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The thermodynamic effects associated to the grmﬂd& single cavitation bubble are

investigated in the present paper by an experirhapfaoa ocuses on the temperaturatioas

in the liquid surrounding the bubble. Experiments cylinder partially filled with tea at an
ambient temperature and atmospheric pressure results from the expansion of an ahisir

bubble, due to the pressure wave generated

temperature decrease of

detected during the ¢ Experimental resultscompared to the predictions of the “thermahygeodel

based on the assumpti t the bubble growtltaltepse are due to phase changes only. In thioaplp, the
temperature ti related to the latertt xchanges during the vaporization and condemsati
processes. On.the basis of these results, thectaspeffects of phase change and air dilatatioonmipression in

the bubble dy are discussed.

Key ds:‘bubble, vaporization, condensation, collapse, théefiect, infrared thermography, high speed

camer
1 Introduction

Cavitation is a phenomenon characterized by vapoegation and condensation in high speed liquid<lo
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It frequently occurs in industrial configurationschk as rotating machinery, injectors, and otherrduyiic
devices. Most of the time it is accompanied byaffdike vibrations, increase of hydrodynamic dreganges in
the flow hydrodynamics, noise, erosion, light effesuch as sonoluminescence, and also thermatsffEee
former one is usually neglected, since the infl@geofcthe temperature variations on the integral fimoperties
is small in usual liquids such as cold water (H&8¥3). However, on the local scale each individu#bble

undergoes considerable rise of temperature duhiegcbllapse (Hauket al. 2007), while

cooling of the liquid is also expected within trevitation areas (Fraret al. 1995).
Cavitation is usually initiated by a local pressdrep in the vicinity of a cavitation s. Aetbubble
al'bougdayer. The

grows, latent heat is supplied from the surroundiongid to the interface, creating

slight drop of Hapor
pressure. This one delays the further developmetiieobubble, because a greater pressure dropededeto

consequence is a small local decrease of the lispritperature, which res in

maintain the process. This phenomenon is knowntlertal delay”, a a moderation role ie th
development of cavitation (Brennen 1995).
Thermodynamic effects can usually be neglecteduidd f ich the critical point temperature isich

higher than the working temperature. On the otlaerdhth ecome significant when the alfitpoint
temperature is close to the temperature of thd flike i ase of cryogenic fluids (Stahl &fanoff 1956).

Therefore, the understanding and the predicticth dynamic effect is crucial in many appiaas — for

example the turbopumps for liquid hydrogen n LOx in space launcher engines need to have a

inducer rotor installed upstream from .t

with large scale instabilitie i ity w&hown is the failure of the Japanese H-Il rocket tlu rotating
cavitation in the LH2 t p kigaal. 2001). To avoid such risk, the pressure in thkgaand thus their

structure and wei ca t be reduced, whichnis af the fundamental limitations for the increafdhe

useful mass carrie he launcher.
The thermody ic effect is favorable when pumpgrgogenic fluids as it delays the cavitation
development i avitation area. Hence, the abekgine turbopump inducer, at given suction pmess

performs better than predicted without consideratib thermal effects. However the degree of impnoget
dep the strength of the thermodynamic effelsich can presently only be roughly estimatedor f
example by the thermodynamic parameter proposdtdnynen (1995).

Past studies mostly concentrated on the conseguesfcehe thermodynamic effect rather then on the
investigation of the mechanism itself. For examjiie,amplitude has been estimated mainly by corspari
between the cavitation development i) in a liquithracterized by a large thermodynamic effect anéhiia

liquid with negligible thermodynamic effect, restieely.
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The first study on the thermodynamic effect wasdemted by Stahl & Stepanoff (1956), who investidgate
its consequence on pump performance. In the sanmp&arosdy & Acosta (1961) reported differenicethe
appearance of cavitation in water and Freon-11Zanftative estimations of the thermodynamic effdtwse
been first proposed by Ruggeri & Moore (1969) wheasured the variations of pump performance forouari
temperatures and fluids. Probably the most thoragierimental set of data on cryogenic cavitatiolenturi
sections hydrofoil sections and ogives was pubfidgheHord et al. (1972), Hord (1973a) an @Y7 it
is still considered as a benchmark for validatingdels of thermodynamic effects in @
studies have focused on the influence of the thdymamic effect of cavitation on pe
instabilities in rotating machinery such as turbmpuinducers used for rocket x anal. (2004)
conducted experiments both with water and refrigeR114 to analyze th ations of the caidtat

instabilities, and a similar study was also condddiy Cervonet al. (2005) with hot and cold water at 343K
e

on. ent

and 293K, respectively.

In these experimental investigations, temperatar@ations thems rarely considered - farmgte

Frumanet al. (1999) measured the local wall temperature u ity with five micro-thermocouples. More
recently, on-board measurements of temperatureegsipn heet cavity at the leading exfgeducer
blades was also measured (Fraetc al. 2010). Tim aged temperature variations anaracteristic

fluctuations frequencies related to cavitationabdtti been analyzed.

