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Abstract. The present paper focuses on the simulation of the expansion and aspherical collapse of a 

laser-generated bubble subjected to an acceleration field and comparison of the results with instances 

from high-speed videos. The interaction of the liquid and gas is handled with the Volume Of Fluid 

(VOF) method. Compressibility effects have been included for each phase to predict the propagation 

of pressure waves. Initial conditions were estimated through the Rayleigh Plesset equation, based on 

the maximum bubble size and collapse time. The simulation predictions indicate that during the 

expansion the bubble shape is very close to spherical. On the other hand, during the collapse the 

bubble point closest to the bottom of the container develops a slightly higher collapse velocity than 

the rest of the bubble surface. Over time, this causes momentum focusing and leads to a positive 

feedback mechanism that amplifies the collapse locally. At the latest collapse stages, a jet is formed at 

the axis of symmetry, with opposite direction to the acceleration vector, reaching velocities of even 

300m/s. The simulation results agree with the observed bubble evolution and pattern from the 

experiments, obtained using high speed imaging, showing the collapse mechanism in great detail and 

clarity. 

 
Keywords: Numerical simulation, compressible bubble dynamics, bubble collapse in pressure 

gradient, interface capturing, cavitation.  

 

I. INTRODUCTION 

 

Traditionally, the dynamics of the bubble growth and collapse are described using the Rayleigh-

Plesset equation
1, 2

, which is a simplified form of the Navier Stokes equations, applied in a spherically 

symmetric configuration. Even though modifications of the Rayleigh Plesset equation have been 

formulated over time, in order to address issues arising from simplifications in the original derivation, 

such as compressibility effects
2
, or bubble interactions

3
, still the main assumption of spherically 

symmetric bubble evolution remains.  

In practice, bubbles are never perfectly spherical. Bubble development is very sensitive to the 

presence of asymmetries, manifested in the form of boundary presence (e.g. walls, free surfaces), 

external forcing terms and pressure gradients. It is notable that the developed asymmetry during the 

collapse of the bubble gives rise to the formation of jetting phenomena. There are many examples of 

both experimental and numerical studies illustrating the above effects. To be more specific: 

The first experiments conducted on the behaviour of bubble/bubble clouds in the vicinity of 

boundaries (walls, free surfaces) that are publicly available, are by the US navy, see e.g. 
4
. The work 

of Benjamin and Ellis 
5
  is one of the first experimental works on a fundamental level to show high 

speed movies of the asymmetric collapse of bubbles in various configurations close and far from 

walls, showing the asymmetries during the collapse and the formation of microjets. Similarly, one of 

the first numerical works that have examined the influence of walls in the vicinity of collapsing 

bubbles is the pioneering work of Plesset and Chapman, who utilized the Marker-and-Cell method to 

track the interface of a collapsing bubble
6
; they have compared their results against another 
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experimental study, by Lauterborn and Bolle
7
. During the collapse, the bubble deformed in a non 

spherically symmetric way, with a jet formed towards the wall. A detailed literature review on past 

works on bubble interaction with boundaries can be found in the books of Brennen
2, 8

 and Leighton
9
. 

Later on, Mitchell and Hammitt
10

 studied the aspherical bubble collapse due to the influence of a 

constant pressure gradient, again with the Marker-and-Cell method. The review paper of Blake and 

Gibson
11

 discusses the advances in the analytical, experimental and numerical work conducted on the 

behaviour of bubbles in the vicinity of boundaries, such as rigid walls, deformable/flexible materials, 

liquid/liquid or liquid/gas interfaces.    

 In a continuing effort towards the understanding and prediction of cavitation erosion, works on the 

aspherical bubble collapse are still ongoing. Examples of such works on the fundamental level, are 

e.g. the work of M. Tinguely
12

, who investigated, among other subjects, the deformation of a bubble 

in the vicinity of a hydrofoil, due to the local pressure gradient. The important finding is that the local 

pressure field can dramatically affect the way of bubble collapse and the direction of the formed jet. 

