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Abstract  Abrasive water jet (AWJ) technology, predicated on the high-velocity mixing of air, water, and abrasive particles, is a critical technique for precision 
material removal. This study presents a comprehensive investigation into AWJ erosion mechanisms by integrating experimental observations with advanced 
Computational fluid dynamics (CFD) simulations. The inherent complexity of the three-phase erosion field, particularly regarding the evolution of stagnation 
zones at increased erosion depths, presents significant challenges for direct experimental observation. To overcome these limitations, an initial erosion channel 
profile obtained under controlled experimental conditions was employed as a boundary condition in CFD simulations to model the trajectory of abrasive particles 
accurately. The simulations facilitate the prediction of successive erosion channel profiles by elucidating the influence of stagnation zones on abrasive particle 
refraction during both normal and inclined multi-step erosion processes. Comparative analysis between the CFD results and experimental data confirms that 
stagnation zones play a pivotal role in modulating AWJ erosion energy. This work not only refines the predictive modeling of AWJ-induced erosion but also 
deepens the fundamental understanding of the erosion process through detailed examination of stagnation zone dynamics.
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Highlights
	▪ Experimental profiles as CFD BCs accurately predict channel evolution.
	▪ Stagnation zones critically modulate particle trajectories and erosion energy.
	▪ Particle dynamics in normal and inclined multi-step erosion are analyzed.
	▪ Euler-Lagrange method quantifies secondary erosion and kinetic energy utilization.

1  INTRODUCTION

Within the broader scope of mechanical engineering, the pursuit 
of high-precision, defect-free, and sustainable material removal 
solutions remain a paramount objective for the fabrication of critical 
components. In this context, abrasive water jet (AWJ) machining has 
emerged as a critical research domain in advanced manufacturing 
technologies, distinguished by its thermally insensitive material 
removal mechanism, multi-material processing capability, and 
enhanced process flexibility [1-5]. It is frequently used to process 
difficult-to-machine materials such as glass [6,7], cemented carbide [8-
10], composites [11-14], ceramics [15,16]. This non-thermal machining 
technique employs a 300 MPa to 400 MPa ultra-high pressure water-
jet laden with micron-scale abrasive particles, which are accelerated 
through an optimized focusing nozzle to generate coherent high-
velocity abrasive-waterjet streams. The material removal mechanism 
primarily relies on localized mechanical erosion process induced by 
the high-momentum impact of abrasive particles, achieving precise 
material removal while preserving substrate microstructure integrity. 
For the mechanical engineering community, preserving surface 
integrity without inducing thermal distortion directly translates to 
improved fatigue life and the enhanced reliability of mechanical 
systems. Particularly in aerospace component fabrication, AWJ 
technology demonstrates unique advantages in processing complex 
geometries in advanced aerospace systems, offering superior surface 
integrity and dimensional accuracy compared to conventional 
thermal-based machining methods [16-20].

Despite these inherent advantages, empirical optimization of 
AWJ’s complex process parameters remains challenging and costly. 
Consequently, researchers have increasingly utilized finite element 
analysis (FEA) to elucidate material removal mechanisms and 
refine machining parameters. Early simulation models investigated 
the effects of particle shape, velocity, and impact angle on material 
removal, utilizing erosion pit roundness to evaluate simulation 
accuracy [21]. Subsequent studies further enhanced model stability 
and physical realism by optimizing dynamic impact intervals and 
incorporating particle rotation [22]. Building on these foundations, 
Anwar et al. [23] employed the Johnson-Cook material formulation 
to simulate single and overlapping particle impacts on Ti6Al4V 
during controllable depth milling. Their model successfully 
captured complex phenomena, including plastic deformation, 
particle fragmentation, material pile-up, and residual stress. 
While the predicted pit depths and indentation widths closely 
matched experimental data (with errors under 5 % at high erosion 
angles), prediction accuracy decreased at shallower impact angles, 
consistent with earlier findings [21]. Collectively, these numerical 
studies establish a critical framework for setting parameters in AWJ 
simulation modeling.

Regarding the study of single-impact abrasive particles, Anwar et 
al. [23] developed a 3D finite element model for AWJ overlapping 
path milling, taking into account the abrasive particle size distribution 
and edge sharpness. By varying parameters such as water pressure, 
step size, and path count, they predicted erosion profiles and material 
removal rates. The model achieved erosion depth errors below 15 
% and removal rate errors below 8 %, providing valuable insights 
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for optimizing abrasive particle distribution in contour-controlled 
milling. Kevorkijan et al. [24] numerically investigated particle-
induced erosion in a cavitating flow within a Pelton turbine using 
CFD coupled with Lagrangian particle tracking and the Finnie 
erosion model, providing insights into erosion mechanisms in high-
velocity particle-laden flows relevant to abrasive waterjet machining. 
Torrubia et al. [25] combined finite element analysis and Monte 
Carlo optimization to develop a more accurate simulation model for 
abrasive particle behavior in AWJ erosion. These models can predict 
both the average machining channel profile and surface fluctuations 
while considering correlations among random parameters such as 
particle sharpness, size, and incident angle, thereby helping to explain 
unexpected machining deviations.

Liu et al. [26] established an AWJ CFD erosion field model to 
simulate dynamic characteristics under steady-state, turbulent, 
two-phase, and three-phase conditions. They tracked the energy 
distribution of high-pressure water and abrasive particles, finding 
that particles of different sizes showed varying energy attenuation, 
though the overall attenuation trend was consistent. Long et al. [27] 
used the Euler-Lagrangian method to simulate the erosion field flow 
within the focusing tube, tracking abrasive particle trajectories with a 
discrete particle model. They found that gas entrainment at the tube 
entrance increases tangential velocity, raising particle-wall collision 
likelihood. Additionally, extending the tube length and reducing the 
particle shape factor effectively reduced axial particle velocity and 
improved acceleration. Feng et al. [28] proposed a coupled method 
using FEA and smoothed particle hydrodynamics (SPH) to simulate 
the process of water jet erosion on both rigid and plastic materials. 
This method describes the influence of jet deformation and pressure 
propagation at different erosion velocities on the erosion depth and 
pit aperture. It provides valuable insights for understanding the 
cutting mechanism and optimizing process parameters. Despite these 
significant advancements in CFD-based AWJ modeling, most existing 
studies have primarily focused on macroscopic erosion profiles, 
nozzle wear, or general energy distribution. The localized micro-
hydrodynamic behavior within the machining zone, particularly 
the dynamic evolution of the stagnation zone and its subsequent 
interference with particle trajectories, remain insufficiently quantified 
in numerical models. 