Probably due to the complexity of the ex tigations, the thermodynamic effects are nayad

usually estimated by rudimentary models;:most

used parameters in these approaches

depression (Stepanoff 1961), nsional paemikeZ (Brennen 1973)y (Kato 1984) oz [1(Watanabe

et al. 2007).

To improve the pr of thermal delay, eloty of the heat transfers associated with phhaaege
needs to be improved. requires experimentastigations of the temperature variations in theidl, due
to vaporizatio densation. Although a vashlmer of experimental studies of thermodynamicceffie

cavitation flow exist; almost none of them dealshwihe effect directly. It is therefore essent@ldevelop a
technique that enable direct measuremertengberatures in cavitating flow.

The present study is devoted to the first direchsneements of the thermodynamic effect. The armlgsi
focu single vapor bubble evolution. Tadtetthe bubble growth, a so-called tube-arreshotkts used
(Chesterman 1952). It is particularly suited foe fresent measurements since it does not introtthecenal
energy from an outside source to create a bublie example measurements where the bubble would be
created by laser light or by electric discharge ldae meaningless as thermal energy would be &amsf to
the liquid and thus modify significantly the lodemperature. A non-invasive high speed thermogcapisthod

was applied to measure the temperature field inlithed close to the bubble interface during itcsessive
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growth and collapse. In addition, two conventiomgh speed cameras were used to simultaneouslyvebde
bubble shape evolution. Experimental results werally compared to calculations based on the tlesodf
bubble dynamics and the thermal delay.

2 Theoretical backgrounds

Theoretical approach of the process of bubble esiparand implosion, which is |nv stigated here, ban
found for example in Brennen (1995) or Franc & Mict2004). When the pressure dr bubblenbetgi
grow due to both water evaporation and gas expansi®. expansion of the ' inside thidai

ondensationpaofrand

nucleus. During the collapse, the process is redersthe main mechanisms o
compression of gases. In both phenomena, the nuaigndf temperature ions in the thermal laeund
u

the bubble depends strongly on the predominant egsocthat .d

expansion/compression and the phase changes (TetegjeP000, % 002).

2.1 Isothermal or adia cess

bble size evolution: gas

To estimate which of the processes is n/compression or vaporization/condensatitwe), t

energy balance of the gas inside the bubble ig after. It is assumed that the initial behliidergoes a

pressure drop in tim At during which «% s grows froRup toR+ 4ARand the gas temperature changes
for AT :

p 4 »
47rR3 pg C,yAT = 4Q~ p 47rR2AR (2.1)
where p, and %ixsny and the specific heat at constnme of the gasAQ is the heat received
by the bubble from the liquid, and p is the pressatrthe bubble interfac&o, the left hand side term stands for
the variation of al energy of the gas dutimg time At , while the second term on the right hand sidaeés t

wo sure force at the bubble surfasdér(anany past studie¥dsui 1997, Storey & Szeri 2001,

Sze al. 2003) the terms of kinetic energy, energy of bubble deformation etc. are neglected in

equation 2.1)
Because of the temperature variation within the gakermal boundary layer develops in the liqumuad
the bubble. Its thickness is of the order,/a,At (Francet al. 1995), with @, the thermal diffusivity in the

liquid. The temperature gradient in this boundayel induces heat transfer by conduction, whickedrithe



Thermodynamic Effects During Growth and Collapsa &fingle Cavitation Bubble 5

heatAQ to the bubble.
The Fourier’s law in the thermal layer can be writas follows:

AQ=-}, AT pRoat=-, [J piCo N AL 4ZR2AT (2.2)

Noy At

2
where a, = —— with A, the thermal conductivity in the liquidp, the liquid density, a the heat

pICpI

capacity at constant pressure in the liquid.
The energy balance (Equation 2.1) allows an esibmaif the temperature \ the gas in the

bubble:

AT = Bl (2.3)
1+ E
At

r

where the particular adiabatic ca 4Q = 0) leads toAT,, =— If we assume that the temperature

variation inside the bubble is entirely due to th nges p(47zR2AR)=O which results in

(gnRSJp CgdT = 4Q for equation 2.Jlan i is expression with equation 2.yetAt, which is
the characteristic time of the heat tra @bshe bubble interface:
c. Rf
Atr = M . (2_4)
9% py Col

The process can b idered adiabatic if thelbdifdtime is much shorter that the charactegistne of
heat transfe At - t Qevolution is then mainly driven by ampion and compression of gases. In the
opposite case, if%se ough time for the heatsfer to proceed until thermal equilibrium &ached
(4t << 4t), the process is closer to isothermal conditicerpuétion 2.3 give:4T =0), which means that

evaporation an ensation of water and watesweagre the main driving mechanisms.

the.present experiments, a typical bubble inewat 20°C grew and collapsed in about 16 ms and it

maxi dius was close to 9 mm (see for exangled 8). Considering equation (2.4) with= 999 kg/m,
0, =0.0173 kg/my C, = 4182 J/kg/Kc,, =717 J/kg/K and}, = 0.653 W/m/K At = 0.5 ns is obtained. The

characteristic time of heat transfer (0.5 ns) icimamaller than the time of bubble life (16 ms)jckhmeans
that mass transfer (evaporation and condensatidestplace and can be considered as the main réasthe

measured temperature variations. Expansion and re@sipn may only occur at the very beginning oftbeb
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growth and just before it collapses to its minimsize what also complies with the findings of Akhatd al.
(2001) who predicted the two processes to be dorhioaly during the first/last few percent of bubliilee.

