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A three-dimensional computational fluid dynamics (CFD) study was carried out for drilling fluid flow with drill cuttings in open
channels. ,e flow is similar to the return flow when drilling, stream containing drilling fluid, and drill cuttings. ,e com-
putational model is under the framework of the Eulerian multifluid volume of the fluid model. ,e Herschel–Bulkley rheological
model was used to describe the non-Newtonian rheology of the drilling fluid, and the computational model was validated with
experimental results for two-phase flow in the literature.,e effect of flow depth and flow velocity in an open channel was studied
for drill cutting size of up to 5mm and for a solid volume fraction of up to 10%. For constant cross section and short open
channels, the effect of drill cuttings on flow depth and mean velocity was found to be small for particle sizes less than 5mm and
solid volume fractions less than 10%. High momentum force in the downward direction can carry the solid-liquid mixture at
higher velocities than a lower density mixture. Higher inclination angles mean that the gravity effect upon the flow direction is
more significant than the particle friction for short channels.

1. Introduction

Open Venturi channel flow measurement might be an al-
ternative to expensive Coriolis flowmeters inmeasuring well
return flows while drilling [1]. It can also be an alternative in
conventional drilling when there is no choke and where flow
is “always” open channel, Coriolis therefore not being an
option. ,e open channel is located at the well return line in
the topside of the rig (see Figure 1). Identifying the effect of
drill cuttings on open channel flow is, however, a challenge.

Several studies have been carried out on sediment flow in
an open channel. ,e particle sizes in these studies were,
however, in the 1 µm to 500 µm range [2–5]. Studies of pipe
flow drill cutting transport have also been carried out for
various particle sizes and volume fractions [6, 7]. Ofei et al.
[8] used the Eulerian-Eulerian model for drill cutting
simulation of the horizontal wellbore. ,e annular pressure
losses increase with increase in annular fluid velocity. Drill

mud has higher pressure losses compared to water, and the
mud has better carrying capacity, especially at smaller di-
ameter ratios of the annulus. According to Epelle and
Gerogiorgis [9], the higher pressure losses are due to higher
drag by the fluid on particles and frictional effects. Whirling
motion increases the particle-particle and particle-wall
collisions; this is also responsible for increase in pressure
drop in the annulus. Heydari et al. [10] studied CFD sim-
ulation on cuttings transport phenomena in various an-
nuluses. ,ey used the Herschel–Bulkley model as the
rheological model, the Reynolds stress model as the tur-
bulence model, and the Wen and Yu drag model as the drag
model. Near the wall of horizontal annulus flow, cuttings do
not flow easily, and velocity becomes almost zero. Pang et al.
[11] studied three regions of cuttings in a horizontal annulus
flow: a fixed bed region, a moving bed region, and a sus-
pension region. ,e cuttings suspension region contributes
as a major cuttings transport method in a horizontal
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annulus. ,e height of the cuttings bed decreases with in-
crease in effective viscosity of the drilling fluid in annulus
flow [12]. Increase in effective viscosity can reduce the
cuttings bed area [13].

According to the Muste et al.’s [4] experimental study on
water-particle flow in open channel flow, bulk velocity of flow
is reduced as particle concentration increases and suspended
particles affect turbulence mechanisms over the inner region of
the flow. Jha and Bombardelli [2] developed a two-phasemodel
for the transport of nonuniform suspended sediment in an
open channel (water and sediment). ,e influence of particle
size is significant for the mean velocity. Increase in the particle
concentration in the bed only affects the turbulent kinetic
energy [14]. A laminar flow occurs in open channel slurry flows
if the yield stress is significantly high. Coarse particle settling
might affect the height of vertical flow depth [5]. ,e Sanders
et al. [15] and Spelay’s [5] experimental studies involve coarse
sand slurries in an open channel flow. Treinen [16] and Talmon
et al. [17] studied shear settling in laminar open channel flow
numerically.

