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Abstract: As a new processing method, water jet processing technology has risen rapidly due to its
wide range of applications, no pollution, and zero discharge. In this paper, the flow characteristics
and failure characteristics of ultra-high-pressure gas-liquid jet in the range of 300 MPa are analyzed
by numerical calculation. The research conclusion shows that the jet atomization diffusion is caused
by the friction between the liquid medium and the surrounding gas, the mixed flow of broken water
droplets and cavitation. The jet diffusion process is essentially the energy exchange process between
the jet in the core area and the turbulent flow in the atomization area. The distribution of the turbulent
kinetic energy in the atomization area can determine the degree of jet diffusion and the rate of energy
decay. The water jet impacted the surface of the target to form a crater-like annular erosion pit.
With the increase of the impact pressure, the deformation showed an overall increasing trend, and
the increasing trend increased significantly. The central depression of the erosion area is caused by
the damage of the material by the stagnation pressure in the core area. The flow characteristics of
gas-liquid flow in the process of formation and diffusion in the high-pressure water jet nozzle are
explored from the microscopic point of view, and it also provides a theoretical basis for equipment
optimization in engineering.

Keywords: high-pressure water jet; flow field characteristics; impact simulation; matrix damage

1. Introduction

Water jet is a high-pressure or ultra-high-pressure pump that pressurizes water or a
mixed fluid with solid medium, and then ejects it at supersonic or subsonic speed through
a nozzle to form one or more high-speed water jets to achieve cleaning and cutting, rock-
breaking mining and other purposes [1-4]. In the process of promoting industrial green
development, ultra-high-pressure water rust removal is one of the most representative
process innovation measures currently being practiced.

T. Mabrouki et al. [5] presented a numerical study to explore the impact of water jet on
the impact erosion of non-coated and coated metal sheets, and they developed a finite ele-
ment model to study and analyze in detail the impact of water jet on the material. Mabrouki
and Raissi [6] performed numerical calculations using the Dyna 3D program to simulate
the interaction of the jet with the target. Chillman et al. [7] used ultra-high-pressure water
jet technology to remove the coating of titanium alloy without damaging the substrate.
The jet removal effect of titanium alloys was evaluated by the test method and surface
micro-morphology analysis. Guha et al. [8] studied the effects of different target distances
on pressure attenuation and pressure distribution through experimental and numerical
studies, and concluded that there is a linear relationship between the pressure attenuation
on the jet axis and the target distance. In the field of theoretical analysis of jet impinge-
ment and coating removal mechanism, Kunaporn et al. [9] established a mathematical
model to analyze the pressure distribution of water jet impinging on the aluminum alloy
surface under different target distances, and used it to predict the contact pressure range.
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Glover et al. [10] established a mathematical model for calculating the width of the impurity
layer removed by fixed and moving jets, and used high-speed photography to measure
the jet cleaning width under different exposure times, and verified the calculation results.
Azhari et al. [11] analyzed the three-dimensional surface micro-morphology of 304 stainless
steel treated with different pressure jets, and found that repeated cleaning with different
pressure jets can improve the surface finish and hardness of the workpiece and prolong the
fatigue life of the workpiece. Nayak et al. [12] verified the influence of parameters such as
target distance, pressure, abrasive grain size and abrasive flow on the material removal rate
and surface in water jet machining, and obtained the law of the change of material surface
machining quality with water jet parameters. Rihem et al. [13] developed and verified
the transient finite element three-dimensional simulation of water jet, and proved that the
results of multi group droplet simulation are closer to the experimental surface performance
than that of single group droplet simulation. Barsukov et al. [14] simulated and analyzed
the abrasive water jet, and studied the effects of abrasive particles, contact angle and other
factors on water jet cutting and abrasive spalling. Hamid et al. [15] provided experimental
and mathematical data, found that the cross-sectional velocity distribution of the free jet
emitted from the conical nozzle is similar. Aganin et al. [16] studied the efficiency and effect
of water jet. At the same time, they proposed theoretical calculation formulas for flow,
velocity and contraction coefficient. Mieszala et al. [17] analyzed the erosion mechanism
during abrasive water jet machining and found that different crystal structures and surface
microstructures have an impact on material removal.