Therefore, the thermal delay theory can be apptiédterpret the results of the present measuresnent

2.2 Thermal delay

The notion of thermal delay can be most simply g@nésd in the case of a spherical in infitd

As the pressure at infinity drops, an initial spternucleus begins to grow and beco uckerdmgbble.
The evaporation process involved in this growthunexg the latent heat L to be @ ie he tigai the

bubble interface. In the case of an isolated bykddeestimation of the heat transferred frdra liquid to
the gas can be obtained in equation (2.2) fromFgrier’s law, using t er of magnitude of thermal

boundary laye \/a, At :
V| T, -T,
q= ? = -} 2 : 0 (2.5)
47R° At o, At

where ¢ is the heat flux per unit surfadg, is the lig ature at the bubble interfaned T, is the

ambient liquid temperature. Assuming that th bbize evolution is entirely due to vaporization or

condensation, the energy balance equation c

q=p LR, (2.6)
which gives an estimation for t ra thffee:
- L
T, -T, = _Rit L 2.7)

i \/a PiCo >
If we furth @analysis by neglectirtgetinitial size of the nucleus and assuming thatgtowth
velocity of th@bl)i f the order &/ At (see Brennen 1995) we get:
Ay
L

T,-T= -k (2.8)
Jo 4t pC,
Wn (2.8) provides an order of magnitude ohtnemperature differences should be expecteden th

liquid close to the bubble interface. For the pnéstudy, water at 20°C was used, and the bublaes go a
radius of about 9 mm in approximately 10 ms. Withe 999 kg/ni, o, = 0.0173 kg/my ¢, = 4182 J/kg/K,A

A
= 0.653 W/m/K, L = 2454.3 ki/kg ata, =———= 156107 m?/s, a cooling of about 2.3K is obtained.
pICpI
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Heat transfer from the liquid to the bubble is fniesonly if the temperaturé, inside the bubble is smaller

than T, . Hence, the vapor pressure inside the bulml(él'b) is also smaller than its vaIupV(Tm) in the liquid
bulk. Consequently, the pressure imbalance betwdnen bubble and the reference point at infinity

P, (Tm)— p, (Tb) increases, so that the growth rate of the bulsbteduced. To estimate this variation of vapor

pressure, equation (2.9) hereafter is based oGldpeyron relation where the vapor density i kkin front

of the liquid one: Q
L=T i—i d_p\,:ldpv \ (2.9)
py p AT p, dT

The thermodynamic effect in terms of vapor presslifference can thus be expressed as:

d LAT
ap, = p,(T.)- pv(Tb):d_E)rVAT:AIT—- Q% (2.10)

Combination of equations (2.8) and (2.10) finadfadis

2
= R (p,L)

1¢OC|At p|Cp|Too ,

which gives the decrease of the vapour pres

(2.11)

y of the bubble due to the latent héawf The last

equation will be used in Section 4 toge n'sz parameter (Brennen 1995) to model the spherical

bubble dynamics and the temperature

3. Experiments

One of the simples s of creating a single adigih bubble is the so-called tube arrest methddghv
was first used sterman 1952). The techrigjbased on a vertically mounted cylindrical tubetaining
liquid which is pull wnwards against tensiorseghports and released. After the tube’s arrestitjugd

continues its u motion generating a tensidsep@ab initio.
e erimental arrangement is shown in figurend ia for the most part the same as the one used by
(C%g 2004) in their experiments. A vertiaatylic glass tube (1) with inner diameter of 3thiis open
at the upper end. It is put into slides (2) saait enove freely in the vertical direction. The tus®d m long and
filled with water up to the 700 mm level. Distillagater was used. In addition it was boiled for libutes and

cooled down to ambient temperature prior to theserpents to remove as many cavitation nuclei asiples
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S\

Figure 1. Experimental setup for creating single cavit | a tube arrest method.

The tube is fastened indirectly to a sprin one end. For the generation of a cavitdtidble,
the tube is pulled downward for some length, thingghus being compressed. The former is theraselé, and

% aidenly arrested by a barrier (4) after shootinghgshort

is quickly pushed upward by the spri
distance.
A thin rod (5) with a di er m was insertedtically into the water. At the bottom part adha

small dent so that a s bu with a radiu8.5 mm could be positioned in there (the buldgered as
ucleus
arres

an artificial cavitation n ). The rod was smted along the centerline of the tube.

During the , a tension wave is pratlircthe water column, starting from the tube bottand
traveling upward. A ottom side the tube Bsed by observation window (6) made out of sappijiaes
which is trans n both visible and infrargdht spectrum. Two high-speed conventional blaci ahite

cameras were recording from side and bottom viegenktion, while a high-speed IR camera was used to
mea peratures from the bottom (through dipel8re glass window).