During the multi-step erosion process, the deepening of the 
erosion channel, along with changes in particle motion and stagnation 
zone size, significantly influence particle trajectories and the overall 
material removal performance of the AWJ. Despite the importance 

of these phenomena in industrial mechanical applications, 
comprehensive numerical quantification of the stagnation zone’s 
dynamic characteristics remains limited in current literature. Building 
upon the foundational findings of our previous work [29,30], the 
primary contribution of this study is to systematically calibrate and 
quantify the stagnation zone characteristics using an advanced CFD 
framework. Rather than solely relying on experimental observation, 
this research provides an in-depth numerical examination of how 
the stagnation zone specifically dictates abrasive particle deflection 
during both normal and inclined multi-step erosion processes. By 
comparing simulation results with experimental data, the study 
validates the influence of stagnation zones on effective kinetic 
energy utilization and profile evolution. Finally, the paper proposes 
strategies to minimize stagnation zone size and optimize the material 
removal capacity, offering valuable guidance for optimizing practical 
manufacturing processes and contributing to the broader field of 
advanced mechanical machining.

2  METHODS

2.1  Simplified Simulation Model

AWJ erosion primarily results from the high-energy jet stream 
generated by the interaction of air, water, and abrasive particles 
with the workpiece, as depicted in Fig. 1a. For model simplification 
and improved computational performance, during perpendicular 
impingement scenarios, a quarter-section of the jet stream field is 
considered, focusing on the waterjet state after the focusing tube 
exit due to its structural symmetry. Conversely, to ensure physical 
and mathematical validity during inclined impingement simulations, 
where the dual-symmetry of the flow field is inherently broken, the 
computational domain is explicitly expanded to a 1/2 symmetric 
domain. This expansion is strictly required to accurately capture the 
asymmetric flow deflection and cross-flow dynamics induced by 
the impact angle. The initial boundary conditions are illustrated in 
Fig. 1b. To accurately capture the dynamic behavior of the erosive 
waterjet at the workpiece surface, local mesh refinement is applied in 
the region of interaction between the erosion field and the workpiece. 
The flow field, abrasive particle trajectories, stagnation zone, and 
other key features of the high-energy jet stream are modeled and 
captured using ANSYS Fluent 15.0 (ANSYS Inc., Cecil Township, 
USA). The κ–ω shear stress transport (SST) turbulence model is 

Fig. 1.  High-energy jet formation principle with the simplified CFD simulation domains; a) AWJ erosion system diagram, and b) Initial boundary conditions for simplified CFD simulation domain
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employed due to its superior robustness in near-wall regions and 
reduced sensitivity to free-stream conditions, providing improved 
convergence compared to the standard κ–ε model. To fully utilize the 
capability of the κ-ω SST model in resolving the viscous sublayer, 
the boundary layer mesh at the workpiece surface was locally refined 
(as illustrated in Fig. 1b). Consequently, the dimensionless wall 
distance y+ of the first grid layer in the impingement zone is strictly 
controlled. The simulation results indicate a maximum y+ value of 
2.6 and an average y+ value of approximately 1.1 at the target surface.

2.2  Mesh Sensitivity Analysis

Mesh quality is critical to simulation accuracy and computational 
success. While larger mesh sizes can reduce computation time and 
accelerate convergence, they may compromise result accuracy by 
distorting parameter variations. Conversely, smaller mesh sizes 
improve accuracy but increase computational time and risk simulation 
interruptions. Therefore, selecting an optimal mesh size requires a 
mesh sensitivity analysis to balance accuracy and computational cost.

In this simulation, evaluation was conducted on mesh size of 
0.002 mm, 0.005mm, 0.010 mm, 0.025 mm, and 0.05 mm. To ensure 
a rigorous evaluation, the radial cross-sectional velocity profile at 
the focusing tube outlet (Fig. 2a), the downstream velocity profile 
located 15 mm from the outlet (Fig. 2b), the turbulent kinetic 
energy distribution (Fig. 2c), and the total simulation time (Fig. 2d)) 
were collectively compared. To quantify the accuracy, the average 
error of the flow velocity profile was defined as the mean absolute 
percentage difference between the simulated velocity data points and 
the theoretical velocity distribution derived from reference across the 
radial cross-section [29]. The results indicated that as the mesh size 
varied from 0.002 mm to 0.050 mm, the average errors in the velocity 

profile at the high-pressure water outlet were 1.73 %, 1.74 %, 2.46 
%, 3.45 %, and 5.69 %, respectively. With decreasing mesh size, the 
profile error gradually reduced.

Furthermore, fully developed pipe flows may exhibit diminished 
sensitivity to grid resolution. To address this, the flow behavior in 
the highly sensitive downstream domain was evaluated, as depicted 
in Fig. 2b. While coarser mesh suffers from severe numerical 
dissipation and fail to maintain the steep gradients of the high-speed 
water-jet core, the 0.005 mm mesh successfully captures the sharp 
jet interface. Since second-order turbulent quantities are extremely 
sensitive to grid resolution, the turbulent kinetic energy distribution 
was plotted (Fig. 2c). Coarse mesh completely fails to capture the 
sharp near-wall turbulent kinetic energy peaks generated by intense 
shear, whereas the 0.005 mm mesh perfectly resolves these extreme 
gradients, achieving nearly identical results to the finest 0.002 mm 
mesh. As illustrated in Fig. 2d, reducing the mesh size from 0.005 
mm to 0.002 mm resulted in a 23 % increase in simulation time, with 
limited improvement in profile accuracy. Therefore, a mesh size of 
0.005 mm was determined to sufficiently meet the sensitivity analysis 
requirements without significantly affecting simulation accuracy.

