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Abstract
Particle velocity and movement in the high-pressure abrasive water jet (AWJ) heading are significant jet properties which deserve
a better understanding for improving AWJ machining performance. In this paper, particle acceleration and movement trajectory
in the jet field within AWJ cutting head were conducted based on the Euler-Lagrange approach and the discrete particle model
(DPM) from a computational fluid dynamics (CFD) simulation study. The particle inlet position, particle inlet angle, and
converge angle of focus tube were taken into consideration in the physical model. The models were then assessed qualitatively
and quantitatively by previous experiment data. The results indicated that a particle inlet located at a high position could increase
particles’ exiting velocity and decrease nozzle wear. A steeper abrasive feed angle would improve the particle acceleration
process and reduce radial velocity, resulting in less nozzle weight loss. The effects of converging part angle were analyzed as
well. The obtained results would improve the machine efficiency of the workpiece, extend nozzle lifetime, and guide the future
design of AWJ nozzle.
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1 Introduction

1.1 AWJ introduction

High-pressure abrasive water jet (AWJ) cutting is based on a
technique developed by Elmo Smith and Leslie Tirrell in the
1930s in the field of liquid ablative blasting. It has beenwidely
applied in industrial process for both ductile and brittle mate-
rials [1]. The AWJ machining owns a distinct advantage over
other manufacturing tools, such as laser cutting, because there
is barely thermal zone affecting the workpiece’s internal struc-
ture [2]. The internal flow existing in this technology involves
a three-phase flow mixture of water (liquid), air (gas), and
abrasive garnets (solid) [3]. A typical AWJ system is driven

by a high-speed water jet formed by a pump generating sev-
eral hundred MPa pressure through a small water orifice of
about 0.2–0.4 mm in diameter. Then, high-speed water jet
reaches the mixing chamber generating negative pressure
(compared with atmosphere pressure) which has a suction
effect of abrasive particles (e.g., silica or garnet) and air. The
air-abrasive feed pipe controls the particle quantity. Then all of
three phases enter into the mixing chamber, and they will go
into a focusing tube with a conically shaped inlet where it is
used to align this mixture progress. The abrasive particles are
accelerated and concentrated by energy exchange with the
surrounding water jet in the focus tube. Figure 1a shows a
commercial AWJ system in our center and a scheme of a
typical AWJ cutting head [4–6].

1.2 Experimental analysis of AWJ system

As a crucial component of AWJ system, it is necessary to
enhance cutting head design to improve machining perfor-
mance, reducing energy consumption and boost use time.
The classic design to input the water jet is the central entry
on top of the cutting head. Abrasives and air enter the mixing
chamber by Venturi effect, usually through a single-sided
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input port. Most of cutting heads for injection-abrasive water
jets are based on this solution [7]. However, even small geo-
metrical variances have an impact on the cutting performance.
It becomes clear that the study of the nozzle parameters along
with a deeper understanding of the characteristics of multi-
phase flow inside nozzle head is essential through theoretical,
experimental investigations and based on computational fluid
dynamics (CFD) simulation [8].

Li et al. [9] investigated the influence based on the distance
between the water jet orifice exit and focus tube entrance
(converging part) on the cutting capability by using cut depth
of the generated geometry as an optimization criterion. The
researcher found that there exists an optimum distance with a
corresponding maximum depth of cut. The cutting capability
of the abrasive water jet improves up to 80% by selecting the
proper distance between the orifice and focus. Osman [10]
shows the influence of the mixing chamber length on the mass
removal rate in two different materials. The mass removal rate
decreases with an increase in the mixing chamber length up to
a suitable value. The phenomenon is because with the exten-
sion of mixing chamber part of high-speed water rebound to
the upper space concerning expansion effect.

1.3 Simulation analysis of AWJ system

Applying conventional measurements can get some optimum
results. However, it cannot easily obtain a detailed information
on inner cutting head. Meanwhile, it will also cost money and
time to get corresponding optimum design parameter. To
study such physical phenomenon and make it more econom-
ical, the CFD has become increasingly significant to obtain
relative knowledge.