The velocityV, at which the tube was suddenly stopped was varad 0.5 to 2 m/s. For that purpose, the
tube displacement was set to about 10 mm. Thesditimoms lead to a spherical growth of the bubbléhva
maximal diameter of about 20 mm reached in a tuttelose to 10 ms. Due to the vicinity of the bottorallw
there was a tendency of the bubble to form a mjer@nd to collapse asymmetrically (Philipp & Laiern

1998). The extent of asymmetricity depended oninkteal distance of the nucleus from the wall. Tingbble
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position is commonly defined by the non-dimensiatiatance between the wall and the bubble:

= L (3.1)

Rmax ,

where R, is the maximal bubble radius ahds the distance of the bubble center from the:viaily >1, the

bubble does not touch the wall, fpr=1, the bubble just touches the wall, andjfcerl, the bub in contact

magi iSpec4 2G mono
ectively. The eras

ectively. For firesent

with the wall during some period of time.

Observation of the bubble was performed with twghtépeed cameras: Fastec |

and Motion Blitz EoSens mini 1, which captured imsdrom side and bottom vi

=

enable capturing images at 523 fps at 3Mpixel &0l fps at 1Mpixel resol )

experiments, the cameras were synchronized anddextat 6000fps at ed resolution. Figutleoivs the
visualization of bubble growth and collapse in ¢hdifferent configurati e first case, ba teft, y = 0(
the bubble is in contact with the wall during ithale life); in the sec se, in the middje= 0.8 (the
bubble is away from the wall at the beginning, inutontact.later on); in:the last case, on thetrigh=1.3 (the

bubble is never in contact with the wall).
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Figure 2. Visualization of bubble growth and collapse fomstimensional standoff distanceg = 0 (left),

X = 0.8 (middle) andy =1.3 (right).
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It can be observed that the collapse of all threlebles is strongly driven by the micro-jet (Ples&et
Chapman 1971) — due to the vicinity of the bottdwa Ibubble becomes asymmetrical and a liquid je¢{pates

it (particularly well seen at t = 12ms fgy = 0.8 and at t = 16ms fory =1.3). Also in the three cases, the

rebound or splashing can be seen after the coll@seus of micro bubbles nicely captured by th&dm view

camera at t = 18ms foy = 0.8 and at t = 22ms fory =1.3). This is caused by the radial flow of the miceo-j
which induces the secondary evaporation (Tengl. 1999).

In the casgy =0, the shape of the bubble is half spherical duringtnof its lifetime — the very end

of the collapse, at t = 15ms, the bubble shaperesacseverely distorted. In th & e bubble is
initially spherical but the shape becomes asymwsdtinivhen it contacts t 6ms, and ayver
distinctive micro-jet forms during the collapse (at 12ms). In the final cage= . bubble grows and

collapses far from the wall. The growth is theref@pherical, apart fro mode instabilitgraall

distortions of the interface (Chen & Wang 2005)eTdollapse howe significantly influemcbe the

vicinity of the wall and a micro-jet clearly occuggen in this ca

In the three configurations, the evolution of rature field is investigated with a high-speed

thermovision camera CMT384SM - Thermosens itive wavelength range lies between 3 apth5lt
must be reminded that water has very specifi rding the propagation of infrared ligktven a very
absolutely opaque in the whahge of infrared spectrum (Hale &

thin layer of liquid (10um or even les
Querry 1973). This implies that

lal camerg,configuration y >1, systematically records the

temperature at the boundar n the sapphaes ghind water. In cage= , I is expected that this

temperature is almost th e of the liquid/vapterface, at the bottom and/or upper point of thiebike, since

vapor is transparent t ed light. In the cpsel, when the bubble is attached to the glass, therded

temperature is the one.of the bubble interfacheatipper part of the bubble, for the same reasguré 3).

©
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X <1 X =1 X > 1

SO

L
Figure 3. Localization of temperature measurements (blaake)i for y <1(I%:middle) andy >1

(right). %

The opacity of water makes it appropriate for iti thermodynamic effect in the present

configuration. Indeed, if a transparent or semgpament lig ed, interpretation of the iesagould be

more complex.

Two different acquisition frequencies were ap the experiments. At low frequency of 600 (ips.

1/10" of the frame rate of the two conventi t#®) main features of temperature variations were

obtained with a sufficient time resolution of thea

frame size at such frequency wa pixelstl@dntegration time was 506 (one pixel corresponded
roughly to 0.2x0.2 mfarea). i guency (3840 fps) the fraime had to be reduced down to 32x32
pixels with the integration ti y 4fs. This setting enabled better temporal resolutdnthe
measurements, which el d a more accurate caupavith the thermal delay theory.

