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Hydraulic jet fracturing technology is one of the main means to develop low
permeability and deep reservoirs. However, due to the large displacement and
high sand ratio in the construction process, the erosion wear of high-speed sand
particles on the hydraulic jet fracturing nozzle is more serious, which reduces the
erosion cutting ability of the nozzle. Therefore, based on Finnie principle, a three-
dimensional model of nozzle is established to analyze the influence of internal
multiphase flow field distribution, flow rate, sand diameter and etc. on nozzle
erosion. The results show that the erosion velocity increases nonlinearly with the
increase of inlet pressure. With the increase of erosion time, the erosion rate gradually
tends to be stable; with the increase of fluid viscosity, the erosion rate decreases; with
the increase of the diameter and mass flow rate of the erosion particles, the erosion
speed also increases, indicating that the size and mass flow rate of the erosion
particles are the main factors affecting the erosion effect of the nozzle. The research
results have important guiding significance for the rational use of the tool and the
extension of the service life of the tool.
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INTRODUCTION

Hydraulic jet fracturing converts high-pressure energy carried by abrasive jets into high-speed
jets, which impact and cut casing walls and rocks to form perforation holes. During this process,
the quartz sand, fracturing fluid and proppant used in sandblasting and perforating all need to
pass through the nozzle to reach the formation. Under high pressure and high displacement
conditions, due to the small size of the nozzle, when the quartz sand passes through the nozzle,
it will erode the nozzle and severely deform the internal flow channel, which will greatly reduce
the erosion cutting ability of the nozzle [1–5]. Therefore, studying the erosion law of hydraulic
fracturing nozzles under high pressure and high displacement has important guiding
significance for tool design and prolonging tool life [6].

In the process of hydraulic fracturing, the quartz sand carried by the nozzle under high
pressure and high displacement has a complex erosion process on the nozzle. The main erosion
forms are divided into cutting, micro-deformation, fatigue and diffusion [7]. Huang Zhongwei
[8] et al. studied the influence of nozzle installation position, nozzle material, jet parameters
and nozzle structure on the erosion degree. Li Zhi [9] et al. studied the effect of particle size,
hardness and shape on the erosion behavior according to the properties of the abrasive itself,
and found that the large-sized abrasive with high hardness under high jet pressure severely
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eroded the nozzle, and established a corresponding model.
However, the established model has not been experimentally
verified, so it is difficult to guide the design and application of
the nozzle.

For nozzle erosion simulation research generally only the
nozzle internal structure, nozzle installation location and
internal flow field research, such as Wang Zhiguo [10]; the
erosion behavior of nozzle in the process of hydraulic
fracturing was not simulated and analyzed by changing the
parameters of solid particle size, erosion angle and shape.
Therefore, based on the Finne [11, 12] principle, this paper
first establishes a three-dimensional model of the nozzle,
analyzes the influence of the flow field distribution, flow
rate, sand particle diameter and etc. on the nozzle erosion
in the hydraulic jet fracturing tool, verifies the established

model, and clarifies the erosion mechanism of the nozzle
under the conditions of high pressure and high
displacement, which provides guidance for the design and
application of the nozzle.

EROSION MECHANISM

Erosion is a wear phenomenon caused by the impact of
multiphase flow medium on the material surface.
According to the different flow media, erosion can be
divided into sandblasting erosion and slurry erosion.
Sandblasting erosion is the erosion of material by high-
speed airflow carrying solid particles, while slurry erosion
is the erosion of material by high-speed flow carrying solid
particles [6, 13]. Thus, the erosion in the process of hydro-jet
fracturing belongs to mud erosion. For hydraulic jet
fracturing tools, the body material is No. 45 steel, which is
plastic material, so it is mainly affected by cutting erosion. The
nozzle material is cemented carbide, brittle material, mainly
affected by impact fatigue erosion [14].