On the numerical side, various methodologies have been employed for the bubble description. One 

of the first methodologies, still being used for bubble clusters, is the Boundary Element Method, 

where only the surface of the bubble is discretized
13

; notable works are the work of Mendez et al. 
14

 

focusing on the interaction of bubbles, or the work of Chahine et al.
15

 examining the deformation of 

the bubble and the interaction with the material at the wall in an effort to understand erosion damage 

due to microjet. Other notable examples are the work of Osterman et al.
16

, using the Volume Of Fluid 

(VOF) for simulating the bubble collapse in the vicinity of walls under the influence of acoustic 

fields, the work of Hawker et al.
17

, based on front tracking techniques for pressure wave interaction 

with bubble, and the work of Lauer et al.
18

, using  level set methodology for simulating bubble 

configurations near walls.  

In this work, the aspherical collapse of a laser-generated bubble due to the influence of an external 

acceleration field in initially stagnant water is examined with CFD techniques, aiming to replicate the 

experiments that have been conducted by EPFL in collaboration with ESA, as described in the work 

of Obresckow et al.
19, 20

. Briefly described here, the experiment consists of a spherical bubble, created 

in water contained in a cubic test chamber, using a green, high-power laser pulse. The ambient 

pressure level inside the test chamber is regulated with a vacuum pump and water is at room 

temperature. The external acceleration field can be the gravitation field of earth, or the apparent 

gravitational field experienced by the bubble under the flight conditions in the aforementioned 

experiments. In the simulations, the bubble interface is captured with the Volume Of Fluid (VOF) 

method and compressibility effects in both gas and liquid phases are included. Contrary to the work of 

Osterman et al.
16

, the Tait equation of state is used for the liquid, instead of a linearized one, since it is 

more accurate to the IAPWS data
21

, at extreme conditions. To the authors' knowledge no previous 

work has been done to predict the aspherical collapse of bubbles in presence of gravity with the VOF 

method, so this can be considered as a fundamental work examining the capability of current models 

to predict such configurations. 

The main features that this work aims to replicate are the following:  

- Macroscopic flow evolution (qualitative): the initially spherical bubble grows and then collapses. At 

the last stages of its collapse a jet forms opposite to the direction of the pressure gradient, i.e. from the 

bottom of the tank towards the top, which pierces the bubble. This process is shown in Figure 1; it is, 

in general, axisymmetric, with the axis of symmetry being the vertical axis passing through the centre 

of the bubble. It is of utmost interest to show the bubble evolution at the collapse and the transition 

from a nearly spherical shape to the deformed torus with jet piercing the bubble. While the same 

effect can be derived from experiments, it cannot be shown with clarity (see e.g. Figure 9f), due to 

magnification, frame rate, resolution and lighting issues. 



 
Figure 1. Evolution of the bubble shape, showing growth and collapse/rebound. Gravity acts at the vertical direction, towards 

the bottom. At rebound, an upwards moving jet is visible inside the bubble.  

 

-  The time evolution of the bubble size (quantitative): the bubble size can be estimated through the 

high speed images taken during experiments. Since the bubble may deform in a toroidal shape at its 

collapse, bubble size will refer to the instantaneously maximum diameter at the horizontal direction.  

In previous experimental work conducted by EPFL, a non-dimensional scaling law, governing the 

collapse asymmetry and outcome, has been formulated as follows
19

: 
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where p∇  is the pressure gradient due to gravitational force, i.e. g⋅ρ , Rmax is the maximum bubble 

radius, ∞p  is the pressure at cavity level and pv is the vapour pressure. The higher the ζ value, the 

more pronounced the aspherical collapse and the jet volume is.  

An extensive database of high speed videos and other measurements for different experimental 

conditions, including gravitational acceleration, is available at the EPFL website, conducted in 

collaboration with ESA, for ζ values ranging from 0 to 0.009 
22

. Additional experiments, conducted at 

EPFL facilities, are available also, with ζ values reaching up to 0.014. CFD simulations will aim to 

replicate selected bubble cases at different ζ values, ranging from zero to 0.014.      

 

II. NUMERICAL MODEL 

 

The numerical model that has been used for the CFD simulations is based on the Volume Of Fluid 

(VOF) method, since it is of interest to maintain a sharp interface between the two involved phases, 

gas and liquid. Surface tension effects are included, even though they are considered minor/negligible 

for the jet development, given an indicative Weber number of ~50000 for the jet inside the bubble, 

considering a jet velocity of ~150m/s, jet radius of 85µm and liquid water properties. As mentioned, 

only two phases are involved, liquid water and non-condensable gas, whereas vapour presence and 

mass transfer is ignored. Continuity and momentum equations are solved and thermal effects are 



ignored. The equations solved, based on the compressible, viscous form of the Navier-Stokes 

equations 
23, 24

 using a commercial flow solver Fluent 16.1
25

, are: 

- Continuity equation: 

 ( ) 0=∇+
∂
∂

uρρ
t

 (2) 

where u denotes the velocity vector of the flow field. 