The camera calibrated in-situ. Uncertainty efam operating temperature of water was checked by
comparison wi urements by an A-class Ptl0Soseand a discrepancy of +0.2 K was found. However

our main goal was to quantify relative differengeson-uniform time-dependant temperature field. &gingle

element on the erature sensor of the thermaeathe noise equivalent temperature differenceT(D)Es
less:than
Tot peatability of the installation (g@tien of the bubble and its temperature responsejenerated 4

bubbles at the same conditions at a nondimenssaatioff distancg = 0.8. The results are shown in figures 8
and 9. The differences in the size of the bubbteimsignificant (figure 8, middle diagram yt= 0.8 ), while

somewhat larger discrepancies between the testanensbserved in the temperature evolution (figyreiddle

diagram aty = 0.8). Nevertheless one can still claim that the mezsents are repeatable.
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4. Modelling

For further analysis of the experimental data, disdussion of the mechanisms that drive the tenyoera
variations, comparison of the experimental timel@tians of the temperature with results of. modelisg
requested. In the theoretical model we assumetuhbl® to remain spherical, which means t énfice of
the bottom wall is neglected. The Rayleigh-Plessghation (Plesset 1949) includi rmal effedts i

considered hereafter:

(30 e e8] B8 625

Equation (4.1) can be rewritten as follows:
. 3. R)" 2s , R
RR+ =R [+4p, = p(T. )= Pu + Pool — | ———4u—
pl( > ] P, = p.(T.)-P. pgo(Rj Hr

Considering equation (2.11) and introducing

2
2= ﬂ the termAp, can be written a =
2 /
S ™«

. 3. e R) 25 R
N R AR

which gives the bubble radi iMordingtime t. It has to be noted that other approadbes
calculation of bubble size & bes exist example Chen & Wang 2005). However, althotiytir
les wi

approach works well f th size compagabl the tube size, the bubble evolution in théahand

2 (Brennen 1995) defined by

hat finally leads to:

final stages is not correc redicted. As theoeitl of the interface in these periods is of priynenportance
for the calculati e thermodynamic effectlsmodel is not suitable in the present study.
In Section 5, e on (4.3) is solved numericétlyobtain the bubble radius evolution as a functién

time. Then eq (2.8) is applied to calculatetime evolution of the temperatufg. Results are compared

to % experimental measurements.
5. Results

The present section focuses on the analysis oftahmperature measurements during the growth and
collapse of the bubble. First, the data recordeti @ilow frame rate (600 fps) are shown and diszisEhen,

measurements with the higher frame rate (3840 dps)compared to the results of the Rayleigh-Plessét
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thermal delay model to clarify the understandinghef experimental visualizations.

5.1 Temperature measurements

Figures 4 to 6 show (for the three experimental tases - non-dimensional standoff distarxce 0.8,

situation,

X =1, and x = 1.3 five successive characteristic situations obskkring the bubble life. For e

the bottom and side views of the bubble are digaapgether with the corresponding te ‘w@
three cases, time t = 0 corresponds to the buhbéption. \

According to equation (2.8), cooling of the ligudde to the transfer of late ring the exatmm
process should be obtained in the initial stagthefexperiment. The cage0 (figure 4) leads to the simplest
analysis, as the bubble is attached to the glafacsuduring the w tion of the experimérttis
condition enables continuous measurements of thpasature at th e surface (see the left icagure
3).
1+3.0
L +-2.0
1 +1.0 ~

] 007

Figure 4. Evolutions of the bubble shape and temperatule ifiethe casgy = 0.
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The cooling is observed slightly after the begigniri the bubble growth. The maximum temperaturgdro

AT during the evaporation stage is about 2K. As tlesvth of the bubble decelerates the temperatuegts b
grow. The rate of temperature increase is slovirgtt but it is significantly accelerated as th&itacollapses at

t = 16ms in form of a micro-jet. The acquired tenapare field at the instant of bubble collapse apresent
the temperature elevation of the liquid micro-jetieh is in the order of 3K. This temperatur aay be
due to the transfer of latent heat during the vaymordensation, and/or to the heat tran apor,
whose temperature increases drastically duringgéisecompression, and the liquid micro-j at §atwough
the bubble. Indeed, temperature elevations of sé#eousands of Kelvin may oc x r dyignvery
short period of time at the end of the bubble galéa(Brennen 1995). Howec, uch high values apllyto
spherical collapses of bubbles, which is not trse=da the present study.

After the bubble collapse, the heat is convectet difiused over servation window, se th

liquid temperature increases slightly (the changivben the initial and final temperatures is 0.2y no
temperature deviation is recorded during the semgnelvapora served by conventional cameras dt8
ms.

At a bigger standoff distancg = 0.8 (figure 5),th is similar, but the temperature daseeis

detected much later in the bubble life — abo he start of the evaporation, which corresisoto the

moment when the bubble contacts the wall. mperature drop of 1.2K is obtained. The smaller
layed acquisition of the temperature fieddlze opacity
etecttémperature variations associated with the sisge of
bubble growth, before it reac e walltAt 14 ms the bubble collapses in form of a micto§é&e acquired
temperature field at this ti epresents the temperature of the liquato-jet in the center, which

has been slightly incre flowing throughwégor bubble that surrounds the jet. The tempegaitithe jet

observation

previous cas
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Figure 5. Evolutions of the bubble d temperatule ifiethe casey = 0.8.

