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ABSTRACT-
With the development of drilling exploration towards deep and ultra-deep wells, conventional core drilling tools
cannot meet the core drilling requirements under complex geological conditions. Therefore, a high-strength
GQOX type slim hole coring tool has been designed and developed. In this study, the failure problem of the outer
tube and flow channel holes of the core drilling tool due to erosion and wear during use was investigated. The
erosion law of the diverter shaft was studied by using the Discrete Phase Model (DPM) in computational fluid
dynamics software. The results show that the drilling fluid flow rate and particle mass flow rate are basically
linearly related to the erosion rate. The maximum erosion rate and average erosion rate under different particle
diameters are both increasing first and then decreasing. The tilt angle of the diverter holes controlled within the
range of 40°~50° can effectively reduce the erosion rate. The increase in the width of the diverter holes will
quickly reduce the erosion rate. After reaching a certain range, the erosion rate will gradually stabilize. The
length of the diverter holes has a small effect on the erosion rate, so its strength requirements should be met.
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I.  INTRODUCTION

The traditional way of oil and gas extraction is mainly through drilling on the surface or shallow
underground, and utilizing natural pressure to push the oil and gas resources to the surface[l]. With the
continuous depletion of shallow oil resources, the development of deep oil and gas resources has become a
research priority. Deep wells are usually less than 2,000 m deep, while ultra-deep wells can be more than 4,000
m deep or even up to 10,000 m deep[2]. To explore for these deep oil and gas resources, explorers must drill
deep and ultra-deep wells and use coring operations to obtain more accurate formation information to evaluate
oil and gas reserves. Therefore, coring is an important means to provide high-quality data for oil and gas
development, and it is of great significance in the exploration and development process[3].

Conventional coring tools can no longer meet the requirements of coring under complex formation
conditions, because of the existing conventional coring tools, the design and development of high-strength
GQX-type small borehole coring tools. However, during the coring process, the outer tube of the coring tool is
easy to be thinned under the erosion of drilling fluid, and then deformed and failed under the axial pressure. Due
to the presence of solid particles such as rock chips in the drilling fluid, drilling equipment and downhole tools
are highly susceptible to erosion and failure when there is a sudden change in pressure and velocity.

Aiming at the erosion problem in the drilling process, a large number of scholars have carried out
simulation and experimental research on erosion[4]. The drilling process can result in damage to drilling
equipment because of the working environment, such as erosion, chemical corrosion, friction, radiation
corrosion and abrasive wear[5]. Among them, erosion, which is mainly caused by the impact of particles in the
drilling fluid, will directly lead to the damage of the material surface, and is the most common mode of failure.
The internal structure of drilling tools contains many gaps or cross-sectional mutations that are susceptible to
erosion. Structures such as throttle valves[6,7], rotors and stators of mud pulse generators[8,9], hydraulic
oscillators[10,11], and drill bits[12,13] have all been studied by scholars. In gas drilling, structures such as
columns[14,15], screens[16] and shaped pipes[17,18] are also subject to severe erosion under the influence of
rock cuttings. Many scholars have also conducted erosion experiments, compared the experimental results with
simulations, and optimized the erosion models[19-23].

The GQX coring tool is small in size, and the drilling fluid flow path between the inner and outer tubes
of the coring is not sufficiently reserved, so when the drilling fluid flow rate is large, it is easy to form a large
pressure difference inside the tool. The shunt design of the diverter shaft can smoothly reduce the pressure
before the drilling fluid enters the flow path between the outer and inner barrels. The change of drilling fluid
flow direction and overflow area at the diverter hole causes the drilling fluid to impact the diverter shaft and
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outer tube, resulting in erosion. To address this problem, the flow channel model of the diverter shaft part is
extracted for numerical simulation to study the influence of different environmental parameters on the erosion
rate and optimize the diverter hole structure parameters.

II. MATHEMATICAL MODEL

During coring, the drilling fluid circulates through the drill string and carries cuttings to the surface via
the annulus. The flow of drilling fluid could be treated as a two-phase flow of liquid and solids. This work used
the Euler-Lagrange method to simulate the liquid-solid flow. The volume fraction of cuttings in the liquid-solid
flow at the bottom of the well was less than 10%. Therefore, the Discrete Phase Model was used to simulate the
trajectory of the cuttings. When tracking particle trajectory and calculating erosion rate, the following
assumptions were made:(1) Fluid is incompressibility; (2) Temperature changes are not considered; (3) Particle
breakage is ignored; (4) Collisions between particles are ignored.