However, for ultra-high-pressure water jets, the linear smooth solution of the Navier-
Stokes equations has not been a breakthrough. Many of these phenomena have not been
fully understood, especially the understanding of ultra-high-pressure jet flow characteristics
is quite superficial, and the research conclusions at the mechanism level are not perfect [18-21].
In this paper, through numerical calculation, the flow characteristics and damage character-
istics of ultra-high- pressure jets in the range of 300 MPa have been studied in many aspects.
Under the existing equipment and technical conditions, the water jet rust removal efficiency
and quality can be improved, and the water jet rust removal cost can be reduced. It is of
great significance to realize the large-scale promotion and application of high-pressure
water jet rust removal on the surface of ships.

2. Theoretical Model and Calculation Method
2.1. Geometry and Meshing

In the research of water jet, the jet flow field is usually divided into an inner flow
field and an outer flow field with the jet nozzle as the boundary. The inner flow field is
mainly the inner flow field of the nozzle and the inlet section. The inner flow field is mainly
used to study the formation process of the jet. The outer flow field is mainly composed of
a complete jet beam, external air and workpiece. The outer flow field is mainly used to
explore the processing performance of the water jet process and the divergence of the jet
outside the nozzle. Therefore, the overall internal and external flow domains are simplified
and established as shown in Figure 1. The main fluid domain is divided into four regions:
the inlet section, the nozzle section, the target area, and the outlet section.

Since the hemispherical water body in the inlet section is not suitable for structured
grid division, the overall grid adopts a hybrid grid. The Pointwise 18.3R1 software (Point-
wise, Fort Worth, TX, USA) is used for mesh generation. The CFX 2020 software (ANSYS,
Canonsburg, PA, USA) is used for numerical calculation. The hemisphere of the inlet sec-
tion is meshed with unstructured meshes, and the rest is meshed with structured meshes.
The wall boundary of the nozzle area is locally densified. The grid independence test is
evaluated based on the maximum pressure of the impacted surface of the target. The results
are shown in Table 1.



Sustainability 2022, 14, 9074 30f13
Table 1. Grid independence test.
Test Group Number of Grid Cells Maximum Pressure of the Impacted Surface of the Target (MPa)
Al 324,651 59.439
A2 632,218 71.965
A3 975,376 79.731
A4 1,262,945 82.686
A5 1,794,662 83.127
A6 2,036,387 83.238
A7 2,560,398 83.367
Under the principle of ensuring that the grid error is less than 1% and reducing the
amount of calculation as much as possible, the number of grids is finally determined to be
between 1 million and 2 million.
Inlet
Nozzle
Target
Outlet

[ 7
.-....
-....

Figure 1. Geometry model and meshing.

2.2. Boundary Conditions and Parameter Settings

For practical conditions, the inlet section should use a pressure inlet. However, if
the pressure inlet is directly used, an overflow error will occur. Therefore, most experts
and scholars convert the pressure inlet to the velocity inlet through the Bernoulli equation
through Equation (1):

P, v
Z+—+—=C 1)
pg 28

In the formula: Z is the position of the fluid, p is the pressure of the fluid, p is the
density of the fluid, g is the acceleration of gravity, u is the velocity of the fluid, and C is
a constant.

