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Abstract: Horizontal wells are more likely than vertical wells to have enlarged wellbore sections
due to borehole instability. However, there is scarce research on borehole cleaning of horizontal
wells with enlarged wellbore sections. In this paper, we establish a horizontal wellbore model with a
breakout enlargement section using field borehole diameter data. We used the three-dimensional
computational fluid dynamics (CFD) method and the Realizable k-ε turbulence model with the
Euler–Euler approach to simulate the effects of the drilling fluid circulation return speed and the
spinning speed of the drill pipe on the cutting movement of conventional horizontal wells and
horizontal wells with a breakout enlargement section. The simulation results demonstrate that
increasing the drilling fluid circulation return speed and the spinning speed of the drill pipe does
not significantly improve the hole cleaning impact for horizontal wells with a breakout enlargement
section. We analyzed the effects of the enlargement ratio, ellipticity, and principal axis orientation
on the borehole cleaning effect of horizontal wells with a breakout enlargement section. The results
show that the cleaning impact is better when the enlargement ratio is lower; moreover, the ellipticity
is larger and the principal axis orientation is perpendicular to the gravity direction. This paper fills a
gap in the existing theory of hole cleaning in horizontal wells and provides a theoretical basis for
improving the hole cleaning effect in actual drilling processes.

Keywords: enlargement; hole cleaning; breakouts; numerical simulation; computational fluid dynamics

MSC: 76T25

1. Introduction

According to the International Energy Agency’s forecast, global energy demand is
expected to grow by 19% by 2040. In the preceding years, conventional petroleum and
natural gas fields have not been able to meet the world’s demand for petroleum and
natural gas. Increasing the development of unconventional petroleum and natural gas can
effectively ramp up the extraction of petroleum and natural gas to ease the energy crisis [1].
The horizontal wellbore approach is often employed in unconventional petroleum and
natural gas development [2–5]. The contact area between the wellbore and the petroleum
and natural gas reservoir is larger for horizontal wells than for vertical wells, which can
effectively increase the recovery rate for petroleum and natural gas production [6–8].

Horizontal wells are easily affected by the gravitational effect of cutting and casing
eccentricity, forming cuttings beds and causing high friction and torque of the drill pipe,
with serious effects on hole cleaning efficiency [9–12]. When the horizontal wellbore is not
sufficiently cleaned, the annular pressure increases significantly, which can easily lead to
formation leaks, blowouts, and other accidents. In addition, cuttings beds further increase
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the friction and torque of the drill pipe, leading to frequent incidents of stuck or broken
drills and other accidents [13–16] as well as increasing the difficulty of subsequent logging,
cementing completion, and other operations, affecting the engineering quality [17–20]. A
review of borehole cleaning in horizontal and high-angle wells by Mahmoud et al. [21]
suggested that cuttings transport is greatly influenced by the spinning speed of the drill
pipe, the flow rate, and the rheological characteristics of the mud. Ma et al. [22] analyzed
the influence of the annular velocity, compactness of the drilling fluid, spinning speed of
the drill pipe, and eccentricity on hole cleaning through high-angle section and horizontal
section cuttings transport experiments. Bilgesu et al. [23] found that increasing the drilling
fluid circulation return speed and the drill pipe rotation speed can effectively improve the
hole cleaning effect, and that for smaller cuttings particle sizes the effect of this improvement
is more obvious. Ozbayoglu et al. [24] found through experiments that when the speed of
the drill pipe rotation went up to 40 r/min from 0 r/min the cuttings bed area decreased
significantly, while when the rotation speed increased to 120 r/min the cuttings bed area
decreased slightly; thus, there is an optimal drill pipe rotation speed for the hole cleaning
problem. The existing research believes that increasing the drilling fluid circulation return
speed can most effectively improve the horizontal hole cleaning effect.

Compared with vertical wells, horizontal wells are more susceptible to the influence
of bedding planes, fractures, and anisotropy, resulting in unstable rock strength. Moreover,
the complexity of horizontal wellbore geometry and trajectory makes horizontal wells
more susceptible to the influence of ground stress direction and magnitude, resulting in
wellbore instability problems such as borehole collapse and borehole enlargement [25,26].
Liu [27] divided elliptical borehole enlargement into three types: keyway, erosion, and
breakouts. McLellan et al. [28] reconstructed the shape of an enlarged borehole at 2391 m
in a well in western Canada using borehole imaging logging and biaxial logging tools.
The borehole was an elliptical enlargement with a long axis enlargement rate of 60%.
Pierdominici et al. [29] identified 371 borehole breakout phenomena using acoustic imaging.
Figure 1 shows a three-dimensional view of a borehole based on acoustic borehole images.