Finnie first proposed the plastic material erosion theory in
1958 [12]. He believes that the particles cut through the
surface of the material continuously under low angle
impact, resulting in pits that cause erosion loss of material
quality. In this theory, the erosion volume of the material is

FIGURE 1 | Three dimensional simplified physical model.

FIGURE 2 | The schematic of streamline of fluid flow.

FIGURE 3 | The distribution of the erosion particles in the nozzle.
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proportional to the kinetic energy of the particle, which
satisfies the functional relationship with the impact angle
of the particle, and is inversely proportional to the flow stress
of the material itself, which is expressed by Eq. 1. Since the
erosion wear results caused by particles under large impact
angles predicted by the model were smaller than the experimental
values, Finnie revised the model in 1960 [11].

V � K
mv2

p
f(α)

f(α) �
⎧⎪⎪⎨⎪⎪⎩

sin 2 α − sin2 α (α≤ 18.5+)
cos2 α
3

(α> � 18.5+)

In 1963, Bitter [15] proposed the erosion deformation theory,
which is mainly based on the energy balance in the erosion
process. Bitter divided the erosion wear into deformation wear
and cutting wear.

The erosion amount caused by deformation is:

WD � M(v sin a −K2)/2ε
The erosion caused by cutting is:

Wc �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

WC1 � 2MC(v sin a −K2)
(v sin α)1/2 × [V sin α − C(v sin α −K)2

(v sin a)1/2 Q] (α< α0)

WC2 � M

2Q
[v2 cos2 α −K1(v sin α −K)3/2] (α> α0)

FIGURE 4 | The distribution of the erosion particles at different time.
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FIGURE 4 | The distribution of the erosion particles at different time.

FIGURE 5 | The erosion velocity of the nozzle.
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The theory is very consistent with the experimental
data of brittle materials under different impact angles,
and the erosion wear of plastic materials can also be
reasonably explained, but it lacks the support of physical
models.

E/CRC model [16–24], after particles impact on the wall,
the failure on the wall is related to wall material, particle
characteristics, impact angle and other factors. Compared with
other models, the E/CRC model takes into account the particle
hardness and shape factors, and the numerical results are

closer to the experimental results. The wear rate calculation
equation in the E/CRC model is:

EM � ∑
i

EM,i

EM,j � CfrelFs(BH)
−0.59( v

vref
)F(αi)

F(αi) � ∑5
k�1

Akα
k
i

FIGURE 6 | The schematic of erosion velocity of the nozzle.

FIGURE 7 | The flow velocity distribution of the tool.

FIGURE 8 | The flow pressure distribution of the tool.
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where, ER is the wear rate (mass loss per unit area), kg/m2; C and
n are 2.17 × 10–7 and 2.41, respectively; BH is Brinell Hardness; FS
is the particle shape coefficient, which is 0.2 for spherical particles;
Vp is particle velocity, m/s; β is particle impact angle, rad.

Compared with other models, Finnie model considers energy
balance in the erosion process, and impact angle; furthermore, in
the revised model, the particle shape was taken in to
consideration as well, therefore, in this paper, Finnie model is
used to explore the hydraulic fracturing nozzle erosion.

PHYSICAL MODEL

Simplification and Definition of Physical
Model
According to the nozzle structure for hydraulic fracturing, a
three-dimensional physical model is established after
simplification, as shown in Figure 1. It is mainly
composed of nozzle, inlet and outlet. The inlet
diameter of fluid channel is 60 mm, the cavity height is
300 mm, the outlet diameter is 9.5 mm, and the number
of outlets is 6.

The pressure change at the inlet of the fluid channel is set
at 30–50 MPa according to the research needs, with a step
size of 5 MPa. The outlet pressure is 10 Pa, the fluid
partial density is 1 g/cm3, the dynamic viscosity is
1 mPa s, and it is incompressible. The fluid partial control
equation is:

ρ
zufluid

zt
+ ρ(ufluid)ufluid � { − ρI + μ[ufluid + (ufluid)T]}

+ P

(1)
Among them, ufluid-fluid velocity, m/s; I—diagonal matrix;

P—volume force, N; ρ—Fluid density, kg/m3; μ- Dynamic
viscosity coefficient, Pas.

