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Vapour bubbles produced by long-pulsed laser often have complex non-spherical shapes
that reflect some characteristics of the laser beam. The transition between two commonly
observed shapes, namely, a rounded pear-like shape and an elongated conical shape,
is studied using a new computational model that combines compressible multiphase
fluid dynamics with laser radiation and phase transition. Two laboratory experiments are
simulated, in which a holmium:YAG or thulium fibre laser is used to generate bubbles
of different shapes. In both cases, the predicted bubble nucleation and morphology
agree reasonably well with the experimental observation. The full-field results of laser
irradiance, temperature, velocity and pressure are analysed to explain bubble dynamics and
energy transmission. It is found that due to the lasting energy input, the vapour bubble’s
dynamics is driven not only by advection, but also by the continued vaporisation at its
surface. Vaporisation lasts less than 1 s in the case of the pear-shaped bubble, compared
with over 50 ws for the elongated bubble. It is thus hypothesised that the bubble’s
morphology is determined by competition. When the speed of advection is higher than
that of vaporisation, the bubble tends to grow spherically. Otherwise, it elongates along the
laser beam direction. To test this hypothesis, the two speeds are defined analytically using
a model problem, then estimated for the experiments using simulation results. The results
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support the hypothesis. They also suggest that when the laser’s power is fixed, a higher
laser absorption coefficient and a narrower beam facilitate bubble elongation.
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1. Introduction

Vapour bubbles appear in many scientific studies and real-world applications that involve
laser radiation. To researchers who study cavitation and bubble dynamics, laser is a
convenient tool to create bubbles at a precise location without too much disturbance to the
surrounding environment (Brujan et al. 2001; Tomita et al. 2002; Zwaan et al. 2007). To
technology developers and practitioners who use high-power laser in a liquid environment,
cavitation is often an inevitable phenomenon and the resulting vapour bubbles may
have both beneficial and detrimental effects. Example applications in this regard include
liquid-assisted laser processing (e.g. underwater laser cutting (Chida et al. 2003) and laser
cleaning (Song et al. 2004; Ohl et al. 2006)), ocular laser surgery (Vogel et al. 1986;
Pozar 2020), laser angioplasty (Vogel et al. 1996) and laser lithotripsy (Fried & Irby
2018; Ho et al. 2021). The most common effects of laser-induced cavitation include the
creation of a vapour channel, the disturbance of the local flow field, a propulsive force from
bubble expansion, and material damages caused by the shock waves and microjets from
bubble collapse (Dijkink & Ohl 2008; Mohammadzadeh, Mercado & Ohl 2015; Chen et al.
2022; Xiang et al. 2023). Improving a technology often requires optimising the trade-offs
between different effects.

While laser-induced cavitation can be roughly described as localised phase change due
to radiation, the detailed physics involves laser emission and absorption, phase transition
and the dynamics and thermodynamics of a two-phase fluid flow. Within this multiphysics
problem, a key external (i.e. user-specified) parameter is the duration of the laser pulse. In
different applications, the value of this parameter varies from femtoseconds (10~ s) to
more than 1 second (Juhasz et al. 1996; Zwaan et al. 2007; Ho et al. 2021). For example,
nanosecond pulsed lasers are widely used in experiments of cavitation studies (Zwaan
et al. 2007), microsecond pulsed lasers are common in laser lithotripsy operations (Ho
et al. 2021) and lasers with millisecond duration are utilised in underwater laser cutting
experiments (Jain et al. 2010; Choubey et al. 2015).

When the pulse duration is much smaller than the acoustic time scale in the fluid
medium (i.e. characteristic length divided by sound speed), the laser energy input is
referred to as short-pulsed. Typically, the laser energy is absorbed by the medium through
nonlinear processes, leading to intense light absorption and cascading ionisation in the
medium. This process results in the formation of a plasma bubble, commonly referred to
as optical breakdown (Schoppink et al. 2023). In this case, laser radiation can be assumed
to be a preceding event that ends before the bubble starts to expand. Therefore, the analysis
of fluid and bubble dynamics can be separated from that of laser radiation (Byun & Kwak
2004; Zein, Hantke & Warnecke 2013; Koch et al. 2016; Zhang & Prosperetti 2021). In
this paper, we study cavitation induced by long-pulsed laser, which means the duration of
the laser pulse is longer than the acoustic time scale, yet shorter than the thermal diffusion
time in the fluid. Unlike short-pulsed lasers, heating in this scenario occurs through linear
absorption, leading to localised liquid—vapour phase transition, known as thermocavitation
(Padilla-Martinez et al. 2014). In this case, laser radiation and phase transition may
continue after the formation of the initial bubble. The assumption mentioned above is no
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Figure 1. Non-spherical vapour bubbles generated by long-pulsed laser. (@) A rounded, pear-shaped bubble
generated by Ho: YAG laser with wavelength 2080 nm, pulse energy 0.2 J, pulse duration 70 s and acoustic
time scale (fibre diameter divided by sound speed) 0.25 ps. (b) An elongated bubble generated by thulium fibre
laser with wavelength 1940 nm, pulse energy 0.11 J, pulse duration 170 ps and acoustic time scale 0.25 ps.

longer valid. Laser radiation, phase transition and the fluid dynamics and thermodynamics
are now interdependent. They need to be analysed together.

The vapour bubbles generated by long-pulsed laser often have a non-spherical shape that
reflects some characteristics of the laser beam, such as its direction and width. Figure 1
shows two commonly observed shapes that will be studied in this paper, namely a rounded
pear-like shape and an elongated conical shape. Depending on the application, one or the
other may be preferred. For example, a rounded bubble, when it collapses, is more likely
to generate a strong liquid jet that damages a surrounding material (Chen et al. 2022;
Xiang et al. 2023). An elongated bubble, on the other hand, can be more energy efficient
in creating a long vapour channel that allows laser to pass through. While bubbles of both
shapes have been observed in many experiments (Mohammadzadeh et al. 2015; Hardy
et al. 2016; Fried & Irby 2018; Xiang et al. 2023), elucidating the formation mechanisms of
non-spherical shapes remains challenging. Moreover, the causal relation between bubble
morphology and laser setting (e.g. wavelength, power magnitude and distribution, pulse
duration and diverging angle) is still unclear. Many fundamental questions of practical
significance are unresolved, such as the following.

(i) Does phase transition (vaporisation) last for a substantial period of time or does it
occur instantaneously?
(i1) What fraction of the laser energy input is used to create the vapour bubble?
(iii)) How can we control the laser setting so that the vapour bubble has a desired shape?

It is difficult to answer these questions by laboratory experiment only. While the
evolution of bubble shape can be measured by high-speed optical imaging, measurement
of the pressure, velocity and temperature fields inside and around the vapour bubble is
challenging (Dular & Coutier-Delgosha 2013; Khlifa er al. 2013; Petkovsek & Dular 2013).
Such limitations hinder the possibility to predict the time span of phase changes and to
provide detailed explanations for bubble dynamics. The literature does offer studies on
bubble shape transitions, including the relationship between bubble morphology and laser
pulse duration (Asshauer, Rink & Delacretaz 1994; Jansen et al. 1996), as well as the
influence of pulse energy (Ho et al. 2021). However, the experimental constraints impede
a comprehensive exploration of the link between laser parameters and bubble geometry.
For example, some parameters of laser (e.g. wavelength) cannot be varied continuously
in experiments. Therefore, the partition of energy and the cause of the bubble’s shape
change cannot be determined easily. In this work, we combine laboratory experiment
with numerical simulation to study long-pulsed laser-induced cavitation, focusing on the
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physics behind pear-shaped and elongated bubbles. We try to investigate the causal relation
between the laser’s parameters and the vapour bubble’s shape, and to gain some insight on
the three open questions mentioned previously.

In this work, we adopt a new computational model that combines compressible
multiphase fluid dynamics with laser radiation and phase transition. In the past, bubble
dynamics simulations were typically based on the solution of Rayleigh—Plesset, boundary
integral or multi-dimensional Navier—Stokes equations (Plesset & Prosperetti 1977;
Klaseboer et al. 2006; Warnez & Johnsen 2015; Wang 2017; Cao et al. 2021a).
A simulation usually starts with one or multiple spherical bubbles as the initial condition.
In most cases, the initial state inside each bubble is set to a constant. Although there are
studies focused on simulating bubble dynamics induced by lasers, they tend to decouple
the laser radiation and vaporisation process from bubble dynamics. The phase transition
due to laser exposure is modelled separately to determine the constant initial states inside
the bubble. This approach can be justified for bubbles generated by short-pulsed laser,
given that radiation and vaporisation both complete at a smaller time scale compared with
that of fluid dynamics. For long-pulsed laser-induced cavitation, the same approach is no
longer valid. It would not be able to predict the effects of the lasting energy input, such as
the possible continuation of phase transition and the formation of non-spherical bubbles.
In this work, we couple the multiphase compressible inviscid Navier—Stokes equations
with a laser radiation equation that models the absorption of laser energy by the fluid flow.
The laser radiation equation is obtained by customising the radiative transfer equation
(RTE) using the special properties of laser, including monochromaticity, directionality and
a measurable (often non-zero) focusing or diverging angle. The fundamental components
of the computational framework include an embedded boundary method that allows the
solution of laser and fluid governing equations on the same mesh, a method of latent heat
reservoir for vaporisation prediction, a local level set method for interface tracking and
the FIVER (FInite Volume method with Exact multi-material Riemann solvers) method
to enforce interface conditions. The algorithms and properties of this framework were
published recently together with some verification tests (Zhao, Ma & Wang 2023). The
FIVER method by itself is the pivot of a body of literature that includes simulation method
development, verification and validation, and various applications in aerospace, ocean and
biomedical engineering (see Farhat, Gerbeau & Rallu (2012), Main et al. (2017), Ma et al.
(2023), Islam et al. (2023), Huang, De Santis & Farhat (2018) and the references therein).
Compared with the physical model presented in Zhao et al. (2023), a few improvements
are made in this work, such as the inclusion of heat diffusion and the modelling of laser
fibre using an embedded boundary method.