Chidambaram et al. [11] proposed a phenomenological
model of the three-phase flow inside an AWJ machining cut-
ting head with several improvements like taking into account
the particle dimension distribution and effect of breakup of
particles on the energy flux. The abrasive particle mean veloc-
ity at the exit plane of the focusing tube has been consistently
validated through design of experiments. Huang [12] used
CFD technology to simulate the velocity field of solid-liquid

flow inside and outside the AWJ nozzle. The results indicate
that there is a sudden growth in the jet velocity near the corner
inside the nozzle, and then it remains steady in the focus tube.
Teymoori [13] undertook a coupled Eulerian-Lagrangian ap-
proach to simulate the whole deformation process of a water
jet incremental sheet metal forming of a conical part by 3D
finite element method (FEM). Rongguo [14] investigate ultra-
high pressure water jet (WJ) flow field with the high-
frequency velocity vibration at the nozzle inlet through CFD
method, which shows the clues of vibration and water jet
parameters impacting the flow. Wang et al. [15] utilize a dis-
crete element method-computational fluid dynamics (DEM–
CFD) analysis to better investigate the dynamic characteristics
of high-speed abrasive air jet (AAJ). Solid particles of micron
sizes within the air jet are examined to determine the jet evo-
lution and expansion as well as the particle distribution within
the flow. Particularly, particle sphericity (shape factor from
0.65 to 0.9 [16]) is considered for the particle-fluid interaction
in addition to the particle-particle collision.

1.4 The goal of this study

The goal of this study is the development and validation of an
internal three-phase flow model of the abrasive water jet with
the capability to predict the acceleration of solid particles and
the wear of nozzle wall. As these two criterions are significant
to AWJ outlet performance, 3D Euler-Lagrange numerical
simulation is carried under different cutting head parameters
such as particle inlet angle, inlet position, and converge part
angle of focus tube. The study distinguishes itself from previ-
ous attempts by analyzing several hitherto unaddressed issues:

& It combines ANSYS Fluent package with Solidworks
software, which makes it easy for designers to change
the corresponding geometrical parameter.

& It presents a complete modeling progress for CFD simu-
lation, making it easy for other scholars to conduct a sim-
ilar study.

& It attempts a comprehensive validation of the simulated
model using several previous experiment sets [17–20],

Fig. 1 a Practical AWJ system. b
Schematic AWJ nozzle
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indicating the model has a good agreement with experi-
mental data from three tested aspects.

& It analyzes three different nozzle structure factors and
shows that they cannot be ignored considering their influ-
ence on maximum abrasive-particle acceleration and wear
of the AWJ system, especially of the focus tube.

2 Numerical model

From the second picture of Fig. 1b, three phases (air, water,
and particles) make up the abrasive water jet in the AWJ
nozzle. Considering the practical application, the volume frac-
tion of solid particles is generally between 8 and 12%, which
means the Euler-Lagrange method is acceptable [21].

2.1 Fluid phase governing equations

Ultrahigh pressure WJ is a typical high turbulence flow. In
order to simulate the two continuous phases, the multiphase
Euler-Euler approach with water and air was employed, cor-
responding to the operation adopted in previous literature
[22]. Compared with all the other multiphase models, this is
the most complicated and accounts for a large number of
computational resources. However, the multiphase Euler-
Euler approach seems the most feasible to simulate a two-
phase flow as it can model any volume of phases in any com-
bination. Also, there is no any problem with phases exhibiting
significant velocity differences in the nozzle [23].

In the Euler-Euler model, one constant pressure value is
shared by all phases, while momentum and continuity equa-
tions are solved separately [24]. The description of multiphase
flow as interpenetrating continua incorporates the concept of
phase volume fractions, denoted here by αp. The volume of
phase p, Vp, is defined by

Vp ¼ ∫VαpdV ð1Þ

where

∑
n

p¼1
ap ¼ 1 ð2Þ

The continuity equation for the phase p is

∂
∂t

αpρp
� �

þ ∇ ⋅ αpρp v
!

p

� �
¼ ∑

n

q¼1
m˙ qp−m˙ pq
� �þ Sp ð3Þ

where v!p is the velocity of phase p, ṁqp characterizes the

mass transfer from the qth to pth phase and ṁpq means an
opposite situation.

The source term Sp in Eq. (3) is zero, but, if necessary, it is
possible to specify a constant or user-defined mass source for

each phase. A similar term appears in the momentum and
enthalpy equations.

