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Abstract
The characteristics of flow field have significant influence on impact erosions of containing particles in abrasive waterjet
machining. However, measurement of velocity and pressure distributions in flow field is hard to implement. In present study,
computational fluid dynamics (CFD) is utilized to model the abrasive waterjet flow field in ultrasonic-assisted abrasive waterjet
machining with the aid of discrete phase method. The workpiece vibration is simulated by using dynamic mesh method. The
effect of ultrasonic vibration on pressure and velocity distributions was investigated, as well as the particle impact parameters
such as local impact angle and velocity. The results indicate that the pressure value is lower when vibration is applied on target
and the lateral flow along the vibration direction is enhanced and affected the high pressurized water film. Moreover, the particle
velocity is higher when vibration is introduced due to the fact that the weakening of stagnation effect owing to the shear of
vibrating target surface. In addition, ultrasonic-assisted abrasive waterjet erosion experiments were conducted to explore the
practical effects on material removal and erosion mechanism. The experimental results verify that application of ultrasonic
vibration is considered to facilitate the material removal of abrasive waterjet.
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1 Introduction

Erosion is a common natural phenomena mostly caused by
wind, water, and sand. In industrial situations, erosive wear
often occurs at oil pipeline and turbine due to the repeatedly
corrosions of contamination particles. Inspired by that, abra-
sive particles are mixed with the high-velocity water to cut and
etch various kinds of material [1, 2]. The abrasive waterjet
machining has the advantage of low thermal effect and clean.
With the application of high-accuracy motion control and fin-
er injection nozzle, abrasive waterjet is used in precision ma-
chining and surface processing [3–5].

Zhu et al. [6] conducted the fine abrasive waterjet machin-
ing of ceramics and analyzed the stress field at the impact zone
induced by the particle. The results indicated that the use of
fine abrasives and low water pressure inhibits the fracture and
facilitates the improvement of machining quality. Booij et al.
[7] investigated the machining effect of glass by using abra-
sive slurry. Nanometer accurate shaping was achieved and
mathematical model of machining spot was established.
Pang et al. [8] studied the micro-channel formation mecha-
nism in abrasive slurry jet machining of glass. The predictive
model of material removal is also developed to optimize the
process. Some researchers implemented computational fluid
dynamics to investigate the characteristics of micro-abrasive
waterjet machining. Mohammad et al. [9] used a low pressure
abrasive slurry jet to machine micro-features such as holes and
channels on glass. The effects of particle kinetic energy on
channel erosion rate and bottom surface roughness were ana-
lyzed. A CFD model was established and implemented to
calculate the local impact velocity and angle of particle.
Kowsari et al. [10] utilized CFD to predict the erosion foot-
print in abrasive jet mirco-machining. The footprint size is
influenced by both primary and secondary impacts. They also
considered the effect of altering channel profile on the flow
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field as well as the erosion rate [11]. Nouraei et al. [12] con-
ducted the abrasive slurry jet machining of channels and used
a CFD model to account for the actual impact velocities and
angles of particles deflected by the streamline. The results
indicated that the erosion due to slurry flow on side-walls
can widen the channel.

Owing to the implementation of fine abrasives and low
pressure, the material removal efficiency is relatively lower
in abrasive waterjet precision machining [13–15]. Therefore,
it is considered to combine abrasive waterjet with some other
non-traditional machining method. Ultrasonic-assisted ma-
chining is extensively used to improve the efficiency of mate-
rial processing. Uhlmann et al. [16] conducted the ultrasonic-
assisted grinding of ceramics and found that the vibration of
grindingwheel enhanced the tool engagement. The chip thick-
ness was higher while the thermal loads were reduced due to
the interrupted contact between grit and surface. Tian et al.
[17] implemented the rotary ultrasonic milling of quartz glass
and modeled the particle trajectory to analyze the interaction
between ultrasonic hammering, spindle rotation, and feed rate.
The experimental results implied that the high frequency dy-
namic impact action and larger nominal depth of cut due to
ultrasonic vibration resulted in less surface fracture while
higher surface roughness. Some researchers have used pulsat-
ing waterjet generated by the ultrasonic vibration converter to
enhance the disintegration of biological materials. Zelenak
et al. [18] found that the pressure necessary for the generation
of pulsating jet is lower than continuous jet, and the impact
pressure is considerably higher. Lehocka et al. [19] investigat-
ed the topography of cooper alloys created by pulsating water
jet and found that the pulsation can enhance the squeezing of
material at the cutting groove created by jet. Hreha et al. [18]
studied the dependency of vibration emission frequency on
abrasive flow rate. The measured vibration signals were used
to analyze the surface topography evolution in cutting process.
The present authors have conducted ultrasonic-assisted
waterjet machining of aluminum nitride and found that the
application of workpiece ultrasonic vibration can effectively
enhance the material removal [20–22].

