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ABSTRACT

Multiphase flows, systems in which more than one phase is present, are inherently complex yet ubiquitous

across a wide range of industrial and natural phenomena. A subset of multiphase flows, bubbly flows,

serve as the central focus of this dissertation. Despite their apparent simplicity, bubbly flows support

critical technologies ranging from industrial fluid filtration to liquid propellant management in space. This

dissertation aims to explore the fundamental physics governing bubbly flows and extend this understanding

to microgravity environments.

The first area of investigation examines bubbly flows as a method of fluid filtration. Specifically, the

process of aeration, in which bubbles capture and transport impurities toward the fluid surface, was studied

as a mechanism for separating oil droplets from produced water, a byproduct of oil extraction. Contrary

to classical assumptions, experimental results demonstrated that coalescence via flotation is unlikely.

Instead, a velocity enhancement of the oil droplet, driven by the bubble’s surrounding flow field, was both

experimentally observed and theoretically modeled. A mathematical framework was developed to quantify

this hydrodynamic interaction and identify the governing parameters that dictate the conditions under

which this velocity enhancement occurs.

Building on this foundation, theworkwas extended to study bubbly flows in reduced gravity environments.

These experiments were conducted using an in-house designed homogeneous isotropic turbulence chamber,

with microgravity conditions achieved through NASA drop tower facilities and Zero-G parabolic flight

campaigns. The primary objectives of this work were to quantify bubble breakup, size distributions, and

bubble dispersion under varying turbulent conditions in microgravity. Additionally, the speed of sound

through the bubbly liquid was measured. It was found that bubble size distributions in microgravity differ

significantly from those observed under Earth’s gravity, and a critical bubble diameter was established as a

function of turbulence intensity. Furthermore, the reduction in speed of sound through a bubbly liquid

relative to the continuous phase was experimentally verified.
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1 INTRODUCTION

Multiphase flows, systems in which more than one phase is present, including the specific case of two-phase

flows involving only two interacting phases, are a cornerstone of fluid mechanics and appear across

many disciplines and exhibit a wide range of behaviors that can differ substantially from one problem

to another. Due to their importance in industrial and natural applications, the research on this subject

is vast, however, open questions still remain as the topic is so diverse. Multiphase flow problems have

relevance in engineering, physics, chemistry, geophysics, applied math, and simply, many of our day to

day activities or functions. Due to the vast nature of multiphase flow problems, subcategories are created

and researched to hone in on the details of the problem such as liquid-solid, gas-solid, or liquid-gas flows.

Liquid-solid flows can consist of topics such as sedimentation or the flow of liquids through a porous media

[18]. Whereas, gas-solid flows consists of research related to fluid structure interaction, such as the wind

interacting with wind turbines, or studying designs of cars or airplanes to make them more aerodynamic

[19]. Another division of multiphase flows, is liquid-gas flows. Liquid-gas flows in themselves offer a

diverse set of research problems, ranging from combustion to droplets and bubbles [20]. The focus of this

thesis will be on gas-liquid two-phase flows, specifically, bubbly flows.

(a) (b)

Figure 1.1: (a) A flow regime map for liquid-gas flows in vertical flows and (b) illustrations of each regime.
The figure has been adapted from C. Brennen [9].

Bubbly flows, a subset of two-phase flows, encompass several subcategories of their own. The gas

volume fraction, 𝛼, plays a central role in determining the flow characteristics and regime. For this reason,
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flow regime maps have been developed to classify liquid–gas flows according to parameters such as gas

volume fraction and flow morphology. Within these maps, bubbly flow corresponds to relatively low gas

volume fractions in which discrete bubbles are dispersed throughout a continuous liquid phase. Figure 1.1(a)

presents a representative liquid–gas flow regime map, identifying the relevant regions, while Fig. 1.1(b)

illustrates the corresponding flow structures.

Beyond classification, bubbly flows introduce a distinct set of complex and highly specific challenges.

Even at a fundamental level, the governing equations for two-phase flow differ from those of single-phase

flow. The momentum equations for two-phase flow are commonly derived using a volume-averaging

approach, which results in separate momentum balances for each phase. These equations are then coupled

through interfacial momentum exchange terms that account for the interactions between the phases [21].

Owing to these complexities, bubbly flows have been studied extensively over the past several decades,

motivated both by their prevalence in industrial and natural systems and by the rich physical phenomena

they exhibit. Investigating such a niche yet diverse topic is both challenging and rewarding. Fluid mechanics

has a remarkable way of manifesting in our everyday lives, and bubbles are no exception. The curiosity and

admiration surrounding bubbles have long captured human interest, from artistic accounts of soap bubbles

symbolizing the impermanence of life in the 17th and 18th century to Leonardo da Vinci’s depiction of the

zig-zag rise of bubbles [22]. These early observations highlight how frequently bubbles appear in our daily

experiences. Bubbles are often associated with enjoyment, appearing in many food products ranging from

champagne to the incorporation of air in ice cream [23, 24]. Beyond this, bubbles play an important role in

numerous industrial applications and are commonly found in a variety of filtration and mixing processes

[25]. See Fig. 1.2 for examples.

Despite their seemingly simple appearance, bubbly flows are highly complex and can vary significantly

depending on a range of governing factors. At a fundamental level, considerations such as bubble size,

quantity, or distribution play a critical role. These parameters help distinguish between the different types

of bubbly flows that may be encountered. Bubbly flows may involve the study of a single bubble rising

through a fluid or the collective behavior of many bubbles within a fluid, which is often quantified using

the gas volume fraction and the homogeneity of the mixture.

Several physical effects must be considered when solving bubbly flow problems, including buoyancy,

surface and interfacial tension, bubble-bubble interactions, and interactions between the bubble and the
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Figure 1.2: Examples of bubbles in different settings: (a) 18th century oil painting titled ’Soap Bubbles’ by
Jean-Baptiste-Siméon Chardin , (b) methane bubbles frozen in lake in Russia (credits: Kristina Makeeva), (c)
bubbles used for filtration in aeration tank (credits: Reserve Control Solutions), (d) bubble chains in a glass
of sparkling wine (credits: Colin F. Sullivan).

surrounding fluid. An air bubble will rise through a liquid at a characteristic speed due to buoyancy. The

terminal velocity, at which drag and buoyancy forces balance, depends on the bubble diameter, the density

difference between the bubble and the surrounding fluid, and the bubble shape. This terminal velocity in

turn determines how the bubble influences the surrounding fluid. As the bubble rises, the surrounding fluid

will be impacted by the added mass of the bubble and wake formation. The region associated with added

mass makes the bubble appear more massive than it truly is, but it provides important insight into the near

field effects of bubble motion. Farther from the bubble, the wake becomes the dominant influence on the

flow. Both effects influence the bubble rise trajectory and its interactions with the surrounding fluid, as

well as with other bubbles, droplets, or particles.

Overall, much of the research on bubbly flows is aimed at controlling bubbles, either by suppressing

their formation or by intentionally producing them. By understanding how bubbles disperse in a fluid

medium, how their shape may change in response to external factors, and how interaction effects arise,

researchers can begin to leverage this knowledge to motivate new technological advancements.

1.1 Bubbly flows in applications

Bubbles play a critical role not only in many day to day activities but also in a wide range of engineering

processes. Depending on the application, bubbles may be either beneficial or detrimental. In some

engineering systems, bubbles are intentionally introduced into a fluid to enhance processes such as impurity

filtration or noise reduction. In other cases, bubbles can lead to performance degradation or failure if
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they become trapped within devices and cannot be effectively removed. For this reason, it is essential to

understand the bubble dynamics associated with specific operating conditions in order to design processes

involving bubbles that are both effective and efficient.

1.1.1 Bubble addition as an engineering tool

As noted above, bubbles are often desirable in many engineering applications. One prominent example is

the use of bubbles for filtration. Many conventional filtration processes rely on density differences that

allow impurities to rise to the surface; however, these processes are often extremely slow, particularly when

the impurities are small. To enhance removal efficiency, bubbles can be introduced into the fluid to collide

with, capture, or attach to impurities such as droplets or particles.

Across much of the literature on bubble-assisted filtration, a common underlying assumption is

that bubbles possess an effective “stickiness” that allows contaminants to adhere to their interfaces.

Understanding this behavior requires consideration of several key factors, including interfacial properties,

flow conditions, and fundamental parameters such as the size, number, and spatial distribution of both

bubbles and impurities. These factors collectively determine the likelihood of bubble–impurity contact and

the nature of their interaction. Consequently, much of the existing work frames filtration performance in

terms of collision rates and coalescence efficiency, implicitly suggesting that successful filtration depends

on frequent interactions and favorable interaction outcomes.

One major class of applications where this framework is employed is oil containment and removal.

As represented in Fig. 1.3, bubbles have been widely used as an engineering tool for the containment and

filtration of oil, both in produced water and in large-scale oil spill scenarios [25–28]. Numerous studies have

investigated the use of bubble plumes or bubble nets as containment mechanisms for oil spills, [11, 27–29].

In particular, Hazar et al. conducted numerical and experimental studies examining how bubble or aperture

size, air discharge, and pollutant type influence the effectiveness of bubbles as containment devices, depicted

in Fig. 1.3 (b). Overall, the study found that bubbles can successfully be used for oil containment, with

aperture size identified as one of the most influential parameters. Specifically, larger apertures were found

to increase the effective containment distance and overall efficiency.

Similarly, significant research has focused on the filtration, or removal of impurities from produced

water, the oil–water mixture generated during oil extraction, through the use of bubbles, schematically
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(a)

(b)

(c)

Figure 1.3: (a) Droplet bubble coalescence seen at head of capillary [10], (b) a representation of bubble
plumes used for spill oil containment [11], (c) a diagram of an aeration tank which uses droplet bubble
coalescence for filtration [12].

shown in Fig. 1.3 (c). The body of work on this topic consistently shows that bubble addition improves

the rate at which impurities can be captured and removed from these systems. Some studies attribute this

improvement to coalescence between oil droplets and bubbles [25, 26, 30, 31], shown in detail in Fig 1.3 (a),

while others suggest that the enhanced filtration rates are driven primarily by the flow field induced by

rising bubbles [1]. Although there is ongoing disagreement regarding the dominant mechanism, there is

broad consensus that bubbles play a beneficial role in facilitating oil removal.

These concepts extend beyond oil-related systems and into surface-cleaning and solid-contaminant

removal applications. Beyond oil filtration, bubbles have also been employed to remove solid contaminants

from surfaces and fluids. For example, Guan et al. investigated the effects of galloping bubbles interacting

with solid surfaces [32]. Their work demonstrated that the unsteady motion of a galloping bubble can

generate flow structures capable of overcoming the adhesive forces that bind microplastics to surfaces,

thereby enabling surface cleaning. In a related context, Kaur et al. examined the use of bubbles for

microplastics filtration during flotation processes. They found that introducing small bubbles increased

filtration efficiency by promoting adhesion between the microplastics and the bubbles [33].
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Finally, both J. Bird and Lee et al. investigate the use of bubbles for removing impurities from distinct

and unconventional surfaces, including underwater pilings and even tomatoes. J. Bird explores the use

of underwater bubbles to remove biofilms from submerged pilings [34], whereas Lee et al. examine how

bubbles can be utilized to eliminate Salmonella contamination from tomato surfaces [35].

While these studies collectively demonstrate the versatility of bubble-assisted filtration, the detailed

mechanisms governing bubble–impurity interactions remain an active area of investigation. As noted

earlier, disagreement persists regarding the dominant processes responsible for enhanced filtration in oil

flotation systems. This uncertainty is largely due to the limited availability of scaled experiments capable

of resolving the interaction physics. In many filtration applications, optical access is severely restricted

by high impurity concentrations and turbid flow conditions, making it challenging to directly observe

processes such as coalescence. As a result, fully characterizing the microscale mechanisms underlying

bubble-assisted filtration continues to present significant experimental challenges.

1.1.2 Bubble mitigation and control without buoyant forces

While the previous section highlights the many ways in which bubbles can be leveraged as an engineering

tool, their presence is not universally beneficial. The same interfacial properties that enable bubbles to

capture and transport impurities can, in other contexts, disrupt flow behavior, reduce efficiency, or even lead

to system failure. Common terrestrial examples of failure due to unwanted bubbles include inkjet printing

[36], combustion systems [37], and other fluid-handling technologies where bubbles disrupt performance

[38].

In many Earth-based systems, however, the effects of unwanted bubbles are oftenminimized or neglected

because buoyancy rapidly removes them from the fluid. When buoyancy is no longer a driving force, such

as in microgravity environments, this natural removal mechanism disappears, leaving a more complex

problem that requires active control of bubble behavior.

Bubbles in microgravity, defined as a state of continuous free fall or a space-like environment, behave

fundamentally differently from bubbles under Earth’s gravity. In the absence of buoyant forces, bubbles

do not rise and instead remain suspended within the fluid unless acted upon by an external force. As a

result, bubbles may persist, accumulate on surfaces, or remain dispersed in regions where they are not

desired. These altered dynamics have motivated extensive research into the impact of stationary bubbles
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Figure 1.4: Examples of bubbly flows in microgravity over time: (top) pool boiling experiments conducted
on sounding rockets to study formation and coalescence of vapor bubbles in microgravity [13], and (bottom)
electrolysis experiments conducted on parabolic flights to study the effect of electromagnetic fields on
driving bubble motion [14].

on common physical processes. One notable example is boiling in microgravity, see Fig. 1.4 (top) [13].

Under terrestrial conditions, vapor bubbles formed during boiling detach from the heated surface and rise,

promoting heat transport throughout the fluid. In contrast, during boiling in microgravity, vapor bubbles

tend to remain attached to the heated surface, significantly reducing heat transfer efficiency.

As a result, dedicated efforts have focused on understanding bubble dynamics in microgravity and

developing methods to influence or control bubble motion. One common approach involves introducing

shear flows to induce bubble movement. This strategy is frequently employed in microgravity boiling

experiments, where a mean flow is used to remove bubbles from heated surfaces and thereby enhance heat

transfer [39]. For example, Sielaff et al. generated individual vapor bubbles using localized heating on a

flat plate and then applied a shear flow to control bubble motion along the surface [40]. In related studies,

the role of bubble coalescence has also been examined. When bubbles coalesce on a surface, the resulting

interaction can cause the merged bubble to jump away from the wall, increasing detachment and improving

boiling performance [41].

Similarly, there has been recent research conducted to address the use of magnetic fields for bubble

migration in electrolysis. Electrolysis in microgravity provided a novel approach for the beginnings of

understanding how one might create rocket propellant in space from available resources. Similar to boiling,
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electrolysis will not work efficiently if bubbles can not be removed from the electrode. The recent work on

this subject, Fig. 1.4 (bottom), uses magnetic fields to induce convection and drive bubbles away from the

electrode [14, 42].

Overall, bubbles can cause significant disruptions in space-based applications; however, research in this

area remains relatively niche and limited due to the restricted accessibility of microgravity experiments.

While microgravity conditions can be achieved experimentally through drop towers, parabolic flights, or

space-based platforms such as the International Space Station or small satellite missions, these approaches

are associated with substantial costs that limit widespread access. In addition to these experimental

constraints, there remains a gap in fundamental understanding of the physical mechanisms governing

bubble dynamics in microgravity. In particular, key processes such as bubble formation, dispersion,

coalescence, and long-term stability are not yet fully understood.

1.2 Outline of the dissertation

In this thesis, I investigate two problems: first, the role of bubbles in enhancing filtration processes, and

second, the fundamental behavior of bubble suspensions in microgravity. The first part of this work presents

detailed experiments, along with a model, examining the interaction between an oil droplet and an air bubble

in a quiescent fluid. The second part introduces a new experimental design, describes the microgravity

experiments conducted, and outlines the analysis methods used to study bubble suspensions.

Chapter 2 examines the interaction between an oil droplet and an air bubble rising in a quiescent

fluid. Using high-speed video, the droplet and bubble are tracked during flotation in order to quantify

their coupled motion. This analysis is used to understand the flow fields of both phases and how they

interact. The bubble-induced flow field causes the droplet to experience a measurable velocity jump. An

interaction model is developed using Oseen flow theory to describe the droplet’s equation of motion under

the influence of the bubble’s flow field.

Chapter 3 builds upon this interaction framework to explore the governing parameters that determine

coalescence efficiency. Thiswork introduces two scaling parameters, based on time and energy considerations,

to characterize the likelihood of droplet–bubble coalescence. A map of coalescence probability is presented.
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Chapter 4 marks the transition to the portion of this thesis focused on bubbles in microgravity. This

chapter explains the experiments that were conducted in microgravity specifically focusing on how

microgravity conditions were achieved. The bubble emulsion experiment was conducted in both NASA

drop towers and parabolic flights. The details of these tests are explained in this chapter.

Chapter 5 chapter describes themicrogravity experimental setup in detail, which consists of a homogeneous

isotropic turbulence chamber. The design, construction, and validation of this chamber are presented and

discussed.

Chapter 6 uses data collected from NASA drop tower experiments and parabolic flights to investigate

the speed of sound in bubble emulsions. Existing theoretical descriptions of the speed of sound in bubbly

liquids are typically formulated without explicitly accounting for bubble diameter [43]. The goal of this

chapter is to explore the influence of bubble size on acoustic propagation. Experiments were conducted

over a range of bubble sizes and gas volume fractions in order to quantify the resulting speed of sound.

Chapter 7 investigates the properties of bubble emulsions in microgravity. Using high-speed imaging,

experiments were conducted aboard parabolic flights and in drop tower facilities to generate bubble

emulsions through mechanical agitation. A fixed gas volume fraction was selected, while the impeller

rotation rate was varied to control the turbulence intensity. The influence of turbulence intensity on the

resulting bubble size distribution was examined.

Finally, Chapter 8 provides a conclusion of the results and summarizes the primary contributions of

this thesis.

The appendices present additional research conducted throughout my doctoral degree. Appendix A

presents the experimental results of “TheMechanics of the Squash Nick Shot.” The nick shot, an unreturnable

shot, occurs when the ball hits the bottom corner of the wall and the floor just right, to bounce back with

only horizontal velocity. The mechanics of this were investigated in detail focusing on angle of attack, ball

height from the floor, and contact time. Appendix B, C, and D present a compilation of three works that

show how fluid mechanics can be used as an artistic media. This three-part series examines high-speed

photography of droplet impacts, flow visualization of vortices, and an open-ended student art–fluids project.
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2 THE INTERACTION OF AN OIL DROPLET AND A GAS BUBBLE
RISING IN A QUIESCENT FLUID

Preface The first two chapters of this thesis are dedicated to the research conducted on the

interaction between a oil droplet and an air bubble. The goal was to improve the understanding of

aeration, a process of filtration using air bubbles. Much of the previous research was dedicated to

the efficiency of filtration of oil from water by coalescence of air bubbles and oil droplets – however,

as stated in the following two works the process of filtration occurs via a velocity enhancement

of the oil droplet due to the bubbles flow field rather than coalescence. The first work focused

on the experimental setup, designed and built within my first year, the images acquired during

these experiences, and finally a model using Oseen’s flow to model the velocity enhancement of

the droplet (Chapter 2). The second work focuses on the efficiency of coalescence by defining two

necessary time scales. The time scales look at the time it will take fluid to drain between a bubble

and droplet, as well as the sliding time, the time the bubble and droplet will be in close contact

(Chapter 3).

The following research, including experiments, modeling, and publishing papers was conducted

throughout years 1 through 3 of my doctoral degree.

Abstract Gas flotation for oily-water mixtures is common practice in many industrial cleanup

applications. To better understand the process experiments were conducted considering interacting

pairs of different bubble and droplet sizes, as well as changing the viscosity of the surrounding

liquid. The experiments demonstrated, that in most cases, the air bubble and oil drop did not

coalesce but rather bounced off one another, resulting in an oil droplet velocity enhancement. A

mathematical model was developed to capture the droplet dynamics by incorporating the effect

of the bubble-induced field, which is in good agreement with the experimental measurements. A

force balance of buoyancy, weight, drag, added mass, and a bubble velocity-induced force was used

to predict the interaction process prior to and after the collision. The present work offers new

insights into understanding droplet-bubble interactions that can help design novel applications for

the removal of oil droplets suspended in water.
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Information This chapter is a modified version of the work published in International Journal of

Multiphase Flow [1].

2.1 Introduction

Bubbly flows, or two-phase flows, have been studied extensively in recent decades due to their various

applications in industry and nature, as well as the novel findings of their physical phenomena [22, 44–48].

There have been many efforts to understand bubbly flows, bubble formation [49, 50], naturally occurring

bubbles such as methane bubbles in the ocean [51, 52], interfacial phenomena of bubbles, bubble stability,

bubble–bubble pairs, and their interactions [44–46, 53, 54]. Researchers have conducted two types of

experiments, one type is aimed to understand industrial-scale phenomena, such as using bubbles for oil

filtration or oil spills in the ocean. Specifically, research has been conducted on how bubble foams or bubble

rafts can be an effective way to contain oil due to the hydrodynamic interactions of the bubble–bubble pairs

as well as the bubble–oil pair [55, 56]. The other types of experiments are aimed at answering fundamental

questions about bubbles and droplets, such as understanding the details of their interactions. The present

study attempts to bridge these types of experiments by looking at an application in which bubbles are used

to capture oil from a mixed fluid but emphasizing the details of the interaction between one bubble and one

droplet.

The current study is aimed to understand some aspects of aeration tanks. The purpose of aeration tanks

is to separate out oil from produced water, a byproduct of oil extraction, via bubble injection. The literature

notes that the use of bubbles can be an efficient way to speed up the oil separation process [25, 26, 30, 31].

For instance, Igunnu et al. [30] and Saththasivam et al. [25] give overviews of different filtration methods

commonly used in industry, focusing on aeration tanks but also including different methods of filtration.

Moosai et al. [26] explore the surface science and the stages of attachment of the oil and gas phases in

flotation. In addition, Lee et al. [31] detailed an experimental setup to remove all impurities from a produced

water system. These researchers argue that bubbles are able to capture oil droplets and decrease the time

it will take them to rise to the surface. When the bubble is engulfed by the oil droplet, it allows for the

droplet’s velocity to be comparable to the bubble’s velocity. The focus of these studies is on the compound
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drop or coalesced drop dynamics rather than the interaction process of the droplet and bubble during

flotation. We argue that the details of how the interaction happens in this application are a fundamental

step to understanding how aeration tanks can be used effectively and efficiently.

Overall, there are numerous studies that have been conducted to understand, bubble–bubble, bubble–particle,

and particle–particle interactions in addition to other flow field questions such as particles in turbulent

flow fields [45, 47, 57]. Again, some of the literature focuses on the application side of bubble or droplet

interactions, however, the fundamental understanding side of the bubble and droplet interaction is not

complete. For instance, many authors have studied the phenomena that occur when two bubbles rise.

They found that two bubbles rising in line in a Newtonian fluid will typically experience the so-called

drafting-kissing-tumbling phenomena (DKT). DKT is due to wake interaction and instability. First, the

trailing bubble will speed up towards the leading bubble. The leading bubble’s low-pressure region in the

wake will pull the trialing bubble to rise faster, the drafting phase. The trailing bubble will then touch the

leading bubble, the kissing phase, and be in an unstable configuration where the bubbles are vertically

aligned. This will then lead to the tumbling phase, in which the two bubbles will tumble to be relatively

horizontal with one another and finally, they will rise separately without further interaction [45, 53, 58].

This research has also been extended to understand how the DKT phenomena change in a non-Newtonian

fluid, where bubbles experience extended oscillating interaction due to the viscoelasticity of the liquid [46].

The key mechanism that drives the interaction in pair interactions is the wake of the leading bubble.

For example, the computational work of Hallez and Legendre [53] investigates viscous wake effects of

bubble–bubble pairs concluding that the interaction is a combination of three effects: the potential effect, a

viscous correction, and a wake effect which impacts the drag and transverse forces on the trailing bubble.

In general, there has been extensive fundamental experimental research conducted to understand the

interaction process of bubbles. Our work aims to extend this understanding by studying the interaction

processes of a pair of objects of different fluids, specifically air bubbles and oil droplets.

We conduct experiments of a one-to-one interaction of an air bubble and an oil droplet. In this paper, we

will present how the droplet velocity increases due to the interaction with the bubble and its flow field. We

report that the contact time, collision angle, and diameter ratio between the two phases of the interaction

can change the outcome of the interaction by affecting the velocity of the droplet. Interactions with smaller

collision angles and smaller diameter ratios tend to have larger impacts on the droplet’s overall velocity. It
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is experimentally shown that the droplet velocity can increase significantly due to the interaction with an

oncoming bubble. A theoretical model for the droplet velocity enhancement induced by the bubble flow

field, considering Oseen’s flow, is proposed and compared to our experimental results.

2.2 Experimental Arrangement

The experimental setup consisted of a rectangular acrylic tank, two syringe pumps [59], capillary needles, a

high-speed camera, a backing light source, the bulk fluid, and of course an oil droplet and air bubble. A

schematic of the setup is shown in Fig. 2.1. The details of the components of the experimental setup are

explained below.

Oil Syringe Pump Air Syringe Pump 

Capillary Needles

Test Column

Camera

ϕ

UD

UB
dD

dB

Figure 2.1: Experimental setup where 𝑈𝐵 is the bubble velocity, and 𝑈𝐷 is the droplet velocity, 𝑑𝐵, and 𝑑𝐷
are the bubble and droplet diameters respectively and 𝜙 is the collision angle defined as the vertical angle
between the bubble and droplet centers at a vertical distance of 𝑑𝐵.

The air bubble and oil droplet were both created by Arduino-run syringe pumps [59]. The syringe

pumps resemble a linear rail system that allows the user to control the formation of droplets and bubbles
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Fluid Density, 𝜌, kg/m2 Viscosity, 𝜇,Pa ⋅ s Interfacial tension, 𝜎, N/m
70% Glycerin 30% Water 1181 0.026 0.067

10W-30 Motor Oil 875 0.13 0.020

Table 2.1: Physical properties of test fluids. For the water-glycerinmixture the interfacial tension represents
the liquid-air value.

independently at a precise rate. Using such pumps allowed us to create one droplet or one bubble within a

certain time period to make a one-to-one interaction to be observed between the droplet and the bubble.

An oil (10W-30 motor oil) was used for experimentation; its properties are shown in Table 2.1. The

oil was dyed blue with a soluble oil-based food coloring (LorAnn) in order to visualize the droplet better.

The oil was dyed by mixing about 2 grams of powdered coloring into the oil for 10 hours. The oil was

then filtered through a paper filter to remove any of the dye that was not completely dissolved. The oil’s

interfacial tension within the glycerin mixture was then measured in order to verify that the dye had no

impact on the properties of the oil.

The test column shown in Fig. 2.1, was filled with a bulk fluid composed of 70% glycerin and 30% water,

with properties reported on Table 2.1. This mixture gave the best results for producing spheroidal bubbles

and droplets as well as slowing rise velocities to have a straight path in order to control the visualization of

experiments. The test column was constructed from laser-cut acrylic sheets with a cross-section measuring

21 cm×6.2 cm×6.4 cm, this is roughly 20 times the size of the bubble, ensuring that wall effects are negligible.

The height of the tank allowed for both phases to reach terminal velocity before and after an interaction.

The bottom of the tank had two holes spaced about 2 cm apart. The holes were plugged with rubber

stoppers to prevent leakage but allow the capillary needles to puncture through to the inside of the tank.

Standard capillary needles were used to conduct the experiments. The gauge size of the capillary needles

limited the diameter ratios that were examined. The needles were inserted at different angles to vary the

collision angle between the bubble and the drop.

A high-speed camera (Photron FASTCAM SA5) was placed on one side of the acrylic tank parallel to the

capillary needles and a LED light panel was placed on the other. Experiments were conducted and filmed at

500 frames per second (fps). An example of a typical experiment can be seen in Fig. 2.2. The recorded images

were processed using a Canny edge detection algorithm in Matlab to identify the individual free-rising

droplet and bubble [60]. A checkerboard pattern, with a grid size of 10 mm was used for calibration. The
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resolution of the image was 20 pixels/mm. The diameter of both the droplet, 𝑑𝐷, and bubble, 𝑑𝐵, as well as

bubble velocity, 𝑈𝐵, and droplet velocity, 𝑈𝐷, were found through image analysis techniques. The diameter

was found by subtracting the background from the images and focusing on either the droplet or the bubble.

Then, using, 𝑑 = (𝑑2m𝑎𝑥𝑑m𝑖𝑛)
1
3 , where 𝑑 is the equivalent bubble or droplet diameter, 𝑑𝑚𝑎𝑥 is the longest

bubble or droplet diameter and 𝑑𝑚𝑖𝑛 is the shortest bubble or droplet diameter. The temporal variation in

the droplet and bubble diameter was negligible and is solely attributed to experimental uncertainty. The

mean absolute deviation is approximately 0.01 mm, as both the droplet and bubble reached terminal values.

An average was then obtained over all the frames to give a mean diameter.

t = 54 mst = 48 mst = 42 mst = 36 ms t = 60 ms t = 66 ms

3 mm

t = 0 ms t = 6 ms t = 12 ms t = 30 mst = 24 mst = 18 ms

Figure 2.2: Time series of images showing bubble-droplet interaction with bubble diameter of 3 mm,
R𝑒𝐵 ≈ 30, and droplet diameter of 1.5 mm, R𝑒𝐷 ≈ 3. The interval between the images is 6 ms.

In using the known value for the time between each frame, based on the fps, the velocity could be

calculated by tracking howmuch the bubble or droplet moved over one frame. This process was repeated for

the entirety of the image sequence. A central difference scheme was used in order to reduce the uncertainty.

The range of diameter ratios, 𝑑𝐷/𝑑𝐵, based on the corresponding capillary gauge size, and the terminal

velocities of the bubble, 𝑈 𝐵
∞, and the drop, 𝑈𝐷

∞ , throughout experimentation can be seen in Table 2.2. The
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𝑑𝐷 [mm] 𝑑𝐵 [mm] Diameter Ratio
[𝑑𝐷/𝑑𝐵]

𝑈𝐷
∞ , mm/s 𝑈 𝐵

∞, mm/s Velocity Ratio
[𝑈𝐷

∞/𝑈 𝐵
∞]

R𝑒𝐷 R𝑒𝐵 W𝑒𝐷 W𝑒𝐵

1.47 3.08 0.48 18.97 185.36 0.10 1.31 25.90 0.03 1.85
1.83 3.53 0.52 25.65 202.71 0.13 2.14 34.09 0.07 2.81
1.97 3.00 0.66 27.38 188.01 0.15 2.46 27.13 0.09 1.96
2.06 2.96 0.70 29.14 177.28 0.16 2.72 23.80 0.11 1.63
2.26 2.01 1.12 35.59 98.74 0.36 3.66 9.04 0.17 0.34
2.46 2.01 1.22 35.01 98.74 0.35 3.92 9.04 0.18 0.34
2.83 2.01 1.41 44.48 98.74 0.45 5.73 9.04 0.34 0.34

Table 2.2: Bubble and droplet experimental characteristics, including average diameters (𝑑𝐷 and 𝑑𝐵),
terminal velocities (𝑈𝐷

∞ and 𝑈 𝐵
∞), ratios of both velocities and diameters between the bubble and droplet,

Reynolds number, and Weber number.

terminal Reynolds number, drag coefficient, and Weber number are also calculated according to:

R𝑒𝐵 =
𝑈 𝐵
∞𝑑𝐵𝜌
𝜇

, R𝑒𝐷 =
𝑈𝐷
∞𝑑𝐷𝜌
𝜇

(2.1)

C𝑑𝐵 =
𝑔𝑉𝐵𝑑𝐵(𝜌𝑓 − 𝜌𝐵)

𝜌𝑓𝑈 𝐵
∞
2 , C𝑑𝐷 =

𝑔𝑉𝐷𝑑𝐷(𝜌𝑓 − 𝜌𝐷)

𝜌𝑓𝑈𝐷
∞
2 (2.2)

W𝑒𝐵 =
𝑈 𝐵
∞
2
𝑑𝐵𝜌

𝜎𝐵
, W𝑒𝐷 =

𝑈𝐷
∞
2
𝑑𝐷𝜌

𝜎𝐷
. (2.3)

where 𝜌, 𝜌𝐵, 𝜌𝐷 are the densities corresponding to the fluid, bubble and droplet, and 𝑉𝐵 and 𝑉𝐷 are

the droplet and bubble volumes calculated as 1
6𝜋𝑑

3. Their values are shown in Table 2.2. Note that the

terminal droplet Reynolds number, R𝑒𝐷, is always less than 6, whereas, the terminal bubble Reynolds, ReB,

the number is always less than 35. Also, note that both the droplet Weber number, W𝑒𝐷, and bubble Weber

number, W𝑒𝐵, are of order 1, meaning both droplet and bubble are mostly spheroidal. Specifically, the aspect

ratio range for the bubble spans approximately from 1.47 to 1.00, while the aspect ratio for the droplet

varies within the range of 1.04 to 0.93, therefore, the bubble may undergo a subtle degree of deformation.

We verified our experimental measurements by comparing the free-rising of a single bubble or droplet

to theoretical predictions proposed by Mei et al. [61] and Rachih et al. [62]. The predicted relationship

between the Reynolds number ranging from 0 to 100, Re, and the drag coefficient, C𝑑, for a bubble rising in

a stagnant fluid, is given by

C𝐵
𝑑 = 16

ReB

⎛
⎜⎜
⎝

16 + 3.315Re
1
2
B + 3ReB

16 + 3.315Re
1
2
B + ReB

⎞
⎟⎟
⎠

(2.4)
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where R𝑒𝐵 = 𝜌𝑓𝑈𝐵𝑑𝐵/𝜇𝑓, 𝜌𝑓, and 𝜇𝑓 are the bulk fluid’s density and viscosity respectively, 𝑈𝐵 is the velocity

of the corresponding bubble or drop, and d𝐵 is the corresponding diameter of the bubble or drop [61]. For a

solid sphere the relationship between C𝑑 and Re, we consider the Schiller & Naumann [63] relation given by

C𝑠
𝑑 =

24
R𝑒

(1 + 0.15R𝑒0.687) . (2.5)

Lastly, the relationship between C𝑑 and Re for the droplet is given by

𝐶𝐷𝑑 =
𝐶𝐵𝑑 + 𝜇∗𝐶𝑠𝑑
1 + 𝜇∗

(2.6)

where 𝜇∗ is the viscosity ratio of the internal to external fluid [62].
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Figure 2.3: The drag coefficient as a function of the Reynolds number for all experimental measurements
of an oil droplet or air bubble rising in a quiescent fluid, empty circles, and squares, respectively. Solid lines
represent the prediction for a bubble (Eq. 2.4)[61], droplet (Eq. 2.6) [62], and particle (Eq. 2.5)[63].

