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Abstract: The hole cleaning device is a powerful application which can effectively slow down the
deposition of cuttings during drilling. However, in this complicated swirl flow created by the device,
the decay of the swirl flow and the particle behavior are not evident yet. In this paper, the decay of
the swirl flow and the particle behavior in the swirl flow field are studied by the Eulerian–Eulerian
two-fluid model (TFM) coupled with the kinetic theory of granular flows (KTGF), and sliding mesh
(SM) technique for simulating the fluid flow. The results show that the swirl intensity decays
exponentially along the flow direction under laminar flow conditions. The swirl flow has a longer
acting distance at a higher rotational speed, which can effectively slow down the deposition of cutting
particles. The initial swirl intensity of swirl flow induced by the blades increases significantly with
the increase of blade height and the decrease of the blade angle. The tangential velocity of the cutting
particles in the annulus is more significant near the central region, gradually decreases toward the
wall in the radial direction, and rapidly decreases to 0 at the wall surface. The decay rate is negatively
correlated with the initial swirl intensity. The results presented here may provide a useful reference
for the design of the hole cleaning device.

Keywords: hole cleaning device; two-fluid model; decaying swirl flow; particle behavior; numerical
simulation

1. Introduction

In recent years, with the large-scale development of complex hydrocarbon reservoirs such as low
permeability, unconventional, deep water and so on, horizontal well drilling technology has become
more and more widely used. The application of horizontal well technology can significantly improve
oil and gas production and relieve energy stress. In the circulation of drilling fluid, cuttings particles
will deposit on the lower side of the annulus and form the cuttings bed due to gravity during drilling.
Insufficient cuttings transport will lead to safety problems during drilling, such as stuck pipe, high
torque, and high resistance, especially in the middle-inclined section. It is reported that nearly 70% of
accidents causing loss of drilling time are related to stuck pipe [1], while almost 1/3 of the drilling
accidents are caused by inadequate hole cleaning [2].

So far, an extensive and in-depth experimental study has been carried out on the solid-liquid
two-phase flow of cuttings particles in the annulus. Tomren et al. [3] considered that the cuttings in
the middle-inclined section with an inclination angle of 35◦–55◦ have a downward sliding tendency
due to gravity. Thus, the middle-inclined section is one of the most challenging slope sections of
cuttings transport. Duan et al. [4] indicated that non-Newtonian drilling fluids are more effective than
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Newtonian drilling fluids in inhibiting the formation of cuttings bed. Li et al. [5] considered that the
cuttings transport efficiency is the weakest for 7 mm particle diameter in the vertical well section,
while in the horizontal well section the cuttings transport efficiency is the lowest for medium diameter
cuttings. Ozbayoglu et al. [6] pointed out that increasing the rotational speed of the drilling pipe is
more useful to improve the cuttings transport efficiency when the flow velocity of the annulus fluid
is low. With the increase of annulus velocity, the effect of drilling pipe rotation gradually weakened.
Han et al. [7,8] confirmed that increasing the annulus fluid velocity could enhance the effect of cuttings
transport; but at the same time, the pressure drop in the annulus will increase. Allahvirdizadeh et al. [9]
indicated that increasing annulus velocity is an effective method to improve the efficiency of cuttings
transport; however, the increase of velocity requires an increase of pump displacement and thus an
increase in cost. More dangerously, an increase in velocity will increase dynamic pressure losses
in the annulus, which will cause serious accidents such as wellbore erosion and lost circulation.
The flow behavior of drilling fluid and cutting particles under different drilling parameters has been
widely studied [10–14]. The above researches mainly focused on the movement of cuttings under
different drilling parameters and have achieved remarkable results. However, from the engineering
point of view, it cannot solve the problem of cuttings deposition in the annulus during the drilling
process fundamentally.

Particle transport in the pipeline has been widely researched in various scientific and engineering
applications. It is possible to improve the transport capacity of particles, reduce the deposition and
blockage of particles by inducing swirl flow in the pipe. Spiral wall [15], tangential inlet [16], and
blades induction [17,18] have been used in many industrial fields, which have created enormous
potential for engineering applications. It is an ideal hole-cleaning method to use the hole cleaning
device installed on the drill pipe. It usually processes several blades on the pipe body of the drill pipe,
either a straight blade or spiral blade. Moreover, it is different from the purpose of using the stabilizer;
it is mainly used to induce swirl flow through the blade rotation to enhance the cuttings transport
capacity in the annulus.

