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This paper takes the Type JJ-1 waterjet cutting machine (WCM) as the research object, and
establishes a mathematical model for its waterjet pressurization system, then it applies
SIMULINK, the dynamic simulation tool package in MATLAB, to simulate the pressure
fluctuations of the ultra-high pressure pressurization system and the outlet velocity of the
high-speed waterjet. The simulation research showed that, the greater the working pressure,
the greater the pressure fluctuations, and the pressure fluctuation rate was decreased. By
adjusting the reversing time, the pressure fluctuations increased from 16.01Mpa to
25.31Mpa. It can be seen that the reversing time had a great impact on pressure
fluctuations. Under the same working pressure, the size and the frequency of pressure
fluctuations remained unchanged. As the volume of the energy accumulator decreased, the
increment in pressure fluctuations increased accordingly. As the volume of the energy
accumulator decreased from 0.7L to 0.3L, the pressure fluctuations increased by
13.38Mpa. The simulation research in this paper pointed out a direction for improving the

dynamic performance of the waterjet system.

1. INTRODUCTION

The waterjet technology uses the energy converter - nozzles
to convert the energy of the water medium pressure into the
kinetic energy of the high-speed waterjet. By adding solid
abrasive materials (namely the abrasive) to the waterjet, it
could form abrasive water jet (AWJ) with high penetration
ability [1-3]. Since AWJ has the ability to cut and process high
hardness, high brittleness, high toughness materials and other
composite materials that are difficult to process, it has
gradually become an advanced machining tool that has been
widely wused in aerospace, machinery manufacturing,
automobile, national defense, military and nuclear industries.

AW] is essentially a liquid-solid two-phase medium flow.
Existing studies show that when AWJ is used to cut materials
(especially metal materials), the solid abrasive particles with
high kinetic energy play the main role, and the high-speed
waterjet plays the supportive role, specifically, the high-speed
waterjet accelerates the abrasive particles and cools down the
workpiece [4-6]. Therefore, the speed of the waterjet has a
decisive effect on the cutting performance of AWJ. Generally
speaking, the higher the waterjet speed, the better the
acceleration effect of the solid abrasive particles, the greater
the kinetic energy obtained by the abrasive particles, and the
stronger the cutting ability of AWJ; and vice versa. In terms of
manufacturing process, the stronger the cutting ability of AWJ,
for a same material, the thicker the workpiece to be cut, and
the higher the efficiency, and the better the quality of the
cutting section (such as surface roughness and taper). It should
be pointed out that changes in the outlet velocity of the
waterjet have a great impact on the cutting performance of
AW/, thereby affecting the cutting quality of the workpiece.

Waterjet systems usually adopt two kinds of ultra-high
pressure generators: one kind is plunger pump that could be
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driven directly, the other kind is hydraulic pressure cylinder.
Generally speaking, the directly-driven plunger pump has a
higher efficiency, while the hydraulic pressure cylinder can
generate higher pressure (which is decided by the pressure
ratio) [7,8]. In fact, for both kinds of the ultra-high pressure
generators, the instantaneous output pressures are pulsing, so
the outlet velocity of the formed waterjet is unstable [9-14]. In
the high-speed precision cutting process, even slight changes
in the outlet velocity of the waterjet will leave traces on the
cutting section of the workpiece, producing grooves, lines, and
tapers, etc. Targeting at this problem, this paper takes the Type
JJ-I WCM as the research object, and establishes a
mathematical model for its waterjet pressurization system,
then it applies SIMULINK, the dynamic simulation tool
package in MATLAB, to simulate the pressure fluctuation of
the ultra-high pressure pressurization system and the outlet
velocity of the high-speed waterjet. Therefore, carrying out
studies and tests based on the research results of high-pressure
technology is of great significance to the promotion of the
design, application and equipment localization of the high-
pressure waterjet systems.

