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Abstract

The multiphase flows inside the two abrasive waterjet (AWJ) nozzles with different abra-
sive inlet tube angles are simulated using the standard k-ε turbulence model based on the 
Euler-Lagrangian approach. The volume of fluid (VOF) method is employed to simulate 
the water-air multiphase flows. And, the abrasive particles are treated as dilute dispersed 
phase and tracked with the discrete particle method (DPM). The results indicate that 
the abrasive inlet tube angle has little impact on the water-phase flows. Further analysis 
shows that a larger abrasive inlet tube angle can enhance the particle accelerations. The 
particle number independence analysis is conducted, and the results indicate that suf-
ficient particles should be tracked in order to obtain statistically representative results. 
The effects of particle initial velocities, particle shape factors, and the restitution coeffi-
cients on the predicted particle movements are further analyzed for the two nozzles with 
abrasive inlet tube angles of 45° and 60°. The results reveal that at the current velocity 
range, the particle initial velocities have little impact on the predicted particle velocities. 
However, both the shape factors and the restitution coefficients play an important role on 
the calculated particle velocities. The results provide a deeper understanding of particle 
acceleration performance inside the AWJ nozzles with different abrasive inlet tube angles.

Keywords: abrasive waterjet, multiphase flow, DPM, VOF

1. Introduction

The abrasive waterjet (AWJ) is originally developed to improve the cutting ability of the pure 
waterjet (PWJ). As a new type of cold cutting technology, the AWJ is performed to cut target 
materials with water-containing abrasive particles at high pressures. Generally, the AWJ is 
capable of cutting or manufacturing both brittle and ductile materials without imposing thermal  
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impact on the target materials. It also has the advantages of high machining versatility, 
small machining force, and high flexibility compared with other manufacturing methods. 
Therefore, the AWJ has been widely applied in numerous fields [1–4]. Recently, the potential 
of the AWJ technology for high precision cutting or manufacturing of hard-to-machine mate-
rials has made the AWJ again receive much attention [5, 6].

It should be mentioned that the AWJ is different from the abrasive slurry jet (ASJ). And, the 
definition of the two types is mainly based on the mixing process of abrasive particles with 
fluid. For the ASJ, in the high-pressure tank, the abrasive particles are premixed with water to 
produce the so-called slurry which is directly ejected from the nozzle. However, for the AWJ, 
as illustrated in Figure 1, the high-pressure pure water is firstly ejected from the orifice into 
the mixing chamber where the abrasive particles and the air are simultaneously entrained to 
mix with the high-speed water, and then the AWJ is generated in the focus tube. Therefore, 
there are only two phases of flows (particle and water) in ASJ nozzle but three phases of flows 
(particle, water, and air) in AWJ nozzle. The operating pressure of AWJ is much higher than 
that of the ASJ, and the energy utilization of AWJ is comparatively lower. Thus, extensive 
efforts have already been made to investigate the cutting, machining, and energy transfer 
efficiency of the so-called AWJ technology [7, 8]. Momber investigated the energy transfer 
during the high-speed waterjet formation process and also the abrasive particle mixing and 

Figure 1. The AWJ cutting system and AWJ nozzle [6].
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acceleration processes by conducting impact-force measurements [7]. Lee et al. studied the 
material removal mechanisms of AWJ with micro-sized abrasive particles [9]. Shanmugam 
and Masood experimentally investigated the effects of AWJ operating parameters on the kerf 
taper angle of two types of layered composites [10]. Coray et al. tested a 5:1 scale AWJ equip-
ment models to study the kinetic energy distributions of the abrasive particles together with 
the jet structure. They reported that due to the strong interactions among the three phases the 
signal differences between water phase and abrasive particles could not yet be distinguished 
experimentally [11].

It is already well known that the AWJ nozzle, as an important component of the AWJ equip-
ment, has a significant impact on the overall manufacturing performances and is crucial 
for improving machining quality and reducing energy consumption. Thus, a better under-
standing of the effects of nozzle parameters on the jet structure and abrasive particle move-
ments is essential to develop high-performance AWJ equipment. However, due to the small 
dimensions of the AWJ nozzle and the highly aggressiveness of abrasive particles, conduct-
ing experiments to study the three phases of flows inside the AWJ nozzle is still very chal-
lenging. And, the accurate measurement of the complex multiphase flows which involves 
ultrahigh-speed water, air, and abrasive particles inside the extremely small nozzle space 
may even impossible at present. With the rapid development of computational fluid dynam-