Liquid phase model
The continuity equation and the momentum equation are given as:

op —
0
ot )

where p is liquid density, ¥ is the instantaneous velocity vector, P is pressure, * is the stress tensor, P& is the

Z(puj+V- (pm:—VP+V~(T_))+p;FSM_

gravitational body force, Su is the added momentum due to the solid phase.

The Realizable k-& model is one of the standard turbulence models that can more accurately describe
turbulent flow near the wall. It has adaptive model parameters, a wide range of applications, and can achieve a
balance between computational time and accuracy. The equations of Realizable k-¢ model are given as:
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where Gi is the generation of turbulent kinetic energy due to the average velocity gradient, G, is the

generation of turbulent kinetic energy due to buoyancy, Yy is the effect of the compressible turbulent pulsation
expansion on the total dissipation, u; is the velocity component in i direction, x; and x; are the spatial coordinates,

O and 9. are the turbulent Prandtl numbers for & and ¢, C. s G, and G are constants, Si and S: are source
H, C K G, G, G, Oy o

&€

H, 1% -
terms, is the turbulent viscosity coefficient, "e .Here, =1.44, =1.92, =0.09, =1,

C = max{0.43,i}
=1.3, n+5] where ¢,
Discrete-phase model
In FLUENT software, the particle force differential equations in the Lagrangian coordinate system are
integrated to obtain the trajectories of solid particles. According to Newton's second law, the governing
equations of motion for a unit mass particle are given as:

— — —
dup =Fp+Fs+Fp+Fyu

dt Q)

where Up is the particle ve1001ty, p is the flickering force, Fy s the buoyancy, p is the pressure gradient

force, F is the attached mass force.

Particle-wall collision rebound model

According to the erosion model, it is assumed that the energy loss of solid particles only comes from
the process of hitting the wall and bouncing back so that the particle's bouncing velocity is less than the velocity
before the impact, so it is necessary to use an appropriate model to simulate the energy loss of solid particles.
Typically, the tangential and normal coefficients of recovery are used to describe this behavior, which are given
as
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en = Lz
u,
(6)
1%
et = LZ
Vo
(7)

where u,, is normal velocity components of the particle before impact, u,, is normal velocity components of the
particle after impact v, is the tangential velocity components of the particle before impact, v,, is the tangential
velocity components of the particle after impact.
In this paper, we use the stochastic particle-wall collision rebound model proposed by and Grant and
Tabakoff, which is given by:
e, =0.993-1.76a +1.56a” —0.49a’
®)
e, =0.998-1.66a+2.11a’ —0.67a’
9

Where @ is the particle impact angle.

Erosion model
The rate of erosive wear in the inner lumen of the diverter shaft is mainly related to the number of
particles, velocity, diameter, mass flow rate, impact angle and collision contact area. The erosion modelling
equation is given by:
N mpC(dp)f(a)vb(v)
Rer()siun = Z
p=l1 A

where m, is particle mass flow rate, C(d,) is particle size function, f{a) is particle impact angle function.

(10)

Numerical model

Figure 1 shows a two-dimensional sectional view of the diverter hole portion of the GQX172 coring
tool. Wherein the half-ring, bearing, and diverter shaft form a rotating suspension assembly. The bearing is in
the upper part of the diverter shaft at the shoulder of the table and is restricted between the bearing bush and the
adaptor by the half-ring, which mainly serves to avoid that the inner tube does not rotate with the outer tube.
The lower part of the mandrel is equipped with a plugging detection device. Mainly by the flow blocking tube,
spring, slipcase and blocking ball valve composition, its role is: when the cardiac jam, the outer tube downward
movement and the inner tube in the core of the role of the top, so that the flow blocking tube upward movement
blocking the diverter hole and thus generate a pressure difference, according to the pressure difference can be
judged to take the heart of the cardiac jam.

Quter tube Bearing bush  Flow blocking tube Slipcase Adapters Inner tube

00 00

ooy

|
Ul

Adaptor Half ring Bearing Diverter shaft Spring Suspension shaft Rock core
Figure 1 Two-dimensional cross-sectional view of the mandrel section of the coring tool

The drilling fluid flow channel was modeled and meshed as shown in Figure 2. Due to the complex
structure at the diverter holes, a polyhedral mesh is selected with a maximum grid cell size of 3 mm and a
minimum size of 0.5 mm, and the final mesh number is 374x104.
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o

Figure 2 Flow channel 3D model and grid Model

The force-velocity coupling is performed using the Coupled algorithm. Momentum, turbulent kinetic
energy, and dissipation rate are solved using Second Order Upwind format. The flow field near the wall is
solved using Enhanced wall treatment. The convergence criterion is residuals less than 10+

The inlet boundary is set to be velocity inlet, the outlet boundary is set to be free flow, and the wall
boundary is set to be no-slip wall. The liquid phase density is 1500 kg/m’ and viscosity is 0.1 Pa‘s. The particle
density is 2500 kg/m’, the discrete phase inlet velocity is the same as the liquid phase velocity, and the type of
the discrete phase particles on the wall is set to be reflect.

