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Flow Pulsation for Marine Cloud Brightening Droplet Generation
Elisabeth Franks - Emmanuel College

Abstract

This project aims to address Marine Cloud Brightening’s stringent droplet uniformity
requirements by investigating flow pulsation as a method to control jet breakup mecha-
nisms. Flow pulsation’s practical viability and potential are explored theoretically, exper-
imentally, and computationally. Together, these approaches facilitate the identification
of flow pulsation regimes which could unlock unique opportunities for the production of
monodisperse droplets.

Marine Cloud Brightening (MCB) has been proposed as a technique to mitigate the no-
torious effects of global warming. The concept of MCB involves spraying seawater aerosols
into the marine boundary layer, so that salt particles act as nucleation sites, promoting
clouds composed of smaller droplets, which have a higher albedo than clouds composed of
larger droplets, a phenomenon known as the Twomey effect. These optically whiter clouds
reflect more incident radiation producing a net cooling effect. However, if seeding particles
are either too large or too small, it may lead to counterproductive microphysical effects.
Therefore, reliably monodisperse droplet production is imperative. In particular, this work
focusses on one droplet generation method called the Rayleigh jet method, which naturally
produces a polydisperse droplet stream.

To observe the practically realisable behaviour of a Rayleigh jet subjected to flow pulsa-
tion, experiments were conducted using a hydrostatic jet perturbed by a permanent mag-
net shaker. Three different flow pulsation methods were investigated: (i) streamwise nozzle
vibration, (ii) spanwise nozzle vibration, and (iii) pressure pulsation of the flow upstream
of the nozzle. Behaviour was explored across both the frequency and amplitude domains,
with nozzle diameters of Imm and 0.5mm, and data was extracted from photos via digi-
tal image analysis. This enabled the quantification of key parameters such as droplet di-
ameters and number of droplets per wavelength, which were essential in the evaluation of
monodispersity.

A comparative study of the different flow pulsation methods found that whilst pressure
pulsation triggered the expected Rayleigh-Plateau breakup mechanism, direct nozzle vibra-
tion induced a seemingly inertial breakup mechanism, which has not been previously ex-
plained, and for which a novel theory is proposed. Furthermore, variation of the pulsation
parameters revealed that both breakup mechanisms exhibited sensitivity to the applied
frequency. In agreement with theory, it was possible to achieve a monodisperse, satellite-
free stream by applying pressure pulsation near the tuned frequency (KR = 0.697), where
droplet diameters were approximately twice the nozzle diameter. However, previous work
was based on a number of assumptions, and therefore disagreement was seen in the practi-
cally realised behaviours below the tuned frequency (KR < 0:697). For example, pressure
pulsation of the jet led to the observation of a satellite chain phenomenon, where up to
eight satellite droplets and one main droplet were formed per excitation wavelength, with
satellite droplet diameters approximately half the diameter of the nozzle. Contrastingly,
direct nozzle vibration in a similar frequency range led to the observation of a jet splitting
phenomenon, whereby the jet bifurcated and trifurcated in mid-air, producing two primary
droplets per excitation wavelength, each with a diameter 1.5 times that of the nozzle.

Additionally, a high fidelity numerical model was desirable to corroborate experimental
data and to empower further exploration. Previous Rayleigh jet studies had largely em-
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ployed the axisymmetric assumption in 1D and 2D models, without assessment of its valid-
ity. To address this, four computational models were developed. Three axisymmetric mod-
els were recreated from the literature: a 1D lubrication approximation model and two 2D
axisymmetric models using the finite element and finite volume methods, with multiphase
flow handled by the level set method and volume of fluid approach, respectively. Impor-
tantly, the fourth model developed in this study was a novel fully 3D model which did not
assume axisymmetry. All models, aside from the 1D case, were computationally expensive
and required high-performance computing resources for simulation.

The collation of all four computational models empowered a unique perspective on the
simulation of the Rayleigh jet breakup. Although the fully 3D model’s response appeared
axisymmetric, the 2D axisymmetric models highlighted the presence of non-negligible in-
stabilities which affected droplet formation. Consequently, the extra dimensionality pro-
vided by the fully 3D model is required to accurately simulate the azimuthal dissipation
of these instabilities, and it was therefore employed for the simulations throughout the re-
mainder of this study.

The fully 3D model was used to emulate both pressure and nozzle pulsation methods
via streamwise and spanwise velocity perturbations respectively, using three nozzle diame-
ters: Imm, 0.5mm and 1 m. This enabled both validation against experimental data and
exploration of future possibilities for flow pulsation including the application of multiple
frequencies and the effect of nozzle downsizing. Overall, good agreement was seen between
the experimental and computational work of this study, and it was possible to replicate
both the satellite chain and jet splitting phenomena, although some discrepancies arose.

Whilst the findings of this study are comprehensive, they must be interpreted within the
context of their limitations. For example, experimental measurements suffered from poor
accuracy due to the relatively basic apparatus available, and simulations were constrained
by limited computational resources. Consequently, detailed recommendations for future
improvements are provided.

Overall, following the thorough identification and characterisation of both breakup mech-
anisms subjected to flow pulsation, the author uniquely highlights frequency ranges below
the tuned frequency as possible regions of interest to fulfil MCB’s monodisperse droplet
generation requirements. Specifically, for excitation of the Rayleigh-Plateau breakup mech-
anism, the range of interest is 0.1 < KR < 0.45, and for excitation of the novel inertial
breakup mechanism, the range of interest is 0.3 < kR < 0.6.

Crucially, this suggestion contrasts with current commercial applications of flow pulsa-
tion in Rayleigh jets, where excitation is applied solely at the tuned frequency to suppress
satellite droplets. However, evaluation of these alternative opportunities against MCB re-
quirements revealed that, while all support the goal of monodispersity, the newly identified
phenomena may also simultaneously address MCB specific challenges, such as filtration
and energy efficiency, by enabling the production of smaller and more numerous droplets
from larger diameter nozzles.
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1 Introduction

The year 2024 marked the first instance in which Earth’s global mean temperature sur-
passed 1.5°C above pre-industrial levels [1]. Earth’s ever-rising temperature trend, termed
global warming, has notorious consequences which span from coral bleaching in the Great
Barrier Reef to the loss of sea ice in the Arctic, amongst many others. Therefore, it is im-
perative to take immediate action to limit these harmful effects.

Geoengineering, defined as “the deliberate large-scale manipulation of the planetary
environment to counteract anthropogenic climate change” [2], encompasses a plethora of
techniques, of which Marine Cloud Brightening (MCB) is one. Aptly named, MCB aims
to enhance cloud albedo, in order to increase the reflection of incident solar radiation and
therefore achieve a net cooling effect.

This enhanced albedo is achieved by leveraging the Twomey effect, whereby a greater
concentration of impurities, or Cloud Condensation Nuclei (CCN), in the atmosphere en-
courages the formation of clouds composed of smaller droplets, which appear optically
whiter than clouds composed of larger droplets [3]. Therefore, MCB proposes to inject sea-
water aerosols into the marine boundary layer, which evaporate to leave behind suspended
salt crystals, acting to artificially increase the number of CCN [4]. This cooling concept is
not entirely novel, and has been observed in shipping tracks where impurities from the ex-
haust fumes act to increase the CCN concentration [5]. However, it must be emphasised
that MCB is proposed as a mitigation technique, aiming to limit short-term impacts of
global warming, rather than addressing the root cause, namely increasing greenhouse gas
emissions.

Unfortunately, at present MCB’s implementation is hindered by many technical barriers,
the foremost of which is ensuring reliable, monodisperse droplet production. This require-
ment for monodispersity stems from MCB literature, where all researchers are aligned that
monodisperse droplet production will be essential in order to avoid counterproductive ef-
fects such as reduced cloud cover and suppressed albedo, if injected particles are too small
or too large respectively [6-8]. Crucially, the difficulties in achieving monodisperse droplet
production are amplified by additional technical barriers such as extensive filtration re-
quirements to handle impurities and fixed rheological properties of the aerosol, which are
imposed by the restriction of using unmodified seawater as the jetting fluid [9].

There are a plethora of proposed droplet generation methods for MCB applications, in-
cluding impactor, electrospray and atomisation devices; however this work focusses on a
technique called the Rayleigh jet method. The Rayleigh jet method naturally forms a poly-
disperse droplet stream, therefore this study investigates whether application of flow pulsa-
tion can manipulate breakup mechanisms to achieve reliably monodisperse droplet produc-
tion.

