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Abstract Abrasive water jet (AWJ) technology have
been widely used for machining, while most commercial
applications are based on the injection abrasive water jet
(injection AWJ) technology. Compared with injection AWJ,
abrasive suspension jet (ASJ) has higher energy efficiency.
Under the same system pressure, the material removal rate
by ASJ is up to five times higher than that by injection
AWI. This paper studied the pressure variation character-
istics of ASJ machining system. Two models were built to
describe the boosting and decompression processes of ASJ
system. The decompression time of ASJ system can be
predicted with the model of decompression process. The
model of boosting process can be used to predict the tar-
get maximum pressure and the time consumption of boost-
ing process, which are two important factors that have sig-
nificant effects on the machining efficiency. The boosting
process of the ASJ system is very important for machining.
The influence of the compressibility of water and the fric-
tion resistance of the hydraulic system on the pressure vari-
ation characteristics of ASJ system during the machining
process was also discussed.
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1 Introduction

High-pressure water jet technology has been widely used
in modern industry as one of the nontraditional machin-
ing technique. After decades of development, this technol-
ogy has a lot of mature application. The first equipment
was assembled in Alton Boxboard in 1972 and led to the
development of a new tool for the manufacturing industry
[1]. High-pressure water jet can be generated by pump-
ing high-pressure water through an orifice to achieve a
supersonic speed based on Bernoulli’s principle. This jet
is called pure water jet (WJ) as without adding any other
ingredients in the water. These WJs are limited to cutting
only soft and thin materials [2-6], such as paper, cake,
meat, et al. In most cases, it is available to add abrasive
particles into WJs to cut difficult-to-machined hard mate-
rials [7]. A typical injection AWJ head has a gemstone
orifice, a mixture chamber with an inlet for abrasive intro-
ducing and a nozzle. The high-pressure pure WJ is uti-
lized to accelerate abrasive particles sucked into the mix-
ture chamber by the Venturi phenomenon from a hopper.
Whereafter, the mixture liquid jet exits out from the noz-
zle as an injection abrasive water jet, consisted of water,
abrasives and air, which is considered as a three-phase jet
[8]. It is different from injection AW]J that in abrasive sus-
pension jet (ASJ), abrasives are pre-mixed into high-pres-
sure water before jetting out from a nozzle. In contrast,
the air contamination in ASJ is negligible. Therefore, the
AS]J can be considered as a two-phase jet [8]. For an ASJ
machining system, it does not require a complicated cut-
ting head like injection AWJ, but an abrasive suspension
storage vessel is available. It presents the main problem
about the system pressure of ASJ in this abrasive storage
vessel.
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With unique advantages, such as good adaptability
to various materials, no heat-affected zone, low-impact
force on the workpiece, and friendliness to environment
and users, AWJ has become one of the advanced machin-
ing techniques and has a good application prospect and
an improved competitiveness in the field of modern man-
ufacturing [9, 10]. Summarizing the applied researches
in recent years, we can see that this nontraditional tech-
nique is a versatile tool used in almost all manufacturing
processes, for instance, cutting, turning, milling, forming,
drilling, peening, cleaning, and coating removal [11-13].
Nowadays, it can be competing on equal footing with CNC
(computer numerical control) machines, EDM (electric dis-
charge machining), lasers, plasma, chemical etching, and
ultrasound in industrial machining field [10]. Especially,
for processing difficult-to-machined materials, such as,
composites [14, 15], ceramics [16, 17], glasses [18-21],
and titanium alloy [22-24], it can play a more superior
performance. At present, almost all the commercial AW]J
cutting machines are based on injection AWJ technology,
mainly because the technology of injection AWJ is more
mature, reliable, and low overall operating costs.

It is known that water pressure is the most important
factor in the AWJ system. Since the water jet technology
has been applied to the industry, researchers are always
interested in increasing the water pressure of the system.
By increasing the system pressure, the cutting speeds and
depth of cut can be expected to increase. At the same time,
a higher efficiency and lower cost result concomitantly
[25]. Hashish et al. [26] cut some thin sheet metal and
composites by pure water jet with a super high pressure of
690 MPa. Susuzlu et al. [27] built an ultra-high-pressure
water jet cutting system operating at 700 MPa to improve
the cutting performance. In these high-pressure water jet
systems, components are subjected to high pressure (HP),
so that the failure of parts needs special attention dur-
ing designing and manufacturing. With the safety margin,
the maximum allowable water pressure is always limited
to 400 MPa for commercial applications, although higher
pressures up to 1000 MPa can be generated today.

