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Abstract

A correct prediction of drilling fluid pressure drop is considered as a key parameter to carry out an
efficient drilling operation and avoid non-productive time (NPT) during enrollment of the process. In
this paper, a numerical approach is employed to analyze frictional pressure loss of Herschel-Bulkley
(yield power-law) fluid flowing through an annular geometry in which the inner pipe makes a helical
buckling motion in laminar and turbulent regimes. Results showed that rotation of the helically-buckled
inner pipe induces a decrease of 10% and 6% of the pressure loss gradient of the Herschel-Bulkley
fluid in the laminar regime for the helical pitch lengths of 6.9 m and 10 m, respectively. Also, increasing
the pitch length of a helically-shaped inner pipe reduces the pressure loss gradient, particularly for low
angular speeds. Moreover, the helical pitch length increment from 6.9 m to 10.7 m slightly affects the
pressure loss gradient for the turbulent regime.

Keywords: CFD approach; Helical buckling,; Frictional pressure loss; Herschel Bulkley fluid;, Laminar and
turbulent flow regime.

1. Introduction

Accuracy of frictional pressure drop estimation is the most crucial parameter in the hydrau-
lics program of drilling, which depends on geometrical characteristics (eccentricity, diameters
ratio, annulus shape, etc.) and fluid properties (density, rheology, and flow regime). Numer-
ous experimental and numerical investigations have been done about the flow of non-Newto-
nian fluids in the annulus where the inner pipe makes only pure rotation [*-61, However, in the
real case, complicated motions of the inner pipe may occur during drilling operations, including
helical buckling motion [71, In the literature, there is still a lack of the effect of buckling motion
on the hydrodynamics of drilling fluids.

To consider the real motions of a drill pipe
during a drilling process, Saasen [81 men-
tioned that drill string motion has a signifi-
cant effect on frictional pressure loss and
should be taken into consideration. Mitchell
[91 studied drill string transition from straight
pipe to lateral buckling (snake buckling) and
from lateral buckling to helical buckling for
different deviations of a wellbore, as can be
seen in Figure 1.

Figure 1. (a) Lateral buckling (snake buckling),
(b) helical buckling [13]
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Based on theoretical models, He et al. [1°] found that the applied torque affects the buckling
shape of a drill string by reducing the critical buckling compressional force (weight on the bit).
Moreover, Chen et al. [1] concluded that the necessary force for helical buckling is 1.4 times
greater than the required force for sinusoidal buckling.

Erge et al. [*2] conducted an experimental study of Herschel-Bulkley fluid flow through an
annular space where the inner cylinder has a helical shape with different pitch lengths. They
observed that the helical shape of the inner cylinder could significantly reduce frictional pres-
sure loss. In addition, they found that rotation of the helically-buckled pipe results in a signif-
icant increase in frictional pressure loss as compared to the case of a straight inner pipe.

Buckling will not necessarily occur at the same time in all parts of the drill pipe. In long drill
pipes, the axial force (weight on the bit WOB) acting on each point of the string is different,
resulting in a partially buckled drill pipe. Therefore, other sections of the buckled drill pipe will
be at various stages of the buckling process. In addition, even the helically shaped part of the
drill pipe may have different pitch lengths [13], The same observations were made by Huang
et al. 1141, as can be seen in Figure 2.
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Figure 2. Different types of drill pipe buckling in a horizontal well [14]

There are few attempts to evaluate the effect of various drill pipe motions on the flow of
drilling fluids through annular geometries [15-201, However, there is still a need to understand
more about the behavior of drilling fluids when the helical motion of a drill pipe takes place.
In this paper, the influence of fluid velocity and rotation of the helically-Buckled inner pipe on
frictional pressure loss of yield power-law in laminar and turbulent regime flowing through an
annular geometry for different helical pitch lengths are discussed based on CFD approach
using ANSYS-Fluent 19.5.

