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~1'r~'nl~r, y~;.1 fll {2 PCC/I~C~1In~711331311 METHOD AND

APPARATUS FOR CAVITATION THRESHOLD CHARACTERIZATION. . ..
AND CONTROL TECHNICAL FIELD The present invention relatesto
technology that uses acoustic energy transmitted through a fluid for

cleaning or some other purpose, and more particularly to a system that

uses the emission of ligh the flyi It L qﬂ_ﬁgé stic
energy %’(‘)ﬁ&ﬁml gg%ﬁ(?e%"%g g\?gljé %:g’r%g?;rfg\glgﬁeg?ﬁ Eﬁ%‘iﬂﬁ‘
BACKGROUND INEQRRIXTIBRIAisTIGEl iy N NdtSirial cleaning
processes have made use of aqueous chemical fluids to remove particles

from objects. In many cases, adding acoustic energy in the frequency
range of IKHz to 10 MHz into T#é priotess hakth-Has been shown to

improve, the clerniNg RIOGERRDY,"RIMAYIRGPALICIES MArRicempletely and.d

in a shorter period of time. | s Introduction ofacoustic energy into plating
Bhtpehas IS BERERLAITIB B ANAN L BISEHAOPI BN BFOEEaE4 syt that
improved.mixing.efithe chemisyand.boundatydayer, tesultingcianfresh
species being available at the surface of the object being plated.

SRS A (S AL RS FAS LR Ehown to help keep the cathode

and anode clean. Acoustically enhanced processes are commonly

described as either ultrasorgg‘gk@Q q%@@g&g%@ to the

frequency range of the induced sound field. The acoustic energy is
commoﬁiytg@wéﬁatedlbylé%ﬁmgfai@iﬁ&w@@ﬁ%*lé'rvgﬁs*ﬁﬂj\ﬁ/it??Qfélﬁ%éﬁﬂal
AG.NRUIRSE T he SHvstalshangesdimension alay ale determinediby: theray in

frequency of the AC voltage. These periodic dimensional changes are
miechiemiRaVibRIDNE tHd S HEM B RIS BT IR RRTCIRY pIodBRE Y
f'ii‘:@cﬁ@z(ﬁ’ilr!%*ﬂ;r%c&%@?%ﬁ’fopiﬁé%am@@s%adiw@kaﬁmﬁtﬁ@ 25henergy-fieldf time.
The crystal is typically tightly bonded to a%trlanse?‘uitgingnr@]%mrp{eor S l‘lﬁgea
reSBALET RAT EBHEE MTOMECRIINE I Sivasohic dean

rasonic cleaning 1s most
appropsiata foratrongyheatrtelerant sybstiatehmaiterjals! bequiking clearing ng
of objects with moderately complex.surface topologies, The ultyasonic,:,
fr@q%éﬁﬁéﬁc%ﬁd’é‘%gl\é%avlv}{él qu%i%ég%%erﬁ%v%@%f corrﬁ'gp%ratiVely large 4
particies dnony threse @0 ichenidadly koterdntsidaces! Medradeic cleaning

s ap.p.rof[‘?%!oq}setiégﬁ)ngﬁﬁge@’&%é@@s @@c@%w@%ém@i\@%g@ﬂ@rﬁsomc or
requiring line of sight dependent cleanlnq([;S Me%asonlc cIeanln% is also the

TBthETBE erfofelnfore dlsdriitig Wh e the PAFHER GZER By The coustie

a@;%%f&@@{gﬁbﬁoniy zenerated by exciting a piezoelectric crystal with a sinusoidal AC
voltage. The crystal changes dimension at a rate determined by the frequency of the AC
voltage. These periodic dimensional changes are mechanical vibrations, the energy from
which is coupled into the process fluid through a resonator plate, thus creating an acoustic
energy field. The crystal is typically tightly bonded to a transmitting member calied a
resonator that comes in contact with the fluid.

Ultrasonic cleaning is most appropriate for strong, heat tolerant substrate materials
requiring cleaning of objects with moderately complex surface topologies. The ultrasonic
frequency range is also well suited for removal of comparatively large particles from these
chemically tolerant surfaces. Megasonic cleaning is appropriate for objects with heat and

chemical sensitive surfaces, requiring line of sight dependent cleaning. Megasonic cleaning
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., . field, a bubble or cavity is created when the 5 high pressure tears the

0.3um. Acoustic cavitation is generally regarded as the principle
mechanism for particle removal in the cleaning process. In an acoustic
fluid, creating a bubble or void. These bubbles or voids are called =~
cavities. These pressure oscillations produce bubbles which expand and
contract with the peaks and valleys of the pressure waves. As the
bubblesrexpansiandicontractsame ofdhegasesnhich fnm.thehubhle..,
are absorbed into the fluid during contraction (compression 10 cycle) and
ditri4% back into the bubble on expansion (decompression cycle). When

the bubblereachesaaisize thatdanaadongerhesusiaineddayhe forga:at
the,suiace fension of Ihe fid competing against e force of the et when h
pressure GiftSrantia créated by passing acsiistc  WAYES ‘b bspied when the
inhpbdessFheredie teltypesrgfaedustiorcavitafibmedtaliil e and. tidnsienhiled
In.staple cavitation, 15 a stable cavity (or bubble) is mostly gas filled and
grows very slowly over many acoustic cycles. The energy released with

an impld3ieis eepitrefsStable cavitiids rbeldedsdhamatdandfetiansient the
cavity, Jndtiansient aavitation aransientcavity (oL bubble):contains . ArIoR e

gas but has very little or no other gases in it. It will grow to a large size in
ohfya Y& dyeTes Rt fiiens sy bt dmadig e ithdting erenerigy tpbrpression
caollapsen 20 fBeneliminessepee (Sl istheilighticeleasediwhenithebulble.
C%” Ses or more Q[e{ciselx, implpcégs. The pressure and speed ofthe =~
implosion rarses the gasThiue tha T5aBBR Yo' Shimtidtsy Higy surface tepsion of
tefpgératurestorgaagse emistionr of hhetonsrddigdightLmiasiony fieming acoustic
s%gggrr&ilg%%&%@c%%g a frequency of 200 nm to 600 nm and is generally
characterized as being in the UV spectrum. 25 The sonoluminescence

spectrurhstams: A thansughtpitkie nidpsint: ofable vidilesiight Ispettiucavitation,

and;gxtendgwellinte the H}{sﬁmg?ﬁIk%‘_ﬁldr&@(JQG&F}a@%%%&%‘%ny acoustic

presence of naturally occurring argon which'is dissolved ini the water. It is
YO W KIS T e TRAEH EBPoReMSI tiacplamalthiariy ieriticared this than
phatan emission @t the timenokimplosion. Assawties ascillateinisizenths:
mostl’{&g‘aﬁeopfs nitro en and oxygen molecules 30 move back and forth in
afld LT Sr it Bubble WithdacH T4t e dycle e amge “argoR Hewavary » few
dopdenetdangcenseque niycthenconcentsationpfargondnside the bubble

begin (9. dURMAtcall.ixg ARAVE NG ARA REHINB R YRl Oh R0 Y
precisely, implodes. The pressure and speed of the implosion raises the gas inside the
bubble to sufficiently high temperatures to cause emission of photons. The jight emission
from sonoluminescence has a frequency of 200 nm to 600 nm and is generally
characterized as being in the UV spectrum, _

The sonoluminescence spectrum starts at the roughly the midpoint of the visible
hght spectrum and extends well into the UV range. 1t occurs principally due to the
presence of naturally occurring argon which is dissolved in the water. 1t is argon which is
the major component in the plasma that js critical to the photon emission at the time of
implosion. As cavities oscillate in size, the mostly gaseous nitrogen and oxygen molecules
move back and forth in and out of the bubble with each pressure cycle change. Argon

however does not, and consequently the concentration of argon inside the bubble begins to

dramatically rise above the naturally occurring level of about 1% found in the earth’s