2. MATHEMATICAL
SYSTEM

MODEL OF WATERJET

2.1 Flow equation

According to the flow equation of the orifice, the flow
equation of the electromagnetic valve is:
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where, O is the water flow passing through the
electromagnetic valve; Py is the outlet pressure of the pump;
P is the outlet pressure of the electromagnetic valve; Cy is the
flow coefficient of the reversing valve port; o is the area
gradient; x, is the displacement of the valve core; p is the
density of the hydraulic oil; w=zD,, D, is the diameter of the
shoulder ring of the electromagnetic valve core.

2.2 Flow continuity equation and force balance equation

The flow continuity equation of the oil inlet chamber of the
pressure cylinder is:
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where, O, is the oil inlet flow of the pressure cylinder; A; is the
area of the large piston of the pressure cylinder; 4g is the area
of the piston rod of the pressure cylinder; vpion is the
movement speed of the piston; V; is the volume of the oil inlet
chamber, V=4 Vpisiont, t is the movement time of the piston; f;
is the bulk modulus of the oil; P; is the inlet oil pressure of the
pressure cylinder.

The oil supplied by the hydraulic pump flows into the
pressure cylinder through the reversing valve, according to the
flow continuity equation, there is:

3)

According to Newton's law, the force balance equation of
the pressure cylinder is:

(Az - Ag ) Pl = mvpiston + vaiston + PA\J (4)

where: m is the mass of the moving part of the pressure
cylinder; B is the damping coefficient; P is the pressure of the
piston rod cavity;

Ignoring the impact of the one-way valve, the flow
continuity equation of the piston rod cavity of the pressure
cylinder is:

V.
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where: V., is the volume of the piston rod cavity, Ve,=(h-x)A>,
h is the stroke length of the piston, x is the displacement of the
piston, x=vpisont; E> is the bulk modulus of water, which is
approximately regarded as a constant; P is the water pressure
in the piston rod cavity of the pressure cylinder; Q: is the flow
of water discharged from the drainage chamber.

2.3 Pressure stabilization equation

When t<t, the flow continuity equation in the energy
accumulator is:

v
V+—-P=Q,-Q
+ﬁ Q,-Q (6)
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When #<t<ty+t;, during the reversing process of the
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electromagnetic reversing valve, water is discharged from the
energy accumulator (ignoring the volume of the pipeline and
the drainage chamber of the pressurizer), then the flow
equation is:

VﬁLiPz—Qd

2

()

where: 1, is the stroke time of the piston, foto Vpistondt = 55 ¢

is the reversing time of the electromagnetic valve; V is the
volume of the energy accumulator; Qq is the flow of the

discharged waterjet, Qg = C,A, /Z—P, C, is the flow

coefficient of the nozzle, A4 is the cross-sectional area of the
nozzle, p,, is the water density.

During the expansion process of the high-pressure water
flowing through the energy accumulator, the volume of the
energy accumulator is:

:”(LD)ZS
4

Vv (8)

where, ¢ is the radial elastic strain of the energy accumulator,
%%, E s the clastic modulus of the energy accumulator,
o is the wall thickness of the energy accumulator, D is the inner
diameter of the energy accumulator; S is the stroke of the

energy accumulator.

2.4 Waterjet velocity at nozzle outlet

As mentioned earlier, the nozzle acts as an energy converter,
it converts the pressure energy of the water medium into
waterjets with high kinetic energy. According to Bernoulli’s
equation, the outlet velocity of the waterjet is:

v=44P ©)

3. ESTABLISHMENT OF SIMULATION MODEL OF
WATERJET SYSTEM

System simulation refers to the specific process of studying
an existing system or a system under research and design using
the system model [15-18]. This method is established based on
theories such as control theory, similarity theory, information
processing technology and computer technology, etc.; it is a
comprehensive experimental science subject that adopts
computers and other special physical devices as tools, uses
system models to test the real or the false systems, draws on
expert experience, statistical data, information and materials
to analyze and research the test results, and thereby making the
decisions [19-23].

Simulation test includes three stages: modeling stage, model
test stage and result analysis stage. Based on the following
characteristics of SIMULINK, this study conducted
simulation analysis on the dynamic characteristics of the
waterjet of WCM.

