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Abstract 

Cavitation in turbomachinery can impact performance and 

lifecycle.   The formation and collapse of cavitating bubbles near 

a surface releases significant energy in a very short time often 

resulting in erosion damage.  Considerable research has focused 

on understanding the physics of bubble formation and collapse, 

and how this collapse relates to surface erosion.  To date this has 

been an elusive goal due to the process physics, flow and 

temporal scales and experimental and computational limitations.  

This research focused on developing a computational model of 

cavitation bubble formation and collapse to be used to develop 

erosion prediction tools.  The dynamics associated with the 

formation of a laser-pulse generated bubble and its collapse 

against a solid wall was computationally modeled with 

OpenFOAM using a compressible multi-phase pressure-based 

solver.  A conservation of energy model was developed to predict 

the localized heating occurring at the focal point of the laser.  The 

temporal bubble dynamics - growth, collapse, rebound and 

associated flow characteristics of high speed re-entrant jet and 

high pressure waves were modelled as a function of bubble 

stand-off distance.  Results were compared to published research.   

The model successfully computes bubble formation and collapse 

dynamics, re-entrant jet structure and magnitude, the associated 

pressure field, and sensitivity to stand-off distance. 

 

Introduction  

Cavitation bubbles form in liquid when the pressure of the liquid 

drops below the saturated vapour pressure, this causes a bubble to 

form, expand and quickly collapse resulting in the emission of a 

high pressure pulse [4].  When vapour cavities become entrained 

by the flow they can collapse near solid boundaries, causing 

surface damage [7]. Cavitation damage affects various 

turbomachinery and hydraulic equipment, including impeller 

blades, valves and ship propeller blades [3].  Depending on the 

design of the machine and the duration and extent of the exposure 

to cavitating flows, cavitation can affect the performance of the 

machine and lead to unwanted noise and vibration issues [2].   

A complete understanding of the dynamics of single bubble 

formation and collapse is essential to the development of a 

computational model that could predict cavitation erosion.  A 

significant amount of experimental research has been performed 

examining the formation and collapse of a single bubble through 

various means, the most common of which are spark generation, 

laser generation or acoustic generation [15].  A single bubble is 

often generated near a solid boundary in order to observe the 

effect the collapse of the bubble has on a solid surface 

[1,3,5,11,15,17,18].  High-speed photography and advanced 

optical techniques have shown that when a bubble collapses near 

a surface a large localized shock wave is emitted and a high-

speed jet travels towards the surface [15].  The debate over which 

of these phenomena is primarily responsible for cavitation 

damage is a long one; however, both phenomena are indicative of 

bubble collapse. 

One of the most common experimental methods for generating a 

single bubble is through the use of a laser. Typically an optical 

system focuses the energy from the laser into a small focal 

volume, causing a local heating of the water that is dependent on 

the energy of the laser beam, the type of laser used, the focusing 

angle and the laser pulse duration [19]. A Nd:YAG laser is often 

used [1,5,15], which depending on the laser can have pulse 

durations between nanoseconds and femtoseconds [19]. The 

entire formation and collapse process occurs on a very small 

scale; a cavitation bubble typically has a maximum radius on the 

order of 1 mm and a collapse time on the order of 100 

microseconds [4]. Despite the small size of the bubble and the 

short duration of the collapse, the pressures generated by the 

bubble are very large, approximately on the order of 100 MPa 

[15]. It is the extreme discrepancies between these scales that has 

complicated the study of cavitation erosion. 

It has been experimentally determined  that the standoff distance, 

the ratio of the distance between the center of the bubble at 

formation and the solid surface and the maximum radius of the 

bubble, is an important parameter that affects not only the 

damage pattern but also the magnitude of the pressure and 

velocity fields at collapse [1,5,15,17]. At close standoff distances 

a large amount of damage is observed [15], which is due to the 

contact between the bubble wall and the solid surface during 

collapse [5]. Significant damage is also seen at other standoff 

distances, which could be due to the magnitude of the shock 

wave, the high-speed microjet or the effect of surface tension. 

