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Abstract
This work carried out liquid–solid two-phase jet experiments and simulations to study the erosion behavior of 304 stainless 
steel at 30° impingement. The single-phase impinging jet was simulated using dense grid by one-way coupling of solid phase 
due to its dilute distribution. The simulation results agreed well with experiments. It was found that after impinging particle 
attrition occurred and particles became round with decreasing length-ratio and particle breakage occurred along the “long” 
direction. Both experiment and simulations found that the erosion generated on the sample could be divided into three regions 
that were nominated as stagnant region, cutting transition region and wall jet region. Most particle–wall impacts were found 
to occur in the cutting transition region and the wall jet region. In the cutting transition region, holes and lip-shaped hogbacks 
were generated in the same direction as the flow imping. In the wall jet region, furrows and grooves were generated. The 
averaged grooves depth tended to become constant with the progress of impinging and reach the steady state of erosion in 
the end. In addition, it was found that impinging effect increased erosion and anti-wear rate.
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List of symbols
A	� Empirical constant determined by wall material, 

dimensionless
BH	� Material Brinell hardness, N mm−2

C	� Erosion constant, dimensionless
CD	� Drag coefficient, dimensionless
D	� Particle diameter, mm
ER	� Material erosion rate, kg m2 s−1

EV	� The volume loss of target material, m3

f	� Body force, N
F	� Drag force acted on a particle, N
Fs	� Particle shape coefficient, dimensionless
k	� Erosion volume constant, dimensionless
m	� Particle mass, kg
n	� Particle–wall impact speed constant, dimensionless
p	� Flow stress, N m−2

Rep	� Particle Reynolds number, dimensionless
t	� Time, s
u	� Time-averaged velocity, m s−1

u′	� Fluctuation velocity, m s−1

V	� Particle impact velocity, m s−1

x	� X-direction at spatial coordinate, dimensionless

Greek symbols
υ	� Kinematic viscosity, m2 s−1

β	� Particle–wall impact angle, radians
ρ	� Density, kg m−3

τ	� Stress, N m−2

Subscripts
f	� Continuous phase
i	� Spatial orientation
n	� Velocity components normal to wall
t	� Velocity components tangential to wall
p	� Particle phase
1	� Before particle–wall impact
2	� After particle–wall impact
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1  Introduction

Austenitic stainless steels are widely used in industrial 
multiphase flow systems, mainly in petroleum engineering, 
petrochemical engineering, food transportation, nuclear 
power plants and so on. Erosion behavior has caused a 
series of problems in whole multiphase flow (Yin et al. 
2018) operating systems and became one of the main 
material damages occurred in pipe line systems (Fan 
et al. 2001). Particle–wall impact usually causes particle 
attrition and wall erosion with mass loss. After long-term 
working it leads to pipe broken, equipment failure and 
other major engineering problems (Han et al. 2018). In 
order to improve the abrasion resistance of equipment in 
solid–liquid two-phase flows, researchers have conducted 
a lot of work and developed erosion models and wear 
mechanisms. Nguyen et al. (2014a, b) investigated the 
working mechanisms of slurry erosion of stainless steel 
using erosion test rig, where the multiphase flows of alu-
mina sand and water were utilized. They found that the 
erosion rate and surface roughness increased with sand 
impact velocity, where microstructural presence revealed 
two different erosion mechanisms. Plastic deformation 
mechanism dominated at high impact angles and plowing/
cutting mechanism dominated at low impact angles. Telfer 
et al. (2012) investigated the effect of particle material 
and target material on the erosion mechanism and they 
reported that the erosion rate increased with particle size 
in the passive region while the wastage regime remained 
relatively unchanged. Rajahram et al. (2011) applied a 
modified slurry pot erosion tester to perform in situ elec-
trochemical measurement of solid particle impingement. 
They investigated the effect of flow velocity, sand size and 
sand concentration on the erosion of a passive metal (UNS 
S31603). It is found that the highest corrosion current 
occurred for medium-sized particle and followed by coarse 
particle and fine particle. The current of erosion–corro-
sion increased with particle velocity due to high kinetic 
energy of particles. As sand concentration increased from 
1 to 5 wt%, noise increased with the frequency of parti-
cle–wall impacting and oxide film removing. On the other 
hand, with the progress of modeling technologies, more 
and more researchers tended to simulate the erosion and 
corrosion occurred in multiphase flows. Ben-Ami et al. 
(2016) developed a model to predict the maximum erosion 
including impinging angle, hardness and fracture tough-
ness. The model indicated that the ratio of fracture tough-
ness to hardness of the target material dominated the ero-
sion. Akama and Kimata (2020) set up a numerical model 
to simulate crack propagation and wear competition. Qi 
et al. (2017) applied CFD (Computational Fluid Dynam-
ics) method coupled with erosion model to study the effect 

