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Abstract

Abrasive waterjet machining has been widely used because of flexibility, but the cutting accuracy is difficult to ensure due to the
lack of dynamic analysis in the forming process of the kerf. In this paper, a coupled SPH-DEM-FEM method is proposed to
predict the cutting qualities of the abrasive water jet machining under different process parameters and reveal the mechanism of
the kerf formation. Compared with previous simulation methods, the new simulation method has advantages in the simulations
for long-term water jet cutting. The abrasive particles and waterjet particles are continuously generated during calculations to
reduce the model size and raise the calculation efficiency. The discrete element method (DEM) is utilized to characterize the flow
of abrasive particles, which follows the Gaussian distribution. The collisions of non-spherical particles are concerned by the
friction factors. The water flow with large deformation is expressed in the smoothed particle hydrodynamics (SPH) method. And
the erosion contact is set between particles and the target. Finally, experiments are conducted to verify the authenticity of the
simulation model. The cutting depths and kerftop widths obtained by the simulations are consistent with the experimental results.

Keywords Abrasive waterjet machining - Cutting characteristics - Numerical simulation - Smoothed particle hydrodynamics

(SPH) - Discrete element method (DEM)

1 Introduction

As an alternative non-conventional machining process for
difficult-to-cut materials, abrasive waterjet (AWJ) machining
has received critical attention with the advantages of no thermal
distortion, low cutting forces, and high machining versatility [1,
2]. Thus, it has been widely used in various industries, including
the mechanical precision component, intelligent automotive en-
gineering, and aerospace equipment, where the machining per-
formance with high accuracy and quality is required [3, 4]. As a
critical factor affecting its application, the characteristics of kerf
have been particularly concerned [5]. Various research methods,
such as experimental analysis [6, 7], theoretical modeling [8, 9],
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and numerical simulation [10, 11], are applied to study the per-
formance of AWJ machining. Nevertheless, the numerical meth-
od has attracted increasing attention because of its efficiency and
rationality recently.

In order to understand the mechanism of AWJ machining in-
depth, a great deal of numerical simulation research has investi-
gated the flow characteristics inside the nozzle [12, 13], the ex-
ternal flow distribution [14, 15], and the impacted topography of
the target [10, 16-19]. The impacted target models could be
generally divided into two categories, namely single particle im-
pact effect and multiple particles overlapping footprints. In prac-
tice, the individual abrasive impact models with different geom-
etries and various impingement angles are often used to study the
erosion wear mechanism during AWJ machining [10, 16]. These
models need to be extended into multiple particles impact situa-
tions to imitate a more realistic AWJ machining case.

Besides, there are various simulation methods utilized in
AW]J simulations. Computational fluid dynamics (CFD) are
commonly adopted in AWJ simulations to investigate the dy-
namic characteristics of waterjet. Nyaboro et al. [14] studied
the machined surface contour by using the CFD-erosion ap-
proach. Wenjun et al. [20] presented a finite element (FE)
model for the AWJ machining process by arbitrary
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Lagrange-Euler (ALE) method, which predefined abrasive
particles and water mixing in an element. Finite element anal-
ysis is also a widely used approach to study the erosion wear
by abrasive particle impacts at high velocity. Anwar etal. [17,
21] established an AWJ milling FE model and correctly se-
lected the shapes, size distribution, and velocities of abrasive
particles. But the water effect was ignored. Lozano Torrubia
et al. [22] pointed out the importance of inherent fluctuations
in the AWJ machining process. Therefore, they combined the
Monte Carlo methods into the FE model to study the footprint
variability. The smoothed particle hydrodynamics (SPH) is a
meshfree, Lagrangian particle method that is capable of
modeling fluid flows robustly. So, it is widely used in model-
ing the AWJ machining process. Jianming et al. [18] firstly
created a column of SPH particles defining in water material
and then changed the properties of some particles to represent
abrasive particles randomly. Also, the size of abrasive parti-
cles is equivalent to the average diameter offered by the sup-
porters. Xiangwei et al. [23] modeled the garnet abrasive par-
ticles as arbitrarily shaped rigid bodies by SPH and conducted
the material removal simulations of continuous abrasive-jet
flow to demonstrate the ability of this new model over previ-
ous models. But Jingxiao et al. [24] pointed out that the
smoothed quantities of particles may show falsified values
when densities and masses of neighboring particles vary
mainly within the smooth length.