The erosion particle diameter is 0.6 mm, the density is 2.65 g/
cm3, and the mass flow rate is 1 kg/s. The control equation is:

d(mpv)
dt

� Ft (2)

Finnie model is selected for the erosion model, which
mainly affects the erosion wear of metal surface from the
flow velocity and impact angle of solid particles, and the
expression is shown in Eq. 3. Since the relative Reynolds
number of particles is far less than 1, the fluid drag is
Stokes equation.

Δm �

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Ciρmpv
2
i

4HV(1 + mpr
2
p

lp
)
cos2(αi), tan(αi)≥ p

2

Ciρmpv
2
i

4HV(1 +mpr
2
p/lp)

2
p
[sin(2αi) − 2

p
sin2(αi)], tan(αi)≤ p

2

(3)

In the formula, m is erosion wear rate, kg/m2; cj cut particle
fraction for idealization; HV is particle surface hardness, Pa; α is
erosion angle, degree; ρ is particle density, kg/m3; FD is the drag
force, N; K is the normal and tangential force ratio; CD is drag
coefficient, mp is particle mass, kg; rp is the particle radius, mm;
dp is particle diameter, mm; u is fluid velocity, m/s; v Particle
velocity, m/s; τp for particle relaxation time, s; u is fluid viscosity,
Pas; P is the yield stress of the eroded material, MPa; l is solid
particle erosion depth, mm.

TABLE 1 | The erosion velocity with different inlet pressure.

Inlet pressure (MPa) 35 40 45 50

Erosion rate (10-7 kg/s) 5.46 6.11 6.55 6.73
Export speed (m/s) 200 245 250 285

FIGURE 9 | The relation between erosion velocity and inlet pressure.
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Model Test Verification
In order to verify the validity of the established physical
model, the experimental results of Shi et al [25]. were used
for verification. In the erosion test, the test scheme is:
displacement 3 m3/min, sand ratio 10%, cumulative

injection time from 30 to 175 min, erosion time 30 min,
after erosion found that nozzle diameter increased from
9.5 to 10.6 mm, nozzle mass decreased from 95 to 94,
reduced by 1 g; the erosion wear of the test was 5.5 ×
10–7 kg/s. Figures 2, 3 show the streamline diagram of the

FIGURE 10 | The distribution of the particles under different inlet pressure. Influence of erosion time.
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nozzle and the distribution of erosion particles when the
simulated parameters are consistent with the experimental
parameters. It can be seen from the figures that the erosion
velocity is the largest at the nozzle.

ANALYSIS AND DISCUSSION ON EROSION
RESULTS

The initial values of liquid phase and particle phase were set as
follows: the density of fracturing fluid was 1050 kg/m3, the
viscosity was 150 mPa s, the sand density was 2650 kg/m3, and
the average particle size was 0.6 mm. The inlet velocity is 10 m/s,
and the sand mass rate is 1 kg/s. The pressure distribution,
velocity distribution, streamline distribution and particle
trajectory in the tool are obtained by numerical simulation, as
shown in Figures 4, 5.

Figure 5 shows the erosion rate distribution of solid
particles in the fluid on the inner surface of the nozzle. It
can be seen from the figure that at the root of the nozzle, the
erosion rate is the highest, reaching 1.95 × 10–3 kg/(m2 s); it
is obvious from the diagram that the main erosion position is
around the six nozzles, indicating that the erosion of solid
particles on the nozzle is mainly concentrated here; it can be
seen from the figure that the erosion performance of the
nozzle near the inlet is higher than that of the nozzle far away,
indicating that the installation position of the nozzle also
affects the erosion performance of the nozzle. Figure 6 is the
distribution of erosion fluid particles. It can be seen from the

figure that the solid particles are more concentrated at the
bottom, resulting in the accumulation of solid erosion
particles at the bottom. However, it can be seen from the
figure that this has little effect on the wall erosion. This is
because when the high-pressure fluid enters the tool body, the
flow rate is high, so that the solid erosion particles carried by
the high-pressure fluid are rapidly accumulated at the
bottom. With the increase of erosion time, the more
erosion particles are accumulated, so that the bottom of
the tool is covered, and the erosion effect of the bottom is
not obvious. From the overall point of view, the solid particles
at the nozzle on the tool are more than the bottom, and the
degree of wear on the wall is higher.