2.3  Discrete Element Particle Simulation Calculation Method

AWJ simulation entails considerable computational complexity, 
mainly due to the difficulty in accurately capturing abrasive particle 
motion within the jet and their interaction with the workpiece surface. 
The key challenges include:
1.	 Grid resolution and particle tracking: Particle trajectory accuracy 

is highly sensitive to grid size. Larger grids reduce computation 
time but risk trajectory loss, while smaller grids improve accuracy 
at the cost of significantly increased computation time and 
convergence difficulty. 

Fig. 2.  Mesh sensitivity analysis evaluating the effects of mesh size on a) and b) water flow velocity, c) turbulent kinetic energy, and d) computational time demand
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2.	 Phase coupling: Abrasive particle kinetic energy is derived 
from the high-pressure waterjet, requiring careful optimization 
of parameters governing the interaction between the discrete 
(abrasive) and continuous (water) phases. Poor parameter choices 
can lead to large errors in predicting particle motion and impact 
behavior.

3.	 Computational parameter sensitivity: Factors such as relaxation 
coefficients, particle shape, volume fraction distribution, and 
time step resolution greatly affect simulation accuracy. Proper 
calibration of these parameters is essential for reliable erosion 
modeling and efficient convergence.
To accurately resolve particle trajectories, the discrete phase 

model (DPM) is employed. Based on a Lagrangian framework, DPM 
tracks individual dispersed particles, while the continuous phase-
comprising water and air-is modeled using an Eulerian approach. 
Interaction between the two phases is governed by momentum, 
energy, and mass conservation equations. This coupling ensures a 
comprehensive representation of particle motion, energy transfer, and 
erosion behavior. 

For discrete-phase particles in an erosive jet, particle velocity and 
trajectory are inevitably influenced by the surrounding fluid. Based 
on Newton’s second law, the forces exerted on particles within the 
flow field can be systematically analyzed to determine their motion. 
Through this force analysis, the governing equation for the discrete-
phase motion can be formulated as follows [31]:

m du
dt
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where da is the diameter of the particle, Resp is the relative Reynolds 
number based on the particle size, and the drag coefficient CD depends 
on the shape of the particle, which can be divided into spherical and 
non-spherical particles. For spherical particles:
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where a1 and a2 are constants for spherical particles within the 
range of particle Reynolds number, and relevant data can be found 
in reference [33]. The values of b1 to b4 are calculated using the 
following formulas:
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2
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2 3
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b S S Sa a a4

2 3
1 4681 12 2584 20 7322 15 8855� � � �� �exp . . . . , 	 (8)

where Sa is the particle’s sphericity. It is acknowledged that localized 
erosion mechanisms are profoundly dictated by the precise micro-
impact angle and spatial orientation of the abrasive grains. For reliable 
micromechanical analysis, modeling particles as super ellipsoids 
[34] or precise non-sphericals [35], while analytically resolving their 
hydrodynamic torque and orientation, is currently regarded as the 
most rigorous approach. However, dynamically resolving the motion 
of millions of non-spherical particles in flow simulations entails 
extremely high computational costs. Therefore, within the present 
computational framework, the sphericity factor is strictly adopted as 
an efficient statistical approximation. Although it does not resolve 
the rotational torque of individual particles, it effectively corrects 
macroscopic drag variations and accurately predicts the overall 
trajectory distribution of the particle swarm.

Building on the analysis of particle motion in the erosive jet, the 
next step involves applying the Euler-Lagrange method to accurately 
track abrasive particle trajectories. This will enable a detailed 
investigation of their impact behavior on the eroded workpiece, 
including the characterization of the critical “secondary impact” 
phenomenon in the erosion process. 

Particle trajectories are tracked using a transient, multiphase, 
one-way coupled Euler-Lagrange model. The abrasive particles 
are injected at the inlet of the high-energy jet, with the flow rate 
limited to below 5 g/min and a shape factor of 0.76 [23] to minimize 
collision and fragmentation effects. Abrasive material adopted in 
the experiment is #80 garnet (with a density of 4.2 g/cm³), which 
exhibited a non-uniform size distribution. To simulate multiphase 
flow using DPM, specific particle size ranges must be defined. In 
the proposed model, the Rosin-Rammler distribution was adopted 
to describe the probability distribution of the particle size. Initially, 
the particles were graded using a series of standard sieves, yielding 
the mass fractions shown in Fig. 3a. As indicated in Fig. 3b, the 
particle size probability density function could not be approximated 
as a Gaussian distribution. Therefore, the inverse transform sampling 

Fig. 3.  a) Particle size distribution characteristics, and b) probability functions of Garnet #80 abrasives
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method was employed to generate pseudo-random numbers 
conforming to the actual probability distribution. To achieve this, the 
cumulative distribution function (CDF) was derived from the data in 
Fig. 3a. Furthermore, the cumulative mass fractions for various size 
ranges were determined as shown in Fig. 3b, providing the necessary 
prerequisites for determining the Rosin-Rammler parameters in the 
DPM model.

The Rosin–Rammler distribution describes the division of the 
entire particle size range into several discrete size groups, where 
each group is represented by a single particle stream in the group jet 
source. It assumes that an exponential relationship exists between the 
particle diameter pa and the cumulative mass fraction Ya of particles:

Y ea
p pa

n

� �( / )
, 	 (9)

where p  (approximately 115 μm) is the mean diameter; n 
(approximately 3.1) is the spread parameter, which is an essential 
physical quantity in the DPM model.

Analysis of simulated particle trajectories (Fig. 6), using a Rosin-
Rammler distribution for varying particle sizes, reveals several key 
findings. In this DPM simulation, the particle-wall interactions are 
modeled by the normal (en) and tangential (et) restitution coefficients. 
To accurately reflect the momentum loss during the primary impact, 
en and et are defined as polynomial functions of the impact angle α 
[º], governed by these parameters [36]:
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3  RESULTS AND DISCUSSION

3.1  Flow Characteristics of the Stagnation Zone

The stagnation zone, an intrinsic characteristic of the erosive jet, 
naturally forms as the high-energy flow field interacts with the 
target material. By modifying the local hydrodynamics, this high-
pressure zone intrinsically decelerates the jet, deflects the fluid 
flow, and consequently alters the actual trajectories and final impact 
angles of the entrained abrasive particles [37-39]. Furthermore, the 
dynamic behavior within this stagnation zone is widely recognized 
as the primary source of the regular ripple patterns that appear on 
the machined surface. When machining deep and narrow profiles, 
the restricted exhaust of fluids and particles significantly amplifies 
the effect of the stagnation zone. Consequently, it is essential to 

thoroughly investigate this hydrodynamic influence on the jet-eroded 
workpiece.

