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Abstract: The non-symmetrical collapse of an empty cylindrical cavity is modelled using Smoothed1

Particle Hydrodynamics. The presence of a nearby surface produces an anisotropic pressure field2

generating a high velocity jet that hits the surface. The collapse follows a different dynamic based to3

the initial distance between the centre of the cavity and the surface. When the distance is greater than4

the cavity radius (detached cavity) the surface is hit by travelling shock waves. When the distance is5

less than the cavity radius (attached cavity) the surface is directly hit by the jet and later by other6

shock waves generated in the last stages of the of the collapse. The results show that the surface is7

hit by a stronger shock when distance between the centre of the cavity and the surface is zero while8

showing more complex double peaks behaviour for other distances.9
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1. Introduction11

Cavitation is a phenomenon occurring in a liquid that undergoes rapidly changes in pressure. At12

first a bubble, or cavity, nucleates and growth over a nucleation site. After growing up to maximum13

value, the cavity collapses generating shock waves [1].14

15

When the pressure field in the liquid is isotropic, the cavity preserves its symmetry and the16

collapse has spherical symmetry [2–4]. However, when an anisotropic pressure field drives the17

collapse, the cavity does not preserve its symmetry and folds in a specific direction generating a high18

velocity flow known as jet [1,5]. The anisotropic pressure field is generated by the so-called anisotropic19

driver, which also defines the jet folding direction [6]. The most common anisotropic drivers are:20

rigid or free surface, gravity, presence of neighbour bubbles or a combination of the above. Another21

mechanism that makes a cavity folds during the collapse is the interaction with a shock waves that22

folds the cavity in the shock direction. This situation is known as shock-induced collapse, while the23

pressure driven collapse is called Rayleigh collapse [7,8].24

25

From an engineering point of view, the high-speed jet generated in the Rayleigh collapse by26

the presence of a nearby solid surface is the scenario most addressed in literature [8,53]. In fact, the27

high-speed flow can hit the surface causing erosion and eventually loss of material. This phenomenon,28

known as cavitation erosion, is undesiderable in industrial, military and power station equipment29

such as pump impellers, high-speed propellers and turbine blades [9–11].30

31
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Thanks to its Lagrangianian nature, Smoothed Particle Hydrodynamics (SPH) can handle32

problems with large deformations better than mesh-based technique [12] and, for this reason, it33

is particularly suited for studying cavitation. Joshi et al. [13] developed a Smoothed Particle34

Hydrodynamics axisymmetric solver to simulate a shock induced collapse of an empty cavity and35

the erosion process of the nearby surface. Pineda et al. [14] used a SPH-ALE method to study a gas36

filled cylindrical cavity Rayleigh collapse far and near a surface. Nair & Tomar [15] used SPH to37

simulate an oscillating gas filled cylindrical cavity under a variable isotropic pressure field. Albano &38

Alexiadis [16] developed a SPH model to study the Rayleigh collapse of a gas filled cylindrical cavity39

that takes in account the heat diffusion at the gas-liquid interface. Among these studies, only Joshi40

et al. and Pineda et al. take in account anisotropic collapses. Joshi et al. only for the shock induced41

collapse case, while Pineda at al only for cavity detached from the surface. Despite its importance42

in practical applications, non-symmetrical Rayleigh collapse of surface attached cavities, to the best43

of our knowledge, has never been investigated with the SPH method. Moreover, cavities commonly44

nucleate on surfaces rather than away from it [17–19]. This work, therefore, develops a SPH model for45

a non-symmetrical Rayleigh collapse of a cylindrical cavity which is considered the greatest causes of46

erosion and material loss [8,53].47

2. Model48

2.1. Smoothed Particle Hydrodynamics49

Smoothed Particle Hydrodynamics is a mesh-free particle method originally developed by50

Gingold Monaghan [20] and Lucy [21] and used in a wide range of applications: astrophysics [22],51

shock waves [23–26], explosion [27–29], thermo-fluid flows [30], thermo-capillary flows [31],52

multiphase flow [32,33], Biological flows [34], non newtonian fluid flows [35,36].53

54

Thanks to its particle nature SPH is part of the Discrete Multi-Physics framework where, coupled55

with other particle methods [37–39], is used to address multi complex physics phenomena [40–44] to56

overcome the single weakness of each method.57

58

The idea behind the SPH formulation lies in the integral representation of any continuum function59

f (r) depending of the three-dimensional position vector r60

f (r) ≈
∫∫∫

f (r′)W(r − r′, h)dr′, (1)

where W is the smoothing function or kernel and h is the smoothing length. Dividing the domain in a61

finite number of computational particle with their own mass m = ρdr, is possible approximate any62

continuum function f (r) as63

f (r) ≈ ∑
mi

ρi
f (ri)W(r − ri, h), (2)

where mi, ρi and ri are mass, density and position of the i-th particle. Eq 2 is known as particle64

approximation in SPH literature [12].65

66

We used the SPH particle approximation to discretise continuity, momentum and energy67

conservation equation:68

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2021                   



Version January 11, 2021 submitted to Journal Not Specified 3 of 16















dρ

dt = −ρ∇ · v,
dv
dt = − 1

ρ
∇ · P,

de
dt = − 1

ρ
(P(∇ · v) + τ : ∇v),

Eq 1
−−→















dρi
dt = ∑j mjvij∇jWij,

mi
dvi
dt = ∑j mimj

(

Pi
ρi
+ Pi

ρi
+ Πij

)