Figure 7 shows the distribution of the fluid velocity of the
nozzle under the erosion condition. It can be seen from the figure
that the fluid velocity inside the whole tool shows that the flow
velocity at the nozzle is much higher than that at other parts of the
tool. It can be seen from the figure that the flow velocity at the
nozzle is about 200 m/s. In terms of the whole tool, the flow
velocity at the upper part of the tool is higher than that at the
lower part, and the vortex is obviously generated at the lower
nozzle position.

Influence of Inlet Pressure
Figure 8 shows the pressure distribution of the tool body and
the nozzle. It can be clearly seen from the figure that an
annular pressure band is formed at the root of the nozzle,
which is about 35 MPa. The pressure difference is formed at
the root of the nozzle and the outlet of the nozzle, and the
pressure at the outlet of the nozzle is about 7 MPa, which
makes the pressure difference at the root of the nozzle and
the outlet of the nozzle about 25 MPa, leading to the
excessive velocity of the fluid here, which is also the
reason for the large erosion rate here. Therefore, in the
influence of the inlet pressure on the erosion rate, the
inlet pressure is set to change from 35 to 50, and other
working parameters are set as follows: the outlet pressure is

TABLE 2 | The influence of erosion duration on the nozzle erosion.

Erosion time (s) 0.05 0.06 0.07 0.08

Erosion rate (10−7 kg/s) 5.46 6.12 6.24 6.25
Outlet velocity (m/s) 200 245 250 285

FIGURE 11 | The relation between duration and erosion velocity.
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10 MPa; the inlet diameter is 60 mm; the outlet diameter is
9.5 mm.

Table 1 shows the impact of erosion rate under different
inlet pressures. It can be seen from the table that with the
increase of inlet pressure, the erosion rate also increases,
and the outlet velocity also increases, indicating that the

greater the inlet pressure is, the greater the fluid flow rate is,
and the velocity of solid particles carried in the fluid is also
increased, resulting in an increase in the erosion of the
nozzle. It can also be seen from Figure 9 that with the
increase of inlet pressure, the erosion rate also increases
nonlinearly.

FIGURE 12 | The influence of erosion duration on the nozzle erosion.
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Figure 10 shows the erosion of particles on the nozzle under
the condition of inlet pressure changing from 40 to 50 MPa. It can
be obviously seen from the figure that with the increase of inlet
pressure, the erosion particles deposited at the bottom of the tool
are significantly reduced. This is because with the increase of inlet
pressure, the flow velocity inside the tool increases, so that the
erosion particles deposited at the bottom of the tool are blown up,
resulting in the decrease of solid particles deposited at the bottom.
Under the condition of constant volume content of erosion
particles, the erosion particles in the flow state increase,
resulting in the increase of erosion velocity of the nozzle.

In the analysis of the impact of erosion time on erosion rate,
the inlet pressure was set to 40 MPa, and the erosion time varied
from 0.05 to 0.08 s. Other working parameters were as follows:
the outlet pressure was 10 MPa; the inlet diameter is 60 mm; the
outlet diameter is 9.5 mm.

Table 2 shows the impact of erosion rate under different
erosion time conditions. It can be seen from the table that with
the increase of erosion time, the erosion rate also increases, and
the export velocity remains unchanged. When the erosion time
increases from 0.05 to 0.08 s, the erosion rate increases from
5.46 × 10–7 to 6.25 × 10–7 kg/s. At the same time, it can also be
seen from Figure 11 that when the erosion time increases, the
erosion rate gradually increases, and with the increase of erosion
time, the erosion rate gradually no longer changes.