A plot representing these relationships is shown in Fig. 2.3, where the solid lines indicate the model and

the squares or circles represent the experimental data for an individual bubble or droplet. Good agreement
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between experimental data and the prediction validated our processing technique. The free-rising bubble

measurements are aligned with the prediction from Eq. 2.4. Whereas, the experimental measurements for

the droplet lay in between the prediction for the bubble (Eq. 2.4) and the particle (Eq. 2.5), and ontop of the

prediction for the droplet (Eq. 2.6), as expected.

2.3 Results and Discussions

An analysis of the experiments conducted, capturing the interaction of a free-rising bubble and droplet,

was performed. A typical experimental interaction is shown in Fig. 2.4(a), where the terminal velocities of

a single droplet and bubble are plotted as a function of time. The points on the plot show one experimental

case of the increase in droplet velocity due to the interaction of the bubble. The bubble, on the other hand,

experiences very small changes in its speed. The experimental data is supported by the images in Fig. 2.4(b)

and the position plot in Fig. 2.4(c) to gain an intuition of the orientation and position of the droplet relative

to the bubble. Before the interaction, 𝑡∗ < 0, the droplet travels at its terminal velocity, as shown by the

relatively horizontal region in the experimental data from time -2 to -0.5. When the bubble is approximately

one diameter away, the velocity of the droplet starts to increase, as seen in images 1 through 3. After some

time, 𝑡∗ > 0, the orientation of the droplet and bubble change due to the bubble surpassing the droplet.

At this point, shown in images 3 through 6, the droplet is in the bubble’s wake. In the wake, the droplet

speed decreases but at a smaller rate than its viscous relaxation. The viscous relaxation of the droplet

was calculated using Eq. 2.7, where the droplet started at its maximum velocity, which can be seen in the

prediction in Fig. 2.7 (grey dashed-dashed line). The collision angle, 𝜙, shown in Fig. 2.1, is the vertical

angle between the droplet and bubble centers when they are at a vertical distance of one bubble diameter

apart and was aimed to be as small as possible, thus having the two phases nearly inline. The collision

angle varied in each experiment, as it was not controlled but rather a product of the experimental setup.

The experiments showed a droplet velocity enhancement due to the interaction with the bubble and its flow

field. The droplet velocity enhancement was caused by the interaction with the bubble and its flow field.

The velocity of the droplet typically increased about 2 to 3 times its terminal velocity, 𝑈𝐷
∞ , seen in Fig. 2.4.

Many experiments were conducted and shared similar phenomena, yet coalescence was never observed.

Overall, the experimental observations indicate a classical transfer of momentum, as would be expected
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Figure 2.4: (a) A typical experimental plot of the droplet velocity jump as a function of normalized velocity,
𝑈 ∗ = 𝑈/𝑈∞, and normalized time, 𝑡∗ = 𝑡𝑈∞/𝑑, (b) images that support the bubble-droplet orientation and
(c) a plot of the temporal evolution of the relative positions between the droplet and bubble during the
interaction where the red line is the bubble position, and black is the droplet position. Time 𝑡∗ = 0 is set to
be the time where the bubble and droplet interact (𝜙 ≈ 90∘).

in the case of two moving bodies interacting in air, however, rather than experiencing a direct transfer of

momentum, the interaction of the bubble and droplet within the viscous fluid demonstrates a non-trivial

interaction of a deformable object in a velocity-induced flow field.

In the experimental results, it can be seen that a smaller offset between the bubble and drop, or a smaller

collision angle, leads to a higher increase in the droplet velocity, as a more direct interaction causes more

momentum to be transferred from the bubble to the droplet. This is highlighted in Fig. 2.5(a), where two

experiments with the same diameter ratio but different collision angles are compared. The case with the

smaller collision angle (blue) has a higher increase in droplet terminal velocity than that of the larger

collision angle (black). Also, a smaller diameter ratio, in which the diameter ratio is defined as the droplet

diameter, 𝑑𝐷, over the bubble diameter, 𝑑𝐵, also leads to a higher increase in the droplet velocity. Two

experiments are highlighted in Fig. 2.5(b) to highlight this. The two experiments shown have the same

collision angle, yet different diameter ratios. The one with the smaller diameter ratio, defined by having

a small droplet and large bubble, has a larger increase than the case with the larger diameter ratio – a

droplet and bubble more equal in size. Fig. 2.5(c) shows the collision angle and diameter ratio compared

simultaneously to the velocity ratio, 𝑈𝐷
𝑚𝑎𝑥/𝑈𝐷

∞ . This shows that both the size ratio and collision angle
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Figure 2.5: The experimental results showing a comparison of (a) collision angles (𝜙1 = 7.3∘, 𝜙2 = 28.1∘,
and 𝑑𝐷1/𝑑𝐵1 ≈ 𝑑𝐷2/𝑑𝐵2 ≈ 0.64) and (b) diameter ratio (𝑑𝐷1/𝑑𝐵1 = 0.5, 𝑑𝐷2/𝑑𝐵2 = 0.7, and 𝜙1 ≈ 𝜙2 ≈ 22.9∘)
effects on the max droplet velocity, and (c) a plot illustrating the relationship between collision angle 𝜙,
diameter ratio, 𝑑𝐷/𝑑𝐵, and velocity ratio of the maximum droplet velocity, 𝑈𝐷

𝑚𝑎𝑥, and the droplet terminal
velocity, 𝑈𝐷

∞ with a prediction (seen in black solid curve) of the velocity ratio from Eq. 2.9, 𝑈𝐷
𝑚𝑎𝑥/𝑈𝐷

∞ , as a
function of the diameter ratio, 𝑑𝐷/𝑑𝐵.

collectively influence the enhancement of speed, where the smallest collision angle and diameter ratio

result in the largest increase in droplet velocity.

In order to rationalize our experimental results and the physical phenomena that occur, we analyzed

the parameters impacting droplet velocity enhancement and developed a model to explore the advection of

the droplet due to the bubble-induced flow field. The following section outlines the model of the bubble

flow field with respect to the droplet.
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2.4 Interaction Model

The following section describes a model for the oil droplet’s velocity increase due to the bubble’s interaction.

A force balance was used to represent the buoyancy, drag, and weight acting on the droplet. The force

balance on a droplet, irrespective of the bubble is

(𝜌𝑓 − 𝜌𝑑)
4
3
𝜋𝑟3𝐷 𝑔 − 6𝜋𝜇𝑓𝑟𝐷𝑈𝐷 = (𝑚 + 𝑚𝑎𝑑)

𝑑𝑈𝐷
𝑑𝑡

(2.7)

where 𝜇𝑓 and 𝜌𝑓 are the bulk fluid viscosity and density, 𝜌𝑑 is the density of the oil drop, 𝑟𝐷 is the radius of

the drop, 𝑔 is Earth’s gravitational acceleration, 𝑚 = 4
3𝜌𝑑𝜋𝑟

3
D and 𝑚a𝑑 =

2
3𝜌𝑓𝜋𝑟

3
D which are the mass and the

added mass of the droplet respectively. The first term on the left-hand side is the buoyant force minus the

body force and the second term is the viscous drag force. The right-hand side is the change of momentum

of the droplet.
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Figure 2.6: A diagram representing (a) the flow field in front of the bubble, (b) the flow field behind the
bubble, and (c) a simple force diagram representing the various forces acting on the droplet; drag, buoyancy,
weight, and bubble induced force.

An additional term, shown schematically in Fig. 2.6, was used to represent the force acting on the

droplet due to flow field changes induced by the bubble velocity, 𝐹(𝑈𝐵). The velocity disturbance due to the

bubble was found by examining how the flow field around the droplet changed due to the interaction with

the bubble. As a first approximation, we can obtain the velocity distribution in front of the bubble using
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potential flow, with which the pressure field can be determined using a standard flow around a sphere

solution. Assuming that the pressure field is not affected by the droplet, a force can be calculated by solving

for the change in pressure as the bubble approaches the droplet. This was achieved by solving for the flow

field using potential flow and subsequently using Bernoulli’s equation to determine the pressure difference

in the gap. The force was then quantified as the product of the change in pressure within the gap between

the droplet and bubble, Δ𝑃, and the cross-sectional area of the bubble, 𝐴. This term is added to Eq. 2.7 and

its prediction is shown in Fig. 2.7 (grey dashed-dotted line). Clearly, the prediction shows a rapid increase

in the velocities of the droplet, much faster than that observed experimentally. Since potential flow neglects

viscous effect, the interaction is shorter range. After contact, we can consider a wake model for the velocity

disturbance induced by the bubble. A simple wake expression such as 𝑈w𝑎𝑘𝑒 =
𝐴
𝑡 𝑒

−𝐵𝑦2

𝑡 was used to describe

the flow behind the bubble which led to a reasonable prediction of the droplet velocity decay after contact;

however, this model depends on empirical fitting parameters [53, 64]. Therefore, we considered Oseen’s

flow which is valid for a moderate Reynolds number viscous flow and avoids the use of fitting parameters

[64, 65].

Oseen’s flow describes the flow field around a sphere in viscous, incompressible fluids at low to

moderate Reynolds numbers [65], which was applied with the underlying assumption that a no-slip

boundary condition exists at the surface of the bubble, therefore, resembling a solid sphere with clearly

defined flow conditions. Using Oseen’s flow the entire interaction process can be modeled due to the

inherent vertical asymmetric nature of this flow, given by

u = 𝑈[ − 𝑎3

2𝑟3
cos 𝜃 + 3𝑎2

Re 𝑟2
− 3𝑎2

Re
( 1
𝑟2

+ 𝑘
𝑟
[1 − cos 𝜃])𝑒−𝑘𝑟(1+cos 𝜃)] ̂𝑟

− 𝑈[ 𝑎
3

4𝑟3
sin 𝜃 + 3𝑎2

Re 𝑟
𝑘 sin 𝜃𝑒−𝑘𝑟(1+cos 𝜃)] ̂𝜃

(2.8)

where 𝑈 is the free-stream velocity (in the case of these experiments the bubble velocity), 𝑎 is the radius, 𝜃

represents the polar coordinate (180∘ represents the flow in front of the bubble and 0∘ represents the flow

following the bubble or the wake), 𝑟 is the distance from the bubble, 𝑘 is a constant defined as Re/4𝑎, and

Re is the Reynolds number define as Re = 2𝜌𝑈 𝑎/𝜇. This equation gives us the disturbance induced by the

bubble to affect the velocity field surrounding the droplet.
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In assuming the droplet can be modeled as a small sphere compared to the relative flow field, the effect

of the flow field on the droplet can then take a similar form to the Maxey-Riley equation [66]. The equation

for particle (or drop) motion considers how a relatively small drop is affected by a surrounding flow field.

The assumption for the equation of motion is that the drop must be sufficiently small in order to follow

the path of the flow field. To characterize the drops as sufficiently small, the Stokes number is used. The

Stokes number is defined as S𝑡 = 𝜌𝐷𝑈𝐷𝑑𝐷/18𝜇, where 𝜌𝐷 is the density of the drop, 𝑈𝐷 is the velocity of

the droplet, 𝑑𝐷 is the diameter of the drop and 𝜇 is the viscosity of the bulk fluid. For S𝑡 ≪ 1 the drop will

closely follow the flow streamlines [67]. For the case of the experimental data presented here, the Stokes

number is approximately 0.2, therefore, justifying the use of the Maxey-Riley equation of particle motion.

Finally, modifying Eq. 2.7 to account for the influence of the bubble via Eq. 2.8, the droplet equation of

motion can be expressed as

(𝜌𝑓 − 𝜌𝑑)
4
3
𝜋𝑟3𝐷 𝑔 + 3𝑚𝑎𝑑

𝐷𝑈 𝐵
𝑣

𝐷𝑡
− 6𝜋𝜇𝑓𝑟𝐷(𝑈𝐷 − 𝑈 𝐵

𝑣 ) = (𝑚 + 𝑚𝑎𝑑)
𝑑𝑈𝐷
𝑑𝑡

. (2.9)

The bubble velocity disturbance is U𝐵
v , which is the vertical component of u from Eq. 2.8. The left-hand side

of this equation represents the forces acting on the droplet and the induced flow field of the bubble. The

right-hand side is the resulting change of momentum of the droplet. Overall, Eq. 2.9 can be used to solve

for the increase in the droplet velocity due to the interaction with the bubble, 𝑈𝐷(𝑡).

Solving Eq. 2.9, we find a good agreement between experiments and theory. It is assumed that both the

droplet and bubble start at a far enough distance or time in which they both are at their terminal velocities.

It is also assumed that the interaction occurs when the droplet is one bubble radius away from the bubble

and the collision angle is equal to zero. This result is plotted in Fig.7. For time t∗ < 0, the purple solid

line represents the droplet equation of motion solved for the flow in front of the bubble (or before the

interaction) whereas, for t∗ > 0, the blue line is representative of the flow behind the bubble (or after the

interaction). The model aligns with the experimental observations and shows that the interaction with the

bubble results in an enhanced droplet velocity. For the cases where the collision angle was much greater

than zero, the model struggled to predict whether the droplet was located in the region in front or behind

the bubble. Nevertheless, the model overall was able to predict the maximum droplet velocity. Although it

is beyond the scope of this paper, it would be advantageous to include a horizontal velocity component of
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Figure 2.7: (a) A plot that represents the model fit, for t∗ < 0 (purple solid line) and for t∗ > 0 (blue solid
line), for an experimental data set of one bubble droplet interaction case (∘). Where the normalized velocity
is 𝑈 ∗ = 𝑈/𝑈∞, and normalized time is 𝑡∗ = 𝑡𝑈∞/𝑑. The grey lines show the prediction from a potential
flow model (– ⋅ –) and the relaxation of the droplet calculated from Eq. 2.7 (– – –). Two other model fits are
shown in (b) and (c) with different contact angles and rise velocities.

the droplet to gain a deeper understanding of how non-zero collision angles affect the underlying physics

of this problem. With that said, the current model detailed the following (1) the difference in the droplet

rise and decay time scales, (2) how the collision angle could change the droplet velocity outcome, and (3)

the parameters that influence this impact phenomena.

The time scales of the ascent and decay emphasize the influence the bulk fluid has on the interaction.

In air, there would be an instantaneous increase and decrease in the velocity of a body being impacted

by another high-velocity moving body, however, in the case where there is a viscous fluid, the ascent to

maximum velocity and the relaxation to terminal velocity are slowed. This is due to both the surrounding

fluid being pushed by the bubble (𝑡∗ < 0) and the wake of the bubble or the surrounding fluid being pulled

by the bubble (𝑡∗ > 0). In the case of these experiments, the ascent and decay time scales are not symmetric.
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The model also shows how the velocity of the droplet starts increasing around t∗ ≈ −1, rather than when

the droplet and bubble are actually in contact, t∗ ≈ 0. This is a result of the bubble’s flow field extending

beyond the bubble diameter [68, 69]. A similar difference in time scales is also seen in the second portion,

t∗ > 0. The effect of a trailing flow field extends much further than the flow field in front of the bubble, this

is again due to the inherent asymmetry in Oseen’s flow approximation [64]. Therefore, the time it takes for

the droplet to decay from the maximum velocity is greater than that of the time for the droplet to reach the

maximum velocity.

Furthermore, the model was also able to predict the dependence of the diameter ratio on the velocity

ratio. Fig. 2.5 (c), shows the upper bound of these results, where the velocity ratio, diameter ratio, and

contact ratio are shown. The line in black, found using Eq. 2.9, shows the predicted relationship between

velocity ratio and diameter ratio at a zero collision angle or the ideal case. From this relationship, it can

be verified that the most advantageous case, where the droplet velocity is maximized, is when the bubble

diameter is much greater than the droplet diameter. As they get closer in size, or the droplet is larger than

the bubble, the jump in velocity decreases.

2.4.1 Conclusions

We have experimentally studied the interaction of an air bubble and an oil droplet within a quiescent fluid.

Experiments were conducted in order to better understand the interaction of an oil droplet and an air bubble

inspired by industrial applications. The experiments showed a droplet velocity enhancement due to the

interaction with the bubble and its flow field. A velocity jump of 2 to 3 times its terminal velocity was

shown in a typical case. Parameters such as diameter ratio and collision angle impacted how much the

droplet velocity jumped. We also presented a physical model to support the experimental results. The model

approximates the flow around the bubble to be Oseen’s, then we solve the equation of the motion for the

droplet incorporating the effect of this bubble-induced flow field. The model was compared to experimental

results and showed good agreement. The model captured a faster ascend of the droplet velocity when the

bubble was behind the droplet and then a slower decay as the droplet was in the bubble’s wake, which was

also seen experimentally.

This study can be used to further explore the importance of interaction in two-phase flows specifically

their significance in industrial applications. As mentioned, bubbly flows are used in the oil industry in
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aeration tanks, in applying the research from this study we can relate the decrease in the rise time of oil

droplets to the droplet velocity enhancement due to the bubble and its flow field. In practice, the droplet

will interact with the bubble and flow field a multitude of times as both rise to the surface of the tank which

will make the process of filtration more efficient. We believe that this research can be extended to further

investigate the role of the contact time between the two phases. In these experiments, the contact time

remained very short, however, if we were to create a system with neutrally buoyant bubbles and droplets,

such as in microgravity, we may increase the contact time, therefore, producing a different novel result.

The theoretical formulation introduced for a single bubble–droplet interaction can be extended to many

body-interacting systems especially to study bubble-induced turbulence. This work provides a framework

to study bubble–particle interaction systems with potential applications to mitigate oil spills and build

efficient aeration tanks.
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3 PHYSICAL CONDITIONS FOR DROPLET–BUBBLE COALESCENCE
IN FLOTATION

Abstract Gas flotation for oily-water mixtures is common practice in many industrial cleanup

applications. Gas bubbles, typically air, are expected to come into contact with dispersed oil drops

leading to the formation of compound drops that rise faster. Although this process is widely used,

the details of the interaction and the capture conditions are not well understood. The present

analysis discusses the necessary conditions for coalescence considering the fluid properties of the

three phases. A critical time ratio is formulated considering the drainage and sliding times of the

interaction; an engulfing parameter is proposed considering the surface tension of the three phases.

Considering our experiments and the conditions typically found in applications, we argue that

coalescence due to free interaction is unlikely to occur.

Information This chapter is a modified version of the work published in Journal of Fluid

Mechanics [2].

3.1 Introduction

The hydrodynamic interaction between bubbles and oil droplets has been studied due to their prominence

in industrial applications. Many researchers have studied how bubbly flows, specifically aeration tanks,

can be used in the oil industry to aid the filtration of oils or other toxins [1, 25, 26, 30, 31]. Aeration

tanks work by using air bubbles to capture oil droplets, thus increasing their rise velocity, and in turn,

making the oil separation process faster. There have been many efforts to try to understand oil filtration by

comparing different methods [31, 70, 71], exploring the process of bubble–droplet coalescence [25, 72–74],

and investigating the efficiency of bubbly flows as a means of filtration [26, 30]. Igunnu et al. [30]

provided an overview of different filtration methods commonly used in industry. Other researchers, such as

Saththasivam et al. [25] and Moosai et al. [26], explore the surface science of the the two phases, specifically

looking at the interfacial tension. Moosai et al. focused on the stages of attachment, emphasizing the

process of the oil droplet spreading around the bubble to achieve coalescence [26]. Whereas Saththasivam
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et al. looked at the size and shape of the bubbles and how pre-treating the produced wastewater could alter

the interfacial tension therefore increasing your probability of bubble–droplet coalescence[25].

The research conducted on this subject typically considers the so-called spreading parameter, 𝑆. The

spreading parameter gives the condition for coalescence based on interfacial tensions [48]. Many researchers

have used this as a stand-alone condition to dictate if coalescence will occur. Additional studies have

demonstrated the importance of other factors such as drainage time and sliding time in influencing the

likelihood of coalescence [72, 75, 76]. The size and velocity of both the droplet and bubble can change the

drainage and sliding times hence affecting the outcome of the interaction. Chesters’ work explores the

drainage time by modeling the interaction of the droplet and bubble as a lubrication problem between

two parallel plates under a given force [72] which is equivalent to the proposed drainage time given by

Jeffreys and Davies, and Davis et al. [75, 77, 78]. In changing the driving force of the interaction, different

time scales can be obtained [72, 75]. Other researchers have considered the induction time (or attachment

time) of the interaction which is the summation of the drainage time, rupture time, and spreading time.

Again, the drainage time, the primary, and most prominent phase of attachment, is the time the film takes

to drain. The secondary phase is the time it takes for the thin film to rupture and finally, the final phase,

the spreading time is the time it will take for the oil to spread over the bubble surface. It is not possible to

calculate the time of attachment analytically; this time is determined empirically [79].

The present study considers both surface energy and time argument conditions for coalescence during

flotation. The ideas are verified experimentally. In a previous investigation, we studied the bubble–droplet

interaction in detail [1]. The experiments looked at a one-to-one interaction of an oil droplet and an

air bubble in a quiescent fluid. We use some of those experiments to test our hypothesis. In all cases,

over a range of diameter ratios, coalescence was not observed, rather, the droplet experienced a velocity

enhancement due to the interaction with the bubble and its flow field. The velocity enhancement was

modeled using an Oseen flow approximation of the bubble flow field and its influence on the droplet [1].

We found that for free rising droplet–bubble pairs, in the absence of any attractive forces, coalescence is not

possible. For the case when the energy landscape is favorable for coalescence, the size of the droplet is too

small for the film in between the bubble and droplet to drain during the interaction time. These findings

are in agreement with Niewiadomski et al. [80], who argued that attachment by collision is impossible.
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3.2 Conditions for coalescence

As stated, a majority of the work done on this subject is restricted to a set of defined conditions that are

related to the spreading parameter, 𝑆. It has been argued that coalescence is expected if the so-called

spreading parameter [48, 81] is larger than zero. The spreading parameter 𝑆 is defined as

𝑆 = 𝜎𝑤𝑎 − (𝜎𝑜𝑤 + 𝜎𝑜𝑎) (3.1)

where 𝜎𝑖𝑗 is the interfacial tension between substances 𝑖 and 𝑗, which in this case can be water, 𝑤, oil,

𝑜, or air, 𝑎. This assumption is derived from the well-known wetting phenomenon that looks at how

a droplet will spread on a flat surface [48]. This parameter has been used by some studies to predict

bubble–droplet coalescence [25, 26, 70]. Considering typical values for surface tension values for air, oil,

and water combination, 𝑆 > 0; hence, coalescence should always occur. Although the energy minimization

reasoning behind the concept of the spreading parameter is correct, it has several drawbacks. First, the

spreading parameter does not consider the finite area of the droplet or the bubble. Some researchers have

noted the importance of the ratio between droplet and bubble diameter yet have failed to consider it for

coalescence conditions [25, 26, 82].

By considering only the surface energies, the dynamic process needed for the bubble and droplet to

merge is disregarded. For a compound droplet to form, first, the droplet and bubble need to make physical

contact. This can only occur if the droplet inertia is sufficiently large [83, 84]. Once in contact, the droplet

and bubble need to remain in contact for long enough for the liquid in the film between them to drain.

Details of the relationship between the time scales of these processes and the surface energy condition

have not been discussed simultaneously. It is important to note that although there is a vast literature on

the subject of flotation, due to its wide industrial use, the condition for free rise coalescence has not been

clearly identified. In contrast, when bubbles and droplets are pushed onto one another, compound drops

can be readily formed [10, 82, 85, 86].
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3.2.1 Surface energy conditions

To modify the concept of the spreading parameter for finite-size surfaces, we can first consider the surface

energy of an air bubble immersed in water is

𝑆 = 𝜋
4
𝑑2𝐵𝜎𝑎𝑤 (3.2)

where 𝑑𝐵 is the bubble diameter. If the bubble is completely engulfed by a layer of oil, the new configuration

will have a surface energy of

𝑆′ = 𝜋
4
𝑑2𝐵𝜎𝑎𝑜 +

𝜋
4
𝑑′2𝐷𝜎𝑜𝑤 (3.3)

where 𝑑′𝐷 = (𝑑3𝐵 + 𝑑3𝐷)
1/3 and 𝑑𝐷 is the diameter of the oil droplet.

Therefore, by extending the concept of the spreading parameter, Eq. 3.1, to finite surfaces, we propose

an engulfing parameter as

𝐸 = 𝜋
4
𝑑2𝐵𝜎𝑎𝑤 − (𝜋

4
𝑑2𝐵𝜎𝑎𝑜 +

𝜋
4
𝑑′𝐷

2𝜎𝑜𝑤) . (3.4)

If the surface energy of the compound droplet is smaller than the bubble, then 𝐸 > 0. Otherwise, if 𝐸 < 0,

only partial converge of the bubble will occur for which the coalesced droplet may not form or will not be

stable [74, 87].

The engulfing parameter can be normalized to be conveniently written in dimensionless form as:

𝐸∗ = 𝐸
𝜋
4𝑑

2
B 𝜎𝑎𝑤

= 1 − (
𝜎𝑎𝑜
𝜎𝑤𝑎

+
𝜎𝑜𝑤
𝜎𝑤𝑎

(1 + 𝑑∗3)2/3) (3.5)

where 𝑑∗ = 𝑑𝐷/𝑑𝐵 is the diameter ratio. For 𝐸∗ > 0, considering typical values of surface tension for oil, air,

and water 𝑑∗ < 1, meaning that only droplets smaller than bubbles would have favorable conditions for

coalescence.

3.2.2 Interaction time conditions

Relying solely on the surface energy condition is insufficient. To fully address the dynamics of the compound

droplet, it’s essential to also incorporate the characteristic time for interaction. For coalescence to occur,

the droplet and bubble must remain in contact for a time longer than the time it will take for the liquid film
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to drain between them. For the bubble and droplet to come into contact a critical Stokes number needs to

be met [83, 84]. The Stokes number is defined as St= (1/9)𝑈𝐷𝑑𝐷𝜌𝑑/𝜇, where 𝑚 is the mass of the droplet,

𝜌𝐷 is the density of the oil droplet, 𝑈𝐷 is the velocity of the droplet, 𝑑𝐷 is the diameter of the droplet, and 𝜇

is the viscosity of the fluid [84]. The Stokes number compares the inertial effects of the droplet with the

viscous dissipation by the surrounding fluid. If the Stokes number is small, then the droplet will follow

the streamlines of the flow, therefore never making contact with the bubble itself. If the Stokes number is

greater than 10, then the droplet will have too much inertia and possibly bounce off the bubble. Therefore,

for coalescence to occur, the Stokes number needs to be slightly larger than zero such that the droplet is

inertial enough to cross streamlines but smaller than 10 to prevent bouncing off the bubble [83, 84].
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Figure 3.1: A visual representation showing the sliding time of a droplet as it advances over the bubble
surface.

Once in contact, another condition must be met for coalescence to occur. Additionally, the time of

contact and the time of drainage need to be considered. The time the droplet and bubble are in contact can

be calculated by the sliding time, or the time it takes for the droplet to slide over the bubble surface. The

sliding time is calculated analytically for two conditions; potential flow and Stokes flow. The sliding time,

seen in Fig. 3.1, is defined as the time it takes for the droplet to go from the collision angle, 𝜃𝑛, to the point

in which the droplet begins to trail away from the bubble, 𝜃𝑛 ≈ 𝜋/2, as a function of the summation of the

bubble diameter, 𝑑𝐵, and the droplet diameter, 𝑑𝐷, and the tangential droplet velocity, 𝑈𝐷𝜃. The collision

angle is defined as the vertical angle between the bubble and droplet centers at a vertical distance of 𝑑𝐵.

Considering the flow solution around a bubble at either potential flow or creeping flow approximations the

sliding time can be calculated.
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In potential flow the tangential liquid velocity is equivalent to [88]

𝑢𝑝𝑜𝑡𝜃 = 𝑈𝐵𝑠𝑖𝑛𝜃(1 + 0.5(1/𝑑′)3) (3.6)

where 𝑑′ is an effective diameter equivalent to 𝑑𝐵/(𝑑𝐵 + 𝑑𝐷), 𝑈𝐵 is the bubble velocity and 𝜃 is the necessary

radial coordinate.

Similarly, the Stokes flow tangential liquid velocity is

𝑢𝑠𝑡𝜃 = 𝑈𝐵𝑠𝑖𝑛𝜃(1 −
3
4
𝑑′ − (1/𝑑′)3). (3.7)

Therefore, the tangential droplet velocity for both potential flow and Stokes flow is the following:

𝑢𝐷𝜃 = 𝑢𝑖𝜃 + 𝑈𝐷𝑠𝑖𝑛𝜃 (3.8)

where 𝑢𝑖𝜃 is the potential or Stokes flow tangential liquid velocity and 𝑈𝐷 is the droplet velocity.

The sliding time, 𝑡𝑠, for both potential flow and Stokes flow is calculated by [88]:

𝑡𝑠 = ∫
𝜋/2

𝜃𝑛

(𝑑𝐷 + 𝑑𝐵)𝑑𝜃
2𝑈𝐷𝜃

(3.9)

Therefore, the sliding time for potential flow is

𝑡𝑝s =
(𝑑𝐷 + 𝑑𝐵)

2 (𝑈B + 𝑈D) + 𝑈B (1 + 𝑑∗)3
ln (cot

𝜃n
2
) (3.10)

whereas the sliding time for Stokes flow is

𝑡 𝑠s =
(𝑑𝐷 + 𝑑𝐵)

1
2 (−1 + (1 + 𝑑∗)3 + 3𝑑∗) 𝑈𝐵 + 𝑈𝐷

ln (cot
𝜃n
2
) (3.11)

The sliding time will be at its maximum when the bubble and droplet interact head-on, conversely, the

sliding time will be at a minimum, or tend to zero, if the two phases interact at a 90-degree angle.

We can compare the sliding time with the drainage time to determine if coalescence is likely. The

drainage time between two deformable bodies has been studied by many researchers. There have been
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attempts to solve for the drainage time with experimental results, simplified mathematical models, and

computational models [72, 76, 89–92]. An expression that is often used was originally proposed by Ye

and Miller (1988), who studied the contact time between bubble/particle collisions. They hypothesized

that the film thickness did not vary much throughout the sliding process, and therefore made attachment

and rupture unlikely to occur during sliding [90]. They concluded that the induction time had a linear

relationship with particle diameter independent of the particle type [89, 90]. They proposed 𝑡𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐴𝑑𝐵𝐷,

where 𝐴 and 𝐵 are empirical parameters to be determined experimentally [90, 93]. Although this equation

can offer some insight, it does not have physical significance.

Considering that the time of attachment is only the drainage time, the primary step of coalescence,

we can gain a more physical insight to predict attachment or coalescence. The drainage time is derived

considering the flow between the bubble and droplet as a parallel squeezed flow [72, 94]. First, the flow

between the approaching droplet and bubble, the squeezed flow, is modeled as the change in the height, ℎ,

or the distance between the two, over time, as a function of the terminal velocities, which is expressed as:

𝑑ℎ
𝑑𝑡

= 𝑈𝐵 − 𝑈𝐷 (3.12)

The squeezed flow between the droplet and bubble can then be equated to the flow that is displaced

outward to allow the droplet and bubble to come closer in contact. The flow that is displaced outward is

found using the Poiseuille relation for flow between quasi-parallel surfaces and is expressed as the force, F,

given by [72, 75]:

𝐹 =
3𝜇𝜋𝑑2𝑒𝑞
8ℎ

𝑑ℎ
𝑑𝑡

(3.13)

Integrating Eq. 3.13 and solving for the time, we obtain:

𝑡𝑑 =
3𝜋𝜇
2𝐹

𝑑2𝑒𝑞 ln(
ℎ𝑖
ℎ𝑓
) (3.14)

Solving this equation for flotation, where gravity is supplying the interaction force 𝐹, and substituting

in the buoyancy force, 𝐹𝑏 =
1
6𝜋𝑑

3
𝐷Δ𝜌𝑔, we acquire Eq. 3.15.

𝑡𝑑 =
3𝜋𝜇

2(16𝜋𝑑
3
𝐷Δ𝜌𝑔)

𝑑2𝑒𝑞 ln(
ℎ𝑖
ℎ𝑓
) (3.15)
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where the equivalent diameter is 𝑑𝑒𝑞 = 𝑑𝐷(1/𝑑∗) + 𝑑𝐵𝑑∗, Δ𝜌 = 𝜌 − 𝜌𝐷, and ℎ𝑖/ℎ𝑓 is the ratio of the initial

distance of the interaction to the rupture distance. The initial distance, ℎ𝑖, represents the displacement

between the bubble and the droplet at the onset of their interaction, or when the droplet first experiences

the bubble’s effects. Experimentally, this has been determined to be a vertical distance of 𝑑𝐵. A typical

value of ℎ𝑓 is 10 nm, for which thermal fluctuations initiate the film to rupture [95].

To determine if coalescence can occur, we can compare the sliding time to the drainage time. To do so,

we propose the ratio, 𝑇 ∗, defined as 𝑇 ∗ = 𝑡𝑠/𝑡𝑑. If 𝑇 ∗ < 1, the duration of the interaction will be shorter

than the drainage time, leading to no coalescence.