of ultrasonic vibration on glass erosion caused by par-
ticle impact occurred in an abrasive slurry jet machin-
ing process. The erosion increased with particle impact 
as well as ultrasonic vibration so that the abrasive slurry 
jet machining area increased with it. Such results were 
used to improve the abrasive slurry jet micro-machining 
efficiency and quality. Agrawal et al. (2019) added tur-
bulence dispersion to the particle tracking algorithm and 
proposed that random particle tracking parameters can 
be used to predict the erosion. Jin et al. (2012) applied 
point-particle Eulerian–Lagrangian method in combined 
with direct numerical simulation (DNS) method (for flow 
phase) to investigate particle-laden flows in 10 × 11 stag-
gered stainless steel tube banks. Particle–wall collision 
and tube erosion were well predicted. Due to particle–wall 
impact leading to surface erosion, the coarse wall caused 
some new problems. Luo et al. (2007) developed a modi-
fied immersed boundary method to fully-resolved direct 
numerical simulation of fluid–particle interactions, which 
was able to achieve reliable accuracy for considering the 
interactions between fluid and particle (Alade et al. 2019). 
A physical nonlinear-weighted average strategy based on 
the boundary layer theory was then proposed, where the 
effect of direct force was considered and the flow veloc-
ity near particle boundary was well predicted. It could be 
believed that such progress of modeling methodologies 
would largely improve the prediction of erosion and cor-
rosion occurred in multiphase flows.

To prevent material from erosion, Fan et  al. (2001) 
showed that adding ribs to elbow could obviously reduce 
the erosion rate. The effects of particle size (Telfer et al. 
2012; Yao et al. 2015), impact angle (Nguyen et al. 2014b; 
Ben-Ami et al. 2016; Mohammadi and Luo 2010; Zhang 
et al. 2009), impact angle (Nguyen et al. 2014b; Ben-Ami 
et al. 2016; Zhang et al. 2009), water chemistry (Aribo et al. 
2013) and particle concentration (Luo et al. 2007) on mate-
rial erosion were widely investigated. In addition, the effect 
of carbide against the erosion of plastic material was studied 
(Lopez et al. 2005). It was found that the resistance to ero-
sion decreased carbon concentration, however, as the carbide 
concentration was higher than 80% the erosion resistance 
increased with carbon concentration. It was known that the 
working mechanism of erosion varied with material. For 
example, for a plastic material, the micro-cutting theory 
adapted to small impact angle (Finnie et al. 1992) while the 
deformation wear theory adapted to large impact angle (Bit-
ter 1963). The theories of forging and extruding using single 
particle tracking method for brittle materials were developed 
by Levy et al. (Levy 1988). The microscopic wear mecha-
nism (Finnie et al. 1992) was used to investigate particle 
trajectories in the case of large impact angle.

Particle–wall impact angle is known as one of important 
factors that affect erosion in multiphase flow systems. It 
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has been confirmed by many investigations. For example 
(Finnie 1960; Tilly and Sage 1970), it was found that for 
ductile target, the erosion increased with impact angle first 
and then decreased and the maximum erosion occurred at 
20° and 30° of particle–wall impact angle. However, for 
brittle material such as glass, the erosion rate increased 
with impact angle and reached the maximum as the par-
ticle impact angle was at 90°. The same result was fur-
ther confirmed by Pool et al. (1986). Wellman and Allen 
(1995) studied the ceramics erosion at several angles and 
found that it was sensitive to particle impact angle par-
ticularly in the range of 45° to 60°. He argued that such 
phenomenon could be ascribed to particle–wall impact 
velocity and particle shape. At a high impact angle as 
60°, the material removed from the formation of lateral 
fracture and chips removed from the surface while at low 
impact angle as 30°, most erosion appeared to be plastic 
in the formation of lateral cracking. Samimi et al. (2004) 
investigated the effect of particle–wall impact angle on the 
agglomeration of impact damage and found that the extent 
of breakage increased with decreasing the impact angle as 
particle impact velocity ranged from 15 to 35 m s−1. As 
the agglomeration break occurred in the chipping region, 
i.e., by surface damage at low impact velocities (less than 
15 m s−1), it was the normal component of the impact 
velocity that determined the breakage, which was inde-
pendent of the impact angle. However, at a high impact 
velocity it was the tangential component of the impact 
velocity that determined the fragmentation. Yi et  al. 
(2019) studied the critical flow velocity (CFV) in different 
local eroded regions and found the relationship between 
exposed area of a sample and CFV behavior. Yildizli et al. 
(2006) studied the erosion of nodular cast iron (NCI) and 
gray cast iron (GCI) occurred at intermediate and normal 
impact angle and found that considerable weight loss var-
ied with the impact angle, where the highest erosion rate 
occurred at impact angle 30°, the intermediate rate at 60° 
and the lowest rate at normal impact angle. In addition, 
the erosion rate of NCI was lower than that of GCI at all 
impact angles. In all cases, the erosion occurred most in a 
ductile process. At an oblique impact angle (30° or 60°), 
hard erodent was generated by plastic flow in relatively 
softer surface of NCI and removed by micro-cutting and 
micro-plowing. At a normal impact angle, material loss 
from NCI surface occurred by gauging. Al-Bukhaiti et al. 
(2007) investigated the effect of impingement angle on 
the slurry erosion of 1017 steel and high-chromium white 
cast iron in three regions. In the region θ ≤ 15° the shal-
low plowing and particle rolling dominated the erosion, 
while in the region 15° < θ < 75°, micro-cutting and deep 
plowing were found to be dominant and as θ ≥ 75° indenta-
tion and extrusion were found to be dominant. For high-Cr 
white cast iron, at low impingement angles (≤ 45°) plastic 