2. Materials and methods
2.1. Physical model

The eccentricity will not be constant through a wellbore, especially in deviated and horizon-
tal sections. In a real wellbore, a part of the drill pipe will experience compression due to the
rotation and the applied weight. As a result, a variable eccentricity will be present (sinusoidal
buckling). At high compression, the drill string deforms, resulting in helical buckling patterns,
as shown in Figure 3.
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Figure 3. Helical buckling stages of a drill pipe [23]

In this work, the helical deformation of the buckling process is considered since the sinus-
oidal deformation is generally transient. In this case, the effects of the angular speed of the
helically-buckled inner pipe on frictional pressure loss of a Herschel-Bulkley fluid in both lam-
inar and turbulent regimes for various fluid velocities, helical pitch lengths, yield stresses, and
flow behavior indexes are analyzed.

2.2. Mathematical equations

The flow of the Herschel-Bulkley fluid (yield power-law) through an annular geometry with
a helically-buckled inner pipe is assumed to be fully developed, steady, incompressible, and
isothermal in laminar and turbulent regimes.

The continuity and momentum equations that govern the flow can be listed as follows:

dvy , Ovy | 0v,
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where v,, v, and v, are the velocity components; P is the pressure; p is the density; g is the
gravity.

Furthermore, the shear rate magnitude is calculated based on the following expression [211:

8 vy 2 vy \ 2 vy 2 vy , OV 2 v, |, 0vy 2 v vy 2
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Assuming a fully developed turbulent flow, a realizable k-¢ model is used, which is a turbu-
lent viscosity based two-equation turbulence model 211, The model is especially suitable for
the present case since it was observed to deliver comparably accurate results for secondary
flow and strong streamline curvature [22],

The rheological behavior if a Herschel-Bulkley fluid is expressed as follows:
T=7+KG)" (6)
where 1, is the yield stress; K represents the flow consistency index; and n stands for the flow
behavior index.
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The rheological parameters of the adopted fluid are shown in Table 1 as follows:
Table 1. Fluid and geometry characteristics

Fluid and geometry characteristics
K [Pa.sn] n [-] Do [mm] 7_0 [Pa.sn] Di [mm]
Non-Newtonian 2.44 0.33 50.8 4.09 25.4

Rheological behavior

The helical shape of the inner pipe is modeled by considering the parametric equations of
the centerline of the inner cylinder (Helix). The parametric equations of a helix are expressed
as follows:

x(t) = r X cos(t) (7)
y(t) = r x sin(t) (8)
zt)=cXt (9)

where r is the radius of the helix and 2 x = x ¢ is a constant giving the helical pitch length of
the helically-buckled inner pipe.

In the real case, when a helical buckling occurs, the drill pipe is in contact with the casing.
For that, to perform simulations, the annular geometry is considered almost fully eccentric
(E = 0.95) along the inner pipe to assure the stability of numerical calculation process, as well
as, to maintain the quality of the mesh. On the other side, the eccentricity of the outer and
inner cylinders is determined according to the following relationship:

_2e (10)

= 0o-Dp
where e is the offset distance from the concentric position.

2.3. Simulation method

The number of the considered hexahedral elements to carry out the numerical simulations
is determined through mesh sensitivity analysis, where this number needs to be at least
750000 elements to ensure the accuracy of results, as shown in Figure 4. This mesh sensitivity
analysis is performed using a Herschel-Bulkley fluid flow in laminar regime with a helical shape
of the inner pipe (pitch length of 6.9 m). In addition, the data for the sensitivity analysis is
taken from the experimental study by Erge et al. [121, In the present work, a mesh of 800000
elements (20 radial portions, 80 circumferential portions, and 500 axial portions) is adopted
to ensure that the results are mesh-independent, as well as, maintaining the number of ele-
ments as low as possible to optimize computational time. A 3D view of the utilized mesh is
illustrated in Figure 5.
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Figure 4. Mesh sensitivity (U =1 m/s, pitch = 6.9 Figure 5. 3D view of the considered mesh
m)

Since the inner pipe has a helical shape and rotates around the center of the outer pipe,
the moving mesh approach is utilized to model this motion. For that, the annular geometry is
split into two regions: i) static region, which is near the wall of the outer pipe and not influ-
enced by the motion of the inner pipe, ii) moving region, which is influenced by the motion of
the inner pipe. In addition, the two regions are related with an interface to transfer velocity,
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pressure, and other outputs, as shown in Figure 6. Therefore, rotation of the inner region
around the center of the outer pipe represents the angular speed of the drill pipe in the real case.