Considering the two expressions obtained for 𝑡𝑑 and 𝑡𝑠, for potential flow and Stokes flow we obtain

𝑇 ∗𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =
𝑡𝑠
𝑡𝑑
= St

2𝐹 𝑟2𝜌∗
[

(1 + 𝑑∗)3

𝑑∗[1 + 𝑈 ∗(1 + (1 + 𝑑∗)3)]
l𝑛 𝑐𝑜𝑡(𝜃/2)
l𝑛(ℎ𝑖/ℎ𝑓)

]. (3.16)

and

𝑇 ∗𝑆𝑡𝑜𝑘𝑒𝑠 =
𝑡𝑠
𝑡𝑑
= St

2𝐹 𝑟2𝜌∗
[

4(1 + 𝑑∗)3

𝑑∗[4𝑈∗−1 + 𝑈∗−1(1 + 𝑑∗)3 + 3(1 + 𝑑∗)𝑈∗−1 + 1)]
l𝑛 𝑐𝑜𝑡(𝜃/2)
l𝑛(ℎ𝑖/ℎ𝑓)

] (3.17)

where St is the droplet Stokes number, 𝜌∗ = (𝜌−𝜌𝑑)/𝜌𝑑, Fr is the droplet Froude number (F𝑟 = 𝑈𝐷/√𝑔𝑑𝐷),

𝑑∗ is the diameter ratio (𝑑𝐷/𝑑𝐵), and 𝑈 ∗ is the velocity ratio (𝑈𝐷/𝑈𝐵). These expressions can be readily

compared with experimental results. In particular, we use data from Federle et al. [1], where the isolated

interaction of the droplets and bubbles are considered.

As stated, for coalescence to occur, the sliding time needs to be greater than the drainage time, meaning

that the bubble and droplet are in contact for longer than it would take for the thin film to drain. Therefore,

coalescence is probable when 𝑇 ∗ > 1.

3.3 Comparison with experiments

We argue that for coalescence to occur two conditions should be met: 𝐸∗ > 0 and 𝑇 ∗ > 1. The first condition

ensures that the surface energy landscape is favorable for a bubble to remain captured inside a droplet. The

second condition limits interactions to last sufficiently long for the fluid film to drain. These conditions are

shown in Fig. 3.2, where the upper right-hand quadrant shows the region of coalescence when the limits

for 𝑇 ∗ and 𝐸∗ are met. Fig. 3.2 presents experimental data from previous studies [1] alongside predictions
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Figure 3.2: The coalescence conditions for a variety of different air bubble and oil droplet pairs as a function
of 𝐸∗ and 𝑇 ∗. The solid lines show the prediction for potential flow, whereas, the dashed lines show the
prediction for Stokes flow, see Eq. 3.5, 3.16, 3.17. Experimental values, from Federle et al. [1], are seen in
the black points.

for various diameter ratios, spanning magnitudes from 10−3 to 103, with corresponding velocities. Fig. 3.2

also includes predictions for a few density ratios for different specified oils. The lines show the predictions

from Eq. 3.16 and Eq. 3.5 for a variety of different oil, air, and water combinations. Clearly, the conditions

for coalescence are not met. The critical value for 𝑑∗ is shown for each case in which 𝐸∗ > 0. The lack of

coalescence is a result of the conflicting required diameter ratios for 𝐸∗ to be positive and 𝑇 ∗ to be greater

than 1. For 𝐸∗ to be positive, the diameter ratio must be less than 1, meaning the droplet must be smaller

than the bubble. Conversely, for 𝑇 ∗ to be greater than 1 the diameter ratio needs to be greater than 1.

3.4 Conclusions and discussion

The likelihood of coalescence occurring during free interaction is highly improbable, given that 𝑇 ∗ and 𝐸∗

limits will not be met. We show that 𝑇 ∗ and 𝐸∗ encompass the required conditions for coalescence that

include surface energy and interaction effects. Interestingly, aeration is still used in water remediation.

We envision the following possible scenarios. First, the droplet velocity is enhanced due to the interaction
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with the bubble and its flow field therefore decreasing the rise time of oil droplets thus allowing for more

efficient filtration, as demonstrated by Federle et al. [1]. Also, in practical applications the surrounding

fluid is not stagnant. Some studies [96, 97] have shown that bubbles would tend to aggregate in vortex

cores in turbulent fields, while droplets would remain dispersed. This process, not considered here, may

lead to an increased interaction in between bubbles and drops that could lead to capture. Second, there

could be attractive forces driving the bubble and droplet to remain together, therefore increasing contact

time. The drainage time is affected by the viscosity and density of the bulk fluid. In principle, reducing the

fluid viscosity would shorten the drainage time. However, viscosity reduction also increases the velocity of

the bubble and droplet, affecting sliding time. Consequently, altering the fluid viscosity does not ensure a

higher probability of coalescence. The bulk fluid can also contain other additives, such as salt. The surface

forces of the air bubble and oil droplet, although not considered in the scope of this paper, impact the

probability of coalescence. At very small scales, where the bubble and droplet get close enough to interact,

surface forces, such as van der Waals forces, need to be considered. However, in the case of an oil droplet

and an air bubble, they are both negatively charged therefore they would repel one another [98–101].

It has been found that this interfacial repulsive force can be reduced by the addition of salt, therefore

causing coalescence to happen more rapidly [102]. Contrarily, it has also been stated that the addition of

salt can inhibit coalescence, therefore, the addition of salt does not guarantee an increase in coalescence

probability [103, 104]. It should also be noted that 𝑇 ∗ would need to be roughly 100 times higher to meet

the condition for the coalescence limit. The addition of salt is unlikely to have this large of an effect on

𝑇 ∗. Third, the introduction of surfactants could alter surface energies or interaction times, promoting

coalescence. Surfactants such as SLS (anionic), HTAB (cationic), Tergitol, and Touluene have demonstrated

the ability to significantly reduce water-oil interfacial tension [105]. Nonetheless, the practicality of adding

such surfactants is limited due to the potential further contamination of produced water. In summary,

the possibility of coalescence occurring during free interaction is highly unlikely due to unmet 𝑇 ∗ and 𝐸∗

limits, even considering the potential scenarios involving surfactant or attractive forces between bubbles

and droplets. Conducting visualizations of bubble–droplet interactions in industrial settings to verify the

occurrence of coalescence would be of significant interest. However, such experiments pose considerable

challenges due to the complexity of the environment.
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4 EXPERIMENTS OF BUBBLES IN MICROGRAVITY: AN
INTRODUCTION

The following chapters (4 - 7) of this thesis are focused on the study of bubbles in microgravity. Conducting

experiments in microgravity is inherently challenging and requires a substantial amount of preparation and

effort, much of which is not fully captured within the chapters that discuss results. Experimental campaigns

were carried out at NASA Glenn Research Center in Cleveland, Ohio, using the 2.2-second drop tower, as

well as aboard Zero-G parabolic flights. Both campaigns were resource-intensive and required extensive

experimental planning, coordination, and logistics. Funding to support these efforts was secured through

the Rhode Island Space Grant Consortium and NASA Rapid Research Response (R3) proposals, which were

written by the myself and Prof. Roberto Zenit.

The details of the experimental apparatus are presented in Chapter 5, including a construction guide for

the homogeneous isotropic turbulence (HIT) chamber and its validation through PIV measurements of the

turbulent flow within the tank. The design and validation of this experiment were inherently challenging,

as the fabrication of HIT chambers is not a trivial task [106–110].

In addition to the standard design considerations required for Earth-based testing, several additional

constraints had to be addressed to enable operation in microgravity, most notably size limitations. The

chamber dimensions were restricted by the volume constraints imposed by NASA for testing in the drop

tower facility. The specific size requirements are detailed in the following section. Beyond geometric

limitations, additional constraints included power supply, data acquisition, and accessibility.

Power availability was a particular concern for the drop tower experiments, as no onboard power source

was provided. Consequently, all powered components had to operate on batteries. Compact Li-Po batteries

were used for the experimental systems, while cameras and laptops were operated on their internal batteries

until recharging was required. In contrast, during parabolic flight campaigns, aircraft power was available,

allowing direct power supply to the experimental equipment.

Finally, the experiment had to be designed with minimal manual intervention during operation. This

requirement necessitated a high degree of automation, enabling the system to function reliably under the

limited access conditions inherent to both drop tower and parabolic flight testing. Further details regarding

the automation strategy are provided in this chapter.
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4.1 NASA Drop Tower Experiments

The first experimental campaign was conducted using the 2.2-second drop tower at NASA Glenn, schematic

shown in Fig. 4.1. The drop tower is in an eight story (24 m) building, resembling a large elevator shaft. The

experiment is placed in a drag shield on the 5th floor, the preparation stage, where it is hoisted up by a

crane pulley system. At the top level, the release stage, the experiment is attached to singular 15 mm pin

which will hold it until release is triggered. The drag shield with the experiment inside is then dropped and

remains in free fall for 2.2 seconds before impacted a large airbag at the capture stage. The experiment

is isolated from the aerodynamic drag because it is not attached to the drag shield and has 19 cm to fall

within the drag shield itself during drop.

One of the most challenging aspects of both experimental campaigns was the necessity of operating

outside of the traditional laboratory environment. The experiments were required to function reliably not

only at Brown University but also under an entirely different set of operational conditions.

Figure 4.1: Image from NASA of NASA Glenn 2.2 drop tower detailing the 8 floor drop with release at
floor 8, preparation at floor 5, and an airbag for capture at floor 1 (photo credits: NASA).

The primary constraints on the experiment’s size, weight, and power consumption were dictated by

the dimensions of the NASA-provided drop tower rig. The entire experimental system, including data

acquisition and power components, had to be mounted to this structure. The rig, approximately 1 m tall, 1
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Figure 4.2: Educational drop tower rig from NASA with camera (top left), HIT chamber (top right), and
controls/computer (bottom center) mounted in place.

m wide, and 0.5 m deep, was shipped to Brown University to allow full integration of the setup. It consisted

of two levels: the upper level supported the turbulence chamber and high-speed camera, while the lower

level housed the laptop used to control the experiment and store data. This configuration is shown in

Fig. 4.2. After integration and testing, the system was disassembled; the rig was returned to NASA, and all

experimental components were packed in a hard case and transported to NASA Glenn for testing.

In addition to geometric limitations, the system was constrained by power availability. During each

drop, no external power source was accessible, requiring the experiment to operate entirely on onboard

batteries. Small Li-Po batteries powered the mixing motors, while a larger NASA-supplied battery pack
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maintained power to the camera and laptop. If any device, including the main battery pack,lost charge,

testing was paused to allow for recharging.

The experiment also could not be manually adjusted during a drop. Access to the experiments was

available before an after drop with the assistance of the NASA engineers onsite. NASA engineers were

in charge of making sure the rig was prepared for drop including putting the drag shield on, checking

the center of mass, pulling the rig up after drop, and releasing the rig to drop. Their support, specifically,

Vittorio Valletta, was crucial to the success of the drop campaign. All critical actions during the drop had

to be automated. Motor shutoff and camera recording were therefore triggered automatically using an

impulse-based system developed with support from undergraduate students. The entire rig was connected

to a voltage input prior to release; once the drop initiated, the voltage signal was removed, triggering

the camera to begin recording and stopping the motors approximately 0.25 seconds later. Because the

high-speed camera has an internal memory for only 3 seconds precise trigger timing was essential.

Finally, the system had to withstand decelerations of up to 30 g at the end of each drop. This phase

imposed the greatest structural stress, yet ground-based testing could not fully replicate these loading

conditions. To mitigate risk, additional structural reinforcements were incorporated to ensure the apparatus

could endure the high deceleration forces.

Over the course of two days, the experiment was successfully dropped 14 times, with data collected

using high-speed imaging and hydrophone measurements.

4.2 Zero G Parabolic Flights

The second experimental campaign was conducted aboard Zero Gravity Corporation parabolic flights

(ZeroG), see Fig. 4.3(a). The parabolic flight achieves microgravity in a similar way as the drop tower by

attaining a state of free fall. However, in this case, when the airplane is on the peak of each parabola the

pilot reduces thrust and lift to match the atmospheric drag, therefore allowing everything inside the plane

to float or be in microgravity. Each flight consisted of 30 parabolas, including two lunar-gravity parabolas

and twenty-eight microgravity parabolas. Each parabola involved approximately 30–40 seconds of ascent

at 1.8 g, followed by approximately 20 seconds of microgravity, and concluding with 30–40 seconds of

descent at 1.8 g (see Fig. 4.3(b) for a schematic). Fig. 4.3(c) shows true accelerometer data for the parabolic
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flights with g-jitter noise captured. After every five parabolas, a pause of approximately 2–3 minutes was

provided to permit minor experimental adjustments.

Preparation for the flight campaign required an extensive safety and engineering review of the

experimental payload. This review included detailed documentation of power consumption, mass properties,

mounting structures, structural load analyses, and hazardous materials assessments. A formal technical

report was submitted, followed by an in-person payload walkthrough with the flight operations team prior

to final approval. Some key details of that report are summarized in this section.

The experiment consisted of the following components:

Description Dimensions (in) Weight (lbs) Quantity Purpose
Experimental payload with fluid – 42 1 Experimental payload
Zoom recorder 1.88 × 2.95 × 3.04 0.53 1 Speed of sound measurements
Camera and mount – – – –
Floor testing stand 18 × 30 × 0.5 27.86 1 Mounting
Power strip 12 × 2 × 0.75 0.81 2 Powering components
Power supply 4.5 × 8.5 × 1.97 1.6 2 Powering components
Top plate 16 × 35 × 0.25 13.64 1 Closing second containment
Laptops 15 × 10 × 0.5 5.5 2 Data collection
Total 18 × 30 × 20 107.8 n/a Experiment

Table 4.1: Experimental system components, dimensions, and weights.

While the core experimental apparatus remained consistent with the drop tower configuration, the

arrangement was modified to accommodate the aircraft environment and its distinct spatial constraints.

In addition to the homogeneous isotropic turbulence (HIT) chamber, high-speed camera, and laptop

computer, the system was required to meet double-containment standards. To satisfy this requirement, a

custom-fabricated Plexiglas enclosure was constructed to surround the entire apparatus (see Fig. 4.4(a) for

schematic representation). Comprehensive load analyses were performed for both the integrated system

(Fig. 4.4(b)) and the internal experimental components (Fig. 4.4(c)).

The experiment was mounted to an aluminum optical breadboard, which was subsequently secured

to a structural metal baseplate containing designated mounting holes compatible with the aircraft floor

interface. The fully assembled system was then rigidly fastened to the aircraft floor to ensure structural

integrity under varying acceleration conditions.

During the campaign, the turbulence intensity within the experimental tank was systematically varied

every three parabolas. In the final five parabolas, a controlled quantity of oil was introduced into the system.
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Figure 4.3: Images showing the details of ZeroG parabolic flight, including (a) the airplane flown (credits:
ZeroG), (b) a schematic (credits: Wiki-MikeRun) of the trajectory of the airplane highlight intervals of 1.8 g
and microgravity, (c) accelerometer data collected aboard parabolic flight showing regions of hypergravity
and microgravity.
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Figure 4.4: Components of parabolic flight experiment with (a) showing the entire mounted system
including the base plate, double containment, HIT chamber, and camera, (b) detailing the structural load
analysis on the HIT chamber, and (c) is a force diagram of the necessary 9 g’s of force required for structural
testing by ZeroG.

As in the drop tower experiments, the setup was designed to operate with a high degree of autonomy. The

experimental team consisted of three members: myself, Prof. Roberto Zenit, and Benjamin Lyons (see

Fig. 4.5). Responsibilities were distributed such that one team member triggered the high-speed camera

at predetermined intervals, another controlled the mixing system to achieve the prescribed turbulence

intensity, and the third operated the hydrophone data acquisition system. These roles were intentionally

structured to be minimal and interchangeable to maintain operational continuity if necessary.

The primary operational challenge encountered during the campaign was data transfer, specifically

the time required to download high-speed image data to the onboard computer between parabolas. This

limitation was successfully mitigated through the implementation of an overlapping triggering protocol,

ensuring that all experimental data were reliably captured and stored.

4.3 Conclusions

The remaining chapters discuss the output of the drop tower and parabolic flight tests including a short

study on the speed of sound in bubbly liquids (Chapter 6) and the results of bubble breakup in microgravity

(Chapter 7). Bubbles do not rise in microgravity and, as a result, form a distinct class of bubbly flows. The

following two chapters focus on what are referred to here as bubble emulsions, see Fig. 4.6 for an example
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Figure 4.5: Photograph of team working aboard the flight in microgravity. Those featured in the image
include, Roberto Zenit (back), Madeline Federle (left), and Ben Lyons (front).

of such a flow. Additionally, see attached videos for comparison of bubble emulsion formation in (1) the

lab at Brown University under Earth’s gravity, (2) NASA drop tower tests, and (3) ZeroG parabolic flights.

Each of these emulsions consists of similar gas volume fractions, 𝛼 ≈ 0.2%, and filmed at similar frame

rates. Further details on the breakup process will be discussed in Chapter 7.

Within the scope of this thesis, a bubble emulsion is defined as a two-phase mixture of air bubbles and

water. Although the term emulsion is traditionally used to describe mixtures of two immiscible liquids, it is

adopted in this work to describe a gas–liquid mixture. A similar system could alternatively be described as a

bubble suspension; however, the term suspension is typically reserved for solid–liquid mixtures. Accordingly,

these chapters seek to investigate the dynamics of bubble emulsions in order to better understand this

unique two-phase flow regime. This work was conducted during years 3-6 of my doctoral degree.
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Figure 4.6: Two examples of bubble emulsions in (a) NASA drop tower test, and (b) ZeroG parabolic flight.
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5 DESIGN OF AN ACCESSIBLE TURBULENCE CHAMBER FOR
LABORATORY EXPERIMENTS

Abstract Homogeneous isotropic turbulence (HIT) chambers provide a valuable platform for

experimentally studying turbulence across a wide range of systems. Existing designs are often

characterized by high cost, complex fabrication requirements, and reliance on outsourced components.

To address these challenges, we present a low-cost, accessible, and open-source HIT chamber that

can be fabricated entirely in-house. The chamber consists of a truncated cube–shaped steel frame

with acrylic windows, with a volume of 5.5 L. Turbulence is generated using eight propellers driven

by DC motors, providing controlled agitation of the flow. To assess the performance of our design,

particle image velocimetry (PIV) was used to quantify the statistical properties of the turbulence.

The design leverages simple machining processes and readily available parts, making it practical

for laboratories regardless of resources. This open-source design aims to broaden access to HIT

experimentation and provide a cost-effective platform for turbulence research and education.

Information This chapter is a modified version of the work published in HardwareX [5].

5.1 Introduction

Homogeneous isotropic turbulence (HIT) is characterized by statistical uniformity in both space and

direction, such that, at any given time, the velocity fluctuations about the mean are evenly distributed

and have a mean value of approximately zero [111]. Studying homogeneous isotropic turbulence presents

significant challenges but offers substantial value for both industrial and natural systems. Given its

complexity and importance in scientific problems, HIT has been the focus of extensive experimental

investigation [106, 107, 109]. Homogeneous isotropic turbulence has been used to study a variety of topics,

such as ice melting [112], cloud drop tracking [113], ocean mixing [114], or even in combustion chambers

[108]. All these studies rely on being able to create reliable and repeatable HIT conditions. While turbulence

is often regarded as a chaotic phenomenon, numerous theories, models, and experimental approaches have

been developed to quantify and investigate this flow regime.
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Given the complexity of homogeneous isotropic turbulence (HIT), many researchers have developed

HIT chambers in both air and water environments. These chambers are typically characterized by statistical

averages of turbulence intensity and designed to meet the scaling and uniformity requirements of HIT.

While various approaches exist, the overarching goal remains the same: to mix the fluid uniformly. One

common method employs jet-stirred tanks [106, 107, 115]. For example, McCutchan et al. designed a

tank with four custom nozzles arranged uniformly within a cubic tank [112]. By pumping fluid through

this nozzle array, they generated turbulence, which they characterized using particle image velocimetry

(PIV) and acoustic Doppler velocimetry (ADV). Another approach uses impellers—similar to the method

adopted in the present study [109, 110]. By employing multiple, dispersed impellers within a tank, it is

possible to achieve isotropy and homogeneity with minimal mean flow. Although these two methods

differ in how turbulence is generated, the resulting flows exhibit similar characteristics and share common

design features, including tank geometries that are often nearly spherical. While the objectives and specific

outcomes vary between chambers, the turbulent Reynolds number typically serves as a common metric

for quantifying turbulence intensity. Table 5.1 provides an overview of several HIT chambers employing

different mixing techniques, sizes, and corresponding turbulent Reynolds numbers, 𝑅𝑒𝜆.

Table 5.1: An overview of some current HIT chamber designs highlighting the geometry, method of
agitation, and 𝑅𝑒𝜆.

Authors Tank Geometry Fluids type Agitation Type Agitation device
quantity

Size 𝑅𝑒𝜆

Current Design Truncated cube chamber Water Impellers 8 36 cm by 36 cm by
36 cm;

260 – 860

McCutchan et al.
(2023) [112]

Cube chamber with jets
located at corners and
midpoints

Water Synthetic Jets 80 44.6 cm by 44.6 cm
wide and 50.4 cm
high

68 – 176

Variano et al. (2008)
[107]

Cube chamber with
synthetic jet array at base
of tank

Water Synthetic Jets 64 80 cm by 80 cm
wide and 100 cm
high

280 – 386

Mannaa et al.
(2021) [108]

Spherical chamber Air/ Gas Fan stirred Four 8 bladed fans 440 mm inner
diameter

Does not
explicitly state
𝑅𝑒𝜆

Wang et al. (2025)
[109]

20-faced polyhedron Water Impellers 12 400 mm edge
length

205 – 602

Zimmerman et al.
(2010) [110]

20 faced icosahedron Water Propellers 12 40 cm edge length ≈ 350

Although numerousHIT chambers have been fabricated bymany researchers, they are oftenmechanically

complex, requiring specialized components, custom fabrication, and outsourced manufacturing. Such

large-scale and costly designs can limit accessibility, particularly for smaller laboratories or teaching

institutions. Notably, through personal communication, it was reported that the 20-faced polyhedral tank
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[109] alone cost upwards of 50 times the price of the system presented here. In response, the present work

introduces a low-cost, ≈ 900 USD, do-it-yourself HIT chamber, designed to be built in-house using readily

available materials and basic machining capabilities. By providing an open-source framework, our aim is to

make HIT experimentation more accessible and affordable for universities and research groups worldwide.

5.2 Hardware description

The turbulence chamber is a compact, benchtop-scale apparatus developed to enable a wide range of

experiments on turbulent flows. The chamber features a truncated cube-shaped tank with transparent

acrylic windows, providing clear optical access for flow visualization and measurements. Eight impellers

are mounted at the interior corners of the tank and driven by DC motors to generate mechanical agitation,

producing homogeneous and isotropic turbulence within the working fluid. The impeller rotation rates—and

consequently the turbulence intensity—can be easily adjusted through Arduino-based motor control. All

components of the chamber, including the tank and mechanical assemblies, were customized and fabricated

in-house using 3D printing and standard machining techniques.

While many previous turbulence chamber designs have relied on costly components or specialized

fabrication processes, the present design prioritizes accessibility and reproducibility. All materials can be

sourced from standard suppliers or local hardware stores, and the fabrication process can be completed in

most academic or research laboratories equipped with basic tools and a 3D printer. By sharing this design as

an open-source project, the goal is to broaden access to experimental turbulence research, enabling students,

educators, and researchers to construct their own chambers and contribute to a growing community of

experimentalists advancing the study of turbulent flows.

The following sections detail the design and fabrication steps. Table 5.3 is a bill of materials with

associated costs. For more details on CAD models and codes, see the project repository on Zenodo [116].

5.3 Design files summary

All design files required to build, customize, and operate the turbulence chamber are open-source and

available on the Zenodo page: https://doi.org/10.5281/zenodo.17288660 . The repository includes the

Arduino code for motor control, as well as CAD files for the corner mounts, motor housings, frame, and
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Table 5.2: All files included in open source for design and fabrication of the Turbulence Chamber

Design filename File type Open source license Location of the file

Arduino Code Arduino File (.ino) CC BY-SA 4.0 digital_repository

Corner Mount CAD file (.step) CC BY-SA 4.0 digital_repository

Motor Housing CAD file (.step) CC BY-SA 4.0 digital_repository

Impeller CAD file (.step) CC BY-SA 4.0 digital_repository

Tank Body Figures included in text included in text

propellers. Details of the remaining components—those not 3D-printed or coded—are provided in the main

text of this paper.

The design files listed in Table 5.2 are the following:

1. Arduino Code: The code written and implemented to control the speed of the motors. The user can

input a value that will dictate the RPM of the motors collectively. This can be adjusted based on the

users needs.

2. CAD files for corner mount, motor housing, and impeller. Each of these CAD files are included in the

open source Zenodo page. These items are explained in detail in the build instructions portion of the

article.

3. Tank Body: The details of the tank body are included in the article in the form of figures and

instructions, this includes the welded frame and the acrylic windows, as well as mounting instructions.

Note that all components can be scaled the desired size. The chamber must not be scaled down to

where the near-field flow regions of the impellers interact, nor should it be scaled too large that the

motors can not provide sufficient power to effectively mix the entire tank.

5.4 Bill of materials summary

See Table 5.3 for a complete bill of materials. If identical parts or materials are not readily available, suitable

alternatives may be used, provided they meet the same functional specifications.
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Table 5.3: Bill of materials for HIT chamber, including part name, assembly item, and cost in U.S dollars

Designator Component Number Cost
per unit
(USD)

Total cost
(USD)

Source of
materials

Material type

tank frame Thick Plain
Steel Angle

3 15.93 47.79 Home
Depot

Metal

tank windows Acrylic
sheets

8 13.90 111.20 Amazon Polymer

Epoxy
windows

Six10 West
System
epoxy

1 32.99 32.99 West Marine Polymer

silicone
windows

Aqueon
Aquarium
Silicone
Sealant

1 12.99 12.99 Amazon Polymer

coating of
frame

Rust-Oleum
spray
coating

1 7.48 7.48 Home
Depot

Polymer

shaft seals Mechanical
Shaft Seal
Replacement
103-12

3 11.99 35.97 Amazon Composite

shaft ball
bearing

Ball
Bearings
608-RS

1 11.99 11.99 Amazon Metal

shaft Shaft 1 12.99 12.99 Amazon Metal
impellers/corner
mounts

Elegoo
Resin (for
3D printing)

1 29.99 29.99 Amazon Polymer

controls Arduino
Mega

1 49.90 49.90 Amazon Semiconductor

DC motor KingVal
Replacement
3660
2150KV
Brushless
Motor

8 45.68 365.44 Amazon Metal

ESC × 8 Electronic
Speed
Controllers

8 12.99 103.92 Amazon Semiconductor

Power supply DC 12V
50A 600W
Power
Supply
Adapter
Transformer
Switch

1 31.99 31.99 Amazon Semiconductor

Total 854.64
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5.5 Build instructions

The setup is a truncated cube-shaped tank, filled with a fluid, commonly water, however, other non-corrosive

fluids can also be used. The agitation is produced by eight impellers, located on each truncated corner,

and rotated by DC motors. The use of such an impeller arrangement produces homogeneous, isotropic

turbulence throughout the fluid. For our research aims, this chamber was built to examine how bubbles break

up within turbulent fields. If the turbulence is sufficiently strong, the gas bubbles fragment and disperse

[117]. The impellers are rotated at a range of speeds to induce different levels of turbulent intensities.

5.5.1 Tank Body

5.5.2 Welded Frame

The chamber is a truncated cube; a cube with the corners cut off. This geometry provided eight exposed

triangular faces that are used for the impeller arms, as seen in Fig. 5.1. The faces of the chamber are octagonal

and provide ample access for visualization. This geometry was chosen as it allowed for symmetry among the

motors. The dimensions of the tank body are adaptable to meet the needs of the user’s experiment, however

the measurements of this tank are 36 cm by 36 cm by 36 cm;. Although we selected a configuration with

eight impellers, other turbulence chambers have employed a wide range of geometries, using anywhere

from four propellers [107] to as many as twenty impellers [109]. While increasing the number of impellers

leads to a finer control over turbulence characteristics, it also introduces substantial design complexity.

The eight-impeller configuration offers a balance: geometric symmetry is maintained but the design and

operation remain tractable.

The turbulence chamber’s external structure is constructed from steel angle stock, chosen to provide a

flat surface for mounting the tank faces. Steel was selected for this experimental setup to ensure sufficient

structural integrity during high-force experiments. However, the chamber body can also be fabricated

from alternative material, or even 3D printed, if the intended application does not subject the structure to

significant mechanical loads. The machining and assembly process was carried out using the following

steps:

1. Cut each ligament (48 total) of the octagon at a 67.5-degree angle, using a Computer Numerical

Control machine to the desired length, Fig. 5.1(a).
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(a) (b) (c)

Welded joint x8

Welded joint x12

Figure 5.1: Components of turbulence chamber frame(a) angled steel ligaments, inset shows the front view
of the ligament,(b) the inside of one assembled face , (c) the outside view of all faces assembled and welded.

2. Weld 8 pieces of the cut steel to one another, creating an octagon. Tungsten Inert Gas (TIG) welding

was used for this step [118]. It is recommended to start by tack welding each piece together and then,

once the geometry is set, finalizing the octagon by applying a full weld to each joint. This geometry

can be seen, looking from the inside of the tank, in Fig. 5.1(b).

3. Weld the following 5 octagons together in the same way, using the remaining ligaments.

4. Weld each octagon to one another (6 in total) from the inside of the angle steel. Again, start by tack

welding each octagon to the others. This will allow for some wiggle room to perfect the truncated

cube geometry. Use a carpenter’s square to ensure each corner is 90 degrees. Once the octagons

are welded to one another, fully weld each joint on the interior and exterior. The final frame should

resemble Fig. 5.1(c).

5. Coat the entire frame in a rust-resistant coating, such as a spray paint, Flex Seal, or powder coating.

This will also seal any small gaps in the weld. If degradation causes the coating to chip or wear away,

it should be reapplied to those areas to minimize the risk of rust contamination.

5.5.3 Acrylic Windows

The windows are attached from the inside of the tank to reduce leaks as the pressure from the inside of

the tank, when full, pushes outward. The window’s dimensions depend on the overall dimensions of the

octagon. The windows need to be small enough to fit inside the tank frame but large enough to fit the inner

edge of the angle steel, the dimensions for this design is a 15.5 cm wide octagon. The laser-cut octagon
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X5 X1 X1

Figure 5.2: Faces for truncated cube including five octagons, one octagon with a large center hole, and one
cap for the center hole.

windows were made from 1/8 inch thick acrylic sheets, as seen in Fig. 5.2. The thickness of the acrylic

sheet can be adjusted based on the overall tank size. Larger tanks will require thicker acrylic. A large

circular hole was cut into the top lid. It was sealed using a laser-cut gasket, with the same hole pattern and

geometry as the top lid, and a circular piece of acrylic to allow access inside the tank. The top hole in the

lid can be used for drainage via a siphon as well as for access to clean the experimental setup.

The windows were attached with marine-grade epoxy and sealed with marine-grade silicone. It is

crucial to secure the bottom window, the one directly across from the window with the circular hole, last.

This will allow for the final base window to be epoxied through the hole from the lid. It is recommended to

secure a maximum of two windows at a time, such that there is ample room to weigh down or clamp each

window during the epoxy’s set and cure times. To securely fasten each window onto the tank frame, the

following steps should be taken:

1. Select Initial Windows: Choose a pair of windows to start with, such as two side panels.

2. Apply Epoxy: Spread a thin layer of epoxy along the inside edge of the angle steel, see Fig. 5.3 for

reference.

3. Position the Window: Place the acrylic window, sanded side down, onto the epoxy-coated edge,

ensuring the sanded edge aligns with the epoxy for optimal contact with both the window and the

steel frame.

4. Secure the Window: Use weights or clamps to hold the window in place for at least the epoxy’s

curing time (typically 5–6 hours).
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Figure 5.3: Schematic for epoxy and silicone sealant. Yellow dotted lines indicate where the epoxy should
be first applied, followed by the sealant.

5. Repeat for Opposite Face: Follow the same process for the opposite window. If working with pairs is

challenging, install one window at a time.

6. Seal Inner Edges: Remove the clamps to apply a thin layer of silicone. Using a caulk gun, apply a

minimal amount of silicone along the inside edges. Wearing gloves, smooth the silicone with your

finger or a tool to fill any gaps evenly.

7. Continue with Remaining Windows: Repeat these steps for the remaining window pairs, completing

the bottom face last. This will allow for access to the interior of the tank throughout the entire

process. Using the hole in the lid, the bottom face can be epoxied and sealed with silicone.

8. Seal Exterior Seams: After all windows are sealed from the inside, apply a thin layer of silicone to the

exterior seams of the tank frame and windows.

9. Curing Time: Allow the silicone to dry for at least 24 hours before filling the tank with water.

As noted, it is best to do this entire process in pairs or one by one to ensure that access to the inside of

the tank is least obstructed. Once the tank is completely sealed, accessing the interior of the tank is much

more difficult, as the hole in the lip of the tank is the only access point. Following these steps ensures that
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Corner Mount 

Motor Mount

Base Mount

(a) (b)

Figure 5.4: (a) Full arm assembly, (b) Separated arm assembly, highlighting the connection points.

the tank is leak-proof. If leaks develop over time due to silicone degradation, the recommended procedure

is to remove the existing silicone using a sharp straight-edged tool (e.g., a razor blade), allow the surfaces

to dry completely, and then reapply silicone to the seams. The windows remain securely fixed by the epoxy,

making reapplication of the silicone straightforward.

5.6 Motor Arms

The arms, constructed of three 3D printed parts (corner mount, base mount, and motor mount), hold

together the driving motor, a ball bearing, a shaft, a mechanical seal, and the propeller, highlighted in

Fig. 5.4. The base of the arm, the corner mount, is sealed onto the tank; this component has a triangular

face that, similarly to the windows, is attached to the steel frame using epoxy. The geometry of the face

of this component is designed to fill the missing corner of the steel frame, which should also be scaled as

needed. In the center of this component, there is a hole for the shaft.

The opposite side of the triangular corner mount features a hole of the same diameter to allow the

shaft to pass through, along with a larger recessed opening designed to accommodate a mechanical seal.

Mechanical seals are commonly used hardware components that allow a rotating shaft to pass through a

surface while preventing fluid leakage. The force applied to the mechanical seal spring is critical, excessive

compression or insufficient compression can lead to leakage or prevent proper rotation. The 3D printed

housing for the mechanical seal is to ensure the appropriate spring compression and minimize these issues.

The diameter of this hole matches that of the mechanical seal, such that the base of the mechanical seal sits

snugly to prevent leakage.
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(a) (b)

4 X M6 helicoil

4 X M6 Socket Cap Screws (20 mm)

Figure 5.5: The corner mount horizontally sliced in half, where (a) is the isometric view highlighting
the locations of helicoils and screws, and (b) is the top view showing the threads and geometry of the
connection points.