deformation of the ductile matrix dominated the erosion 
while at high impingement angles (≥ 45°) gross fracture 
and cracking of the carbides were found to be dominant. 
Nguyen et al. (2014b) studied the effect of impact angle 
on stainless steel erosion at high velocities and found 
that the maximum erosion occurred at 40°. Investigation 
of the surface microstructure confirmed that the erosion 
depended on the impact angle. The erosion from micro-
plowing to indentation caused plastic deformation from 
low to high impact angle. The tribo-corrosive wear of AISI 
316 stainless steel under high-speed jet impingement by 
liquid–solid flows was investigated by Zhao et al. (2015). 
It was found that the weight-loss of the metal specimens 
increased with decreasing impact angle (20°–75°), which 
mostly attributed to the combined effect of two types of 
erosion occurred simultaneously, repeated deformation 
due to normal stress and cutting wear due to shear stress. 
Yao et al. (2015) applied experimental method to investi-
gate the erosion of stainless steel 304, 316 by two-phase 
jet impingement and found that the maximum erosion 
rate occurred in 12–15 h test and the erosion mechanism 
for different impact angle was obviously different. In 
addition, an erosion model developed by Ben-Ami et al. 
(2016) could predict the maximum erosion well based on 
impingement angle as well as physical properties such as 
hardness (H) and fracture toughness (R). The ratio of the 
target material fracture toughness to the hardness might 
dominate the erosion mechanism and the angle that the 
maximum erosion occurred. Furthermore, particle–wall 
impact angle did affect erosion–corrosion interaction. 
Stack et al. (1999) investigated the effect of the impact 
angle on the boundaries of the erosion–corrosion. Burstein 
and Sasaki (2000) studied it on the corrosion–erosion of 
AISI 304L stainless steel and found that the maximum 
erosion and corrosion–erosion rates in chloride solution 
both occurred at 40° and 50°. Abedini and Ghasemi (2014) 
and Khayatan et al. (2017) investigated the erosion and 
erosion–corrosion behaviors of Al–brass alloy by using 
slurry impingement rig at 6 m s−1 and the impingement 
angle ranged in 20°–90°, which found that the maximum 
erosion and erosion–corrosion rates occurred at 40°.

In short, the erosion occurred at low particle–wall impact 
angles and associated microscopic wear mechanisms have 
not been fully understood. Particularly, the working mecha-
nism of long-term impingement particularly at low impact 
angle has little been studied. In this work, a sand–liquid 
two-phase impingement jet was set at 30° and the erosion 
behavior of 304 stainless steel was investigated using both 
experimental test and numerical simulation. The effects of 
particle size, particle–wall impact regions, impact frequency 
were considered. Material phase of impacted area and sur-
face modification were investigated and then micro-cutting 
theory was developed.
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2 � Methodology

2.1 � Experiment

2.1.1 � Materials and specimens

In this work, AISI 304 stainless steels were impinged by 
sand–liquid two-phase flow. The chemical composition of 
AISI 304 stainless steel is shown in Table 1. The diameter 
of the stainless steel sample tested was 16 mm and the 
thickness was 2 mm. Before each test, specimens were 
polished by SIC paper with the sequence of the sand size 
of 180 grit, 400 grit, 600 grit, 800 grit, 1200 grit, up to 
2000 grit. After that, all metal specimens were cleaned 
by ethanol in KQ5200DE numerical control ultrasonic 
cleaner and rinsed by deionized water. Temperature pre-
treatment was used to remove the solution left on surface. 
Before each test, a specimen was weighed three times and 
the averaged value was considered as the original weight. 
For this experiment, the solid–liquid flow was used and 
the mass fraction of silica sand was 0.5%.

2.1.2 � Experimental setup

The experiment setup used in this work is shown in Fig. 1. It 
was a two-phase high-speed impinging jet loop. The power 

source used in the system was a 1.5 kW water pump, which 
was able to pump solid–liquid two-phase flow from a water 
storage tank through a pipeline with a 13 mm-diameter noz-
zle to impinge samples. In the experiments, the pipeline was 
set to be full of liquid so that the flow was fully developed 
and the nozzle outlet flow velocity was equal to 10.5 m s−1. 
The nozzle was fastened by metal framework to make sure 
being stable in the process of impinging and avoid imping-
ing shock (shown in Fig. 1b). In addition, the tested sample 
was fixed using a rotatable holder, which was inserted at a 
hole (shown in Fig. 1a). Under the effect of impinging jet, 
the sample was stick to the holder tightly rather than excite 
from the hole. The impinging angle between jet and speci-
men could be adjusted by the rotatable holder. In this study, 
the jet impinging angle was set at 30°. High-speed camera 
(Photron, high-speed digital video camera FASTCAM Mini 
UX50, Japan) was used to observe and record the flow infor-
mation of liquid–solid impinging jet (Fig. 1b). This camera 
can take 2000 frames per second (fps) at full resolution and 
its maximum speed can reach 160 Kfps. The Mono/Color 
resolution is 12 bits/36 bits and C-MOS image sensor has 
1280 × 1024 pixels. The velocity of the liquid–solid imping-
ing jet was measured at 10.5 m s−1.