Based on the above features of the SIMULINK software,
the dynamic characteristics of the hydraulic system were
simulated. According to Formulas (1)-(7), with the help of the
visualization tools provided by SIMULINK, a SIMULINK
simulation model was constructed. Formula (1) was



encapsulated in the flow equation module of the
electromagnetic valve; Formula (2) was encapsulated in the
flow equation module of the oil inlet chamber of the pressure
cylinder; Formula (4) was encapsulated in the force balance
equation module of the pressurizer; Formula (5) was
encapsulated in the flow equation module of the drainage

Ps

chamber of the pressurizer; Formula (6) was encapsulated in
the flow equation module of the energy accumulator; Formula
(7) was encapsulated in module of the energy accumulator
system, as shown in Figure 1. Based on the Type JJ-1 WCM,
the system simulation structure parameters are shown in Table
L.
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Figure 1. Simulink simulation model of the target pressurization system

Table 1. Simulation parameters of the waterjet system

Parameter name Symbol  Unit Value Parameter name Symbol  Unit Value
The mass of the electromagnetic m ke 0.15 Elastic modulus of ultra-high E GPa 205
valve core pressure energy accumulator
Flow coefficient Cq 0.6 Piston stroke h mm 80
Oil density Po Kg/m? 869 Bulk modulus of the oil E; N/m? 1.5x10°
Diameter of the shoulder ring of D mm 5.176 Bulk modulus of the water E> N/m?  4.1x10°
the electromagnetic valve core
Electromagnetic valve size la mm 0.28 Mass of therf)irsics;ure cylinder m kg 2.96
Area of the large piston of the A: m? 3.77%1073 Damping coefficient B 10000
pressure cylinder
Water density Pw Kg/m? 1.0x103 Stroke of the ultra-high H mm 500
pressure energy accumulator
Area of the piston rod of the Ag m? 3 5%10% Inner diameter of the ultra-high D mm 41
pressure cylinder pressure energy accumulator
Reversing time of the / s 016 Cross-sectional area of the 4 o 315%10°8
electromagnetic valve nozzle
Wall thickness of ultra-high 6 mm 4.95 Flow coefficient of the nozzle Cq 0.68

pressure energy accumulator

4. SIMULATION RESULTS

4.1 WCM composition and parameters, and the principle
of high-pressure generator

The composition of the Type JJ-I1 WCM is shown in Figure
2. It is mainly composed of flow-changeable plunger pump,
relief valve, electromagnetic reversing valve, reciprocating
pressure cylinder, ultra-high pressure energy accumulator,
abrasive supply system, nozzle, and other components.
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According to the parameters of the Type JJ-I WCM, the
maximum outlet pressure of the hydraulic pump is 32.6MPa,
the pressure ratio of the pressurizer is 10:1, then the pressurizer
can boost the pressure of ordinary water to more than 300MPa;
equipped with a 0.26mm diameter jewel nozzle, the outlet
velocity of the waterjet can reach 800m/s.

The Type JJ-I WCM adopted the pressure cylinder ultra-
high pressure generator, as shown in Figure 2. The system
consists of a hydraulic oil circuit and a high-pressure water
circuit. The plunger pump pumps the pressure oil which flows



into the right piston cavity of pressure cylinder 5 through the
left position of the 3-working position 4-port reversing valve
3, and the hydraulic oil in the left piston cavity of the pressure
cylinder 5 returns to the oil tank through the left position of
the reversing valve 3, and the piston of the pressure cylinder
moves to the left under the action of the pressure oil. On the
one hand, the plunger in the pressure cylinder pressurizes the
water medium on the left side of the pressure cylinder, and the
ultra-high pressure water runs through the one-way valve 4
and energy accumulator 7, and then ejects out from nozzle 15;
on the other hand, the make-up pump injects low-pressure
water into the ultra-high pressure cylinder on the right side of
the pressure cylinder through the one-way valve group 6.
When the piston moves left to the end of the stroke, the Hall
proximity switch sends out an electric signal, the
electromagnetic reversing valve 3 is switched to the right
position, the piston of the pressure cylinder moves in the
opposite direction (to the right) and pressurizes the water in
the right side of the ultra-high pressure cylinder, then the high-
pressure water flows into the energy accumulator through the
one-way valve group 6, and ejects out from nozzle 15. Such
processes are repeated over and over again to form a
continuous high-speed waterjet.

