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Abstract

Hydraulic jet fracturing, which integrates hydraulic sand jet perforation and hydraulic fracturing, is widely used in the
stimulation of low permeability reservoir. However, due to the complexity of the fluid-solid interaction, the effect of
pressurization characteristics and proppants transport in the perforation hole are still unclear. Therefore, in this paper,
the pressurization characteristics and proppants transport of pulse jet fracturing are investigated under different pressure
amplitude, angular velocity, average pressure, nozzle diameter and perforation diameter with the CFD-DEM (Computational
Fluid Dynamics and Discrete Element Method) coupled method. Results indicates that the effect of pressure amplitude, average
pressure are positively related to the maximum velocity and maximum total pressure, while the effect of nozzle diameter is
positively correlated with the maximum velocity, and the maximum total pressure has a relatively small effect. The effect of
perforation diameter is negatively related to maximum velocity. It can be seen that pulsed jet fracturing can effectively relieve
the large number of proppants blocking present around the perforated inlet of a single section of the pulse jet fracturing model
(SPJFM). But when the proppants are of a certain size and the nozzle diameter is very small, it is difficult for the proppants to
enter the perforation. And the smaller the diameter of the perforation, the less proppant enters the perforation, and some of
the proppant appears in the annular section. By reasonably designing the optimal parameters, the pulsed jet can maximize the

pressurization, helping optimize jet fracturing application parameters.
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Introduction and deep burial, the active development of unconventional

oil and gas resources is critical to ensuring the security of

China’s unconventional oil and gas resources are China’s energy supply [1]. Hydraulic fracturing has emerged
distinguished by huge reserves, widespread distribution, as a significant technology for increasing output when
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producing unconventional oil and gas resources such as shale
gas. It has the potential to form intricate fracture networks in
unconventional reservoirs as well as boost the permeability
of thick reservoirs. As one of the essential fracturing means
for unconventional oil and gas, hydraulic jet fracturing
technology has attracted more and more attention of scholars
at home and abroad. Hydraulic jet fracturing completion
technology has many advantages such as simple operation,
safety and flexibility [2-4].Ithasbeen widely used and studied
in unconventional oil and gas exploitation. Recent studies
show that hydraulic jet fracturing has an obvious effect
on perforation pressurization, hydraulic sealing effect of
annular section and improvement of sandblasting efficiency.
The high-pressure jet during hydraulic fracturing enlarges
the cracks in the rock, making the blasted holes larger and
deeper, increasing the perforation pressure. At the same
time, hydraulic fracturing is an effective way to stimulate the
reservoir and ensure the economical production of natural
gas.

Qu Hai, et al. [5] studied the effect of nozzle pressure
drop, nozzle diameter, casing hole diameter and other factors
on pore pressurization through indoor experiments. At the
same time, jet fracturing technology has certain applications
in the field of hydraulic sealing [6]. Qu Hali, et al. [7] used
computational fluid dynamics methods to study the hydraulic
seal pressure field in the process of hydraulic jet fracturing,
and respectively revealed the effect law of hydraulic seal
pressure field under the action of different factors, which
provided scientific basis for the on-site construction of
hydraulic jet fracturing process. Through experiments, Zhang
[8] showed that the hydraulic sandblasting perforation
velocity must meet the critical jet velocity, that is, the velocity
when the rock is broken. The critical jet velocity at this time
can achieve the best sand blasting perforation efficiency.
In the process of hydro jet fracturing, the high-pressure jet
will make the pressure in the pore channel higher than the
annular section, thus acting as a jet pressurization in the
pore channel. Fan, et al. [9] showed experimentally that
the magnitude of annular pressure reduction was linearly
increasing with the jet velocity and exponentially decreasing
with the surrounding pressure. Through indoor tests, Xia, et
al. [10] showed that the nozzle pressure drop and inlet ratio
have a linear relationship with jet pressurization. Sheng, et
al. [11] demonstrated through numerical simulation that the
ratio of the pressure increase value of the jet in the hole to the
inlet area presents a negative exponential decay law. Chen,
et al. [12] showed through single-factor and multivariate
sensitivity analysis that hydraulic fracturing can promote
the development of low permeability hydrate reservoirs by
combining reduced pressure with hot water injection. Ge,
et al. [13] experimentally verified that high-pressure water
jets break rocks more severely under high temperature
conditions.
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The high-pressure jet can form pulses in a variety of
ways, and finally convert the high-pressure jet into a pulsed
jet, improving the efficiency and accuracy of jet processing.
Xue, et al. [14] studied the propagation of stress waves
in rocks to reveal the rock breaking mechanism under
pulsed water jets. The results show that with the gradual
increase of the jet velocity, the influence area, propagation
speed and attenuation rate of the stress wave increase.
The pulsed injection cycle fracturing technology proposed
by Cai, et al. [15] had the effect of cyclic pressurization and
fracturing. They had achieved a good outcome of fracture
network reconstruction in the high-pressure CO, pulse cycle
injection fracturing experiment. Cheng, et al. [16] studied the
propagation law of pulsating water pressure in the pulsed
hydraulic fracturing of coalbed methane reservoirs under
different pulse frequencies and plugging rates through
laboratory experiments. Zhang, et al. [17] showed that the
acoustic emission (AE) signals in the low-pressure pulsating
fracturing stage were relatively dispersed, and the pulsating
energy promoted the development of micro-fractures
through the new high-efficiency anti-reflection method of the
coal seam in radial well-pulsating hydraulic fracturing. The
AE signals are relatively concentrated in the high-pressure
pulsating fracturing stage, and the pulse energy promotes the
rapid extension ofthe main fracture. Liu, et al. [18] established
a fracture conductivity model under a rod-shaped proppant
to explore the fracture conductivity during pulse fracturing,
providing a theoretical basis for combining rod-shaped
proppant and pulse fracturing to improve productivity. Lu, et
al. [19] studied the stress propagation and distribution law in
fractured strata during pulsating hydraulic fracturing. Then
they analyzed the influence mechanism of fracture fillings on
the stress disturbance effect of pulsating hydraulic fracturing
under different fracture spacing and focal frequency. At the
same time, the distribution law of the minimum principal
stress peak of coal seam under different loading modes,
frequencies, amplitudes and confining pressures was
explored to provide particular guidance for optimizing
process parameters of pulsating hydraulic fracturing [20].
Liao, et al. [21] established a numerical model to study the
propagation of hydraulic fractures under the condition that
the horizontal wellbore is not collinear with the minimum
horizontal principal stress. They applied the extended finite
element method to the fluid-structure coupling of horizontal
multi-stage fracturing, which is of great significance for
optimizing the fracturing process. Dehkhoda, et al. [22]
showed that the pulsation frequency has a great influence
on the damage degree of the rock target, and at the same
time, the fracture propagation caused by impact causes rock
failure depending on the pulse length. Liu, et al. [23] studied
the effect of stress wave propagation on rock fragmentation
when granite is investigated by pulsed water jets, and found
that the two modes of rock fragmentation are caused by the
combined effect of impact stress wave and the pulsating
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water wedge pressure. Wang, et al. [24] conducted a series
of experiments to investigate the penetration characteristics
of a low-frequency pulsed water jet impact and compared
the failure modes of sandstone and granite rock samples.
Their study greatly advanced the development of low-
frequency liquid jet technology. Zhang, et al. [25] verified by
experiments that the overall erosion ability of pulsed water
jetis better than that of continuous water jet, which provides
a reference for further optimization of pulsed water jet
technology to break different rocks in the future.