Mathematics 2023, 11, x FOR PEER REVIEW 2 of 17 
 

 

sufficiently cleaned, the annular pressure increases significantly, which can easily lead to 
formation leaks, blowouts, and other accidents. In addition, cuttings beds further increase 
the friction and torque of the drill pipe, leading to frequent incidents of stuck or broken 
drills and other accidents [13–16] as well as  increasing the difficulty of subsequent log-
ging, cementing completion, and other operations, affecting the engineering quality [17–
20]. A review of borehole cleaning in horizontal and high-angle wells by Mahmoud et al. 
[21] suggested that cuttings transport is greatly influenced by the spinning speed of the 
drill pipe, the flow rate, and the rheological characteristics of the mud. Ma et al. [22] ana-
lyzed the influence of the annular velocity, compactness of the drilling fluid, spinning 
speed of the drill pipe, and eccentricity on hole cleaning through high-angle section and 
horizontal section cuttings transport experiments. Bilgesu et al. [23] found that increasing 
the drilling fluid circulation return speed and the drill pipe rotation speed can effectively 
improve the hole cleaning effect, and that for smaller cuttings particle sizes the effect of 
this improvement is more obvious. Ozbayoglu et al. [24] found through experiments that 
when the speed of the drill pipe rotation went up to 40 r/min from 0 r/min the cuttings 
bed area decreased significantly, while when the rotation speed increased to 120 r/min the 
cuttings bed area decreased slightly; thus, there is an optimal drill pipe rotation speed for 
the hole cleaning problem. The existing research believes that increasing the drilling fluid 
circulation return speed can most effectively improve the horizontal hole cleaning effect. 

Compared with vertical wells, horizontal wells are more susceptible to the influence 
of bedding planes, fractures, and anisotropy, resulting in unstable rock strength. Moreo-
ver, the complexity of horizontal wellbore geometry and trajectory makes horizontal wells 
more susceptible to the influence of ground stress direction and magnitude, resulting in 
wellbore instability problems such as borehole collapse and borehole enlargement [25,26]. 
Liu [27] divided elliptical borehole enlargement into three types: keyway, erosion, and 
breakouts. McLellan et al. [28] reconstructed the shape of an enlarged borehole at 2391 m 
in a well in western Canada using borehole imaging logging and biaxial logging tools. The 
borehole was an elliptical enlargement with a long axis enlargement rate of 60%. 
Pierdominici et al. [29] identified 371 borehole breakout phenomena using acoustic imag-
ing. Figure 1 shows a three-dimensional view of a borehole based on acoustic borehole 
images. 

 
Figure 1. Three-dimensional borehole breakout view from ABI image of the borehole wall; Sh and 
SH are the orientations of the minimum and maximum horizontal principal stresses, respectively. 
(Simona Pierdominici, 2020 [29]). 

Ju et al. [30] compared the cuttings clearance capability of elliptic drill pipes with that 
of conventional circular drill pipes. Increasing the rotation speed can effectively improve 
the cuttings clearance capability of elliptic drill pipes. The larger the ellipticity of elliptical 
drill pipes is, the more obvious the improvement effect of hole cleaning is. Unlike circular 
drill pipes, the larger the eccentricity is, the easier it is for cuttings to be transported by 
elliptical drill pipes. Qu et al. [31] found through numerical simulation that four-leaf drill 
pipes are conducive to generating swirls in drilling fluid, improving hole cleaning effi-
ciency. Chen et al. [32] used a transient solid transport model to evaluate wave-shaped 

Figure 1. Three-dimensional borehole breakout view from ABI image of the borehole wall; Sh and
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(Simona Pierdominici, 2020 [29]).

Ju et al. [30] compared the cuttings clearance capability of elliptic drill pipes with that
of conventional circular drill pipes. Increasing the rotation speed can effectively improve
the cuttings clearance capability of elliptic drill pipes. The larger the ellipticity of elliptical
drill pipes is, the more obvious the improvement effect of hole cleaning is. Unlike circular
drill pipes, the larger the eccentricity is, the easier it is for cuttings to be transported by
elliptical drill pipes. Qu et al. [31] found through numerical simulation that four-leaf drill
pipes are conducive to generating swirls in drilling fluid, improving hole cleaning efficiency.
Chen et al. [32] used a transient solid transport model to evaluate wave-shaped borehole
cleaning risk and wave trajectory pressure. He concluded that upward inclined wells
have lower cuttings concentration than downward inclined wells, meaning that there is
an optimal accumulation rate for hole cleaning efficiency. Compared with conventional
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circular annulus, the cuttings transport law in irregular borehole shape section is different
and the mechanism is unclear [33,34].

This paper uses the CFD numerical simulation method to analyze cuttings transport
behavior in breakouts enlargement annulus using the FVM solver. First, we compare the
impact of the drilling fluid circulation return speed and drill pipe rotation speed on the
improvement effect of hole cleaning in conventional and enlarged boreholes. On this basis,
we analyze the influence of the enlargement rate, ellipticity, and major axis orientation angle
on cuttings transport in enlarged boreholes. Our research results fill a gap in the existing
horizontal well cuttings transport theory, and provide a theoretical basis for improving the
hole cleaning effect in the actual drilling process. This means that the present research can
help to optimize the design and operation of horizontal wells, reduce the risk of stuck pipes
and hole collapse, and enhance drilling efficiency and safety. This research contributes to
the development of new methods and technologies for cuttings transport and hole cleaning
in horizontal wells, such as applying vibration or rotation tools, installing cuttings bed
breakers, etc. The present research can be extended to other types of complex wells, such
as multilateral wells and coiled tubing drilling wells, where cuttings transport and hole
cleaning are challenging issues.