The characteristics of flow field have significant influence
on impact erosions of containing particles. The motions and
trajectories of abrasive particles are affected by the streamline
at the impact zone of jet flow. However, measurement of vari-
ables in flow field is hard to implement. In the present study,
CFD is utilized to model the abrasive waterjet flow field in
ultrasonic-assisted abrasive waterjet machining with the aid of
discrete phase method. The workpiece vibration is simulated by
using dynamic mesh method. The effect of ultrasonic vibration
on pressure and velocity distributions was investigated, as well
as the particle impact parameters such as local impact angle and
velocity. In addition, ultrasonic-assisted abrasive waterjet ero-
sion experiments were conducted to explore the practical effects
on material removal and erosion mechanism.

2 CFD modeling

2.1 Conservation equations

Eulerian multiphase flow is implemented to simulate the dy-
namic behaviors of waterjet surrounding by the air circum-
stance. The water and air phases are treated as interpenetrating
continua, and the volume fractions are assumed to be contin-
uous functions. The sum of volume fractions of both phases is
unity. Coupling of different phases is through the inter-phase
exchange of conservation equations. Continuity and motion
equations for each phase are expressed as [6]:
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where αq is the volume fraction of phase q, ρq is the density, vq
is the velocity, mpq is the mass transfer from the pth to qth
phase, mqp is the mass transfer from the qth to pth phase, Sq
is the source term which is zero by default, τq is the stress-
strain tensor of qth phase, Rpq is interaction force between
phases, and Fq is the external force.

The Reynold’s number of fluid flow involved in AWJ is
high and characterized by fully turbulence. The fluctuations of
velocities and scalar quantities are described by k-ε turbulence
model. The transportation equations of turbulence energy and
dissipation rate shared by both phases can be expressed as [7]:
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, μt is the turbulent viscosity,

Gk is the production of turbulent kinetic energy, and C1ε, C2ε

are constants.

2.2 Discrete phase model

The volume fraction of abrasive particles dispersed in jet flow
is low than 10% due to the low abrasive flow rate implement-
ed in actual AWJ. Therefore, the solid particles are simulated
as discrete phase entities in Lagrangian frame of reference
rather than Eulerian treatment. The continuous fluid phase is
solved by using time-averaged Navier-Stokes equations,
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while the discrete phase is solved by tracking the dispersed
particles through the computed flow field. The interactions
between particles are neglected.

The motion equation of the discrete particle can be
expressed as [9]:

dup
dt

¼ FD u−up
� �þ

g ρp−ρ
� �

ρp
þ Fx ð5Þ

where up is the particle velocity, u is the fluid phase velocity,
FD(u-up) is the drag force per unit particle mass, g is the
gravity acceleration, ρp is the density of particle, ρ is the den-
sity of fluid, and Fx is the additional force due to inertia and
pressure gradient of fluid. The trajectory of the particle can be
calculated by integrating the force balance equation.

2.3 Boundary conditions

The geometry of computation domain is established using
ANSYS FLUENT 14.5 and shown in Fig. 1. The nozzle is

considered as a pressure inlet of water mixed with discrete
particle phase. The diameter of the inlet is 0.76 mm and the
pressure of inlet jet is ranged from 60 to 140 MPa, which
correspond to the operation parameters in practical case. The
silicon carbide particle streams are injected into the continu-
ous fluid flow at the nozzle inlet as the discrete phase. The
distribution of abrasive diameter is assumed to be uniform and
ranged from 10 to 50 μm. The abrasive waterjet enters the
domain filled full of air at the initialization. The outer bound-
ary of the domain is set as the pressure outlet of immersing air
and side flow with an atmosphere pressure.