However, there is a problem with this approach. The Bernoulli equation comes from
the conservation of energy at its root. The Bernoulli equation applies to incompressible ideal
fluids [22]. And for ultra-high-pressure water jets, since water becomes compressible at a



Sustainability 2022, 14, 9074

40f13

high enough pressure, the calculations will suffer from compressibility. Under the pressure
of 250 MPa, the compressibility of the ultra-high-pressure water jet reaches 0.08715 [16,23],
so the following three equations are used to calculate the jet velocity with water as the
compressible liquid:

_ AW
p=po(1+ 5] @
2
Upern = ;’7 ©3)

where py is the density of water at 25 degrees Celsius under standard atmospheric pressure,
n is the density index, kg is the reference bulk modulus to describe the compressibility
of water, which depends on temperature and pressure. Uy, is the jet velocity of the
incompressible water body derived from Bernoulli’s equation. Uy, is the theoretical jet
velocity considering compressibility. Uy, can be expressed as:

| 2nk P\
i (k) ®

After consulting the literature [24-26], we determined that the shape of the inlet is
hemispherical. On the one hand, it can effectively prevent the occurrence of overflow
errors, and on the other hand, the velocity of the internal flow field is closer to the real
situation. In terms of inlet velocity, the pressure curve is programmed so that the inlet
pressure of the hemisphere changes gradually over time. Under this equation, the inlet
pressure changes with a linear uniform acceleration. After the pressure change process
ends, the high-pressure water jet will continue to impact the target with an inlet pressure of
300 MPa (as shown in Figure 2b). The outlet section adopts an open boundary, and the set
pressure value is one atmosphere.

P/MPa
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-
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(a) (b)

Figure 2. Setting of inlet boundary conditions. (a) Velocity field of the flow field in the nozzle.
(b) Inlet pressure curve.

From the point of view of the jetting method, the jet belongs to the free intercepting
flow of one medium injected into another medium. The development of this kind of flow
is influenced by the interaction of corresponding fluid theory such as nozzle pressure
fluctuation, liquid surface tension, and gas-liquid phase shear. Among them, the solution
of various equations for jet breaking (hereinafter referred to as the breaking mechanism)
is more complicated and cumbersome. For the relatively mature jet breaking calculation,
experts and scholars classify and calculate the jet according to the breaking mechanism
through the jet characteristics such as Reynolds number, Weber number, and Ohnesorge
number. The classification basis is shown in Table 2.
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Table 2. Classic crushing mode.

Broken Mode Jet Characteristics
Rayleigh broken liquid Weber number wp > 8 and the air Weber number weg < 0.4
Atomization and crushing Air Weber number weg > 40.3

(a)

When high-pressure water flows through the microfluidic channel of the nozzle, the
water pressure energy is converted into kinetic energy, forming a high-speed water jet.
Due to the dynamic viscosity of the fluid and the friction of the air, the velocity of the
micro-water jet at the front end will gradually decay. The microflow at the edge of the jet
is slowed down due to air friction and entrainment. The microfluidic velocity in the flow
field is reduced to zero, while the jet beam is broken into droplets. Of course, jet breakage
and atomization will greatly affect the rust removal effect of water jet. However, since the
detailed mechanism of spray atomization is still unclear, most of the existing atomization
models are empirical or semi-empirical models, and it is difficult to comprehensively
predict the spray characteristics under a wide range of conditions. In addition, there is
another difficulty that the parameter calibration is relatively complicated when using the
atomization model under various injection conditions. Therefore, the crushing model and
the atomization model used in this paper are compared and verified to prove the predictive
performance of these models.

