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The manufacturing industry generally focuses on cutting efficiency and specific cutting energy, but
existing research on abrasive water jet (AW]) machining mostly limits itself to one-sided discussions of
cutting depth or material removal rate, with few comprehensive and systematic studies on cutting
efficiency E and specific cutting energy Es. To achieve optimal AW] cutting performance, this paper
employs single-factor experiments combined with quantitative calculations and numerical analysis to
further investigate the effects of process parameters on cutting efficiency and specific energy.
It innovatively reveals the variation patterns of specific cutting energy under different working conditions
and determines the parameter values and ranges that maximize cutting efficiency or minimize specific
cutting energy. The results show that the minimum specific cutting energy is achieved when the pump
pressure reaches three times the threshold pressure, the traverse speed is 110 mm/min, the cutting angle
is 90°, the focusing tube diameter is 1.2 mm, and the abrasive mass flow rate is near its optimal value.
The influence of standoff distance on specific cutting energy requires comprehensive consideration of
both cutting depth and kerf width. Repeated cutting is unfavorable for reducing specific energy, to save
energy consumption, single-pass full penetration of the material should be realized whenever possible.
This study, aimed at improving AW] machining efficiency, provides effective research support for
achieving high-efficiency and energy-saving cutting processes.

Keywords: Abrasive water jet cutting, Specific cutting energy, Cutting efficiency, Process parameter optimization,
Energy consumption

1 Introduction

During maintenance, renovation, and expansion of
in-service oil depots (stations), cutting operations
involving oil storage tanks and process pipelines are
commonly  required. = However, conventional
mechanical cutting methods inevitably generate heat
and even open flames [1-4]. Since oil storage
equipment and oil pipelines often contain residual oil
and oil vapors, conventional thermal cutting methods
cleatly fail to meet the safety requirements for cutting
operations and pose serious safety hazards in oil depot
areas. Therefore, abrasive water jet (AW]) cutting
technology, characterized by high energy and cold
cutting properties, has attracted significant attention
for safe cutting applications [5-7]. For above
applications like oil depot facility cutting, the cotre goal
is to safely and rapidly remove large volumes of
material, enabling energy-efficient, high-performance
cutting operations.

Wang [8-10] acquired generalized AW] cutting
mathematical models. Yu et al. [11] utilized numerical
simulation method to obtain single particle

acceleration process by SPH coupled FEM. Junkar et
al. [12] , Kumar and Shukla [13] and Eltobgy et al. [14]
created a finite element analysis of particle impact in
AW]J machining. Shahverdi et al. [15] used SPH and
ALE methods to simulate AW] cutting process.
However, AW] cutting performance
numerous parameters that exhibit complex nonlinear
interrelationships [16-20]. Mathematical models and
simulation method necessitate the adoption of vatious
simplifying assumptions, which unavoidably result in
discrepancies from real-world conditions and
difficulties in application.

Fard et al. [21] conducted a comprehensive review
summarizing the process fundamentals, material
removal mechanisms, and application scenarios, with
emphasis on the influence of key micro-abrasive water
jet parameters on material removal rate (MRR) and
workpiece surface roughness, offering guidance for
experimental research on abrasive water jets. Llanto et
al. [22] found that increasing water jet pressure and
abrasive mass flow rate resulted in lower surface
roughness and higher material removal rate for
austenitic stainless steel 304L, whereas increasing