The stand-off distance between nozzle to the surface of
target is 10 mm. The surface is set as wall boundary condition.
The normal and tangential reflection coefficients of discrete
phase at the target surface were both set as 0.2 [23]. In
ultrasonic-assisted abrasive waterjet machining, the work-
piece is attached onto the end of ultrasonic horn and vibrates
with it. Vibration direction is perpendicular with the jet impact
velocity. The motion of the horn can be described by the
kinematic differential equations. Under the harmonic

Fig. 1 Computational model of
flow field

Fig. 2 Structure of impact jet
flow (water pressure = 100 MPa)
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vibration condition, the vibrating velocity of the workpiece
can be expressed as

v f ¼ 2πfAcos2πft ð6Þ

where f is the vibration frequency and A is the vibration am-
plitude. In the actual processing, the ultrasonic frequency is
20 KHz and the amplitude is adjusted to 20 μm by changing
the power input. Used defined function is compiled based on
Eq. (6) with the define_grid_motion macro to control the mo-
tion of the target wall boundary. The associated mesh at the
vicinity of vibrating wall is adapted by utilizing the layering
dynamic meshing method. The relative motion of vibrating
target and impinging jet is illustrated in Fig. 1.

The main part of computational domain is meshed with
quadrilateral structural elements and the size is 0.05 mm ×
0.05 mm. In order to insure the current mesh density has
negligible effect on computational accuracy, a refined mesh
with the size of was tested for comparison. The velocity results

at the surface obtained by the refined mesh model only have a
deviation of 3.4%. Therefore, it can be considered that the
mesh density is acceptable for balancing accuracy and effi-
ciency. Especially, the size of mesh adjacent to the target sur-
face is improved as 0.025 mm× 0.025 mm considering the
high gradients of flow field at wall boundaries.

3 Results and discussions

The basic structure of the jet fluid field is shown in Fig. 2.
The upper region is free jet, which is comprised of initial
and basic sections. The velocity of fluid at initial section
maintains the same with the inlet velocity at the nozzle.
The length of the initial section depends on turbulence
and velocity distribution of fluid at the nozzle vicinity.
As the jet travels downstream into the basic section, the
mass and momentum exchange with the ambient air is

Fig. 3 Trajectories of particles in the impact flow field (water pressure = 100 MPa, abrasive diameter = 10 μm)

Table 1 Actual impact velocities
and angles of particles at the
target surface (water pressure =
100 MPa, abrasive diameter =
10 μm)

Particle no. 1 2 3 4 5 6 7 8 9 10

Impact velocity [m/s] 194 190 185 178 172 174 180 186 193 195

Impact angle [°] 67 73 79 82 85 87 81 78 73 67
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intensified due to the gradient induced shear. The entrain-
ment of surrounding air increases the diameter of jet and
decays the velocity. Large amount of vortex arise at the
interface and penetrate into the jet axis. Therefore, the ba-
sic section or main section is characterized by fully turbu-
lence. When approaching the target surface, the jet turns
into impact region. The axial velocity of jet fluid decreases
significantly due to the resist of target surface and a local
water film with high pressure is formed. Subsequent jet
fluid is deflected by the stagnation and turn into side flow
at peripheral region. The velocity of fluid field has a high
gradient at the interface of stagnation and side flow region.

The motion of particle dispersed in water is mainly driven
by the viscous drag force [24, 25]. At free jet zone, the veloc-
ity of particle is nearly equal to the surrounding water. When
approaching the target surface, the stagnation zone intensively
decreases the particle velocity. The particle tracks were obtain-
ed by using discrete phase model and shown in Fig. 3. Ten
streams of particles were traced and numbered from left to
right as 1 to 10. As illustrated in Table 1, the actual impact
velocity of particle near the centerline of jet flow is 172 m/s
rather than 325 m/s at the basic section of jet. Owing to the
deflection of back flow at stagnation zone, the actual impact
angle of abrasive particle deviates from the nominal jet impact
angle.

Figure 4 shows the trajectories of impact particles with
different abrasive diameter. The actual impact angles of

particles are listed in Table 2. It can be found that the
actual impact angles of particles with larger diameters
are larger. The deviation of actual impact angle with jet
impact angle is more obvious when small diameter parti-
cle is used. This is resulted from the fact that the smaller
particle has stronger tendency to be deflected by the back
flow caused by the stagnation zone. According to analysis
of Humphrey [26], the tendency of particle to follow the
streamline of carrying fluid can be characterized by the
momentum equilibrium number λ:

λ ¼ ρp dp
� �2v j
18μdn

ð7Þ

where ρd is the particle density, dp is the particle diameter,
vj is the jet velocity, μ is the viscosity, and dn is the nozzle
diameter. A larger λ represents that the particle will un-
likely follow the motion of fluid. Moreover, particles with
larger diameter rebound to a higher position and tend to
impact the surface for another time. The particles with
smaller diameters near the centerline of the jet have more
significant velocity decreases due to the decelerating of
drag force. The decrease of impact angle and velocity will
in turn affect the erosion capacity.