2.1.3 � Experimental conditions

In this work, experimental measurements might be affected 
by some factors, such as liquid temperature, the time-length 
of the interval between experiments, liquid PH and so on. 
To remove these effects, some countermeasures were used. 
For example, before each test, the system would turn on in 
advance to increase the liquid temperature to a constant level 
(45°). During the impinging process, the liquid temperature 
was at the same level due to motor running. All tested sam-
ples were weighted after each test and then continuously 
tested. The effect of the interval between two tests on the 
final result could be ignored because such effect caused by a 
pause was very little (Yao et al. 2015). In addition, the liquid 
used was deionized water and neither chemistry solution 
nor chemical reaction was involved so that the PH effect on 

Table 1   The chemical composition of 304 SS

Composition wt, %

C 0.024
Si 0.550
Mn 1.800
P 0.030
S 0.001
N 0.049
Cr 18.200
Ni 8.200
Fe Bal.

Framework

Holder

Impinging jet

Impact
angle

Specimen
holder

Sample

(b)(a)

Fig. 1   a Schematic diagram of the experimental set up; b impinging process taken by the high-speed camera: left: at side; right: at top
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experimental measurement could be ignored. After each test, 
the tested sample was timely cleaned, weighted and vacuum 
sealed so that the oxide film would not be generated.

2.2 � Simulation method

2.2.1 � Flow field

In this work, Reynolds stress model (Fan et al.2001) was 
used to simulate the flow field, which established differ-
ential models of ripple stress in the Reynolds equation. In 
the Cartesian coordinate system, the continuous equation 
of incompressible flow and instantaneous momentum could 
be written as:

The Reynolds stress model could be presented as 
following:
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The simulation area referred to the experiment setup is 
shown in Fig. 2. Related simulations were carried out to 
calculate erosion occurred, where nozzle size, tested sam-
ple surface and tank floor were considered. The boundary 
conditions were set as following. The nozzle inlet was set 
as velocity inlet. The walls of the nozzle, tested sample 
and tank bottom were all set as nonslip solid boundary. 
The upper boundary and other four boundaries were set 
as pressure outlet boundaries as shown in Fig. 2. Dis-
crete term boundary was reflected. The mesh was drawn 
as hybrid polyhedral and encrypted near the impact wall 
with a number of 1.85 million. The time step was constant 
with the maximum of the Courant number lying between 
0.1 and 0.3. The indoors code used was developed from 
the previous work (Fan et al. 2001) and has been verified 
by many previous numerical studies for a wide range of 
flows, such as wake flow (Yao et al. 2012), pipe flow (Yao 
et al. 2020) and duct flow (Zhao et al. 2018). The tur-
bulent flow model used was the RNG-k-ε model and the 
wall processing function was based on the wall processing 
method. The first-order upwind scheme was applied to the 
convective term and diffusion term. The accuracy of the 
residuals used was 10−3.

Flow inlet

Outlet
(pressure outlet)

Domain

2D

90D

D

10D

x
y

Bottom wall

θ

(a) (b)

Fig. 2   a Calculation area and boundary conditions; b computational domain and coordinate system
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2.2.2 � Discrete phase control equation

The particle trajectory was solved by Lagrangian method 
(Fan et al. 2001). The particle fraction in the flow was 
set the same as the experimental level 0.5%. Due to low 
particle concentration and high-density difference between 
flow and particle, some additional forces caused by flow 
resistance, mass force, pressure gradient and particle rota-
tion (lift force) were all neglected. Particle–particle colli-
sions were neglected. As such, particle motion equations 
(Yao et al. 2009; Sommerfeld 2003) could be listed as 
following.

 

where f  was the continuous phase, p was the discrete phase, 
x was the spatial coordinate position, t was the time, u was 
the moving velocity, i referred to the spatial orientation. F 
was the drag force acted on a particle, D was particle diam-
eter, CD was drag coefficient based on particle Reynolds 
number (Rep) as shown in Eq. (7), and ρ was particle density.

where v was the kinematic viscosity of the continuous phase 
and u was the time-averaged velocity obtained by RANS.

2.2.3 � Erosion model

The model used to calculate the erosion was from Zhang et al. 
(2007) and listed as Eqs. (9) and (10), where particle–wall 
impact velocity, impact angle, material hardness and particle 
shape were all considered. These factors were all involved in 
the erosion occurred in present work.
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where ER was material erosion rate, BH was material Brinell 
hardness and the hardness of 304 stainless steel used in this 
work was 187. FS was particle shape coefficient (for exam-
ple, 1.0 for a sharp particle, 0.53 for a semi-circular particle 
and 0.2 for a circular particle), Vp was particle–wall impact 
speed, θ was impact angle. The values of C and n were 
obtained empirically as 2.41 and 2.17 × 10−7, respectively. 
A was an empirical constant that was determined by the wall 
material. The values of A1 to A5 are shown in Table 2.

2.2.4 � Wall rebound model

Particle rebounding characteristics were studied experimen-
tally by Grant and Tabakoff (1975). Particle momentum was 
modified due to particle–wall impact that was mainly a func-
tion of particle impact velocity V and incidence angle β. The 
following empirical relationships between rebounding and 
impacting restitution ratio were used for particle trajectory 
calculation.

where Vn and Vt represented particle velocity components 
normal and tangential to wall, respectively. Subscript 1 and 
2 referred to before and after particle–wall impact, respec-
tively. In the above equations β1 (in radians) referred to the 
angle between incident impact velocity and that tangential 
to the surface.