Finally, it must be noted that, for ease of study, previous work on Rayleigh jets has
heavily relied upon simplified analysis techniques, for example linear stability theory and
axisymmetric modelling. However, the underlying assumptions of these approaches may
not accurately represent true fluid behaviour. Therefore, to ensure physically meaningful
results, this study explores the effects of flow pulsation without imposing such assump-
tions, via theoretical work, experimental work and computational modelling.

Elisabeth Franks (eaf48)



2 Previous Work

2.1 Marine Cloud Brightening Droplet Size Requirements

MCB literature envisions an ideal spray device capable of producing droplets with a
uniform ‘wet’ diameter, which subsequently evaporate to leave a cubic salt particle with
an 80% smaller ‘dry’ diameter [10]. There have been various proposals for the optimal wet
droplet diameter over the last 20 years, summarised in Table 1. However, in reality it may
be necessary to adjust the desired size according to the geographic and atmospheric condi-
tions [11].

Researcher | Year | Wet Droplet Diameter (nm) | Dry Droplet Diameter (nm) | Rate (droplets s ! spray vessel 1)
Salter [10] 2008 | 800 160 10Y7

Connolly [7] | 2014 | 150-500 30-100 Not specified

Wood [6] 2021 | 150-300 30-60 10%

Haywood [12] | 2023 | 425 85 Not specified

Table 1: Summary of the literature discussion surrounding MCB spray requirements.

Whilst Table 1 illustrates that the exact dimensions of ideal injected wet droplet diam-
eters are contentious, the requirement for a narrow size distribution is not. For example,
seeding with undersized particles may either increase evaporation and reduce cloud cover,
or suppress cloud albedo instead of enhancing it [6, 7]. Contrastingly, seeding with over-
sized particles may induce precipitation, thereby diminishing cloud cover again [8]. Impor-
tantly, all these effects are counterproductive to MCB’s aims and so should be avoided.

Although the present study predominantly analyses droplet behaviour at a more acces-
sible millimetre length scale, the results will be contextualised for their application at an
approximate 1 m nozzle diameter target length scale, in line with the above requirements.

2.2 Rayleigh Jet Theory

Producing MCB droplets via the Rayleigh jet method involves expelling seawater from
a pressurised nozzle to form a jet, which naturally disintegrates into droplets. Fundamen-
tally, this breakup mechanism is driven by the capillary instability, whereby the jet’s sur-
face tension acts to minimise its surface energy.

The simplest mathematical treatment of the breakup mechanism is Rayleigh-Plateau’s
linear stability analysis [13, 14], which yields the dispersion relation in Figure 1. It is de-
rived by envisioning the jet as a column of fluid, without purposeful excitation, which is
naturally subject to a spectrum of external surface disturbances by the nature of it being
a real-world system. These surface disturbances cause deformation and curvature, conse-
quently establishing internal pressure differences, and hence fluid flux into bulges and liga-
ments. This self-reinforcing process continues until breakup occurs.

Flow Pulsation for Marine Cloud Brightening Droplet Generation



2.2 Rayleigh Jet Theory
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Figure 1: Dispersion relation showing the dimensionless growth rate (1) as a function of
dimensionless wavenumber (KR) where k is the wavenumber of the disturbance and R is

the radius of the jet [13,14].

The dispersion relation reveals that the column is unstable to disturbances whose wave-
lengths exceed the circumference of the jet, or equivalently when KR < 1. Additionally,
it reveals that the maximum growth rate occurs at KR = 0:697, with the corresponding
frequency referred to as the tuned frequency in this study. Therefore, assuming that natu-
ral breakup is governed by this fastest growing mode, and applying conservation of volume
(Figure 2) in combination with the wave relations V. = f and k = -, the idealised size of

the resulting monodisperse droplets are found to be

where and f are the wavelength (m) and frequency (Hz) of the disturbance respectively,
V is the jet velocity (m/s) and Rgroplet is the radius of a droplet (m).

A

Figure 2: Schematic illustrating conservation of volume between a cylindrical jet control
volume and a spherical droplet. Not to scale.

Importantly, Rayleigh-Plateau breakup is only one mechanism for how a jet may dis-
integrate into droplets. Other possible behavioural variations are efficiently summarised
by the non-dimensional parameter space, Figure 3, which is governed by the Weber and

Reynolds numbers

Elisabeth Franks (eaf48)



2.3 Satellite Formation Mechanisms 4

V2D VD
Re= —— (2)

We =

where is the density (kg/m?), D is the diameter of the jet (m), is the surface tension
(N/m), and is the dynamic viscosity (Pa-s).

The location of a system’s operating point within this space determines the breakup
mechanism of the jet. For example, Rayleigh-Plateau breakup dominates within the bounds
for good jetting, if the Weber number is too low (We < 8) then dripping is observed, and if
the Weber number is too high (We > 400) then the system transitions to the wind-induced
breakup regime [15]. Evidently, all operating points considered in this study lie within the
stable jetting region.

103 Wind-Induced Regime
@
102
g ®
Jetting Regime
104 ]
Dripping Regime
10° . ; .
10t 102 103 10 10°
Re
® 1mm Nozzle Diameter 0.5mm Nozzle Diameter @ 1um Nozzle Diameter @ Cl

Figure 3: Classification of operating points used in this study, in addition to the target
MCB scenario and the highest-specification commercially available technology, shown in
non-dimensional parameter space [15-18].

2.3 Satellite Formation Mechanisms

The linear stability analysis presented in Section 2.2 is highly idealised, suggesting the
formation of a monodisperse stream of droplets. In reality, in addition to the main droplet
break-off predicted by Rayleigh-Plateau, the stream may also be interspersed with smaller
satellite droplets, Figure 4a. Nonlinear theory suggests that these form from the ligaments
during break-off in two different scenarios, either droplets break-off from the end of a jet
alternately as main and satellite droplets, or larger fragments detach from the end of a jet,
which subsequently split into main and satellite droplets [19]. Within this framework, Pim-
bley and Lee hypothesise that a satellite may initially separate from the main droplet on
either the fore side, the aft side or both sides simultaneously, Figure 4b. The resulting mo-
mentum transfer at break-off alters the satellite’s subsequent velocity and hence fate. If a
satellite forms from a ligament separating first on the fore side, the velocity is faster than
the main droplet, the satellite is rear-merging and merges with the main droplet in front

Flow Pulsation for Marine Cloud Brightening Droplet Generation



2.4 Variation of Pulsation Parameters 5

of it. Conversely, if a satellite forms from a ligament separating first on the aft side, the
velocity is slower than the main droplet, the satellite is forward-merging and merges with
the main droplet behind it. Finally, if break-off occurs simultaneously the satellite has the
same velocity as the main droplet and no merging occurs; the satellite droplets are stable
and this is known as the infinity condition [20].

I N~ _._ -i\ N b Initial Separation ¢
| < > I \\ - Aft Simultaneous Fore
| N
o |
. < > I ,I ® Main ‘
: I
| o I II ®
A >
I > I / Ligament
| .
: o |y
[ > | 4 °
: |/
o .
| / ® Main
< o '
(@) (b)

Figure 4: Schematics illustrating the capillary instability in a liquid jet. (a) Linear
Rayleigh-Plateau breakup with nonlinear satellite droplet formation. (b) Detailed view
illustrating three possible satellite pinch-off modes: fore-side, aft-side, and simultaneous.
Flow direction is from top to bottom.

Satellite droplets have previously been perceived as an impediment to achieving monodis-
persity, owing to their abundance and significantly smaller size, so it has been desirable to
suppress their formation [21]. Therefore, given this study’s unfaltering focus on monodis-
persity, the behaviour of satellite droplets will be a key concern.

2.4 Variation of Pulsation Parameters

Employing flow pulsation to manipulate the droplet breakup mechanism in a Rayleigh
jet is not a novel idea. Continuous Ink Jet (CLJ) printing, drug delivery and catalyst pro-
duction are all common applications of this concept. However, the application of Rayleigh
jet flow pulsation to MCB is not trivial because, as Figure 3 remarkably reveals, MCB
applications would push the boundaries of current technology, being an order of magni-
tude smaller than the best CIJ technology in nozzle diameter, Weber and Reynolds num-
bers, for example. The complexity of this challenge is further exacerbated because whilst
the variable rheological properties of CIJ ink enable optimal positioning within the non-
dimensional parameter space, the operating point for MCB applications is tightly con-
strained by the fixed properties of natural seawater, and the fixed nozzle diameters arising
from the wet droplet diameter requirements.