The jet velocity (vjet) at the water orifice exit can be calcu-
lated through the Bernoulli equation adjusted by using a com-
pressibility coefficient ψ as

vjet ¼ ψ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
P−p2
ρ2

s
ð4Þ

where P is pump pressure given inMPa, ρ2 is the density of
water (kg/m3) under the atmosphere condition, and p2 is the
mixing chamber pressure, and the compressibility coefficient
is given as [25]

ψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L
P 1−nð Þ 1þ P

L

� � 1−nð Þ
−1

" #vuut ð5Þ

where the model constants L = 300 MPa, and n = 0.1368 at
25 °C.

The mass flow rate of air (ṁa ) as well as air velocity (va)
can be obtained using the mixing chamber pressure. The
length of the air delivery tube and its diameter are needed
for the entrainment model. The mixing chamber pressure p2,
the mass flow rate of air, and air velocity can be calculated
because of the pressure drop (Δpm) by assuming fully devel-
oped pipe flow in the air delivery tube. The pressure drop over
a pipe of length La with diameter Da is given as

Δpm ¼ f a
1

2
ρav

2
a

� �
La
D2

ð6Þ

m˙ a ¼ Qρa ¼ va
D2

a

4
ρa ð7Þ

where fa is the friction factor and va is the bulk velocity of air
in the tube.

2.2 Solid phase governing equations

It is a fact that abrasive particles are entrained with air by
negative pressure in the mixing chamber resulting from
the high-speed jet stream. As the solid phase volume per-
centage is low (less than 10–15%), one-way coupling
strategy will be adopted in the case, which means that
particle movement is affected by the water phase while
the solid phase has no impact on the fluid flow. This
assumption can be supported by previous literatures [5,
7, 8, 12]. In addition, 0.7–0.8 sphericity of particles are
employed as it meets practical application and it can be
set in corresponding software. Thus, particle trajectories
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were computed based on the discrete particle model
(DPM) [22]. An expression for the drag force, FD, is
modeled as

FD ¼ CD
πρ

8
d2w2 þ πρ

8
d3w˙ ð8Þ

where CD is drag coefficient, d is the mean diameter of
the spherical particle, w is a relative velocity between the
abrasive particle and fluid, and the dot indicates time de-
rivative. The first term on the right-hand side is due to
viscous drag between the sphere and fluid under steady
flow motion, while the second term is the inertia compo-
nent due to relative acceleration.

The velocity of the abrasive particles vp depends on the
water jet velocity at the orifice outlet vj, both measured in
meters per second. The water mass flow rate ṁw and the abra-
sive solid mass flow rate ṁp are both measured in kilograms
per second. The velocity of the particles can be determined by
momentum conservation [25] as expressed in Eq. (9):

vp ¼ η
v j

1þ ṁw=ṁp
ð9Þ

where η is the transfer efficiency of dimensionless momen-
tum. The momentum transfer efficiency η was introduced by
Hoogstrate [4] as Eq. (10):

η ¼ c1−c2R ð10Þ
where c1 and c2 are constants obtained by experiment with
typical values of 1 and 1.6, respectively, for a 1-mm nozzle
diameter using #80 Barton garnet abrasive particles. In this
section, R is the abrasive load ratio between the solid mass
flow rate and the fluid mass flow rate.

2.3 Abrasive particle interaction during mixing
and acceleration

These authors [17, 25] measure that about 70 to 80% of all
particles are subjected to fragmentation and find that this num-
ber depends on the initial abrasive grain size pump pressure
and focus diameter. They also show that changes in the focus
length do not affect the particle size distribution, but changes
in the mixing chamber design do influence the fragmentation
behavior. The fragmentation of the abrasive particles absorbs a
certain amount of the abrasive particles’ kinetic energy.
Bond’s comminution formula [18] can be used to calculate
the energy involved in this fragmentation process. The
absorbed energy is

EF ¼ wi⋅
ffiffiffiffiffiffiffiffi
dPin

p
−

ffiffiffiffiffiffiffiffiffiffi
dPout

p
ffiffiffiffiffiffiffiffiffiffi
dPout

p ⋅
ffiffiffiffiffiffiffiffi
100
dPin

r
ð11Þ

In Eq. (11), wi is the index of workability that is estimated
by comminution study, and dPin and dPout are particle inlet and
out diameter, respectively.