2. Methodology

This study uses the Eulerian–Eulerian multiphase flow model to study solid–liquid
two-phase flows where both phases are treated as continuous media. This method is
more efficient and acceptable than the Eulerian–Lagrangian approach. For the purpose
of considering the problem of turbulence, this paper uses the Realizable k-ε instability
representation.

2.1. Mathematical Models

Regarding the particles and fluid within the circle, the continuity equation and mo-
mentum equation of both are established in [35,36].

Continuity equation:
∂(α1ρ1)

∂t
+∇ · (α1ρ1u1) = 0 (1)

∂(αsρs)

∂t
+∇ · (αsρsus) = 0 (2)

Momentum equation:

∂(α1ρ1u1)

∂t
+∇ · (α1ρ1u1u1) = −α1∇p +∇ · (α1τ) + α1ρ1g− β(v1 − vs) (3)

∂(αsρsus)

∂t
+∇ · (αsρsusus) = −αs∇p−∇ps +∇ · (αsτ) + αsρsg + β(v1 − vs) (4)

where the subscripts 1 and s respectively represent the drilling fluid and cuttings; α repre-
sents volume fraction; ρ represents density, g/cm3; u represents velocity vector; p represents
pressure, Pa; ps represents solid phase pressure, Pa; τ represents stress tensor, N/m2; g
represents gravitational acceleration, m/s2; and β represents the interphase momentum
transfer coefficient.

The expression of the solid phase pressure ps is as follows [37]:

ps = αsρsΘs + 2ρs(1 + ess)α
2
s g0,ssΘs (5)
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where ess represents the restitution coefficient of particle collision; Θs represents the granular
temperature, m2/s2; and g0,ss represents the radial distribution function, for which the
expression is as follows:

g0,ss =

1−
(

αs

αs,max

) 1
3
−1

(6)

The expression of the granular temperature Θs is as follows:

Θs =
1
3

us,ius,i (7)

In the two-fluid model, the solid-phase viscosity consists of the collision viscosity,
kinetic viscosity, and friction viscosity [38,39]:

µs = µs,col + µs,kin + µs,fr (8)

The expressions of the collision viscosity µs,cd, kinetic viscosity µs,kin, and friction
viscosity µs,fr are as follows:

µs,col =
4
5

αsρsdsg0,ss(1 + ess)

[
Θs

π

]1/2
αs (9)

µs,kin =
10ρsds

√
Θsπ

96αs(1 + ess)g0,ss

[
1 +

4
5

g0,ssαs(1 + ess)

]2
αs (10)

µs, f r =
ps sin φ

2
√

I2D
(11)

Volume viscosity refers to the resistance of particles to compression and expansion
during flow. Lun et al. [40] has described the volume viscosity as follows:

λS =
4
3

α2
SρSdsg0,ss(1 + ess)

[
ΘS
π

]1/2
(12)

The momentum exchange coefficient relationship between solid and liquid is calcu-
lated using the Huilin-Gidaspow et al. [41] model, which comprehensively considers both
the Ergun model and the Wen and Yu model. The equation is as follows:

βHuilin−Gidaspow = ϕβErgun + (1− ϕ)βWen&Yu (13)

ϕ =
arctan[262.5(αs − 0.2)]

π
+ 0.5 (14)

When α1 6 0.8,

βErgun = 150
αs(1− α1)µ1

α1d2
s

+ 1.75
ρ1αs

∣∣∣→us −
→
u1

∣∣∣
ds

(15)

When α1 > 0.8,

βWen&Yu =
3
4

CD

αsα1ρ1

∣∣∣→us −
→
u1

∣∣∣
ds

α−2.65
1 (16)

In the formula, CD is the drag coefficient, which is calculated as follows [42]:

CD ==

{
24
Res

(
1 + 0.15Re0.687

s
)

(Res 6 1000)
0.44 (Res > 1000)

(17)
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In the formula, the particle Reynolds number Res can be defined as:

Res =
ρ1ds

∣∣∣→us −
→
u1

∣∣∣
µ1

(18)

In the formula, ds is the particle diameter, m. The stress tensor expression of the
cuttings and drilling fluid is as follows:

τ1 = µ1

{[
∇→u1 +

(
∇→u1

)T
]
− 2

3

(
∇ · →u1

)
I
}

(19)

τs = µs

[
∇→us +

(
∇→us

)T
]
+

(
ζs −

2
3

µs

)(
∇ · →us

)
I (20)

In the formula, I is the unit vector; µ1 and µs are fluid viscosity and shear viscosity,
Pa·s; and ζs is solid phase volume viscosity, Pa·s.