Elisabeth Franks (eaf48)



2.4 Variation of Pulsation Parameters 6

Below is a summary of the literature discussion on controlling Rayleigh jet breakup
via variation of the disturbance frequency and amplitude. To assess the monodispersity of
the droplet stream the main indicators employed are H—Z, the ratio of the number of satel-
lite droplets to the number of main droplets produced during break-off from the jet; and
g—z, the ratio of the satellite droplet diameter to the main droplet diameter. Additionally,
in alignment with the dispersion graph, Figure 1, and to enable comparability across all
length scales, frequencies have been expressed in terms of their dimensionless wavenum-

bers, kR.

2.4.1 Effect of Frequency

The effect of applied frequency on jet breakup has been extensively studied through ex-
perimental, theoretical and numerical modelling work [22-26]. The findings of these studies
consistenly suggest that as the excitation frequency increases, g—; decreases while m—z re-
mains constant at 1. However, in addition to this result, it is pertinent to highlight two
research findings in particular which are otherwise elusive in the literature.

Firstly, Vasallo commented on the effect of applied frequency on ',:I'—Z at jet breakup [27].
His suggestions for different behavioural regimes have been illustrated in Figure 5. At low
frequencies, “—Z could be as high as 10, however Vasallo believes that these satellites have
diameters equivalent to those of the main droplets, in agreement with the literature de-
scribed above. As the frequency increases, “—Z decreases steadily until one satellite droplet
is produced for every main droplet. In this region the satellite’s size is dependent on the
amplitude. This behaviour persists until the frequency reaches close to the tuned frequency,
where a satellite free stream may be observed. Beyond the tuned frequency, random breakup
may occur and satellites may be produced again, coinciding with excitation by negative
growth rate modes on the dispersion graph, Figure 1. Vasallo suggests that the high “—:
ratios at lower frequencies may arise due to the greater time for momentum transfer, in ad-
dition to the longer ligament length and increased jet volume.

Low Frequency High Frequency
kR 00 1 2 3 4 5 6 .7 .8 .9 1.0 )
NS < > < > < > ¢ >
N_ Upto10 1 0 Oor1

P Ns decreases as Satellite size
Comments Np decreases as Random breakup

frequency increases amplitude increases

Figure 5: Schematic illustrating identified regimes of satellite droplet behaviour, charac-
terised by m—;, as a function of nondimensional wavenumber (kR) [27].

Secondly, Lin and Webb observed a branching phenomena occurring during a frequency
sweep experiment. Increasing the frequency of an axially excited nozzle caused successive
splitting of the jet stream into two, three and multi-pronged jets. However, this behaviour
was attributed to inadvertent transverse excitation at the nozzle, which was revealed by a
laser vibrometer [28,29]. This phenomena has not been subsequently explored.

Flow Pulsation for Marine Cloud Brightening Droplet Generation



2.5 Computational Modelling 7

Alternatively, researchers have previously suspected that simultaneous application of
multiple frequencies may suppress satellite formation. For example, Driessen found that
a beat frequency could incite a capillary force which accelerated satellite droplets to en-
courage merging after pinch-off, resulting in a coalesced stream with one large droplet per
shortest common wavelength of the perturbations [24]. Other proposals include applica-
tion of the second and third harmonics of the tuned frequency [19,30] and alteration of the
phase difference between two applied frequencies [19,24].

2.4.2 Effect of Amplitude

Initial findings suggest that satellite droplet size may be sensitive to the driving volt-
age amplitude, because increasing the amplitude reduces the diameter of the ligament
which forms the satellite, potentially allowing complete suppression of satellite formation
at high amplitudes. Additionally, variation of the applied amplitude was observed to af-
fect the satellite break-off mechanisms shown in Figure 4b. At low amplitudes, forward-
separation with rear-merging occurs, whereas at high amplitudes, rear-separation with
forward-merging occurs, implying that the infinity condition, and therefore the stability
of satellite droplets, is achievable at a critical amplitude where break-off switches from for-
ward to rear separation [19]. Unfortunately, direct comparison of behaviours between stud-
ies is difficult because previous results report driving voltage amplitude variation, with-
out providing the relationship to the subsequent displacement, velocity or acceleration
disturbance amplitude applied to the jet. Importantly, it should be noted that frequency
and amplitude sweeps may not be independent; Maxworthy found that to achieve similar
satellite break-off behaviour, stronger perturbation amplitudes were required at the shorter
wavelengths [19, 20].

2.5 Computational Modelling

It is important to review the different approaches available for modelling the breakup
of a Rayleigh jet. Assuming a laminar jet in the Rayleigh regime [31], the jet can be repre-
sented using models of varying dimensionality: 1D lubrication approximation, 2D axisym-
metric, and fully 3D models, listed in order of increasing computational expense.

The simplest numerical model of jet breakup dynamics is Reynold’s lubrication theory,
a simplification of the 3D Navier-Stokes equations into a set of 1D governing equations:

OR? 0 o,

St gy RV) =0 (3)
v OV _ @ 1R 3 @ 0V (4)
ot 0z 0z R @z2 R2 0z 0z

where t is time (s) and z is the axial coordinate (m).

These are derived by assuming that the jet is slender, such that radial variations are
negligible compared to axial variations [32, 33]. This approximation has been extensively
implemented to directly study the Rayleigh-Plateau instability owing to its minimal com-
putational complexity [15,24,34,35]. However, this comes at the expense of poor singularity

Elisabeth Franks (eaf48)



2.6 Critical Analysis of Working Methods 8

handling which occurs when the radius goes to zero at coalescence and pinch-off due to the
Courant-Friedrich-Lewy (CFL) condition [33].

2D axisymmetric models are also common in Rayleigh jet literature, implemented in
commercial software such as OpenFoam, COMSOL Multiphysics and ANSYS Fluent [16,
34, 36-38]. These assume rotational symmetry about the centreline of the jet in order to
solve the Navier—Stokes equations on a representative plane. After computation, it is pos-
sible to rotate the plane 360 to mimic a 3D output for jet behaviour. Within the 2D ax-
isymmetric framework, it is possible to employ multiple different combinations of fluid
solvers and interface tracking methods. For multiphase flow, the Navier-Stokes equations
for incompressible and immiscible fluids may be amended with additional surface tension
terms. These are most commonly solved using Eulerian fluid solvers, namely Finite Vol-
ume Method (FVM), Finite Element Method (FEM) or Finite Difference Method (FDM).
Importantly, whilst the 1D model struggled to handle singularities, higher-dimensionality
models avoid this problem by using auxiliary methods to represent the interface between
liquid and gas phases. In particular, sharp interface tracking methods are most common
for problems involving both water and air because there is a large density difference be-
tween the two phases.

In contrast, 3D modelling of Rayleigh jet breakup has been limited due to its computa-
tional complexity. 3D modelling is most common in simulations demanding high precision
at the nanoscale; however, at such length scales thermal fluctuations become instrumental
in instabilities, but are not accounted for in Eulerian solvers. Therefore, Lagrangian solvers
such as Molecular Dynamics (MD) are more common in the literature [39,40].

2.6 Critical Analysis of Working Methods

The aforementioned behaviours have been collated from theoretical, experimental and
computational work; however, each source may introduce its own set of limitations and in-
accuracies. For example, theoretical work based on linear stability analysis dictates that
satellite droplets cannot exist [14,20,41]. In contrast, nonlinear analysis often enforces sym-
metric satellite separation from the main droplets, imposing an “—Z ratio of 1, in addition to
the infinity condition which prevents satellite coalesce [20, 42]. Both results are idealised
and have been demonstrated to not occur universally.

The experimental work has been conducted using a plethora of pulsation methods in-
cluding audio excitation [25], a fine needle immersed in the jet [43, 44], pressure pulsa-
tion [19, 20] and direct nozzle vibration [28]. However, to the best of the author’s knowl-
edge, despite behavioural disparity being reported separately, there is currently no direct
comparative study between the different pulsation methods, forming a gap in the litera-
ture. Additionally, although the interdependence between frequency and amplitude has
been noted, there is no comprehensive investigation of their variations across the param-
eter space. This gap in understanding is further compounded by amplitude often being
reported in terms of excitation voltage, which limits quantitative comparison between stud-
ies.

In the interest of computational efficiency, modelling of the Rayleigh jet breakup has
predominantly employed 1D and 2D axisymmetric simulations; however, such approaches
would inherently neglect non-axisymmetric dynamics and may overlook phenomena that

Flow Pulsation for Marine Cloud Brightening Droplet Generation



2.6 Critical Analysis of Working Methods

occur in reality. Importantly, there is no comparative study analysing the validity of the
axisymmetric assumption for a Rayleigh jet. Finally, it should also be noted that MCB
length scales lie near the intersection where Lagrangian and Eulerian solvers are most ap-
plicable, meaning that the choice between the two harshly determines whether thermal
fluctuations are considered or neglected. This may significantly alter the modelled be-
haviour.