Drill cuttings have a size range from clay-sized particles
to coarse gravel, 2 µm to more than 30mm [18], the highest
concentration of particle size in well drilling being 4mm.
According to the literature, the volumetric fraction of
cuttings is normally less than 5% for trouble-free annulus
operations [19, 20]. ,ere has, however, to the best of our
knowledge, not been published much on drill cuttings flow
in open channel flow.,is study therefore aims to contribute
to the lack of knowledge on the cuttings effect upon open
channel flow depth and velocity profile. Non-Newtonian
drilling fluid flowwith drill cuttings was studied in this paper
using CFD simulations, the CFD model being validated
using the experiment results from the literature.,e primary
objective of the study was to identify the effect of drill
cuttings and particle settling on open channel flow depth.

2. CFD Model

An Eulerian multifluid volume of the fluid model (multifluid
VOF) was used for the simulation of the granular particles.
Each phase is a continuous phase. ,ree phases are con-
sidered in this study. ,e governing continuity equation for
the qth phase (g, l, and s phases, respectively, air, drilling
fluid, and drill cuttings) is

zαqρq

zt
+ ∇ · αqρq u

→
q  � 0. (1)

,ere are three equations similar to equation (1) for each
phase. ,ere is no net mass transfer between phases. ,e
total volume fraction is equal to unity, αg + αl + αs � 1. ,e
momentum conservation equation for the qth phase
[7, 21, 22] is
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,ere are, one for each phase, three momentum equa-
tions from equation (2). Densities are constant. ,e effective
viscosity of the drilling fluid was calculated using the
Herschel–Bulkley model. Drill cuttings are considered to be
spherical, monotonous (same size and shape), granular, and
solid particles. Several interactions can occur in open
channel flow: air-drilling fluid, drilling fluid-drill cuttings,
drill cuttings-drill cuttings, wall-drill cuttings, wall-drilling
fluid, drilling fluid-drilling fluid, and air-drill cuttings. Here,
air-drill cuttings interaction can be neglected by assuming
that the particles are submerged in the drilling fluid.,e gas-
liquid interface drag was calculated using the Schiller and
Naumann drag model [23, 24]. Solid-liquid interface drag
was calculated using the Wen and Yu drag model [25]. Lift
force and virtual mass forces were neglected for the gas phase
due to the secondary phase densities being more significant
than the gas density [26]. ,e ANSYS Fluent 18.2 com-
mercial CFD tool was used for the simulations.

Figure 2 shows the multifluid VOF method computing
cycle in transient condition for two-phase flow. Here, the
discretized momentum equation is solved using a guessed
pressure field in the initial step (the previous iteration result
being used after this), to yield the velocity field. ,e pressure
correction terms can be found from the calculated velocity field
and the continuity equation. ,e corrected pressure and ve-
locity fields can be calculated from the calculated pressure
correction and velocity correction terms. An assumption in the
SIMPLE algorithm is that the velocity corrections for the
neighboring cells are omitted in each iteration cycle. However,
the omission terms do not affect the final solution because the
correction factors become zero in a converged result [27].

3. Simulation Parameters

A rectangular channel was used for the 3D CFD simulations.
,e channel length was 1m, width 0.3m, and height 0.2m.
,e mesh had 0.7million structured hexahedral elements
including inflation near the walls (see Figure 3).

,e inflation layers were added for accurately capturing
the flow effects near the walls. ,e average mesh size was
25mm, which is 5 times larger than the largest particle size
used in the study. ,is avoids particles spanning the many
fluid cells. Edge sizing was implemented to improve the
resolution of the mesh. ,e mesh had low skewness (<0.8)
and high orthogonality (>0.9). To optimize the grid sizes
until the results become independent of grid size, a grid
independence study was conducted. ,e inlet drill cutting
mass flow rate was 1.12599 kg/s. ,e outlet drill cutting mass
flow rate was monitored for different mesh sizes in the test.
,e results were taken after reaching the steady state. Table 1
shows the mesh specification for different meshes. Figure 4
shows a solid mass flow rate comparison for the different

Open channel

To mud tankFrom well
return flow

Figure 1: ,e open channel is located between the choke valve and
the mud tank.
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meshes. Mesh 3 and Mesh 4 give good mass balance at
steady-state condition. Mesh 3 was used for further studies
because it has comparatively fewer numbers of elements
than Mesh 4.