III. ANALYSIS OF EROSION INFIUENCING FACTOR
Flow field characterization of diverter shaft

The pressure and velocity clouds on the middle section of the diverter shaft for a drilling fluid flow rate
of 22 L/s, a particle diameter of 0.6 mm, and a mass flow rate of 0.6 kg/s are shown in Figure 3. At the inlet, the
pressure decreases rapidly and the velocity surges due to the reduced overflow area. Along the central flow path
to the diverter hole inlet, the pressure and velocity of the drilling fluid change smoothly in this section. At this
point, the lower part is blocked, making it impossible for drilling fluid to pass through and creating a high
pressure in the central flow path area. The drilling fluid with a high flow rate can only pass through the diverter
hole, forming an impact on the inner wall surface of the outer barrel and thus creating erosion.

When the drilling fluid passes through the diverter hole, a large velocity change occurs, and there is a
clear zoning of the velocity change above and below the diverter hole, with the velocity change at the top of the
hole being small and the velocity change at the bottom being more dramatic. Due to the sudden change of flow
direction, the drilling fluid pressure decreases suddenly at the lower wall of the diverter hole, and then gradually
stabilizes after flowing through the diverter hole. At the wall opposite to the outlet of the diverter hole, the
drilling fluid impacts the inner wall of the outer barrel and the velocity decreases, causing a small increase in
pressure near the wall at the impact. The drilling fluid pressure changes smoothly through the central flow path
through the diverter shaft to the lower step surface of the diverter shaft, while the velocity changes abruptly at
both the overflow area and the change in flow direction.

Pressure Velocity
4.67e+04 17.00
2.20e+04 P 15.58
-2.73e+03 14.18
-2 T4e+04 12.75
-5.21e+04 11.33
-7.682404 9.91
-1.01e+05 8.50
-1.28e+05 7.08
-1.51e405 567
-1.76e+05 4.25
-2.00e+05 2.83
-2.25a+05 1.42
-2.500405 0.00

[Pa] [m s*-1]
(a) Pressure cloud (b) Velocity cloud diagram

Figure 3 Pressure and velocity clouds for diverter shaft profiles
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Figure 4 shows the velocity vector diagram and local enlargement on the middle section of the diverter
shaft. When the high-speed drilling fluid enters the diverter hole from the central flow path, the excessive
velocity causes a gap between it and the bottom wall of the diverter hole. And a very small vortex is formed at
the bottom of the diverter hole as can be seen in the enlarged picture. At the same time, after the drilling fluid
passes through the diverter hole and impacts the inner wall surface of the outer barrel, part of the drilling fluid
returns upward and forms a vortex at the top of the diverter hole.

Figure 4 Velocity vector diagram on the middle section of the diverter shaft

Effect of drilling fluid flow on erosion

According to the actual working conditions, the drilling fluid flow rate is 18~25 L/s, and the maximum
erosion rate and average erosion rate under different flow rates are shown in Figure 5. The erosion rate and the
drilling fluid flow rate is an approximately linear increase in the relationship, this phenomenon is mainly due to
the solid particles in the liquid phase of the inertia force with the size of the drilling fluid flow rate. When the
flow rate of drilling fluid is slow, the inertia force of the particles is small, so the collision impact on the wall
will be relatively small, resulting in a relatively low erosion rate. However, when the flow rate of the drilling
fluid is gradually increased, the inertial force on the solid particles in all directions is also gradually increased.
This results in an effective increase in the impact strength of the particles on the wall, leading to an
approximately linear increase in the final erosion rate.
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Figure 5 Maximum erosion rate and average erosion rate at different flow rates

Effect of particle size on erosion

The maximum and average erosion rates for different particle diameters are shown in Figure 6. With
the increase of particle diameter, the maximum erosion rate gradually increased trend is also gradually
enhanced. This is because when the particle diameter becomes larger, the intensity of the collision between the
particle and the wall will be strengthened, which will significantly increase the maximum erosion rate. However,
the mass flow rate of the particles is a fixed value, the total number of particles is decreasing, so the trend of the
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average erosion rate is decreasing. When the particle diameter increases to a certain level, both the maximum
erosion rate and the average erosion rate will decrease. In the trend of change, the size of the particle diameter is
still the main reason for the erosion rate, and its effect on the erosion rate is a dynamic process.