This paper therefore seeks to address some of these identified limitations.

Elisabeth Franks (eaf48)
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3 Method

3.1 Laboratory Experiments

Experimental investigations were conducted to observe the practically realisable be-
haviour of a Rayleigh jet subjected to flow pulsation. In particular, the experiments aimed
to evaluate the monodispersity of the pulsated stream by quantifying droplet diameters
across the frequency-amplitude parameter space. The parameter space was explored for
three different flow pulsation methods: (i) streamwise nozzle vibration, (ii) spanwise noz-
zle vibration, and (iii) pressure pulsation of the flow upstream of the nozzle. Furthermore,
experiments were performed with both Imm and 0.5mm nozzle diameters to assess the im-
pact of downsizing.

A schematic diagram of the apparatus is shown in Figure 6, consisting of a constant
head hydrostatic Rayleigh jet and a shaker on an isolated support stand. Interchangeable
couplings between the shaker’s armature and the flow enabled pulsation to be applied by
three different methods, Figure 8. To achieve direct nozzle vibration, the shaker’s armature
was mechanically coupled to the nozzle. In contrast, although piezoelectric elements are
most commonly used to achieve pressure pulsation, it was instead possible to pulsate the
flow by compressing flexible tubing upstream of the nozzle, where an armature connected
to a rigid piston head pressed the tube against a fixed surface. A threaded fixture at the
funnel exit enabled nozzles with varying diameters and geometries to be interchanged.

Hydrostatic h
Jet
Flexible
Nozzle Shaker Tube

> To Signal
T™D Generator
Platform
I
Clamp - Support
Stand Structure
. |
Beaker
(@) () ©

Figure 6: Schematics illustrating flow pulsation modes: (a) spanwise nozzle vibration, (b)
streamwise nozzle vibration, (¢) flow pressure pulsation. Flow direction is from top to bot-
tom.
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3.1 Laboratory Experiments 11

Figure 7: Photograph of experimental setup comprised of a hydrostatic vertical jet and an
LDS V200 vibration generator mounted on an independent stand and TMD platform. The
vibration generator is connected to a sinusoidal signal generator and amplifier.

(b)

Figure 8: Photographs of interchangeable attachments coupling the shaker to the jet. (a)
Mechanical coupling to the nozzle to induce spanwise pulsation. (b) Mechanical coupling
to the nozzle to induce streamwise pulsation, with a counterweight to suppress torsional
motion. (c) Shaker armature connected to a piston head that sinusoidally compresses flexi-
ble tubing to generate pressure pulsation upstream of the nozzle.

Initially, acoustic forcing was proposed as a perturbation method to excite the jet, given
that its efficacy had already been proven in previous studies [25, 43, 44]. Therefore, ex-
periments were undertaken using the LDS V200 vibration generator to produce acoustic

Elisabeth Franks (eaf48)



3.1 Laboratory Experiments 12

forcing at given frequencies. Unfortunately, no tangible effect on the jet’s behaviour was
observed at any amplitudes or frequencies, so this excitation method was not explored fur-
ther.

Cambridge tap water was chosen as an appropriate surrogate jetting fluid for seawater
(3.5% salinity, 0.5 mg/L Triton X-equivalent surfactant), following an independent analysis
using literature data which revealed that density and surface tension differences, which had
the potential to affect breakup mechanics, were negligible [45] [46]. As a result, the operat-
ing points for both the 1mm and 0.5mm nozzle diameter experiments are given in Figure 3,
evidently they both lie within the good jetting region.

The frequency—amplitude parameter space was explored systematically for all three
flow pulsation methods, and for both 1mm and 0.5mm nozzle diameters, using constant-
amplitude and constant-frequency experiments. Disturbances were applied via a sinusoidal
signal generator with frequency varied between approximately 100  650Hz (corresponding
to nondimensional wavenumbers in the range 0:15  1:4kR) and the driving voltage ampli-
tude varied between 0:1 1V in 0.1V increments (corresponding to acceleration amplitudes
in the range 12 88g). At each location on the frequency-amplitude map, data acquisition
was performed via videography, photography or live observation after the system had sta-
bilised. Where applicable, for example during splitting (Figure 13) mass flux measurements
of streams were taken by collecting individual jet streams in test tubes and measuring the
change in mass over a given time. Finally, to ensure repeatability and to address the iden-
tified flaw in previous work, a conversion map from signal generator settings to jet acceler-
ation amplitude was created using oscilloscope readings from a piezoelectric accelerometer
connected to the shaker armature.

The quality of collected data was critically determined by the clarity of photos and
videos captured. Therefore, stringent criteria had to be met to avoid distortions. For ex-
ample, temporal aliasing was avoided by sampling at a frame rate above the Nyquist limit,
poor spatial resolution was avoided by ensuring pixel size smaller than the smallest feature
of interest and motion blur was avoided by using a shutter speed significantly shorter than
the inverse of the excitation frequency. To meet all the above requirements, video record-
ing was performed with a Phantom V12 (6242 fps, 1280800 resolution), and photos were
taken with a Canon EOS R7 in conjunction with an RF100-400mm lens (shutter 1/8000
s, £/6.3, ISO 12800). Initial video and photo recordings using a Casio Exilim FH-25 (1000
fps, 22464 resolution) were comparatively unfruitful given the inferior field of view, frame
rate and resolution.

However, a high specification camera alone was insufficient to achieve good results. Con-
tinuous and bright lighting was essential, therefore halogen lamps were used to illuminate
the setup. However, inadequate lighting remained the biggest limitation, preventing the
Phantom from reaching its potential of 6000 fps and instead forcing operation at 1000 fps.

The images acquired from both photos and videos were initially analysed to quantify
droplet diameters using OpenCV implemented in Python, before a subset of images were
manually verified using ImageJ [47,48]. A reference object was essential to calibrate pixels
to physical measurements, therefore a 1mm resolution ruler was included in all frames. On
average, there were 75 pixels per mm, however, due to poor image quality, non-spherical
droplets and perspective distortion, confidence was only maintained up to a resolution of
0.1mm, despite multiple repeats and averaging.

Flow Pulsation for Marine Cloud Brightening Droplet Generation
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3.2 Modelling

It is desirable to develop a high-fidelity model to facilitate fast and reliable exploration
of the effect of flow pulsation parameters on Rayleigh jet breakup. Throughout literature,
the breakup of a Rayleigh jet has primarily been explored under the assumption of axisym-
metry, however the validity of this assumption has not been explored. Therefore, it was
first necessary to assess whether the axisymmetric assumption had a tangible effect on the
accuracy of results.

In tandem with experimental work, four models were developed differing in dimension-
ality and, crucially, computational complexity, Figure 9. Three axisymmetric models from
the literature have been recreated here: a 1D lubrication approximation model, a 2D ax-
isymmetric model using FEM coupled with the level set method, and a 2D axisymmetric
model using FVM coupled with the VoF approach. Importantly, the fourth model built as
part of this study is a novel fully 3D model, which did not assume axisymmetry.

MD modelling was also attempted using LAMMPS [39], however it was prohibitively
computationally expensive at the 1mm scale necessary for direct comparison with other
models.

Eully 3D ( ANSYS Fluent ) Spanwise Pulsation ]
{ i ]7 (FVM and VoF)
.

Streamwise Pulsation j

N
ANSYS Fluent - -
(FVM and VoF) 4( Streamwise Pulsation j
J
{ 2D Axisymmetric

.
([ COMSOL Multiphysics |

Numerical

Modelling (FEM and Level 4[ Streamwise Pulsation ]
. J

Set Method)
1D Lubrication [ - -

{ Approximation Python H Streamwise Pulsation j

{ Linear Stability Analysis H Theoretical ] [ Streamwise Pulsation ]

Figure 9: Overview of modelling approaches used in this work, increasing in computational
complexity from bottom to top.

-

To conduct this assessment, it was of upmost importance to directly compare the newly
developed fully 3D model against both previously used axisymmetric models and exper-
imental work. Accordingly, all four models were simulated with identical domain geome-
tries, boundary conditions, and initial conditions which emulated the 1mm nozzle diameter
experimental work of this paper. Notably, the inlet was positioned at the nozzle outlet,
with no nozzle geometry included, each model was initialized with a steady, fully-developed
fluid column, and a streamwise sinusoidal velocity disturbance was applied at the inlet:

V = Vo + VperwrpsSin(2 ft)) (5)

where V is the instantaneous velocity of the jet (m/s), Vo is the steady base velocity (m/s),
Vperturb is the velocity perturbation (m/s) and f is the excitation frequency (Hz).
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An identical set of simulations were conducted for each model, using a constant ampli-
tude velocity perturbation (Vp%;”rb = 10%) at frequencies between approximately 100
650Hz, corresponding to the exploration of nondimensional wavenumbers in the range 0:15
1kR. Here the relative velocity disturbance amplitude has been derived via Bernoulli’s
equation to be equivalent to Salter’s proposed pressure perturbation [16]. The operating
point for all models was identical to that of the experimental work at 1mm nozzle diameter
given in Figure 3.