3 � Results and discussion

3.1 � Experimental analysis

3.1.1 � Particle size

Silica sands were used in this study and their original shape 
and size is shown in Fig. 3a, where particle mean size was 
0.574 mm. After transported in the loop (Fig. 1) and impacted 
on the tested specimen, particles were broken and smaller. 
The morphology of particles working after 42 h is shown 

(10)F(�) =

5∑
i=1

Ai�
i

(11)
Vn2

Vn1

= 1.0 − 0.4159�1 − 0.4994�2
1
+ 0.292�3

1

(12)
Vt2

Vt1

= 1.0 − 2.12�1 + 3.0775�2
1
− 1.1�3

1

Table 2   The values of Ai in Eq. (10)

A1 A2 A3 A4 A5

5.40 − 10.11 10.93 − 6.33 1.42
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in Fig. 3b, where particle mean size was 0.457 mm. It was 
clear that particles became obviously smaller. In addition, 
another difference between the original particle (Fig. 3a) 
and the particle working after 42 h (Fig. 3b) was the shape. 
To quantitatively evaluate such difference (Yao et al. 2014), 
“length-ratio” was proposed to describe particle shape as its 
length divided by its width, where the “length” referred to the 
maximum length of a particle and the “width” referred to the 
minimum length of a particle. For example, in Fig. 3a, b, the 
mean length-ratio was 1.378 and 1.293, respectively, which 
showed that particle length-ratio decreased with time. It indi-
cated that particle tended to become round after impacting on 
metal specimen after 42 h. Therefore, it could be concluded 
that particles tended to break along the “long” direction. The 

working mechanism of particle breakage is shown in Fig. 3c. 
The detail of particle size distribution at 12th hour and 42th 
hour is shown in Table 3. All original particle size distributed 
in 0.6–0.7 mm. After 12 h work, most particles (82.1%) dis-
tributed in 0.5–0.7 mm. After 42 h working, more smaller par-
ticles were generated, for example, 55.4% of particles distrib-
uted in 0.5–0.7 mm, 32.5% of them distributed in 0.4–0.5 mm 
and 12.1% of them was smaller than 0.4 mm. Hence, it was 
clear that after long time work particles tended to distribute in 
smaller size range. The particle distribution in the progress of 
42 h working is shown in Fig. 4.

In this work, after long time (39 h) particle–wall impact, 
most particle size distributed in 0.4–0.5 mm. The weight-
loss of AISI 304 SS specimen per 3 h in total 48 h was 
measured as shown in Fig. 5. It was found that the weight-
loss of the AISI 304 SS sample decreased with time and 
reached the constant level at 39th hour, which met well 
with the micro-cutting theory proposed by Bitter (1963). 
This could be explained by the following facts. First, with 
impact time increased, particle size reduced and each par-
ticle mass decreased. In this experiment, V and p were 
constant [see Eqs. (13)–(14)] from Bitter (1963), with the 
impact time increased, the total weight-loss of AISI 304 SS 

(a)

(b) (c)

0.486 mm

0.681 mm 0.721 mm

0.571 mm

0.547 mm

0.522 mm

0.431 mm

0.323 mm

0.447 mm

S4800 15.0 kV 8.5 mm ×35 SE(M) 1.00 mm

S4800 15.0 kV 8.5 mm ×35 SE(M) 1.00 mm
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Fig. 3   Morphology of silica sand samples: a original sand particles, b silica sand particles after impinging 42 h; c sketch of particle breakage

Table 3   Particle size distribution

Erosion 
time, hour

0.6–0.7, mm 0.5–0.6, mm 0.4–0.5, mm < 0.4, mm

0 100% 0 0 0
12 36.3% 45.8% 10.9% 7%
42 25.6% 29.8% 32.5% 12.1%
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specimens decreased until reached the constant state. Equa-
tions (13)–(14) were list as following.

where m was the particle mass; V was the particle veloc-
ity; EV was the volume loss of target materials; p was the 
flow stress and k was the constant (Bitter 1963). Second, 
as particle diameter decreased to 0.4–0.5 mm, the mass of 
each particle decreased. Based on the second Newton law as 
F = m∙a that was used to calculate forces acted on a particle, 
assuming that the acceleration a was constant, force F was 
proportional to particle mass m, for example F decreased 
with m decreasing. As a particle impacted on wall, the forces 
acting on the particle had gravity and the counterforce from 
the wall. It was known that particle gravity was constant 
so that the force F acted on a particle most related to the 
counterforce acted from the wall, i.e., F decreased and coun-
terforce decreased. The counterforce acted on a particle was 
equal to the impacting force acted on wall from the particle. 
Therefore, it could be deduced that the impacting force (as 
the counterforce acted on a particle) acted on wall decreased 
with particle size decreasing. It was seen that in the progress 
of impinging, particle size became smaller and constant. In 
this work, after certain period of time (39 h), most particle 
size of silica sands became constant in 0.4–0.5 mm.