As it is generally known, in an ASJ machining sys-
tem, abrasives are pre-mixed to the pressurized water
before slurry jetted out from the nozzle. As such, abra-
sives move forward to the nozzle with pressurized water
from the storage vessel. It provides a long distance to
accelerate the abrasive particles, of which the veloc-
ity is closer to the velocity of water droplets than injec-
tion AWJ [28]. In consideration of wear and erosion to
the nozzle and upstream tubes, so far, ASJ is limited to
only 70-100 MPa, while injection AWJ can operate up
to 700 MPa nowadays. Miller [29, 30] developed an ASJ
system operated at a high pressure of 70 MPa. Under a
collaboration of a suspension valve, it can be used well to
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cut and drill at microscale. Jiang [31, 32] presented a high
pressure ASJ system with a pressure of 70 MPa, for semi-
conductor manufacturing. Guo et al. [33, 34] developed
a portable ASJ cutter used in coal mines with a working
pressure of 30-35 MPa. Pang et al. [18, 19] developed
an ASJ apparatus for micro-channeling and drilling on
glasses under a low pressure (2—-14 MPa). Nouraei et al.
[20] developed an ASJ micro-machining prototype utiliz-
ing compressed air to drive the abrasive slurry at a low
pressure (1-4 MPa). For improving the processing abil-
ity, Nouraei et al. [21] presented a newly ASJ micro-
machining apparatus, in which a positive displacement
diaphragm slurry pump was utilized to drive the abrasive
slurry with a maximum pressure of 8 MPa.

ASJ has a higher energy density although its working
pressure is much lower than that of injection AWJ machin-
ing systems. The beam diameter of the three-phase injec-
tion AWJ is larger than that of the two-phase ASJ. When
operating at the same pressure, the ASJ is up to five times
higher in material removal rate, and has higher energy effi-
ciency than injection AWJ [8, 10]. As the above summary,
researchers built many different kinds of apparatus and
did a lot of work on material removal mechanisms in AW]J
machining, machining parameters optimization in the pro-
cess, geometry, topography and other cutting performance
of machined parts. To the best of our knowledge, pres-
sure variation characteristics of ASJ system have not been
researched systematically.

This paper is focused on the pressure characteristics of
ASJ system. Mathematical models of pressure variation
during the boosting and decompression processes were
built and discussed with the experimental results obtained
from tests with an ASJ system which can operate at a maxi-
mum working pressure of 80 MPa.

2 Experimental set-up

Figure 1 shows the basic circuit of the ASJ system for
experimental study. The high-pressure pump is a horizon-
tal tri-plunger high-pressure reciprocating pump (made by
KMT), which is driven by a motor controlled with a VFD
(variable-frequency drive. Yaskawa, A1000). The abrasive
suspension storage vessel has an effective volume of 21 L,
involving the volume of valves and pipelines in the ASJ
system. The limited maximum working pressure of the ves-
sel is 84 MPa. The non-return valve is set to prevent the
backflow of the high-pressure water from the vessel. In this
study, pressure gauges are placed in two positions. One is
placed in the pipeline after the high-pressure pump outlet to
measure the pump discharge pressure. The other is placed
on the top of the storage vessel to measure the pressure in
the vessel. Sampling frequency of the pressure signal is
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Fig. 1 Basic circuit of the ASJ
system
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3 Hz in the experiment. In this study, the diameter of the
nozzle is 0.25 mm.

When the ASJ system starts to work, the on/off valve 1
opens and the on/off valve 2 closes firstly. Pressure of the
ASJ system begins to rise up since the electromotor and
high-pressure water pump working. During the machin-
ing process, the high-pressure pump is running and two
on/off valves are opened. The ASJ system pressure can be
stable at a working pressure and abrasive slurry is jetting
out from the nozzle to cut materials. When the machining
task is completed and the system needs to shut down, the
on/off valve 2 (shown in Fig. 1) has to be closed first and
the pump should be still working until the jet turns to be
single phase of water, to prevent abrasives from settling
down in the pipes and blocking the nozzle. And then, the
pump stops running and the pressure will be falling down
to atmospheric pressure gradually.