~ ;
Zasf 8=
o , o
] L
g =]
= 40} —
o 4 i =

vy I 44 %
L 35 o
S 35 =]
e b 14.0 &
= 30F 2
= | B
o a
S a5t 136 s
8 I z
e . 0 —a— Maximum erosion rate ]
| —&— Average erosionrate | 43.2 &
g &
Z 15k g
kK e %
4 A n--S -

1_0 L 1 L 1 1 L 1
02 04 06 08 1.0 1.2 1.4

Particle size (mm)
Figure 6 Maximum erosion rate and average erosion rate at different particle sizes

Effect of particle mass flow rate on erosion

The maximum erosion rate and average erosion rate for different particle diameters are shown in Figure
7. There is a clear positive correlation between the maximum and average erosion rates and the particle mass
flow rate. This is because as the particle mass flow rate continues to increase, the number of particles per unit
volume also increases. This increase leads to a higher probability of particle-wall collision per unit area and thus
a higher maximum erosion rate.
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Figure 7 Maximum erosion rate and average erosion rate at different mass flow rates

IV. OPTIMIZATION OF DIVERTER SHAFT STRUCTURE
The structure of the diverter shaft runner is shown in Figure 8, and the main parameters are diverter
hole inclination angle 0, length L and width D.
\

Figure 8 Diverter hole structure

When the inclination angle of the diverter hole is 45°, the length is 70 mm, and the width is 24 mm, the
distribution of erosion on the inner wall of the outer barrel is shown in Figure 9(a). When the drilling fluid with
high flow rate flows out of the diverter hole, due to the downward tilt of the diverter hole, the drilling fluid
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drives the solid particles to wash the inner wall of the outer tube, forming a diffuse erosion area. As the outer
tube is cylindrical, the impact area of the drilling fluid is a circular curved surface, and the erosion area forms a
crescent-shaped curved feature. Erosion was also observed on the inner wall of the outer tube corresponding to
the step surface below the diverter shaft, due to the sudden reduction of the overflow area, which caused a
sudden increase in the fluid flow rate and erosion on the wall.

The distribution of erosion in the diverter holes is shown in Figure 9(b), in which the erosion area is
mainly concentrated in the lower part of the side wall surface of the diverter holes as well as in the wall surface
of the connection between the central flow channel and the diverter holes. Combined with the pressure and
velocity cloud and velocity vector diagrams, the more obvious erosion area is the same as the location where the
sudden change of pressure and velocity occurs. In contrast, the existence of vortices at the upper and bottom of
the diverter hole and the small drilling fluid flow rate make the walls at these two locations less eroded.

DFM Erosion Rate
1.35e-04
1.21e-04
1.08e-04

9.45e-05
8.10e-05
6.75¢-05
5.40e-05
4.05e-05
2.70e-05
1.35¢-05

0.00e+00
[kg/im*25) ]

(a)Inner wall of the outer tube

(b) Inner wall of the diverter hole
Figure 9 Cloud map of erosion

Effect of diverter hole inclination angle on erosion

The erosion morphology of the inner wall surface of the outer barrel and the wall surface of the diverter
hole when the inclination angle is 15°, 30°, 45°, 60° and 75° are shown in Figure 10 and 11, respectively. From
the results of numerical simulation, it can be found that when the inclination angle is 15°, the drilling fluid flows
to the outer barrel with a small inclination angle, and the first to be impacted is the upper wall surface of the
diverter hole. Compared with the erosion patterns at other angles, the inner wall of the outer barrel is less
affected at this time. The wall surface of the diverter hole is more significantly affected by erosion. As the tilt
angle increases, the erosion area at the inner wall appears to move downward and the downward spreading
tendency is weakened, and a crescent-shaped feature also appears. This feature becomes more and more obvious
with the increase of tilt angle. When the tilt angle is 75°, it can be observed that the bottom wall of the diverter
hole also shows obvious erosion phenomenon. The size of the tilt angle of the drill bit has a significant effect on
the movement path and impact position of solid particles in the drilling fluid.
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(a)l5° (b)30° (c)45° (d)60° (e)75°
Figure 10 The erosion morphology of the inner wall surface of the outer tube at different inclination angles