,e drilling fluid used in this study was taken from
Kelessidis et al.’ study [28]. ,e fluid has a high yield stress,

and the other properties are given in Table 2. Drill cutting
and drilling fluid enter the channel as a mixture at the same
inlet velocity.

Based on the maximum Courant number, the time step
is refined near the free surface in VOF calculations. ,e
maximum allowed Courant number is 0.25 in this study.,e

End

Data storage

Yes
No

Yes

Convergence

Solve all other discretized transport equations with correct
pressure and velocities

Correct pressure and velocities

Solve pressure correction equation

Solve the discretized momentum equation + VOF drag

If t > tmax

Store data at the time step t = t + Δt 

t = t + Δt 

Initialize αg, αl, αs, ug, ul, us, p, Tg, Tl, Ts, k, ε, Δt 

Start

PC-SIMPLE loop

No

Figure 2: Computing cycle of transient multifluid VOF model for three-phase flow.
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global Courant number depends on the mesh size, velocity
field, and time step size used for the transport equations.
Volume fraction values are computed at the previous time
step in the explicit approach of the multifluid VOF model,
and the standard finite-difference interpolation scheme is
used in ANSYS Fluent [26].,e simulation carried out in the
transient condition and the time step was maintained at less
than 0.001 s for two-phase flow and 0.0001 s for three-phase
flow, to achieve converged results. ,ese time steps allow
keeping the global Courant number less than two. ,e flow
time is 20 s in each simulation; in this condition, the fluid
domain reached the steady state. ,e steady-state condition
was monitored after a constant solid-phase flow rate was
reached at the outlet. ,e no-slip condition applies to the
wall-fluid and wall-particle. ,e pressure field is assumed to
be shared by all three phases, this being in proportion to

their volume fraction [22]. ,e solid particle maximum
packing fraction is 0.63 for the spherical shape. Particle-
particle and wall-particle restitution coefficients were, re-
spectively, 0.9 and 0.09 [6]. ,e inlet was considered as a
velocity inlet. ,e inlet velocities are constants for all three
phases. Air volume flow rate at the inlet became zero for the
cases. ,e outlet and top boundaries are considered as
pressure outlets. ,e pressure outlets are at atmospheric
pressure. Air is the primary phase, and drilling fluid and
drill cuttings are considered to be the secondary phases.
,e gas-liquid surface tension coefficient was set to
0.072N/m due to the water-based drilling fluid and slurries
considered in this study. ,e spatial discretization schemes
for gradient, momentum, volume fraction, turbulent ki-
netic energy, and turbulent dissipation rates are, re-
spectively, least square cell-based, first-order upwind,
compressive, second-order upwind, and second-order
upwind.,e Eulerian multifluid VOFmodel and the sharp-
disperse interface modeling method were used to describe
the flow of each phase. ,e standard k − ε model is used to
model turbulence using the second-order upwind scheme.
,e phase-coupled semi-implicit method for pressure-
linked equations (SIMPLE) algorithm solves the pressure-
velocity coupling. Transient formulation is based on the
first-order implicit scheme.

,e computational method is due to the lack of ex-
perimental results for heavy particle non-Newtonian open
channel flow and high computation cost, validated for an
experimental case of two-phase non-Newtonian flow in
open channel. Haldenwang’s [29] experiments with the flow
of Kaolin slurry in an open channel were used to validate the
two-phase model. ,e two phases in these experiments were
slurry and air above the free surface. ,e slurry contained
small solid Kaolin particles. ,e experiments were con-
ducted in a rectangular 10m long and 0.3m wide channel.
,e rheology of the Kaolin slurry was described using the
Herschel–Bulkley model.

Figure 3: 3D section of meshed open channel geometry. ,e rectangular channel height, width, and length are, respectively, 0.2m, 0.3m,
and 1m.

Table 1: Different mesh for mesh independency check.