∇jWij,

mi
dei
dt = 1

2 ∑j mimj

(

Pi
ρi
+ Pi

ρi
+ Πij

)

: vij∇jWij,
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where v is the velocity vector, e internal energy and Πij is the artificial viscosity introduced69

by Monaghan [23]. The Monaghan artificial viscosity depends on a constant parameter called70

dimensionless dissipation factor, α, and from the speed of sound of particle i and j, ci and cj, with the71

following relationship.72

Πij = −αh
ci + cj

ρi + ρj

vij · rij

r2
ij + ǫh2

. (4)

To solve the set of Equations shown before, an Equation Of State (EOS) that links pressure P and73

density ρ is required.74

2.2. Computational set up75

In this work, we focus on the non-symmetrical collapse induced by an anisotropic pressure76

field. The anisotropy is generated by non-symmetric water domain shown in Fig 1. The domain is77

divided in three concentric regions, delimited by three different radii. In each region, different types of78

computational particles are used:79

Rs
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Figure 1. Geometry of the simulation box

• Cavity (r < R0): inside the yellow region in Fig 1, particles are removed to generate an empty80

cavity with Pb = 0.81
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• Liquid (R0 < r < RS): inside the blue region in Fig 1, particles are modelled as water following a82

liquid EOS. The density is set as ρL = 1000 [kg m-3] with initial pressure P∞.83

• Shell (r > RS): inside the red region of Fig 1, are modelled as in the liquid region. Moreover, they84

have fixed position and density to keep constant pressure as boundary condition. The extension85

of shell region has been discussed in previous work [16]. The lower part of this region also acts86

as a wall inducing anisotropy in the pressure field during the collapse.87

The green region in Fig 1 does not refer to a different type of particle. We highlight it because, later88

on, the pressure generated during the collapse will be monitored in the green region. As explained in89

next section, when a non-symmetric collapse is studied, it is necessary to quantify the anisotropy of90

the collapse. When the anisotropy is induced by the presence of a nearby solid surface, is common to91

use the stand-off, γ [6] defined as92

γ =
d

R0
, (5)

where d is the distance between the cavity centre and the wall (see Fig 1) and R0 its initial radius. The93

dynamic of a cylindrical cavity in a Rayleigh collapse, where the driving force is the pressure difference94

between the pressure in the liquid, P∞ = PL, and the pressure in the cavity, pb, is described by a 2D95

Rayleigh-Plesset (2DRP) equation [45]:96

P∞ − Pb

ρ
=

(

(

dR

dt

)2

+ R
d2R

dt

)

ln

(

R

r∞

)

+
1

2

(

R
dR

dt

)2 ( 1

R2
−

1

r2
∞

)

. (6)

However, the 2DRP equation only describe the dynamic of a symmetrical collapse. Form our97

knowledge an equation to validate the dynamic of a non-symmetrical collapse has still to be developed.98

For this reason, as commonly done in literature [14,16,45,46], the model presented as been validated99

for the case of symmetric collapse against Eq 6 [16].100

101

In the simulations we use the Lucy Kernel [12] and the Tait EOS [12] with a smoothing length of102

h = 1.3 · dL where dL is the initial particle spacing. The dimensionless dissipation factor, time step103

and speed of sound were set as α = 1, ts = 1e − 10 [s] and c0 = 1484 [m s-1]. The sensitivity of the104

results to parameters like the kernel function, EOS or h, was investigated in a previous publication for105

the case of symmetric collapse [16]. In the next section, the particle resolution for the specific case of106

non-symmetric collapse is discussed.107

2.3. Software for simulation, visualisation and post-process108

The simulations were run with the open source code simulator LAMMPS [47,48]. The visualisation109

and data post-processing were generated with the Open Source code OVITO [49].110

3. Results111

As mentioned in the introduction, collapsing cavities formed during cavitation generate112

high-pressure shock wave [1]. When the collapse occurs near a solid surface, the symmetry of113

the cavity is not preserved and this produces a high velocity flow known as re-entrant jet [5,7,8]. The114

characteristics of the jet depend on γ (see Eq 5). When γ > 1, the jet hits the opposite side of the cavity115

generating a high pressure shock wave that travels in the direction of the solid surface. When γ ≤ 1,116

the jet hits directly the solid surface generating a water hammer pressure [50,51] that causes erosion.117
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3.1. Preliminary results118