In two separate laboratory experiments, we use a holmium:yttrium—aluminum—garnet
(Ho:YAG) laser and thulium fibre laser (TFL) to generate a pear-shaped bubble and
an elongated bubble. In both cases, the bubble dynamics is recorded by high-speed
optical imaging. In addition, the temporal profile of laser power is measured using a
photodetector. These experimental measurements are treated as ground truth in this study.
We simulate the two experiments using the computational model described previously.
The measured laser power profile is used as an input to each simulation, which starts
with a single phase (liquid water) in the entire computational domain. The simulations are
capable of predicting bubble nucleation due to laser radiation. They provide transient,
full-field results of laser irradiance, temperature, pressure, velocity and density. They
also track the dynamics of the vapour bubble using a level set function. To validate the
computational model, we compare the bubble dynamics predicted by the simulations with
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the high-speed images obtained from the experiments. Then, we analyse the full-field
simulation results to explain the bubble dynamics and energy transmission. Based on the
results, we hypothesise that the bubble’s shape is determined by a race between advection
and phase transition. At any time instant, if the speed of advection is higher than that of
vaporisation, the bubble tends to grow spherically. Otherwise, it tends to elongate along
the laser beam direction. To clarify this hypothesis, we build a simplified model problem
for which the aforementioned two speeds can be defined analytically. Then, we test the
hypothesis using our simulation results. This analytical definition of growth velocities
forms a bridge between laser parameters and bubble morphology, providing guidance for
the manipulation of laser settings to achieve targeted bubble shapes.

The remainder of this paper is organised as follows. Section 2 describes the physical
model adopted in this study, including governing equations, constitutive models, and a
phase transition model. Section 3 provides a summary of the numerical methods used
to solve the model equations. In §§ 4 and 5, we present the experimental and simulation
results for a pear-shaped bubble and an elongated bubble. In § 6, we discuss the transition
between these two different shapes. Finally, § 7 provides a summary of this study and some
concluding remarks.

2. Physical model
2.1. Fluid dynamics and thermodynamics

Figure 2 illustrates the problem investigated in this paper, showing a test case that generates
a pear-shaped vapour bubble. The computational analysis is designed to start at the time
when laser is just activated. At this time, the fluid domain is occupied completely by liquid
water. The analysis is expected to predict the localised water vaporisation due to laser
radiation, the subsequent bubble and fluid dynamics, and the dissipation of laser energy
in this two-phase fluid medium. Therefore, we solve the following compressible inviscid
Navier—Stokes equations that include radiative heat transfer, applied to both liquid and
vapour phases:

W (x, f
%+V-ﬁ(W):V-g(W), VxeQ=Q0UQ, t>0, (1)
with
) ,OVT OT
W= |pV]|, F=|pVV+pl|, §G= 0 . (2.2a—c)
per (pes +p) VT VT —g)T

Here, 2 C R? denotes the domain of the fluid flow. Open subsets £2p and £2;
represent the subdomains occupied by the liquid and vapour phases, respectively. They
are time-dependent. In our experiments, a sharp boundary between the liquid and vapour
phases can be clearly captured by high-speed imaging. Therefore, we assume 29 N 2] =
@. Here p, V, p and T denote the fluid’s density, velocity, pressure and temperature,
respectively, and ¢; is the total energy per unit mass, given by

e =e+ 3V (2.3)

where e denotes the fluid’s internal energy per unit mass, k is the thermal conductivity
coefficient, which takes different values in £2p and £21, and ¢q, denotes the radiative
heat flux induced by laser. Equation (2.1) can be viewed as a generalisation of classical
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Figure 2. Long-pulse laser-induced vaporisation and bubble expansion: an example problem.

models for spherical bubbles (Plesset & Prosperetti 1977; Prosperetti & Plesset 1978). For
example, the heat equation in Prosperetti & Plesset (1978) can be derived from the energy
conservation equation in (2.1) by assuming an incompressible flow, spherical symmetry, a
linear temperature equation and absence of radiative heating.

Equation (2.1) needs to be closed by a complete equation of state (EOS) for each
phase. The computational model and solver utilised in this study supports arbitrary convex
EOS (Ma et al. 2023). In this study, we adopt the Noble—Abel stiffened-gas equation (Le
Meétayer & Saurel 2016) for both phases. Specifically,

€ —dqz
prip, &) =(yr = DT —
— —br

— VIDcTs 2.4)

in which the subscript Z € {0, 1} identifies the liquid (0) and vapour (1) phases. For
each phase, y, p., ¢ and b are constant parameters that characterise its thermodynamic
properties. For example, a non-zero b allows the model to have a variable Griineisen
parameter that depends on p. Clearly, (2.4) is a generalisation of perfect-gas, stiffened-gas
and Noble—Abel EOSs (Le Métayer & Saurel 2016).

For a given pressure equation such as (2.4), the choice of temperature equation is not
unique. We adopt that proposed by Le Métayer & Saurel (2016), i.e.

Tz(p,e) = L (e —qz — (l - bz) pcl') : (2.5)
CvT P

where ¢, denotes the specific heat capacity at constant volume, assumed to be a constant.

It can be shown that the specific heat capacity at constant pressure, ¢, is also a constant,

given by ¢, = yc,. Combining (2.4) and (2.5) gives a complete EOS that satisfies the first

law of thermodynamics.

Two groups of EOS parameter values are tested in this study, as shown in table 1.
Neither of them was calibrated specifically for laser-induced cavitation (see Zein, Hantke
& Warnecke 2013; Le Métayer & Saurel 2016). We show in § 4 that the simulation result
is indeed influenced by these parameter values.
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Group Reference Phase Yy pe (Pa) cy J(kg K™ b@m? kg_l) qd kgfl)

1 Zein et al. Liquid 2.057 1.066 x 10°  3.449 x 10° 0 —1994.674 x 10
(2013) Vapour 1.327 0 1.2 x 10° 0 1995 x 10°

2 Le Métayer & Saurel Liquid 119  7.028 x 10%  4.285 x 10°  6.61 x 107* —1177.788 x 10°
(2016) Vapour 147 0 0.955 x 10° 0 2077.616 x 103

Table 1. Noble—Abel stiffened gas EOS parameters for water.

2.2. Liquid—vapour interface
We model the bubble surface as a sharp interface with zero thickness. It is defined by

I' =080 N0382;. (2.6)

On the interface, we assume continuity of normal velocity and pressure, i.e.

( lim V&,H)—- lim V(, t)) -n(x,t) =0,

X' —x,x €82 X' —x, xX'€82 Vxel, t>0, 2.7
lim px,H= lim px, 0,

X' —x, X' €8 xX'—x, X'esy

where n denotes the normal to I".

Here I' is time-dependent, and must be solved for during the analysis. We represent it
implicitly as the zero level set of a signed distance function, ¢, defined in the closure of
£2. That is,

I ={xe8, ¢(x,1 =0}, (2.8)

where £2 denotes the closure of £2.
In this way, the aforementioned phase identifier, Z, is given by

0, ifp(x, 1) > 0},
TED =11 om0 <o), 2.9)

The evolution of I in time is driven by both phase transition and advection. The
advection of I" by the fluid flow is governed by the level-set equation,

3¢ +V-V¢p=0, (2.10)
ot
where V is the flow velocity due to advection.
At the beginning of the analysis, £2 = §2p, and I" = . Therefore, we initialise ¢ to be
a constant positive value everywhere in the domain, and start solving (2.10) only after
phase transition starts. The detection and handling of laser-induced phase transition are
discussed in § 2.4.

2.3. Laser radiation

Following Zhao et al. (2023), 21 C 2 denotes the region in the fluid domain that is
exposed to laser. The laser generators used in this study have a flat surface with a small
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diverging angle. Therefore, £2; is in the shape of a truncated cone (figure 2, also see Zhao
et al. 2023). Within £2;, energy conservation implies

Vo (L5) = pna(MLp(x, 1) — e (ML(x, 5, n) — us(mLx,s,n)

ws(m)
4n 47

+ L(x, $i, )P (Si, 3) ds;, (2.11)

where £ = L(x,§,n) denotes the spectral radiance (dimensions: [mass][time] 3

[length]~!) at position x € R3, along direction §, at wavelength . Here po and i denote
the coefficients of absorption and scattering, respectively. They depend on the laser’s
wavelength and the medium. We use £; to denote the blackbody radiance and @ (s;, §)
to denote the scattering phase function, which gives the probability that a ray from one
direction §; would be scattered into another direction s. If § is independent of x, the
left-hand side of (2.11) simplifies to VL . s, which gives the well-known RTE (Modest
2013; Howell et al. 2020).

The radiative heat flux ¢, in (2.1) is obtained by integrating £ over all directions and the
interval of relevant wavelengths, (in, Nmax)- That is,

Nmax
gr(x) = / L(x,5,n)5dsdn. (2.12)
Nmin 4n

The special properties of laser light allow us to simplify (2.11) and (2.12). The intensity
of the laser light is much higher than the blackbody radiance. Therefore, we assume

Lp(x,n) =0. (2.13)

In addition, £ is non-zero only along the direction of laser propagation (s) and at the
fixed laser wavelength. That is,

L(x,5,1m) = L(Xx)3(5 — )3 — no), (2.14)

where §(-) denotes the delta function, and the variable L(x) on the right-hand side
is irradiance (dimensions: [mass][time]3). With these assumptions, a laser radiation
equation is obtained by substituting (2.14) and (2.13) into (2.11), i.e.

