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Abstract: The application of hole cleaning devices can effectively solve the hole cleaning problem
during the drilling of horizontal wells. Improving the hole cleaning performance is directly related
to subsequent drilling time and cost. In this paper, the solid–liquid two-phase hydrodynamic
characteristics under the action of the V-shaped hole cleaning device for drilling horizontal wells
were studied experimentally and numerically. The decay law of spiral flow induced by the V-shaped
hole cleaning device was obtained numerically using the commercial CFD code “Fluent” by changing
the blade rotational speed, blade helix angle, and consistency coefficient of drilling fluid. The helix
angle will cause the flow direction of local fluid to deflect. The swirl intensity of spiral flow increases
significantly with an increase in rotational speed. The hole cleaning performance was better when the
helix angle was from about 10 to 20 degrees. Increasing the fluid consistency coefficient will rapidly
make the spiral flow decay, resulting in a shorter effective action distance and a worse hole cleaning
effect. The simulation results were validated against the experimental results of the flow loop. Both
experimental and simulation results showed that the hole cleaning performance was improved by
using the V-shaped hole cleaning device. The very good agreement achieved between the results has
presented an opportunity to study the hole cleaning effect of a hole cleaning device in unsteady state
conditions. The results will provide theoretical guidance for efficient hole cleaning using V-shaped
hole cleaning devices for horizontal well drilling.

Keywords: numerical study; horizontal well; hole cleaning; hole cleaning device; computational
fluid dynamic (CFD)

1. Introduction

With the increasing demand for oil and gas resources and the continuous progress in
production methods, extended-reach and horizontal well technology have made remarkable
developments [1,2]. However, during extended-reach and horizontal well drilling, it is easy
for drill cuttings to be deposited in the horizontal well section, resulting in a cuttings bed.
With the increase in drilling time, the accumulation and thickening of the cuttings bed can
easily cause drilling problems such as pipe sticking, high torque, and drag [3,4]. This will
increase the drilling risk, limit the horizontal well’s extension capacity, and significantly
increase the drilling period and cost [5–7].

The hole cleaning device can effectively remove the cuttings bed during extended-
reach and horizontal well drilling. It can accelerate the flow of drilling fluid. At the same
time, the rotation of the hole cleaning device can form a vortex in the spiral channel, which
is more conducive to removing drill cuttings, improving the circulation velocity in the
annulus, and effectively eroding the cuttings bed. The combination of mechanical rotation
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and hydrodynamic eddy current effect of the hole cleaning device can effectively remove
cuttings and ensure the hole cleaning effect.

Such research for hole cleaning devices has been rapidly developing worldwide in
recent years. In 1999, Halliburton developed and produced the cuttings bed Impeller
(CBI). Its main structure includes a tool body, herringbone diversion groove, and transition
section. The CBI mainly comprises the body, the transition slope diversion, the neck, the
export diversion slope, the spiral-shaped impeller, the spiral-shaped groove, and the inlet
diversion slope [8,9].

Later, VAM Drilling company launched a HydrocleanTM particular structure drill
pipe to solve the cuttings bed accumulated in the highly deviated and horizontal sections.
The hole cleaning mechanism of HydrocleanTM particular structure drill pipe uses the
mechanism of mechanical scraping and hydraulic lifting of drilling fluid. When drilling
the highly deviated and horizontal wells, the high-speed rotation of the spiral blade will
generate a circumferential force outside the blade (the force depends on the rotating drill
pipe) to stir the cuttings bed. Using HydrocleanTM can improve the hole cleaning efficiency
by 55% to 60%, reduce the torque and drag by 25% to 35%, and reduce the annular pressure
consumption by more than 45% [10,11].

Recently, Qu et al. [12] simplified the hole cleaning device into a straight blade; ob-
tained the decay mechanism of spiral flow; and evaluated the hole cleaning effect under
different helix angles, blade heights, and rotational speeds. Yan et al. [13] used the CFD
method to obtain the effective action distance of a straight-blade type hole cleaning device
under different parameters and took the effective action distance to evaluate the hole
cleaning effect. The numerical results showed that the hole cleaning device has a sound
hole cleaning performance.

With such in-depth study about the design and optimization of hole cleaning devices,
people’s theoretical understanding of them is deepening [14]. However, detailed research
on the existing V-blade hole cleaning devices in the drilling engineering field is limited. At
the same time, most of the drilling fluid is non-Newtonian fluid [15,16]; the decay charac-
teristics of device-induced spiral flow in a non-Newtonian fluid, flow pattern distribution
behind the blade, and the hole cleaning effect are not completely clear.