Although the existing simulation models have studied the
influence of process parameters on the AWJ cutting qualities,
the research about the cutting attributes of the water jet is lacking.
Thus, the primary goal of this paper is to investigate the mecha-
nism of kerf formation for thick plates by the coupled SPH-
DEM-FEM method. In this method, the discrete element method
(DEM) is firstly applied to represent the continuous abrasive
particle flow, in which the abrasive parameters such as abrasive
particle size distribution, abrasive mass flow rate, and abrasive
materials are concerned. The water flow is modeled by the SPH
method with the enhanced fluid formulation, and the workpiece
is modeled by FE incorporating the material failure response.
Furthermore, the multi-physics problems as fluid-structure inter-
action and fluid dynamics are solved on LS-DYNA.

The main contribution of this paper is to predict the kerf
profiles with reasonable accuracy at various process parame-
ters. For the first time, the numerical model revealed the for-
mation mechanism of the kerfs and clarified that the material
removal rate in the center of the jet is low because of the
existence of the stagnation zone. In contrast, the material re-
moval rate at the edge of the jet is high during the machining
process. The remainder of this article is structured as follows.
Section 2 describes the basic theory of the coupled DEM-
SPH-FEM method. In Section 3, the modeling procedure is
introduced. In Section 4, the applicability of the model is
verified by comparing the analytical results with the experi-
mental data. In Section 5, the predicted effects of different
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process parameters as abrasive mass flow rates, abrasive par-
ticle sizes, and impingement angles are demonstrated. Finally,
the article is concluded in Section 6.

2 The basic theory of coupled SPH-DEM-FEM
approach

2.1 SPH fluid-phase model

In the SPH algorithm, a set of arbitrarily distributed particles is
used to represent the problem domain. Field function is char-
acterized by the superposition of the corresponding values of
the particles in a local domain. Compared with the FE method,
the SPH method does not need to mesh the target in advance.
It is capable of solving complex problems such as high-speed
impact, massive material distortion, and free-surface flow.

The formulations of the SPH method are divided into two
key steps. The first step is the kernel estimation, which con-
verts the partial differential equation of the field variables into
the form of continuous integral functions, and the second is
particle approximation, which represents the integral func-
tions by the sum of discrete ordinary differential equations,
as given in Eq. (1). Then, the value of any field variable f(x;) at
particle i can be obtained by weighted superposition of the
field variable values corresponding to all particles in the sup-
port domain, as illustrated in Fig. 1.

fxi) = % %f(xj)Wﬂxi_ijh) (1)

J=1F;

where the letters i and ;j are particles; N is the total number of
all particles in the support domain with a radius of 2 /; m; and
pj are the mass and density at particle ;.

The spatial derivative of function f{x;) can be calculated by
Vfix) as

N m:

(V/(w)) ==X~/ (x;) - VW
=Py (2)
withVw; = vw 2L

where VWj; is the gradient of the kernel function associated
with particle j at particle i. Therefore, the continuity equation
of motion and the conservation equation of momentum and
energy can be written in the SPH form as

dp, N
SP= S mif () VW5

dt =1

dv; N p;

de; 1 X Pi | P
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Fig. 1 SPH particle support domain

where p; is stress tensor, v; is the velocity, and [];; is the
artificial viscosity term, which is shown as

B ~OxCpy + Oy if vyt < 0
Hij B ﬁi/‘ .
0 if vyt>0 (4)
h,j*vij*x,-j

ith vy = vimvj, Xy = XX, g = —3— ——
With vy = vi=v;, X = X=X, [ |xii|2 L 0.0lhii
where A= (h; — h;)/2, and O, and O, are user-defined param-
eters. Besides, to make the SPH particles column behaves
more realistic like the jet plume of AWJ machining, an en-
hanced fluid formulation [25] is recommended in the simula-
tion model.

