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Abstract: Abrasive waterjet machining (AWJM) is widely used in aerospace and precision manufacturing due to its cold-cutting nature.
However, the residual high-energy jet column penetrating the workpiece frequently impacts the support structure, generating intense
splashback that leads to surface contamination and secondary damage. To address this, we propose a composite anti-splash support
structure integrating a concave bowl surface with a Venturi-induced negative pressure mechanism. Using VOF multiphase modeling
combined with finite element validation, we elucidate the synergistic control mechanism: the curved bowl promotes wall-adherent
liquid sliding to reduce radial momentum, while the Venturi throat creates a ~0.15 MPa negative pressure zone that captures droplets
into the downstream channel for dissipation. Results demonstrate that compared to conventional supports, the design reduces mixture
peak velocity by ~35 %, decreases droplet diffusion height by 40 %, and curtails radial spread by 30 %, effectively constraining
contamination areas. Static analysis further confirms the structure maintains high safety margins even under extreme loads. These
outcomes not only enhance AWJM processing environments but also provide a validated engineering paradigm for high-speed fluid
interaction control. Looking forward, the mechanism resonates with splash suppression needs in photolithography, food packaging,
electronic encapsulation, and metal cutting, paving the way for a universal design and evaluation system for splash control in advanced
manufacturing.
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Introduction

Abrasive waterjet machining (AWJIM) as a cold-cut-
ting technology has found extensive applications in aero-
space, railway transportation, and precision manufactur-
ing [1], [2]. Itis particularly suitable for thermally sensitive
and difficult-to-machine materials such as polymers and
carbon fiber reinforced plastics (CFRP) [3]. However, a
long-standing and unresolved problem in AWJM is the for-
mation of high-energy residual liquid jets after workpiece
penetration [4]. This liquid column impacts the underlying
support structure, causing intense splashback that subse-
quently contaminates or damages already processed sur-
faces.

Conventional abrasive waterjet processing is typi-
cally implemented when cutting sheet materials mounted
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on worktable supports. These supports are generally de-
signed as knife-edge structures, consisting of sufficiently
thin plates (typically 1.5-2.5 mm) mounted vertically,
which represent rapidly wearing elements. During each
cutting operation, when the cutting jet passes over such
supports, a short-term high-intensity reverse flow with al-
ternating directions is formed, capable of causing damage
to the back side of the workpiece. Periodic surface waves from
the reverse fluid action are sometimes observed [5], [6],
particularly when processing low-strength workpieces.

Hazard of Splash and the Necessity of Control

Previous studies have demonstrated that post-pene-
tration splash is not merely liquid dispersion but contains
abrasive particles with residual kinetic energy, high-speed
disturbed airflow, and fragmented liquid film debris. These
factors collectively can cause severe problems on the work-
piece’s lower surface and surrounding equipment [1], [7], [8]:

— Surface quality degradation: Splash droplets
cause micro-defects including erosion, fiber fracture, and
edge resin loss.
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— Abrasive embedding: High-energy particles re-
bound to the workpiece backside during splash. In resin-
softened zones or interfacial delamination areas, they may
become embedded in the material, leading to interlaminar
strength reduction and surface peeling.

— Unpredictable contamination zones: Splash sever-
ity is highly stochastic, depending on flow disturbances
and support structure geometry, making parameter adjust-
ment ineffective as a preventive measure.

— Operational inconvenience: Conventional support
structures (e.g., mesh or groove supports) struggle to pre-
cisely align jet penetration paths with bottom cavities, re-
sulting in residual jets directly impacting metal support
rods and exacerbating splash formation.

The high pressure for generating high-velocity fluid
jets is provided by a hydraulic intensifier system coupled
with an accumulator, capable of smoothing periodic pres-
sure fluctuations during intensifier switching [9]. This
achieves relative process stability; however, surface defect
formation occurs beyond the hydraulic erosion zone. Such
phenomena are evidenced by studies [10], [11] where au-
thors attempt to avoid such damage during test specimen
preparation. One proposed solution involves fundamen-
tally redesigning the waterjet machine layout where the
abrasive-jet system remains stationary while the workpiece
moves [12]. The significant drawback of this system is the
requirement for rigid clamping elements and potential limi-
tations in jet system trajectory and cut geometry, which
may be negligible given high stability and processing qua-
lity requirements.

Therefore, solving the problem of uncontrolled
splash contamination and lack of protective structures re-
quires developing support structures with precise geomet-
ric control and flow guidance mechanisms. Such structures
should achieve dual objectives of splash trajectory conver-
gence and residual energy dissipation.