2 w(i ?nnr,'n :.Inln PC J°111¢100"i 6 31Rn atmosphere. Therefore, when
the bubble collapses, the predominant gas in the bubble is argon, and it is

wrargon(anmd the other Noble gases) which primarily exhibit the’property-ofiiisi
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sonoluminescence. Historically, sonoluminescence has been associated
with transient cavitation, and was not thought to occur in stable cavitation.
5 The cavitation threshold is the point at which cavitation becomes
pPBuGRiIFAtel triRei SREAMY (HE CaviiES e it 1 COpEE golsritly bubble is
efmitiing-a high:levekel enargy-indbe doe ahphgtons:lndhamast sepsers s
that detect sound pressure, known as hydrophones, have been used to
AL PARSIENE cAUNSTSH Dot UL ANSIBR PAVIERIG AP S
emitiguffictedtveoundikneligyabove: theatntriasicadetection threshold of the
Sensor. 131?9 cI:_zl«,iQth \(égrt’h%ehbl% (5 Y:tag?nrg 'mvﬂll?&'%%‘%t%{’%t al (I)%Se% ern gogyhatcl /
are therefore undetecta le by ydrop ones, for practlcafpurpgs‘é ’
Arrothar wayto aneasurectavitatiopsisvinlougtetheing e o cavithtiomeetisy the
SHeh 88, KRR dRSHL fG ed Ha;ﬁa%w}?'&%@%938949%&%9@0%%%@ ﬁ%lcyphoneg

document WO 02/05465 Al Cavitation cells are used to sense fluid
cHIFAIGA BEIIACEIFECHS CH S IEANThBCBAIEE BHY I e Wl oaBe kools foents

gatherimg-generaldefermation-an-hovinvell ahath iswerking o bow,one
clsanlng ba chom ares. to nother Ha{owever cavitation cells suffer from

A ot RO S aRRpIa" S AU e CEIR BaAoP B Yer T Hit et
pb@&@é&iﬂanhbﬂlﬁemgmperammb@cause the probe needs to be in the

energy Relqhto make |ts measur(?arpents nd teﬁ]e ngct bei q cleaq{%d al o

needs to be ﬁ{‘hg W%Ieﬂrdlf (ﬁl&tlonalls i oud! e of I‘ o cells, stc

glharadtee iﬁtrémhbefmqﬂl@iwbéﬁt@smgmeatm ”Beutap@mhe@afﬁ@ A3/0HES I8 |-
inthedank.a0d.gas.buildypdnside the.call affectsidatr lae[%%ﬁsmwnand

the early 1990's, scientists performed tests on a singlé bubble suspended

i VHeP rier St ARt BriSO B BECTIAHIAG BUBINE I bt pitsteragar how

eveyyIpegRliveHrassLe (2a-eyale. This was called SBSL for Single
Bubbleraonolumlneseence It w %é_ eorized and conflrmed that a sound

field of A BuBBIR LS Hate Thi L e iahr ek oz s Pe o shek 6
thelheg:at&v@qjeé’smure pyeles astadsiinglefeubble bddaisplhepamenans o be in the
ecam own as MBSL Mult Bu um|n cenc

R T R A P R e i e

clednhintf diysteanis fhee MBSheiphbtomenissiptee that the fluid properties inside the
cel are the same as what is in the tank, and gas buildup inside the cell affects data
reproducibifity.

In the early 1990°s, scientists performed tests on a single bubble suspended in a
fluid and determined that the oscillating bubble did emit photons at every negative pressure
cycte. This was called SBSL for Single Bubbie Sonoluminescence. It was theorized and
confirmed that a sound {ield of many bubbles may have the same light synchronized
response to the negative pressure cycles as a single bubble. This phenomenon became
known as MBSL (Multi-Bubble Sonoluminescence) and is the dominant condition found in
the tanks of most acoustically enhanced cleaning systems. The MBSL photon emission
spectrum has since been measured and found to be similar to that of SBSL for similar fluid

properties and conditions.



30 spectrum has since been measured and found to be similar to that of
SBSL for similar fluid properties and conditions. 3 A collapsing bubble in
.. Close proximity to the surface of a sensitive substrate can exert very high
" localized pressure and temperatures, causing structural damage to the '
substrate. Cavitation implosions have been shown to have the energy of
50-150 atmospheres of pressure and temperatures of 5,500 degrees
Revin. EXBRSRIBIDaCARIN. IRIGRReH, M HIRIOR TIRIARION LUEES..,
is known to be the primary mechanism for the erosion damage to the
SEIFECES SRER SNV ARG FIRE) StFtierie deviees N Clenniing (Hroveseeke
havedaeercdevalopadpiiish. ashiaveseasonably high vield rates, with
acceptably low damage rates. However, these processes lack real-time
fEBBIBACK 16 Uridbid E G584 1BBE= Hatror of Cotfditishs t thelcleaigoifiencray
s basac:obcavitation iteyelsith Recent geaning pracesseshaveiReen for the
deer\cl)glorp a(%n %h;'?}tth Ve‘SL#,Ch a Ifoyv qwer orfhi h frec%;enc / that commercial
stppliers of the cleaning squiprent hale Haverissy #ien 185 naliiy Ho
cevitationhaithiaters dveeldecis tedhnblogyrthatrealy char aclerizesthasedemianly

DBW%EIT&@@FHQQ RIRGEREES: AL dpyoségstsgsemc Ort%ﬁe;{%@#!;?ate Ei%?ﬁ: closed loop

damage Caused by transient cavitation. u S HE"
IKRPEN PION Briefiynthe prasastinyéntiohos @ viethodand apparatus for

1o Characterizing.the, cavitation perertiesof fuids By.observing e ItensIign

of photon emission during sonoluminescence. In the present invention, it
RS tHalt YT BhiTSSIOR IS DEEGTFHET 2T W B dWer e eitiseié them as
eneigy ieaningRrosessessdidshaughibibal this PhQIERaMISSIANIS  Mver
stable cavitation anczi I\L}t[ha the stable cavitation is nwltibubble

clcaning processes anclss éﬁgt(ﬁ{n&gf&ﬁé@ ‘é’ﬁ%‘%ﬁiﬁf@ﬁ’&%%ﬁ%“?ﬁ%ﬁﬁ’dﬂ“&ﬁﬁﬁ“

sonoluminéscence
apparatus of the present invention measure photon emissions in the
presence of stable cavitation. The photon emission 25 information is used
in a feedback loop to mitigate surface damage to delicate substrates by
controlling the power level 6f-tHAG ValiadélsighMEppIiad the acoustic

transduggE iR the ppé%ﬁl'éﬁmﬂt@mﬂaRﬁ@%H%B%B%&;%’?&h&iwéga%%ﬂﬁ'ﬁ@

be used as a measure of cavitation. An apparatus that allows utilization of
tﬁ?é"Fﬁ%@ﬁ&&’é&%‘ﬁr@ég%‘é%&%@%f%&ﬁ intensity of photon emission during
sonoluminescence. In the present invention, it is shown that photon emission is occurring
20 inJow power acoustic energy cleaning processes. It is thought that this photon emission is
from stable cavitation and that the stable cavitation is multibubble sonoluminescence
(MBSL).
in preferred embodiments, the method and apparatus of the present invention
measure photon emissions in the presence of stable cavitation. The photon emission
25 information is used in a feedback loop to mitigate surface damage to delicate substrates by
controlling the power level of the AC voltage signal applied the acoustic ransducer in the
procuction tank. Pressure changes in the fluid can also be used as a measure of cavitation.
An apparatus that allows utilization of this method comprises a vesse! through
which a process fluid flows; an acoustic energy generating means for generating acoustic
30 energy and transmitting the acoustic energy into the fluid while the fluid flows through the
vessel; and a cavitation detection means, such as a photomultiplier tube or a hydrophone,

for detecting cavitation in the fluid in the vessel induced by the acoustic energy.