In this paper, the solid–liquid flow characteristics of a V-shaped hole cleaning de-
vice were simulated utilizing CFD approach. The decay law of spiral flow induced by
the V-shaped hole cleaning device was obtained by changing the rotational speed, fluid
consistency coefficient, and helix angle. In addition, the annular cuttings concentration
distribution under different parameters was also obtained. The main contribution of this
paper is to reveal the mechanism of spiral flow induced by the V-shaped hole cleaning
device and its influence on the hole cleaning effect, which is a significant reference for the
structural optimization and improvement of the V-shaped hole cleaning device.

2. Methodology
2.1. Governing Equations

The Eulerian–Eulerian Two-Fluid Model (TFM) is used for the numerical simulation.
The TFM method has been fully proved in the literature and is widely recognized in
engineering [17–19]. For simplicity, it is assumed that the solid phase consists of spherical
particles with the same particle size.

The mass conservation equation for drilling fluid and drill cuttings are as follows:

∂

∂t
(αlρl) +∇ · (αlρl

→
ul) = 0 (1)

∂

∂t
(αsρs) +∇ · (αsρs

→
us) = 0 (2)

where α is the volume fraction; ρ is the density;
→
u is the velocity; and subscripts l and s

represent drilling fluid and cuttings, respectively.
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The momentum conservation equation for drilling fluid and drill cuttings are as
follows:

∂

∂t
(αlρl

→
ul) +∇ · (αlρl

→
ul
→
ul) = −αl∇p + αl∇ · τl + αlρl

→
g − β(

→
ul −

→
us) (3)

∂

∂t
(αsρs

→
us) +∇ · (αsρs

→
us
→
us) = −αs∇p−∇ps + αs∇ · τs + αsρs

→
g + β(

→
ul −

→
us) (4)

where g is the acceleration of gravity; p is the pressure; τ is the stress tensor; and β is the
inter-phase momentum exchange coefficient, predicted by the Huilin–Gidaspow model [20].

β = ϕβErgun + (1− ϕ)βWen&Yu (5)

ϕ =
arctan[262.5(αs − 0.2)]

π
+ 0.5 (6)

for αl ≤ 0.8,

βErgun = 150
α2

s µl

αlds
2 + 1.75

ρlαs

∣∣∣→ul −
→
us

∣∣∣
ds

(7)

for αl > 0.8,

βWen&Yu =
3
4

CD

αsαlρl

∣∣∣→ul −
→
us

∣∣∣
ds

αl
−2.65 (8)

where ds is the cuttings diameter and CD is the drag coefficient:

CD =

{
24
Res

(
1 + 0.15Re0.687

s
)

Res ≤ 1000

0.44 Res > 1000
(9)

The stress tensor of each phase is calculated as follows:

τl = µl

{[
∇→ul + (∇→ul)

T
]
− 2

3
(∇ ·→ul)

=
I
}

(10)

τs = µs

[
∇→us + (∇→us)

T
]
+ (ξs −

2
3

µs)(∇ ·
→
us)

=
I (11)

where
=
I is the unit tensor, µ is the shear viscosity, ξs is the bulk viscosity of solids, and ps is

the solids pressure.
The solids pressure is defined as follows:

ps = αsρsΘs + 2ρs(1 + e)α2
s g0Θs (12)

where e is the restitution coefficient, Θs is the granular temperature, and g0 is the radial
distribution function and can be written as follows:

g0 =

[
1−

(
αs

αsmax

) 1
3
]−1

(13)

The bulk viscosity of solids is defined as follows:

ξs =
4
3

α2
s ρsdsg0(1 + e)

√
Θs

π
(14)

The solids shear viscosity is defined as follows:

µs =
4
5

αsρsdsg0(1 + e)

√
Θs

π
+

10ρsds
√

πΘs

96(1 + e)αsg0

[
1 +

4
5

g0αs(1 + e)
]2

(15)
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The granular temperature transport equation is calculated as follows:

0 = (−ps I + τs) : ∇→us − γΘs + φls (16)

where (−ps I + τs) : ∇→us is the generation of energy by the solid stress tensor, γΘs is the
collisional dissipation of energy, and φls is the energy exchange between the fluid and solid
phases.