V.(Ls)=VL-s+ (V-s)L=—puyL. (2.15)
For a diverging beam,
sx) = 2 (2.16)
lx — x4l
where x, denotes the focal point of the beam. Then, substituting (2.14) into (2.12) yields
q, = Ls. (2.17)

In this study, we measure the time history of laser power, Py(#), in laboratory
experiments. We assume the laser irradiance on the surface of the laser fibre (i.e. Irg
in figure 2) follows a Gaussian distribution, also known as a Gaussian beam (Welch & Van
Gemert 2011). Therefore, on I7g we have

2P (1 —2|x — xo|?
L(x,1) = 0(2) exp(M), 2.18)
'.ITWO WO

where xo denotes the centre of I, wo is the waist radius and Pg(¢) is the time-dependent
laser power function, which is adjusted from measured laboratory data to account for the
finite domain of the Gaussian function.
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Figure 3. Predicting laser-induced vaporisation by the method of latent heat reservoir.

2.4. Vaporisation

We employ the method of latent heat reservoir proposed in Zhao et al. (2023) to predict
laser-induced vaporisation. As shown in figure 3, the fundamental idea of this method is to
introduce a new variable, A(x, ?), to track the intermolecular potential energy in the liquid
phase. The vaporisation temperature, Ty, and latent heat, /, are assumed to be constant
and used in the method as coefficients. When the analysis starts, A(x, f) is initialised
to 0 everywhere. As the liquid absorbs laser energy, temperature increases gradually. At
any point x € £y, once Tygp is reached, additional heat, due to radiation, advection or
diffusion, is added to A. When A reaches [, phase transition occurs. The accumulated heat
represented by A is released and subsequently added to the internal energy of the vapour
phase. In figure 3, this time instant is denoted by #4. We assume that phase transition
completes instantaneously at each point in the domain through an isochoric process. The
state variables before and after phase transition are related by

It =1, (i.e.vapour) (2.19)
ot =p, (2.20)

et =e + A, (2.21)
At =0, (2.22)

ot = — % , (2.23)

where the superscripts — and 4 indicate the variable’s value before and after phase
transition, e.g.

pt = lim p(x, 1. (2.24)
t—=>1y

>4

In (2.23), Ax denotes the local element size in the computational mesh. The pressure
and temperature after phase transition are obtained naturally from the EOS of the vapour
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phase, i.e.

pr=pip*, e, (2.25)
T =Ti(pT,e). (2.26)
The pressure rise, p™ — p~, drives the expansion of the vapour bubble.

At each time step, if phase transition occurs, the level set function ¢ is restored to a
signed distance function by solving the reinitialisation equation,

d¢
57 T5@)(Vel—1) =0, (2.27)

to the steady state. Here, 7 is a fictitious time variable, ¢y is the level set function before
reinitialisation and S(¢) is a smoothed sign function, given by

®o

,/¢3+82

where ¢ is a constant coefficient, set to the minimum element size of the mesh. The
steady-state solution of (2.27) is then used as the new initial condition to integrate the
level set equation (2.10) forwards in time.

S(¢o) = (2.28)

3. Numerical methods
3.1. FIVER (FInite Volume method based on Exact multiphase Riemann problem solvers)

We apply a recently developed laser—fluid computational framework to solve the above
model equations (Zhao et al. 2023). The fluid governing equations are semi-discretised
using a fixed, non-interface conforming finite-volume mesh, denoted by 2" (figure 4).
The laser fibre is modelled as a fixed slip wall, and the associated boundary condition is
enforced using an embedded boundary method (Wang 2017; Cao, Main & Wang 2018; Cao
et al. 2021a; Cao, Wang & Wang 2021b). Therefore, £2"* also covers the region occupied
by the laser fibre. Around each node n; € £2”, a control volume C; is created. Applying
the standard finite-volume spatial discretisation to (2.1) yields

ow;
Tlﬂ_ f FW) - nydS = |C|f V.gWdx, G
JjeNei(i)

where W; denotes the average value of W in C;, Nei(i) denotes the set of nodes connected
to node n;, 0C;; = dC; N 9Cj, njj is the unit normal to dC;; and |C;| denotes the volume of
C;.

The FIVER method is used to calculate the advective flux across each facet dCj;.
Depending on the locations of nodes n; and n;, there are four different cases.

(i) If n; and n; belong to the same phase subdomain (£2y or §2;), the conventional
monotonic upstream-centred scheme for conservation laws (MUSCL) is used to
compute the flux across dCjj, i.e.

Fj = |9C;|@ (W, Wi, nj, EOSY) = —Fj;, (3.2)

where ||dCj|| is the area of Cy;, Wj and Wj; denote the reconstructed state variables
on the two sides of dC;; and @ represents the numerical flux function. In this work,
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Figure 4. Finite-volume discretisation of the spatial domain.

the local Lax—Friedrichs flux function is employed. Here Fj; and Fj; are used to
update the state variables within control volumes C; and Cj, respectively.

If n; and n; belong to different phase subdomains, a one-dimensional (1-D)
bimaterial Riemann problem is constructed along the edge between n; and n;, i.e.

ow  dF(w) ) w;, if& <0,
P T 0, withw(£,0) = Wi, ifE >0, (3.3)
where 7 denotes the time coordinate and & denotes the spatial coordinate along the
axis aligned with n;; and centred at the phase interface between n; and n;. The initial
states w; and w; are the projections of W; and W; on the § axis. This 1-D two-phase
compressible flow problem can be solved exactly (Ma et al. 2023). The solution is
self-similar, and satisfies the interface conditions (2.7). The state variables on the i-
and j-sides of the interface, denoted by W;.‘J‘. and W;.‘l., are substituted into the same
numerical flux function @. Specifically,

Fyj = [9C;|1® (W, Wy, nj BOS?), (3.4)

Fii = 10Cjj||® (W j;, W;}, nij,EOS(/)). (3.5)
If one of n; and n; belongs to a fluid-phase subdomain (£2 or §21), whereas the other
is covered by the laser fibre, a 1-D half-Riemann problem is constructed and solved
exactly (Wang 2017; Cao et al. 2021a). The solution at the wall boundary is used to
compute the advective fluxes across dCj;, similar to the previous case.

If both n; and n; are covered by the laser fibre, the flux across dCj; is set to zero.

Details of FIVER can be found in previous papers such as Farhat et al. (2012) and Main

et al. (2017). It is noteworthy that this method is not strictly conservative, mainly for two
reasons (Main et al. 2017). First, the flux balance Fj; + Fj; = 0 typically does not hold
when n; and n; are in different phase subdomains. Second, when the material interface
crosses one node due to advection, the state variables within the corresponding control
volume are updated either by extrapolation or using the Riemann solution, both of which
lead to a loss of conservation.
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3.2. Diffusive heat fluxes

The right-hand side of (3.1) includes two parts, namely the heat diffusion term
( fCi V . (kVT)dx) and the radiation term ( fCi V . q,dx). The heat diffusion term is

evaluated using a finite-volume method, i.e.

/V-(kVT)dx:/ (kVT) -nydS= > (kVT)A; - nj, (3.6)
Gi 9C; jeNeii)

where Aj; is the area of facet dC;; and (kVT);; - nj; denotes the heat flow due to diffusion
that crosses the facet dCj;. In this work, it is computed by

kVT) P, (3.7)
j o Ny = kj—————, .
P T xG = xn
with
2kik;
kij = . (3.8)
ki + kj

Here, k; and k; denote the thermal conductivity at nodes n; and n;, specifically. We
assume that the liquid—vapour interface is isothermal, and it can be shown that if n; and
n; belong to different phase subdomains, (3.7) and (3.8) enforce energy balance at the
interface, with interface temperature (Faghri & Zhang 2006)

_ kiT; + ijj

- 3.9
= hik (3.9)

We set the thermal conductivity at all the nodes covered by the laser fibre to zero. In this
way, (3.7) and (3.8) enforce the adiabatic boundary condition at the surface of the laser
fibre.

3.3. Laser radiation and laser—{fluid coupling

The radiation term is evaluated by
/ (V-q,)dx =(V -qilCil. (3.10)
Ci

At each time step, the divergence of the radiative flux, V - ¢q,, is computed using the
current solution of the laser radiation equation (2.15). In this work, the laser radiation
equation is discretised using the same finite-volume mesh (£2") created for the fluid
governing equations (figure 4). Specifically, integrating (2.15) within an arbitrary cell C;
yields

Z AjjLij(sij - njj) = —|Cilpa (Ti)Li, (3.11)
JjeNei(i)
where L; is the cell average of L within C;. Here s;; represents the laser direction at 9Cj;.

It is set to the laser direction at the midpoint between nodes n; and n; and is calculated
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by (2.16). L; is the value of L at facet dCj;. In this work, it is evaluated by the mean flux
method, i.e.

1y = {aLi + (Il —a)j ifs;-n;=>0, (3.12)

(I —a)L; +al; ifs;-n; <0,

where o € [0.5, 1] is a numerical parameter. Substituting (3.12) into (3.11) yields a
system of linear equations with the cell averages of laser irradiance as unknowns. The
Gauss—Seidel method is applied to solve this system to get L;.

Notably, the fluid mesh £2” does not contain a subset of nodes, edges and elements that
resolve the boundary of §2; or the laser propagation directions s(x). To address this issue,
the embedded boundary method proposed in Zhao et al. (2023) is adopted in this work.
This method involves the population of ghost nodes outside the side boundary of the laser
domain using second-order mirroring and interpolation techniques.

After solving the laser radiation equation, V - g, in (3.10) is obtained by

(V-q,)i=V - (Lis) = —pa(Ti)Li, (3.13)
and then added to (3.1).