Four preliminary simulations with different particle resolutions have been carried out with119

R0 = 100 [µm], P∞ = 5 MPa and γ = 1.2. These values are chosen to match those commonly used120

in computational studies [13,16,51]. Fig 2 shows the total collapse time and the max jet speed for the121

different resolutions. Particle resolution is specified as the ratio between the initial particle spacing dL122

and the initial cavity radius R0.123
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Figure 2. Resolution convergences for collapse time (a) and max jet speed (b)

Both the collapsing time and max jet velocity converge for dL/R0 ≥ 40. This resolution value was124

also independently found by Joshi et al. and Pineda et al.. At this resolution, the model correctly125

reproduces jet formation [5,7]. Fig 3 shows that, as the collapse proceeds, wall proximity produces a126

pressure difference between the top and the bottom of the cavity. This pushes down the upper-side of127

the cavity inducing the formation of a high-velocity/low-pressure jet.128

129

In Section 3.3 we show simulations at higher resolution. In fact, at higher resolutions, we will be130

able to uncover more details of the velocity pattern occurring during the collapse.131
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Figure 3. Shape evolution with pressure and velocity field (dL/R0 = 80, γ = 1.2 & P∞ = 5 MPa)
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3.2. Stand-off and pressure analysis132

To study the effect of γ on the collapse, eight different stand-offs, in the range [0; 1.4], are simulated133

with P∞ = 5 & 50 MPa. The upper limit γ = 1.4 was chosen since this study focuses on strongly134

deformed collapses, which are known to produce cavitation erosion [1,8]. In Fig 4, the dimensionless135

collapsing time and the maximal pressure at the wall are plotted for different γ. The dimensionless136

time is defined as the ratio between tγ, the collapsing time obtained in the simulation for a given γ, and137

t∞, the collapsing time for γ → ∞ [16]. The dimensionless pressure is defined as the ratio between the138

maximal pressure at the wall and the characteristic pressure of a Rayleigh collapse [51]. The pressure139

at the wall is calculated at the green circle shown in Fig 1 positioned below the centre of the cavity140

with a diameter of 0.01 mm141
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Figure 4. Dimensionless collapse time (a) and dimensionless pressure (b) for different stand off and

pressure (dL/R0 = 40)

The collapsing time shows a maximum for γ = 1 and a minimum for γ = 0. When γ = 1, the lower142

part of the cavity touches the wall, while the upper part is free to move (Fig 5c). During the collapse,143

the cavity loses its symmetry generating a re-entrant jet, which travels for the whole diameter of the144

cavity before reaching the surface. When γ = 0 the cavity reduces to a semi sphere. Therefore, the145

collapse is symmetric again (Fig 5h) and, in fact, tγ/t∞ ≈ 1 (Fig 4a) as for γ → ∞ [16].146

The pressure is shown in Fig 4b. The normalized maximum wall pressure is thought to scale with147

γ−1 [1,6]. However, this was reported for values of γ > 1.4, which are outside the range investigated148

in this study. Other studies show results similar to ours in the range of investigation [52,53].149
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(a) γ = 1.4 (b) γ = 1.2 (c) γ = 1

(d) γ = 0.8 (e) γ = 0.6 (f) γ = 0.4

(g) γ = 0.3 (h) γ = 0

Figure 5. Cavity shapes for different stand off (dL/R0 = 40 & P∞ = 5 MPa). Each shape shows the

cavity outline at a different time.
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3.3. Pressure and speed developed in high-resolution collapse150

151

For 3 different stand-offs (0.0, 0.6 and 1.0), pressure histories at the centre of the surface (i.e. green152

circle in Fig 1) are plotted in Fig 6.153
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Figure 6. Pressure trend for different stand off (dL/R0=133 & P∞ = 50 MPa).

For γ = 0, the pressure shows a single maximum of roughly 1200 MPa. This pressure is generated154

by a water hammer impact of the collapsing cavity on the surface. Since the symmetry is preserved,155

see Section 3.2, the collapse ends when the cavity impacts on the surface generating a high-pressure156

shock wave (Fig 7a). After the impact, the pressure at wall decreases as the shock moves into the liquid157

(Fig 7b & 7c).158
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(c) t = 0.700 µs
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Figure 7. Pressure and velocity field in the liquid and the spacial pressure trend at the wall (dL/R0=133,

γ = 0 & P∞ = 50 MPa)

When γ = 0.6 & 1 the pressure shows a double peak. Similarly to γ = 0, the first peak is generated by159

the water hammer impact of the cavity with the surface (Fig 8a & 9a). After the impact the jet splits160

into two high-speed/low-pressure lateral jets (Fig 8b) that will later impact with the sides of the cavity161

generating collapsing circles and a pair of "side" pressure waves (Fig 8c & 9b).162

