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ABSTRA CT

T his pgper reparts an the gpplicatian ofFhydrodyremic avitatian by the use of submerged avtating iquid
Jeb o tiggerwidsspreaed caitation and induce addatian oF aganic compaunds in the bulkk Eguid solutian
with a tho ader oFmagiitucke inareese in enertly et dency aompared 1o the ulrasanic mears.

T he resullts are acompared 1 a bubble dynamics model thatindludes heattand mass trarspart. collective
bubbkerects ada.. istadert nhenius reection rate model Canparisan ofmadel resulis with experimant
indicated the reectias ware imited by aataminent transpart 1 the bubble surece ratherthen by redical
greration arthe intersity ofbubble aoligpse. 0 ther. ndings are the desi b ity oF parating atatmaspheric
ambiat pressure and bwdriving pressures and of maxdmizing ity surfce areas T hese resulls suggssta
geat polartial o the wee of jet aitatian in practical sake weste treatmatand remediatian systams.

1 Intoductian
0 vervew

U lrasicavitatian is knoan B ronn and 6 codmean, 19 65) 1o produce socnodemically activaled reedtias
in water resuling in the Tamatian of highly enective oddizing hydrogyl redcak. U sually this is adhieved
wsing ulrasonic hams that send a hich intersity acastic beem into the solition and exdte miaoaties.
Sudh systams have bean Toud 1O praonoke a wide range of demical reectias (Sweslidk 1988) ad 1o be
Gpabke of addizing dilute agueass mixtures of agenic aampaunds. H onever; sudh daviass essatially self
Imitthe e¢ dacy oftte procsss by adhieving avtation aly in athin yernearthe surfece ofthe sani..exr
ad are nobhvary e¢ dent. W eanpby amedenism Torgrnarating aitatian in awide bady ofthe Equid by
an array of submearged ;avitating jets (Chahine & Kalumudk 2001akb; Kalbmudk & Chahing 2000). T his
proa=ss Gan be made vary e¢ dentand abo beare. s fian the relatively hidh e dedes ofpumps.

W hen subjedied to avitatian, water undergaes dissolution acaading o the olloning dremical reectian
(eg, Swslidk 1989 ;N gopiras, 1980):

HO0 ! H% 0H¢ @

T he fiee hydroy/d redical 0 H%s ae of the mastponerful oddizing agats. 0 xidation of arganic campauncs
resuls in\arios inemediate and end praducts dgpading an the compaund. T hese indude water vepar;
caba dodde inagaicias and shatdaninogamicadds (eg, seeSwslidg 1988 ;H uaetal, 1995a; Skov
etal, 1997). Intamediate products usLally undergo suboseopatt oddation. || adeling of redical productian
die to avtation bubble aolligpse hes recently been perfomed by ¢ axgandH art(1998).

A numberofrecatstudies have used ulrasaurd o degradke agenicaattaminants. A partial Estincludes
Huaetal (19953 b), Kooarmau etal (1991), Chaugetal (1991), adH uaadH oaman (199 6.
Sudh wark hes bean perfamed in bath batdh and aattinuous Fanvmaodes using ulrasanic hams and plates.
R ety a commeraal proosss hes enplbyed avaitun tpe aitatian Towv b in ambinatian with UV
inadiatian and hydrogan perodde addition (Skovetal, 199 7).
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Casatatian B ubbke D yremics

I'tis grerally acopted that water dissodates under intase irnscni..catian die 1 te resulling gonth and
lbpse of miacsapic ludoks. T he maximum pressure may ke as hidhas 1.2 £ 104 aim, and te temper
awre culd ke aaoue10,000 *K (Y aung 1989): T hus extiemely hich valles of emperature and pressuie are
gneraed in a small riegan of spae wele te budoke alljose aours. Sudh aadiias cauld epln the
enhanaamattby aitation ofthe dhamical disscaation ofthe agueass medium rekessing hydroyd redicaks.
H onever; cavitatian bubbkss rarely bdave spherically. Typically de © initial or boundary aondiion
asymmetries and 1 hudok interactias, the bubbke upan alifpse Toms a hidh sped reenering jet In
avitating jets, elongpted, 1otating and ring sheped bubble cavities fom whidh have alko bean ound t©
alipse with the Tomatiaon of reentering jets (Chahine and Jdysm, 1985 ; Chehineand 6 enaux 1983).