Figure 5 indicates the particle trajectories with different
inlet pressure of jet. It can be found from Table 3 that the
deviation of actual impact velocity and angle from that of jet

Table 2 Actual impact velocities and angles of particles with different
diameters (water pressure = 100 MPa)

Particle no. Abrasive
diameter [μm]

Impact
velocity [m/s]

Impact
angle [°]

1 10 194 67

1 50 267 78

5 10 172 85

5 50 251 89

Table 3 Actual impact velocities and angles of particles with different
water pressures (abrasive diameter = 10 μm)

Particle no. Water
pressure [MPa]

Impact
velocity [m/s]

Impact
angle [°]

1 60 146 57

1 140 232 71

5 60 124 80

5 140 220 87

(a) 10m (b) 50m

Fig. 4 Trajectories of particles with different diameters (water pressure = 100 MPa)
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flow is less at high water pressure. This can be also interpreted
by the higher momentum equilibrium number at high jet ve-
locity as Eq. (7) reveals.

Figure 6 reveals the pressure distribution of impact flow
field at different moment of vibration period T. At the time t =
0 and t = T/2, the pressure value is lower than that at t = T/4. At
t = T/4, the pressure (which has a maximum of 7.34 MPa) is
approximately equal to that of non-vibration (which has a
maximum of 7.32 MPa) as shown in Fig. 6a. Moreover, the
shape of stagnation zone (where the pressure value is higher

than 0.5 MPa) changes during the vibration period. According
to Eq. (6), the velocity of the target is highest at t = 0, and turn
to zero when t = T/4. This phenomenon indicates that the vi-
bration of workpiece can reduce the stagnation effect due to
the shear of the moving surface. The lateral flow along the
vibration direction is enhanced and affected the high pressur-
ized water film.

Figure 7 illustrates the particle trajectories at different
time of vibrating period. It can be drawn from Table 4 that
the particle velocity is higher at t = 0. This can be

(a) Water pressure=60MPa (b) Water pressure=140MPa

Fig. 5 Particle tracks in flow field under different water pressure (abrasive diameter = 10 μm). aWater pressure = 60MPa. bWater pressure = 140 MPa

(a) Without vibration (b) t=0 

(c) t=T/4 (d) t= T/2

Fig. 6 Pressure distribution in impact zone at different moment during a vibration period (water pressure = 100 MPa, abrasive diameter = 10 μm)
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attributed to the fact that the weakening of stagnation
effect owing to the shear of vibrating target surface. The
damping of particle kinetic energy by the drag force of
back flow is decreased due to the vibration. In addition,
the actual impact angle of particle is larger at t = 0 as a
consequence of more slight deflection by the rebounded
flow at stagnation zone.

According to [27], the erosion ability of particle is af-
fected by the impact angle and velocity. For brittle mate-
rials, the dominant removal is resulted from initiation and

coalescence of fractures. Larger impact velocity, especial-
ly the component vertical to the surface, contributes to the
formation of lateral and radial cracks. Therefore, the re-
sults of fluid analysis indicate that the application of ul-
trasonic vibration is considered to facilitate the material
removal of abrasive waterjet.

4 Experimental

4.1 Setup and conditions

Ultrasonic-assisted abrasive waterjet erosion experiments
were conducted using a setup designed by the present authors
[20]. The setup mainly consists of a waterjet apparatus and a
ultrasonic vibration working stage as shown in Fig. 8. The
pressurized water was generated by an intensifier and then
conveyed to the jet nozzle. A robotic hand realized the motion
of nozzle. The abrasive was added into the jet through a pneu-
matic feeder. Workpiece is fixed on the platform at the end of
vibration stage. The vibration stage can transform electrical
oscillation into mechanical vibration and actuate the move-
ment of workpiece.

(a) t=0 (b) t=T/4 

Fig. 7 Particle tracks at different time of vibration period (water pressure = 100 MPa, abrasive diameter = 10 μm)

Table 4 Actual impact velocities and angles of particles at different
time of vibration period (water pressure = 100 MPa, abrasive
diameter = 10 μm, “N/A” means non-vibration)

Particle no. Time of
vibration period

Impact
velocity [m/s]

Impact
angle [°]

1 t = 0 207 72

1 t = T/4 198 68

1 N/A 194 67

5 t = 0 220 88

5 t = T/4 170 85

5 N/A 172 85

Fig. 8 Setup of ultrasonic-
assisted waterjet erosion
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Aluminum nitride specimen is used as the workpiece
and silicon carbide particles are used as abrasives. The
material properties of workpiece and abrasives are listed
in Tables 5 and 6, respectively. Some experimental con-
ditions are listed in Table 7. After every erosion trial, the
surface was cleaned to remove the embedded abrasives.
The eroded area is observed by implementing a laser
scanning microscope. The material removal can be mea-
sured with the attached analysis module of microscope
through integration of surface morphology data. For every
parameter combination, three repeated trials were con-
ducted to get the average value for reducing the scatter
of experimental results.