163

The collapse ends when the fluid fills the circles. When this happens a third pair of pressure waves164

is generated (Fig 8d & 9c). The waves will later merge at the centre resulting in a second pressure peak165

(Fig 8e & 9d). Fig 10 shows a schematic representation of a wall-attached cavity collapse with the three166

pairs shock formation for γ = 0.6. It can be difficult to clearly identify these hydrodynamics patterns if167

the simulation is run at lower resolution (e.g. Joshi et al. 2019).168
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2nd pressure preak

(e) t = 0.910 µs

Figure 8. Pressure and velocity field in the liquid and the spacial pressure trend at the wall (dL/R0=133,

γ = 0.6 & P∞ = 50 MPa)
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<latexit sha1_base64="oYxKAc+qxDOZbBDwIRf6iNl21C8=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFchaSIj13RjcsK9oFpKJPppB06MwkzE6GE/oUbF4q49W/c+TdO2yy09cCFwzn3cu89UcqZNp737aysrq1vbJa2yts7u3v7lYPDlk4yRWiTJDxRnQhrypmkTcMMp51UUSwiTtvR6Hbqt5+o0iyRD2ac0lDggWQxI9hY6dFzLzwUCBGiXqXqud4MaJn4BalCgUav8tXtJyQTVBrCsdaB76UmzLEyjHA6KXczTVNMRnhAA0slFlSH+eziCTq1Sh/FibIlDZqpvydyLLQei8h2CmyGetGbiv95QWbiqzBnMs0MlWS+KM44Mgmavo/6TFFi+NgSTBSztyIyxAoTY0Mq2xD8xZeXSavm+ufu9X2tWr8p4ijBMZzAGfhwCXW4gwY0gYCEZ3iFN0c7L8678zFvXXGKmSP4A+fzB3XMj34=</latexit>

<latexit sha1_base64="UlAEyU2sVCSS1SI70QCT9mhpCNA=">AAAB+3icbVDLSgMxFL1TX7W+prp0EyyCqzIpgi6LblxWsLbQDiWT3mlDMw+SjFJqP8WNCwVx64+4829M21lo64HA4Zx7uDcnSKXQxvO+ncLa+sbmVnG7tLO7t3/glg/vdZIpjk2eyES1A6ZRihibRhiJ7VQhiwKJrWB0PfNbD6i0SOI7M07Rj9ggFqHgzFip55apNsQmtM4UkhTZqOdWvKo3B1klNCcVyNHouV/dfsKzCGPDJdO6Q73U+BOmjOASp6VupjFlfMQG2LE0ZhFqfzI/fUpOrdInYaLsiw2Zq78TExZpPY4COxkxM9TL3kz8z+tkJrz0JyJOM4MxXywKM0lMQmY9kL5QyI0cW8K4EvZWwodMMW5sWyVbAl3+8ipp1ar0vErpba1Sv8r7KMIxnMAZULiAOtxAA5rA4RGe4RXenCfnxXl3PhajBSfPHMEfOJ8/ivST/g==</latexit>

1st pressure peak

(a) t = 0.940 µs
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<latexit sha1_base64="5gJLatZhq8LYKsMzMkQvaXZsvDA=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07JbFfVW9OKxgv3A7VKyadqGJtklyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzooQzbTzv2ymsrK6tbxQ3S1vbO7t75f2Dpo5TRWiDxDxW7QhrypmkDcMMp+1EUSwiTlvR6Hbqt56o0iyWD2ac0FDggWR9RrCx0qPnXpyhQIgQdcsVz/VmQMvEz0kFctS75a9OLyapoNIQjrUOfC8xYYaVYYTTSamTappgMsIDGlgqsaA6zGYXT9CJVXqoHytb0qCZ+nsiw0LrsYhsp8BmqBe9qfifF6SmfxVmTCapoZLMF/VTjkyMpu+jHlOUGD62BBPF7K2IDLHCxNiQSjYEf/HlZdKsuv65e31frdRu8jiKcATHcAo+XEIN7qAODSAg4Rle4c3Rzovz7nzMWwtOPnMIf+B8/gB434+A</latexit>