involves
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traverse speed led to higher surface roughness.
The optimal parameters for enhancing material
removal rate were a pressure of 300 MPa, a traverse
speed of 150 mm/min, and an abrasive mass flow rate
of 500 g/min. Uthayakumar et al. [23] evaluated the
effects of process parameters via material removal rate
and identified water jet pressure as the most influential
factor on material removal morphology and surface
quality. They reported that excellent surface quality
could be achieved when advanced composite material
was processed using a high jet pressure of 260 MPa
with a moderate feed speed. Rowe et al. [24]
investigated the effects of water pressure and traverse
speed on the surface roughness of thick carbon fiber
reinforced polymer (CFRP) panels and concluded that
while increasing water pressure generally improves
surface roughness, excessive pressure may exacerbate
surface damage. Karthik et al. [25] examined the
effects of water jet pressure, traverse speed, and
abrasive mass flow rate on the removal rate of 304
stainless steel, the results of which indicated higher
removal rates at elevated water pressures and traverse
speeds. Nag et al. [26] reported that erosion reaches a
maximum at a certain standoff distance; further
increases in standoff distance reduce erosion
capability, with no visible erosion beyond a specific
threshold. Lissek [27]+  Sharma [28]+ Nag [29] have
studied the influence of process parameters on
different materials, covering a variety of materials
from metals and composites to ceramics and
polymers, based on their results, material-cutting
efficiency depends not only on individual parameters
but also on their combined effects. Ganovska et al.
[30] focused on the application of an artificial neural
network model for surface roughness prediction, and
solved the problem of the systematic monitoring and
control of the abrasive water jet cutting process. Lei
[31], Yang [32] also successfully predicted the abrasive
water jet cutting quality using artificial neural

Accumulator

—— —

Intensifier
-

High pressure water
e

networks. Hreha et al. [33] analyzed acoustic emission
recorded during monitoring of abrasive watetjet
cutting of stainless steel AISI 309, and achieved good
surface roughness control.

However, the aforementioned experimental
studies have limitations and tend to be narrowly
focused. Most of them merely analyze the effects of
process parameters on material removal rate or
surface roughness without taking into account energy
consumption during cutting, which is inconsistent
with the economic considerations of cutting
operations. For instance, it entails substantial energy
costs to enhance material removal rate and surface
quality by increasing pump pressure or to minimize
surface roughness by reducing traverse speed and
increasing the number of cutting passes.
Consequently, the energy required to remove a unit
volume of material becomes relatively high, i.e. the
specific cutting energy Es is elevated. Moreover, there
are no specific discussions about the influence of
abrasive mass flow rate, focusing tube inner diameter,
and standoff distance on specific cutting energy
remains unexplored. This paper intends to employ a
single-factor experimental approach to systematically
calculate and analyze the effects of pump pressure,
traverse speed, cutting angle, focusing tube diameter,
abrasive mass flow rate, standoff distance, and the
number of cutting passes on cutting efficiency E and
specific cutting energy Es , thereby identifying the
optimal process parameters and ranges conducive to
energy-efficient, high-speed cutting.

2 Experimental Platform Setup

To evaluate the efficacy of high-pressure AW]
cutting on X060 pipeline steel, an AW] cutting system
was designed and constructed. Figs. 1(a)-(b) show the
schematic diagrams of the high-pressure AW] cutting
system, and Figs. 2(a)-(d) show photographs of the
apparatus.
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(a) Cutting system

(b) Enlarged view of nozzle

Fig. 1Schematic diagrams of the bigh-pressure AW] cutting system
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(a) High-pressure water generation (b) Cutting execution

(c) Wastewater and material collection (d) CNC platform

Fig. 2 Photographs of the apparatus

The experimental equipment employs a high-
pressure AWJ cutting system based on post-mixing.
In this system, the abrasive is added via a post-mixing
method, and the abrasive mass flow rate can be
adjusted through a regulating valve. The main
technical parameters of the system are presented in

Tab 1.
Tab. 1 Main technical parameters of the AW] cutting system

Technical Parameter Numerical
Range

Jet pressure (p) 0-380MPa

Maximum water flow rate (qu) 3.7L/ﬁ11r)13§at 380

Abrasive mass flow rate (m,) 0-16g/s

Traverse speed (v) 0-1m/min
Water nozzle diameter (do) 0.3mm

Focusing tube diameter (d) 0.5-1.5mm

Standoff distance (s) 0-150mm

3 Experimental Results and Analysis

Fig. 3 shows the experimental samples of X60
pipeline steel cut by high-pressure AWJ. Following the
cutting process, the samples were sequentially labeled
in accordance with the experiment number.
Compressed air guns were employed to blow out
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abrasive particles trapped in the kerfs, which helped
maintain a dry environment inside the kerfs and
prevented rusting of the samples after cutting, thus
avoiding any impact on the measurement of
experimental results.