AR

(a)15° (b)30° (c)45° (d)60° (e)75°
Figure 11 The erosion morphology of the inner wall surface of the diverter hole at different inclination angles
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The maximum erosion rate and average erosion rate at different angles are shown in Figure 12. The
maximum erosion rate shows a rapid decrease and tends to level off with the increase of inclination angle. This
is since the drilling fluid enters the diverter hole, the velocity increases, and at a small inclination angle, the
drilling fluid will impact on the diverter hole first. Compared with the first impact on the inner wall surface of
the outer tube, the drilling fluid has a greater velocity at this time, resulting in the phenomenon of a large
maximum erosion rate. As the angle of inclination increases, the pressure and velocity changes of the drilling
fluid passing through the diverter hole gradually stabilize, so the maximum erosion rate decreases and tends to
level off.

The average erosion rate, on the other hand, decreases and then increases, and there is a minimum
value in the range of inclination angle of 40°~50°. From the erosion topography of the manifold, the direction of
velocity change is basically constant when the drilling fluid passes through the manifold. When the inclination
angle is small, there are large vortices above and below the manifold, and the undulation of the drilling fluid
flow becomes larger, so that the wall of the manifold is subjected to larger erosion. When the tilt angle is larger,
the drilling fluid passes through the bottom of the diverter hole, and the inner wall of the outer tube is more
eroded. Overall, when the tilt angle and drilling fluid velocity direction is close to, so that the erosion of these
two places are more balanced, there is a phenomenon that the average erosion rate first decreases and then
increases.
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Figure 12 Maximum erosion rate and average erosion rate at different angles

Effect of diverter hole width on erosion

The erosion morphology of the inner wall surface of the outer tube with different diverter hole widths
is shown in Figure 13. With the increase of the width, the width of the erosion area does not show obvious
changes, and the shape of the erosion changes from crescent-shaped to dumbbell-shaped, with obvious
differences between the two sides and the center. This is because the two sides of the exit area of the diverter
hole are low-pressure areas, and the drilling fluid will spread to the two sides of the diverter hole after flowing
out of the diverter hole to appear the separation phenomenon. As the width increases, the tendency of this
separation accelerates. When the width is small, the drilling fluid is impacted on the wall before separation, and
the erosion area is more continuous currently. When the width is large, the drilling fluid is separated before it
collides with the wall, and a dumbbell-shaped erosion area appears. Therefore, the increase in the width of the
diverter hole will also affect the erosion morphology of the outer tube.

(a) 20mm (b) 22mm (c) 24mm (d) 26mm (e) 28mm
Figure 13 The erosion morphology of the inner wall surface of the outer tube with different diverter hole widths
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The maximum erosion rate and average erosion rate at different manifold widths are shown in Figure
14. The velocity and flow rate of drilling fluid through the diverter hole will change with the change of diverter
hole width. With a smaller width, the flow rate of drilling fluid is larger, which causes more intense erosion of
its wall. Therefore, a smaller hole width results in a higher erosion rate. As the hole width increases, the
throttling effect decreases and the velocity of the drilling fluid decreases. Although the drilling fluid flow rate
through the diverter hole increases, the overall fluid impact area also expands, so the erosion rate is decreasing.
When the width of the diverter hole is increased to a certain degree, the throttling effect basically disappears,
and the drilling fluid flow rate through the diverter hole reaches the maximum value. At this time, the flow rate
is low and will not produce more violent erosion on the wall, and the erosion rate will tend to be smooth. In
addition, the increase in the width of the diverter hole may also lead to the formation of more complex vortices
in the region between the diverter shaft and the outer tube. This makes the calculation process difficult to
converge and influences the erosion on the inner wall surface. Therefore, rational design and optimization is
required to select the appropriate size of the diverter hole to achieve the best throttling effect and reduce the
erosion losses.
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Figure 14 Maximum erosion rate and average erosion rate at different diverter hole widths

Effect of diverter hole length on erosion

The erosion morphology of the inner wall surface of the outer tube for different diverter hole lengths is
shown in Figure 15. As the length of the diverter hole increases, the upper low velocity zone will become wider
due to the inertia of the fluid flow, which will result in the formation of vortices with a consequent widening of
the radius. At the same time, the diverter hole will disturb the flow of drilling fluid and make the flow more
unstable. This unstable flow will also cause erosion of the drilling fluid on the inner wall of the outer tube. As
the bottom surface of the manifold moves downward, the erosion area also moves downward and becomes
longer, and spreads to both sides.

