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Invention I. Field of the Invention ~ The present invention relates

generally to high velocity liquid jets for eroding a 1o surface. Mre

par ti cul wiol2904/004984 present i nvention rel ates to di schran@cagamisxcited

liquid to provide the highest possible rate of erosion of the surface. 2.

Description of the Related Art High velocié liquid jets are being

i ncreasi ngly used in a var REBONSTINGINQZZLE %%TQM erode, cut, clean, drill

or bore into solid material.- The L‘&§ Ier a relatively inexpensive 15 and
C

. . o . .
pol lution-free cl eani ng process, I'Ch Can be used in both air and water

medi ums. In the aviation indust HapZhwdliawd jets are used to renove paint
fromaircraft and various coatin fan1both aircraft and landing strips.
In the naval industry, liquid jets %2tMised to clean the hulls of ships.
Liquidsjets are also used for. o@nglDRueposes that are adaptable to

al nrost any mechani zed i ndustry, such as renoving rust and debris froma 20
solid surface. Liquid jets have al so been used to renove asbestos from

contam nated buil di ngs. %&ggﬂoﬁhmﬂ@ gtlniv§¥ﬁgﬂenhanced formof aliquid
jet used to achieve highe T e jet. Acavitating liquid
is a fluid having cavities or bubbles when di scharged. One nethod of

gener at i ng Fibld of the Ineérition ef fect is to force the fluid through a
restrictive 25 aperture at high speeds. The aperture usually includes a

protruston or rod (al so.kno as intle) to generate vapor-filled
bubbl es !9n tndte iP&?a?'& Ipygptio _gt]qsig&%ﬁfﬁlﬂp'eﬂn%qu%waq&dgeﬁé?rgg BHA the
bubbl e 'éﬁpfh&d%M&@%&ti%ﬁ!@rljlr,'tﬁ’é‘fn@seh?&v&%i‘??elét&ttg Rk aﬁ@gcit'eﬁrﬂhﬁlges

to provide the highest possible rate of erosion of the surface.

2. Description of the Related Art

High velocity liquid jets are being increasingly used in a variety of industries to

erode, cut, clean, drill, or bore into solid material. The jets offer a relatively inexpensive

15 and pollution-free cleaning process, which can be used in both air and water mediums. In
the aviation industry, liquid jets are used to remove paint from aircraft and various
coatings from both aircraft and landing strips. In the naval industry, liquid jets are used

to clean the hulls of ships. Liquid jets are also used for general purposes that are
adaptable to almost any mechanized industry, such as removing rust and debris from a

- 20 sohd surface. Liquid jets have also been used to remove asbestos from contaminated

buildings.

| A cavitating jet is an enhanced form of a liquid jet used to achieve higher erosion

effect of the jet. A cavitating liquid is a fluid having cavities or bubbles when discharged.

One method of generating the cavitation effect is to force the fluid through a restrictive

25  aperture at high speeds. The aperture usually includes a protrusion or a rod (also known
as a pintle) to generate vapor-filled bubbles in the liquid jet. The liquid jet is then

discharged and the bubbles implode when the liquid jet comes into contact and impinges




1 14 Nfat2 2U-J5 WO 2004/ 004914 PCT/ SG002/ 000154 against a solid
surface. The cavitating liquid thus provides for a rmuch greater el déARv&08nd
destructive effect on the surface naterial than anon-cavitating liquid jet
woul d. U. S. Patent No. 4,389,071 discloses that if a cavitating liquid jet
is excitwd0e0003ci | | ated at a certain frequency, therlscomsiaojat forns into
discrete slugs of fluid upon 5 dischazge, mhich have a hei ghtened | evel of

cavitation in submarggd node.. The sl ug}; fluid h%e an "intermttent
per cussi \Agaptgselid susfice. pEhesayitaing igrd SPIH&lfleﬁ for # myFh gt eYe Mfipact

resulti ”gc}e'st?un@ e%{‘or&ggj it e&ﬁt%ﬁél‘ﬁﬁnat eg%h&ﬁﬁ%‘hﬁ% ﬁ{ dbfgry cavitating