3.4. Vaporisation model implementation

The method of latent heat reservoir described in § 2.4 is implemented numerically to
predict vaporisation. At the end of each time step, for each control volume C; in £2,
the liquid temperature 7; is obtained from (2.5) and compared with Tygp. If T; > Tyqp, we
reduce 7; to Ty4p, and move the excessive heat to the latent heat reservoir, A;. In this case,
we update the state variables as follows:

Ty = Toup, (3.14)
Ai=Ai+ (e; — evap)a (3.15)
ej=e — (e — evap) = Cuap (3.16)

where e, denotes the internal energy corresponding to 7'y, that is, the solution of (2.5)
with Z = 0 (liquid), p = p; and Tz = Tygp.

If T; < Tyqp, this means the fluid material within control volume C; is still below
(or exactly equal to) the vaporisation temperature. If A; = 0, nothing needs to be done.
Because of flow advection, it may happen that A; > 0. In this case, the latent heat stored
in the control volume is used to increase the local temperature up to Tyqp,. Specifically,
we set

Aj=Aj— min(evap —e;, Aj), (3.17)
e; = e; + min(eyyp — €;, Ay), (3.18)
T, =Tz(pi,e;), Z=0. (3.19)

Following these operations, we compare A; and [ to determine if vaporisation should
occur in C;. If A; > [, this control volume undergoes phase transition, and the fluid state
is updated according to (2.19)—(2.26).

The numerical methods described above are implemented in the open-source M2C
solver (Wang et al. 2021), which is used to run the simulations reported in this paper.
Several verification studies can be found in Islam et al. (2023), Zhao et al. (2023), Cao
et al. (2021a) and earlier papers cited therein. An outline of the solution procedure within
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each time step is provided as follows. For simplicity, the forward Euler method is assumed
here for time integration. In the actual simulations presented in this paper, a second-order
Runge—Kutta method is used.

Input: Numerical solution at t*: W", 1", ¢", L and A".

(1) Compute the residual of the Navier—Stokes equations (3.1).
(1.1) Compute the advective fluxes (§ 3.1).
(1.2) Compute the diffusive heat fluxes (3.6).
(1.3) Compute the radiative heat source (3.10).

(2) Advance the fluid state by one time step = W"+!, A"+ Apply boundary
conditions.

(3) Compute the residual of the level set equation (2.10).

(4) Advance the level set function by one time step = ¢"*!. Apply boundary
conditions.

(5) Update phase identifier using ¢" ! = 7! Update fluid state (W" !, A7)
at nodes that changed phase due to interface motion.

(6) Check for phase transition (§§ 2.4 and 3.4). Update W"t!, A"+l 771 and
QS”“ at nodes that have undergone phase transition (2.19)—(2.26).

(7) If phase transition occurred, reinitialise the level set (2.27).

(8) Solve the laser radiation equation for L 3.11).

Output: Numerical solution at 7#T1: wntl 7nt1 gntl pntl and A+l

4. A pear-shaped bubble

We employ the computational framework described previously to simulate a laboratory
experiment that generates a pear-shaped bubble. The key parameters of the simulation,
including laser fibre diameter, laser absorption coefficient and the divergence angle of
the laser beam, are set to match the set-up of the experiment. The laser power used
in the simulation (i.e. Po(?) in (2.18)) is determined by fitting the laser power profile
measured in the experiment. The simulation’s output includes the time histories of the
density, temperature, pressure, velocity and laser irradiance fields of the two-phase flow,
and the level-set function that tracks the liquid—vapour interface. The bubble’s nucleation
and evolution are compared with high-speed optical images obtained from the experiment.
By analysing the full-field results obtained from the simulation, we try to investigate the
causal relation between the laser setting and the bubble’s shape.

4.1. Comparison of experimental and numerical results

4.1.1. Laboratory experiment

In this experiment, a commercial Ho:YAG laser lithotripter (H Solvo 35-W laser, Dornier
MedTech, Munich, Germany) with a wavelength of 2080 nm is used to generate the vapour
bubble. It is operated at the energy level of 0.2 J with a pulse duration of 70 s, measured
at full width at half maximum. It is clearly a long-pulsed laser, as the acoustic time scale is
less than 1 ps. Figure 5(a) shows a schematic representation of the experimental set-up. To
facilitate the delivery of the pulsed laser, an optical fibre (Dornier SingleFlex 400, Munich,
Germany, numerical aperture 0.26) with a core diameter of 0.365 mm is used. The fibre
directs laser into a transparent acrylic container (150 mm x 150 mm x 300 mm) filled
with degassed water. During the experiment, a series of high-speed images are captured
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Figure 5. Schematic representation of the experimental set-up for laser-induced cavitation. (a) Set-up for
capturing the bubble dynamics and (b) set-up for measuring the temporal profile of laser power.

using an ultrahigh-speed camera. To enable direct shadowgraph imaging, a 10-ns pulsed
laser system (SI-LUX-640, Specialised Imaging) provides the required illumination.

To measure the laser power profile, an additional procedure is conducted in air. The laser
pulse is directed towards a photodetector (PDA10D, Thorlabs, Newton, NJ) positioned at
a distance of 1.5 m, as illustrated in figure 5(b). The photodetector converts the received
light into an electronic signal, which is displayed on an oscilloscope. Since air has minimal
absorption of laser energy, the recorded data can be considered a reliable indication of the
laser power output from the laser fibre when generating the vapour bubble in the bulk fluid.

Figure 6(a) presents the time history of the laser power measurement. The laser power
increases from the beginning and reaches the maximum at approximately 17 ws. After
that, it gradually drops to zero. The graph reveals some fluctuations, which are attributed
to measurement noise. Integrating the measured laser power in time yields a total pulse
energy of 0.2J, which is in good agreement with the specified energy level. Figure 6(b)
presents a series of high-speed images that show the nucleation and evolution of a vapour
bubble at the tip of the laser fibre. In the initial stages (at 5 jLs), observable streaks emanate
from the fibre tip. This phenomenon may arise due to the imperfect Gaussian distribution
of the spatial profile of the Ho: YAG laser, characterised by fluctuations (Blackmon, Irby &
Fried 2010; Traxer & Keller 2020). These fluctuations result in multiple hot spots, causing
non-uniform superheating of the liquid beneath the fibre, which displays as streaks from
the side view. The bubble becomes visible at 15 ps. It expands continuously, eventually
acquiring a pear-like shape. The bubble maintains cylindrical symmetry about the central
axis of the laser beam. However, it is not spherical, unlike the bubbles obtained from
previous experiments that use short-pulsed lasers (e.g. Brujan et al. 2001; Lauterborn &
Vogel 2013; Zhong et al. 2020).

Using the measured laser power profile, we can estimate the time it takes to heat water
near the laser fibre tip to the vaporisation temperature, T,,,. Here, we assume Tyqp =
373.15 K. We define a cylindrical region next to the laser fibre tip, with a diameter of
0.365 mm (the laser fibre diameter) and a small depth of 0.1 mm. The energy required to
raise water temperature in this region from the room temperature (assumed to be 293.15 K)
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Figure 6. Experimental results obtained with a Ho:YAG laser: (a) laser pulse profile measured in air and
(b) dynamics of the vapour bubble in the bulk fluid. Perfect circles are drawn in (b) to show that the vapour
bubble is not spherical.

to Tyap can be estimated by
AE = c, ATpV ~ 0.003 J, 4.1)

with ¢, = 4.285 x 103 J (kg K)~! and AT =80 K. The percentage of laser energy
absorbed in this region can be roughly estimated by the Beer—Lambert law, which is the
one-dimensional version of (2.15). That is,

oL

ox

The solution of this equation is simply L(x) = Lo exp(—qX), Where Ly denotes the laser

irradiance at the source (i.e. x = 0). Setting uq = 2.42 mm~! for the Ho: YAG laser (Fried

& Irby 2018), we find that approximately 21.5 % of the laser energy is absorbed within the

depth of the cylindrical region defined previously. Now, by integrating the measured laser

power profile (figure 6a), we can estimate that at approximately 9 s, the temperature

within the small cylindrical region reaches T',. From the high-speed images, the vapour

bubble does not appear until 15 ws. This finding implies a clear delay in bubble nucleation,
which can be attributed to the high latent heat of water.

7 4.2)

4.1.2. Numerical simulation

Figure 7 shows the set-up of the simulation. A cylindrical domain with a radius of 12 mm
and a length of 24 mm is adopted. It is initially occupied by liquid water with density
po = 0.001 g mm~3, velocity vg = 0 mm s~!, pressure pg = 100 kPa and temperature
To = 293.15 K. A far-field boundary condition, ensuring that outgoing waves do not reflect
back, is applied to the domain boundaries.

The laser source is positioned at x = —0.5 mm, as shown in figure 7(b). The laser fibre
is modelled as a rigid structure, embedded in the computational domain. It has a radius
r = 0.1825 mm, consistent with the laboratory experiment. The spatial profile of laser
irradiance on the source plane is specified as a Gaussian function (2.18) with waist radius
wo = 0.165 mm, as shown in figure 7(c). This value is calibrated based on references
indicating a beam diameter of approximately 0.3 mm for the Ho: YAG laser (Fried 2018).
The temporal profile of laser power (Pg in (2.18)) is specified as the blue line shown
in figure 7(d). It is obtained by fitting the experimental measurement using fast Fourier
transform (FFT). The pulse shape is approximately a triangle, with the power growing
from 0 to 2.98 kW within 24 ps, then vanishing gradually within 136 ws. The laser
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Figure 7. Vapour bubble generated by a Ho: YAG laser: simulation set-up. (a) Spatial domain with cylindrical

symmetry. (b) Geometry of the laser radiation domain and mesh resolution. (c¢) Spatial profile of laser irradiance
on the laser source plane. (d) Temporal profile of laser power.

beam propagates in the x direction with a divergence angle 6, = 7.53°. Along the beam
direction, the length of the laser radiation domain (£27) is set to 10 mm. This length is
large enough such that at the far end, laser irradiance is close to zero. The laser absorption
coefficient, 1, is set to 2.42 mm~! for liquid water (Fried & Irby 2018) and 0.001 mm~!
for the vapour. The vaporisation temperature and latent heat of vaporisation are set by
Tyap = 373.15K and [ = 2256.4] g~ !, respectively.