Cantatirg\W aterJets

Cavatingvwatker jetied ol represants ae suacesssiul attemptio hamess and uti lize the destructive poner
ofajitation. V arias mears and nazzke desigs éan be usad 1o induce the explossive gronth ofFmiatsapic
avities arbubbles within a iquid jet | oing anay fran the ani. a2 regan, these bubblkess eaaunterhigher
pressures and adlligpse (Chehine and Jdson, 1985; Chahineetal, 1995).

T he dmasiankss parameter daradierizing adtation is the avitatian rumber; % = Pﬁéi&', where
P amb IS the anbient kiquid pressure p, is the Iquid veparpressure and ¢ P is the pressure drcp aacss the

nazke. T hevalle atwhidh atatian is indpierntis de. ned as the avitatian inagptian numbey; %; - 1F%=%;

< 1, astation will oo, and as %=%; deareeses belov unity the amaunt of cajitation will inaesse.
|
T 2

Fgure 1l: Stidoe photogrgph of pleddiess wallked swiring Gaiviating jetnozke

T he swiring cav/itating jet, D yrraSwirloR , ahieves avitalian at\very hich atation numbers (Figure
1). T hetowvaters asnid dnember by mears of tengattial injection sbots. T he swid produass a catial ine
vorexvhnicdh akes. 4 s the jetedts the nazk ad impacts an avall this ... Bnentpcssesses aheliaddal
shepewrth avartex breskdonn atthe ed ofa rotating axkk saewshgpe in temacstursteblke an. guratias.
Faroddatian, this jethes the additianal acvantacge of gnerating avery lige ety surkecee area,

2 Bpaermental SetLp
Fbwl agos ad Jetl azzks

Bxearimeants ware aondudied in several jet fow bgs and in an ulieemic systam. Investicatias were alko
anducted in aavtatian reection damber arstructed of pledgisss to enebe viening of the cavitation ad
fon D vetothe patential formany agenic aampaunds o attadk pledgiess this cell wes notusad Taractual
oddation &st6s. Insteed, et avitation reectars aastrudied of stankss steel ware utiized.
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Fgure?2: Sketch offowv lop

Fgure 2 proidss a sketch of the Tondicnal an..guration of these test baps. U pan edting the pump,
the Equid fons inb a avitation reection damber into whidh varias jet an.guratias Gan be irserted.
T he ambiatt pressure at the jet edtis maitored and aolied ss is the pressure of the Toventering the
damber o Tom the Jet(s). T enperature is mairtained at the desired valle by use ofF a aoding b ad
ok i wes abomaitaed and aatrolied by the additian ofFsmall quantities ofphospharicaadd arsadium
hydrodde. A sampling pat?ale is located in the §d ofthe reection dramber arin the piping edting the
damber:

In additian o theswiring aitating jet(Figare 1), amul-ari..ce manifold aon.guration of S tratodet
avitating jet nazzks wes enplbyed (Kalumuds et al 2000 ; Chehine & Jdrean, 1985). T he Equid tons
into a pipe manifod imowhidh a ite number of ani...ass have been madhiined. T he numberof ani.. ass wes
\aried betnean 12 ad 216 D irerant manifols were utilized for dicerent an.. e diameters betnean 0.040
ad0.15 in. T he manifold wes sametimes sunraundsd by a o/iindrical shroud atowhidh the jetfons ware
directed to ahance cavtatian bubbe adligpse. T he bubbless gaarated in the jet shear yer allipse in the
inaeesad pressure of the jet stegnatian riegan alog this skee

T o dosene the cavitation dnareckeristics and dyrnamics plexdgiess cavitatian reectian dambers ware
wsad. T he bgos ware qperated witth pure watker at the same aaditias as the addatian exparimatts with
ataminass. T he resulis were recorded utilizing hich intasity stdoe idtting and a vidso camerawith
zoom bs. A saies of avitating vartex rings (Figure 3b) weare distinctly Msibke in the jet fons in mast
Gases.