Fig. 3 Experimental samples

3.1 Effect of Pump Pressure
Performance

on Cutting

Experimental parameters: Pump pressure 150-
310 MPa, traverse speed 50-170 mm/min, focusing
tube diameter 0.5-1.5 mm, abrasive mass flow rate 2.1-
15.3 g/s, standoff distance 4 mm, cutting angle 90°,
and number of passes 1.
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(b) Different focusing tube diameters

Fig. 4 Relationship curve between cutting depth and pump pressure

Figs. 4(a)-(b) show the relationship between pump
pressure and cutting depth. An increase in pump
pressure corresponds with a progressive increase in

cutting depth. Given that the traverse speed is held
constant, the cutting efficiency E similarly exhibits an
upward trend. Nevertheless, the enhancements in
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cutting depth and efficiency are accompanied by
elevated energy consumption by the equipment and
do not indicate a linear increase in specific cutting

Pw

Pat+7'Vé+Pw'g'h1 =p+

Since atmospheric pressure pa<<p, hi=hz, and
V0> >Vpipe, the velocity of the water jet after the nozzle
Vo 1s:

Vo =H- 2P )
pW

Of which the flow coefficient p represents
momentum losses attributable to wall friction,
turbulent flow, and water compressibility. This
coefficient exhibits an approximately linear decline as
pump pressure increases, resulting in the water jet
velocity vo not rising linearly with pump pressure but
rather demonstrating a progressively diminishing rate
of increase. The economic efficiency of AWJ cutting
is assessed by the specific cutting energy Es, which
refers to the energy consumed to cut a unit volume of
material, i.e., Es =Ea/Vm, where Ex represents the
AW] energy consumption required to cut a material
volume Vi. To achieve optimal economy, Es should
be minimized.
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energy. After acceleration through the water nozzle,
the high-pressure water forms a high-speed water jet.
In accordance with Bernoulli’s equation:

Pw
T'Vlz)ipe+pw'g'h2 (1)

represent kerf width and length, respectively, which
are independent of p). In accordance with the existing
experimental data, the cutting depth h and the pump
pressure p have the following relationship, which is
consistent with the results proposed by Hashish [34]:

h=C-(p—py) ©)

Of which C is a proportionality constant and pu, is
the threshold pressure. Assuming kerf width is
constant, then Vo, X(p-pw). If Es takes the minimum
value, then it requires:

dE, _ d(Crp”) _
AV, d(Cy (p=pw))

The solution to Eq. (5) is p=3pm, meaning that
when the pump pressure is three times the threshold
pressure, Es is minimized, resulting in the highest
energy efficiency for material cutting. Thus, specific
cutting energy Hs is closely related to the threshold
pressure. The threshold pressure of the material is not
fixed; it changes with process parameters. Figs 5(a)-(b)
show the effects of traverse speed v and focusing tube
diameter d on threshold pressure pu, respectively. The
results indicate that the threshold pressure rises as the
traverse speed increases, while it initially decreases and
subsequently increases with the enlargement of the
focusing tube diameter.

®)
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focusing tube diameter d{mm)

(b) Threshold pressure at different
focusing tube diameters

Fig. 5 Curves of threshold pressure variation with process parameters

From the obtained threshold pressures, the cutting
pressure corresponding to the lowest specific cutting
energy can be determined as 3pwm. At traverse speeds

of 50 mm/min, 80 mm/min, 110 mm/min,
140 mm/min, and 170 mm/min, the cutting pressures
corresponding to the lowest specific cutting energy are
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94.8 MPa, 139.2 MPa, 175.2 MPa, 197.1 MPa, and
223.2 MPa, respectively. At focusing tube diameters of
0.5 mm, 0.8 mm, 1.0 mm, 1.2 mm, and 1.5 mm, the
cutting pressures corresponding to the lowest specific
cutting energy are 197.7 MPa, 181.2 MPa, 175.2 MPa,
171.9 MPa, and 184.8 MPa, respectively.