In this study, the realizable k-ε turbulence model was used as a turbulence closure
model. The turbulence kinetic energy k and the dissipation rate ε were obtained from the
following transport equations [21–23].

∂(ρlk)
∂t

+
∂(ρlk

→
uj)

∂xj
=

∂

∂xj

[
(µl +

µt

σk
)

∂k
∂xj

]
+ Gk − ρlε (17)

∂(ρlε)

∂t
+

∂(ρlε
→
uj)

∂xj
=

∂

∂xj

[
(µl +

µt

σε
)

∂ε

∂xj

]
+ ρlC1Sε− ρlC2

ε2

k +
√

µl
ρl

ε
(18)

where Gk represents the generation of turbulence kinetic energy due to the mean velocity
gradients and µt = ρlCµk2/ε is the turbulent viscosity of the fluid. The related empirical
constants are C1 = max[0.43, η

η+5 ], η = S k
ε , σk = 1.0, σε = 1.2 and C2 = 1.9.

2.2. Experimental and Numerical Setup

The configuration of the experimental flow loop was an annulus, and the annular
length was 5500 mm. The overall length of the V-shaped hole cleaning device was 150 mm,
and the device was placed 1000 mm away from the annulus inlet, as displayed in Figure 1.
The Carboxyl–Methyl–Cellulose (CMC) solution was selected as the experimental drilling
fluid, and the rheological parameters of the fluid were measured by the Anton Paar
rheometer (MCR 92). A high-speed camera (Revealer 2F04C) was used to capture the
cuttings transport process [24]. The simulated drill cuttings were selected as spherical glass
beads with diameters of 2 mm.
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When the cuttings bed reached a stable state, the transparent ruler on the outer wall
of the wellbore was recorded in detail to calculate the arc length and to convert it into the
cuttings bed height. At the same time, it could also measure the effective action distance
under the action of the hole cleaning device. To minimize any uncertainty, each experiment
was repeated in three replications, and their average values were taken.

The geometry of blades mainly includes the blade height and blade helix angle. In
this paper, only the influence of helix angle is considered. Due to the complex downhole
working conditions, the blade height could not be designed too large. The maximum
allowable height is only designed regarding the height of the drill pipe joint.
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Other physical parameters and wellbore structure parameters are summarized in
Table 1.

Table 1. Detailed parameters used in simulations.

Symbols Properties Values Units

D1 Hole diameter 120 mm
D2 Pipe diameter 73 mm
E Eccentricity 0 -
ρl Density of fluid 1000 kg/m3

ρs Density of cuttings 2500 kg/m3

K Consistency index 0.01/0.05/0.10/0.50 Pa.sn

n Flow behavior index 0.7 -
ω Rotational speed 80/120/160/200 rpm
ds Diameter of cuttings 2 mm
uin Fluid inlet velocity 0.5 m/s
h Height of blade 5.75 mm
N Number of blades 4 -
α Helix angle of blade 0; 10; 20; 30 degree

The numerical setup was modeled based on the experimental setup so that all dimen-
sions and operation conditions were equal. A velocity-inlet boundary condition was used
as the inflow condition; a pressure-outlet boundary condition was used as the outflow. The
no-slip boundary conditions were assumed for all the drill pipe and wellbore boundaries.
The rotation of the blade in the annulus was simulated using the sliding mesh (SM) method,
and the interface was set to realize the information transmission between the stationary
and rotating domains. The flow field solution was obtained using a CFD code (Fluent)
based on the finite volume method used to discretize the partial differential equations of
the model using the Phase Coupled SIMPLE (PC-SIMPLE) algorithm for pressure velocity
coupling. All calculations were performed using a constant time step of 5 × 10−4 s for
satisfactory convergence. The ambient conditions required by the CFD were chosen to be
in good agreement with the experimental conditions and are listed in Table 1.

2.3. Grid Division and Independence

In this study, the geometry of the V-shaped hole cleaning device meshed in a structured
grid. Structured hexahedral grids were generated in the entire domain of the annulus, as
shown in Figure 2.
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Figure 2. Grid representation of calculation region.