 - Momentum equation: 

 ( ) fguu
u ++⋅∇+−∇=⊗∇+

∂
∂ ρτρρ

p
t

 (3) 

where ρ is the density of the fluid, p is the pressure, g is the gravity vector, f are body forces and τ  is 

the stress tensor, defined as follows:  

 ( )[ ] ( )Iuuu ⋅∇+∇+∇= λµτ T
 (4) 

In eq. 4, I is the identity matrix and µ is the dynamic viscosity of the fluid; for the pure phases it is 

set to 1mPa
.
s and 17.1µPa

.
s for water and air accordingly. Term λ denotes the bulk viscosity of the 

fluid which acts only on passing waves, commonly set to -2/3µ 
23, 24, 26

. The Reynolds number of the 

flow ranges from less than 1000, when the bubble is near maximum size, to even 90000 during the 

early expansion and latest collapse phases. However, for the majority of the simulation time, the 

Reynolds number is around 10000-20000. Due to the strong variation of the Reynolds number and its 

relatively low average value, that corresponds mainly to a transitional-mildly turbulent flow regime,  

it was chosen not to use any turbulence model.  

 Surface tension effects are included with the Continuum Surface Force model (Brackbill 
27

) as a 

volume force only in cells that are identified as an interface, i.e. where volume fraction varies between 

zero to unity.  

- Volume fraction equation
28

: 

  ( ) 0=∇+
∂

∂
uG

G a
t

a ρρ
 (5) 

where a represents the volume fraction and ρG the density of the gas phase. In the interface, where a 

varies from zero to unity, volume fraction averaging is performed for determining the value of 

viscosity and density.  

Even if in the actual experiment there is significant influence of heating effects, due to laser 

interaction with the liquid, the resulting fluid state is not possible to describe with traditional equation 

of states, such as ideal gas or other, since plasma generation and reactions take place. As a 

compromise we chose to reduce the complexity of the thermodynamic model of the fluids involved 

and correlate pressure only to density. Even with the omission of thermal effects, both phases are 

assumed compressible, obeying the following equations of state: 

- for the liquid, the Tait equation of state:  
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where, ρ0 is liquid density, equal to 998.2kg/m
3
, c0 the speed of sound, equal to 1450m/s, at the 

reference state p0=2340Pa. The exponent nl is set to 7.15, according to relevant literature on weakly 

compressible liquids, such as water
29

.   

- for the gas, a polytropic equation of state is used: 

 n
kp ρ=  (7) 

Constant k is set assuming that the gas is air and has a density of 1.225kg/m
3
 at a pressure of 1 

atmosphere (101325Pa). The exponent n is a polytropic exponent, depending on the thermodynamic 



process inside the bubble, e.g. for adiabatic it is equal to the heat capacity ratio and for isothermal it is 

unity. It is set close to unity, ranging from 1.025 to 1.125, depending on the case, see also Table I. As 

will be mentioned later, this is done based on trial-and-error basis, in order to fit the collapse time and 

maximum bubble size with the experimental data.  

In order to minimize the effect of numerical diffusion, which could affect the development of the 

bubble during the whole process of growth and collapse, high order schemes have been used. To be 

more specific, second order upwind schemes have been used for the discretization of density and 

momentum, while the VOF phase field has been discretized using an implicit compressive 

differencing interface scheme 
25, 30

. Time stepping is done with an adaptive method, in order to 

achieve a Courant-Friedrichs-Lewy (CFL) condition 
28

 for the free surface propagation of 0.2; this is 

necessary to limit as much as possible the interface diffusion and maintain solution accuracy at the 

vicinity of the free surface 
31

. The solver used is implicit pressure based and this removes any 

restrictions on the acoustic Courant number, which is at maximum ~5, considering the minimum cell 

size and the maximum velocity. All the 2-phase simulations to be presented in the current work are 

set-up as 2D axisymmetric. The reasons for this selection are the axial-symmetry that dominates the 

whole phenomenon until the late stages of the rebound phase and the significantly reduced 

computational cost of an axisymmetric simulation in comparison to the full 3D simulation; just for 

reference, the simulations presented in the current work were conducted on a modern desktop 

computer over 2-3 days of computational time. If a full 3D simulation was to be pursued, then the 

computational cost would have been significantly higher, necessitating the usage of a cluster.  

