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ABSTRACT: Conventional hydrajet fracturing techniques are often
frustrated when they are applied to some specific well types, such as
casing-damaged and small-diameter wells. It is of great significance to
investigate the erosion and stress on a small-diameter hydrajet
fracturing tool during its service and clarify the relevant influencing
factors. Based on the solid−liquid two-phase flow theory and erosion
model, a numerical simulation was conducted on the erosion and
stress on a small-diameter hydrajet fracturing tool by using the
computational fluid dynamics approach in order to understand how
the inlet flow rate, particle size, and particle mass concentration affect
the erosion and stress on the tool. The results show that the erosion
on the small-diameter hydrajet fracturing tool is generally a cutting
erosion of proppant particles on the tool body. Such erosion occurs
on the lower wall of the nozzle, and the erosion at the upper-0° nozzle is higher in rate and smaller in area than that at the lower-
180° nozzle. The maximum stress of the small-diameter hydrajet fracturing tool is concentrated on the upper and lower walls of the
upper and lower nozzles, especially the lower part inside the upper nozzle. The maximum erosion rate, average erosion rate, and
maximum stress on the wall near the nozzle during fracturing increase as the inlet flow rate and particle mass concentration increase
and decrease as the proppant particle size increases.

1. INTRODUCTION
In recent years, petroleum exploration and development have
gradually turned to unconventional oil and gas reservoirs, of
which tight reservoirs are characterized by low porosity, low
permeability, low reserve abundance, ultralow water saturation
in local areas, high capillary pressure, strong heterogeneity, and
multiple thin layers.1−3 In China, as mature oilfields enter the
middle and late stages of development, well production declines
rapidly due to reservoir pressure depletion, challenging the
oilfield sustainability.4 Therefore, the efficient, safe, and
economical recovery of hydrocarbon resources in low-
permeability strata and the stimulation of existing wells are
especially important and also significant for the industry
sustainability and energy security in the country.5,6

Fracturing treatment is a critical technique to enhance the
recovery and increase the well production in low-permeability
oil reservoirs.7−9 Typically, hydrajet fracturing, which integrates
the advantages of hydrajetting and fracturing,10,11 has been
widely used as a key stimulation method for complex reservoirs
and wells, such as low-permeability reservoirs, structurally
complex wells, and offshore reservoirs. It is considered as one of
the most promising techniques for stimulating unconventional
gas reservoirs.12 For the commercial exploitation of low-
permeability shale gas and coalbed gas reservoirs, it can induce
hydraulic fractures to expand the single-well sweep area and

serve as effective pathways for fluid flow.13 Natural gas hydrate
(NGH) is recognized as a significant and promising clean
alternative energy resource in the 21st century.14−16 In China,
the NGH resources are mainly endowed in the argillaceous fine-
grained siltstones in the seabed, which have lower gas/water
permeability and lower mechanical stability than other
deposits.17 Accordingly, hydrajet fracturing may be a potential
contributor to the industrial development of low-permeability
argillaceous siltstone NGH reservoirs.18 Thus, a small-diameter
hydrajet fracturing tool is important for the stimulation of
unconventional oil and gas reservoirs. As one of its advantages,
the tool can complete an efficient fracturing operation in
confined space while minimizing the damage to the under-
ground reservoir.

As a lot of oilfields enter the middle and late stages of
development, more and more casing-deformed wells and slim
holes appear, and the small-diameter hydrajet fracturing process

Received: November 15, 2023
Revised: February 9, 2024
Accepted: February 13, 2024
Published: March 1, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

11686
https://doi.org/10.1021/acsomega.3c09102

ACS Omega 2024, 9, 11686−11700

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenqiang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaixiang+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoya+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiqun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c09102&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c09102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


is increasingly demanded.19−21 In China, rapid progress in shale
gas exploration and development is associated with a frequent
occurrence of casing deformation in horizontal wells, which
directly affects the efficiency and profitability of shale gas
development. Casing deformation reduces the inner diameter of
casing, so that the conventional tubing-based fracturing
operation is hindered, resulting inmore frequent casing damages
in wells, some of which are even ultimately shut down.22,23 In
this regard, small-diameter hydrajet fracturing has become more
and more necessary. The small-diameter hydrajet fracturing tool
is mainly employed to extract the remaining oil and gas
resources in reservoirs for revitalizing the productivity of existing
wells, improving the recovery, extending the well life, and
mitigating environmental impacts. It provides a sustainable and
economical solution for the petroleum industry.