Figure 12 shows the erosion effect of nozzle under different
erosion time conditions. It can be clearly seen from the figure that
with the increase of erosion time, the distribution of erosion
particles in the tool is more uniform, and the deposition of

erosion particles at the bottom of the tool tends to be stable.
The accumulation of solid particles blown by high-speed fluid
and erosion particles carried by fluid is in a dynamic equilibrium
state, indicating that the increase of erosion time does not
increase the erosion rate, but makes the erosion rate tend to a
stable value. It can be seen from the figure that at the root of
the nozzle, it is the main accumulation position of erosion
particles.

Influence of Fluid Viscosity
In the analysis of the influence of fluid viscosity on the erosion
rate, the inlet pressure was set to 40 MPa, and the dynamic
viscosity varied from 1 mPa s to 6 mPa s to 8 mPa s. Other
working parameters were as follows: the outlet pressure was
10 MPa; the inlet diameter is 60 mm; the outlet diameter is
9.5 mm.

Table 3 is the impact of erosion rate under different
dynamic viscosity conditions. It can be seen from the table
that the erosion rate decreases with the increase of fluid
viscosity, indicating that the fluid viscosity increases. Under
the condition of constant inlet pressure, the fluid velocity
decreases, resulting in the decrease of the velocity of the
fluid carrying the erosion particles, resulting in the decrease
of the erosion velocity and the decrease of the outlet velocity. It
shows that under the condition of constant inlet pressure, the
greater the fluid viscosity, resulting in the decrease of the flow
velocity. It can also be seen from Figure 13 that under the
condition of constant inlet pressure, the erosion rate decreases
with the increase of fluid viscosity.

Figure 14 is the distribution of erosion particles under
different viscosity conditions. It is obvious from the figure that
when the fluid is clear water, the erosion particles accumulate
more seriously at the bottom of the tool, but when the viscosity is
7 mPa s, the erosion particles are evenly distributed at the bottom
of the tool, and the distribution is also more uniform at the tool
body and the nozzle.

TABLE 3 | The influence of viscosity on erosion velocity.

Viscosity (mPa·s) 1 6 7 8

Erosion rate (10−7 kg/s) 5.46 5.4 5.32 6.49
Outlet velocity (m/s) 200 245 250 285

FIGURE 13 | The influence of viscosity on erosion velocity.
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Effect of Erosion Particle Diameter
In the analysis of the impact of erosion particle diameter on
erosion rate, the inlet pressure was set to 40 MPa, and the
dynamic viscosity varied from 0.6 to 1.2 mm. Other working
parameters were as follows: the outlet pressure was 10 MPa; the
inlet diameter is 60 mm; the outlet diameter is 9.5 mm.

FIGURE 14 | The influence curve of different viscosities on the erosion effect.

TABLE 4 | The influence of diameter on erosion velocity.

Diameter (mm) 0.6 0.8 1.0 1.2

Erosion rate (10−7 kg/s) 5.46 3.11 1.11 0.6

Outlet velocity (m/s) 200 245 250 285

Frontiers in Physics | www.frontiersin.org July 2022 | Volume 10 | Article 94709411

Xu et al. Hydraulic Fracturing Nozzle Erosion

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Table 4 shows the impact of erosion rate of erosion particles
under different diameters. It can be seen from the table that with
the increase of erosion particle diameter, the erosion rate also
increases, and the outlet velocity remains unchanged, indicating

that the size of erosion particles is also the main factor affecting
the nozzle erosion effect.