Proppants play an essential role in the production
process. Hari, et al. [26] conducted different experimental
studies on sandstone formations to analyze the effect of
various factors exacerbating the proppant breaking and
embedding process. Proppant comes in a variety of shapes,
and pulse fracturing in conjunction with rod-shaped
proppant has been shown to reduce proppant flowback
issues and boost well productivity. Proppants play a key role
in hydraulic fracturing by enhancing fracture conductivity,
which is often investigated via experimental or numerical
model. Zhao, et al. [27] proposed a coupled CFD-DEM
(Computational Fluid Dynamics-Discrete Element Method
model) method to simulate the interaction between fluid
and particles in granular media. The interaction between
fluid and particle is considered by exchanging interaction
forces. Studies have shown that the rolling resistance among
particles has a greater relative pressure dip for a single-size
case and a smaller relative pressure dip for a polydisperse
case. Li, et al. [28] used DEM-CFD better to understand
the dynamic characteristics of high-speed abrasive air
jets. It is found that lower shape factors, and increased
aerodynamic drag resulted in higher particle velocities,
allowing abrasive particles to remain more centrally along
the centerline of the jet axis, further affecting jet expansion.
It has been discovered, however, that the form factor of the
abrasive particles has no detectable effect on high-speed
air flow. Zhu, et al. [29] built up proppant discrete element
model and CFD (Computational Fluid Dynamics) numerical
model to conduct study. It reveals the change mechanism
of the diverting capacity of supporting cracks. Proppant
placement in fracturing fractures can also seriously affect
the post-fracturing production increase effect. Guo, et al.
[30] consider accurately capture particle movement of
CFD/DEM coupling method, building a complex fracture
three-dimensional model, to explore the effect of proppant
transport and placement under the impact of different
parameters. The results of Cai, et al. [31] show that increasing
the nozzle pressure drop and increasing the nozzle diameter
are beneficial to enhance the impact effect of the jet on rocks,
and increasing the nozzle diameter can also increase the
impact range of the jet. Increasing the spray distance will
cause the high-pressure CO, jet to greatly reduce the impact
force on the rock surface. The research results are conducive
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to the further improvement of the drilling technology of
underbalanced high-pressure gas. Pulse injection fracturing
technology displays an excellent enhancement.

However, due to the complexity of the fluid-solid
interaction, the effect of pressurization characteristics
and proppants transport in the perforation hole are still
unclear. Therefore, to address the above concerns, a
CFD/DEM coupling model of pulse jet fracturing in the
horizontal wellbore is established to explore the flow field
and proppants transport position of pulse jet. The variation
of pressurization characteristics and proppants transport
under different factors, such as pulse jet pressure amplitude,
angular velocity, average pressure, nozzle diameter and
perforation diameter, is studied. The research can help
optimize jet fracturing application parameters.

Methodology and Validation of CFD/DEM
Coupling Model

CFD/DEM Coupling Method

In the process of pulsed jet fracturing, the interaction
between fracturing fluid and proppants in wellbore and
perforation is a complex fluid-solid coupling problem. As a
typical two-phase flow of pulsed jet fracturing, both solid
domain and fluid domain solutions should be established.
The main governing equations are as follows:

The Governing Equations of the Fluid Domain: The
continuity equation in differential form is established with
the micro-element control body. The mass of the net outflow
of the micro-element body must be equal to the mass
reduction in the micro-element body, according to the law of
mass conservation. Equation (1) can be obtained as follows:

Continuity equation:

Py (pu)=0
ot

Equation (1) is the partial differential equation form
of the continuity equation based on the infinitesimal
micro cluster model with fixed spatial position. The law of
conservation of momentum is a law that any flowing system
must satisfy. Fluid micro cluster are subjected to volumetric
and surface forces in the X, y, and z directions. The total force
is obtained by adding the volume and surface forces in the
three directions. According to the conservation of mass, we
can get equation (2) as follows:
Momentum equation:

op 0 Tyx 0
_OP  Ofxx  TT¥X | Ofax
ox ox oy

where t is the time, s; p is the particle density, kg/m?3, u is
the fluid velocity vector, m/s, T is the viscous stress tensor.

+pfx =

a(pu
0

—t)+V-(puV)

Copyright© Cai C, et al.


https://medwinpublishers.com/PPEJ/

Petroleum & Petrochemical Engineering Journal

The law of conservation of energy is the fundamental law
that must be satisfied by the heat exchange system. It can
be expressed as: The power of volume force, surface force,
and net heat flow into the micro-element body are added to
determine the rate of energy change in the micro-element
body. Equation (3) can be obtained as follows:

Energy equation:

De * 0 or o ,or o0 _oT Ou Ou Ou

P = Pt (2 )+ — () ()~ p( )
Dt ox Oox 0Oy 0oy 0z Oz ox Oy Oz

. ou N ou . Ou . 6v+ 8v+ 6v+ 8w+ 8w+ ow
Tox — F Ty — F Ty —F Ty — F Ty —+ Ty, — Ty —+ Ty —+ Ty —
o W oy T Yo W Yo Fa oy Z oz

Equation (3) contains only the material derivative of
internal energy on the left, the material derivative of kinetic
energy and the volumetric force on the right have been
removed. Where ¢ is the volumetric heating rate per unit
mass, A is the thermal conductivity, W/ (m-K) and e is the
velocity stress tensor.