which a process fluid flows; an acoustic energy generating means for
generating acoustic 30 energy and transmitting the acoustic ener y into

™0 the fitid While the fluid flows through the vessel; and a cavitatfoh detéctioh '
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means, such as a photomultiplier tube or a hydrophone, for detecting
cavitation in the fluid in the vessel induced by the acoustic energy. 4 oln
P<'TIII 2nn5/033wu_ The method of the present invention comprises the
steps of. EXBOSHY A VoRIME bF [SFELESS HIRG 10 AoUSticoErergy i & volume of
Spleﬁtfsted powerievel; mgsmrméhﬁmmm& oditputh fram rt@eaélpmbtah tdnepm
Speslied powenlevel ver a periad ol fime, determinng 2 desied 1o¥ehed e
ofpho t6n' ou pu% Hd, Wheh'th Lho on oul‘foflt( éviates ?ro?mHmEéS oF
Ieﬁ@hcadyusmprg arsl process paﬂam@tepttodbvnragstrRerph}@idnsouipmdhamkttmﬂg a
the.desirerjevel ndpsearsh anplications, e pressabipyention-is used to
study the effects of physical parameters such as temperature, chemical
compoéirf.éﬁe@rt&@ﬁeé?ﬁrr*aﬁ@rﬁhfd%gm@}ea\f@é@rwﬁé@%tww Hetrabapheric

pﬁ%§§b‘z{ﬁp§ﬂﬂ1m@siﬂI@rﬂ@%z@Féﬂ@u@&Qﬂéﬂ%@%@%ﬁﬂ% Anedhe RAYIRIORs ol ved
properties of sonochemical fluids. The cavitation properties can then be

1070 OTPERIEN T8 SUTRIERHARIETY PRI SHIGRINGY dietie Benararemfichey™

oﬂ@t&mnaﬁan@&kpﬁmt@aif@fﬁsasese&almﬁ@m mes cialiapplicatiRnsstbe: then be
invenpon is us acoustl ephanced hemlca cheanln or,other
Al g

correlaied fo sur ace ama e lmcv Grt £ 1cac ot
sonochemical’ procéss iSRG Tt SR AIHG ease s

inforriationasuseshdo reduce chemical consumptlon by ellmlnatlng

prematyye. bath. 35@@998& And prevent.ov s%%qb%t g!?ﬁl%gﬁ?cfffﬂmm

causing reduced PRE (particle’ remova eff|C|ency and the resulting loss
ofiprotatt due e patiels Corisromisedattrsnires. F hEatiniehtion digeing case,

allows adivsimentade cQ@e@l@Q%ﬁQﬁk@V&hﬁsﬁhﬁp@i@m@Q@% ﬁﬁﬁggspﬁfm ature bath
transient cavitation. 20 BRIEF DESCRIPTION OF THE DRAWINGS Fig.

199°RE5E RBAPARC VGNP BT BAICATERCE HAFA R 2 SR TS tehT ABRdidirig te !

thes geasentinventiontifmidod 'ts;f@r@mﬁstﬁ@etiqzaal&éﬁ)&r@fﬁ@ﬁa\maﬁm@@& The
accordin Otrlﬁ resent |nvent|(#1 25 Fig. 3 is %aHh of hot
f

nveniio! SO A OWS, usiments { ] ma [ clt avo ai A rﬁr] 1 ansient
VARSI WONET HEnSify T TR Gitteriteoratasy écéo G To tharansie:

presesitdnvention; and

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic view of a cavitation characterization system according to the
present invention;

Fig. 2 Is a cross-sectional view of a cavitation cell according to the present
invention;

Fig. 3 is a graph of photon count versus power density for three different process
fluids according to the present invention; and

Fig. 4 is a cross-sectional view of and alternative embediment of the cavitation

cell according to the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
Fig. 1 illustrates a cavitation characterization system 10 comprised of a cavitation

cell 14, an acoustic transducer 18 and a sensor 22. A power supply 26, such as a radio

o



Fig. 4 is a cross-sectional view of and alternative embodiment ofthe
cavitation cell according to the present invention. 30 DESCRIPTION OF

.. ,THE PREFERRED EMBODIMENTS Fig. l illustrates a cavitation
" “‘characterization system 10 comprised ofa cavitation cell 14, an acoustic ™
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transducer 18 and a sensor 22. A power supply 26, such as a radio 5
frequency (RF) generator, supplies power to the transducer 18. A

MIRRAMRKIS %‘?er&%ﬂ%%% f0E ROWEL SHPRIY, 26 apdcolqgts dala f&%dnbo

the sensor 22. A fluid reservoir 34 provides a supply ofa process fluid to

thieoeanls e preccaviation el craqstadsmannighe-fehethantber threwge s 34
which procass fluidspR.are pausedioflow; usually in the direction of the
arrow 38, Thus, the inside ofthe cell 14 contains a representative sample

of the proesy HitHANTRIcH & Calidild @ catitate By Bl aeal dtiichaip cess fuids
suppliedcbydhiewransdyceni8d e processfluid Inayhe fronmaneanby cell 14
tank,, such 25,1 fluid resarvair 34.n, 2 rescarch, application, or it may e

a SA DI O F Brocaad T oM BRI UESH Brodass B gt Bteht 2
The eslk T4 idruspbel Sufficientlydlight X0 fightsoas foidliowy defestiomearby tank,
OfHQRIzgrih%rﬁ{ﬁé Iz%@exlgg g |§481§ L@é’s@a”?ctﬁ Qﬁ’)ﬁgcﬁ) i'BRF%P !?R%?t&%esrdr%ﬁ%a%?gmccss

Additionally, the cell should remain dark even when not being used to

avbi ERATTEGTNg TRE RSB PPOC5SF feeFRESTg the IsHCKgFONheR rBTBe 4R thBaht-

) Sensot22-d hescedkld mayhave a amutipheidy: f.Ro5ts 1018Rall8hoton counts per

management or control of}the fluid test parameters as desired fora
SPETHIC dpiSliEatioh dP a8t rgiielT  rHESE TOIE YEMBRId_MBU dtéRueid
limited:itq an iatebport«2nandsan: dutlet-portidd foiallowing:the: process
fluid sample to flow through the cell 14, as well as-a pressure control port ..
pragitcier B il St SRR
proodsssfioadnzstitsa vésirabintrobpont's 2nw ireitove tyasesiwhichl heayports

gatbenatihetontihesall At additional ports, may,be used. faraxameple

to enable fluid level control in the cell 14, or to accommodate 20 sensors
toPrezs ifadalstofhey Brocebduiti datarielidtie Srorpe hesgebport 48 ©

cealatenmegsuremenis:offyid prapaitieste ihe.photonic mission: levek vent
IS impléﬁit to the purpose of the invention. in the preferred embodiment

the PEWEPSap BTy T& ERBMH N EEG. T i SItIEAr IO g Rnartgrmdnal ports
capabbe okdeliveringpsinvsoitial Blectteakemesty aiqpawer levelsanshatdate

ﬁ}%%%%i%ﬂ%}%%g@%&%%&@%? uiate for e 2pecllic ProgsRefhat i fging

measurements of fluid properties to the photonic emisston level is implicit to the purpose of
the invention.

in the preferred embodiment, the power supply 26 shown in Fig. | is an electrical
power generator capable of delivering sinusoidal electrical energy at power levels and at
frequencies which are appropriate for the specific process that is being monitored. Thus
the power supply 26 and the acoustic transducer 18 are designed to be compatibic with
the process being observed. In a representative exampie, the frequency of operation of
the power supply 26 may be near one megahertz (1 MHz). A 1000 watt RF generator
capable of generating RF voltages in the frequency range of .4 to 2.0 megahertz may
function as the power supply 26. However, the system: 10 can be used at any frequency

or power level where acoustic cavitation is observed or monitored in a fiuid, including in

the 2.0 to 5.6 or higher megahertz range, so many types of power supply 26 can be used.