1. Hydraulic plunger pump; 2. Relief valve; 3. Electromagnetic reversing
valve; 4 & 6. One-way valve group; 5. Pressurizer; 7. Ultra-high pressure
energy accumulator; 8. Water tank; 9. Water pump; 10. Pressure gauge; 11.
Switch valve; 12. Abrasive box; 13. Abrasive valve; 14. Water nozzle; 15.
Abrasive mixing pipe; 16. Workbench

Figure 2. Pressurization system of Type JJ-I WCM
4.2 Simulink simulation results

Using the SIMULINK simulation model, the obtained
simulation results are shown in the following figures. Figure 3
shows the pressure fluctuation curves under different inlet oil
pressures; Figure 4 shows the waterjet velocities at different
working pressures; Figure 5 shows the pressure fluctuation
curves under different pressure ratios and reversing times;
Figure 6 shows the pressure fluctuation curves under different
energy accumulator volumes.

(1) In Figure 3, pl-p5 are the pressure fluctuations at the
nozzle outlet when the inlet oil pressure was 100Mpa, 150Mpa,
200Mpa, 240Mpa, and 300Mpa, respectively. It can be seen
from the figure that the greater the working pressure, the
greater the pressure fluctuations during reversing, and the
more frequent the pressure fluctuations. The pressure
fluctuation is defined as: #=working pressure-pressure in the
energy accumulator at the end of reversing, the pressure
fluctuation rate is defined as: a=#/working pressure, then the
pressure fluctuations of p1-p5 were calculated to be 13.16Mpa,
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17.56Mpa, 18.98Mpa, 21.99Mpa, and 25.61Mpa, respectively;
and the pressure fluctuation rates of pl-pS were calculated to
be 13.5%, 11.39%, 10.06%, 9.55%, 8.52%, respectively. It can
be seen that the greater the working pressure, the greater the
pressure fluctuations, and the pressure fluctuation rate
decreased accordingly. According to data and analysis, Figure
3 is discussed from the perspective of time as: the greater the
inlet pressure, the greater the pressure fluctuations, and the
smaller the time interval between two fluctuations, that is, the
greater the frequency of the pressure fluctuations.
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Figure 3. The pressure fluctuation curve under different inlet
oil pressures

(2) In Figure 4, v1-v5 are the outlet velocities of the waterjet
corresponding to pressures pl-p5, from the figure, it can be
seen that, the greater the working pressure, the higher the
waterjet velocity, the greater the fluctuations of the velocity
and the fluctuation frequency, therefore, when the working
pressure is higher, although the cutting performance is
improved, the waterjet is becoming increasingly unstable.
According to data and analysis, it can be seen from Figure 4
that the greater the outlet velocity of the waterjet, the greater
the fluctuations of the velocity, and the greater the fluctuation
frequency.

t(s)8

Figure 4. The waterjet velocity curve at different working
pressures

(3) In Figure 5, the corresponding situations of 1, 2, 3 and 4
are: P=20Mpa, b=10:1 (pressure ratio is defined as: b=(A,-
Ap)/A,), reversing time of electromagnetic valve #,=0.16s;
P~=20Mpa, b=8:1, reversing time of electromagnetic valve
ti=0.16s; P~20Mpa, b=10:1, reversing time of
electromagnetic valve #,=0.2s; P=20Mpa, b=8:1, reversing
time of electromagnetic valve #,=0.16s; the inlet oil pressures
of situations 1 and 2 are the same. Under the condition that the