Research Objective and Approach

To mitigate splash formation, this study proposes a
hybrid anti-splash support structure with two key design
innovations:

— Concave bowl geometry: this feature confines the
residual liquid jet and constrains the initial splash angle

— Venturi-effect ejection channel: by injecting
1.6 MPa compressed air, the channel creates a low-pres-
sure suction zone through flow ejection, establishing an
“adsorption-dispersion-extraction” control mechanism.

Research Foundation Materials

1. Theoretical Background

The authors [13] investigated the physical phenom-
ena of material wear by abrasive particle flow during hy-
dro-abrasive machining, analyzing the process of single-
particle impact on surfaces leading to crater formation.

Studies of craters [14] formed by particle impacts at vari-
ous attack angles revealed that material displaced from the
crater flows along the particle impact direction, forming
ridges until fracture occurs due to significant high-rate ac-
cumulated deformations. For 90° impacts, ridges distribute
uniformly around the crater periphery, while at lower at-
tack angles, ridges form preferentially along the crater
sides and particle trajectory. The deformation characteris-
tics [15] depend on particle shape, orientation upon surface
contact, impact velocity, impact angle, and the material
properties of both abrasive and target surfaces.

In abrasive waterjet machining, abrasive particles in-
teract with the workpiece surface within a liquid medium
that envelops the particles and penetrates directly into the
contact zone, inducing material removal. This process con-
tinuously evacuates machining debris from the cutting
kerf. The abrasive mixture consists of water mixed with
fine abrasive particles (e.g., garnet sand averaging 0.4 mm
in size, composed primarily of AlLOs; corundum, SiO;
quartz, Fe,Oj3 iron oxide, and other components). The cut-
ting tool — the abrasive mixture — simultaneously functions
as a coolant. According to [16], thermally induced struc-
tural changes in the material surface layer cannot occur un-
der these conditions, confirming that hydro-abrasive cut-
ting constitutes a cold mechanical material removal pro-
cess.

In work [17], the explanation of surface damage by
abrasive particles considers the physico-mechanical prop-
erties of both abrasive and workpiece materials, abrasive
particle geometry, the ratio of penetration depth to particle
tip radius (4/r), and destructive forces. Three material re-
moval mechanisms are identified:

— In this regime where 4/r < 0.01 (where i = pene-
tration depth in mm, » = abrasive grain tip radius in mm),
material removal occurs through frictional contact fatigue
mechanisms.

— Polydeformational failure (plastic contact): A/r =
=0,01...0,5;

— Micro-cutting (brittle and ductile fracture): this
removal mechanism occurs at large cutting angles and 4/
ratios > 0.5. Since abrasive particles possess irregular
shapes and may assume random spatial orientations during
impact, the deformation processes within the contact zone
remain non-uniform even under constant attack angles, ve-
locities, and abrasive particle masses.

The general schematic of the hydro-abrasive cutting
setup is illustrated in Fig. 1 according to.

Here, h,, — free jet path length; D, = b, — kerf width;
ds—nozzle diameter; o — liquid outflow angle, i.e., the ang-
le between the direction of movement without cutting and
the outflow direction; g, — fluid flow rate in the nozzle; M, —
mass of abrasive.

High-pressure water (400 MPa and above), gene-
rated by a high-pressure pump, passes through a jet nozzle
forming a jet with a diameter of d; = 0.2-0.35 mm, and en-
ters the mixing chamber. In the mixing chamber, water is
mixed with abrasive; subsequently, the mixture passes
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Fig. 1. Schematic diagram of hydro-abrasive cutting setup and waterjet cutting machine

through a second nozzle made of hard alloy or diamond
with an internal diameter of Dy = 0.6-1.2 mm. From this
nozzle, the water—abrasive jet exits at a velocity of appro-
ximately 1000 m/s and impinges on the surface of the ma-
terial being cut.

In works [17], the authors investigated the character-
istics of abrasive water jet cutting and demonstrated that
material removal under an abrasive water jet occurs
through two mechanisms: mechanical wear (or micro-cut-
ting processes by individual abrasive particles) resulting
from the impacts of abrasive grains impinging on the pro-
cessed surface at small angles, and deformation wear re-
sulting from the impacts of particles striking the surface at
significantly larger angles.

The first cutting mechanism leads to a cut surface
with a uniformly distributed depth, while the second results
in a surface with a non-uniformly distributed depth. It is
also considered that the relative contribution of each mech-
anism to the total cutting depth depends on the feed rate.
Cutting is realized solely due to deformation wear when the
feed rate exceeds a certain threshold value. The simplified
formula proposed by the authors [18] for determining the
cutting depth / is as follows:

hec m,v* N 2m, (1-c)v?