Hydrajet fracturing process combines hydrajet perforation,
fracturing, and hydraulic isolation, which are completed in one
trip of string, enabling a higher operation efficiency and a shorter
operation period. In hydrajet fracturing, with a high flow rate and
a high proppant-to-liquid ratio, the presence of substantial high-
velocity proppant particles may erode seriously the fracturing
tool, leading to a considerable reduction in the service life of
high-pressure manifolds.24

For the small-diameter hydrajet fracturing tool, previous
studies focused on the flow field and parameters of the erosion
model. However, erosion on the small-diameter fracturing tools
has rarely been reported. According to the computational fluid
dynamics (CFD) theory, Clem et al. (2006)25 investigated the
flow behaviors in the fracturing string at high flow rates, analyzed
the relationships between the flow velocity, stream line and
proppant concentration the scouring, and presented an
optimized structure of the string. M Sheng et al. (2019)26

proposed a 3D CFD-based erosion model by considering high-
velocity waterjet impact, proppant shear erosion, and specific
inner structure of hydrajet tool body. The discrete phase
approach was used to track the proppant transport and its
concentration distribution. Field observation provides strong
evidence of erosion patterns and mechanisms obtained from
CFD simulation. Li and Hamid et al. (2005)27 used a CFD
model to determine the fluid flow regime near the sand jet in a
horizontal well. Based on the CFD theory, Li et al. (2009)28 built
a particle erosion model, which considers the collision between
particles and was used to determine the motion characteristics
and erosion patterns of solid particles in the solid−liquid two-
phase flow within the choke during hydrajet fracturing
operation, indicating that the distribution of solid particles is
irregular, with a concentration of solid particles observed in the
region from the inlet to the outlet of the choke, and an

exponential relationship exists between the material erosion rate
and the fluid flow rate. Xu et al. (2022)29 based on CFD, discrete
phase model (DPM), and optimal design theory, this paper uses
ANSYS workbench software to numerically simulate the erosion
of 2.375″ coiled tubing wound on the drum by fracturing fluid.
The simulation result shows that the coiled tubing erosion rate is
most affected by the fracturing fluid injection velocity. Gravel
mass flow rate has less effect. Gravel diameter has the least effect.
Surjaatmadja et al.30,31 investigated the mechanism of internal
and/or external erosion during conventional hydrajet perforat-
ing. They identified two distinct mechanisms of erosion on the
body and nozzle of the jetting tool. To be specific, the tool body
can encounter a wear induced by splashback erosion, over-
shooting, or Coriolis erosion, as illustrated in Figure 1; the
nozzle primarily suffers from an erosion of sliding particles,
following the mechanism of microcutting, microdeformation, or
fatigue. Cui et al.32 extracted the parameters of single-cluster
hydrajet fracturing in field application and numerically
simulated the anti-erosion performance of the hydrajet body
material (35CrMo steel). Their findings indicate that the
presence of abrasive particles results in erosion on 35CrMo steel,
which is induced by microcutting when the impact angle is small
and by impact forging when the impact angle is large, and that
the erosion rate of the specimen peaks when the impact angle is
45°.

In the conventional hydrajet fracturing process, which exhibits
high flow rate and high proppant-to-liquid ratio, the presence of
substantial proppant particles flowing at a high rate erodes
seriously the fracturing tool.33 In contrast, during small-diameter
hydrajet fracturing, when the fracturing fluid flows at a higher
rate, the high-velocity proppant particles carried in the fluid may
have more serious erosion on the tool, which will lead to tool
failure, significantly impeding the fracturing operation. Thus, it
is necessary to investigate and predict the erosion and stress on a
small-diameter hydrajet fracturing tool and facilitate an
optimization of the tool structure for ensuring the success of
fracturing operations and the service life of the tool.