liquid ] I qul I'S 0OSCi anrcally or by

hydr odynam ¢ or acoustic interactions with a speci al ly desi gned nozzl e
system to Th@&oﬁm&mlﬁygt%ﬁﬂﬁymscla&ekyhdtriﬁh eeletatiog lliqu:idljatieremitedrdoer. The
resonat or [

a i ncl es an re f or ceiving, the lLiguid and
anot her afﬁell atg étf‘cSF“”d‘? PEAEH: r&@) f 34t fwsaﬂ%w%?%%%ﬁém%y al so
i ncl ude %gehege%ﬂ& b REENER 1ERESH eamwlgﬁ hﬁsdbhﬁkg[eé moidk Ofhd fiesiggsonat or
chanber. The di’'schar ge chanber is useful ecause i was di scovered that

vorti ces flund hine dni hmerdumwt pearcessive effeqpt acthsesblyd fwfanethat it inhiaggsatpon s

di schazged from t he 15 nozzl e stem di ti onal i nst ead of
bei g} SOREGIEEIiG BRIy ot FRRTo e b ah it BRaAHD BBt | | qui d | ot

enters thppe 68Q03%PNs Cb@éllﬁ%@d eithdr %Elﬁﬁﬁalﬁf PR h@O8yMAREVRE Mchilgc | et and

t he chanber, in which discrete vortices aze forned i'n the liquid. Varying
the di neintstastiensovithtaspeciallysisiped norsedystemas wel | as the size and shape of
the receiving and 20 discharging apertures may control the frequency t hat

|'s appjiedto ’Ithhgoizle% ) t)a)tlc%allTE]neclud aquélsoclilatto§ ot B8, & %%95%121 rchﬁnn?e% round j et

of i quid, whi'ch even ua ring oF es that

i mpact andcledeadd dpeinge ifed rebiviny ahe Bidl abdi AhARR . apedidre cn‘:r aﬂa@lafmgome probl ens
with the high vel 00|ty liquid jet described in US. Patent No. 4,389,071

is that wifudk The nogzlefysism mgealsinglndaiz figchares shambes forfrageaving the liggdnd j et 25
of i qui dgd D@t Hes%ngblwgﬁlgﬁh%g%ﬁc%r%/ e{hxmﬁérﬁé Ré@ﬁﬁ%\é&u u%éﬁ%c@%&ﬁ‘use it has

a small spot size e roun one azea oOf any surface

may be i npatngditesindthe ligulé get afd moveerdclsol. foﬂﬁwﬂ 1ﬁmwlledlsmmdtﬂm theund jet is
used to clean a large surface area, such as_ the hull of a large ship, it
may b& a Rpasl & SYStshe ug%%ﬁqdﬁg) I dawber inggead of being discharged directly through

the resonator chamber,

As the liquid jet enters the resonator chamber, it enters a shear zone between the
jet and the chamber, m which discrete vortices are formed in the liquid. Varying the
dimensions of the resonator chamber as well as the size and shape of the receiving and

20  discharging apertures may control the frequency that is applied to the liquid jet. The
liquid is then discharged in a round jet of liquid, which eventually forms into a string of

liquid spheres that impact and erode material from a solid surface.

One of the major' problems with the high velocity liquid jet described in U.S.

Patent No. 4,389,071 is that while it is effective in eroding a solid surface, the round jet

25  of liquid that is discharged has a very narrow coverage area because it has a small spot
size. With the round jet, only one small area of any surface may be impinged and eroded

at one time. For example, when the round jet is used to clean a large surface area, such as

the huli of a large ship, it may be a very time consuming process.




1.4 f~~i2 2+15 WD 2004! 004914 PCT/ SG002/ 000154 Many commercial liquid jet
nozzl e manufacturers build nozzles that generate a fan shaped j &t MAR 2005
which the liquid jet covers a nmuch | azger surface area than that of a
standard round jet because the fan shaped liquid jet has a nuch | azger spot
size. Ho00@W004%14 has been di scovered that when thedrisgadodogoeds | s
di schazged in a fan shape, it is 5 not possible to maintain the frequency
generated by the resonating chanmber, such as the. . one described in U S
Patent No. 4, _@gwoemmem@ﬁ@ B H%VWE’H‘Q%BWT_? ﬂ@%&%k&é’éﬁt SFEHRE | i qui d
jet is mugh :g-.‘fﬁet, imaﬁ&{faé!11§eia§t:{&%rs%fsmﬁémfg@,t s&ﬁc@%‘é@ﬁla?(_tﬁe@?@?ﬁ than that
urd jet.