8ou nued ;

The first term of the presented equation defines me-
chanical destruction, while the second corresponds to de-
formation destruction. The critical value of the feed rate u,
at which the deformation destruction mechanism becomes
predominant and mechanical destruction is almost absent,
is proposed to be determined by the following formula:

The authors of work proposed to describe the pro-
cess of abrasive water jet cutting by comparing the energy
of the abrasive water jet with the fracture energy of the

solid body:
1 2py 1o
=—(£.2 I o P R
N Z(fb pbp+Ma) fb I_Zpbp+Ma

For the simplification of the mathematical descrip-
tion, the researchers adopted a number of assumptions, the
main ones being as follows: the jet is absolutely rigid, un-
deformed, and its cross-section is circular; the position of
the jet axis relative to the workpiece remains unchanged
throughout the entire time of fracture of the control vo-
lume; the velocity distribution across the jet cross-section
is uniform and depends on the distance from the nozzle
exit; the abrasive particles are uniformly distributed over
the jet cross-section, their mass m, is identical and equal to
the average mass of the fraction; the strength of the mate-
rial is constant, and the material is homogeneous; external
disturbances are absent.

In work [19], the author obtained a model of the ki-
netics of particle motion and of the flow as a whole in the
cutting performance problem, which is universal and there-
fore can be used for optimization calculations, since it takes
into account a number of factors of the technological system.

According to the concept of M. Hashish, two zones
can be distinguished through the thickness of the material
being cut. In the region on the jet entrance side, material is
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removed as a result of the micro-cutting mechanism of the
jet action with an attack angle close to 90°. With the degree
of jet penetration into the depth of the material, the attack
angle changes, the jet loses power, and grooves are formed
on the cutting plane at the jet exit side. At this stage, the
erosion mechanism is based on deformation wear. The sec-
ond zone is characterized by grooves and waviness of the
surface.

The analysis of the distribution of kinetic energy across
the flow cross-section and the assessment of the fracture
work performed by an individual abrasive particle was pro-
posed in work [20] by O. F. Salenko and O. V. Fomovska.

It was shown that cutting (with progressive feed) oc-
curs under quasi-steady conditions, i.e., during cutting, the
conditions of interaction between the jet and the workpiece
do not change. Fig. 2 shows the scheme of cutting straight
sections.

Fig. 2. Scheme of cutting straight sections

Here, Spi — direction of progressive feed; Dy — diam-
eter of the calibration tube; a — jet expansion angle
AB = f(L,, o), where AB is the cross-sectional dimension
on the processing surface; 4’1, B'1 — jet dimension formed
when enveloping the groove front of the cut;  — averaged
jet deflection angle, which depends on the cutting condi-
tions of the material with thickness %; A’) — the envelope
(front) of the cutting groove, which will be subjected to hy-
drodynamic impact.

Complete or incomplete penetration is determined
by the ratio of the working feed rate to the jet penetration
rate into the material. The penetration rate, in turn, is de-
fined by the physico-mechanical properties of the material,
the so-called machinability. It should be noted that alt-
hough different materials possess different strength, stiff-
ness, and machinability parameters, machinability is not
unequivocally determined by these characteristics. It is
known that more brittle and stiffer materials exhibit better
machinability. Therefore, for the calculation of material re-
moval volume (Fig. 3) or working feed rate, several math-
ematical descriptions are applied, which are presented in
the literature, in particular:

where M, — mass flow rate of abrasive; m, — mass of an
abrasive particle; M,/m, — number of interaction acts;

2
T, (3R, -x,)
Wy =
3
moved in one act of interaction; w; — volume of material
dxa .
dt )’

R, —radius of the abrasive particle; x, — position of the abra-

, where w, — volume of material re-

removed per unit time; X, — particle velocity [)'ca =

sive particle relative to the surface; V', — penetration ve-
locity into the material; ¥V, — total particle velocity, deter-
mined on the basis of the energy balance at the particle exit
from the nozzle.

Fig. 3. Deformation—wear phenomena during the
contact of an abrasive particle with the material
surface

Thus, even after passing beyond the boundaries of
the processed workpiece, the jet—abrasive flow is still ca-
pable of performing fracture work and, as a consequence,
causing damage to the workpiece.

From a technological perspective, the use of abrasive
in the cutting process leads to intensive wear of the nozzle
head (the hard-alloy tube or the mixing chamber as a
whole), which results in its frequent replacement and in-
creases the cutting cost. The quality of the edge obtained
by abrasive water jet cutting also deteriorates.

Such damage, Fig. 4, is caused both by the formation
of reverse fluid flow when it impinges on the support struc-
ture of the table and by splashing of the jet containing abra-
sive particles.

Fig. 4 illustrates a typical example of damage caused
by splashing along the edges of a CFRP workpiece. The
red regions highlight edge erosion and material delamina-
tion induced by the reverse splash flow.