3. Results and Analysis of Numerical Calculation
3.1. Analysis of Flow Field Calculation Results

In the numerical simulation, the crushing model is divided into primary crushing
and secondary crushing. The turbulent primary crushing theory adopts the classical
Kelvin-Helmholtz (KH) crushing model. It can predict with high fidelity the morphological
transition of liquid column to liquid droplet under different injection pressure and ambient
pressure conditions. For the secondary crushing of the droplets, the KH-RT atomization
model derived by Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) was used. The crushing
model and the atomization model are calculated in low-speed and high-speed water jets,
respectively. The liquid column using the KH atomization model is broken once at a low
speed, and the trajectory of the liquid droplet and the breaking point are clearly visible, as
shown in Figure 3a. In the high-speed state, the small droplets appear atomization after the
secondary crushing, as shown in Figure 3b.
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Figure 3. Calculation results of the crushing model and the atomization model. (a) Numerical
simulation of KH crushing model. (b) Numerical simulation of KH-RT atomization model.
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A partial enlarged view of the jet velocity vector of the flow field in the nozzle is shown
in Figure 4. Six planes are intercepted at equal distances from the cylindrical section of the
nozzle to the axis of the diffuser section. We can see that when the fluid flows through
the nozzle, there is no vector arrow of the vapor velocity from the constricted section of
the nozzle to the cylindrical section. The position where the vapor flow rate first begins
to be generated is at the edge of the junction of the cylindrical section and the diffuser
section, which generally presents a ring shape (as shown in Figure 4a NO.1-NO.2). This
indicates that cavitation do not form inside the nozzle under the boundary condition of
the high pressure inlet. When the fluid passes through the nozzle cylindrical section to
the nozzle diffusion section, the liquid medium at the edge of the high-pressure water
column produces friction with the surrounding gas medium. This causes the liquid at the
edge of the high-pressure water column to gradually break up into discrete droplets. The
liquid at the edge mixes with the surrounding gas medium to form a gas-liquid mixed
flow. In addition, the pressure release of the nozzle diffuser produces a large velocity
gradient, which reduces the pressure to below the saturated vapor pressure. The liquid
forms cavitation based on the vapor.

In order to prove the existence of cavitation bubbles, the author also conducts a
separate submerged jet calculation for the nozzle section. Even if the flow field is submerged
in water to ensure that there is no gas medium in the nozzle, it can be clearly found in the
figure that the gas-liquid mixed fluid still exists, and the result is shown in the Figure 4b
shown. At the same time, a red part of the liquid in the shape of a copper coin is returned
on the lower end face of the diffusion section, and the backflow position is between NO.5-NO.6
in Figure 4a. This indicates that the liquid in the diffusion section is between the positions
of NO.2 and NO.4, and the discontinuity of the water jet is mainly guided by the mixing of
cavitation bubbles and high-pressure water jets. At the position of NO.5-NO.6, the reflux
gas and the broken small liquid droplets start to mix, resulting in the turbulent atomization
of the water jet. That is, whether it is a free water jet in the air or a submerged water jet, the
generation of cavitation bubbles will cause the discontinuity of the water jet and dominate
the flow field inside the nozzle [9,27-29].

WATER.Volume Fraction
Volume Rendering 1

. 1.00

I 0.75

(a) (b)

Figure 4. Cloud diagram of the flow field in the nozzle. (a) The velocity vector cloud diagram of the
flow field in the nozzle. (b) Cloud diagram of the volume fraction of the flow field in the nozzle.

Figure 5 is a cloud diagram of the spatial distribution of the velocity field of the ultra-
high-pressure water jet impacting the target. In order to completely analyze the causes of
jet energy attenuation and the water beam diffusion mechanism, the obtained results were
shielded in the low-velocity domain, and the water jet impact was studied in blocks. The
internal and external flow fields are divided into three parts: cavitation jet (I), free jet (II),
stagnation, and high-speed diffusion (III) in the nozzle.
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It can be clearly seen from Figure 5 that after the jet enters the external flow field from
the nozzle, the jet gradually begins to diverge, the velocity in the central region gradually
decreases, and the area of the turbulent region increases rapidly. This is due to the violent
friction between the edge of the high-speed jet and the air, which reduces the continuity of
the jet, and the liquid column is broken into liquid droplets and mixed with the air. This
discrete liquid phase and gas phase also have great speed and energy. It is mixed in the
outer layer of the jet and has a great disturbance in the core region. As the distance of the
jet increases, the liquid inside the jet is disturbed and gradually diffuses into the turbulent
region until the jet is completely atomized. It can be seen that the gas-liquid turbulence in
the outer layer of the jet is the main characterization of the jet diffusion. A detailed analysis
of the turbulent kinetic energy characteristics of the inner and outer layers in the diameter
direction of the jet and the turbulent kinetic energy characteristics of the flow along the
axis direction.