In the third casedi
is detected (because of the water opacity in IRtspe). However, a “hot spot” (about 0.8 K of temgiare
increase) ap;ﬁars 1 fter the bubble startgebta It can be presumed that this local tempegatlevation

ith t

d in figure)g=(.3), the bubble never touches the sapphire windowo cooling

iS associ micro-jet that hits the glagrface. Like in previous cases the final tenpeeas slightly

higher than the initial onT =1 K).
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Figure 6. Evolutions of the le s nd temperatule ifiethe casgy = 1.3.

It seems that ge between the initial anal fiemperature is dependent on the bubble standoff
distance. This ma ue torvariations of the marn temperature reached by the vapor during tla $itage
of the collapse (bub ich is further from thellwcollapses in more spherical shape which irggatigher
gas te tu d also the difference in theejecity as it hits the window (according Ples&gChapman

(1971) itincreases with the standoff distance).

e detailed representation of the therrfiatte vertical cross-sections through center lxighe
images. of the temperature fields (like the onefigres 4 to 6) was made and put together in a Segence.
This way, one dimension (horizontal one) is “saceif” (one can assume the temperature field tolinest
axisymmetric) but a much clearer representationirire is obtained - the diagrams in figure 7 dispthg
temperature variations as a function of time (hwrial axis) and bubble radius (vertical axis) for three cases.
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: 17 22 27 32 37 42
t (ms)

=0f(top) (fort = -4 to 22 ms)y = 0.8 (middle) (for t = 5 to 30 ms) ang =1.3 (bottom) (for t =

42 ms). Bubble grow begins att = 0.

For x = 0, the bubble is attached to the observation ewindght from the start of its growth. It can be
observed that the cooler region grows very qui¢kiyabout 3 ms) to its final extent of about 17 nirhe region
then slowly shrinks what implies that the collajsslow. The reason for this peculiar behaviomhis fact that
the bubble collapses asymmetrically — the heighthef bubble decreases more rapidly than its raahuest
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consequently leads to the formation of a micro4et.the jet hits the surface of the window, a ragqid very
brief increase of temperature is detected.

The case( = 0.8 is similar but now the growth phase seemietdonger and the collapse phase shorter.
Indeed, due to opacity of the water, the tempeeadtithe bubble interface can be detected onlyttrdhe part
of the bubble that is attached to the wall. Aslthbble slowly attaches to the wall, a bigger arghyei part of
the bubble interface becomes visible, which regultthe detection of a slowly increasing ioeg The
collapse in this configuration has almost the sdom@tion than in the cagg=0: a very qui nge to higher

temperatures is recorded at the moment of the Atrionpact.

In the third casg=1.3, the bubble remains unattached to the wabrdfore, t e to evaporation

ng

does not reach the liquid located at the wall, mmdemperature variation is ed during thasphOnly the
impact of the micro-jet leads, as previously, tslight increase of the perature. Howeueis inot as
clear as in the previous cases, probably becautieedieat diffusio istance it travels iptmimpact
with the wall. Conversely, as already mentione, general increas iguid temperature afterthible
collapse can be clearly observed in that case tetflmperature increase is close to 1 K, compareld thi¢ one

before the experiment.
In order to more precisely record the temperat i d the maximum amplitude of temperature

variations in the experiments, the frequency of a a was increased up to 3840 fps. This settiadpled

better temporal resolution of the measureme we needed to decrease the spatial résolutthe

image was reduced to 32x32 pixels orre oods region of about 6x6 mm only — consequentty th

recorded temperature fields were. pra omeges and were also treated as such. The resultesé
measurements are shown an red to the poediaii the Reyleigh-Plesset and thermal delay yhigor

the following section.

E@ rison with the Reyleigh-Plesset and thedelay theories

Toi ti ether the present experiment cesplith the theoretical approach presented in@ext
2 and he asured and calculated evolutionisubble size are first compared. The tube walls tued
sap servation window certainly do influetioe bubble dynamics, which is a notable differenitd the
assumptions involved in the theoretical approachre/ta bubble in an infinite liquid is assumed.

The determination of the radius evolution in thpeximents is based on the estimation of the vaphmve

V at each time by image processing. Then, a radidfis sphere that would accommodate this volunuersed

simply from equationr, = %/i—v. Figure 8 shows the evolution of the measured leutddius v compared
T
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with the one calculated by the Reyleigh-Plesseatigui (4.3).

The initial condition for each case can be derifreth the pressure drop estimated according to themw
hammer equation:

Ap= p,GVs (5.1

Where Ap is the pressure drop and is the tube velocity just before it is suddenlgpgted: Values of

velocity in the experiments for casges 0,x = 0.8 andy = 1.3 are 0.84, 0.76 and 1.4 m/s
were measured optically from the high speed cameardings. According to the equati
Ap=1.21 MPa, 1.08 MPa and 2.02 MPa,Xor 0,x = 0.8 andx = 1.3, respectively.

Measurements (by a hydrophone Reson TC4013) gbrémssure evolution at of the tube show
that the pressure first drops to approximately tieggressure of the water ham ressure. Thesumead
pressure recuperation is, unexpectedly, much slawera positive pres p is seen only dfteutal Oms.