4.2 Experimental results and discussions

The morphologies of workpiece surfaces eroded by abrasive
waterjet with and without ultrasonic vibration are shown in

Fig. 9. It is indicated that the eroded area with vibration is
larger and the depth of the crater is higher. The erosion rate
is calculated using the removal volume measured by the mi-
croscope:

Erosion rate

¼ density of workpiece� removal volume
abrasive flow rate� ejection time

ð8Þ

The erosion rates under different conditions are listed in
Table 8. It can be found that the erosion rate increases with
an increase of water pressure and abrasive diameter. This can
be attributed to the higher kinetic energy transferred to abra-
sive particles when high pressure is adopted. Larger particles
are more unlikely to be influenced by the drag force of viscous
streamline at the stagnation zone. Therefore, the impact veloc-
ity and angle can retain a higher value to facilitate the material
removal. Kowsari et al. [11] have drawn the similar findings in
mirco-channeling of ceramics. Moreover, particles with larger

Table 5 Properties of
aluminum nitride Properties

Density [g/cm3] 3.3

Vickers hardness [GPa] 12

Young modulus [GPa] 310

Flexural strength [MPa] 330

Fracture toughness [MPa·m1/2] 3.2

Table 6 Properties of the silicon carbide

Material Composition [%] Density [g/cm3] Vickers hardness [GPa]

SiC Fe2O3

SiC > 97.5 < 0.7 3.2 31

Table 7 Experimental
parameters Parameters

Vibration frequency [kHz] 20

Vibration amplitude [μm] 19.8

Vibration power output [W] 1600

Nozzle diameter [mm] 0.76

Water pressure [MPa] 60–140

Abrasive diameter [μm] 10–50

Impact angle [°] 90°

Stand-off distance [mm] 10

Abrasive feed rate [g/s] 0.2

Duration time of ejection [s] 2 s

(a) Without vibration (b) With vibration

Fig. 9 The morphologies of erosion area created by abrasive waterjet with and without target vibration (water pressure = 100 MPa, abrasive diameter =
10 μm)
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diameter are more likely to induce secondary impacts accord-
ing to the simulation results in Section 4, which will in turn
increase the material removal. Qi et al. [15] also found that the
viscous flow induced erosion in ultrasonic vibration-assisted
abrasive slurry jet machining of glass. Furthermore, the ero-
sion rate is higher with the introduction of ultrasonic vibration.
This is mainly owing to the higher actual impact velocity and
angle as a consequence of the weakening of stagnation effect
as discussed in Section 4.

5 Conclusions

CFD is utilized to model the abrasive waterjet flow field in
ultrasonic-assisted abrasive waterjet machining with the aid of
discrete phase model. The workpiece vibration is simulated by
using dynamic mesh method. The simulation results indicated
that the actual impact angles of particles with larger diameters
are larger, whereas the smaller particle has stronger tendency
to be deflected by the back flow caused by the stagnation
zone. Moreover, particles with larger diameter rebound to a
higher position and tend to impact for a second time. It is also
found that the deviations of actual impact velocity and angle
from that of jet flow are less at high water pressure.
Furthermore, the pressure value is lower when vibration is
applied on target, which indicates that the vibration of work-
piece can reduce the stagnation effect due to the shear of the
moving surface. The lateral flow along the vibration direction
is enhanced and affected the high pressurized water film. The
particle velocity is higher when vibration is introduced due to
the fact that the weakening of stagnation effect owing to the
shear of vibrating target surface. In addition, the actual impact
angle of particle is larger as a consequence of more slight
deflection by the rebounded flow at stagnation zone. Finally,
ultrasonic-assisted abrasive waterjet erosion experiments were
conducted. The results state that the erosion rate is higher with
the introduction of ultrasonic vibration, which validates that
the application of ultrasonic vibration is considered to facili-
tate the material removal of abrasive waterjet. The results of
present investigation can provide some guidance for

utilization and optimization of practical utilization. However,
the current study is confined to the two-dimensional simula-
tion, and in further study, three-dimensional model will be
established. Moreover, the enhanced erosion induced by ultra-
sonic vibration of will be quantitatively calculated in future
analyses.
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