IT City Research Online
UNIVEREIST%( ?qui)NDON

City, University of London Institutional Repository

Citation: Nykteri, G. & Gavaises, M. (2022). Numerical modelling of droplet rim

fragmentation by laser-pulse impact using a multiscale two-fluid approach. Physical Review
Fluids, 7(10), 103604. doi: 10.1103/PhysRevFluids.7.103604

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/28943/

Link to published version: https://doi.org/10.1103/PhysRevFluids.7.103604

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

N oo b w

00

10
11
12
13
14
15
16
17
18
19
20

21

22

23
24
25
26
27
28
29
30
31
32

33
34
35
36
37
38
39
40
41
42
43
44

Numerical modelling of droplet rim fragmentation
by laser-pulse impact using a multiscale two-fluid approach

Georgia Nykteri and Manolis Gavaises

School of Mathematics, Computer Science & Engineering, Department of Mechanical Engineering & Aeronautics,
City University of London, Northampton Square EC1V OHB, United Kingdom

Abstract

The present work examines the rim fragmentation of a millimeter-sized methyl-ethyl-ketone (MEK)
droplet imposed by the impact of different millijoule nanosecond laser beams that correspond to
droplet propulsion velocity values between 1.76 m/s and 5.09 m/s. The numerical investigation is
conducted within a physically consistent and computationally efficient multiscale framework, using
the Z-Y two-fluid model with dynamic local topology detection. Overall, the macroscopic droplet
expansion and the obtained deforming shape show good agreement with the experimental
observations. The influence of the laser beam energy on the droplet deformation and the evolution
of the detached fragments from the rim is demonstrated. The physical mechanisms that determine
the droplet expansion, including the expansion velocity and expansion rate, along with the effect of
the surrounding air flow on the detached fragments, are addressed. Despite the visualization
limitations inside the polydisperse cloud of fragments in the experimental results at higher laser
energy, the evolution of fragments during the fragmentation process is quantified for the first time,
and size distributions are obtained within the multiscale framework.

Keywords: laser impact, droplet fragmentation, rim breakup, two-fluid model, multiscale model
1. Introduction

The droplet response to a laser-pulse impact is a polyparametric phenomenon, which remains of
primary significance in varied state-of-the-art applications of both industrial and medical interest,
including, among others, the extreme ultra-violent (EUV) light emission in lithography
machines [1], [2], [3], [4], the micromachining in the fabrication of photonic devices [5], [6], [7] and
the laser ablation of biological tissues [8], [9], [10], [11]. The absorption of the laser energy by the
liquid droplet results in rapid and explosive phase-change phenomena, such as cavitation [12], [13],
vaporization [14], [15], [16], and plasma formation [17], [18], observed in both transparent and liquid
metal droplets. As a consequence of the developed droplet dynamics after the laser-pulse impact, the
droplet moves, deforms, and fragments into different patterns, dependent on the intensity of the
applied laser beam energy and the material of the liquid droplet.

Several experimental studies in the literature investigate the laser-imposed fragmentation of a liquid
droplet under different experimental configurations, which as a result, lead to different post-impact
mechanisms. In the early literature, Kafalas & Herrmann [14] and Kafalas & Ferdinand [15] examined
the explosive vaporization of single micron-sized water droplets imposed by a pulsed CO, laser with
an energy of approximately 0.5 J per pulse. Later, Pinnick et al.[19] extended the explosive
vaporisation study for different liquids, e.g. for ethanol and diesel droplets, and observed similar
fragmentation patterns with the water experiments for a pulsed CO; laser and comparable energy.
Similar explosive response was also observed for micron-sized liquid metal droplets in the experiments
of Basko et al. [20] and Grigoryev et al. [21]; in this case, the picosecond laser pulse results in the
development of plasma state inside the droplet, while the development and propagation of a GPa
pressure pulse inside the droplet triggers the subsequent violent fragmentation. More recently,
Gonzalez Avila & Ohl [12] and Zeng et al. [22] studied a different explosive fragmentation mode, which
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is developing as an outward widespread jetting from the droplet surface. Specifically, the laser impact
onto a millimetre-sized water droplet with a cavitation bubble in the centre imposes a laser-induced
cavitation and bubble oscillations that penetrate the droplet surface; different fragmentation regimes
were identified based on the dynamic pressure and the energy of the expanding bubble. In an attempt
to control the deposition of the laser energy inside the droplet, Klein et al. [23], [24], [25] proposed
the use of opaque liquid droplets, which restrict the energy absorption in a thin superficial layer on
the illuminated side of the droplet. Specifically, Acid-Red-1 and Oil-Red-O solutions were utilized for
water and methyl-ethyl-ketone (MEK) droplets, respectively, in order to investigate the droplet
response to a broad range of laser energy between 1 mJ and 420 mlJ. Additionally, the similarities
between the physical principles that govern the laser-induced droplet fragmentation and the
fragmentation due to the mechanical impact of a droplet onto a solid surface [26] were highlighted;
the impulsive acceleration of the droplet due to the laser impact can be correlated with the impulsive
deceleration of the droplet when impacting the solid. Recently, Rao et al. [27] demonstrated the
influence of the laser focus and energy on the resulting fragmentation of an array of micron-sized
water and diesel droplets and identified a new butterfly type fragmentation pattern. Overall, the
available experimental studies in the literature provide a thorough analysis of the droplet dynamics
and the physical mechanisms that govern the subsequent fragmentation. However, due to the
multiscale character of the fragmentation process, very few quantitative data are available regarding
the produced fragments, for instance in the high resolution experimental visualizations of Klein et
al. [25] and Rao et al. [27], which mainly concern moderate fragmentation regimes.

The hydrodynamics response of a liquid droplet to a laser-pulse impact is driven by the imposed recoil
pressure on the droplet surface, as discussed in previous analytical and numerical studies in the
literature. Specifically, the smooth particle hydrodynamics (SPH) method is commonly adopted for the
investigation of liquid tin droplets, which are subject to high energy picosecond laser beams. As
depicted in the works of Grigoryev et al. [21] and Koukouvinis et al. [28], the SPH method can
accurately predict the recoil pressure establishment and propagation inside the droplet, shortly after
the laser-pulse impact, the formation of dominant cavitation regions, and the early-time explosive
fragmentation, using a given particles population. Concerning the commonly utilized Eulerian
methods in droplet fragmentation simulations due to mechanical impact [29], [30], [31], Zeng et
al. [22] employed the Volume of Fluids (VOF) method to study the cavitation-induced liquid jetting of
a water droplet with a gas bubble in the centre at initial conditions, impacted by a millijoule laser
pulse. The coherent droplet interface and the formation of multiple outward liquid jets were
accurately captured with the sharp interface method; however, the small-scaled fragments remain
unresolved with the VOF method, which can result in significant loss of information in more violent
fragmentation regimes with dominant polydisperse fragments. Gelderblom et al. [32] proposed the
boundary integral (BlI) method for the simulation of the laser-induced droplet deformation. The BI
simulations precisely capture the droplet lateral and width deformation under different conditions;
nevertheless, the effects of the surrounding air and the subsequent fragmentation of the elongated
liqguid sheet were excluded from the numerical modelling. Additionally, Gelderblom et al. [32] and
Reijers et al. [33] presented an analytical solution for the developed flow fields inside the droplet,
during the early-times of the droplet response to the laser-pulse impact. The analytical studies
provided a further insight into the obtained recoil pressure and the resulting droplet dynamics that
finally initiate the droplet deformation; however, the analysis is restricted to the early times, before
the droplet deformation becomes significant.

Following the numerical challenges imposed by the unrevealed laser-induced droplet fragmentation
mechanisms, there is a gap in the up-to-date literature regarding a comprehensive numerical analysis
that can capture both the early-time droplet dynamics, evolving shortly after the laser-pulse impact
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and the later-time droplet fragmentation with consideration of all the produced multiscale fragments.
The present study proposes the multiscale two-fluid approach, as developed by Nykteri et al. [34], in
order to investigate the multiscale character of the later-time droplet fragmentation. The numerical
methodology has been previously validated against droplet fragmentation cases, driven by the high-
speed mechanical impact on a solid surface [34]. In the present numerical simulations, the multiscale
two-fluid approach employs a sharp interface method for the deforming and laterally expanding liquid
droplet and a physically consistent sub-grid scale modelling for the produced small-scaled fragments,
due to the rim breakup. The novelty of the conducted simulations lies on the thorough quantitative
analysis of both the early-time and the later-time droplet dynamics with a viable computational cost.
Specifically, significant information regarding the liquid droplet expansion into an elongated liquid
sheet is revealed, including the droplet radial expansion velocity and the effect of the surrounding air.
Additionally, the influence of the applied laser beam energy is demonstrated and shows good
agreement with both the experimental observations of Klein et al. [25] and theory. Finally, for the first
time in the up-to-date literature, an overview of the evolution of the produced fragments’ population
is presented. The fragments dynamics, including the development of a cloud of fragments in the
course of the fragmentation process and the interaction between the detached fragments and the
surrounding air under the impact of different beams, are highlighted and sizes distributions are
obtained.