The Governing Equation of Solid Domain: The
conservation equation for the solid part can be derived from
Newton’s second law:

psds =V o5+ fg

where p_is the solid density, kg/m? o_is the Cauchy
stress tensor;fs is the volume force vector, N/m3; and dS is the
local acceleration vector in the solid domain, m/s?.

Fluid-solid coupling follows the most basic conservation
principle. Therefore, at the interface of fluid-solid coupling,
the equality or conservation of fluid and solid stress,
displacement, heat flow, temperature and other variables
shall be satisfied, that is, the following equation set shall be
satisfied:

Tf‘}’lf:TS'l’lS
uf:us
Qf:qZ
Tf:TZ

Equation of Particle Motion: The conservation of
momentum of particles is made in the framework of
Lagrangian. The change of momentum is balanced according
to the surface force and volume force acting on particles.
The momentum conservation equation of material or DEM
particles with mass (mp) is based on the equation:

dvp
my——=F,+F
p d, $'7b

where n represents the instantaneous particle velocity, m/s;
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F_is the resultant force acting on the particle surface, N; F,
is the resultant of the volumetric forces, N. These forces are
further decomposed into:

Fg =Fq+Fp+Fym
and,

Fy = Fg + Fypp + 1y + Fo + F

where F, is the drag force, N; Fp is the pressure gradient
force, N; F, _is the virtual mass force, N; Fg is the gravity force,
N; F is the user-defined volume force, N; F_is the contact
force, N; and F_ is the coulomb force, N. The resultant force
F_of the surface force represents the momentum transfer
from the continuous phase to the particle. When using the
bidirectional coupling modeling, F, is accumulated among
all particle beams and applied to the continuous phase
momentum equation. In DEM modeling, the contact force F,
represents the interaction between particles and between
particles and the boundary. This force is accumulated
between the contacts the particles and applied as volumetric
force:

Fo= 2 Fy
contacts

where F_ is the contact model force, N. In addition, DEM
particles have direction, so their angular momentum must
also be conserved:

do

o

dt

where Iis the inertia force of particles, N. w, is the particle
angular velocity, rad/sand M, is the traction torque, N-m.

1

p b+Mc

M= ¥ (rexFem+Mep) (11)

contacts
where r_ is the position vector from the particle center of
gravity to the contact point, m. And M__ is the moment acting
on the particle due to rolling resistance, N-m.
The drag force F, in equation (7) is defined as:

Fy :%CdpAp|VS|VS (12)

where C, is the drag coefficient of particles; p is the density
of the continuous phase, kg/m?; V_is the particle slip velocity,
m/s; Vis the instantaneous velocity of the continuous phase,
m/s; and A is the projected area of the particle, m2.
Meanwhile, equation (12) can also be written as:

mnV.
Fi=—22 (13)

T

A%

where 7, is the momentum relaxation time scale:
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2mp
Ty =—— (14)
Cap4p V3|
where the drag coefficient C, is a function of the small-scale
fluid characteristics surrounding a single particle.

Schiller-Nauman correlation is applicable to spherical
solid particles, liquid droplets and small diameter bubbles.
The settings are:

24
—(1+0.15Reg'687) Rep < 10°

Cd = Rep (15)
0.44 Rep > 10°

where Rep is the particle Reynolds number, which is defined
as follows:

~ pVs| Dy
P H
where Dp is the particle diameter, mm. And m is the dynamic
viscosity, N-s/m?

Re (16)

The pressure gradient force F in equation (7) is defined as:

K V,VP

p = "pViitatic 17)

where Vp is the volume of particles, m3. And [P, is the

static

gradient of static pressure in the continuous phase.

The virtual mass force F,_in equation (7) is defined as:

dv

Fyr = y | 22 P | (g
vm vmP"p Dr dt

where C_is the virtual mass coefficient. The default value of
0.5 for this coefficient is for a sphere with uniform, inviscid,
incompressible flow.

The gravity F, in equation (8) is defined as:
Fg =mpg (19)

where g is the gravitational acceleration vector, m/s?.

The force F,,. . in the moving reference coordinate

system in Formula (8) is defined as:

FMRF =mp |:a)x(a)><r)+2(a)xvp)} (20)
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where w is the angular velocity vector of the rotation
reference coordinate system, rad/s. And r is the distance
vector to the rotation axis, m.

The coulomb force F_ in equation (8) is defined as:
FCO =qF (21)

The user-defined volume force F, in equation (8) is defined
as:

Fy =Vpfy (22)

where f, is the volume force per unit volume specified, N/m?>.

CFD/DEM Coupling Model

Geometry of Numerical Model: The numerical model of pulse
jet fracturing, which is composed of the pulse jet fracturing
tool, wellbore annular and perforation, is first established by
using CFD-DEM coupling method, as shown in Figure 1(a).
To investigate the flow characteristic of the fracturing fluid
and proppants, a single section of the numerical model is
selected as the research goal Figure 1(b), which is named
as a single section of the pulse jet fracturing model (SPJFM).
The internal chamber of the single section of the pulse jet
fracturing tool (SPJFT), the inlet channel section of the
nozzle, the convergence section of the nozzle, the outlet
channel section of the nozzle, the wellbore annulus section,
and the perforation section are all included in the meshing
results of the SPJFM, which are displayed in Figure 1(c). The
internal chamber of the SPJFT is a cylindrical shape, with a
diameter of 40mm and a length of 40mm (Figure 1(b) and
Figure 1(c)). The cylindrical inlet channel section of nozzle
has a 10mm diameter and a 16mm length, connecting with
SPJFT. The conical convergence section of nozzle has a length
of 7mm, with a convergence angle of 13.5°. The outlet section
of nozzle has a 4mm diameter and a 2mm length. The high-
pressure fracturing fluid would come out from the nozzle
outlet into the wellbore annular, which has an inner diameter
of 90 mm and an outer diameter of 114.3 mm. And then the
jet will pressurize in the perforation section with a diameter
of 15mm and length of 88.85mm. The distance between
the perforation outlet and the referenced axis of the SPJFT
is 146mm. The simulation boundary conditions at the inlet
and outlet of SPJFM is both set as pressure boundary, and the
numerical wall is all smooth wall. The prismatic layer grid
and boundary layer grid are used to mesh the fluid model,
and the ultimate number of grids is 146376 (Figure 1(c)).
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o

Figure 1: Schematic diagram of the fluid domain model.