Unlike the aforementioned works, the authors con-
sider the formation of the surface and the geometry of the
final product taking into account the following features:

— Modeling of splash formation and development phe-
nomena using a multiphase Volume of Fluid (VOF) model;

— Designing of an anti-splash protection structure
and constructing a comparative baseline model to verify
suppression efficiencys;

— Performing static analysis to confirm structural
stability under typical loading conditions;

— Assessing protective capability through visualiza-
tion of trajectories, volume fraction fields, and contamina-
tion zone mapping
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Fig. 4. Damaged reverse surface (a) and the effect of the draining fluid flow by end surface (b)

2. Applied design

The theoretical background lies in the fact that the
mass flow rate of abrasive particles introduced into the jet
stream due to air ejection in the mixing chamber is deter-
mined by the jet outflow conditions and the geometrical
parameters of the nozzle, chamber, and abrasive feeding
tube. Based on the Mendeleev—Clapeyron equation, the
mass flow rate of abrasive particles has been established as
a function of the geometrical parameters of the jet-forming
system, kg/min:

5 2pd;lip,
= — d ,
On 2 e [xapr+pa (100—xa):|d,flk

where d., d;, di — diameters of the nozzle, orifice jet, and
mixing chamber, respectively, m; p — nozzle discharge
coefficient; p,, p- — density of abrasive particles and liquid,
respectively, kg/m?; [, I — length of the orifice jet and mix-
ing chamber, respectively, m; y, — mass concentration of
abrasive in the liquid, %; p» — jet outflow pressure, Pa.
Similar considerations regarding the ejection of the
flow under high-velocity liquid motion in a constricted
cross-section, known as the Venturi effect, can also be ap-
plied to a design in which a high-speed transverse flow is

VJet

Airinlet

a

used to suppress and straighten the draining liquid flow that
has already performed the cutting work on the workpiece.

The design consists of a three-section coaxial con-
figuration (Fig. 5 @) with specially tuned inlet and outlet
openings for the liquid:

— Upper convergence zone (concave bowl surface):
After penetrating the workpiece, the liquid jet enters the
bowl region. The axisymmetric concave surface forces the
jet to glide along the inner wall, forming an attached liquid
film. This substantially reduces radial momentum and de-
lays edge instabilities of the liquid rim. Annular drainage
holes are distributed along the rim of the bowl, allowing
part of the liquid to be discharged earlier and preventing
excessive thickening and instability of the film. Fig. 5 b
shows the internal structure of the bowl, where the central
main outlet and annular drainage holes (with diameters
larger than typical abrasive particles) work synergistically
to achieve stepwise discharge and reconvergence.

— Middle buffer cavity: The liquid collected by the
bowl drains into a T-shaped cavity, where initial dispersion
and dissipation of kinetic energy occur. This region also
acts as a gas—liquid interaction zone, providing stable inlet
conditions for the negative pressure field generated by the
downstream Venturi channel.

Outlet

Fig. 5. Overall structure and functional segmentation (a) and internal structure of the concave bowl (b)
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— Lower Venturi induction zone: In the contraction—
throat—expansion channel, compressed air at a pressure of
1.6 MPa is introduced laterally. As the gas accelerates
through the throat to several hundred meters per second
(approximately 400—-600 m/s), a significant drop in static
pressure is generated (negative pressure of about 0.15 MPa).
This suction effect acts on the liquid film inside the cavity,
continuously drawing droplets and films toward the throat
and carrying them along with the air stream. Ultimately,
the gas—liquid mixture is smoothly released through the
downstream expansion section into the external collection
system, forming a closed-loop flow.

Thus, the proposed design can be seamlessly inte-
grated into real processing platforms, offering both a clear
theoretical justification and practical feasibility.

The mechanism and implementation of suppression
are achieved through the following solutions.

Geometric constraint of the concave bowl: the cur-
vature of the bowl, aided by drainage holes, forces the jet
to transition into a wall-attached flow, delaying Kelvin—
Helmholtz instabilities and rim breakup, thereby suppress-
ing primary splashing.

Aerodynamic induction: Venturi throat: Lateral in-
jection of compressed air is accelerated through the throat,
generating a negative pressure field. This suction continu-
ously draws films and droplets downward into the channel,
preventing upward dispersion.

Workpiece interface and flow direction: the upper
flange maintains a minimal clearance with the backside of
the workpiece, ensuring immediate entry of the penetrated
jet into the bowl region. Meanwhile, compressed air enters
the throat laterally, entraining droplets into the downstream
expansion section. The gas—liquid mixture is eventually
discharged into external systems for mist removal and col-
lection, ensuring no adverse effects on processing quality
or environmental cleanliness.