DPM Erosion Rate
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(2)60mm (b)65mm (c)70mm (d)75mm (e ) 80mm
Figure 15 The erosion morphology of the inner wall surface of the outer tube with different diverter hole
lengths

The maximum erosion rate and average erosion rate at different diverter hole lengths are shown in
Figure 16. It can be seen that the average erosion rate is distributed in the range of 2.9x107~3.0x107 kg/(m? -s),
and the maximum erosion rate is distributed in the range of 1.2x10* ~1.4x10* kg/(m? 's). Although both erosion
rates decreased with the increase of the length of the diverter hole, the overall change was not significant.
Compared with other structural parameters, the influence of the length of the manifold is small, and the erosion
rate tends to stabilize when it is larger than 65 mm. In the process of design and application, if the length of the
diverter hole meets the strength requirements, it can meet the requirements of the erosion rate control.
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Figure 16 Maximum erosion rate and average erosion rate at different diverter hole lengths

Effect of number of diverter holes on erosion

The erosion morphology of the inner wall surface of the outer cylinder and the wall surface of the
diverter hole for different numbers of diverter holes is shown in Figures 17 and 18. With the increase of the
number of holes, the erosion region on the wall surface of the outer cylinder is obviously reduced, and the shape
changes from the initial mass to crescent shape, and finally presents a dumbbell shape. This indicates that the
shape of the erosion region gradually becomes more regular and concentrated with the increase of the number of
holes. When the number of holes is 2, the erosion region on the wall surface of the diverter holes covers most of
the wall surface of the diverter holes and the wall surface of the center runner between two diverter holes.
Increasing the number of holes, causes the erosion region to shrink towards the lower part of the diverter holes,
When the number of holes is 6, only the connection between the diverter holes and the center runner wall

receives the most significant erosion compared to other regions.

()2 (b)3 (c)4 (d)5 (e)6
Figure 17 The erosion morphology of the inner wall surface of the outer tube at different diverter hole numbers
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Figure 18 The erosion morphology of the inner wall surface of the diversion hole at different diverter hole
numbers

The maximum and average erosion rates for different numbers of diverter holes are shown in Figure
19. The average erosion rate decreases significantly as the number of holes increases, while the maximum
erosion rate fluctuates. In the number of holes for 3 when there is a small value, and then increase again after it
has been reduced. From the change rule of erosion rate can be seen, the number of holes should be increased
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appropriately. When the number of diverter holes is small, the flow rate of drilling fluid through the diverter
holes will be relatively large, which will produce very strong and large erosion on the wall. There will also be a
large energy loss and a large differential pressure. On the contrary, when the number of diverter holes is
increased, the velocity of the fluid passing through a single diverter hole will be reduced, the energy loss will be
relatively small, and the pressure consumption will be small. If the pressure difference between the inlet and
outlet is the same, increasing the number of diverter holes can increase the flow rate of drilling fluid, which
helps to improve the efficiency of drilling work. However, increasing the number of diverter holes will reduce
the strength, so the number of diverter holes should be increased as much as possible while considering the
structural safety.
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Figure 19 Maximum erosion rate and average erosion rate at different diverter hole numbers

V.  CONCLUSION

(1) Maximum erosion rate and average erosion rate, grow approximately linearly with both flow rate
and mass flow rate. The maximum erosion rate increases faster with different drilling fluid flow rates, and the
average erosion rate increases faster with different mass flow rates. When the diameter of the particles changes,
the growth trend of the average erosion rate is slowing down and the maximum erosion rate is speeding up.
Since the mass flow rate is constant, both decrease when the diameter increases to a certain extent.

(2) The parts of the diverter shaft that are susceptible to erosion are the lower part of the side wall of
the diverter hole and the wall at the connection between the diverter hole and the center runner, while the parts
of the inner wall of the outer cylinder that are susceptible to erosion are the areas corresponding to the lower
part of the diverter hole along the direction of the diverter hole tilting angle and the lower part of the diverter
hole and the erosion areas show crescent-shaped features.

(3) The erosion pattern of diverter holes is investigated at different inclination angles, widths, lengths,
and numbers. The tilt angle in the range of 40°~50° can make the erosion rate down to a smaller range. At the
same angle, the width and the number of holes have a significant effect on the erosion rate, and the values of
both should be as large as the strength allows. And although the length has less effect on the erosion, it is also
recommended to be greater than 65 mm.
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