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ABSTRACT

The dynamics of a bubble in a dilute bubbly wateraixture is investigated experimentally and tlesults
compared with a simple homogeneous compressibiterflodel in order to elucidate the requirementsrfra better
advanced numerical solution. The experiments amduacted in view of providing input and validatior an
advanced bubbly flow numerical model we are dewetpp Corrections for classical approaches wherdtia two-
phase flow modeling the dynamics of individual bealié based on spherical isolated bubble dynamiahé liquid
or an equivalent homogeneous medium are soughtmigie/primary bubble is produced by an underwatzark
discharge from charged capacitors, while the bulbrblydium is generated using electrolysis. The dizbeomain
bubble is controlled by the discharge voltage,dhpacitors size, and the ambient pressure in thtaioer. The size
and concentration of the fine bubbles is controlbsdthe electrolysis voltage, the length, diame#erangement,
and type of the wires, and also by the pressur@g®eg in the container. This enables parametricystfdhe factors
controlling the dynamics of the primary bubble atelvelopment of relationships between the primarigbhe
characteristic quantities such as achieved maxirbuivble radius and bubble period and the charactessof the
surrounding two-phase medium: micro bubble sizes\anid fraction. The dynamics of the main bubbld ahthe
mixture is observed using high speed video phofadgraThe void fraction of the bubbly mixture in tlugd domain
is deduced from image analysis of the high speediemaand obtained as a function of time and spdte

interaction between the primary bubble and the tylphedium is analyzed using both field pressuresuesnents
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and high-speed videography. Parameters such agiingary bubble energy and the bubble mixture dgnidid
fraction) are varied, and their effects studiedeTxperimental data is then compared to a simpfepressible fluid
medium model which accounts for the change in tedium properties in space and time. This helpstilate
where such simple models are valid and where the®drimprovements.  This information is valuabletfe
parallel development of an Eulerian-Lagrangian cpdsich accounts for the dynamics of bubbles infigdd and
their interaction.

NOMENCLATURE

Void fraction

Co Sound speed on bubble surface
Sound speed of liquid
Surface tension at bubble-liquid interface
h Enthalpy difference between the liquid at pressprand at pressure

Polytropic gas constant

Viscosity of the medium

Pressure in fluid domain
Pressure at bubble wall

Ambient pressure

Bubble gas pressure

Vapor pressure

Bubble radius

Maximum bubble radius

Density of the two-phase medium
Liquid density

t Time



Fluid velocity
Radial component of fluid velocity

Velocity Potential

[.  INTRODUCTION

The dynamics of a spherical bubble in a liquid basn studied extensively since the early work ofi€&gh
[1]. When bubble nuclei in a liquid or gas bubbée®ounter a large pressure drop, they can grovosixely and
then on encountering a high pressure, they collajdently generating strong usually negative afesuch as
damage to nearby boundary, noise, and decay obmpeaihce of an operating machinery.. For an idebéspal
isolated bubble and in the absence of gravity &ffec nearby objects, the dynamics remains spHeaca the
bubble volume oscillations can be predicted arzilif. Rayleigh [1] analyzed the collapse of arpgnspherical

cavity and found the time the cavity requires thagse was:

collapse A\ 1)

whereRa is the initial maximum radius of the cavity, andnd are the density and pressure of the ambient

fluid. The effect of vapor pressure, non-condelesghs, surface tension, and a time-varying amtpssgsure were
later included by Plesset to produce the Rayleigisdet equation [1-2], which provides a relatiopdietween the
oscillating bubble radius, its derivatives, and ithposed pressure function. For given conditidhe,full dynamics
of the bubble oscillations can be then predicteninfintegration of this equation. Using the unsyeBérnoulli
equation, one can then determine the pressureilicihid around the bubble.

Rayleigh-Plesset equation, however, ignore the cesgibility of the liquid or the medium surrounditige
bubble. Compressibility effects are however viemportant for very strong bubble dynamics as in amdter
explosions [2-4] or when the considered bubbletsslfi surrounded by many other bubbles making ffective
medium very compressible. Herring [5], KirkwooddaBethe [6], and Gilmore [7] and many others sitiwn
[8,10] have extended the spherical bubble dynamégsations to include the compressibility of theuith More
recently, numerical codes to study the behaviobwbble in compressible liquids, including when &ngon-

spherical deformations are involved, have beenldped and have been shown to be accurate.