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Mesh 6
Hexahedral cells 0.342 0.487 0.7 1.02 1.35 1.93
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Figure 4: Solid mass flow rate comparison for different meshes.
,e number of elements in each mesh is given in Table 1.
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4. Results and Discussion

4.1. 3DCFDResults ValidationUsing Literature Experimental
Results. ,e two-phase CFD model was validated using the
experimental results published by Haldenwang [29]. A
comparison between the 3D CFD simulation and the Hal-
denwang [29] experiment results is shown in Figure 5. Flow

depth was measured after the steady state, at flow time 249 s
in the simulation. ,e free surface was captured from the
VOF model. ,e fluid used in the experiments contained
10% Kaolin particles, ranging from 0.001mm to 0.01mm.
,e 3D simulation, however, considered the average fluid
density that is based on the volume fraction of Kaolin and
water. In the experiment, fluid enters the channel from a
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Figure 5: Case 2: (a) a comparison between the 3D CFD result and the Haldenwang [29] experimental results for flow depth along the
channel axis at steady state.,e channel length is 10m, and the width is 0.3m.,e fluid properties of Case 2 are given in Table 2. (b) Velocity
profile, the flow direction is left to right.

Table 2: Simulation flow parameters. Case 1 is used in this study. Case 2 is used for model validation.

Case 1 Case 2
Fluid and solid Water-bentonite suspension [28] 10% v/v Kaolin slurry [29]
Fluid density (kg/m3) 1165 1303
Particle density (kg/m3) 2650 —
Mean particle diameter (mm) 5, 1 —
Inlet solid volume fraction (%) 5, 10 —
Inlet velocity (m/s) 1 0.567
Shape of the channel Rectangular Rectangular
Channel inclination 3 2
Yield stress τy (Pa) 11.3025 21.311
Flow consistency index k (Pa·sn) 5.9115 0.524
Flow behavior index n 0.2645 0.468
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buffer tank. A rectangular inlet geometry was used in the
simulation. ,ere, therefore, may be a discrepancy between
the inlet conditions. ,e accuracy of the experimental result
is 5%, and the simulated result accuracy is 6% for the ex-
perimental results.,e 3D CFD result is therefore within the
accuracy limit.

Open channel length should be considerably longer if a
fully developed flow profile is to be achieved [5, 29]. A 3D
CFD simulation of two-phase or three-phase open channel
flow takes many months of CPU time to run based on a 16-
core 2.4GHz Intel (R) CPU processor in a machine with
32GB of RAM [6]. A short channel (length 1m) was
therefore used in this study.

4.2. Effect of Drill Cutting on the Open Channel Flow Depth.
Figure 6 shows flow depths along the channel for different
particle sizes and different volume fractions. ,e two 5%
solid volume fraction cases have two different particle sizes,
5mm and 1mm. Flow depth variation for these two cases is,
however, negligible. ,is is furthermore proved by the 10%
volume fraction cases. ,e effect of drill cutting size on flow
depth is not significant. ,e CFD results of Amanna and
KhorsandMovaghar [7] for cuttings transport around a drill
pipe also proved that cutting size affects cuttings transport
less than the other parameters. ,e cases of 5mm particle
sizes with 5% and 10% volume fractions show flow depth
differing between the two cases. Particle volume fraction can
have a considerable impact on flow depth. Flow depth
changes by 2.5% when the solid volume fraction in a dilute
phase is doubled. ,e difference in total particle volume
between the 1mm and 5mm cases is small due to the fewer
number of particles in the dilute phase. ,e increase in
particle friction due to the rise of the total particle volume is
also small, and energy loss is negligible. Higher volume
fraction gives a lower level because higher concentration acts
as a higher net density. ,us, the higher density and ap-
proximately the same friction will yield a lower level.

In all cases, the flow depth reduces along the channel
length, which is due to the increase in velocity in the gravity
flow.,e highest cutting concentration gives the lowest flow
depth due to the largest momentum.

4.3. Mean Streamwise Velocity Distribution. Streamwise
velocity with particles and without particles is shown in
Figure 7 for the same volume flow rate. Fluids with particle
flow have a higher velocity than the no-solid case due to the
higher momentum of the total mass flow rate. ,e average
velocity difference between with particle and without par-
ticle is 2-3%. ,e slip velocity is very small, with the average
value being 0.001m/s.,is result indicates that the impact of
the mean flow velocity of the drill cuttings is very small. ,e
local slip velocity can be large in the outer region of the flow
for a fully developed flow [3].