2.2. Form Structure and Boundary Setting

The circular gap between the borehole and the drillpipe is the domain of analysis in
this paper. The geometric dimensions of the enlarged borehole calculation domain are
based on the logging data of P. Sarmadi et al. [43]. The enlarged borehole model is 4 m
long, with a 2 m long enlarged section and two 1 m long unenlarged sections at both ends.
The axial cross-section of the enlarged section is elliptical, and its shape is determined by
three parameters: the enlargement rate £, ellipticity α, and major axis orientation angle
θ. As shown in Figure 2, the enlargement rate £ is the ratio of the difference between the
longest diameter of the ellipse and the radius of the conventional borehole to the radius
of the conventional borehole (a − r0)/r0, the ellipticity α is the proportion of the widest
and narrowest spans of the ellipse a/b, and the major axis orientation angle θ is the degree
of deviation of the longest diameter of the ellipse from the gravity direction. The model
shape is symmetrical left and right, the expansion section position is located in the middle
position of the model, the expansion section cross-section size is the same, and the non-
expansion section shape at both ends of the expansion section is an eccentric annulus with
an outer diameter of 215.9 mm, an inner diameter of 127 mm, and an eccentricity of 0.4.
The length of the expansion section is 1 m at both ends, and the shape of the annulus does
not change with changes in the enlargement rate £, ellipticity α, or major axis orientation
angle θ. We established a conventional borehole model with a length of 4 m to compare the
cuttings transport behavior in enlarged boreholes. Table 1 lists the geometric dimensions
and simulation parameters used in the simulation.
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Table 1. Geometrical parameters and operating conditions in the numerical simulation.

Variables Values

Annulus Length, L (m) 4
Enlarged annulus Length, L1 (m) 2

Angle of inclination, θ1 (deg) 90
Pipe diameter, D0 (mm) 127

Conventional Hole diameter, D1 (mm) 215.9
Eccentricity, e 0.4

Fluid density, ρl (kg/m3) 1600
Drilling Fluid circulation velocity, v (m/s) 0.5, 0.75, 1, 1.25

Drill pipe rotational speed, n0 (rpm) 0, 60, 120, 180
Ratio of expanding diameter, £ 0.4, 0.5, 0.6, 0.7

Ovality, α 1, 1.1, 1.2, 1.3
Principal axis bearing angle, θ (deg) 0, 30, 60, 90

2.3. Computational Mesh and Grid Refinement Assessment

We performed a grid invariance test with four different grid numbers and time steps,
considering the large difference in the results of numerical simulations under different
grid numbers along with the computation cost. The findings are presented in Figure 3.
When the time step is 0.0025 s, the maximum pressure drop difference between a grid with
527,436 numbers and the grid with 326,536 numbers is less than 0.2%. Therefore, we chose
a grid with 326,232 numbers and a time step of 0.0025 s for this study, and we performed
twenty iterations in each time step.
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Figure 3. Grid independence test and time independence verification.

A hexahedron-structured mesh was used to mesh the geometric modeling. The near-
wall surface was treated with a standard wall function. The grid division of the boundary
layer met the condition y+≈ 30, and we divided the near wall of the drill pipe and wellbore
into grids through local encryption. Figure 4 shows the schematic diagram of the grid
division of the geometric model.
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3. Results and Analysis
3.1. Simulation and Experimental Comparison to Validate the Model

To validate the numerical simulation results, we compared them with experimental
data and results from the literature. Figure 5 shows the comparison of numerical simulation
results and [44] experimental results for the annular pressure drop with different drilling
fluid flow rates under Eulerian two-fluid conditions. The results show that the numerical
simulation results have an average error of 9.62% compared to the existing experimental
data, which indicates high agreement. Under Eulerian two-fluid conditions, this model can
accurately predict cuttings transport behavior.

Mathematics 2023, 11, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 4. Computational domain and grid schematic: (a) schematic of the mesh in the unexpanded 
section of the hole with expanded section; (b) schematic of the mesh in the expanded section of the 
hole with expanded section; (c) schematic of mesh of the hole with expanded section; (d) schematic 
of the mesh of a conventional drill hole. 

3. Results and Analysis 
3.1. Simulation and Experimental Comparison to Validate the Model 

To validate the numerical simulation results, we compared them with experimental 
data and results from the literature. Figure 5 shows the comparison of numerical simula-
tion results and [44] experimental results for the annular pressure drop with different 
drilling fluid flow rates under Eulerian two-fluid conditions. The results show that the 
numerical simulation results have an average error of 9.62% compared to the existing ex-
perimental data, which indicates high agreement. Under Eulerian two-fluid conditions, 
this model can accurately predict cuttings transport behavior. 

 
Figure 5. Validation of present prediction with experimental results from Han [44]. 

3.2. Effect of Drilling Fluid Circulation Return Speed on Borehole Cleaning 
Figure 6 shows the relationship between the drilling fluid circulation return speed 

and cuttings volume fraction under different borehole conditions. It is clear that for both 
conventional boreholes and boreholes with enlarged sections the cuttings volume fraction 
decreases with the increase of the drilling fluid circulation return speed. At the same time, 
under the same drilling fluid circulation return speed condition the fraction of cuttings 
volume grows as the enlargement rate rises. When the drilling fluid circulation return 

Figure 5. Validation of present prediction with experimental results from Han [44].