<latexit sha1_base64="nfmBqtdesJ5IJylsEVgfrgS5tVc=">AAAB/XicbVBNS8NAFNzUr1q/oj16WSyCp5IUQY9FLx4rWltoQ9lsXtqlm03Y3VRCqH/FiwcF8er/8Oa/cdvmoK0DC8PMG97b8RPOlHacb6u0tr6xuVXeruzs7u0f2IdHDypOJYU2jXksuz5RwJmAtmaaQzeRQCKfQ8cfX8/8zgSkYrG411kCXkSGgoWMEm2kgV29YwFgE1EqlYAfyQTUwK45dWcOvErcgtRQgdbA/uoHMU0jEJpyolTPdRLt5URqRjlMK/1UQULomAyhZ6ggESgvnx8/xadGCXAYS/OExnP1dyInkVJZ5JvJiOiRWvZm4n9eL9XhpZczkaQaBF0sClOOdYxnTeCASaCaZ4YQKpm5FdMRkYRq01fFlOAuf3mVdBp197zuureNWvOq6KOMjtEJOkMuukBNdINaqI0oytAzekVv1pP1Yr1bH4vRklVkqugPrM8fU3mVBA==</latexit>

Side pressure waves
<latexit sha1_base64="q5cUBpymkfbB6JTbQnYQT6pYKEY=">AAAB+nicdVDNS8MwHE39nPNr06OX4BA8lXSwud2Gu3ic4D5gKyPN0i0sTUuSKqPuT/HiQRGv/iXe/G9Muwoq+iDweL+vl+dFnCmN0Ie1tr6xubVd2Cnu7u0fHJbKRz0VxpLQLgl5KAceVpQzQbuaaU4HkaQ48Djte/N2Wu/fUqlYKG70IqJugKeC+YxgbaRxqdxmknCqoB/KINcqyG7WqwghmBGnsSJOs1aHjo0yVECOzrj0PpqEJA6o0IRjpYYOirSbYKmZ2bwsjmJFI0zmeEqHhgocUOUmmfUlPDPKJD1untAwU79PJDhQahF4ptPYm6nftVT8qzaMtd9wEyaiWFNBVof8mEMdwjQHOGGSEs0XhmAimfEKyQxLTLRJq2hC+Pop/J/0qrZTs9F1tdK6zOMogBNwCs6BAy5AC1yBDugCAu7AA3gCz9a99Wi9WK+r1jUrnzkGP2C9fQLHa5Ra</latexit>

Circles formation

(b) t = 0.950 µs
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<latexit sha1_base64="HCPF7WRW1uU8mtK4w2DKhkNeVDk=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07JbBNtb0YvHCvYDt0vJptk2NMkuSVYopf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMi1LOtPG8b6ewsbm1vVPcLe3tHxwelY9P2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1E49u533miSrNEPphJSkOBh5LFjGBjpUfPrddQIESI+uWK53oLoHXi56QCOZr98ldvkJBMUGkIx1oHvpeacIqVYYTTWamXaZpiMsZDGlgqsaA6nC4unqELqwxQnChb0qCF+ntiioXWExHZToHNSK96c/E/L8hMXAunTKaZoZIsF8UZRyZB8/fRgClKDJ9Ygoli9lZERlhhYmxIJRuCv/ryOmlXXf/Krd9XK42bPI4inME5XIIP19CAO2hCCwhIeIZXeHO08+K8Ox/L1oKTz5zCHzifP4a9j4k=</latexit>

<latexit sha1_base64="XU6h6ffX4EN1dqBFnLYM52+axXw=">AAAB+XicdVDLSsNAFL2pr1pfUZduBovgKiQV0yyL3bisYB/QhjKZTtqhkwczk0IJ/RM3LhRx65+482+cphVU9MDA4Zz7mhOknEll2x9GaWNza3unvFvZ2z84PDKPTzoyyQShbZLwRPQCLClnMW0rpjjtpYLiKOC0G0ybS787o0KyJL5X85T6ER7HLGQEKy0NTbPJBOFUIj2K41TSoVm1La/uuW4dFcS7clbErbnIsewCVVijNTTfB6OEZBGNFeFYyr5jp8rPsVBMD15UBpmkKSZTPKZ9TWMcUennxeULdKGVEQoToV+sUKF+78hxJOU8CnRlhNVE/vaW4l9eP1Oh5+csTjNFY7JaFGYcqQQtY0AjJihRfK4JJoLpWxGZYIGJ0mFVdAhfP0X/k07Ncq4t+65Wbdys4yjDGZzDJThQhwbcQgvaQGAGD/AEz0ZuPBovxuuqtGSse07hB4y3TxNPk/c=</latexit>

Circles collapse

(c) t = 0.965 µs
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<latexit sha1_base64="7fJd5TxZ3qnTA8WIjacg+eQ0CPg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWsB+YhrLZbtqlu5uwuxFK6L/w4kERr/4bb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hY6dGrexfIFyJAg2rNrbs50CrxClKDAq1B9as/jEkqqDSEY619z01MkGFlGOF0VumnmiaYTPCI+pZKLKgOsvziGTqzyhBFsbIlDcrV3xMZFlpPRWg7BTZjvezNxf88PzXRVZAxmaSGSrJYFKUcmRjN30dDpigxfGoJJorZWxEZY4WJsSFVbAje8surpNOwqdWv7xu15k0RRxlO4BTOwYNLaMIdtKANBCQ8wyu8Odp5cd6dj0VrySlmjuEPnM8fdcqPfg==</latexit>