We suspect that the slow pressure recovery isectléd a very itation bubble which signifittgn
influences both the dynamics of the pressure wank aso the measurements. Since we have no means of
determining the real pressure evolution we usednabinati f al and measured pressurtigens

for solving of the Rayleigh-Plesset equation —ehan ostiuinstant pressure drop to the minimuessore
(water hammer pressure) and an almost instantgser pressure were assumed. The vap@saupee
then persisted until the end of the simulation:

The initial bubble radius was the sa

obtain numerically the bubble ra :

experimenR;= 0.5 mm. These values are used to
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Figure 8. Measured and calculated (for a spherical bubladjus of a bubble as a function of time for non-

dimensional standoff distancgs=0(top), x¥ = 0.8 (middle) andy =13 (bottom).
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It is interesting to observe that even during thblde collapse, where the bubble was not sphettical,
measured and calculated bubble radius fit almaseqtty.
The diagram at a nondimensional standoff distgnee0.8 shows 4 the evolution of the bubble radius for fou
different bubbles — since the differences are imifiigant one can consider the tests to be repeat

It can be observed that the calculation also ptedia rebound of the bubble — this w. 0 sed¢hein
experiments, but the vapor volume could not bermeggd with acceptable unce Moreover, the
temperature variations could not be recorded #fecollapse of the initial bubble, becﬁdpacity of the

0

water in IR spectrum, which makes the study ofréiund of little interest in the egent work.
Diagrams displayed in figure 9 show the comparigetween the experi a easured and calculated

temperature evolution. %
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Figure 9. Measured and calculated (for a spherical bubke)perature as a function of time for non-

dimensional standoff distancgs= 0(top), x¥ = 0.8 (middle) andy =13 (bottom).
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A fair agreement between the model and the expetsnis obtained in the configuration= 0. The
maximum amplitude of the cooling (about 2 K), a theginning of the process, is especially well jted by
the Rayleigh-Plesset approach. However, the maueldicts an almost instantaneous temperature deceda
= 0, while only a relatively sharp gradient is abéal in the experiment. The temperature evolutifter ahe
initial cooling, until the peak due to the bubbtdlapse at 15 ms, is nicely reproduced by the aly the
amplitude of the peak is not correctly predict&d: = 12 K in the model, while onlAT = 3.6 K easured.
This may be partially related to the assumptionspiferical bubble, and also it has b su titla
bubble evaporation and collapse are triggered ag@lthange, which is probably valid:for the bulgotavth,
which is slow, but much more in question for thdlaggse. Indeed, only the final stage llapsad$eto the
very high temperature increase in the vapor phase,thus to the brief tem ure elevation medsarehe
interface. This is corroborated by the difficulty tletect experimentall th@u value of terapee
increase, which has required accelerating as msigiossible the cam%. onsequently, airressipn
may play a significant role in the bubble size &aoin, during this final stag ollapse.

For x=0.8 the situation is similar, but as the bubblduigher from the wall the cooling is not detected

of

immediately in the experiment. It is obtained at% ms, i.e. e bubble contacts the wall {igpee 5).

Again, the predicted amplitude of temperature as to the measured one. It carbalseen that

the temperature increase associated with the collapse is predicted to occur atéme time as it

was measured, however a much higher ampli the model. Like in figure 8 this diagramoashows

the recorded temperature evolutions foualpe tests at the same conditions. Again one @arclude
that the discrepancies between the tes ificant and that measurements are repeatable.
In configuration a=1.3 0 g be detected experimentdllyas been suggested in the previous

discussion of the results that this temperaturecase is obtained when the micro-jet hits the sarfaf the

observation window. The temperature deviationrit filetected about 8 ms after the micro-jet incepjet (see

9).
y 4
| =20y [R,, = 24mm from the top point of the bubble (jet inceptionmpto the wall (the jet velocity was

estimattb@l consecutive images andightg 3 m/s).
6. S

figures 2, 6 an nis corresponds well to thmet the jet needs to travel the distance of

The results displayed in figure 9 reveal that filgeitl heating observed during the bubble collapsefi
higher amplitude than the cooling measured dudirggktubble growth. This point may be related toahript
character of the final phase of the bubble collapgdgch generates high levels of temperature amgsure
encountered inside the gas (Yasui 1997, Storey &iS2000). Such a high temperature, of the order of
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thousands of K, induces heat exchange by condustittnthe surrounding liquid, which results in grsficant
temperature rise at the interface, in additiorheodne due to vapor condensation. Results obtaintbeé present
experiments suggest that conduction at the bulmidgface counter balances the fact that a parhefvapor
contained in the bubble does not condensate duhiegollapse, because of the very high speed oblbub
compression at the final stage of the process. fitenomenon, which has been investigated by seaathbrs
(for example Storey & Szeri 2000 and Akhatov e2801) is due to the fact that the vapor | @tenter
of the bubble does not have a sufficient time ffusie towards the bubble surface, so s 0 ris
trapped inside the bubble during the most violéeges of the collapse. Q