Since the 2010s, the application of the hole cleaning device has gradually risen and achieved a
remarkable hole cleaning effect. Puymbroeck et al. [19–21] introduced a compound hole cleaning
device with double helix blade small joints. Laboratory experiments and field tests show that the device
has excellent cleaning ability of cuttings bed; besides, it improves the degree of hole cleaning by more
than 60% and reduces the friction of drilling tools by 30%. Dave et al. [22] reported a blade-type hole
cleaning device. Field experiment shows that it can effectively solve the problem of hole cleaning and
poor wellbore quality. Heitmann et al. [23] reported a hole cleaning device with multi-cluster blades
placed on the drill pipe. The field application shows that the drilling time can be reduced by more
than 3 days with the application of this device. The wearing of casing and bit is reduced effectively.
The existing literature available in this field shows its essential role. The effectiveness of this device
in industrial applications is demonstrated in the literature review, but there are still some issues that
need to be further explored. The above research results mainly come from macroscopic field tests and
application. There is nearly no study of the decaying swirl flow and particle behavior through the hole
cleaning device, the effect of changing some parameters on the hydrodynamic characteristics of the
swirl flow is not completely clear. Moreover, this is also a more concerned issue in drilling engineering.

With the development of computer technology, numerical simulation technology has been widely
used. It can observe many flow details that are difficult to obtain in experiments. It has been successfully
applied to the study of particle transport in swirling flow [24–26]. In this paper, a computational fluid
dynamics (CFD) technique was used to establish a three-dimensional numerical model of the flow
based on the experimental model of Han et al. (2010). Coupling with the kinetic theory of granular
flows (KTGF) using the Eulerian–Eulerian two-fluid model (TFM) approach, the blade rotation is
achieved using the sliding mesh (SM) technique. The effects of different parameters of the hole cleaning
device on the decaying swirl flow induced by non-Newtonian drilling fluid, the particle behavior and
settlement of cutting particles have been studied.
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2. Computational Methodology

Since in the viewpoint of Eulerian–Eulerian both liquid and solid phases are considered as a
continuous phase, then useful information can be obtained to analyze the results as well as the lower
computational cost than the Eulerian–Lagrangian approach. Consequently, in this paper, TFM is
utilized to solve liquid-solid two-phase flow. The interaction between the liquid and solid is explained
by KTGF model. The simulation makes the following simplification: (1) the particles are all standard
spherical particles; (2) the particle size of all particles remained consistent; (3) heat transfer between
two phases is not involved.

2.1. Conservation Equations

The continuity equation of drilling fluid and cuttings are expressed as:

∂

∂t
(αlρl) +∇·(αlρlul) = 0 (1)

∂

∂t
(αsρs) +∇·(αsρsus) = 0 (2)

αl + αs = 1 (3)

where, l and s are the representative indexes for drilling fluid and cuttings, respectively; α is the
volume fraction; u is the velocity vector; ρ is the density. Each computational cell is shared by the
interpenetrating phases so that the sum of their volume fractions is unity.

The momentum equation of drilling fluid is expressed as:

∂

∂t
(αlρlul) +∇·(αlρlulul) = αl∇·τl + αlρlg− αl∇p− β(ul − us) (4)

Moreover, for the cuttings,

∂

∂t
(αsρsus) +∇·(αsρsusus) = −αs∇p−∇ps + αs∇·τs + αsρsg + β(ul − us) (5)

where g is the acceleration due to gravity; τ is the stress tensor; p is the pressure; ps is the solids
pressure; β is the interface momentum transfer coefficient.

The drilling fluid is a non-Newtonian fluid (power-law fluid), which is a 0.4%
carboxymethylcellulose (CMC) solution. The constitutive equation of power-law fluid is expressed as:

τl = η(
.
γ)· .