We conducted a mesh independent analysis of the V-shaped hole cleaning device
with 522,100, 784,950, 1,036,950, and 1,396,200 hexahedral grids. The difference in pressure
drops between 522,100 and 784,950 hexahedral grids was about 6.21%, and the difference
in pressure drop between 784,950 and 1,036,950 hexahedral nodes was less than 0.5% (as
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shown in Table 2). The grids with 1,036,950 hexahedral grids produced grid-independent
results as per the accuracy selected to balance computational cost and accuracy.

Table 2. Sensitivity of grid size to simulation results.

Mesh Numbers Pressure Drop (Pa/m) Error (%)

522,100 1284.3 6.21%
784,950 1363.2 0.45%

1,036,950 1367.0 0.17%
1,396,200 1369.3 /

Error was used to check the precision of the calculation method for different grid sizes:

error =
∣∣∣∣∆p− ∆pfinest mesh

∆pfinest mesh

∣∣∣∣× 100% (19)

2.4. CFD Verification

The simulated and experimental cuttings bed height of annulus were compared
as shown in Figure 3. The simulated cuttings bed height was calculated based on the
borehole geometric parameters and annular cuttings concentration. The two sets of data
were generally in good agreement; this shows good CFD predictions of the hole cleaning
performance using the Eulerian–Eulerian TFM model.
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The Mean relative error was calculated as follows:

mean relative error =
1
N

N

∑
i=1

∣∣∣∣hnum − hexp

hexp

∣∣∣∣× 100% (20)

where N is the total number, hnum represents numerical result of cuttings bed height, and
hexp represents the experimental result of the cuttings bed height.

3. Results and Discussion
3.1. Effects of the Rotational Speed

The decay law of swirl intensity of spiral flow induced by the hole cleaning device
(α = 0◦) is shown in Figure 4 under four different speeds, and the decay equation was
obtained by fitting and regression displayed in Table 3. Swirl intensity was used to charac-
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terize the swirl intensity in the spiral flow field, also known as swirl number S, which is
defined as follows [12,25]:

S =

∫ R
0 uwρ1r2dr

R
∫ R

0 u2ρ1rdr
(21)

where u is the axial velocity and w is the circumferential velocity.
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Table 3. Decay equation of spiral flow induced by the hole cleaning device (α = 0◦) under different
rotational speeds (numerical results).

Rotational
Speed rpm Decay Equation Initial Swirl

Intensity S0

Decay
Coefficient β

R2

80 Sn = 0.097e−0.012L/Dh 0.097 0.012 0.993
120 Sn = 0.172e−0.013L/Dh 0.172 0.013 0.982
160 Sn = 0.254e−0.015L/Dh 0.254 0.015 0.990
200 Sn = 0.361e−0.017L/Dh 0.361 0.017 0.975

In the process of blade rotation, the spiral flow decays following the exponential
law [26–28], and its decay equation is expressed as follows:

S = S0e−βL/Dh (22)

where S0 is the swirl intensity at the end section of the blade, that is, the initial swirl
intensity; β is the decay coefficient; L is the distance; and Dh is the hydraulic diameter.

The initial swirl intensity S0 increases as the rotational speed increases. When the
rotational speed is 200 rpm, the initial swirl intensity S0 = 0.361, which is 3.72 times that
of 80 rpm, but the increasing rate gradually slows down at a high rotational speed. For
example, at 80, 120, and 160 rpm, the increasing values of the initial swirl intensity S0 are
0.075, 0.082, and 0.107, respectively, for each 40 rpm increase in rotational speed. The decay
coefficient of spiral flow is more significant when the rotational speed is more considerable.
The research results show that the decay coefficient at 200 rpm is about 41.6% higher than
that of a rotational speed at 80 rpm, as shown in Table 3. The reason for this is that the
energy loss caused by wall friction and fluid viscosity is also significant at a high rotational
speed.

Figure 5 shows the time-averaged fluid’s circumferential velocity distribution under
different rotational speeds. The circumferential velocity of the fluid behind the suction
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surface of the blade is large under the action of a rotation. The circumferential velocity
intensity and distribution range of fluid increase with the rotational speed increase. The
maximum tangential velocity exceeds 1.35 m/s as the rotational speed is 200 rpm. The
main principle of the hole cleaning device is to reduce the thickness of the cuttings bed and
to transfer cuttings to the high side of the wellbore by stirring and shearing the cuttings
bed at the low side of the wellbore. At the same time, due to the unique design of the
spiral structure, an upward eddy current will be generated locally during rotation to drive
cuttings to transport upward, gradually transport to the inclined section to return to the
wellhead smoothly.
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Figure 5. Fluid circumferential velocity distribution at different cross sections of the blade under
different rotational speeds (α = 0◦).