<latexit sha1_base64="VD+++pSJJYNVpQ0JjhC/cwKL+rg=">AAAB/HicbVBNS8NAFHzxs9avWo9eFovgqSRF0GPRi8cK1hbaUDab13bpZhN2N2IJ/StePCiIV3+IN/+NmzYHbR1YGGbe8N5OkAiujet+O2vrG5tb26Wd8u7e/sFh5aj6oONUMWyzWMSqG1CNgktsG24EdhOFNAoEdoLJTe53HlFpHst7M03Qj+hI8iFn1FhpUKk2ZEhsQutUYU7oZFCpuXV3DrJKvILUoEBrUPnqhzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5vfPiNnVgnJMFb2SUPm6u9ERiOtp1FgJyNqxnrZy8X/vF5qhld+xmWSGpRssWiYCmJikhdBQq6QGTG1hDLF7a2EjamizNi6yrYEb/nLq6TTqHsXdc+7a9Sa10UfJTiBUzgHDy6hCbfQgjYweIJneIU3Z+a8OO/Ox2J0zSkyx/AHzucPRGWUZg==</latexit>

2nd pressure preak

(d) t = 0.970 µs
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Figure 9. Pressure and velocity field in the liquid and the spacial pressure trend at the wall (dL/R0=133,

γ = 1 & P∞ = 50 MPa)

As shown in Fig 6, when γ = 1 the first peak is higher compared to the first peak of γ = 0.6. Before169

hitting the surface, the jet travels a longer distance for γ = 1 rather than γ = 0.6. Therefore, it is170

accelerated by the pressure gradient for longer resulting in a higher water hammer pressure at the171

wall [8,50,54].172

173
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However, for the second peak, the behaviour is reversed and the peak is higher for γ = 0.6. The174

water between the collapsing rings and the wall acts as a shield mitigating the shock wave [25,55].175

When γ = 1 the distance between the rings and the wall is higher than γ = 0.6 resulting in a greater176

mitigation effect and lower pressure peak.177

(g)

<latexit sha1_base64="eLfruwPkeJzmH1Uj06S8XOnD6RM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2E3COot6MVjBPOAJITZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunu8mPBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf38781hMqzSP5YCYx9kI6lDzgjBortbt+kJaH59N+seRW3DnIKvEyUoIM9X7xqzuIWBKiNExQrTueG5teSpXhTOC00E00xpSN6RA7lkoaou6l83un5MwqAxJEypY0ZK7+nkhpqPUk9G1nSM1IL3sz8T+vk5jgqpdyGScGJVssChJBTERmz5MBV8iMmFhCmeL2VsJGVFFmbEQFG4K3/PIqaVYr3kXl+r5aqt1kceThBE6hDB5cQg3uoA4NYCDgGV7hzXl0Xpx352PRmnOymWP4A+fzB4nDj6g=</latexit>

(a)

<latexit sha1_base64="gCKf0eWvA+aMGLyGToTEv5h/bwg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2E3COot6MVjBPOAJITZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunu8mPBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf38781hMqzSP5YCYx9kI6lDzgjBortbt+kJbp+bRfLLkVdw6ySryMlCBDvV/86g4iloQoDRNU647nxqaXUmU4EzgtdBONMWVjOsSOpZKGqHvp/N4pObPKgASRsiUNmau/J1Iaaj0JfdsZUjPSy95M/M/rJCa46qVcxolByRaLgkQQE5HZ82TAFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmtWKd1G5vq+WajdZHHk4gVMogweXUIM7qEMDGAh4hld4cx6dF+fd+Vi05pxs5hj+wPn8AYCfj6I=</latexit>

(b)

<latexit sha1_base64="8tcdxouz1R6UZoK8a7VtR9RDubU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2E3COot6MVjBPOAJITZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunu8mPBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf38781hMqzSP5YCYx9kI6lDzgjBortbt+kJb982m/WHIr7hxklXgZKUGGer/41R1ELAlRGiao1h3PjU0vpcpwJnBa6CYaY8rGdIgdSyUNUffS+b1TcmaVAQkiZUsaMld/T6Q01HoS+rYzpGakl72Z+J/XSUxw1Uu5jBODki0WBYkgJiKz58mAK2RGTCyhTHF7K2EjqigzNqKCDcFbfnmVNKsV76JyfV8t1W6yOPJwAqdQBg8uoQZ3UIcGMBDwDK/w5jw6L86787FozTnZzDH8gfP5A4Ilj6M=</latexit>

(c)