Boundary Modeling of CFD-DEM: The Reynold Average
Navier-Stokes (RANS) model and the k-turbulence model
are used for modeling in this study, and the implicit unsteady
solver is used for solution. The simulation model establishes
the CFD-DEM coupling model to investigate the inter-
phase interactions in the SPJFM channel. In the inter-phase
interactions, consider the four typical interactions: particle
and particle, particle and boundary, particle and fluid. In
the parameters interaction between particle and particle,

including the linear spring settings and rolling resistance,
are decided based on many times practice. The ratio factor of
rolling resistance is 0.001, and the linear spring’s tangential
and normal stiffness are 50,000 N/m. The equivalent
diameter of the proppants is 0.18 mm. The drag coefficient
is calculated by using the Schiller-Nauman model, the virtual
mass is set to 0.5 kg and the volume forces is set into 0 N/
mm?. The model parameters of the SPJFM is illustrated as
shown in Table 1.

., |Dynamic Annulus | Outlet | Nozzle [Perforation|proppants/Proppants| Young’s . ,
Density | : .. |Inlet pressure . . . size Poisson’s
(kg/m’) viscosity (MPa) pressure |pressure (diameter| diameter | density modulus ratio

(Paes) (MPa) (MPa) (mm) (kg/m?3) (mm) (MPa)
1500 0.9 |B,sin (27rft)+PO 15 10 15 1500 0.18 5.31x10*| 0.294
+P
0

Table 1: Fluid properties and other parameters.

The inlet is set to the stagnation pressure and the field
function is shown in Equation (23):

P, = P, sin(27 ft)+ B, (23)
Among them, the pressure amplitude P_ is 15MPa,

the angular velocity w is 1rad/s, the average pressure
P, is 45MPa, and the outlet is set to the pressure outlet

with a value of 10MPa. By changing the parameters of the
compared group (No.0 in Table 2), The influence of various
factors on the maximum velocity, maximum pressure, and
proppants entering perforation ratio was investigated. The
five parameters, including pressure amplitude P , angular
velocity w, average pressure P, nozzle diameter d, perforation
diameter Dp, are considered. The specific simulation scheme
is shown in Table 2.

Number Pressure amplitude | Angular velocity | Average pressure | Nozzle diameter | Perforation diameter
(MPa) (rad/s) (MPa) (mm) (mm)

0 15 1 45 4 15
01-Jan 5 1 45 4 15
01-Feb 10 1 45 4 15
01-Mar 20 1 45 4 15
02-Jan 15 0.1 45 4 15
02-Feb 15 10 45 4 15
02-Mar 15 0.01 45 4 15

Cai C, et al. Pressurization Characteristics and Proppants Transport of Pulse Jet Fracturing with CFD-
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03-Jan 15 1 35 15
03-Feb 15 1 55 15
03-Mar 15 1 65 4 15
04-Jan 15 1 45 0.5 15
04-Feb 15 1 45 1 15
04-Mar 15 1 45 2 15
05-Jan 15 1 45 4 10
05-Feb 15 1 45 4 20
05-Mar 15 1 45 4 25
non-pulse 15 0 45 4 15

Table 2: Specific simulation scheme (bold item is the basical group).

Mesh Independence and Validation

Mesh Independence:
independence first. Comparing the results of different mesh

We

numbers determines the optimal number of meshes for all
subsequent simulations and studies. The Table 3 shows the
should verify the mesh results comparison of velocity and total pressure relative

error under different mesh numbers.

Nl(l::il:ﬁz::)f Gris Velocity (m/s) | Velocity error (%) | Total Pressure (MPa) | Total Pressure Error (%)
14 186.99 0 32.03 0
8 168.86 9.7 27.61 13.82
10 177.9 4.86 29.76 7.1
12 178.67 4.5 30.01 6.3
16 189.02 1.1 32.51 1.5
18 196.21 4.7 34.25 6.5
20 198.92 5.99 35.05 8.59

Table 3: Comparison of simulation results with different number of meshes.

Validation: The pressure drop at the nozzle is changed by
changing the pressure amplitude P_ at the inlet and the

Figure 2: Variation of velocity amplitude and total pressure under different number of grids.

Cai C, et al. Pressurization Characteristics and Proppants Transport of Pulse Jet Fracturing with CFD-
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average pressure P accordingly. Qu, et al. [32] studied the
pressure distribution in the perforation under different
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nozzle pressure drop by setting the pressure of the nozzle
in the annulus section to 15MPa. The study showed that
the nozzle diameter is constant, and the pressure in the
perforation increased with the nozzle pressure drop. In our
study, thenozzle inlet pressureis 40MPa, the annular pressure
is 15MPa, and the pressure drop of the nozzle is 25MPa. The

overall pressure trend is similar to that obtained by Qu, et al.
[32], Cheng, et al. [33] and Shi, et al. [34]. It is manifested as
the pressure decreases first as the axial distance increases,
and then gradually rises to the same as the outlet pressure
after being reduced to the minimum pressure, confirming
the model’s accuracy (Figure 3).

Figure 3: Comparison results on pressure of our study with Qu, et al. [33] (The annular pressure is 15MPa and the pressure
drop of nozzle is 25MPa), Cheng, etal.[34] (The nozzle inlet pressure is 55MPa, the annular pressure is 20MPa and the pressure
drop of nozzle is 35MPa) and Shi, et al. [35] (The pressure drop of nozzle is 25MPa) under different conditions.

Results and Discussion

Effect of Pressure Amplitude (P, )

The Variation of Jet Velocity (V): Figure 4 shows the
velocity variation at wellbore section and perforation
section velocity under different pressure amplitude. The
results indicated that the maximum velocity along the jet
axis sharply rises as the pressure amplitude increases. When
the pulse pressure amplitude is 65MPa, the velocity of jet
core reaches a maximum value of 269.9m/s. It is pointed
out that the jet velocity is 135m/s obtained at the position

of 21.44mm along the jet axis, which is equivalent value of
0.5V__ atthe position of 21.23% jet length. For all cases, the
maximum velocity all rapidly reduced to the same value at
the outlet of the perforation. The maximum velocity of the
jet along the perforation inlet to the perforation outlet along
the jet axis is gradually decreasing under the same pressure
amplitude. And the maximum jet velocity increases with the
pressure amplitude increases. Compared the pulse jet and
non-pulse jet, it is found that when the pressure amplitude
P_is 15MPa, the jet velocity of different perforated positions
in SPJFT is greater than non-pulsed under this parameter.