3.2. Effect of Drilling Fluid Circulation Return Speed on Borehole Cleaning

Figure 6 shows the relationship between the drilling fluid circulation return speed
and cuttings volume fraction under different borehole conditions. It is clear that for both
conventional boreholes and boreholes with enlarged sections the cuttings volume fraction
decreases with the increase of the drilling fluid circulation return speed. At the same time,
under the same drilling fluid circulation return speed condition the fraction of cuttings
volume grows as the enlargement rate rises. When the drilling fluid circulation return speed
increases from 0.5 m/s to 1.25 m/s, the overall annular cuttings volume fraction reduction
of the conventional borehole, enlarged borehole with enlargement rate of 0.4, and enlarged
borehole with enlargement rate of 0.7 are 8.98%, 5.26%, and 4.35%, respectively. The
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slope of the cuttings volume fraction trend line of the conventional boreholes is 1.82 times
that of the enlarged borehole with an enlargement rate of 0.4 and 2.19 times that of the
enlarged borehole with an enlargement rate of 0.7. This indicates that increasing the
drilling fluid circulation return speed can effectively improve the cleaning effect for a
conventional borehole under the same conditions, while it has limited improvement effect
on the borehole cleaning effect for horizontal wells with enlarged sections; moreover, the
improvement effect of borehole cleaning becomes worse with a greater enlargement rate.

Mathematics 2023, 11, x FOR PEER REVIEW 8 of 17 
 

 

speed increases from 0.5 m/s to 1.25 m/s, the overall annular cuttings volume fraction re-
duction of the conventional borehole, enlarged borehole with enlargement rate of 0.4, and 
enlarged borehole with enlargement rate of 0.7 are 8.98%, 5.26%, and 4.35%, respectively. 
The slope of the cuttings volume fraction trend line of the conventional boreholes is 1.82 
times that of the enlarged borehole with an enlargement rate of 0.4 and 2.19 times that of 
the enlarged borehole with an enlargement rate of 0.7. This indicates that increasing the 
drilling fluid circulation return speed can effectively improve the cleaning effect for a con-
ventional borehole under the same conditions, while it has limited improvement effect on 
the borehole cleaning effect for horizontal wells with enlarged sections; moreover, the im-
provement effect of borehole cleaning becomes worse with a greater enlargement rate. 

 
Figure 6. Relationship between drilling fluid circulation velocity and cuttings volume fraction under 
different borehole conditions. 

Figure 7 illustrates the cuttings flow in different directions as the drilling fluid circu-
lation speed varies in an enlarged wellbore and in a conventional wellbore with an en-
largement ratio of 0.4. Generally, more cuttings are present in the enlarged area of the 
annulus of the enlarged wellbore, while the conventional wellbore has a more even distri-
bution of cuttings. In the enlarged wellbore, when cuttings enter the enlarged section with 
the drilling fluid the well diameter suddenly increases and the axial flow velocity of the 
drilling fluid drops sharply. Cuttings in the annulus then settle under gravity and form a 
cuttings bed. A fixed cuttings bed forms slowly, as the drilling fluid cannot provide kinetic 
energy to the cuttings effectively at the annulus bottom. As the flow rate increases, the 
cuttings in the annulus of the enlarged wellbore with the enlarged section are concen-
trated in the enlarged section; while the total amount of cuttings is almost unchanged, in 
the conventional well section the amount of cuttings deposition decreases significantly 
with increasing flow rate. Under a high flow rate, cleaning of the conventional wellbore 
has a good effect, while the cleaning effect for the enlarged wellbore with the enlarged 
section is very poor. 
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different borehole conditions.

Figure 7 illustrates the cuttings flow in different directions as the drilling fluid cir-
culation speed varies in an enlarged wellbore and in a conventional wellbore with an
enlargement ratio of 0.4. Generally, more cuttings are present in the enlarged area of the
annulus of the enlarged wellbore, while the conventional wellbore has a more even distri-
bution of cuttings. In the enlarged wellbore, when cuttings enter the enlarged section with
the drilling fluid the well diameter suddenly increases and the axial flow velocity of the
drilling fluid drops sharply. Cuttings in the annulus then settle under gravity and form a
cuttings bed. A fixed cuttings bed forms slowly, as the drilling fluid cannot provide kinetic
energy to the cuttings effectively at the annulus bottom. As the flow rate increases, the
cuttings in the annulus of the enlarged wellbore with the enlarged section are concentrated
in the enlarged section; while the total amount of cuttings is almost unchanged, in the
conventional well section the amount of cuttings deposition decreases significantly with
increasing flow rate. Under a high flow rate, cleaning of the conventional wellbore has a
good effect, while the cleaning effect for the enlarged wellbore with the enlarged section is
very poor.