Figure 15 erosion of erosion particles on the inner wall of
the tool under the condition of different particle sizes. It can be

FIGURE 15 | The distribution of different diameters particles.
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seen from the figure that with the increase of erosion particles,
the erosion effect of erosion particles on the tool decreases,
which is due to the change of particle mass when the particle
size of erosion particles increases. Under the condition of
constant inlet velocity, the driving effect of liquid flow on
erosion particles becomes worse, resulting in the decrease of
particle velocity and the weakening of erosion on the inner wall
of the tool. This shows that increasing the diameter of particles
will greatly reduce the erosion of fracturing nozzles and
effectively prolong the life of the tool. It can also be seen
from Figure 16 that the relationship between erosion particle

diameter and erosion velocity decreases with the increase of
particle diameter.

Effect of Erosion Particle Mass Flow Rate
In the analysis of the impact of erosion particle diameter on erosion
rate, the inlet pressure was set to 40MPa, and the mass flow rate
varied from 1 kg/s to 1.6 kg/s. Other working parameters were as
follows: the outlet pressure was 10MPa; the inlet diameter is 60mm;
the outlet diameter is 9.5 mm.

Table 5 shows the influence of erosion rate of erosion
particles under different inlet mass flow rates. It can be seen
from the table that with the increase of mass flow rate, the
erosion rate also increases, and the outlet velocity remains
unchanged, indicating that the mass flow rate of erosion
particles is also the main factor affecting the nozzle erosion
effect.

It can also be seen from Figure 17 that the erosion rate
increases linearly with the increase of erosion particle mass

FIGURE 16 | The relation of particles diameter on erosion velocity.

TABLE 5 | The erosion velocity under different mass flow.

Mass flow rate (mm) 1 1.2 1.4 1.6

Erosion rate (10−7 kg/s) 5.46 7.37 8.6 9.8
Outlet velocity (m/s) 200 245 250 285

FIGURE 17 | The erosion velocity under different mass flow.
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flow rate. At the same time, it can be seen from Figure 18 that
when the mass flow rate is greater than 1 kg/s, there is a vortex at
the upper nozzle, and it can be clearly seen from the figure that
the distribution of erosion particles is more uniform and the
bibliography of particles increases significantly. This is because

when the mass flow rate increases, the erosion particles carried by
the fluid increase, which also leads to the increase of erosion rate.

In summary, the erosion rate of the device is analyzed from the
corresponding working parameters. The results show that the erosion
rate increases nonlinearly with the increase of inlet pressure. When

FIGURE 18 | Erosion rate curves under different mass flow rate conditions.
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the erosion time increases, the erosion rate increases gradually, with
the increase of erosion time, the erosion rate gradually no longer
changes; under the condition of constant inlet pressure, the erosion
rate decreases with the increase of fluid viscosity.With the increase in
the diameter of erosion particles, the erosion velocity increases, and
the export velocity remains unchanged, indicating the size of erosion
particles.

CONCLUSION

1) By establishing the three-dimensional model of the nozzle
and verifying the established model, the error rate between
the simulation results and the experimental results is 0.7%
under the condition of the same parameters as the test,
which indicates that the established physical model is
effective and can further carry out the influence of
other working parameters on the erosion rate of the
nozzle.

2) The analysis of the erosion rate of the device from the aspect of
working parameters shows that the erosion rate increases
nonlinearly with the increase of inlet pressure; with the increase
of erosion time, the erosion rate gradually tends to be stable; with
the increase of fluid viscosity, the erosion rate decreases; with the
increase of particle diameter andmassflow rate, the erosion velocity
increases, which indicates that the particle size and mass flow rate
are the main factors affecting the nozzle erosion effect.

3) The results show that the erosion rates of the upper and lower
nozzles of the tool are different, and the distribution of sand
particles at different positions in the tool is also significantly
different. The main erosion position of sand particles on the
tool wall is at the root of six nozzles, which is the main
accumulation position of erosion particles. The erosion

performance of the nozzle near the inlet is higher than that
of the nozzle far away, indicating that the installation position
of the nozzle also affects the erosion performance of the
nozzle, therefore, it is highly suggested that nozzle
distribution of the hydraulic fracturing tool need to be
installed in upper location of that as much as possible.
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