Here, by using the CFD approach, the erosion and stress on
small-diameter hydrajet fracturing tool are numerically simu-
lated to determine the flow field, erosion distribution, and stress
variation of the hydrajet tool under various operational
parameters (e.g., inlet flow rate, proppant particle size, and
proppant particle mass concentration). The findings provide
valuable references for understanding the erosion on a small-
diameter hydrajet fracturing tool for the purpose of structural
optimization.

Figure 1. Mechanism of erosion on the hydrajet fracturing tool.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09102
ACS Omega 2024, 9, 11686−11700

11687

https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. COMPUTATIONAL MODELING
Trace of the particle motion path is crucial to the determination
of erosion on the tool wall. The particlemotion near the tool wall
primarily involves impact and rebound. Hence, a discrete model
is preferable for calculating the rate of erosion on the internal
wall of the tool (hereinafter referred to as internal erosion). In
the discrete model, solid particles are considered in discrete
status, while the liquid phase is treated as a continuous medium.
To analyze the distribution of stress on the tool body, a solid−
liquid two-phase flowmodel is used. This model treats the liquid
and solid phases as two continuous fluids that are interactive and
independent.

2.1. Liquid Phase Control Equation. Continuity equation
is given as follows
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t
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where ∂f is the liquid phase volume fraction; ρ is the liquid phase
density, kg/m3; u is the liquid phase velocity, m/s; and t is the
time, s.
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where p is the hydrostatic pressure acting on the fluid element,
Pa; τ is the liquid phase stress tensor, determined by

= +
Ä
Ç
ÅÅÅÅÅÅÅÅ

i
k
jjj y

{
zzz

É
Ö
ÑÑÑÑÑÑÑÑij

u
x

u

x
u
x ij

2
3

i

j

j

x

l

l
; and F is the interphase inter-

action force per unit volume.
2.2. Solid Phase Control Equation. The motion paths of

discrete particles are determined by integrating the momentum
equation for particles in a Lagrangian coordinate system. The
momentum equation for particles can be derived from the
Newton’s second law, as shown in eq 334
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where u⃗ is the fluid phase velocity; uP is the particle velocity; ρ is
the fluid density; and ρP is the particle density.

In addition, =F u u( )D p is the particle drag force per unit
mass, and
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where μ is the dynamic viscosity of the fluid; Re is the particle
Reynold’s number, defined as
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and CD i s the drag coefficient , de termined by
= + +CD 1 Re Re

2 3
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2.3. Turbulent Flow Model. The calculation of Reynold’s
number suggests that the target fluid in this study follows a
turbulent flow pattern. Thus, a turbulent flow model is required.
Transport equations for the turbulent kinetic energy (k) and
turbulent dissipation rate (ε) in the realizable k-ε model are
expressed as35
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where Gb is the turbulent kinetic energy due to buoyancy; Gk is
the turbulent kinetic energy due to the mean velocity gradient;
YM is the contribution of the pulsating expansion of the
compressible turbulent flow to the total dissipation rate; C1s and
C2s are empirical constants; σk and σs are the Prandtl numbers
corresponding to the k and ϵ equations; and Sk and Ss are the
self-defined turbulent kinetic energy and turbulence dissipation
source terms. Defaults in Fluent include C1s = 1.44, C2s = 1.9, σk
= 1.0, and σs = 1.2.
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In the realizable k-ε model, the eddy viscosity is calculated by
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2.4. Solid−Liquid Two-Phase Flow Model. As described
above, the solid−liquid two-phase flow model treats the liquid
and solid phases as two continuous fluids that are interactive and
independent. This model is constructed using two sets of
equations that separately describe the motion of each phase and
couple them through interphase interaction forces. In this
model, both solid and liquid velocities are regarded as local
averages and random components. Eventually, the continuity
equation and momentum equation for the two-phase flow
model can be derived as follows:36−38
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where ρf = ρf(1 − αp) and ρp = ρpαp, which denote the local
densities of the liquid and solid phases, respectively; F is the
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interphase interaction force per unit volume; and Tp and Tf are
the stress tensors for the solid and fluid phases, respectively.

2.5. Erosion Model. 2.5.1. Definition of the Erosion Rate.
The solid−liquid two-phase flow model for erosion simulation
incorporates parameters including impact angle function, wall
function, fluid velocity, viscosity, particle size, and particle mass
flow rate. The erosion rate, expressed in unit of kg/(m2·s), is
defined as the mass of wall material eroded per unit area per unit
time.