2.2 DEM granular flow model

The DEM is a particle-based numerical method that has been
extensively used to study the granular media, e.g., sand and
rocks [26, 27]. This method, in which the discrete elements are
modeled as rigid spherical particles, solves Newton’s equation
of motion to track the positions, velocities, and accelerations
of each particle individually. Given DEM particle i with the
initial position x;, the equation of motion is expressed as

® Friction parameters

Contact damping and stiffness

® Capilarry forces parameters
Fig. 2 DEM patrticle collision contact

2 2
{mi%zzcﬁ+fi+migli%:ZMi/ (5)
J J

where m; is the mass of particle ; ¢;; denotes interaction force
between particle i and j; M;; is the moment of particle j to 7; fi
represents drag force of water flow to DEM particle i. The
DEM inter-particle collision contact can be calculated using
a spring damping model [28], including elastic force, damping
force, friction force, and capillary force between micro-parti-
cles, as shown in Fig. 2.

3 Numerical modeling method
3.1 Material modeling
3.1.1 Waterjet material model

Waterjet is modeled based on SPH formulations. The NULL
material model, coupled with the Murnaghan equation-of-
state (EOS), is used to describe the behavior of water [29].
The Murnaghan is a newly developed keyword for SPH fluid
flow modeling in LS-DYNA, in which a density re-
initialization scheme is adopted to overcome the pressure

Table 1 Material parameters of water [30, 31]
Description Parameters
Mass density 998.2 (kg/m3)

1.02x 1073 (Pa s)
—~1.0%x 1020 (Pa)
222 %109 (Pa)

Dynamic viscosity
Cut-off pressure
Bulk modulus
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Table 2 EOS parameters of water

[30, 31] Equation Murnaghan
of state
GAMMA KO VO
7 8.0213x10° 0

oscillation issue. This EOS modeling weakly compressible
fluid flow by SPH methods expresses as

s

where p is the pressure at any point in the fluid; pg is the
density of water at rest; ~ is a standard constant generally set
to 7, and k can be selected by

koZ loopovrznax (7)
v

where v« is the maximum expected fluid flow velocity, which

is set 750 my/s as the maximum water pressure is 360 MPa in the

model. Table 1 shows the material model parameters for water.

Table 2 shows the EOS parameters for water.

3.1.2 Abrasive particles material model

The DEM algorithm is adopted to characterize the behavior of
discrete particle flow in this paper. In the AWJ machining oper-
ations, the abrasives are usually selected from materials with high
rigidity and hardness such as gamet and brown corundum, and
the deformation of abrasives is neglected when compared to
targets. Thus, the rigid material model is chosen for abrasives
modeling, where the grains interact by automatic single surface
contact definition. Almandine garnet sand was selected as the
material of the abrasive particles in the experiments. The material
model parameters are shown in Table 3.

3.1.3 Workpiece material model

In a high-rate impact situation, the commonly used model for the
dynamic plastic deformation of ductile materials is Johnson and
Cook model [32], which consists of the plasticity model and the
failure model. The Johnson-Cook plasticity model is applied to
characterize the relationship of plastic flow stress on the effective
plastic strain, effective strain rate, and temperature as

Table 3 Material

parameters of abrasive Description Parameters
particles [17]
Size 80 mesh
Mass density 4120 (kg/m?)
Young’s modulus 248 (GPa)
Poisson’s ratio 0.3

Table 4 Material
parameters of the
workpiece [33]

Description Parameters

Mass density 7.85 %103 (kg/m®)

Young’s modulus 207 (GPa)
Shear modulus 770 (GPa)
Poisson’s ratio 0.32
Melt temperature 1793 (K)
P’ s *
oy = (A+B§ > (14 ene") (1-7")
with
€ (8)
& — ) EPSO forVP =0
P
g _
EPSO fOrVP =1

where A, B, ¢, n, and m are input constants, 2 is the effective

plastic strain, Z is the effective total strain, and e " is the normal-
ized effective strain rate, and 7" is the homologous temperature.
In general, the viscoplastic strain rate formulation (VP =1) is
recommended in modeling since the standard strain rate formu-
lation (VP =0) often produces noisy effective strain rates [29].
The accumulation of plastic strain is included in the Johnson-
Cook failure model as

o — max([Dl + DzexpD3g*] [1 + D4ln6'*} [1 + DST*LEFMTN> (9)
A

Oeff

with ¢ =

where D; to Ds stands for the material constants and o™ is the
ratio of pressure p divided by effective stress o The Johnson-
Cook material constants for C45 are detailed in Table 4.