Aside from the 1D model, all simulations were computationally intensive and required
the use of the University of Cambridge’s High-Performance Computer (HPC). The HPC’s
license limited usage to a maximum of 32 CPUs, giving access to a total of 108 GiB of
RAM, for 12 hours. Additionally, because the HPC is a shared resource, it was unavailable
for long periods of time during busy seasons.

Comprehensive methods have been previously provided for each model replicated from
the literature, so they are not recreated here [24, 36, 37]. Instead, it is important to high-
light that given both the HPC’s limited availability and compute power, much care was
taken to strike the balance between having a mesh fine enough to capture satellite be-
haviour, having a domain long enough to capture merge behaviour, and having a domain
wide enough to prevent interference from outlets, all whilst remaining computationally fea-
sible. Therefore, this led to an extensive adaptation and optimisation process where multi-
ple iterations were evaluated, whilst maintaining consistency across all models so that they
simulated identical domains. Of all the variables assessed, the mesh resolution was priori-
tised to ensure the accurate capture of satellite droplet formation. As a result, this came at
the expense of domain length and subsequently the ability to evaluate the merge time and
distance of droplets after break-off.

3.2.1 1D Lubrication Approximation Model

The 1D model notoriously struggles to handle singularities, which play an essential role
in accurately capturing satellite and main droplet dynamics. However, Driessen uniquely
proposes introducing a regularisation term into the surface tension to remove the pinchoff
singularity [24]. This essentially specifies the radius at which a droplet breaks up and the
curvature at the end of the droplet, in addition to enforcing mass and momentum conser-
vation in the transfer of the system state over the singularity.

Therefore, aided by Driessen, his 1D lubrication approximation model was replicated in
Python because it appears to be the most promising 1D simulation to accurately predict
Rayleigh jet breakup. The Python code solved the discretized forms of the 1D lubrication
approximation equations, Equations (3) and (4), on a fixed equidistant 1D Eulerian grid
using a conservative, second-order accurate TVD scheme.

3.2.2 2D Axisymmetric Models

To capture the variation in 2D axisymmetric modelling behaviours, two separate mod-
els were developed using different commercial software, each employing distinct solvers and
multiphase models. Chapman kindly shared a template for a COMSOL Multiphysics 6.2
model used previously to evaluate the efficacy of the Rayleigh jet breakup mechanism for
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MCB applications [16,36,49]. In COMSOL the Navier-Stokes equations are modified with
a surface tension term. An FEM solver is then employed in conjunction with the level set
method for interface tracking of the multiphase flow. In contrast, the University of Leeds
kindly provided a basic template for an ANSYS Fluent 2024 R1 model which they previ-
ously employed for evaluating the breakup of a liquid metal jet [37,50]. Fluent employs an
FVM solver coupled with VoF interface tracking and the Continuum Surface Force (CSF)
model for surface tension. Both models were adapted to simulate the same domain and
boundary conditions, which emulated this paper’s scaled-up experimental setup, Figure 10.

3D

Velocity

Time

' o.5DI —

100D

Figure 10: Schematic illustrating the 2D axisymmetric simulation domain. The axis of
rotational symmetry is aligned with the centreline of the jet. Boundary conditions are de-
fined as follows: Inlet) 100% water phase with velocity specified by Equation (5); Pressure
outlet) gauge pressure of 0 Pa, with backflow specified as ambient fluid and direction deter-
mined by adjacent cell flow [38]. The initial jet velocity is 2.1 m/s. Flow direction is from
left to right. Not to scale.

Despite foundational templates being kindly provided for both 2D axisymmetric mod-
els [36,37], it is important to emphasise that these were designed for jets of higher veloc-
ities travelling across significantly shorter domain lengths of interest. Therefore, complete
simulation could be achieved because the real-time duration of the jetting was orders of
magnitude shorter. However, scaling up the templates to replicate our Imm nozzle diame-
ter experiment meant that the simulations became computationally prohibitive within the
HPC’s usage limits, therefore the optimisation process was particularly significant here.

3.2.3 Fully 3D Model

A novel fully 3D model was built using ANSYS Fluent 2024 R1 [50], which crucially,
unlike previous 1D and 2D simulations, did not assume axisymmetry. The 3D model used
an FVM solver, and the multiphase interface was handled by the VoF method and the
Geo-Reconstruct scheme in addition to the Continuum Surface Force (CSF) model to ac-
count for surface tension between phases. The mesh was locally refined near the surface
of the jet and both adaptive time stepping and meshing were applied. Crucially, the VoF
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method enabled fluid visualisation via definition of an iso-surface of constant volume frac-
tion, . This volume fraction describes the percentage of fluid phase in a given cell, such
that = 0 represents a cell full of gas, and = 1 represents a cell full of liquid. The
model’s domain and boundary conditions were identical to all other simulations, Figure 11a.

(

100D
100D

&>

(b)

Figure 11: Schematic illustrating the fully 3D simulation domain. Boundary conditions
are defined as follows: Inlet) 100% water phase with a sinusoidal velocity perturbation
specified by Equation (5), applied in (a) the streamwise and (b) the spanwise direction;
Pressure outlet) gauge pressure of 0 Pa, with backflow specified as ambient fluid and di-
rection determined by adjacent cell flow [38]. Flow direction is from top to bottom. Not to
scale.

To verify the model, the sensitivities to both mesh and volume fraction threshold were
tested. Whilst, mesh independence of the two-phase VoF problem for a liquid jet is nearly
impossible to achieve [51], the mesh resolution was tested by focussing on the scale of the
smallest structure of interest [52], which was the satellite droplet diameter. For simula-
tions, the mesh size was locally refined in the region close to the jet, and chosen to be as
fine as possible, whilst ensuring that the simulation would complete within the HPC’s
availability window. Unfortunately, although this mesh resolution was the best achievable
given the available computational resources, it is evident that it did not achieve grid inde-
pendence, Figure 12a. Similarly, to evaluate alpha sensitivity, the alpha threshold value
was varied from 0.2 to 0.9 and satellite droplet diameters were compared. Alpha inde-
pendence was also not achieved, as evidenced by the droplet volume variation of approx-
imately 80%, Figure 12b, likely due to numerical diffusion. Therefore, a threshold of 0.3
was used to define Fluent iso-surfaces, as a conservative choice to avoid pre-empting breakup.
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Figure 12: Results from mesh and iso-surface threshold sensitivity studies. (a) Variation

of droplet diameter with the number of computational mesh elements. (b) Percentage of

droplet volume relative to = 0.2 as a function of the volume fraction threshold used to

define the iso-surface. (¢) Overlaid contour plots comparing iso-surfaces at = 0.2 and
= 0.9. Flow direction is from left to right.
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The fully 3D model was used to emulate both pressure and nozzle pulsation methods
via streamwise and spanwise velocity perturbations respectively, using three nozzle di-
ameters: 1lmm, 0.5mm and 1pm. The operating points used for each model are given in
Figure 3. In addition to simulations at the tuned frequency, which were used for direct
comparison with other models, primary exploration of the frequency-amplitude parame-
ter space was via one transect of constant frequency (250Hz, kR = 0.37) and one transect
of constant velocity amplitude (10%) because ultimately, the number of simulations which
could be run was restricted by HPC usage limits.

It is important to comment upon how these different scenarios were simulated. The
greatest advantage of the fully 3D model is its ability to replicate the case of spanwise noz-
zle vibration, which was not possible with axisymmetric models, and to the best of the
author’s knowledge has not been previously simulated. This was achieved by changing
the direction of the velocity pulsation applied from perpendicular to parallel to the inlet.
This also necessitated a change in geometry, Figure 11b, to improve computational effi-
ciency. Given that spanwise perturbation invokes the splitting phenomena, it necessitates a
larger domain, however, the splitting phenomena is planar and therefore expansion is only
required in a planar transverse direction. Additionally, the simulation of downsizing was
achieved by proportionally scaling the entire geometry and reducing the time step accord-
ingly. However, difficulties occurred at the micrometer scale because this is the resolution
of many commercial geometry packages. Therefore, the geometry had to be rebuilt in De-
signModeler instead of SpaceClaim. Finally, to simulate multiple frequencies, velocity per-
turbations were superposed at the inlet by summing the individual contributions described
by Equation 5.
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4 Results and Discussion

4.1 Comparison of Previous Theory with New Experimental Ob-
servations

4.1.1 Pulsation Methods

In order to address the lack of direct comparative studies in the literature, this work
experimentally investigated three distinct pulsation methods: pressure pulsation of the flow
behind the nozzle, spanwise nozzle vibration, and streamwise nozzle vibration. Significant
differences were observed in the breakup behaviour when the flow was excited below the
tuned frequency, suggesting that the choice of pulsation method had a strong impact on
the active breakup mechanism of the jet. However, despite different breakup mechanisms
being active, all methods exhibited seemingly identical behaviours at and above the tuned
frequency.