In Fluent, the erosion rate is defined as

=
=

R
m C d f v
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( ) ( )

p

N b v
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1

p p p
( )

wall

pesside p

(13)

where mp is the mass flux of the pth particle; C(dp) is the particle
size function, usually set as 1.8 × 10−9; α is the impact angle
between the particle path and the wall; f(α) is the impact angle
function; vp is the particle impact velocity; b(vp) is the particle
impact velocity function, commonly set as 2.6 according to
previous research and field data; Awall is the wall area; Nparticle is
the number of particles; C, f, and b are essential boundary
conditions for the wall and determined empirically depending
on particles and materials; and the product C(dp)f(α)vpb(vp)
represents the erosion rate, which is defined as the mass of wall
material eroded per unit mass of particles impacting the wall.
2.5.2. Impact Angle Function. Materials display varying

erosion patterns at different impact angles. Typically, plastic
materials exhibit the maximum erosion rate at the impact angle
of 15−30°, while brittle materials exhibit the maximum erosion
rate at the impact angle of 90°.39

In this study, the tool body is made of a plastic material, grade
45 steel, with low erosion resistance, and the nozzle is made of a
brittle material, hard alloy, with high erosion resistance. Thus,
the inlet region of the tool body is specifically investigated.
2.5.3. Particle Rebound Coefficient. When a solid particle

collides with the wall and rebounds, a part of its energy is lost or
transferred, which is manifested in the change of particle velocity
before and after the collision, as illustrated in Figure 2. Usually,

the ratio of the postcollision velocity component to the
precollision velocity component is defined as the rebound
coefficient, which is used to characterize the energy loss when
particles collide with the wall. This coefficient is categorized into
the normal rebound coefficient en and the tangential rebound
coefficient et, expressed as

=
V

V
en

pn2

pn1 (14)

=
V

V
et

pt2

pt1 (15)

where Vpn and Vpt are the velocity components of particles in the
normal and tangential directions, respectively; subscript 1

denotes the state of particles before collision; and subscript 2
denotes the state of particles after collision.

Many researchers, such as Forder et al.40 and Grant and
Tabakoff,41 have devised several rebound coefficient models
through experiments under different particle characteristics and
collision conditions. In this study, the Grant and Tabakoff
rebound coefficient model is selected, as follows

= +e 0.993 1.76 1.56 0.49n
2 3

(16)

= +e 0.998 1.66 2.11 0.67t
2 3

(17)

where α is the particle impact angle, rad.
The rebound coefficient model is combined with the erosion

model to trace the particle path and compute the erosion rate.

3. GEOMETRIC MODEL AND CONDITION SETTING
3.1. Geometric Modeling. The geometric model of

hydrajet for small-diameter multicluster fracturing was con-
structed using SolidWorks, as shown in Figure 3. The hydrajet

body has an inner diameter of 48 mm, an outer diameter of 84
mm, and a length of 250 mm. The nozzles are segmented into
upper and lower clusters spaced 100 mm. Each cluster consists
of three nozzles arranged in a 120° helical pattern. The nozzle is
conical internally, with a length of 18 mm, a convergence angle
of 60°, and a diameter of 6 mm. Two nozzles, named as the
upper-0° nozzle and the lower-180° nozzle depending on their
positions in the layers and phases, are selected for analysis.

The hydrajet body is made of grade 45 steel with a density of
7800 kg/m3, and the nozzle is made of hard alloy with a density
of 15,000 kg/m3. Based on field data, the initial values of
parameters are set as follows: fracturing fluid density of 1050 kg/
m3, fracturing fluid viscosity of 0.003 Pa·s, and particle density of
2650 kg/m3. The gravity of the fluid and the particles is set with a
gravitational acceleration of −9.81bn m/s2 on the y-axis. The
erosion on the tool was tested at varying particle sizes (0.4 0.5,
0.6, 0.8, and 1.0 mm), fracturing fluid flow rates (1.4, 1.6, 1.8,
2.0, and 2.2 m3/min), and particle mass concentrations (80, 100,
120, 140, and 160 kg/m3).