The parameters of the Johnson-Cook plasticity model and
the Johnson-Cook failure model are shown in Table 5.

In this model, the Gruneisen EOS [29] with cubic shock
velocity as the function of particle velocity v (vp) is selected
to define the pressure for compressed materials as

e+ (1)

p= + (o +ap)Ea
Ha Hs3
1_(S]—1)/.L_S2 _S3
[ pAH1 T (4 1)
with g = L
Po

(10)
Table 5 The Johnson-Cook material parameters of the workpiece [33]

Material model type Johnson-Cook
A B C n m D] D2 D3 D4 D5

792 510 0260 0.014 103 5 0 0 0 0
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Table 6 EOS parameters of the workpiece

Equation of state Gruneisen
C/(m/s) S Sz S3 Yo a
4569 1.49 0 0 2.17 0.43

where C'is the intercept of the v, (v;,) curve; Sy, S, and S; are the
coefficients of the slope of the v, (v,) curve; 7 is the Gruneisen
gamma; a is the first-order volume correction to o (Table 6).

3.2 Meshfree particle generation and FE meshing
3.2.1 SPH particle generation

The automatic particle generation method is adopted in this paper
by specifying the particle injection time and velocity, which dra-
matically reduces the complexity of the modeling process and
saves calculation resources. The waterjet is injected from the
nozzle outlet area, as illustrated in Fig. 3. The number of SPH
particles is determined by the injection volume.

3.2.2 DEM particle generation

Similarly, the discrete elements are initially injected from the
nozzle area along with SPH particles. The DEM particles are
generated at the center area of the injection source region and
follow the Gaussian distribution, as shown in Fig. 4. The number
of DEM particles is related to the injection mass and particle
sizes. There are 672 DEM particles and 96,834 SPH particles
generated in 300 ps when the mass flow rate of abrasives is
0.18 kg/min. More particles can be produced by extending the
injection time or increasing the mass flow rate needless remod-
eling operations. Besides, the contact parameters such as the

of

++++ €4—I|njection source

Particle
impingement

direction

Mesh refined area
(element size 0.125%0.125x0.125mm)

Workpiece (FEM)

N\

Fig. 3 SPH-DEM-FEM model for AWJ machining

Fig. 4 Abrasive particles spatial distribution in the simulation model

static coefficient of friction, the rolling friction coefficient, and
the capillary forces between particles are defined to characterize
the irregular abrasive particle behavior.

3.2.3 FE mesh density

The size of the geometric model for the workpiece is a cuboid
of size 25 mm x 25 mm x 20 mm. In order to improve the
computational efficiency while ensuring the accuracy of the
calculation results, a more refined mesh is used in the center of
the sample, and a relatively coarser mesh is employed in the
outer region, as illustrated in Fig. 4. All the elements in the
refined mesh region are the same size of 0.125 mm. It is worth

“&— \Waterjet(SPH)

Fluid-structure

+#— Abrasive particle(DEM) teation
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noting that hourglass energy is an essential factor affecting the
accuracy of calculation results [29]. Thus, the 8-node hexahe-
dron set 1-point solid element is implemented in the current
model. Hourglass type 10 is based on a total strain formula-
tion, which provides high accuracy and insignificant mesh
sensitivity. Besides, the ratio of hourglass energy to the total
energy should be checked when the calculation is completed.
If the ratio exceeds 10%, which implies the element distortion
is too large, the relative parameters need to be re-adjusted.