For example, across all excitation parameters, a pressure pulsated jet was observed to
breakup via the Rayleigh-Plateau mechanism, as predicted by previously discussed the-
ory, Figure 4. Contrastingly, spanwise nozzle vibration demonstrated a remarkable non-
axisymmetric splitting phenomena, whereby it was possible to achieve stable bifurcation
and trifurcation of the jet in mid-air, Figure 13. This splitting always occurred in the same
plane as the excitation direction, rather than diverging outwards in a cone formation. Cru-
cially, this splitting behaviour is not congruent with the Rayleigh-Plateau breakup mecha-
nism, and therefore the author suggests that another breakup mechanism is dominant.

Interestingly, whilst streamwise nozzle vibration was expected to yield axisymmetric
results similar to those achieved via pressure pulsation, such that the breakup would be
governed by the Rayleigh-Plateau mechanism, in reality a splitting pattern similar to that
achieved in spanwise nozzle vibration, although less pronounced, was observed. Therefore,
the author suggests that there may have been some coupling resulting in unintentional ex-
citation of the spanwise direction during streamwise excitation. In an effort to eliminate
erroneous vibration, many experimental modifications were implemented, namely the in-
stallation of a TMD pedestal to isolate the shaker from the support structure and different
connections between the shaker armature and the nozzle to avoid possible twisting effects
induced by torque. Unfortunately, these iterations did not make any noticeable difference
in reducing the splitting phenomena. Similarly, Lin incurred an identical problem of erro-
neous transverse vibration, which was attributed to interference from the natural vibration
frequency of the nozzle itself [28].
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(b)

Figure 13: Photographs illustrating observed jet splitting phenomena: (a) single jet, (b)
bifurcated jet, and (c) trifurcated jet. Flow direction is from top to bottom.

1 B
(b) ©

Figure 14: Photographs of experimental apparatus iterations designed to prevent spanwise
excitation of the nozzle during purely streamwise excitation: (a) S-shaped attachment, (b)
straight bar attachment with counterweight to eliminate torsional motion, and (¢) TMD
platform isolating the shaker from the supporting structure.

Flow Pulsation for Marine Cloud Brightening Droplet Generation



4.1 Comparison of Previous Theory with New Experimental Observations 21

Therefore, the author suspects that whilst the Rayleigh-Plateau breakup mechanism
is dominant for the pressure pulsation scenario, as expected by literature, the observed
splitting phenomena indicates the dominance of an alternative breakup mechanism in di-
rect nozzle vibration. Therefore, video footage has enabled the author to propose a novel
breakup mechanism explaining the splitting phenomena. To the best of the author’s knowl-
edge, this phenomena has only been previously experimentally observed by Lin [28], and
has never been explained physically. The novel breakup mechanism is proposed to be inertially-
driven, whereby the sinuous motion of the nozzle (and therefore jet) imparts momentum
onto the droplets at break-off. The fate of a droplet to split and diverge outwards in a
plane or to fall vertically downwards is determined by whether break-off occurs at the nodes
or the anti-nodes of the non-axisymmetric sinuous disturbance, Figure 15. Notably, this
novel mechanism is proposed to be inertia-driven, in contrast to the Rayleigh—Plateau
mechanism, which is governed by the capillary instability.

More explicitly, it is postulated that when a single stream is observed, break-off is oc-
curring at the antinodes, so that the momentum held by each half of the wavelength dis-
turbance is equal and opposite, directed towards the centreline of the jet, so that the two
halves coalesce and their momentum cancels out. Therefore, one droplet corresponds to the
fluid encapsulated in one entire disturbance wavelength along the jet, Figure 15a. In con-
trast, break-off in a bifurcating stream occurs at the nodes, such that the momentum held
by each half of the wavelength disturbance is equal and opposite, directed away from the
centreline of the jet, so that the two halves split and diverge outwards. As these droplets
are each formed from half the wavelength of the sinuous disturbance, they contain half the
fluid volume compared to the droplets formed in the previously discussed single stream,
Figure 15b. Finally, a trifurcating stream is formed when the jet intermittently breaks off
at either the antinodes or the nodes such that some of the droplets split to half the vol-
ume and move out in a diverging formation, whilst an intermittent central droplet at full
volume falls down vertically with no horizontal divergence. This creates a visual pattern
similar to a standing wave, which at high speed appears as three separate water jets, Fig-
ure 15c.
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Figure 15: Schematics illustrating a novel theoretical explanation for jet splitting phenom-

ena. (a) A single stream with satellite formation, showing break-off at the antinodes. (b)
A bifurcating stream without satellite formation, showing break-off at the nodes. (c) A
trifurcating stream with satellite formation, showing alternating break-off at nodes and

antinodes. Flow direction is from top to bottom.
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4.1.2 Impact of Pulsation Frequency on Jet Breakup Mechanisms

In addition to studying the effect of different pulsation methods on jet breakup mech-
anisms, this work also set out to develop an understanding of jet behaviour realisable in
practice in response to variation of flow pulsation parameters, and to evaluate how these
realised behaviours compare to results presented in existing literature. Therefore, an ex-
perimental investigation of the impact of excitation frequency and amplitude on the jet
breakup mechanism for all three pulsation methods was conducted. Undoubtedly, for both
breakup mechanisms identified in Section 4.1.1, frequency was found to be the most signif-
icant influencing factor affecting breakup behaviour. However, frequency variation caused
different behaviours for both the Rayleigh-Plateau breakup mechanism observed in pres-
sure pulsation and the novel inertial breakup mechanism observed in direct nozzle vibra-
tion. Therefore the impact of frequency on each of these has been discussed separately
here.

A jet subject to pressure pulsation, excited below the tuned frequency, was observed
to exhibit a satellite chain phenomena, such that multiple small satellite droplets were
interspersed between the main droplets, Figure 17. The satellite chains appear to form
from long and thin ligaments which break off between main droplets and subsequently
disintegrate into many small satellites. The ratio ,’:‘l—z was observed to reach 8 at the low-

est frequency tested, and decreased as the frequency was increased until reaching “—Z =

0 just below the tuned frequency, such that no satellites were produced. This satellite-

free behaviour was observed to be relatively robust and easy to achieve for a frequency
range around the tuned frequency. Here, the main droplet diameter measured approxi-
mately twice the nozzle diameter, in agreement with Equation 1. However, excitation be-
yond the tuned frequency eventually led to the production of satellites again in a messier
stream. Therefore, these experimental observations showed astounding agreement with
Vasallo’s behavioural regimes, Figure 16. Interestingly, both results confirm that satellite-
free streams may be achieved at the lower frequency corresponding to KR = 0:6 rather than
the predicted KR = 0:697, Figure 1. However, crucially Vasallo assumed that the satel-
lites produced in the satellite chains at low frequencies would have diameters comparable
to those of the main droplets. This was found to be incorrect. In experiments satellites
could be realised with diameters as small as 22% of the main droplet’s diameter, or equiva-
lently approximately half the nozzle’s diameter. Importantly for the aim of monodispersity,
the satellite droplet diameters appeared remarkably consistent; however, this should be in-
terpreted with caution, as the measurement resolution was limited to 0.1 mm.

