ABSTRACT

PILLAI, NAVEEN. Direct NumericaBimulationof InterfaceResolved Bubbly FlowBacilitating
Plasma Formatiar(Under the direction ddr. Igor A. Bolotnov& Dr. Katharina Stapelmann

The igntion of plasmas in liquids hagarnered a lot of attention in the past decade for
applications ranging from usage in medical instrumentation to manipulation of liquid chemistry.
While direct liquid ignition often requires prohibitively large electric fields to initiate breakdown,
targetng streamer formation in bubbles submerged in a liquid with a higher permittivity can lower
the requisite external field strength by an order of magndegending on the bubble shapbus,

a Multiphysics framework was devised to transport bubble skape from fluid dynamics
simulations (specifically,Direct Numerical SimulatiofDNS]) into plasma hydrodynamics
simulations whetia the plasma behavior within the bubbles could be studied.

An air/liquid plasma reactor thabuldreliably produce ellipsdial bubblesvas designed
in which air is injected through a novel orifice geometry not unlike that of a flute submerged
underwaterThis geometryntroduces phenomemnai t h i n tthhtare fiof typicallyebmught
to light in conventional orifice studsesuch as transient fluctuations in the flow of air out of
nozzles adjacent tthe nozzle from which a bubble has recently depargdter validating the
bubble formation behavior seen via DNS with air flow through one nozzle, a much larger case was
designed to simulate the evolution of bubbles produced out of many nozzles in the flute, which
was also validated using experiments. In the latter stages of the largeheade/sics of bubbles
crashing into electrodes was resolved. The bubble shape datéhfsocase was then transported
through the novel Multiphysics framework to a separate code that could simulate the plasma
hydrodynamics in the bubbles near the electrodes. The behavior of the plasma in those bubbles
matched that seen in prior experimemsth the bulk of the plasma typically traveling on the

surface of the bubbles.



The ultimate goal of this work is to set the stage for the combination ofrésgiution
DNS (to resolve the bubble shape evolujiwith a concurrent investigation of strear formation
within the bubbles. This will open up many new avenues of research in the field of filzischa
interactions and will offer unique insight into the phenomenon of plasdueed bubble

instabilities.
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Naveengrew up in South India among the radiant hills of the Nilgltigvas there that he
found his love for music, and through music, contemplation, and a preponderancetoheacll
events, met his Creator. Though he could tell his story in his own words, it woude asthort
one. So instead, he chose to share Iyrims three songs (two of which he encountered shortly

after his time in the hills), that aptly describe the transformation he experienced there.

"This is my therapy, let's call it what it is (not what we were)
With a deathkgrip on this life that's in trasition
This is my therapy, ‘cause you won't hear me out

And that makes God the only one who's left here listening"

i Relient K// Therapyl]

"In the economy of mercy, | am a poor and begging man
In the currency of grace is where my song begins
In the colors of Your goodness, In the scars that mark Your skin
In the currency of grace is where my song begins"

T Switchfoot // The Economy of Merd]

"You saw my pain, washed out in the rain
Broken glass, saw the blood run from my &in
But You saw no faujino cracks in my heart
And You knelt beside my hope torn apart"

i Mumford and Sons // Ghosts That We Kni@pv



In 2013, Naveen somehow found his viayhe frozen tundra of the upper Midwest. After
four years of weathering the hazards of the idiosyncrasies of the department of Chemical
Engineering and Materials Science (CEMS) at the University of Minnesota, he was granted his
Bachel or 6 s dgedgto teeenaticaly eveameamtltze lyrics of one of his favorite songs
(Favorite Disease Thousand Foot Krutch [TFK]) into his undergraduate thesis, a feat he has yet
to surpass.

He then found his way back t o @O0Lhdpéndinge at her
most of that semest eln20a8dhe begdniworlgon & grojettdmbasedd we at h
by Dr. Igor Bolotnov and Dr. Katharina Stapelmann, simulating air bubble formation in a
submerged flute (under water), which then transformtedtire dissertatioherein He was drawn
to the project under the promise of being able to make several pretty pictures over the course of
his Ph. D, andwas not disappointed. As with his undergraduate thesis, his Ph. D. research was
driven by one of hisfavorite sayings (also from a TFK soihigi s o met i mes you j ust
closer, instead of seaiidgs o har do) .

Other than research and talking about himself in the third person, Naveen likes to listen to

music, play board gamesndwanderthe great unkown.
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CHAPTER 1: INTRODUCTION

1.1 Project Overview and Motivation

A valid question to ask in the context of any kind of simulatiormadeling is: can
experimentation provide more valuable data? Conversely, when running experiments, one can ask:
is there data that we cannot reasonably access through experimentation that could be attained
through simulations? While fifty years agothesend questi on was rarely
it should be asked more often than ever. We are approachingthe exascale era of
supercomputingFigure 1), wherein computerwill be able toperform overp 1 floating point
operations per second (FLOFS8), sothere is potential to do things that have never been even
remotely feasible before. Today the question of what we can ditaungh simulations is not only
based on theheer quantity or precision dhta butcan also probe inthat deeper physiose
can uncover through simulations.

Typically, only one or two physical aspects are handled together via simulations, such as
single-phase fluid dynamics along with heat transfer, single phase (or aggregated multiphase) fluid
dynamics along with neutron transport, reactor chemistry evolutionhedhtransfeand so on.

The additiorof communication fronone software module (or codevhich typically handles one

set of equations, such as those pertaining to fluid dynamics, heat transfer, neutron trangport, etc
to another is known as couplin@ne of the goals of this project is to create an avenue for coupling
highly resolved irgrfacetracked multiphase fluid dynamics with the spatial and temporal
resolution of streamer formation within gas bubbles at room temperature. The key novel feature
of this type of coupling is the utilization of realistic, deformed bubble shapes, asedpjwos
idealized shapes, which is the current state of the art (and discussed in greater detail in Section

1.3.2.
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Figure 1. The number of floating-point operations computed per second(FLOPS) by the
largest supercomputer each yeaj8].

1.2 Fluid Dynamics Background

The domain otomputationafluid dynamics(CFD) covers a wide array of methods from
systemdevel analysis which tracks one or two key output parameters such as void fraction or
pressure drop to-depth methods as such Direct Numerical Simulation (DNS), which directly
solves the NavieBtokes equatianin order to resolve fluid flow and turbulence on all length
scales. Similarly, there is a wide range of computational costs of a CFD simulation. The fastest
simulations can be resolved in hours on a regular computer, whiledgglution DNS can take
several days running in parallel on a supercompuguating to millions of CPU hours. So, with
designing the approach to a problem, it is paramount that one understands the costs and benefits
of the chosen method, and why cheaper methaelsthose whib take less computational time)

are not adequate for the problem at hafs is discussed along with the selection of solver in



Section2.1 This project requiresesolvingthe behavior of one or morsillimeter sized bubbke
rising through a stagnant fluid, atttlis following sectiors review the state of the literature with

respect to this problem.

1.2.1Simulations inRelevant Geometry

There are two major geometrical challenges to simulations in this projemimationof
the bubble through the submerged orifices; & ii) resolution of the bubbles crashing into
electrodesSectionsl.2.1.1& 1.2.1.2review the literature with respect to the aforementioned
challenges in order toighlight some othe researchaps beindgargetedwith this work.

The process that happens in betwéehe bubbles rising due to buoyancy in a stagnant
fluid T is common to most simulations facing either one of the two challenges above. During this
buoyant rise phase, the bubble &l a steady shape as it approaches terminal velocity. The
terminal velocity is determined by the maximum drag force, which depends on the liquid viscosity
and the bubble shape, which in turn depends on the surface ters®processhas been well
investigatedfor single bubblesn experimentg49i 13] . The simulation of thigrocesshas been
donefor single bubbles imoth 2D[14,15] and3D [11,16 19] beforei looking at a variety of
bubble and liquid conditions, and thus a variety of bubble sh@pegphase plot in Tripathi et. al.
[19]is a helpful visual guid® how bubbles look under various conditioRgy(ire2) characterized
by the E6tvos numbeEfE) and the Galilei numbeiG@), the equations for which are presented

below

(1)

0H ——— (2)



where” is the density of the fluid in the continuous phase, the. liquid), g is the constant for
gravitational acceleratiorR is the radius of spherical bubble when initializeds the surface
tension coefficient for the fluid mixture, ahd is the viscosity of the fluith the continuous phase.

The various modes of bublidehaviorobserved in Tripathi et. glL9] have been reproduced with

the computational code PHASTRO]. The parametric region of interest for this project is

highlighted inthe dark blue box Figure2, which suggests that thmibbles thatwvill be seen in
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Figure 2: Bubble shapes under various condition§l9]. The unf i | | e cesentth

Aaxi symmetric r eed(Regwo),whilsethed wh | ied t mhe angl
inthel a s y mnee trre gpanmmegahe green (Region II) and blue (Region Ill) ar€hae
dynamics in the two regions with the filled triangles)(differ in that the dynamics in the gre
(Region II) area is nepscillatory, whereas the dynamics in the blue (Region Ill) area hav
shown to be oscillatory in nature. Thefilledsquare§ T ) denote bubbl ec
where bubbles argeen to breakueither from the periphery in the ligihellow area (Region IV
or the center in the dark yellow area (Region V). The bubbles investigated in this disserte
have properties within the dark blue box with a dashed outline. Thi® fitag been reproduc
and modified slightly fronTripathi et. al[19].



this project.e., air bubblesvith a diameter between®Bmmin tap water and at room temperature)
will likely take the shape of slightly deformed ellipsoids.

Simulations have also beperformedwith two [21] or three[22] bubbles in parallel (i.e.
sideby-side), as well as two bubblediine [23] (i.e. one above the othelis clear that the physics
that occur when a bubble rises due to buoyancystagnant fluids inherently 3D in naturgl 9],
and that adjacemubbles will affect each other both horizontgft},22](perpendicular to gravity)

T for example by coalescirigand vertically{23] (parallelwith gravity)i for example a bubble in

the wake of another tends to move faster than onengalirectly into stagnant fluidrhe key
differences between the bubble rise behavior in thecjtedl simulations in the literature and those

in this project are: i) the number of bubblesimulations in this project contain up to 15 bubbles

at one timewhich will showcase several different types of bubble to bubble interactions
discussed ICHAPTER 5; ii) the state of the bubblé&ésn Sectiord.2.2several bubbles are loe#

at in succession, including how the wake of a preceding bubble affects those that follow it; iii) the
type of mesh & solver used (a finisbement soler with unstructured grids), discussed in Section
211

1.2.1.1Air Inflow through Submerged Orifices

There is a large body of work investigating two phase flow througmsetged orifices,
both experimentally24i 31], and computationallj32i 35]. However, all known cases involve air
inflow perpendicular to the plane of the orificetypically vertical air injections into a small
chamber blocked off by a plate wittdalled hole (orifice). This geometry has a significant array
of applications in industry, such as in bubble columns and slurry readthiie there are some
studies with air inflow into moving wat¢26,29], thereis a lack of research done with air cross

flow into stagnant water.