4.4. Particle Settling. Very high wall friction applies to
particle flow because of higher particle concentrations
(≈40%) on the bottom. Particle settling on the bottom of the

open channels might lead to the simulations diverging due to
the increase in turbulence. ,is is the main difficulty of
modeling long open channel three-phase flow.,is difficulty
can be minimized with properly tuned under-relaxation
factors and correctly chosen spatial discretization schemes.
A converged result can be achieved when the time step
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reaches a minimum (<10− 6 s). ,is, however, requires a
computational time that is unrealistic. ,e channel used in
this study is 1m long with a low solid concentration. ,e
short channel helped to reduce the computational time by
reducing the number of computational cells. ,e settling
distance is greater than the channel length. Particle settling is
therefore considerably smaller in the channel used in this
study than a long channel. ,erefore, the results from this
study mainly apply on to not fully developed flow. Figure 8
shows the particle volume fraction on the bottom wall at the
steady state. ,e highest particle settling is near the sidewall
and reaches 40% solid volume fraction. Due to sidewall
friction, particles have lower velocities near the sidewall.
Particle settling is, however, conceded to be small at the inlet
and outlet of the channel due to the higher flow velocity
carrying particles without these settling. At the bottom wall,
particle settling is lower in the middle compared to near the
sidewalls.,is is due to high velocity at themiddle compared
to at the edges. Channel flow does not reach a fully de-
veloped condition. According to Kiger and Pan [3], the
vertical direction flux of a particle is not equal to zero in the
channel used. ,ere is, therefore, no permanent settling of
particles in the middle of the channel, particles in other

words being suspended in the middle region of the channel.
According to the experimental results of Jha [14], a maxi-
mum concentration of particles on the bed does not sig-
nificantly affect the mean velocities and the distribution of
particle concentration. It does, however, affect turbulent
kinetic energy. We can therefore still argue that cuttings on
the bed may not have a significant effect on open channel
flow depth and velocities.

5. Conclusion

Drilling well return flow is a multiphase non-Newtonian
flow of mainly drilling mud and drill cuttings. ,e effect of
drill cuttings on open channel flow was studied, with the
results being presented in this paper. ,is can be used for
well return flow estimation. ,e multifluid VOF model 3D
CFD simulations were carried out for drilling fluid flow with
drill cuttings in open channels. ,e CFD model was vali-
dated using experiment results published in the literature.
,e effect of drill cutting size on flow depth was found to be
small compared to the effect of the cuttings fraction.,e drill
cuttings volume fraction doubled from 5% to 10% in open
channel flow, with the average variation of the flow depth
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being 2.5%.,e effect of cuttings on flow depth in well return
flow modeling for a short, prismatic (constant cross section)
open channel was found to be small. ,e conclusion might be
different for long and nonprismatic channels. ,e increase in
particle friction due to the rise of the total particle volume is
also small, and energy loss is negligible. ,e liquid level
decreases for a higher solid fraction. Higher concentration
acts as a higher net density. ,us, the higher density and
approximately the same friction will yield a lower flow depth.

Nomenclature

F
→

lift,q: Lift force of q phase (N)
F
→

Vm,q: Virtual mass force of q phase (N)
g: Gravity vector (m/s2), gas phase
h: Flow depth (m)
k: Turbulence kinetic energy (m2/s2)
l: Liquid phase
P: Pressure shared by all phases (Pa)
s: Solid phase
Tg: Temperature of gas phase (K)
Tl: Temperature of liquid phase (K)
Ts: Temperature of solid phase (K)
u
→

q: ,ree-dimensional velocity components of q phase
(m/s)

U: Average velocity (m/s)
αq: Volume fraction of q phase
αl: Volume fraction of liquid phase
αg: Volume fraction of gas phase
αs: Volume fraction of solid phase
βqi: Interphase momentum exchange coefficient
ε: Turbulence dissipation rate (m2/s3)
ρq: Density of q phase (kg/m3)
τq: Stress-strain tensor of q phase (Pa).
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