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ABSTRACT
An understanding of the fundamental mechanismdvieddn the interaction between bubbles and stmestis

of importance for many applications involving catitbn erosion.

Generally, the final stage of bubble collapse isoz$ated with the formation of a high-speed reemttiguid jet
directed towards the solid surface. Local forcesaasated with the collapse of such bubbles candvg kigh and
can exert significant loads on the materials. Tioisnation and impact of liquid jet is an area ofdnse research.
Under some conditions the presence of gravity dhdranearby boundaries and free surfaces altergehdirection
and need to be understood, especially that in @aberatory, small scale tests in finite containeevé these effects

inherently present.

In this work, experiments and numerical simulatiohghe interaction between a vertical wall andubble are
carried out using DNAFLOVs three-dimensional code, 3RAFS-BEM®, which models the unsteady dynamics of a
liquid flow including the presence of highly nondar time evolving gas-liquid interfaces. The nuozr
predictions were validated using scaled experimeatsied out using spark generated bubbles. Thesgksbubble
tests produced high fidelity test data that propescale the fluid dynamics as long as the geomaetan-
dimensional parameters, gravity and time are propscaled. The use of a high speed camera alloviriaging
rates as high as 50,000 frames per second to phapbgthe bubbles produced high quality observatiohbubble
dynamics including clear visualizations of the reant jet formation inside the bubble. Such obstores were very

useful in developing and validating the numericaldels. The cases studied showed very good coualagtween
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the numerical simulations and the experimental ola@®ns and allowed development of predictive siute the re-

entrant jet characteristics, including jet anglet gpeed, and various geometric characteristiaghefet.

NOMENCLATURE
a Jet Angle
D, Bubble Center initial location from Free Surface
7 Froude Number defined in (2)
z Jet Kinetic Energy
H Jet Length
Pamb Hydrostatic Pressure at the location of the bubbleer
Paim Ambient Pressure above the Free Surface
P, Vapor Pressure of Ambient Liquid
Pgo Bubble Initial Gas Pressure
Ro Bubble Initial Radius
Riax Bubble Maximum Radius
Roase Jet Base Radius
Rieq Radius of a Cylinder with same volume and lengtltha jet
p Density of host Liquid
s Jet Shape Ratio defined in (19)
“ Jet Volume
Viip Node Averaged Jet Velocity
Vimom Kinetic Energy Averaged Jet Velocity defined )2
Viin Momentum Averaged Jet Velocitiefined in (22)
X Standoff Distance

1- INTRODUCTION

Prediction of cavitation erosion or impact forcemnfi collapsing bubbles on propellers, ship striegpand

in general on any structure subjected to bubbleadyes is of great interest to many industries. Agphes to the



problem have covered the whole spectrum of fundéaheand applied numerical, analytical, and expenitak
studies. Fundamental studies provide great insightthe mechanisms at play, while more empiraraineering
studies based on experimental observations, thaugkrfect; provide useful and practical rules, whteelp the
designer and engineer, select a design or a matekiaombined approach is required to advanceifsigmtly the

field.

Although bubble dynamics including pulsation andyration due to buoyancy and interaction with a bgar
structure has been investigated extensively, tmeettdimensional character of the phenomenon had thu

prevented the establishment of rules of thumb &asge by the scientific community.

When a bubble nuclei encounter large negative preggradients in the liquid flow, they grow explasy and
then, once in a high pressure region, they collapskently generating shock waves and high impagtasnic
pressures from reentrant jets due to boundary tondisymmetries nearby boundaries, and in presehbabble-

bubble interactions [2-3].

In the absence of gravity effects or nearby objebits bubble remains spherical, and its volumellations
can be predicted analytically. Rayleigh [4] analyzhe collapse of an empty spherical cavity dfahradius,Ryay,

and found the time the cavity requires to collapas:

’ p
Teollapse — 0'915Rmnx P_ ) (1)
amb

wherep and P, are the density and initial pressure of the antifieid. This ideal bubble period is commonly

used to normalize time in bubble dynamics studieden more real fluid conditions. The effects opempressure,
non-condensable gas, surface tension, and a tinyrgaambient pressure were then included, to predihne
Rayleigh-Plesset equation [4,5], the equation ef wall motion for an oscillating, collapsing, anebounding
spherical bubble in an imposed pressure field. gigen conditions, the full dynamics of the bubbgeillations can
be predicted from this equation. Using the unste&ernoulli equation, one can then predict the tewelution of

the pressure in the liquid around the bubble.