(w=1rad/s; P,=45MPa; d=4mm; D =15mm)
p

Figure 4: Variation of velocity at wellbore section and perforation section under different pressure amplitude.
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In order to explore the velocity variation deeply, Figure 5
shows the variation of jet velocity along the X axis to various
distance under different pressure amplitudes. It is found that
when the pulse pressure amplitude increases from 50MPa
to 65MPa, the maximum velocity amplitude varied from
234.7m/s to 269.9m/s, reaching increment of 15% in the
maximum velocity amplitude. When the pressure amplitude

P_has the maximum value of 15MPa, the maximum velocity of
pulse case and non-pulse case is 258.72m/s and 221.70m/s
respectively. For all cases, the maximum velocity rapidly
reduced to 17m/s at the outlet section of the perforation.
The maximum velocity reduction of the pulsed case is
greater than the non-pulsed case under the same pressure
amplitude.

Figure 5: Variation of jet velocity along the X axis to various distance under different pressure amplitudes.

The Variation of Total Pressure (P): The variation of
total pressure at wellbore section and perforation section,
respectively, under different pressure amplitude is shown in

Figure 6. It can be seen that the maximum total pressure along
jet axis steeply rises as the pressure amplitude increasing.

w=1rad/s; P=45MPa; d=4mm; Dp=15mm).

Figure 6: Variation of total pressure at wellbore section and perforation section under different pressure amplitude.

When the pulse pressure amplitude reaches to the
maximum jet pressure amplitude of 65MPa, the total pressure
ofjetcorereachesthe maximumvalue of 61.7MPa.Itis pointed
out that the jet total pressure is 30.85MPa at the position of
15.23mm along the jet axis, which is correspondingly the
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0.5P__ at the 15.08% of the entire jet length. Particularly,
at the outlet of the perforation, the maximum total pressure
of all case rapidly reduced to the same value because of the
same outlet pressure boundary setting. The maximum total
pressure of the jet along the perforation axis has gradual
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reduction under the same pressure amplitude according
to the color map in Figure 6(a). And when the pressure
amplitude varied from 50MPa to 65MPa, it is found that there
is a significant increasing of total pressure. Compared the
pulse jet fracturing and non-pulse jet fracturing, the results
reveal that the total pressure of pulse jet fracturing in SPJFM
is greater than that of non-pulsed jet fracturing.

It is necessary to investigate the total pressure variation
along the X axis under different pressure amplitudes
(Figure 7). According to Figure 7, it is found that when the

pulse pressure amplitude rises from 50MPa to 65MPa, the
maximum total pressure has a 25.7% increment, rising from
49.1MPa to 61.7MPa. When the pressure amplitude P_ has
the value of 15MPa, we could obtain the maximum value
of total pressure of 44.9MPa in non-pulse case. And the
maximum value of total pressure of 57.5MPa in pulse case,
which is 4.1% larger than the non-pulse case at the same jet
parameters. Thereby, we can conclude that the total pressure
reduction of pulsed case is always more significant than the
non-pulse case under the same pressure amplitude.

Figure 7: Variation of jet total pressure along the X axis under different pressure amplitudes.

Proppants Transport in the SPJFM: Figure 8 shows the
proppants transport in the SPJFM under different pressure
amplitudes. Compared the results under different amplitude
pressure, it can be seen that there are 67, 64, 57 and 65
proppants accessing in the perforation, respectively. And
the proportion of proppants entering the perforation is
22.3%, 21.3%, 19% and 21.7%, respectively. It is concluded
that the number of transporting proppants would decrease
firstly and then increase finally, with increasing amplitude

pressure. As a compared group, it is interesting that the 52
proppants, which is 16.67% proportion of total proppants,
transportinto the perforation under the non-pulsed pressure
of 45MPa. Also, it can be seen that there is a large number of
proppants blocking the perforation inlet of the SPJFM. The
number of blocking proppants at the perforation inlet of
non-pulse jet fracturing is more obvious than that of pulsed
case jet fracturing, which means the pulse jet could relieve
the proppants blocking in the perforation entrance section.

Figure 8: Comparison of the proppants transport in the SPJFM under different pressure amplitudes.
(w=1rad/s; P;=45MPa; d=4mm; D =15mm)
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Effect of Angular Velocity ()

TheVariation of]JetVelocity (V):Figure 9 showstheinfluence
of angular velocity on jet velocity at wellbore and perforation
section. The results suggest that the jet core velocity reaches
amaximum value of 258.7 m/s when the angular velocity w is
1 rad/s, and the jet velocity is 129.35m/s at 19.85mm along
the jet axis, which is equivalent to 0.5V __ at the position of
19.65% jetlength. There is a smaller value of jet velocity than
all others when the angular velocity w is 10 rad/s. The jet
velocity is 97.05 m/s at the position of 12.47mm along the jet
axis, whichis correspondingly the 0.5V __ atthe 12.35% ofthe
entire jet length. As can be seen from Figure 9(b), when the

angular velocity w is 1rad/s, the velocity of jet core reached
the maximum value at the nozzle outlet, and the velocity of
the jet has the most clearly downward trend through the
entire perforation. When the angular velocity w is 10rad/s,
there is a minimum value at the nozzle outlet. It is concluded
that when the angular velocity varies from 0.01rad/s to
10rad/s, the maximum velocity increases firstly and then
decrease. The comparison between pulse jet fracturing and
non-pulse jet fracturing indicates that at a pulsed pressure
amplitude of 60MPa, the jet velocity of different perforated
positions in SPJFT is greater than that of the non-pulsed jet
under the same angular velocity.

Figure 9: The influence of angular velocity on jet velocity at wellbore and perforation section.
(P_=15MPa; P =45MPa; d=4mm; Dp=15mm)

Figure 10 shows the variation of jet velocity along the X
axis to various distances under different angular velocities
so as to explore the angular velocity variation deeply. It is
pointed out that the maximum velocity that can be achieved
by the jet varies at different angular velocities. When the

angular velocity w is 1rad/s, 10rad/s, the maximum velocity
of the jet is 258.7 m/s and 194.1 m/s, respectively. And the
difference is 33.3%. Thus, we can conclude that there is an
optimal angular velocity to get the maximum value of jet
velocity.