The next component of each arm is the base mount, a 3D-printed part designed to sit flush against the

corner mount, securing the mechanical seal via a pressure fit and providing support for a ball bearing and

shaft. The base mount is fastened using four screws that align with helicoils embedded in the corner mount.

To allow for the installation and compression of the mechanical seal’s spring, the base mount is split into

two pieces. Fig. 5.5 illustrates the assembly and the interlocking geometry of these components.

The shaft is long enough to go from the inside of the tank through the corner mount and the base

mount to reach the motor, which is on the other side of the base mount. Finally, the assembly of the arms is

completed by attaching the motor to the shaft. The shaft is mounted to the motor using a rigid coupler, and

the motor is supported by another 3D-printed part attached to the base mount using four screws and nuts

through the holes shown at the corners of both of these prints, as seen in Fig. 5.6.

5.7 Impellers

The impellers, mounted to the shaft that runs from the inside of the tank to the motors, are used to induce

mixing in the tank. The shape and size of these impellers can be modified based on your tank’s requirements.

In the case of our tank, we used small toroidal impellers, as seen in Fig.5.6. This design, modified from [109]
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Figure 5.6: The entirety of the arm assembly from an (a) isometric view, including the: (1) impeller, (2)
shaft, (3) mechanical seal, (4) ball bearing, (5) rigid coupler, and (6) DC motor, and (b) from the top view.

and studied by others [119, 120], has been proven to provide intense mixing. However, other impellers can

be used, such as a typical boat impeller or fan design.

5.8 Mounting Experiment

Finally, for our design, the experiment was mounted on an 18 in. x 18 in. aluminum breadboard using

aluminum T-slotted rail hardware. The experiment needs to be mounted at a certain height to allow space

for the bottom arms to fit. As seen in Fig. 5.7, T-slotted rail hardware was used to make an X-shaped frame

to support the weight of the chamber. This offered enough support for the tank to sit stationary in the

lab. If the experiment is being tested under extreme conditions, such as vibrations or any x-y-z directional

changes, additional supports are added. For example, adding two screw pins to the welded frame that can

then be secured to the T-slotted rail frame, or adding additional supports to secure the tank from the top.

The design for this can be modified as seen fit for individual experimental setups.

In our experiments, the tank was mounted to T-slotted rails, which were affixed to a square aluminum

optical breadboard. This mounting configuration provided sufficient structural support while conforming to

the size constraints imposed by the NASA drop tower facility. As stated previously, the primary objective of

the experiment was to investigate bubble breakup in turbulence; however, we also examined the influence

of microgravity on bubble breakup and dispersion [8].
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T-Slotted rail hardware

Aluminum optical breadboard

Figure 5.7: (Left) A photo of the HIT chamber in its final, fully assembled state. The experiment is filled
with water. (Right) A CAD rendering of fully assembled experiment.

5.9 Operation instructions

The final step for the homogeneous isotropic turbulence chamber is the motor control. The motors must

generate sufficient torque to overcome friction from the mechanical seal and shaft coupling while also

achieving a rotational speed that is high enough to produce the desired turbulence intensity. For this,

the KingVal brushless motors worked for our application. These motors are easily controlled using a

microcontroller such as an electronic speed controller (ESC) and an Arduino Mega, see Fig. 5.8 for a

schematic. The electronic speed controller, 40A 5V brushless 2-4s Lipo, acts as the driver interface between

the Arduino Mega and the motor, and also controls the direction. Based on which order the pins from the

ESC are plugged into each motor, the direction of rotation will change. Simply switching the order of two

of the pins will switch the direction.

An Arduino Mega is used because it has sufficient PWM (Pulse Width Modulation) pins, pin 2 through

13, to run eight motors. To regulate the rotational speed of each brushless motor, an Arduino sends a

PWM signal to the ESC. The ESC interprets the PWM signal and adjusts the motor speed accordingly, with

each PWM value corresponding to a specific motor RPM (rotations per minute). This approach enables

precise and repeatable control of the impeller rotation rate during experiments. A simple code, written in

Arduino can be found on the Zenodo repository, which is used to input an RPM value to run all motors
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ARDUINO MEGA

DC Brushless Motor

x8
ESC x8

Power Supply

12 V 50 A

Laptop Computer

Figure 5.8: A simple schematic to show the control system, including a laptop computer, an Arduino Mega,
eight ESC controllers, eight DC motors, and a 12 V power supply.

simultaneously or individually, or adjust a timing scheme for run time intervals. Motor calibration should be

performed prior to experimentation. Because these motors are relatively low-cost, variations in rotational

speed may occur even when identical input signals are supplied. To address this, a series of calibration

sweeps was carried out, during which the output speed of each motor was optically measured and adjusted

to ensure consistent performance across all units. In addition, although not implemented in the current

design, encoders can be used to create and active feedback loop for precise RPM control. Each ESC is

connected to a terminal block, allowing all units to be powered simultaneously. A 12 V DC power supply

capable of delivering 50 amps is used to drive all eight motors. Sufficient current capacity is essential to

ensure stable motor operation. While lithium-ion polymer batteries can also be used, a power supply is

preferable for long-duration experiments, as batteries tend to drain quickly, leading to fluctuations in motor

rotational speed.

5.10 Validation and characterization

In order to characterize the turbulence intensity and uniformity within the turbulence chamber, we

conducted Particle Image Velocimetry (PIV) measurements. PIV is an optical measurement technique in

which the fluid is seeded with tracer particles. By cross-correlating successive images, PIV determines the

average particle displacement within each interrogation window, providing an estimate of the instantaneous

velocity field. From this velocity field, quantities such as vorticity and basic turbulence statistics can be

calculated.
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We conducted a sweep of 2D PIV experiments in which we tested each experiment, at a set Reynolds

number, 3 times. The field of view for our measurements was 75 mm × 75 mm (1024 × 1024 pixels), resulting

in a spatial resolution of 0.675 mm between vectors. Each snapshot consisted of 111 × 111 vectors. We

varied the rotational rate of the motors to induce a range of turbulence intensities, 260 < 𝑅𝑒𝜆 < 860, a

typical range observed for highly turbulent fields [121]. The turbulent Reynolds number, based on the

Taylor microscale, 𝜆, the root-mean-square of the velocity fluctuations (turbulent kinetic energy), 𝑢′, and

the kinematic viscosity of the fluid, 𝜈, is defined as 𝑅𝑒𝜆 = 𝑢′𝜆/𝜈 [121]. The Taylor microscale is defined as

𝜆 = √15𝜈𝑢′/𝜖, where 𝜖 is the turbulent kinetic energy dissipation rate calculated from the typical way using

experimental PIV data [121]. The bulk fluid that was used for testing was pure water.

For the experiments, the turbulence chamber was completely filled with water to eliminate any bubbles

that could interfere with the post-processing. Additionally, degassing the bulk fluid is considered good

practice and is recommended during experiments. A green laser beam (532 nm) was used to illuminate

the 55 𝜇m diameter tracer particles in the bulk fluid. High-speed images were taken at 5000 fps using a

Photron FASTCAM SA5. The recorded images were then analyzed using PIVLab in Matlab [122]. The mean

and fluctuating velocity components were calculated considering 1000 frames for each case recorded at

5000 frames per second.

Statistical turbulence metrics were extracted from the PIV data to evaluate the flow characteristics

within the tank. In particular, we examined the isotropic ratio, defined as 𝑢𝑟𝑚𝑠/𝑣𝑟𝑚𝑠, which provides a

measure of flow isotropy by comparing the root-mean-square fluctuations of the horizontal and vertical

velocity components. In our experiments, the center of the domain corresponds to 𝑢𝑟𝑚𝑠/𝑣𝑟𝑚𝑠 ≈ 1, suggesting

near-isotropic behavior. Fig. 5.10 shows an ideal case of the color map of the isotropic ratio, whereas 5.9

show more tested cases for a range of Reynolds numbers. The average isotropic ratio for various areas; 8

cm2, 4 cm2, and 2.5 cm2, is shown in the corresponding bounding box. The regions of higher fluctuations,

when 𝑢𝑟𝑚𝑠/𝑣𝑟𝑚𝑠 ≠ 1, are seen closer to the boundaries where near wall and impeller effects are having larger

impact.

Furthermore, we analyzed the distribution of horizontal and vertical velocity fluctuations by evaluating

their fit to a Gaussian profile. Fig. 5.11 presents the probability distribution functions (PDFs) for an

intermediate Reynolds number, 𝑅𝑒𝜆 = 517. The PDF represents the likelihood of a given velocity fluctuation

relative to the mean, providing insight into the statistical nature of the flow field. In the case of homogeneous
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Figure 5.9: Additional colormaps of the isotropic ratio in the horizontal and vertical directions normalized
by the length of the tank. Bounding boxes show the average isotropic ratio in that region. Reynolds ranging
from 220 < 𝑅𝑒𝜆 < 820, increasing from left to right.

1.091

1.085

1.045

Figure 5.10: A colormap of the isotropic ratio in the horizontal and vertical directions normalized by the
length of the tank. Bounding boxes show the average isotropic ratio in that region.
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Figure 5.11: PDFs of the (top) horizontal and (bottom) vertical fluid velocity fluctuations in the HIT
chamber at an Reynolds ranging from 220 < 𝑅𝑒𝜆 < 820, increasing from left to right . The dashed black line
represents the Gaussian profile. Each line corresponds to each time instance throughout the measurement
(2 ms).

isotropic turbulence, the velocity fluctuations in both directions are expected to follow aGaussian distribution,

with the highest probability centered around 0, where the velocity fluctuations in either direction are

equivalent to the mean i.e., 𝑢′/⟨𝑢′2⟩1/2 [123]. Across the range of Reynolds numbers considered, the

experimental data demonstrated good agreementwith theGaussianmodel, consistentwith the characteristics

of isotropic turbulence [123].
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Figure 5.12: The (a) horizontal and (b) vertical spectra of liquid velocity fluctuations for various Reynolds
numbers, 220 < 𝑅𝑒𝜆 < 820. The x-axis represents the wave number, 𝑘, normalized by the wavenumber
corresponding to the propeller diameter, 𝑘𝑑, and the y-axis is the turbulent kinetic energy, 𝐸(𝑘) normalized
by the variance 𝑑⟨𝑢′2⟩. The blue and red lines are the largest and smallest scales for the inertial subrange.

Finally, we evaluated the energy spectra of the turbulence in our tank. Fig. 5.12 shows the kinetic

energy normalized by the variance, versus the wave number, normalized by the impeller diameter, 𝑘𝑑.

Using a Fast Fourier Transform, the experimental results show classical Kolmogorov’s power-law decay,

𝐸(𝑘) ∼ 𝑘−5/3, the typical scaling for HIT in Newtonian fluids [121, 123], is observed for the inertial subrange,

highlighted between the blue and red lines. The data was compared to the John Hopkins turbulence database

and showed very good agreement for the scales of interest in this experiment [124]. Over the range of

Reynolds numbers tested, this scaling is met in both the horizontal and vertical directions. Based on these

measurements, we can conclude that the flow produced by the proposed device is homogeneous isotropic

turbulence.

5.11 Conclusions

We have designed, fabricated, and tested a homogeneous isotropic turbulence (HIT) chamber. While the

concept of HIT chambers is not new, our work presents a novel approach by creating an open-source,

affordable, and accessible design. The chamber can be built entirely in-house by universities with limited

resources using simple machining, 3D printing, and low-cost components, with a total cost of approximately

900 USD.

Experimental testing confirmed that the apparatus is capable of generating turbulence with a high

degree of homogeneity and isotropy. Minor deviations from ideal HIT were observed, primarily due to
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slight motor speed variations. These could be mitigated by integrating encoders to provide real-time RPM

measurements and enable a feedback control loop, ensuring all motors operate at identical speeds.

Compared to existing HIT chamber designs, this work offers a practical and cost-effective alternative

that enables a broader range of researchers to study phenomena influenced by HIT.
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6 SPEED OF SOUND IN BUBBLY LIQUIDS

Abstract The speed of sound in bubbly media, or bubble emulsions, decreases rapidly with

increasing gas volume fraction. Existing theoretical approaches have proved that even with

small gas volume fractions the speed of sound is much less than that is pure water or air; however,

experimental validation remains limited due to the difficulty ofmaintaining stable bubble suspensions

under terrestrial gravity. Experiments were conducted in microgravity to generate stable and

homogeneous bubble emulsions. Bubble emulsions were produced through controlled mechanical

agitation to promote bubble breakup and regulate bubble size distributions. Acoustic waves were

propagated through the mixture and recorded using two hydrophones. The recorded signals were

analyzed to determine the speed of sound across a range of gas volume fractions and bubble size

distributions. Both experimental measurements and theoretical predictions demonstrate a decay in

sound speed with increasing gas volume fraction.

Information This work is currently under development and has not yet been submitted for

publication.

6.1 Introduction

It is well established that the speed of sound in a bubbly liquid is significantly lower than that in either

of its pure components; water or air. The foundational work by Wood in the 1930s demonstrated that the

sound speed in such mixtures is primarily governed by the gas volume fraction, 𝛼 [43],as seen in Eq. 6.1

1
𝑐2𝑚

= [(1 − 𝛼)𝜌𝑙 + 𝛼𝜌𝑔][(1 − 𝛼)𝜅𝑙 + 𝛼𝜅𝑔] (6.1)

where 𝑐𝑚 is the speed of sound in the medium, 𝛼 is the gas volume fraction, defined as the ratio between

the volume of gas, 𝑉𝑚 to the volume of the mixture, 𝑉𝑚.

𝛼 = 𝑉𝑔/𝑉𝑚 (6.2)
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The volume of the mixture is defined as 𝑉𝑚 = 𝑉𝑔 + 𝑉𝑙, where 𝑉𝑙 is the liquid volume and 𝑉𝑔 is the gas

volume. The liquid and gas densities are 𝜌𝑙 and 𝜌𝑔 respectively, and 𝜅𝑙 and 𝜅𝑔 are the compressibility of the

liquid and gas phase. Eq. 6.1 can be derived from the general equation for the speed of sound, 𝑐, with the

modification due to the effective density and compressibility of the mixture.

𝑐2 = 1
𝜌𝜅

(6.3)

To expand the density to that of the mixture an effective density can be defined by the density of the

gas and liquid. The effective density, or mixture density, 𝜌𝑚, is

𝜌𝑚 = (1 − 𝛼)𝜌𝑙 + 𝛼𝜌𝑔 (6.4)

Additionally, the compressibility of the mixture has a large contribution to the speed of sound. The

compressibility of the mixture, 𝜅𝑚, is defined as

𝜅𝑚 = (1 − 𝛼)𝜅𝑙 + 𝛼𝜅𝑔 (6.5)

where 𝜅𝑙 and 𝜅𝑔 are the compressibilities of the liquid and gas phases respectively. Finally, Eq. 6.1 can be

found by substituting Eq. 6.5 and Eq. 6.4 into Eq. 6.3.

As shown by Wilson and Roy in Fig. 6.1, even a small gas volume fraction, on the order of 𝛼 = 0.5%, can

reduce the speed of sound in water by a factor of 100 [15]. Similarly, McWilliam et al. quantified the speed

of sound in air-water mixtures and found trends that are in good agreement with Woods equation [125].

However, as noted in this work, minimal experimental data was used for validation. To our understanding,

majority of the work that has been done to quantify the speed of sound in bubbly liquids was conducted

over a decade ago and/or is theoretical [126–129].

When a sound wave propagates through a bubble curtain, it is partially reflected, scattered, and absorbed

due to the compressibility of the bubbles. This significant reduction in acoustic transmission has motivated

a variety of underwater applications, particularly in studies examining both reductions in the speed of

sound and acoustic attenuation in bubbly media. Much of the research on sound attenuation has focused

on mitigating underwater noise pollution generated during marine construction activities, with the goal of
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Figure 6.1: Speed of sound measurements using Woods equation and experimental values from Wilson
and Roy [15]

protecting marine life. Many fish species communicate using specific frequency ranges, and reducing noise

within these frequencies during underwater operations could help minimize disturbances to these species.

Research on this phenomenon is extensive yet open questions still remain. Numerous studies have

investigated sound propagation and absorption in bubbly media in different contexts. For instance,

bubble curtains, streams of bubbles released into the water to form an acoustic barrier, are used to

dampen underwater noise during industrial processes such as pile driving for offshore wind turbines,

thereby protecting marine life [129–131]. Specifically, Tsouvalas et al. conducted a parametric study that

demonstrated that the effectiveness of noise reduction depends strongly on the diameter of the piles used

during offshore construction. Specifically, their results showed that for large-diameter piles, the dominant

mechanism for noise reduction is the acoustic impedance mismatch between seawater and the bubble

curtain, which leads to increased reflection of the sound waves. In contrast, for smaller piles, the resonant

frequency of the bubbles plays a more significant role in the attenuation process. In this case, the bubble

curtain primarily governs the acoustic absorption of the sound waves [129].

Similarly, certain whale species generate bubble nets around schools of fish, disorienting their prey and

facilitating capture [132]. More recently, there has been growing interest in the potential use of bubbles

as acoustic dampeners in underwater defense systems, offering a means of acoustic stealth [133]. The

study of sound propagation and attenuation in bubble liquids has broad implications: environmentally, by

improving acoustic protection for marine ecosystems [134]; technologically and commercially, by enhancing
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underwater manufacturing and offshore energy operations [131]; and socially, by contributing to national

defense applications where acoustic control is critical.

Despite these advances, the influence of bubble diameter, flow structure and behavior, and the properties

of the surrounding fluid have received surprisingly little attention. Additionally, many of these studies rely

on analytical and theoretical models with little experimental validation data. It is commonly stated that

when the resonant frequency of a bubble differs from the frequency of the generated sound, the bubble’s

diameter can be considered negligible [15, 125, 127]. However, when the bubble’s resonant frequency

closely matches the frequency of the sound wave, the behavior becomes much more complex. Similarly,

the flow dynamics within bubble curtains or nets, including bubble wake interactions, which themselves

depend on the bulk fluid properties, are typically overlooked when studying sound attenuation in these

systems.

The present study examines the speed of sound in a bubble emulsion, a unique two-phase flow consisting

of a small gas volume fraction of air dispersed as bubbles in a water-like fluid. Experiments were conducted

in microgravity, creating a stable bubble emulsion, to further quantify the speed of sound in bubbly liquids.

Over a variety of tests, the distribution and size of bubbles were changed to measure the change in the

speed of sound. The current results of this study show a change in the speed of sound however it is not

developed enough to fully quantify the true effect of size and distribution.

6.2 Experimental Arrangement

A homogeneous isotropic turbulence (HIT) chamber was used to create a bubble emulsion in microgravity.

The details of the HIT chamber can be found in our previous work seen in Chapter 5[116]. In the case of

these experiments, the HIT chamber was used to introduce bubbles into the bulk fluid. The truncated cube

shaped tank, as seen in Fig. 6.2, roughly 5.5 L, was filled with a majority of water and a small gas volume

fraction. The gas volume fractions tested ranged from 0.1% to 10%. The gas volume fraction was controlled

by removing a set amount of fluid from the tank before completely sealing the tank. Once the tank was set

to the desired air water ratio, a set of eight impellers, located on the corner of the truncated cube, were used

to induce agitation to the fluid and introduced bubbles into the flow, see Fig. 6.3. The intensity of agitation

was changed by inputting a range of rotational rates to the impellers. The rotational rates correspond to
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Figure 6.2: A schematic of the experimental setup including bubble emulsion, 8 impellers, high speed
camera, and hydrophone speaker arrangement.

turbulent Reynolds numbers ranging from 260 < 𝑅𝑒𝜆 < 860. These intensities lead to a range of bubble

diameters, however the mean bubble diameter typically is between 0.4 to 0.7 mm, resulting in a natural

bubble frequency of approximately 6kHz. The natural frequency is defined as [135];

𝑓0 =
1

2𝜋𝑅√

3𝛾𝑃
𝜌

(6.6)

where 𝑅 is the bubble radius, 𝛾 is the polytropic coefficient which is 1.4 for air, 𝑃 is the ambient pressure,

and 𝜌 is the density of water.

The hydrophone-speaker arrangement was used to measure the speed of sound in a bubbly liquid.

A waterproofed speaker was placed at one end of the tank. The speaker created an audible noise that

swept over range of frequencies from approximately 1700 to 2100 Hz. An Aquarian Hydrophones AS-1

hydrophone was used to record these frequencies and was placed near the speaker. A second hydrophone

was placed on the opposite side of the tank. The audio data collected at each hydrophone was then compared

to one another. Fig. 6.4 shows a typical recorded signal.

These experiments were conducted at NASA Glenn drop tower and aboard a parabolic flight campaign,

see Chapter 4 for details. The drop tower, which is an 8 story high shaft allowed for 2.2 seconds of
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Figure 6.3: A snapshot image at one time instance that shows bubble breakup and dispersion due to
mechanical agitation, 𝛼 = 0.2%, Re ≈ 425. Bubble sizes range from 0.5 to 4mm, majority being approximately
1 mm.

Figure 6.4: (left) A preview of the hydrophone signals from hydrophone 1, red, and hydrophone 2, blue.
Hydrophone 1 signal is very clear and located near the underwater speaker, whereas hydrophone 2 is
located roughly 20 cm from the speaker and contains noise from signal interaction with bubbles. (right) A
similar preview of hydrophone signals zoomed in from 0.4 to 0.5 seconds.

microgravity to be achieved as the experiment fell. The parabolic flights allowed for roughly 20 seconds of

microgravity; however, majority of the experimental results will focus on the drop tower as a wider range
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of gas volume fractions was achievable under these conditions. The microgravity environment provides

a unique environment in which the bubbles, after dispersed in the bulk liquid, will not rise and remain

dispersed in the liquid, creating a stable bubble emulsion. This unique environment therefore provided

access to longer duration experimentation of the speed of sound in a bubbly liquid. We hypothesize that

this environment leads to a better way to accurately determine the speed of sound.

A set of 15 drop tower experiments were conducted. Each experiment consisted of testing a different

gas volume fraction a minimum of 3 times. The experiment began with roughly 3 seconds of mixing prior

to drop, and 0.25 seconds of mixing into the drop. Once the mixing was complete, the hydrophones and a

high speed camera would collect audio and visual data of the sound wave and dispersion of the bubbles

receptively. Using the high speed images and the hydrophone data in parallel provided an understanding

of the dispersion of the bubbles on the speed of sound.

6.3 Data Processing

The results presented in this section are preliminary and aim to establish a methodology for estimating

the speed of sound in a bubble emulsion. First, to evaluate the experimental measurements, the estimated

speed of sound was compared with classical theoretical predictions for acoustic propagation in two-phase

flows. One of the earliest and most widely used models was proposed by Wood (1930) [43], which relates

the speed of sound in a mixture to its effective compressibility, Eq. 6.1.

Using this formulation, we can achieve an estimate for the speed of sound based on a range of gas

volume fractions tested during experiments, as seen in Fig. 6.5. The major limitation to this theoretical

approach, and the purpose of these experiments, was to understand how the size and distribution of the

bubble emulsion, factors that are not accounted for in Eq. 6.1, effect the speed of sound.

To evaluate the speed of sound directly from the experimental data the cross correlation between the

pair of hydrophone signals was computed. The cross correlation function is defined as

CCF(𝜏) = ∫
+∞

−∞
𝑓 (𝑡)𝑔(𝑡 − 𝜏)d𝑡. (6.7)

71



0 0.2 0.4 0.6 0.8 1

Gas volume fraction, 

10
1

10
2

10
3

S
p
ee

d
 o

f 
so

u
n
d
, 
c 

(m
/s

)

α

Figure 6.5: A plot of the gas volume fraction, 𝛼, versus the speed of sound, 𝑐. Using Eq. 6.1, an estimated
speed of sound based on the fluid properties can be estimated. The black points represent the estimated
experimental values, with gas volume fractions ranging from 0.1% to 10%. The inset figure shows the
zoomed in portion of these results to highlight the steep decay in the speed of sound at small gas volume
fractions.

where 𝑓 and 𝑔 are the recorded audio signals, and 𝜏 is the lag between the two signals. The cross correlation

function reaches a maximum at the lag 𝜏𝑜𝑝𝑡𝑖𝑚𝑎𝑙 corresponding to the time delay between the two signals

when they are similar. The speed of sound can then be calculated:

𝐶 = 𝐿/𝜏𝑜𝑝𝑡𝑖𝑚𝑎𝑙 (6.8)

where 𝐿 is the known distance between the two hydrophones.

Although this expression appears straightforward, defining the lag time is nontrivial. Both hydrophones

recorded acoustic signals; however, hydrophone 2, located a distance 𝐿 ≈ 20 cm from the speaker, exhibited

substantially higher noise levels due to scattering and attenuation caused by bubbles, as seen in Fig. 6.4.

To improve themeasurement, the signals were filtered and amplified. The aim is to isolate the frequencies

in the range of 1700 to 2100 Hz. Each experiment was divided into sound ’bursts’, where each burst was the

input acoustic sweep lasting for approximately 1 second. Isolating individual bursts allowed the temporal
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and spectral characteristics of the signal to be examined independently. The experiments conducted in the

drop tower had only 1 burst in microgravity, as seen in Fig. 6.4, wheres in the parabolic flight experiments

4 to 5 burst were recorded as seen in Fig. 6.6(a).

Fig. 6.6 (a) shows the second isolated burst for this set experiment. During this interval, microgravity

conditions were achieved, with an average gravitational acceleration of approximately 0.087 𝑚/𝑠2. Due

to small variation in gravitational acceleration, also known as g-jitter, the average acceleration and

photographic observations were used to characterize the bubble distribution during the burst.

Both hydrophone signals were band-pass filtered to remove any noise above 7500 Hz and below than

1000 Hz. The signal recorded from hydrophone 2 was amplified as this signal was substantially damped

due to the fluid. Fig. 6.6 (b) illustrates this filtration and amplification.

(a) (b)

Figure 6.6: (a) Signal recorded from hydrophones where the red is the entire signal captured including
the mixing of the fluids, shown by the large amplitude noise. The blue is the designated burst of interest
recorded by hydrophone 1 and filtered as shown by the above blue signal. The black is the designated burst
of interested recorded by hydrophone 2, the signal below is the original signal filtered an amplified. (b) A
zoomed in representation of the burst of interested showing the first hydrophone in blue and the second in
red with their respective filtered and amplified versions in the the dashed lines.

A spectral analysis was conducted to verify the dominant frequency content of the bursts and identify

additional frequency components generated during the experiment. As shown in Fig. 6.7, the dominant

peaks appear within the targeted frequency range from 1700 and 2100 Hz for both hydrophones. Additional

peaks can be seen between 4000 to 6000 Hz. These higher-frequency components are likely associated with

acoustic reflections within the tank and scattering caused by bubble interactions. Due to noise contributions
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from both the experimental environment and reflections within the tank, isolating the direct acoustic signal

proved challenging. For this reason, room acoustic processing methods were considered.

Figure 6.7: A spectrogram of hydrophone 1, top, and hydrophone 2, bottom, signals. The red lines show
the targeted frequencies and the black dotted lines are the cut off bounds.

6.4 Results

Following the signal processing described above, the cross correlation between the two hydrophone signals

was computed. An example of the cross-correlation result is shown in Fig. 6.8. A cross-correlation coefficient

of 0.26 was obtained, corresponding to a delay time of approximately 7.86 × 10−4 s and an estimated speed

of sound of approximately 266 m/s. This result indicates a moderate linear relationship between the two

signals. In this particular experiment, the second correlation peak coincides with the maximum peak,

providing additional confidence in the measurement.

The first set of experiments were conducted under Earth’s gravity in a bubble column. Although the

experimental configuration varied slightly, see details in the work done by Ravisankar and Zenit [136], the

hydrophones were arranged in a similar way, with one located near the speaker and the second placed
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Figure 6.8: Cross correlation plot between hydrophone 1 and hydrophone 2 for the sound signal sweeping
from 1700 to 2100 Hz, wavelength between 0.87 m and 0.70 m. The peaks shown are the maximum alignment
between the two signals, with the overall maximum being the second peak at 0.000786 seconds.

at the opposite end of the tank. These experiments aimed to serve as a baseline for comparison with the

microgravity measurements.

The results of the Earth gravity experiments are summarized in Table 6.1. Each experiment consisted of

multiple acoustic bursts, and the delay times corresponding to the first three peaks as well as the maximum

cross-correlation coefficient were used to compute the corresponding speeds of sound. The expected speed of

sound based on the 1% and 2% gas volume fraction tests were 100.8 and 71.7 m/s respectively.The calculated

speeds of sound vary significantly from the expected value predicted by Eq. 6.1. This discrepancy could be

due to bubbles interacting with the hydrophones as they rise, causing misreadings in the hydrophone data,

or due to acoustic scattering from the tank itself.

Following the baseline Earth experiments, the same signal processing methodology was applied to

the microgravity experiments conducted in both the drop tower and parabolic flight campaigns. Despite

the agreement with the expected and measured speed of sound, the estimated sound of speed should

be interpreted as an approximation. In many of the experiments, the cross-correlation coefficient at the

maximum peak did not yield physically reasonable values for the speed of sound. For this reason, multiple

peaks within each burst were examined rather than relying solely on the global maximum. As shown in
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Trial – Burst 𝛼 Delay 1 [s] Delay 2 [s] Delay 3 [s] Delay (Max) [s] SOS 1 [m/s] SOS 2 [m/s] SOS 3 [m/s] SOS (MaxCoeff) [m/s]
1–1 1.00 4.32 × 10−4 8.28 × 10−4 1.44 × 10−3 2.11 × 10−2 1758.07 917.74 528.70 36.02
1–2 1.00 3.85 × 10−4 1.03 × 10−3 1.93 × 10−3 7.08 × 10−3 1971.89 740.71 394.38 107.29
1–3 1.00 4.69 × 10−5 6.93 × 10−4 1.25 × 10−3 4.69 × 10−5 16213.33 1097.14 608.00 16213.33
1–4 1.00 2.60 × 10−5 4.69 × 10−4 1.01 × 10−3 2.35 × 10−2 29184.00 1621.33 752.16 32.36
1–5 1.00 8.85 × 10−5 6.98 × 10−4 1.32 × 10−3 6.98 × 10−4 8583.53 1088.96 576.76 1088.96
2–1 1.00 4.38 × 10−4 9.38 × 10−4 1.46 × 10−3 3.52 × 10−3 1737.14 810.67 521.14 215.86
2–2 1.00 1.25 × 10−4 7.08 × 10−4 1.29 × 10−3 4.74 × 10−1 6080.00 1072.94 588.39 1.60
2–3 1.00 3.54 × 10−4 9.79 × 10−4 1.58 × 10−3 1.58 × 10−3 2145.88 776.17 480.00 480.00
2–4 1.00 2.92 × 10−4 8.75 × 10−4 1.50 × 10−3 2.92 × 10−4 2605.71 868.57 506.67 2605.71
2–5 1.00 4.17 × 10−4 9.79 × 10−4 1.56 × 10−3 1.27 × 10−2 1824.00 776.17 486.40 59.90
3–1 1.00 1.30 × 10−4 8.18 × 10−4 9.27 × 10−4 6.81 × 10−3 3379.20 538.09 474.61 64.64
3–2 1.00 8.33 × 10−5 6.04 × 10−4 1.17 × 10−3 5.96 × 10−3 5280.00 728.28 377.14 73.85
3–3 1.00 1.15 × 10−4 6.77 × 10−4 1.23 × 10−3 8.80 × 10−3 3840.00 649.85 357.97 50.02
3–4 1.00 3.28 × 10−4 1.08 × 10−3 1.99 × 10−3 1.99 × 10−3 1340.95 406.15 221.15 221.15
3–5 1.00 1.77 × 10−4 8.49 × 10−4 1.34 × 10−3 3.71 × 10−3 2484.71 518.28 328.72 118.65
4–1 1.00 3.13 × 10−4 9.58 × 10−4 1.54 × 10−3 5.54 × 10−3 1408.00 459.13 285.41 79.40
4–2 1.00 2.71 × 10−4 8.33 × 10−4 1.40 × 10−3 2.52 × 10−2 1624.62 528.00 315.22 17.48
4–3 1.00 1.25 × 10−4 7.29 × 10−4 1.31 × 10−3 1.25 × 10−4 3520.00 603.43 335.24 3520.00
4–4 1.00 4.38 × 10−4 1.04 × 10−3 1.67 × 10−3 1.67 × 10−3 1005.71 422.40 264.00 264.00
4–5 1.00 6.25 × 10−4 1.15 × 10−3 1.81 × 10−3 4.88 × 10−3 704.00 384.00 242.76 90.26
5–1 2.00 4.95 × 10−4 1.15 × 10−3 1.67 × 10−3 2.96 × 10−1 1536.00 663.27 456.00 2.57
5–2 2.00 1.04 × 10−5 5.42 × 10−4 1.16 × 10−3 3.28 × 10−2 72960.00 1403.08 654.35 23.16
5–3 2.00 1.04 × 10−4 6.67 × 10−4 1.30 × 10−3 1.01 × 10−2 7296.00 1140.00 586.02 75.37
5–4 2.00 1.82 × 10−4 7.19 × 10−4 1.39 × 10−3 2.61 × 10−3 4169.14 1057.39 546.52 290.68
5–5 2.00 4.79 × 10−4 1.07 × 10−3 1.67 × 10−3 8.77 × 10−3 1586.09 708.35 456.00 86.70
6–1 2.00 4.79 × 10−4 1.33 × 10−3 2.27 × 10−3 4.82 × 10−2 1586.09 570.00 334.68 15.76
6–2 2.00 6.67 × 10−4 1.56 × 10−3 2.27 × 10−3 2.21 × 10−2 1140.00 486.40 334.68 34.42
6–3 2.00 5.63 × 10−4 1.44 × 10−3 2.33 × 10−3 1.27 × 10−2 1351.11 528.70 325.71 60.00
6–4 2.00 4.17 × 10−5 9.17 × 10−4 1.75 × 10−3 2.35 × 10−2 18240.00 829.09 434.29 32.37
6–5 2.00 6.25 × 10−5 7.29 × 10−4 1.27 × 10−3 5.38 × 10−2 12160.00 1042.29 598.03 14.12
7–1 2.00 7.29 × 10−4 1.60 × 10−3 2.53 × 10−3 1.99 × 10−2 603.43 275.18 173.83 22.13
7–2 2.00 2.50 × 10−4 1.46 × 10−3 2.45 × 10−3 8.40 × 10−3 1760.00 301.71 179.36 52.41
7–3 2.00 4.22 × 10−4 1.38 × 10−3 2.23 × 10−3 1.04 × 10−2 1042.96 320.00 197.38 42.49
7–4 2.00 2.08 × 10−4 1.33 × 10−3 2.36 × 10−3 6.23 × 10−3 2112.00 331.29 186.49 70.58
7–5 2.00 4.38 × 10−4 1.46 × 10−3 2.34 × 10−3 1.83 × 10−1 1005.71 300.64 187.73 2.40
8–1 2.00 3.75 × 10−4 1.35 × 10−3 2.31 × 10−3 5.23 × 10−3 1173.33 324.92 190.27 84.14
8–2 2.00 3.33 × 10−4 1.29 × 10−3 2.29 × 10−3 4.27 × 10−3 1320.00 340.65 192.00 103.02
8–3 2.00 3.13 × 10−4 1.19 × 10−3 2.23 × 10−3 5.17 × 10−3 1408.00 370.53 197.38 85.16
8–4 2.00 8.75 × 10−4 1.71 × 10−3 2.46 × 10−3 4.92 × 10−1 502.86 257.56 178.98 0.89
8–5 2.00 1.04 × 10−4 1.04 × 10−3 2.02 × 10−3 7.17 × 10−3 4224.00 422.40 217.73 61.40

Table 6.1: Measured delay times and corresponding computed speeds of sound for individual bursts for
two gas volume fractions, 𝛼 = 1 and 2, and in bubble column under Earth’s gravity.