Furthermore, research done on orifice flows often focus orcesifarger than finm in
diameter, though there are excepti{#t526,29,31,35][There are threeatablereasons for thig)
the difficulty in precisely drilling swmillimeter orifices is a barrier to performing this
experimentally; even if such orifices could be machined, they would ressighificant amount
of bulk flow without increasing the quantity of orificeslaive to the plate aregwhich would
inherently entangle the dynamics of each orifice to those adjaceiitlimiting the scope of such
studies to measuring bulk quantit[88)]); ii) it is very difficult to experimentally capture ageaie
two-phase information such as the bubble shape/volume/location-atikinteter scales without
significantly compromising bubble integritgndiii) the quality of computational fluid dynamics
(CFD) codes with interface tracking has only recentlghed the point wherein such simulations
can be performet these emergent capabilitieerefirst utilized tobroaden our understanding of
existing problems, rather than as a tool to uncover novel scientific insights. Simmon8%} al.
reviewed the progression of research in underwater bubble formation spanning 40 years, and noted
that at the time (2015), fomaillimeter-sized bubble, experiments were able to capture and resolve
pictures down to tens of microns, whil st fnume
s ¢ a [38].dndheir discussion, they did not mention arl 8omputational approach, so it is not
surprising that the cited numerical methods failed to aptly capture and resolve continuum
medanics at those scales. Moreover, the real issue is not absolute scale resolution, but the dynamic
range of scales resolved in a cohesive dataset, whether through simulation or experiment. By just
using a local cluster (up to 640 processing cores, wiltady runs using 256 coresimulations
presented hereimave been able to capture phenomena spanning three orders of mdgfihude
tens of microns (at the orifice) to centimeters above the orifice, and with modern supercomputing,

these simulations caeasily be expandedo capture phenomena spanning four orders of



magnitude. For example, work by Fang et [86] studied bubbly flow with over 600 sub

millimeter sized bubbles in a subchannel 10 centimeters long and a bulk mesh size of 30 microns
using simulations run on the Argonne Leadership Computing Facility (AL@Fgrh i ne 1 i Mi r a @
which was built in 2012 and wase#3 fastest supercomputer in the world at that time.

Past experimental studies have almost exclusively examined orifices drilled into flat
surfaces[24,26 31]; as this is not only much easier to manufacture, but also fitting for
conventional applications. Past nuimat studie§32i 35] have ignored behavior below the orifice,
starting the computational domain at the orifice opeitinglike the domainin this work which
includes a well resolved region below the orifice. One study by Qu @5lused very thin
submerged pipes (with inner diameters ranging frobi @hm to 0.24 mm). Though these pipes
were referredi focasofimyctbe authors, it i s un
bubble formation observed therdfigure3B) would be comparable to that of a traditional orifice
(Figure 3A), where all the inflow does not reach the orifiieectly, but instead causs air

recirculation in the corners furthest from the opening .

A B
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Figure 3: Various orifice configurations. A. Conventional plate orific&. Thin pipe as seen in
[25] C. The configuration in this work, with agrossflow.

However, laminaflow in the thin pipe configurationFgure 3B) may produce results
similar to that expected in the air crossflomnfiguration Figure3C) wherein recirculation is also
not expected due to the opportunity for the air to exit at the next orifice. Local liquid movement is

likely to be similar, particularhas a bubble departs, but probably not on longer timescales as bulk



recirculation patterns develop. However, the authof25hdid not look into this aspect of bubble
formation.

This work simultaneously introduces three novel variations to the conventional orifice
problem: i) air cossflow, wherein the air inflow is parallel to the plane of each orifice; ii) small
orifices, each orifice in this investigation has a diameter of 0.5 mm; iii) a cylindrical orifice
exterior While this is largely a challenge for experimentalists, egfigavith orifices of this scale,
the curved surface could impact certain dynamics of bubble formation, such as the local liquid
flow around bubbles as they form. This work aims to break new ground using direct numerical
simulation (DNS) to uncover intritey, smaHscale fluid dynamics that occur in this novel orifice
geometry.
1.2.1.2Resolving Bubble Behavior Near Obstacles

The second challenge with thiid dynamicssimulations desired for this project is
resolvingthe physics when multipleubbles crash into obstacleé. review of the literature reveals
several investigations of bubbles interacting with a flat solid surface of various m4g&fidi8]
and a comprehensive review of bubbles interacting with parfgldgi.e., solids much smaller
than the bubble), buinly two studies were found investigating bubbles hitting obst§t2:43],
and so a couple studiesof droplets hitting obstacldd4,45]were alsdoriefly lookedinto.

The first article contained @@ubbleobstacle study found looked into a single bubble
colliding with a cylindrical obstaclpt2] after simply rising due to buoyancy in a stagnant liquid.

It was the third in a series of studies showcasing their numerical method (the-Battmaann
method (LBM)), which is based on microscopic or mesoscopic kinetic equations looking more
closer to the mlecular level thus considering molecular interactidrige interface between two

phases in multiphase flow is resolved by considering the relative preference of like particles to



congregate (i.e., looking more closely at the balance of cohesive andivedolxes that
macroscopically result in surface tension). While the LBM used by Alizadeh pt2]Javas
validated against weknown studés such as that by Bhaga and WdBgr very little attention

was paid to the bubbleylinder collision aspectn addition, the simulations were completely nhon
dimensional. The authors noted that a cylinder with the same radius as a bubble would cause the
bubble to breakup into two smaller bubbles if the center of mass of the bubble approached the
center of mass dhe cylinder. They also noted that if a bubble of radius 4R approached the center
of two parallel cylinders of radius R spaced 2R apart, the bubble would split into three smaller
bubbles Finally, the authors noted that a bubble of initial radius R pabsitvgeen two cylinders

of radius R spaced 3R apart does not experience breakup and eventually morphs back into its
former shape.

Chen et. al[43] also investigated the collision of a bubble with an obstacle using the LBM
and also nomimensional. In their first case, they had a single bubble placed lzekpherical
obstacle, the radius efhich was 1.5x greater than the radius of the spherical obstacle, and the
center of the bubble wdsur bubbleradii away from the center of the spherical obstadtethis
case, the bubble rosaansformed into an ellipsoid, and completely enveloped the obstacle,
eventually passing the obstacle in a toroidal shape. authoranvestigatedthe relationship
between the projection aréahat is, the area of the bubble in the plane perpendiculautible
travel (and thus gravityl) and the bubble rise velocity during the collision with the obstacle. It

was apparent that as the dimensionless projection@r#a’f ) reached a maximum of about 2,

the dimensionless rise velocityA ¢'QY reachd a minimum of 0.2Further, theslope of the

projection area was always opposite to the slope of the rise vel@iign et. al. also looked at a

rising bubble approaching twmarallelspherical obstacles. In this case, the radius of the bubble



was the ame as the radius of the obstacle, andsgeee between the two obstacles was equal to
80% the bubble radius. In this case, the bubble also did not experience any breakup, deforming
slightly into a peanut shape upon hitting the obstacles, and recousrorgginal shape within-3
4 bubble radii from the obstaclda.the second case with two obstacles, the relationship between
the projection area and bubble rise velocity was not the same as before, with no clear overall
connection between the two parametbecause in this case the bubble sides (carrying less
momentum) are hitting the obstacles, not the bubble cdntboth cases, the authors noted that
the larger the obstacle is, the greater the hindrance is to the bubble shape, and the longer it takes
for the bubble to recover. Also, since the bubbles weralwatysat terminal velocity when hitting
the obstacles, the authors noted that the further the bubble was from the obstacles, the greater the
deformation was during impadtowever, this effect pduced negligible returns after the bubble
was placed a certain critical distance away from the obstacle, such that it reached terminal velocity
before hitting the obstacle.

Onedroplet study, done bigadivar and Zare44], involved two dimensionaimulations
of a droplet approaching a variety of simple obstacles, such as spheres and ellipses at various
angles.Another study, done in-B by Saini et. al[45] showed several droplets crashing into an
obstacle at once. It is discussecasse study for the code PHASTA in Secfiadh4.3

It is interesting to note that all of thelsabble/droplet/obstacle collisistudies are very
recenf the oldest being published in 2@,1suggesting that this is still a fairly new area of research.
1.3Plasma Research Background

The plasma referred to in this projésthat which denotes the fourth state of mathéter
solid, liquid, and gas)lt is a quastneutra) partly ionized gas wherein the particles exhibit

collective behavior (and thus can be characterized as a fluid). Plagrpecadly quastneutral in

10



the sense that there are roughly equal number densities of oppositely charged partiaesesnd
electric field in the bulk plasma regidroften characterized by a parameter kn@s the Debye
length That is, the plasma is quasutral on length scales greater than the Debye length
However, there are several known exceptions to quadiality in plasmas wherein there are local

regions within the bulk plasma such that local charge separation is obgEsivad].

1.3.1Atmospheric Pressure Plasmas

Atmospheric pressure plasmas have a fgbaiential for use in plasma medicjrgnce
certain properties of plasmas such as the presence of UV radiation and production of certain
reactive oxygeror nitrogenspeciefRONS) have been shown to have positive effects on wound
treatment[517 57]. Of particular nterest to this project and its relevant applications are non
thermal plasmas, wherein the gas temperature is low enough that it is typically safe to apply on
fragile substrates such as human tissue.-tdenmal plasmas are characterized by the electron
temperature (Y) being much higher than the ion temperative dnd the neutral gas temperature

("Y). This lack of thermodynamic equilibrium allows for access to certain beneficial speciges (e.g.

RONS) at much lower gas temperatures than their chemisinyd otherwise dictate (due to the

electron temperate), and thus can allow for much safer operating conditions with said species.
The typical way to form a nethermal plasma is through a dielectric barrier discharge

(DBD) [57i 61]. This process utilizes a naronductive barrier such as glass or plagiso known

as a dielectricjo insulate one of twolectrodes with a potential difference between th&he

dielectric functionally inhibits of the passage of current between the two electrodes while still

allowing charge separation to occlihere are two commons modes of appearance for aiDBD

a filamentary mode characterized by several midischarges occurring at random locations
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between the electrodes, and ii) a homogenous medeid ofmicro dischargesvhereinplasma
forms with an even intensity between the two electre@so known as a glow sttharge.
1.3.1.1Streamer Formation

In air, there is always a small percentage of free electrons piegmtally attributed to
ionization from cosmic background radiatify,58] If the applied voltagéand corresponding
electric field)across a gas is high enougfiose electrons will be accelerated towards the electrode
that is relatively positive. As the free electrons travel through the gas, they collide with and ionize
several dier atoms and molecules. The newly produced electrons are also accelerated in the
electric field and ionize more atoms and molecules, in a chain reaction known as an electron
avalanchelf this avalanche grows large enough, significant charge separatarsdas ions do
not move as quickly as electrons) and an internal electric field fontimén the gas. If the
magnitude of the internal electric field reaches the magnitude of the applied electric field, a
streamer is formedccording to the Meek critemofor streamer discharg§®2]. Since iors are
several times more massive than electrons, they do not move as quickly, and cannot create a
positive avalanch#hat turns into a streamen fact, for northermal plasmas, ions are functionally
stationary relative to the electmnSQwhen a positive streamer 1 s 0
really happening is there is a positive source of ionizations in front of the streamer and a negative
sourceof ionizations (i.e., recombinations) behind the streamer. One way for this toi®etur
positive space charge accumulates very close to a positively charged electrode due to electrons
being attracted to the electrode. Once sufficient positive space charge is built up, it can rip electrons
ahead of it due the electric field generatedity space charge, and this positive streamer will
appear to propagate towards the negative electrode. Typically, this behavior is catalyzed and

accompanietly a second source of electrons in front of the positive space charge: photoionization.
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The light fa this photoionization could be produced by excited electrons in an initial electron

avalanche towards the positively charged electrode.