The structural housing is manufactured from 304
stainless steel with a yield strength of approximately

A: BT

Tnh

Type: Equivalent (von-Mises) Stress,
Unit: MPa

Time: 13
2025/7/28 831

B.0B09 Max
7.1906
6.3003
24101
4.5198
26295
2.7392
1.8489
0.95866
0.06838 Min

25.00

a

215 MPa and a tensile strength of about 505 MPa. This ma-
terial offers excellent corrosion resistance and machinabil-
ity. Considering the operating conditions in this study, it
meets the strength and durability requirements without the
need for additional coatings, such as tungsten carbide.

Taking as a basis a carbon fiber plate with a thick-
ness of 3 mm, approximately 25 support points distribute
the load per square meter. The actual load per support point
is about 2.53 N, which was amplified 100 times to 253 N
for the analysis of extreme conditions. In the finite element
configuration, fixed boundaries were applied at the junc-
tion between the support and the external platform, while
the concentrated load was placed on the flange of the bowl.
The transition regions and throat areas were locally refined
in the mesh to improve stress resolution.

— Equivalent stress (von Mises): the maximum
stress was about 8.08 MPa (Fig. 6 a), concentrated in the
Venturi throat region and bowl transition, which is signifi-
cantly lower than the yield strength of 304 stainless steel.
The safety factor is approximately 26.6.

— Equivalent strain: the maximum strain was
4.33 x 107 (Fig. 6 b), with displacements less than 5 pum,
which is negligible in terms of influencing the induction
effect of the flow in the bowl and throat.

The results confirm that even under amplified ex-
treme loading, the structure retains a large margin of
strength and stability, ensuring reliable long-term service
and providing a solid basis for further studies of the splash
suppression mechanism.

For comparison, the baseline support structure was
developed based on conventional configurations. Unlike
the proposed system, this design does not include either the
bowl-shaped convergence surface or the Venturi-induced
suction channel. Instead, it relies solely on gravitational
drainage and a limited channel-guided flow.

The orthogonal frame represents, Fig. 7, a tradi-
tional drainage support structure, where the upper surface
directly supports the workpiece during cutting. At its cen-

A: i
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Unitz mmymm

Time: 1s

2025/7/28 &:31

4.3318e-5 Max
3358765
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2500

b

Fig. 6. Distribution of equivalent stresses (a) and distribution of equivalent strains (b)
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ter, a cylindrical cavity encompasses the area correspond-
ing to the already processed surface, serving as a volume
in which splash behavior is assessed. This cavity element
is also present in the experimental structure with identical
dimensions, ensuring that the differences observed in Sec-
tion 4 can be attributed exclusively to the presence or ab-
sence of splash-protection elements.

Fig. 7. Scheme of the baseline support structure

3. Numerical modeling and its configuration

In this study, numerical modeling was applied to an-
alyze the flow and pressure characteristics of the proposed
anti-splash design under typical abrasive water jet machin-
ing (AWJM) conditions, thereby confirming the effective-
ness and mechanistic justification of the design. Numerical
modeling enables detailed observation of flow field behav-
ior without the cost of physical experiments and allows
systematic evaluation of how structural parameters affect
flow dynamics, providing scientific recommendations for
further optimization. The reliability of the modeling de-
pends on the adoption of appropriate physical models, gov-
erning equations that meet the requirements, boundary
conditions, grid-independence verification, and consisten-
cy with theoretical calculations.

3.1 Multiphase flow model and governing equations

Considering the strong interaction between high-
speed water and air phases in AWJIM, the Volume of Fluid
(VOF) multiphase model was selected to track the gas—lig-
uid interface and accurately capture droplet motion and

aerodynamic induction phenomena. The governing equa-
tions solved include the continuity equation for incom-
pressible fluids, the momentum conservation equations,
and the phase fraction transport equation, with a stochastic
k—¢ turbulence model introduced to describe high-speed
turbulent characteristics. This system of equations effec-
tively reflects the pressure fluctuations and velocity distri-
bution of the high-speed multiphase flow in the contrac-
tion—expansion channel and concave cavity, thereby
providing a reliable theoretical basis for splash suppression
analysis.

Numerical model and observation planes for the
anti-splash design given on the Fig. 8.

For ensuring stability and accuracy, the transient
pressure—velocity coupling was achieved using the PISO
algorithm, while surface tension effects were represented
by the Continuous Surface Force (CSF) model. The time
step was strictly controlled so that the Courant number re-
mained below 0.25, which corresponds to the established
stability criteria for free-surface flows. The level of negative
pressure in the Venturi region (approximately 0.15 MPa),
calculated by Bernoulli’s equation, was consistent with the
simulation results, further confirming the physical validity
of the model.