3 Physical model and boundary conditions

3.1 Physical model

The mathematical models described above can be used to
solve the multiphase flow problem involved in a typical abra-
sive water jet. Figure 2a shows the physical model of a con-
ventional nozzle and the computational flow region: a quasi-
3D internal flow field. 3D simulation is chosen for this exper-
iment as it is more reliable compared with 2D simulation. The
model was first modified in Solidworks software because it is
user-friendly and easy to change corresponding parameters
which saved time. According to the practical application and
commercial principle, a simplified geometry of the cutting
head was modeled. The system’s nozzle geometry used in this
study can be found in Table 1 [10, 18, 20], which are all based
on current practical design. Then, the origin point (0, 0, 0) of
the coordinate system is set at the center of the upper plane of
converging part, meaning the end of mixing chamber and the
beginning of focus tube. In this case, L is set as the length from
orifice outlet to focusing tube exit in the direction of −Z, seen
in Fig. 2a. The structured grids imported into the CFD simu-
lations will be treated by different meshing strategies. In Fig.
2b, the mesh solution for the cutting head is reported (dimen-
sions are in mm). For example, in the vertical axis direction
where exists higher velocity and more intensive interaction
than other places, the mesh grids will be finer by inflation
process, while a coarse method is enough for outer surface.
There are 789,780 nodes for the total mesh number in the
current simulation based on aforementioned meshing strategy.

3.2 Boundary conditions and operating parameters

ACFD solver FLUENTwas utilized to analyze the multi-fluid
granular model describing the jet behavior of gas-fluid-solid
mixture. Double precision was checked to get full node infor-
mation at different dimension direction taking into consider-
ation the extremely high speed and short time frame mixing
progress, resulting in longer time but more accurate results.
The parallel option was checked by entering four numbers of
CPUs to decrease computing time. Mesh check was the first
step to make sure that there is no adverse volume value or
incompatible grid before setting operating parameter. The
gravity setting was − 9.81 m/s in Z-positive axis direction.

Assuming that the fluid is incompressible and viscous, the
Re is much higher than 3000, which is the criterion for the
inception of flow turbulence. Therefore, in Fluent, the
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realizable k − ε turbulence equations are used as the governing
equations due to its advantages of accurate prediction of plane
and circle jet [23], and the transport equations for the turbu-
lence energy k and dissipation rate ε are

∂ ρkð Þ
∂t

þ ∂ ρv jk
� �
∂x j

¼ ∂
∂t

μe∂k
εk∂x j

	 

þ P−ρε ð12Þ

∂ ρεð Þ
∂t

þ ∂ ρv jε
� �
∂x j

¼ ∂
∂x j

μe∂ε
εe∂x j

	 


þ ε
k

c1εP−ρc2εεð Þ−c3 εk P ð13Þ

where v is the vector of the velocity (m/s), P is the flow pres-
sure (Pa), xj is the component of j direction, k is the turbulence
energy, ε is the dissipation rate, ρ is the density (kg/m3), and
μe is the viscosity. C1ε, C2ε, and C3ε are the constants. C1ε =
1.44, C2ε = 1.9, and C3ε = 0.09.

For the continuous phase, the pressure inlet boundary con-
dition was applied to the primary flow (water). A water pres-
sure inlet Pw is a constant number (380 MPa) which is a
typical operating pressure for ultrahigh-pressure AWJ appli-
cations provided by the pump. In the current simulation, the
air and abrasives are naturally sucked into the mixing chamber
by the Venturi effect. Thus, the abrasive pressure (equals to air
pressure) Pa was set to 0.101325 MPa (atmospheric pressure)
at the initial inlet. The atmospheric pressure is also applied at
the pressure outlet of the focusing tube exit. The no-slip ve-
locity condition is imposed on the wall boundaries. For the
particle phase, uniform velocities are applied at the abrasive
particle inlet with a specified particle mass flow of 7 g/s with
the inlet direction normal to the boundary.

4 Simulation procedure and model validation

4.1 Simulation procedure

The second-order upwind scheme was used for the advection
terms in the equations governing mass conservation, momen-
tum, and turbulence closure in this study because it can obtain
more reliable results consuming little more time compared to
the first-order. The PRESTO! algorithm is applied to approx-
imate the pressure value. There is also need to set solution
monitor to prevent unacceptable results or ensure the results
converged. When the water-air flow field solution is obtained,
abrasive particles are added to the multiphase flow through the
abrasive inlet tube. Then, particle velocities and particle tra-
jectories are calculated and statistically analyzed. Five hun-
dred iterations with erosion/acceleration model were tracked
and investigated in the cases. The outlet boundary for dis-
persed phase is set as “escape,” which means that the trajec-
tory tracking calculation is stopped once the particle reaches