1.3.2PlasmaWater Interactions

Plasmawater treatment has been of increasing interest for various applications, &.9. as
novel method to produce fertilizer from water and [&8], or for the decomposition of
contaminants in water such as polyfluoroalkyl substances (PFAB4], or pharmaceutical
residuentd65]. The direct ignition of plasma in liquids is difficult to a&We due to the large
magnitude of electric field requiredrecluded byractical limitationd66,67] Stratton et al68]
investigated the efficiency of different plasma reactor concepts and found that the anadhoe
volume ratio plays a major role for the efficiency of ptabaseddegradation of contaminants.
Reactive species produced by the plasma enter the &qdigact further with contaminants or to
accumulate as nitrates and nitrites, for example, in the case of plasma agri@8iurBy
increasing thesurface are#o-volume ratio, the transport of reactive species from the gaseous
plasma phase into the liquid can be increa@egpossible wayo achievehisis the introduction
of gas bubbles into the liquid. If a high voltage is applied to the bubble liquid mixture, a plasma
can bedischargedwithin the bubbles.

Computationally, resolving the liquigas interface exposed tan eelectric field is
challenging.Some recent worky Bruggeman et. aJ70] identified three major obstacles to the
simulation of liquidgas flows: i)gas shapes are irregular and require precise methods (such as
ITM) to accurately capture the location of the interface; ii) the location of the interface changes,
at the very least resulting in changing boundary conditions, if not some need to warpithga
geometry and/or mesh; and iii) density changes of many orders of magnitude need to be resolved

across rather small distanc&snall deformations which may be caused by the electric field and
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the required accuracy of interface tracking complida¢drmplementation. Turbulence is typically
not included in plasmbaquid interaction models. DNS or largeldy simulations are required to
address the periodic motion occurring at the plakgued interface, which has not been addressed
by the communityThe typical northermal, norequilibrium plasmas are often described by de
coupled approaches which works well in most cs#s73]. Sophisticated 3D models coupling
computational fluid dynamio€FD), electromagnetics, plasrsarface interactions, and mixtuare
dependent theradynamics have been developed for thermal pladiféis’6]. Computational
fluid dynamicswith fluid dynamicthermatelectromagnetic coupling have mostly been applied
for high-power plasma discharges which are or are close to (local) thermal equil[@ilynfor
example the CFD simulation of radii@quency plasma torches or the 3D simulation of electric
welding[78,79] Other CFD fluid models, such as nonPDP$3], are limited to 2D where the
interface betweethe plasma andhe liquid is static Thus, it cannot resolve the most complex
phenomena that occur such as interface deformation or total bubble annihilstien
experimentally irf81]).

In the current state of the artgiasmaliquid interface models, the liquid is represented as
a thin liquid layel{51,53,55,82,83]or as dropletf§84] . The interface between plasma and liquid
is treated as a mas®nsfer problem. Limitations of thgpically applied2D approach can be
observed when plasmadéschargedn bubbles in liquids. The bubbles have been treated as an
ideal[85i 87] or elongated, compressed, and tifi@8] ellipsoid Streamers in bubbles have similar
physics to filaments in a DBD. A close proximity of the licigials boundary with steep density
and permittivity gradients causes surfécgging streamers duo the refraction of the electric
field along the surface of the bubble. Small bubbles lead to streamers that fill the whole bubble,

since the streamer dimensions exceed the bubble dimensions. For larger bubbles, the plasma covers
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the bubble surface, faing a surfacdnugging streamer, since the streamer dimensions are smaller
than the bubble dimensions. It was also observed that the streamer path depends on the gas
composition within the bubblé&imulationsby Babaeveet. al.further indicate the possilty of
transporting or communicating plasma streamers across multiple b{gf#jleSverall, the shape

and size ofa bubble hae been identified as important paramstéar plasma breakdown and
formation. So farplasma irrealistic bubble shapé®sve notbeenstudied computationally due to

thar inherent3-dimensionahatureand the lack of ® multiphase plasma modelling available.

1.3.3Why Bubbles?

Multiphase systems with steep gradients consisting of plasma, gas, and liquid have gained
interest forvarious applications, e.for water purification[65,68,90 92], for the production of
fertilizer for plasmaagriculture[69,93 98] or as plasmdreated liquids for medicapplications
[99i 103]. The introduction of gas bubbles is of great intebestause it i) lowers the electfield
required fomplasmabreakdowrrelative to that in the surrounding mediuamd ii) it opens another
degree of freedom in this multiphase system that influences the plasma beRaxtitugrmore,
bubbles are ubiquitous in liquids, and additional bubbles can be produced throughoutdhwyliq
energy transport at the plasiguid interface. Most of the plasrtaubbleliquid multiphase
researchs focused on single bubble systeft84i 106]. Both bubble shape and size were found
to influence the breakdown addchargéoehavior Theoreticalpproaches have focused on ideal
bubble shapes (ellipsoid) and have neglected-ttiraensional realistic bubble shapes due to their
complexity.

Bubbles can also be used to selectively transfer cesganies into the liquid based on
their chemical activity. For example, if certaipecies intended for transte theliquid are created

relatively quickly (on tle order of milliseconds) in plasmasd are shotlived within the plasma]
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one could set up a relatively short column of bubbles such that the bubbles would burst into the
atmospheré¢o selectively transfer those species and remove them from the plasmB8asely.on
thedesired reactivepeciesthe volume of the liquid container and/or the size of the bubbles can
be adjusted to modify the residence time of the bubbles in the water.
1.4 Optimizing Conditions for PlasmaFormation in Bubbles

The experimental apparatus introduced in Se@iars a setup designed to efficiently treat
water with plasman bubbled4]. If a high voltage is applied to the bubble liquid mixture, a plasma
can be ignited in the bubbl€omputational investigations have shown that streamer breakdown
could occur in submerged bubbles of a much lower density (and higher permittivity), such as air
[85,88] Prior studies have shown that due to the difference in permittivity between water and air,
an electric field applied across a submerged bubble will be enhf8fJedh addition, when an
electric field is applied across ellipsoidal bubbles with the longest axis parallel to field lines (see
Figured), the field is gen further enhanced when compared to that which would be achieved with

a spherical bubble of the same voluj8&].
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Figure 4. Electric field concentration in bubbles due to permittivity differences and
proximity effects of adjacent bubbles.Figure obtained by transferring information from a
PHASTA simulation intdhe plasma modelling code nonPDPSIM.

Another trivial way to concentrate an electric field is by utilizing geometric attenuation in
cylindrical geometry. Electrical field strength, like gravitational field strength, has an inverse
square relationship with distance from a point source. If the pouncewasextended to a line
source, the field strength would be inverspigportionalto the distance from the sourcghis
relation inspirecan experimental setup (described in Sec8dl), which forms the basis for the
first numerical setup described in Sect®a.1 Further investigation into this settirough both
expeiments and simulations revealed that applying a voltage to tiflaw pipe could cause a
plasma to shoot backwards through the air pipe, posing a serious hazard. As such, that approach

has been abandoned and replaced with newer ideas which areatisouSectior6.2.

1.5Ph.D. Objectives
The key objectives for thigprojectcan be summarized in three points, each of which are

subsequently further explained
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1) Develop a Multiphysics framework to execute higsolution simulations able to capture the
transient electrostatics leading to plasma formation in realistic bubblessioael through
interfaceresolved multiphase fluid dynamics.

2) a)Design an air/liquid plasma reactor able to reliably produce ellipsoidal bubbles (that
experience electric field enhancement due to refraction)

b) Use the Multiphysics framework to test arahfigure a feasible setup for the electrodes
such that plasma formation can be reliably produced experimentally.

3) Use experimentalataprovided by a collaborator to validate the capability of Direct
Numerical Simulation to model the resurgent fluid dynanmcthe air/liquid plasmeeactor
with bubbles streaming through multiple injection sites within the parametric range of

interest.

1.5.10bjective 1:The Multiphysics Framework

An overarching goal of this project is to take hold of a concrete aspect of amdiamgt
plasmaliquid interactions and develop it further. The aspect of particular interest for this project
is the impact of bubble shape on the electric field strength and thus, plasma formation in a bubble.
Herein, three facets of that aspectiaxestgated i) bubble deformation during initial formation;

i) natural bubble deformation as it rises in a stagnant fluid an8ulple deformation during
collision with an obstacle. Capturing this bubble deformation requiresréggiution DNS and
investgating the plasma formation in said bubbles requires plasma hydrodynamics mddelling
both of which cannot yet be performed using one code. THummn@workmust bedeveloped to
transfer a slice of dataom one code to another as to maintain the bubitdpes as accurately as

possible.This Multiphysics framework is the cornerstone of thpsoject andis described well
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visually inFigure5b. A very similarfigure is explained in greater detail in Sect@f, along with

the underlying process

Figure 5. The Multiphysics Framework. In the leftmost pane you can see a snapshot \
couple of bubbles from a fluid dynamics simulation, and in the rightmost pane you can see
formation in one of the bubbles througlplasma dynamics simulation. The panes in bet
showcase various steps of the information transfer process from one code to the next.

1.5.20bjective 2:GuidingPhysicalExperimenation

A huge practical benefit to developing such a framework is that onbasitbeen
implemented, it can be used to guide experimdiits.first aspect of this objective is to design an
air/liquid plasma reactdhatis simple enough to modaking simulations and simple enough to
build physically Once designed, the simulatiooan be used to guide and refite process of
building a physical experiment, eliminating options that do not lead to plasma formation, and

highlighting how and where a plasma is likely to faramforming the positioning of electrodes.

1.5.30bjective 3:DNS Validation

As with all simulations, validation is vital. In order to be able to use the DNS
predictively to guide the setup of a plasma reactor, the bubble formation and evolution must be
validated using simpléuid flow experimentsFor this Multiphysics framework to have impact
beyond this project, thecaling of theDNS must alsdbe validatedbeyond the bubble formation

out of one nozzleFor the scope of this project, that means comparing the results from the high
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resolution simulations simulatindné aftermath of bubble flow through multiple orifices with

experimental results.
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CHAPTER 2: NUMERICAL METHODS
2.1 Direct Numerical Simulation (DNS)
Thefluid dynamicssimulations in this work have been performed usirtgghly scalable
and capable flow solvér PHASTA[107,108] PHASTA is a Parallel, Hierarchic, higherder,
Adaptive, Stabilized, Transient Analysis flow solver that is able to simulate incompressible flows
in three dimensions on an unstructured grid using thie felement method (FEM).

2.1.1An Overview ofPHASTA

PHASTA s anopensourcecode andhas developed to the point where it exists in several
closed branches used in satellite research groupaslone of the first codes developed and used
for Large Eddy Shulation (LES) on unstructured grig$09]. The functionality with unstructured
gridscontinues to be one of its main strengths, as it has the capability to take in a variety of element
shapes in the input mesh, including tetrahedronsaitegiypically usedin the bulk region, and
prisms that are very useful to create boundary layers from walls. These boundary layers can be
either a uniform length or can systematically grow outward from the .vizitler way, this can
assure that layers of elements are pedrad the wall (seeFigure 6), which is helpful when
implementing wall boundary conditions that strongly affect the flod or resolving interesting
phenomena that occur near walihile PHASTA was originally developed for singbdase flow,
it hassince been expanded to be ablesitnulate twephase flow between any two immiscible
fluids. This is done using the level set method developed by Sussmaji#0]& Sethian[111],
which is described numerically in Secti®ri.3 In a nutshell, with the level set method, the solver
only solveghe NavierStokesequations for one fluidndthe properties of the fluid are blended at
the interface using a smoothed Heaviside functamother set of equiains are solved to keep

track of the interfacé/Vhile there are other interface tracking methbdsat use t he MAsi

21



Figure 6: An example of boundary layers using an unstructured mesh. A. Zaoned out. B
Zoomed in.

approachi namely front trackingand the volume of fluid (VOF) methddthe level set method
has superior accuracy with highly curved/deformable interfaces, especially when multiple
interfaces are in close proximity to each otfitr2]. Since simulating deformed bubbles and
capturing their interfacial curvature as accurately as possible is important in this,pasject
highlighted in Sectiol.5.1, the level set method is1@xcellent option for interface tracking
PHASTA has been used before to study fluid in conditions where compressibility is
important such as air bubble implosion using a pressure wave (also known as sono&no@)esc
[113], but the versionused for this project treats both fluids as incompressitie. parallel
processing aspect of PHASTA has been proven to be highly scalable, performing well on
simulations with a mesh size of more than a billion elements run onlP&@processors (on the
now-retired IBM Blue Gene/Q systerMira i at Argonne Nation Laborato§ANL)) [114] and
has proven good scalability on the new generation of-6&é¢d machines (e.g. Theta at ANL and

Cori at theNational Energy Research Scientific Computing CefN&RSC]).
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2.1.2Governing Equations

Our version of the DNS code PHASTA directly solves for the strong form of the

Incompressible Naviebtokes equations (INS):

nd 1 3

£ (%)

—a
o-

whereg is the velocity; is the fluid densitygis the time is the pressurd,is the viscous stress
tensor, Qrepresents the body forces (surface tension and gravity), artie fluid viscosityThe

continuumsurface tension model developed by Brackbill €l Bb]is used to compute the surface
tension force as a volumetric force density smeared across the interfacial region (and included as
a body force in Equatio}. Further numerical details can fo&ind in[107,108,116] The use of

the incompressible version of the Navi&tokes equations is justified as the gas we simulate is air

at room temperature and pressure, which behaves ideally under those oeiilitid. The
expected changes in pressure due tdasa tension (Laplace pressure) and water depth
(hydrostatic pressure) are on the order 6fR8, and are dwarfed by the starting air pressure on

the order of 19Pa.