In many practical applications involving bubblelapke near a solid structure, competition existasben
the forces of gravity, those due to the presendeeohearby structure, and the presence of therfrate surface. In
such cases the bubble collapses asymmetricallyltiresin the development of a reentrant jet folemiaby a toroidal
bubble formation [6-23]. This high speed reengigts can be very damaginbhe intensity of the reentrant jet, its
direction, and the momentum it carries during fitpact on the nearby structure depends on bothrthéty force

and the strength of attraction of the nearby stmect

In practical terms, the jet characteristics dependhe bubble size, the ambient pressure, thetgtanal

force and the bubble standoff distance from thecsiire. These are further discussed below.

a. Gravity Effects
The relative importance of the gravity effects ablble dynamics can be characterized by the ratibef

pressure difference between the top and the bottothe bubble, and the hydrostatic pressure drivivegbubble
collapse. The pressure difference between themopthe bottom of the bubble characterizes theefodeforming
the bubble (moving it away from the spherical shafiéle average pressure of the hydrostatic headndrthe
bubble, which can be approximated by the hydrastatessure at the bubble ‘center’, drives sphencélime
change. The actual force responsible for the rgtite of the bubble collapse is the difference hew the
hydrostatic head at the location of the bubble eem,,, and the pressure inside the bubble when it igsat
maximum volumeP; .. This internal pressure is the sum of the liquépor pressureR,, and the minimum
pressure of the gas in the bublkg,m» For strong bubble collapse3,minis so much smaller than the collapse

driving pressure, that it can be neglected.

The Froude numbeg, can be expressed as:

atm + gDC
g = —om T P97 (2
2098,

whereD. is the initial bubble center depth measured frbmftee surface, an,, is the pressure above the free
surface. For scaled testir,,, can be modified (e.g., by pulling vacuum in thekain order to maintain the same

value of 7 between the scaled test and the full scale, wbiehd be either a much larger or a smaller bubbleis

is a very important consideration in conductingledaesting [25,28]. In laboratory setting,, is equal to the



pressure imposed above the free surface in thaio@ntused in the experimemR, ., is the maximum radius the

bubble would achieve at the considered ambienspres it were in an infinite medium

For large values of the Froude number, the effécgjravity is weak, and the bubble remains almost
spherical. For small Froude numbers, bubble distoidue to gravity is important. Changes in theugle number
when the other parameters are kept constant dliesthe effect of the acceleration of gravity om tesults. Very far
from the walls the effect of the Froude number. @mavity effects) are predominant. In that cdeereentrant jet is
directed 180° upwards. Very close to the wall, vedlects are predominant and the reentrant jetréectéd at 90°,
i.e. perpendicular to the wall. Near the wall, whke Froude number significantly decreases, hallewv depth or

very large bubble, wall and gravity effects competsulting in an angled jet, 180& < 90 towards the wall [30].

b. Standoff Effects

The non-dimensional parametgrcharacterizing bubble-wall interaction problemshis ratio of the standoff
distance X, between the bubble center and the wall and thélbumaximum radiusi., the bubble would achieve

if it was in an infinite medium [10-14]:

X=—": ®3)

c. Objectives
To better understand the dynamics of a bubble peilg near a structure and to easily quantify the

reentrant jet dynamics, a canonical set-up witingls gas bubble near a vertical wall is selectadrivestigation.
The sketch of the geometry along with the pararsétemlved is shown in Figure 1. As introducedhe previous
section, the critical parameters involved in thes-gp are the bubble size, its depth, the ambisrgsprre, and the
bubble standoff distance from the structure.
The objectives of the combined numerical and expenital study are as follows:
a. Investigate the dynamics of bubble growth and pska near a vertical rigid structure by
performing simulations encompassing a wide rangeasés.
b. Characterize the resulting reentrant jet.

c. Conduct scaled experiments to provide confidendeémumerical simulations.



d. Test the validity of the scaled experiments.

Free Surface

Vertical Wall
Gas Bubble

Bottom Wall

Figure 1. Definition sketch of the parameters ofdlproblem of a bubble dynamics near a vertical wallfree surface, and a rigid bottom.

2- NUMERICAL MODEL

The present numerical study is based on the Boyrielament Method (BEM) and uses the BEM module of

the 3DrNAFS® code developed byYhAFLOW, INC. [29-37].

For cavitation bubbles in water-like liquids, itgenerally accepted that the viscous effects camelgéected

during a bubble cycle and one can consider the flow field as potential [32,33]. In additiontifie liquid starts

from rest the assumption of irrotational flow allothe definition of a velocity potentiap,

u = Ao, (4)

whereu is the velocity vector. The assumption that tiyeitil is incompressible leads to the Laplace eqodtothe

potential:

A’¢(x,t) =0, x €D, (5)

wherex is the spatial variable artds time. On any free surface, e.g. the bubble sar§, of local normaln, ¢

satisfies the kinematic boundary condition, whigpresses equality between the fluid and the frefase normal

velocities:



dx

—-n=V¢ n, €S, 6

7 ¢ z €5, (6)
and the dynamic boundary condition:

0 1 2 P, —PF

= 5Vl p (7)

P, . is the hydrostatic pressure at the point of ititia of the explosion, and’,(z,t)is the local pressure in the

a

liquid at the bubble interface, is the liquid density, andis time.