<latexit sha1_base64="6Gc6gPu9OO3blPn/l3P/G0NwF2E=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2E3COot6MVjBPOAJITZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunu8mPBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf38781hMqzSP5YCYx9kI6lDzgjBortbt+kJbZ+bRfLLkVdw6ySryMlCBDvV/86g4iloQoDRNU647nxqaXUmU4EzgtdBONMWVjOsSOpZKGqHvp/N4pObPKgASRsiUNmau/J1Iaaj0JfdsZUjPSy95M/M/rJCa46qVcxolByRaLgkQQE5HZ82TAFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmtWKd1G5vq+WajdZHHk4gVMogweXUIM7qEMDGAh4hld4cx6dF+fd+Vi05pxs5hj+wPn8AYOrj6Q=</latexit>

(d)

<latexit sha1_base64="/6XgYb6eHREnJQuXNKxz0sTUS54=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspuEdRb0YvHCvYD2qVks9k2NJusSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFyScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFaEtIrlU3QBrypmgLcMMp91EURwHnHaC8e3M7zxRpZkUD2aSUD/GQ8EiRrCxUrcfRFk1PJ8OyhW35s6BVomXkwrkaA7KX/1QkjSmwhCOte55bmL8DCvDCKfTUj/VNMFkjIe0Z6nAMdV+Nr93is6sEqJIKlvCoLn6eyLDsdaTOLCdMTYjvezNxP+8XmqiKz9jIkkNFWSxKEo5MhLNnkchU5QYPrEEE8XsrYiMsMLE2IhKNgRv+eVV0q7XvIva9X290rjJ4yjCCZxCFTy4hAbcQRNaQIDDM7zCm/PovDjvzseiteDkM8fwB87nD4Uxj6U=</latexit>

(e)

<latexit sha1_base64="ltXDGYwr0Mx4HaXVZ8TJ4aYS/hg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2E3COot6MVjBPOAJITZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunu8mPBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf38781hMqzSP5YCYx9kI6lDzgjBortbt+kJbxfNovltyKOwdZJV5GSpCh3i9+dQcRS0KUhgmqdcdzY9NLqTKcCZwWuonGmLIxHWLHUklD1L10fu+UnFllQIJI2ZKGzNXfEykNtZ6Evu0MqRnpZW8m/ud1EhNc9VIu48SgZItFQSKIicjseTLgCpkRE0soU9zeStiIKsqMjahgQ/CWX14lzWrFu6hc31dLtZssjjycwCmUwYNLqMEd1KEBDAQ8wyu8OY/Oi/PufCxac042cwx/4Hz+AIa3j6Y=</latexit>

(f)

<latexit sha1_base64="Qe26rg2KdOjaxUYwvsM4DZWQESw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2E3COot6MVjBPOAJITZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunu8mPBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf38781hMqzSP5YCYx9kI6lDzgjBortbt+kJaD82m/WHIr7hxklXgZKUGGer/41R1ELAlRGiao1h3PjU0vpcpwJnBa6CYaY8rGdIgdSyUNUffS+b1TcmaVAQkiZUsaMld/T6Q01HoS+rYzpGakl72Z+J/XSUxw1Uu5jBODki0WBYkgJiKz58mAK2RGTCyhTHF7K2EjqigzNqKCDcFbfnmVNKsV76JyfV8t1W6yOPJwAqdQBg8uoQZ3UIcGMBDwDK/w5jw6L86787FozTnZzDH8gfP5A4g9j6c=</latexit>

<latexit sha1_base64="1f6u7zxvHCJ2XrG9fAw9GSRHrMk=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2rorunFZ0dpCG8pkctMOnTycmRRK6Xe4caEgbv0Xd/6Nk7aCih4YOJxzD/fO8VPOpLKsD6Owsrq2vlHcLG1t7+zulfcP7mSSCQotmvBEdHwigbMYWoopDp1UAIl8Dm1/dJn77TEIyZL4Vk1S8CIyiFnIKFFa8m5YAFgHpMwE9MsVyzyvVx23ii3Tsmq2Y+fEqblnLra1kqOClmj2y++9IKFZBLGinEjZta1UeVMiFKMcZqVeJiEldEQG0NU0JhFIbzo/eoZPtBLgMBH6xQrP1e+JKYmknES+noyIGsrfXi7+5XUzFda9KYvTTEFMF4vCjGOV4LwBHDABVPGJJoQKpm/FdEgEoUr3VNIlfP0U/0/ajmm7pm1fO5XGxbKPIjpCx+gU2aiGGugKNVELUXSPHtATejbGxqPxYrwuRgvGMnOIfsB4+wTFIZKT</latexit>

