to this, there 
is a uniform distribution of solid cuttings in the eccentric annulus. The settling phe-
nomenon of the cuttings which lead to bed formation has also been decreased. The 
zone of maximum cuttings concentration is still the rightward direction of the plane 
P2. The cuttings are accumulated in the eccentric ring-like structure for the slurry E 
and F. As the inlet solid concentration increases the ring-like structure disappears and 
the zone of the lesser cuttings concentration get enriched in to the suspension zone.

Figures  19, 20 shows the WAVF of cuttings for different slurries having different 
inlet cutting concentration. It is maximum at the center of the annulus along the 
plane P2 for all the slurry except the slurry F. The WAVF of cuttings along plane P1 
and P3 look similar may be due to the increase in turbulent kinetic energy as com-
pared to case 1. Along plane P4, the maximum WAVF of cutting is around 5% and 
it is towards inner and the outer wall of the annulus. In plane P4, the WAVF of cut-
tings is not constant in contrary it is increasing at the center of the annulus. It can be 
observed that for all the planes except the plane P2 the weighted average volume frac-
tion of cuttings is always higher for slurry having higher inlet cutting concentration.

Fig. 17  WAVF of slurry A, B, C, and D across plane P1, P2, P3, and P4 (v = 1 m/s, N = 50 RPM, ICC = 12%)
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Fig. 18  WAVF of slurry E, F, G, and H for different cuttings concentration (v = 3.5 m/s, N = 100 RPM, ICC = 8%, 
10%, 12% and 14%)

Fig. 19  WAVF of slurry E, F, G, and H across plane P1, P2, P3, and P4 (v = 3.5 m/s, N = 100 RPM, ICC = 8%, 10%, 
12%, and 14%)
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Comparison between the volume fraction for five‑phase flow and two‑phase flow 

with the same inlet cutting concentration

Two-phase eccentric annular flow has been simulated considering the weighted aver-
age diameter for the slurry A having the same inlet cutting concentration, axial inlet 
slurry velocity and inner wall rotation. The weighted average diameter for the slurry 
A is 0.85 mm.

It can be observed that the contour for the five-phase flow and two-phase flow look 
almost similar. The cutting bed is thicker for five-phase flow as compared to two-
phase flow. In suspension zone, cuttings are more for five phase flow as compared to 
two-phase flow. The maximum cutting concentration considering five-phase flow is 
58% while for two-phase flow is 60%. Thus, both five-phase and two-phase flow are 
equally predicting well. Five-phase flow requires more computational time as com-
pared to two-phase flow.

Conclusions
The present investigation has provided various important results related to multi-par-
ticulate flow dealing with actual horizontal drilling considering borehole eccentric-
ity. Bentonite-CMC solution has been considered as carrier phase while the cuttings 
generated as secondary phase. The cuttings have been assumed as spherical particle. 
Eulerian multiphase model and RNG k-ε turbulent model have been implemented for 
simulations of eccentric annular flow in ANSYS Fluent. Excessive cutting concentra-
tion leads to formation of cutting bed. Hence, effect of particles size distribution and 
inlet cutting concentration been investigated for different slurries operating under 
different inlet boundary conditions considering actual operating pressure of 350 bar. 
Various contours of volume fraction of cuttings and its variation along different 
planes have been discussed for more clear understanding. Important findings of pre-
sent investigation have been presented below.

Fig. 20  WAVF of slurry A considering five-phase flow and volume fraction of its equivalent two-phase 
flow with the same inlet cutting concentration. a WAVF of slurry A with inlet solid concentration of 12% 
(five-phase flow). b Volume fraction considering the weighted average diameter of the slurry A with 12% inlet 
solid concentration (two-phase flow)
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a)	 The cuttings bed formation is towards the rightward of plane P2 for slurry A due to 
combined effect of drillpipe rotation and axial slurry velocity.

b)	 The cuttings with higher inlet cutting concentration at inlet always have higher con-
centration along all the planes for slurry A. For the same inlet cuttings concentration, 
cuttings with larger cutting size have higher volume fraction.

c)	 Increase in the inlet turbulent kinetic energy due to combined effect of increase in 
axial inlet velocity from 1 m/s to 3.5 m/s and inner wall rotation from 50 to 100 rpm 
is very effective in decreasing the cuttings bed height. Maximum cutting concentra-
tion has been reduced from 30 to 24% for the cutting size of 1 mm.

d)	 Small cuttings are very difficult to transport than large cuttings as they have low 
tendency to suspend because of the low drag force. Thus, these require a high fluid 
velocity and rotational speed for the effective borehole cleaning.

e)	 The cuttings volume fraction profile becomes similar along the plane P1, P3, and P4 
on increasing the turbulent kinetic energy. This shows the uniform distribution of 
cuttings in the suspension zone which enhances cuttings transport.

f )	 Contours of WAVF of cuttings for slurries A, B, C and D are different irrespective 
of having same inlet cuttings concentration. Although zone of maximum WAVF of 
cuttings is same for all the slurries towards the rightwards of the plane and is around 
16%.

g)	 The WAVF of cuttings is always higher for slurry having higher inlet cutting concen-
tration for all the planes except plane P2.

h)	 The computational time for five phase flow is more as compared to two-phase flow 
based on weighted average diameter. The result for cuttings concentration is almost 
same.

Methods
The present work is based on the finite volume method. CFD simulations is per-
formed for various cases using ANSYS 18.2 Fluent software. The aim of the study is 
to analyze various drilling parameters like cuttings size, inlet cuttings concentration, 
axial slurry velocity and drillpipe rotation. The considered geometry is an eccentric 
annulus. The modelled geometry is designed in Ansys Design modeler. The different 
mesh sizes are generated for grid independence study. The optimized mesh is consid-
ered for the CFD simulations. The validation is performed with the previous experi-
mental work to check the validity of CFD codes. The Eulerian-Eulerian multiphase 
is implemented for modelling of five-phase flow. The turbulent flow conditions are 
modelled using the RNG k-ε model. The drilling fluid is a non-Newtonian fluid CMC-
Bentonite solution.
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