Figure 10: Variation of jet velocity along the X axis to various distance under different angular velocity.
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The Variation of Total Pressure (P): Figure 11(a) can be
seen as the influence of angular velocity on total pressure
at wellbore and perforation section. The total pressure
of jet core reaches the maximum value of 57.51MPa when
the angular velocity w is 1rad/s. It is noted that the jet total
pressure is 28.75MPa at 13.82mm along the jet axis, which
corresponds to the 0.5P__ at 13.68% of the entire jet length.
When the angular velocity w is 10 rad/s, the total pressure of
jetcorereachesthe minimum value of 18.39MPa. And the total
pressure of jet core obtains the position of 5.74mm along the
jet axis, which is an equivalent value of 0.5P__ at the position

of 5.7% jet length. From Figure 11(b), it can be seen that
when the angular velocity w is 1rad/s, the total pressure of
jet core reached the maximum value at the nozzle outlet, and
it has the steepest decrease trend of the entire perforation
compared with other tree groups. The nozzle outlet has
a minimum total pressure when the angular velocity w is
10rad/s. Compared with the pulse jet and non-pulsed jets, it
is found that when the pulsed pressure amplitude is 60MPa,
the total pressure of different perforated positions in SPJFT
is greater than the non-pulsed jet under the same parameter.

Figure 11: The influence of angular velocity on total pressure at wellbore and perforation section.
(P_=15MPa; P0=45MPa; d=4mm; Dp=15mm)

It is necessary to explore the variation of total pressure
along the X axis under different angular velocity (Figure 12).
According to Figure 12, when the angular velocity is 1 rad/s
and 10rad/s, the maximum and lowest total pressures are

determined to be 57.51MPa and 36.77MPa, respectively. In
addition, the overall pressure was lowered by 56.4%. As a
result, we may conclude that the greatest total pressure can
be obtained by varying the angular velocity.

Figure 12: Variation of jet total pressure along the X axis to various distance under different angular velocity.

Proppants Transport in The SPJFM: Figure 13 depicts
the transit of proppants in the SPJFM at various angular

Cai C, et al. Pressurization Characteristics and Proppants Transport of Pulse Jet Fracturing with CFD-

DEM Coupling Method. Pet Petro Chem Eng ] 2023, 7(4): 000366.

velocity. When the findings for various angular velocity are
compared, it is discovered that there are 57, 62, 59, and
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62 proppants entering the perforation, correspondingly. In
addition, 19%, 20.67%, 19.67%, and 20.67% of proppants
penetrate the perforation, correspondingly. The findings
show that there is an ideal angular velocity for getting the
most proppants into the SPJFT. At the same time, it is obvious

that there is a considerable number of proppants obstructing
around the perforation inlet of the SPJFM in the non-pulsed
jet fracturing. As a result, the pulse jet fracturing helps to
remove the proppants that are clogging the perforation inlet.

Figure 13: Comparison of the proppants transport in the SPJFM under different angular velocity.
(P_=15MPa; P0=45MPa; d=4mm; Dp=15mm)

Effect of Average Pressure (P )

The Variation of Jet Velocity (V): The variation of velocity
at wellbore section and perforation section under different
average pressure can be seen in Figure 14. The results show
that with the average pressure increasing from 35MPa
to 65MPa, the maximum velocity along jet axis sharply
increases. When the maximum total pulse pressure (P)
varies from 50MPa to 80MPa, the velocity of jet core reaches
a maximum value of rises from 229.9m/s to 308.4m/s.

In Figure 14(a), the jet velocity rises from 114.95m/s to
154.20m/s from 15.47mm to 24.85mm along the X axis,
representing the corresponding value of 0.5Vmax at 15.3%
and 24.6% of the total jet length, respectively. We can see the
maximum jet velocity increases with the average pressure
increasing. Compared the pulse jet and non-pulse jet, it is
shown that when the average pressure P, is 45MPa, the jet
velocity of different perforated positions in SPJFT is greater
than non-pulsed under the same average pressure.

Figure 14: Variation of velocity at wellbore section and perforation section under different average pressure.
(P_=15MPa; w=1rad/s; d=4mm; Dp=15mm)
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As can be seen from Figure 15, it is shown the
variation of jet velocity along the X-axis to various distance
under different average pressure. As the average pressure
increases, the pulse jet’s maximum velocity can be achieved
and increases gradually. It is found that when the pulse
pressure increases from 50 MPa to 80 MPa, the maximum

velocity amplitude increases from 229.9 m/s to 308.4 m/s,
an increase of 34.1% in the maximum velocity amplitude.
Under the same average pressure, the pulsed case has a
faster maximum velocity decrease than the non-pulsed case,
which is beneficial to reduce the proppants blocking at the
inlet of perforation.

Figure 15: Variation of jet velocity along the X axis to various distance under different average pressure.

The Variation of Total Pressure (P): It can be seen through
Figure 16 that the variation of total pressure at wellbore
section and perforation section under different average
pressure. As the average pressure increases, the maximum
total pressure along jet axis rapidly increases. When the
pulse pressure increases from 50MPa to 80MPa, the total
pressure of jet core reaches a maximum value varied from
47.5MPa to 77.5MPa. The total pressure is 23.75MPa at
10.94mm and 38.75MPa at 18.71mm along the jet axis,
respectively, equivalent to the 0.5P _ at 10.83% and 18.52%

of the entire jet length. Simultaneously, according to the color
map in Figure 16(a), the maximum total pressure of the jet
from the perforation inlet to the perforation outlet along the
jet axis decline gradually under the same average pressure.
Also, it can be seen that the maximum total pressure of the
jet increases as the intermediate pressure increases. At a
moderate pressure of 45MPa, the total pressure at different
perforation locations is greater than the non-pulsed case at
the same parameter setting.

Figure 16: Variation of total pressure at wellbore section and perforation section under different average pressure.
(P_=15MPa; w=1rad/s; d=4mm; Dp=15mm)

Figure 17 depicts the change of total pressure along
the X-axis under various average pressures to examine the
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impact of average pressure on total pressure. When the
pulse pressure climbs from 50MPa to 80MPa, the maximum
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total pressure rises from 47.5MPa to 77.5MPa, representing
a 63.2% increase in maximum total pressure. When the
average pressure is 45 MPa, the maximum total pressure
in the pulsed scenario is 57.5 MPa. The non-pulsed case,
on the other hand, is 44.9MPa, which is 28.7% less than the
pulse jet fracturing. As a result, even if the end total pressure

is 10MPa, the pulse jet fracturing might produce a higher
maximum total pressure in the hole. In other words, as the
average pressure rises, so does the maximum total pressure
of the jet, resulting in a positive contribution to fracture
pressurization in the hole.

Figure 17: Variation of jet total pressure along the X axis to various distance under different average pressure.