ics (CFD) and computing ability, numerical simulations of this complex internal flows have 
been made possible, which provides an effective way to gain a better understanding of the 
multiphase interaction mechanisms. Long et al. conducted numerical simulations to inves-
tigate the particle movement inside the AWJ nozzle using different particle shape factors. 
The results revealed that a smaller particle shape factor could enhance the overall particle 
acceleration process [6]. Yang et al. numerically studied the abrasive particle motions and 
the corresponding erosion rate inside the AWJ nozzle at the pressures beyond 300 MPa. It 
was revealed that the proposed numerical model provided a reliable way to investigate the 
AWJ nozzle internal multiphase flows [12]. Basha et al. simulated the internal multiphase 
flows inside an AWJ nozzle and investigated the jet flow dynamic characteristics. It was 
confirmed that the numerical simulations could accurately capture the AWJ nozzle perfor-
mance [13].

Despite the abovementioned efforts, the complex interactions between the fluid phases and 
the particles inside the AWJ nozzle are not yet fully understood, and the effects of numerical 
model parameters on the simulation results are not well investigated. Also, the effects of noz-
zle structure on the multiphase flows are not well studied. Inspired by the mentioned work, 
the present paper is devoted to investigating the liquid-gas-solid multiphase flows in AWJ 
nozzles with different abrasive inlet tube angles at a given high operating pressure under 
different model parameters based on three-dimensional Euler-Lagrangian numerical simula-
tions. The effects of particle initial velocities, particle shape factors, and particle-wall restitu-
tion coefficients on the predicted particle velocities are discussed. The effects of abrasive inlet 
tube angles on the multiphase flows are further analyzed. The results can help to provide 
guidance for future CFD-aided AWJ nozzle optimization.
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2. Governing equations and numerical method

As illustrated in Figure 1, the high-pressure water is firstly ejected from the orifice, and the 
resulted high-speed water jet then enters into the mixing chamber. By the high-speed jet 
entraining effects, the air phase together with the abrasive particles is entrained into the mix-

ing chamber where strong interactions are expected. The abrasive particles are mixed and 
accelerated by the high-speed fluid phase and finally ejected through the long focus tube 
to impact on the workpiece. The present study is performed by simulating the steady-state 
multiphase flows in AWJ nozzles based on the time-averaged Navier-Stokes equations. It was 
reported that the volume fractions of the abrasive particles in the AWJ nozzle was normally 
less than 10% [14]. Thus, the Euler-Lagrangian method is finally utilized for all the present 
simulations. Both the water phase and the air phase are treated as continuums and are com-

puted in Eulerian reference frame using the finite volume method. However, the abrasive 
particles are considered as discrete phase and are solved in Lagrangian reference frame using 
the discrete particle method (DPM).

2.1. Governing equations for continuous phases

The water-air multiphase flows are modeled using the volume of fluid (VOF) model. The vol-
ume fraction-based composition of AWJ is approximately 0.2–0.5% abrasive particles, 4–6% 
water phase, and 93–95% air phase [15]. The air phase is finally chosen as the primary phase 
in the present simulations, and thus the continuity equation for the volume fraction of the 
water phase can be written as

    
∂ ( α  w    u  

i
  ) 
 ______ 

∂  x  
i
     = 0  (1)

where αw is the volume fraction of water and u
i
 is velocity. The volume fraction of the primary 
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a
 can be directly obtained by the simple equation:
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a
   = 1.0 −  α  w    (2)

As the VOF is based upon the single fluid assumption, the air phase and the water phase share 
the same velocity field, and a single momentum equation is solved throughout the computa-

tional domain. Therefore, the governing equation for the conservation of momentum can be 
given as
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where u
i
 and uj are the velocities in the x

i
 and xj coordinate directions, respectively. p and ρ 

stand for the pressure and the mixture density. μ is the laminar viscosity of the fluid mixture.
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It should be noted that the one-way coupling method is applied indicating that the particle 
movement is influenced by the continuous phase, but the flow phase is not influenced by the 
particle motion. So, there are no additional source terms in Eq. (3).

The fluid mixture properties of water and air in Eq. (3) are calculated as

   
μ =  α  

a
   ⋅  μ  

a
   +  α  w   ⋅  μ  w  

   ρ =  α  
a
   ⋅  ρ  

a
   +  α  w   ⋅  ρ  w      (4)

where subscripts a and w represent air and water, respectively.