WATER .Velocity
Volume Rendering 1

8.0x 10°
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4.0x10°
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Figure 5. The spatial distribution cloud diagram of the velocity field of the ultra-high-pressure water
jet impacting the target body.

The free jet in the outer flow field can be divided into a cluster section, a diffuser
section, and a diverging section along the nozzle axis direction. The direction perpendicular
to the nozzle axis can be divided into core area and atomization area.

In order to better analyze the free jet flow law in the external flow field, the spatial
distribution of the turbulent kinetic energy of the water jet was calculated, and then the
turbulent kinetic energy cloud map in the direction of the nozzle axis was intercepted, as
shown in Figure 6. It can be clearly found from Figure 6 that there is a clear boundary
between the core area and the atomization area. There is a vigorous energy exchange at the
boundary, and the closer to the interface, the more intense the energy interaction. Therefore,
it can be approximated that the peak region of turbulent kinetic energy can be used as the
separation surface of the inner and outer jets, and the valley region of turbulent kinetic
energy can be regarded as the separation surface of the outer jet and the air. At the same
time, it is found that the disturbance in the core area of the jet at the nozzle outlet exists
but the disturbance is small, indicating that the extremely high velocity in the nozzle is the
dominant effect in the cluster section. In the jet diffusion section, the disturbance of the jet
core area increases, the radius of the core area decreases, and the velocity decreases, and
finally merges with the turbulent area completely.
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Figure 6. Turbulent kinetic energy cloud diagram in the axial direction of the water jet nozzle.

3.2. Numerical Simulation Analysis of Matrix Damage

The stagnation and high-speed diffusion zone is a special fluid domain formed by
the target blocking the high-pressure water jet, which is subdivided into two parts. As
the pressure of water increases to more than 300 MPa, it is compressed and accelerated by
the cylindrical section of the nozzle to form a continuous jet with a velocity of 800 m/s or
even greater. After the flow direction of the original water jet is blocked, part of the fluid is
sputtered around, and there is a huge energy to form a circular high-speed diffusion zone.
The high-pressure water jet in the center of the core area forms a high-pressure stagnation
area due to the wrapping and stagnation of the peripheral flow field, and the extremely
high pressure generated by it causes the material to fail and deform.

Fluid-structure interaction can only deform through surface pressure conduction,
and cannot simulate the damage of stagnation pressure to materials and the accumulated
damage of materials. Therefore, the pressure data obtained in the flow field simulation
is fitted through the data, and the pressure surface pressure of 200 MPa-300 MPa is
transmitted to Abaqus through the cylindrical coordinate system for solid field simulation.
The ultra-high-pressure water jet impinges on the target, extracts the pressure value on the
impacted surface, and obtains the jet intensity diagram, as shown in Figure 7a. The pressure
curve of the high-pressure water jet impact surface is fitted along the radial direction, and
the fitting curve adopts a quartic polynomial, as shown in Figure 7b, to ensure that the
correlation coefficient R? reaches more than 0.99. The overall time is 0.1 s to minimize the
effect of accumulated damage on the surface of the material.

The plastic deformation of the target in the depth direction at 0.1 s was collected under
different pressures, and the deformation curve was drawn as shown in Figure 8. It can be
clearly seen from Figure 8 that with the increase of the impact pressure, the deformation
generally presents an increasing trend. And the increasing trend is obviously rising, which
shows that the ultra-high pressure water jet pressure has a great influence on the impact
damage of the substrate surface. Since the surface of the substrate is not constrained, the
impacted surface is a free boundary, the formation of the central jet causes the material
close to the central jet to expand to the side away from the center, and micro-bulges appear
at the edge of the impact center area. In terms of three-dimensional space, the impacted
surface presents a ring shape.