In section 2 are presented all the details of the numerical configuration for the conducted laser-
induced droplet fragmentation simulations, including the problem formulation as described in the
experimental studies of Klein et al. [23], [24], [25], the early-time dynamics simulations, the governing
equations of the multiscale two-fluid approach and the later-time dynamics simulations set-up.
Following, in section 3 the numerical investigations for the rim fragmentation of a liquid droplet,
imposed by different intensity laser beams are discussed. The numerical results are compared with
the experimental observations of Klein et al. [25] for the same examined conditions. Finally, the major
conclusions are summarized in section 4.

2. Numerical modelling

The fragmentation of a millimetre-sized methyl-ethyl-ketone (MEK) droplet imposed by the impact of
a millijoule nanosecond laser pulse is investigated in the present study using numerical simulations.
The MEK droplet with an initial radius of Ro= 0.9 mm, density p = 805 kg/m3, kinematic viscosity
v = 0.53x107® m?/s and surface tension y = 0.025 N/m lies in a nitrogen environment at ambient
conditions (p =1 atm, T=20°C). The laser-induced droplet dynamics concern two main stages, namely
the early-time droplet response to the laser pulse and the later-time droplet deformation and
fragmentation. The early-time droplet dynamics are discussed in §2.1 based on the experimental
investigations of Klein et al. [23], [24], [25] and a physically consistent numerical modelling is
presented in §2.2, following the analytical model of Gelderblom et al. [32]; the obtained pressure and
velocity fields inside the droplet are subsequently utilized for the initialization of the conducted
numerical simulations that capture the later-time phenomena. The numerical simulations of the later-
time droplet deformation and fragmentation are performed using the multiscale two-fluid approach,
presented in §2.3. Details of the simulation set-up are summarized in §2.4.

2.1. Problem formulation

The numerical modelling of the laser-induced droplet fragmentation is based on the problem
formulation and the fundamental principles of the early- and later-time droplet dynamics, as
introduced in the experimental studies of Klein et al. [23], [24], [25] and illustrated in Figure 1.
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The early-time droplet dynamics in Figure 1(i-ii) are characterized by the millijoule nanosecond laser
pulse impact onto the droplet that results to local boiling on the superficial layer with thickness
6 << Ro and the emission of a very small vapour mass in the surrounding air. The resulting recoil
pressure on the droplet surface accelerates the droplet, until it finally reaches a constant propulsion
velocity U, as expressed in the momentum conservation below:

mu = pR3U (1)

where m is the vaporized liquid mass on the superficial layer, u the velocity of the expelled vapour
mass, p the liquid density, Ro the initial droplet radius and U the droplet propulsion velocity.

The primary parameter that determines the laser-induced droplet fragmentation, by establishing the
propulsion velocity and thus, the expansion rate of the droplet, is the Weber number of the propelled
droplet, defined as:

2
We = PRoU- (2)
14
where p is the liquid density, Ro the initial droplet radius, U the droplet propulsion velocity and y the
liquid surface tension.

During the later-time droplet dynamics in Figure 1(iii-iv), the deformation of the droplet surface
dominates on the inertial timescale, defined as 7; = R,/U, until eventually the droplet lateral
expansion is restricted by the surface tension and the extended fragmentation on the capillary

timescale, calculated as 7, = prg/y.

2.2. Early-time dynamics and initial fields

The distinct separation of timescales in the laser-induced droplet fragmentation problem allows to
isolate the modelling of the early-time droplet dynamics from the later-time droplet deformation and
fragmentation without introducing physical or numerical restrictions. Following this observation,
Gelderblom et al. [32] provided a unified analytical model for all early-time phenomena, starting from
the laser-pulse impact onto the droplet for a duration 1, until the droplet propulsion with constant
velocity on time 1., illustrated in Figure 1(i-ii). The model concerns a pressure pulse with magnitude pe
applied on the droplet surface for a duration t.. Accordingly, the absolute impulse scale pete imposes
the droplet propulsion. The momentum conservation at time Te is expressed, as follows:

. 4
for fA Dee, - dAdt = ETL’pRSU (3)

where Teis the vapour expulsion time, A the droplet surface area, pe the magnitude of the pressure
pulse, p the liquid density, Ro the initial droplet radius, U the droplet propulsion velocity.

As derived from the assumptions of Gelderblom et al.[32] for an inviscid, irrotational and
incompressible flow, the pressure field inside the droplet at time t. is obtained from the solution of
the Laplace equation:

Ap* =0 (4)

for the non-dimensional pressure field p* = p/p,. Subsequently, the velocity field inside the droplet
at time Te is calculated from the momentum equation, as:

T,
=_Teyp
u > Vp (5)
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while the non-dimensional velocity field is obtained as u* = pRyu/p.T,.

The pressure boundary condition of equation (4) refers to the original pressure pulse that is applied
on the droplet surface and considers the dependence of the pulse shape on the angle 8, such that:

p (r=16)=f(6) (6)

where the pulse f(8) is proportional to the actual laser pulse that impacts onto the droplet surface in
the conducted experiments of Klein et al. [23], [24], [25]. Therefore, Gelderblom et al. [32] suggested
a Gaussian-shaped pressure pulse to remain consistent with the typically used Gaussian laser-beam
profiles in the experiments. The Gaussian-shaped pressure pulse is formulated as:

92
f(8) =ce zo* (7)
where o is the pulse width and ¢ = —; 22 — ———. In the experiments
anie-zaz(zerfi[\/ia]—erfi ”sz: ]—erfi[_lir/;a D

of Klein et al. [23], a laser-beam profile with ¢ = /6 is used; then, ¢ = 0.825.

In the present numerical study, the previously presented analytical model for the early-time droplet
dynamics is adapted so as to be incorporated in the CFD framework. Specifically, the MEK droplet is
simulated as a 5° spherical wedge with one cell thickness in the azimuthal direction, using
pimpleFoam, a transient incompressible solver in OpenFOAMZ®. As suggested in the analytical model,
for times t < T, a pressure pulse is applied on the surface of the initially stagnant MEK droplet at
ambient conditions. Correspondingly, the pressure pulse is set as the pressure boundary condition on
the spherical wedge domain, given in dimensional form as:

p(6) = p.f(0) + Patm (8)

Details of the numerical configuration for the simulation of the early-time droplet dynamics are
illustrated in Figure 2(i).

At time t = 1, the established pressure and velocity fields inside the droplet are calculated from the
numerical simulations, as illustrated qualitatively in Figure 2(ii). Later, the obtained flow fields are
utilized for the initialization of the droplet in the conducted numerical simulations that initiate at time
t > 1. and capture the later-time phenomena, as demonstrated in §2.4.

2.3. Later-time dynamics and numerical method

The later-time phenomena, illustrated in Figure 1(iii-iv), are governed by the deformation of the
droplet into an elongated liquid sheet and the subsequent fragmentation of the droplet rim. The
detached fragments form a polydisperse cloud of secondary droplets with diameters at least two
orders of magnitude smaller than the initial droplet. Therefore, in the course of the phenomenon, a
flow field with dominant multiscale structures is developed, which imposes additional complexities in
a full-scale and computationally efficient numerical analysis.

In the present numerical study, the 2-Y two-fluid model with dynamic local topology detection,
introduced in the previous work of the authors [34], is utilized for the laser-induced droplet rim
fragmentation simulations. The previously developed multiscale two-fluid approach provides a
physically consistent and numerically stable multiscale framework for the investigation of all the scales
involved in the laser-induced droplet fragmentation problem with a viable computational cost. A
fundamental principle of the multiscale framework is the detection of different flow regimes based
on advanced on-the-fly topological criteria and the application of the appropriate modelling approach
for the local interfaces based on the dimensions of the underlying structures. In particular, the
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interface of the expanding but still coherent liquid sheet is fully resolved using the VOF sharp interface
method [35], [36]. On the contrary, the produced fragments, which are smaller than the local mesh
resolution, are modelled within a diffuse interface approach. In this case, an additional transport
equation for the interface surface area density X [37], [38] is incorporated to model the unresolved
sub-grid scale phenomena and provides an estimation for the dimensions of the unresolved sub-grid
scale droplets.