Fig. 6.8, the first three peaks, including the maximum peak, were analyzed. These peak locations were

used to compute four corresponding estimates of the speed of sound, which were then compared to the

theoretical prediction based on the prescribed gas volume fraction using Eq. 6.1. The results are summarized

in Table 6.2.

Test 𝛼 Delay 1 [s] Delay 2 [s] Delay 3 [s] Delay (Max) [s] SOS 1 [m/s] SOS 2 [m/s] SOS 3 [m/s] SOS (Max) [m/s] Expected [m/s]
1 0.10 5.00 × 10−4 1.08 × 10−3 1.60 × 10−3 5.94 × 10−3 418.50 193.15 130.44 35.24 311.25
2 0.10 1.67 × 10−4 6.25 × 10−4 1.15 × 10−3 1.15 × 10−3 1255.50 334.80 182.62 182.62 311.25
3 0.25 1.67 × 10−4 5.42 × 10−4 9.17 × 10−4 2.92 × 10−2 1255.50 386.31 228.27 7.16 198.53
4 0.25 4.79 × 10−4 1.08 × 10−3 1.67 × 10−3 3.38 × 10−3 436.70 193.15 125.55 62.00 198.53
5 0.25 4.58 × 10−4 1.00 × 10−3 1.50 × 10−3 2.60 × 10−3 456.55 209.25 139.50 80.35 198.53
6 0.50 3.33 × 10−4 1.00 × 10−3 1.48 × 10−3 2.15 × 10−3 627.75 209.25 141.46 97.51 140.93
7 1.00 6.25 × 10−5 6.04 × 10−4 1.17 × 10−3 6.04 × 10−4 3348.00 346.34 179.36 346.34 100.03
8 1.00 5.83 × 10−4 1.19 × 10−3 1.73 × 10−3 2.85 × 10−3 358.71 176.21 121.01 73.31 100.03
9 5.00 4.17 × 10−5 5.63 × 10−4 1.08 × 10−3 5.63 × 10−4 5022.00 372.00 193.15 372.00 45.71
10 5.00 5.63 × 10−4 1.10 × 10−3 1.63 × 10−3 3.25 × 10−3 372.00 189.51 128.77 64.38 45.71
11 10.00 6.04 × 10−4 1.81 × 10−3 2.75 × 10−3 5.54 × 10−3 346.34 115.45 76.09 37.76 33.21

Table 6.2: Measured delay times and corresponding computed speeds of sound compared to theoretical
predictions from drop tower tests for bubbles with diameters of approximately 0.55 mm.
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Similarly, the first peak and maximum peak were identified for the parabolic flights, see Table 6.3. These

results were also compared to the theoretical predication. The main difference between the parabolic flight

and drop tower experiments was the change in the gas volume fraction. For the experiments conducted on

the drop tower the gas volume fraction was varied, with less access the experiment aboard the parabolic

flights, the gas volume fraction remained constant. However the rotational rate of the mixing was varied,

increasing from test 4 to 21. No conclusions have been made on the impact of the rotational rate on the

speed of sound.

Test –
Burst No.

𝑑𝑏 (Mean)
[mm]

𝑆𝑂𝑆𝑚𝑎𝑥
[m/s]

𝑆𝑂𝑆1 [m/s]

4 – 2 0.63 204.97 484.05
4 – 5 0.63 2363.30 304.36
5 – 1 0.63 232.23 232.23
5 – 5 0.63 140.96 233.58
6 – 2 0.59 3348.00 313.87
6 – 4 0.59 1385.40 297.60
7 – 2 0.59 4017.60 332.03
7 – 5 0.59 4464.00 346.34
8 – 2 0.59 208.17 208.17
8 – 4 0.59 ∞ 181.79
9 – 2 0.61 2008.80 289.03
9 – 4 0.61 186.86 349.35
10 – 2 0.61 542.91 221.96
10 – 4 0.61 139.50 213.70
11 – 2 0.61 3652.00 340.47
11 – 4 0.61 139.50 217.16
12 – 2 0.58 913.09 273.30
12 – 4 0.58 221.96 221.96

Test –
Burst No.

𝑑𝑏 (Mean)
[mm]

𝑆𝑂𝑆𝑚𝑎𝑥
[m/s]

𝑆𝑂𝑆1 [m/s]

13 – 2 0.58 161.34 286.97
13 – 4 0.58 ∞ 163.98
14 – 2 0.58 203.90 203.90
14 – 4 0.58 ∞ 219.54
15 – 2 0.56 ∞ 168.10
15 – 3 0.56 167.40 313.87
16 – 2 0.56 1488.00 299.80
16 – 4 0.56 1913.10 311.40
17 – 2 0.56 1296.00 309.04
17 – 4 0.56 2678.40 355.50
18 – 2 0.54 954.57 262.60
18 – 3 0.54 165.30 291.10
19 – 2 0.54 2363.30 329.30
19 – 4 0.54 168.10 295.40
20 – 2 0.54 446.40 199.88
20 – 4 0.54 267.84 267.84
21 – 2 0.55 1004.40 324.00
21 – 4 0.55 2114.50 318.00

Table 6.3: Measured speed of sound values for individual bursts corresponding to experiments conducted
on parabolic flights where, 𝛼 = 0.2% and the expected speed of sound value is equal to 222.39 m/s.

Although several of the calculated values were in reasonable agreement with the expected prediction,

the measurements did not consistently align with theory. Fig. 6.9 plots the most reasonable data for all

experimental campaigns compared to the theoretical prediction. At present, we are unable to conclusively

explainwhy certain estimates fall within the anticipated rangewhile others deviate significantly. Bubble-induced

scattering and attenuation significantly distort the acoustic signal, making identification of a distinct

cross-correlation peak difficult. Additional refinement of signal processing methods will be required to

improve measurement accuracy.
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Figure 6.9: Experimental data plotted in comparison with the theoretical prediction (black line) of the
speed of sound in a bubble emulsion. The various shapes represent the experimental environment; drop
tower, ground-based, or parabolic flights, whereas, the colors designate the gas volume fraction ranging
from 0.1 to 10 %.

6.5 Conclusions

The speed of sound in a bubble emulsion decreases significantly relative to pure water as gas volume fraction

increases. Both the microgravity experimental measurements and theoretical predictions demonstrate that

the speed of sound ranges from approximately 300 to 30 m/s for gas volume fractions between 0.1% and

10%. Experiments were conducted under Earths gravity as a baseline and then in microgravity conditions

using both drop tower testing and parabolic flight campaigns to create a stable bubble emulsion. The speed

of sound was estimated by calculating the cross-correlation between two hydrophone signals generated

by an acoustic wave propagating through the bubbly medium. While the experimental data confirm the

expected reduction in sound speed, measurement uncertainty was introduced by noise caused by scattering

from tank walls and bubbles, making precise identification of cross-correlation peaks challenging.

Experimental results were compared with Wood’s (1930) theoretical model and showed some deviation.

These differences are likely attributable to bubble size distribution and dispersion effects, which are not

accounted for in the theoretical formulation.

This study represents an initial investigation into acoustic wave propagation in bubble emulsions and

remains ongoing. Future work will focus on developing a more comprehensive understanding of sound
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propagation within the experimental tank. This includes incorporating room acoustics analysis methods

and investigating the influence of different acoustic frequencies on the measurements. In the present study,

the sound frequency was selected based on the optimal operating range of the hydrophones rather than the

natural frequency of the bubbles. Future experiments should therefore examine a wider range of acoustic

frequencies, ideally those significantly different from the natural frequency of the bubbles.

Supplementary Material

Below is the Matlab script that was used for the analysis of the hydrophone signals.

1 [caption={MATLAB implementation used for acoustic analysis of bubbly liquid experiments},

2 label={lst:soundanalysis}]

3

4 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

5 % Sound Analysis with MATLAB Implementation %

6 % %

7 % Author: M.Sc. Eng. Hristo Zhivomirov 04/01/14 %

8 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

9 % Modified by R. Zenit and M. Federle to analyze sound in bubbly liquids. 02/10/25

10

11 set(groot,'defaultLineLineWidth',2)

12 set(groot,'defaultAxesFontName','Times New Roman')

13 set(groot,'defaultTextFontName','Times New Roman')

14 set(groot,'defaultAxesFontSize',18)

15 set(groot,'defaultTextFontSize',18)

16

17 [x, fs] = audioread('ZeroG/250503_003_Tr1.WAV'); % load hydrophone signal 1

18 [x2, fs2] = audioread('ZeroG/250503_003_Tr2.WAV'); % load hydrophone signal 2

19

20 N = length(x);

21 t = (0:N-1)/fs;

22

23 N2 = length(x2);

24 t2 = (0:N2-1)/fs2;

25
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26 % Trim signal

27 duration = 1; % seconds

28 t0 = 6.4 + 1.3*(1); % manually selected start time

29

30 x_s = x(t0*fs:(t0+duration)*fs-1);

31 t_s = t(t0*fs:(t0+duration)*fs-1);

32

33 x2_s = x2(t0*fs:(t0+duration)*fs-1);

34 t2_s = t2(t0*fs2:(t0+duration)*fs2-1);

35

36 %% Plot signal waveform

37 figure('Name','Signal')

38 plot(t, x, 'r')

39 hold on

40 plot(t_s, x_s, 'b')

41 plot(t2_s, x2_s-0.5, 'k')

42 xlabel('Time, s')

43 ylabel('Amplitude')

44 title('Signal in time domain')

45 grid on

46

47 %% Filtering parameters

48 fc_h = 7500; % high cutoff frequency

49 fc_l = 1000; % low cutoff frequency

50

51 fis_h = 2100; % input sound frequency range

52 fis_l = 1600;

53

54 % Filter design

55 LP = designfilt('lowpassiir','FilterOrder',8,...

56 'PassbandFrequency',fc_h,'PassbandRipple',0.2,...

57 'SampleRate',fs);

58

59 HP = designfilt('highpassiir','FilterOrder',8,...

60 'PassbandFrequency',fc_l,'PassbandRipple',0.2,...
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61 'SampleRate',fs);

62

63 % Apply filters

64 x_s_f = filtfilt(LP,x_s);

65 x2_s_f = filtfilt(LP,x2_s);

66

67 x_s_f = filtfilt(HP,x_s_f);

68 x2_s_f = filtfilt(HP,x2_s_f);

69

70 %% Spectrogram

71 windowsize = 2^12;

72

73 figure('Name',"Spectrogram")

74

75 subplot(2,1,1)

76 spectrogram(x,windowsize,3/4*windowsize,[],fs,'yaxis')

77 title('Spectrogram Hydrophone 1')

78

79 subplot(2,1,2)

80 spectrogram(x2,windowsize,3/4*windowsize,[],fs2,'yaxis')

81 title('Spectrogram Hydrophone 2')

82

83 %% Power spectral density

84 [X,f] = pwelch(x,ones(windowsize,1),windowsize/2,windowsize,fs,'power');

85 X = 20*log10(sqrt(X)*sqrt(2));

86

87 [X_s,f_s] = pwelch(x_s,ones(windowsize,1),windowsize/2,windowsize,fs,'power');

88 X_s = 20*log10(sqrt(X_s)*sqrt(2));

89

90 %% Cross correlation

91 [Rx,lags] = xcorr(x_s,x2_s,'coeff');

92 d = lags/fs;

93

94 [Rx2,lags2] = xcorr(x_s_f,x2_s_f,'coeff');

95 d2 = lags2/fs2;
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96

97 figure('Name','Crosscorrelation')

98 plot(d,Rx,'r')

99 hold on

100 plot(d2,Rx2,'r--')

101 xlabel('Delay, s')

102 ylabel('Crosscorrelation coefficient')

103 title('Crosscorrelation of signals')

104 grid on

105

106 % Peak detection

107 mask = (d2 >= 0) & (d2 <= 0.0015);

108 d2_window = d2(mask);

109 Rx2_window = Rx2(mask);

110

111 [all_peaks,all_locs] = findpeaks(Rx2_window,d2_window);

112

113 if length(all_peaks) >= 2

114 peak_val = all_peaks(2);

115 peak_time = all_locs(2);

116 end

117

118 % Speed of sound calculation

119 dist = 0.20925;

120 sos = dist / peak_time
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7 BUBBLE EMULSIONS IN MICROGRAVITY

Abstract Bubble breakup in turbulent flows remains an open question, largely due to the limited

availability of high-quality experimental datasets. The objective of this work is to contribute to the

development of such a dataset by quantifying bubble breakup under controlled turbulent conditions.

In this study, bubble breakup was experimentally investigated in turbulence under microgravity

conditions, which eliminate buoyancy effects and allow bubbles to remain suspended within

the flow. A homogeneous isotropic turbulence (HIT) chamber was used to generate sufficiently

intense turbulence to induce bubble breakup. The turbulence intensity within the chamber was

quantified using particle image velocimetry (PIV) measurements. Under these highly turbulent

conditions, rapid bubble breakup was observed. An artificial intelligence and machine learning

(AI/ML) framework was used to analyze high-speed imaging data and extract key parameters

governing the breakup process. These parameters include the critical Weber number, turbulent

dissipation rate, characteristic turbulence timescales, and the resulting critical bubble diameter.

Distributions of bubble sizes were obtained for a range of turbulence intensities, and the time

evolution of the mean bubble diameter was evaluated to characterize the decay in bubble size

during turbulent mixing. Finally, both local and averaged critical Weber numbers were calculated

for the various turbulent flow cases examined.

Information This work is currently under development and has not yet been submitted for

publication.

7.1 Introduction

Emulsions are typically defined as mixtures of two immiscible fluids [137], most commonly oil and water.

They are present in many everyday products, including cosmetics [138], as well as in pharmaceutical

[139] and food formulations [140] where stability is essential. To characterize and understand emulsions,

dispersion and size distribution are critical parameters. Emulsions are defined by the relationship between

the bulk phase and the dispersed phase. Quantifying the volume fraction of the dispersed phase within the

bulk phase, along with the droplet size distribution and characteristic droplet diameters, directly influences
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the stability of the emulsion and, consequently, its performance or intended application [137]. We aim to

use a similar framework for a new type of emulsion: a bubble emulsion.

Although a bubble emulsion is not a classical emulsion in the traditional liquid–liquid sense, it follows

the same underlying principles. In this case, the bulk phase is a liquid, such as water, and the dispersed phase

consists of air distributed throughout the liquid in the form of bubbles. This unique two-phase system would

separate rapidly under normal gravitational conditions; however, in the absence of gravity a bubble emulsion

can remain stable due to the lack of buoyant forces. Such a situation has been studied theoretically [141]

and numerically [142], but to our knowledge no experimental studies currently exist. Many investigations

of two-phase bubbly flows in microgravity have been conducted, including flow boiling [143], electrolysis

[42], and bubble breakup [117], yet none have examined the properties of bubble emulsions in detail. Of

particular interest for practical applications are the formation process and stability of bubble emulsions

[144, 145]. Once these mechanisms are better understood, we foresee a range of potential applications in

space engineering, including thermal control (a porous liquid could exhibit unique insulating properties),

propellant handling (bubbles significantly influence the performance of liquid propellant systems), and water

remediation (the performance of aeration tanks may be substantially altered in microgravity) [143, 145].

Understanding how such bubble emulsions form requires examining the mechanisms that generate and

distribute bubbles within the liquid phase. The formation of a bubble emulsion requires bubble breakup,

which in this work is achieved through turbulent agitation. Bubble breakup in turbulent flows has been

studied extensively, including the review by Ni [146]. These studies identify the governing parameters that

control breakup and, consequently, the resulting bubble size distribution as a function of the flow field. In

general, breakup occurs when the turbulence intensity is sufficiently large; strong turbulence promotes

the formation of smaller bubbles, whereas weak turbulence may be insufficient to fragment larger bubbles.

Despite this understanding, accurately predicting bubble size distributions in turbulent flows remains a

significant challenge.

Bubble breakup is classically defined as occurring when inertial forces overcome surface tensions

forces, or reaches a critical Weber number which is the ratio of these two forces. The foundational work

conducted by Hinze aimed to categorized breakup based on the cause of deformation [147]. Specifically

noting turbulence as one of the cause of deformation and breakup. However, turbulence is inherently

complex and thus complicates the prediction of bubble breakup. To resolve this, many researchers have
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focused specific studies to quantify all these forms of break up. Specifically, the 1997 work by Fabre and

Risso, focused on bubble breakup in turbulence, identifies the breakup mechanics for a single bubble in

a turbulent field without gravitational effects [117]. Their study, conducted in a turbulence chamber in

microgravity, found that breakup will occur when their is a critical Weber number of 5. However, the study

leaves questions remaining about the bubble breakup over larger time scales and therefore the resulting

size distribution of bubble breakup over time.

Recent studies by Zhong andNi emphasized the continued need for high-quality experimental investigations

of bubble breakup in turbulent fields, particularly to better quantify breakup frequency [148]. Bubble

breakup is inherently sensitive to the characteristics of the turbulence. As the turbulence intensity evolves,

decays over time, or varies spatially, the breakup behavior changes accordingly. In addition, interactions

between neighboring bubbles can significantly alter the local flow field, thereby modifying the breakup

mechanism. More importantly, to the best of our knowledge, our study represents the first experimental

study investigating the formation process of a bubble emulsion for potential space applications.

By conducting experiments over approximately 20-second intervals in microgravity, we are able to

isolate and examine bubble breakup in controlled turbulent conditions without buoyancy. Two conditions

of particular interest are: (1) the frequency of bubble breakup over a longer duration of time, (2) a critical

diameter value that bubbles reach after sustained agitation.

This work provides preliminary evidence of distinct breakup timescales in homogeneous isotropic

turbulence. The data for the critical Weber number under these conditions is limited and requires further

investigation. Therefore, we seek to understand how the critical Weber number evolves under sustained

agitation, where repeated breakup events occur over extended periods.

7.2 Experimental setup

Using a homogeneous isotropic turbulence (HIT) chamber, a bubble emulsion was created. The details of

the HIT chamber are summarized in Chapter 5. The truncated cube shaped tank, seen in Fig. 7.1(a), was

filled with majority water and small gas volume fractions of air, from 0.1 % to 10% and then sealed off. This

created a small air pocket at the top of our tank. Intense turbulence, 420 < 𝑅𝑒𝜆 < 820, was then induced

via mechanical agitation of eight evenly space impellers located at the cut off corners of the truncated

85



(a) (b)

Figure 7.1: Images of experimental setup including (a) truncated cube shaped tank and (b) impellers used
for agitation.

cube shaped tank, as detailed in Fig. 7.1(b). The turbulence intensity was changed by adjusting the angular

velocity of the impellers. The aim was to adjust the angular velocity and in turn change the bubble break

up size.

The experiments were conducted in microgravity in order to study bubble emulsions in the absence of

buoyancy-driven motion. Under normal gravity conditions, bubbles rapidly rise to the liquid surface due to

buoyancy forces, which limits the time available for observing bubble breakup and dispersion. In contrast,

the microgravity environment allows bubbles to remain suspended within the fluid for extended durations,

enabling detailed observation of bubble breakup and subsequent dispersion within the turbulent flow.

Microgravity conditions were achieved using two experimental platforms: the NASA Glenn 2.2 second

drop tower and a series of parabolic flight campaigns. While both platforms were utilized during the

broader experimental program, the analysis presented in this work focuses primarily on the parabolic flight

experiments, which provide significantly longer microgravity durations. The parabolic flight experiments

also explore a wide range of turbulence intensities therefore offered a larger comprehensive data set.
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The parabolic flight, described in Chapter 4, produces microgravity by flying an aircraft through a

series of parabolic trajectories. During each parabola, the aircraft experiences approximately 20 seconds

of microgravity near the peak of the trajectory, followed by 30–40 seconds of hypergravity conditions

(approximately 1.8 g) during the pull-out phase.

High-speed imaging was used to capture the evolution of the bubble emulsion during the microgravity

period. Images were recorded using a Photron FASTCAM Nova R5 operating at 1250 frames per second

(fps). Careful timing was required to ensure that bubble breakup occurred during the microgravity phase

of the flight. For each parabola, the experimental sequence was triggered immediately after the onset of

microgravity. The experimental timeline consisted of the following steps: (1) 3 seconds of delay, allowing

the aircraft to stabilize in microgravity conditions, (2) 6 seconds of active mixing, during which the impellers

were operated to induce turbulence and initiate bubble breakup, and (3) approximately 11 seconds of mixing

off, allowing observation of bubble dispersion after turbulence generation ceased. This timing sequence

ensured that both bubble breakup and the subsequent dispersion dynamics were captured within the

microgravity window. The high-speed camera was triggered simultaneously with the experimental system

and recorded continuously for 20 seconds. The initial delay in mixing ensured that the bubble breakup

process occurred entirely within the microgravity environment.

In addition to the high-speed imaging, a GoPro camera was used to record the full duration of each

experimental flight. Each flight consisted of approximately 30 parabolas over a period of roughly 45 minutes.

The GoPro footage provides a broader view of the experimental setup and the evolution of the bubble

emulsion throughout the entire campaign. While this footage was not used for quantitative analysis, it

offers a qualitative visualization of the system behavior and experimental conditions during flight.

The high-speed images were post-processed using an artificial intelligence (AI)–based machine learning

model designed to detect and quantify bubbles within the image sequences. The model was used to extract

key characteristics of the bubble emulsion, including bubble size and spatial distribution. The details of the

machine learning methodology and image analysis pipeline are described in the following sections.
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7.3 Analysis Methodology

Within the Kolmogorov–Hinze framework, bubble breakup is assumed to occur when the turbulent Weber

number reaches a critical value. The turbulent Weber number, the ratio between inertial and surface tension

forces, can be defined as [149]:

We𝑡 =
𝜌𝛿𝑢2 (𝑑𝑏)𝑑𝑏

𝜎
(7.1)

where 𝜌 is the fluid density, 𝑢 is the fluid velocity, 𝑑𝑏 is the bubble diameter, and 𝜎 is the interfacial

tension. Assuming homogeneous and isotropic turbulence, the velocity fluctuation can be approximated as

(𝛿𝑢)2 ≈ 𝐶(𝜖𝑑)2/3, where the Kolmogorov constant is taken to be 𝐶 = 2.3 and 𝜖 is the turbulence dissipation

rate. Substituting this relationship into Eq. 7.1 yields

We𝑡 =
2.3𝜌𝜖2/3𝑑5/3𝑏

𝜎
. (7.2)

Hinze (1955) demonstrated that bubble breakup occurs when turbulent stresses exceed the restoring

surface tension forces, corresponding to a critical Weber number, 𝑊𝑒crit ∼ 𝒪(1 − 10). This criterion defines

a critical bubble diameter, commonly referred to as the Hinze scale, given by

𝑑ℎ ∼ (
W𝑒𝑐𝑟 𝑖𝑡𝜎
2.3𝜌𝜖2/3

)
3/5

. (7.3)

Bubbles larger than 𝑑ℎ are expected to break, while smaller bubbles will remain stable against turbulent

stresses. In the present experiments, this framework provides a theoretical reference scale for interpreting

the measure bubble diameter distributions.

However, the Hinze framework alone does not fully describe the bubble breakup process. The Hinze

framework only considers breakup due to the interplay of inertial and surface tension forces, but fails to

consider the necessary timescales that aim to understand not only bubble breakup, but also bubble breakup

frequency. Bubble breakup frequency is typically modeled using a Boltzmann-type equation to predict

the size distribution of bubbles, particle or drops in turbulence. The Boltzmann-type equation, Eq. 7.4,

originally proposed by Williams (1985) [150], describes the evolution of the number of bubbles or droplets,
𝜕𝑛
𝜕𝑡 , of a certain size, 𝑑𝑏.
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𝜕𝑛
𝜕𝑡

+ ∇ ⋅ (𝑣𝑛) = − 𝜕
𝜕𝑑𝑏

(𝑅𝑛) + 𝑄̇𝑏 + 𝑄̇𝑐 (7.4)

The advection velocity of bubbles is, 𝑣(𝑑𝑏, 𝑥, 𝑡), 𝑅 = 𝑑𝑑𝑏/𝑑𝑡 is the rate of change of bubble size due

to mass dissolution, and 𝑄̇𝑏 and 𝑄̇𝑐 are the rate of change of bubble number density due to breakup and

convalescence respectively [148].

This population balance equation is most often implemented in computational studies, since many

experimental investigations do not directly resolve the temporal evolution of breakup frequency. Applying

the full formulation to experimental data is therefore challenging. To address this difficulty, simplified

approaches have been proposed in which the breakup frequency is estimated using measurable quantities,

such as the initial number of bubbles 𝑛0, the number of bubbles that remain unbroken 𝑛1, an average

breakup time 𝑡𝑏, and the mean residence time, 𝜏. In terms of these variables, the breakup frequency may be

approximated as [151]:

𝑔 (𝑑𝑏) =
𝑛0 − 𝑛1

𝜏𝑛1 +∑𝑖 𝑡𝑏,𝑖
. (7.5)

For experimental results, it is also important to consider the characteristic timescales of the flow, for the

case of turbulence, the eddy turnover time, 𝑡𝑒, is typically proposed as the characteristic time scale, defined

as:

𝑡𝑒 = 𝜖−1/3𝑑2/3𝑏 (7.6)

where 𝜖 is the turbulence dissipation rate, and 𝑑𝑏 is the bubble size. The turbulence dissipation rate can be

found experimentally, for instance, from PIV data. The dissipation rate is defined as:

𝜖 = 2𝜈 ⟨𝑠𝑖𝑗𝑠𝑖𝑗⟩ (7.7)

where 𝑆𝑖𝑗 is the fluctuating rate of strain, and 𝜈 is the kinematic viscosity. Assuming local isotropy for 2D

particle image velocimetry (PIV), 𝜖 is defined as:

𝜖 = 𝜈 ⟨4 (
𝜕𝑢′𝑥
𝜕𝑥

)
2
+ 4 (

𝜕𝑢′𝑦
𝜕𝑦

)
2

+ 3 (
𝜕𝑢′𝑥
𝜕𝑦

)
2
+ 3 (

𝜕𝑢′𝑦
𝜕𝑥

)
2

+ 4 (
𝜕𝑢′𝑥
𝜕𝑥

𝜕𝑢′𝑦
𝜕𝑦

) + 6 (
𝜕𝑢′𝑥
𝜕𝑦

𝜕𝑢′𝑦
𝜕𝑥

)⟩ (7.8)
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where 𝑢′ and 𝑣 ′ are the horizontal and vertical velocity fluctuations, respectively. These quantities are

obtained directly from the instantaneous velocity fields measured using 2D PIV.

Similarly, the turbulence kinetic energy was calculated from the PIV measurements and is defined as

TI = √
1
2 (u

2
rms + v2rms)

Utip
(7.9)

where 𝑢𝑟𝑚𝑠 and 𝑣𝑟𝑚𝑠 are the root-mean-square velocity fluctuations in the horizontal and vertical directions,

and 𝑈𝑡 𝑖𝑝 = 2𝜋𝑟𝜔 is the tip speed of the impeller with radius, 𝑟, rotating at speed, 𝜔 measured in rotations

per second.

7.4 Preliminary Results

To experimentally quantify bubble size distributions high speed photographywas used. During experimentation,

bubble breakup was rapidly observed in microgravity as seen in Fig. 7.2. The process of breakup during

turbulence, roughly 6 seconds of mixing, was filmed as well as approximately 11 seconds of dissipation. The

images captured during experimentation, were used to find the size distribution of the bubbles achieved at

various turbulent Reynolds numbers.

To accurately quantify the size distribution of the bubble emulsion, a machine learning framework was

developed. The workflow consisted of (1) manually labeling bubbles using bounding boxes, (2) training a

segmentation model, and (3) applying the Segment Anything framework to process large sets of high-speed

images. At its current stage, as seen in Fig. 7.3, the model performs reasonably well in identifying bubbles.

However, to improve its accuracy and robustness, it must be trained on a substantially larger dataset, ideally

hundreds of images. As with most machine learning approaches, performance improves as the model

is exposed to more representative data. The results presented in the following sections should therefore

be viewed as a framework for understanding bubble breakup within the limitations of the present ML

implementation. As the model is further refined and trained on additional data, these results will be revisited

to reflect a more accurate characterization of the bubble size distribution.

Due to the image resolution of 1024 × 1024 pixels, the smallest bubble size reliably detectable by the

algorithm corresponds to approximately 10 pixels, which is equivalent to roughly 1 mm in physical space.
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Figure 7.2: Bubble breakup over time in HIT chamber.

Although this represents a limitation of the current identification framework, an estimate of the bubble size

distribution can still be obtained by extending the fitted lognormal distribution toward smaller diameters.

For each detected bubble, the area was found using a pixel to mm ratio. Using this area, 𝐴, an equivalent

diameter was computed as

𝑑𝑏 = √
4
𝜋
𝐴. (7.10)

7.4.1 Flow Analysis

A series of two-dimensional PIV measurements were performed across a range of operating conditions, see

Chapter 5 for more details. Multiple turbulent Reynolds numbers were achieved by varying the rotational

speed of the motors. The measurement window covered an area of 75 mm × 75 mm (1024 × 1024 pixels),
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Figure 7.3: Two side by side images that show bubble identification. The left image is the image without
any labeling, as the right image showed the identical image with bubbles labeled in various colors.

yielding a spatial vector resolution of 0.675 mm. Each instantaneous velocity field consisted of 111 × 111

vectors.

By adjusting the impeller rotation rate, turbulence intensities corresponding to 420 < 𝑅𝑒𝜆 < 820 were

generated, spanning a range characteristic of strongly turbulent flows [121]. The turbulent Reynolds number

based on the Taylor microscale is defined as 𝑅𝑒𝜆 = 𝑢′𝜆/𝜈, where 𝑢′ is the velocity fluctuations (related to

the turbulent kinetic energy), 𝜆 is the Taylor microscale, and 𝜈 is the kinematic viscosity of the fluid [121].

The Taylor microscale is given by 𝜆 = √15𝜈𝑢′/𝜖, where 𝜖 is calculated using Eq. 7.8. The dissipation rate for

various turbulent Reynolds numbers is shown in Table 7.1.

PWM Input RPM Turbulent Reynolds 𝑅𝑒𝜆 Dissipation Rate 𝜖
1170 14,776 422 0.761
1220 25,764 514 1.063
1245 33,493 682 1.578
1270 34,889 703 2.438
1320 44,329 821 3.127

Table 7.1: Various turbulent Reynolds numbers and their corresponding dissipation rates

Fig. 7.4 illustrates the turbulence intensity in two regions of the chamber. Fig. 7.4 (left) is the central

region of the tank, located far from the impellers, roughly 1.5𝑟, where 𝑟 is the impeller radius equal to 14
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mm. Fig. 7.4 (right) is the near-field region close to an impeller. As expected, the turbulence intensity

is highest near the impellers and decreases toward the center of the chamber. The high intensity flow

region generated by the impellers occupies roughly 60% of the total tank volume, while the remaining

40% corresponds to the central region where the flow more closely approaches homogeneous isotropic

turbulence (HIT). Because bubble breakup is driven by local turbulent stresses, bubbles near the impeller

are expected to experience stronger deformation and more frequent breakup events than those located in

the central region.

Figure 7.4: Color maps of the turbulence intensity in the entire tank (left), far from impellers, and near one
impeller (right) plotted over the horizontal and vertical directions normalized by the impeller radius. The
white region in the right figure is the masked region due to the shadow of the impeller. Both horizontal
and vertical axes are normalized by the impeller radius.

7.4.2 Bubble Breakup Formation

During experimentation, bubble breakup was rapidly observed in microgravity, as shown in Fig. 7.2.

Approximately 0.6 seconds of mixing resulted in substantial breakup of the initially large single bubble.

At the initial time prior to mixing, 𝑡𝑖, the gas volume fraction determines the initial bubble size. In these

experiments, the gas volume fraction was maintained at 0.2%, producing a single bubble with an approximate

diameter of 47 mm. The evolution of this bubble was subsequently tracked in time in order to quantify

changes in the bubble size distribution during turbulent mixing.
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Fig. 7.5 shows how bubble breakup evolves as the turbulent Reynolds number increases. At the lower

Reynolds number, shown in Fig. 7.5 (top), both the bubble diameter and bubble count take longer to reach a

plateau compared to the middle case. In the highest Reynolds number case, Fig. 7.5 (bottom), the bubble

count reaches a plateau; however, the bubble diameter does not exhibit a similar trend. This discrepancy is

likely due to limitations in the tracking algorithm, as accurately identifying bubble sizes becomes more

difficult when the images become densely populated with bubbles. Overall, there is little difference observed

in the minimum or mean bubble diameters across the cases.