2.1.3Level Set Method

In order to track the airquid interface, the levetet method oginally developed by
Sussman et. §110,118]and Sethiafil11]is used. This method utilizes a signed distance function

(%9 to track the interface, where positive values afe indicative of the liquid phase and negative
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values of« are indicative of the gas phase. The interface exists Wisedd.e., the zero leveket.

The distance function is advected according to the following equation:

%o
T—‘ 0% T (5)
T o

whereg is the flow velocity vector.
Fluid properties such as density and viscosity are smeared across the interface using a
smoothed Heaviside functidf (  Using this method, we only have one solution field from the

INS equationsThe value of any fluid property is set as follows,

| %o | O %o | p O %o (6)
wherel is the property value of the liquid and is the property value of the gas (each taken at

room temperature) The smoothed Heaviside functigfigure 7) is defined according to the

interface thickness, [110];
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Figure 7 The smoothed Heaviside function used to transition fluid propertiesOn the left
hand side, wherthe value of the level set function is less thar, the fluid is treateds a pure
gas. On the righband side, where value of the level set function is more thah the fluid is
treated as a pure liquith between, the properties of the fluid are blend&agliation6) according
to the smoothed Heaviside function.

The solution of the distance function if only solved for usingEquation (5), will
deterioratgather quicklyin areas of high velocity gradients or sharp turbulence. To remediate this,
the%dfield needs to be rdistanced such that it remains a true distance fun@tem %. p). To

do this,the followingequation igteratively solved foin between timesteps

%0 A
TT 3 OE@d p 9 %oS (8)

where %o is the corrected distance fieldl is the pseuddime used in ralistancing,%ois the

distance field that needs to be restored from the advectiBguation(5), andO E &d is given

by the followng equation:
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whergl s the interface halthickness and@an differ from thé used to smooth fluid properties
in Equation(7).

2.1.4Relevant Past Uses of PHASTA

PHASTA has been usexhd validated in the study of various physical phenomena, such
as i) bubble formation through an injection pd&3], ii) bubble defomation andbreakup
[119,120] iii) bubbly flows[121i 123], iv) multiple droplets crashing into an obstaeB]. Since
this work will investigate very similar phenomena, i.e.: i) bubble formation through submerged
orifices, ii) bubble detachment at these orifices, iii) bubbisgithrough a stagnant flyidndiv)
bubbles crashing into electrod®HASTA isan excellent choice for this study.
2.1.4.1Bubble Formation Through an Injection Port

Guillen et. al[33] investigated bubbling in a glass meltdooking at the formation of air
bubbles inside liquid glass. The study involved the use of two ¢d8IEAR-CCM+ and PHASTA
I addressing the same problem. In thegébr the PHASTA simulations, there were two injection
sites for the air that took the shape of a simple pipe with a diameter of 6.35 mm inserted into the
liquid (Figure8), much like that ifFigure3B. The injection nozzles fed air into the domain at a
rate of 6.7 standard liters per minute (SLPM). It is important to note heregindtdilass is about
5000x more viscous than water, and so will resist the flow much more severely. Thus, while at a

flow rate of 6.7 SLPM into water one is likely to see a chaotic air jet, in the case with liquid glass,
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Figure 8: An image of bubble formation observed in Guillen etal. [33].

individual bubbles arformed. The bubbles start off with a sphelrgfaape, which slowly elongates

until there is a very thin air channel (or neck), roughly matching the diameter of the inflow nozzle.
Then, once there is a sufficient volume of air in the bubble such that the buoyant force can
overcome the capillary force ol di ng the neck together, t he
undercurrent of liquid and then the process repeats with the formation of a new bubble. The
average radius of the formed bubbles was 25612 mm in the PHASTA case, which closely
matched the arage radius of 25.2 4.5 mm in the StaCCM+ case. The average terminal rise
velocities also showed good agreement (0.937 m/s in STERI and 0.883 m/s in PHASTA).

Upon looking akfull set of data from the two codes, including some taveragd velocities and

bubble shapes at various points in the simulation, the authors made the following conclusive
statement AWi t h this comparison completed, further
completed with the confidence that the numerical solutioodyzed by the STARRCM+ model

can accurately predict the bubbling phenomef@3]. 6 Thi s suggests that

PHASTA study vere used as validation of the behavior seen in the SCERI+ model.
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T Timestep: 6600

Figure 9: A picture taken from Fang et. al[121] showing the initialization of 262 bubbles it
a turbulent flow field.

2.1.4.2Bubbly Flow

Fang et. a[121] investigated bubbly flow in a subchannel between four cylindrical fuel
rods in a Pressurized Water Reactor (PWR). The authors first ran the simulation in the domain
with a spherical barrier in the center to introduce twebhcg. Then the barrier was removed, and
the singlephase simulation was allowed to continue until the turbulence was sustained. At this
point, spherical bubbles with a diameter of 0.65 mm were introduced into the domdtig(gee
9) suchthatthe total void fraction was 1%, and the flow was resumed after adjusting the pressure
gradient slightly to account for the new total domain mass.
2.1.4.3Droplets Crashing into an Obstacle

Saini and Bolotnoy45] investigated the interaction of several droplets interacting with an
obstacle, simulating the aftermath of a lo$soolant accident (LOCA) in a PWR in which the
void fraction is very high, and so the dispersed phase is the liquid while the continuous phase is
the gas. The surface area of the droplets in the flow plays an important role in heat transfer, and so
the autlors paid particular attention to the solution of the lesedl field, as any small

inconsistencies would escalate very quickly and cause the simulation to diverge.
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The authors used an innovate scheme for tkdistancing equatioffi.e., Equation 8)]
wherein the pseudiimestep ) was locally reduced near the interface to be able to properly
restore the distance field after the abrupt collision events. The ptewekiep for the re
distancing equation in regions outside of the interfacial region was set to a higher value such that
the information from the interface would be able to propagate through (and thus act on restoring
the distance field to) the entire domaifter every fluid timestepVithout this restoration, spurious
interfaces would eventually appear at thgions of the domain away from droplets due to the
immense distortion of the level set field that occurs as a result of the turbulence. Once these
spurious interfaces are formed, it is very difficult to remove them, even if extsstecing
iterations are applied between timesteps. This issue is prone to occur on any large domain with the
levelset method, but especially so if there is a high armofiturbulence in the periphery away
from the zero level set value (where thaligtancing beging)r if there are obstacles that prevent
the proper initialization of the levskt field

If there is little or no turbulence in the periphery ¢di@e domain, the novel-gistancing
schemaused bySaini and Bolotnoean be applied more simplRather than changing the pseudo
timestepfor re-distancinglocally after every fluid timestep, the -tistancing can be handled
separatelfrom all other equationat the beginning of the simulatiavith an appropriate size for
the pseudo timestep such that the leetlfield can be restored throughout the dorbafioreany
fluid timesteps are carried out. Then, fheeudo timestep for 1@istancingcan be set to a value
such that it can restore the distance field near the interface during events such as collision or

breakup.

29



velocity

0.000e+00 225 4.5 6.75 9.000e+00
e .
&
Z

Figure 10: Deformed droplets after hitting an obstacle.Note the gravitational body force
this simulation is oriented in the negative X direction (i.e., from right to left), while the bul
is moving from left to rightimage taken from Saini and Bolotnov [35].
2.2Plasma Hydrodynamics

The code used in this work for simulating plasma formation in bubblenBDPSIM a
two-dimensional multfluid hydrodynamicscode developed by Dr. Mark KushneWarious
aspects (modules) of the code are described in detail inas@wdnlicationd80,85 87,124] The
module used in this worls the plasma transport module, for which the governing equations are

describedin Section2.2.2 Section2.2.1 contains an overview of the code, and Secfich3

showcases a couple of relevant published examples of research using nonPDPSIM.

2.2.1An Overview of nonPDPSIM

The plasma hydrodynamics codenPDPSIMis a 2D, vertexcenteredfinite-volume
method (FVM numerical code that can work with an unstructured mékls feature is very
important for this project as using a structured mesh to study deformed bubble would result in
many skewed cells that would not be able to optimally capture the fluxes gomgjantaof each
material(e.g., glass, metal, air, etcHurthermore, it allows for easy selective meshing wherein
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regions of interest are more refined, while other regions where there is little interesting physics
(such as nodes within metal electrodes) be coarsened.

InnonPDPSIMP o0 i s s o n 0is soleeq foraldng waithG a u s s o rekobvexcharge
continuity across the domain, accounting for applied voltages, surface charge accumulation and
various mobile and immobile charged species. It does not assume upéamitivity andcan
therefore resolve the refraction of eiéc potential across various material boundarigse
solution for electric potentiadnd charged species dendggyobtained implicitly, usingudaptive
time steppingwvhich is initiatedon the order of picoseconds aisdthen dynamically updated to

maximize the efficacy of the solver. These timesteps typically syealler as the solution

Figure 11: A sample unstructured mesh for nonPDPSIM with a bubble approaching &
electrode surrounded by a liquid film.

progresses and plasma begins to form, meaning that in this timescalat pmt O,

neutral species are effectively frozen. While nonPDP&i4 the capabilityo solve for the
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movement of neutral species in using a separate module (the fluid module), the mesh boundaries
for each material cannot be updatbieét bubble movement or deformation cannot be captured,
rather it simulates theixing of species in a lagyg volume of air, which is not relevant in this
project.

2.2.2GoverningEquations

The following equatioms solved for charge continuity:

2-0 na "~ (10)
whereUis theelectricpermittivity, is the electrical potentiaf, is the charge of specigésingly

charged ion or electron}, is the number density of specigsand” is the charge density in

materials and on surfaces. Simultaneousharged particlelensities are solved forsing the
following equation,
TO0

T 109 Y n oD r N ol (11)

where® is theflux of speciesj, "Y is a source term including photoionization and radiation
transport{80]. The terms in parenthasare the secondaryeetron emission and photoemission
terms from surfaces, whet is the flux of charged species [ is the secondary emission
coefficient from a given surface due to that spedi@sis the flux of photons of typ& with
secondary emission coefficigh for the given surface. @inge density on and in solid materials

is solved for using the following equation,
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whereU is the conductivityi the terms in parenthesis are only solved for on material surfaces.
After the charged particle densities and electric potential have been simultaneously solved for and

updated, the electron temperatlivas solved for using

U, < .
—S—— 090 0-0Y® I Y & Y0 (13)
0 8

where Q i s Bol t zman®@ié the elementaty ahatgd, is the electron thermal

conductivity. The final term is summation over electron collisions with species of number density

0 with a rate coefficieniQ causing changes in electron ene¥gy, where- -"Q"Y.