The particles have three modes of axial movement on the face of the cuttings deposit:
sliding, rotating, and lifting. When the fluid driving force in the axial direction is greater
than the frictional resistance of the particle the particle slides, and when the destabilizing
moment of the particle around its rotation pivot point is greater than the stabilizing moment,
the particle rolls and moves; when the particle moves to the junction between the dilated
section and the non-dilated section, the particle cannot move forward using the force of
the wall, and accumulates at the junction. In lifting mode, the lifting force on the particles
exceeds their floating weight, and the particles become suspended in the drilling fluid to a
height greater than the height of the junction between the expanded and non-expanded
sections. At the end of the enlargement section the well diameter suddenly decreases,
creating a height difference between the enlargement section and the non-enlargement
section. This blocks the forward movement of cuttings in sliding and rolling modes
and makes them stay in the enlargement section. Cuttings in lifting mode fall back into
the enlargement section if their lifting height is lower than that of the non-enlargement
section. As cuttings accumulate in the enlargement section, the height difference between



Mathematics 2023, 11, 3070 9 of 17

the cuttings bed surface and the non-enlargement section shrinks. When they are equal,
cuttings in sliding and rolling modes can resume moving forward. As the drilling fluid
circulation return speed increases, the cuttings concentration in the conventional well
section decreases gradually; however, many cuttings remain in the enlarged section of the
enlarged wellbore. This results in poor hole cleaning and hampers normal drilling.
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3.3. Effect of Drill Pipe Spinning Rate on Borehole Cleaning

The cuttings volume fraction under different wellbore conditions is affected by the
drill pipe spinning rate, as shown in Figure 8. As shown, the cuttings volume fraction
decreases as the drill pipe rotation speed increases under any wellbore conditions. When
the drill pipe spinning rate rises from 0 rpm to 180 rpm, the cuttings volume fraction
drops by 4.57%, 2.83%, and 1.80% for the conventional wellbore, enlarged wellbore with
enlargement ratio of 0.4, and enlarged wellbore with enlargement ratio of 0.7, respectively.
When the drill pipe rotation rate is 0 rpm, the cuttings volume fraction of the enlarged
wellbore with an enlargement ratio of 0.7 is 2.15 times that of the conventional wellbore and
1.46 times that of the enlarged wellbore with an enlargement ratio of 0.4. When the drill
pipe rotation rate is 180 rpm, the cuttings volume fraction of the enlarged wellbore with an
enlargement ratio of 0.7 is 3.176 times that of the conventional wellbore and 1.66 times that
of the enlarged wellbore with an enlargement ratio of 0.4. The cuttings volume fraction
trend line of the conventional wellbore has a slope that is 1.72 times higher than that of
the enlarged wellbore with an enlargement ratio of 0.4 and 2.77 times that of the enlarged
wellbore with an enlargement ratio of 0.7. This means that under the same conditions
the conventional wellbore has a better hole cleaning effect with faster drill pipe rotation,
while horizontal wells with enlarged well sections show a limited improvement in the hole
cleaning effect with faster drill pipe spinning and the improvement impact worsens as the
enlargement ratio increases. When the enlargement ratio is too high, drill pipe spinning
cannot enhance the borehole cleaning effect of horizontal wells with enlarged well sections.
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Figure 9 illustrates the three-dimensional surface of tangential velocity with projec-
tion at the z = 2 m section of the enlarged wellbore and conventional wellbore with an
enlargement ratio of 0.4. As shown, under the same conditions the enlarged wellbore and
conventional wellbore have the same maximum fluid velocity in the tangential direction.
At the wall of the drill pipe, the drilling fluid tangential velocity is the highest, where it
is sheared by drill pipe rotation, while the tangential velocity decreases radially. Due to
the drill pipe’s eccentricity, at the nadir of the doughnut-shaped area the drilling fluid
has its maximum tangential velocity at the wall-adjacent side of the drill pipe. The area
of drilling fluid with high tangential kinetic energy in the annulus expands as the drill
pipe rotation speed increases. When cuttings pile up at the bottom of the annulus, they
form a fixed cuttings bed area. The drilling fluid transfers tangential kinetic energy to
cuttings on the surface of the fixed cuttings bed and effectively moves them. The drag
force, lift force, buoyancy force, and gravity force remain unchanged under the action of
drill stem rotation, and the friction force is increased by the centrifugal force. The drill
stem rotation increases the tangential force of the particles and drives the particles to make
a circumferential motion. For a conventional wellbore, faster rotation speed increases
the circumferential lifting force around the cuttings bed surface, improves drilling fluid
suspension ability, reduces cuttings deposition, and lowers the height of the cuttings bed.
However, for the enlarged well section the cuttings are mainly in the enlarged area, and the
drilling fluid kinetic energy near the surface of the fixed cuttings bed in the enlarged section
is much lower than that in the conventional well section. Most particles start to move
circumferentially in sliding mode under drill pipe rotation, which hinders the movement
of cuttings out of the enlarged section. When the cuttings bed surface height in enlarged
section is lower than that in the non-enlarged section, cuttings struggle to move out of the
enlarged section under drill pipe rotation. Therefore, drill pipe rotation hardly helps in
hole cleaning of horizontal wells with enlarged well sections.