The multiscale two-fluid approach has been implemented in OpenFOAM" with further developments
on the twoPhaseEulerFoam solver in order to introduce all the additional features of the multiscale
framework, as described in detail in [34]. The numerical model consists of the same set of governing
equations under both formulations, namely the sharp and the diffuse interface approach, with specific
source terms to be activated and deactivated depending on the currently operating formulation of the
solver, as summarized below.

Two-fluid model governing equations

The volume averaged conservation equations [39] governing the balance of mass, momentum and
energy for each continuum and inter-penetrating fluid phase k are:

%(akpk) + V- (agprux) =0 (9)

2
2 (@eprid) + V- (apugeur) = —aVp + V- (akfsz) + arprg + X2 Min (10)

n+k

F) )
o Lakpier + ki)l + V- [awpi (e + kue] = =V (ainff) - [%P +V: (akukp)] +agprg ue+ Yo B (11)
n#k

where ay is the volume fraction, px the density, ux the velocity, ek the specific internal energy, ki the
specific kinetic energy fields for each phase, p is the pressure field shared by both the liquid and
gaseous phases and g the acceleration of gravity. Viscous and turbulence effects are introduced with
the effective stress tensor ¢, which accounts for the molecular viscosity and the Reynolds stress
tensor based on Boussinesq’s hypothesis [40] and the effective heat flux vector qfff, which
corresponds to the laminar and turbulent thermal diffusivity. M, represents the forces acting on the
dispersed phase, depending on local topology; the surface tension force [41] is implemented under
the sharp interface approach, while the aerodynamic drag force [42] is implemented under the diffuse
interface approach. Ex, demonstrates the heat transfer between the liquid and gaseous phases,
irrespectively of the flow region.

2-Y model transport equations

The transport equation for the liquid volume fraction in a compressible two-phase flow is given by:

aal

a Yo _ P
at

+ V- (aqup,) + Vtopo [V (a;(1 = apuc)] = a,ag (z Pl) [[))_ZZ +a,V-uy, — (1 - vtopo)Ral (12)

where un is the velocity field of the liquid and gaseous mixture and ;, )¢ are the liquid and gaseous
compressibility fields, respectively. viopo distinguishes the two different interface approaches by taking
either the 0 or 1 value under a diffuse or sharp interface formulation, respectively. Interface sharpness
is imposed by the artificial compression velocity u.. Additional modifications in the governing
equations for coupling the VOF method with the two-fluid framework are presented in detail in [34].
Finally, the term R, accounts for the liquid dispersion induced by turbulent velocity fluctuations, which
are important in dispersed flows and smaller scales [43], [44].
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The transport equation for the liquid gas interface surface area density 2 [38] is given by:

1) == A+ ar -2 -

Z56s
where the simultaneous existence of liquid and gas on the interface implies the presence of a

minimum interface surface area density, such as £ = X' + Z,,,;5, as shown by Chesnel et al. [45]. The

term R; represents the interface surface area diffusion due to turbulent velocity fluctuations [44]. The
b

: b3
sub-grid scale source term, namely the term Sggg = Cggs (1 _z*_)' accounts for all the
SGS

TSGS
unresolved physical mechanisms which are responsible for the local interface formation. The Ssgs term

is a function of the constant adjustable parameter Cggg, the characteristic timescale tggs and the
critical interface surface area density Zg¢g at an equilibrium state between interface production and
destruction. Each modelled sub-grid scale mechanism has either a positive or a negative contribution
on the overall Ssgs term calculation. Specifically, a positive Ssgs term value corresponds to an increase
of the local interface surface area and physically correlates with the evolution of the underlying sub-
grid scale droplets into smaller diameters, while a negative Ssgs term value describes a decrease of the
local interface surface area due to the creation of sub-grid scale droplets with larger diameters.

In the present simulations of the laser-induced droplet fragmentation, the sub-grid scale modelling is
implemented for the small-scale fragments detached from the droplet rim with sizes below the local
mesh resolution. The evolution of the droplet sizes inside the produced cloud of fragments depends
on the aerodynamic conditions of the surrounding air and on the sub-grid scale droplet interactions
within the cloud. Therefore, the sub-grid scale mechanisms that are considered for the local interface
formation are the effects of turbulence, the sub-grid scale droplet collision and coalescence, and the
secondary breakup. The appropriate closure relations for each mechanism are based on models that
are validated in the literature for similar flow conditions; the implemented sub-grid scale models and
their limitations are discussed in detail in [46].

The diameter of a sub-grid scale fragment d; is calculated as the equivalent diameter of a spherical
particle which has the same volume to surface area ratio as the examined computational cell,
proposed by Chesnel et al. [45] as:

dz‘ — 6a;(1—-a;) (14)

z

where q, represents the liquid volume fraction and Z the total liquid gas interface surface area density,
as calculated in equation (13).

Flow topology detection algorithm

The flow topology detection algorithm is implemented based on general and case-independent
topological criteria that can be applicable in any flow field governed by multiscale structures, as
described in detail in [34]. For the present simulations of the laser-induced droplet fragmentation, the
algorithm identifies instantaneous topological changes in the region around the droplet rim, where all
the smaller-scaled structures are observed as a result of the rim breakup. Based on the sizes of the
produced fragments, the algorithm evaluates and applies the most appropriate numerical
formulation, namely an interface capturing approach for the sufficiently large structures or a sub-grid
scale modelling for the unresolved fragments.

2.4. Later-time simulation initialization and set-up
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The numerical simulations of the later-time droplet deformation and fragmentation initiate at time
t > t. with ambient atmospheric conditions, while the flow field inside the droplet is initialized based
on the modelling of the early-time phenomena in §2.2. The computational domain consists of a 5°
wedge geometry with one cell thickness in the azimuthal direction and a mesh with a resolution of
200 cells per original droplet diameter around the area of interest is applied. Details of the initial
configuration for the simulations of the later-time phenomena are illustrated in Figure 2(iii). Different
Weber numbers in the range of 90 to 750 are examined with corresponding droplet propulsion
velocities between 1.76 m/s and 5.09 m/s. The simulation results are compared with the experimental
observations of Klein et al. [25] for the same Weber numbers.

Regarding the numerical simulation set-up, the spatial discretization is based on second-order
accurate discretization schemes. Time stepping is performed adaptively during the simulation to
respect the selected limit for the convective Courant—Friedrichs—Lewy (CFL) condition of 0.2. The
thermodynamic closure of the system is achieved by implementing the stiffened gas equation of state,
proposed by Ivings et al. [47], for the liquid phase and the ideal gas equation of the state for the
gaseous phase. Concerning the turbulence modelling, an LES approximation is implemented with the
one-equation SGS model of Lahey [48]. However, the utilized computational domain imposes
limitations regarding the accurate capturing of the turbulent state, which corresponds to fully 3D-
developed phenomena. The simulations are initialized without turbulence in the flow field, since the
droplet acceleration at early-times involves low velocities and Reynolds numbers around 103
Therefore, in the absence of developed turbulence at the initial conditions, the LES approximation can
be applied in the present geometry of one cell thickness in the azimuthal direction without significant
modelling restrictions.

A crucial parameter for an accurate simulation of the later-time droplet deformation and
fragmentation is the initialization of the pressure and velocity fields inside the droplet at time t = T,
as obtained from the early-time simulations of §2.2. For a given Weber number, the droplet propulsion
velocity is obtained from equation (2) and subsequently, the absolute impulse scale pete can be
calculated from equation (3), as introduced by Gelderblom et al. [32]:

RoU
DPeTe = £ 30 (15)

As shown in equation (15), different combinations of recoil pressure pe and vapour expulsion time T
values determine different initialization sets (pe, Te) for the same propulsion velocity U. Two conditions
should apply for a valid expulsion time te obtained for a known propulsion velocity; first, 7, > 7, so
that compressibility effects inside the droplet will not be significant and thus, the modelling
assumption of an incompressible flow will not be violated and second, 7, < t; so that the applied
pressure pulse will not have a macroscopic influence on the droplet spherical shape and thus, the
droplet will not deform yet.

In Appendix A, it is validated that similarly with the analytical solution of Gelderblom et al. [32], the
droplet deformation obtained from the proposed later-time simulations is dependent only on the
absolute impulse scale and not on the individual pe, Te values selected for a given propulsion velocity.