V isualizatiaon of the swiriing aitating jet (Figure 3a) shoned a e volume of avitatian in the fom
ofa re vartex avity thatbecame varticaal upan edting tte ai.c2 T ypically a aity wes seen toexiad
e bgth of the dhamberalog its aatteriine riepresanting the avitating aaore of the vartex Tamed by the
swiringion A s this aity edted with the jet o itdevelopad a rotating helical pattermn, brde up, ad
collgpsad.

ORIFICE

Fgure 3. V isualization of caitation gerated by @) swiriing jet (Eft) and b) multiari...ce jet (catier &
gt shoning Hing struciures)
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I essurement T ednigues ard P rocedures

Twoampandcs p-nitigphaol PN P) andil ettwl0 range (| 0 ) wareselected. P P is aphad related to
arnumber ofpestiades and hes bean studied by others using ulrasanic avitation asbling amparisc with
tharresuls. ||l 0 is an agaicdye thatis anitrtagen bearing aramatic aampaund and aotains asulphaate
gap, wnidh ammanly gopears in detergats.

R eegait gacke pll irgpha ol PN P (4 Kridh 99% ), | 0, phogphadc aad ¢ dridh, 85% ), ad sodium
hydrodde (VW R Saeiti.g 10 N ) wae utsad. The Pl P wes in ayst@lire om ad wes mided with
distilied water: Cattaminant aancatratias ware messured tsing al VvV -V is spectigphotometar olloning
the procedures ofFKoroarau etal (1991) andH uaetal (1995b). T he spectrgphotoneterwes calibrated
agarst knoan aonaanratias of aataminents in distilisd water: D uing testing 3 ml samplss ware drann
fian the test resend rfor aonaaration messuremants. D etal ld demical messurement procsdures Gan be
found in Kabmudk et al (2000).

3 R esults adD isassian
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Foure 4 Camparisan of concanration reductian and oddatian e¢ dendes of eavitating jets and ulilasanic
devicctorPI P
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A key messure of the performance of the oddation procsss is the enargy reouilred 1 remove aunitmeass
ofagven anmpaud. T his aan be eqoressed as the aumulative mass ofantaminant remowed per unitenergy
epadad. W ede.ne this 1O be the addation e¢ dency gven by

copny_. Co i COOV

=" @

H erg Co is theinfial cnaatratian, C ) the caxaatatian attimet, V the iquidvolume and?P  the poner
eqaxad. T he ponerusad in this e¢ dency alultion is thatwhidh is imparted o the Equid.

Foure 4 conmpares the coaaration reductian histories and oddation et dendes of jet and ulrasanic
ajtation. T his ..gure presents sampke results of the oddatiaon of PP @ ppm infrtial concarratian) with
submerged eavitating jets. W hile the investicgatias aonducted haeve not as yet been of sut dentsape
state that ather the jetarultasonic deviass are (perating at thd rotima, a range ofparametars have bean
investigated in the aumratstudy o the jets and in the erature Torthe ullasmicdevice. T heaaditias of
Faures 4 are nearthe bestknonn Tareedh device. e e ating jetresuls etibitoerall energy e¢ dendes
100 times higer ten te ullascnic cavie. T his sugoests strag pranise o gpplication of jetavitation

Cantation umber/A mbierntP ressure

0 peratiaon atelevated ambiatpressures Was found o be Ess ed datthan goeratian ofthe reectian dnamber
at atmaospheric pressure - an unepecied result ss cavitation bubbles are knonn 1o coligpse mae strtagly
atebwated anbigitpressures. A potatial eplbnatian is provided by the madeling ex art desaribed below
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in whidh the Tampearatures of bubbe dligpse are predided 1 be higar at the onaar ambient pressunes.
Foure 5 presants resuls for ambient pressures betnean 24 and 100 psigand an infial Pl P aoncantratian
of gpprodmately 8 ppm with ferric sulete eddiion. B oth the oddation rate and et day dedine with
inaessing ambientpressure. Shoan are abo results Tor anbiertpressures of50 and 100 psig atan gpprox
imately astant\ale of the cavitatian rumbey; signav40.2. T he et dacy is gopradmately thiree times
gegier at the bneranbiait pressure. T hese riesuls have \ery posithve practical implicatians. T here is no
ned © goerake atelbvaled pressures. T hus e egpipmentan ke reltinely simpe with maokest epital ast.