When the compressibility of the medium surroundihg bubble is provided mainly by the presence of a
bubbly mixture, much less fundamental work has bpahlished besides studies using homogenous mixture
approaches as in [7,11,12]. This applies to botenthe studied bubble is just one of the bubblesposing the
two-phase medium, or in the simpler case wheredmeerned bubble is much larger than the finer agtorming
the surrounding medium and is the driving forcehe dynamics of this medium. In both cases, modelgort to
simplifying assumptions, with need for validatiand would benefit from a basic fundamental expentaleand
numerical study combining experimental observatiand numerical / analytical simulations. This isreneo since
almost all simulation models use some form of €rgibble dynamics as the building block to the pliase models
[8,12].

To better understand the dynamics of bubbles emiirong pressure waves in a two-phase bubblyunedi
we set-up in this study a canonical experimente &kperiment considers the dynamics of a primdatively large
bubble (compared to the surrounding bubbles) inxdune of water and very fine bubbles. For easeisfalization,

a hemispherical bubble is spark-generated at d tigihsparent wall. Using the principle of imagesl ignoring
viscous effects in a very thin layer near the waik set-up models a spherical bubble in a bubtggium of infinite
extent. More details of the set-up are discussdtig following section. The schematic of the getynalong with

the parameters involved is shown in Figure 1.

Figure 1. Definition sketch of the parameters ofalproblem of a primary bubble in bubbly medium.

This study of the dynamics of a primary relatividyge bubble (compared to the surrounding bubhies)
two-phase mixture is conducted as a combined exeetal and numerical task. This paper addresses th

experimental part of the study and compares thdtsewith a model based on Gilmore’s model [7] &rénnen’s



bubbly medium equation of state [8] in order toablish the limits of validity of simple homogeneausdels and
establish requirements for a two-phase Euleriandagjan code we are developing in parallel and kwhécthe

subject a sister paper [13].

The objectives of the present studies are as fetlow
a. Experimentally investigate the dynamics of a prignhubble in two-phase mixture by performing
experiments encompassing a wide range of cases.
b. Characterize the bubble evolution for differentdsbiactions and bubble energy.
c. Measure bubbly media effect on pressure propagation
d. Develop and valuate the limits of validity a simglgherical bubble model in a compressible medium

composed of a homogeneous bubbly medium.

. EXPERIMENTAL SET-UP

An effective method to study the dynamics of cdigtaor underwater explosion bubbles is the useleétric
spark generated bubbles in a container where thBeatpressure can be controlled. Spark generatmrs been
used for studying bubbles in a liquid for quiteoad time since the early work of Ellis [15-20]yfnFLOwW, INC. has
several test chambers that can be used to simsdated bubble dynamics, and is equipped with fléagrbstics

tools including high speed photography and pressiw@surement capabilities.

The use of high speed cameras to photograph seadrated bubbles produces high quality observatiéns
bubble dynamics including clear visualizations edémtrant jet formation inside the bubble. This comet with high

frequency pressure measurements can be extrengdiy ursdeveloping and validating numerical models.

a. Spark Bubbles Generation
Spark generated bubbles avNBFLOW are generated by the underwater discharge of laJuljage charge

between two coaxial electrodes contained withiraadparent cell. The underwater spark dischargepiocess by

which electrical energy is converted into smalluwoé plasma which has temperatures as high as 2&K0a@d



pressures as high as®I®ascals [16]. As the trigger pulse breaks dowrhtiid-off gap between electrodes, current
flows between the electrodes with energy being riesbin the plasma at a rate depending upon thempioywut and
the inertia of the water. Eventually, due to a dase in the voltage and an increase in the ionizatemperature,
and pressure of the plasma, the spark is extingdisfihe energy is initially stored in the plasmaha form of
dissociation, excitation, ionization, and kinetieeegy of the constituent particles. While the hdaiad pressurized
plasma will tend to expand, the inertia of the mlgsvater will tend to confine it. Mechanical wolight radiation,
thermal radiation, and thermal conduction dissigh&energy from the plasma at a rate slower tmemngy input

from the spark [16].