the power supply 26 and the acoustic transducer 18 are designed to be
compatible with the process being observed. In a representative example,

WotHe freuéncy of operation of the power supply 26 may be n&aifgrigi=/m31%1
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megahertz (I MHz). A 1000 watt RF generator capable of generating RF
voltages in the frequency range of 0.4 to 2.0 megahertz may 30 function

as the power supply 26. However, the system 10 can be used atany
frequency “BF' o eﬁlFe%}’éf{\?\}wgrge:{gE%ﬁgt‘iﬁ CRvitatich & Shgetved bpoidal AC
manitorddbin dudfloid cineludintp invithe 2:0 4o 5.0 ok higherdnegahertz range,
sQ.many. of power st 26 can be-used,. 6.1v.n 21 11(, In310In | f .
e R L o G G T SR
exeftEd by ithessinudeidal WS opsltage frove the powes [Supphytixeeavhickt. This
c | st T%?J@%nem angteonirast syrpaheticallysith the Brying Al energy

voltage. These dimensional changes are mechanical energy which is
CEEMIEY By & TEEOMAEF S Thiy e BrotessRliac the Cuviy '84NThigesss
COupling @i bsa e anNMEoHSHE soumd ditla inntha pracessluid. Qs ds
acoustic energy, generating devices and designs may be used to supply
i e b Tt S G
differelnt eneans Buchpay electromagnétictfiptdscahdomatheremechanical
means 1@ flepie A ARSI A ddHapaly WIMURIE. JRNSAH RIS TR

be employed and operated independently or in concert.
ittt omphitelr B0l ik stidis 89 @ Eomvifter! iiebs formeoliscting datasrom
the ngenseri4e.ahout e diatt emitedsfremdhe fiuid, The micFacRmRLLEr

30 iswal_so used to contro| the intensity of the acoustic field inside the cell
1T EBhErSIITNG e BRRAREAP (E18 S BIPBIh&NIHLRY SHsl5HRe bl StRieother energy
powvetist pplygetaithe ftansdueabi oeoibascResgy reeudady the sensor 22 at
arrangement. Typically, the photon emission level is measured by the
e e R SRR BT i .
colletred Pyltheamicrdsomputen@oicAialljsissafthe idéta bydthelitative

miemam%&%@U_Ryﬁsﬂramnmwéc%nwgaiB?F&\f%xmrmm!%fgfggp&;

outputted from the microcomputer 30, for example in the graphical format
SHEWALHIYD 3 figaprotbiyple aystenc éoninmeicially avdialsiergrepnputer

computermyithia.Reniurale) MIic 0pERGE BROFWRB HSRHASENGI many other types
microcomputer 30, but many other types 20 of computing devices,

inCIGEPRY BRBEHtEa HilET S EesLYTe Meay Ba et ot thrs piitpudals maose

fluid resémvoinid4as@aressel containingdheprocpssfuithio beobserved. it is

Eﬁﬁ%? ({i g‘ | rfhg%fl rjy?i%'ﬂé(x%%'eﬁﬂga Fhemical parameters are.controlled. i,
liguid or gaseous phases) may be metered into the bath as desired. In research applications,
this is merely a place to store and condition the fluid whose cavitation behavior is being
studied. in a production application this element is the actual cleaning tank where process
parameters are actively being monstored and adjusted by the information fed back from the
invention. This vessel may be open of closed. If the cell is being used to study fluids at
pressures other than | atmosphere, the reservoir may need (o be closed and pressurized as
well,

in practice, different process fluids are used for different processing tasks. The

exact composition of many process fluids is proprietary to the companies that manufacture

the fluids. However, typical process fluids include deionized and/or distilled water,



liquid or gaseous phases) may be metered into the bath as desired. In
research applications, this is merely a place to store and condition the

... fluid whose cavitation behavior is being 25 studied. In a production
" application this element is the actual cleaning tank where process’
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parameters are actively being monitored and adjusted by the information
fed back from the invention. This vessel may be open of closed. If the cell
is,peing used to study fluids at pressures other than. | atmosphere, the .
re;‘éger\(/)ofr _r%g%ur?éggat!o “’e”%i%"z‘eyﬁa’ §ﬁ§ Bresl Ry 98 (e }.%BL Padtige e
diffeteeproces s iitidy are assedfdcdiffsreritprotéssingaasks. Themexactsed
CORIRQSIioN ef MAY Arogess flds s preprigtary to the companies that

manufacture the fluids. However, typical process fluids include deionized
and/or disEE8 GARECTRGUBGS doitrirsbPaRMbARMItN drdXide system used
hydregeni perexidashyerashlorieagidinitris Acid.acetic acid, hydrofidoric
acid, and combinations of these reagents. Commonly used process fluid
COMPoSIfionS Ard PERIHIN S MRS Bl ge peiRetiiniBaPifsetion Bk
64 piclichtesiangptionalchermicat igelivarysystenblseds SnthdmaintaiR@nal gas
p ibed chemical composition of-the prqcess fluid. For ex le, the
ccr)r?%%%{irﬁrr?a |§ﬁn8 Oalﬁ}wcrrﬁgsneiﬁ%ﬁhy%ﬂﬁx?géoégﬁgﬁfgsg@nt%&gfﬁé%ﬁ%erb or exampie,
phetesss fiidtsar beeplenishedatroligh blodk 64leSishddrhypacbasck 66,
injectionblagk. 86 ndisates. AR opHaNALIRS, Iniselion YIS fo INCISRSE . o
the level of dissolved gases in the process fluid. For exampfe, the
cOMUENIFIEY BIo%eis il teoprocedy fuilbarsise piplénishisenthfdughsuitably

blockea6uiardempesatre aantiolloak 88ndicatas @Qn@%tliﬁ’é?%lompenents of the
tem erﬁzblrefxc(?ntrol}) %;Siem for controlling the temperature of the process

fliidl ih the resERTB 34 A BUEE 72 183 ShitdbRy ChoeBR Bl bt ape like
protdess Huidrtorftonpthreughiihe celkddvand:othesicompananisiohingevice which

system. 10 asifier #4 is an optional device which can remove .=
dissolved éeﬁé’gggﬁké} grﬁ%ﬁ(éﬁl% ar. fﬁioﬁﬁ the process I d" WP HisEsIIEd §ad

nmiemitdn 7 648 @n’éptional device which 15 can measure the level of a
dissolverh,gas.like-Qxygenar.agon in the precess fid ata., . 'g%gmc
a

station 78. The pressure control block 54 is an optional device
CBIOIS avd rdrorstite fsredslifeapplidditd thbistimass vterfeopropess gulator

fluidpfipis posyiopleciara pressirent eaHlaion 10:RRIY:E NPSIING RFRSSUIG 1. It
or a vacuum pump and regulator to app[ﬁénegative pressure. It 20 is
h

rROGRPEE that se BSETATION EPHISSARRS Bitet tHaRsThatmBEsRaYs RiliFrcs on

at use Opers
haweinfiuecsieniluid handling issues outside the scope of this invention. It is implicit

that the design of the cell 14 and sensor 22 may need special treatment when non-
atmospheric pressures are present. The vent port 58 and associated equipment may be used
to any out-gassing products if necessary. This port may also be used for level detection and
conirol.