FHP Dxidation -Naminal Co; Bppm; 10 ppem Feriic Sulfsle

PHP Oxidafion - Mominal Co: B ppm; 90 ppm Feeric Sulfate
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Foure 5: Infuance of anbigit pressure Pa and aitation number; signa an oddation of P P. @)
Cancentration histaries (EfY). b) 0 xddatian e¢ dendes (Hdb).

25 ppm PNP; 10 ppm Ferric Sulfate; Multi-Orifice Nozzhe, No Shroud
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FHoure 6 It uence of rumberand size oF ani.ass an oddatian e¢ daoy.

N umberad Size of 0 n..as

Faure 6shons the int uence of the numberand size of the ani.. a=s Torthe muli- ani.. a2 manifold an. guratian
Traddation ofP il P . Shoan are the resuls ofthree dicerentan. guratias: 12 ani..aes of0.15 in. diameter;
36ani..ass of0.087 in. dameterand 216ari..ass a0 04 in. diameter: A lnwere gpearated atthe same pressures,
tEmperature and 1 . T he 12 and 360n.. a2 Ges=s hed the same fowv ratie Whi E the 216an..ce ee hed an
inaesseintovraie of25% due aanespadinginaeese in ol al..ce acss sscticn area T his dicerace
is acoounted o, honever; when the resuls are namalized by the epaded poner o calubate the e¢ dency
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as daein FHgure 6 T he results cearly shovthat mare smalleron.ass, desirebe. resulingin ainaessein
the ol surfece area of the cavities gaeratled is desirebe

4 N ednenisticll adeling

Caagptually ataminant remowal is amuli-step processs thatindudes: 1) radal graratian, 2) trarspart
of antaminants ad radcak ad 3) reectian betnween aateminent ad redicak. Stp 1 is presumably
aotaolied by the bubble dynamics. Step 2 is aordlied by the 1 uid dynamics through visaous and turbulait
diousian and mixing Stp 3 is aolied by the damical kinetics. T he madek aasidered are briety
summarized heye. | are detai b can be Toud in Kabmudk et al 2000.

S pherical bubble aliepse mockel

T he bubble dynamics Tora bubbE of redius ais madelsd using amadi..ed R aylHch P Esset ecpatian that
acours Torthe quid pressure dnange, ¢ P ; inthe jet o GFoninginto a kgud ofF ambient pressure panp)
ad the presace of a bubblke pagoulation dotained firan a1-D bubbly Tov madel with the quid dasity
depandantan the bal vad frectian, ®:

‘da 3 = 2 1ch ®
1/2@"'5(%:5 +é+4a&=pg+mipanbi2¢P®0Qi®011 i%j] ©)]

H erg % is thesurbeetarsian 1 is the Equid Visassity % the Equid dasity, pg and p, the partial pressures of
noncodasibe gss and veparwithin the bubbe. T he subsaipt!  relers o equ ibrium aoditias upstieam
ofte jetai..ceata qid pressure eqpal o panpt ¢ P

T he mass ad tharmal anvectiay dicutsian equatias in the qud are sohved using a thin baundary
Ber goprodmation P Esset & I widk 1952) and H ery’s L aw at the Iquid/ aity interbBce Toreech gss
anpaait V gpaizatiay andarsation aaours at the interbece and Eient heattis aasiderad in the enargy
balbnee (eg, 6 umeroy 2000).

T he bubbke is madeled as aataining an ideal gss mixture ofvepar and geses. T he radicak produced
are taken o irstantly reect with artaminants near the bubbke sure. R eedctias are thus anrolied by
araminant tangport 1 the bubbke surace and by radical generatian, and nosigni. cantaoncanratias of
araminants ar radicak are mantained within the bubbe. R adical productian ooaurs in the geseaus phese
acoading 1o an epaaitial dpadence ofthe rate an tamperature (the conmanly usad A nhanius kinetic
medhenian; eg, Penry & ¢ reen 1984) ad is propartiaal 1o the ges pressure. T he reection is modeked es
1staderwith respect 1o the target aonpaund ancaration with arate arstant - . W e relte - o bubbke
dynamics through its dependance an the bubble gss tEmpearature and pressure