To predict the turbulent viscosity μ
t
, the standard k-ε turbulence model is used. The transport 

equations of turbulence kinetic energy k and the turbulence dissipation rate ε can be given as
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where μ
t
 is computed by μ

t
 = C

μ
ρk2/ε with C

μ
 = 0.09, σk and σε are the turbulent Prandtl num-

ber for k and ε, and their values are set as 1.3 and 1.0, respectively. The other two empirical 
constants are given as Cε1 = 1.44 and Cε2 = 1.92.

2.2. Disperse-phase tracking method

The interactions among the particles are neglected as the volume-based concentration of abra-

sive particles in the present cases is less than 10%. The so-called one-way coupling method is 
adopted to track the abrasive particles. As the diameters of the particles are small, the rotation 
motions of the abrasive particles are neglected. The forces acting on each particle include the 
drag force, the virtual mass force, and the pressure gradient force. The governing equation for 
each abrasive particle in the Cartesian coordinate form can be given as
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where u
p
 is the particle velocity and Fd is the drag force per unit particle mass, which can be 

calculated as
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where Re
p
 stands for the particle Reynolds number which defined as
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where d
p
 represents the particle diameter and   ρ  

p
    stands for the particle density. The drag coef-

ficient CD is predicted by the following equation [16]:
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where ϕ is termed as the shape factor to take the particle sphericity into consideration as 
shown in Figure 2. According to its definition, ϕ = s/S, where s represents the nominal surface 
area of a sphere particle which has the same volume as the real particle and S is the actual 
surface area of the particle; ϕ = 1 indicates that the particle is spherical, where ϕ is smaller 
than unity indicating that the particle is nonspherical. A smaller value of the shape factor 
represents an increase of the particle irregularity.

Figure 2. Typical shapes of abrasive particle [17].
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The virtual mass force acting on each abrasive particle can be calculated as

   F  vm   =   1 __ 
2
     
ρ
 __  ρ  

p
       
d
 __ 
dt

   (u −  u  
p
  )   (12)

The effect of virtual mass is significant when the particle density ρ
p
 is much smaller than the 

fluid phase density ρ.

The pressure gradient force is caused by a pressure difference and can be modeled as

   F  
p
   =   

ρ
 __  ρ  

p
     ∇ p  (13)

The diameters of abrasive particles used in the present simulations are very small, and the 
pressure difference over one particle diameter distance can be ignored. Therefore, only the 
drag force is taken into consideration in the current study.

For turbulent flows, the fluid velocity can be divided into the mean velocity and the random fluc-

tuation velocity. To predict the effect of turbulent flow velocity fluctuations on the particle move-

ment, the random walk model (RWM) is used. The turbulent fluctuating velocity is modeled as

   u   '  = ς  √ 

___

   
2k

 __ 3      (14)

where k is the calculated turbulence kinetic energy and ζ is a Gaussian distributed random 
number.

A reflecting boundary condition is adopted to consider the interactions between the abrasive 
particles and the wall boundaries. The particles reach the wall and change directions after 
the collisions. Two famous parameters, namely, the normal restitution coefficient en and the 
tangential coefficient eτ, are defined as follows:

   
 e  
n
   =   

 v  
p2

  
 ___  v  

p1
    
  

 e  τ   =   
 u  
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where v
p
 is the particle velocity normal to the wall and the corresponding subscript 1 and 2 

represent before and after the collision, respectively. Likely, the tangential coefficient accounts 
for the momentum changes in the direction tangential to the wall boundary. The restitution 
coefficients for both directions equal to unity indicate a fully elastic collision which means 
that there is no energy loss during the collision.

2.3. Computational model and numerical setup

A typical geometry of the three-dimensional AWJ nozzle is illustrated in Figure 3. The high-
pressure water tube diameter is 4 mm, the orifice diameter is 0.4 mm, the mixing chamber 
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diameter is 5 mm, and the abrasive particle inlet tube diameter is 3 mm. The focus tube has 
a diameter of 1 mm with the length of 60 mm. Two AWJ nozzles with different abrasive inlet 
tube angles are modeled in the present study as illustrated in Figure 4. Model 1 represents the 
AWJ nozzle with the abrasive inlet tube angle of 45°, and model 2 stands for the AWJ nozzle 
with the abrasive inlet tube angle of 60°. The computational domains of the two models are 
meshed as shown in Figures 5 and 6. In order to ensure the accurate tracking of VOF surface, a 
mesh refinement is conducted around the orifice and the water-air interface regions. Both tet-
rahedral and hexahedral meshes are generated inside the computational domains, and high-
density mesh regions are located where large gradients are expected. The grid independence 
analysis for both the two models indicate that the results predicted with the meshes with 
about 900,000 nodes will not change with further refinement of mesh resolution. The meshes 
used in the subsequent simulations are given in Figures 5 and 6.