Fig. 2 illustrates the cell 14 in more detail. Fig. 2 is a cross-sectional view of a
hollow eylindrically shaped cell 14. The cell 14 must be light-tight and fluid-tight. A
cavity 84 is the space inside of the hollow cell 14, and the process fluid flows through the
cavity 84. A lower aperture 86 is a hole that accepts a fitting to form the inlet port 42
through which the process fluid enters the cavity 84. An upper aperture 88 is a hole that

accepts a fitting to form the outlet port 44 through which the process fluid exits the cavity
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The vent port 58 and associated equipment may be used to any
out-gassing products if necessary. This port may also be used for level
detection and 25 control. Fig. 2 illustrates the cell 14 in more detail. Fig. 2
ista orogs:seltional view of @ chéllow ayllindricallyy shaped Q@Hvlszdne eelhnd

14,y bedlgniloNland (NGBl oyl 4 s space inside of the

hollow céll 14, andt e process fluid flow “the cavity 84. A lower
aperturel B@W@ph%ﬁthé@b&@mw firtel ey t%nfqumuhmt poFtaR BN the fluid

thraugh mhich gla%@@%5?{3@1@@@Q@@ﬁ%%(?@%gﬁ% YL LRRES, apeliy We%@ red

is a hole that accepts a flttlnqg)o form the outlet port 44 through which the

pFOCESETIY Bt Calif PP P R (RY D pabler! sasigpp low
3480 @)lend:the calidl4eAitoprend.covenffis baldinplasehy, am)ai&%psg
rew392a d 94, and an O-ring 9 rest t ecover90m kes a
fIwé %gch?mualp ré%ér@%dreg |S%II|§%§E§§€&? %liﬁgaoﬁ% S Sect eé fihe!
efittetviroiehe flaid nhelddnshieedik dnwherd cavitatiornisubcgitringe(hes
SWQABW'W&?&%@\Jﬁéﬁ‘%oﬁ%ﬁ%“rﬁg‘éﬂé fobadimsat m% PO p)r;%he

photomultiplier tube (PMT); capable of sensing very ow leve oton
eﬁﬁ%@@ﬁitwwﬁ%raew@mﬂe@\f:ﬁr%tbﬁw@mz Pér sepi) 2 Ronasarhiie, 2 ows

therphetemultiplies; iube madel MupHerRaeg32, gyailable from Electron
Tubes Inc. of Rockaway, New Jersey may be used as the sensor 22. The

photomJllfepﬁg?tﬁﬁ‘bé%ég’d”%lHHBW hPGRIG AT IBHTigRErarters Bes! 14

photomultipigndubey Ppefesfablywthetaphotemultiphieniube ispunehased-rin

with,the window 100 1%0 nsm g.a material tha a/Lows ultravio %et uv) .
radiation to enter the pho St fier tube. The e oSSl & tione

(Msdltmmwdéi@l@ne@mlahbapemwei ﬂﬂmerfmehemcandmmhmbd m:tplaee
by,apairafscrews 197 a0 194a0d.2 povnting ring,106, r@ré& in ,@31 8. e

ensures that the sensor 22 makes a fluid tight seal. A Ien over 1
pdYitisHedePBhovdP the wdﬁwne@ttfsaw@f@ttqﬁetwlmcmM@wuﬁwr tube but
chemicalibntaraation with the process fluid. In the preferred embodiment,
the lens cog&r 112 comprlses optical grade synthetic sapphire that allows

ultraviol8t FAUIAHTLH Beeiterthe BRGtSHaP IR b & B bindiEmatenialg For

carabmiaskekrs may be added to observe light scattering when cavitation bubbles are

present, even when photon emission is not. Other sensing devices, such as a hydrophone,
may also be added to the cell 14 to enable correlation of data from a muitiplicity of
sensors. A CCD array could also be used to image the sonoluminescence effect, and
would be used with a laser to detect light scattering by cavitation bubbles.

The acoustic transducer 18 an acoustic energy generating means for generating
acoustic energy. In the preferred embaodiment, this is an acoustic transducer which
converts electrical energy into acoustic {or sound) waves in the process fiuid contained in
the cell 14. In the preferred embodiment, the transducer 18 comprises a piezoelectric
crystal 116, comprised of a material such as PZT (Lead Zirconate Titanate), that is

bonded to a resonator 118. A pair of spring electrical connectors 120 and a printed

circuit board 122, provide electrical connections to the power supply 26 via an RF power

&
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In addition to the sensor 22, other sensors may be included in the system
10. For 20 example, lasers may be added to observe light scattering
when cavitation bubbles are present, even when photon emission is not.
Other sensing devices, such as a hydrophone, may also be added to the
cell 14 to enable correlation of data from a multiplicity of sensors. A CCD
array could also be used to image the sonoluminescence effect, and
covoedtidrecabizd Mtifor txseipto deatetitdipht Statiesimyb)eayiiat o dubblesind
5L acousticyansducer 48 an, acaustg eneray generating means for
generaﬁnd) acoustic éjr?ergy. n the preferred embodiment, this is an
acoustichegnsttucdramiictimeohviesteratad thbal srveadpp dritotiac cesstiat¢or 18
uSAURHWAVES I ReREAGR S dIuid aowinediny e s%?i's%nwi&ﬁ%z,a 05, and the

preferred embodiment, the transducer 18 comprises a piezoelectric
reRpstar 118 cepptrsc-biaitARIAS STRRTR PiEh uea Tirenateless sieel

cJatanate) tHaatis 3Reendsehte srasonalrs il paitef spEngelestical of
ﬁed circuit bogrd 122, provide electrical

connectors 120 and a prjn
oSN SRLTES 16 POt LB SR G REFDP i BB B AameoRted
ch2dfdisekamiple AS$ i PaiSslogethn00d7S. Pat. No. 6,431,908. A ground
contagt/clamp.rin 5 su rts the resonator 118. | e preferred
e At 0 B SRl 2 o the e
linklitiwh iab is ditscloddel ot 18: RitéAtROB5T087 Ao 881 5 andures that the

SveR 780209 WRd %gmaet%ﬂ&ﬁ&&gewe?mqsq%m@a'geéﬂg&m@eria'

such aluminum or stainless steel coated with the fluorinated polymer

reseptRsrbEie &Y isrA ForfaThaHr ttmerasis dhddofimaliampiopmimdiments, the

cFRRANAREALE-aRA Wy stal ddEwandierssed sich as the epoxy bonded
crystals disclosed in U.S. Pat. No. 4,804,007. The transducer 18 is .
mourte B 8 EBIRCAIRE LU Eo8 AWhrMAERh SieRSeAnd s dompeised of a
martityl isad etactialidatfrip ihe ieeltddolarsehdetcafrR4OHEAE kB Ghe RSLIES fluid.
P COM R AP S KR A LG g S SR (e L B8 Sy
mounted i Bface, the “resonsior 118 i< i ditect Contactiwith ‘éef’)r%%ecggw
iflaichnincaiatingte maebedime hty e thencmyastal With ceheiedbnded tobatance like

iR GEoMANA] 1 SR Jéﬂ!{ar@aﬂ{&@w@@ﬁfm@ MeBb e caf i ?tﬁher

cylindrical in shape and is comprised of a 15 material that is b

chigiRtcabmingRdMARyEitascer SHertaasdacrsingiti kv pro Sussifiied pepmers
pEXARGcAMERES iehS, Sainlessiiesl e dminEy i which all surfaces
tetggfi[u%%gglylene (TFE) and other formulations, including the materials that are marketed
under the trademark Teflon™; the fluorinated polymer ethylene chlorotrifluorcethyiene
(ECTFE), including the material marketed under the trademark Halar™; or the fluorinated
polymer polyvinylidene fluoride (PVDF), including the material marketed under the
trademark Kynar™. Similarly, the resonator 118 can be coated with these chemically inert
materials.