Because of the high pressure, the liquid near thenga interface is initially compressed. This hjgykessure
leads to the formation of a shock wave that radiagtward. The energy in the shock wave compri§eto50
percent of the energy imparted by the spark intoaater [16]. After emission of the shock wave pinessure in the
gas sphere quickly falls, but remains well abow tf the surrounding liquid. The pressure diffeerhowever, is
small enough that compressible effects can be ategle From this point on, incompressible hydrodyicaeffects
dominate. The pressurized gas expands into a laoddle which subsequently collapses and re-expahis.
phenomena preceding the incompressible hydrodyngh&se occur quickly and are accompanied by light
generation that prevents accurate determinationthef initial bubble radius using conventional higieed

photography.

The bubble period is modified by controlling thegsure above the free surface in the test cellrdasing the
value ofP increaseR .« and thus, based on (1), increases the bubbledbbdoause of both a largef.x and a
smaller P Increasing the bubble radii and slowing down théble collapse helps in obtaining better
visualization, which in turn help producing higldiity data. Larger bubble period enables beta dampling rate

in data acquisition, i.e., more data points cand®d to represent the quantity recorded.

Another way to increase the bubble siRg,, is to increase the energy at spark discharge.eheegy of the
bubble is controlled by adjusting the voltage sigapto the capacitor of the spark generator antoyanodifying the

capacitor.



When the bubble is significantly distant from boarids, it retains an almost spherical shape throlghime of
its maximum volume and a radius could be easilysuesl. In cases where the bubble is distortedhéyptesence
of boundaries, an equivalent radius based on thesuned projected area can be used. Here, it wasel for
each case by assuming the bubble to be axisymmeinit calculating its volume as the volume of ddsof

revolution of the observed outline around its weattiaxis.

The pressure at the spark generation (bubble ¢dotation was measured using the absolute pressuhe
vacuum cell and the hydrostatic head computed usiegiepth of the electrodes. The vapor pressusededuced

from the measured ambient water temperature.

b. Bubbly Media generation

To generate the bubbly medium a wire mesh eledi®lset-up was used. Electric current was applerdss
the wire mesh to dissociate the water into oxygedh laydrogen. Increasing the current increasestimeber of
microbubbles produced. The microbubble size distion depended upon the wires diameter, the densit

distribution of the wire mesh and the ambient presinside the spark tank.

Figure 2. Schematic of a BNAFLOW's spark cell set-up.
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Figure 3. A picture of the large PNAFLOW's spark-generated bubbles test facility. The Piglais tank dimensions are 1m1mx 1m

and the wall thickness is 2.5 cm.

c. Void Fraction Measurement
The transparent walls allowed recording of the Wbeibdynamics by a high-speed digital camera (Redlake

Imaging model PCI8B000S) capable of framing ratesou2,000 frames/second. From the high-speedesptte
initial and time-varying bubble size distributiondatheir corresponding void fraction were computddhe images
from the high-speed movies were processed usingrthge processing software - ImageJ [14]. Showmigure 4

is the 0.5cm x 0.5cm imaging window selected to got@ the void fraction.

Figure 4. Top: An instantaneous snap-shot from thggh speed movie. The image window is 0.5cm x (%200 x 100 pixels).

Right: The binary image showing the bubbles in tfecal plane.



The acoustic signals of the bubbles were measurtbdavguartz transducer having aslrise time and resonance

frequency 430 kHz (PCB Piezotronics model 102A03).