γ (6)

.
γ =

(
∂ul j

∂xi
+

∂uli
∂xj

)
(7)

where
.
γ is the rate of deformation tensor; η(

.
γ) is the apparent viscosity, which is a function of the

shear rate expressed as:

η(
.
γ) = κ(

1
2

.
γ :

.
γ)

n−1
2

(8)

where κ and n are the fluid consistency index and the flow behavior index. The drilling fluid is a
Newtonian fluid when n = 1, while it is shear thinning fluid when n < 1, or shear thickening fluid
when n > 1.

The shear stress of cuttings is expressed as:

τs = µs

{[
∇us + (∇us)

T
]
− 2

3
(∇·us)I

}
+ ξs∇·usI (9)
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where I is a unit vector; ξs and µs are the bulk solids viscosity and shear viscosity of cuttings.
The granular temperature transport equation (algebraic formulation) is expressed as follows:

0 = (−psI + τs) : ∇us − γΘs + ϕls (10)

where Θs is the granular temperature; (−psI + τs) : ∇us is the generation of energy by the solid stress
tensor; γΘs is the collisional dissipation of energy; ϕls is the energy exchange between the fluid or solid
phase and the solid phase.

Solids pressure ps is defined as:

ps = αsρsΘs + 2ρs(1 + e)αs
2g0Θs (11)

While e is the restitution coefficient of particle collisions; g0 is the radial distribution function
which is modeled as below:

g0 =

[
1−

(
αs

αsmax

) 1
3
]−1

(12)

The solid shear viscosity can be represented as the following equation:

µs =
4
5

αsρsdsg0(1 + e)

√
Θs

π
+

10ρsds
√

πΘs

96(1 + e)αsg0

[
1 +

4
5

g0αs(1 + e)
]2

(13)

The solids bulk viscosity accounts for the resistance of the granular particles to compression
and expansion:

ξs =
4
3

αsρsdsg0(1 + e)

√
Θs

π
(14)

For liquid–solid two-phase systems, the drag force between particles and fluid is the most
influential force in the interaction between the phases. At present, the most common drag models
include the Syamlal–O’Brien model [27], the Wen and Yu model [28], and the Gidaspow model [29].
Among them, the Gidaspow model is the most commonly used, which has a good prediction
accuracy [30,31]. The Gidaspow model is a combination of the Ergun model [32] and the Wen and Yu
model. For liquid concentrations greater than 0.8, momentum exchange coefficient between liquid
and solid phase β is determined by the Wen and Yu model; whereas for values less than or equal
to 0.8, exchange coefficient β is determined by the Ergun model. However, the drag function of the
Gidaspow model is discontinuous with the change of the solid volume fraction, which is contrary
to the physical law. The drag force is a continuous function of the solid phase volume fraction and
Reynolds number. Therefore, an improved Gidaspow model is proposed to correct the discontinuity
of the drag function [33]. In this model, the momentum exchange coefficient between liquid and solid
is as follows:

βHuilin−Gidaspow = ϕβErgun + (1− ϕ)βWen&Yu (15)

ϕ =
arctan[262.5(αs − 0.2)]

π
+ 0.5 (16)

βWen&Yu =
3
4

CD
αsαlρl |us − ul |

ds
α−2.65

l (17)

βErgun = 150
αs(1− αl)µl

αld2
s

+ 1.75
ρlαs|us − ul |

ds
(18)

where the drag coefficient CD, is:

CD =
24
Res

(1 + 0.15Re0.687
s ), Res ≤ 1000 (19)
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CD = 0.44, Res > 1000 (20)

Res is the particle Reynolds number is defined as:

Res =
ρlds|us − ul |

µl
(21)

2.2. Model Geometry and Boundary Conditions

In this work, the geometric model is consistent with the experimental model of Han et al. (2010).
The annulus is composed of the inner surface of a drill pipe and the outer surface of a casing.
The hole-cleaning device is simulated by the spiral blades placed on the drill pipe. According to
the formula proposed by Shook and Roco [34] in the single-phase case, the length of the inlet section of
laminar flow is calculated to ensure that the fluid is in the complete development stage before entering
the area of the blade.