H T M q
S =y % e@ii—?‘:;T>Ta¢;-=0:T<Ta¢: @
whare E o is the adctivation eargy, R is the universal gss aostatt, ad © is a astatt relied o the
stadianetricaet dentofreection. T his madel indludes athreshod depadencevnhare T o is theactivatian
tEmperature. T he baundary aodition atthe bubbke interEe S is
woy 89S~ - & —g-
%D T q =0; ®)

whare % is the iquid dasity cis the aataminent coaatratian, and D is the aataminant dic usivity in
te Iqud. Foran initial unifaom aottaminant canantatian, 6, the mass fux J ad the acataminant
anaatration at the bubbke wall G ; ae

&

Z —
CcC— 1 IOx°
J= j»D %]— & = Mk a®=g+ P = thi: ©
s @ng Ak 4D T S @O
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Far a multiphese mixture of aastant iquid volume V' aoitaining n bubbks, the vad fracian, ®, ad
e dhange in the mass m ofcmpaaitl ae

et . dn _ ) )
® = v’ E_nJ’ m=qg ( i®}V: @
U sing h:i 1o denoie the time average of a guantity and noting that ki is a function of the inftial conaen
tation ie, Qi =F (G )the deaesse of the aerage aoncaration is.

(s cl 3Mi _ 3IWi
& T mamRi D D maril i O ®)

Equatian (8) gpplies when the tolal systam volume equal the valume ofthe caavitatian dnamber: Faracksed
lop with Equid volumeV ; and a caitatian zae ohvollmeV . ; the rate afFoddatiaon Tar the etire volume
is
& ___ 3Win . k= )
a  sxkkBid i) VT
T he buk ataminent concaration deaeese due 1o the presance ofFmany bubbless and rearaulation of
the qud in the fon b is alulBted by numerically soMngequatias (6 ad () in anjunctian with the
bubble dynamics (Kalbmudk et al, 2000).

R esullts

A saries OF s with varying paranetars were mace for adtias ipresaiiative of those Tor the nazke
an.guration with 216ari..ass of0.04 in. diameter: T he basaline inputdatawes: kg, =1000 kgen? ; Equid
diousivity Pl P inwater; D =24 £10 19 mP=s;Co =10 (10 ppm); T axx =5000 *K;° =1 ; mean vdd
fracion in the cavitation zae @1 =0.02.

Foure 7 illstrates the intuence of the type of noncodasibE gss within the bubble airand argm.
R eltive 1O ar;, argm resulls in a madsstly inaessaed EEmpearature a sharter parviad, and a mare repid
acaatian drp. A t1 hre e arcee digs ©20% of e intial ancaeatian whie e d g ese
drgps oabaut8 - 0 xidation rate inaresses due o the presanae ofan inertges sudh as A g aire igpeatedly
reported in the aature orultiaesmic oddation. H onever; aur jetepearimantts shoned nosigni. cater ects
due tothe addiion ofA g

Foure 8 shons the intuence of ambiat pressure at a aastant avitation number of 0.25. Since the
atation numberis asenad the jet \eldty is hiderin the elbwated ambient pressure Gse resulting
in kEss trarsit ime beloe impingeanatitan te patie T he baer ambient pressure Gee results in higher
temperaiures and mare rgpid oddation. T his is abo found epaimentally. T he poner required 1o qperate
attwice the pressure (ad s 40% mare ton) is28 times as lage T hus, Torl hrofFgperatian, the boner
pressure Gese et dancy is geater by atedtorof 34.