Apart from the solution of the 2-phase compressible Navier Stokes equations, a very useful tool for 

the estimation of the bubble expansion/collapse size and time evolution is the Rayleigh-Plesset 

equation. The standard Rayleigh-Plesset equation 
1
 was used, in the following form:  
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where: 

- ρ is the water liquid density, 998.2kg/m
3
 

- R is the bubble radius, 
dt

dRR =&  and 
2

2

dt
RdR =&&  

- pv is the vapour pressure. 

- ∞p is the pressure at the bubble level, including the hydrostatic pressure depending on the case (see 

also Table I).  

- pg0 is the initial bubble pressure, tuned to predict a similar bubble evolution as the experiment. 

- σ is surface tension; here a value of 0.072N/m is used.  

- µ is the dynamic viscosity of water, i.e. 1.01
.
10

-3
Pa.s 

- n is a polytropic exponent, set close to unity as in the gas equation of state.    

It has to be kept in mind that one of the main assumptions of the Rayleigh Plesset equation is the 

spherical bubble in an infinite liquid volume. It is clear that the main cases of interest are not perfectly 

spherically symmetric, due to e.g. the gravitational field, and in a bounded space, so one cannot 

expect a perfect match between the experiments or numerical simulations and the Rayleigh Plesset 

equation results. Still the Rayleigh-Plesset equation can assist both in the validation of the proposed 

methodology and in the set-up of the simulations to follow, since it can provide quick estimates of the 

bubble response for given initial conditions.    

As stated above, in the present investigation, the vapour pressure is ignored, both in the Rayleigh-

Plesset equation and in the 2-phase Navier-Stokes solution. Whereas the vapour pressure is definitely 

not insignificant, the fast expansion and collapse of the bubble poses some questions on whether the 



mass transfer through the bubble interface is fast enough so that the vapour pressure inside the bubble 

is always equal to saturation pressure.  

 

III. VALIDATION OF THE METHODOLOGY 

 

Before moving to complicated cases, with boundaries and complex bubble deformations, a 

preliminary study is conducted with the aforementioned methodology, in order to compare its 

predictions the Rayleigh Plesset equation. For this case, which corresponds to a ζ value of 0, the 

whole process of bubble growth and collapse is spherically symmetric. The bubble to be simulated 

corresponds to a case examined in the literature by Popinet et al., for more information see 
32

: 

- the bubble has an initial radius of R0=10µm 

- the surrounding liquid pressure is ∞p =1bar 

- the gas inside the bubble obeys an isentropic law with n=1.4  

- the liquid density is 1000kg/m
3
 and dynamic viscosity 1mPa.s 

- surface tension coefficient is σ=0.07N/m 

- amount of gas inside the bubble corresponds to equilibrium radius of 5µm 
32

; this corresponds to 

an initial pressure pg0 of ~6900Pa inside the bubble.  

- there is no vapour inside the bubble (vapour mass transfer is omitted). 

Since the configuration resembles a spherically symmetric collapse, a 2-dimensional axisymmetric 

computational domain was used to represent the bubble and the surrounding liquid; the domain 

resembles a half-circle, as shown in Figure 2, with the bubble centre placed at the origin (0, 0). The 

computational mesh is of O-grid type 
33

, to preserve the spherical symmetry of the bubble interface, 

limit numerical diffusion and prevent introduction of numerical artefacts. Note that the Navier-Stokes 

solution requires a finite computational grid, thus, to minimize the influence of the pressure far field, 

the boundary is placed 100 times the initial radius away from the bubble. Experience has shown that 

placing the boundary closer can lead to a dramatic underestimation in the collapse time of the bubble.   

 
Figure 2. The computational domain and mesh for the validation case. 

In Figure 3 the evolution of the bubble radius, calculated with the Rayleigh-Plesset equation and 

the Navier Stokes is shown, from the beginning of the collapse until the rebound at ~1µs. It becomes 

apparent that both solutions are practically identical, giving confidence to continue with the more 

complicated cases with the inclusion of gravity and boundaries. Bubble mass is maintained accurately, 

with a maximum error of 0.03%. Also, as shown in Figure 4, the bubble interface remains spherical at 

all stages; this is expected since the whole configuration has spherical symmetry.   