In terms of action time, the maximum deformation amount in the depth direction in
the process of 0-0.1 s under different pressures was collected, and the graph was drawn
as shown in Figure 9. The deformation increment is analyzed and compared. When the
pressure just touches the target at 0.01 s, the deformation has not yet reached the level
visible to the naked eye. From 0.01 to 0.08 s, the pressure acts on the surface of the target,
and the deformation increases rapidly, reaching the level of 10~3 mm and producing tiny
pits. The material in the depth direction pushes and accumulates in the breadth direction,
forming a crater-shaped impact corrosion surface.
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Figure 7. Jet intensity and fitting curve diagram. (a) Jet intensity diagram. (b) Fitting curve.
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Figure 8. The plastic deformation curve of the target under different pressures.
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Figure 9. Plastic deformation diagram under different action time.
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4. Experimental Analysis
4.1. Experimental Design

The ultra-high pressure water jet experiment was carried out on the PJ2000/15ES
experimental platform, and the experimental platform is shown in Figure 10. The exper-
imental platform is located in the Institute of Fluid Machinery and Marine Engineering
Equipment of Nantong University (Nantong, China). The manufacturer of the experimental
platform is Jiangsu Water Energy Metal Technology Company (Changzhou, China). The
experimental system is mainly composed of high-pressure pump, high-pressure pipeline,
control system, protection device, water inlet system and other main components. The
high pressure pump and motor are connected by elastic coupling. High pressure water
is delivered to the nozzle through high pressure pipes. The rated pressure of the experi-
mental platform is 200 MPa, and the rated flow rate is 15 L/min. The sample material is
structural steel.

(b)
Figure 10. Water jet experimental platform. (a) Control system. (b) ultra-high pressure pump.

4.2. Analysis of Experimental Results

In the continuous jet condition, Figure 11 shows the surface morphology of the sample
after the experiment. Due to the impact of high-speed water jets, the pressure in the depth
direction extends to the width direction. The pressure accumulates below the surface
layer, producing plastic strain. The matrix forms a crater-like surface morphology. This is
consistent with the surface morphology produced by the experiment, as shown in Figure 11.
In terms of the shape of surface pits, the experimental results are well correlated with the
finite element simulation results. This shows the validity of the finite element model of
ultra-high-pressure water jet.

(b) N (©

Figure 11. SEM images of the material surface after water jet erosion at different pressures.
(a) 200 MPa pressure. (b) 240 MPa pressure. (c) 300 MPa pressure.

It can be clearly seen from Figure 11 that under the impact pressure of 200 MPa, the
surface of the sample is damaged, and the damage range is small. Under the impact
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pressure of 240 MPa, the damage range of the sample surface increases. Under the impact
pressure of 300 MPa, the damage range of the sample surface increases significantly. With
the increase of the impact pressure, the overall deformation showed an increasing trend,
and the increasing trend increased significantly. This shows that the ultra-high-pressure
water jet pressure has a great influence on the impact damage of the substrate surface.
When the water jet impinges on the workpiece surface, the fluid velocity drops sharply.
Fluid flow is blocked in the stagnation zone. The ultra-high pressure in the stagnation zone
leads to the destruction of the matrix.

5. Conclusions

(1) The water jet is divided into three regions along the axial direction: the cavitation jet
in the nozzle, the free jet, and the stagnation zone. It is divided into a core area and
an atomization area along the radial direction. The distribution of turbulent kinetic
energy in the atomization area can be used as the basis for judging the degree of jet
diffusion and the rate of energy decay. The peak point of turbulent kinetic energy can
be used as the boundary between the inner and outer jets.

(2) After the water jet impactes the surface of the target, a crater-like crater is formed. With
the increase of impact pressure, the overall deformation showes an increasing trend.
And the increasing trend is obviously rising. Without considering the accumulated
damage, the jet pressure is the most important factor.

(3) The depression of the erosion area is caused by the destruction of the material by
the stagnation pressure. Accumulated damage has a serious impact on the surface
erosion damage of the target.
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