. NUMERICAL STUDY

In order to interpret the experimental results imitthe frame of a classical two-phase continuum ehatid to
evaluate this model, we have considered the foligwapproach. The present numerical study appbethé
dynamics of the primary bubble in considerationb&sed on the analytical second order ordinary reiffial
equation for the bubble wall-motion derived by Giim [7]. It applies to a spherical bubble in a poessible
medium. Here, we combine this equation with an ggqoaf state which describes the compressibilifgas of the
surrounding bubbly medium. This medium is assutodae a continuum with properties uniquely detegdiby the
knowledge of the gas void fraction at each locatod time. These properties are taken into accthwatigh an
equation of state (EOS) describing the pressursiyerelation that exists in a bubbly medium [8]his EOS
implicitly accounts for the field microbubble respe to the local pressures. This paper aims ahieisy the
validity of the following statement: “Integration time of the Gilmore differential equation whilecaunting for the

EOS of the surrounding liquid should provide atfosder approach to the problem solution.”

a. Gilmore Bubble Dynamics Equation
With the assumption of spherical symmetry the flmaund a growing/collapsing spherical bubble istational

and the continuity and momentum equations canxpessed as follows :

N.U='7E, (2)
@ u*_ Pdp (

Y, w_ "dp 3)
t 2 n T

In the above equationsy, 7 f , p are functions of the spatial location,and timet. is the fluid velocity

vector in the radial directiony is its amplitude, is the corresponding velocity potential, is the local density of

the compressible medium,is the local pressure and is the pressure at infinity. Equation (3) is ded for a



barotropic fluid, i.e. with the assumption that tliensity of the medium can be expressed as a @mciti the

pressure only. It is convenient to denote the iategppearing on the right hand side of (3) bysyrabolh:
— 4)

Thermodynamically, is the enthalpy difference between the liquid &spurepand at pressure, .

Furthermore, if the flow field in the liquid contsentirely of “outgoing” pressure and velocity \wavhen the

well-known expression for diverging spherical sowal/es can be applied to the velocity potential [6]
=2f - (5)

cin the above equation is the local sonic speedplBgging the above expression in (3), it can beashthat the

2 2
quantity r h+u7 is also propagated outward with a velocitg+u. In other words, the quanti[yh+u? ,

follows the wave equation:

2 2
%r h+u7 =-(c+ u)ﬂ—'ll r h+u—2 . (6)

Manipulating the above equation along with the pwity and momentum equations to eliminate the
derivatives with respect to leads to a particle-derivative relation which wregplied at the surface of the bubble

(r =R), results in the equation governing the interfdgeamics of a spherical bubble in a compressiblgidi [7]:

- - = - — - (7)

In the above equation derived by Gilmoreis the radius of the spherical bubblejs the sound speed at the

bubble surface and is the enthalpy difference in the compressible mm@dbetween the bubble surface and the

medium at infinity:
— (8)

where is the pressure in the liquid at the bubble waljolv can be related to the pressure inside the lbudoixl

the surface tensionby:

10



— (9)

is the vapor pressure of the medium/liquid ands the pressure of the gas in the bubble. Fornatambient
temperature and for cavitation or underwater expiobubbles vaporization occurs on a very shorétswale so that
can be assumed to remain constant during the bdlyhkmics.

On the other hand gas diffusion is relatively skowd the amount of gas inside the bubble can beresisto

remain constant so that the gas obeys a polytapigression law [8]:

— (10)

where in the above equation is the polytropic gas cotstad is the initial gas pressure inside the bubble —

corresponding to a bubble radius of .

If an equation describing the pressure-densityticeiahip for a medium is known, the above equaticars

be solved to obtain the variation of bubble radiith time.

b. Expression of Enthalpy in a Liquid

For pure water, the pressure-density relation $enfiropic compression can be given by the followliadgt

expression [9]:

_— — (11)
where in the above expression is a reference densityesponding to a pressure . and are known
constants for water ( . ). Using (11), the sound speed at a point in thi& fdomain can be
expressed as follows:

- — 12)

and the sound speed at the bubble surfgcés given by:
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—_— (13)

In the above equation, is the reference sound speed corresponding to dfezence pressure .