 
Figure 3. Bubble collapse evolution; comparison between the Rayleigh-Plesset equation and Navier Stokes solution. 

 
Figure 4. Bubble collapse sequence for ζ=0 for the validation case. The thick black continuous line denotes the bubble 

interface and the dashed-dotted line the axis of symmetry.  

 

IV. EXPERIMENTAL GEOMETRY AND COMPUTATIONAL MESH 

 

The computational domain simulated is based on the dimensions of the water container that has 

been used for parabolic flights 
20

, i.e. a box of inner dimensions 178.2x178.2x190.2mm (Width x 

Length x Height). Since the simulations are inherently 2D axisymmetric, a 2D rectangular domain of 

was used with the same cross-section as the original container, i.e. 100.5 x 190.2mm. Experience has 

shown that using a domain with the same cross-section as the actual container is essential for 

capturing the correct collapse of even the largest bubble, with Rmax~7.2mm (ζ~0.014). 

The computational domain is positioned in such a way that the point (0, 0) corresponds to the  

bubble centre (see Figure 5), which lies on the axis of symmetry. No-slip wall boundary conditions 

are placed at the side and the bottom of the container and fixed pressure at the open top of the 

container; in the experiments the container is connected to a vacuum pump that achieves a desired 

pressure level.  



The 2D rectangular domain was meshed with a block-structured strategy, with local refinement in 

the area of interest, which spans in a radius of 8mm around the origin; as with the validation case, the 

mesh in the vicinity of the bubble is of O-grid type. The aim of this refinement region is to capture 

with adequate resolution the bubble growth and collapse, without needing an excessive amount of 

computational elements in the whole container. This particular type of meshing ensures that as the 

bubble becomes smaller and smaller there will be enough elements to describe it, since the cell size 

decreases as one moves towards the centre of the bubble. Note that there is also refinement at the 

vicinity of the free surface, though not as fine as in the vicinity of the bubble, since the free surface 

deformation is not of interest in this study. The computational domain consists of 200000 cells and in 

the area of interest the cell size varies from 50µm to 0.4µm near the origin.  

The container is initially filled with 140mm of water and the bubble is generated at 70mm from the 

bottom. The ambient pressure the experiments are conducted varies from 7500 to 10100Pa. This 

pressure is imposed at the fixed pressure boundary, depending on the case, and is initially set at the air 

region of the computational domain; the hydrostatic component of the air column is omitted since it is 

insignificant (the hydrostatic pressure of air is less than 0.1Pa at the experiment's ambient conditions, 

for a column of 50mm height). On the other hand, the water part is initialized with the hydrostatic 

pressure, since its contribution is not negligible. Gravitational acceleration is imposed as a momentum 

source term, depending on the exact value of the experimental conditions for each case.  

 
Figure 5. Configuration used for the simulation. Left: the 2D computational domain used. Middle and right: the block-

structured computational mesh with refinement in the area of interest.  

 

A summary of the examined cases, with the main important conditions mentioned is highlighted 

below: 

Table I. Conditions for the various test cases to be examined 

Case 
pair 

(Pa) 

∆p 

(Pa) 

pv 

(Pa) 

Rmax 

(mm) 

g 

(m/s
2
) 

Reference name 
22

 ∞p  

(Pa) 

ζ 

(
.
10

-3
) 

1 8938 7190 2460 4.345 10.18 cavity124 9650 6.142 

2 10174 8980 2460 4.549 18.12 cavity147 11440 9.162 

3 7514 5360 2840 ~7.2 9.81 - 8200 13.702 

 



The laser-generated bubble is introduced as a high pressure gas bubble, located at the same 

location as in the experiments, i.e. 70mm below the free surface. This is done by patching an amount 

of gas in a circular shape at the origin, initial radius R0 and initial pressure p0. Initial radius R0  is 

estimated based on the observed minimum radius during collapse; in all cases the bubble radius at the 

collapse is ~0.3-0.5mm. The initial bubble size has to be smaller than the bubble radius at collapse, 

considering the periodic nature of the Rayleigh Plesset equation in the absence of damping terms. On 

the other hand, a very small size would be both problematic to resolve and will impose very small 

time-stepping, in order to preserve accuracy of the interface. Thus, an initial radius of 0.1mm was 

chosen as an initial bubble size, since it was found adequate to give good predictions of the bubble 

evolution, while being computationally efficient to resolve. 