3.2 Effect of Traverse Speed on Cutting
Performance

Among many factors, nozzle traverse speed is the
only one closely related to cutting time, reflecting the
duration of AW] impact on the material. Experimental
patameters: traverse speed 50-170 mm/min, pump
pressure 150-310 MPa, focusing tube diameter 1 mm,
abrasive mass flow rate 2.1 g/ s, standoff distance
4 mm, cutting angle 90°, and number of passes 1.

Fig. 6 shows the relationship between traverse
speed v and cutting depth h. After curve fitting, the
mathematical expression can be written in the form

h=c[ V" , where ¢ and k are constants, with k being
negative and ranging from -0.7 to -1, consistent with
the law summarized by Momber [35]. As the traverse
speed increases, the cutting depth decreases, but the
rate of decrease gradually slows down. Taking the
cutting depth variation curve at 310 MPa as an
example, within the speed range of 50-110 mm/min,
the cutting depth decreases significantly, dropping
from 15 mm to 8.5 mm, a reduction of about 7 mm.
When the traverse speed further increases, the
decrease in cutting depth is not obvious; in the speed
range of 110-170 mm/min, the cutting depth tends to
stabilize around a certain value, decreasing from about
8 mm to 4.5 mm, a reduction of only about 3.5 mm.
An increase in traverse speed directly results in
shallower cutting depth; however, this does not imply
that slower nozzle traverse speeds are inherently more
advantageous. Excessively slow traverse speeds can
adversely impact cutting efficiency. Fig. 7 shows the
relationship curve between AW] cutting efficiency and
traverse speed. Although the cutting depth decreases
with an increase in traverse speed, Fig. 7 indicates that
cutting efficiency E does not follow the same
decreasing trend. Instead, it first increases and then
decreases, indicating the existence of an optimal
traverse speed within the experimental parameters
that maximizes cutting efficiency. Meanwhile, the
figure shows that under different pressure conditions,
the optimal traverse speed is around 110 mm/min,
where the cutting efficiency peaks. The traverse speed
range of 50-110 mm/min cotresponds to the rising
zone of the cutting efficiency, while the traverse speed
range of 110-170 mm/min corresponds to the
declining zone of the cutting efficiency. Under these
experimental conditions, the trend of specific cutting
energy is inversely related to the cutting efficiency.
At the same energy consumption, when the traverse
speed is 110 mm/min, the AWJ can remove a larger

volume of material, and the specific cutting energy Es
reaches its minimum value.
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speed

g 2100 P(MPa)
rTE‘ —— 50
E 1800 + —— 190
g2 —— 230
Lli e 27 ()
2 1500 —t—1310
.2

=

)

.8

E

[#]

900 /’\_-

600 s : - "
40 80 120 160 200

traverse speed v(mm/min)

Fig. 7 Relationship curve between cutting efficiency and
traverse speed

3.3 Influence of Standoff Distance on Cutting
Performance

The standoff distance refers to the distance from
the water jet nozzle exit to the material being cut.
As an important factor affecting water jet cutting
performance, increasing the standoff distance
significantly changes the jet’s structure and velocity.
Experimental parameters: Standoff distance 1-13 mm,
traverse speed 50-170 mm/min, pump pressure 150-
310 MPa, focusing tube diameter 1 mm, abrasive mass
flow rate 2.1 g/s, cutting angle 90°, and number of
passes 1.

The relationship curve between standoff distance
and cutting depth under non-submerged conditions is
shown in Fig. 8. Under certain conditions, as the
standoff distance increases, the cutting depth first
increases and then decreases. There is an optimal jet
standoff distance near 4 mm where the cutting depth
reaches its maximum. When the standoff distance
continues to increase beyond 4 mm, the cutting depth
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decreases. The main reason for this phenomenon is:
when the standoff distance is less than 4 mm, due to
the short distance between the nozzle and the target,
abrasive particles are not fully accelerated by the water
jet, so their kinetic energy upon impacting the target
material is still relatively low. Additionally, the fluid
reflected after impacting the target significantly affects
the subsequent flow; this reflected fluid causes the
water jet to diverge and weakens its impact velocity,
dissipating part of the water jet’s kinetic energy before
it reaches the target surface. When the standoff