2.2.3RelevantPast Uses of nonPDPSIM

Theplasma hydrodynamics codenPDPSIM has been used before to study atmospheric
pressure plasmas in several situations, especially those relevant to plasma medicine and tissue
treatmen{51i 56]. It has also been used foilRaxisymmetric simulations of spherical bubbles
[85] and dropletg84], as well a®2-D Cartesian simulations of circulf87], elliptical [88], and
arbitrarily wavy [125] bubbles immersed in water, and even a water droplet suspended in a
bubble[126].

A couple of different modes for streamer propagaitidoubbles submerged in water have
been observed. The first is through the middle of the bubldeie 12A), wherein an avalanche
of electrons first ravels upwards, building up density as it propagates towards the positive
electrodethen a positive streamer propagates down towards the negative electrode. In the second

mode, a positive streamer rides along the surface of the bidped12B) regardlessf thesharp
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variations in curvature. This phenomenon was also observed experimentéignbyers et.

al[125]

Electron Density (cm™) (3 dec)
7.2x10"° o B

: - . 3.1ns . P
MIN e MAX
Figure 12 Predictions of electron density over time during streamer propagation in variot

bubble shapes. AAn elliptical bubblg88] B. Bubbles with a smootfleft) or wavy (right) surfac
[125]. The maximum electron density is shown in each pane, as well as the simulation tin

34



CHAPTER 3: FOUNDATION AL GEOMETRY & DESIGN

3.1 Geomerical Setup

The original experimental setup was designed to produce scaling information for a wire
to-cylinder plasma discharge, where the wire is a capillary (tube) that allows gas flow into the
water, and the cylinder is a grounded electrode wrappeddra glass cylinddd]. The glass
cylinder serves as dielectric barrier between driven (wire) and grounded (cylinder) electrode. The
wire-to-cylinder geometry is favorabler the distribution of electric field lines, which will be
centered with high electric field strength around the driven electr@dgthe outlet of the gas
flow. The capillary that serves as driven electrode has an inner diameter of 1 mm and i€dompos
of stainless steel, with five equidistant orifices serving as openings for bubbles to form. Varying
bubble shapes and sizes offer the possibility to adjust the required voltage for the plasma
breakdown and will have an impact on the resulting chemistiye bubbldiquid mixture.
Furthermore, it allows the fundamental investigation of plasma breakdown mechanisms in bubbles
in liquids dependent on the bubble size and shape, which were identified as critical parameters in
Section1.3.3 Thus, a detailed understanding of the bubble formation and the impact of the
capillary, the hole geometry, as well as the gas flow dynamics on the bubble formation is
investigated ira simpler setup with flat glass panes forminguboid as that will allow for better
optical analysis of thbubbles ¢eeFigurel3).

The setup for thesimulations mirrors the aforementioned experimental setup, which is
essentially a regular cuboidal tank with water filled up to 50 mm above the air inflow tube. The
air inflow tube is a cylindricaietal pipe with five orifices drilled into it, each 0.5 nmdiameter
and 10 mm apart (centév-center). The tube itself has a 1 mm I.D. and an O.D. of 1.5875 mm

(1/16 in.). Air flows horizontally into the tube and vertically upwards into the tank-{gae=14).
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Figure 13. Experimental Setup.Bubble characterization data is experimentally colle
by controlling airflow with an Alicat Scientific M&eries mass flow controller (MF
through 1/16" PEEK capillary tubing that terminates with the designatetiée "flute"
under investigation. Bubbles are backlit by a Cree LMH2 LED module and acrylic ¢
plate. A precision ruler is held 4qolane with the capillary tubing for spdtianalysis
Images are captured with a Canon EOS6D (DSLR) [Lens: EFD3mm /4L IS USM
aligned at its Closest Focusing Distance (0.45 m) and triggered remotely.

Having a small vent rather than an open top tremendously saves on computationitosts as
results in amuch smaller interfacéo resolve allowing more computational elements be
allocatedto areas where fluid dynamics is critical, i.e., at and above each orifice. Thus, there is a
small air vent (10x10x20 mm) at the top of the tank direattiyve the first two orifices in the pipe.

The vent is off the center of tldomain (i.e., not directly above the third orifice) so as not to

artificially interfere with phenomena at and around the orifices.
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Figure 14: Computational domain. A. 3-D modelB. Zoom in on inner air tube

3.1.1Computational Mesh Design

The computational domainFigure 14) was filled wih unstructured mesh elements
(tetrahedra) of various sizes depending on the proximity to the orikgpe€15). The mesh was
refined in cylindrical regions leading into each orifice, with much larger refinement regions present
around orifices where bubble formation is expected. For the base casé Watv at 50 mL/min,

this was only the first orificel@ablel).
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Table 1. Mesh parameters.

Single Phase Mesh 1 Multiphase Mesh 1 = Multiphase Mesh 2

Parameter (Flute-SP) (Flute-MP1) (Flute-MP2)
Total number of mesh element 5,793,710 4,197,675 147,921,341
Air Inflow Rate 200 mL/min 50 mL/min 500 mL/min
Number of Parts when Split 256 256 16,384
Number of nozzles with N/A © 1 3
enhanced mesh
Elements across orifices 18 18 27
Elements across inner pipe 8 12 18
Elem_ents across 22 144 180
diameter
Region 1 Element Size 166. 7 ¢ 166. 7 ¢ 83.3 e¢r
Vertical Height 2,700 s 24,000 32,400
(above nozzle)
Elem_ents across o4 42 9%
diameter
Region 2 Element Size 83.3 e¢€n 83. 3 e&r 41. 7 ¢€r
Vertical Height 1,900 ¢ 3,400 ¢ 4,400 ¢
(above nozzle)
Elements across
diameter 29 22 48
Region 3 Element Size 41. 7 ¢€n 41.7 «€r 20. 8 =&
Vertical Height
(above nozzle) 1,500 ¢ 150 em 1,800 ¢
aSeeFigurel5

b This is equivalento the number of CPU cores that the case is run on

¢ All five nozzles have the same mesh as described in the table

3.1.2Mesh Verification

While these mesh parameters werednhon iterative testing to strike a balance between

having enough resolution to capture bubble departure and being small enough to run at a

reasonable pace on a local cluster, a grid convergence study has also been conducted to show the

potential impact b further refinement or coarsening of the mesh on the bubble volume

representation. These simulations were setup in a reduced version of the domain maintaining the

water height (and thus, the hydrostatic pressure) and the dimensions of the pipe, miiy\oitie o

orifice. Five cases were setup, wherein the size of each of the elements in the focus area around
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the nozzlei(e.,the view seen ifrigurel5), were multiplied by a fraction of the base value (0.63,

0.79, 1.00, 1.26 and 1.59).
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- 1 o
R
— N Si
R
SNy d
3 4

Figure 15 Slice of computational mesh showing three criticalsuccessive cylindrical
refinement regions A. Front View (vertical slice across the midplane of the piejop View
(horizontal slice 1 mm above the center of the pipe, shown by the white dottedAine in

These numbers were chosen so that the relatiitene of the average tetrahedra formed
would be 25%, 50%, 100%, 200% and 400%, respectively. Simulations were run with the same
air inflow rate as the twphase simulations in Section 80(mL/min) until a few hundred time
steps after the point of detacantof the first bubble. These results are presentelhlsie2 and
Table3.

Onre aspecthat was investigated how the mesh resolved the gas volume under both static
and dynamic conditionsTéble 2). The static condition was simply the initial condition and the
volume of gas at the first timestep of each simulation was measured. The dynamic gas volume
growthwas determined by looking tite ability of the mesh tmitigate thenumericalvolumeloss
that results from an imperfect discretization of Equat®nd wellknown issue in the level set
method)during the bubble injection procelE,127] To do sothe difference between the total
gas volume 500 timesteps after breakup occurred and the total gas volume 500 timesteps after the

initialization was completesvas t&en (spanning several thousand timesteps depending on the
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mesh, or 3215 milli secondsf simulation time)The number of timestepgasheld constant rather
than the simulation time because the volume loss is directly related to the number of timesteps run
(specifically redistancing timesteps).

Table 2: Static and Dynamic Gas Volume Resolution based on Grid Volume

Relative Start

Volume Added Volume Added , Effective Flow
I\E);T;gt \{%Ilr:]r%e (Theory) [mm?® 2  (Practice) [mm?] % Diff erence Rate [mm?/s]
400% 7.92 33.28 17.95 -46.1% 436.5
200% 7.96 37.89 27.00 -28. %0 578.5
100% 7.97 3014 23.38 -22.5% 630.1
50% 7.98 27.82 21.96 -21.0% 644.7
25% 7.98 2515 21.83 -13.2% 712.8

aBased on thenflow ratenumerically measured near the inlet

Due to the multtiered nature of the mesh (d&gurel5) and the physics involved, simply
looking at mass conservation is notoagh In addition, thebubble departure volume was
examined aa parameter more heavily based on physics. A closer look at detachment times shows
bubbles steadily departing earlier the finer the nresblution(excepting the case seen in the
coarsest meghHowever,since the bubbles detach eariierthe fine mesh casethose bubbles
end up being smaller. The most likely reason for this is that the finer mesh is migestquickly

resolve the undercurrent of water that pinches the bubble to caudendenac

Table 3: Effect of Mesh Resolution on Initial Bubble Formation

Relative Bulk Element Relative Detachment  First Bubble Number of
Element Edge Size [mm] Element Edge Time [ms]  Volume [mm?] ElementsP
Volume? Size?
400% 8.46 1.59 54.20 24.23 653,933
200% 6.72 1.26 59.95 33.20 1,149,194
100% 5.33 1.00 50.36 31.58 1,937,951
50% 4.23 0.79 47.07 30.79 3,236,166
25% 3.36 0.63 43.73 30.67 5,751,417

aRelaive to the main mesh used in this study (shown in Figure 4) in a truncated version of the domain described in
Tablel.

bDue to the way théar-field elements were created (outside of the interest area), the number of elements does not
scale exactly with relative element volume.
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As seen in the results shown Table 3, the volume of the first bubble formed slowly
converges to a value around 30.7 fnim fact, the diameter of the bubble in the r@gined mesh
(3.88 mm) is only about 10% greater than that predicted (3.51 mm) using the model developed by
Gadds & Vogelpohl based on a force balance at the orjfi@8]. While close, this is certainly not
anexact result. This minor difference is attributed to a combination of three factors: i) Gaddis &
Vogelpohl based their theory on a nozzle shaped like thigure 3B with negligible nozzle
thickness, but the simulations presented herBigufe3C) have considerable surface area for the
interface to slide on; iisaddis & Vogelpohhssumed that there would be no residual gas at the
nozzle after bubble detachment (i.e. that the nozzle would be nearly flush), whichhs nase
in these simulationg={gure 16); iii) Gaddis & Vogelpohl assumed that spherical bubbles would
form, but in these simulations n@pherical bubbles are seen.

A mesh sensitivity study, including the computation of the goivergence index (GCI)
[129] has been perfared using the middle three meshes from the above fEstde@d) i one
courser than that used in Section 4, and one fiifee. GCI can be thought of as the percentage
deviation from ideal asymptotic convergence, so the lower the percentage is, the more ideal the
convergence will belhis study showed monotonic asymptotic convergence' with V& wb
and' # Cdoy b

Table 4. Mesh Sensitvity of Initial Bubble Volume .