The pressure can then be determined by integrétegnomentum equation at any point within the liqui

between this point and far from the bubble usingnBelli's equation:

9¢

1
E+5A¢-A¢‘. 8)

p(t> = Pamb - ,0\

3- BUBBLE DYNAMICS MODEL

The pressure inside the bubble is assumed spaliathogeneous and the bubble content is assumesl to b
composed of both vapor of the liquid and non-cosdéte gas. The pressure at any instant is givethégum of

the partial pressures of the liquid vapor and efribn-condensable gases.

At normal ambient temperature, vaporization of liqaid occurs at a fast enough rates so that tipowva
pressure inside the bubble, , remains constant and equal to the equilibriuquidl vapor pressure at the ambient
temperature. On the other hand, gas diffusion aattaristic time is much longer than the bubble aqk

characteristic time, so that the non-condensatdeogpressure?; can be assumed to satisfy the polytrophic law,



Pﬂ/k = constant, 9)

where 7(t) is the volume of the bubble at timjeandk is the polytropic exponent. This leads to thedwihg form of

the normal stress boundary condition at the bubfled interface:

k
P—P + Pwl%‘ —oe (10)

where Py, is the initial gas pressure in the bubble, @mds the initial volume of the bubble. The varialatés the
surface tension coefficient, agtis the local surface curvature given by

=V -n. (11)
The local normah at the surface is defined by:

L VI
V7]

n—=

(12)

wheref is a local description of the surface. The appwadprsign is chosen so that all bubble surface nisrp@int

toward the liquid domain.

In addition to the boundary conditions on freefaees, (6) and (7), the boundary conditions onraagrby

solid body s, are given by:

9 _

o U, T €S, (13)

where,u, is the local normal velocity of the body in resperto the bubble loadingi, = O for a rigid wall.

At infinity, the fluid velocities due to the bubbilynamics vanish, and the boundary condition is

lim| _|V¢|=o0. (14)



To complete the description of the problem, appade initial conditions are required. In earlgrases of
our effort we had developed a method for deterrgirtirese [6,7]. Briefly, the bubble dynamics at ithigation of
the computation is assumed to be that of a thergaihdubble in a free field and the correspondinigial gas

pressure is computed.

Thus, a closed system of equations is obtainexblice for gboth in space and time. Given the conditions
(6) through (14), Laplace’s equation (5) can beetland an updated shape of the bubble surfacaemdalues of

@on the surface can be obtained by integratingu@) (7) with respect to time.

a. Boundary Element Equation Representation
The initial-boundary value problem of Laplace’s atijon for velocity potentialg is solved by the

Boundary Element Method, which is based on an mtegplution of the Laplace equation using Gre#meprem.

This can be written in the following form:

[[[(6v2c —av?o)an = [[(sv@ —aVe). nds. (15)

In this expressio® is the domain of integration of elementary volud@e The boundary surface pfis S
with elementary surface elemeng @énd local normal unit vectar. The variablepis the flow velocity potential,

harmonic in the fluid domain D, ar@ is Green's function. I& is selected to be harmonic everywhere but at some

discrete points, Equation (15) simplifies consitiéya For instance, if P is a fixed point and Maidield point and

we select
e (16)
| 24|
Equation (15) reduces to Green's formula:
7] 1
arng (P ff an ‘MP‘ i W ds. (17)

attis the solid angle from which P locally “sees” thamain D.



-a =4, if Pis a point in the fluid,
-a =2, if Pis a point on a smooth surface, and

-0 <4, if Pis a point at a sharp corner of the @iszed surface.

This equation states that if the velocity potenigand its normal derivatives are known on the bounda
surfaces of a domairp, thengcan be determined anywherezirby integration over the boundary surface. Using

this expression the Boundary Element Method redbgesne the dimension of the problem of solving lthelace

equation.

The main idea is to incorporate Equation (17) iattme stepping procedure. For instance, if wericst

ourselves to points P on the surface, Equation (fi@)ides a relationship betweerand d¢ / dn on that surface.

Now if either of these two variables (e.@),is known everywhere on the surface at a givee titep, Equation (17)

enables one to determine the other variable (&4g./ On ) at that time step. One can then use the knowlefige
d¢ / dn , the normal velocity to the surface, to updatepbsition of the surface. Knowing the velocity t@¥cand
the velocity potential at each point and applying tinsteady Bernoulli equation, one obtails/ 9¢ and deduces

from it the value ofpat the next time step. This provides a numerica¢tstepping procedure to describe the time

evolutions ofd¢ / On and the bubble surface.

b. Jet Characterization
An important portion of the impact load on a nearbaterial following the growth and collapse of the

gas/vapor cavity is directly dependent on the gneogitained in the impacting reentrant jet formetha end of the

cavity collapse. It is therefore essential to bke &ty accurately characterize the reentrant jet.