3.4. Effect of Enlargement Ratio on Hole Cleaning

Figure 10 illustrates the cuttings distribution profile of the enlarged well section of the
horizontal well with different enlargement ratios. As shown, the cuttings deposition in the
enlarged well section grows as the enlargement ratio increases. The annulus area of the
enlarged well section expands with the enlargement ratio. When the enlargement ratio
is 0.7, the annulus area of the enlarged well section is 3.06 times that of the enlargement
ratio of 0.4. Therefore, a higher enlargement ratio means lower drilling fluid velocity in
the enlarged area and easier cuttings deposition. As the drilling fluid speed decreases,
the drag force on the particles decreases as well; in these conditions it is difficult for the
particles to overcome the frictional resistance of the particles, and sliding cannot occur. The
height difference between the enlarged section and the non-enlarged section rises with the



Mathematics 2023, 11, 3070 11 of 17

enlargement ratio. The height difference when the enlargement ratio is 0.7 is 1.75 times that
of the enlargement ratio of 0.4. The greater the height difference, the more difficult it is for
cuttings to move out of the enlarged section. Because the bottom annulus area is bigger,
the same amount of cuttings deposition has a smaller cuttings bed height in annulus with
a high enlargement ratio, which makes it harder for cuttings to move out of the enlarged
section and results in a very poor hole cleaning effect under the high enlargement ratio.
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Figure 11 illustrates how the enlargement ratio affects the cuttings volume fraction
at different axial positions of horizontal wells with enlarged well sections. As shown,
the cuttings volume fraction at z = 0.5 m stays almost the same as the enlargement ratio
increases, the cuttings volume fraction at z = 2.0 m rises significantly, and the cuttings
volume fraction at z = 3.5 m drops. The enlargement degree has little impact on cuttings
movement at the wellbore entrance; however, the challenge of ensuring cuttings movement
out of the enlarged section grows with the enlargement ratio. A higher enlargement ratio
means easier cuttings deposition in the enlarged sections. When the enlargement ratio
is low, the cuttings volume fraction at the wellbore exit is slightly higher than that of
the wellbore exit with high enlargement ratio, as more cuttings are moved out of the
enlarged section.
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horizontal well with expansion section.

3.5. Effect of Ovality on Hole Cleaning

Figure 12 illustrates how the cuttings volume fraction of horizontal wells with enlarged
sections varies with ellipticity and enlargement rate. The cuttings volume fraction increases
as the ellipticity increases, and is higher for larger enlargement rates. For ex-ample, when
the enlargement rate is 0.4 the cuttings volume fraction of ellipticity 1.3 is 4.3% higher
than that of ellipticity 1. The area of cuttings accumulation is reduced when the ellipticity
increases. If the cuttings bed and the drill pipe have no contact, the area of the cuttings
accumulation ratio of ellipticity 1 and ellipticity 1.3 is 0.77; when the drill pipe is partially
submerged in the cuttings bed, the cuttings bed surface area ratio of ellipticity 1 and
ellipticity 1.3 first decreases and then increases, reaching a minimum of 0.42; and when the
drill pipe is completely submerged in the cuttings bed, the area ratio is the same as when
the cuttings bed does not touch the drill pipe. With increasing eccentricity the momentum
exchange efficiency between the fluid and the cuttings bed is lower, and the wellbore
cleaning effect is less good.

Figure 13 illustrates how the cuttings volume fraction of horizontal wells with enlarged
sections varies with the ellipticity and enlargement rate. The cuttings volume fraction
increases as the ellipticity increases, and is higher for larger enlargement rates. For example,
when the enlargement rate is 0.4, the cuttings volume fraction of ellipticity 1.3 is 4.3%
higher than that of ellipticity 1. The drilling fluid touches less of the cuttings bed surface.
When the drill pipe is completely located in the drilling fluid, the area of the cuttings
accumulation ratio of ellipticity 1 and ellipticity 1.3 is 0.77, while when the drill pipe is
partially located in the drilling fluid, the area of the cuttings accumulation ratio of ellipticity
1 and ellipticity 1.3 first decreases and then increases, reaching a minimum of 0.42. The
area ratio is unchanged when the drill pipe is buried in the cuttings and the drilling
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fluid does not touch it or the cuttings bed. A higher ellipticity reduces the momentum
exchange between the fluid and particles, meaning that the fluid driving force along the
axial direction is smaller than the frictional resistance of particles, while the destabilizing
moment at the rotational pivot point of particles is smaller than the stabilizing moment
and worsens the borehole cleaning effect.
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Figure 13. Cuttings distribution along the flow direction of the expanded well section under different
ellipticities in a horizontal well with an expanded section with an expansion ratio of 0.4.