The formation process of the stagnation zone can be briefly 
described as follows: upon the initial impact of the erosive jet 
against the workpiece, the stagnation zone begins to form [30]. As 
the flow field fully develops, the stagnation zone rapidly attains a 
stable, axisymmetric state. During this continuous stable phase, the 
stagnation zone governs the fluid deflection and particle trajectories, 
acting as the primary driver for macroscopic material removal and 
initial profile formation. This steady interaction persists continuously 
as long as the jet maintains a stable impingement on the unpenetrated 
target material.

Fig. 4a depicts the steady state of the stagnation zone, where 
simulation results confirm that the dynamic pressure approaches 
zero. This phenomenon occurs because the stagnation process 
converts kinetic energy into static pressure. Consequently, the region 
of lowest dynamic pressure corresponds to the highest static pressure. 
To quantify the zone’s geometry, the stagnation zone projection area 
(As) is defined by the width of the uniform velocity interval on the 
jet cross-section at a distance of 8.5 mm, as shown in Fig. 4b. At 
a distance of 8.0 mm, the jet remains within the free-flight regime, 
exhibiting a Gaussian velocity profile unaffected by the stagnation 
zone [40-42]. However, at 8.5 mm, the erosive waterjet enters the 
stagnation zone, where the centerline velocity initially plateaus. As 
the jet progresses toward the workpiece, the retarding influence of the 
stagnation zone intensifies, causing the centerline velocity to decay 
until it reaches zero at the surface, resulting in lateral deflection. 
Therefore, to explicitly define this physical boundary from the CFD 
results, the stagnation zone thickness (hs) is quantitatively defined as 
the vertical distance from the workpiece surface to the exact axial 
location where the radial velocity profile plateaus and the centerline 
deceleration originates (i.e., stand-off distance, SOD = 8.5 mm). With 
both the thickness and area quantitatively defined, the subsequent 
analysis focuses on how key machining parameters influence these 
dimensions to elucidate the dynamic behavior of the stagnation zone.

3.2  Dimensional Characterization of the Stagnation Zone

In Section 3.1, the fundamental characteristics of the stagnation zone 
were analyzed. Building upon these findings, this section employs 
CFD simulation techniques to calibrate its dimensions by integrating 
the previously defined thickness and area. The selected experimental 
parameters include water pressure (P), stand-off distance (SOD), 

Fig. 4.  Stagnation zone characteristics with the conditions are: P = 250 MPa, ma0 = 5 g/min, θ = 90°;  
a) structure of the erosive waterjet stagnation zone, and b) influence on the erosive waterjet velocity
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erosion angle (θ), and abrasive flow rate ( ma0). The chosen parameter 
settings are detailed in Table 1.

Table 1.  Machining variables selected for stagnation zone dimensional marking

No. P [MPa] SOD [mm] θ [°]
ma0  [g/min]

1 200 250 300 10 90 5
2 250 5 10 15 90 5
3 250 10 60 75 90 5
4 250 10 90 2 5 8

CFD simulation results under varying machining parameters 
reveal distinct variations in the thickness and area of the stagnation 
zone, as depicted in Fig. 4a. During normal impingement conditions, 
the projected area of the stagnation zone approximates a circular 
shape, whereas during inclined impingement, the projected area of 
the stagnation zone approximates an elliptical shape. Fig. 5a presents 
an analysis of stagnation zone characteristics under different water 
pressures. The findings indicate that increasing the water pressure 
does not significantly impact the stagnation zone’s thickness and 
area, suggesting that the dimensions of the stagnation zone are not 
influenced by changes in water pressure. This observation implies 
that the size of the stagnation zone does not strictly correlate with the 
intensity of the erosion field. In other words, the stagnation zone’s 
dimensions do not reflect the material removal capability of the AWJ.

As the stand-off distance increases (Fig. 5b), the thickness of 
the stagnation zone correspondingly grows, accompanied by an 
expansion in its overall area, this suggests a synchronized variation 
between the stagnation zone’s thickness and area with changes in 
stand-off distance. A similar trend is observed when altering the 
erosion angle, as shown in Fig. 5c. Simulation results indicate that 
as the waterjet’s erosion angle increases, both the thickness and area 

of the stagnation zone exhibit a decreasing trend. Conversely, when 
the erosion angle decreases, the inclined impingement effect of the 
waterjet effectively increases the equivalent target distance, leading 
to a variation trend analogous to that observed with increasing 
stand-off distance. Hence, its variation trend is similar to that of the 
stand-off distance. It’s important to note that despite the similar size 
variation trend in Fig. 5b and Fig. 5c, their erosion capabilities differ 
significantly, as discussed in reference [33]. A comparative analysis 
of the abrasive flow rate’s influence on stagnation zone dimensions, 
as illustrated in Fig. 5d, reveals no statistically significant correlation 
when contrasted with Fig. 5a. The formation of the stagnation 
zone can be attributed predominantly to hydraulic pressure effects. 
Abrasive flow rate does not directly influence the dimensions of the 
stagnation zone; ˝rather, the stagnation zone affects the erosion angle 
of abrasive particles [29].

In comparison to inclined impingement, during normal 
impingement, the probability of abrasive particles being deflected 
due to the stagnation zone increases. This means that some abrasive 
particles are refracted away, resulting in a reduction in the effective 
number of abrasive particles acting on the workpiece and thereby 
lowering the material removal rate. In contrast, under optimal 
inclined impingement conditions, the probability of abrasive particle 
deflection is minimized, allowing a greater proportion of kinetic 
energy to be effectively transferred to the workpiece. As a result, 
inclined impingement enhances material removal rate by improving 
the energy utilization of abrasive particles.