Side pressure
<latexit sha1_base64="dQJ3yuPVd0ZAySoIroOdHaAIxwc=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4CtkY2norevFYwdhCG8pmu2mXbjZhd1Mpob/BiwcF8er/8ea/cdNWUNEHA4/3ZpiZF6acKe04H9bK6tr6xmZpq7y9s7u3Xzk4vFNJJgn1ScIT2QmxopwJ6mumOe2kkuI45LQdjq8Kvz2hUrFE3OppSoMYDwWLGMHaSP49nlDVr1Qd+6JRc70adGzHqSMXFcSte+ceREYpUAVLtPqV994gIVlMhSYcK9VFTqqDHEvNCKezci9TNMVkjIe0a6jAMVVBPj92Bk+NMoBRIk0JDefq94kcx0pN49B0xliP1G+vEP/yupmOGkHORJppKshiUZRxqBNYfA4HTFKi+dQQTCQzt0IywhITbfIpmxC+PoX/k7ZrI89G6MatNi+XeZTAMTgBZwCBOmiCa9ACPiCAgQfwBJ4tYT1aL9bronXFWs4cgR+w3j4BAZyPSw==</latexit>waves

<latexit sha1_base64="kg7eoNdN2HEsqElsgHeD+EVim2w=">AAAB+3icdVDLSgMxFM3UV62vqS7dBIvgqkzGoa27ohuXFawttEPJpLdtaOZBklFK7ae4caEgbv0Rd/6NmbaCih4IHM65h3tzgkRwpR3nw8qtrK6tb+Q3C1vbO7t7dnH/RsWpZNBksYhlO6AKBI+gqbkW0E4k0DAQ0ArGF5nfugWpeBxd60kCfkiHER9wRrWRenaRKI1NQqlUAk6Ajnt2ySmf1SquV8FO2XGqxCUZcaveqYeJUTKU0BKNnv3e7ccsDSHSTFClOsRJtD+lUnMmYFbopgoSysZ0CB1DIxqC8qfz02f42Ch9PIileZHGc/V7YkpDpSZhYCZDqkfqt5eJf3mdVA9q/pRHSaohYotFg1RgHeOsB9znEpgWE0Mok9zcitmISsq0aatgSvj6Kf6ftNwy8cqEXLml+vmyjzw6REfoBBFURXV0iRqoiRi6Qw/oCT1b99aj9WK9LkZz1jJzgH7AevsE60WUQA==</latexit>

1st pressure peak
<latexit sha1_base64="EsImKp6IeRbM6PQQJqHBqAqst9c=">AAAB+nicdVDLSgMxFL1TX7W+Wl26CRbB1TBTtFN3xW5cVrAPaIeSSdM2NPMgyShl7Ke4caGIW7/EnX9jph2hih4IHM65N/dwvIgzqSzr08itrW9sbuW3Czu7e/sHxdJhW4axILRFQh6Krocl5SygLcUUp91IUOx7nHa8aSP1O3dUSBYGt2oWUdfH44CNGMFKS4NiqcEE4VSiUSj8TCvbprUAskzLqTq1c00qdtW5dNC3VYYMzUHxoz8MSezTQBGOpezZVqTcBAvF9M/zQj+WNMJkise0p2mAfSrdZBF9jk61MkyP6xcotFBXNxLsSznzPT2p403kby8V//J6sRrV3IQFUaxoQJaHRjFHKkRpD2jIBCWKzzTBRDCdFZEJFpgo3VZhtYT/Sbti2hemdVMp16+yOvJwDCdwBjY4UIdraEILCNzDIzzDi/FgPBmvxttyNGdkO0fwA8b7F7JilEw=</latexit>

Circles formation
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Circles collapse

Figure 10. Schematic representation of a wall-attached cavity collapse (γ = 0.6): blue surface represents

the cavity, black arrows represent the liquid flow, red circles represent the shock waves propagation at

different collapse stages.

4. Conclusion178

A SPH model is developed to study non-symmetrical Rayleigh collapse of an empty cylindrical179

cavity. When the cavity collapse near a solid surface the anisotropy of the pressure field induce the180

formation of the re-entrant jet. This anisotropy is quantified with the stand off, γ.181

182

Different collapses in the range 0 ≤ γ ≤ 1.4 are discussed showing that the model is able to183

correctly simulate the jet physics and the consequent pressure fields at the surface.184

185

We study the collapse of attached cavities ( γ ≤ 1), where the the liquid exerts the maximum186

pressure over the surface. When γ = 0 the collapse is symmetric again and pressure shows a single187

max which corresponds to the end cavity collapse. When 0 < γ ≤ 1 the pressure shows multiple188

peaks which reflect a more complex behaviour with the circles formation and collapse.189

190

This work shows the importance of studying the collapse of cavities attached to the surface. This191

case is less investigated than the detached collapse, but a better understanding of the final stages192

of the attached collapse is essential to improve predictions of cavitation erosion. For this reason,193
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the simulations are run at higher resolution than previous studies. Only in this way, in fact, certain194

hydrodynamic features of the collapse can clearly emerge from the simulations.195
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