3.3 Initial and boundary conditions
3.3.1 The initial velocity of the abrasive water jet

The flow field in the orifice can be regarded as a constant flow
of the one-dimensional fluid which generates high-speed wa-
ter jet. The initial velocity of the pure water jet can be calcu-
lated by Bernoulli’s law [34]. Considering the momentum
losses owing to the frictional resistance of sidewalls, the
fluid-flow disturbances, and the compressibility of water, the
correct velocity of the water flow can be calculated by

2P
P

(11)

Yy =K

where the water pressure P; is selected by the typical operating
pressure for ultrahigh-pressure AWJ machining applications; p,, is
the water flow density; « is the efficiency coefficient. According to
the experimental research work of Momber [34], the typical value
for « based on jet-force measurements is 0.83 < k < 0.93.

Due to the influence of the mixing process with abrasive
particles inside the mixing chamber and the focusing tube, the
velocity of the abrasive waterjet at the nozzle outlet can be
calculated by the momentum exchange formula. The momen-
tum transfer efficiency of abrasive particles mixed with the
waterjet is usually taken as the value from 0.73 to 0.94 [35].
Thus, the calculation formula of the real dynamic velocity of
the abrasive waterjet at the outlet of nozzle is expressed as

XVw

=~ r 12
1+ m,/m,, (12)

Va

where rhw and Ma are water mass flow rate and abrasive mass
flow rate, respectively; x is the efficiency coefficient. It is

Table 7  Parameters in particle to particle contact [28]

Description Parameters

P-P friction coefficient 0.57

P-P rolling friction coefficient 0.01

CAP 1

GAMMA 7.20 % 10°8 (GPa)

@ Springer

Table 8  Parameters in abrasive particle to structure contact [26]

Description Parameters
P-W friction coefficient 0.3

P-W rolling friction coefficient 0.01
Damping coefficient 0.8

apparent that the velocity of the abrasive particle is slower than
that of the abrasive particles after escaping from the nozzle. Thus,
the contact between abrasive particles and waterjet is considered
by defining the contact between DEM and SPH particles.

3.3.2 Boundary conditions

In order to support the workpiece, the bottom surface of the
target model is constrained in the X and Z directions, and the
workpiece is set to move in the Y-direction. At the same time,
the jet beam is fixed to simulate a continuous AWJ machining
process. Besides, the surrounding surfaces of the workpiece
are set as the non-reflection boundary to exclude the effects of
stress wave reflection. Therefore, the upper face on which
high-speed particles impact the workpiece is a free surface.

3.4 Contact description
3.4.1 Particle to particle contact
The interaction between particles can be divided into three

groups, namely SPH to SPH particle contact, DEM to
DEM particle contact, and SPH to DEM particle contact.

Fig. 5 Photograph of the experimental setup
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Table 9  Operation parameters in the AWJ cutting experiments

Parameters Description

200, 240, 280, 320, 360 (MPa)
80, 120, 160, 200, 240 (mmy/min)

Water pressure

Traverse speed

Standoff distance 2 (mm)
Abrasive mass flow rate 0.18 (kg/min)
Jet impact angle 90°

The SPH to SPH particle contact represents the water self-
interaction. And the abrasive particle collisions can be
modeled as DEM to DEM particles in touch with each
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other. The penalty-based particle to particle interaction is
realized by defining normal and tangential stiffness,
damping coefficients, static, and rolling friction coeffi-
cients. These parameters play an important role in control-
ling the discrete sphere particles acting in a non-spherical
way. It is also one of the advantages of using the DEM
method to simulate abrasive particles. As the abrasive
particles could be regarded as a kind of granular sand,
the present model uses the wet sand frictional parameters
as an approximation, which is presented in Table 7. The
CAP is one of the DEM particle contact parameters de-
fined to express the capillary force between abrasive
particles.