Fig. 2 Model of the cutting head
(a) and mesh solution (b)

Table 1 Geometry parameters and boundary conditions

Parameters Values tested Typical value

Cutting pressure (MPa) 380 250–400

Abrasive flow rate (g/s) 7 3.8–11.2

Abrasive solid Garnet (#80) Garnet (#80–#150)

Orifice diameter (mm) 0.38 0.025–0.43

Mixing chamber diameter (mm) 5 4–7

Mixing chamber length (mm) 10 10–20

Particle inlet diameter (mm) 3 3–5

Particle inlet position (mm) Low, mid, high N/A

Particle inlet angular (°) 0, 30, 45 0

Converging part angular (°) 60, 70, 80 60

Focusing tube diameter (mm) 1.14 0.5–1.3

Focusing tube length (mm) 76 50–112

N/A not available
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the boundary. Moreover, the particle interaction is modeled
using the mentioned Bond’s comminution model [12]. After
the residuals of solutions converged, the results were obtained
by using the post processor CFD-Post, seen in Fig. 3.

4.2 Validation of the established physical model

There are already lots of experiments done to monitor the air
flow rate at the abrasive feeding pipe and air-water velocity
ratio in the focusing tube [17, 18, 25, 26]. As the established
physical model, as well as the corrective boundary conditions,
needs confirmation, comparison investigation was carried out
between simulation model and the aforementioned practical
experiments under the same settings.

4.2.1 Comparison about air volume flow

Recently, M. Putz et al. [18] have performed the observation
of the air volume flow by using a single-pipe flow measuring
system that had been attached inside the abrasive supply hose.
Ideally, it is possible to detect blockages of the abrasive parti-
cle supply as well. The experimental and the simulation results
indicate there is a good agreement shown in Fig. 4.

4.2.2 Comparison of air-water jet velocity ratio

A.H. Osman [17] used static pressure tap at the various loca-
tions along the flow direction. A clear mixing head was
manufactured, to measure the visible experiments of the water
jet, observed by using a Canon HC-1000 camera. The value of
pump pressure is 50, 100. 140, 180, and 220 MPa, respective-
ly. The ratio of the air flow to the water jet velocities (Va/Vj) at
the middle of the tube was evaluated for different diameter
ratios (Rmn) and a clear mixing head was manufactured; the
simulation results are accurate with a total error of 7.9%

(shown in Fig. 5). This error may be caused by some water
vapor appearing in the tube.

4.2.3 Comparison about particle speed

Recently, Balz et al. [19, 20] have performed ultra-fast X-ray
velocimetry experiments to measure velocities and spatial po-
sitions of abrasive particles within the three-phase (air-fluid-
solid) flow. A third-generation synchrotron light source (SLS)
provided sufficient photon flux to take double images of the
AWJ with an inter-frame time interval of 5 μs. Table 2 also
proves that the simulation average abrasive velocity has a
relatively low error with the data from SLS experiments.

From the quantitative information showed above, we vali-
date the established model from three different aspects where
every parameter has a significant impact on AWJ perfor-
mance. Meanwhile, it is also the first time to use simulation
method to detect air volume flow rate and air velocity during
mixing progress. Furthermore, comparisons mentioned above
have a good consistency corresponding to the experimental
results which makes future work more accurate and reliable.

5 Results and discussion

5.1 Flow field inside of AWJ cutting head

When the high-pressure water gets out of the orifice, the
ultrahigh-speed water jet is formed with a typical jet velocities
up to 900 m/s at 380 MPa. The flow into the mixing chamber
creates a vacuum, transporting abrasives from feeding pipe
into the chamber via a suction effect (Venturi effect). The
abrasives are accelerated and axially oriented (focused) in
the mixing tube so that a hard and tough material such as
tungsten carbide is used as a mixing tube to resist erosion.
Otherwise, the jet diameter will become larger during process-
ing, causing poorer workpiece roughness. The water-solid
multiphase flow in the AWJ cutting head can be indicated in
Fig. 3. The abrasive flow is assumed to be uniform in the feed
pipe following the direction which is normal to the boundary
of air feed pipe because the particles are entrained by air flow.
When the abrasive particles enter into mixing chamber, there
will be a swirl flow around the water jet due to the large

Fig. 3 Detailed particle velocity (a) and movement (b)

Fig. 4 Air flow measurement under different pump pressure
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velocity gradient between water and solid. At first stage of
interaction, it is hard for garnets to enter into the jet core to
get full acceleration because of the speed jag. This kind of
phenomenon may drag the particles, conducting circumferen-
tial movements and some rebound collision both between par-
ticles and walls [27] which will result in more energy dissipa-
tion, weakening the AWJ machining performance.