The initial bubble pressure is chosen so that the predicted bubble growth/collapse time and 

maximum radius matches the relevant from the experiments. This process is done in two stages: the 

first stage is by using the Rayleigh-Plesset equation, to quickly estimate approximate pressure levels 

that are needed in order to predict a similar bubble behaviour as in the experiments. It has to be kept 

in mind that the deviation from spherical symmetry and the existence of boundaries will render this 

initial pressure estimate somewhat inaccurate. For that reason, the second stage is using the described 

methodology in a trial and error basis until the maximum bubble radius is predicted appropriately. 

After going through this two stage methodology, the initial pressures and polytropic exponents shown 

in Table II have been determined (see also the predicted evolution of the bubble radius, using the 

Rayleigh-Pesset equation, in Figure 6). The variation of the polytropic exponent has a weak effect in 

the collapse time. If the same polytropic exponent of 1.05 was used in all cases, with appropriate 

initial pressure to reach the same maximum bubble radius, the deviation from the experimentally 

determined collapse times would increase by ~3% maximum.     

 

Table II. Initial conditions for the various test cases to be examined 

Case pg0 (Pa) n (-) 

1 8.3
.
10

7
 1.00 

2 1.75
.
10

8
 1.075 

3 6.25
.
10

8
 1.125 

 

 
Figure 6. Predicted growth/collapse for the three cases with the Rayleigh-Plesset equation. 

 

 



V. RESULTS 

 

In this section, selected results of the aforementioned cases will be presented. Each figure is split at 

the middle, at the axis of symmetry. The left part of the figure shows the pressure field and the right 

the velocity magnitude. The thick black line indicates the bubble interface. In all cases gravity acts 

towards the bottom of the figure, as shown in Figure 5. Results include indicative frames from the 

bubble growth, collapse and rebound, showing the jet that forms inside the bubble and pierces the 

bubble. Moreover a graph indicating the bubble radius development is shown for each case, 

comparing with the experiment 
22

.  

Figure 7 shows a comparison of the bubble size during the growth and collapse phases, between 

the computations and the experiments. As shown the match between the experimental and numerical 

results is, in overall, good for all cases. The only exception a slight underestimation of the collapse 

time mainly for case - 1 and case - 2. The error between numerical and experimental collapse times is 

3% for case -1, 2.6% for case - 2 and 0.6% for case - 3.  

The process of bubble growth, collapse and rebound is similar for cases 1-3. The main difference 

is at the exact temporal evolution and the velocity of the jet formed inside the bubble just before the 

rebound. The whole process is shown in detail for case 3, in Figure 8, Figure 9 and Figure 10 

respectively. It can be described as follows: 

At the first time instances the bubble expands explosively, forming a pressure wave that radiates in 

a spherical way at all directions (see e.g. Figure 8b, see also Figure 11). It has to be mentioned that 

this pressure wave reflects on the walls and the free surface, causing a rather complicated pressure 

field due to the superposition of reflected tension and pressure waves. The bubble expands and 

reaches a maximum radius and minimum pressure shown below: 

- radius 4.3mm at ~1.5ms for case - 1 (ζ~0.006), with minimum bubble pressure 1000Pa 

- radius 4.5mm at ~1.5ms for case - 2 (ζ~0.009), with minimum bubble pressure 800Pa 

- radius  ~7.2mm at ~2.26ms for case - 3 (ζ~0.014), with minimum bubble pressure 330Pa. 

After the maximum bubble size, the bubble starts to collapse. During the collapse, even at the first 

stages, it is clear that there is a slight bias at the collapse velocity at the bottom of the bubble, i.e. at 

the bubble interface closest to the bottom of the container. Collapse velocity is slightly higher there 

(see Figure 9a). This effect is due to the pressure gradient acting on the bubble in the form of 

hydrostatic pressure. Eventually, this bias acts as a positive feedback mechanism, due to momentum 

focusing, leading to even higher velocities at the bubble bottom, as the bubble collapses further, see 

Figure 9c, d. As the bubble reaches closer to its minimum size, a jet forms at the bottom of the bubble, 

with direction opposite to the pressure gradient, see Figure 9c, d. The relevant photo from the 

experiment (Figure 9f) shows clearly a deformed, non-spherical bubble, with indications of an internal 

jet structure.  The predictions show that the jet has a radius and velocity as follows: 

- radius ~80µm and velocity ~180m/s,  for case -1 

- radius ~110µm and its velocity ~210m/s, for case - 2 

- radius ~110µm and a velocity ~360m/s, for case - 3. Note that this corresponds to a Mach number 

of ~0.80 for the gaseous phase inside the bubble and ~0.25 for the liquid surrounding the bubble. 