3.3  Trajectory Analysis of Abrasive Particles

Accurately capturing abrasive particle motion in high-energy erosive 
jets is crucial, as it reveals particle velocity and trajectory while 
enabling precise prediction of erosion locations and intensities. 

Fig. 5.  The stagnation zone size marking results with different; a) water pressure, b) stand-off distance, c) erosion angle, and d) abrasive flow rate
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In AWJ machining of titanium alloys, abrasive particles are key to 
material removal. Tracking their impact positions using a DPM 
allows for effective evaluation of erosion channel formation and 
deeper insight into the underlying erosion mechanisms.

Driven by these precisely defined momentum transfer 
mechanisms in section 2.3, the distinct motion patterns of different-
sized particles can be clearly traced. It is observed that particle size 
is directly proportional to acquired energy, with larger particles 
rebounding higher post-erosion. While “secondary impact” abrasives 
originate from initial impacts within the particle stagnation zone, 
their probability of occurrence there is independent of particle size, 
allowing smaller particles to also exhibit this phenomenon. However, 
larger particles have a higher probability of entering the stagnation 
zone. This zone significantly influences internal particle motion, 
causing previously collided particles to deviate laterally, thereby 
reducing erosion energy, and deflecting smaller particles at the jet’s 
edge sideways upon exit, resulting in a broader erosion profile. 
Notably, most secondary impact locations (indicated by red points in 
Fig. 6a) are positioned outside the stagnation zone.

Further analysis of the particle trajectories and velocity tracking 
(Fig. 6a and b), indicates that abrasive particles experiencing 
“secondary impact” exhibit a drastic velocity reduction of at least 90% 
during their second impact compared to their initial strike. Within 
the central stagnation zone, some particles undergo severe collisions 
that reduce their velocities to near zero, indicating that their kinetic 
energy is predominantly absorbed by the workpiece for material 

removal. To quantify the spatial distribution of these energetic 
impacts, Fig. 6d presents the contour map of the particle mass flux 
density. It is evident that the vast majority of the impact flux is highly 
concentrated within the circular stagnation zone, which bears the 
brunt of the primary erosion. Conversely, as particles diverge from 
the outer edge of this stagnation zone due to the lateral jet action, the 
mass flux decreases significantly. However, these deflected particles 
still retain relatively high kinetic energy, which acts as the primary 
driver for the lateral widening of the erosion profile. Additionally, 
particles that have already deviated to both sides of the stagnation 
zone can occasionally experience a velocity increase, attributed to 
secondary momentum exchange with the high-speed lateral waterjet.

The distinct material removal mechanisms across these regions 
are further elucidated by the statistical distribution of particle impact 
angles, as shown in Fig. 6c. The histogram exhibits a highly left-
skewed distribution. The absolute dominant peak occurs between 
80° and 90°, labeled Waterjet core impact, confirming that the 
high-flux particles in the stagnation zone strike the surface almost 
perpendicularly, primarily inducing severe deformation wear. 
Meanwhile, a distinct shoulder distribution extending from 45° to 
75° perfectly captures the “secondary impact” and laterally deflected 
particles. These particles strike the periphery at shallower angles, 
shifting the local erosion mechanism towards cutting and plowing 
wear. 

To further understand the dynamics of these shallower-angle 
interactions, a detailed statistical analysis was performed on the 

Fig. 6.  Numerical simulation results of particle-wall interaction behaviors and erosion dynamics, with conditions of P = 100 MPa, ma0  = 5 g/min, SOD =5 mm;  
a) an erosion trajectory tracking for different particle size dimensions, b) abrasive erosion velocity tracking, c) distribution of particle impact angles, and d) particle impact flux density
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occurrence rate of secondary impact events among abrasive particles. 
The frequencies of these events were recorded for abrasive flow rates 
of 3 g/min, 5 g/min, and 7 g/min, with the corresponding results 
summarized in Table 2. The results indicate that as the abrasive flow 
rate increases, the proportion of particles experiencing secondary 
impact also increases, for instance, as the abrasive flow rate was 
increased from 3 g/min to 5 g/min, the rate of increase in the number 
of particles undergoing secondary impact rose from 10.5 % to 
14.8 %. Correspondingly, the growth rate of these sampled particle 
trajectories increased from 10.9 % to 15.1 %. A similar upward trend 
was observed with further increases in the abrasive flow rate. 

However, in practical applications, the actual proportion of 
particles undergoing secondary impact is generally lower than 
the simulated values. This discrepancy can be attributed to several 
factors not accounted for in the simulation: (1) Particle interactions: 
The model does not account for phenomena such as inter-particle 
collisions and fragmentation, which significantly influence particle 
trajectories and behavior. (2) Mass distribution: While the DPM 
considers particle size distribution, it fails to fully integrate the 
corresponding mass distribution. Consequently, the inherently higher 
probability of larger, more massive particles undergoing secondary 
impact is not accurately captured, leading to an overestimation. (3) 
Energy losses: The simulation neglects energy losses from material 
removal mechanisms, including cutting, plowing, and the embedding 
of particles into the workpiece surface. These energy-dissipating 
processes reduce the likelihood of secondary impact under real-world 
conditions. 

Therefore, it is necessary to recognize these limitations when 
interpreting the simulation results and evaluating their implications 
for practical applications. To ensure the statistical reliability of the 
erosion model, the macroscopic CFD simulation inherently tracked a 
large population of approximately 20,000 computational parcels. At 
this extensive population scale, both the macroscopic erosion profile 
and the momentum transfer reliably achieve a statistically stable 
convergence.

However, natively extracting and globally counting multi-bounce 
secondary impact trajectories across 20,000 overlapping particles is 
computationally unfeasible in standard post-processing and causes 
severe visual clutter. Therefore, the detailed trajectory tracking 
presented in Table 2 was derived using a dedicated sparse processing 
approach. A representative sparse subset of the escape trajectories 
was selectively extracted from the converged macroscopic simulation 
solely to visually trace and enumerate the secondary impact 
occurrences. Since the underlying continuous and discrete phases 

were completely solved using the fully converged particle population, 
the kinematic behavior of this sparse visual subset remains physically 
accurate. Consequently, employing this sparse trajectory sampling for 
the estimation of secondary impact proportions is a mathematically 
valid compromise, optimizing the visualization of micro-erosion 
mechanisms without compromising the integrity of the underlying 
large-scale flow statistics.