Fig. 6 Measurements of the experimental cutting kerfs. a The measuring instruments. b 2D-scanned surface. ¢ 3D-scanned surface
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Fig. 7 Outputs in the centric cross-section Y-Y view of the FEM work-
piece under the impact of abrasive waterjet

3.4.2 Particle to structure contact

The particle-structure contact refers to interactions of waterjet
and abrasive particles to the workpiece. The SPH particles
connected with the FEM structures could be defined by the
penalty-based node to surface contact, where the slave part is
the SPH node-set, and the master part is the FEM faces of the
workpiece. As for the coupling method of the DEM particles
and the FEM structures, a non-tied coupling interface between
particles and the surface is implemented, which controls the
spherical discrete elements acting like non-spherical abrasive
particles. The parameters friction and damping parameters in
this keyword are defined according to Table 8.

20

18+ —a— Experimental result
+— Simulation result

16 | .

Depth of cut (mm)
s

A A 1 s '8 A A '

50 75 100 125 150 175 200 225 250
Jet traverse rate (mm/min)
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4 Experimental verification
4.1 Experimental design

The verification experiments were performed on a KMT
waterjet cutting system, as shown in Fig. 5. This platform
was equipped with a streamline waterjet intensifier high out-
put pump (KMT SL-VI 50), which provided water pressure up
to 413.7 MPa (60,000 psi) and was based on a 6-axis robot
(Fanuc M20IA). The speed of the robot end-effector varied
from 1 to 120,000 mm/min, and the repeat positioning accu-
racy was +0.05 mm. For all the trails, the abrasive nozzle
assembly parameters were kept constant as standard configu-
rations, i.e., the orifice diameter (0.33 mm), the nozzle diam-
eter (1.02 mm), and the nozzle length (76.2 mm).

The specimens were C45 plates with 200 mm % 100 mm x
20 mm dimensional sizes. The abrasive was 80 mesh alman-
dine garnet sand, which was the most commonly used in the
abrasive waterjet machining process. Besides, an automatic
abrasive metering system was used to ensure the accurate
control of the abrasive mass flow rate throughout the
experiments.

Full factorial experiments were designed to verify the ac-
curacy of the numerical simulation. The length of each slit was
60 mm, and the cutting parameters could be referred to in
Table 9. In the experiments, appropriate water pressure was
considered at a 2-mm standoff distance between the nozzle
and the specimen, while the abrasive mass flow rate was kept
constant at 0.18 kg/min. Furthermore, five levels of the tra-
verse speed and water pressure were selected within the equip-
ment limitations and the typical ranges of AWJ machining.

sol —a— Experimental result
' e o Simulation result
il
A27 P ° o
£
£l
=]
o
S21}
£
ke
18}
g
15 F .\o\‘\'
12} B

75 100 125 150 175 200 225 250
Jet traverse rate (mm/min)

(b)

Fig. 8 Experimental and simulation results of AWJ cutting depth and width under different traverse speeds: a depth of cut; b top width of cut
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Besides, all trails were at a 90° impact angle on the 20 mm
specimens, and special cares were taken to the nozzle to elim-
inate the effect of nozzle wear on cutting performance.

4.2 Comparison between model-predicted and ex-
perimental results

Once the AWJ cutting finished, the kerf profiles were mea-
sured by the 3D Laser Profiler (KEYENCE LJ-X8060), which
enabled a resolution of 0.005 mm in X-axis, 0.0412 mm in Y-
axis, and 0.0146 mm in Z-axis. The scanned area is 4.5 mm in
width and 60 mm along the jet traverse direction. In order to
ensure the accuracy of the measured cutting profiles, the av-
erage value of the measurement results was taken as the record
of the cutting depth, kerf top and bottom widths the corre-
sponding parameter. When the depth of the kerf exceeds the
measurement range of the sensor, the contour line of the end
face is considered to be the profile of the entire trench. The
numerical modeling results can be verified by comparing the
simulated kerf depth with the corresponding experimental re-
sults (Fig. 6).