1. Jet Detection
The3DYNAFS® code contains schemes for detecting reentrafibjetation and for computing the various

jet characteristics. The detection is based orgd@metric shape of the bubble-liquid interface] aan either be
turned on during the computation of the bubble dyica, or used in post-processing after the congletif the

computations. In both cases, the schemes recotirézkubble collapse stage as a decrease in thH#ebublume,

10



and then proceed to detecting the point where titiblle surface becomes concave (mathematically, vthen

curvature become negative) and has the maximumaiomocity.

2. Jet Geometry
The jet geometry can be characterized in severgsweor the analysis presented here, five main géden

guantities were selected as in [2,3,32] and useddmparing jet characteristics:

o Jet width, W

0 Jet base radiuByase

o Jetlength,H

o0 Jet equivalent cylinder radiug;.q

0 Shape factorS

o Jetdirection,a

In order to define the jet quantities, we consitler jet base planeas that being defined by a plane

perpendicular to the jet direction and tangentliubble surface on the jet side. The jet volisraefined as the
volume of the liquid contained between tjat base planeand the jet tip. The jet angle is the angle thatjét axis

makes with the vertical coordinate axis. The schematic of the jet quastiire shown in Figure 2.

3. Jet Equivalent Cylindrical Radius and Shape Factor

The jet equivalent cylindrical radiuB;., is defined using the jet volum%, and the jet lengthH . Itis

the radius of a cylindrical slug with the same woéuas the reentrant jet volume. Its expressidmus given by:

R,_, =% (18)

The shape factor expresses how different is thatrant jet from a cylindrical slug, and is defiresithe

ratio between the equivalent radius and the je¢ badius of diametelV .

R_, 2R
§ ==t =, (19)

base
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Jet Bas z

Figure 2. Quantities used to characterize a collagg bubble reentrant jet.

4., Reentrant Jet Velocities and Angles
Defining the jet velocity vector as being that betfastest node in the jet regiovf) has two major

deficiencies:

a) it gives over-estimated values for the jet velesitihat do not correlate with the loading on théenil.

b) itis sensitive to the computation method, andumerical errors and instabilities.

To better characterize the reentrant jet, we intcedhe following three ‘averaget velocity’ definitions.

5. Jet Tip Average Velocity and Direction
The geometric averaget tip velocityimproves over using the highest node velocity bgraging the

vector velocities in the tip region using the fasteode and all surrounding nodes in the discrétimgbble shape.
This value is still an over-estimate but could cleterize well the impact pressures at the momejgtampact on

the obstacle.

Two other quantities suffer much less from the @&problems and better account for the charactesisti

the overall jet rather than those of the jet tigioa, and are presented below.

6. Momentum Averaged Jet Velocity and Direction
The ‘momentum averaged jet velocity’based on a computation of the momentum ofekatrant jet and

has the following definition:

Vo = 2 [|V]d2. (20)
7
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where V is the vector fluid velocity at any point in thet yolumez . The magnitude oV is the momentum

mom
averaged velocitywhile the direction defines the orientation oethveraged jet velocity with respect to the axis

coordinates.

7. Energy Averaged Jet Velocity
The kinetic energyg , contained within the fluid in the jet volum&, can be defined as follows:

z = [|V[' pdv. (21)

v

We also defined7km as thekinetic energy averaged jet velo¢igyven by:

— 1 ’ P

C. A Typical 3DYNAFS_BEM Simulation
To introduce the analysis presented below andtilites a typical behavior of a bubble growing and

collapsing near a vertical structure we considbulable of initial radius 0.1 mm, initially centerédcm below the
free surface and 0.85 cm away from the vertical.Wdde water depth in the tank is 12 cm, the pnessibove the
free surface is 12200 Pa, the initial gas presisuifee bubble is 6.6 x£0Pa, and the gas compression law constant is

k=1.25

Figure 3 show bubble contour time sequences obsscut through the bubble in the plane of symmetry
perpendicular to the wall. The figure shows a iouthe diametrical plane x = 0, perpendicular te thall, at
increasing time instants of the simulation. Thatoars are printed out at constant time step ialerand not times.
Since the code uses adaptive time stepping, the sbeps become smaller and smaller as the colkgsderates
and this is aimed at capturing better the dynamitise vertical red lines indicate the position lné tvertical wall.
The left half of Figure 3 shows the bubble duriteggrowth phase, while the right half shows thelbelwluring its
collapse. The contours during growth show thathibbble remains spherical but in the region ctosthe wall,

where the bubble squeezes against the rigid wallring the collapse the part of the bubble far frdma wall

13



collapses much faster than the rest of the bulibtbaliquid pressure in that region exceeds thergiressures due
to the asymmetry created by the presence of thé whhe dynamics ends up producing a reentranttjat

penetrates the bubble, until hitting the other sifihe bubble and then ultimately the nearby rigadl.