3.2 Geometry, boundary conditions, and observation
surfaces

The computational domain was based on the anti-
splash structure described in Section 2, retaining the pri-
mary flow regions while simplifying peripheral details to
reduce computational cost without compromising key
physical processes. The boundary conditions were chosen
as follows:

— High-pressure water inlet (400 MPa, outlet veloci-
ty = 632 m/s): this pressure level corresponds to standard
industrial practice of AWJM, reproducing the high energy
density of the jet and its impact on the support structure.

— High-pressure air inlet (1.6 MPa, creating =
0.15 MPa suction in the Venturi throat): this value repre-
sents the typical range of industrial compressed air supply.
It generates sufficient suction to stabilize the flow field
without excessive disturbance of the liquid, ensuring the
practical feasibility of implementing the Venturi effect.

a

b

Fig. 8. Numerical model and observation planes for the anti-splash design (@) and for the baseline design ()
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— Outlet (atmospheric pressure outlet): provides the
natural discharge of the gas—liquid mixture, corresponding
to the open environment of AWJM.

— Solid walls (no-slip boundary condition): con-
strain the sliding and breakup behavior of liquid films
along surfaces, consistent with boundary layer theory.

The mesh was generated using an unstructured
scheme with local refinement applied near the Venturi
throat and the jet impact region to enhance resolution in
areas of steep velocity gradients. Time discretization was
explicitly controlled with a step of 2 x 107 s, maintaining
the Courant number below 0.25 to ensure numerical stabil-
ity and convergence. Transient states were selectively
monitored at multiple time steps and processed in CFD-
Post for analysis of velocity distributions and streamlines,
thereby revealing how liquid splashes were dispersed and
directed by suction forces.

For the quantitative evaluation of splash dispersion
and velocity distribution in the domain, several observation
planes were defined:

— Longitudinal plane: passes through the jet center-
line and the entire cutting domain, capturing the full se-
quence from jet impingement to redistribution. This con-
figuration reveals high-speed migration paths and gas—li-
quid interaction.

— Horizontal plane: positioned slightly above the
bowl outlet, used to measure liquid volume fraction and
droplet dispersion radius, providing direct assessment of
vertical and radial dispersion.

— Baseline comparison plane: identical planes were
placed in the control model to ensure comparability with
the anti-splash protection structure. This setup guarantees
that the numerical data directly correspond to experimental
splash observations, enabling unambiguous validation.

3.3 Grid independence verification

To ensure that the results were not dependent on
mesh resolution, a grid independence study was conducted.
Three mesh density levels—coarse, medium, and fine—were
tested, with evaluation of key parameters such as mixture
velocity and water volume fraction at the observation
planes. The results showed that after mesh refinement to
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pathlines-1
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approximately 1.2 million cells, the variation of these pa-
rameters was less than 2 %. Therefore, this mesh density
was selected as the baseline configuration, balancing com-
putational accuracy and efficiency. This process confirmed
that the spatial discretization of the numerical model pro-
vides reliable results for subsequent analyses.

Discussion of simulation results and analysis
of the splash suppression effect

Jet behavior during impingement.

Based on the methodology described above, the mix-
ture velocity under steady-state conditions is analyzed. The
mixture velocity represents the phase-weighted average of
the local velocities of water and air, indicating the com-
bined momentum transfer. The diagnostic principle is
straightforward: if the mixture velocity is high while the
water volume fraction is low, the momentum is dominated
by air (e.g., near the throat). Conversely, if both parameters
are high near the workpiece, droplets possess strong kinetic
energy and tend to cause recontamination [21].

(a) Anti-splash design: bowl + Venturi (Fig. 9 a).
Upon impingement, the jet attaches to the concave bowl,
creating a wall-bounded sliding flow. The impact core is
enveloped and redirected downward. As the flow enters the
throat, the streamlines converge and accelerate, forming a
stable suction-driven pathway where high-velocity regions
are confined within the structure. The velocity contours
along the workpiece surface display distinct “cold bands,”
indicating a significantly reduced mixture velocity near the
surface and suppressed tangential shear. Notably, the 0.7
peak contours do not spread above the working surface but
are instead directed into the cavity, consistent with the an-
ticipated “capture—guide—dissipate” mechanism.

(b) Baseline support (Fig. 9 b). Without geometric
confinement or suction, the post-impingement jet generates
a typical wall jet and strong shear layer. High-velocity re-
gions accumulate near the processed surface and spread lat-
erally across the span. Compared with Fig. 9 a, greater sur-
face coverage by red/yellow zones indicates outward mo-

Velotity Magnitude (mixtu

-re)
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9.32e+02
8.38e402
7.45e+02
6.52e402
5.59e+02
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279402
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0.00e+00
contour-2

b

Fig. 9. Velocity field and streamlines with the anti-splash structure (mixture phase) (@), and Velocity field and

streamlines with the baseline structure (mixture phase) (b)
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mentum leakage, which promotes droplet ejection and sec-
ondary rebound. Distinct recirculation cores also appear
near the drainage holes, indicating unsteady capture—re-
splash processes.