Similarly, using (8) and(11), one obtains the falilog expression for :

(14)

As mentioned earlier, once and on the bubble surface are known, the system oftemsadescribing

the wall-motion dynamics of a spherical bubble barsolved.

c. Expression of Enthalpy in a Bubbly Medium
The two-phase medium, composed of water of densitgnd gas of density, , is characterized by the

distribution of void fractiona , in the domain. The equivalent continuum mediws & density defined as:

ro=1-a)y ar (15)
The sound speed in a compressible bubbly mediunbearxpressed by the following expression derived i

[8]:

— - - , (16)

where in relation (16) is the sound speed in the punaidiq
In deriving the above relation, it was assumed that

- the density of the gas;, , is negligible relative to the density of the lidu ,

the disperse gas phase obeys the polytropic cosiprelaw ( being the polytropic gas constant),

surface tension is negligible at the interfaceneftivo components (varies smoothly in the medium) and

the void fraction, , is small.
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Relation (16) can be integrated to obtain an eqoatif state (relating pressure and density/voidtioa)

for the bubbly medium [8]:

- — (17)

In the above equation, is a reference void-fraction corresponding to ference pressure . In our

computations, we have assumed . Equation (17) can be re-written as follows:

(18)
ThenH can be written using (8), (15) simplified by negieg 7, and (18) as:
B 19)
Carrying out the integration, we have the valuélggquired to integrate (7)
(20)

The value of also required for the integration of (7) is simplytained using equations (16) and (17).

The results of the Gilmore-based model descriliEni@ have been verified to be accurate by compariso

against the results of a finite element multi-comgrt compressible flow solver (GEMINI) developed by
NSWCDIH for the solution of underwater explosionbbles for the case of a spherical bubble expandimdg

collapsing in a continuum bubbly mixture [11,13].
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Obviously, the above presented continuum modebtserpected to capture the full physics of a spiaéri
bubble expanding/collapsing in a bubbly medium eithe model does not account for viscosity, andemor
importantly for the local individual and collectivbehavior of the bubbles in the medium surroundiegprimary
bubbles. Thus, the model is not expected to addouany oscillatory behavior due to distinct respe times of the
bubbles that form the bubbly medium surroundinggtimary bubble in consideration. The objectivewhwer, is to
compare the results of this simple model (simiéamiany existing conventional two-phase flow apphes} against
experimental results. This is expected to pro@densight on the extent to which a discrete bulphilyture can be

modeled as a continuum medium.

IV. RESULTS AND DISCUSSION

d. Visualizations
The spark tests presented here consider sparkajedemubbles in the absence of surrounding

microbubbles (i.e. liquid only tests) as compamdhibse conducted in the presence of a bubbly medenerated
by electrolysis. Figure 5 show a time sequencm feohigh-speed movie of the primary bubble dynamgicaving
and collapsing in a supposed “pure” liquid, whiigufe 6 shows a similar sequence of the bubblergéed in the
bubbly medium. Both figures also show the respaidbe surrounding bubbles to the resulting pressund flow
field. Figure 5 is supposed to illustrate the cafsa bubble generated in pure water liquid, asathter was degassed
for a long time and shaken extensively to removg mmaining gas bubbles. However, as can be sedhei
selected sequence, some isolated nuclei remaitachatl to the front window through which the movgesaken.
These unwanted bubbles are actually useful in igltihg the pressure at their location and are $eaespond to
the primary bubble pressure field and to show ses®ondary bubble dynamics. As the primary bulvtdé
accelerates away from the spark gap a very stroggspre rise occurs and is seen to strongly atfffectinwanted
bubbles at the wall. (The field pressures candsn sn Figure 12 and Figure 13 and are discusstigefulater).
They collapse and rebound between the first andebend frame and again between the second axdfithine. A
couple of them are even seen to collapse and noergjee left and below the electrodes. The infii@ssure spike is
followed by a long period of pressure drop (asphimary bubble goes through its growth phase) his Torces the
small bubbles at the wall to grow and interact. tihes primary bubble collapses, a second pressike spemitted

which forces the small bubbles to collapse at theit and form reentrant jets against each other.
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Figure 6 illustrate the interaction between therlsgaibble and the two-phase medium. Here agaia, tw
different behaviors can be seen a) during the higteleration phases of the bubbles (initial groanld collapse)
where the two-phase medium is in compression ardutihg the low pressure phase, where the liquidirad the
bubble is in expansion. This is illustrated maiimythe 2“ picture where a region of about 0.5 times the bbb
around the bubble has very low void fraction, andhie previous to last picture where a much laggation is
affected, while the region very close to the maitblile sees streaks due to very large translatieedspof the
surrounding microbubbles. During Phase a) the ¥@idtion around the main bubble is seen to go davhile it
increases more noticeably during the lengthier @ds This effect is the strongest at the timesretthe primary
bubble is close to its maximum radius. In additio the above there a tendency to create stiiific of the
microbubbles in radial rings, which is unfortungtelasier to observe in the high speed movies thathe still

pictures shown here.