Figure 4 through Figure 6 present the output of ¢benputations illustrating the non-dimensional jet
characteristics for the case of Figure 3. Figurshdws the non-dimensional time variations of tle@rgetric
characteristics of the reentrant jet: the jet langite jet base and the jet equivalent cylindrieadius. We can see

that all three jet quantities increase with tim¢his case as the jet advances through the bubbles.

The jet geometric characteristics and the varietisgentrant speeds as a function of time, all atized as

follows:

» Lengths are normalized by the bubble maximum radRys,

P

amb — Py

 Times are normalized by the bubble Rayleigh tifie; = R,

nax

* Velocities are normalized by:

/P - . , ,
Vorar = Boax / Tpay = Zomb = Py whereP,p s the hydrostatic pressure at the location oftthieble
P

center andP, is the liquid vapor pressure.
Figure 5 shows the shape ratios are plotted astifunscof time. We notice that the jet shape ratio,

characterizing the jet, remains practically consthuring the jet dynamics, and fluctuates near OtBe jet length,

on the other hand as seen in Figure 4, increasastomously until touchdown.

14



. i Increasing Time
Increasing Time

Bubble Growth Bubble Collapse

Figure 3. Evolution of the bubble diametrical conties. The left panel shows a bubble growth sequemnekile the right panel shows bubble
collapse and reentrant jet formation. Contours asbown a regular time step intervals not equal tim@me steps are very much reduced
during the bubble collapse period). The bubblétia center is at a depth of 12 cm, the tank prass over the free surface is 12,200 Pa, the

initial gas pressure is 6:610° Pa, and the initial bubble radius is 0.1 mm.

Figure 6 shows the jet velocities as functionsiofet We can observe that all three plotted velesit
increase in time as the bubble collapse proce#idsan be seen that the tip velocity is higher tHantip averaged
velocity and the velocities based on the momentaoh kinetic energy, and, not as smooth in comparistis is
expected since these are geometrically averagec valith the jet speed inside the reentrant jeteesing away
from the jet tip. The fluctuations in the monitdret parameters, as can be seen in Figure 4,d-lgand Figure 6
are due to the fact that regridding is appliech®» 3D surface to maintain good grid distributiond @o the fact that
the fastest node (around which the jet is assumestdlve) may change during the computations from time step
to another. The fluctuations are left in the figand are not smoothed out to show the degreecofaxy of the

results.

15



i — — — JetHeight
- === Jet Base Radius
- — Jet Equivalent Radius
08
. B
o osf
- ,_ Jet Touchdown
:g.‘ | Jet Begin
c
3 | § \ §
g . S
I s
- Tl
o o ad
02f § -
B PR -
0 1 M B M R B .
2 2.05 241 215 2.2

Time /R _{p/(P,.,-P.))"
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Figure 6. Normalized jet speed as a function of &nVarious definitions of the jet as described hrettext above, Eq.(20) - (22). Same

conditions as bubble in Figure.3

3DYNAFS-BEM Simulations
Bubble Initial | Bubble Initial Stand-off
e Radii Gas Pressure Distance Froude Number

[Ro] [Pyo] (4] ™

cm MPa Rmax -
1 1.17 83.4 0.25 33.6
2 1.17 83.4 0.50 33.6
3 1.17 83.4 0.75 33.6
4 1.17 83.4 1.00 33.6
5 1.17 83.4 1.25 33.6
6 1.17 83.4 1.50 33.6
7 1.17 83.4 2.00 33.6

Table 1. List of 3INAFSC-BEM Simulation Parameter. Only the stand-off distanisevaried for this study. However, the Froude Nuerttis

the same as in the experiment and its variationssedeen considered elsewhere.
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d. Simulation Matrix
A set of simulations were conducted to charactetiieebubble dynamics and the resulting reentrant je

parameters defined earlier. Table 1 shows thelation matrix conducted to investigate the jet pagters. The

spark test will then try to conserve the valuethefnon-dimensional parameters and validate theenaatl results.

4- EXPERIMENTAL SET-UP

An effective method to study bubble/wall interantis the use of electric spark generated bubbles in
container where the ambient pressure can be ctatdrd@park generators have been used for studyibblés in a
liquid for quite a long time [7-26]. ENAFLOW, INC. has several test chambers that can be used ttaséniull-scale
bubble dynamics, and is equipped with flow diagiesstools including high speed photography and sunes
measurement capabilities. Spark bubble tests peotligh fidelity test data that properly scale thadf dynamics

corresponding to the actual scale conditions.