F ng round |1 ers of fan shape iquid jets have

of the oscillat
al so att estptled toondige Yesayserthevdidre shaped diqeiddjebthas hompihalangenedpetr sizdhe super

wat er, i.ch includes certai olynmers to .increase the thickness, of the
hater| hateh ih RePndger e USRS e ReEE0 814 BREMBpaT L | ng cost
O US1 919 18 YBRI1BY i (4 GRS enkrie 8 By bl TED RS KRN s 15BN USI g

plain water, making it a very costly option. In view of t regoing, it
i s desi r afylealesanibechind).8. Patenih 0. 4,389,0Hp flheeefars, ever thaugdlathe strapezd ofithgh vel ocity

liquid jet that.maintains the ascillati frequency 15 necessary in the
i qui d toh‘ﬁ’étﬂéGﬁéS[‘é‘“@i widen the efie eﬁf‘?“ Ff &%dewst uaglé’rleﬁg"sfh% Pgﬂ’F Summary
of the I nyembtiitoliAigseent invention fills these needs by providing an
efficient and econom cal” nethod and apparatus for generating an

oscillating fan shaped high velocity liquid jet. It 20 should be
appr eci at ed t H&ersiofiéanshapsd Hauid frivkave elso attampies th wpd ‘Snpartwater| insteadradr ous way's,

sover " oRAT TAERsr el ARG lte B EhA0beS ah BAS e Bl e

“bel ow. | nofahewstei) ash teemiound td inerese efeidh rdté) HBWEVep the o@eﬂa’ﬁﬂa@wdﬁt ofedsingozzl e
systemis provided. The liquid jet nozzle systemincludes a resonator
chanber t®PFekalsniS alshapoubthpes tsacsimare expepsive than wingeplainFratery makingait6r chanber
i ncl udes i t -havi alel f r lLwve the liquid
ot Tho Senticbly GRER, Hh3A7M, R, R 8Bl fo el FRRING 407 170
The fir stappmetut fore firashagdddigh veldeitgl diqeo jen gt Maiatairxhd 6s00lathgd f#&@@Encgbout 22. 5

to about 60.0. The I qhui djet is then excited at a frequency to generate an
osci | Mt j Fgessary int e liquid to generate discrete slugs of fluid with percussive effect.

Summary of the Invention

The present invention fills these needs by providing an efficient and economical

method and apparatus for generating an oscillating fan shaped high velocity liquid jet. It

20  should be appreciated that the present invention can be implemented in numerous ways,
including as a process, an apparatus, a system, a device or a method. Several inventive

embodiments of the present invention are described below.

In one embodiment of the present invention, a liquid jet nozzle system is

provided. The liquid jet nozzle system includes a resonator chamber to receive and to

25  oscillate a liquid jet. The resonator chamber includes a first aperture having an angle of
entry to receive the liquid jet. The angle of entry is preferably between about 22.5° to
about 45.0°. The first aperture may also include an angle of exiting between about 22.5°

to about 60.0°. The liquid jet is then excited at a frequency to generate an oscillating




~t 4 ~"fup~ I~ ~~J WO 2004/004914 PCT/ SG2002/ 000154 liquid jet. Q 5 snnr
di schazge chanber is coupled to the resonator chanber to receive the MAR 2008
oscillating liquid jet through a second aperture. The second aperture
preferably includes an angle of exiting between about 10.0 and 45.0. The

di schazgwocharbend t hen di scharges the oscill ating IRCI®Gd0RM00254f an shape. 5
I n anot her enbodi nent of the present invention, a nmethod for eroding a

surface i rovi ded. The nmethod beg en a i d is.re elved

pr ef er abl éq“é‘fleé ﬁ?é’é%lﬂﬁr%e alfambgb(l,svgougl;gdpmﬂ W@“%‘Hu&’a@ %fe’@ ’?Eﬁ.‘l‘éﬁ i nch. The
liquid je becom ng
o oes | PR SRR 0 RpRSEaLE, o s Bpckyd ok MU, e