Le

D
= 0.062ReD (22)

ReD =
ρUinDh

µ
(23)

where ReD is the Reynold number, Dh is the hydraulic diameter, Uin is the axial velocity. Based on the
above formula, pipe diameter D is replaced by the hydraulic diameter Dh, and the length of the inlet
section is calculated. The hole cleaning device is placed on the wall of the drill pipe at 0.4 m from the
inlet; the overall length of the device is 0.1 m. The height of blade ranges from h/Dh = 0.1 to 0.4 while
blades with angles of α = 0◦, 10◦, 20◦, and 30◦ are used for the study. The primary input parameters
adopted in the model are shown in Table 1.

Table 1. Summarized input parameters in the simulation.

Properties Values Units

Drill string length (L) 1.8 m
Angle of inclination (θ) 45 deg

Pipe diameter (D0) 30 mm
Hole diameter (D1) 44 mm

Eccentricity (e) 0 -
Drill pipe rotational speed (ω) 100, 200, 300, 400 rpm

Fluid inlet velocity (Uin) 0.49 m/s
Fluid density (ρl) 998.5 kg/m3

Power law exponent (n) 0.75 -
Consistency factor (k) 0.048 Pa·sn

Particle density (ρs) 2550 kg/m3

Particle diameter (ds) 2 mm
Injected particle volume fraction (Cv) 4 %

Blade angle (α) 0, 10, 20, 30 deg
Blade height (h/Dh) 0.1, 0.2, 0.3, 0.4 -

The two-phase flow system of drilling fluid and uniformly dispersed cuttings particles enter into
the annular space from the inlet and exit from the outlet. Velocity inlet and pressure outlet boundary
conditions are used for entrance and exit, the gauge pressure at the outlet is zero. The no-slip boundary
condition is used for the wall. The sliding mesh technique is used to realize the rotation of the blade
domain. The momentum and mass exchange between static and rotating domains is accomplished by
the interface.

2.3. Discretization and Numerical Solution

Appropriate mesh generators and high precision mesh quality are essential prerequisites for
CFD computation. To improve the accuracy of the calculation, to speed up the calculation and to
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convergence speed, as shown in Figure 1, the flow field in this work is divided into hexahedron
structure mesh, while the mesh near the hole cleaning device is refined and processed, the first layer
mesh thickness is 0.5 mm in the simulation.Energies 2019, 12, x FOR PEER REVIEW  7 of 16 
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Figure 1. 3D view of the computational domain including hole cleaning device: (a) cross-sectional
view; (b) entire grid system; (c) α = 0◦; (d) α = 10◦; (e) α = 20◦; (f) α = 30◦.

To verify the independence of the grid models, 512,055, 688,543, and 872,045 mesh elements are
used to simulate the flow field. The results in Table 2 show that the relative error regarding both the
pressure drop and mean tangential velocity is less than 4% when using grid numbers of 688,543, and
872,045. Considering the required precision and the cost of grid computing, finally nearly 688,000 grid
is chosen in the simulation.

Table 2. Grid independence tests.

Grid Model Pressure Drop
(Pa/m) Relative Error Mean Tangential Velocity

at Sampling Surface (m/s) Relative Error

512,055 1416.7 - 0.0192 -
688,543 1368.8 3.50% 0.0185 3.78%
872,045 1360.1 0.64% 0.0183 1.09%

Three-dimensional and transient simulations have been carried out. After the discretization of
governing equations by the finite volume method, the phase-coupled SIMPLE algorithm is applied
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to the pressure–velocity coupling. Gradients are estimated using a least squares cell-based method.
The momentum and the volume fraction interpolation are discretized using the QUICK routine due to
its better adaptation to hexahedral mesh. Time integrations are performed with a second-order implicit
scheme [35]. The relative error between two successive iterations is specified by using a convergence
criterion for the continuity equation, velocity and volume fraction of 10−5 for each scaled residual
component. A time step of 0.001 s with 20 iterations per time step is chosen. All of the simulations in
this work are performed on the Core i7 processor with 8 cores and a total memory size of 16 GB RAM.