Scaling is conducted by conserving the Froude Nunapel the details of the geometric configuration
defined by the non-dimensional geometric parameteffie use of high speed cameras to photograptk-spar
generated bubbles produces high quality obsenatidibubble dynamics including clear visualizatiofiseentrant

jet formation inside the bubble.

a. Spark Bubbles Generation
Spark bubbles are generated by the underwateratgetbetween two coaxial electrodes within a trarespt

cell of a high-voltage charge stored in capacitanstained. The underwater spark discharge is eegsoby which
electrical energy is converted into small volumaspha which has temperatures as high as 2K0@@d pressures
as high as 1DPascals [7]. As the trigger pulse breaks downhiie-off gap between electrodes, current flows
between the electrodes with energy being absombélgei plasma at a rate depending upon the powet ad the
inertia of the water. Eventually, due to a decraaghe voltage and an increase in the ionizatiemperature, and
pressure of the plasma, the spark is extinguisfiée. energy is initially stored in the plasma in floem of
dissociation, excitation, ionization, and kinetiteegy of the constituent particles. While the héatad pressurized
plasma will tend to expand, the inertia of the masvater will tend to confine it. Mechanical wotight radiation,
thermal radiation, and thermal conduction dissiateenergy from the plasma at a rate slower timengg input

from the spark [7].

18



Because of the high pressure, the liquid near tena interface is initially compressed. This hpggassure
leads to the formation of a shock wave that radiatatward. The energy in the shock wave comprifetn250
percent of the energy imparted by the spark intowhter [7]. After emission of the shock wave, phessure 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 oesgle From this point on, incompressible hydrodyitaeffects
dominate. The pressurized gas expands into a lanipble which subsequently collapses and re-expafhias.
phenomena preceding the incompressible hydrodyngrhase occur quickly and are accompanied by light
generation that prevents accurate determinationthef initial bubble radius using conventional higieed

photography.

b. Spark Bubbles Tests

The Froude number, defined in (2), is conservedvbéen the actual scale bubble and the spark gederate
bubble by controlling the pressure above the fugase in the test cell. Modifying the value B, affects the
Froude Number not only through the numerator ofdfigm (2), but also througR,. in the denominator, which

increases wheR is lowered.

The energy of the bubble is controlled by adjustthg voltage supplied to the capacitor of the spark
generator. In cases where the bubble is signifigatistant from boundaries, it retains an almodtesjtal shape
through the time of its maximum volume and a sphadéus could be easily measured. In cases wherbuhble is
distorted by the presence of boundaries, an eavabdius can be used. Here, it was obtaine@dch case by
assuming the bubble to be axisymmetric, and caioglats volume as the volume of a solid of revilatof the

observed outline around its vertical axis.
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Figure 7. Schematic of a BNAFLOW spark cell set-up for single and multiple bubblgrthmics study.

Figure 8. A picture of the large BNAFLOW's spark-generated bubbles test facility. The Plgais tank dimensions are 1m1mx 1m and the

wall thickness is 2.5 cm. The tank can supporténtal pressure as low as 3,500 Pa.

The ambient pressure was calculated based on thsumeal ambient pressure in the vacuum cell and the
hydrostatic head measured using the depth of #wtretles, and the vapor pressure was deduced fremmbient

water temperature.
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The transparent walls allowed recording of the beiltynamics by a high-speed digital camera (Redlake
Imaging model PCI8000S). The tanks can be equippddhigh frequency response hydrophones and draress,

which can be used to measure the pressures iigthé &nd at the walls of nearby structures [28,40]
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Figure 9. Pressures recorded on the rigid wall &etend of the bubble collapse for two repeated ruhise experimental conditions are:

Electrode depth of 15 cm from free surface; 1.7 &mom the vertical wall, bottom depth of 24 cm, andll pressure of 7270 Pa.

Pressure measurements at the wall are illustiatédgure 9 , which shows the pressure recordeitheat
time of bubble touchdown with a PCB-101A03 transduftush mounted on the wall at the same depthefritial
bubble center. The pressure signals indicate tkeeepce of two peaks at collapse, one correspondirthe
reentrant jet impact and the other correspondintpe¢ocollapse of the remaining vortex ring. Depegdipon the
stand-off distance the amplitude of the two peakses. We are in the process of modeling thesagrhena and

we will discuss this in detail in subsequent puddiizns.

5- RESULTS AND DISCUSSION

For this study, three sets of each of the scalacksjests were conducted using the spark tank.li$tseof

experiments are tabulated in Table 2.
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a. Validation of the code
Using image analysis techniques, the bubble outlimere extracted from the recorded high-speed movie

of the spark tests. Then the volume of the bullasle computed as the volume of a solid revolutiothefobserved

outline around its horizontal axis. Finally, thebble equivalent radii were deduced from the congputdume.