Figure 6 shows the time-averaged vorticity and streamline distribution of the hole
cleaning device (α = 0◦) under four different rotational speeds. A vortex opposite to the
direction of blade rotation under the action of blade rotation, namely the tip leakage vortex,
will appear near the wellbore behind the suction surface due to the fluid leakage through
the tip clearance under the action of the pressure difference between the pressure surface
and the suction surface. The tangential kinetic energy in the spiral flow’s main flow area
increases with the rotational speed, and the tip leakage vortex gradually moves to the
outside. The main flow’s absorption capacity increases, making the distribution area of the
tip leakage vortex smaller.

Next, the time-averaged annular cuttings concentration contour was obtained, as
shown in Figure 7. With the continuous flow of solid–liquid two phases of cuttings drilling
fluid in the annulus, cuttings transportation can be gradually divided into three flow
patterns, namely the cuttings suspension zone, the moving bed zone, and the fixed bed
zone. The cuttings concentration in the annulus decreases significantly with the gradual
increase in rotational speed. The blade rotation will change the circumferential flow of
cuttings-drilling two-phase flow, which will change the distribution form of cuttings and
make the cuttings bed swing. A higher cuttings bed height can be seen on one side
compared with the other side, but on the whole, the area of the cuttings bed continues to
decrease.
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3.2. Effects of Consistency Coefficient of Drilling Fluid

The rheology of drilling fluid will also have a significant impact on the decay behavior
of the blade-induced spiral flow. Therefore, the decay law of swirl intensity of spiral
flow induced by the hole cleaning device (α = 0◦) along the flow direction under four
different fluid consistency coefficients (flow index n = 0.7) is shown in Figure 8, and the
decay equation is obtained by fitting and regression displayed in Table 4. The initial swirl
intensity S0 changes a little with different consistency coefficients, and the main difference
is the decay coefficient β. In other words, the continuity distance of spiral flow is different,
which indicates that the greater the consistency coefficient of drilling fluid, the faster the
decay coefficient of blade induced spiral flow, the shorter the effective action distance of
the hole cleaning device, and the worse the hole cleaning effect.
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Table 4. Decay equation of spiral flow induced by the hole cleaning device (α = 0◦) under different
fluid consistency coefficients (numerical results).

Consistency
Coefficient

Pa.sn
Decay Equation Initial Swirl

Intensity S0

Decay
Coefficient β

R2

0.01 Sn = 0.254e−0.018L/Dh 0.254 0.018 0.992
0.05 Sn = 0.248e−0.051L/Dh 0.248 0.051 0.999
0.10 Sn = 0.246e−0.082L/Dh 0.246 0.082 0.999
0.50 Sn = 0.280e−0.241L/Dh 0.280 0.241 0.999

Figure 9 shows the time-averaged, annular cuttings concentration contour under four
different fluid consistency coefficients. The erosion phenomenon of cuttings bed gradually
weakens with the increase in fluid consistency coefficient. The blade-induced spiral flow
will decay rapidly in the drilling fluid with a significant consistency coefficient, making it
difficult for the drilling fluid to obtain the ability for suspended cuttings continuously. For
low viscosity drilling fluid, the spiral flow induced by the rotation of the hole cleaning de-
vice can have a smaller decay coefficient; that is, there is a longer swirl duration. Therefore,
using a V-shaped hole cleaning device may not achieve a good hole cleaning effect when
selecting drilling fluid with a significant consistency coefficient in horizontal well drilling.
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3.3. Effects of the Helix Angle of V-Shaped Hole Cleaning Device

The swirl intensity decay law of spiral flow induced by the V-shaped hole cleaning
device (α = 0◦) along the flow direction under four different helix angles is shown in
Figure 10, and the decay equation is obtained by fitting and regression, as displayed in
Table 5. It can be seen that when the helix angle increases from α = 0◦ to α = 30◦, the
change in the initial swirl intensity S0 is not noticeable, which is concentrated in the range
of S0 = 0.172~0.195. When the helix angle is near α = 20◦, the blade has the most robust
ability to induce spiral flow. The change of helix angle will deflect the flow direction of the
local fluid. After the fluid flows through the blade, the flow is deflected by the deflection
force of the rotational blade, so that the spiral flow with apparent circumferential velocity
distribution is induced locally to improve the local hole cleaning effect.
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Table 5. Decay equation of spiral flow induced by the hole cleaning device under different helix
angles (numerical results).