3.2. Meshing. The model of the hydrajet is divided into
tetrahedral meshes. Field operations demonstrate that tool
failure generally occurs because the tool body is preferentially
eroded at the junction of the tool body and the nozzle due to
their different materials. Here, the junction region is divided into

Figure 2. Particle rebound on the wall.

Figure 3. Physical model of the hydrajet for small-diameter multicluster
fracturing.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09102
ACS Omega 2024, 9, 11686−11700

11689

https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09102?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


more dense meshes. The model is finally divided into 569,847
meshes, with 113,072 nodes (Figure 4).

3.3. Grid Independence Analysis and Model Valida-
tion. To eliminate the effect of grid number, grid independence
analysis of the simulation results was conducted. In order to
analyze the grid sensitivity in this simulation, the grid number
was adjusted and designed to be 202,819, 326,023, 569,847, and
851,929; the calculation was carried out under the same
boundary conditions; and the axial velocity of the center section
was selected as the comparison object, and the results are shown
in Figure 5. In order to ensure the accuracy of the calculation and
the time cost of the calculation, the final number of grids was
chosen to be 569,847.

3.4. Setting of Boundary Conditions and Other
Parameters. The velocity inlet boundary condition is used
and is determined from the injection flow rate on site. The
nozzle outlet serves as the model’s outlet boundary and utilizes
the pressure outlet boundary condition, with the outlet pressure
set to 10 MPa. The tool body and nozzle surfaces act as the
model’s wall boundary, and nonslip solid-wall conditions are
applied in a rebound case; that is, a particle rebounds upon
collision with the wall and then re-enters the computational
domain. The impact angle function is assigned for both the tool

body and nozzle walls (Table 1). The particle rebound
coefficient is given in Table 2, and the particle size function

and velocity index function are listed in Table 3. Particles are
injected by surface jetting, in a direction perpendicular to the
inlet end face, and the particle random wandering model is
activated.

In this study, the adopted realizable k-ε model can simulate
the internal flow field of the fracturing fluid, and the DPM is
employed to simulate the particle motion and examine the
erosion rate in the erosion module. The above two models are
coupled to investigate the erosion on the small-diameter
hydrajet fracturing tool. Moreover, the Euler solid−liquid two-
phase model is applied to investigate the stress on the small-
diameter hydrajet fracturing tool. During the solution, the
pressure−velocity coupling follows the SIMPLE algorithm, and
a second-order upwind scheme is used for the discretization of
momentum, turbulent kinetic energy, and turbulent dissipation
rate.

3.5. Model Validation. The hydrajet used in fracturing of
Well A in the Erlian Basin, China, was analyzed for the erosion
on the inner wall by means of the 3D morphology scanning
technology, in order to validate the proposed model.

In well A, fracturing was conducted by injection through
tubing and casing simultaneously at a flow rate of 2.2 m3/min,
and the tool was tripped out after fracturing for 2 h. Figure 6
reveals the erosion on the inner walls of the hydrajet.42 The same
operating conditions are numerically simulated (Figure 7), and
the 3Dmorphology of the dissected hydrajet is scanned using an
Artec-spider 3D scanner (Figure 8). It can be seen that the
numerical simulation results are consistent with the actual
erosion patterns shown in Figure 5. Specifically, the lower inlet
regions of both the lower and upper nozzles are eroded most
severely, which verifies the accuracy of the proposed model.

4. DISCUSSION
4.1. Flow Field. The selected proppant particles correspond

to an average diameter of 0.4 mm, a flow rate of 2.1 m3/min, and
a mass flow rate of 1 kg/s. The pressure and flow velocity
distributions in the flow field of the tool are obtained through
numerical simulation, and the flow fields of the upper-0° and

Figure 4. Meshing and enlarged view of the refined grid of nozzle
locations.

Figure 5. Pressure curves for different number of meshes.