ve about
ki ohertzaralanglq:)méfeettmblbet\g&nemuedo BY ahdrdfilhg Vior tisclesgd chantber fthequi d | et .
lo The OS&I IIatl L Jleqtl |s t en discharged in a fan shape, preferably
formng dflSghptet ﬂ@&"%’f‘ Ly SiR® di schazged jet maintains its

frequency and erodes t he surface vmth hi gh inmpact fromthe slugs. In yet

anot heg enbodllﬂemth@femwﬁm@ﬁmwprésemmeh% andtodUbicerbdihg HOAALSisSystem i s
provided. The |iquid get nozzl e systemincl udes a resonator chanmber to

excite a Pliotfdi:dal Th,ft mgf orhbeanﬁw@q@hvydjepnserk@wﬂl yreferalieatabpressu®.

ki | ohert || at | Th t | so incl ud
5 af schar 8V € AT B0 oty P sou? sk s i then SRR BRSETy (ake
the form péquendyaritsPipie. beaaﬁﬁn%wgééﬂraﬁﬁg GQAIRET Ths fEQUBLER dréfelah§

resonator chanber to receive the oscillating liquid jet fromthe resonator

chamber . ahgge abauby g3 dilphartziagd preferatdy seisesagdyy forming vamicehingee !mldmgh athird

apertuyge. ner ak 0 sha gcat ed
o hi 10 o THOoPERFLLIRA G i 80 SRuBNRET pBE-pt BREl e BstRE b e
Q her  aspsagssofdiadida dihgnfibe gedjet mbmtama\ierﬁdq@mwahd c1PEEOME safRa ket fromthe
fol l ow ng detailed description, taken in conjunction with the acconpanying

dr awi ngs, high imnast fom the§lussway of exanpl e the principles of the invention.
zs Brief Description of the Drawi ngs The present invention will be readily

accompanyi ng. df du o PR BF LE Breop AR, Plaldl R e
nuner al s pkBSldghaT}E liqulldeetsmmle: systeal inehdmswméssnater chamber to excite a liquid jet
15 at a frequency, preferably above about 3.3 kilohertz, to generate an oscillating liquid jet.
The system also includes a discharge chamber having a pair of tapered walls that
preferably take the form of a hemisphere. The discharge chamber is coupled to the
resonator chamber to receive the oscillating liquid jet from the resonator chamber. The
liquid jet is then discharged in a fan shape through a third aperture. To generate the fan
20 shape, the third aperture is located Qiﬂﬁn a groove located on a bottom surface of the

discharge chamber.

Other aspects and advantages of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,

illustrating by way of example the principles of the invention.

25 Brief Description of the Drawings

The present invention will be readily understood by the following detailed
description in conjunction with the accompanying drawings. To facilitate this

description, like reference numerals designate like structural elements.
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oscillating fan jet nozzle systemin accordance wth one enbodi mgn t Qﬁ
present invention. Figure 2 illustrates the resonator chanber in accordance
wi th one enbodi mrent of the present invention. 5 Figure 3 illustrates the
cont r act wogosgoasiion of the di schazge chanber in acceocadsce®2omitsh one

enbodi nent of the present invention. Figure 4 illustrates the bottom

surface of the_nozzle housing in accordance with one enbodi nent of the

present i nventige 1flesaiss an joscillating £im Jebpozgle wsiew; 18 RoFfaRCy Pithpme

osci | | ati&ﬂo&cdﬁﬁbn?gﬁﬂggreéénﬂﬂmﬁihﬁt nozzle 10 system conpared wi th other
it

liquid jets 1 n accordance W one enbodi nent of the present invention.
Figure 6 is a flow chart of a method for generating an oscillating fan
shaped | i qui d Figuet 2 illustatessthel smsamtonichdmizn & ®otadaticawith cof embedipemtodnt
invention, is Detailed Description of the Preferred Enbodi nents A nmet hod
and appaz%f FESEEIVEOBy at i ng an oscil I ating fan shaped high vel ocity
liquid jet is provided. In the follow ng description, numerous specific

details are sqligdres ilikstritéh BE Eldkradtiig BEHYH IEth disEAFRUambR dPsctérandcng of the
present invention. It will be wunderstood, however, to one skilled in the

art, thatwithenesmbediment of\fleqnressnt ineephen. pr acti ced 20 wi t hout some or all of
these specific details. In other instances, well known process operations

have not been P‘i’%ﬁ I; ' il I s il y.pbscure the
present inventi n?ﬁ%&ﬁﬂg@?@ﬁ%ﬁ%ﬂgts%cggggﬁ r{ég%:l? }h?%ls I ngﬁ%ﬁ%@% ¥J}ltgzzl e
syst em ] Oorerembodiaesiteof thes presedt ioveetiorenbodi nent of the present invention.