The Noble—Abel stiffened-gas EOS (2.4) is employed to model both liquid water
and water vapour. First, we adopt the EOS parameters presented in Zein et al. (2013),
which are listed as Group 1 in table 1. The thermal conductivity, k, is set to 5.576 x
10~* W (mm K)~! for liquid water and 2.457 x 107> W (mm K)~! (Wagner et al. 2010)
for the vapour.

By the assumption of cylindrical symmetry, we solve the fluid governing equations
on a two-dimensional mesh, while adding source terms to the equations to enforce the
symmetry (see e.g. Islam et al. 2023). The mesh has approximately 2.4 million rectangular
elements. In the most refined area, the characteristic element size is about 1.5 x 10> mm
(as illustrated in figure 7b). To put this into context, the diameter of the laser fibre is
resolved by about 240 elements. This mesh, chosen after a mesh convergence analysis,
provides the appropriate resolution necessary for accurate results. The local level set
method with a bandwidth of six elements on each side of the interface is used to track the
vapour bubble. Both the fluid governing equations and the level set equation are integrated
in time using a second-order Runge—Kutta method. The time step size is approximately
4 x 10~* ws. The simulation is terminated at # = 120 jus, which roughly covers the bubble
nucleation and expansion stage observed in the laboratory experiment.

The simulation also generates a pear-shaped bubble, as observed in the experiment.
Figure 8 presents a detailed comparison between the experimental data and the
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Figure 8. Vapour bubble generated by a Ho:YAG laser: comparison of bubble dynamics obtained from
numerical simulation and laboratory experiment. (a) Bubble nucleation and evolution. In each subfigure, the
left half shows the imaging result from the experiment and the right half shows the bubble and laser irradiance
field predicted by the simulation. (b) Evolution of bubble size and shape. Here /;, and dj, denote the maximum
length of the bubble along and perpendicular to the laser fibre direction, respectively.

simulation result. In figure 8(a), the high-speed images obtained from the experiment and
the simulation results (bubble dynamics and laser irradiance) are shown side by side. The
simulation predicts that the vapour bubble nucleates at approximately 17.4 ws. This is
similar to the finding from the experiment, in which the bubble appears at 15 ws. The
overall bubble dynamics predicted by the simulation, that is, the evolution of the bubble’s
size and overall shape, agrees reasonably well with the experimental data.

999 A103-18


https://doi.org/10.1017/jfm.2024.989

https://doi.org/10.1017/jfm.2024.989 Published online by Cambridge University Press

Vapour bubbles produced by long-pulsed laser

To make a quantitative comparison between the simulation result and the experimental
data, we measure the maximum length of the bubble in two directions, that is, along and
perpendicular to the laser fibre direction. These two measurements are denoted as [, and
dp, respectively, and plotted in figure 8(b). The value of [, obtained from the simulation
matches its experiment counterpart very well. The discrepancy between the simulation
and the experiment in d}, is a bit larger, between 4 % and 15 % at different time instants. In
addition, the bubble’s expansion speed in the perpendicular direction is slightly larger in
the simulation than in the experiment. Furthermore, the aspect ratio of the bubble, defined
as Ip/dp, is also calculated, and plotted in figure 8(b). In both the experiment and the
simulation, it varies between 0.75 and 1.

4.2. Delay of bubble nucleation due to latent heat

As mentioned in §4.1.1, the laboratory experiment reveals a delay of bubble nucleation,
that is, the time of bubble nucleation is clearly after the time when the vaporisation
temperature (T4p) is reached at the fibre tip. The same phenomenon is observed in the
simulation.

Figure 9 shows the temperature field at eight time instants during the early period of the
simulation. At the beginning, the temperature of water in front of the laser fibre increases
continuously, as it absorbs laser energy. This can be seen in the solution snapshots taken at
0to 7 ps. At 7 s, the temperature of water next to the centre of the fibre tip first reaches
Tyap- This is about 10 s before bubble nucleation, which occurs at 17.4 ps. Within this
time period, the region that reaches 7', expands continuously, but phase transition does
not occur.

This time delay is due to the fact that water has a high latent heat of vaporisation. Based
on the values of / and ¢, adopted in the simulation, the latent heat is about 8 times the
energy needed to raise water temperature from 7 to 7',. Using the phase transition model
described in §2.4, as soon as Tyqp is reached, any additional heat contributes towards
increasing the intermolecular potential energy, thereby overcoming the required latent heat
of vaporisation. To examine this process more closely, we define

Agp = / pAdx. 4.3)
2

which measures the total amount of latent heat in the computational domain. Figure 10
shows the time history of Ag. At 6.9 pus, A, becomes non-zero and begins to increase.
Up to the time of bubble nucleation (17.4 ws), the total energy stored in the latent heat
reservoir is around 6.3 mJ. By integrating the power profile (figure 7d), we find that this
value is approximately 16.84 % of the laser energy input up to the same time.

In this simulation, vaporisation starts at 17.4 ws, and continues for a short period of time
(Iess than 1 ws). Figure 10 shows that after vaporisation stops, A drops to around 0.8 mJ.
Given that the total laser pulse energy is 0.2 J, this result implies that only a small fraction
of the laser energy input ((6.3 — 0.8 mJ)/0.2 ] = 2.75 %) is directly used to create the
bubble.

The enlarged view images in figure 9 reveal that the temperature inside the newly
formed vapour bubble is highly non-uniform. In general, this reflects the complexity of
the fluid flow inside the bubble, caused by the non-uniform laser beam, the continuation
of vaporisation and the laser fibre acting as a wall boundary. Near the bubble’s surface,
temperature is significantly higher, reaching around 2000K at 17.4 ps, and displays
wavelike perturbations. In contrast, the maximum temperature of the liquid water outside
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Figure 9. Vapour bubble generated by a Ho:YAG laser: temperature evolution in the first 20 ws. For the
solutions between 17.4 and 20 s, a different colour map is applied to show temperature variation inside the
bubble.
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Figure 10. Vapour bubble generated by a Ho:YAG laser: time history of the stored latent heat.

the bubble is 373.15 K (i.e. Tyqp). Therefore, the temperature field is discontinuous across
the bubble’s surface, which implies that heat is temporarily trapped inside the bubble.
This discontinuity can be explained by the fact that only pressure and normal velocity
are enforced to be continuous across the liquid—vapour interface (§ 2.2). Density is not
constrained, and is generally discontinuous across the interface. Using the EOSs (2.4)
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Pressure variation (p — pg, MPa)

Figure 11. Vapour bubble generated by a Ho:YAG laser: evolution of the pressure field. For the solutions
between 17.6 and 19 s, a different pressure range (—20 to 40 MPa) is applied to clearly show the pressure
wave induced by the bubble.

and (2.5), temperature can be written as a function of density and pressure. Due to the
discontinuities in both the EOS and density across the interface, the temperature field
is also discontinuous. This result may be related to the ‘radiation slip’ condition in
the literature of radiation heat transfer, which is used to account for temperature jumps
across material interfaces (Sparrow 2018). It should be noted that although the overall
phenomenon of high-temperature perturbation near the bubble’s surface can be explained
by the physical model, this finding has not been confirmed by experimental measurement.
The small size of the initial bubble makes it difficult to completely rule out the influence
of numerical discretisation errors. Therefore, details of this phenomenon may not be
considered as definitive.

4.3. Generation of a pear-shaped bubble

In both the experiment and the simulation, a pear-shaped vapour bubble is obtained. To
explain the formation of this shape, we look at the pressure and velocity fields obtained
from the simulation (figures 11 and 12).

First, the two pressure snapshots at 0.4 and 1 ps (figure 11) capture an outgoing acoustic
wave that emanated from the fibre tip. This is a weak shock wave caused by the rapid

999 A103-21


https://doi.org/10.1017/jfm.2024.989

https://doi.org/10.1017/jfm.2024.989 Published online by Cambridge University Press

X. Zhao, W. Ma, J. Chen, G. Xiang, P. Zhong and K. Wang

Velocity magnitude (m s™')
30 40 50 60

' : —

-0 . o -0
Velocity magnitude ' Vorticity magnitude
(ms) s
Figure 12. Vapour bubble generated by a Ho:YAG laser: evolution of the velocity field. The solution fields
of velocity and vorticity magnitude inside the vapour bubble are shown for the time instants 50 and 120 s,
respectively.

increase of laser power. The vapour bubble nucleates at 17.4 ws. The pressure and velocity
fields at this time are shown in figures 11 and 12. At this time, the bubble is already
non-spherical. The pressure inside the bubble is high and non-uniform. Specifically, the
pressure at the forward end is around 500 MPa. The pressure at the backward end, that is,
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near the fibre tip, is much lower, around 100 MPa. This pressure variation is a result of the
brief continuation of vaporisation. Regions that have just undergone phase transition have
high pressures. Then, the pressure drops as the bubble expands. Therefore, the continuation
of vaporisation along the beam direction leads to the higher pressure at the forward end of
the bubble. In summary, the simulation result at the time of bubble nucleation (17.4 ws)
already implies that the bubble will likely grow into a non-spherical shape, longer in the
laser beam direction.