28
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(a) Relationship curve between cutting
depth and standoff distance under

different pump pressures

distance exceeds 4 mm and continues to increase, the
entrainment of air significantly affects the jet velocity.
According to the water jet characteristic diagram
described by Japanese scholars Yanaida and Ohashi,
as the jet exits the nozzle, it exchanges mass and
momentum with the surrounding medium. With
increasing distance from the abrasive nozzle, the jet
diffuses, with diffusion developing from the surface
toward the jet core, axial dynamic pressure decreases,
cutting ability declines, and cutting depth reduces. Fig.
9 illustrates the jet divergence phenomenon.
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Fig. 8 Relationship curve between cutting depth and standoff distance

Fig. 9 Jet divergence phenomenon

Under the experimental conditions, the cutting
efficiency can be directly assessed by comparing
cutting depths: The greater the cutting depth, the
higher the cutting efficiency at the corresponding
standoff distance. However, changes in the standoff
distance also affect kerf width. At small standoff
distances (s<4mm), both cutting depth and kerf width
increase with increasing standoff distance, and the
specific cutting energy tends to decrease. At larger
standoff distances (s>4mm), although cutting depth
decreases somewhat, the increase in kerf width may
result in an overall increase in the volume of material
removed. In other words, the specific cutting energy
at large standoff distances does not necessarily
increase. The influence of the standoff distance on the
specific cutting energy must consider both cutting
depth and kerf width comprehensively.

3.4 Influence of Cutting Angle on Cutting

Performance
When AW] are operated on-site, due to
operational ~ constraints and  actual  cutting

requirements, the nozzle often needs to cut at a certain
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inclination angle. In this study, the cutting angle is
defined as the angle between the nozzle centerline and
the direction of traverse speed. Figs 10(a)-(e) show the
cutting angles adjusted during the experiments, which
are 40°, 65°, 90°, 115° and 140° respectively.
Expetimental parameters: Cutting angle 40°-140°,
standoff distance 1-13 mm, traverse speed 50-
170 mm/min, pump pressure 230 MPa, focusing tube
diameter 1 mm, abrasive mass flow rate 2.1 g/s, and
number of passes 1.

As shown in Figs 11(a) and 12(b), the relationship
between cutting angle and cutting depth exhibits a
parabolic shape. When the cutting angle is less than
90°, the cutting depth increases with the angle,
reaching a maximum at 90°. When the angle exceeds
90°, the cutting depth decreases. This phenomenon
occurs because at smaller cutting angles, the vertical
component of the water jet’s impact velocity on the
target is smaller, reducing the fluid’s erosive kinetic
energy on the target. Although the fluid after cutting
continues to scour the formed kerf at a certain
velocity, achieving a similar effect to repeated cutting,
the reduction in vertical velocity component has a
more significant impact, leading to decreased cutting
depth. When the cutting angle exceeds 90°, not only
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—y— 270 310
2 20+
g
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a 15 r
O
o
2
=
Q /\
5 ) : ) |
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impact angle J (°)

does the vertical velocity component decrease, but the
increased impact angle also strengthens the jet
reflection effect, which offsets part of the jet’s impact
capability.

Under these experimental conditions, the cutting
efficiency follows the same trend as the cutting depth,
no detailed plot of cutting efficiency will be provided
here, and the minimum specific cutting energy occurs
at the operating condition with the highest cutting
efficiency.

(d) 6=115°

(e) 6=115°

Fig. 10 Different cutting angles in the experiment
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Fig. 11 Relationship curve between cutting depth and cutting angle

3.5 Influence of Abrasive Mass Flow Rate on
Cutting Performance

When the abrasive particle size in the AW]J is fixed,
the abrasive mass flow rate reflects the number of
abrasive particles in the jet, which directly affects the
frequency of impact on the material and thus
influences the cutting depth. Experimental
parameters: Abrasive mass flow rate 2.1-15.3 g/s,
pump pressure 150-310 MPa, traverse speed
110 mm/min, standoff distance 4 mm, focusing tube
diameter 1-1.5 mm, cutting angle 90°, and number of
passes 1.