Modeling the collapse of a single bubble has been accomplished 

using simplified methods such as the Rayleigh-Plesset equation 

and the Boundary Integral Method, as well as more complex 

methods such as CFD. Johnsen and Colonius modeled the 

collapse of a non-spherical bubble using a compressible two-

phase homogeneous CFD model; examining both Rayleigh 

collapse and shock induced collapse [9]. M ller et al. used 

experimental data from laser-generated bubble collapse to 

estimate conditions at the maximum radius of the bubble 

formation and initialize the CFD solution of the collapse of a 

laser-generated bubble using a homogeneous compressible, two-

phase flow method [14]. Zein et al. used a compressible two-

phase non-equilibrium model to simulate the phase transition of a 

laser-generated cavitation bubble, including the heat and mass 

transfer between the two phases [21].  

Akhatov et al. used a mathematical model to simulate the 

collapse of a laser-generated bubble which included the effects of 

the compressibility of the liquid, the heat and mass transfer 

between the phases, and the evaporation and condensation of the 

fluid at the bubble wall [1]. Dreyer et al. also took an analytical 



approach and created a set of ordinary differential equations that 

could be solved using the Runge-Kutta methods under different 

assumptions to model laser-generated cavitation bubbles [6]. 

Zein [20] and Dreyer et al. [6] both concluded that including a 

phase change model was necessary to capture the temperature 

difference between the two phases, while the assumption that the 

bubble initially contains a small amount of non-condensable gas 

was essential for creating a rebound bubble whose shape matched 

the experimental data of M ller et al. [14]. Although a phase 

change model is important for accurately modeling the 

temperature distribution of a laser-generated cavitation bubble, it 

has been found to not have a significant effect on the evolution of 

the bubble radius [6]. Whether it has a prominent effect on the 

pressure and velocity fields of the collapse of a single laser-

generated bubble remains to be determined. 

In this paper we will examine the physics of laser-generated 

bubble collapse using a compressible multi-phase pressure-based 

solver developed for the open source CFD tool OpenFOAM by 

Miller et al. [13]. The CFD solution of the collapse of a laser-

generated bubble in a free field will be compared to both the 

Rayleigh-Plesset equation as well as experimental data. The CFD 

solutions of bubble collapse near a solid surface will also be 

examined, using the standoff distance as the primary parameter to 

determine the influence of the distance to the wall on the 

dynamics of bubble collapse. A separate, thermal analysis was 

also conducted using OpenFOAM to model the temperature field 

generated by a Nd:YAG laser when forming a cavitation bubble.  

Governing Equations 

Thermal Analysis 

A computational analysis of the heat diffusion from a ND-Yag 

laser pulse was performed using the energy equation with a 

source term that accounts for the physics of the laser process and 

its effect on the temperature distribution of the water. This source 

term, A, is dependent on the maximum laser intensity, the 

reflectivity, the absorption coefficient of the water at a specific 

wavelength and the normalized spatial and temporal profiles of 

the laser pulse [8]. For a laser with a Gaussian intensity profile 

and a triangular-shaped temporal profile, the energy equation 

with the inclusion of the source term can be written as follows 

[12,16].      
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In equations (2) and (3) P is the laser power, w is the radius of 

the beam, t is the time and a is the rise time of the peak laser 

intensity. There are two constant coefficients in the source term, 

the reflectivity Rw and the absorption coefficient aw, both of 

which are dependent in this case on the wavelength of the laser 

and the medium being penetrated by the laser beam. 

Compressible Multiphase Analysis 

The compressible multi-phase pressure-based solver used in this 

research is a homogeneous flow model developed by Miller et al. 

[13]. In a homogeneous flow model the conservation equations 

reduce to a single mass equation and a single momentum 

equation, given by equation (4) and equation (5) [13]. 
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The density will be different for each phase, a mixture density is 

calculated which is determined based on the volume fraction of 

each phase and the density of each phase [13]. 
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The volume fraction is an indicator of the ratio of the phases at 

any point in the flow, the sum of the volume fraction must be 

one, as seen in equation (7). 