Helix Angle
Degree Decay Equation Initial Swirl

Intensity S0

Decay
Coefficient β

R2

0 Sn = 0.172e−0.013L/Dh 0.172 0.013 0.982
10 Sn = 0.192e−0.016L/Dh 0.192 0.016 0.976
20 Sn = 0.195e−0.014L/Dh 0.195 0.014 0.999
30 Sn = 0.178e−0.012L/Dh 0.178 0.012 0.984

When the rotational speed is 120 rpm, the time-averaged fluid’s circumferential veloc-
ity distribution of the V-shaped blade under different helix angles is shown in Figure 11. It
can be seen that with the increase in helix angle, the intensity and range of circumferential
velocity induced by the V-shaped blade increase. The blade-induced ability was better
when the helix angle was from about 10 to 20 degrees.
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Figure 11. Fluid circumferential velocity distribution at different cross sections of the blade under
different helix angles.

The time-averaged vorticity and streamline distribution at the end cross-section of the
V-shaped blade under different helix angles are shown in Figure 12. It can be seen that the
ability of the V-shaped blade to induce swirl increases with the increase in helix angle and
the influence range of tip leakage vortex gradually decreases. The area occupied by tip
leakage vortex in the center of flow channel decreases gradually with the increase in helix
angle, and spiral flow is dominant.

The time-averaged annular cuttings concentration contour with different helix angle
conditions is shown in Figure 13. The cuttings bed swings significantly in the circumferen-
tial direction, and the cuttings deposited on the low side of the annulus can transport from
narrow gap to wide gap and transport to the wellhead driven by axial flowing drilling fluid,
which significantly improves the hole cleaning performance in the annulus. However, with
the increase in helix angle, the change in cuttings bed area in the annulus is not apparent.
The hole cleaning performance is the strongest when the helix angle is near α = 20◦, and
the hole cleaning performance is the second strongest when α = 10◦.
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3.4. Evaluation of the Effective Action Distance of V-Shaped Hole Cleaning Device

The effective action distance under the rotation of the V-shaped hole cleaning device
in the experiment is shown in Figure 14. It can be seen that after a certain distance behind
the hole cleaning device, there are cuttings bed accumulation in the annulus. The cuttings
can be suspended in the annulus within a distance behind the device due to the spiral flow
induced by the hole cleaning device. The spiral flow continues to decay, making it difficult
for the particles to maintain the suspended state and to begin to settle and form a cuttings
bed along the flow direction. Finally, the cuttings bed height increases to a stable state.
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Figure 14. Experimental flow loop used to evaluate effective action distance (back view).

As shown in Figure 15, the V-shaped hole cleaning device with helix angle α = 20◦ was
selected and placed on the drill pipe of the flow loop to conduct hole cleaning experimental
research and to compare it with the numerical simulation results. The effective action
distance of the V-shaped blade increases as the rotational speed increases. According to the
simulation results, when the speed reaches the maximum (200 rpm), the effective action
distance can reach 1.8 m, slightly higher than the experimental results. When the rotating
speed is between 160 rpm and 200 rpm, the increment of the effective action distance
is more significant than when the rotational speed is low. The comparison between our
numerical results and experimental data shows that the Eulerian–Eulerian TFM model is
suitable for the numerical simulation of solid–liquid two-phase flow in the annulus and
can obtain high prediction accuracy.
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4. Conclusions

In this study, the decay behavior and hole cleaning effect of spiral flow induced by
the V-shaped hole cleaning device in horizontal wells have been investigated by means
of experiments and numerical simulations. Additionally, the effects of blade rotational
speeds, fluid consistency coefficient, and blade helix angles on the hole cleaning effect
are studied through numerical simulation. From the measured results, it is found that
the initial swirl intensity increases as the rotational speed increases. The hole cleaning
performance was better when the helix angle was from about 10 to 20 degrees. Increasing
the fluid consistency coefficient will rapidly make the spiral flow decay, resulting in a
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shorter effective action distance and a worse hole cleaning effect. A comparison of the
numerical results with experimental data shows that the Eulerian–Eulerian TFM model is
suitable for numerical simulation of solid–liquid two-phase flow in the annulus.
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