Proppants Transport in the SPJFM

As can be seen from Figure 18, it shows the proppants
transport in the SPJFM under different average pressure.
When the number of proppants carrying under different
average pressure are compared, it is clear that there are 66,
57, 64 and 72 at pulse pressures of 50MPa, 60MPa, 70MPa
and 80MPa, respectively. And the proportion of proppants
entering the perforation is 22%, 19%, 21.3% and 24%,
respectively. We can find that the transporting proppants

would first decrease and then increase with the average
pressure rising. As a compared group, it is worth noting that
52 proppants, 16.67% of total proppants, transport into the
perforation under non-pulsed pressure jet. It is found that
the number of blocking proppants at the perforation inlet of
non-pulse jet fracturing is greater than that of pulsed case
jet fracturing, showing that the pulse jet could alleviate
proppants blocking in the perforation entrance section.

Figure 18: Comparison of the proppants transport in the SPJFM under different average pressure.
[Pm=15MPa; w=1rad/s; d=4mm; Dp=15mm)
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Effect Of Nozzle Diameter (D)

The Variation Of Jet Velocity (V): It can be seen through
Figure 19 that the variation of velocity at wellbore section
and perforation section under different nozzle diameter. It
is shown that the maximum velocity of the jet at the nozzle
outlet increase with the increasing nozzle diameter. When
the nozzle diameter is 4mm, the jet core reaches a maximum
of 258.7m/s and when the nozzle diameter is 0.5mm, the jet
core reaches a maximum of 118.72m/s. It is pointed out that
the jet velocity is 129.35m/s at 19.65% jet length when the
nozzle diameter is 4mm, equivalent to 0.5V__ . Also, when

the nozzle diameter is 0.5mm, the jet velocity is 59.36m/s,
which is equivalent to 0.5V __at the position of 0% jet length.
It is concluded that when the nozzle diameter is 4mm, the
maximum velocity of the jet reduces more rapidly from
Figure 19(a). It can be seen that the maximum velocity of the
jet increases as the nozzle diameter increases when it is the
different parameter. When the nozzle diameter is 4mm, the
maximum jet velocity of different perforated parts is greater
than the non-pulsed case under the same parameter and the
velocity at the perforation outlet is same.

Figure 19: Variation of velocity at wellbore section and perforation section under different nozzle diameter.
(P_=15MPa; w=1rad/s; P,=45MPa; Dp=15mm)

Figure 20 shows the variation of jet velocity along the
X-axis to various distances under different nozzle diameters.
With the nozzle diameter increasing, the maximum velocity
of the pulse jet gradually increases. When the nozzle
diameter increases from 0.5mm to 4mm, the maximum
velocity increases from 59.36m/s to 129.35m/s, an increase
of 117.9% in the maximum velocity. The maximum velocity

decay trend in the pulsed case is greater than in the non-
pulsed case under the same nozzle diameter. Consequently,
we can conclude that the larger the nozzle diameter, the
greater the initial jet velocity from the SPJFT axis and the
greater the jet velocity to the nozzle outlet and perforation
outlet.

Figure 20: Variation of jet velocity along the X axis to various distance under different nozzle diameter.
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The Variation of Total Pressure (P): The fluctuation of
total pressure at the wellbore and perforation sections with
varying nozzle diameters, as shown in Figure 21. It can be
shown that when the nozzle diameter is less than 4mm, the
maximum total pressure of the jet at the nozzle outlet rises
as the nozzle diameter grows. When the nozzle diameter
rises from 0.5mm to 2mm, maximum total pressure of the
jet core varies from 57.62MPa to 57.76MPa. It is noted
that the total pressure is 28.81MPa at -2.53mm of the jet
axis and 28.88MPa at 2.96mm of the jet axis, respectively,
which corresponds to the 0.5P__ at -2.5% and 2.93% of the

total jet length, respectively. Compared with other nozzle
diameters, when the nozzle diameter is 4mm, the total
pressure is 28.75MPa at 13.82mm of the jet axis, which is
equivalent to 0.5P__ at the position of 13.68% of the entire
jet section. When the nozzle diameters are 0.5mm, 1mm and
2mm, respectively, the total pressure changes slightly. When
the nozzle diameter is 4mm, the total pressure of the jet in
different perforation section is greater than the non-pulsed
case under the same nozzle diameter. It can be inferred that
the maximum total pressure rises with the increasing nozzle
diameter at the nozzle outlet.

Figure 21: Variation of total pressure at wellbore section and perforation section under different nozzle diameter.
(P_=15MPa; w=1rad/s; P,=45MPa; Dp=15mm)

As can be seen in Figure 22, it shows the variation of total
pressure along the X-axis to various distances under different
nozzle diameters. When the nozzle diameter increases from
0.5mm to 2mm, the maximum total pressure increases
from 57.62MPa to 57.76MPa, the maximum total pressure
increases by 0.24%. When the nozzle diameter is 4mm, the
maximum total pressure that can be achieved in the pulse

case is 57.5MPa, and the maximum total pressure of non-
pulse case is 44.9MPa, which has a large gap of 28.06% of the
maximum total pressure. It can be observed that the smaller
the nozzle diameter, the earlier and faster the total pressure
reduce. The pulsed case decreases faster than the non-pulsed
case when the nozzle diameter remains constant.

Figure 22: Variation of jet total pressure along the X axis to various distance under different nozzle diameter.
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Proppants Transport in the SPJFM: It shows the
comparison of the proppants transport in the SPJFM under
different nozzle diameters in Figure 23. In the pulsed jet
case, when the nozzle diameters are 0.5mm, 1mm, 2mm and
4mm, respectively, the number of proppants entering the
perforation are 0, 89, 202 and 57, and the ratio of proppants
entering the perforation is 0, 6.15%, 21.7% and 19%. As the
diameter of the nozzle increases, the proportion of proppants
entering the perforation first increases and then decreases.

In the non-pulsed case, with a nozzle diameter of 4 mm, the
number of proppants entering the perforation is 52 and the
proportion of proppants entering the perforation is 16.67%.
It can be seen that the non-pulsed jet fracturing delivers
more blocking proppants at the perforation inlet than pulsed
case jet fracturing does. When the proppants are of a certain
size and the nozzle diameter is very small, it is difficult for
the proppants to enter the perforation.