Thus, it can be stated:

— Shift in peak locations. In the anti-splash design,
velocity peaks are drawn into the throat centerline; in the
baseline case, they remain near the processed surface, in-
dicating a shift in momentum pathways.

— Reduction of high-velocity coverage. With 0.7
peak contours, the anti-splash design exhibits much less
surface coverage at high velocity, reducing the risk of shear
and re-deposition.

— Suppressed recirculation. Large recirculation bub-
bles are absent in the anti-splash design but noticeable in
the baseline case, where they contribute to upward entrain-
ment.

It was further shown as follows.

The water volume fraction quantitatively reflects the
concentration and dilution of the liquid, serving as a key
indicator of the degree of splashing. Comparison of the two
designs highlights differences in droplet formation, trajec-
tory guidance, and deposition.

(a) Anti-splash design (Fig. 10 a). At the early stage,
the bowl ensures film attachment and delays the breakup
of bulges. Then the Venturi suction provides continuous
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1.00e-01

0 00e+00
contour-1

downward entrainment, drawing the liquid into the throat
until complete breakup. As a result, high-concentration
zones remain confined inside the cavity, where droplets are
diluted and dispersed. The volume fraction contours form
a funnel-shaped constriction, confirming effective locali-
zation of splashing beneath the working zone.

(b) Baseline structure (Fig. 10 b) Without geometric
confinement or suction, the film rapidly breaks into bulges
and ejects large droplets. Directly above the working sur-
face, a continuous band of high concentration develops,
spreading into the open space and creating a risk of con-
tamination beyond the processing zone. Radial dispersion
is also greater, increasing the contamination region.

Thus, we have:

— Contrast of aggregation zones. Droplets cluster in
the throat and cavity in the anti-splash design, whereas the
baseline structure forms suspended high-density bands
above the workpiece.

— Contrast in dilution velocity. Concentrations de-
crease rapidly from inlet to outlet in the anti-splash design,
whereas the decrease occurs more slowly in the baseline
case, indicating a prolonged droplet momentum.

— Contrast in dispersion degree. The height and ra-
dius of droplet dispersion are reduced by 30-40 % in the
anti-splash design but extend beyond the cavity in the base-
line case, causing wider contamination.

iu

(8=

Fig. 10. Distribution of water volume fraction in the anti-splash design () and distribution of water volume fraction

in the baseline structure ()
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Fig. 11. Cutting without the draining-flow splash suppression system (@) and with the system (b)

A comparative assessment and integration of veloci-
ty and concentration results lead to the following conclu-
sions:

— Significant velocity suppression. In the anti-
splash design, the peak mixture velocity near the liquid
film is =35 % lower than in the baseline case, reducing the
energy of upward droplets.

— Reduced contamination footprint. The droplet
scattering height and radial range decrease by ~40 % and
30 %, respectively, effectively limiting contamination.

— Shifted high-velocity zones. The baseline case
shows high-velocity regions adjacent to the processed sur-
face, creating a risk of secondary erosion; the anti-splash
structure redirects them into the bowl and throat.

— Stabilized flow field. Streamlines are concen-
trated and aligned in the anti-splash design, reducing ran-
dom splashing and uneven droplet formation.

Experimental verification demonstrated that when
the ejection system is applied, splash reduction of the
draining flow is achieved, especially at the moments when
the jet enters or exits the workpiece, Fig. 11.

Overall, the proposed design demonstrates excellent
performance in suppressing kinetic energy and limiting
contamination. It not only improves the AWIM processing
environment but also prevents secondary erosion of pro-
cessed surfaces. This dual verification—through hydrody-
namic mechanisms and numerical comparison—confirms
the practical value of the design for industrial implementation.

Conclusions

This study addressed splash-induced contamination
in abrasive water jet machining by proposing a structure
with bowl confinement and Venturi suction. Simulation re-

sults confirmed that the design effectively suppresses up-
ward ejection and diffusion of liquid splashes without com-
promising cutting efficiency. With this design, contamina-
tion footprints were significantly reduced, enhancing pro-
cessing quality, extending equipment lifetime, and main-
taining a clean working environment. These conclusions
align with the trajectory of high-efficiency, clean, and pre-
cision manufacturing, while providing a validated engi-
neering example of flow control under high-speed liquid
influence.