3. Results and Discussion

3.1. Validation of the Computational Model

The swirl number Sn is usually used to characterize the magnitude of swirl intensity and the
effect of swirl on particle deposition. Swirl number Sn is a dimensionless parameter, first proposed by
Chigier and Beer [36]. It is defined as the ratio of the axial flux of angular momentum to the axial flux
of axial momentum on the desired surface, widely used in the literature:

Sn =

∫ R1
R0

uωr2dr

R1
∫ R1

R0
u2rdr

(24)

R1 and R0 represent the radius of the casing and drill pipe. It is shown by many scholars that the
swirl number Sn induced by swirling flow in the annulus agrees with the exponential distribution
along the axial direction due to the friction loss of the pipe wall and the viscous shear effect of the fluid.
The decay of the swirl flow can be evaluated by the decay rate β, which is the primary parameter to
study the swirl flow. The decay law of swirl intensity can be expressed by the following formula:

Sn = S0 exp(−β
L

Dh
) (25)

In the equation, L is the distance behind the blade; β is the magnitude of the decay rate; S0 is the
initial swirl intensity.

To verify the rationality of the selected numerical model, a numerical simulation of decaying
swirl flow in single-phase flow and solid–liquid two-phase flow in the annulus is carried out.
Then, the comparison between the experimental data and the predicted results is given in Figure 2.
The experimental data agree well with the simulation results, which prove the reliability and accuracy
of the current numerical model.
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3.2. Effect of the Rotational Speed of Hole Cleaning Performance

The decay of swirl intensity Sn induced by single-phase drilling fluid at a different blade rotational
speed (100, 200, 300, and 400 rpm) along the axial direction is shown in Figure 3, with a blade angle
of 0◦ and a blade height of h = 0.4 Dh. At different rotational speed, the swirl number Sn decay
exponentially along the axial direction, which is consistent with the study from articles [24–26].

The higher the rotational speed of the blade, the greater the initial swirl strength S0 of the swirl
flow. Also, the contribution of increasing rotational speed to the initial swirl intensity S0 is more
evident in the low rotational speed. Under the conditions of 200 rpm, 300 rpm, and 400 rpm, the initial
swirl intensity S0 increases by 96.5%, 44.0%, and 26.8% respectively with the rise of 100 rpm speed.
At the same time, the fitted curve of different rotational speed agrees with an exponential curve.

The decay rate β decreases slightly with the increase of rotational speed, while the decay of
swirling flow at high rotational speed is slower than that at low speed. Therefore, it is indicated that
the fluid with a higher swirl strength is more resistant to wall friction and viscous fluid loss.
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Figure 4 shows the tangential velocity distribution of cuttings particles with the blade angle of 0◦

and the blade height of h = 0.4Dh at the different cross sections (z = 0.6 m, 0.8 m, and 1.0 m). At higher
rotational speed (Figure 4b–d), the tangential velocity of cuttings on different sections decreases with
the increase of axial displacement. Besides, a more considerable tangential velocity is observed in the
core region far from the wall. The maximum tangential velocity can exceed 0.54 m/s at 200 rpm, which
gradually decrease toward the wall in the radial direction, and rapidly drops to 0 on the wall surface.
Since the high swirl can transfer higher momentum, the tangential velocity of the swirl increases with
the increase of the rotational speed in the same cross-section.
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Figure 4. The tangential velocity of particles at different cross section: (a) 100 rpm; (b) 200 rpm;
(c) 300 rpm; (d) 400 rpm.

Figure 5 shows the particle concentration contours at an axial position of z = 1.0 m at four different
rotational speed (100, 200, 300, and 400 rpm). The initial swirl intensity of the swirl flow induced by the
blade is great at a high rotational speed and continues to decay along the flow direction. At the same
cross-sectional position, the swirl intensity effect of the fluid at a high rotational speed (Figure 5b–d) is
still active, and more of the cuttings particles will be suspended in the annulus. However, at a low
rotational speed (Figure 5a), the swirl effect of the fluid is weak, and the deposition of cuttings in the
annulus is more pronounced due to gravity.
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3.3. Effect of Blade Height and Blade Angle on Hole Cleaning Performance

The blade height h and helical angle α are two important structural parameters of the blade.
Figures 6 and 7 show the columnar distribution of the initial swirl intensity S0 and the fitted decay rate
β at different blade height h and helical angle α under single-phase conditions.