Figure 23: Comparison of the proppants transport in the SPJFM under different nozzle diameter.
(P_=15MPa; w=1rad/s; P;=45MPa; Dp=15mm)

Effect of Perforation Diameter (Dp)

The Variation of Jet Velocity (V): Figure 24 shows the variation
of velocity at wellbore section and perforation section under
different perforation diameters. When the perforation
diameter is 10mm, the jet core reaches a maximum velocity
of 277.08m/s; When the perforation diameter is 25mm,
the jet core reaches a maximum velocity of 249.16m/s. The

jet velocity is 138.54m/s when the perforation diameter
is 10mm, which is equivalent to 0.5V at the position of
14.7% jet length, measured at 14.85mm along the jet axis.
And when the perforation diameter is 25mm, the jet velocity
is 124.58m/s, which is equivalent to 0.5V __ at the position
of 18.4% jet length, measured at 18.55mm along the jet axis.
With a perforation diameter of 10 mm, the maximum velocity
of the jet decreases more rapidly.

Figure 24: Variation of velocity at wellbore section and perforation section under different perforation diameter.
(P =15MPa; w=1rad/s; P =45MPa; d=4mm)
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When the perforation diameter is 15mm, the maximum
jet velocity of the various perforation sections is greater
than that of the non-pulsed case with the same perforation
diameter. Finally, it is concluded that the maximum velocity
of the jet gradually decreases as the perforation diameter
increases.

Figure 25 displays the variation of jet velocity along
the X-axis to various distances under different perforation
diameters. The maximum velocity of pulse jet is different

from another perforation diameter. When the perforation
diameter varied from 10mm to 25mm, the maximum velocity
decreased from 277.08m/s to 249.16m/s, and the maximum
velocity reduced by 11.21%. It can be found that when the
diameter of the perforation is larger than 10mm, there is a
smaller value of the maximum velocity than in other cases.
When the perforation diameter remains constant, the
velocity of the pulsed case reduces faster than that of the
non-pulsed case.

Figure 25: Variation of jet velocity along the X axis to various distance under different perforation diameter.

The Variation of Total Pressure (P): In Figure 26, there
is the variation of total pressure at wellbore section and
perforation section under different perforation diameters.
When the perforation diameter is 15mm, the jet core reaches
a maximum total pressure of 57.5MPa. It is pointed out that
the total pressure is 28.75MPa at 13.82mm along the jet axis,
which corresponds to the 0.5P__ at 13.68% of the total jet

a

length. And when the perforation diameter is 10mm, the
total pressure is 28.57MPa at 9.28 mm along the jet axis,
which is an equivalent value of 0.5P__ at the position of 9.2%
jet length. Under non-pulsed pressure, when the perforation
diameter is 15mm, the total pressure of the jet core is
22.45MPa, and the length is 6.83mm, which is equivalent to
the 0.5P__ at 6.76% of the entire jet length.

Figure 26: Variation of total pressure at wellbore section and perforation section under different perforation diameter.
(P =15MPa; w=1rad/s; P =45MPa; d=4mm)
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When the perforation diameter is 15mm, the total pressure
of the jet in different perforation sections under the pulsed
condition is greater than the non-pulsed case with the same
parameter setting. In the case of pulse jet, the change of the
perforation diameter has little effect on the maximum total
pressure of the jet at the nozzle outlet, and the degree of
change in the total pressure is small.

Figure 27 shows the variation of total pressure along

the X-axis to various distances under different perforation
diameters. Among them, when the perforation diameter is
varied from 10mm to 15mm, the maximum total pressure
increases from 57.14MPa to 57.5 MPa, and the maximum
total pressure increases by 0.63%. It can be obtained that
the smaller the perforation diameter, the earlier and faster
the reduction of the total pressure. When the perforation
diameter is fixed, the total pressure in the pulsed case
decreases faster than in the non-pulsed case.

Figure 27: Variation of jet total pressure along the X axis to various distance under different perforation diameter.

Proppants Transport in the SPJFM: As shown in Figure 28,
there is the comparison of the proppants transport in the
SPJFM under different perforation diameters. The number of
proppants entering the perforation under pulse conditions
are 21, 57, 103, and 126, respectively, and the proportion of
proppant entering the perforation is 7.29%, 19%, 31.12%,
and 33.24% for perforations with diameters of 10mm,
15mm, 20mm, and 25mm, respectively. When the perforation
diameter is 15mm in the non-pulsed case, the number of

proppants entering the perforation is 52, and the proportion
of proppants entering the perforation is 16.67%. It can be
found that as the diameter of the perforation increases, the
number of proppants entering the perforation also increases.
Simultaneously, when all other parameters are maintained,
the smaller the diameter of the perforation, the less proppant
enters the perforation, and some of the proppant appears in
the annular section.

Figure 28: Comparison of the proppants transport in the SPJFM under different perforation diameter.
(Pm=15MPa; w=1rad/s; P0=45MPa; d=4mm)
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Conclusions

In this paper; a single section of pulse jet fracturing model
(SPJFM) was established through the CFD/DEM coupling
method to explore the pressurization characteristics and
proppants transport of pulse jet fracturing. The effects of
pressure amplitude, angular velocity, average pressure,
nozzle diameter and perforation diameter on the jet and
proppants transport in the SPJFM were discussed, and the
following conclusions are obtained:

1. Under the effect of different parameters, the maximum
velocity and maximum total pressure that can be
achieved by the pulsed jet are different. Among them,
the effect of parameters such as pressure amplitude
and average pressure was positively correlated with
the maximum velocity and maximum total pressure.
The effect of nozzle diameter was positively correlated
with the maximum velocity, and the maximum total
pressure has a relatively small effect. The effect of
perforation diameter is negatively correlated with the
maximum velocity, and the influence on the maximum
total pressure is less. There are optimal parameters for
the effect of angular velocity, that is, when the angular
velocity ow=1rad/s, the maximum jet velocity and the
maximum total pressure are obtained.

2. Depending on the effect of different parameters, the
number and proportion of proppants entering the
perforation through the jet are different. Under the
same conditions, the amount of proppant entering
the perforation in the case of a pulsed jet is 57, while
the non-pulsed jet is only 52. The number of blocking
proppants at the perforation inlet of non-pulse jet
fracturing is greater than that of pulse jet fracturing,
indicating that the pulse jet could alleviate proppants
blocking in the perforation entrance section. However,
when the proppant’s size is determined and the nozzle
diameter is small, it is difficult for proppants to enter
the perforation. When the nozzle diameter is fixed, the
smaller the perforation diameter, the fewer proppants
enter the perforation, and some proppants appear in the
annular section.

3. Reasonable parameter design can achieve maximum
pressurization of the pulsed jet. Under the effect of high-
speed impact and high pressure, the efficient fracturing
of proppants transport can be realized, as well as helping
optimize jet fracturing application parameters.
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