Mesh 1 Mesh 2 Mesh 3
Total Number of Elements 1,149,194 1,937,951 3,236,166
First Bubble Volume [mrj 33.2 31.6 30.8
Relative ErroiRs 4.88% 2.50%
GClfine 5.79% 2.96%
Order of Convergence, p 3.11
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Figure 16: First bubbles to depart at various mesh sizes going from coarsest (left) to finest
(right) . Detailed parameterrepresentdin Table3.

3.2Validation

3.2.1Experimental Data Collection

The setup described in Secti@l and illustrated inFigure 13 was used to obtain
guantitative experimental results to provide validation for the simulafiinsAs described in
Sectionl.3.3and illustrated irFigure4, obtaining and manipulating bubble shapes are critical to
this study. Thus, experimental data collection also focused on capturing bubble .profiles

Images were taken usirgDSLR camera (Canon EOS 6D) and evaluated @sitgtom
MATLAB script.t The DSLR is placed at the | ensdé cl oses
and centered on the capillary. To capture bubble shape with as little blurring as possible the DSLR
is set to theyuickestshutter speed (1/4000 s) and largest aperture (f/dijlufainate the bubbles
an 800 lumen LED backligfCREE LMH2) is positioned behind the apparatus with a diffuser.

To process the images several frames of the experimental setup are captured without bubbles
flowing. These images are used as a pséladidield image to correct for intensity reduction
around the perimeter of the LED backligiitd to subtract the capillaryfo ensure consistent

framing of each image the DSLR is controlled remotely and triggered to shoot in continuous mode
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T capturing an imagevery 220 ms (4.5 fps). All images are loaded M®TLAB where they are
cropped, subtr-bedf e mesom thevieftaed to binary
to capture the geometriiurel7). Each bubble in each image can then be fitted to an ellipse to
extrapolate major and minor axes, area (total number of pixelstilaxasd position in the image.

Area is calculated assung an elliptical shape with the measured axes and compared to the
observed area in pixels to determine bubble deviation away from ellipticity. Likewise, volume

must be extrapolated under the assumption of azimuthal symmetry and oblate ellipsoidal bubbles.

L LI
N~ |
e

Figure 17: Processing of experimental bubble trains with an air inflow of 50 mL/min. AThe
original image B. The result after subtracting the original image from a biasing intagéhe
processed image, converted to binary emverted.D. Artificial holes are filled in by MATLAB
and bubbles are colored for identification.

For time resolved datan Apple iPhone XS camera is used to capture-ghoton video
of the bubbles at the 240 fps capture setting. Due to the variable feaen(VFR) of the video
encoder used for this device the average, minimum, and maximum framerates must be determined
from the metadata of each file. On average this device captures 24PG160 fps, or 4.1634
0.4621 ms between framaserage frameratand errowerecalculated for each video. The lower
image resolution of the video (720p) as compared to the D®IsRIts in a loss of spatial data. At
the distance of image capture (45 cm), this results in a reduction in resolution from rougimy 25

per pixel (Canon EOS 6D) to 1Hin per pixel (iPhone XS). Each frame of the video can be
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exported as an image file and run throbgATLAB in the same manner as the still images. To
calculate differential volume of bubble formation MATLAB output datgor each frame can
extract the bubble at the nozzle position (minimwmogition) and used to plot the calculated
volume at each timstep between frames. As such, the sioation feature must be used when
capturing timeresolved behavior at flows greatean 5 mL/min, otherwise, the spatial resolution
captured through the DSLR is used to determine €gestonal area, ellipticity deviation, position,
and calculated volumé& &ble5). From thespatiallyresolved datéhe major/minordiametersand
eccentricityof the fitted ellipseof each bubblean beplottedas a functiorof distance fronthe
nozzle(Figure 18, Figure19). Theeccentricity isa parametepof an ellipse thatharacterizes its

shape

Q p O, (14)

wherea is the majoraxis radius, ant is the minoraxis radius. A circle has an eccentricityeof

0 and a straight linéo(= 0) has an eccentity of e= 1.

Table 5: Spatial Data Generated by Bubble Imaging

position? [mm] [rr?;] [rr:)rcn] Amead [MM?]  Acad® [Mm?]  Vead [mm3] E[I(I,I/f Z?ﬁgivr:ig?n
(4.896 ,2.874) 1544 1.281 6.113 6.212 12.788 1.601
(4.765,7.817) 1.923 1.064 6.331 6.428 16.477 1.513
(4.555 17.05) 2.005 0.914 5.758 5.758 15.388 0.864
(4.199 ,27.69) 2.292 0.825 5.722 5.941 18.156 3.687
(1.797,38.55) 2.148 1.091 7.307 7.358 21.068 0.685

2((z,y) positions from the first orifice)

b (major axis of ellipse imposed over bubble)

¢ (minor axis of ellipse imposed over bubble)

d (area calculated by pixel count of filled section of bubble)

€ (area calculated for axeas="ab)

f (volume of bubble calculated assuming azimuthally symmetric oblate elligsoi@/3) a-Amead
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Bubble Ellipse Diameter from Nozzle (50 mL/min)
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Figure 18: Plot of major and minor diameters of the fitted ellipse of individual bubbles as a
function of distance from the nozzle.The detachment region is highlighted in greBobble
images are superimposed at the distances at which they appear in a single frame.

3.2.2Comparison with Simulations

For the purposes of this project, as discussed in SecBa® the bubble shape is a critical
parameter taesolvein the simulationsThe bubble shape and size are affected by the surface
tension, buoyancy, and drag forces as well as orifice size arilbgerate. In particular, the bubble
rise velocity depends on the drag force which, in turn, depends on the liquid viscosity and bubble
shape, which is affected by the surface tension fdrbe.bubble size and shape data from the
experiments and simulahs are compared irigure18 & Figurel19.

The shape of the bubbles from th@ermens shows a consistent evolution and size from
formation to detachment and as they traverse to the surface. During formation, bubble size
increases linearly witlh & b, while after detachment majos)(and minor ) radii diverge and
eccentricity reaches a constant value aram@.9. While there is some discrepancy in the initial
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absolute values of the majoa)(and minor ) bubble axes between the experiments and
simulations Figure 18), it is clear fromFigure 19 that the bubbles in the simulations not only
follow the same trend as those in the experisiebut also convergéeo the same shape

corresponding to an eccentricity of about 0.9.

Bubble Eccentricity from Nozzle (50 mL/min)
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Figure 19: Plot of the eccentricity of a fitted bubble as a function of vertical distance from
the nozzle.The detachment region is hightigd in green. The shape of an ellipse is illustrated
next to the corresponding eccentricity.
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CHAPTER 4: UNDERWATER FLUTE SIMULATION S

As discussed in Sectioh2.1.] simulating air inflow through orifices is a challenging
endeavor and the particular geometry used in this projdwat resembling an underwater flute
(Figure3C) i has never been investigated before usiig) GFD. Thuswe expect to see some
novel behaviarThis chapter is split into three parts correspontbngsults from one case in each
of thethree neshes built infablel. The f i r st c¢as eSPon)i cwkansa ndeeds i Aighl eud
at the flow distribution across the nozzles without any capillary forces impedifigthand thus
the simulation was performed with air in the tank and air coming in through the nozzles. The
second c-aPd o @ airfldaming feom the nozzles into water at 50 mL/min. This case
was designed with a flow rate slow enough that airldvbubble only out of one nozzle, allowing
for more focus on the bubbl e -MERmadairiflonmng pr oc e ¢
from the nozzles into water at 500 mL/miDuring experimentation, a total air inflow rate of 500
mL/min would eventuayl result in air coming out of all five nozzles, but initially &ironly seen
to flow out of two or threeof the five nozzles[4]. Hute-MP2 was designed to look into that
transient behavido produce a deeper insight into what initiates air flow through the latter nozzles
(alsoreferred tahereinas nozzle activation).
4.1 Single Phase Air Flowf200 mL/min]

In order togain anenhanced understandinf lwow this orifice configuration may affect
the fluid dynamics of the system, a singlease simulation with air inflow at 200 mL/mivas
conducted allowing the air to pass through the entire domain several times before capturing
results Before entering any orifices, the air velocity in the pipe formed a parabolic gfaflee
20, Figure 21a). However, the air directly following the first orifice was biased towards the top

side of the tubeHigure 21b). This can be explagd by thelocalized pressure buHdp at the
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bottomright side of the first orific§Figure 22). This behavior is consistently noted at all five
orifices (Figure21, Figure22), albeit to lesser extents as the flow escapes througirifloes. A
trend in flow attenuation across the orifices can be se€alile61 where 50% of the flow ejects
through the first two orifices and only 0.07% of the flemains as recirculation past the fifth
orifice.

Closer examination ofigure 20 reveals that the jets produced from the orifices do not
follow a trajectory that is ily perpendicular to the inflow axis. Instead, a slight deviation towards
the inflow direction ie., the positive z axjsis observedThis deviation in jet flow is most
pronounced in the first orifice, where the pressure buildup is also most pronobigee 22),
and regresses slowly towards a vertical line as the flow escapes through the orifices and the

pressure effect is less pronounced. This effect also conoeglayt in the twephase simulations.
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10.0

~

5

[\l
[é,]

k.

o
o

Figure 20: Single phase flow distribution along the pipe.
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Table 6: Single Phase Flow Distribution Within the Pipe

z2[m] <v> [m/s] Re Flow Rate [ml/min] Flow Rate [% of inflow]
-0.025 4.14 269.75 200.00 100.00%
-0.015 2.99 195.04 144.61 72.31%
-0.005 2.03 132.31 98.10 49.05%
+0.005 1.23 80.36 59.58 29.79%
+0.015 0.57 37.48 27.79 13.90%
+0.025 0.00 0.19 0.14 0.07%

a(where z =0.02 is the position of the first orifice, and z = +0.02 is the position of the fifth orifice)
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Velocity magnitude (m/s)
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Figure 21: Single phase flow distribution at various crossections.From top to bottom, left to
right, the crossection positions are: z =0.021,-0.019,-0.015,-0.011,-0.009,-0.005,-0.001,
+0.001, +0.005, +0.009, +0.011, +0.015, +0.019, +0.021.
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Figure 22 Gauge pressure at each orifice during single phase flow.

4.2 Bubble Formation Through One Nozzle[Air Inflow of 50 mL/min]

4.2.1Bubble Formation

The bubble formation process with air inflow of 50 mL/min was found to be remarkably
consistentkigure23), except for the formation of the first two bubbles. This can be accounted for
by noting that: i) the initialization process may have been sufficient to fully stabilize the first
bubble to depart; ii) the first bubble to depart has no wakeeahaw) the second bubble to depart
experiences the wake of the first departed bubble, which is unsteady because the first bubble has
no wake above it. By the time the third bubble departs, the wake stream has stabilized enough such
that repetitive behaor can be observedwhich is seen quantitatively ifable 7. Close
examination of the bubbles that trail departure evei@gHigure24) shows successive leaning,

like the phenomena observedrigure20, but to a much lesser extent.