e. Bubble Dynamics Analysis
Quantitative analysis of the movies is shown inuFég7 and Figure 8. These present the primary lbubb

equivalent spherical radii vs. time in the pureuidy (i.e., no bubble injection) and in the bublphedium as
described above. The data was extracted througbeiraaalysis techniques of the movie images [14je Bubble
outlines were extracted from the recorded high-8pmevies of the spark tests. Then, the volumeing of the
bubble was computed as the volume of a body ofluiea with an axis perpendicular to the visualiaatwall.
Finally, the bubble equivalent radii were compubgdising the bubble volume.

Three repeats for each case are shown. Variatiehsebn the repeats are attributed to change in the
electrodes condition between discharges and t&rtben non perfect repeatability in the spark disghanechanics
[16]. In a parametric study these variations carabcounted when the data is represented in a tipechdashion
relative to the maximum bubble size achieved [1P,Zlhis procedure is however not helpful if we Wwém see the
effect of the presence of the two-phase microbubtddium on the dynamics of the primary bubble asatization

smears out the sought effect.
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Figure 5. Snapshots from a high speed movie of paiy bubble Figure 6. Snapshots from a high speed movie of paim
growth and collapse in water with no bubble injeati. Cell bubble growth and collapse in water with bubble éagion.
pressure=17,400 Pa., Electrode depth=24cm, Sparki@b=6,000V. Cell pressure=17,400 Pa., Electrode depth=24cm,

Spark Charge=6,000va » 1%.

Figure 7 presents the results before any normadizatDespite repeat issues, some clear trendbeaeen.
Scatter in the repeats is larger when microbublltespresent and this is understandable as the ctwijuof the
two-phase medium is much harder to conserve betiveemuns in this case. In addition potential maicrobubble
contamination of the electrodes increase signiflgan these cases. Repeatability for the ‘puvater tests seems

to be much better. Another salient result, whieheproduced by the numerical simulations, is thatpresence of
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the bubbly flow significantly affects the dynamiaad the maximum bubble sizeé®,., achieved by the primary
bubble. The bubbly liquid, formed of smaller micublbles, reduces the maximum size and the peridldegbrimary
bubble in an observable manner. The bubble sizedaced probably due to transfer of energy fromptimary
bubble to the surrounding bubbles in the casetafoaphase medium. Reduction of the period couldibe to the
same effect, i.e. could be a result of the rednabidR 4

Actually, analysis of the non-dimensional curves-igure 8 reveals that this is not the case. isfijure
the equivalent radii is normalized with the ach@vweaximum radius of the bubbl&,., , and the time with
Rayleigh-time t.aeigh based orRya and the experimental ambient pressure in the @ardefined in (1). The figure
clearly shows that the time to reach the s&yg from the initiation of the primary bubbles is nobdified by the
presence of the surrounding bubbles. However,tithe to collapse from Ry iS noticeably increased. This
indicates the damping effect that the two-phaseimnedhas on the bubble collapse.

The normalized bubble collapse rate is seen inrEiguo decrease in the bubbly medium, which méams
actual dimensional rate also decreases since flenee velocity,,/ , does not practically change

between the two cases. This, along with the redliRg, is what primarily affects the violence of therpary
bubble collapse and in turn reduces the magnitfideeospike in the field pressure observed durinmary bubble

collapse as observed in Figure 12 and Figure 13
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Figure 7. Comparison of the evolution of the primabubble radius vs. time for spark-generated bulshie ‘pure’ water and in a bubbly

medium.