The jet impacts the opposite side of the bubble, piercing it and entraining a pocket of gas around 

the point of impact, see Figure 10a. During the expansion the gas pocket and the expanding bubble 

form two attached toroidal structures, see Figure 10b. As the bubble expands, the jet gets thinner and 

thinner, resembling a needle, see Figure 10e; this is confirmed by experimental observations in the 

work of Obreschkow et al. 
19

. Indicative instances are provided from the experiments, note that most 

of the images were captured from a high speed camera at a frequency of 20000 frames per second. 

The only exception is Figure 9f, which is obtained from a different high speed camera, used only at 



the collapse interval where flow dynamics are very fast, running at 1.5
.
10

6 
frames per second. Also 

note that the scale is not the same in all the simulation instances, in order to be able to show with full 

detail the bubble development, especially at collapse.  

 
Figure 7. Comparison between the CFD simulation and the experiment bubble size evolution. 

 

 

Figure 8. Case 3, ζ=0.014: Bubble growth phase; note the pressure wave at 2.48µs. At 2.4ms the bubble is close to its 

maximum size. The CFD results are at left and the high speed photos from the experiment at the right, whenever applicable.  



 

 

 
Figure 9. Case 3, ζ=0.014: Bubble collapse. Note the progressively asymmetric velocity and pressure fields. At the last 

instance the bubble assumes a toroidal shape with the jet on the axis of symmetry. The maximum predicted jet velocity 

during the collapse is ~360m/s, which corresponds to a Mach number of ~0.80 for the gaseous phase. The magnified insert 

in (f) has the same scale as the simulation (e).  

 

Images from the experiment indicate that, after the rebound, the bubble interface is rippled, see 

Figure 10d. This is an interfacial instability, probably a form of the Richtmeyer-Meshkov instability, 

caused by the interaction of the emitted shock wave with the bubble interface. Such an effect is not 

replicated by the simulation, mainly due to the resolution employed. 



 

 
Figure 10. Case 3, ζ=0.014: Bubble rebound. Note the jet pierces the bubble forming a toroidal structure. At later stages this 

forms a protrusion at the bubble surface with a visible needle-like structure inside the bubble, remnant of the jet.  

 

In Figure 11 the density gradient magnitude is shown for selected instances of the simulation to 

produce numerical Schlieren images 
34

, during the initial expansion and rebound of the bubble. 

Initially a circular pressure wave forms, expanding radially around the bubble (at ~5µs), due to the 

explosive bubble growth. At the bubble collapse, a series of pressure waves are formed due to the jet 

impact on the bubble wall and the very high bubble wall acceleration. In Figure 12(Multimedia view) 

an animation of the bubble development is shown, as predicted by the simulation, for the better 

understanding of the bubble shape and flow field evolution.   



 

 
Figure 11. Numerical Schlieren type images, by showing contours of the density gradient. The initial pressure wave due to 

the bubble expansion is visible, as well as the pressure waves from the jet impact and rebound of the bubble. The red line 

shows the bubble interface. 

 

Figure 12. Animation showing the evolution of the bubble. The video is split in half by a vertical line. The left part shows 

the pressure field and the grey isosurface is a 3D reconstruction of the bubble interface. The right part shows the velocity 

magnitude and the black continuous line is the bubble interface. Note that due to the large expansion and contraction of the 

bubble it is impossible to show with clarity the whole evolution. Thus, at 67µs the camera zooms out and at 4.766ms the 

camera zooms in closer to the bubble. (Multimedia view). 