Low Frequency High Frequency
kR o0 1 2 3 4 5 6 7 8 9 1.0 I
Ng Vasallo Upto 10 1 0 0Oor1
N . < > > > >
p Elisabeth Uptos 1 0 1

Figure 16: Schematic illustrating the comparison of identified bounds on regimes of satel-
lite droplet behaviour as a function of nondimensional wavenumber.
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Figure 17: Satellite chain phenomena. (a) Photographs showing observed satellite chain
behaviour at increasing excitation frequency. (b) Schematic diagram presenting the evolu-
tion of experimentally determined m—z ratios as a function of nondimensional wavenumber.
Red represents the location of the tuned frequency. Flow direction is from top to bottom.
Not to scale.
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Contrastingly, a jet subjected to direct nozzle vibration, excited below the tuned fre-
quency, exhibited the splitting phenomena described above. At extremely low frequencies
the jet forms a single stream. As frequencies increase above a threshold value, the stream
bifurcates, then trifurcates, and bifurcates again as can be seen in Figure 18. Just below
the tuned frequency a single stream with uniformly spaced droplets is achieved and the
splitting is no longer observed. Interestingly, similar to the pressure pulsation case, this
tuned behaviour occurs at an identical nondimensional wavenumber of KR = 0:6. At and
beyond the tuned frequency, this uniform behaviour is consistently maintained for a range
of frequencies, until the stream becomes messier and less consistent in droplet diameter
and spacing, however splitting is never observed again.

In experiments, both digital image analysis and mass flux measurements confirmed that
the main droplets in a bifurcating jet contained half the volume of those in a single stream.
This corresponds to droplet diameters approximately 0.79 times that of the unsplit main
droplets, or equivalently 1.5 times that of the nozzle. Therefore, this supports the previ-
ously proposed theory for the active breakup mechanism; whilst a single stream breaking
up under the Rayleigh-Plateau mechanism produced one droplet per excitation wavelength,
a bifurcating stream breaking up under the novel inertial mechanism produces two droplets
per excitation wavelength, and therefore the droplets contain half the fluid volume.

It is important to highlight the remarkable consistency and sphericity of the split droplets,
which exhibited seemingly identical diameters for a given frequency, within the 0.1mm res-
olution of the measurements. As a result, this phenomena presents a promising opportu-
nity for producing monodisperse droplet streams, provided that these bifurcated streams
can be induced without satellites. However, unfortunately, it should be noted that it was
significantly more difficult to achieve robustly satellite-free breakup with nozzle vibration.
Satellite droplets were observed in the ratio ,’:‘l—z = 1 everywhere except for during bifurca-

tion when either m—; = 0.5 so that one satellite is produced per pair of bifurcated droplets
or m—; = 0. A satellite-free stream could only be achieved in the bifurcating splitting mode,

never in the single stream or trifurcating stream modes. Finally, when satellites were pro-
duced during splitting, their diameters were significantly smaller than those predicted by
theory.
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Figure 18: Jet splitting phenomena. (a) Photographs showing observed jet splitting be-
haviour at increasing excitation frequency. (b) Schematic diagram presenting the evolution
of experimentally determined mass flux as a function of nondimensional wavenumber. Red
represents the location of the tuned frequency. Flow direction is from top to bottom. Not
to scale.

To comparatively summarise the effect of frequency variation on droplet breakup me-
chanics, experimental data for the I1mm nozzle diameter case was plotted against collated
data from the literature in Figure 19. The graph of g—z against nondimensional wavenum-

ber (KR) is particularly pertinent because it is an insightful measure of monodispersity,
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which is the key aim for MCB droplet production.

0.8
0.71 te
0.6' -’ *

0.5 1

&~

0.4 1

O
©

0.3

0.2 1

0.1

0.0 ; ; ; ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

kR

Lafrance B Lakdawala Driessen % Rutland and Jameson 0 Ashgriz and Mashayek

B Pressure Pulsation ’ Spanwise Perturbation @ Streamwise Perturbation

Figure 19: Variation of B—Z with pulsation frequency at a constant acceleration amplitude
of 74g, using a 1mm nozzle diameter. Experimental results for all pulsation methods are
compared against values reported in the literature [22-26].

Figure 19 clearly reveals that our experimental data meaningfully deviates from the lit-
erature both above and below the tuned frequency. Below the tuned frequency, the satellite
chain and jet splitting phenomena both cause DS to fall below the expected ratio because
previous work presented in Figure 19 did not account for either phenomena and so overes-
timated the size of the satellite droplets. Good agreement is observed near the tuned fre-
quency, where the satellite chain and jet splitting phenomena no longer occur. However,
this agreement is expected because the observed behaviour aligns with the conditions as-
sumed by previous work. Finally, there is deviation from theory above the tuned frequency
where the realised values remain constant and above the theoretical prediction. Notably,
all pulsation methods reach a consistent plateau beyond kR = 1. This can be explained
by the excitation frequencies having slower or negative growth rates, such that the tuned
behaviour dominates regardless. Remarkably this behaviour agrees with the experimental
work of Rutland, the only experimental data plotted, which also remained constant above
the tuned frequency [25].

Therefore, in addition to confirmation that a reliable, monodisperse droplet stream can
be practically achieved via pressure pulsation at the tuned frequency, Figures 17, 18 and
19 empower the author to uniquely identify frequency ranges where the occurrence of jet
splitting and satellite chain phenomena could also be of potential use for the achievement
of a monodisperse droplet stream. Specifically, the Rayleigh-Plateau breakup mechanism
incited by flow pressure pulsation observes satellite chain phenomena in the range 0:1 <
KR < 0:45 and the inertial breakup mechanism incited via direct nozzle vibration observes
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jet splitting phenomena in the range 0:3 < kR < 0:6.

However, whilst these findings are significant, it is essential to contextualise these results
with the limited accuracy and resolution of our experimental measurements. As previously
noted, the droplet diameters could only be reported to a resolution of 0.1mm, which gave
large relative errors for the satellite droplets. Therefore due to error propagation, the val-
ues of B—z could only be confidently reported to two decimal places.

4.1.3 Impact of Pulsation Amplitude on Jet Breakup Mechanisms

To complement the study of a jet’s breakup response to varying pulsation frequency, the
effect of varying pulsation amplitude was also experimentally investigated. A map of the
frequency-amplitude behaviour, Figure 20, reveals that changes in amplitude have a signifi-
cantly smaller effect on monodispersity at break-off than changes in frequency. The most
notable feature is the rigid acceleration threshold for both breakup mechanisms (high-
lighted in red) where the the breakup appeared messy and random across all frequencies,
and both satellite chain and splitting phenomena were not observed. Interestingly, this
threshold amplitude appeared to be independent of frequency, suggesting that either both
breakup mechanisms are governed by an acceleration threshold, or, more likely, that the
observation is an artefact of the experimental setup, whereby the threshold reflects insuffi-
cient coupling between the shaker and the flow to induce a meaningful perturbation.
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Figure 20: Variation of B—; across the non-dimensional wavenumber (KR) and amplitude
parameter space for (a) pressure pulsation, and (b) spanwise nozzle vibration. Red regions
indicate amplitudes below the identified acceleration threshold.

Unfortunately, despite the literatures’ suggestion that increasing the pulsation ampli-
tude should cause satellites to change their break-off behaviour from forward to rear sep-
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aration, it was not possible to visualise or evaluate this behaviour because the imaging
equipment had insufficient resolution, frame rate and field of view.

Despite this, attention must be drawn to the problem of amplitude comparability, which
hinders meaningful comparison across studies due to inconsistent definitions of amplitude.
In experiments, the amplitude is most usually specified by the researcher by applying a
voltage amplitude on a signal generator. As a result, the jet is subjected to a physical
perturbation of which either the displacement, velocity or acceleration amplitude is pro-
portional to the applied voltage amplitude. However, different excitation methods used in
literature have different relationships between the constant voltage amplitude and the ex-
citation parameter, which is scarcely specified. For example, for a given constant driving
voltage amplitude produced by a signal generator, a piezoelectric element would perturb a
jet with a constant displacement amplitude whereas a permanent magnet shaker (as in this
experiment) would perturb a jet with a constant acceleration amplitude. This problem is
further exacerbated because the relationship between the amplitude of different kinematic
quantities is frequency-dependent, for example if a constant amplitude acceleration pul-
sation is applied, variation of the frequency would result in variation of the velocity and
displacement amplitude with the inverse and inverse square of frequency respectively.

Therefore, this is an issue which should be paid attention to in future work. To ensure
that this work was reproducible, a conversion map was created by recording accelerations
across the frequency-amplitude domain using an accelerometer. This enabled all ampli-
tudes to be quoted in terms of their applied constant accelerations. However, this issue still
hindered direct comparison between the constant amplitude experimental and computa-
tional work conducted as part of this research because whilst the shaker applied a constant
amplitude acceleration perturbation to the jet in experiments, all computer models simu-
lated a constant amplitude velocity perturbation.