The simulation and experimental results of the AWJ
cutting process under different traverse speeds and water
pressures were compared. Firstly, the average velocity of
the water flow and abrasive particles were calculated ac-
cording to the actual water pressure used in the experi-
ments by Egs. (11) and (12). Secondly, the workpiece was
set to move in the opposite direction of traverse speed,
and abrasive waterjet was fixed in the simulation model
according to the principles of motion relativity. Finally,

n
o

- - -2 -
N s o o
L] T L] L]
L
L

Depth of cut (mm)
=

4k —a— Experimental result
+— Simulation result

1 1 1 1 I 1 1 1 1

150 175 200 225 250 275 300 325 35 375 400

Water pressure (Mpa)

(@)

the cutting depths under different traverse speeds and wa-
ter pressures were calculated, as shown in Fig. 7.

The compared results of different traverse speeds are
shown in Fig. 8a. It is reflected that the total cutting depth
decreases almost linearly with the traverse speed. However,
the decrease rate declines when the speed reaches a certain
level. The simulated AWIJ cutting depths are consistent with
the experimental results, while the errors are under 15%. The
fair agreements confirm the effectiveness of the simulation
model, which can be implanted for process control as well
as optimization of operating parameters.

Although the depths of the simulated results are in good
agreement with the experimental results as traverse speed chang-
es, there are more differences in the top width of the kerf, as
depicted in Fig. 8b. The predicted kerf top width error is about
40%. 1t is because that the proposed model in the paper is unable
to consider the effect of standoff distance on the AWJ cutting
characteristics, which has an essential influence on the profile, as
pointed out by Chen et al. [36]. Thus, the whole-stage AWJ
simulation model, including the internal and external flow fields
of abrasive waterjet, needs to be established in recent research,
improving prediction accuracy. Besides, the error value changes
0.161 mm in total, which is very little. Therefore, it can be con-
cluded that the kerf width simulation results can predict the
changing trend of the kerf top width.

The validity of the model is further verified by the water
pressure of the abrasive waterjet machining, as shown in Fig.
9. It can be seen from Fig. 9a that the kerf depth increases with
water pressure almost linear at the initial stage, but the rate
drops as the water pressure further rises. It may be due to the
fact that more energy is allocated to expand the kerf width, as
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Fig. 9 Experimental and simulation results of AWJ cutting depths and width under different water pressure
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shown in Fig. 9b. The top width of the kerf increases with the
increase in water pressure. Thus, the conclusions can be drawn
from Fig. 9 that the simulation results are in good agreement
with the experimental data.

5 Results and discussion
5.1 The mechanism of kerf formation

It is of great significance to study the kerf formation pro-
cess and geometric characteristics for better control of the
AWIJ machining process. But at present, there is no mea-
surement method available to observe the evolution pro-
cess directly unless a reliable AWJ simulation model is
used. In Fig. 10, the kerf formation process due to the
high-speed impacts of abrasive particles on the target sur-
face is illustrated. It can be seen that the top width and
depth of cutting increase with time, and the profile stabi-
lizes until the jet passes by.

Figure 11 presents a typical AWJ eroded surface from
the simulations. It can be concluded from Fig. 11b that
the pressure distribution is not uniform in different im-
pacted areas. The closer to the central square, the lower
the pressure value is. Besides, the material removal rate
follows the same rule. The periphery of the jet removes
the material faster, but the central area cannot remove the
content effectively. The reason for this difference can be
explained by the trajectory of water flow and abrasive
particles in Fig. 11a. When the jet beam initially impacts
the target, the periphery of the jet expands faster than the
release wave generated by the hydraulic shock. Thus, a
shock front is formed inside the waterjet. The shock front
propagates and finally reaches a quasi-steady state when
the abrasive particles are entrained into the jet, and the
material begins to be removed. This area is named the
pressure stagnation zone in the middle part of the
waterjet. Also, the stress of the abrasive water jet
impacting the surface of the target is a ring-shaped distri-
bution, which means that the pressure in the central arca
is low, and the stress value at the edge is high. Similar
results have been discovered by Schwartzentruber et al.
when AWI piercing composites [37].

The phenomenon of low material removal rate in the
center of the jet was also verified by experiments, as
shown in Fig. 12. When the jet impacts the workpiece
for a short period of time, craters are generated. The depth
of the bottom center of crater is shallower than that of the
side as shown in Fig. 12b. The material in crater center is
not removed because of the presence of the pressure stag-
nation zone.