In conclusion, although discrepancies exist between the proportion 
of particles undergoing secondary impact as predicted by simulations 
and actual conditions, these simulations still provide significant 
insights into the micro-level dynamics of particle impacts on the 
workpiece. The observed trends offer a foundational understanding 
of particle behavior within the erosion process. Building on these 
insights, subsequent research will quantitatively examine particle 
interaction dynamics governing material removal in multi-step 
AWJ erosion through synergistic integration and simulation 
results, establishing a predictive framework for machining process 
optimization.

Table 2.  Sampled particle trajectories

ma0   
[g/min]

Number of tracked 
trajectories

Number of secondary 
impacts

Ratio [%]

2
19 2 10.5
55 6 10.9

5
27 4 14.8
86 13 15.1

8
63 10 15.9

105 17 16.2

3.4  Interaction Mechanisms on Normal Multi-Step Erosion Profile 
Evolution

Investigating the motion trajectories and impact mechanisms of 
abrasive particles during the multi-step erosion profile evolution 
process is critical for the development of accurate surface evolution 
models. To further explore the characteristics of the stagnation zone 
and the behavior of particle trajectories throughout this process, 
a comprehensive approach combining experimental techniques 
and CFD simulations will be employed. The specific processing 
parameters used in the study are detailed in Table 3, where the 
experimental parameters for normal erosion are designated as Group 
#1, and the parameters for inclined erosion are designated as Group 
#2. Starting with the analysis of normal erosion, boundary profiles 

Fig. 7.  a) The multi-step erosion channel depth, and b) orthogonalization depth under the experimental conditions of group # 1
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for erosion step numbers n = 1, 3, 5, 7, 11, 20, and 30 are extracted 
(Fig. 7a). Subsequently, orthogonalization of erosion width and depth 
will be performed to explore the profile evolution process (Fig. 7 b). 
Furthermore, to accurately investigate the influence of the stagnation 
zone on particle trajectories during the surface evolution process, the 
specific experimental erosion profiles obtained at steps n = 1, 3, 7, 
and 11 were digitized and directly imported into the CFD model as 
fixed solid wall boundaries. Rather than dynamically simulating the 
continuous material removal process, this approach utilizes the actual 
experimental geometries as the predefined computational domains. 
By simulating the flow field within these exact profiles, the internal 
hydrodynamic characteristics and specific particle-wall interactions 
at different erosion stages can be precisely isolated and evaluated. 
The CFD simulation results are depicted in Fig. 8.

From the multi-step erosion results shown in Fig. 7a, it can be 
observed that under normal erosion, the erosion depth increases 
nonlinearly with the progression of erosion steps, indicating a 
continuous decline in the incremental material removal depth per 
step. The corresponding CFD simulation results in Fig. 8 provide 
further insight into this phenomenon. Under normal erosion 
conditions, the width of the erosion profile exceeds the diameter of 
the jet, as the residual energy disperses laterally after the jet impinges 
on the surface. By orthogonalizing the profile width and depth for 
erosion steps n = 1 ~ 30 in Fig. 8a, Fig. 8b is obtained. Analyzing the 
orthogonalized profiles reveals that the jet normal erosion process 
can be divided into two stages: the first stage occurs at shallow 
erosion depths, such as n = 1 and n = 3, where the width and depth 
of the jet simultaneously increase. The second stage occurs as 
the erosion depth further increases, as seen in n = 5 ~ 30, where the 
profile depth continues to increase while the profile width ceases 
to grow. The deflected jet only leads to steeper sidewalls on both 
sides of the profile, as demonstrated in the orthogonalized profiles 
for n = 5 ~ 30 in Fig. 7b. The profiles from this stage exhibit a high 
degree of similarity within the margin of error, indicating a consistent 
morphological evolution pattern despite the further progression of the 
erosion process.

Table 3.  Machining parameters setting

0am   

[g/min]

P 
[MPa]

SOD 
[mm]

TS 
[mm/min]

n θ 
[°]

Group #1 8 150 5 500 1,3,5,7,11,20,30 90
Group #2 8 150 5 500 1,3,5,7,11,20,30 70

Further examination of the CFD simulation results presented in 
Fig. 8 reveals the critical influence of the stagnation zone during 
the multi-step erosion process. As the channel deepens, the physical 
size of the stagnation zone gradually enlarges. Observing the particle 
trajectories, it becomes apparent that with an increase in erosion 
depth, there is a notable rise in the number of particles experiencing 
severe deflection and rebound. This phenomenon, in turn, amplifies 
the likelihood of inter-particle collisions, particularly with particles 
that have already lost momentum from prior impacts, thereby 
severely attenuating the effective kinetic energy available for primary 
material removal. This trend is most pronounced in Fig. 8d, where 
the trajectory patterns clearly highlight that a significant proportion 
of the deflected and rebounding particles converge toward the central 
region of the waterjet. This hydrodynamic interference thoroughly 
elucidates the progressive decrease in the incremental erosion 
depth as the cavity deepens, Moreover, the increasingly pronounced 
influence of the enlarged stagnation zone leads to a marked rise in the 
number of particles involved in “secondary erosion.” This intensified 
occurrence of secondary impacts further contributes to the observed 
degradation of the material removal capability, particularly at deeper 
erosion stages.