In our experiments, two processes are studied, that is,
the boosting process and the decompression process. The
boosting process is the beginning of the ASJ system for
machining. In this process, the system pressure will be
increasing to the rated pressure to obtain a stable condition
of pressure for machining. The decompression process is
the final stage of the ASJ working process. During this pro-
cess, the high-pressure pump stops running and the system
pressure will be falling to atmospheric pressure gradually.

waterpump

3 Variation characteristics of pressure in ASJ
system

It is well known that all materials are compressible. To
measure the compressibility of a liquid, the bulk modulus
is defined as:

__y(or
)

where, p and V are pressure and volume of the liquid,
respectively. For water at 20 °C, the value of the bulk mod-
ulus is 2.2 GPa [35]. Expressing Eq. 1 in a finite difference
mode, the change of volume can be written as:
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In an injection AWJ machining system, the working fluid
is usually pressurized up to 350 MPa. Assuming Ey, is con-
stant, it is easy to find that the percentage decrease in vol-
ume is

AV

Ap  350MPa
Vv~ Ey

——— =—15091
2.2GPa 391 % 3)

For a common injection AWJ machine, the total volume of
the system, between the outlet of the high-pressure pump
and the nozzle, is less than 0.2 L. The absolute value of
the compressed water in it is only 32 mL with a percent-
age decrease of 15.91 % mentioned above. In considera-
tion that the total volume of pressurized water in the injec-
tion AWJ system is very small, the compressibility of
water is negligible. Generally speaking, its effects are not
concerned when injection AWIJ is used for machining in
industry.

Compared with injection AWJ, the effect of compress-
ibility of water in the ASJ system is quite different and
serious, because the system has a storage vessel. In the
high pressure ASJ system, developed by Jiang [32], a
high pressure vessel is designed to store abrasives with a
volume of 15 L. During the machining process, the work-
ing pressure is up to 70 MPa. Its percentage decrease
in volume is 3.18 %. This means that, it needs another
0.5 L water to ensure that the system pressure can reach
70 MPa in consideration of liquid compressibility,
regardless of the resistance loss. Authors are interested in
these importances of its effects on the high pressure ASJ
system.

3.1 Hypothesis of the study

During both boosting process and decompression process,
the on/off valve 1 is open and the on/off valve 2 is closed.
In the actual machining process, only water can flow out
from the nozzle during these two processes. In this initial
study, authors made the following assumptions:
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1. The single phase medium of water is adopted in the
models of pressure variation characteristics. The influ-
ence of abrasive is ignored.

2. The abrasive storage vessel and pipes of the system are
rigid. Total volume of the system is a constant in this
study.

3. Water in the ASJ system is compressible and its bulk
modulus is assumed as a constant of 2.2 GPa.

4. In this study, pure water is pressurized by a horizontal
tri-plunger high-pressure reciprocating pump. To sim-
plify the model, it is considered as a stable source.

3.2 Mathematical description of the decompression
process

To analyze the problem easily, the decompression pro-
cess will be described first. In an ASJ system, it is simple
to make it working under a stable high pressure. When the
pump stops running, the hydraulic system still maintains a
high pressure and the water is still jetting out from the noz-
zle for a while, until the pressure decreases to the atmos-
pheric pressure. It shows the stored energy of the ASJ sys-
tem because of the compressibility of water. Especially, the
abrasive storage vessel is also an energy accumulator in the
AS]J system.

In the decompression process, along with the water
flowing out from the nozzle, the change of the system pres-
sure can be expressed as:

dp = —Eyv—
p \&7; 4

Ignored the influence of gravity, the velocity of the jet
exited from the nozzle can be gained in accordance with
the Bernoulli’s principle:

P —Do
0

where, p is the system pressure; p,, is the atmospheric pres-
sure; p is the density of the medium and v is the jet veloc-
ity. According to the conservation of mass, the reduction of
the liquid volume within the system is equal to the water
jetting out from the nozzle. So,

dv = Avdr = A, 22204 )
0

where, A is the exit area of the nozzle. Then, Eq. 4 can be
rewritten as:

«/— 2EVA
V5

In a high pressure ASJ system, p, << p. For simplicity,
replacing p, with 0, Eq. 7 can be rewritten as:

v=4/2

&)

dp = —

VP = podt (N
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This is the mathematical description of the decompression
process in an ASJ system. It indicates that the system pres-
sure is gradually decreasing as time goes on and the rate of
pressure decreasing is reducing.

dp = —

3.3 Mathematical description of the boosting process

After starting the motor and high-pressure pump, pressure
of the ASJ system begins to rise up from the local atmos-
pheric pressure. Water is pumped into the vessel and pipes
of the system, and jetted out from the nozzle at the same
time. According to the conservation of mass, the change of
the amount of water within the system is:

dv = dvout - dVin (9)

It is clear that, as the hypothesis mentioned above, the
pump provides a stable flow rate ¢ of water for the ASJ
system:

dVip = gdt (10)

According to the decompression process model and Eq. 6,

AVout = A zp—podt:ﬁA\/th (11)
Vo o p

So, during the boosting process, the theoretical increment
of the system pressure can be represented as:

dV Ev J 2
dp= —Eyv— = -V (v24, /2 —g)dt
p vy % («f ;. q) (12)

This is the mathematical description of the boosting pro-
cess in an ASJ system. It indicates that the rate of pressure
variation is associated with the flow rate and the system
pressure directly. As the flow rate is a constant, the pressure
variation rate will decrease gradually during the pressure
increasing.

4 Results and discussion
4.1 Basic properties of the pressure variation process

Figure 2 shows a whole process of the pressure variation
during the ASJ system working process. In the experimen-
tal process, it begins data sampling when the low pressure
water pump starts working (point O, in Fig. 2). The on/off
valves open immediately. Then the high-pressure water
pump begins to work (point A), driven by an electromo-
tor, after 5 s. Starting from this moment, the system pres-
sure begins to increase and approaches to a stable value.
This process can be clearly divided into three stages: rapid
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Fig. 2 The whole process of T T
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increase stage (A-B), slight increase stage (B—C) and sta-
ble stage (C-D). When the pump stops running (point D),
the non-return valve begins to work and the ASJ system
is divided into two parts by the valve. The decompression
processes (D-E and D-E’) in those two parts are quite
different.

In the stable stage, the fluctuation of the pump discharge
pressure is more serious than the pressure in the vessel.
As mentioned in the hypotheses above, this fluctuation is
caused by the periodic operation of the tri-plunger high-
pressure pump. This limited fluctuation is not a concern in
this study for its impact on the system is very weak. The
pressure in the vessel will be taken as the system pressure
in the following discussions, and the pump discharge pres-
sure will not be discussed.

4.2 Properties of the decompression process

During the decompression process, water can only flow
out from the nozzle, with the gradually decreasing of the
system pressure and the jet velocity. Equation 8 describes
this process and agrees with the experimental results well
(Fig. 3).

Through integration, Eq. 8 can be written as:

This is another mathematical description of the decompres-
sion process in an ASJ system. As the initial condition:
t =0, p = Py The constant in Eq. 13 is 2, /Pmax.

During the decompression process, the pressure of the
ASJ system is decreasing to zero as the time goes on. The
theoretical relationship between ¢ and p is:

t + Constant (13)

2
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Fig. 3 Pressure variation during the decompression process

In theory, the pressure decreasing curves are a bunch
of parabola, as description in Eq. 14. Figure 4 shows the
experimental results of serial data curves of the decompres-
sion process with different maximum initial stable pressure
in the vessel.
When the system pressure drops to O theoretically, the
maximum decompression time can be known as:
f = V/2Ppmaxp (15)
EvA
Thus, the decompression time of the ASJ system can be
predicted. It is known that the pressure of tap water is usu-
ally 0.15-0.7 Mpa, and it belongs to a safe pressure. Used
the tap water pressure as reference, it can be considered
that the system completes the decompression process when
the pressure dropped to 0.4 MPa (described in Fig. 5). Fur-
thermore, considering the energy loss of flowing in the
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Fig. 4 Experimental results of pressure decrease during the decom-
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Fig. 5 Decompression time of the ASJ system

system, a flow coefficient C, can be added into the Eq. 6 as
a correction factor. In this study, C; = 0.98. And Egs. 6 and
15 can be rewritten as:

dv = A, 22" P04 (16)
0

= V/2pmaxp A7)
EvC4A
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Figure 5 shows that the experimental results of the decom-
pression time match well with the corrected equation
Eq. 17. The effect of the correction factor is more obvious
when the system has a higher maximum initial pressure.