101.7ms 157.6ms 2054ms 2545ms 303.1ms 351.9ms 400.4ms 448.1ms
Figure 23: Bubble Departure for eight successive bubbles at 50 mL/min
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Table 7: Bubble Formation Characteristics at 50 mL/min

Bubble Number

1 2 3 4 5 6 7 8
Formation Time
[ms] 101.7 55.9 47.8 49.1 48.6 48.8 48.5 47.7
Expected Volumé
[mm?] 84.8 46.6 39.8 40.9 40.5 40.7 40.4 39.8
Simulation Volume
[mm?3] 36.3 36.3 33.4 33.6 33.3 33.6 33.2 33.3

Volume defect (%) -57% -22% -16% -18% -18% -17% -18%  -16%
a8 Assuming that all of the air inflow contributes to the volume of the bubble at the first orifice

4.2.2Bubble Shape Evolution

As the bubbles form and rise, there is a clear trend in the bubble shape: an increase in the
eccentricity of the bubbles. Since eatity is typically defined for a 2D ellipse, and the bubbles
herein represent oblate spherofds b, a & ¢) (Figure18), a modified form of Equationl @) is

used to represent the 3D bubble eccentricity,
0 Cw (15)

wherea is the majofaxis radius, antl is the minoraxis radius, and is the secondary major axis

(perpendicular td). Note at the radia, b, andc are calculated along the -codinate axe¥, Y,

andZ respectively.

Figure 24: Progressive leaning of remnant bubbles after departure events8 (from left to

right). The dotted line is parallel to the outermost edge of the nozzle in this plane. Each subsequent
bubble progressivglleans further to the right so while the tip of bubble #1 is nearly above the
center of the nozzle, the tip of bubble #8 is just over the outermost edge of the nozzle.
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In order to capture imperfections in the bubble shape with respect to-tirdicate aes,the

following equatiorwas used

v W
. 16
Ly dad (16)
o
where a value of unity fo¥ represents a perfect ellipsoid, whose axes are aligned along

co-ordinate axes. As the bubbles rise, there is an overall decreasing tend in  (Figure25).
The greatest decrease in this parameter is seen within the first ten milliseconds of departure (after
the bubbles have travelled on average 2 mm vertically), which is when the bubbles experience the

greatest increase in eccentricity and are thus underdengast deformation.
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Figure 25. Plot showing the decrease in alignment along cartesian axes during bubble
ascensionData points for each bubble are extracted every 10 milliseconds of simulation time.
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4.2.3Variation of Momentum vthin the Bubbles

It is important to notehat as the local vertical velocity within the rising bubbles is not
homogenousKigure 26); instead, oscillations can ledserved between locally higher velocities
on the edges with lower velocities in the midframe (frames 2,4, and@wfe 26), and higher
velocities in the midframer@mes 13, and 5 ofigure26). When a bubble forms, the bulk velocity
is in the bubble midframe, pushing it upward until it experiences increased resistance dge to dra
At this point, the momentum of the bubble is diverted to the edges, which then rise above the bulk
bubble mass subsequently causing them to experience more drag, and slow down, allowing the

bulk mass to carry the bubble momentum once again.

velocity Y (m/s)
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Figure 26. Successive snapshots of a rising bubbl&éhe velocity scale has been selected to
highlight the local velocity changes within and around the bubble, thus the velocity gradient at the
nozzle is not visible. This figure tracks tpesition of bubble #3 for 60 ms, with 10 ms passing in
between each frame. Bubble # 2 is visible in the first 2 frames, and the formation and departure of
bubble #4 can also be searthe final frame
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The sameoscillationscan be seeffor all bubblesin Figure 27, which is generated by
splitting eachbubbleinto approximatehirds linearly which by volume averages out to be 24.6
1.2 % for the fist section, 49.5 0.9 % for the second section, and 25.9.9% for the third
section Figure 27 also show that initially most of the bubble momentim & Q) ) is atthe
centerof the bubble, which spreadtowly out to the sides over timmut does not fully even out

despite the oscillations.
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Figure 27. Vertical momentum fraction of the sides (green) and center (blue) of bubbles?
over time. Each portion of the bubbles (both sides or center) has a roughly equal volume
example of the zones for splitting the bubbles can be seen on a bubliteertearof the figure
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4.2.4Bubble Drift fromMain Orifice Axis

The bulk of the bubble velocity is directed in the vertical directiogure28), with 1-5%
of the bubbé velocity in the tangential directiorisigure29). While the bubbles do not quite reach
terminal velocity, each successive bubble is slightly faster on aviethgas due to the increased
development of the wake region, allowing the bubble to flow upward more easily. While the
variations in the X direction (normal to the slice Rigure 14B) appear stochastic, there is a
noticeable trend in the Z velocitieBigure 29). In particular, the Z velocities increase in tZe
direction (to the left loking at the plane ifigure14B or Figure26). This deviation did not occur
as a direct result of the flow bias in the system (due to the inflow being irZtbgettion, or to
the right inFigure14B & Figure26), but rather, it occurs due to a stochastic result exacerbated by
stabilization in the bbble wake. That is, when one bubble departs significantly in a certain
direction, it is easier for other bubbles to follow the established path than deviate from it. This is
clearly seen irFigure 30, which shows the bubble positions relative to the nozzle in the X and Z
directions. For the first 10 millimeters of rising, the bubbles follow a very consistent trajectory,
where the wake is most wadktablshed, and the bubbles are more sphericaFidare 19, one
can see that until the bubbles reach a distance of about 10 mm from the nozzle theiciégcentri
slowly increasing as the bubbles transform from slightly deformed spheres efietid oblate
spheroids. The ellipsoidal bubbles have a much larger surface area, and thus float erratically
upward in the same way that leaves drift downward ¢bua much smaller scale). One can also
see two trends in rise velocity Figure28i one upto 10 mm from the nozzle and for distances
greater than 1@hm. This change in behavior can also be attributed to the way the bubble shape
changes over time. After a distance of about 10 mm from the nozzle, the bubble eccentricity

changes very little.
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While we are mainly interested in dimensionaarameters for comparison with
experiments and to setup plasma simulations, we recognize that others may benefit from looking
at nondimensional results. Thus, the velocities presgimt Figure28were usedo calculate some
dimensionless numbers often used to parametrize multiphase flows. For bubbles in this simulation
after pinchoff, the Weber number ranged from 0.0019 to 0.0061, the Froude number ranged from

0.86 t01.89, and the Capillary number ranged from 0.0021 to 0.0042.
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4.3 Bubble Formation Through Three Nozzles [Air Inflow of 50 0 mL/min]

An enhanced mesh for the case nicknamed fllR@ in Tablel was used to further study
the behaviorothes ub mer ged @ f | ut Kgoreld, evithdhe mestsshructwa shown
in Figure 15 anddetails providedin Table1. The air inflow was raised to 500 mL/min with the
goal of studying the fluid dynamics of bubble formation though more dhemozzle at a time
and looking into the transient behavior of nozzle activation. Experimentally, under the same
conditions, it has been observed thipbubbles form at the first three nozzles nearly instanfly,
bubblesstart forming at the fourthozzle after about a one second delay, @hdubblesstart
forming at the fifthnozzle after about one minute of flg4j.

Due to the higher computational cost of the simulation for FMR, it was only run for
a simulation time of 73.5 ms, and throughout that time, bubbles were only seen to form through
the first three nozzles. The evolution of the bubbles at the first three nozzles can bd-gpee in
31 The fact that the bubbles were only formed in the first three nozzles during this time period is
best explained by the flow going into each noZEigure32). While there is a small amount of
flow (up to10 mL/min) going to the fourth nozzle initially, this value drops to nearly zero for the

rest of the simulatiofFigure33).

Figure 31 Snapshots of bubbles forming at three nozzles over time in intervals of
milliseconds. The simulation time for each picture is shown in the tepght.
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Figure 32 Velocity profile of flow in the capillary before and after each nozzle in the pig
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the pipe.
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4.3.1Flow Distribution Across the Nozzles

It is apparent that in this transient simulation, all of the air flows out of the first three
nozzles. This is because the simulation begins with a completely stafitedirpipe with
completely static water above it. The amount of flow that arrives at the fourth and fifth nozzles
initially is not sufficient to overcome the surface tension efittterface at those locations, which
results in a selfustaining issue: the curvature of the interface resrskiarp enough to prevent
flow going through them, and thus the lack of flow cannot overcome the surface tension at those
interfaces.

Moreover the flow allocated to each nozzle was not steady over imgpinchoff event
(typically bubble departure eventt)one nozzle would restitt flow being tempaauily redirected
to othemearbynozzlesThe result of this is a few transient fluctuatiomshe measured flowate
at each nozzleFjgure 34), which matches with the transient fluctuations observed in the pipe
(Figure33). For example, the first pinebff event occurs at the second nozzle just before twenty
milliseconds of simulation time. This resuitsincreased flow coming out of the first (from just
over 50% to 70%)nd third (from about 10% to nearly 25%) nozzles. These increases are
accompanied by a sharp decrease in the flow coming out of the second nozzle, which decreases
from about 35% to nearly 0%.

The bulk of the air flow, especially initially, is directemvardsthefirst nozzlei and this
is clearly seen ifrigure 34. This concentration of the air flow results in the formation of very

large, deformed bubbles, whichnclhe seen above the first nozzldrigure31.
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0.026,0.039,0.056 & 0.060,)range for nozzle att = 0.019, 0.046 and 0.073, g)ellow fol
nozzle 3att = 0.035 & 0.072 3.

4.3.2Volume Conservation

While not critical to this study, it is worth looking at the volume detd the air in this
simulation. The cause for this is explained briefly in Sec8adh2 and is wellknown as a
significant (arguably the most significantirawback to using the level set method for interface
tracking[45,127] First, the overall volume conservation can be evaluatedamparing the total
measured volume of air input into the domain with the expected ar(féigate 35), given the
consistent known value of total airflow of4ihL/min (Figure33), and the amount of simulation
time that has passedhe total air inflow rate is not exactly 500 mL/min due to the numerical

representation of the infloplane, which is not perfectly circular.
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Figure 35 A plot of the ratio of the measured air volume in the domain to the expect
value, given the costant air inflow rate (y - total, Dz piecewise) The piecewise measul
volume is defined as the difference between that measured in the current data acquisi
from that measured in the previous data acquisition point. Data acquisition points we
timesteps apart.

Thevolume conservatioim the domainkigure35) is very poor initiallywhichis expected
for the very beginning of the simulation where the solver needs to resolve a sudden inflaw into
domain with otherwisstaticfluids. This effect is also related to und@solved sharp curvatures
of the initially formed bubble interfaceéfter that the incremental volume conservatianir(
Figure 35) is very good for a short period, peaking at nearly 100%, while the total volume
conservationy( in Figure35) peaks at nearly 90%, before atsending downwardThis spike in
volume conservation occurs in the period where the interface is travelling the fastest (as the
numerical method designed to better handle moving bubbles rather than steady conditions during
the re-distancing operatign and thus the small amount of numerical interface shrinking is far
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outpaced by the speed of the interface. The consistent decline thereafter is due to the fact that over
time, the total surface area of the interface increases, and that the volume lopsiomal to
that surface area, so the greater the surface area, the greater the volutheHoatl be noted
here that the total volume conservation caps at about 80% at the end of the simulation, which is
not that bad, meaning that by the end ofgimeulation, the volume of the bubbles suggests that
the inflow of air was at 400 mL/min, rather than 494 mL/min. This affect disproportionately affects
bubbles that are detached from the nozzles and would therefore cause more significant issues with
severabubbles rising in a fluid so a fix has been implemented for thgie of case, which is
discussed ilChapter 5

The volume of air above each nozzle is showkigure 36. It is important to note that
while there are local spikes in the airflow at each noZgufe34), the total air volume appears
to be steadily increasing acsome with about 60% of the air being above the first nozzle, 30%
of the air being above the seconds nozzle, and 10% above the third. This matches with the
approximate average flow distribution that can be seéfigure 34. The relative consistency of
the growth of the total measured volume across tiFigu(e36) indicateshat there are no major
volume losses during breakup evenitst a closer look does reveal a mild temporary reduction in

slope that aligns with the timing of some of tepartureevents seen iRigure34.
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A measure of local volume conservation (which would be most critical to bubble
formation) can be obtained bpmpamg thepiecewisaneasurd volumes above each nozzle with
the instantaneous flow at each nozzle. In the ideal case, one would expect to see the trend in
piecewise measured volume above each nozzle to follow, but slightly lag the trend in the
instantaneous flow at each nozZe. highlight this trend, thenstantaneouow and volumecan
benormalized against the sum of the flow into or volume alBaahnozzle respectivelyThis is
done inFigure37, where the expected ideal trend is followed near all the time, with a few notable
exceptionsmarked by these three shaded regiorse bcal effects obubble departuren the
measured volumean be observed ihese shaded regiariSuring and afterthe first highlighted

departuresvent thetime lagbetween the instantaneous flow and piecewise measured vidume
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most exaggerateguggesting that the departure evexdacerbatethe time lag. Dung and after

the second highlighted departure event, there is a noticeable disparity in the two quantities, with a
slight increase in the piecewise measured volume above nozzle one and a slight decrease in the
piecewise measured volume above nozzle trekive to the instantaneous flow at each nozzle

This same effect is noted during and after the third departure event, bguaittities relating to

nozzle two rather than nozzle thrdéeis also worth noting that after the second departure event,
negative piecewise volumes are measure at the third nozzle, suggesting that at this stage air was

flowing back into the pipe rather than into the water.