Spark Test Parameters
Electrode Bottom
Case Rmax Stand-Off Froude No.
Depth Depth
(cm) (cm) (cm) (cm) (F)
1 6 12 1.35 0.25 33
2 6 12 1.35 0.60 33
3 6 12 1.35 0.85 33
4 6 12 1.35 1.00 33
5 6 12 1.35 2.00 33

Table 2. List of scaled spark test parameters usethis study. The pressure in the cell was maimtad at 12,200 Pa and the spark energy was

maintained the same.

Presented in Figure 11 through Figure 13 are tveorgstes from the high-speed movies,YBRBFS® results
and their corresponding bubble equivalent radilgi@mn computed using image analysis techniqudse dhapshots

correspond the time of bubble reaching its maximadius and at touchdown.

The scaled spark experiments were also used tader@onfidence in the numerical simulations. Inesrtb
test the validity of using 3TNAFS-BEM® for real-scale studies and to prove the valid esafjlaboratory scale

experiments to study real-scale bubble near acatdiructure, matching 3MAFS Simulations were carried out.

Initial conditions for the 3PNAFS-BEM® runs (initial radius and gas pressure requirecetmver the spark
energy), were provided by simulations runs carpeti with the RIANTOMCLOUD module of 3IYNAFS® to match
the equivalent bubble radii obtained from the imagalysis of the high-speed movies when the buisbiar from

boundaries.
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Figure 10.Snapshots of spark bubble and correspondingMFS© bubble for the electrode depth of 6 cm from fragface; 0.85 cm from

simulated wall, depth of 12 cm, and cell pressofel2,200Pa. The non-dimensional stand-off’ = 0.65 Ruax.
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Figure 11. Comparison of the evolution of the bulebéquivalent radii between scaled spark tests amdasponding 3ONAFS®-

PHANTOMCLOUD and 3DrNAFS®-BEM simulations using B=0.04 cm, Ra= 1.38 cm and Rn= 12200 Pa. This corresponds to the conditions

of Figure 10.

Shown in Figure 10 through Figure 13 are compassdrspark generated bubble pictures selected ffrigin
speed movies and the correspondingySBFS-BEM® bubble shape for selected cases from those tahiatTable
2. The resulting bubble equivalent radii predictidrom 3DrNAFS-BEM® simulations show very good match with

the experiments and validate use of theeBFS® code
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Figure 12. Snapshots of spark bubble and corresptmngDvNAFS© bubble for the electrode depth of 6 cm from fragface; 2 cm from

simulated wall, depth of 12 cm, and cell pressufel@,200Pa. The non-dimensional stand-off’ = 1.5 Ruax.
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PHANTOMCLOUD® and 3D/NAFS-Bem® simulations using 3= 0.04 cm, Ra= 1.35 cm and Rn= 12500 Pa. This corresponds to the

conditions of Figure 12.

b. Influence of the Wall Standoff
To understand the influence of bubble stand-oftlenreentrant jet dynamics, 38AFS-BEM® simulations

with varying standoffs were also carried out. ShawFigure 14 are the x=0 plane cross-cuts fowvdr@us cases.
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From these cross-cuts, we can qualitatively obseinad, for the cases with standoffs larger than lhéble
maximum radius, the bubble collapses to a muchlemablume before touchdown than that of the casitis
standoffs smaller than the bubble maximum radidiso when moving away from the wall, where the tesmt jet
is almost perpendicular to the wall, the directidrihe jet becomes much more sensitive to gravity the presence

of the bottom and the free surface.

(@) (@) o

X = 0.25 Rynax X =0.75 Ronax X =1.00 Rmax

z z z

h. b, h.

o o 1% o Q o
X =2.00 Rpax

X = 1.25 Rynax X=1.50 Runax

Figure 14. Cross-cut of bubble shape at touchdowen ¥arious stand-off distances from the wall. Thiensilation conditions are: B= 1.17 cm,

Rmax= 16.48 cm, D = 121.92 cm and;®R= 101,230 Pa. Also shown are the bubble initiat&dions.

Further quantitative non-dimensional jet parametargations of spark bubbles versus stand-off aosvs in
Figure 15 through Figure 18, reaffirm a strong aelemce on standoff, especially, for the range tdrest to this
study when the standoffs are smaller than the leubstalximum radius (most damaging cases). The |atgedoffs

have been discussed in previous publications aymastic behaviors were described [11,12,25].

c. Jet Characteristics Variations with Standoff
Figure 15 show the jet angle as a function of tlamdoff distance from the vertical wall, while alther

guantities are conserved. For the Froude numbentefest to this study, close to the wall, walfeefs are

predominant and the reentrant jet is directedrabal 90°, i.e. perpendicular to the wall. WhenEneude number
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significantly decreases, i.e. shallow depth or Viarge bubble, wall and gravity effects competeuling in an
angled jet, 180 <& < 90 towards the wall. One has however to noté¢ fdmafrom the wall for the conditions
presented here the reentrant jet could be verjyoshand almost tangential to the bubble side (sgarE 14) and

this makes the determination of the angle imprelotth numerically and experimentally.