The high pressure inside the initial bubble also generates a weak shock wave that
propagates outwards at approximately the speed of sound in water. This wave can be seen
in the pressure snapshots taken at 17.6—19 s (figure 11). This wave is also evident in
the temperature snapshots acquired at 17.6 and 18 s (figure 9). Afterwards, the pressure
field becomes quiet, and the bubble continues growing due to inertia. The velocity field
at 50-120 ws (figure 12) shows that the velocity around the bubble is non-uniform. It is
higher at the forward end of the bubble compared with other regions. Furthermore, the
velocity distribution within the bubble exhibits significant non-uniformity. The velocity is
notably higher in the vicinity of the central axis of the fibre, particularly near the forward
end. This also explains the formation of a pear-like shape, instead of a sphere. In addition,
as the bubble expands, small vortices form within the vapour bubble. Two enlarged view
images showing these vortices are included in figure 12.

These observations can serve as references to explain the formation of pear-shaped
bubbles induced by long-pulsed lasers with similar laser settings. For example, a similar
pear-shaped bubble is observed in an experiment detailed in Jansen et al. (1996). In this
experiment, the bubble is also generated by a Ho: YAG laser with the same pulse energy
0.2 J and a comparable pulse duration 100 js.

4.4. Effect of the choice of EOS

We show that the result obtained from our laser—fluid coupled computational framework
can be influenced by the choice of EOS and, more precisely, the choice of EOS parameter
values in this case. Here, we present another simulation with a different group of EOS
parameter values, listed as Group 2 in table 1. All the other (physical and numerical)
parameters remain the same. The results, compared in figure 13, show both parameter
groups predict the nucleation of a vapour bubble over a very short period of time, followed
by expansion due to high internal pressure, resulting in a rounded bubble shape.

However, a few differences can be found between the two simulations. First, there
is a difference in the time when vaporisation occurs. With Group 1 parameter values,
vaporisation takes place at 17.4 ws. With Group 2 parameter values, it occurs later, at
18.8 ps. The laser parameters are the same in both cases. Therefore, this discrepancy
should be attributed mainly to the different temperature increase rates determined by the
EOS, as defined in (2.5). Moreover, the speed of bubble growth is found to be lower with
Group 2 parameter values than with Group 1. In figure 13, at both 25 and 30 ps, the
bubble obtained with Group 1 parameter values is clearly larger than that obtained with
Group 2. The difference in growth speed can be explained by the pressure field. As shown
in figure 13(b), the bubble’s internal pressure reaches a maximum of 73 MPa with Group
2 parameter values. This is much lower than the maximum pressure obtained with Group
1 parameter values, which is 500 MPa. Lastly, the shapes of the bubbles obtained from
the two simulations are slightly different. A pear-shaped bubble is captured with Group 1
parameter values. With Group 2, the bubble is more rounded.
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Figure 13. Vapour bubble generated by a Ho:YAG laser: side-by-side comparison of simulation results
obtained with different EOS parameter values. In each subfigure, the left and right halves show the result
obtained with Group 1 and 2 parameter values, respectively.

5. An elongated bubble

In this section, we investigate the generation of an elongated bubble using Thulium Fibre
Laser (TFL). The experiment is conducted in the same acrylic water tank, but the laser
wavelength, the beam geometry and the power profile are different. The simulation set-up
is modified to match the new experiment. Because of these changes, the vapour bubbles
obtained from the experiment and the simulation both have a long, conical shape, different
from the pear-shaped bubble shown in §4. Again, we examine the full-field solutions
obtained from the simulation to explain the bubble and fluid dynamics. In addition, we
also discuss the effect of bubble dynamics on the delivery of laser energy.

5.1. Comparison of experimental and numerical results

5.1.1. Laboratory experiment

A TFL (TFL-50/500-QCW-AC, IPG Photonics, Oxford, MA) with a 1940 nm wavelength
is used to generate the vapour bubble. The laser generator is operated at the energy level of
0.11 J, which is roughly half of the pulse energy in the Ho:YAG experiment (§ 4.1.1). The
diameter of the laser fibre remains the same, but the laser beam is narrower (Blackmon
et al. 2010). Again, the time history of laser power is measured in air using a photodetector
and an oscilloscope (figure 5b). The obtained result is shown as the red line in figure 15(b).
The power profile exhibits a trapezoidal shape, with the laser power fluctuating around
0.6 kW for the first 140 ps. Then, it gradually decays to zero. Compared with the Ho:YAG
laser (figure 6a), the pulse duration is longer, but the peak power is lower.

Figure 14 shows 12 high-speed images of the vapour bubble during its nucleation and
expansion stage (0—120 ws). It can be observed that the laser pulse generates an elongated
vapour bubble, clearly different from the pear-shaped bubble obtained with the Ho: YAG
laser. Starting from the first frame at r = 5 s, a small bubble appears at the fibre tip.
This means vaporisation starts at a time between O and 5 s, earlier than that in the
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Figure 14. The experimental result obtained with a TFL. (High-speed images of the vapour bubble.)

Ho:YAG experiment. From 5 to 120 ws, the bubble grows continuously, forming a long,
conical shape.

5.1.2. Numerical simulation

We simulate the TFL experiment using the computational framework described in §§ 2
and 3. The same computational domain and mesh described in § 4.1.2 are adopted. The
geometry of the embedded laser fibre is also the same. The divergence angle of the laser
beam, 6, is set to 9.78°. This is because the wavelength of TFL is different from that
of the Ho:YAG laser. The absorption coefficient, itq, is set to 14 mm™! in liquid water
(Traxer & Keller 2020), which is about 6 times the value for Ho: YAG laser. This is also
due to the fact that TFL has a different wavelength. The absorption coefficient in water
vapour is set to 0.001 mm™~!, the same as in the previous case.

The waist radius of the Gaussian beam is set to 0.05 mm (figure 15a). This value
is also determined through calibration, considering that TFL typically exhibits greater
collimation, which results in a smaller beam waist compared with the Ho: YAG laser (Fried
2018). The temporal profile of the laser power is specified to be a trapezoidal function that
approximates the experimental measurement (figure 15b). The resulting pulse energy is
the same as that in the experiment, i.e. 0.11 J. More specifically, the power grows rapidly
from O to 0.62 kW within 0.1 ws. This peak power is maintained for a period of 140 ps.
Then, it vanishes gradually within 80 ws. The parameters of the Noble—Abel stiffened gas
EOS are set by the values in Group 1 in table 1.

The simulation predicts the formation of an elongated bubble, similar to that observed
in the experiment. Figure 16(a) presents a side-by-side comparison between the results
obtained from the experiment and the simulation. In each subfigure, the left-hand side is
a high-speed image obtained from the experiment. The right-hand side is the simulation
result at the same time, showing the bubble surface and the laser irradiance field. It can
be seen that the bubble obtained from the simulation also has a long, conical shape. In
the simulation, vaporisation starts at 1.2 ps. This is consistent with the experimental data,
which shows the bubble nucleates at a time between 0 and 5 s. At 5 s, the shape of
the bubble obtained from the simulation matches the experimental data reasonably well.
As time progresses, the bubble from the simulation undertakes the same evolution trend,
growing faster in the axial direction than in the radial direction. The main difference
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Figure 15. Vapour bubble generated by a TFL: simulation set-up. (a) Spatial profile of laser irradiance on the
source plane. (b) Temporal profile of laser power.

between the simulation result and the experimental data lies in the size of the bubble. The
simulated bubble is smaller than its experimental counterpart in all the snapshots shown
in figure 16(a).

To make a quantitative comparison, we measure the length and width of the bubble,
denoted by [;, and dj, respectively. Figure 16(b) shows the time histories of [, dp, and
the aspect ratio, I, /dp. It can be observed that the aspect ratio predicted by the simulation
matches well the experimental result. For /;, and dj, the simulation is able to capture the
same trend found in the experiment. But the magnitude is lower. It is notable that in both
the simulation and the experiment, the aspect ratio starts at approximately 1. Then, it
increases steadily, reaching around 2 after 70 s. This implies that the bubble elongates
gradually. In comparison, in the previous case with the Ho: YAG laser, the /,-to-d), aspect
ratio is roughly constant in time (figure 8b).

5.2. Bubble elongation due to continuous vaporisation

To investigate the mechanism of bubble elongation, we examine the temperature, pressure
and velocity fields obtained from the simulation.

Figure 17 presents the evolution of the temperature field near the fibre tip in the first
5 ws. The laser irradiance field is also shown at three time instants (1.2, 2.0 and 2.4 pus)
to facilitate the discussion. Similar to the previous case (figure 9), water temperature
increases due to the absorption of laser energy, especially in the region around the
central axis of the laser beam. The time it takes to reach the vaporisation temperature
is significantly shorter, only 0.4 s, compared with 7 s in the previous case. The faster
temperature increase can be attributed to two factors. First, the smaller beam waist of the
laser results in a more concentrated distribution of laser irradiance on the source plane.
Although the laser power is lower in the current case (compare figures 8(d) and 16(b)), the
more concentrated distribution leads to a higher laser irradiance along the central axis, that
is, 110 kW mm~2 (figure 16a) vs 80 kW mm™~? in the previous case (figure 8a). Second, the
absorption coefficient of TFL in water is significantly higher than that of the Ho: YAG laser
used previously (14 vs 2.42 mm™~!). The time delay in bubble nucleation is also observed
in this case. After T, is reached, it takes another 0.8 s before vaporisation occurs at the
fibre tip, at 1.2 ps. Within this time period, the absorbed laser energy is converted into the
intermolecular potential energy of liquid water.

A major difference from the previous case is that with the TFL, vaporisation continues
for a much longer period of time, that is, from 1.2 until 53.5 ws. In addition, it happens
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Figure 16. Vapour bubble generated by a TFL: comparison of bubble dynamics obtained from numerical
simulation and laboratory experiment. (@) Bubble nucleation and evolution. In each subfigure, the left-hand side
shows the imaging result from the experiment and the right-hand side shows the bubble and laser irradiance
field predicted by the simulation. (b) Evolution of bubble size and shape. Here [, and dj, denote the maximum
length of the bubble along and perpendicular to the laser fibre direction, respectively.

mainly along the central axis of the laser beam, which drives the bubble to grow in the
same direction.