Figure 7.5: Plots from preliminary tracking model showing bubble breakup over time where (a) shows the
overall distribution of the bubble sizes, (b) shows the change in bubble size over time, and (c) counts the
bubbles over time. Turbulent Reynolds number increases from top to bottom.

During the mixing process, the initially large bubble fragments into smaller bubbles as it interacts

with turbulent fluctuations in the flow, leading to an increase in bubble count (see Fig. 7.5 (c)). Breakup
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occurs when turbulent eddies deform a bubble sufficiently to overcome surface tension forces. This process

continues until the bubbles become small enough that the turbulent stresses can no longer overcome the

restoring capillary forces. As a result, the bubble population evolves toward a quasi-steady distribution in

which both the bubble count and characteristic bubble size approach a plateau (see Fig. 7.5 (b)). At this

stage, the smallest stable bubble size can be estimated. For the present experiments, a lognormal fit to the

measured distribution yields a minimum bubble diameter of approximately 0.091 mm for the intermediate

Reynolds number case (see Fig. 7.5 (a)). Using this estimated diameter, the corresponding turbulent Weber

number was calculated using Eq. 7.2. As shown in Fig. 7.6, a bubble diameter of 0.091 mm corresponds

to Wecrit ≈ 0.123. This value is significantly smaller than values commonly reported in the literature,

where Wecrit ∼ 𝒪(1–10). This discrepancy likely arises from limitations in the current machine learning

framework and the image resolution used for bubble identification.

Mask

Figure 7.6: Plots showing the turbulent Weber number for both (left) the center of the HIT chamber, and
(right) near the impeller for the critical estimated bubble diameter of 0.09 mm. A bubble of this size will on
breakup if it is larger than Wecrit = 0.0340.

To further assess this discrepancy, the Weber number was evaluated over a range of bubble diameters

from 0.05 to 1.5 mm for both the far-field and near-field regions. As seen in Table 7.2, as the bubble diameter

increases, the corresponding Weber number, in the region of HIT, also increases, indicating that larger

bubbles require stronger turbulent fluctuations to undergo breakup. Considering that the typical critical

Weber number is on the order of 1–10, bubble diameters between approximately 0.1 mm and 1 mm represent

the most physically reasonable range. Using a bubble diameter of 1 mm, corresponding to the approximate
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lower detection limit of the image processing algorithm results in a more physically reasonable estimate of

the critical Weber number of 3.8, which lies within the expected range reported in the literature.

Bubble diameter [mm] Critical Weber number
0.05 0.190
0.1 0.378
0.5 1.898
1.0 3.794
1.5 5.713

Table 7.2: Critical Weber numbers for set bubble diameter in HIT with turbulent Reynolds number equal
to 703.

Using this critical Weber number, the range of bubble diameters under these conditions can be explored.

As seen in Fig. 7.7, the average resulting bubble diameter near the center of the tank will be roughly 1 mm.

In contrast, maintaining a similar Weber number of approximately 3.8 but near the impellers would result

in bubbles that are roughly an order of magnitude smaller than those broken up by turbulent fluctuations

in the center of the tank, as illustrated in Fig. 7.7 (right). The predicted bubble diameter near the impellers,

approximately 0.1 mm, agrees well with the experimentally estimated minimum bubble diameter reported

in Table 7.3.

The critical diameter for various turbulent Reynolds numbers is summarized in Table 7.3. As the turbulent

Reynolds number increases, the estimated critical diameter changes slightly, and the corresponding critical

Weber number also varies. Comparing the minimum turbulent Reynolds number of 422 with the maximum

value of 821 shows a difference in the predicted critical diameter of approximately 0.05 mm. This variation

is relatively small and can be considered negligible within the range of Reynolds numbers investigated in

this study. Therefore, significant changes in the critical bubble diameter are not expected across this range

of mixing intensities. However, because the critical Weber number depends on both the bubble diameter

and the turbulent dissipation rate, even this small difference in diameter leads to a more noticeable change

in the critical Weber number.

These preliminary results provide an initial framework for interpreting bubble breakup behavior in the

HIT chamber. As the machine learning model is further refined and trained using larger datasets, these

results will be revisited to obtain a more accurate characterization of the bubble size distribution and the

corresponding breakup dynamics.
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Figure 7.7: Critical bubble diameters plotted for a critical Weber number equal to 3.8 for (left) the center of
the tank in the region of HIT, and (right) the region of high intensity turbulence near the impeller.

Turbulent Reynolds 𝑅𝑒𝜆 Minimum Estimated Bubble Diameter Critical Weber Number
422 0.131 mm 9.00 ×10−3
514 0.088 mm 5.77 ×10−3
682 0.099 mm 9.17×10−3
703 0.099 mm 1.23×10−1
821 0.088 mm 1.19×10−2

Table 7.3: Various turbulent Reynolds numbers and their corresponding dissipation rates.

7.5 Conclusions

The present study serves as a preliminary understanding of the experimental work conducted on bubble

breakup in a turbulent field. Using high speed imaging bubble break up was recorded across a range of

turbulent Reynolds numbers. An AI/ML-based tracking framework was developed to quantify the size

distribution during breakup. The model crudely captured the major and minor axes of in-plane bubbles, to

quantify a diameter for each detected bubble.

Analysis of the data revealed that the majority of breakup events occurred over relatively short

timescales. Specifically, the largest number of breakup events occurred within approximately 0.6 seconds
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after turbulence was initiated. Although breakup events continued while agitation persisted, the bubble

size distribution typically approached a plateau after approximately 3–4 seconds of turbulent mixing.

At later times, the smallest observed bubble diameter was approximately 0.091 mm, corresponding

to an estimated critical Weber number of 0.34. This value is smaller than those commonly reported in

the literature. However, this estimate should be assumed to be an approximation, as the bubble tracking

methodology is still under development and may introduce uncertainties in the measured bubble sizes.

When the smallest bubble diameters were compared across the range of Reynolds numbers investigated,

only minor variations were observed. This result may reflect limitations in the current tracking approach;

however, it may also indicate that the smallest attainable bubble size within the tested turbulence range is

approximately 0.1 mm. If this interpretation is correct, it suggests that stronger turbulence levels than those

tested here would be required to produce smaller bubbles through breakup, whereas weaker turbulence

would likely be insufficient to break bubbles to this scale.
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8 CONCLUSIONS

The focus of this thesis is to characterize a subset of two-phase flows; gas-liquid flows. Bubbly flows can

be understood in a range of different phenomena, for this thesis, we focus on coalescence, breakup, and

bubble distributions in both quiescent and turbulent flows.

8.1 Summary

In Chapter 2 and Chapter 3, the interaction between an oil droplet and an air bubble in a quiescent fluid was

investigated. The primary objective of Chapter 2 was to better understand a process commonly referred to

as “aeration” or the removal of oil from produced water through bubble injection. In this study, a simplified

one-to-one interaction between a single air bubble and a single oil droplet rising in a water-like fluid

was examined. Using high-speed photography, the interaction between the two phases was recorded and

analyzed. It was initially expected that coalescence between the bubble and droplet would occur under

these conditions. However, the experiments instead revealed that the droplet experienced a vertical velocity

enhancement due to the hydrodynamic interaction with the bubble. To further understand this behavior, a

predictive model was developed based on Oseen flow to describe the influence of the bubble flow field on

the droplet. Using the Maxey–Riley equation, the resulting equation of motion for the droplet was solved

to predict its trajectory and velocity.

While Chapter 2 successfully described the hydrodynamic interaction between the bubble and droplet,

it did not fully explain the observed lack of coalescence. Therefore, Chapter 3 focused on examining the

coalescence efficiency between bubbles and droplets. In this chapter, the conditions required for coalescence

were explored through an energy balance between the bubble, the droplet, and the resulting compound

droplet. By considering the characteristic contact time between the phases and the associated energy

requirements for coalescence, a map defining the conditions for coalescence was developed. The analysis

demonstrated that coalescence is extremely unlikely, and potentially impossible, under the conditions

encountered during flotation.

Together, these chapters revisited a well-known coalescence phenomenon and revealed that coalescence

is improbable in the studied configuration. Instead, the dominant effect observed during aeration is the

hydrodynamic interaction between bubbles and droplets, which leads to an enhancement in droplet velocity.
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Despite the absence of coalescence, this mechanism can still contribute to the filtration process, suggesting

that aeration remains an effective method for filtering oil from oil–water mixtures.

The subsequent chapters, Chapter 4, Chapter 5, Chapter 6, and Chapter 7, focused on the study of a

bubbly flow system referred to as a bubble emulsion. A bubble emulsion is defined here as a mixture of water

and air in which the air is dispersed throughout the liquid in the form of bubbles. As described in Chapter 4,

these experiments were conducted in microgravity environments, including NASA drop towers and ZeroG

parabolic flights. Performing these experiments in microgravity provided a unique environment in which

bubbles were not influenced by gravitational forces, specifically buoyancy. By removing buoyancy effects,

it becomes possible to create and sustain a stable bubble emulsion in which bubbles remain suspended

within the liquid rather than rising to the surface.

Creating such a bubble emulsion in microgravity, however, is not straightforward. In typical terrestrial

experiments, bubbles can be introduced into a fluid through capillaries or gas injection, forming a bubbly

flow as seen in Chapters 2 and 3. In microgravity, however, bubbles do not detach easily from capillaries

because buoyancy is absent. To overcome this challenge, mechanical agitation was used to generate and

disperse bubbles throughout the fluid.

Chapter 5 describes the experimental apparatus used to achieve thismechanical agitation: a homogeneous

isotropic turbulence chamber. This chamber, developed in-house, represents a novel and cost-effective

approach to generating controlled turbulent flows. The total cost of constructing the devicewas approximately

900 USD, making the design accessible to a broad range of researchers. One of the goals of this chapter

was to present the chamber as an open-source design so that other researchers could more easily conduct

turbulence experiments. In the present work, this chamber was used to generate bubble emulsions by

filling the tank with a prescribed mixture of air and water and mechanically agitating the fluid. The mixing

process dispersed the air uniformly throughout the tank in the form of bubbles.

In Chapter 6, experiments were conducted to investigate the speed of sound in bubbly liquids. The

objective of these experiments was to understand how the speed of sound varies as a function of bubble

concentration and dispersion within the liquid. To measure the speed of sound, two hydrophones were

placed at opposite corners of the tank, and an acoustic signal was generated using an underwater speaker

located near one of the hydrophones. The signals recorded by the two hydrophones were cross-correlated

to determine the time delay between them, allowing the speed of sound within the bubbly liquid to be
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calculated. These experiments were conducted in microgravity using drop tower facilities. During the

2.2-second drop, the fluid was initially agitated to disperse the bubbles. The agitation was then stopped,

leaving a stable bubble emulsion while the acoustic signal was transmitted and recorded. Although this

work is ongoing, the goal is to combine the acoustic measurements with high-speed imaging in order to

establish a correlation between the speed of sound and the bubble size distribution and spatial dispersion.

Finally, Chapter 7 examined bubble emulsions in greater detail by quantifying bubble dispersion,

breakup, and size distributions within the turbulent flow. These experiments were conducted primarily

during parabolic flight campaigns. In this chapter, the turbulence intensity within the chamber was varied

to determine how turbulent stresses influence bubble breakup and the resulting bubble size distribution. To

quantify bubble diameters, an AI/ML framework was developed to identify and track bubbles in high-speed

images. Using this approach, the smallest stable bubble diameter within the flow could be estimated. From

this critical diameter, a corresponding critical Weber number was calculated, providing insight into the

breakup dynamics of bubbles within the turbulent microgravity environment.

8.2 Future directions

Future work related to Chapter 6 concerns the continued investigation of the speed of sound in bubbly liquids.

Although the experiments conducted in this study enabled the collection of preliminary measurements

of the speed of sound, additional work is required to fully understand the relationship between acoustic

propagation and bubble distributions. Several experimental parameters must be refined to obtain more

accurate and reliable measurements. In particular, the wavelength of the acoustic signal used in these

experiments was large relative to the dimensions of the experimental tank. As a result, accurately

determining the speed of sound within the system proved challenging. Future experiments should therefore

employ acoustic signals with wavelengths that are better matched to the scale of the experimental apparatus.

In addition, as discussed in Chapter 5, a room acoustics characterization of the experimental tank should

be conducted. Performing such a calibration would provide a clearer understanding of how acoustic waves

propagate throughout the entire tank volume. This would make it possible to distinguish between signals

that result from reflections at the tank boundaries and those that arise from interactions with the dispersed

bubbles. A more comprehensive acoustic characterization would significantly improve the interpretation
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of the recorded hydrophone signals. Ideally, a much larger number of experiments would be conducted

in order to develop a sufficiently large dataset for accurately characterizing the speed of sound in bubbly

liquids. However, due to the complexity and cost associated with microgravity experimentation, such

extensive data collection was not feasible within the scope of the present study.

There also remain several important directions for future research related to the work presented in

Chapter 7. One area of particular interest is the continued development of the AI/ML framework used

for bubble detection and tracking. In its current form, the algorithm performs well when identifying

bubbles at relatively low gas volume fractions. However, as the gas volume fraction increases and bubbles

become more densely packed, the identification task becomes significantly more challenging. Improving the

robustness of the model under these conditions will require additional training data and further refinement

of the detection algorithm.

One potential approach to addressing this challenge would be the development of an open-source

database of bubbly flow images. This would allow researchers working on a wide variety of bubbly flow

problems to contribute labeled datasets that can be used to train and improve machine learning algorithms

for bubble detection and tracking. While many researchers have independently developed algorithms

for identifying and tracking bubbles, a centralized repository for bubbly flow datasets does not currently

exist to the best of our knowledge. Establishing such a collaborative framework could significantly benefit

the broader research community by enabling the development of more robust and generalizable machine

learning models for analyzing complex bubbly flows.

Finally, the dataset obtained during the experiments described in Chapter 7 contains a substantial

amount of information that has not yet been fully explored. While the primary focus of this chapter was on

bubble breakup within turbulent flow, the recorded data also include extensive observations of the bubble

emulsion after mechanical agitation was stopped. During this post-agitation period, numerous coalescence

events can be observed within the bubble population. Future work will aim to analyze these events in

greater detail, with the goal of quantifying bubble oscillation frequencies as a function of bubble size. Such

measurements could provide additional insight into the dynamics of bubble interactions and the stability of

bubble emulsions in microgravity environments.
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APPENDICES

The following appendix sections present several scholarly works undertaken during my doctoral studies that

are not directly related to the central focus of this thesis. Nevertheless, these projects were instrumental in

developing my research foundation and contributed significantly to my technical training and professional

growth throughout the degree.

The first appendix, A, describes collaborative work conducted with members of the Zenit Laboratory on

The Mechanics of the Squash Nick Shot. In this project, I played a leading role in the experimental effort,

which included the design and construction of a pressurized air cannon, the development of a nick-shot

impact platform, and the execution of controlled experiments with squash players.

The subsequent appendix sections, B, C,and D comprise a three-part series titled Blending Fluid

Mechanics and Art. These works were conducted and authored by myself, Prof. Roberto Zenit, Avery

Trevino, and Jack-William Barrotta. The papers document the framework of a course developed by Prof.

Zenit that integrates principles of fluid mechanics with the arts. These contributions were published in a

teaching-focused journal with the aim of encouraging broader adoption of interdisciplinary, laboratory-based

learning approaches and highlighting the aesthetic and conceptual connections between fluid mechanics

and the arts.
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A THE MECHANICS OF THE SQUASH NICK SHOT

Abstract Squash is a widely popular racket sport, practiced by millions of people worldwide,

played inside a walled court. When played well, players can last for several minutes before the ball

bounces twice on the floor. There is, however, an unanswerable shot. When the ball hits the nick

between a vertical wall and the floor, under certain conditions, it rolls without any vertical bounce.

We study this process experimentally. We determined that the ball must hit the vertical wall first

at a narrow range of heights above the floor, but most importantly, it must touch the floor before

finishing its rolling time on the vertical wall. When the rolling time is shorter than the contact

time, the vertical momentum is canceled due to a mechanical frustration condition. This behavior

is explained considering a contact model, which agrees with the experimental observations. In

addition to its relevance to other walled ball sports, this understanding could help design rolling

shock dampers with possible practical applications.

Information This work is published in Proceedings of the National Academy of Sciences [3]. We

thank Mark Johnson and Alex Zaslavsky from the Rhode Island Squash Association and Stefano

Crema from Squash Busters Providence for animated discussions. We are also grateful to Coach

Arthur Gaskin, from Brown University, for his wisdom in all things squash.

A.1 Introduction

Squash is a racket sport played in a four-walled court between two players. Players take turns hitting the

ball in allowable areas on the walls such that the opponent is unable to return the ball back before bouncing

twice on the floor. According to the Professional Squash Association [152], squash is played by 3 million

people in over 150 countries. The sport was recently approved to be included in the 2028 Summer Olympics

games in Los Angeles.

The pace, speed and court size of racket sports is determined by the mechanics of the ball [153, 154].

What distinguishes squash from other racket sports is the ball and its interaction with the walls. The ball is a

soft-deformable hollow rubber shell that ‘squashes’ significantly when it impacts the wall (hence the name);

it is characterized by a low coefficient of restitution [155, 156]. Professional players become incredibly
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skilled at retrieving the ball from all parts of the court making rallies long and physically demanding. One

shot in squash is highly sought-after because it is unanswerable, the nick shot. When the ball hits the

nick (the corner between a vertical wall and the floor), in some conditions, it rolls on the floor instead of

bouncing [157]. This shot occurs roughly 8.7 % in professional games (see Supplemental Information, SI):

hence, it plays a significant role in the outcome of a match. Similar shots are also observed in racquetball,

padel, Gaelic handball, fronton (American handball) and Jai Alai (in this sport, the nick shot is called “chula”).

From our observations, we determined that nick shots occur when the ball first hits one of the vertical walls

(side or back) moving approximately perpendicular to it (see Fig. A.1(a)), descending at angles of incidence,

𝜃0, ranging from 13 to 40 degrees, and at a range of different speeds. To our knowledge, no mechanical

interpretation of this peculiar behavior exists.

Experiments were conducted to identify the set of conditions needed to observe a rolling nick shot. We

rationalize our measurements by placing the results on a map of the ratio of the characteristic times (contact

to rolling) and the dimensionless elasticity of the ball (the Cauchy number) for collisions near a nick. We

conclude by offering an explanation of the behavior sustained on a mechanical model that predicts the

conditions at which the ball ceases to bounce vertically after the interaction with the nick. Understanding

the mechanics of the nick shot could be relevant beyond squash and sports mechanics. This knowledge

could be useful in designing rotational dampers in sport injury prevention [158] and manufacturing control

[159].

A.2 Experimental Setup

The experiments were conducted in the controlled environment of our lab rather than on the squash courts.

To simulate the player hitting the squash ball, a pressurized air cannon was used to launch a squash ball

towards an acrylic wall. The air cannon, constructed of PVC piping with an inner diameter close to that of

the diameter of the balls, a plastic chamber, a manometer, and a valve. Once pressurized to a certain value,

the valve was quickly opened to release the squash ball at a certain speed 𝑈0, aimed at the corner at an

incident angle 𝜃0. The pressure inside the air cannon was varied from 15 psi to 40 psi to produce a range of

impact speeds, as seen in Table 1 in the main manuscript. The acrylic wall represents the nick, where the

vertical wall and the floor meet. The corner, constructed from two pieces of 7.5 cm thick acrylic plate, was
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mounted using aluminum profiles about 1 meter away from the air cannon. The angle at which the acrylic

corner was mounted was then varied from 20 to 40 degrees to produce different incident angles. The impact

location 𝐻 was varied by displacing the acrylic corner back and forth, while keeping the position of the

cannon fixed.

Three different squash balls were used, a single dot (for intermediate), a double dot (for professional

players), and a hard ball (used in doubles), all manufactured by Dunlop. The diameter of the balls were

𝐷 = 40 mm, and their masses were 𝑚 = 24 grams.

The ball’s Young’s modulus was determined experimentally following the procedure described below.

For the collision experiments and the compression tests, the balls were tested at room temperature, 22℃,

and at 40℃, which we determined to be a typical temperature for a squash ball during a hard game. The

ball was heated using a heating pad. The temperature was measured using a hand-held infrared heat gun,

with an accuracy of ±2℃.

The interaction between the squash ball and the wall was recorded using a high-speed camera (Photron

FASTCAM SA5) filming at 5000 fps, with a shutter speed of 1/20000. Examples of typical experiments can

be seen in movies below. The squash ball was marked up with white stripes to help image tracking.

The images collected were analyzed using image processing techniques on Matlab. Using the diameter of

the squash ball for calibration, the location of the ball was tracked in time, as shown in Fig. 1(c) of the main

manuscript. Hence, both vertical and horizontal velocities of the ball geometric center were determined

during the interaction with the wall. The ball speed was determined in two directions, considering a central

difference scheme. The occurrence of a nick shot was determined from these measurements. A collision

was considered a nick if the vertical velocity after the interaction was smaller that 0.1𝑈0 sin 𝜃0.

A.2.1 Measurement of the ball’s Young’s Modulus

To determine the Young’s Modulus of the squash balls, compressive tests were conducted using an Instron

machine. The machine was set to compress each ball at a controlled rate of 2 mm/s up to a predetermined

deformation limit of 25 mm, well below the permanent deformation limit. The applied force as a function

of deformation showed a non-linear behavior. We, therefore, used the two-parameter hyperelastic Gent

model [160, 161], to determine the effective Young’s modulus of the balls. The stress, 𝜎 was calculated as

the ratio of the compression force over the cross sectional area of the ball. The strain, 𝜖, was calculated as
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the ratio of the deformation and the ball diameter. The data was fitted to

𝜎 = 𝐺𝑚 (𝜆 − 1
𝜆2

) , (A.1)

where, 𝜆 = 1 + 𝜖 is the stretch ratio and 𝐺𝑚 is normalized shear modulus defined as

𝐺𝑚 = 𝐺𝐽𝑚/(𝐽𝑚 − 𝐼1 + 3)

where𝐺 is the shear modulus, 𝐽𝑚 is the locking parameter and 𝐼1 is the first invariant of the left Cauchy-Green

deformation gradient tensor. The fitting of the data to this model yielded the material constants, 𝐺 and 𝐽𝑚.

The Young’s modulus was determined by

𝐸 = 2𝐺(1 + 𝜈), (A.2)

where 𝜈 = 0.5 is the Poisson ration for rubber. The values of 𝐸 are shown in Table 1 of the main document.

A.2.2 Materials and Methods

Controlled collisions were produced with an air gun. It deployed squash balls (Dunlop, Professional 2-Dot,

one yellow dot and elite doubles) at a range of speeds, close to those use in regular squash. The incident

angle and the initial contact with the vertical wall was varied, by moving the target and its inclination. The

collisions were recorded with a high speed camera. The position was determined using image processing

software; the velocity was calculated using a central-difference scheme. The ball was directed to hit the nick

between a vertical and a horizontal wall at different locations, 𝐻, speeds, 𝑈0, and incidence angles, 𝜃0, see

Fig. A.1(a). Experiments were conducted for three different balls, two different ball temperatures and two

fixed incident angles. All experiments consider no initial rotational speed, 𝜔0 = 0. Table A.1 summarizes

all the experimental conditions considered.

We rationalize the interaction by considering the following phases: (i) contact with the wall, 𝑡 = 𝑡1;

(ii) compression and rolling, 𝑡1 < 𝑡 < 𝑡2; (iii) contact with the floor 𝑡 = 𝑡2; and (iv) bounce or nick process,

𝑡 > 𝑡2. Figures A.1(a) and A.1(b) show nomenclature and snapshots of a typical collision at 𝑡 = 𝑡1 and at

𝑡 = 𝑡2, respectively. Figures A.1(c) and A.1(d) show the trajectory and the speed time evolution, respectively,
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Table A.1: Range of conditions and ball properties for all experiments. For all cases, 0.5 < 𝐻 ∗ < 1.0.

Case Ball type E 𝑈𝑜 Ca
(kPa) (m/s)

1 Single dot ( , ) 99 33 to 58 0.05 to 0.12
2 Double dot ( , ) 105 18 to 58 0.04 to 0.13
3 Doubles ( , ) 471 17 to 58 0.16 to 2.26
4 Single dot, at 40° C ( , ,) 96 30 to 52 0.04 to 0.15
5 Double dot, at 40° C ( , ) 90 33 to 56 0.04 to 0.11
6 Doubles, at 40° C ( , ) 450 30 to 55 0.21 to 0.62

of three typical collisions (cases C1, C2 and C3, see movies in the SI). In particular, the case C1 shows

the nick behavior, depicted by the red symbols in the figure. The ball first touches the vertical wall at a

point 𝐴, at distance 𝐻 ∗ = 𝐻/𝐷 > 0.62, at 𝑡 = 𝑡1. Immediately after, the ball slows down as it exchanges

momentum with the wall. As the ball compresses, it also rolls without sliding at the contact point 𝐴 [162]

(conditions discussed in the SI). Hence, the ball’s center of mass continues to move downwards (see vertical

speed of the ball, 𝑈𝑐𝑚, for 𝑡1 < 𝑡 < 𝑡2), even though the point 𝐴 is fixed. As the interaction evolves, the ball

eventually touches the floor on point 𝐵 at 𝑡 = 𝑡2, Fig. A.1(b). Soon after this happens, the vertical velocity

of the ball becomes zero. The most impressive part of the nick behavior is displayed after this moment.

As the ball decompresses, it horizontal velocity gradually increases until losing contact with the wall but,

most importantly, its vertical velocity remains very close to zero. In other words, the ball leaves the corner

interaction with a nearly horizontal trajectory, as seen in Fig. A.1(c). Two other cases are shown in the

figure, for 𝐻 ∗ = 0.51 and 𝐻 ∗ = 0.81. Even though the ball collides at approximately the same speed and

incident angle, the nick behavior is not observed (detailed description in SI).

A.3 Condition for a nick shot

We hypothesize that the nick will occur if the ball makes contact with the floor before it has ended its

rolling motion. In other words, the contact time has to be longer than the rolling time. We can estimate the

characteristic time for the compression, 𝑡𝑐, considering the collision of of an elastic ball against a rigid wall

[163]. The rolling time, 𝑡𝑟, can be calculated by considering the displacement of the ball’s center of mass

during contact and the rotational inertia of the ball (details of calculations appear in the SI).
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Figure A.1: (a) Nomenclature, ball first contact with vertical wall, 𝑡 = 𝑡1. (b) Ball first contact with floor,
𝑡 = 𝑡2. (c) Trajectory of the ball for three cases: Case C1, filled red squares, nick shot, Ca = 0.25, 𝐻 ∗ = 0.62,
𝜃0 = 24.43° and 𝜏 = 0.53; Case C2, empty black circles, ball hits wall and floor simultaneously, Ca = 0.24,
𝐻 ∗ = 0.51, 𝜃0 = 24.34° and 𝜏 = 0.76; Case C3, empty blue triangles, ball hits vertical wall at higher 𝐻, Ca
= 0.25, 𝐻 ∗ = 0.81; 𝜃 = 24.31° and 𝜏 = 1.10. (d) Normalized normalized ball velocity (𝑈𝑥/𝑈0 and 𝑈𝑦/𝑈0)
as function of normalized time, 𝑡𝑈0/𝐷. Empty and filled symbols show horizontal and vertical velocities,
respectively (left and right vertical axes, respectively). Case C1, red symbols; C2, black symbols; C3 blue
symbols; vertical solid black line corresponds to time 𝑡1 = 0, vertical red dashed line shows 𝑡2 for case C1;
vertical dashed blue line shows 𝑡2 for case C3.

If we define 𝜏 = 𝑡𝑟/𝑡𝑐, the condition for a nick shot is

𝜏 < 1. (A.3)

Considering explicit expressions for 𝑡𝑐 and 𝑡𝑟, we obtain

𝜏 = 𝛽𝐻 ∗Ca2/5
(cos 𝜃0)1/5

sin 𝜃0 + 2𝜅𝜔∗ (A.4)

where 𝛽 = 0.6058 is a numerical constant, 𝜔∗ = 𝜔0𝐷/𝑈0, 𝐻 ∗ = 𝐻/𝐷 and Ca is the Cauchy number defined

as

Ca = 𝐸
𝜌𝑏𝑎𝑙𝑙𝑈 2

0

where 𝐸 is the Young’s modulus and 𝜌𝑏𝑎𝑙𝑙 = 6𝑚/(𝜋𝐷3), is the density of the ball. Using Eqn. A.10, a map of

conditions for the nick to occur can be obtained, considering the collision kinematic conditions (𝑈0, 𝜔0, 𝜃0),

the location of first contact with the wall (𝐻 ∗), and the ball elasticity parameter (Ca).
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A.3.1 Characteristic times for wall collision

To identified the conditions for the nick shot to occur, two characteristic times are needed: the compression

time and the rolling time. Here, we detail how those times are determined.

Contact time The contact time for the impact of an elastic sphere is determined by the balance of the

impact force and the elastic deformation, neglecting friction and energy dissipation [163]. The impact time

is give by

𝑡𝑐 = 𝛼 ( 𝑚2

𝐷𝐸2𝑈0 cos 𝜃0
)
1/5

(A.5)

where 𝛼 = 3.29, 𝑚 is the mass of the ball, 𝑈𝑜 is the ball speed at contact, 𝜃0 is the angle at contact and 𝐸 is

the Young’s modulus.

Rolling time Assuming that there is no slip between the ball and the wall, a condition met for contact

with friction and at small incident angles [162], the ball will execute a rolling motion on the wall with in

contact with it. The time that the wall will take to reach the floor, while rolling, is

𝑡𝑟 =
𝐻
𝑈𝑐𝑚

where 𝐻 is the distance above the floor where the ball first makes contact with the wall. 𝑈𝑐𝑚 is the velocity

of ball’s center of mass at time 𝑡1 (see Fig. 1(a) in the main text), which can be defined as

𝑈𝑐𝑚 =
𝐷(𝑈0 sin 𝜃0 − 𝐷𝜔0/2)

𝐷𝐽 + 𝐷
(A.6)

where 𝐷𝐽 = 2𝐽/(𝑚𝐷), 𝐽 being the ball’s polar moment of inertia and 𝜔0 is the ball’s angular velocity at the

moment of contact. This calculation the classic rolling theory [163]. Therefore, we can rewrite 𝑡𝑟 as:

𝑡𝑟 =
𝐻(2𝐷𝐽 + 𝐷)

𝐷(𝑈0 sin 𝜃0 + 𝐷𝐽𝜔0)
(A.7)

where 𝐷𝐽 = 2𝐽/(𝑚𝐷). A squash ball is a thick spherical shell of thickness 𝑇, for which the polar moment of

inertial is

𝐽 = 1
10

𝑚𝐷2 1 − (1 − 2𝑇/𝐷)5

1 − (1 − 2𝑇/𝐷)3
. (A.8)
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Considering that 𝑇/𝐷 = 0.113 for a squash ball, 𝐽 = 𝜅𝑚𝐷2 where 𝜅 = 0.1346.

Therefore, the rolling time simplifies to:

𝑡𝑟 =
𝐻(4𝜅 + 1)

𝑈0 sin 𝜃0 + 2𝜅𝐷𝜔0
(A.9)

The time ratio The ratio of rolling to contact time is defined as

𝜏 =
𝑡𝑟
𝑡𝑐
.

Therefore, from Eqns. A.5 and A.9, we can write

𝜏 = 1
𝛼
(
𝐷𝐸2𝑈0 cos 𝜃0

𝑚2 )
1/5

𝐻(4𝜅 + 1)
𝑈0 sin 𝜃0 + 2𝜅𝐷𝜔0

After simplification, we have

𝜏 = 𝛽𝐻 ∗Ca2/5
(cos 𝜃0)1/5

sin 𝜃0 + 2𝜅𝜔∗ (A.10)

where 𝛽 = 0.6058 is a numerical constant, 𝜔∗ = 𝜔0𝐷/𝑈0, 𝐻 ∗ = 𝐻/𝐷 and

Ca = 𝐸
𝜌𝑏𝑎𝑙𝑙𝑈 2

0

where Ca is the Cauchy number and 𝜌𝑏𝑎𝑙𝑙 = 6𝑚/(𝜋𝐷3).

A.4 Results and discussion

A vast experimental campaign was conducted (Table A.1) to test the conditions set by Eqn. A.10. In all

experiments, no initial rotation was considered (𝜔∗ = 0) and only two representative incident angles, 𝜃0,

where tested. Figure A.2 shows all the experimental results. In these maps, we plot the value of 𝜏 for a range

of values 𝐻 ∗ and Ca. On the plots, the filled symbols indicate the cases nick was observed. A shot was

considered to be a nick if the rebound vertical speed was smaller than 0.1𝑈0 sin 𝜃0. Clearly, two conditions

can be identified: 𝜏 < 1 and 0.6 < 𝐻 ∗ < 0.75.

Even without any fitting parameters, Eqn. A.10 predicts the conditions very well.
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Figure A.2: Map of conditions for nick occurrence: value of the time ratio 𝜏 (indicated by the color) as
a function of Ca2/5 and 𝐻 ∗ for a fixed incidence angle 𝜃0 and no initial rotation 𝜔0 = 0. (a) 𝜃0 = 25° ; (b)
𝜃0 = 30°. Symbols according to Table A.1. Filled symbols (resp. empty) show the cases when the nick
shot was observed (resp. was not observed). Green symbols on (a) show experiments when the wall was
lubricated with a viscous fluid. The dot-dashed and dashed lines consider 𝜔0 = ±100 s−1, topspin and
backspin, respectively.

Several other conditions were also tested, including ball temperature, ball type, ball speeds, and wall

lubrication, all of which are shown in Fig. A.2. A detailed account appears in the SI, including a discussion

on the effect of initial ball spin. The conditions for the occurrence of the nick shot hold for all these tests.

Considering a mechanical model (described in the SI), we can explain why the ball does not bounce

vertically when the nick shot conditions are satisfied. The rolling process that occurs when the ball is

in contact with the vertical wall cannot proceed when a second contact point, with the floor, is imposed.

This second contact point induces a torque in the opposite direction of the rolling motion, canceling it,

resulting in a mechanical equilibrium condition for which both the linear and rotational momentum of

the ball become null. In other words, the ball gets stuck on the corner when the nick conditions are met.