Future studies should expand this concept to account
for diverse fluid properties, flow rates, and spatial con-
straints. Lessons may be drawn from other fields: multi-
porous diffusers and guide-wall nozzles can attenuate local
liquid momentum; gas curtain isolation from lithography
may inspire droplet barriers in open environments [22]; and
bottom-up filling strategies in the food industry may in-
form recovery of viscous liquids [23]. Through interdisci-
plinary integration and refinement, a universal framework
for the design and evaluation of splash control in high-
speed liquid environments may emerge, broadening indus-
trial applicability and advancing the goals of high-quality
and sustainable manufacturing.
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YTpI/lMaHHH cTikawuoro BOI[OEIﬁpa?.I/IBHOFO MNOTOKY 3aco0amMu Y/JIOBJICHHSA
CTPYMEHA NJIA 3aXUCTY BiIl 6pl/I3OK 3BOpOTHO.l. KpaﬁKH 3aroTOBKH

Csanbjiin Croe! o O, @. Cajenko!

U KIII im. Izops Cixopcvkozo, Kuis, Yrpaina

Anomayin: Abpazusna ciopocmpymunna oopobra (AWJIM) wupoxo suxopucmogyemuscs @ aepoOKOCMIUHIll ma npeyusiiHii 6upooHuymsi
3a805KU CBOItl NPUPOOi X0N00H020 pizants. OOHAK 3ANUUKOBUL CMOBN BUCOKOCHEP2EMUYHO20 CINPYMEHS, WO NPOHUKAE 8 3A20MO6KY,
Yacmo BNIUBAE HA ONOPHY KOHCMPYKYIIO, CMEOPIOIOYU IHMEHCUBHE PO3OPUIKYBANHSL, SIKe NPU3B00UNb 00 3a0PYOHEHH s NOBEPXHI MA 6MO-
PUHHUX nOWKOOX ceHb. LL]ob supiwumu yio npobremy, Mu NPONOHYEMO OPULTHANLHY ONOPHY KOHCMPYKYIo, wo 3anobieac po3opusKy-
BAHHIO, WO NOEOHYE YBI2HYMY NOBEPXHIO YA 3 MEXAHIZMOM HE2AMUBHO20 MUCKY, IHOYKosaHum Benmypi. Buxopucmogyiouu bazamogas-
He mooemosantsa VOF y noeonanti 3 nepesipkoro po3paxyHKie Memooom KiHYesux e1eMeHmie, 3 5CO8AH0 CUHEP2eMUYHUL MEXAHIZM Ke-
DYBAHHA: BUSHYMA 4AWLA CHPUAE KOB3AHHIO PIOUHU, WO NPUNA2AE 00 CMIHKU, 0151 SMEHIEHHS PadiaibHO20 IMIYIbLCY, MOOL K 20P08UHA
Benmypi cmeopioe 30ny necamusrozo mucky ~0,15 MIla, sixa 3axonnoe Kpanaii 8 KaHA HUdCHe 3a Meyiero 0 po3ciiogants. Pesynomamu
odocniodcensb 006eu, o NOPIBHAHO 31 36UHAUHUMU ONOPAMU, KOHCIPYKYIA 3MEHUYE NIKO8Y WeUOKICmb cymiwii na ~35 %, 3menuiye u-
comy oughysii kpaneaw na 40 % ma smenutye padianvue posciiosanns Ha 30 %, eghexmusno obmedncyiouu 30nu 3a0pyonennss. Cmamucmuy-
HULl GHAI3 000AMKOB0 NIOMEEPOACYE, WO KOHCMPYKYISL NIOMPUMYE 8UCOKI 3aNnacu MiYyHOCHI HABIMb 34 eKCMPEMATbHUX HABAHMAICEHD.
L{i pe3ynomamu ne nuute nokpawyroms cepedosuuge 00pooKu abpazuenum iopocmpymunnum cmpymerem (AWJIM), are i 3ab6e3neuyroms
Ho6e piuents 3a0a4i 0Jis BUCOKOUBUOKICHO20 KOHMPOIIO 83AEMOOIL piOuHU. Y Matloymubomy yeil Mexamizm pe3onye 3 nompeoamu npu-
OyulenHs 6pu3oK y gpomonimoapaghii, ynakosyi xapuosux npooyKmis, eleKmpoHHitl IHKancynayii ma pizaHui Memainy, npoKiadaryu isx
015 YHIBEPCAbHOT CUCTEMU NPOEKNYB8AHHS MA OYIHKU KOHMPOTIO OPU3OK Y Nepe008oMY 8UPOOHUYMEI.

Kniouosi cnosa: abpasusna 2iopocmpymunna oopobra; npuoyutenns 6puzox; egpexm Benmypi, uucenvie MoOeN08aHHs, 63AEMOOIs
PpiouHU ma noeepxHi.
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