3.1.2 � Particle–wall impact region

In Gnanavelu work (2010), three wear regions due to par-
ticle–wall impact were found on the sample surface using 
Computational Fluid Dynamics (CFD) method, where 
the impinging angle was set at 90°. In this work, three 
wear regions were found (as shown in Fig. 6a), which 
was similar with above work (Gnanavelu 2010) and the 

(13)EV = k
mV2

p
f (a)

(14)
f (𝛼) = sin2𝛼 − 3sin2𝛼 (𝛼 ≤ 18.5◦)

cos2𝛼∕3.0 (𝛼 > 18.5◦)
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simulation (Jafar et al. 2015). However, unlike 90° imping-
ing jet (Gnanavelu 2010), present work of 30° impinging 
jet had three unsymmetric wear regions that could nomi-
nated as stagnation region (zone 1), cutting transition 
region (zone 2) and wall jet region (zone 3). The stagna-
tion region (zone 1) had little particle–wall impact due to 
flow decelerating effect. The transition region (zone 2) 
had particle–wall impact most occurred at 15°–30° with 
the same direction as the flow. In the wall jet region (zone 
3), most particle–wall impact occurred at 15° or less. In 
this work, due to impinging set at 30°, most particle–wall 
impact occurred in the cutting transition region (zone 2) 

and the wall jet region (zone 3). In zone 2, under the flow 
impinging, the normal force appeared so high that caused 
surface pits and the tangential force acted on pits to cause 
weight loss. Such surface pits are shown in Fig. 6b, where 
the morphology predicted flow path and particles trajec-
tories. It was seen (Fig. 6b) that the number of pits was 
few where the biggest one was labeled as A, the typical tip 
was labeled as B and other two big furrows were labeled 
as C and D, respectively. In the wall jet region (zone 3), 
most particles impacted on the wall at angles less than 
30° and the normal force generated was too low to cause 
erosion to samples. In addition, due to most particle–wall 
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Fig. 7   Morphology of the specimen after impact a cutting transition region (region 2) with presence of hole and lip-shaped hogback; b wall jet 
region (region 3) with presence of furrow; c wall jet region (region 3) with presence of indentation
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impact occurred at low angle, furrows were generated on 
the sample surface as shown in Fig. 6b.

Morphologies of the typical cutting transition region 
(zone 2) are shown in Fig. 7a. It was seen that position 
1 had a hole that appeared deep and irregular and posi-
tion 2 had a lip-shaped hogback that might be caused by 
shear stress. The lip-shaped hogbacks were found to dis-
tribute around the particle–wall impact point and possi-
bly arose from the indentation. The working mechanism 
could be explained in the next section. In the transition 
region (zone 2), normal force of particle–wall impact was 
so strong that generated pits on the surface. As particles 
impacted on these pits, due to irregular and uneven sur-
face, the impacting and rebounding angles would quite 
different from the original one and particles deviated from 
the flow path. These particles were not able to follow with 
the flow and tended to deposit and accumulate around the 
pits. With time increased, more and more particles accu-
mulated around pits as shown in Fig. 7a. On the other 
hand, most particles followed with the impinging jet flow 
and impacted on the sample surface at the same direction. 
Afterward, the holes and lip-shaped hogbacks developed 
in the flow direction.

Morphologies of the typical wall jet region (zone 3) are 
shown in Fig. 7b, where a groove (position 3) and a furrow 
(position 4) could be found. As analyzed above, in the wall 
jet region (zone 3), most particle–wall impacting occurred 
at low angles and the normal force arisen from it was low 
but the shear stress was high. Under the effect of shear 
stress, grooves were generated. As particle–wall impaction 
occurred at grooves and particles subsequently slid along the 
surface, furrows tended to be generated. In addition, another 
typical wall jet region (zone 3) with particle–wall impact 
angle less than 15° is shown in Fig. 7c. Due to particle–wall 
impact angle being such low, particles tended to slide along 

the surface and cause shallow indentations with the same 
direction as the flow path.

The transition region (zone 2) is shown in Fig. 8a, where 
a long furrow could be found and noted as “d” and another 
hole noted as “e”. Three-dimensional morphology of the “e” 
hole is shown in Fig. 8b using 3D laser scanning microscopy 
systems (LSV). The “hole” corner was noted as 1, 2, 3, 4. 
The heights of each corner were measured, for example, the 
height at the corner 4 was 8 μm. Based on each measure-
ment at four corners, the sequence from high to low was 
1 > 2 > 3 > 4, which could be explained by the following 
facts. As analyzed above, particle–wall impact occurred 
in the transition region (zone 2) most at 15°–30° and the 
shear stress generated acted on the corner and determined its 
height. It could be concluded that the shear stress direction 
was the same as the flow direction, which caused the height 
increasing at the same direction as the flow. It agreed well 
with that obtained by Jafar et al. (2015).