Certain applications are likely to require alternate physical shapes of the cavity 84
inside the cell 14, and/or other internal structures in the cell cavity to manage the flow of
acoustic energy within the celf 14. This could involve tilting the cell 14 such that the
surface of the process fluid is not paralle! to the face of the transducer 18, thereby forcing

the acoustic reflections from the surface of the fluid to not reflect directly back to the

transducer. It is desirable under certain conditions that acoustic wave absorbing material
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into contact with the process fluid have been coated with a chemically
inert substance like the fluorinated polymer perfluoroalkoxy (PFA) can be

W gsed'as the cell 14. Other chemically inert materials that can'fifi¢tiontag 3 1=n
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the coating include the fluorinated polymers 20 polytetrafluoroethylene
(PTFE), fluorinated ethylene-propylene (FEP), or tetrafluoroethylene

(TFE) and other formulations, including the materials that are marketed

U tHEHrAdEIRETK °F SHORTIthY TitioriNARELE PO B trgdRE Internal shapes
chioratifluerecthytenan{C Tdkyidnelivding the material marketed under

the tradgmark HalarTM: or the fioringter, polymer polyvinylidene flucyide
(PVDF),TACIuding the material marketed (hder the 25 fraderiark o 1
KgmagEMU Simlitertyinthe résonatog k8 cantbeiebatedwithithesest the forces of

chemically %n&&m}%@léw%}g@wa@ep%f%%ﬂeg@s%eal't'éﬁ!ﬁ%g&ﬁ%% Laterally

alternate physical shapes of the cavity 84 inside the cell 14, and/or other
iM@THAT SHUCIHIEETH #etsIPEEVY to manage the flow of acoustic energy

within thegcelliidiThisaowd-invelve dilting:thecelhl4,such thakthe: 30, oraph
surf?ce of the process fluid is not parallel to the face of the transducer 18,

t18r&5y 18 /4RY The"SEBLISHE rSHELHBAY FAIFIHE Surhice Briai Hifiectss bt
reftect ditedtlycbiack to thectransdudeniles de sikpblpumdeeemaiater when the

conditions.ihat acaustic waye ahsorbing material 10 ACNDERSHE VAT
nL TLin TP ST tc100n 141 So can be used 6 darpen or kifl
stndingviyasoDtheeerbbdiments dguirecintatnal shiape poarsd supply 26

sprctuEe 1o creat.standing.aceysiiawaves.n-an gliernate copfigupation,

the cell 14 may be essentialji inverted from the configuration shown in
FignPIBRGRE e R SHC Fe R Yetirvir th agfalitst thactorssd BrS graligen
apgfluid pressurenallowsdehserviatiannf huhblesinatiernate sonditionsovides
LaterérlglO tc%‘ri()a,ntteai configgr tions are also possible. Fig. 3 illustrates one
tﬁgéd‘ 0 aka%bjtaal ed'from ¢ %“%;%%éﬁ%%: Fig. 3 is a graph on log-log
paper of ghotdnscauntsversusnpavwentdensity: fegthriae differentiproeess of
ﬂ%é@n%éltés'aa%oﬁ‘ﬁ-d':;' exr%t?gd'l%‘n%tﬁ%ﬁ%tr@;gic?:%’@é’! %H‘%%%%Q%?%‘@’é?r Neivy oL
delonized water when the 10 power stpply 26 provides an voltage-at a
frenpuerioyr 6hone widgahershovine 12l ilustratestthél gonolpmifiescéntprocess
behaviar gfideionizadWaterwhap $he BPWETSHRPIY 26, PILES AHAGan
voltage at a frequency of two megahertz. Line 124 illustrates the
output {approximately [.9 watts/em?), is taken to indicate the point at which cavitation in
the process fluid has become predominantly transient (i.e., point 128 represents the
cavitation threshold). As was expiained previously, this is because the viclent coliapse
of cavities in the process fluid during transient cavitation is known to emit a high level of
energy in the form of photons. Thus, the region to the right of point 128 is thought to
represent a region of transient cavitation, while the region to the ieft of point 128§ is
thought to represent a region of stable cavitation. The cbservation that measurable
amounts of photons are emitted by fluids during stable cavitation (at teast in the multi-
bubble regime) has not previously been reported, and the present invention appears to he
the first commercialiy useful application of this phenomena. The observation that stable
cavitation is occurring in this power region also appears to be new.

Fig. 4 illustrates an alternative embodiment of the cell 14 shown in Fig, 2.

Elements in Fig. 4 that are identical to the corresponding elements in Fig. 2 are indicated by

il



sonoluminescent behavior of SCI process fluid (a solution of deionized
water, hydrogen peroxide and ammonium hydroxide in a 100:2:1 ratio)

.. when the power supply 26 provides 15 an AC voltage at a frequency of
' “one megahertz. Fig. 3 illustrates several important features regarding the

Lo
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characterization of cavitation in fluids. First, on line 124, a region centered
around the power density of approximately 2.0 watts/cm2, shows a rapid
ingrease in.the light output fr wt?ef rocess flujd,.A point 128 at the
aéﬁﬁr%%](ﬂ%gtjem Ase of t er'e{]nl%?'ll'o ’r%ﬁ? ri{ﬂjiqrcélg“sjeqi%dt#edﬁgﬁ? %Qéi%iﬂ{}pﬁeﬁtjM have
(disprovitndteipd ceiWdtts/cm), is taken to indicate the point at which
cav'tatmmut&}%m&eﬁ@%%@;B@ssabﬁ&.q%m%qglmu}ﬁﬂ&'}sr@%nﬁégmh@-ﬁwd

point 128 represents the cavitation threshold). As was explaine o
prEHAUISH/ ItHiS (8 He A e haViBIent eBliapse BEkavitiéipthe prolessiiom
flyid eluring transient-cavitatiopnis-knawmto.arait 3 highhleve) Qfc SREFIRred ar
the form of photons. Thus, the region to the ri(}ht of point 128 is thougfht to
28 Fepredtht A Figion SFttEHERAT ERitaioH Whifs e gt Brdofhus
poiici@ ibathebight:totrepresént. a region of stable cavitation. The
observa&ig}n that megasura le amaunts of photons are emitted by fluids
during stat%)l%ac_efv}tatibsnu g%)i(ég%ﬁﬁ}t C'eour‘ngtllj t?-“bfaiéz ere i%é%eﬁ(é%or?gfe cell 14,
plevigushepaen geporednandtiepresentineetion appearstousec thergy

firgt commergiallyusefil application gf this phgnamena, JheQbservation . ..

that staf)le 30 cavitation is occurring in %hIS power region also appears to
bR Esl: Mntitisies avhRdrRkafUe sPRBsHirEh Brthrecesl Tashowiwy
iNgErigrazed El@naebESdNCFigh Adthatane ddemticRltoine GRHESRERJINGS necessary to
elen('jl\ents (iin Fi %%e indicated byd 11 Ehe same reference numerals, In

FHT S HroEhORE LA ARl S AL B EA Finog “EbFrcitiad tothou
thideced il 4EhEi hydropheré k40 provides a means for measuring the

pressure,in the fluid contained.in the cavity 84 as the power is.increased
i tepe The Gronsit esini Hor B Wtk phGH Lab Sie (o
confink thattheattrdbiotel lighheutbet beinde measuredranyvirny inspewer:

iNPHLS: is-Qcouiing duwring.a periad of yerydow.pressure jn:the dluid, nﬁiub%he

indicating that stable cavitation exists. The baffle 144 is used to absor
abBliit' g @ant) At treop BriY eéiht4c tnaddlsysprevdatingtor
redoeineneefiected: aeousticwanesoki@ BeRNAL AINRUSHG BREFONER of ST tight
cleanling system, the sound energy is traveling at 1.51un/sec so it

result,
bolnces around the tank _

Returning to Fig. 3, use of Fig. 3 allows conditions to be selected for SCJ process
fluid that wili keep cavitation in the process fluid below the cavitation threshold. For
example, keeping the power density below approximately 1.9 watts/cm? will keep
cavitation in the stable cavitation region. This is desirable, for example, in situations
where it is known that the energy released during transient cavitation would damage the
article being cleaned or otherwise processed by the process fluid, or where transient
cavitation is undesirable for some other reason. The lines 120 and 122 have shapes that
are similar to line 124, although the regions of rapid increase in the light output for these
two fluids, under the given conditions, are slightly shifted. A comparison of line 120 1o
line 122 indicates that the frequency of the power supply has an effect on the cavitation
properties of the fluids.