 

VI. DISCUSSION 

 

As shown from the results of this numerical study, the existence of the pressure gradient, in the 

form of a hydrostatic pressure field, is enough to trigger an aspherical collapse. During the bubble 



growth stage, as well as at the maximum radius, the bubble size remains closely to spherical for cases 

1 to 3, with a maximum deviation from a perfectly spherical shape of ~10µm (or less than 0.2% of the 

radius). However, during the early stages of the collapse phase there is a slightly higher collapse 

velocity at the bottom of the bubble, due to existence of the hydrostatic pressure gradient. As the 

bubble collapses, this slight velocity difference is further amplified due to momentum focusing, that is 

the concentration of liquid motion to a smaller and smaller region, see 
1
. Eventually, at an instance 

close to the rebound, a high velocity jet, with velocity higher than 150m/s, with the exact velocity 

depending on the case, is generated at the bottom of the bubble with a direction opposite to the 

pressure gradient. This jet pierces the bubble and then, as the bubble grows, leaves a needle-like trail 

on the axis of symmetry, while the bubble interface exhibits a conical protrusion, aftermath of the 

violent jet impact. The predicted behaviour is similar to what is found from experiments 
19

.      

It is of interest to note that even for the small pressure differences encountered in this study, which 

correspond to a bubble potential energy of less or equal to 10mJ at maximum size, the jet formed at 

the collapse has a velocity that may exceed 150m/s. Eventually this corresponds to water hammer 

pressures of at least 2000bar during the impact and even peaking up to 4500bar - such values are 

comparable with the yield stress of metal alloys as the SS316L 
35

.    

Considering the computational aspects of this work, the following have to be highlighted: 

- The whole phenomenon is very sensitive to the accurate resolution of the pressure field. This is 

especially hindered by the existence of pressure and tension waves. Attention has to be paid to 

discretization schemes and time stepping, in order to achieve convergence at each time step, good 

representation of the pressure gradients and accuracy of the interface.  

- The computational mesh has to be structured in such a way that it allows accurate resolution of 

the bubble, both at maximum and minimum bubble sizes. The mesh structuring used in the present 

work enables high resolution even at very small sizes, due to the O-grid structure. 

- Despite the simplistic model of the gaseous phase and the omission of heat transfer effects, the 

bubble growth/collapse was captured with accuracy, involving the formation of the jet due to 

hydrostatic pressure gradient.  

- To a certain extent, discrepancies from the experiments are to be expected due to the 

configuration of the container; in the simulations the container corresponds to a cylinder, whereas in 

reality it is a rectangular domain. This will probably have an effect on the exact wave pattern since the 

side surface of the cylinder acts as a focusing mirror of pressure waves on the bubble, which lies on 

the axis of symmetry.   

 

VII. CONCLUSION 

 

The subject of the present paper is to examine the collapse of laser generated bubbles subject to 

gravity and to provide insight in the mechanism of the asymmetry formation as well as the 

computational complexities involved. Four different configurations have been tested, one in the 

absence of gravity, which yielded a perfectly spherically symmetric collapse. When gravity influence 

is included, an asymmetry is induced in the collapse velocity, due to the uneven pressure distribution 

around the bubble. Over time the collapse velocity asymmetry is amplified due to momentum 

focusing, leading to the formation of a jet at the bottom of the bubble with direction opposite to the 

gravity vector. The jet pierces the bubble and forms a protrusion in the bubble interface; at the same 

time the remainder of the jet becomes like a needle. All the previous numerical observations are 

confirmed by high speed imaging of experiments at similar conditions, conducted by EPFL with 

collaboration with ESA.     
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Nomenclature 

 

ζ Non-dimensional scaling law (-) 

|∇�| Pressure gradient (Pa/m) 

ρ Density (kg/m
3
) 

g Acceleration of gravity (m/s
2
) 

Rmax Maximum bubble radius (m) 

∞p  Pressure at cavity level  (Pa) 

nl Tait equation exponent (for liquid)  (-) 

µ Dynamic viscosity (Pa
.
s) 

u Velocity vector field (m/s) 

τ Stress tensor (Pa) 

g Acceleration of gravity (m/s
2
) 

f Body/volume forces vector (N/m
3
) 

λ Bulk viscosity coefficient (Pa.s) 

a Gas volume fraction 

ρ0 Reference density (kg/m
3
) 

c0 Reference speed of sound (m/s) 

p0 Reference pressure (Pa) 

k Constant of polytropic gas process  

( ) 












n

mkg

Pa

3/

 

n Polytropic exponent for gas  (-) 

R Bubble radius (m) 

R0 Initial bubble radius (m) 

R&  Bubble interface velocity (m/s) 

R&&  Bubble interface acceleration (m/s
2
) 

pv Vapour pressure (Pa) 

pg0 Initial gas pressure (Pa) 

σ Surface tension (N/m) 

∆p Pressure difference (Pa), 
vpp −∞  
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