3.5  Interaction Mechanisms on Inclined Multi-Step Erosion 
Profile Evolution

To explore the impact of inclined waterjet erosion on the surface 
evolution process, and how does it differ from normal erosion, the 
same experimental methodologies and simulation approaches were 
applied, with processing parameters from group #2 in Table 3 being 

Fig. 8.  Simulation results of the influence of normal multi-step erosion profile on particle trajectories; a) n = 1, b) n = 3, c) n = 7, and d) n = 11
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utilized for the inclined erosion scenario. Erosion boundary profiles 
were extracted for n = 1, 3, 5, 7, 11, 20, and 30, as shown in Fig. 9a. It 
was observed that, in contrast to normal erosion, the orthogonalized 
profiles obtained from inclined erosion nearly coincide, indicating 
the absence of distinct erosion stages typical of normal erosion. As 
the number of erosion steps increases, both the width and depth of 
the inclined erosion profiles show a continuous increase. Similar to 
normal erosion, the erosion depth in inclined erosion also follows a 
nonlinear growth with the number of erosion steps. By comparing the 
erosion depths for n = 1 in Figs. 8 and 9, it was noted that inclined 
erosion enhances the initial material removal capacity at initial 
stages. However, as the number of steps increases, the incremental 
erosion depth per step begins to decline. This reduction in material 
removal capability is attributed to the majority of abrasive particles 
being deflected away after the initial impact, thus diminishing the 

residual energy available for further material removal. It can be 
anticipated that, compared to normal erosion, inclined erosion results 
in a lower proportion of particles undergoing secondary erosion. 
This hypothesis will be further examined and validated through 
subsequent CFD simulations.

Similarly, extraction of the experimental profiles for n = 1, 3, 7, 
and 11 serves as the initial boundary conditions for the CFD numerical 
simulation of inclined waterjet erosion, yielding simulation results as 
depicted in Fig. 10. Regarding the dimensions of the stagnation zone, 
it can be observed that the variation in size with increasing erosion 
depth during inclined erosion is not significant. Specifically, the 
stagnation zone sizes for n = 1, 3, and 7 in Fig. 10a to c are nearly 
identical, indicating that the stagnation zone exerts a negligible 
influence on particle trajectories under inclined erosion conditions. 
In terms of particle erosion velocity, the simulation results indicate 

Fig. 9.  a) Erosion channel morphology, and b) orthogonal analysis results under Group #2 conditions

Fig. 10.  Simulation results of the influence of inclined multi-step erosion profile on particle trajectories; a) n = 1, b) n = 3, c) n = 7, and d) n = 11
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that the deflection velocity during inclined erosion is greater than that 
observed during normal erosion. This suggests that after an initial 
collision with the workpiece, particles are refracted along the sidewall 
with the high-pressure water, diverting the residual erosion energy 
away from the workpiece, thereby leading to a reduced capacity 
for further penetration. This effect becomes more pronounced as 
erosion depth increases, as illustrated in Fig. 10d. Furthermore, when 
examining the number of particles undergoing “secondary erosion,” 
it is apparent that the particle count is relatively lower during inclined 
erosion. Most particles interact with the workpiece only once before 
being refracted away. Although these refracted particles do not 
converge toward the center of the jet as significantly as in normal 
erosion, they still retain considerable kinetic energy. However, 
the effective utilization of their kinetic energy for deeper material 
removal throughout the multi-step erosion process is lower compared 
to normal erosion. This diminished cutting performance can be 
attributed to the refracted particles not being effectively directed 
towards the target surface for further material removal.

In summary, at low erosion step counts, inclined waterjet erosion 
exhibits superior material removal performance, as the refraction-
induced trajectory adjustment minimizes interparticle collisions, 
thereby conserving kinetic energy for sustained material removal. 
However, as the number of erosion steps increases, normal erosion 
becomes more significantly influenced by the stagnation zone. 
Despite the occurrence of a substantial amount of secondary erosion 
and the convergence of abrasive particles towards the center of 
the jet inhibiting subsequent erosion energy in normal erosion, the 
phenomenon of secondary erosion occurring on the profile walls 
also contributes to material removal. In inclined waterjet erosion, the 
impact of the stagnation zone is less significant; however, refracted 
particles contribute more to material removal, leading to partial 
energy dissipation and a decline in the incremental penetration 
depth per step. Simulation results indicate that selecting an optimal 
inclination angle can improve the single-pass material removal rate 
while preserving the integrity of unprocessed surface regions.

The selection of the inclination angle must account for the 
practical feasibility and safety of the machining process. For thicker 

Fig. 11.  Analysis of multi-step erosion channel profiles surface morphology results, with experimental parameters of P = 100 MPa, SOD = 5 mm, ma0 = 10 g/min, θ = 90°, TS = 500 mm/min, n = 5;  
a) extraction of erosion channel profile morphology, b) erosion morphology of region A, and c) erosion morphology of region B

Fig. 12.  Analysis of multi-step erosion channel profiles surface morphology results, with experimental parameters of P = 100 MPa, SOD = 5 mm, ma0 = 10 g/min, θ = 70°, TS = 500 mm/min, n = 5;  
a) extraction of erosion channel profile morphology, b) erosion morphology of region B, and c) erosion morphology of region A
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workpieces, normal erosion achieves higher overall kinetic energy 
utilization for continuous depth penetration. However, when surface 
integrity preservation is paramount and to mitigate damage from 
secondary particle erosion, auxiliary measures such as masking 
become necessary, inevitably increasing costs and clamping time.

3.6  Effect of Stagnation Zone on Machined Surface Roughness

To validate the simulation accuracy, the erosion channel was analyzed 
from a micro-morphological perspective. The cross-section of the 
erosion channel was divided into two distinct zones: the stagnation 
zone (Region A) and the lateral deflection zone (Region B), as 
illustrated in Fig. 11a. Given the symmetry of normal erosion, the 
analysis focuses on a single sidewall. Theoretically, material removal 
in ductile materials is governed by cutting and plowing mechanisms. 
In the stagnation zone (Region A), low fluid velocity causes particle 
accumulation and entrapment, which degrades surface quality, as 
shown in Fig. 11b. Conversely, in Region B, the high-velocity lateral 
deflection of the jet flushes residual particles outward. This scouring 
action produces a polishing effect that enhances surface smoothness 
and minimizes particle embedment (Fig. 11c). A comparison of these 
morphologies confirms that Region A exhibits pronounced erosion 
marks and significant particle embedment, whereas Region B is 
characterized by lower roughness and reduced embedment due to the 
smoothing effect of the lateral flow.