The sonoluminescent behavior of process fluids displayed in Fig. 3 provides a

12



very quickly. Most areas of such a tank are exposed to both the original
sound energy generated by the acoustic transducer and to reflections of

woacaustie waves. It is necessary to understand the SL light outptitiof-afiuie: <

H)

under these conditions, so a cell operating without the baffle 144 (Fig. 2)
mimics this. 15 However, in some cases, it is desirable to study exactly
how the fluid will react to sound. In such cases, the cell 14 must also
pmmidnel an mmimnmemtcrmnaaumw:&.sa]pildl:ensingmmﬁsﬁ ﬂiﬁr&mslmdqgmeﬂgya
wave ﬁ Gst%dled lde Su;‘/[\%]thout COUStI reflection dsgo 'Lhe baffI? 144

La
4f)aob{§5c§r s the soun &e(’éir\f fthe cell ahtl does ng E Ldma Q state,
reflectiohsd Thitpsittglécpass Séund exposure to the fluid has a different

output OI)%LpBQHL g@orﬁﬁyl& E%E%EOWQJQO@&)U%HH@% gI &J ﬁé% ower level;

conditions to be selected for SCI process fluid that w keep cavitation in

the proca<echilitseiniithietaviRatishtHisshotoFop Ie&@ﬁ]bfé‘%éhiing the

power dgnsity; b@@%@ﬁ@ﬁﬁﬂﬂ@ﬂﬁ(&l Q(W%t@@ﬁéd\%u&Qﬂ@ra@ﬁé{'ﬁa‘gﬁ@dm { step to
the. stagle cavitation re%lon This is deswak3 le, for example, in situations 25

whiTe S ABWA AL b SriBRgy EREESe ecﬂ?ﬁ'r‘iﬁjﬂ%’ﬁ%lent cavitation

would damage the article being cleaned or otherwise processed by the

process-fluid, or where transient cavitation is yndesirable. for other
reason. T‘he Il(r)1ce€sb 120 an T§2 %\%‘g%épesﬁ#é]t%é}r\ensll?nllgr t§ i?r%? 1%1 an
altHbtigretséwegiany bl ikgditkiAdralaselincthtig htoigtpartrioc thee dtywo the

fluigsssonderthe aiveRssenditions: i siahtly shifted & cemnpari R af b 5
120 to 30 line 122 indicates that the frequency of the power supply has an

efHEABR YRES CAUIERIYET SFOPEYHE ST HIE At S EsEhsIshiRe @érwom

behavior: afipfesessépidedisplayedinirigod provides Adle methediial: he
ontro{!lrdg the cavit |on ina {Iu(!id and specifically, for ensuring that the

pro SR RS CVAR Ofﬁeeé?aeb &“cavitation state as opposed to the

transient calitatom sﬂatcezusT hemethodceanmprisescine istejpst of: B)e using SC
easpooc%madvg'ux&%osﬂ isass: e o acenslic enelay A4 20ee 'f'e%ngrW,ﬁa

level; b) measuring t oton output rom th fd over a perio
AR RSP fshelkn bgitpilt devietestiromatiesiredtieveh nitiating atream

remediststendas bringihe ﬂ@%@ﬂs%m@ﬁé?%&t@sﬁ%%%'mﬁit}%h(e@% enter the
desired level. This process can be carried out using the cell 14 shown in
ngél If Upepah fhegiqrt 42 The process fluid flows through the cavity 84 and out the port

44 while the transducer |8 transmits acoustic energy into the flowing process fluid. The
resulting fight emission from the process fluid is monitored by the sensor 22, 1f the light
output varies from the level of approximately 1500 counts/second, an alarm is given and
remedial steps are taken.

The remedial step couid be to simply stop the process. Alternatively, a process
parameter could be varied in an attempt (o force the cavitation condition (as indicated by
the photon count) back to the desired fevel. The process parameter ceuld be any relevant
process parameter, including the parameters discussed previously with respect to Fig. 1.
These are changing the gas concentration in the process fluid (using the gas injection block
66), changing the iemperature of the process fluid {using the temperature control 68), or
changing the chemical compensation of the process fluid (using the chemical injection
block 64). Alternatively, the frequency or the power output of the power supply 26 could

be varied,
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o initial procedure, a graph like Fig. 3 is developed for a particular process
fluid and the conditions that yield a desired level of stable cavitation are
noted. For example, in Fig. 3, the conditions at the power density of one
watt/cm2 might be selected for SC] process fluid. At this point, the photon
count is about 1500 counts/second, so this would be the desired photon
output for the method. 15 Conditions in an acoustic energy processing

tank ofyeApPaElEtbA RHEWTHGZREoD rifdeasighicaransisesd wrasprevmsly
igatermineskieviet (adin gmeﬂamﬂﬁél edlansOuCRIoR:#c é%?ﬁ?%@ﬂ%%ﬂg%@é for

Then a continuous stream of

cleaning tank is drlven t one att/ i
SR LSS FTHONR SRRt SN0 1o CREE B Mowabeine
fositioted therasihldthroughichecporind@ iieHb predéssiftufth owsddraubbivessel;

ANECAVNRA 20d.4 E]@a ?{Eh@@eﬁé‘o\l"ﬁﬂhefépﬁe@r Q%ﬁﬁio%% aﬁtéjmtscavxtatxon

acoustic energy into t Wlng process fluid. The Tresulti ission

ify it B prét asdelvirgsy Wisnitergtsn tadndeersbinabe ﬂtmbbwqh@ asqQupiig energy.
s frrey thenlevekal apaxinaiehed ot CURtS/SREARE: ANAATRSon

given and remedial steps are taken. The remedial step could be to simply
BESPHIECh S CERO AR HRHRFENPea BRYCEEE B5ihar smbrdieatif resvurepiges

iAmnatteRaRhicErGR thelGaitaling gonditiomn(astipdicatrcnby, thedRhei®Bphone
coun'grﬁ| ack to th deswed IeveI The process parameter could be any

[ esonAtnshsRas s A IRE AHERTAME AL parameters discussed
preVIOﬂﬂijwnhﬂ fespestthatfem aﬂ'thESile tieaphanagin intihelgapower generation

ans Eath%ﬂ@&;!&ﬁ%@: II "f)g/x 8 t§u|lpfjse %ngv%lzotg(thgggbustic

ete e pr cess using the temperature
m@@gyatmsmmﬁ@qﬁgmtmmtb@m&m Bitlse! jsroog sisti dram
{sing e.chamicahiniestian. Rk deLrleaivehy; he HeavensyQthe

power output of the power supply 26 could be varied. 13 An a paratus

l?f%éﬁ@wg EARPLARSRTOR IO PRt EBRSISCO BROL 88epné bR %S%Jvr@ ges
fghkvensesoohelding rdlid (dea1crllididdian MetiSie ANRIGY GenarmEng

means for g acoustic ener the trans 8), the. acoustic
R BB B o A0 T S s AR gon reans
E;ln&r@ysumg thevfilcdahradhite dthenfloichisrh gh:&m thiesvizsdel ﬁ@ﬂﬂi@(ﬁ&\g’eaummtor
teCHf‘%Hemea”S ﬁhaecéf%{‘éf” g2k 0L detes n%ﬁ{“y%ﬁ mt {#ﬁj | (ﬁ%ﬁﬁ"ﬁh"”

inthe Huid e Vessel when cavitationds in
ropestivrenergyl 6f1.a preferred embodiment, the cavitation detection

mea”%x?&l{&ﬁ’xgﬁ'%&ﬁiﬂ!ﬁm Qﬁﬁ%ﬁm&t the invention comprises an apparatus for

characterizing cavitation in fluids comprising: a light-tight vessel through which a fluid can
flow; an inlet port positioned in the light-tight vessel for allowing the fluid to enter the
light-tight vessel; an outlet port positioned in the light-tight vessel for allowing the fluid to
flow out of the light-tight vessel; an acoustic energy generating means for generating
acoustic energy, the acoustic energy generating means being positioned to transmit the
acoustic energy into the fluid while the fluid flows through the light-tight vessel; and a light
detection means for detecting light emitted from the fluid in the light-tight vessel when
cavitation is induced in the fluid by the acoustic energy.