1.5

——— 6kv - Without Bubbly Medium (1)

———— 6kv - Without Bubbly Medium (2)

i ———— 6kv - Without Bubbly Medium (3)

N ———— 6kv - With Bubbly Medium (4)
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Figure 8. Comparison of the evolution of the norrized primary bubble radius vs. normalized time fgpark-generated bubbles in ‘pure’
water and in a bubbly medium.
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f. Comparison Experiments and Model
In order to examine if these effects can be re@ehrough the simple continuum model approach

described above, we use the experimental conditioristegrate the Gilmore equation combined wita Hubbly
medium equation of state presented earlier. Tocesesthe code, Equation (7) needs appropriatlimionditions to
be integrated. These should reflect the correetggnimparted to the bubble through the spark disgh To do so
we use, as is conventional [16,20], the spherigahthics of the bubble in an infinite domain andha pure liquid
to obtain what is necessary. One quantity easygasore is the maximum bubble radius. Howeverinitial bubble
radius,R,, and the initial gas pressure in the bubBlg, are unknown.R, has an upper limit, which is given by the
bubble radius in the first frame of the high spe®alie. To estimat&, andPy we conduct an iterative optimization

procedure to match the numerical cuRg) with the corresponding experimentally measuredeswvhile imposing

R, =0. These same values & andPy, are then used for all other simulations.

Figure 9 shows comparisons between the analyticaénical model and the experiments. The figure show
the evolution of the primary bubble radius verdgogetin pure water and in a bubbly medium with aitigdhvoid-
fraction, = 1%. In the ‘pure liquid’ the correspondence betwéhe iteratively determined numerical solutiod an
the experiments (note that the curve is an avecagee of three spark-generated experiments) isonisly quite
good during most of the bubble dynamics. Howewer,can see some discrepancies at the end of thescuiThe
numerical solution, which obviously assumes persptterical symmetry, predicts a much smaller valug,,;, than
what is observed experimentally. In the experimegravity effects (and presence of unwanted midoblas)

become important at the end of the collapse amditete the collapse earlier than the predictions.

In presence of the two-phase medium, the numeschition using the same values Rf and Py, and
R, =0 appears to also provide a good match with the raxeatal data obtained by averaging the observation

from three spark-generated bubble tests. The maritnubble radii appear to match between experimamisthe
numerical solution. However, the period appearbaabout 4% smaller in the modeling than in theeeinents.

This discrepancy seems to be systematic as it shpwsoth during the bubble growth and collapseis Tidicate
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some mismatch in the value of between the experiments and the simulations, wtedfuires further

investigation.

Figure 10 shows non-dimensional representatiortheplots in Figure 9. Here again, it is clear frima

figures that the simple analytical model capturegeqwell the observed overall characteristicseduction in the

maximum bubble radius and a reduction in the tireaga of bubble oscillations when the medium istdyb The

correspondence remains very good for the normalgstes where the presence of a void fraction ense

increase (not decrease) the normalized period.cr&gncies at the end of the collapse indicate eliew that a

more accurate modeling is required to capture thellcollapse. This reflects itself in the muclosgrer damping

observed experimentally than numerically.

3
i " Exp. (6 kKV) -, = 0%, P_ ... = 174 mbar
= Gilmore Solver - ¢, = 0%
i . Exp. (6 kV) - bubbly medium, P__. =172 mbar
29 — - - ailmore Solver - «, = 1%
2

1.5

R, (€M)

A
0.5 a
Gilmore Solver: A
R,..=002m R
R,;=0.0033m ry
O L L I L L L I
0 10

Figure 9. Evolution of the primary bubble radius véime — Comparison of spark-generated bubble résand the analytical model.

Experimental data are average of the 3 experiments.
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Figure 10. Evolution of the primary bubble normakz radius vs. normalized time — Comparison of spadnerated bubble results and the

analytical model. Experimental data are averagktioe 3 experiments .