Because of the energy stored during the compression phase with the vertical wall, the ball can still rebound

horizontally. This is why the ball moves away from the wall after the collision with no vertical momentum.

Understanding the nick mechanics can be used to refine squash technique. Mastering the nick shot

requires precision and low 𝜏, achieved with higher speed (lower Ca), steeper angles, or softer balls (lower 𝐸).

The ideal shot comes from a fully extended arm, hit with force, and when the ball is warm, in accordance to

what is observed in professional play.
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The theory developed for the mechanism of the nick shot could have practical used beyond squash.

Abrupt changes in angular momentum, typically associated with head impacts [164–166], could be reduced.

Our model predicts that increasing mass prolongs momentum transfer (∝ 𝑚2/5), while larger size (∝ 𝐷−1/5)

and greater stiffness (∝ 𝐸−2/5) shorten it. Thus, a heavier, larger, and more compliant damper that slides on

impact would be more effective in reducing large rotational rates.

Statistics of nick shot occurrence To determine how often nick shots are played, one of us (RZ) watched

all the matches (men and women, 32 matches) played at the Tournament of Champions of 2023, transmitted

by SquashTV. This prestigious tournament, part of the professional tour, is played every January in New

York City. We counted the number of times a player won a point with a nick shot. It occurred 8.7 % times.

Note that not all of these shots were rolling nicks. Those occurred only 1.2% of all winning shots.

A.5 The mechanical model of the ball contact

A.5.1 Stage 1: Contact with the wall, 𝑡 = 𝑡1

Before making contact with the vertical wall, the ball travels at a velocity U0, approaching the wall at an

angle 𝜃0, as depicted in Fig. 1(a) of the main text. When the ball reaches the wall, its horizontal location is

𝑥/𝐷 = 0.5 while its vertical location, 𝐻 ∗ = 𝑦/𝐷, depends in how close to the floor it reaches the vertical

wall. The ball makes contact with the wall at a material point on its surface, denoted as 𝐴. After making

contact, the ball experiences an impulse which changes its center of mass velocity, as well as its angular

velocity. From the balance of linear and angular momentum, the change of the ball’s center of mass velocity

is given by

Δ𝑈𝑐𝑚 = 𝐷𝐽Δ𝜔

where Δ𝜔 is the change of angular velocity before and after the impact and 𝐷𝐽 = 2𝐽/(𝑚𝐷), with 𝐽 being

the polar moment of inertia (see Eqn. 5 above).

Assuming that the velocity of a material point of the ball at location 𝐴 (no slip) is zero, we can conclude

that

𝑈0 sin 𝜃0 + Δ𝑈𝑐𝑚 − 𝜔𝐷/2 = 0
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and that

Δ𝜔 =
1
2𝑈0 sin 𝜃0 − 𝜔0𝐷

𝐷𝐽 + 𝐷
.

Therefore, the speed of the center of mass immediately after contact is

𝑈𝑐𝑚 =
𝐷(𝑈0 sin 𝜃0 − 𝐷𝜔0/2)

𝐷𝐽 + 𝐷
. (A.11)

A.5.2 Stage 2: contact with the floor, while already in contact with the wall, 𝑡 = 𝑡2

As described in the main text, when the ball has not yet concluded its rolling motion on the vertical wall

but makes contact with the floor, the nick behavior is manifested. In this case the ball is observed to roll on

the floor with no vertical velocity.

When the ball makes simultaneous contact with the vertical wall, at point 𝐴 with the vertical wall and

at point 𝐵 with the floor, it experiences impulses from these two points that will change the ball’s velocity.

Let the change of the ball’s center of mass at 𝑡 = 𝑡2 be

Δ𝑈𝑐𝑚(𝑡2) = 𝑃𝐵/𝑚 + 𝑃𝐴/𝑚

where 𝑃𝐵 and 𝑃𝐴 are the impulses at 𝐵 and 𝐴, respectively.

At point 𝐴, considering that at 𝑡 = 𝑡2 the material point is still fixed (non slip), we will have

𝑈𝑐𝑚(𝑡2) = 𝐷𝜔/2. (A.12)

Now, we can also assume that at the material point 𝐵 the the velocity is null. Therefore, following a similar

argument as before, we can conclude that

𝑈𝑐𝑚(𝑡2) = −𝐷𝜔/2. (A.13)

The only possibility for Eqns. A.12 and A.13 to be both satisfied is for 𝜔 = 0. From it, it follows that 𝑈𝑐𝑚 = 0.
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A.5.3 Stage 3: restitution

As shown above, if the ball makes simultaneous contact with the vertical wall and floor, while rolling on

the vertical wall, its velocity and rotation cancels out. However, due to the impact, the ball still has energy

stored in elastic deformation. Since the energy is mostly from deformation in the horizontal direction, the

ball will regain kinetic energy in this direction. Due to the contact at point 𝐵, the ball will roll as the elastic

energy is restored into kinetic energy in the horizontal direction.

A.6 Detailed description of experiments

Experiments when the nick shot is not observed In this section we provide a detailed description of

two experiments shown in Fig. 1(c) and 1(d) (case C2 and C3) that do not exhibit the nick behavior.

Our observations indicate that the nick behavior occurs when the balls touches the floor before it has

completed the rolling phase with the vertical wall. To illustrate that this is indeed the nick condition, we

show two other cases in Fig.1 of the main document, with very similar conditions but reaching the corner

at slightly different 𝐻 ∗ values. Case C2, shown in Figs. 1(c) and 1(d) by the black markers and the movie

below, displays a collision for which 𝐻 ∗ = 0.51; in this case, the ball makes contact with both vertical wall

and floor at approximately the same time (𝑡1 ≈ 𝑡2). The compression-decompression cycle occurs with both

walls at the same time and rolling does not occur. As explained above, rolling is not possible while having

two no-sling contact points. The ball bounces off with at a slightly lower angle that the incoming one, see

Fig. 1(d). Case C3, displayed by the blue symbols, also in Figs. 1(c) and 1(d) and movie below, shows an

interaction for which 𝐻 ∗ = 0.81. The collision occurs at a higher location than C1 (nick case). The evolution

of the ball position and velocity is very different. The evolution of position and speed, for times soon after

𝑡 = 𝑡1 occurs in a manner similar to Case C1: the ball compresses and rolls on the vertical wall. Since the

vertical location is higher, the ball is capable of completing is rolling motion with respect to point 𝐴 by

the time it touches the floor at time 𝑡2. Hence, the ball is free to continue its vertical motion downwards,

starting a compression phase with the floor. During this compression phase with the floor, the ball is not

longer in contact with the wall on point A. Therefore, the motion of the center of mass of the ball has a

negative velocity even for times longer that 𝑡2 even as the ball is already moving away from the wall in the
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horizontal direction, as seen on Fig. 1(d). Subsequently, the ball bounces off from the floor with a certain

angle, with both horizontal and vertical momentum.

Testing several collision conditions A vast experimental campaign was conducted, including three

balls, two temperatures, two incident angles, for a range of impact speeds and initial contact locations.

Furthermore, for one test we added a small amount of oil to the wall to lubricate the contact to induce

sliding on the wall upon contact. The nick conditions were identified to occur for 0.6 < 𝐻 ∗ < 0.75 and

𝜏 < 1. All experiments conducted in this investigation satisfied these conditions, as shown, as shown in Fig.

2 of the main document.

High speed collisions An interesting group of data is that for 𝜏 < 1 but 𝐻 ∗ > 0.75 (data on lower right

hand side of Fig. 2(b)). One would expect the condition of 𝜏 < 1 to be sufficient since it quantifies the ratio

of rolling to contact time.

It is not possible for a ball to reach the horizontal wall for 𝐻 ∗ > 0.78, if one considers that the maximum

possible stretching on the wall upon impact (see above). However, the calculation from Eqn. 2, from the

main text, results in values with 𝜏 < 1. We note that these experiments have small values of the Cauchy

number (Ca < 0.16) which correspond for high impact speeds (𝑈0 ≈ 45 m/s). For such a range of speeds,

the deformation of the ball is significant. We do not expect of the calculation of the contact and rolling

times to be valid in such a case.

Experiments at different temperatures For the experiments at 𝜃0 = 30°, tests were conducted with

the same three balls but at a higher temperature (40℃), to replicate the conditions observed in a real

squash game. At higher temperatures the elastic properties of the ball change (see Table 1 of the main

document), leading to an increase in the coefficient of restitution [167]. The material becomes softer at

higher temperatures (the value of 𝐸 decreases). The results for these tests are shown in Fig. 2(b) of the

main text by the red symbols. These data also satisfy the nick occurrence conditions. Since, in general, 𝐸

decreases with temperature, the attainable values of Ca are smaller.

Collisions over lubricated walls An additional test was conduced for the experiments at 𝜃0 = 25° to

further test our rolling hypothesis. For a set of experiments involving the double-dot and doubles balls, at
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room temperature, the vertical wall was covered by a thin film of viscous fluid (glycerol) with the intention

to lower the surface friction. It is well known that when the wall is lubricated by a viscous fluid, sliding

(instead of rolling) occurs upon contact[168]. The results from these tests are are shown by the green

symbols in Fig. 2(a) of the main text. The nick shot was prevented from occurring when the collision

corresponded to a value of 𝜏 < 1. Upon closer inspection of the high speed videos, for these collisions the

ball slid upon contact; hence, the rolling frustration mechanisms did not occur.

A.7 Effect of initial spin

Experiments were not conducted with initial rotation. However, this effect is often present while playing

squash. Our estimation, obtained by watching videos from the Professional Squash Association, is that the

ball rotation never exceeds 100 s−1 during normal playing.

Tangential recoil A ball with backspin could bounce with an angle different from the incident one.

Considering both normal and tangential coefficients of restitution and the conservation of angularmomentum

during an oblique collision with spin, according to Cross [169]:

𝑈 after
𝑦

𝑈 before
𝑦

=
1 − 4𝜅𝑒𝑡
1 + 4𝜅

+
2𝜅(1 + 𝑒𝑡)
1 + 4𝜅

(
𝐷𝜔0

𝑈0 sin 𝜃0
) (A.14)

where 𝑈 after
𝑦 and 𝑈 before

𝑦 are the vertical speeds after and before the collision, 𝜅 = 0.1346 (see calculation

above) and 𝑒𝑡 is the tangential coefficient of restitution, defined as 𝑒𝑡 = (𝑈 after
𝑦 − 𝜔after𝐷/2)/(𝑈 before

𝑦 −

𝜔before𝐷/2). From Eqn. (12), the condition required for a rebound with zero vertical speed is:

𝜔0𝐷
𝑈0

=
(4𝜅𝑒𝑡 − 1) sin 𝜃0

2𝜅(1 + 𝑒𝑡)
. (A.15)

Considering, for instance 𝜃0 = 25𝑜 (as in Fig. 2(a) of the main text), and 𝑒𝑡 = 0.8 (typical value), leads to

𝜔∗ =
𝜔0𝐷
𝑈0

= −0.49.
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For ball speeds in a squash game, this condition corresponds to a rotation rate of around -500 s−1=-30000

RPM (backspin). This value of backspin is not attainable in regular play. Therefore, a collision with backspin

cannot explain the occurrence of the nick shot.

Model predictions with initial spin Our model does account for ball spin. The term 2𝜅𝜔∗ in Eqn. (2)

of the main text can be varied to analyze the effect of spin. Our observations (from PSA videos), indicate

that 𝜔0 is never larger than 100 s−1, with either top or backspin. Fig. 2 (main text) shows two lines that

include the effect of top (dashed-dotted) and backspin (dashed) for 𝜔0 = 100 s−1. When spin is considered,

the rotation time is either longer or shorter (top or backspin, respectively); therefore, the condition for

𝜏 = 1 is displaced to higher or smaller values of Ca for top and backspin, respectively. In other words, the

nick shot is possible but the range of speeds and ball elasticities are slightly different.

A.8 Collision videos

Videos for typical ball collisions have been placed on a data repository. All videos were recorded at 5000

fps, with a shuttle speed of 1/20000, using a Photron FASTCAM SA5 camera.

Movie S1. Case C1: Nick collision. HERE

Conditions: Ca = 0.25, 𝐻 ∗ = 0.62, 𝜃0 = 24.43𝑜 and 𝜏 = 0.87.

Movie S2. Case C2: No nick collision. HERE

Conditions: Ca = 0.24, 𝐻 ∗ = 0.51, 𝜃0 = 24.34°, and 𝜏 = 0.76.

Movie S3. Case C3: No nick collision. HERE

Conditions: Ca = 0.25, 𝐻 ∗ = 0.81, 𝜃0= 24.31𝑜 , and 𝜏 = 1.10.
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B BLENDING FLUID MECHANICS AND ART PART I: MAKING A
SPLASHWITH HIGH-SPEED PHOTOGRAPHY

Information This chapter is a modified version of the work published in The Physics Teacher

[4].

B.1 Introduction - Overview of the Idea

In part I of III of blending fluid mechanics and art[6, 7], students capture a photo of a fluid droplet impact by

controlling a peristaltic pump, digital camera, and flash programmed through an Arduino microprocessor.

As a fluid droplet impacts a fluid bath, an aesthetically pleasing series of events unfolds. Namely, a fluid

crown is formed around the point of contact, and after this crown submerges back into the bath a tall jet

emerges and subsequently collapses. The objective of this lab is for students to capture particular moments

of this fluid process in an artistic way. The photograph’s appeal is enhanced by modifying lighting, timing,

and fluid properties. This lab aims to expose students from all fields to the interdisciplinarity of engineering

in an exciting and novel way. Students utilize fundamental principles from fluid mechanics in order to

manipulate their final images according to their individual vision, gaining physical intuition into properties

such as viscosity, surface tension, and density.

B.1.1 Worthington-Edgerton crowns

One of the most recognizable scientific images is the Worthington-Edgerton splash. Worthington obtained

the first high speed image of the splash produced by a liquid droplet colliding against the free surface of a

stagnant liquid in 1897 [170]. Later on, in 1936, Edgerton improved the technique leading to very clear and

astonish images[171]. A student-created photograph of the same phenomena is shown in Fig. 1 below.

In addition to its visual appeal, the process is of great importance in understanding the dynamic

spreading of droplets through hydrodynamic instabilities and surface tension phenomena, which have

important implications for other problems in engineering applications and natural phenomena. Hence, the

subject has been vastly studied by many authors. The review by Yarin [172] provides an excellent overview

of the subject.
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Figure B.1: Worthington-Edgerton crown created by a droplet impacting the free surface of a
stagnant liquid.

B.1.2 The process of a drop impact on a free surface

The sequence of images shown in Fig. B.2 below depict the splashing process. When the droplet impacts

the free surface, its kinetic energy is transferred to the fluid layer. The free surface is therefore deformed

downward. During this phase, liquid at the rim of a forming cavity is pushed upwards, forming a thin

cylindrical fluid film. Under some conditions, the rim of this film becomes unstable forming radial jets that

can fragment into droplets (this structure is called the Worthington crown)[170]. After the crown descends,

a fluid crater is formed. This cavity energetically springs back up as a result of unbalanced hydrostatic

pressure. The upward flow forms a vertical jet that can become unstable due to the Rayleigh-Plateau

instability, fragmenting into one or many droplets[170].

Each step of the behavior described above is dependent on fluid properties such as viscosity, density,

and surface tension as well as the speed and size of the free falling droplet [17, 173, 174]. To characterize

the splash in terms of all these quantities, it is convenient to use two dimensionless parameters. The first is

the Reynolds number and is defined here as

Re =
𝜌𝑈𝐷
𝜇

(B.1)

where 𝜌, 𝑈, 𝐷, and 𝜇 are the droplet density, impact velocity, diameter, and viscosity, respectively. The

Reynolds number is the most widely used dimensionless quantity in fluid mechanics and represents the
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Figure B.2: Image sequence of the collision of a water droplet against the free surface of a stagnant
water. A droplet falls from above onto a quiescent liquid bath. At impact, the droplet deforms the free
surface downwards causing a crown of droplets to form around the cavity. As the cavity springs back up, a
jet emerges from the free surface eventually destabilizing into a line of droplets. Experiment shown here
are with a droplet of radius 𝑅 = 5mm at an impact speed of 𝑈 = 3.75m/s with corresponding Reynolds and
Weber numbers of Re =1025 and We =2675, respectively. The image sequence was obtained with a Photron
SA3 model 120K-M3 at 2000 frames per second, though a similar photo series can readily be reproduced
with a standard DSLR or smartphone camera.

ratio of viscous to inertial forces. The second dimensionless number relevant for this study is the Weber

number. This quantity is defined as

We =
𝜌𝑈 2𝐷
𝜎

(B.2)

where 𝜎 is the fluid surface tension. This number quantifies the relative importance of inertial and surface

tension forces.

B.1.3 Arduino microprocessor

An Arduino is an open hardware microprocessor board that can be readily connected to a computer, and its

output ports can be used to control analog and digital devices. In this lab, one Arduino board is used to

control a pump and to trigger a digital camera and flash to capture images of a droplet splashing onto a free

surface of fluid.
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In a dark environment, by leaving a camera’s shutter open and exposing the sensor to a small duration

of light, a very particular instant in time is captured with high clarity. Therefore, by changing the time

delay between the drop release from the pump and the triggering of the flash, the camera will capture

different phases of the impact.

B.2 Design and Setup

B.2.1 Circuit

A breadboard circuit, shown in Fig. B.3, is created to control the experiment through an Arduino. The

microprocessor is connected to a computer using a USB cable and to a 12 volt power supply. A digital

output pin is used to control the peristaltic pump. Note that a number of pumps can be put in parallel, as

shown in Fig. B.3, to produce many drops simultaneously or with some time delay. The circuitry required

to control the pump is highlighted in Fig. B.3 by the gray boxes labeled Pump 1 and Pump 2. Resistors

(230Ω) and transistors (5 V) are used to modulate the amount current and voltage sent from the input ports

to the pumps. Two digital output ports are used to trigger the camera and the flash. An optocoupler is used

to control when the flash and camera fired. As a signal passes through this component of the circuit, it

”closes”, effectively connecting the leads from the flash or camera.

B.2.2 Operating Procedure

The experimental setup, shown in Fig. B.4 consists of a fluid reservoir, tubing, a peristaltic pump, a nozzle,

and a fluid bath. Additionally, a photo camera and a flash are used to capture the image. These are also

controlled by the Arduino circuit and code.

To conduct the experiment, a computer connected to an Arduino-breadboard circuit is needed. The

Arduino software can be readily downloaded for free here. To ensure the computer is communicating with

the Arduino board, select the correct board and port under the “Tools” tab in Arduino. The camera is then

focused to the area of interest. In this example, we use a Nikon DLSR. For this or a similar model, we

suggest beginning with the following camera settings: shutter speed (2 s), aperture (f11) and ISO-value

(ISO160). The experiments should be conducted in a dark environment to prevent excess light from entering

the camera sensor.
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PumpPump

Figure B.3: Arduino and breadboard circuit used to control experimental setup. Output pins send
pulses to each element of the setup as dictated by user defined time delays within the Arduino code.

The Arduino code dictates the sequence of signals sent to the experimental components. First, a pulse

is sent to the camera which opens the shutter. The shutter remains open for the chosen time selected on

the camera. The Arduino then sends a pulse to the pump to produce a droplet which falls from the nozzle.

After a time delay (FlashDelay in the provided code), the Arduino then sends a pulse that activates the

flash. It is at this instant of illumination that a photo is captured. After the flash, the camera shutter closes

and the image is stored in the camera memory. By changing the value of FlashDelay, the camera will

capture different instants of the splash process.

Once familiar with the device and running the experiment, the artistry begins. Students are expected to

modify the setup in a number of ways to produce more interesting images. In previous iterations of the

course, students have modified the code to release a secondary drop to collide with the jet created by the

initial splash. Doing so, as seen in Fig.C.5e, creates an umbrella-like structure. Students are also encouraged

to test multiple values of the Reynolds and Weber numbers by using fluids of differing properties. Changing

these values can lead to drastically different splashes. Past students have chosen to use viscoelastic fluids.
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Figure B.4: Experimental setup The setup consists of a peristaltic pump which draws fluid from a fluid
reservoir, producing the droplet at the syringe needle. A camera and flash controlled by an Arduino (not
shown here) capture the moment of impact of the droplet with the stagnant fluid bath.

Splashes of these fluids often have long, thin filaments that eject from the impact due to the elasticity of

the fluid [175], such as in Figure C.5d. Glitter, soap, and food coloring are some of the common choices to

improve the aesthetic appeal of the photographs. The viscosity and surface tension of many household

fluids and additives can be found online to be used in the calculation of the Reynolds and Weber numbers.

In the case in which these properties were not available, the teaching staff would determine viscosity with

a rheometer and surface tension with a tensiometer. It is suggested that students use Photoshop or other

postprocessing software to improve brightness, contrast and other aesthetic qualities of their images. It is

emphasized, however, that photo editing should not obscure or fabricate the physics.

B.3 Results

B.3.1 Examples

Here we discuss example photographs taken by students of the Spring 2023 and 2024 course iterations.

Figure 1 (“Defying gravity”) captures a Worthington-Edgerton crown splash resulting from a water on

water impact. Students calculated values of Re = 13,580 and We = 572, indicating we should expect to see
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an irregular crown splash with microdroplet ejection[17]. Here we see that a relatively high Reynolds

number overcomes surface tension effects, resulting in an instability which ejects droplets away from the

crown rather than maintaining symmetric undulations around the crest of the crown. Figure C.5a (“Armless

Crawler”) displays the fluid jet resulting from a water impact. Equivalent values of Reynolds and Weber

numbers were calculated during this experiment as to in Figure 1, providing for a useful visualization of the

timing of the impact dynamics. We see that following the collapse of the Worthington crown, a tall pillar of

fluid emerges from the bath as a result of the displaced fluid converging radially after impact. Early on

into the growth of the jet, the cylindrical structure is maintained. However, in fractions of a second the

column will fragment into droplets due to the Rayleigh-Plateau instability (see bottom row of Fig. 2), which

occurs when surface tension acts to minimize the surface area of a given fluid volume. Figure C.5b (“Jelly

Friends”) shows milk dropped into ethanol. The original image is then reflected about the diagonal to give

the sense of two jellyfish interacting. The students calculated values of Re = 658 and We = 523. At this low

Reynolds number, we do not expect droplet formation, hence the lack of satellite drops (see Figure B.6).

We see a distinct structure within the fluid jet arising from the milk not mixing homogeneously within

the alcohol, leading to a jellyfish-like effect. This structure can occur when fluids of unequal density are

accelerated together, and is known as the Rayleigh-Taylor instability. Figure C.5c (“Two Crowns”) captures

two Worthington crowns composed of honey and red (left) or blue (right) dye. The impact occurs at Re

= 14600 and We = 6800. Students utilized shallow fluid films to drop liquid on in order to create larger

crowns. They then chose to superpose two images horizontally to create a surreal, illogical effect. Figure

C.5d (“Cerulean”) uses 50-50 water glycerol mixture (with a hint of cream for opacity) and captures an

impact at Re = 2585 and We = 1263. Here we see the result of a droplet impacting the rising jet of a previous

impact. The collision results in a highly irregular and asymmetric geometry, which gives the image a sense

of movement. Students use yellow and blue food dye for contrast. Figure C.5e (“Mycology”) captures a

glow stick fluid drop impacting a mixture of water, glycerol and cream at Re = 2202 and We = 1257. Similar

to the previously discussed photo, we again see the result of one drop impacting the jet from an earlier

impact. What distinguishes this impact is the symmetry and stability of the fluid film which is ejected from

the epicenter of the collision. This is due to the relatively lower Reynolds number and capturing the photo

at an earlier time in the impact dynamics.
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B.3.2 Analysis

After conducting the experiment, the students must choose three photos based on aesthetic merit to analyze

and present in a written report. Each image should be titled and accompanied by a technical and aesthetic

assessment, including a brief explanation of the methods used to capture the image. The students describe

and justify the creative process they chose to follow, emphasizing how they manipulated fluid properties

and the experimental setup to realize an artistic vision.

Students are asked to produce a detailed write-up after conducting the experiment and obtaining

photos. As part of the report, students calculate the Reynolds and Weber numbers for three photographs of

their choosing. When coupled on a regime map [17] the Reynolds and Weber numbers predict the splash

behavior that will be observed in a given experiment. Figure B.6 shows this regime map and identifies

where examples from Figure B.1 and Figure C.5 lie. When both numbers are small, the splashing dynamics

are dominated by viscous and surface tension forces. Instead of a crown-like geometry the splash will

create what is known as a peregrine sheet. This splash is a stable, cylindrical sheet which grows upwards

without fragmenting into jets and droplets. When both numbers are high, the flow is dominated by inertial

forces, the crown violently emerges from the surface and ejects micro-droplets across the surface of the

fluid bath. Using the regime map of Figure B.6, students identify which regime each of their photos is

located based on the corresponding Reynolds and Weber numbers. The students report if the observed

behavior agrees with the predicted behavior within the regime map.

B.4 Teaching Outcomes

Through this interdisciplinary lab, students from all academic fields are able to contribute and learn in a

scientific setting. By combining art and fluid mechanics, students from the sciences and humanities alike

are able to contribute their knowledge to produce works of art. Through manipulating physical parameters

which can sometimes be foreign to students, empirical insights are gained into how fluid properties such

as viscosity and surface tension change the resulting flows. Additionally, students develop experimental

techniques such as sample production of fluids with specific material properties and gain early exposure to

Arduino code to control an array of digital elements.
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Figure B.5: Artistic representation of droplet splashes. The objective of this lab is for students to
produce original and artistic images following the theme of droplet collisions. Shown here are a subset of
the final results produced in the 2023 and 2024 iterations of the course. See Appendix III for attribution [16].

B.5 Extensions and Future Directions

Improvements in the robustness and reliability of the experimental setup would help students gather results

more efficiently. Often wires may come loose from the breadboard or Arduino board, disrupting laboratory

flow and forcing students to do troubleshooting during the lab. Additionally, the peristaltic pump does

not always release a droplet at the same time in each run, leading to experimental inconsistencies despite

running the same code. Ambitious students in the past have modified the code to make it more interactive,

adding a button to the circuit such that when the button is pressed a drop is formed and a picture taken. In

doing so the code does not need to compile in each run saving much time over the span of the laboratory

exercise. We note the lab could be modified to use a readily available phone camera in place of a digital

camera, possibly reducing laboratory costs substantially. In our knowledge, there is no way to manually

alter the shutter speed of a phone’s camera. To work around this, we recommend taking a slow motion

capture video in an illuminated room. Spanning the entire duration of the impact allows the student to

select from a range of moments across the impact time. In this case, the camera is operated manually and

not with the Arduino, though the droplet is still initiated using the code and Arduino board. The analysis
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Figure B.6: Splash regime map. This map, proposed by [17], locates the expected splash behavior for
given values of the Reynolds and Weber numbers. Examples from students experiments are shown, as
discussed in the manuscript.

could be shortened or extended depending on the level of fluid mechanics comprehension of the intended

audience. For example, a more advanced study could include the effect of the Weissenberg number, which

is a dimensionless number which measures the balance of elastic to inertial forces and is used in the study

of viscoelastic fluids.

B.6 Conclusions

We present an undergraduate laboratory exercise which bridges the perceived gap between fluid mechanics

and art, allowing students to empirically interact with the inherent beauty of the field. Students interface

with an Arduino circuit through code in order to control the experimental process of releasing a fluid drop

into a bath and capturing the moment of impact with a digital camera. Students are given freedom over the

experiment (e.g. changing viscosity, surface tension, impact speed, etc.) to allow them to produce unique

images of splash phenomena. The motive is to produce images of aesthetic merit while simultaneously

gaining powerful intuition into fluid mechanics.
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B.7 Bill of Materials

The experiment can be reproduced with the following materials. Prices are provided for Amazon products

in the USA.

Material Price Description

12V DC Peristaltic

Pump (Gikfun).

$11.98 Peristaltic pumps are used to produce the fluid droplet. Additional

pumps can be added to produce additional droplets.

Peristaltic Pump

tubing (Intllab).

$13.99 Tubing to connect pump from fluid reservoir to nozzle.

Camera flash

(ploture)

$41.99 Flash to be placed around droplet staging area necessary to perform

high speed photography.

Shutter release

remote (x2) (Nikon)

$8.99 The release remotes are connected to the camera and flash

separately. The leads from the remote connect to the Arduino

board.

Arduino Uno

(Arduino)

$27.99 Microprocessor used to control the experimental process.

Arduino code Free Available here. The code is written to work as a test case for

producing a single droplet from a height of 30 cm and capturing

the crown splash.

Circuit components

(Swpeet)

$25.65 Kit including necessary circuitry components.

Breadboard kit

(GeeekPi)

$25.99 Breadboard kit including jumper wires, diodes, and resistors.

Nikon d5500 $440 Note that any similar camera works. We used this one since it

was available. We also note it is possible to modify the lab to use

a smartphone instead.

TOTAL $596.58 Estimated total cost to run the experiment.
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B.8 Attribution Table

Fig. Title Students

1 “Defying Gravity” Angelina Schorr, Grant Adam, Victoria Vo, Ian Becker, Jennifer Cheng.

(2024).

5a “Armless Crawler” Angelina Schorr, Grant Adam, Victoria Vo, Ian Becker, Jennifer Cheng.

(2024).

5b “Jelly Friends” Jake Srebnick, Erin Alexander, Mateo Benitez, Makayla Minter,

Toshiki Kato. (2024).

5c “Two Crowns” Houston Li, Julia Zaborowsky, Mandy He, Raymond Gresalfi. (2023).

5d “Cerulean” Lucian Sharpe, Sofia Gilroy, Kiara Vong, Himanssh Pettie. (2024).

5e “Mycology” Lucian Sharpe, Sofia Gilroy, Kiara Vong, Himanssh Pettie. (2024).
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C BLENDING FLUID MECHANICS AND ART PART II: FLOW
VISUALIZATION

Information This chapter is a modified version of the work currently in press in The Physics

Teacher [6].

C.1 Introduction - Overview of the Idea

In part II of III of blending fluid mechanics and art[4, 7], students use a table-top setup to explore flow

visualization of vortex rings using smoke and a light source. This laboratory introduces students to using

dimensionless numbers to characterize fluid flow and gain experience with laser techniques for flow

visualization. A particular emphasis is placed on capturing aesthetic imagery and video. The lab described

is an example of incorporating the arts into STEM education, sometimes called “STEAM”, allowing students

to add creativity into the visualization process with different lighting and colors.

The incorporation of the arts into STEM education has allowed for creative, divergent, thinking

associated with the arts to be paired with the technical, convergent thinking associated with STEM

[176, 177]. STEAM initiatives can take many forms, with one being the use of visual arts, which serve a

two-fold purpose: reinforcing technical understanding of scientific concepts and providing an alternative

mode of scientific communication, while also possessing artistic merit [178]. The use of visualization in

conveying topics in the sciences and grabbing attention both inside and outside the classroom has previously

been demonstrated with physics topics such as quantum mechanics [179] and fluid mechanics [180]. Here,

we share a laboratory activity on the flow visualization of vortex rings.

A vortex ring is a torus-shaped flow structure characterized by the rotation of the fluid parcels that form

a closed loop [181, 182], shown schematically in Fig. C.1(a). Vortex rings are found throughout nature at

a variety of scales such as at the top of a volcano after an eruption [183], to the wake of birds and fishes

as they propel forward in air and water, respectively [184]. Vortex rings usually move in a direction that

is perpendicular to the plane of the ring, traveling relatively long distances relative to their diameter 𝐷,

transporting fluid within it. These flow structures are often used as examples to depict the complexity of

flows when they transition to turbulence. Vortex dynamics form the makeup of turbulent flow, generally
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Figure C.1: (a) Sketch of flow in a vortex ring. (b) Experimental setup for generating vortex rings.
A box with a cut-out orifice is filled with smoke from a fog/smoke generator. The back side of the box
is made of flexible material, plastic wrap. By shining a laser, a plane of interest is illuminated. Tapping
the flexible side of the box produces an impulse producing the vortex ring out of the orifice which can be
recorded with a phone camera set up close by.

represented as a mixture of vortices, of different sizes, interacting with each other by breaking, merging,

and evolving the flow landscape [185, 186].

With the following laboratory activity and fluid mechanics demonstration, we seek to introduce physics

and engineering students to flow visualization via a simple tabletop experiment on vortex rings [187]. The

objective of the activity is introducing the concepts of flow transition (laminar to turbulent) by considering

the use of classical fluid mechanics dimensionless numbers (the Reynolds number). Moreover, given the

striking beauty of vortex rings, the lab emphasizes the aesthetic output in the form of images and videos.

Follow-up exercises are discussed, such as collisions of vortex rings, interactions with obstacles, and

considering non-circular vortices, i.e. produced by using ellipse cross-sections.

C.2 Design and Setup

The experimental setup consists of a 6-sided box with a modular face, a modified laser pointer, smoke from

a smoke machine, and a phone camera shown in Fig C.1 (b).

The box consists of 4 square laser-cut acrylic faces of side length 𝑙 = 0.152 m, a modular laser-cut

front-face with a prescribed circular cutout, and a back-face that is made from standard plastic wrap from
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the grocery store (Optional: one could take use of makercase.com for construction of the box faces). The

four fixed sides of the box are assembled with Weld-on Acrylic Cement. When assembling, the box pieces

are held in place for a few minutes (typically 2-3 minutes) and then left to fully weld together overnight.

The circular cutout, in the front face of the box, allows for the emission of the vortex ring from the box,

and the plastic wrap acting as an elastic back face allows for a contraction of volume to occur. The cutout

prescribes the diameter 𝐷 of the vortex ring that is used in subsequent calculations. The front face is slotted

into the box to allow for it to be swapped out. This allows students to explore different diameters and can

also extend beyond to non-circular orifices. Setups similar in spirit have been documented at larger scales

via the construction of “vortex cannons” which take use of garbage bins and larger size orifices [188].

To visualize the emission of the vortex ring, a standard laser pointer for presentations/classroom use

is used (less than 1 mW, Class II). A small glass rod segment, from a stirring rod, is taped to the front of

the laser. The glass rod converts the beam of the laser pointer into an illuminated 2D plane, rather than a

focused beam. By aligning the illuminated plane with the center of the front face of the box, a slice of the

vortex ring is visualized. The overhead lights of the classroom are turned off to increase the contrast of the

laser light.