3.1.3 � Particle–wall impact frequency

In this work, particle–wall impact most occurred in cutting 
transition region (zone 2) and wall jet region (zone 3). As 
analyzed above, in the wall jet region (zone 3), particle–wall 
impact tended to occur at a low angle and the normal force 
generated was low but the shear stress was so high that cre-
ated grooves. The averaged depth of the grooves was meas-
ured by a 3D laser scanning microscopy system (LSV). The 
relationship between the averaged groove-depth and the 
impinging time is shown in Fig. 9a. It was clear that the 
averaged groove-depth increased with impinging time while 
the increasing rate decreased with time. It indicated that the 
averaged groove-depth tended to become constant with the 
progress of impinging and reach the erosion-steady state in 
the end.
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Fig. 8   a Top view of the cutting transition region (zone 2); b 3-dimensional morphology of the hole located at position “e” in a 
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3.1.4 � Particle–wall impact

XRD spectra for the polished and eroded AISI 304 SS 
are shown in Fig. 9b. It was seen that the sample con-
tained small amount of ferrite peaks (F) before the test 
because austenite phase was not 100%. After jet imping-
ing at 10.5 m s−1 for 21 h, the XRD pattern of AISI 304 
SS sample (Fig. 9b) transformed part of austenite (A) into 
martensite (M). After work-hardening austenite volume 
fraction reduced due to higher strain rate sensitivity of aus-
tenite as compared to martensite (Liu et al.2003). There-
fore, it was clear that particles impacted on the sample to 
cause strain during mechanical grinding and polishing and 
transformed part of austenite volume fraction into mar-
tensite. Due to structure similarity, the XRD pattern of 
martensitic peak overlapped austenitic peak. Compared 
martensitic with austenitic, martensitic erosion resistance 
was higher than austenitic one. Therefore, the imping-
ing effect increased erosion as well as anti-wear rate. It 
is one of the reasons why the erosion rate of the sample 
decreased with time.

3.2 � Simulation analysis

In this work, particle tracking was studied using Lagrange 
method. Particle size, particle concentration, particle impact 
velocity and other parameters related in the simulation 
were all set based on the experiment conditions as shown 
in Table 4. The wear equations used in this simulation were 
shown by Eqs. (9)–(10). It was assumed that particle shape 
was circular and particle size was uniform. Due to this flow 
with mass fraction of particle being 0.5%, particle–particle 
interaction and particle-flow feedback could be ignored so 
that single-way coupling of flow and particles was carried 
out. Figure 10 provides the comparison of simulation results 
with experimental data. Figure 10a shows the erosion rate 
in terms of particle mass flow rate for both. It was seen that 
the simulation results agreed well with the experimental 
data with a little higher (about 10%) than the experimen-
tal data. The erosion rate increased with particle mass flow 
rate. Figure 10b shows the erosion rate in terms of particle 
diameter. It was seen that the simulation results agreed with 
the experimental data with little higher (about 15%) than the 
experimental data. The erosion rate increased with particle 
size. Therefore, it could be concluded that the simulation 
model and grids used was acceptable by agreement with 
experimental data.

3.2.1 � Particle tracking analysis

Particle tracking and its dispersion in the working space are 
shown in Fig. 11. Most particles trajectories followed the 
flow route. At the cross region of impinging jet centerline 
and the tested sample boundary (i.e., high static-pressure 
region), impinging jet stagnant region could be found. In this 
region, particle trajectories tended to follow the flow apart 
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Table 4   Simulation conditions

Particle size (mean size) 0.574 mm
Particle concentration (by mass) 0.5%
Impinging jet flow velocity 10.5 m s−1

Particle density (silica sand) 2650 kg m−3

Flow density 1000 kg m−3

Temperature 45 °C
Impinging angle 30°
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from the core region. The center of the impinging jet cor-
responded to the sample center so most particles tended to 
impact on the sample at the core region. The number of par-
ticles that directly went against the flow decreased but apart 
from the flow increased. Whether a particle impacted on the 
wall or not depended on the flow. Based on the distribution 
of particle–wall impact simulated, such impacting region 
could be divided into three parts as defined in Fig. 6a. The 
detail is shown in Fig. 11a, stagnant region (1) with impact 
angle larger than 30°, transition region (2) with impact angle 
15°–30°, wall jet region (3) with impact angle less than 15°. 
Based on particle trajectory simulated, it was clear that few 
particle–wall impacting occurred in region 1 due to most 
particle against the flow direction. In region 2, most parti-
cles followed the flow and impacted on the plate at 15°–30° 
and little of them impacted on the wall at less 15° in region 
3. Overview of such three regions, particle–wall impacting 
occurred in region 2 might generate high strength at normal 
direction and caused serious piercing effect at surface as well 
as cutting process with a lot of material shedding and wear-
ing. On the contrary, in region 3 the normal strength of par-
ticle–wall impact was so low that particles hardly penetrated 
into sample surface resulting in little cutting and wearing. 
It was clear that the simulation results agreed well with the 
experimental data as described in above section.