4.3 Properties of the boosting process

During the boosting process, the pressure of the ASJ system
increases rapidly at the early stage and its increasing speed
gradually gets slower. As the time goes on, it achieves the
target pressure and maintains a stable level. Eq. 12 describes
the boosting process and can successfully predict the maxi-
mum pressure of the ASJ system with a certain flow rate.
Figure 6 shows that the experimental pressure data of the
stable stage matches well with the theoretical results.

In the pressure increasing process, an obvious devia-
tion can be found at a low system pressure. As seen in
Fig. 6, the theoretical pressure increases faster than the
experimental results, although they tend to a same final
level. This deviation is mainly affected by the frictional
drag of the system and startup characteristics of the high-
pressure pump. Increasing the flow rate, it can be found
that the increasing speed of experimental results becomes
faster than the theoretical data when the system pressure is
above 30 MPa. This is because the value of the bulk modu-
lus of water is not a constant. For water, the value of the
bulk modulus will be doubled if the pressure is increased
from the atmospheric pressure to 355 MPa. In fact, the bulk
modulus of water will be 2.83 GPa, when the ambient pres-
sure is closed to 100 MPa. Considering the difference of
the bulk modulus at a high pressure, the theoretical model
will match well with the experiments, as shown in Fig. 7.

For further analysis, differential equation of the boosting
process Eq. 12 can be rewritten as:

dp _ Ev P .
- (-

Theoretically, dV,, = dV;, and \/pG = v/2A/Pmax, When
the system pressure reaches the maximum target pressure
Pmax- Before the system pressure increasing to the maxi-
mum value, there is: ?1: > 0,and lim ‘3{[’ = (0.Calculating
the derivative of Eq. 18, we have” ™ Pm

ftfz E;VV‘%‘I{ J_(fq sz\/ﬁ)} (19)

Theoretically, the system pressure will be increasing continu-
ously, because ‘3 £ >0, lim ‘317 0. So, it can be infinitely
close to the maximum targef pressure theoretically, but never
achieve the target. Through integration, Eq. 12 can be written as:

Ev ,__ P _ P4
ZﬁV[ =~ 2 In (fq x@Aﬁ) + Constant 0
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Fig. 7 Optimization theoretical result of boosting process

Substituting the initial condition: ¢t = 0, p = 0 into Eq. 20,
the Constant will be: Constant = % In (/Pq).

As analysis above, it is known that the total time spent for
achieving to the maximum target pressure cannot be calcu-
lated by Eq. 20. However, the time consumption of the system
achieving to 95 %p,,.« can be got by Eq. 21. The theoretical
result of the time consumption computed by Eq. 21 is drawn

in Fig. 8 and matches well with the experimental results.

fos = _Lgf;j‘v (V095 +1n (1-v035)) ()
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Fig. 8 Time consumption of boosting process achieved to 95 % max.
target pressure

5 Conclusions

In this study, two models are established to describe the
boosting and decompression process during the working
process of ASJ system. Authors also developed an ASJ
experimental apparatus in the laboratory. The experimen-
tal results can match the theoretical prediction of those two
models well. The whole process from the stop of pump
until the system pressure reaches 0.4 MPa can be described
theoretically with the model of decompression process.
And the decompression time of the ASJ system also can
be predicted with the model. The boosting process proper-
ties of the ASJ system are really important in the industrial
machining process. The target maximum pressure and the
time consumption of the boosting process have significant
effects on the machining quality and efficiency. In this
study, the boosting process also can be described with the
model in theory.

Through experiments and observation, it is found that
the fluctuation caused by the periodic operation of the
tri-plunger high-pressure pump is difficult to eliminate.
The compressibility of water and the friction resistance
of the hydraulic system have certain influence on the
properties of the boosting and decompression process of
the ASJ system. This paper is an initial study about the
ASJ system pressure variation characteristics. In further
study, those related influencing factors should be added
into the research plan, including the bulk modulus of the
water.
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