The pressure inlet boundary condition with a given pressure of 300 MPa is specified at the 
water inlet, while atmospheric pressure is fixed at the air inlet boundary. At the free jet 
domain boundary region, the outlet boundary condition is applied with a pressure fixed at 

Figure 4. AWJ nozzles with different abrasive inlet tube angles.

Figure 3. Geometry of the AWJ nozzle for the 3D simulation.
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the atmospheric pressure. The no-slip wall boundary condition is specified at the walls. The 
abrasive particles are injected into the computational domains with uniform velocity with a 
given mass flow rate of 5 g/s. And, the density of abrasive particle is 2600 kg/m3. The interac-
tions between the wall and particles are modeled by specifying the restitution coefficients. 
The abovementioned steady-state governing equations for air and water phases are finally 
discretized in space domain using the finite volume method (FVM) with SIMPLE algorithm. 
The QUICK scheme is used to approximate the phase volume fraction. The second-order 
accurate central differential scheme is adopted to discretize the diffusion terms. And, the sec-
ond-order accurate upwind scheme is implemented to discretize the other convective terms. 
The convergence criterions for all the cases are specified as that the residuals for each equation 
drop below 10−4. Once the steady-state simulations of continuous phases are completed, the 
abrasive particles are released, and the particle trajectories are correspondingly predicted. All 
the simulations are performed with commercial software Ansys Fluent 15.0.

3. Results and discussion

3.1. Flow field inside AWJ nozzle

Figure 7 shows the predicted flow patterns inside the two AWJ nozzles at the same operating 
pressure of 300 MPa. The typical free jet structures are captured by the present model in the 

Figure 5. Computational mesh used in the simulations (model 1).

Figure 6. Computational mesh used in the simulations (model 2).
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mixing chamber. It can be seen that the high-pressure water ejected from the orifice produces 
a high-speed water jet. The predicted potential core region has the maximum velocity, and 
the axial velocity begins to decay significantly further downstream. Due to the high-speed 
region in the chamber, a comparatively low-pressure region is generated, and thus the air 
is entrained into the nozzle by the water jet entraining effect. The predicted area-weighted 
average velocity at the air inlet is about 37 m/s. It is noted that the comparatively low-velocity 
region in the velocity is slightly asymmetric, which is mainly caused by the presence of the 
particle inlet tube. The velocity distributions in the axial lines of the two types of nozzles are 
shown in Figure 8. There is a small gap between the velocity profiles in the mixing chamber. 
However, the two lines are almost collapsed together in the focus tubes. Generally, the impact 
of abrasive inlet tube angle on the fluid flow is not significant.

Figure 7. Velocity contour inside (a) model 1 and (b) model 2 AWJ nozzles.

Figure 8. Velocity distributions in the axial lines of the two nozzles.
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3.2. Independence analysis of particle number

As the abrasive particle concentrations on the volume fraction basis are less than 1% in the 
present simulations, the one-way coupling method is utilized to predict the particle trajecto-
ries, and the effects of particle movements on the continuous phases are not considered. Thus, 
the integration of particle paths is a post-process, which is performed after the fluid field is 
obtained. Since the effect of turbulent velocity on the particle paths has been accounted, the 
independence analysis of particle number should be conducted in order to obtain statistically 
representative results.

Four different particle numbers are sampled at about 60 different cross sections along the 
focus tube, and the results are shown in Figure 9. It should be noted that the particles are 
assumed to be spherical, and the energy loss due to particle-wall interactions is also neglected. 
As illustrated in Figure 9, the sampled particle velocities tend to collapse together with the 
increasing of sampled particle numbers. It is noted that when the sampled particle number 
is greater than 10,500, the resulted velocities do not change with further increase of sampled 
particles. Thus, the tracked particle number is maintained at about 10,500 in the subsequent 
calculations.