Fig. 12 shows the relationship curve between the
abrasive mass flow rate and the cutting depth. The

Cle.mD
relationship can be expressed in a form of h=k-m,

,where k is a constant and n is a function of the mass
flow rate: When the abrasive flow rate is at a low level,
the exponent n = 1, indicating an approximately linear
relationship between the cutting depth and the mass
flow rate; when the abrasive flow rate increases to a
certain value, the cutting depth reaches a maximum;
thereafter, as the abrasive flow rate continues to
increase, the cutting depth begins to decrease, with
n<0. Therefore, under fixed cutting conditions, there
is an optimal range of abrasive mass flow rate that
maximizes cutting depth. The reason for the above
phenomenon can be explained as follows: when the
abrasive mass flow rate is low, increasing the mass
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flow rate increases the number of abrasive particles
emitted per unit time, raising the frequency of abrasive
impacts on the target material and thus increasing the
cutting depth. However, when the mass flow rate
reaches a certain value, further increases cause
significant interactions among abrasive particles inside
the nozzle. Collisions between particles can blunt
particle edges or even cause particle breakage,
reducing the number of effective abrasive particles

48
P(MPa)
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a0k ——270 310

e
£
= 32
=
= 24}
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2 16 } /\“‘*_
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impacting the target. Although the number of particles
increases, the average kinetic energy per particle
decreases, leading to a reduction in the total kinetic
energy of the jet, weakening the abrasive jet’s erosive
ability on the material. Therefore, in this stage,
increasing the abrasive mass flow rate actually reduces
the cutting depth, showing a downward trend in the
cutrve.
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Fig. 12 Relationship curves between abrasive mass flow rate and cutting depth

Given that the abrasive mass flow rate significantly
affects the cutting depth, selecting it reasonably can
effectively reduce abrasive consumption while better
ensuring the quality of the cut surface and cutting
efficiency. Thus, it is necessary to set the abrasive mass
flow rate appropriately in practical engineering
applications and manufacturing processes. Figs 13(a)-
(b) show the optimal mass flow rate curves under
different pump pressures and focusing tube diameters,
respectively. The corresponding flow rates yield the
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pump pressure p(MPa)
(a) Optimal mass flow rate under ditterent

pump pressures

maximum cutting depth.

The cutve of cutting efficiency versus abrasive
mass flow rate is similar to that of cutting depth versus
mass flow rate. Comparing Fig. 12(a) and Fig. 14, it
can be seen that at 230 MPa, both cutting efficiency
and cutting depth reach their maximum values at the
optimal mass flow rate of 7.6 g/s, while the specific
cutting energy reaches its minimum near this optimal
mass flow rate.
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(b) Optimal mass tlow rate under ditterent
focusing tube diameters

Fig. 13 Optimal abrasive mass flow rate curves
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Fig. 14 Cutting efficiency of different mass flow rate

3.6 Influence of Nozzle Diameter on Cutting
Performance

The nozzle diameter not only affects the jet flow
rate, but also influences the mixing and acceleration of
abrasive particles with water. The nozzle diameter is
not inherently superior when smaller or larger.
Instead, there exists an optimal value at which the
acceleration performance of the AW]J is maximized.
Experimental parameters: Nozzle diameter 0.5-
1.5 mm, pump pressure 150-310 MPa, traverse speed
110 mm/min, abrasive mass flow rate 2.1 g/s,
standoff distance 4 mm, cutting angle 90°,
and number of passes 1.

Experimental results show that the maximum
cutting depth is achieved when the focusing tube
diameter is in the range of 1-1.2 mm, while the water
nozzle diameter is 0.3 mm. This is consistent with
many literature reports that the optimal focusing tube
diameter is 3-4 times the water nozzle diameter.
The influence of different focusing tube diameters on
the cutting depth is shown in Fig. 15. The trend of
cutting efficiency changes with nozzle diameter is
consistent with that of the cutting depth, while the
variation of specific cutting energy is similar to that
described in Section 3.3. Changing the nozzle
diameter also affects the kerf width. For small
focusing tube diameters (df<1.2mm), both cutting
depth and kerf width increase as the nozzle diameter
increases, and specific cutting energy shows a
decreasing trend. For large focusing tube diameters
(df>1.2mm), although cutting depth decreases to
some extent, the increase in kerf width may still
increase the volume of material removed. In other
words, specific cutting energy does not necessarily
increase with large focusing tube diameters.
The influence of nozzle diameter on specific cutting
energy Es must also consider both cutting depth and
kerf width comprehensively. As shown in Fig. 15, at