pressure ratio was reduced, the working pressure decreased,
and the pressure fluctuations decreased accordingly; as the
pressure ratio was reduced from 10:1 to 8:1, the pressure
fluctuations decreased by 2.87Mpa; In situation 3, the
reversing time was increased from 0.16s to 0.2s, the pressure
fluctuations increased from 19.88 to 25.31, it can be seen that
the reversing time had a great impact on the pressure
fluctuations. Situation 4 reduced the pressure ratio by
increasing the inlet oil pressure to realize the same working
pressure, and keep the size and frequency of the pressure
fluctuations unchanged. According to data and analysis, the
shorter the reversing time of the electromagnetic reversing
valve, the smaller the pressure fluctuations, and the more
stable the system.

x10°

0 1 2 3 4 5 ()6

Figure 5. The pressure fluctuation curve under different
pressure ratios and reversing times

2><108
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Figure 6. The pressure fluctuation curve under different
energy accumulator volumes

(4) In Figure 6, 1, 2, and 3 are the corresponding pressure
fluctuations when the accumulator volume was 0.7L, 0.50L,
and 0.3L under the same working pressure, pressure ratio, and
reversing time. It can be seen from the figure that, the smaller
the energy accumulator volume, the greater the pressure
fluctuations, when the accumulator volume decreased from
0.7L to 0.5L, the pressure fluctuations increased by 5.02Mpa;
when the accumulator volume decreased from 0.5L to 0.3L,
the pressure fluctuations increased by 8.36Mpa, it can be seen
that, with the decrease of the energy accumulator volume, the
increment in the pressure fluctuations increased accordingly.
According to data and analysis, the three curves of 1, 2 and 3
in Figure 6 showed that when the energy accumulator volume
was 0.7L (curve 1), the pressure fluctuations were the smallest;
when the energy accumulator volume was 0.3L (curve 3), the
pressure fluctuations were the largest.
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(5) According to the Simulink simulation of the above 4 sets
of data, in order to achieve the best processing or cutting
quality, the values of the four parameters of reversing time,
waterjet pressure, outlet velocity and energy accumulator
volume can be adjusted, these research findings point out a
direction for improving the dynamic performance of the
waterjet system.

5. CONCLUSION

In this paper, MATLAB/SIMULINK was adopted to
simulate the waterjet system pressure and waterjet velocity of
the Type JJ-I WCM. In terms of the simulation results, due to
the large pressure fluctuations, using hydraulic system to
increase pressure would make the waterjet outlet velocity
unstable, and it has a great impact on the cutting precision of
WCM. In such case, the pressure and velocity fluctuations
could be reduced by decreasing the reversing time of the
reversing valve, increasing the energy accumulator volume
appropriately, and adjusting the pressure ratio according to the
specific situations. In order to further improve the processing
quality of WCM, especially the quality of waterjet precision
processing, it is necessary to reduce the water pressure
fluctuations and ensure the stability of the waterjet outlet
velocity by optimizing the system structure parameters and
reducing the water pressure fluctuations. To meet the above-
mentioned cutting quality and system stability, the following
measures should be taken:

(1) Under the condition that the pressure ratio, working
pressure and reversing time remain unchanged, energy
accumulators with greater volume should be selected;

(2) The greater the working pressure of the system, the
greater the pressure fluctuations, and the pressure fluctuation
rate is decreased; to achieve better cutting quality, the pressure
that is slightly greater than the middle value should be selected
as the working pressure;

(3) Decreasing pressure ratio and reversing time of the
electromagnetic reversing valve could reduce the pressure
fluctuations, and make the quality of the cutting surface
uniform.

(4) The higher the waterjet velocity, the greater the pressure
fluctuations and the smaller the pressure fluctuation rate, the
pressure that is slightly greater than the middle value should
be selected as the working pressure;

(5) The factors with an impact on the stability of the waterjet
system from high to low are: the reversing time of the
electromagnetic reversing valve, the waterjet pressure, the
waterjet velocity, and the pressure ratio.
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