5.2 Effect of particle inlet angle

5.2.1 Particle inlet angle impacting on AWJ velocity

Figure 6a shows the water and particle mean velocities along
the length of AWJ cutting head under the influence of different
abrasive particle inlet angles from 0° to 60°. Right now, the
most widely applied design is 0°, seen in Fig. 1. In this study,
different inlet angles of particle entry were analyzed. From the
top line of Fig. 6a, it indicates that the water velocity keeps
decreasing within the cutting head as there are wall friction
and energy exchange with other phases. As a typical cutting
head design, 76.2 mm is one of the typical size manufacturers
will choose because if it is too short, the particle will not get
fully accelerated by water momentum. Figure 6a shows the
velocity of abrasive flow can nearly reach stable at a distance
of 10 mm before exiting the focusing tube, which proves our
numerical model is acceptable. However, since the water jet

disintegrates by the acceleration process of air (leads to wall
shear), along with a shock occurring at the exit region of the
focusing tube (recompression phenomenon) [17], the velocity
ratio Vp/Vw downstream cannot reach 1, which can be ob-
served clearly from Fig. 6a. Due to the relatively higher speed
of water jet and momentum exchange, it is hard for particles to
enter the center zone of the jet. Meanwhile, it is interesting that
when we choose inlet angle 60°, the velocity is nearly the best
of all other angles. One reason is that the suction effect makes
the particle obtain larger axial velocity and smaller radial ve-
locity when they enter mixing chamber, which means the par-
ticles are easily mixed and carried by high-speed jet as shown
in Fig. 3b. From the simulation results, the outlet means ve-
locity under 60° angle is 7.62% higher than traditional design.
With bigger inlet angle, the particle velocity seems to increase
more quickly, and the final particle outlet velocity also gets
higher. One possible explanation for this may be the more
efficient drag force on the particle movement.

5.2.2 Particle inlet angle impacting on nozzle wear

At the same time, to investigate the nozzle wear (includ-
ing mix chamber and the focus tube) and improve the
lifetime of cutting head, different inlet angles are taken
into consideration, seen in Fig. 6b. In a typical wear test,
the exit diameter and weight of the nozzle are recorded
before it is installed in the cutting head. The nozzle bore
profile can be found out by sectioning the nozzle longitu-
dinally and measuring the profile using white light inter-
ferometry which is a non-contact optical method for sur-
face measurement on 3D structures. For the simulation
part, we can get discrete phase model (DPM) erosion rate
by checking DPM variables contour in the FLUENT re-
sults. By applying these methods, we can obtain different
wears at different positions of the focusing tube. It also
indicates larger particle inlet angle has a better anti-wear
performance over other choices. With bigger inlet angle,
the nozzle wear region seems to decrease more quickly,
and the initial intensive erosion region also occupies the

Fig. 5 Air-water jet velocity ratio
at the middle of the tube versus
the water jet velocity for different
diameter ratios Rmn

Table 2 Test results conducted by SLS experiments and Fluent
computation

Exp. Pressure
(MPa)

Abrasive
flow (g/s)

SLS avg.
abrasive vel.
(m/s)

Simulation avg.
abrasive vel.
(m/s)

Relative
error
(%)

1 90.98 3.52 251.00 ± 50.2 275.89 9.80

2 142.79 3.83 305.60 ± 52.3 332.72 8.87

3 195.20 4.45 353.60 ± 59.3 380.78 7.64

4 296.70 5.5 450.40 ± 63.9 486.22 7.91

5 355.34 6.17 482.00 ± 82.1 531.19 10.20
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relatively small area. One reasonable explanation for it is
more coefficient for particle movement during mixing
progress, making more energy used for accelerating
solids. On the other hand, increasing the inlet angle makes
particles get more axial acceleration which can ensure
solids enter focusing tube more easily, reducing particle
wall collision and rebound times. While at the down-
stream part of a focus tube, the wear rates of three condi-
tions are the same since the particles are accelerated at the
downstream of cutting head, although the particle radial
velocity can be much different from that of the first stage.
From Fig. 6a, we can know the final axial speeds are
close to each other to some extent, and that can be one
reason why the wear rate is the same in the downstream
region.