Initially, a small, rounded bubble emerges in front of the laser fibre. This is shown in
figure 17, in the snapshot taken at 1.2 ws. Because the vapour phase does not absorb
laser energy (uq set to 0.001 mm~!), the small bubble extends the laser beam along
the axial direction. This effect can be seen in the inset images in figure 17. As a result,
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Figure 17. Vapour bubble generated by a TFL: evolution of the temperature field in the first 5 ps. For the
solutions between 3.0 and 5.0 s, a different colour scheme and range is applied to clearly show the temperature
variation inside the bubble. The solution of laser irradiance is shown at 1.2, 2.0 and 2.4 us (colour range
0-110 kW mm~2) as a reference.

the liquid water next to the bubble’s forward end, that is, the forward-most point along
the axial direction, experiences a sudden increase in laser irradiance, which accelerates
the accumulation of energy there to overcome the latent heat of vaporisation. From the
simulation result, we observe the continuation of phase transition in this direction. For
example, the snapshot taken at 2.0 s captures a bulge at the bubble’s forward end, which
is a newly vaporised region. At the same time, the high pressure inside the bubble also
drives it to expand in both axial and radial directions. The combination of these two
processes, that is, phase transition and advection, drives the bubble to grow into a long,
conical shape.

Figure 18 presents the evolution of the pressure field up to 70 ws. At the beginning,
the sudden increase of temperature due to the absorption of laser leads to a weak shock
wave at the fibre tip. The snapshot taken at 1 s captures this phenomenon, where the
maximum pressure is found to be less than 0.5 MPa. Next, the snapshot taken at 1.2 ps
captures the pressure field inside and around the initial bubble. The peak pressure inside
the bubble is found to be 94 MPa at this time. This high pressure drives the bubble to
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Figure 18. Vapour bubble generated by a TFL: evolution of the pressure field.

expand in all directions. It also generates a weak shock wave that propagates outwards,
at approximately the speed of sound in liquid water. Because of the small size of the
initial bubble, the pressure magnitude of this wave quickly decays to less than 1 MPa.
Compared with the pressure field obtained from the Ho:YAG laser (figure 11), the main
difference here is that as phase transition continues, acoustic waves keep emanating from
the bubble’s forward tip. This phenomenon is captured by all the snapshots taken between
2 and 50 ps. In the current simulation, phase transition stops at 53.5 ps. Afterwards,
the pressure field becomes quiet. As shown in the snapshot at 70 s, the main feature is
that the bubble’s internal pressure is higher than the ambient value. Therefore, the bubble
continues growing. By this time, it has already formed a long, conical shape.

Figure 19 shows the evolution of the velocity field. The inset image at 1.2 s shows that
when the initial bubble has just formed, the high internal pressure leads to high velocity
in both axial and radial directions. This phenomenon is also found in the previous case
(figure 12, 17.4 ws). In the previous case, the bubble’s velocity quickly starts to decrease.
In the current case, however, the velocity inside the bubble remains high. This is again
because of the continuation of phase transition, as it keeps adding energy to the existing
bubble. In addition, multiple vortexes are observed inside the vapour bubble as shown in
the snapshots at 70 ps, which is related to the propagation of multiple acoustic waves
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Figure 19. Vapour bubble generated by a TFL: evolution of the velocity field. The solution fields of velocity
and vorticity magnitude inside the vapour bubble are shown for the time instants 15 and 70 s, respectively.

emitted from the bubble’s forward tip. Therefore, the evolution of the velocity field also
suggests that phase transition plays a substantial role in the bubble’s dynamics.

5.3. Moses effect

Compared with liquid water, the absorption of laser by water vapour is negligible.

Therefore, the formation of a vapour bubble along the path of the laser beam allows
laser energy to be transmitted over a longer distance. This phenomenon, shown in
figure 17, is sometimes referred to as the Moses effect, after the story of Moses parting

999 A103-30


https://doi.org/10.1017/jfm.2024.989

https://doi.org/10.1017/jfm.2024.989 Published online by Cambridge University Press

Vapour bubbles produced by long-pulsed laser

(@) — L(xp) — L(x)) = L(x) —— L(x;) — L(xy) ]

110 | |

98 |
‘g 80
£
Z
)
8 4
~

26 29.8 40 50 60 70
Time (j.s)

(b)

Figure 20. Vapour bubble generated by a TFL: Moses effect.

the sea (van Leeuwen et al. 1993; Ventimiglia & Traxer 2019). To investigate this
effect more closely, we introduce four sensor points along the central axis of the laser
beam, at difference distances from the fibre tip. Their coordinates (in millimetres) are
x1:(—0.3,0,0), x2:(0.3,0,0), x3:(1.1,0,0) and x4 : (2.7, 0, 0). The fibre tip is at
xp : (—0.5,0,0), as shown in figure 7(b). Figure 20 shows the time history of laser
irradiance at the four sensor locations, as well as the fibre tip.

Before bubble nucleation (1.2 ps), most of the laser energy is absorbed by a small
volume of water next to the fibre tip. Although Sensor 1 is only 0.2 mm from the fibre tip,
the laser irradiance at this point has already dropped to 37.6 % of the value at the fibre
tip. The laser irradiance at the other sensor locations is negligible. This means without the
vapour bubble, the laser cannot reach Sensors 2, 3 and 4.

After bubble nucleation, the laser irradiance at all the sensor points starts to increase.
At 2.4 s, the bubble reaches x. At this time, the laser irradiance at Sensor 1 reaches the
maximum value, 98 kW mm™2. It is still lower than the laser irradiance at the fibre tip, but
this is only because the laser beam has a 9.78° divergence angle.

The time histories of laser irradiance at Sensors 2 and 3 follow the same trend. As
the vapour bubble’s forward end gets close to the sensor, laser irradiance increases. The
maximum value is reached when the bubble reaches the sensor. The maximum laser
irradiance decreases along the axial direction, due to beam divergence. Sensor 4 is placed
at 3.2 mm from the fibre tip. At 70 ws, the bubble’s forward tip is still more than 0.29 mm
from it. As the result, the laser irradiance at Sensor 4 remains nearly zero.
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In summary, the simulation result shows that the vapour bubble essentially creates
a channel that allows laser to pass through. Compared to rounded bubbles, the long,
conical shape obtained in the current case (both the experiment and the simulation) can be
advantageous as it provides a longer channel.

6. Transition between pear-shaped and elongated bubbles
6.1. A race between advection and phase transition

Using different laser settings, we have obtained two vapour bubbles in different shapes,
namely a rounded, pear-like shape shown in §4 and a long, conical shape shown in
§ 5. Depending on the application, one or the other may be preferred. By examining
the simulation result, we find that a major difference between the two cases is that in
the first case, vaporisation only lasts for a short period of time, less than 1 ps. In the
second case, vaporisation continues along the laser beam direction for over 50 ws. It is
also clear that in both cases, a newly vaporised region carries a high pressure (from the
accumulated latent heat) that drives the existing bubble to expand by means of advection.
Therefore, the simulation result suggests that when laser energy input is maintained in
time (i.e. long-pulsed laser), the vapour bubble’s shape is influenced by two factors:

(1) the speed of bubble growth by advection; and
(2) the speed of bubble growth by phase transition.

Furthermore, the simulation result indicates that the transition between pear-shaped and
elongated bubbles may be related to a competition between these two speeds. At least one
of the two speeds must have changed from one case to the other. In other words, at least
one of them is controllable.

Unfortunately, the fluid dynamics is highly nonlinear and multi-dimensional. It is
impossible to separate the two speeds from the governing equations. In order to define
and examine the two speeds analytically, we resort to a simplified model problem.

As illustrated in figure 21(a), we consider an initial vapour bubble of spherical shape,
with radius Ry. We assume it has an internal pressure pg, that is higher than the ambient
pressure poo, which drives the bubble to expand. For this problem, the bubble dynamics
can be modelled by the Rayleigh—Plesset equation (Brennen 2014). After dropping the
viscosity and surface tension terms for simplicity, we get

d*R 3 (dR\? Ro\
RE- +2(S5) =89 | (20) " — Lo 6.1)
d?2 2\ dr £0 R PGo
where pg denotes the density of the liquid phase and y denotes the specific heat ratio

of the vapour phase. In this case, the bubble’s dynamics is isotropic, and driven only by
advection. Therefore, we define the speed of bubble growth by advection as

dR(1) 60
Vadv (1) = dr (6.2)

where R(?) is the solution of (6.1).
From (6.1), it is clear that v,4, depends on pg, and Ry. If the initial bubble is created
through vaporisation, pg, is determined by the thermodynamics of water, including its
latent heat of vaporisation (§ 2.4). Therefore, it may not always be adjustable. To see the
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Figure 21. Illustration of a simplified model problem for which the speeds of advection (v,4,) and phase
transition (vyqp) are defined.

effect of Ry, we first note that if we rewrite (6.1) with

t A R
T = R—O and R(tr) = R—O, (6.3a,b)

Ry can be eliminated from the equation. Specifically, we have

2R3 (aR\" oo [(1VY e
RS+ () =220 (=) -2, (6.4)
dr?2 2 \dt PL | \R PGo

and the solution k(r) is independent of Ry. In addition, substituting (6.3a,b) into (6.2)
yields

dR() _ dR(x)
d dr

Therefore, changing the value of Ry leads to a linear scaling (i.e. stretching or
compressing) of v,4, in time, while the peak values remain the same. If the initial bubble
is created by vaporisation, Ry may be controlled by adjusting the spatial distribution of
the heat source. For example, a more uniform distribution of the laser power on the source
plane may lead to a larger Ryp.