INn.NiteR eectionR atel imiting Casell ockeb

A Emiting Gse is when the reedtion rate is st enauch and the reectants sut dently ebundant et any
madieaulke oFaataminentreediing the bubblke surace wi ll instantly disgppearthauch areection. T he reectian
rake is thus imited by aataminent trarspart 1o the bubble surce and the total bubbEe surce areal T his
represais an upper imitan howviigpidly acotaminantcan disgppear: Farspharical toadal and o/indrical
bubble shepes, solution ofeq (8) Tor the aaonteminent ancanration, C, with inftialvalbe C,, edibits an
epaeatial daaeese with time t5(as shoan belon):
—Cpi-t- —pomax D = Ve.
C=Cet-% .=8B- 1" 2 10)
H e Smax is the maxdmum bubbk surEce areg V is the total Towv lbp qud voume V « is the lguid
volmein teaitatian zag Q is thevolumetric tov rate thraugh the lop, ad D is the diswsivity ofthe
ataminattin the iqud. T hetimes@kT « is the Iqud mean residance ime in the caitatianzae. B is
aarstat that dgpas an the spad...c bubble gaometry/.
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Figure 7: Calulted intuence of type ofF nahaondasibke ges (@rand i rgaon) within bubblke an oddatian of
PN P.L eft tamperatLire within bubbke. R igtt Caxaatratian history.
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Foured: Canputed bubbE dynamics in the tow...eld ofasubmerged jetwith mass and heatt rarsfer:
infuence oF ambiat pressure an bubble tEEmperature history and oddatian ofaataminant Cavitatian
N umber= 025, anbienttempearature = 50 *C, initial bubbk size= 0.1 mm.

Spherical B ubbke
Farasingke spherical bubbEe eressian (6 Tormeass 1 ux beoones:
Z - s
@c— D
J=i%D —— b = jdgd —R————: @11)
s @ng %o, @O
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Faramultiphese medium, r
D

Rl = j8¥%%ce — H&i: 12
wT

W e..nd thatepressian (0) simpl.es Torld i %40 (small vad fracian) 1o (10) with

B =192174; S max = e o 13)

W e avalated these epressias and ampared with epaimaittal datlaforP il P oddation utsing e 216
1-mm ai.ce nazke ¢ P=@ psi, Pan=1 am, Q=54 gom, V= 79 F&s K, = 00003 D = 24 £10 #°
NP=s;T p = 2.39). T hevalle ofthe decay aostantwes ound tobe 0.09 - | - 0.024 mini! - T hiswses
calubied fron the messured aconcaratias oer the time pariad nesded Tor a fectar of ten reducian in
ancaratian Whidh varied betnean 25 and 95 min) W e setn =21 6n~whare N is the aerage number of
bubbks, oFmaxdmum radius a5 SiMulianeasly presat Toreedh of the 21 6nazks. U sing these vallies
in eqressias (10) ad (13), te calulaied \valuess of  are Tound 1o be within this experimattal range Tor
N=2, 3 ad 4 wen gnac= 05 mm (e ai.ae radive) and Trn= 1 and 2 when gng.c 1 mm (nice the
ani..e radius).

Toradal B ubbke

ITthe ;ajties are aasidared o be tordds with majordiametey; D ring and minar(acss-sectianal) diameter;
diing thesurbce areaS is gven by,
s =y2p2 g . 14)
rlr‘gDring’

adB ramars the same &6 in (13). Aan doseratian D ying is of the ader of 1 102 times the ai.ae
dianeter; and s 0.1 ©02 an Torthe s aasidarad. R esuls ofFevallatian of ielatian (10) that yield
predicied values of , within the messured rance Torvaluss ofF NToF 3 ar kss (aasistatwith dosenatias)
show trat the ratio ding=Dring shauld be in the range 02 - 0.3. T he presaxce of 1 10 3 rings is picalin
the exparimants as are these valles oFD ying:ad ding=D ring:

T he awe anabysis and evalalias suggesst e, at Esstwithin the parameter rienge of te isted eper
imens, te jetaddatian prassss may ke cotrolied by transport of aoneminants ety surkes ad ke
eli\ely insasitve © reda@l generaion rake and te riae of e Kinetics of e addation reection.