Xt e case0 in

Results suggest that also the bubble growth iscaosed by vaporization o
figure 9 shows a period of temperature stagnatidheabeginning of the bu expansion (in thstfimage
taken by the IR camera no temperature differeree® measured — approxi ly b ent =0 and25nts),

growth, thghhvelocity at
investigate this point, theracteristic

e related to ptiem®ger, , as proposed

before the liquid cooling is observed. This implikat at the initial sta

the interface (see figure 8) does not allow theoviaption to occur. T

time scale of bubble growth, . can be compared to the time.s

by Storey & Szeri (2000):

R

Toubble = B (5-1)

and
2nrM
roe =R |Z  vapor (5.2)
o\ 9RyT,

where M, is the molecul ass of the vap®,, is the constant of perfect gases, dnds the temperature
at the bubble interface we assume the temperdield within the bubble to be homogeneous,cken

T, =T,). The parameter e so-called accommodation coefficient whiglncluded in the expression of the

evaporation/ ion_flux across the bubblerfete, according to the Hertz-Knudsen-Langmuimidea

c

which is derived from the kinetic theory of gasbstailed expression of these fluxes can be founeéfample

in Fusti et al. . The accommodation coeffitrepresents a resistance to evaporation or neatien at
rface d

the:inte ing the bubble evolution. Althowgbeneral consensus is not obtained regardingpénaameter,
o i%nerally used in most of the recentistufirasui 1997, Storey & Szeri 2000, 2001).

If consider the initial stage of the bubble gttow.e. the first 25@s mentioned previously, the order of
magnitude of the bubble radius and the bubble droxgtocity can be estimated from figure 8 to R # tam

and R=7m/s, respectively. This leads @, = 2.5 10' s, while 7, = 3.1 10' s is obtained witlw = 0.4,

Ty, =293°K, andR s = 8.31 J/mol/K. These orders of magnitude of threetscales confirm that vaporization
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may have insufficient time to occur during the ialitstage of bubble growth, which means that thbblei
velocity is mainly due to air expansion. It expkwhy no water cooling is detected by the thernsahera
between the first 5Qs of the process.

Later in the sequence, for example at t = 2 mshthable radius reaches®R6 mm and the bubble velocity

decreases down tR=1m/s, which leads to characteristic time scafgs,,. = 6 10° s andr,. =10°s. At

A similar phenomenon is expected at the end obthgble life — during the las hase of thiblbe

implosion. Similar velocities as in the initial g&s of bubble growth can be obse sitimiter scales

Toupe anNd 7, are obtained. However, no evidence of the timeayd n from the thermal

e bubble durimg final

so the temperature iaseeat the wall

measurements, because, as mentioned previoudty]evigls of temperature

step of the process also contribute to the heafiiige surrounding lig

is be observed even if vapor condensation is off@mnimporta he end of the process.
One can see that in casexat 0 andy = 0.8 (figures e liquid temperatstagts to increase
above the initial level at aboutt14 ms, which is signi er than the betig of the bubble collapse (t

=10 ms). In both cases the bubble touches the the glass at this stage, so the thermal aowyrdyer in

the liquid due to heat exchanges with the mediately visible with the thermal cameraisT

etween t = 18 ms an®4 ms, i.e. during f£;s= 6 ms. As already mentioned, the
velocity of the | abouty= 3 m/s. The duration of the high temperature detket the wall implies that
th igin: of re-entrant jet temperature inseedas a vertical size that can be roughly estimate

H= .ot =18mm, which is of the order of magnitude of the bubBiiameter and much larger than the
thickness of the thermal boundary layer on the ublall. This shows that the heat convected byr¢hentrant

jetis not due to the convection of the thermalrzary layer around the bubble but due to the haraduction of

the jet flow as it penetrates the bubble.
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7. Conclusions

In the present study, first direct measurementhefthermodynamic effect on a single cavitation
bubble have been obtained. A non-invasive thernpdgcamethod was used to measure temperature
fields in the liquid during the growth and the eplte of a single cavitation bubble, which wasateti

mechanically — without introduction of heat soutces

Results show that during the bubble growth the ezatpre of the liquid-va undary layer
decreases. At the collapse a reversed processhgasved as the temperature:i d. Contribution
of four processes (evaporation, expansion, condiensand compressio ssed. Based on a

comparison of characteristic times of conductivd kEtent heat flows it was cluded that the main
two mechanisms that drive the heat fluxes are Wapaation and co n, while the other two —

expansion and compression significantly contritarigy in the v inning and at the very end of
the bubble life. Consequently, the theory of thecalbed al delay” (Brennen 1973), which is

based on this assumption, was applied, and it redicted temperature variationben t

liquid are in relatively good agreement with_th asurements. It suggests that the thermal
rt of the bubble evolution, which is a second

s feamsin the bubble evolution. The definite

delay theory is valid in the present case _for

indirect evidence of the predominance

beytralscope of the present work and could possibly be

arious othgquids — the success of such experiments is

however questionable du a
Further work wiIIQe dies of direct tempter@ measurements in developed hydrodynamic

roperty eémvevhich is opaque in infrared spectrum.

cavitation with pu improving numerical medk for prediction of cavitation in thermosensible

fluids.

The fir autg)Dular) would like to thank tBeiropean Space Agency (ESA) which enabled the
st in scope of the project “Cavitation irefinosensible Fluids”.
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