— @ — Nozzle 1 Normalized Instantaneous Flow

Nozzle 2 Normalized Instantaneous Flow

Nozzle 3 Normalized Instantaneous Flow
— @ — Nozzle 1 Normalized Piecewise Measured Volume
— A — Nozzle 2 Normalized Piecewise Measured Volume

0.8 _
Nozzle 3 Normalized Piecewise Measured Volume

e _ — o

06 ;k. ﬁ.,.. M W-.%.
%.{4 |

Normalized Flow or Volume

0.4 | :
*MA““AA A A ‘ A\ 1 ’%
4 ok A A&N a
i \/ ;..AA‘ laak ok L at
0.2 |
]I , \ Ax“ AA/ L 4
A \/
ot A f
0o 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time [s]

Figure 37: A plot comparing normalized instantaneous flow (green) at nozzles-3 with the
piecewie measured volume (blue) above nozzles31l The flow and volume are normaliz
against the sum of the flow into or volume above the three nozzles respectively. The
regions highlightninor discrepancies to due departure evahts/e nozzle 2 (orangadt = 0.01¢
s and 0.046 and nozzle 3yellow) att = 0.035 s
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4.3.3Flow Bias at Each Nozzle

As with caseFluteMP1, there is a bias in tlarflow goinginto the nozzles, namely that
there is more airflow on the right (or +Z) side of each nozEigure 38). The velocitiesat the
inflow plane for the first three nozzles are presentdedgare39, showing a significant amount of
Z velocity at the first two nozzles. The trend in the ZDeitles Figure39A) matches that seen in
the distribution of flow above each nozzledure 34), which has been thoroughly discussed
already. The X velocitiesF{gure 39B), however, cannot be differentiated from random noise,
except that there are larger velocity spikes at the first nozzle, indicating that there is more

turbulence there.

Velocity_Magnitude

0\'0:\|\us7'5 wu?m %zw'?mm ' Time=10mS
-

Figure 38: The distribution of airflow going into each of the five nozzlesThe white dotte
lines indicate where each nozzle crssstion is taken.
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CHAPTER 5: BUBBLES CRASHING INTO AN OBSTACLE

One of the goals of this project was to look at what happens when these bubbles collide
into either one of a pawf pin-shaped electrodes, which are placed roughly 50 mm above the
inflow pipe experimentall\jj4]. The simulation for the third laegscale bubble formation case
(FluteMP27 described in Sectiof.3) took several months to run on the supercomputer Eteta
ANL. Of course, the continuous widiline (i.e., time running on the supercomputer) was on the
order of 208300 hours, but since the simulation could only be run for 6 hours at a time, several
jobs had to be submitted to Theta, each with a queue time of a few days. Since the highest bubble
in Flute-MP2 was about & mm above the nozze it became clear that it would take an
exceedingly large amount of time for the bubbles in such a simulation to rise very far into the
liquid. It would thus be impractical to resolve the bubble formation process alko simulating
the bubbles rising through the liquid, since the timesteps for the simulation would be gated by the
former, whereas the timesteps could be over ten times bigger if the latter prassssnulated
independentlyThus, a new domain and mesh were designed to simulate the bubbles rising through

the water and then hitting the electrodes.
5.1 Mesh Scale Up & Revised Domain

5.1.1Experimental Basis

Theinitial bubble sizes angositionsfor thesesimulations were drawfrom aggregated
experimentaresults[4,5]. The experimental imagdsuch agigure40) were cropped and pre
processed byther lab member® produce basic data for each bubble, such as its position and
area.Ellipses were also fitted to each bubble to provide a value for the nagjand minor k)
axes of the bubble. This ellipse fitting and general dakeulationprocedure has been described

in section3.2.1 Figure17 shows the overall process with bubbles coming out of one nozzle
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Figure 40: Example experimental images used for seeding initial condition&. Original Image
B. A cropped image focusing on the area of interest. Images producgaenyab membeigt,5].

The experimental data was then subjected to further processing through a MATLAB script
(provided in Appendix C.4)Iit should be noted that the equivaleatliusof each bubble can be
calculated using two methods, and that one is far more accurate than ti{eesfigure41). The
first uses a simple equation using the area of the bubble to get the radius of an equivalent circular

bubble { j ) with the same area:
° (17)

The second equation simply corrects this radius with the knowledge that the bubble shape
is threedimensional, and with the assumption that the bubble is an oblate spheroid, i.e., that the
value ofits third axis (into anaut of the plane of the page),is the same as the value of the major
axisa, which is bigger than the minor axis,With that assumption, the following equation can be

derived for theequivalent radiugl ) of asphericabubblegiven an oblate $peroid projected

onto a twedimensional planéhe details for which are present in Appendix A.1):

(18)
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The effect of this correction can be seerFigure 41, where the corrected equivalent
diameter does not change as the bubbles rise, but the uncorrected equivalent diameter does. An
explanation for this is that as the bubbles deform into elligsditkir apparent area on the
projected plane decreases, but the true bubble volume does not. Since the camera only sees the
apparent area for the projected plane, a correction must be made for this ¢pesiben (.8).

First, the data for each bubble were sorted into several bins based on the number of bubbles
between it and the first nozzle and the most likely nozzle the bubble originated from. For the
simulations in this chapter, the final bins took therfaf a 3x5 matrix, with one column for each
nozzle, and one row for each of the first three departed bubbles from the nozzle (bubbles still

attached to the nozzle were flagged separately and discarded). Once the bubbles were in the bins,
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Figure 41. A plot of conventional equivalent radius »yi; a(2 ) and a corrected versior,
».i a( ) against the vertical distance the bubbles haveavelled.
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some parameters weset to discard outliers, such as bubbles that were too small due to being still
attached to the nozzles or bubbles that were too large due to early coaleHuisrsmmating showed

that bubbles formed at the first two nozzles were typically largeri{addh tighter size interval)

than those formed at the last three noz{fégure4?2).

After the bubbles were sorted into bins and had the correct equivalent radii calculated, the
mean and standard deviation were generated for the bubble size and position data in each bin.
Ratherthan using the raw Y position data in the top two bins (i.e., bubbles furthest from the
nozzle), the data were generated such that the average ‘aotboleble distance was conserved.

This data was then used to generate pseudorandom initial conditiding frbblesKigure43).
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Figure 43 An example of the initial bubble conditions (bubble sizes and positions) f
simulations in this chapter. In the image on the right, each bubble is assigned a dif
identification number, which is used for bubble tracking. These numbers are viduasing
discrete positions on a color scaldne same colors are used to identify the bubbles throu
this chapter.

5.1.2Final Domain Parameters

The process for the mesh design for the cases presentedcimagpisivery closely aligned
with the proces®utlined in Sectior8.1 The main differences were as follows: i) the domain
dimensions were reduced slightly (to match the newly built experimental setup), idraaatt
of bubbles were seeded (14 or 15) and there was no air inflow (but a solid version of the version
remained in the simulations, as seeffrigure43), and iii) there were two pin shaped electrodes
added as obstacles for the bubbles (al§agare43). The mesh was designed such that the bubbles
would remain in the welineshedareaduring the entire simulation (with tetrahedral elements of
edge length 83.8 mas seen between the electrodeigure44. Some other attributes of the mesh,

especially those pertaining to the boundary layers, are presEablies.
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Figure 44: Mesh around the electrodes.

Table 8. Mesh Parameters for Pinto-Pin Cases.

Parameter

Bubbles to Electrodes

Total number of mesh elements
Air Inflow Rate
Number of Parts when Split

Approximate Dimensions of ¥l-Meshedvolume
Typical Element Size
Starting Boundary Layer Size
Number of Boundary Layer ElemeritdNozzle Body
Total Boundary Laye®izei Nozzle Body
Number of Boundary Layer ElemeritiNozzle Tip
Total Boundary Layer SizeNozzle Tip

682068729
700mL/min?
65,536

50,000 em x 24,000em x 1000Cm
83.3em
10.0em
8
457.4em
5
297.7em

aPreliminary cases were seeded at slightly different experimental conditions with a flow ratendf/&tia
b This is equivalent to the number of CPU cores that the case is run on.
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5.2 Multi -Orifice Behavior Validation

One of the overall objectives for this Ph.D. was to set up reliable simulations using DNS
that can be validated usirexperimental resultéObjective3). While this was done for bubbles
coming out of one nozzle in Secti@?2.2 it must also be done for bubbles streaming out of
multiple nozzles. The only experimental data available were once again pertaining to bubble
shapes & positiongt,5], and so those data will be compared with simulations in this section.

The data collected by PHASTAOGs bubble trac
major or minor axes of an gdsoid, and so those data must be extracted from two parameters that
are tracked and calculated from the bubblése bubble deformability factog, , Which is
simply the ratio of the minimum value of the level-Beiction in the bubble, and the egalent

radius,i { , which is the radius that a spherical bubble of the same volume would have. Using

those relations, and the assumption that the bubbles in these simulations are oblate spheroids
(which was proved to be a good assumption in Se&iarl, with the point welillustrated in
Figure4l), the following equations were derived (in Appendix A.2)tfee major & and minor

(b) axesof an oblate spheroid:

(19)

w o0 i 5 (20)

The evolution of major @ and minor ) axesseen in experimentgl,5] can then be
compared with those in simulations kingure 45, which showg very good agreementhe two
apparent outliers (shown in yellow and olive green at the téjigoire45) are oversized bubbles

formed due to coacence.
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Figure 45: The evolution of major (¢ ,32:3) and minor ( ,+- -9 axes of bubbles formedn

experimentsand simulations.Data for experiments are shownbilack € ) and grey (), while
data forsimulations ¢z = 3,AA" A etc) areshown in a unique color for each of fifteen individu
tracked bubbles. The air inflow rate for this case was 700 mL/min and bubbles were prod
of all five nozzles.

In both the experiments and simulations, the bubbles starsplitbrical shapes.€.,a =
b), but as the bubbles rise, they slowly deform into oblate spheroids with clearly distinguishable
major and minor axes. However, there is a peak eccentricity value of about 0.9 observed for both
experiments and simulations. Aft bubbles reach this peak, yhetart to behave more
independently, with some bubbles changing their shape and losing their eccentricity faster than

others Figure46).
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