4.1.4 Impact of Nozzle Diameter on Jet Breakup Mechanisms

All experiments were repeated with a 0.5mm nozzle diameter, and the behaviour in
response to variation of both frequency and amplitude was extremely similar to the be-
haviour described above for the Imm nozzle. However, quantitative results are not re-
ported here because the relative errors margins for g—z approached 20% for some combi-
nations, resulting in low confidence and restricting the ratio to a precision of only one sig-
nificant figure. However, although the 0.5mm nozzle diameter challenged the experimental
setup’s practical reliability, it is pertinent to highlight a technical problem which became
more significant and even prohibitive as the nozzle was downsized.

Preliminary experiments using the nozzle geometry shown in Figure 21a, were expected
to yield velocities in agreement with those predicted by Bernoulli’s equation for a hydro-
static jet: p__
Videal - 2gh (6>

where g is the acceleration due to gravity and h is the head height of the hydrostatic col-
umn. However, in practice the Imm diameter nozzle displayed a 22% lower velocity, and
no flow was achieved for the 0.5mm diameter nozzle. This behaviour was attributed to

frictional pipe flow losses and therefore resolved by using the second nozzle with a larger
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hollow, Figure 21b. This iteration achieved an improved 5% and 10% reduction in ideal
velocity for the Imm and 0.5mm nozzle diameters respectively.

8mm 4mm

8mm

() (b)

Figure 21: Comparison of nozzle geometries: (a) cylindrical nozzle prior to hollowing, and
(b) tapered converging nozzle after hollowing. Flow direction is from left to right.

The observed velocity reduction shows remarkable agreement with Darcy—Weisbach the-
ory, which predicts the decrease in flow velocity due to frictional pressure losses along a
pipe, as described by:

S

D
Vreal = Videal

D+ fL (7)

where D is the diameter of the nozzle, L is the length of the nozzle and the Darcy friction

factor is defined as 64
f=——:
Re (8)

This results in frictional power losses

L Vr%al
I:)Ioss = QAP = AVreaI(fBT) <9>

where Pjoss is the power loss (W), Q is the volumetric flow rate (m3/s), AP is the frictional
pressure loss (Pa) and A is the cross-sectional area of the nozzle (m?).

Therefore, although this issue was resolved before the experiments began, and so did
not affect the results in this study, similar issues may arise when downsizing the Rayleigh
jet by three orders of magnitude to MCB’s 1 m target length scale. Therefore Figure 22
imagines the losses of velocity and subsequently power for a cylindrical 1 m nozzle diam-
eter with varying nozzle lengths under conditions described by Salter [16]. The graphs re-
veals that a suboptimal nozzle length of 50 m would result in the greatest power inefficien-
cies of approximately 600pJ of energy being wasted per droplet produced.
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Figure 22: Predicted Darcy-Weisbach frictional losses for a 1 m diameter nozzle of varying
length: (a) velocity loss relative to the idealised frictionless case, and (b) energy wasted per
droplet produced, assuming a monodisperse stream following Rayleigh-Plateau breakup at
tuned frequencies with no satellite droplets.

4.2 Comparison of Previous Modelling with New Modelling Re-
sults

As previously noted, in the interest of computational efficiency, the breakup of a Rayleigh
jet has primarily been explored under the assumption of axisymmetry. However, to ensure
a high-fidelity model, it is important to explore whether this assumption has a tangible ef-
fect on the accuracy of results. Therefore, this study compared the performance of a novel
fully 3D model against the performance of axisymmetric models from the literature. It is
important to note that these results do not capture the disparity in computation require-
ments. Whereas the 1D simulation completes in minutes on a single CPU, the 2D and 3D

cases were often prohibitively expensive and struggled to complete as they were restricted
by previously discussed HPC limits.
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Figure 23: Comparison of computational modelling results for a Rayleigh jet with a Imm
nozzle diameter, subjected to identical pulsation with a velocity amplitude of 10% at the
tuned frequency (465Hz, KR=0.697). From top to bottom: (a) fully 3D Fluent model, (b)
2D axisymmetric COMSOL model, (c¢) 2D axisymmetric Fluent model, and (d) 1D lubrica-
tion approximation model. Flow direction if from left to right.

Overall, the collation of all four computational models has empowered a unique perspec-
tive on the simulation of the Rayleigh jet breakup. Given that the 3D model’s response to
an axial perturbation appears to be axisymmetric, it could be naively assumed that the
axisymmetric assumption is valid. However, in reality the axisymmetric assumption is not
entirely valid and the models unveil more nuanced behaviour.

Comparison of both the 2D axisymmetric and fully 3D Fluent models is important be-
cause they are built identically using an FVM solver coupled with VoF interface tracking,
and only vary in their dimensionality. Figure 23 reveals that the 2D axisymmetric model
exhibits behaviour such as bunching, expanding liquid sheets, filaments and upstream di-
rected bells which appear unphysical in comparison with all other models and experimental
data. However, these were all noted as common artefacts of 2D axisymmetric VoF mod-
els [53]. Contrastingly, the fully 3D model shows more coned droplets, which are not hol-
low and do not display the previously mentioned swirling vortical structures. This stark
difference may be due to the planar constraint, whereby the vortical structures are exag-
gerated and sustained because the axisymmetric model suppresses azimuthal dissipation.
Therefore, although the instabilities are unrealistically exaggerated by the planar assump-
tion, the 2D axisymmetric model usefully highlights their presence and furthermore, the
juxtaposition against the fully 3D model reveals that these instabilities are dissipated when
non-axisymmetric variations are allowed to occur. Therefore, the extra dimensionality pro-
vided by the fully 3D model is required to accurately model either the dissipation or desta-
bilisation of azimuthal instabilities.

Additionally, although the COMSOL results appear agreeable, comparison of both 2D
axisymmetric models reveals the extent to which COMSOL artificially suppresses insta-
bilities. As noted previously, the Fluent model demonstrated swirling vortical structures,
whereas COMSOL’s droplets appear very spherical, similar to results in previous COM-
SOL studies [16,36]. This difference in appearance may be attributed to the different mul-
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tiphase models implemented. COMSOL’s level set method defines an interface thickness
parameter to numerically smooth the transition between phases, resulting in the damping
of small physical instabilities, biasing towards more spherical interfaces. Additionally, this
smoothed interface is subsequently used to calculate the surface tension between phases,
giving a more isotropic force. Contrastingly, Fluent’s VoF method with Geo-Reconstruct
maintains sharper interfaces and is therefore more susceptible to the formation of thin
sheets and ligaments. Therefore, although the droplets appear spherical and accurate, it
should be noted that this is artificial and idealised behaviour which cannot be implicitly
trusted.

Finally, the 1D model’s results were of limited value and were found to disagree with
all other simulations. Most notably, the model incorrectly suggested that at break-off, the
ratio m—z =1 for all frequencies. This may arise due to the slender jet assumption which is
unable capture the non-negligible radial deformation and complex curvature which are re-
quired for ligament formation. Contrastingly, all other models were able to more accurately
capture the ligament formation and subsequent satellite chain behaviour, with NS ratios
and satellite droplet diameters closely agreeing to the experimental data presented in Fig-
ure 16.

Overall the axisymmetric assumption was found to neglect crucial, non-axisymmetric
variations, such as the azimuthal dissipation of instabilities, which affected simulated be-
haviour. Consequently, the fully 3D model developed in this work should be employed in
future studies.

4.3 Comparison of New Modelling Results with New Experi-
mental Observations

It was also important to ensure the high fidelity of the fully 3D model by comparing its
results with experimental data. The standout advantage of the fully 3D model was that,
in addition to emulating the pressure pulsation behaviour via a streamwise velocity pertur-
bation, the model could also emulate the spanwise nozzle vibration behaviour, which was
not possible with 1D or 2D axisymmetric methods. Elements of both simulations agreed
well with experimental findings. For example, streamwise perturbation confirmed that a
monodisperse, satellite-free stream could be achieved by pressure pulsation excited at the
tuned frequency, Figure 24a. Additionally, satellite droplets with diameters significantly
smaller than those of the main droplets could be produced in ratios Ns Ne s which agreed well
with experimental observations, Figure 24b. Whereas, spanwise perturbatlon successfully
captured the non-axisymmetric bifurcating jet phenomena, demonstrating the production
of two streams of droplets which were half the volume of a single stream jet, identical to
experimental observations, Figure 24c.
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Figure 24: Comparison between the fully 3D model predictions and experimental obser-
vations for a lmm diameter nozzle. All simulations use a velocity amplitude of 10%, and
all experiments use an acceleration amplitude of 74g. (a) Simulated streamwise pulsation
compared to experimental pressure pulsation at KR = 0.697. (b) Simulated streamwise pul-
sation compared to experimental pressure pulsation at KR = 0.16. (c¢) Simulated spanwise
pulsation compared to experimental nozzle vibration at KR = 0.5. Flow direction is from
top to bottom.
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