Once the vortex ring box is assembled, and the laser and camera are in place, the box is filled with

smoke from the smoke machine. The smoke machine, typically used for making an eerie, foggy effect on a

lawn for Halloween or in the production of plays, can serve the scientific purpose of adding tracer particles

to the flow by generating a cloud inside the box. Now, by flicking the plastic wrap side of the box, a smoke

ring is sent forward, with its motion tracked by the phone camera. An example of standard operating

procedure with laser illumination is shown both for ambient turbulent flows present in the room by waving

one’s arms around (Fig. 2a) and with the presence of a turbulent vortex ring (Fig 2b). Here, two lasers, red

and green, were used to illuminate planes perpendicular to one another for additional visualization. While

the laser illumination allows for planar flow visualization, one could also opt to use a high-powered flood

lamp as an alternative light source to capture the 3D structure of the vortex ring.

Regarding safety, it should be stressed to the participants that working with lasers can be hazardous

and laser-safe goggles are recommended while conducting the experiment. The recommended laser pointer

is a Class II, so it can technically be used without laser safety goggles. Nevertheless, safety goggles should

be used when available. See Appendix II for more details on the specific materials used.
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(a)

(b)

Figure C.2: Plane visualization of turbulence. (a) Flow in the room visualized via the lasers placed a
distance away from the vortex ring generator box after waving one’s arms around. (b) A vortex ring can be
visualized in an equivalent way. All photographs are reproduced with permission from the students. See
Appendix III for attribution.
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The laboratory activity was used in a cross-listed Engineering and Design course at our university,

fostering a collaboration between the arts and sciences. The students were assigned to groups of 4, with

generally half of the students per groups coming from a humanities background and the other half coming

from a science/engineering backgrounds. The students were given a short training session on using the

equipment and then left to work on obtaining images and videos independently.

C.3 Results

The students began their activity by investigating how the illuminated vortex ring’s flow structure was

affected by the strength of their tapping on the flexible side of the box. By varying the strength of the

impulse, the propagation speed of the vortex ring from the orifice varied. Larger impulses resulted in faster

propagation speeds accompanied by turbulent, flame-like wakes and small impulses resulted in slower

propagation speeds with laminar flow visualized in the toroidal structure of the vortex ring. To accompany

their qualitative description of the vortex ring, students were asked to measure both the orifice diameter 𝐷,

and the propagation speed of the vortex ring 𝑈.

The propagation velocity of the vortex ring 𝑈was calculated by the students using either ImageJ, Matlab,

or Tracker Video Analysis[189] for image processing. Students were instructed to take a video starting at

the impulse event (tapping on the flexible side of the container) and ending when the vortex ring traveled

some distance (typically 0.5 − 2 m) from the orifice. The horizontal position of the vortex ring is tracked

through the video as a function of time (𝑥(𝑡)). Using the frame rate (fps) of the camera, the propagation

velocity of the vortex 𝑈 is calculated via 𝑈 = Δ𝑥/Δ𝑡, where Δ𝑡 = 1/fps. After some distance, ambient

air currents and air conditioning lead to the breakdown of the vortex ring and/or drifting on a nonlinear

trajectory. Students either reported the average propagation speed over the vortex ring’s trajectory before

breakup or the propagation speed at the particular frame shared in their writeup and/or gallery image.

As part of the conducted activity, students were directed to compute a Reynolds number associated

with the vortex ring, defined as

Re =
𝜌𝑈𝐷
𝜇

(C.1)

where 𝐷 is the diameter of the orifice opening which we assume is the diameter of the vortex ring, 𝑈 is

the calculated propagation velocity, and 𝜌 and 𝜇 are the fluid density and dynamic viscosity, respectively.
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Tabulated values of the air density and viscosity are 𝜌 = 1.204 kg/m3 and 𝜇 = 1.8×10−5 kg/ms. The Reynolds

number is the ratio of inertial (𝜌𝑈 2) to viscous stresses (𝜇𝑈/𝐷); hence, it can be used to quantify their

relative importance. This number number naturally emerges when nondimensionalizing the governing

equations of motion for Newtonian fluid mechanics —the Navier–Stokes equations [181, 190]. Notably,

the value of Re determines the flow type: the flow generally transitions from laminar to turbulent when

Re ≳ 𝒪(103). The Reynolds number offers a succinct way for students to characterize the flow associated

with their experimental activity, highlighting that it is not a single parameter, such as the velocity or the

density, setting the overall characteristics of the flow structure observed, but rather the ratio of inertial

to viscous stresses characterizing the observed behavior [191]. The Reynolds number, being a relevant

dimensionless parameter, allows us to note that if we were to repeat the experiment with an orifice of half

the size (𝐷/2), we would need to obtain a propagation speed of 2𝑈 to achieve a qualitatively similar flow

structure for the same fluid.

To compute the Reynolds number for our setup, we opted to use the propagation speed 𝑈 and diameter

of the orifice 𝐷, respectively, although other choices are viable taking into account alternative length and

velocity scales. (for an extended discussion see Saffman [192]). By using standard air properties, most

of the vortex rings tracked in the gathered data of the students had Reynolds numbers in the range of

𝒪(102) < Re < 𝒪(104). With gentle emission protocol (tapping lightly on the flexible side of the box)

and/or small orifice openings, laminar regimes could be reached with azimuthal instabilities appearing as

the vortex ring travels away from the orifice. For their lab activity, each student group was instructed to

document a laminar and turbulent vortex ring with the computation of the associated Reynolds number. In

Fig C.3(a), a laminar vortex ring is shown (Re = 3400) where streamlines can be seen, and the turbulent

vortex ring (Fig C.3(b)) looks less structured (Re = 8300). The laminar to turbulent transition was observed

around a Re ≈ 4000. This formed the first collection of results and analysis.

The second set of results focused on extensions of the initial configuration, with an emphasis on

aesthetics. In order to allow for creativity with the experimental setup, multiple additions were suggested

to the students. Of those, a few examples include considering the collision of vortex rings with other objects

and/or other vortex rings which have been shown to generate objects of striking visual appeal [193]. In

addition, deviations from vortex ring generation were suggested. Additions included dragging a model

car across the table and visualizing the turbulent wake behind it as well as adding toys to interact with
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(a) (b)

TurbulentLaminar

Figure C.3: Generation of laminar and turbulent vortex rings. By changing the intensity of the
impulse on the back of the container, both a laminar (Re = 3400) (a) and turbulent (Re = 8300) (b) vortex
rings are generated. While the laminar vortex ring is characterized by visible streamlines in the ring itself,
the turbulent vortex ring exhibits an unsteady blob of smoke with a pronounced wake behind the traveling
ring. All photographs are reproduced with permission from the students. See Appendix III for attribution.

a laminar vortex ring looming (Fig C.4), with the intention being to mimic Henri Matisse’s 1905 Joy of

Life. The use of Adobe Photoshop, ImageJ, or other photo editing applications are suggested to modify the

colors, contrast, and brightness of the images. Although there were many submissions of the best flow

visualization of a vortex ring, a subset of those are displayed to demonstrate the final output from the 2023

and 2024 iterations of the course (Fig. C.5).

Finally, an additional, optional activity could be conducted with the setup: the propagation of an

elliptical vortex ring. When the experimental setup is operated with an elliptical orifice opening, the

resulting vortex ring wobbles as it propagates outward. The leading instability of wobbling leads to the

oscillation from prolate to oblate elliptical toroids [194]. Students were asked to take videos for different

size and different aspect ratio ellipses to determine the period of oscillation, 𝑇ellipse, and plot the period of

oscillation as a function of the exit velocity 𝑈, eccentricity, and absolute size of the semi-major axis to see if

any trends emerged. The semi-major axis took on values between 3.2 cm and 4.4 cm, and the semi-minor

axis took on values between 1.9 cm and 2.5 cm. This allowed for the activity to not only represent a place to

gather striking visualizations of vortex rings with a simple table-top setup, but it also allowed for a platform

to gather data to track a quantity of interest (𝑇ellipse) to be tracked over time for different experimental

parameters. Students found that 𝑇ellipse attained values between 0.2 s and 1.2 s, and that the period of
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(a)

(b)

Figure C.4: Visual additions to the vortex ring experiment. A large array of behavior was visualized
as the students were given the freedom to adapt the experimental setup.(a) A laminar vortex ring is placed
within a group of stick figures in the work to mimic Henri Matisse’s 1905 Joy of Life. (b) A toy car is
accelerated on the table leading to a large disturbance in the ambient flow fields of the air. All photographs
are reproduced with permission from the students. See Appendix III for attribution.

150



oscillation monotonically decreased with the exit velocity of the vortex. The students did not find a clear

monotonic trend for the eccentricity nor absolute size of the semi-major axis.

C.4 Conclusions

Here, the students took different creative approaches both during the experimental setup and after in the

post-processing of the photos/videos to create striking works of art. The breakdown of a laminar vortex

ring into a heart shaped vortex filament demonstrates the route to instability as the ring traverses from the

box (Fig. C.5a). By tapping the elastic side of the box twice, a pair of rings can be created that interact with

one another and one another’ wakes (Fig. C.5b) with a Reynolds number of Re = 1900. Finally, a turbulent

(Fig. C.5c), Re = 6000, versus laminar vortex ring (Fig. C.5d), Re = 3800 are visualized, with image color

modification to draw out the different hues in the image.

We have presented a simple table-top experiment that can be used to both introduce flow visualization

with a vortex ring and highlight the intrinsic beauty that comes with vortical flows. By focusing on

visualizing vortex rings, the students were able to compare and contrast turbulent and laminar fluid flow,

creating aesthetic imagery in the process. Through imaging the experiment, students were introduced to

simple image analysis techniques, allowing them to track vortex rings over time and calculate both the

vortex propagation velocity, 𝑈, and the corresponding Reynolds number, Re. By computing the Reynolds

number, students were exposed to dimensionless numbers in fluid mechanics, using it to characterize

the flow and distinguish between laminar and turbulent behaviors, beyond a qualitative description. The

simple experimental setup allows for the introduction of concepts in fluid mechanics to be approached at

an earlier time and age than a standard junior-level fluid mechanics course, generally much more focused

on the theoretical aspects of fluid flow. The experiment extended beyond the traditional physics curriculum,

fostering interdisciplinary collaboration with students in the arts and humanities with an emphasis on

producing aesthetically compelling results that are featured as part of an art exhibit on the campus of our

university.
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(a)

(b) (c) (d)

Figure C.5: Artistic representation of vortex rings. At the end of the lab, students presented their
favorite images from their exploration of which a small subset of the final results produced in the 2023
and 2024 iterations of the course. All photographs are reproduced with permission from the students. See
Appendix III for attribution.
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C.5 Bill of Materials

The experiment can be reproduced with the following materials. Prices are provided for Amazon products

in the USA. The use of a phone as a camera is assumed.

Material Price Description

1/4” Acrylic Sheets

(AZM Displays). [x3]

11.99 Acrylic can be laser cut or sawed to make the 5 sides of the vortex

ring generator box. Additional sheets of acrylic are useful for

making modular front faces.

Plastic Wrap (Amazon

basics 200 sq ft)

3.29 Used to form the back face of the box that is flexible and able to

generate an impulse.

Laser Pointer

(LUEIN) 19.99 Visualization of a 2D slide of the flow field.

Glass Stirring Rods

(Burry Life Science)

8.99 Addition to the front of the laser pointer to illuminate a plane.

Fog Machine

(LUEIN) 39.99 Machine to send out fog machine fluid to illuminate fluid flow.

Fog Machine Fluid 19.99 Illumination of fluid flow.

TOTAL 128.22 Estimated total cost to run the experiment.
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C.6 Attribution Table

Fig Title Students

2(a) “Untitled” Amaya Vazquez, Dashaun Simon, Isabel Roth-Dishy, Shivani

Mendiratta, Benjamin Newcomb. (2023).

2(b) “Untitled” Sahil Bansal, Rachel Rowey, Alara Kalfazade, Peyton Newman. (2023).

3(a) “Laminar” Sahil Bansal, Rachel Rowey, Alara Kalfazade, Peyton Newman. (2023).

3(b) “Turbulent” Sahil Bansal, Rachel Rowey, Alara Kalfazade, Peyton Newman. (2023).

4(a) “Joy of Life” Morgan Holstine, Venkatsai Bellala, Hannah Jeon, Fiona Liu, Gaurav

Rathore. (2024).

4(b) “Dirty Air” Houston Li, Julia Zaborowsky, Raymond Gresalfi, Mandy He, Yuki

Hayashita. (2023).

5(a) “Laminar Love” Morgan Holstine, Venkatsai Bellala, Hannah Jeon, Fiona Liu, Gaurav

Rathore. (2024).

5(b) “Ernie and Bernie ” Victoria Vo, Angelina Schorr, Ian Becker, Jennifer Cheng, Grant Adam.

(2024).

5(c) “Inferno” Lucian Sharpe, Sofia Gilroy, Kiara Vong, Himanssh Pettie. (2024).

5(d) “Decay” Lucian Sharpe, Sofia Gilroy, Kiara Vong, Himanssh Pettie. (2024).
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D BLENDING FLUID MECHANICS AND ART PART III: FLUIDS ART
PROJECT

Information This chapter is a modified version of the work currently in press in The Physics

Teacher [7].

D.1 Introduction - Overview of the Idea

In part III of III of blending fluid mechanics and art[4, 6], students are tasked with creating an art piece that

artistically represents a fluid mechanics phenomenon to be showcased at the course art exhibit. Students had

the freedom to choose any medium for their artwork while developing a comprehensive plan, considering

design integration, layout, and spatial considerations, and adhering to budget constraints. This activity is

used to fuel students’ concepts of engineering project development and management. The outcomes of this

project, which are detailed here, come from participants in a course taught at our University.

Course-based research is effective for student growth and learning in a variety of fields, including

nursing, geology, and engineering [195, 196]. The benefits of undergraduate research have been found to

encourage students to pursue advanced degrees or continue careers in STEM [197, 198]. To make research

more accessible, we introduce research projects into the curriculum, like the course detailed here. This has

also been implemented in other classes in the engineering department, such as an advanced fluid dynamics

course [196]. The Art-Fluids Engineering course is designed to actively engage students in research while

integrating artistic expression with scientific principles. It attracts engineering students as well as those

from liberal and the visual arts. This diverse mix fosters an inclusive, welcoming environment where

students are challenged beyond their typical academic path.

Similar to previous work, this course asks students to capture the beauty in fluid mechanics by taking

photographs [199, 200], however, the course does not limit students to photographs as many projects focused

on in-person displays, musical expressions, and permanent installations around campus. This course offers a

novel approach to an artistic engineering course work by having students (1) learn the tools to capture these

phenomena, may that be photography, design and construction, machining, 3D printing, etc. and (2) to

understand the phenomena through the governing parameters, specifically, quantified with dimensionless
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numbers. In giving students the incentive to look at these phenomenon through dimensionless numbers

it enables them to understand the scales and conditions at which this phenomena will occur, therefore

providing art and engineering students an intuition for fluid mechanics that they may not get in a lecture

based course.

Here, in part III of III of the series highlighting the connection of art and fluid mechanics, projects were

done within a preset group of students from different majors including engineering, international affairs,

visual arts, and behavioral sciences, etc. Each preset group contains typically 4-5 students at the junior

or senior level, and at least one engineering student. The course typically contains 40% non-engineering

students, and 60% engineering students. There are no prerequisites for this course. The topics covered in

lectures cover necessary material, however, each group does contain at least one engineering student to

ensure each group can reach the academic standards that are set for reports and analysis. The goal was

to give the students the freedom to explore a fluid mechanics phenomenon that may interest them, but

also challenge them to decide how they would make it come to life as an artistic piece. The example final

projects displayed below are the works of students enrolled in this course in the Spring 2023, 2024, and

2025 semesters.

Understanding engineering design, fabrication, and adhering to client constraints is crucial for both

engineering students and professional engineers. Many engineering projects require leadership, teamwork,

organization, and a comprehensive design plan. Successful project fabrication involves budget allocation,

planning, design integration, and spatial considerations. The final project embodies these elements, teaching

students to collaborate with individuals outside their discipline, thus introducing them to working with

clients or designers. Students not only had to work within the physical constraints of their design plan for

the art installation, but also had to manage a budget and a tight schedule are essential skills for effective

project management.

D.2 Design and Setup

The project asked students to imagine being commissioned to create an immersive art installation that

seamlessly blends the principles of fluid mechanics with artistic expression. The task is to design and justify

this unique piece within the constraints of engineering guidelines. Students must consider the following:
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1. Budget Allocation:

• Develop a detailed budget for this installation, considering the costs of materials, equipment,

and any additional resources needed.

• Justify budgetary decisions by explaining how each expenditure contributes to both artistic and

engineering elements.

The budget limit for this course was 250 USD per group. The students were encouraged to use the

resources at our University such as 3D printers, tools and leftover materials at the machine shop. All

groups were able to design their project within this budget, spending varied from large expenses

such as Go Pro cameras, or smaller expenses including materials like batteries, wood, tubing, etc.

2. Planning:

• Create a comprehensive project plan outlining the key milestones involved in the development

of this art piece.

• Discuss the importance of planning to ensure the successful execution of both the artistic and

technical aspects.

• Create a contract that includes: a breakdown of leadership and members’ roles and strengths,

contact information, expected response times, data sharing policy, a decision-making policy,

participation expectations, conflict resolution strategies, potential roadblocks, and solutions.

3. Design Integration:

• Clearly articulate how the principles of fluid mechanics will be integrated into the artistic design

of this installation, specifically discussing fluid characteristics and instabilities that may be

causing the art piece to be what it is. Fluid instabilities are typically the driving factor behind the

beauty seen in fluid flow. A classical example of this is the Kelvin-Helmholtz instability which

can be observed in waves or clouds, where there are two parallel fluids with different densities

and velocities. The interface is unstable and susceptible to small perturbations therefore can

result in the classical wave shape of the Kelvin-Helmholtz instability [201].
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• Discuss how the design choices, such as color, shapes, and materials, reflect and enhance the

fluid mechanics concepts incorporated in the piece.

The art piece is evaluated on the students ability to equally convey the important and relevant fluid

properties as well as the ability to convince an audience of the artistic merit. To give the students

the tools to convey this information, the lectures of this course touched on both aspects including

lectures on engineering topics such as surface tension and viscosity, and having guest lectures from

active artists. The guest artists were also included in the final project to give advice and guidance for

the students to deliver quality artistic pieces.

4. Layout and Spatial Considerations:

• Consider the layout plan for the art installation, discussing mass, length, and time for the

physical space it will occupy.

• Discuss how the spatial arrangement enhances the viewer’s experience and complements the

fluid mechanics principles you aim to highlight.

The students were asked to justify the final project by demonstrating a thoughtful and balanced

integration of artistic creativity with engineering precision, showcasing the interdisciplinary nature of this

project. Finally, they were asked to provide an artistic assessment of their art piece by considering how

their choices contribute to both the aesthetic appeal of the art piece and the underlying fluid mechanics.

The students prototyped, designed, constructed, and analyzed their art installation. Students are asked

to meet with the Professor each week once as a check-in with the “vendor”. This allowed time for the

students to clarify details of their ideas and work within the constraints of what a buyer might request from

them. During this time, students were asked to reflect on the contract they previously designed to make

sure each member of their team was staying on track with their set goals. Students were asked to calculate

various necessary parameters of their installations, such as pertinent dimensionless numbers, length scales,

or viscosities, to predict how, when, or where the observer would witness the fluid phenomena they were

trying to display.
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D.3 Results

The following examples present two of the successful group projects (see supplement for additional

examples). Each project highlights the necessary components for their art installation, including design

and artistic elements as well as the fluid phenomena that were explored and the necessary dimensionless

parameters or relevant equations used.

D.3.1 Spacewalker: An Artistic Display of Rayleigh-Bénard Convection Cells

The purpose of this project was to visualize thermal convection in an aesthetically pleasing way. To do this,

the students used Rayleigh-Bénard convection [202]. This was done by heating a bath of fluid: as the fluid

heats from the bottom, the hotter fluid’s density will decrease and start to rise to the surface. As it rises,

the fluid will begin to cool and the density will increase, therefore making the fluid sink. This rise and fall

pattern will create a cell-like structure that can be visualized by heating a bath of vegetable oil seeded with

rheoscopic particles. Vegetable oil was used because it is affordable, non-toxic, has a high boiling point,

and has a higher density than some other oils such as mineral oil. Mineral oil and cooking oil were both

tested but the convection cells produced using vegetable oil were more prominent. Using a fluid with a

higher starting density will allow for a larger gradient in density as the fluid is heated, resulting in more

apparent convection cells.

Students fabricated the piece, as seen in Fig. D.1, using a griddle for the heating mechanism and a dish

that contains both cooking oil and mica powder. The students calculated the Rayleigh number, 𝑅𝑎 = 𝑔𝛼Δ𝑇𝑏3

𝜈𝜅 ,

the Prandtl number 𝑃𝑟 = 𝜈
𝜅 , and the net heat transfer, 𝑄 = ℎ𝐴Δ𝑇, where 𝑔 is gravity, 𝛼 is the coefficient

of thermal expansion, Δ𝑇 is the temperature difference over the layer, 𝑏 us the thickness of the layer, 𝜈

is the kinetic viscosity, 𝜅 is thermal diffusivity, ℎ is the contention heat transfer coefficient, and 𝐴 is the

surface area. These parameters informed the students of the conditions under which they could expect to

see convection cells form. When the Rayleigh number is above a critical value for the fluid, then the flow

will be governed by convection. At high Prandtl numbers, the flow is dominated by thermal diffusivity,

causing cells to form [202]. The net heat transfer quantifies heat transfer from a solid to a moving fluid.

In modifying the temperature from the heating plate and the distribution of heat using an aluminum

sheet, the students were able to calculate the amount of heat, or temperature, needed to create beautiful
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(b) (c)

(a)

Figure D.1: (a) Rayleigh-Bénard convection cell experimental setup. (b) Displayed installation of
Rayleigh-Bénard convection with a diameter of about 75 cm. (c) Zoomed in view of convection cells.
Attributions are listed in Appendix II.

convection cells. Temperatures for heating ranged from 32 to 190∘C. Fig. D.1 shows the final production of

the convection cells, the small repeating patterns, within the vegetable oil bath. For this particular case, to

see the convection cells, the temperature difference from the top of the oil and the heating plate was 8.33

Kelvin. The calculated Rayleigh number was 7.12 ×104. The fluid is orange due to the orange rheoscopic

particles in the vegetable oil. The two different lobes in the fluid are due to a non-uniform heating source;

the heating was less intense in the center, causing the cells to form on either side. The convection cells

were created quickly after the heater was turned on, typically 1-2 minutes. After the convection cells

formed, the piece would remain on for roughly 2 plus hours giving viewers time, typically observing for

several minutes, to watch the rise and fall evolution of the cells.

Regarding the artistic value of their piece, the students said: “SpaceWalker’s grand proportions generate

a heightened sensory experience, amplifying the intricate patterns, vibrant colors, and dynamic movements

through sheer scale. The resulting sensory immersion allows viewers to wholeheartedly engage with our
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artwork, evoking a visceral response on par with the inherent power and influence of walking across the

sun.”

D.3.2 Clouds on the Loose: Creating indoor clouds

This project’s goal was to create large clouds in iconic rooms and spaces on campus. To create indoor clouds,

the students poured liquid nitrogen into a container of boiling water. Boiling water was used to increase

the humidity in the air, followed by the introduction of liquid nitrogen, which rapidly cooled the air. This

sudden cooling caused the humidity to condense into droplets, forming clouds [203]. Assuming standard

atmospheric conditions and a relative humidity of approximately 100%, after the addition of warm water, the

students estimated the amount of water that could be extracted from the air to form droplets [204]. Using

a typical droplet volume fraction value (𝛼 = 10−6) and a droplet diameter of 𝑑 = 10 𝜇m, they calculated

the corresponding cloud volume as 𝑉cloud = 𝑀water/(𝜌water𝛼), where 𝑀 is the amount of water in air with

100% humidity. The calculation was ultimately compared with the clouds obtained experimentally. The

students were able to take photographs of the clouds which were then used to compute rough estimates of

the dimensions of each cloud, in turn, calculating the volume. From the volume the students were able

calculate the mass of the water at a corresponding humidity and compare this to a psychrometric chart

[205]. The students created a few setups, in various iconic buildings at our university, which involved

rapidly pouring liquid nitrogen into a contained area with boiling water. The students experimentally

found that if the nitrogen was not poured quickly enough the cloud would not be as large as they wanted.

Therefore, using a 3 liter metal bucket with about 2 liters of boiling water, and pouring the liquid nitrogen

through a large spouted vessel created the tallest and largest cloud plumes.

The students’ final project included the photographs taken from these experiments to capture the

clouds that lasted for approximately 10-15 seconds, these are shown in Figure D.2, which were displayed

on the walls of the exhibition.

When asked to comment on the artistic value of their project, the students said: “We knew that we

wanted to stage the clouds in iconic, recognizable spaces across the beautiful and picturesque campus.

Specifically, we wanted the clouds to interact with the campus and to fill the space of students, creating a

sense of awareness and awe for the spaces that students walk through or inhabit daily.”
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Figure D.2: Liquid nitrogen clouds in various locations on campus, including our performing arts center,
greenhouse, quiet green, and cafe on campus. Attributions are listed in Appendix II.

D.3.3 Love is in the Air: Wingtip Vortices Visualization

The purpose of this project was to visualize trailing vortices formed from the tip of an airplane wing. The

geometry of the wing and the angle of attack create a significant pressure difference between the lower

and upper surfaces of the airfoil. The faster airflow goes over the top surface, leading to a lower pressure

compared to the air below the wing as dictated by Bernoulli’s principle [206]. At a positive lift condition,

the high-pressure air moves outward from beneath the wing and curls to create wingtip vortices [207].

Although these wingtip vortices are always being produced at sufficient plane speed, to visualize them, the

plane must move through opaque droplet or particle suspensions such as clouds.

Before construction, the students needed to understand what factors would influence the creation of the

wingtip vortices. Using Prandtl’s Lifting Line Theory, students were able to make assumptions about the

impact of wing geometry and angle of attack on lift and the resulting vortices [207, 208]. It was found that

the most visually impressive wingtip vortices occur when induced drag is high, which can be achieved by
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generating a significant pressure difference between the top and bottom surfaces of the wing. They found,

according to models, that a clean (laminar, 𝑅𝑒 ≈ 3000) [206] and slow (low velocity) airflow was needed.

Experimentally, they achieved this by aiming for relatively low Reynolds numbers (Re = 𝜌𝑈𝑑/𝜇 < 3000).

In order to control the airflow, the students found that it would be easier to move the airplane rather than

trying to control the airflow around the plane with a wind tunnel. This, therefore, informed the design of

the final project to have the airplane on the sliding rail. The velocity of the plane was controlled manually.

The velocity that produced the best results was found experimentally.

The final art installation was composed of a foam toy airplane on a rail system, as seen in Figure D.3(a).

A fog machine was placed below the rail. The fog was directed into a box with a paper tube coming out

of the top to control the direction of the fog. This is the gray box below the rail in Figure D.3(a). This

optimized the amount of fog in one area, making the visualization of the wingtip vortices clearer, as seen

in Figure D.3(b). Lighting was changed during the showing in order to create more aesthetic images and

higher contrast.

(a) (b)

Figure D.3: (a) Final configuration of foam airplane mounted below rail system with fog machine on the
floor. (b) Wingtip vortices are visualized with fog and blue lighting. Attributions are listed in Appendix II.

For this project, the students stated: “The composition of the images makes it seem as though the plane

is going on an adventure. With the background panel seemingly like fluffy clouds in the sky and the fairy

bulbs lighting the plane’s way, the image brings about a feeling of excitement. In the same breath, the

images also convey the plane’s speed and force, capturing the dynamic nature of its movement, allowing

for a more immersive experience, effectively showcasing the plane’s rapid motion from the use of springs.”
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D.3.4 The Flow of Color: Vortex-Shedding–Driven Paper Marbling

The goal of this project was to visualize vortex shedding in fluid flows. The project was inspired by the

traditional painting technique called ’paper marbling’. Using bluff bodies moved through various dyes in a

fluid bath, the group was able to achieve a multitude of final prints. The team explored how factors such as

bluff body size, velocity, and viscosity influenced the resulting patterns captured on Hosho paper. Hosho

paper is a professional-grade, thicker paper ideal for absorbing the patterns created in the fluid bath.

To create the vortex shredding prints seen in Fig. D.4, the students dropped marbling ink on the surface

of a water bath. Once there was enough ink on the surface, the students would then drag the bluff bodies,

such as a PVC pipe, through the ink at a constant rate. This would induce vortex shedding, which would

then be captured by immediately placing the paper on top of the ink in the water bath.

(a)

(b)

PVC Pipe

Bath

Ink Paper

(c) (d) (e)

Figure D.4: (a)Experimental schematic for vortex shedding. (b-e) Examples of the final prints, which used
subtle, gradual transitions in colors to capture vortices.
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Although the setup was overall simple and used as a common artistic technique, the group had to

explore how various fluid properties influence their vortex shedding. For instance, the Reynolds number

was calculated to determine the speed to move the PVC pipe or other bluff body through the ink water

mixture. Here, the Reynolds number, 𝑅𝑒 = 𝑈𝜌𝑑/𝜇, is defined by 𝜌, 𝜇, 𝑑, and 𝑈, which are the fluid density,

fluid viscosity, bluff body diameter, and characteristic speed, respectively. To determine the rate to manually

move the bluff body, the students wrote a simple tracking code on MATLAB that used images captured

during tests of the bluff body. From these, the students could find the velocity using a known distance (i.e.

the length of the tub) and a time (i.e. the video duration). The ideal range of Reynolds numbers to see the

vortex shredding is between 60 and 160; therefore, experiments were conducted within this range [209]. In

tests that used a small cylinder at a comparable rate, there was a lack of vortex shedding, showing that

the Reynolds number was too low to cause vortices to detach, whereas tests with a large cylinder, caused

higher Reynolds numbers which caused the flow to become turbulent making the vorticies to irregular and

not ideal for visualization or printing. The final product for this project was a display of the vortex shedding

prints, which are shown in Fig. D.4(b). Each print used a variety of different color dyes to capture an artistic

vision beyond the shedding vortices. The prints were hung on a wall, grouped by color for the art gallery.

This group wrote the following aesthetic statement for their work: ”Some pieces feature perfect

symmetry, highlighting an elegant balance that encourages contemplation, while others embrace more

chaotic, spontaneous bursts of color, capturing the unpredictable energy of the creative process. This

thoughtful inclusion enriches the overall composition, resulting in stunning marble papers that reflect a

delicate balance between tension and harmony, as well as passion and tranquility. Each piece carries its

own narrative within the larger artwork, inviting viewers to delve into the complexities of emotions and

uncover the beauty in their interplay.”

D.4 Teaching Outcomes

The final projects encouraged students to think creatively and practically as they explored a range of

fluid mechanics phenomena while producing visually appealing art installations. Each group’s project

demonstrated a unique approach, both in the fluid phenomena they chose to visualize and in the presentation

of their final art piece. The projects highlighted above represent just a portion of the course’s final outputs.
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The projects also varied in their presentation style. While many included real-time demonstrations for the

audience, this was not a requirement. Some groups, whose work is not shown here, opted to showcase

videos or images of their work, while others displayed physical canvases, such as a project where a drone

was used to paint multiple canvases. The final projects spanned topics including bubbly flows, soap film

interference patterns, musical aspects of rain on different surfaces, visualization of wind, the art of airflow

over an airfoil, and even chocolate fountains. Despite the creative freedom, all projects followed a common

structure emphasizing not only teamwork, leadership, and organizational skills but also detailed planning,

budgeting, design integration, and spatial layout considerations.

D.5 Conclusions

We provided an overview of the final project for the Art Fluids course, which challenges the conventional

divide between fluid mechanics and art. Students were tasked with creating art installations centered on

fluid mechanics phenomena, emphasizing their inherent beauty to be showcased at an art exhibition. This

project introduced the students to the concept of experimental design and project management.

D.6 Tips, Disclaimers, Room for Future Directions

For each project in this course, students were organized into groups of approximately five members. The

instructor carefully selected the groups to include at least one engineering major, alongside visual or

humanities students. This thoughtful composition ensured that both the engineering and artistic aspects

were effectively addressed in the creation of their art pieces.

There was a large portion of this project left for students to be creative and have the freedom to test out

their ideas; however, a few stricter guidelines and deadlines may have helped the students create better

functioning projects and timely results. Implementing further engineering tools into the course could help

this, such as Gantt charts, Conceptual Design Review (CoDR), and Preliminary Design Review (PDR). These

tools are often taught in other engineering design courses and encourage personal timelines that work

within the semester. These tools will also teach the students how to manage their time in and outside the

classroom.
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D.7 Attribution Table

No. Title Students

1 “SpaceWalker” Kiera Fullick, Theo McArn, Tarek Razzaz, Maddie Simon, Avinash

Srinivasan (2024).

2(a) “Ghost Rehearsal” Makayla Minter, Mateo Benitez, Jake Srebnick, Toshi Kato, Erin

Alexander (2024).

2(b) “Sky Garden” Makayla Minter, Mateo Benitez, Jake Srebnick, Toshi Kato, Erin

Alexander (2024).

2(c) “Blink and You’ll Mist It” Makayla Minter, Mateo Benitez, Jake Srebnick, Toshi Kato, Erin

Alexander (2024).

2(d) “This Seat’s Taken” Makayla Minter, Mateo Benitez, Jake Srebnick, Toshi Kato, and Erin

Alexander (2024).

3b “Love is in the Air” Julia Zaborowsky, Yuki Hayashita, Ray Gresalfi, Mandy He, Houston

Li (2023).

4b “Golden Hour” Ella Blanco, Lauren Duncan, Jake Cardillo, Adam Lalani (2025).

4c “Crimson Tides and

Sapphire Skies”

Ella Blanco, Lauren Duncan, Jake Cardillo, Adam Lalani (2025).

4c “Childish Dreaming” Ella Blanco, Lauren Duncan, Jake Cardillo, Adam Lalani (2025).

4e “Currents of Verdant” Ella Blanco, Lauren Duncan, Jake Cardillo, Adam Lalani (2025).
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