g. Field Void Fraction Variations
The void fraction in the field can give further anfnation of the dynamics of a spherical bubble iwe-

phase medium. We select here a point locatedadial distance of 1.71 cm from the spark electsode the case
= 1% corresponding to previous results in FigureFagure 9, and Figure 10. Shown in Figure 11his void

fraction measured Also shown in the figure areubig fractions versus time computed at the samatioe using
the present analytical/numerical method. Very ificant differences can be seen between the twaltsesvhile the
experimental void fraction measurements show végng fluctuations, the analytical computations taag only
smoothed “time averaged” or frequency filtered ealu We believe that this is due to the fact thatéxperiments
capture the actual dynamics of individual microbekpwhich, as described earlier, oscillate, growl aollapse
based on their initial radii, in response to thealopressure they encounter. On the other handptesent
analytical/numerical model does not directly acadon the discrete microbubbles dynamics. Instéaldimps the

micro-bubble effects into a density variation thbulge averaged void fraction of a continuum bubbgdium. This

highlights the need for a model, which is able athbdescribe the macro-scale as a continuum anchvelicounts at
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the micro-scale for the individual bubble dynamigsich a model is being developed in parallel te gtiudy [13]

and has already shown promise to capture behasisih@wvn in Figure 11.

Increasing Time

v

Figure 11. Comparison of the void fractions compdtérom experiments and the analytical/numerical meldat 1.71cm from the electrodes

Also shown are pictures from a high speed movidh# instantaneous bubble size distribution.

h. Field Pressures

An important aspect of the dynamics of a bubbla fwo-phase flow is related to the pressures geebiay
the dynamics, bubble generation, oscillation, ghpveind collapse. We examine here the pressure neghby a

transducer located flush in the wall (to minimingerference with the flow field) at a radial distarof 11 cm from
the electrodes/spark center. The measured pesssuFigure 12 can be seen to be very differetvdon the one
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obtained with the spark generated in the purediguid that obtained with ttee=1% two-phase medium. The figure
clearly shows in the pure liquid, the initial preses peak generated by the spark followed by a fiigmit pressure
drop and several acoustic reflections and pressse#lations. This phase is followed by a longation low level
pressure below the ambient static pressure antiyfimaa very large pressure peak generated duhiedinal bubble
collapse. This description is significantly moddi when a two-phase medium exists around the pyirsark-
generated bubble. Following the spark peak, tkesgure drop and pressure oscillations is very ratteimuated by
the presence of the two-phase flow andgftgcurve appears much smoother in the same timemediater on, but
earlier than for the bubble in the pure liquid-ediw the reduction in the bubble period, as seelieeéom the
bubble dynamics -- the bubble collapse resultsiimuah weaker pressure peak as se¢n0a@085s. This is due to
both the weakening of the bubble collapse and tie@aation of the pressures in the bubbly medium.

Figure 13 addresses the same issues analyticathgiically. It is clear from the figure and from
comparison between Figure 13 and Figure 12 thatptiesent simple numerical model captures the ka&y lo
frequency features of the dynamics. Both amplitadd timing of the pressure peaks and their redatalues are
captured. However, more fine high frequency detaie beyond the capabilities of the model andnag@iombined

macroscopic — microscopic model is needed to cagliifeatures.
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Figure 12. Pressure versus time recorded by a tdunser located at a distance of 11 cm from the bubbénter —

Figure 13. Pressure versus time computed by thesent analytical/numerical model at a distance df @m from the bubble center Bubble

initial conditions are R = 0.0033 m and p= 1,512,942 Pa.
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CONCLUSIONS

In order to better understand the effect of a bybbkedium on the dynamics of a primary bubble,
experiments were conducted with a spark generaedspherical bubble near a rigid transparent viralhoth pure
liquid and in bubbly medium. The evolutions oé thrimary bubble radius in pure and a bubbly medivere
compared. It was shown that the presence of tihlipunedium dampens the growth of the primary beldrid

slows down the rate of bubble collapse.

The experimental data was used to compare againanalytical model developed based on Gilmore’s

Equation. The model was also able to capture theedeend as seen in the experiments.

Finally, with preliminary data both from the expeents and the analytical model, the mitigatioreet§ of

a bubbly medium were qualitatively confirmed.

The study is now being pursued with more extensixgerimental and numerical conditions using spark
bubbles of different sizes, ambient pressures,vaid fractions and the results will be used in dexelopment and
validation of an Eulerian-Lagrangian code whichelnto account the dynamics of the bubbles inttleephase

medium
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