Next, we assume that at a time ¢ > 0, a uniform, parallel laser beam is activated, and it
creates a bulge on the bubble surface through vaporisation (figure 215). We assume that
over a short period of time, the vaporised region (i.e. the bulge) has a cylindrical shape,
with a depth of Ad,q),. To model the continuation of vaporisation, we assume that at time z,
T = Ty within this cylindrical region, and A = latx = R(¢). This assumption is justified
by the results of the simulations shown in §§ 4 and 5.

The energy required to vaporise the forward end of the cylindrical region, i.e. x = R(¢) +
Adyqp, can be estimated by

(6.5)

Vadv =

AE = poll = A(R(D) + Adyap, D], (6.6)
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where pg denotes the density of the liquid phase, assumed to be a constant. The time to
obtain this amount of energy from the laser beam can be estimated by

AE [ — AR(?) + Adygp, 1)
Atygp = = po = (6.7)
o L(R() + Adygp, 1) Mo L(R(t) + Adyap, 1)
Now, we define the speed of bubble growth by phase transition as
Ad
Upgp = lim -, (6.8)
Adygy—0t Alygp
Substituting (6.7) into (6.8), and noting that A(R(?), t) = I, we get
poL(R, 1)
Uvap(t) = _ZA— (6.9)
PO —
9% | =r()

The derivative d A/dx is negative, as the laser energy input decreases along the beam
direction. Therefore, vy, is positive. It is notable that the latent heat of vaporisation, /, is
not involved in (6.9). Intuitively, the latent heat represents an energy threshold for phase
transition to occur. Once this threshold is reached, it may not influence the speed of bubble
growth by phase transition. Equation (6.9) also indicates that v,,, may be controlled by
adjusting the laser’s wavelength and power, which will lead to variations in @y and L.

6.2. Testing hypothesis using simulation results

We hypothesise that a race between advection and phase transition determines the
morphing of the vapour bubble. In the previous subsection, we have defined speeds v g,
and vy for a simplified model problem. In real-world applications, these quantities would
have to be estimated using available data. We hypothesise that at any time, if v,q, is greater
than vy, the bubble tends to grow spherically. If v,g, is smaller than vy, the bubble
tends to elongate along the laser beam direction.

This hypothesis can be tested using our simulation results. Figure 22 illustrates the
method adopted here to estimate vggy and vyqp. Although this figure only shows a solution
snapshot obtained from the TFL simulation, the same estimation method is also applied to
the other simulation with a Ho: YAG laser.

Because vaporisation mainly continues along the laser beam direction, we estimate the
advection speed, v,q,, by measuring the speed of bubble expansion in the radial direction,
outside the beam waist. Specifically, we define a small time interval, At,4, = 0.2 ws. The
radial expansion of the bubble over this time interval, Ad,q, (figure 22), is measured at
255 time points for the Ho: YAG simulation and 320 time points for the TFL simulation.
At each time point, v,y is estimated by

Adadv
Atadv ‘

Vadv =

(6.10)

To estimate the phase transition speed, vyqp, We look at the forward tip of the bubble,
denoted by Xy (7) in figure 22. We specify a small distance, Adyq, = 0.0015 mm, along
the laser beam direction. Then, we extract the simulation result of L and A to evaluate
(6.7), which gives us Atygp, that is, an estimate of the time needed to extend the bubble
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Figure 22. Illustration of the method to estimate v,g, and vyqp using simulation results. The actual sizes of
Adggy and Adyqp used in the estimation are smaller than those shown in the figure. The temperature field is
obtained from the simulation presented in § 5, at t = 4.8 ws.

front by Adyqp. Then, we estimate vyq, by

Atyap

Vyap =

(6.11)

which is consistent with its definition in (6.8). Again, we calculate v, at 255 time points
for the Ho: YAG simulation and 320 time points for the TFL simulation.

Figure 23 shows the time histories of v44, and vy, obtained from the two simulations.
For the Ho:YAG simulation that generated a pear-shaped bubble, v,4, is found to be
roughly two orders of magnitude higher than v,,, over the entire time period shown in
the figure. This is consistent with the finding that in this case, bubble expansion is mainly
driven by advection, whereas phase transition only lasts for less than 1 ps. It also supports
our hypothesis that if v4qy is greater than vy, the bubble tends to grow spherically. For the
TFL simulation that generated an elongated bubble, v, is found to be higher than v,4,.
Their difference is more than one order of magnitude in the early period of the simulation.
But after 20 ps, the difference starts to become smaller. This is consistent with the finding
that in this case, phase transition continues for a long period of time, until 53.5 ps. It also
supports our hypothesis that if v4g, is smaller than v,y the bubble tends to elongate along
the laser beam direction.

In summary, the simulation results suggest that the transition between pear-shaped and
elongated bubbles is determined by a race between advection and phase transition. These
two speeds can be characterised by v4qy and vyqp, which are mathematically defined
for a simplified model problem. Here vqqy and v,4, depend on the laser setting and the
properties of the fluid medium. This conclusion can be used as a reference to explain the
observations in the earlier experiments conducted by other researchers. For example, the
study by Asshauer et al. (1994) shows that applying a higher laser source irradiance (1150
vs 86 kW cm™2) results in the generation of an elongated bubble instead of a pear-shaped
one. This observation aligns with our conclusion, where the higher laser source irradiance
leads to an increased vaporisation velocity. In addition, in real-world applications, it
may be possible to obtain a preferred bubble shape by adjusting the relevant parameters
based on this conclusion. For example, in our TFL experiment, the laser absorption
coefficient and the source laser irradiance are both higher than their counterparts in the
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Figure 23. Estimation of v,g, and vy, for the pear-shaped bubble obtained with Ho:YAG laser (§ 4) and the
elongated bubbles obtained with TFL (§ 5). The bubble dynamics is also shown by superimposing simulation
results at different time instants.

Ho:YAG experiment. These changes lead to a significant increase of vyq, by about 2 orders
of magnitude. In comparison, the variation of v,4, is much smaller. Therefore, the changes
in laser setting make vy, higher than v,g,. As a result, an elongated bubble is obtained.

7. Concluding remarks

In this work, we have applied a laser—fluid computational model to study the physics
behind vapour bubbles generated by long-pulsed lasers. The long pulse duration
essentially means that three different physical processes, laser radiation, phase transition
(i.e. vaporisation) and fluid dynamics, overlap both in time and in space. Their interaction
adds complexity to the problem, but also makes it more interesting. Unlike short-pulsed
lasers that usually produce spherical bubbles (assuming no influence from material
boundaries), long-pulsed lasers can generate both rounded and elongated bubbles when
operated in different settings.

In two separate laboratory experiments, we used a Ho:YAG laser and TFL to generate
a rounded pear-shaped bubble and an elongated conical bubble. In each case, the laser
power profile is also measured, and used as an input to the simulation. The computational
model combines laser absorption, vaporisation and the dynamics and thermodynamics of
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a compressible two-phase fluid flow. The two simulations for a Ho:YAG laser and THL
are performed with the same fluid parameters, such as the EOS parameters, the latent
heat of vaporisation and thermal diffusivity. In both cases, the predicted bubble shape
evolution matches the experimental data reasonably well. The simulation results show that
the three physical processes mentioned previously interact in multiple ways, including the
following.

(1) The activation of laser radiation may create a weak shock wave in the fluid flow.

(2) The absorption of laser increases the thermal energy and intermolecular potential
energy of liquid water, eventually leading to its vaporisation.

(3) The nucleation of a vapour bubble creates a new material subdomain (i.e. vapour) in
which laser can transmit almost losslessly.

(4) Because water has a high latent heat of vaporisation, the bubble initially has a high
internal pressure, which drives it to expand rapidly.

(5) The expansion of the bubble allows laser energy to be delivered over a greater
distance.

Comparing the results of the two simulations, we find that the difference in bubble shape
can be attributed to the duration of phase transition. In the case of the pear-shaped bubble,
vaporisation lasts for less than 1 ws. In the case of the elongated bubble, vaporisation
continues along the beam direction for over 50 ws. In both cases, the duration of
the laser pulse is not a limiting factor. For example, the Ho:YAG laser that generated
the pear-shaped bubble has a pulse duration of 70 ps, much longer than the time of
vaporisation.

The duration of phase transition can be explained as the result of a race between
two bubble growth mechanisms, namely flow advection and the continuation of phase
transition. The latter is a unique feature of long-pulse laser-induced cavitation. We
hypothesise that at any time instant, if the speed of bubble growth by advection is higher
than that by phase transition, the bubble tends to expand spherically. Otherwise, phase
transition would occur (or continue), driving the bubble to elongate along the laser beam
direction. We have formulated the two speeds using a simplified model problem, and
estimated their values for the two experiments using the simulation results. The simulation
results support the hypothesis. For example, the speed of bubble growth by phase transition
is found to be two orders of magnitude higher in the case of the elongated bubble, whereas
the speed of bubble growth by advection is about the same in the two cases. The formulae
of bubble growth speeds also indicate possible ways to control the bubble shape, which can
be a topic for future studies. For example, assuming the laser’s power is fixed, increasing
the laser absorption coefficient (e.g. by changing the laser’s wavelength) and reducing the
laser beam width may facilitate bubble elongation.

The computational model presented in this work is implemented in the M2C code,
which is open-source under the GPLv3 license (Wang et al. 2021). For example, the
models of laser radiation (§ 2.3) and phase transition (§ 2.4) are implemented mostly in
LASERABSORPTIONSOLVER.H/CPP and PHASETRANSITION.H, respectively. Finally, it
is noteworthy that while the simulations revealed some interesting flow features inside the
initial vapour bubble (see e.g. the last row of figure 9), these results have not been validated
against laboratory experiments. Accurately measuring flow states inside a small cavitation
bubble is challenging, and thus, this work is left for future research.
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