3. Results and discussion

The laser-induced rim fragmentation for a MEK droplet at We = 330 is presented in Figures 3 and 4,
comparing the simulation results with the experimental observations of Klein et al. [25]. Following the
impact of the millijoule nanosecond laser pulse, the droplet has evolved into a thin liquid sheet
surrounded by a cloud of fragments at time 0.056 t. in Figure 3(i). Subsequently, the liquid sheet
expands further in the lateral direction and at the same time, the observed rim breakup enhances the
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fragments cloud with polydisperse droplets of various diameters. The expanding liquid sheet is
captured by the sharp interface formulation of the multiscale framework, while the detached
fragments are subject to the sub-grid scale modelling, as illustrated in Figure 3(ii). Within the cloud of
fragments, droplets with diameters between 0.09 um and 9 um are detected; the upper limit is
correlated with the smallest structures that can be resolved with the sharp interface method for a
local mesh resolution of 200 cells per initial diameter and the lower limit corresponds to the spatial
resolution of the utilized camera in the experiments. Overall, the numerically captured expanding
sheet follows the deforming shape and the curvature observed in the experiments, while the modelled
fragments are detected close to the liquid sheet during the early stages of fragmentation and move
further backwards at later times. Moreover, the radial dependence of the sheet thickness, which is
demonstrated in the experimental results in front view in Figure 4(i), is well predicted by the numerical
simulations. Specifically, the maximum thickness is found in the center of the liquid sheet and the
minimum thickness is observed close to the rim. In consistence with the experimental observations of
Klein et al. [25], the rim is captured as a slightly thicker border, as observed in the numerical results in
Figure 3(ii). At later times, a more uniform thickness is predicted along the expanding sheet length, as
displayed qualitatively in the liquid sheet isosurfaces in Figure 3(ii) and extracted from the indicative
calculations of the local thickness in Figure 4(ii). Additional simulations are conducted using the VOF
solver in OpenFOAM® with the same initialization of the problem. The VOF method results, presented
in Figures 3(iii) and 4(iii), show a good agreement with the respective results obtained with the
multiscale two-fluid approach, regarding the capturing of the liquid sheet deformation; nevertheless,
the VOF method excludes the sub-grid scale information for the produced fragments.

Focusing on the predictions of the multiscale two-fluid approach in Figures 3 and 4, at time 0.056 T,
which corresponds to the inertial time 1, with dominant droplet deformation, the numerical results
meet the experimental observations and accurately predict the macroscopic liquid sheet expansion.
At the same time, a cloud of fragments, that recirculate behind the expanding sheet, is captured, with
the largest droplets observed close to the rim.

Later, at time 0.112 T, the liquid sheet thickness is reduced to about 7% of the initial droplet diameter.
The numerical results satisfactorily follow the deforming shape of the thin liquid sheet and the lateral
expansion, while smaller fragments are captured downstream. However, an early sheet breakup is
observed close to the rim, where the local thickness of the liquid sheet is considerably reduced; a
sheet breakup is not noticed in the experimental results at that time. Due to the axisymmetric
geometry used in the numerical simulations the liquid sheet fragments detach in the form of
concentric rings that move outwards, as illustrated in the 3D reconstructed numerical results in
Figures 3(ii) and 4(ii). The multiscale two-fluid approach predicts a similar early sheet breakup even
with a finer mesh of a 250 cells per initial droplet diameter in Figure 4(ii). In the VOF method results
in Figure 4(iii), the early sheet breakup is still present but developed in a smaller extent. The more
pronounced early sheet breakup in the results of the multiscale model compared to the VOF results is
related to the modelling of slip velocity effects; the relative velocity between the very thin liquid sheet
and the surrounding air locally exceeds the value of 20 m/s around the rim, i.e., approximately 6 times
higher than the droplet propulsion velocity, and thus, enhances the local sheet breakup. Overall, the
early sheet breakup is a numerical limitation that originates from the utilized moderate mesh
resolution which is found to be insufficient to accurately capture the significantly reduced sheet
thickness around the rim at 0.112 t.. However, the implementation of a very fine uniform mesh will
violate the fundamental principles of the multiscale two-fluid approach for computationally efficient
simulations, i.e., the multiscale framework is based on a moderate uniform mesh resolution that
accurately captures the large-scale structures and a sub-grid scale modelling for the unresolved small-
scale structures. Alternatively, the proposed multiscale framework should be extended to couple an
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adaptive mesh refinement (AMR) algorithm with the sharp interface formulation. The AMR algorithm
would be able to resolve flow structures in the segregated flow regime that require significantly high
resolution, such as the expanding liquid sheet, without an effect on the sub-grid scale modelling
formulation of the numerical model; this development is beyond the scope of our first numerical study
on the laser-induced droplet fragmentation problem.

Following, at time 0.227 t., the aforementioned numerical limitations are observed even more
pronounced due to the significantly reduced thickness of the expanding liquid sheet. The length of the
numerically captured coherent sheet is limited, while a trace of radial fragments follows the shape of
the coherent elongated sheet, which is shown in the experimental visualizations. The successive
detachment of radial fragments from the sheet rim is a numerical artefact, which is previously
recognized in the Bl simulations of Gelderblom et al. [32] during advanced stages of the fragmentation
process. At the same time, the experimental results demonstrate the nucleation of holes on the liquid
sheet as the major fragmentation mechanism. As illustrated in Figure 4(i), the first holes are already
detected along the rim at 0.227 t. and thus, the assumption for an axisymmetric flow field is disrupted.

Considering that the present study is the first attempt in the literature to provide numerical
simulations for the laser-induced droplet fragmentation, the comparison between the experimental
and numerical results in Figures 3 and 4 is introduced as an investigation of the numerical capabilities
of the proposed multiscale two-fluid approach. Overall, the observed numerical limitations, namely
the early sheet breakup and the loss of axisymmetry, arise only during advanced stages of the droplet
fragmentation process. Therefore, the numerical simulations presented later in this study focus on
the droplet deformation and rim fragmentation before the numerical limitations become significant.
Specifically, for the examined droplets and expansion rates, the numerical simulations are terminated
at a selected final time that corresponds to the development of a liquid sheet with thickness
approximately 10% of the initial droplet diameter on the central line; this is an acceptable limit before
the early breakup and the loss of axisymmetry dominate. The validity of the utilized mesh resolution
and geometry to accurately capture the underlying physical phenomena upon the laser-induced
droplet deformation and fragmentation until the selected final time is discussed in Appendix B.

The fast jetting, which is shown in the experimental results in Figure 3 to initiate from the center of
the deforming droplet, is a result of the laser-matter interaction, as previously discussed in Klein et
al. [25] and Reijers et al. [33]. The millijoule nanosecond laser pulse applied onto the droplet surface
results to strong shock waves and potential cavitation spots inside the droplet that can give rise to
bubbles collapse, interfacial instabilities and finally, a fast jetting moving forward with a velocity larger
than the propulsion velocity of the droplet. The absence of the fast jetting from the numerical results
is not a limitation of the proposed numerical method but a result of the implemented modelling for
the early-time droplet dynamics. Specifically, the present modelling approach of the early-time
dynamics does not account for the real laser pulse applied on the droplet for a duration t. Instead, it
provides a unified modelling solution for both early-time dynamics phenomena, namely, the laser
pulse impact and the resulting droplet propulsion, using a pressure pulse pe and a duration t. which
are introduced for modelling purposes and do not correspond to the real laser intensity and duration.
Alternatively, the fast jetting can be captured by avoiding the present modelling of the early-time
phenomena and applying the real laser pulse onto the droplet surface for the real impact duration t.
In this case, a compressible numerical model with advanced high-order numerical schemes should be
implemented to capture the intense compressibility effects inside the droplet and thus, the
incompressibility assumption for the early-time droplet dynamics will be no longer valid. However,
considering the very small liquid mass injected, the investigation of the fast-jetting phenomenon
remains beyond the scope of this study.
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The effect of the Weber number on the MEK droplet deformation and fragmentation is examined in
Figures 5-8 for Weber number values of 90, 170, 330, and 750 and the same width deformations,
corresponding to a liquid sheet with thickness 50%, 20% and 10% of the initial droplet diameter. Since
the Weber number reflects the droplet expansion rate, which is set by the droplet propulsion, the
examined width deformations are observed at very different times for each case. Already at the initial
conditions, the strong impact of the Weber number is pronounced, resulting to significantly increased
initial pressure and velocity magnitudes at higher Weber numbers. Specifically, for We = 90 in Figure
5, the initial pressure and velocity fields inside the droplet, as calculated from the early-time
simulations in order to reach a propulsion velocity of 1.76 m/s, have a maximum value of 4.4 bar and
10 m/s, respectively. On the contrary, at We = 750 in Figure 8, the stronger pressure pulse, applied on
the droplet during the early-time simulations for a propulsion velocity of 5.09 m/s, imposes initial
pressure and velocity fields with the same profile but significantly increased maximum values up to
50.1 bar and 31 m/s, respectively.