Static region

Region influenced
by helical motion

Interface

Drill pipe

Casing

Figure 6. Mesh cross-section (pitch = 6.9 m)

The numerical approach of Finite Volume Method (FVM), which is the basis for the com-
mercial code ANSYS Fluent 19.5 is employed to solve the differential equations describing the
physical phenomena, where the flow equations are integrated over each control volume. Be-
sides, since the moving mesh is considered, transient modeling is needed where the position
of the inner pipe is updated according to the angular speed each time step. PRESTO scheme
and SIMPLE algorithm are used for discretization of pressure and coupling pressure-velocity,
respectively. While, first-order upwind is employed to discretize the momentum equation in-
stead of higher-order levels to maintain the stability of the iterative calculation process and
avoid perturbations, particularly in the presence of moving mesh. Also, a time step of 104
allowed to attaining a convergence of at least 10->.

2.4. Validation model

The collected numerical results of the Herschel-Bulkley flow through an annular space with
a helical shape of the inner cylinder are compared with experimental data from work done by
Erge et al. [*2], as shown in Figure 7.

X Experimental data ~—@— Numerical results A QOOd matChing between the numerical
5000 and experimental results is observed,
4500 X where the mean error is estimated to be
4a00 X around 9%. It is worth mentioning that

3500 X . .
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2500 mental and numerical results for high
2000 fluid velocities can be attributed to the
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500 tiating the turbulent regime to occur. This
o comparison shows that the CFD method
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coupled with the moving mesh approach
can handle such kind of drill pipe motion
Figure 7. Comparison of the numerical results with ex- and provide accurate predictions.
perimental data of Erge et al. [12]1 (120 rpm)
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3. Results and discussion
3.1. Laminar regime

Effects of angular speed of the inner pipe on pressure loss gradient of Herschel-Bulkley
flowing in laminar for various helical pitch lengths are shown in Figure 8. As can be seen, a
slight increase in pressure loss gradient is caused when the angular speed increases from 0
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rpm to 50 rpm due to the inertial effects induced by the inner cylinder motion. Then the
pressure loss gradient begins to diminish when the angular speed is within the range of 50
rpm to 150 rpm. This decrease is probably induced by the shear-thinning phenomenon of the
Hershel-bulkley fluid. For the range of 150 rpm to 400 rpm, the pressure loss gradient de-
creases gradually. Therefore, the overall decrease in the pressure loss gradient is estimated
to be 10% and 6% for the helical pitch lengths of 6.9 m and 10 m, respectively.
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Figure 8. Influence of the angular speed of helically-shaped inner pipe on pressure loss gradient of
Herschel-Bulkley fluid in laminar regime for various helical pitch lengths (U =1 m/s, 7, = 4.09 Pa, n = 0.33)

An opposite effect is found from the work of Erge et al. [*2] where they indicated that
increment of the angular speed of helically-shaped pipe results in a slight rise of pressure loss
gradient. This disagreement can be explained by the imperfect helical shape of the inner pipe
of the considered experimental setup, as well as by the totally eccentric annular unlike the
present numerical work where the eccentricity is considered to be at (E = 0.95) to avoid the
difficulties of numerical calculations. On the other hand, increasing the pitch length of a heli-
cally-shaped inner pipe (decreasing the extent of the helical shape) leads to a reduction in the
pressure loss gradient, in particular for low angular speeds. This behavior is also observed by
Asafa and Shah [24] for a static inner pipe and the change in flow direction can explain it due
to the decrease in the flow path length as the helical pitch length of the helical inner pipe
increases.

Figure 9 shows how the Herschel-Bulkley fluid pressure loss gradient behaves as the angu-
lar speed of the helically-shaped inner pipe increases from 0 rpm to 400 rpm for different flow
velocities. As shown, increasing the angular speed from 0 rpm to 400 rpm reduces the pres-
sure loss gradient by approximately 20%, 9%, and 6% for the fluid velocities of 0.5 m/s, 1
m/s, and 1.5 m/s, respectively. However, rotation of the helically-shaped inner pipe is found
to cause a marginal effect on pressure loss gradient for the fluid velocity of 2 m/s. Thus, the
angular speed has a slight impact on pressure loss gradient as the flow regime approaches
the transition phase before the turbulent regime occurs in the annular space.