121                                     (7) 

Two additional equations of state are also needed. The equation 

of state for the gas phase is based on the assumption that the 

vapor inside of the bubble behaves as an ideal gas and only 

undergoes isentropic processes [13]. 
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The equation of state for the liquid phase is derived from the 

speed of sound in a medium, assuming that the sound speed is 

constant and the process is isentropic [13]. 
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From these governing equations momentum, pressure and 

volume fraction equations are derived.  The equations were then 

linearized and the complete set of equations solved using a cell-

centered, co-located finite volume method [13]. Miller et al. [13] 

provides a more detailed description of the implementation of the 

method,  discretization of the governing equations and a detailed 

description of the solution algorithm . 

Modelling efforts were performed using OpenFOAM an open 

source CFD flow solver.  Laser heating modelling was performed 

using a modified version of the scalarTransportFoam solver with 

temperature as the transported scalar.  Bubble collapse modelling 

was performed using a compressible, multi-phase, homogenous 

pressure based OpenFOAM finite volume solver created to 

model underwater explosions by Miller [13].  Christian [22] 

provides a detailed discussion of the OpenFOAM modelling 

efforts. 

Results 

CFD of Laser Heating 

The numerical modeling of the laser induced cavitation bubble 

formation was accomplished by modeling a Nd:YAG laser with 

characteristics summarized in Table 1.   The reflectivity (Rw) and 

absorption coefficient (aw) are both dependent on the medium as 

well as the wavelength of the laser.  Rw is a unitless coefficient 

that has a value of 0.012 for a 530 nm laser in water [23].  The 

direction along the beam (and wall for the wall bounded study) is 

X.  The Y direction is orthogonal to X.  The bubble center is 

initiated at X=0 and Y is defined by the standoff distance in the 

wall bounded study. 

 

aw for tap water is harder to accurately determine.  Literature 

suggests for pure water at a wavelength of 532 nm aw ranges 

between 0.04 - 0.05 1/m [23]. However, aw for tap water is 

usually much higher and is a function of particulate 

concentration. Furthermore, aw increases during laser-induced 

water vaporization leading to plasma formation [24].   



Experiments were performed to measure aw as a function of 

particulate concentration and values ranged from 0.9 to 37 1/m 

for distilled H2O to up to 0.2% particulate concentration by 

volume.  For this study, aw was chosen to be 5 1/m. Figure 1 is a 

contour plot of the water temperature at the end of the laser pulse 

(time=10ns).  The results indicate that local temperatures are 

sufficient to vaporize water. 

 

CFD of Single Bubble Collapse in a Free Field 

Modeling the collapse of a single bubble in a free field was used 

as a test case to verify the CFD model with comparison to 

predictions from the Rayleigh-Plesset equation and from the 

experiments of  M ller et al. [14].  Figure 2 shows the growth 

and collapse of a bubble as a function of time.  The Rayleigh-

Plesset equation is only valid for the initial bubble formation and 

collapse.  Good agreement is observed between the CFD solution 

and M ller [14] for the initial formation and collapse of the 

bubble, including the maximum radius and the collapse time. 

However, the size of the rebound bubble is noticeably over 

predicted by the CFD solution.  Adding a phase change model 

that could account for the evaporation and condensation across 

the interface of the two phases, as well as model the heat transfer 

resulting from the temperature rise, could result in a CFD model 

that would more accurately model the rebound bubble. Zein [20] 

and Dreyer et al. [6] found that the best correlation between the 

results of their models and the experimental data of Muller et al. 

[14] occurred when they accounted for phase change.  

 

CFD of Single Bubble Collapse Against a Wall 

The collapse of a single cavitation bubble adjacent to a solid wall 

was investigated using the same initial conditions as the free 

bubble case. Different standoff distances (γ=s/Rmax ≡ bubble 

center to wall distance / max radius) were examined (γ=0.2,  0.5, 

0.7, 1.0 and 1.3).  Trends were compared with the literature for 

cavitation bubble collapse [1,15, 17-19].  Qualitatively, the effect 

of γ on the modeled pressure and velocity fields agree with 

published data. 