Figure 16 show the normalized reentrant jet egaivaladius, base radius, and jet height as a fumaif
standoff distance. Figure 16 further corrobordbesfact that for the cases with larger standdffe, reentrant jet
almost does not occur and the base radius at towshd very small, which is a result of the bubbddlapsing to a
smaller volume than that of the cases with staisdeffs than the bubble maximum radius. At the sifitelss than
Rnaxthe reentrant jet is well defined and its nornedibase radius and well as the equivalent radeistaout twice

those at the larger thd.. These dimensions then does not vary signifigamtien Y is reduced below 1. The

jet height on the other hand is more sensitiveh® dtandoff and as a result reflects much bettervillume

contained in the reentrant jet as shown next.

Figure 17 shows the normalized jet volume as atfonof standoff distance. For standoff distancegér
than one the jet volume is negligible and explahms lack of interest in that region of the variabfgace. For
distances less than one, the volume goes throughaamum when the standoff is between 0.5 and 1.
Measurements and numerical evaluations of thegktrve are however more sensitive to errors andekygain

some discrepancy between experiments and numesgails.

Figure 18 shows the average jet velog#tya function of standoff distance. Here the éiéc¢he standoff is
very significant. The average jet velocity incremsignificantly for standoffs larger th&g., as the bubbles with
larger standoffs collapse to smaller sizes befovehdown, the jet (if it develops) has enough tamd distance to
accelerate to a larger velocity magnitude. Thisogever misleading as this jet develops far framwall, contains
very little momentum because of its small volumeswae will see below and very little of its energgncbe
transferred to the wall. For standoffs belBws, the reentrant jet speed at time of touchdowninaes to decline

as the jet has less and less time to develop argltthachieve a large value. A blow up of thisar@f interest is
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shown in Figure 18 (Right), which illustrates ththe momentum averaged jet velocity normalized vitih

- . /P = .
characteristic velocity scal Zamb ~ Py decays from 9 to 6 as the standoff varies fR#)t0 Ryax/4.
P

The picture is however not complete if we do nmtsider the energy contained in the advancing.get,

consider both speed and mass of the liquid cordaimehe jet. Figure 19 show the jet momentum ndized by

/P - . . : - .
pR%ax Tamb ™ Py . As we can see there is an optimum standoff miistaalue to maximize the momentum since
P

the normalization is the same for all case as atioim of standoff distance. This quantity cleartyablishes a region
of maximum available jet momentum between standdff® R, and Ry, having potential for maximum damage.
In all cases, one has to remember that if thegesdot directly hit the wall and has to crossjaiti layer before

reaching the wall, damping of the jet will redube aictual momentum transferred to the wall.

150 ] - Experiments
—»— - Simulations

iy

=]

=]
!

o1
[=]
|

Jet Angle [Degrees]
[
|

0 1 1 1 1 I 1 1 1 1 I 1 1 1 I L 1 1 L
1 1.5
Standoff /R,

1
2 25

Figure 15.Variation of jet angle for various standiodistances.

The simulation conditions are: i 1.17 cm, B,= 16.48 cm, D = 121.92 cm and, 2= 101230 Pa.
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Figure 16. Normalized curves of variation of jetdd and jet height for various standoff distances.

The simulation conditions are: R 1.17 cm, R,,= 16.48 cm, D = 121.92 cm, and/R= 101230 Pa.
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Figure 17. Normalized curves of variation of jet mne for various standoff distances.

The simulation conditions are: & 1.17 cm, B~ 16.48 cm, D = 121.92 cm and,/2= 101230 Pa.
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cm, Rya= 16.48 cm, D = 121.92 cm and,2= 101230 Pa.
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Figure 19. Normalized curves of variation of Jet Meentum for various Stand-off distances. The simuéat conditions are: B= 1.17 cm,

Rpam 16.48 cm, D = 121.92 cm and/R= 101230 Pa.

CONCLUSIONS

In this study, we have conducted a number of sitimia and scaled spark experiments in order to

investigate the behavior of dynamic bubbles negsrtical wall and between a free surface and aobott
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From the 3D numerical simulations of the bubbleaiyits near a vertical wall, confirmed with the $par

tests, we deduced the jet characteristics as fumcti standoff distance.

The trends of the jet parameters curves (undesttiaied conditions) indicate a strong dependencthen
standoff distance from the wall. For the regionriérest where damage at the wall can occur thegaivalent
radius did not vary significantly with the standoff However, the jet volume changes strongly whid standoff.

This results in an optimum standoff distance to iméze the momentum contained in the reentrant jet.

Finally, very good comparisons between the spaststand the 3ENAFS-BEM® simulations at the two
simulated scales (spark tests and larger-scalejfiras again that numerical simulations and the afskaboratory

spark tests scale experiments can be a very uselslto investigate bubble/wall interactions aneldictions.
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