3.6. Effect of Principal Axis Bearing Angle on Hole Cleaning

Figure 14 illustrates how the drilling fluid moves along the axis of horizontal wells
where the section is bigger with an enlargement rate of 0.4 and changes with different
major axis orientation angles. The high-speed core area of the drilling fluid is closer to the
elliptical short axis, where the drill pipe and the well wall are nearer. The area with the
fast core is much wider at the short axis than at the long axis. The cuttings bed lowers the
axial velocity at the bottom of the annulus and clogs the drilling fluid channel. When θ is
0◦, both sides of the short axis have high-speed core areas of drilling fluid. As θ increases,
the short axis aligns with the gravity direction. The fast core area near the bottom of the
annulus on the short axis becomes smaller as cuttings accumulate. When θ is 90◦, only the
short axis at the upper part of the annulus has a high-speed core area of drilling fluid, while
the short axis at the lower part of the ring-shaped space has none.
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from 0° to 90°, the height difference drops from 43.18 mm to 8.3 mm, a decrease of 80.78%. 
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Figure 14. Axial velocity profiles of drilling fluid at different main axis azimuths for a horizontal well
with an expansion ratio of 0.4.

Figure 15 illustrates how the cuttings distribution of horizontal wells with enlarged
sections with an enlargement rate of 0.4 changes with different major axis orientation angles.
The height difference between the enlarged section and the non-enlarged section decreases
as θ increases. When θ increases from 0◦ to 90◦, the height difference drops from 43.18 mm
to 8.3 mm, a decrease of 80.78%. This makes the cuttings bed lower in the bigger section
and lets the particles on the exterior of the cuttings bed be taken away by slipping and
rolling, improving the hole cleaning efficiency significantly. The cuttings volume fraction
decreases by 0.96% when θ increases from 0◦ to 30◦, by 3.07% when θ increases from 30◦

to 60◦, and by 1.41% when θ increases from 60◦ to 90◦. The hole cleaning effect is the best
when θ increases from 30◦ to 60◦. This is because as θ increases, the cuttings bed height in
the enlarged section and the rapid core region of drilling fluid in the annulus both decrease.
The combined effect of these two factors creates this pattern.
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Figure 15. Cuttings distribution profiles at different main axis azimuths in a horizontal well with an
expansion ratio of 0.4.

Figure 16 illustrates how the cuttings volume fraction of horizontal wells with enlarged
sections changes with different major axis orientation angles under different enlargement
rates. The cuttings volume fraction decreases as the major axis orientation angle increases.
The more the section expands, the less the cuttings volume fraction drops. For example,
when the major axis orientation angle increases from 0◦ to 90◦, the cuttings volume fraction
for enlargement rates of 0.4, 0.5, 0.6, and 0.7 decreases by 5.43%, 4.67%, 3.86%, and 2.61%,
respectively. When the enlargement rate is 0.4 and when θ increases from 0◦ to 90◦,
the height difference drops from 43.18 mm to 8.3 mm, a decrease of 80.78%. When the
enlargement rate is 0.7 and when the major axis orientation angle increases from 0◦ to 90◦,
the height difference between the enlarged section and the non-enlarged section drops
from 75.57 mm to 33.22 mm, a drop of 43.96%. This makes it hard for the cuttings to be
removed from the enlarged section. When the lifting force on the particle is constant with
the floating weight component of the particle, the lifting height of the particle under the
action of these two forces is constant and the increase in height difference makes the particle
more susceptible to the force of the wall, increasing the difficulty of particle transport. The
major axis orientation angle has a small impact on improving the cuttings volume fraction
in horizontal wells with enlarged sections under high enlargement rates.
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angle in a horizontal well with expansion section.

4. Conclusions

This study examines how horizontal wellbores with and without bigger sections can
transport cuttings under different rates of drilling fluid circulation and drill pipe spinning.
In addition, it models the effects of different rates of section expansion, ellipticities, and
angles of major axis orientation on the efficiency of hole cleaning in horizontal wellbores
with bigger sections.

(1) Increasing the drilling fluid circulation rate has a limited impact on improving the
wellbore cleaning effect of horizontal wells with enlarged sections, and the impact is
smaller for higher enlargement rates; the hole cleaning effect of horizontal wells with
bigger sections is barely improved by enhancing the rate of drill pipe spinning, and
hardly affected at all when the rate of section expansion is too high.

(2) When the enlargement ratio is 0.7, the annulus area of the enlarged well section is
3.06 times that of the enlargement ratio of 0.4. The higher the enlargement rate, the
harder it is for the cuttings to be removed from the enlarged section, and the worse
the borehole cleaning impact is for horizontal wells with enlarged sections under high
enlargement rates.

(3) When the enlargement rate is 0.4, the cuttings volume fraction of ellipticity 1.3 is 4.3%
higher than that of ellipticity 1. As the ellipticity increases, fewer cuttings directly
exchange enough momentum with the fluid, worsening the cleaning effect in the
borehole expansion area.

(4) The cuttings volume fraction decreases by 0.96% when θ increases from 0◦ to 30◦, by
3.07% when θ increases from 30◦ to 60◦, and by 1.41% when θ increases from 60◦ to 90◦.
With a higher major axis orientation angle, it is easier for the cuttings to be removed
from the enlarged section, and the same number of cuttings in the bigger section form
a cuttings bed with a lower height. The hole cleaning effect improves the most when θ
increases from 30◦ to 60◦.
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