0 xidation in aSwird Fliorvwith at asseaus Core

W e danved a imiting cese eressian or deusian 1o a aaral ine vartex vty to madel aotaminant
taspatote @ity in the swirl dambarofthe swiringajtating jet T he reectian is aasidered o take
plxe immediately as the aottaminant reedss the cavity surfece. W e madel the snwiring jettow as steedy
and axisymmetric ebaut a cartral geseas madeld as an inL nite o/inder of caostant radiuvs a: W e aasider
aunfom anguler (tangertial) fovvelodty near the o/inder and an axdal o paralEl o the o/finderad
assume that these ampaans of the velaty dpad oy an te radial distance .. T he tlargpart ofF a
dissohed ampoud of conaaratian ¢ o the o/indrical aare can be desaibed by the aonvectian dicusian
egLation. Farthe imiting Gese ofin. nite reectian rake and fora thin dic uisian baundary byer; we ..nd
A r !

c=q af 12 ;0 J=idig 1/zaIO DU ; @5)

U
2 Dz ~’
whereR is the radius of the bandary of the swid damber; 1is the cavity bgth U the average axdal
\elod ty aomputed fian the fon rate and the acss sectical area of the swirl dhamber; ad z is the axial
distence fran the ypstream ad oftte avity. W e..nd that (10) again gpplies with
Smax=2%d g3 B =1; Vo =V 16

whareV g is the swid diambervoblme and L . is the swirl dhamber bgth - atolal aity bBgth within
the damber:
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T hevales of, wareealated Tonarias swiring jetcesss Torl haurofgperation (D =24 £10 P ard=s,
V =8 itars a%025 an) ad are pbtied \varsus the fovrate in Fgared . T he data have been . twith
a poner reltian that provides a best.. thwalle of 0.5 farthe poner ofQ . T he predicted valbes are low by
atdorof5 1© 10 rhlEive o the dala T his may be due 1O ataminant trarspat mednenisms, sudh a6
buk trarspoart due 1o redraulEtion and twrbulat tanspat, notaasidared in the madel T he valle ofF D
used in evalatingeqoressian (10) wes the leminariavmolbeaulardic usivity equal 102 4£10 #° an?/swhidh
wede.neasD .. ITD is repleced with aturbulnt diz usivity 33 times the molbeaubr\valle the predicias
match the “best.. € poner relation ofthe datas T his is notan unreesaeble valLe T turbula it dic LTty

Lambda vs. Flow Rate, Q

007

0.08 .
L Theary D=3300
2 b M
% 0,05 . ——
= 0,04 — .
3 s o 1§
=] 0.03 ry e - = " L] -
P Tl
-E 0.02 s
0.01 —= Theory: D=[o - —
0.00 =— E . . |
0 10 ] ag i
Q, gpm

Foured : Canparisan ofmessured and computed anaarration deay aastants, BEmbdg orswirling
caitating jet oddation ofll ettyl 0 range Tr @ min. of gparatian. Do =24 £10 P°ar?=s, the bminar
tovdinusvity.

5 Summay & Caxdlsias

BExpariments and madeling an the use of jetinduasd caitation o oddize diluite agqueaus solutias ofagenic
ampauncs were perfamed  BEpearimants with pil itegphendl and il ety 0 range demastraied the ability
of these jets 1o rapidly reduee the anaenratias of both aaompaunds belovl ppm (the baestalle we
auld acourately messure with aur inrsttumatatian) and o do sowrth mare that a o ader of magitude
inaeese in enargy e¢ dency ampared 1o an ulissanic devica,

A dditicnal . ndings indude

=2} igestet dandss ware dotained with the lonest o rates and pressures.

2T he e¢ daxy inaessss With inaresese in the olal vty surfece area due to a lrge rumber of small

=4 nalysis indicated the reectias ware mited by aotaminent transpart 1o bubb e surecss.

=20 peration atel\ated ambiatpressures Wes notiound 1o resultin mare repid addation. T hus fram an
e¢ daystandpdrt; itis desireble toearate nearatmasphericambientpressure. T his is unertidpated
inthatitis well knonn thathigherambientpressures produce mareintasebubb ke dlipse. A potantial
epbnati is that the jet avitation adllgpse at atmosphetic pressure producss sud dantradiak sudh
thatan inaeese in intersity does notdnange the oddation rates.

A ddaonkedgnets

T he authas wish © tharkD r || alt umearov of D ynaflow Tordisassias and maceingerat ad D r.
L amenceP rindpe ofFJdrs H gokins U nivarsity Tararnumber of heboful disassias and aosuliatias. T his
warkwes spasored in partby ! SF uderSB IR anardil a DIl -9 @3572.
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