Table 1. Erosion Angle Function

point impact angle α (deg) impact angle function f(α)

1 0 0
2 20 0.8
3 30 1.0
4 45 0.5
5 90 0.4

Table 2. Particle Rebound Coefficient

α0 α1 α2 α3

normal 0.993 −0.0307 4.75 × 10−4 −2.61 × 10−6

tangential 0.998 −0.0290 6.43 × 10−4 −3.56 × 10−6

Table 3. Particle Size Function and Velocity Index

C(dp) n

1.8 × 10−9 2.6
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lower-180° nozzles are compared to infer the erosion differ-
ences.
4.1.1. Pressure Distribution. Figure 9 shows the nephogram

of static pressure on the axial cross-section of the tool. The part
from the outlets of the upper-0° nozzle and lower-180° nozzle to
the axial center of the tool is selected for analysis to determine
the change in the static pressure on the axis of the nozzles with
the radial position. As shown in Figure 10, the static pressure
inside the nozzle starts to decrease, and the pressure
distributions of the upper-0° nozzle and the lower-180° nozzle
are similar, with the pressure decreasing from the upper part of
the nozzle−body junction.
4.1.2. Flow Velocity Distribution. Figure 11 shows the

nephogram of fluid velocity on the axial cross-section of the tool.
The part from the outlets of the upper-0° nozzle and lower-180°
nozzle to the axial center of the tool is selected for analysis to
determine the change in the flow velocity on the axis of the
nozzles with the radial position. As shown in Figure 12, the flow
velocity remains constant basically within the tool body. As the
nozzle diameter reduces, the flow velocity increases sharply up
to 233m/s, which is much higher than the flow velocity required
for rock breaking (180m/s).43 The fluid velocity in the upper-0°
nozzle is 8 m/s higher than that in the lower-180° nozzle.

Furthermore, the flow velocity is different above and below the
inlet of the upper-0° nozzle but identical above and below the
inlet of the lower-180° nozzle. This observation suggests that the
upper-0° nozzle is more seriously impacted by the fracturing
fluid at the inlet, while the lower-180° nozzle is more extensively
impacted by the fracturing fluid.
4.1.3. Proppant Particle Volume Distribution. Figure 13

shows the nephogram of propant distribution on the axial cross-
section of the tool. It can be seen that the proppant particles are
concentrated on the lower wall of the nozzle, the maximum
particle volume fraction is found on the lower wall of the upper
nozzle, the volume distribution of proppant particles is more
extensive in the lower nozzle, and there are basically no proppant
particles settled at the bottom of the tool.

Figure 6. Erosion on the inner wall of the hydrajet.

Figure 7. Erosion rate contours of the inlet region under the experimental conditions: (a) upper nozzle and (b) lower nozzle.

Figure 8. 3D scan image of the inlet region: (a) upper nozzle and (b)
lower nozzle.

Figure 9. Static pressure on the axial cross-section of the tool and
enlarged view of the nozzle.
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4.2. Factors Affecting the Erosion and Stress on the
Tool. 4.2.1. Flow Rate. Given the fracturing fluid with a
viscosity of 0.003 Pa·s, a mass flow rate of 1 kg/s, a particle size of
0.4 mm, and a particle injection velocity consistent with the fluid
flow velocity, a numerical simulation is conducted at the flow
rates of 1.4 m3/min, 1.6, 1.8, 2.0, and 2.2 m3/min, respectively.
Then, the erosions in the inlet regions of the upper-0° and lower-
180° nozzles at different flow rates are determined, as shown in
Figure 14. It can be seen that the erosion positions in the inlet

regions remain roughly consistent at different flow rates. The
maximum erosion rates in the upper nozzle are concentrated in
the lower right corner of the inlet region. Moreover, the lower
nozzle exhibits a larger erosion area, with the maximum erosion
rates concentrated in the lower part of the inlet region.

Figure 15 shows the maximum erosion rate at different flow
rates. As the flow rate increases, the maximum erosion rate in the
inlet region of the upper-0° nozzle or of the lower-180° nozzle
tends to increase exponentially. Exponential fitting is performed
on the data, yielding an exponent of 1.8552 for the upper nozzle
and 2.357 for the lower nozzle. At each flow rate, the maximum
erosion rate in the inlet region of the upper-0° nozzle is higher
than that in the inlet region of the lower-180° nozzle.

Figure 16 shows the average erosion rates at different flow
rates. Generally, as the flow rate increases, the average erosion
rate increases exponentially. The direct proportionality between
flow rate and fluid velocity indicates that the particle velocity has
a significant impact on the erosion rate. At each flow rate, the
average erosion rate in the inlet region of the lower-180° nozzle
is higher than that in the inlet region of the upper-0° nozzle. This
implies a more serious erosion in the inlet region of the lower
nozzle.