Focusing on the early times of the droplet deformation at We = 750, due to the strong initial pressure
kick, the formation of a low-pressure region inside the droplet is observed, which is related to the
creation of cavitation bubbles. As highlighted in Figure 8 at 0.01 t., the developed low-pressure region
is significantly small compared to the total mass of the deforming droplet and thus, it does not affect
the macroscopic droplet expansion. Therefore, a cavitation model has not been implemented in the
multiscale framework for the examined conditions. Instead, a very small volume fraction of air of the
order of 1076, which corresponds to a typical nucleation volume fraction [49], is introduced in the
initial droplet volume fraction. Under this assumption, the small gaseous volumes inside the droplet
will expand after the significant pressure drop, causing expansion similar to those that would occur
with cavitation. Subsequently, when the low-pressure region reaches the backside of the propelled
droplet interface, the gaseous volumes collapse. Due to the minor breakup on the local interface, very
few nanoscale droplets are captured by the numerical model at 0.035 t.; these droplets do not
significantly influence the total fragments’ population.

In the course of the laser-induced droplet deformation, the atmospheric pressure inside the droplet
is rapidly recovered in a few microseconds and a pressure distribution close to atmospheric conditions
is stabilized, before significant deformation is observed. Therefore, the droplet expansion is primarily
governed by the radial component of the velocity Usheet(y), Which shows maximum values on the
expanding rim. More specifically, at early stages, until a liquid sheet with thickness 0.5do is developed
in Figures 5-8, the droplet deformation is the major phenomenon, while only a few droplets are
detached from the rim. During these times, Usheet(y) induces the dominant liquid sheet radial expansion
with the maximum values on the rim to be approximately two times higher than the droplet
propulsion velocity in each examined case. At later stages, when the liquid sheet thickness is reduced
further than 50%, the rim fragmentation becomes significant and hence, the droplet radial expansion
is restricted. As a result, usneet(y) gradually decreases over time; indicatively, Usheet(y) maximum values
on the rim are decreased by approximately 17% and 11% between a liquid sheet with thickness 0.5do
and 0.2do at We =90 and We = 750, respectively. At the final time, when a liquid sheet with thickness
0.1d, is formed, the fragmentation rate is reduced and less fragments are detached, as observed more
evidently at lower Weber numbers in Figures 5 and 6. Accordingly, the moderate fragmentation
observed does not have a significant effect on the thin liquid sheet radial expansion and Usheet(Y)
maximum values on the rim remain almost unchanged compared to earlier times.

Overall, the numerical results in Figures 5-8 demonstrate that an increasing Weber number imposes
a faster deformation of the initial spherical droplet into an elongated liquid sheet and an earlier
breakup of the rim. Additionally, the effect of the Weber number on the shape of the deforming liquid
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sheet concerning both the lateral expansion and the radial distribution of the thickness is highlighted.
Specifically, during the early stages of deformation, the droplet shows an almost identical shape in the
four examined cases for the same thickness reduction by 50%; the examined deformation is observed
at different times for each case in accordance with the Weber number dependent expansion rates.
However, at later times, when already a thin liquid sheet is formed, a higher Weber number leads to
an increased lateral expansion and thus, a more uniform thickness distribution for the same width
deformation on the central line. Indicatively, for a liquid sheet with thickness 0.2do, the lateral sheet
expansion is increased by approximately 7% at We = 330 and by 13% at We = 750, compared to the
predicted expansion at We = 90 for the same thickness.

Alongside the liquid sheet lateral expansion, the rim fragmentation becomes significant over time, as
observed in Figures 5-8. For a liquid sheet with thickness 0.5do the first micro-scaled fragments are
detached from the rim, while at later times, when the liquid sheet thickness is reduced to 0.2do, the
dominance of the rim fragmentation is pronounced with an extended cloud of fragments to be
developed in each examined Weber number case. On average, the largest fragments with diameters
above 1 um are detected close to the rim and the smallest scales are observed at the edges of the
polydisperse cloud. On the contrary, at the final time, the fragmentation process is weakened. Then,
a significantly limited cloud of fragments is observed at lower Weber numbers in Figures 5 and 6, while
at higher Weber numbers in Figures 7 and 8, the cloud of fragments remains extended but on average
less and smaller-scaled fragments below 3 um are detached. During the evolution of the rim
fragmentation, the newly formed fragments are detached from the rim with radial velocities
Utragments(Y), comparable with the radial velocity of the rim usheet(y) at the time of breakup, as also
observed in the experimental study of Klein et al. [25]. Afterwards, the fragments are subject to a
recirculation behind the liquid sheet, driven by the moving vortex that is created as a result of the
interaction between the propelled and expanding liquid sheet and the surrounding air. For a liquid
sheet with thickness 0.2do, the developed flow vorticity is found to be intense in all cases illustrated
in Figure 5-8, with local air velocity values more than two times higher than the fragments’ velocities.
During later stages, the flow vorticity is becoming less significant; however, it still influences the
increasing cloud of fragments at higher Weber numbers, as shown at 0.089 t. and 0.062 t. in Figures
7 and 8, respectively.

A guantitative comparison between the experimental observations of Klein et al. [25], the analytical
model of Villermaux & Bossa [50] and the simulation results using the VOF method and the multiscale
two-fluid approach is presented in Figure 9, examining the droplet radial expansion under the Weber
numbers examined before. In the numerical simulations, the droplet expansion is considered, until a
thin liquid sheet with maximum thickness 10% of the initial droplet diameter is formed. On the whole,
the numerical results capture the strong dependence of the droplet expansion rate on the Weber
number and satisfactorily follow the experimental observations. A better agreement between the
numerical and the experimental results is obtained at the later stages of the droplet expansion
process, as similarly observed for the analytical solution. However, in contrast with the analytical
model [50], the conducted numerical simulations can accurately capture all stages of the droplet
deformation from a flattened back side to an elongated liquid sheet; thus, the small deviation between
the numerical and experimental results at early times is not a limitation of the numerical model.
Similarly, in the study of Gelderblom et al. [32], the Bl simulation results of a water droplet radial
expansion slightly deviate from the experimental observations especially at early times. Considering
that the Bl simulations use the same early-time initialization of the laser-induced droplet
fragmentation problem as the present numerical study, the small delay of the droplet radial expansion
at early times can be related to the early-time simulations and the lack of the impulsive effect of the
laser-matter interaction in the modelling of early-time dynamics. With respect to the capability of the
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numerical methods to accurately capture the overall droplet deformation and radial expansion over
time, the VOF method results precisely follow the predictions of both the analytical model and the
experiments during the advanced stages of droplet expansion, while the multiscale two-fluid approach
results capture the phenomenon with on average a small delay of maximum 5% compared to the
calculations with the VOF method. The slightly delayed expansion, observed with the two different
numerical methods, can be related to the sub-grid scale modelling, which is performed within the
multiscale two-fluid approach and accounts for the produced fragments due to the rim breakup.
Under the multiscale framework, a part of the deformation energy that would be utilized for the
droplet radial expansion is now employed for the development of fragments. However, as depicted in
Figure 10, the volume concentration of the modelled fragments over the total volume of the liquid
phase increases significantly at higher Weber numbers. Thus, the production of fragments is not
negligible in the course of the droplet expansion and the resulting rim fragmentation. At lower Weber
numbers, the concentration of fragments relatively stabilizes during the rim fragmentation evolution,
while with an increasing Weber number, the fragments population is continuously enhanced over time
and even exceeds 40% of the total liquid volume at the later stages of rim fragmentation for the
highest examined Weber number of 750.

An overview of the evolution of the produced fragments inside the polydisperse cloud is depicted in
Figure 11, where the volume concentration of three classes of fragments with diameters d; > 1 um,
0.5 um < ds <1 pum and 0.09 um < d; < 0.5 um is presented for a MEK droplet at We =90, 170, 330,
750 over the total volume of the dispersed region. Upon the initiation of the laser-induced droplet rim
fragmentation, only large-scaled fragments of the first class above 1 um are detected for each
examined Weber number case; these correspond to the first detached fragments from the rim.
Subsequently, more fragments are detached from the rim that enhance the fragments population,
while at the same time, the previously formed fragments interact with each other and develop further
inside the polydisperse cloud. The modelled sub-grid scale fragment interactions, namely the flow
turbulence, the droplet collision and coalescence and the secondary breakup effects, are driven by
the developed flow vorticity. Specifically, the moving vortex, which is forming behind the expanding
liguid sheet, enhances the local mixing and the slip effects between the newly formed micro-scaled
fragments of the first class and the surrounding air and leads to further breakup of the fragments
inside the cloud. On average, fragments of the second and third class with diameters below 1 um are
not directly detached from the rim and are created at a second stage due to the droplet interactions
inside the cloud.