Although the present invention has been described in terms of the presently
preferred embodiments, it is to be understcod that such disclosure is not to be interpreted as

limiting. Various alterations and modifications will no doubt become apparent to those
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means, such as a photomultiplier tube. However, in other embodiments,
pressure changes in the fluid can be used to detect and/or quantify
cavitation in the fluid, so the hydrophone 10 140 can function as the
cavitation detection means. Additional features that can be added to the
apparatus include a power generation means (the power supply 26) for
supplying variable amounts of power to the acoustic energy generating
skikehas; s g oftp drsting sepss eb Qonipgter o) foceniiegting Wdnsefdnd that the
awfd&hhmmmmwgw&megﬁﬂm@ﬁm SIS DS fa11 within
chemical injection 15 block 64; the gas injection block 66; the temperature
e RHIEES ShEHEEIEBIved gas monitor 76. Still other features include
fluid injection means for injecting fluid into the vessel (the pump 72), the
gas monitoring means associated with the fluid injection means for
measuring a concentration of one or more gasses dissolved in the fluid
(the gas monitor 76), and the temperature control means for controlling
the temperature of the fluid (the 20 temperature control 68). In another
exemplary embodiment, the invention comprises an apparatus for
characterizing cavitation in fluids comprising: a light-tight vessel through
which a fluid can flow; an inlet port positioned in the light-tight vessel for
allowing the fluid to enter the light-tight vessel; an outlet port positioned in
the light-tight vessel for allowing the fluid to 25 flow out of the light-tight
vessel; an acoustic energy generating means for generating acoustic
energy, the acoustic energy generating means being positioned to
transmit the acoustic energy into the fluid while the fluid flows through the
light-tight vessel; and a light detection means for detecting light emitted
from the fluid in the light-tight vessel when cavitation is induced in the
fluid by the acoustic energy. 30 Although the present invention has been
described in terms of the presently preferred embodiments, it is to be
understood that such disclosure is not to be interpreted as limiting.
Various alterations and modifications will no doubt become apparent to
those 14 AQENDF-D, sHET(f skilled in the art after having read the above
disclosure: Accordingly, it is intended that the appended claims be
interpreted as covering all alterations and modifications as fall within the
true scope of the invention. 15
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AMENDE "'SHE MCSLLP We claim: 1. An apparatus for characterizing  MCSLLP
cavitation in fluids comprising: a light-tight vessel through which a fluid

can flow; 5 an inlet port positioned in the light-tight vessel for allowing the

fluid to enter the light-tight vessel; an outlet port positioned in the

light-tight vessel for allowing the fluid to flow out of the light-tight vessel;

an acoustic energy generating means for generating acoustic energy, the
acousiicclEdEnergy generating means being positioned to transmit the

acoustic energy into the fluid while the fluid flows through the light-tight

vessel; and a light detection means for deteqtin@gght emitted from the
fluid ih 8 FPRETYHIOV LRGP CAYIABR 15 MM GmmigieEfiuid by the
acougligianerayvekbeRiidhie ppRRIRiUS.Qf edaifibkyvherein the light-tight

vessel is sufficiently light-tight to,allow the detection of %Ot n.emission
ool ETa T e L TR AL B b S A B R g e
lighaimht wdseekin the light detection means comprises a photomultiplier

tube.. 0tk NS APRABHLS B Gl I IR GL LAY DY ARIRSEN 1o low oyt of

measuring means for measuring pressure in the fluid. 5."The apparatus o
the|Bghi-gbhereirlthe pressure measuring means comprises a 25

hydrophepgsiR: hbeApRAMEHS AE&IAIM, JMheLa i, e ABCURHLENRE R oustic

generating means comprises a piezoelectric crystal. 30 7. The apparatus
S B A PR B1eRBH T RS BRRA dorTaRT R kA58 i csBotidgiéhe fluid
wihergylipl AM@ND&@?&h&E@HtM@Sh&sE’eiBanWe apparatus of claim 1

furthearlf:g%rtngertlgéggr:z means for detecting light emitted from the fluid in the light-tight

vessel when cavitation is induced in the fluid by the acoustic energy.

2. The apparatus of claim | wherein the light-tight vessel is sufficiently light-tight

to allow the detection of photon emission levels as low as tens of photon counts per second.

3. The apparatus of claim 1 wherein the light detection means comprises a

photomultiplier tube.

4, The apparatus of claim I further comprising a pressure measuring means for

measuring pressure in the fluid.

5. The apparatus of claim 4 wherein the pressure measuring means comprises a

hydrophone.

6. The apparatus of claim 1 wherein the acoustic energy generating means

comprises a piezoelectric crystal.

7. The apparatus of claim 1 further comprising a baffle means for absorbing

acoustic energy.
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20

25

power generation means for supplying variable amounts of power to the

acoustic energy generating means; and 5 computer means for collecting MCSLLF

data from the light detection means about the light emitted from the fluid.
9. A method for controlling the cavitation in a fluid comprising: a) exposing
a volume of fluid to acoustic energy at a specified power level and 10
frequency while the volume of fluid is being held in a vessel which
comprises an acoustic energy generating means for generating acoustic

eneray, . 36043le SReIE INRIRAINGMRANS being positioned to
wh

transmit the acoustic energy into the fluid v ile the fluid is held in the ‘
vessePaHer gssseligrR 816 FrisTHY ARG e tekeciBpuie ahBTvE N s asarstic

dhehetrr:pipEfioanthe fluid held in the vessel when cavitation is
induced in the fluid by the 15 acousti¢ energy; l% measuring the photon
outpUE VBRI SR U b He6 THAR T e %%ﬁs%&m&%ﬂmw
aavial Geiiahe &wdesired level, initiating a remedial step to bring the

photon output back to approximately the desired level. 20 10. The method
of claim 9 wherein the remedial step is selected from the group consisting
of chahgihgrtibotkpersirotbngftilvefiiieliehiargfgdtbengoistentration of a

gas oryatherchemisalin et SIaRAING IS RIS RIGIRA NG 61 and
specified power level and altering the frequency of the power level. 25 17
faaeEr mbilesihe volume of fluid is being held in a vessel which comprises an acoustic

energy generating means for generating acoustic energy, the acoustic energy generating
means being positioned to transmit the acoustic energy into the fluid while the fluid is held
in the vessel, the vessel also comprising a light detection means for measuring the photon
output from the fluid held in the vessel when cavitation is induced in the fluid by the
acoustic energy;

b) measuring the photon output from the fluid over a period of time; and

¢) when the photon output deviates from a desired level, initiating a remedial step to

bring the photon output back to approximately the desired level.

10. The method of claim 9 wherein the remedial step is selected from the group
consisting of changing the temperature of the fluid, changing the concentration of a gas or
other chemical in the fluid, stopping the process, altering the specified power ievel and

altering the frequency of the power level.
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