 

The dynamics of bubble collapse are similar for each standoff 

distance; the initial high pressure inside of the bubble causes it to 

expand until the bubble reaches its maximum size. The bubble 

then rapidly collapses, upon collapse a high pressure pulse is 

emitted and a microjet travels from the center of the bubble to the 

wall. The bubble then expands a second time, this time with a 

much smaller maximum radius, and collapses a second time, 

leading to yet another high pressure pulse.  Phillip et al. [15] 

found that the most damage was produced to a solid surface for γ 

≤ 0.3 and 1.2 ≤ γ ≤ 1.4.  Figure 3 shows the computed bubble 

volume fraction and pressure field for the γ = 0.2 case.   

Figure 4 shows the wall pressure and velocity magnitude for γ = 

0.2. High wall pressure is observed during the first bubble 

collapse and with high velocities in the micro jet.  At γ = 1.0,  

bubble “Splash” was observed in the simulations in agreement 

with Brujan et al [5] where the microjet travels through the 

bubble during collapse and interacts with the collapse induced 

flow field generating a “Splash” effect on the wall.   
 
Figure 5 shows the max wall pressure, velocity and wall-shear as 

a function of γ.  The data show good agreement with results of  

[15] for velocity magnitude and [23] for wall shear.  While [15] 

observed jet impact velocity decreased with increasing γ,  these 

results show the velocity magnitude increasing with γ.  Review of 

 
Figure 1. Contour of water temperature at end of laser pulse. 

a)     b)   
Figure 2. Bubble radius vs Time. a) comparison to Rayleigh-Plesset. b) 

comparison to Muller [14] – PGo=4.579 Pa & Ro=Rmax=746.9μm.. 

a)  

b)   

Figure 3.  Volume fraction and pressure for γ = 0.2 at different times in 

the bubble formation and collapse. 

a)  b)  
Figure 4. Wall pressure magnitude and velocity magnitude for γ = 0.2.  a) 

Pressure vs X, b) velocity magnitude vs Y at X=0. 

 

















Laser Power (MW), Ep 3 

Beam Waist (μm), wo 3.765 

Reflectivity, Rw 0.012 

Absorption coefficient (1/m), aw 5 

Laser rise time (ns), a 5 

Rayleigh length (μm), zo 83.7 

Focal length (m), L 0.15 

Wavelength of laser (μm), λ 532 

Thermal diffusivity (m2/s), k 1.43 x 10-7 

Density (kg/m3),  998 

Specific heat capacity (J/kg*K), cp 4180 
Table 1: Laser and fluid parameters for CFD of laser heating 



the velocity profile near the wall for the larger γ suggests that the 

profile shifts in Y exhibiting a broader profile with lower velocity 

at a given Y.  This trend may explain the trend observed by [15] 

although it is unknown what distance from the wall velocities 

were measured. 
 
Conclusions 

The formation and collapse of a laser-generated cavitation bubble 

was modeled computationally using OpenFOAM. A 

compressible flow model was used to compute  pressure and 

velocity fields of a growing and collapsing bubble . The energy 

equation was solved separately to compute the temperature 

distribution for the formation of a single laser-generated 

cavitation bubble. After successfully modeling the heating by 

pulsed  laser and the collapse of a bubble near a wall, future work 

will focus on coupling the CFD models to simulate the complete 

formation and collapse of a laser-generated cavitation bubble. 

This computational effort would solve the three conservation 

equations simultaneously with a phase change model for micro-

scale evaporation with increasing temperature as a laser 

generated bubble forms. Although the computational results 

discussed in this work relied on a CFD method that only solved 

the mass and momentum equations, the complex dynamics of 

bubble collapse against a wall appear to be captured using a 

homogeneous multiphase compressible finite volume method. 
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a) b) c)   
Figure 5. a) Max wall pressure at first and second collapse, b) max velocity 

magnitude and c) wall shear stress as a function of γ. 