During later stages, when a liquid sheet with thickness 0.2do is formed, the rim fragmentation process
is fully developed, and an extended cloud of fragments is created downstream, as previously
illustrated in Figures 5-8. Then, the effect of the Weber number on the rim fragmentation rate and
the produced fragments population is pronounced. Specifically, for a liquid sheet with thickness 0.2dg
at We =90 in Figure 11(i), the population of large-scaled fragments of the first class is significantly
decreased which can be related to the stabilization of the fragmentation mechanism and the reduction
of newly formed fragments, as shown in Figure 10. Instead, smaller-scaled fragments become
dominant, since the existing fragments inside the cloud are subject to further breakup driven by the
intense flow vorticity. On the contrary, for a liquid sheet with thickness 0.2d, and higher Weber
numbers in Figures 11(ii-iv), the first class of fragments remains dominant, following the positive
fragmentation rate and the continuous enhancement of the dispersed cloud with newly formed
fragments, as depicted in Figure 10. At the same time, smaller scales become significant as a result of
the fragments interactions within the recirculating cloud; at We = 170 the third class of fragments is
more noticeable, while at We = 330 and We = 750 the population of fragments below 1 um is more
balanced. Therefore, as observed for the examined cases, with increasing Weber number, the
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intensity of the rim fragmentation mechanism is also increased and dominates over the fragments’
interactions and breakup imposed by the developed flow vorticity.

During advanced stages of the rim fragmentation process for a liquid sheet with thickness around
0.1d,, the fragmentation rate weakens over time, even at higher Weber number cases of values 330
and 750, as depicted in Figure 10. This is reflected in a less violent rim fragmentation and the creation
of less and smaller newly formed fragments, as previously discussed in Figures 5-8. Consequently,
smaller-scaled fragments below 1 um gradually dominate the fragments population and become even
more significant at lower Weber numbers. Eventually, at the final time of the examined rim
fragmentation, the predominant presence of the small-scaled fragments of the second and third class,
i.e., fragments below 1 um, is highlighted in the probability density functions (PDF) of the fragment
sizes in Figure 12. The fragments sizes follow an exponential decrease in all Weber number cases, as
indicatively plotted against the PDFs in Figure 12, with the largest captured fragments to be
approximately 3 um. At lower Weber numbers in Figures 12(i) and 12(ii), nearly 80% of the total
fragments population consists of fragments below 1 um; the pronounced dominance of small-scaled
fragments comes in agreement with the previous observations of a limited number of newly formed
fragments, as depicted in the stabilized volume concentration of the dispersed cloud in Figure 10. On
the contrary, at higher Weber numbers in Figures 12(iii) and 12(iv), fragments below 1 pm remain
dominant in the population by 60%; however, the significant presence of larger-scaled fragments
indicates that despite the attenuation of the fragmentation mechanism, the rim breakup continues to
play a major role. Finally, a mesh convergence investigation for the calculated fragment populations
is presented in Appendix C.

Early-time dynamics Later-time dynamics
(i) 1,~10°s (i) T, ~10°s (iii) ;~ 10" s (iv) T, ~10%s
first fragments

(d~1pm)
laser pulse (EL)

superficial layer (9)

rim breakup

Figure 1 Separation of timescales in the laser-induced droplet rim fragmentation problem. (i) A nanosecond laser pulse
impacts onto the left side of the dyed droplet. (ii) The vaporized liquid mass on the superficial layer is ejected backwards. As
a result, the droplet accelerates until it reaches a constant propulsion velocity U on the vapour expulsion time te. (iii) The
droplet propels and deforms on the inertial time t. (iv) The surface tension and the extended fragmentation restrict the
droplet lateral expansion on the capillary time ..
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Early-time dynamics

(t<T,

ressure pulse
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Later-time dynamics

(i)t=r, (iii)t> 1,
initial fields initial fields mapping/
simulation set-up 1 cell

Figure 2 Problem configuration and simulation set-up. (i) For t < Te, the axisymmetric pressure pulse p(0) is applied on the
droplet surface. (ii) At t = T, the initial pressure and velocity fields inside the droplet are obtained. (iii) The initial fields are
mapped into the wedge geometry. For t > T, the droplet fragmentation is simulated using the multiscale two-fluid approach.
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Figure 3 Laser-induced droplet rim fragmentation at We = 330. (i) Comparison between the experimental visualizations of
Klein et al. [25] in sideview and the isoline of the liquid volume fraction at 10-3, obtained with the multiscale two-fluid
approach. (i) 3D reconstructed results in sideview and 30° angle, using the multiscale two-fluid approach. The expanding
liquid sheet is captured by the sharp interface formulation (in grey the isosurface for liquid volume fraction at 0.5) and the
detached fragments are captured by the diffuse interface formulation (in red the isosurface for fragments larger than
0.09 um). Zoomed-in view for the dimensions of the produced fragments after the rim breakup. (iii) 3D reconstructed results
in sideview and 30° angle, using the VOF method. Isosurface of the liquid volume faction at 0.5.
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Figure 4 Laser-induced droplet rim fragmentation at We = 330. (i) Experimental visualizations of Klein et al. [25] in front view.
(ii) 3D reconstructed results in front view, using the multiscale two-fluid approach. The expanding liquid sheet, captured by
the sharp interface formulation, is illustrated as the isosurface of the liquid volume faction at 0.5 with a mesh resolution of
200 (left) and 250 (right) cells per initial droplet diameter. (iii) 3D reconstructed results in front view, using the VOF method.
Isosurface of the liquid volume faction at 0.5 with a mesh resolution of 200 cells per initial droplet diameter. The red circle
defines the borders of the liquid sheet rim in the experimental results. The calculated thickness of the thin liquid sheet on
the central line (in purple) and on the initial droplet radius (in yellow) is illustrated on the simulation results.
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Figure 5 Laser-induced droplet rim fragmentation at We = 90. Initial pressure and velocity fields inside the droplet, obtained
for propulsion velocity U = 1.76m/s and vapour expulsion time te = 1 ps. Liquid sheet expansion velocity in the lateral
direction, radial velocity (top) and dimensions (bottom) of the detached fragments for three time-instances that correspond
to a liquid sheet with thickness 50%, 20% and 10% of the initial droplet diameter. The air velocity field around the rim and
the developed vortex are depicted on the side panels. The minimum captured thickness is illustrated at time 0.172 t..
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Figure 6 Laser-induced droplet rim fragmentation at We = 170. Initial pressure and velocity fields inside the droplet, obtained
for propulsion velocity U = 2.42 m/s and vapour expulsion time te = 0.5 ps. Liquid sheet expansion velocity in the lateral
direction, radial velocity (top) and dimensions (bottom) of the detached fragments for three time-instances that correspond
to a liquid sheet with thickness 50%, 20% and 10% of the initial droplet diameter The air velocity field around the rim and
the developed vortex are depicted on the side panels. The minimum captured thickness is illustrated at time 0.124 t..
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Figure 7 Laser-induced droplet rim fragmentation at We = 330. Initial pressure and velocity fields inside the droplet, obtained
for propulsion velocity U = 3.37m/s and vapour expulsion time te = 0.3 ps. Liquid sheet expansion velocity in the lateral
direction, radial velocity (top) and dimensions (bottom) of the detached fragments for three time-instances that correspond
to a liquid sheet with thickness 50%, 20% and 10% of the initial droplet diameter. The air velocity field around the rim and
the developed vortex are depicted on the side panels. The minimum captured thickness is illustrated at time 0.089 t..
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Figure 8 Laser-induced droplet rim fragmentation at We = 750. Initial pressure and velocity fields inside the droplet, obtained
for propulsion velocity U = 5.09 m/s and vapour expulsion time te = 0.2 ps. Liquid sheet expansion velocity in the lateral
direction, radial velocity (top) and dimensions (bottom) of the detached fragments for three time-instances that correspond
to a liquid sheet with thickness 50%, 20% and 10% of the initial droplet diameter. The air velocity field around the rim and
the developed vortex are depicted on the side panels. The minimum captured thickness is illustrated at time 0.062 t.. The
arrows point to the minor low-pressure region and the very few created droplets after collapse.
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Figure 9 Expansion of the liquid sheet radius, as a result of the laser-induced droplet deformation at We =90, 170, 330, 750.
Comparisons between the experimental observations of Klein et al. [25], the analytical model of Villermaux & Bossa [50] and
the simulation results using the VOF method and the multiscale two-fluid approach until a liquid sheet with thickness 10%