Figure 17 shows the stress distribution of the tool at different
flow rates derived from ANSYS analysis. Notably, the maximum
stress in the tool is concentrated on the upper and lower walls of
the upper and lower nozzles, especially the lower part inside the
upper nozzle.

Figure 18 illustrates the variation of the maximum stress with
the flow rate. A linear relationship is found, that is, the maximum
stress increases with the increasing flow rate. Coupling with the
propant distribution shown in Figure 12, it can be deduced that
the lower parts of the upper and lower nozzles are subjected to
particle impact. As the flow rate increases, the stress on the tool
increases gradually, and the erosion rate also increases.
4.2.2. Particle Size. Given the fracturing fluid with a viscosity

of 0.003 Pa·s, a flow rate of 2.1 m3/min, a mass flow rate of 1 kg/
s, and a particle injection velocity consistent with the fluid flow
velocity, a numerical simulation is conducted at the particle sizes
of 0.4, 0.5, 0.6, 0.8, and 1.0 mm, respectively. Then, the erosions
in the inlet regions of the upper-0° and lower-180° nozzles at
different particle sizes are determined, as shown in Figure 19. It
can be seen that the erosion positions in the inlet regions remain
roughly consistent at different particle sizes. The maximum
erosion rates in the upper nozzle are concentrated at the lower
right corner of the inlet region. Moreover, the lower nozzle
exhibits a larger erosion area, with the maximum erosion rates
concentrated in the lower part of the inlet region. The erosion of

Figure 10. Static pressure vs radial position of the nozzle.

Figure 11. Flow velocity on the axial cross-section and enlarged view of
the nozzle.

Figure 12. Flow velocity vs radial position of the nozzle.

Figure 13. Proppant particle volume fraction.
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particles is more noticeable when the particle size is less than 0.6
mm.

Figure 20 shows the maximum erosion rates at different
particle sizes. A negative correlation is seen, that is, with the

increase of particle size, the maximum erosion rate decreases
gradually. Moreover, the maximum erosion positions occur in
the inlet region of the upper-0° nozzle. A turn appears in the

Figure 14. Erosion rate in the inlet regions of the upper-0° and lower-180° nozzles at different flow rates.

Figure 15.Maximum erosion rate vs flow rate in the inlet regions of the
upper-0° and lower-180° nozzles. Figure 16. Average erosion rate vs flow rate in the inlet regions of the

upper-0° and lower-180° nozzles.
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decrease of the maximum erosion rate at the particle size of 0.6
mm: the maximum erosion rate decreases faster when the
particle size is less than 0.6 mm but slower when the particle size
is greater than 0.6 mm. At each particle size, the maximum
erosion rate in the inlet region of the upper-0° nozzle is higher
than that in the inlet region of the lower-180° nozzle.

Figure 21 shows the average erosion rate at different particle
sizes. With the increase of particle size, the average erosion rate
in the inlet region of the nozzle decreases. When the mass flow
rate and density of the particles are constant, with the increase of
particle size, the number of particles reduces and the frequency
of impact on the wall declines; overall, the average erosion rate
decreases gradually. At each particle size, the average erosion
rate in the inlet region of the upper-0° nozzle is lower than that
in the inlet region of the lower-180° nozzle.

Figure 22 shows the stress distribution of the tool at different
particle sizes, derived from the ANSYS analysis. It can be seen
that the stress distribution patterns are similar.

Figure 23 illustrates the variation of stress with the particle
size. It can be seen that the stress decreases with increasing
particle size. Coupling with the propant distribution shown in
Figure 12, it can be deduced that the lower parts of the upper and
lower nozzles are subjected to particle impact. As the particle
size increases, the stress on the tool decreases gradually and the
erosion rate also decreases.
4.2.3. Particles Mass Concentration. Given the fracturing

fluid with a viscosity of 0.003 Pa·s, a flow rate of 2.1 m3/min, a
particle size of 0.4 mm, and a particle injection velocity
consistent with the fluid flow velocity, a numerical simulation is
conducted at the particle mass concentration of 80, 100, 120,
140, and 160 kg/m3, respectively. Then, the erosions in the inlet

Figure 17. Stress distribution at different flow rates.