190 MPa pressure, the cutting depth with a 1 mm
diameter nozzle is 11.5 mm, while with a 1.4 mm
diameter nozzle, the cutting depth is only 8.9 mm.
Although the cutting depth decreases significantly,
due to the substantial increase in kerf width, the
material removal rate under the same energy
consumption actually increases. Fig. 16 shows that
when the focusing tube diameter is 1.2 mm, the
material removal rate is maximized, i.e., the specific
cutting energy Es is minimized.
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3.7 Influence of Repeated Cutting on Cutting
Performance

In engineering applications, AW] cutting often
cannot penetrate the material in a single pass, requiring
repeated cutting. In this case, the relationship between
the number of repeated cutting, cutting depth, and
specific cutting energy must be considered.
Experimental parameters: Number of passes 1-6,
nozzle diameter 1 mm, pump pressure 230 MPa,
traverse speed 110 mm/min, abrasive mass flow rate
2.1 g/s, standoff distance 4 mm, and cutting angle 90°.
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In Fig. 17, curve 1 shows the relationship between
the number of repeated cutting and cutting depth at a
traverse speed of 80 mm/min, exhibiting a trend of
continuously decreasing growth rate in cutting depth.
At the same traverse speed, cutting twice consumes
twice the energy, but curve 1 in Fig. 17 shows that the
depth after two cuts is far less than twice that of a
single cut, meaning the specific cutting energy Es for
repeated cutting is higher, which is unfavorable for
reducing energy consumption. Curve 2 and curve 3
show the same pattern. This phenomenon can be
explained as follows: as cutting depth increases, the
actual standoff distance of the AW] increases, friction
losses caused by the kerf walls increase, and the
accumulation of the water cushion layer inside the kerf
causes a sharp loss of AW] energy. Comparing cutting
depths under the same energy consumption, a single
cut at 80 mm/min traverse speed achieves a greater
depth than two cuts at 160 mm/min within the same
time. A greater cutting depth means more material
volume removed, which corresponds to a lower
specific cutting energy Hs. From curve 1 and curve 3
in the figure, the depth of a single cut at 80 mm/min
is greater than that of two cuts at 160 mm/min, both
lying on the same energy consumption line, indicating
that the specific cutting energy Es is lower at low-
speed single cutting than at high-speed repeated
cutting. In summary, repeated cutting is not conducive
to reducing specific cutting energy. To lower energy
consumption, it is best to achieve full penetration in a
single pass.

4 Conclusions

To meet the operational demands of improving
cutting efficiency and reducing specific cutting energy
in AW]J cutting, this study established a CNC five-axis
linkage cutting platform to enable adjustment of
various processing parameters and process control.

Using a single-factor experimental method, the effects
of different process parameters on cutting
performance were investigated. Through qualitative
mechanism analysis and quantitative calculations, the
parameter values and ranges that achieve the highest
cutting efficiency E or the lowest specific cutting
energy Es were determined. The results indicate that
when the pump pressure reaches three times the
threshold pressure, the traverse speed is 110 mm/min,
the cutting angle is 90°, the focusing tube diameter is
1.2 mm, and the abrasive mass flow rate is near the
optimal value, the specific cutting energy is minimized.
The effects of standoff distance on specific cutting
energy require careful consideration of both cutting
depth and kerf width. Repeated cutting is unfavorable
for reducing specific cutting energy, single-pass
cutting through the material should be achieved
whenever possible to save energy consumption.
This study provides theoretical support for achieving
efficient and energy-saving cutting processing with
AW]J technology.

Further investigation into advanced control
systems, such as those incorporating artificial
intelligence and machine learning, is needed to
improve process accuracy, efficiency, and energy
conservation. It will offer a promising avenue to
understand and predict complex jet-material
interactions with greater fidelity, leading to more
robust optimization strategies and balance between
enhancing surface quality and controlling energy
consumption.
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