Furthermore, the material is piled up at the boundaries
of the simulated kerfs, as depicted in Fig. 13. This is due

@ Springer
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Fig. 10 Simulation results in the centric cross-section X-X view for AWJ
cutting depth at different stages

to the fact that the abrasive particles may impact the target
surface vertically at the first strike. But more oblique im-
pacts will occur on the newly formed kerf walls when the
secondary or third impacts happened. Anwar et al. also
pointed out that the abrasive particles randomly distribut-
ed in the jet beam strike the surface both inside and out-
side. Thus, the width of the footprints varied across the jet
traverse direction [17].

5.2 The effect of abrasive parameters
In this paper, the improved AWJ modeling method uses

DEM to characterize the abrasive particle flow, which
makes the abrasive parameters such as abrasive mass flow
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rate, abrasive size, impact angle, etc. easy to adjust.
Therefore, the discussion part will take advantage of the
numerical model to discuss the effect of abrasive param-
eters on the cutting quality.

Figure 14 illustrates the influence of abrasive mass flow

rate m, on kerf characteristics. It can be seen that the depth

Fig. 12 Measurements of the (a)
crater in AWJ experiments: a 3D-
scanned surface; b 2D profile of
the centric cross-sectional view

of cut and kerf top width increases when the abrasive mass
flow rate Ma rises from 0 kg/min to 0.18 kg/min, but the kerf
top width changes more slightly. This is attributed to the fact
that when the abrasive mass flow rate is increased, more abra-
sives impact per unit area of the target. Thus, the cutting depth
is increased.

Depth (mm)

Scanned surface X(mm)
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Fig. 13 Details of piled-up
material at the cutting edge area
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Fig. 15 Effect of abrasive size on kerf characteristics

As demonstrated in Fig. 15, there is no significant im-
provement in the cut depth and kerf top width, while the
size of abrasive particles increases from 0.147 to 0.25 mm
(mesh 100, 80, 60). This is because the cutting depth is
dominated by the parameters as water pressure, jet tra-
verse speed, and abrasive mass flow rate, which have
significant contributions to jet energy. And the kerf top
width is sensitive to the effective jet width that is mainly
determined by the standoff distance.

Figure 16 shows the effect of jet impact angle on the
kerf geometry, where « is the impingement angle and 3
represents the angle of the kerf shape change. It can be
seen that the jet cutting depth decreases slightly as the tilt
angle is increasing, which is due to the fact that more
effective impacts occur on the kerf wall other than the
bottom. On the contrary, the kerf shape is sensitive to
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Fig. 16 Effect of impacting angle on kerf characteristics
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the jet impact angles. It can be observed from Fig. 16a
that the kerf shape is symmetric when the impingement
angle is 90. But when the impingement angle decreases,
the shape of kerf becomes asymmetric. One side of the
impacted wall is gradually vertical, as presented in Fig.
16b—c. The conclusions can be used to instruct the kine-
matic parameters selecting in AWJ machining.

6 Conclusions

In this paper, the coupled SPH-DEM-FEM modeling method
is proposed to simulate the abrasive water jet machining pro-
cess. The newly developed AWJ modeling method is capable
to reproduce the actual high-speed response of the workpiece
by incorporating SPH, DEM, and FEM in a single numerical
model. Based on the current work, the following conclusions
can be obtained.

(1) The automatic generation method of abrasive particles
and water flow is adopted in the model, which enables
the long-time AWJ simulating of thick plates and im-
proves the calculation efficiency significantly.

(2) A further understanding of the kerf formation process is
provided. The pressure stagnation zone is proved to be
formed in the middle part of the waterjet, which prevents
the material in the central impacted area from erosion.
And the material is piled up on the kerf boundaries owing
to the strikes of particles on the kerf walls.

(3) The abrasive particles are characterized by DEM, which
significantly simplifies the modeling difficulty of abra-
sive particles. The influence of abrasive parameters such
as the mass flow rate, irregular geometry, and the particle
size distribution is investigated.
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