3.3. Effect of particle initial velocity

The particle initial velocities at the abrasive particle inlet tube are hard to determine experi-
mentally, and thus in the abovementioned simulations, the initial velocity is set as zero 
uniformly, and the particles are accelerated by the entrained air phase. In order to ensure 
that the boundary condition for the inlet abrasive particle is reasonable, the effects of par-
ticle initial velocities on the final predicted velocities need to be further investigated. Two 

Figure 9. Velocity distribution with different particle sampling numbers (model 1).
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different particle initial velocities for the two nozzles are discussed, and the sampled results 
are given in Figure 10. As it can be seen, the predicted velocities under the two different 
particle initial velocities coincide with each other for each model. Thus, it is confirmed that 
the simulated results are insensitive to the particle initial velocities within the discussed 
range of 0–2 m/s.

The results also indicate that the general particle accelerations for both the two AWJ nozzle 
models are similar. In the convergence section of the focus tubes, the particle velocities are 
increased linearly with the increase of the axial distance, and the velocity rises sharply from a 
low-level value to a high-level value. In the initial straight part of the focus tubes, the accelera-
tions of abrasive particles are gradually weakened, and the overall velocities are approaching 
a constant value which is always smaller than the corresponding water speed. As the particles 
move further downstream in the focus tube, the velocity differences between the water and 
the particle are further reduced, which means that the particles are continuously accelerated 
by the high-speed jet flow. As shown in Figure 10, the velocity profiles of model 1 and model 
2 have a gap in the initial section of the focus tube. The particle acceleration of model 2 is 
faster than that of model 1, which indicates that a larger abrasive particle inlet tube angle can 
enhance the particle accelerations.

3.4. Effect of shape factor

The shape factor in the drag coefficient model is introduced to account for the effects of par-
ticle shape on the drag force predictions. Two different shape factors are defined for both the 
two nozzle models to investigate the shape factor value on the calculated particle velocities. 
As given in Figure 11, the particle velocities under with the two different shape factors show 
obvious differences for both model 1 and model 2. At the convergence part of the focus tube, 
the corresponding two velocity curves for each nozzle model collapse together. However, at 

Figure 10. Velocity distributions with different particle initial velocities.
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the straight part between 0.0 and 0.04 m, the curves begin to separate, and the velocity with 
smaller shape factor is comparatively larger. It can be explained by the fact that the drag forces 
acting on the abrasive particles are larger at a smaller shape factor and thus the particles are 
accelerated much more quickly. At the following part, the curves again come together indicat-
ing that the particle velocities under the selected shaper factors are the same at the focus tube 
outlet. Thus, the results further reveal that the length of focus tube has an impact on the final 
particle velocities and a properly designed focus tube should be introduced to ensure that the 
abrasive particles are fully accelerated.

Figure 11. Velocity distributions with different shape factors.

Figure 12. Velocity distributions with different restitution coefficients.
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3.5. Effect of particle-wall restitution coefficient

The effects of restitution model accounting for the particle-wall interactions on the predicted 
velocities are studied to obtain an accurate prediction on the particle paths. When the restitu-

tion coefficients at normal and tangential directions are both set as unity, the particle energy 
loss upon collision is neglected. In real cases, the rebound velocity is lower than the incident 
velocity. In this work, two kinds of restitution coefficients for both the two AWJ nozzle models 
are adopted, and the predicted results are shown in Figure 12. With the decreased restitution 
coefficients, the sampled particle velocities at the straight section of the focus tube are lower 
for both the two models, which indicate that a proper rebound model should be introduced 
in order to consider the real behaviors of particle-wall interactions.

4. Conclusions

The multiphase flows inside the two AWJ nozzle models with different abrasive inlet tube 
angles at the same operating pressure are simulated using the standard k-ε turbulence model 
coupled with the VOF multiphase model based on the Euler-Lagrangian approach. The 
results indicate that sufficient particles should be sampled in order to obtain a statistically 
representative result. At the studied velocity range, the particle initial velocities for the two 
AWJ nozzles do not influence the predicted results. Further analysis shows that for both the 
two nozzles smaller particle shape factors enhance the process of particle accelerations and a 
proper length of the focus tube can guarantee that the particles will be fully accelerated. The 
restitution coefficients may have a significant influence on the particle paths as well as the 
predicted particle velocities. And, a proper rebound model should be introduced in order to 
capture the real particle behaviors in the AWJ nozzle. The abrasive inlet tube angle has little 
impact on the water-phase flows, while a larger abrasive inlet tube angle can enhance the 
particle accelerations.
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