In inclined erosion, region B corresponds to the lower sidewall 
direction, as depicted in Fig. 12a. Simulation results in Fig. 12 indicate 
that particles deflect along the inclination direction. Due to the 
asymmetrically structured stagnation zone on the workpiece surface, 
residual particles in this scenario tend to follow the deflected waterjet 
and sidewall flow path. It can be inferred that particle embedment 
in Region A of inclined erosion is lower than in Region A of normal 
erosion, as confirmed by the comparison in Fig. 12b. Moreover, in 
inclined erosion, residual particles experience less confinement and 
can disperse more freely along the sidewall, enhancing the smoothing 
effect due to their residual energy, in Fig. 12c. In inclined erosion, the 
surface quality in Region B is notably improved, with a significant 
reduction in particle embedment. Due to the less constrained particle 
motion, inclined erosion yields lower surface roughness values 
compared to normal erosion, further enhancing surface finish.

3.7  Strategies for Minimizing Stagnation Zone Effects

The foregoing discussion highlights that the stagnation zone is an 
inherent characteristic of both normal and inclined waterjet erosion, 
exerting a critical influence on particle dynamics. In multi-step 
erosion processes, the stagnation zone substantially diminishes 
erosion energy, causing increased particle deflection. Thus, further 
investigation is required to suppress its effects and enhance erosion 
energy.

CFD simulations were employed to examine the stagnation zone 
and its effect on particle velocity at different erosion angles, as 
shown in Fig. 13. The results indicate that the increase in the erosion 
angle reduces the extent of stagnation zone leading to a reduction 
in the number of abrasive particles undergoing secondary impact. 
For instance, at an erosion angle θ = 45° (as shown in Fig. 13d), 
negligible secondary impact occurs under identical initial conditions. 
CFD simulation results demonstrate that the stagnation zone can be 
effectively suppressed by adjusting the erosion angle. However, the 
smallest stagnation zone does not necessarily correspond to optimal 
kinetic energy. As observed from the particle velocity simulations 
during normal impact (shown in Fig. 13a), the deflected waterjet 
particles exhibit lower velocities, indicating that most of the particle 
energy is directed toward material removal on the workpiece. During 
inclined impact at θ = 75°, the deflected waterjet particle velocity 
remains relatively low, and with a smaller stagnation zone compared 
to normal erosion, more material is effectively removed. When the 
erosion angle increases further, as in θ = 60° and θ = 45°, the particle 
velocity increases significantly, signaling a reduction in the erosion 
energy applied to the workpiece.

Based on the experimental observations and theoretical analysis 
presented in preceding sections, this investigation demonstrates that 
an optimal impingement angle exists within the erosive interaction 
system, at which the erosive efficacy reaches its maximum value.

4  CONCLUSION

To elucidate the complex energy utilization characteristics 
and morphological evolution of multi-step AWJ machining, a 
comprehensive CFD-DPM numerical framework was established 

Fig. 13.  Stagnation zone effects at different impingement angles; a) θ = 90°, b) θ = 75°3, c) θ = 60°, and d) θ = 45°
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using experimentally extracted erosion profiles as fixed geometric 
boundaries. Euler-Lagrange tracking explicitly reveals that the high-
pressure stagnation zone governs particle deflection, transitioning the 
local material removal mechanism from perpendicular deformation 
wear at the waterjet core to shallow-angle cutting and plowing 
wear at the periphery. Under normal impingement, the progressive 
enlargement of the stagnation zone within deepening profiles severely 
intensifies inter-particle collisions and lateral deflections. This 
hydrodynamic interference attenuates the effective kinetic energy 
reaching the profile bottom, causing a continuous nonlinear decline in 
the incremental material removal depth per step. Conversely, inclined 
erosion exhibits superior initial penetration due to refraction-induced 
trajectory adjustments that minimize early-stage collisions; however, 
as the profile deepens, residual kinetic energy is rapidly channeled 
away along the sidewalls, leading to a pronounced degradation in 
long-term cutting performance. Ultimately, these quantitative insights 
into internal fluid dynamics and particle-wall interactions provide a 
robust theoretical foundation for optimizing nozzle inclination and 
maximizing the actual material removal capacity in advanced AWJ 
manufacturing.
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Raziskovanje značilnosti erozije pri večstopenjski obdelavi z 
abrazivnim vodnim curkom, podprto z računalniško dinamiko 
tekočin (CFD)

Povzetek  Tehnologija abrazivnega vodnega curka (AWJ), ki temelji na 
mešanju zraka, vode in abrazivnih delcev pri visokih tlakih in hitrostih, 
predstavlja pomembno metodo za natančno odstranjevanje materiala. V 
tej raziskavi je predstavljena celovita analiza erozijskih mehanizmov AWJ, ki 
združuje eksperimentalna opazovanja in napredne simulacije računalniške 
dinamike tekočin (CFD). Zaradi kompleksnosti trifaznega erozijskega 
polja, zlasti razvoja stagnacijskih območij pri večjih globinah erozije, je 
neposredno eksperimentalno opazovanje zelo zahtevno. Za premagovanje 
teh omejitev je bil začetni profil erozijskega kanala, pridobljen v nadzorovanih 
eksperimentalnih pogojih, uporabljen kot robni pogoj v CFD-simulacijah za 
natančno modeliranje trajektorij abrazivnih delcev. Simulacije omogočajo 
napovedovanje zaporednih profilov erozijskih kanalov z razjasnitvijo vpliva 
stagnacijskih območij na spremembo smeri gibanja abrazivnih delcev 
abrazivnih delcev pri večstopenjskem erozijksem procesu, ko je smer 
vodnega curka normalno ali poševno orientirana glede na lego obdelovanca. 
Primerjalna analiza rezultatov CFD simulacij in eksperimentalnih podatkov 
potrjuje, da imajo stagnacijska območja ključno vlogo pri uravnavanju 
erozijske energije abrazivnega vodnega curka. Raziskava ne le izboljšuje 
napovedne modele erozije, povzročene z AWJ, temveč tudi poglablja temeljno 
razumevanje erozijskega procesa z natančno analizo dinamike stagnacijskih 
območij.

Ključne besede  abrazivni vodni curek, računalniška dinamika tekočin 
(CFD), stagnacijsko območje, večstopenjska erozija
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