Figure 18. Maximum stress vs flow rate.
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regions of the upper-0° and lower-180° nozzles at different
particle mass concentrations are determined, as shown in Figure
24. It can be seen that the maximum erosion rates in the upper

nozzle are concentrated in the lower right corner of the inlet
region. Moreover, the lower nozzle exhibits a larger erosion area,

Figure 19. Erosion rate in the inlet regions of the upper-0° and lower-180° nozzles at different particle sizes.

Figure 20.Maximum erosion rate vs particle size in the inlet regions of
the upper-0° and lower-180° nozzles.

Figure 21.Average erosion rate vs particle size in the inlet regions of the
upper-0° and lower-180° nozzles.
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with the maximum erosion rates concentrated in the lower part
of the inlet region.

Figure 25 shows the maximum erosion rates at different
particle mass concentrations. It can be seen that the maximum
erosion rate gradually increases with the increase of the particle
mass concentration. At each particle mass concentration, the
maximum erosion rate in the inlet region of the upper-0° nozzle
is higher than that in the inlet region of the lower-180° nozzle.
With the increase of the particle mass concentration, the particle
mass flow rate and the number of proppant particles increase,

and there are more particles colliding with the tool body and
nozzles per unit time andmore particles imposing higher cutting
force on the tool body and nozzles, ultimately leading to the
increase of the maximum erosion rate.

Figure 26 shows the average erosion rates at different particle
mass concentrations. As the particle mass concentration
increases, more particles enter into the tool per unit time;
thus, the average erosion rate gradually increases. At each
particle mass concentration, the average erosion rate in the inlet
region of the upper-0° nozzle is lower than that in the inlet
region of the lower-180° nozzle.

Figure 27 shows the stress distribution of the tool at different
particle mass concentrations derived from the ANSYS analysis.
Similar stress concentration patterns can be observed.

Figure 28 illustrates the variation of the maximum stress with
the particle mass concentration. A linear relationship is found;
that is, the maximum stress increases with the increasing particle
mass concentration. Coupling with the propant distribution
shown in Figure 12, it can be deduced that the lower parts of the
upper and lower nozzles are subjected to particle impact. As the
particle mass concentration increases, the stress on the tool
increases gradually and the erosion rate also increases.

5. RESULTS AND DISCUSSION
Based on the CFD and erosion theory, the erosion and stress on
a small-diameter hydrajet fracturing tool under different

Figure 22. Stress distribution at different particle sizes.

Figure 23. Maximum stress vs particle size.
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operating conditions are simulated. The following results are
concluded:

1 Erosion on the internal wall of the tool body is
concentrated in the inlet regions of the upper and lower
nozzles, especially in the lower parts of the nozzles. Under

Figure 24. Erosion rate in the inlet regions of the upper-0° and lower-180° nozzles at different particle mass concentrations.

Figure 25.Maximum erosion rate vs particle mass concentration in the
inlet regions of the upper-0° and lower-180° nozzles.

Figure 26. Average erosion rate vs particle mass concentration in the
inlet regions of the upper-0° and lower-180° nozzles.
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each operating condition, the average erosion rate in the
inlet region of the lower nozzle is higher than that in the
inlet region of the upper nozzle, and themaximum erosion
rate occurs in the inlet region of the upper nozzle.

2 The maximum erosion rate, average erosion rate, and
maximum stress on the wall near the nozzle during
fracturing increase as the inlet flow rate and particle mass
concentration increase and decrease as the proppant
particle size increases.

3 The erosion rate and stress of the tool are influenced by
flow rate, proppant particle size, and particle mass

concentration. Notably, the flow rate exhibits the most
significant impact.

4 The small-diameter hydraulic fracturing tool has proven
to be highly effective in enhancing and reforming oil and
gas reservoirs, as well as increasing the production
capacity and recovery rates of wells. This is particularly
significant in the context of unconventional energy
sectors, such as shale gas and natural gas development.
In order to mitigate the erosion of the tool’s inner wall
surface, strategies such as selecting materials with superior
anti-erosion properties or increasing the wall thickness
can be employed to minimize wear on the tool body.
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