of the initial droplet diameter is formed.
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Figure 10 Volume concentration of the dispersed region over the total volume of the liquid phase for the laser-induced
droplet fragmentation at We =90, 170, 330, 750.
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Figure 11 Volume concentration of three classes of fragments with diameters ds > 1 um (1%t class), 0.5 um < ds < 1 um (2
class) and 0.09 um < d; < 0.5 um (3™ class) at We = 90, 170, 330, 750 over the total volume of the dispersed region. The
vertical lines correspond to liquid sheet with thickness 20% and 10% of the initial droplet diameter.
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Figure 12 Probability density functions (PDF) of the fragment sizes at We = 90, 170, 330, 750 at the final time for a liquid
sheet with thickness 10% of the initial droplet diameter. Zoomed-in view for the PDFs of the first class of fragments with
diameters d; > 1 um. An exponential distribution is indicatively plotted against the PDF in each case.

4. Conclusion

The laser-induced droplet rim fragmentation for a millimetre-sized MEK droplet has been investigated
in the present numerical study, examining a range of Weber numbers between 90 and 750 for the
propelled droplet. The problem is characterized by the early-time droplet dynamics, imposed by the
millijoule nanosecond laser-pulse impact and the subsequent response of the droplet until it reaches
a constant propulsion velocity, and the later-time droplet dynamics, governed by the droplet
deformation into an elongated liquid sheet and the resulting rim breakup. The early-time droplet
dynamics were simulated within the CFD framework based on the analytical model of Gelderblom et
al. [32] and the developed flow fields inside the droplet were obtained. Subsequently, the later-time
droplet dynamics were simulated using the multiscale two-fluid approach, which allowed for the
consideration of all the scales involved with a viable computational cost. Specifically, the radial
expansion of the developed liquid sheet was resolved by the local mesh resolution, using the VOF
sharp interface method, while the produced fragments due to the rim breakup were modelled under
the diffuse interface approach with consideration of the significant sub-grid scale phenomena inside
the cloud of fragments. The simulation results showed a good agreement with the experimental
observations of Klein et al. [25] with respect to the shape and the expansion of the elongated liquid
sheet and the development of a polydisperse cloud of fragments, until a selected final time before the
numerical limitations and the nucleation of holes on the liquid sheet surface become significant.

The numerical simulations demonstrated the influence of the laser beam energy on the initial flow
fields inside the droplet and the subsequent droplet deformation and rim fragmentation; the present
observations have a general interest for different droplets and conditions but the same droplet Weber
number. Specifically, with increasing Weber numbers, a higher expansion rate, a more uniform liquid
sheet thickness and a more extended cloud of fragments at the later stages of fragmentation was
captured. Quantitative information for the radial velocity fields, which are responsible for the droplet
expansion, were provided, showing maximum values on the rim. Additionally, during the liquid sheet
expansion, the formation of a moving vortex behind the rim was identified, as a result of the
interaction between the expanding liquid sheet and the surrounding air; thus, the vortical flow creates
a recirculation region for the produced fragments. Finally, an overview of the evolution of the
fragments’ population, during the droplet rim fragmentation and the sizes distributions at the final
time of the phenomenon were presented. Overall, larger-scale fragments were detached from the rim
at the early stages of fragmentation, while smaller fragments below 1 um dominated at the later
stages, as a result of the further breakup of the secondary droplets inside the cloud and the
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attenuation of the fragmentation mechanism over time. However, with increasing Weber number,
droplets above 1 um remain significant even at the final times.

Further development of the proposed multiscale two-fluid approach to incorporate an AMR algorithm
and phase-change phenomena, namely, a cavitation and vaporisation model, will provide a valuable
numerical model to investigate a broader range of unsteady fragmentation problems and obtain an
insight into the sizes of the produced fragments that is not easily accessible from the experimental
observations. Examples of fragmentation cases of interest in the literature to date include the violent
laser-induced droplet fragmentation in biofuels [51] and screen printing inks [52], the explosive
droplet fragmentation [22] and the surface jet breakup [53] by laser-induced cavitation bubbles and
the breakup of laser-induced jets in needle-free medical injections [54], among others.
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Appendix A. Later-time simulations initialization and effect on droplet deformation rate

The absolute impulse scale pet. defines the later-time droplet dynamics and the resulting droplet
deformation for a given propulsion velocity. However, as shown in equation (15), for a specified
impulse scale peTe, different initialization sets (pe, Te) can be derived and equivalently used for the
initialization of the later-time simulations at t = te. In Figure 13, the droplet radial expansion and width
reduction is demonstrated for the examined MEK droplet at Weber numbers 90, 170, 330, and 750,
using three different initialization sets for each Weber number. Overall, the droplet deformation rate
remains almost unaffected by the different initialization sets of the same problem, similarly with the
previous observations of Gelderblom et al. [32].

@

R/Ro

casel ——
case 2 —g—
case 3 —e—

—r————— ) IR T — ——r————
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Figure 13 Evolution of the laser-induced droplet deformation at We =90, 170, 330, and 750. (i) Droplet radius expansion and
(ii) droplet width reduction for three different initialization sets, namely same impulse scale pete but different individual pe,
T. values, for each examined propulsion velocity and until a liquid sheet with thickness 10% of the initial droplet diameter is
formed.
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Appendix B. Validity of numerical model: mesh resolution and geometry

The capability of the proposed multiscale two-fluid approach to accurately capture the laser-induced
droplet deformation and rim fragmentation until the selected final time of the numerical simulations
is discussed below; the selected final time corresponds to the development of a liquid sheet with
thickness 10% of the initial droplet diameter on the central line. The investigation focuses on the two
major aspects that can raise limitations in the conducted simulations, namely the convergence of the
numerical solution and the accuracy of the axisymmetric assumption.

1. Mesh convergence investigation

The droplet response to the laser pulse impact is related to three main macroscopic physical
phenomena, the droplet propulsion, deformation, and fragmentation. Each phenomenon is
investigated below with respect to the convergence of the numerical solution for a MEK droplet at We
=90, 170, 330, and 750 using three different mesh resolution of 150, 200 and 250 cells per initial
droplet diameter until the selected final time of the numerical simulations.

e The center-of-mass properties in the axial direction in Figure 14 depict the droplet propulsion.
Both the axial position and the axial velocity of the center-of-mass are accurately captured by all
the applied mesh resolutions. The small decrease of the axial center-of-mass velocity over time
is observed more rapid with an increasing Weber number due to the effect of the surrounding air
that becomes more significant at higher propulsion velocities, i.e., the center-of-mass velocity is
reduced by approximately 10% and 13% at the final time for We = 90 and 750, respectively.

e  The droplet radial and axial deformation is illustrated in Figure 15; the measurements of the
droplet radial expansion converge with an increasing mesh resolution, while a very good
agreement is demonstrated for the measurements of the droplet axial deformation irrespectively
of the utilized mesh.