The effect of angular speed of the inner pipe on the evolution of the Herschel-Bulkley pres-
sure loss gradient for various yield stresses is depicted in Figure 10. This figure shows that
rotation of the helically-shaped inner pipe diminishes the pressure loss gradient of the Her-
schel-Bulkley fluid, where this reduction is estimated at 16%, 13%, and 8% for the yield
stresses of 12 Pa, 8 Pa, and 4.09 Pa, respectively. However, for the yield stress of 7, = 0 Pa,
the angular speed has a marginal effect. This behavior can be credited to the shear-thinning
phenomena, where the latter can be enhanced with the increase of the yield stress of the
Herschel-Bulkley fluid. For instance, increasing the weight concentration of the Xanthan Gum
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(XG) increases the yield stress. It improves the shear-thinning behavior (reduction in the flow
behavior index) of the Herschel-Bulkley fluids, particularly for high shear rates [25-26], This can
explain the decrease in the pressure loss gradient, in particular for high yield stress values.
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Figure 9. Influence of the angular speed of heli-
cally-shaped inner pipe on pressure loss gradient
of Herschel-Bulkley fluid in laminar regime for
various fluid velocities (pitch length =69 m, 7, =
4.09 Pa, n = 0.33)
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Figure 10. Influence of the angular speed of heli-
cally-shaped inner pipe on pressure loss gradient
of Herschel-Bulkley fluid in laminar regime for
various vyield stress values (U =1 m/s, pitch
length =69 m, n = 0.33)

3.2. Turbulent regime

Figure 11 describes the behavior of the pressure loss gradient under turbulent conditions
for different pitch lengths of the helical inner cylinder as the angular speed increases from 0
rpm to 400 rpm. As shown, increasing the rotation of the inner pipe induces a slight increase
in the pressure loss gradient for all pitch lengths. The marginal effect of the angular speed of
the inner pipe indicates that the flow is dominated by turbulence, where the motion of the
inner pipe intensifies the vortices of the turbulent regime in the annulus.

Figure 12 shows how the Herschel-Bulkley fluid pressure loss gradient behaves as the fluid
velocity increases from 4 m/s to 5.5 m/s for different helical pitch lengths. As shown, the
pressure loss gradient rises linearly with the fluid velocity, where the pitch length of the helical
shape of the inner cylinder has a slight effect. Therefore, it can be concluded that the consid-
ered pitch lengths (from 6.9 m to 10.7 m) have a marginal impact on pressure loss gradient
when the Herschel-Bulkley fluid flows in a turbulent regime.
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Figure 11. Influence of the angular speed of heli-
cally-shaped inner pipe on pressure loss gradient
of Herschel-Bulkley fluid in turbulent regime for
various helical pitch lengths (U =4 m/s, 7, = 4.09
Pa, n = 0.33)

Figure 12. Influence of the fluid velocity on pres-
sure loss gradient of Herschel-Bulkley fluid in tur-
bulent regime for various helical pitch lengths
(o =4.09 Pa, n = 0.33, 120 rpm)
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4. Conclusions

In this investigation, the moving mesh technique is considered to simulate the flow of a
Herschel-Bulkley in a laminar and turbulent regime through an annular geometry in which the
inner pipe has a helical shape. The following can be concluded from this work:

e Due to the domination of the shear-shinning effect, rotation of the helically-buckled inner
pipe induces a decrease of 10% and 6% of the pressure loss gradient of the Herschel-
Bulkley fluid in the laminar regime for the helical pitch lengths of 6.9 m and 10 m, respec-
tively.

e Increasing the pitch length of a helically-shaped inner pipe reduces the pressure loss gra-
dient, particularly for low angular speeds.

e Both angular speed and helical pitch length from 6.9 m to 10.7 m have a slight effect on
the pressure loss gradient for the turbulent regime
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Nomenclature
Dy diameter of the outer cylinder (m)
D; diameter of the inner cylinder (m)
r radius of helix centreline
E eccentricity of the inner cylinder (-)
To yield stress (Pa)
K flow consistency index (Pa.s")
n flow behavior index (-)
u bulk flow velocity (m/s)
p fluid density (kg/m?3)
Y shear rate (s1)
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