3.2.2 � Particle–wall impact analysis

It was known that impinging jet flow most dominated par-
ticle tracking including particle–wall impact angle and its 
distribution, which determined the erosion occurred. In this 
work, erosion state could be characterized by its morphology 
through eyes or SEM (Scanning Electron Microscopy). As 
analyzed above, based on erosion difference, particle–wall 
impacting region could be divided into three parts, which 

could be further analyzed by particle–wall impact distri-
bution upon simulation results (Fig. 11b, c). In Fig. 11b, 
particle–wall impact points distributed in a circle with 
15 mm diameter. Based on particle–wall impact calculated 
(Fig. 11c), three regions could be accurately divided as 
region 1 from − 7.5 to − 4.5 mm, region 2 from − 4.5 to 
3.5 mm and region 3 from 3.5 to 7.5 mm. The highest par-
ticle–wall impact was found to occur at the sample center 
2.5 mm downstream (shown in Fig. 11c). It was calculated 
that few points were distributed in region 1, most points in 
region 2 and some in region 3. Such particle–wall impact 
points distribution agreed with the experimental obser-
vation as shown in Fig. 6. Again, it confirmed that most 
particle–wall impact occurred in region 2 leading to heavy 
erosion. Few particle–wall impacts were found in region 
1 because the upstream impinging stagnant area had high 
static pressure and fairly low flow velocity and push particles 
apart from the flows.

3.2.3 � Erosion analysis

Figure 12a shows a particle trajectory impacting on the wall 
indicating the working mechanism of erosion. The angle 
between impinging flow and wall was set at 30°. Due to 
turbulence effect, the flow tended to expand at the imping-
ing direction. In addition, particles were most dominated 
by the flow and each of them showed various behavior as 
it impacted on the wall. For example, in Fig. 12a, it was 
seen that particle 1 went away from the wall without any 
particle–wall impact and particle 2 impacted on the wall 
at an angle larger than 30° while particles 3 and 4 impact-
ing at less than 30°. It could be found that particles 3 and 4 
impacted on wall at the angle from 15° to 30° that occurred 
in region 2, where erosion was the highest.

0

1

2

3

4

5

0.400.200.07

Er
os

io
n 

ra
te

, k
g·

m
2 ·s

-1

Er
os

io
n 

ra
te

, k
g·

m
2 ·s

-1

Particle mass flow rate, %

Experiment
Simulation

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.300.250.18

Particle diameter, mm

Experiment
Simulation

×10-5 ×10-5

(a) (b)

Fig. 10   Comparison of simulation with experimental data. a Erosion rate versus particle mass flow rate; b erosion rate versus particle diameter



	 Petroleum Science

1 3

Figure 12b shows the erosion contour of the sample based 
on simulation. As analysis above, it was known that parti-
cle–wall impact region could be divided into three parts. In 
Fig. 12b, region 1 was from (the edge) 0 mm to 3 mm where 
few particles impacting could be found. Region 2 was from 
3 to 11 mm where most of particle–wall impacting could 

be found and the corresponding impact angle was from 
15° to 30°. In addition, typical erosion found in region 2 
included furrowing, pitting and crumbling. Region 3 was 
from 11 to 15 mm where small number of particle–wall 
impact occurred and the corresponding impact angle was 
less than 15°. The erosion occurred in region 3 was most due 
to impression. The simulation of erosion agreed well with 
the experimental observation above.

4 � Conclusions

In this work, solid–liquid impinging jet impacting on AISI 
304 SS sample was studied both experimentally and numeri-
cally. Particle breakage was found and sample erosion were 
studied. The erosion distribution and related working mech-
anism was analyzed. Simulation results agreed well with 
experimental observation. Several conclusions could be 
summarized as following.

First, for a particle, it might break as particle–wall 
impacted and its size and shape varied with time. It was 
found that after 42 h impacting particles become round. As 
such, particles tended to break along the “long” direction 
and finally become round. Regarding the tested specimen, 
it was found that its weight-loss decreased with time and 
approached constant after 39 h working.

Second, the impinging jet set at 30° had three unsym-
metric wear regions that could be nominated as stagnation 
region (zone 1), cutting transition region (zone 2) and wall 
jet region (zone 3). These regions were identified by experi-
ment and numerical simulation, respectively. Stagnation 
region (zone 1) had little occurrence of particle–wall impact 
while cutting transition region (zone 2) had much occurrence 
most at the angle of 15°–30°. Wall jet region (zone 3) had 
small amount of particle–wall impact at the angle less than 
15°. In this work, due to impinging jet set at 30° with the 
sample impacted, most particle–wall impact occurred in cut-
ting transition region (zone 2) and wall jet region (zone 3).

Third, in cutting transition region (zone 2), under flow 
impinging, normal force appeared high to induce surface 
pits and tangential force affected pits to increase weight loss. 
Lip-shaped hogbacks could be found to distribute around 
the particle–wall impacting core region that possibly arose 
from the indentation. Such holes and lip-shaped hogbacks 
were shaped in the same direction as the flow path. In wall 
jet region (zone 3), most particles impacted on the wall at 
angles less than 30° so the normal force generated was low 
but the shear stress generated was fairly high. Furrows and 
grooves were found popularly on the sample surface. In this 
region, particles tended to slide along surface and cause 
shallow indentations with the same direction as the flow. It 
was found that the averaged grooves depth increased with 
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impinging time while the increasing rate decreased with 
time. It was found that the averaged grooves depth tended 
to become constant with the progress of impinging and 
approach steady in the end.

Last, in this work using two-phase impinging jet, part of 
austenite peaks (A) of AISI 304 SS was found to transform 
into martensite peaks (M). Compared martensite with aus-
tenite, martensitic erosion resistance was higher than aus-
tenitic erosion resistance. Therefore, the impinging effect 
increased the sample erosion as well as improved its anti-
wear rate.
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