5.3 Effect of particle inlet position

5.3.1 Particle inlet position impacting on AWJ velocity

Shown in Fig. 7a, the particle acceleration rate increases
rapidly from − 5 to 20 mm. This is because the velocity of
solid is quite low compared with water jet, so the accel-
eration rate is high from − 5 to 0 mm. However, when the
particles enter focusing tube in the conical structure, the
water particle mixed in a small space where exits intense
energy exchange. After this, the rising rate becomes

stable, boosting solid speed gradually. In Fig. 7a, there
is no water velocity for the condition of inlet position
low and mid at the – 5-mm distance from the entry of
focusing tube as the particle flow just arrives mixing
chamber, and there is no impact force on them.

5.3.2 Particle inlet position impacting on nozzle wear

From Fig. 7b, we can see inlet at a higher place indicates
less nozzle wear under the same processing time too. For
solid feed pipe at a low position, some radial jet backflow
will carry particles with disorder movement in the mixing
chamber which leads to low axial velocity and produces a
wall-particle collision. This is why there are largest wear
areas when putting inlet hole at bottom place compared
with others seen in Fig. 7b. At the same time, some back-
flow water may also wet abrasive inlet hole and degrade
suction effect. This phenomenon is what we need to pre-
vent. Otherwise, it will reduce AWJ machining efficiency.
In comparison with three final velocity rates Vp/Vw, 76%
obtained from a high position, 73.5% earned from the
normal position, and 72% achieved from low position,
respectively. Meanwhile, higher inlet hole is recommend-
ed under the same machining cost. Therefore, it is a good
choice for a designer to put particle inlet into a top posi-
tion, resulting in faster outlet velocity and less nozzle
wear volume.

Fig. 6 Effect of inlet angle on a AWJ velocity and b nozzle wear

Fig. 7 Effect of inlet angle on a particle acceleration rate and b nozzle wear
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5.4 Effect of focusing tube converging angle

5.4.1 Focusing tube converging angle impacting on AWJ
velocity

Figure 8 shows the particle velocity evolutions with different
converging angles at the entry of focusing tube. The smallest
taper angle tends to accelerate the solid more effectively under
the same mixing length. Compared with other converge an-
gles, the final exit velocity also shows higher performance for
closely 5% over other designs. At the initial mixing stage, the
particle speed at converging angle 20° is a little bit higher than
other two structures because there is much fewer backflow
generated from conical entry.

5.4.2 Focusing tube converging angle impacting on nozzle
wear

Observed from Fig. 8b, it also shows that there is less mass
removal rate for converge angle 20°. This phenomenon is more
recognized than other impact factors, stressing the importance of
converge angle. This can be attributed to these reasons as fol-
lows: When the converging angle becomes smaller, it will also
lengthen the focus distance. Then, it makes sure particles earn
more axial speed and less radial energy. At the same time, there is
fewer backflow jet separated from water jet edge, promising
more kinetic energy used to accelerate solids.

6 Conclusion

In this study, CFD simulations based on Euler-Lagrange meth-
odology have been carried out to investigate the internal jet flow
and the particle mixing progress in the AWJ cutting head. The
physical model and the boundary conditions are verified by pre-
vious experiments. Three parameters that influence solid accel-
eration and nozzle wear were studied in detail. The effects of
these factors on AWJ exit velocity and nozzle weight loss are
summarized as follows:

1. Particle inlet angle degrees influence AWJ exit velocity.
With the larger inlet angle (60°), the final solid speed is
7.62% higher than normal design.

2. The effect of increasing the inlet angle results in reduced
wall wear near the area where solid velocity change
rapidly.

3. The position of particle inlet has a negative effect on water
speed gradient. However, the effect of inlet hole position
on solid acceleration is biggest when the pipe hole was at
high level.

4. The particle inlet position has a similar impact trend on
nozzle wear compared with particle inlet angle. At the
downstream of the jet, the wear rate is stable and shows
an insignificant difference.

5. The effect of converging angle of focusing tube on two
measured results is significant. The final velocity is 5%
higher and the nozzle weight loss is 16.23% lower, re-
spectively, in comparison with the typical nozzle
structure.
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