It can be seen in Figure 6 that the initial swirl intensity S0 decreases with the increase of blade
angle while the trend becomes more evident with the rise of blade height. When the blade height is
h = 0.1Dh, the change of initial swirl intensity S0 caused by four blade angles is not more than 43.0%.
However, when blade height is h = 0.4Dh, it has reached 298.5%. It is indicated that the initial swirl
intensity is very sensitive to the blade angle at high blade height. When the blade angle is α = 30◦,
the increase of blade height h has little effect on the initial swirl intensity S0. However, at a smaller
blade angle (α = 0◦, 10◦, and 20◦), the increase of blade height will increase the initial swirl intensity.
For example, at α = 0◦, h = 0.4Dh, the initial swirl intensity S0 of swirl flow induced by the blade can
reach S0 = 0.66. However, this tendency decreases rapidly with the increase of the blade angle. It is
indicated that the initial swirl intensity is very sensitive to the blade height at a low blade angle.
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Figure 6. Effect of blade height and blade angle on initial swirl intensity.

Visible from the histogram in Figure 7 shows that the decay rate β of swirl flow induced by the
blade is almost unchanged at low blade height. Once the blade height increases, the decay rate will
increase significantly with the rise of the blade angle. The higher the blade height is, the stronger
this trend is. For example, at h = 0.4Dh, the difference between α = 0◦ and α = 30◦ can reach 12.7%.
It indicates that the initial swirl intensity S0 has a negative correlation with decay rate β. When the
blade height is small (h = 0.1Dh), the swirl intensity of the swirl flow induced by the blade is lower and
will decrease rapidly. When the blade height increases (h = 0.3Dh and 0.4Dh), the effect of the change in
the blade angle on the initial swirl intensity and the rate of decay is significantly improved.
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Figure 7. Effect of blade height and blade angle on the decay rate.

Figure 8 shows the tangential velocity distribution curves of cutting particles at four blade height
at different cross-section positions (z = 0.6 m, 0.8 m, and 1.0 m) with rotational speed at 300 rpm and
blade angle α = 0◦. It can be seen from the diagram that as the increase of the blade height (Figure 8b–d),
the tangential velocity of the particles increases due to the circumferential force exerted by the drilling
fluid. The tangential speed can reach up to 0.56 m/s. At the same blade height, with the increase of
axial displacement, the tangential velocity of cuttings to decrease rapidly.

Figure 9 shows the particle concentration contours at an axial position of z = 1.0 m at four different
blade angles. Because the initial swirl intensity decreases rapidly with the increase of blade angle
at a higher blade height, the larger the blade angle is, the weaker the swirling effect of the drilling
fluid is at the cross-section of z = 1.0 m. It indicates that the cuttings are more likely to deposit at the
bottom of the annulus at a higher blade angle, like Figure 9d. On the contrary, the smaller the blade
angle is (such as Figure 9a), the stronger the swirling effect of drilling fluid and there will be more
particles suspended in the annulus, it becomes more difficult for cuttings to deposit at the bottom of
the annulus.
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Figure 8. The tangential velocity of particles at different cross section: (a) h = 0.1Dh; (b) h = 0.2Dh;
(c) h = 0.3Dh; (d) h = 0.4Dh.
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4. Conclusions

In this paper, a TFM model coupled with KTGF is used to study the effect of various parameters
on the decay swirl flow and the particle behavior through the hole cleaning device. The following
conclusions can be drawn from the obtained modeling results:

(1) Swirl number Sn decays exponentially along the flow direction. Additionally, the increase of
rotational speed can significantly increase the initial swirl intensity S0 of the swirl flow induced
by the blade.

(2) Increasing the height of the blade h and reducing the blade angle α can lead to an increase in
the initial swirl intensity S0 of the swirl flow and cause a lower decay rate β. The decay rate β is
negatively correlated with the initial swirl intensity S0.

(3) The tangential velocity of the cutting particles in the annulus is more significant near the central
region, gradually decreasing in the direction of the radial wall.

(4) To minimize the problem of cuttings particles deposition in the annulus, the hole cleaning device
is needed to increase the greater initial swirl intensity S0 and lower swirl decay rate β. On the
whole, the work provides strong design input to the hole cleaning device.
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