e The evolution of the rim fragmentation is investigated in Figure 16, illustrating the volume
concentration of the dispersed phase over the total volume of the liquid phase for different
Weber numbers and mesh resolutions, as obtained within the Eulerian-Eulerian framework of
the multiscale two-fluid approach; namely, the fragments volume over time is calculated based
on the liquid volume fraction and not on the absolute volume of the detached fragments. As a
result, even though the absolute number of fragments is continuously increasing over time, very
dilute liquid regions within the cloud of fragments that correspond to significantly low liquid
volume fractions and equivalent fragment diameters below 0.09 um are excluded. This
phenomenon is more pronounced at low Weber numbers 90 and 170; here, the fragmentation
rate attenuates at the later stages and significantly less large-scale fragments are detached from
the rim which is depicted as a non-monotonous concentration of fragments in Figure 16. Overall,
the concentration of dispersed fragments captured within the multiscale framework converges
towards the solution obtained with the finest mesh, concerning the initiation of the rim breakup
and the progressive detachment of fragments over time. Specifically, at Weber numbers 330 and
750, the intermediate mesh results with a resolution of 200 cells/d, are found to approach more
closely the finest mesh solution during the later stages of fragmentation compared to the lower
Weber number cases with values 90 and 170. However, at lower Weber numbers, the rim
fragmentation is less violent, and the concentration of fragments relatively stabilizes over time.
As a result, the deviation between the results for a resolution of 200 and 250 cells/do is mainly
enhanced by new fragments below 1 um. Thus, it is safe to conclude that the calculated
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concentrations of fragments using the multiscale two-fluid approach satisfactorily converge in all
examined conditions.
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Figure 14 Centre-of-mass properties for a MEK droplet at We = 90, 170, 330, and 750. (i) Position and (ii) velocity of the
centre-of-mass in the axial direction. Mesh convergence investigation using three different mesh resolutions of 150, 200 and
250 cells per initial droplet diameter.
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Figure 15 Evolution of the laser-induced deformation for a MEK droplet at We = 90, 170, 330, and 750. (i) Droplet radius
expansion and (ii) droplet width reduction. Mesh convergence investigation using three different mesh resolutions of 150,
200 and 250 cells per initial droplet diameter.
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Figure 16 Evolution of the laser-induced rim fragmentation for a MEK droplet at We = 90, 170, 330, and 750. Volume
concentration of the dispersed phase over the total volume of the liquid phase. Mesh convergence investigation using three
different mesh resolutions of 150, 200 and 250 cells per initial droplet diameter.

2. Axisymmetric modelling assumption

An axisymmetric geometry is commonly adopted in numerical simulations of droplet fragmentation
cases, as an acceptable compromise between a satisfactory representation of the developed physics
and a viable computational cost. Various examples of axisymmetric simulations using a ~5° wedge
geometry can be found in the literature, such as the explosive fragmentation imposed by a laser-
induced cavitation in the study of Zeng et al. [22] and the droplet fragmentation due to mechanical
impact onto a solid surface with moderate [55], [56] and high impact velocities [31], [34].

The laser-induced droplet fragmentation, examined here, is an unsteady fragmentation process,
characterized by two fragmentation modes, namely, the rim and the sheet fragmentation, as
identified by Klein et al. [25]. The present numerical study focuses on the investigation of the rim
fragmentation, simulated until a selected final time before the sheet fragmentation begins. During the
rim fragmentation, perturbations with a characteristic wave number form along the rim and evolve
into fragments, i.e., ligaments or droplets. The fastest-growing wave number upon the unsteady rim
fragmentation for liquids of small viscosity is introduced by Wang et al. [57], as follows:

kimax = ;5\/5 (16)
2

52
where k45 is non-dimensionalized by the rim diameter b, such that k},qx = Kimax/(b/2). Re is the
local rim Reynolds number which is calculated, as follows:

Re = 0.20h="/4Re™"/a (17)

where Oh = u/,/pyd, and Re = Ud,, /v are the Ohnesorge and Reynolds numbers, respectively, for
the properties of the initial droplet before fragmentation, i.e., do is the initial droplet diameter, U the
propulsion velocity, u the dynamic viscosity, p the density, y the surface tension and v the kinematic
viscosity.

For the examined MEK droplet at Weber numbers 90, 170, 330, and 750, the fastest-growing wave
number obtained from equation (16) is k;;, 4, = 0.33b in dimensional form. Considering the 5° wedge
geometry used and the progressive radial expansion of the droplet, the critical point to examine if the
developed wave numbers fit in the utilized wedge geometry is during the initiation of the rim
fragmentation process. At this moment for each examined case, the droplet radius is expanded by
R = 1.5R,, the azimuthal dimension of the wedge around the rim is Zy;, = 10~*m and the rim
diameter is b = 10~*m. As a result, even during the initiation of the rim fragmentation process, the
fastest-growing wave number can fit in the 5° wedge geometry, since kg = 0.33 X 107* < 1.
Overall, the axisymmetric 5° wedge geometry is an acceptable modelling compromise in the
conducted simulations without supressing the developed wave numbers and thus, influencing the
results.

On the contrary, the simulation of the Rayleigh-Taylor instability-driven sheet fragmentation would
require not only a 3D geometry but also a significantly high resolution around the extremely thin liquid
sheet in order to accurately resolve the non-axisymmetric hole nucleation. In practice, this numerical
investigation would mean a computationally expensive Direct Numerical Simulation (DNS). However,
a computationally efficient simulation within the developed multiscale framework would be possible
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with a further development of the proposed numerical model so as to couple an adaptive mesh
refinement (AMR) algorithm with the sharp interface formulation. Then, the AMR algorithm would
provide high resolution around the expanding but still coherent liquid sheet, sufficient to resolve the
resulting hole nucleation and at the same time, operate independently of the sub-grid scale modelling
for the produced micro-scale fragments. This new model development is beyond the scope of the
present study, our first numerical study on the laser-induced droplet fragmentation problem and is
part of the ongoing research.

Appendix C. Droplet size distributions: mesh convergence investigation

The diameter of a sub-grid scale fragment is calculated within the multiscale two-fluid approach in
equation (14) as the equivalent diameter of a spherical particle which has the same volume to surface
area ratio as the examined computational cell. Therefore, the fragment diameter is a function of the
local calculated interface surface area density and the computational cell volume. In practice, for the
same examined computational volume, a very coarse mesh will predict a single large droplet, while a
finer mesh will capture the same volume with multiple computational cells and thus, will predict a
group of smaller droplets, one in each cell. As a result, a coarser mesh enhances the calculation of
larger diameters, while in a finer mesh smaller diameters will dominate. Following this modelling
limitation, a moderate mesh resolution is the safest balance to obtain the most accurate
representation of the physics and restrict the mesh-related overestimation of larger or smaller
droplets.

Considering the inevitable modelling effect of the mesh resolution on the droplet size calculations, the
interest of a mesh convergence investigation does not lie in the individual diameter values at a specific
time. Instead, the overall evolution of the fragments’ population over time, examining how specific
classes of diameters develop upon the rim fragmentation process, is here the most significant. In
Figure 17, the volume concentration of three classes of fragments, same as in Figure 11, with
diameters ds > 1 pum, 0.5 um < ds;< 1 pm and 0.09 um < d; < 0.5 um is illustrated for a MEK droplet at
We =90, 170, 330, and 750 over the total volume of the dispersed region, using three different mesh
resolutions.

For the highest droplet propulsion velocities with corresponding Weber number values of 330 and
750, the concentration of droplets over time follows the same tendency in the three presented classes
of fragments in Figure 17, irrespectively of the mesh resolution used. As expected, the largest
fragments of the first class are found to be more significant with the coarsest mesh of 150 cells/do
even during the later stages of rim fragmentation, while the smaller fragments of the second and third
class are more pronounced with the finest mesh of 250 cells/do. For We = 330, the droplet size
distribution of Figure 12 is obtained at the final time 0.089 1., when the maximum observed deviation
between the moderate and the finest mesh results is found for the concentration of the first class of
fragments and is approximately 15%. For We = 750, the droplet size distribution of Figure 12 is
obtained at 0.062 t. with the concentration of the first class of fragments to differ by less than 10%
between the mesh of 200 and 250 cells/dy Overall, the observed small deviations between the
calculated concentrations of different classes of fragments for Weber number values of 330 and 750
do not violate the overall capturing of the phenomenon.

Focusing on the lower propulsion velocities with Weber number values of 90 and 170 and the first
class of fragments in Figure 17(i), the concentration of the largest droplets class is reduced significantly
earlier with the finest mesh of 250 cells/do. As previously shown in Figure 16, after 0.06 1, the overall
concentration of fragments relatively stabilizes; thus, at this time, the fragmentation process
decelerates, and less newly formed fragments are detached from the rim. As a result, the developed
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cloud of fragments is not as varied as previously and mainly consists of droplets around 1 um, instead
of a group of large droplets well above 1 um close to the rim that break down into smaller droplets
downstream. In this case, the effect of the mesh resolution on the droplet size calculations around 1
um is pronounced; the mesh of 150 cells/do overestimates the first class of droplets, while the mesh
of 250 cells/do underestimates their presence in the cloud of fragments. However, for the time
instances that the droplet size distributions of Figure 12 are obtained, the moderate mesh resolution
results satisfactorily converge towards the finest mesh solution; for We = 90, the maximum deviation
is less than 4% for the second class of fragments, while for We = 170, the maximum deviation is
observed for the third class of fragments and a difference of 18%.
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Figure 17 Volume concentration of three classes of fragments for a MEK droplet at We =90, 170, 330, and 750 over the total
volume of the dispersed region, using three different mesh resolutions of 150, 200 and 250 cells per initial droplet diameter.
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