Nozzl e system 10 includes a nozzle housing 12 for 25 receiving a liquid jet
and .from which.the_j et i i schar ged. zzl.e housi 12.incl udes a

r esonat or ch_aﬁsb@mi aa‘il?ﬂgﬁgﬁ] %f&ﬂ%*?fg@ %H%r?ﬁ%‘ﬁat%.ﬁ‘f?g&ﬁ?éﬁ% ergseler 14

i ncl uges @stemlcdipRred with other liquid jets in accordance with one embodiment of the present

invention.

Figure 6 is a flow chart of a method for generating an oscillating fan shaped liquid

jet in accordance with one embodiment of the present invention,

15 Detailed Description of the Preferred Embodiments

A method and apparatus for generating an oscillating fan shaped high velocity

liguid jet is provided. In the following description, numerous specific details are set forth

.in order to provide a thorough understanding of the present invention. It will be
understood, however, to one skilled in the art, that the present invention may be practiced

20  without some or all of these specific details. In other instances, well known process
operations have not been described in detail in order not to unnecessarily obscure the

present invention,

Figure 1 illustrates an oscillating fan jet nozzle system 10 in accordance with one
embodiment of the present invention. Nozzle system 10 includes a nozzle housing 12 for
25 receiving a liquid jet and from which the jet is discharged. Nozzle housing 12 includes a

resonator chamber 14 and a discharge chamber 16. Resonator chamber 14 includes a first




WO 2004! 004914 PCT/ SG20021 000154 aperture 18 and a second aperturﬁ
Resonat or chanber 14 is coupled to di schazge chanber 14 through s c'oh'&h
aperture 20. Dischazge chanber 14 also includes a contracting section 22
having a third aperture 24. Aliquid jet is received by nozzle system 10
t hrough wozedmodyeusi ng 12 and 5 preferably at a pressurseob/iodseisween above

about 4,000 pounds per square inch (psi). However, one of skill in the art
wi |l recogni ze that nuch higher Bressures may, be used s Ion% as the
vortices 3PeupdSded @rsepud aaeqngev)z f Jrssenptqr chisher | 1448 cquy e%waﬁh hA%gF nt ai ned.

After entgoing OAEbESYSLAThGuud B "m%grgk%aﬁﬂaeiéggsezﬂbggggghanber 14

t hrough first apertur onator cha 14 1 ncl ud
rel ati vel gonsicting esetiory2 hayinga, thivhapehurg@4.ai ds in creating vortices in the
liquid jet. The liquid jet is excited to oscillate at its natural frequency

by form ng vorti.ceg.in. resong t,or chanber e bei Qut

di schazge charth L‘ﬂ“‘ééa PR Hjé(eﬂoza s%&\?‘@rle%g?ﬂ’&i’ @83%2 32 er 16 best
mai nt ag n rEf@l%bfyreﬁ(wgt@%Mreocff BRechi el d at ot 4lot)0Ipb§ndseﬁwtsEha&eh h'@fpes from
about 40% to about 60% of the acoustic wavelength in the liquid 15 jet. The
acoust i ¢ Heweyer nog ¢of skill in e qrtemlldeqmgrmdsthapommmgwowssmeamambefusedqaency of
the jet. [For anpl.e, ,if the uj d.j.et |s stem 10
from abo&n%ﬁé%%‘fek{%fbﬁ%sﬁ?ﬂ%ﬁ@l%’)6 ed ‘Xjegﬁrgééal“ﬁ?n?ﬁgﬁ %ngt h of
the |i qui ghidrinpaREz1E sPRR O tthed qutd |jkd éﬁér@rrésoﬁm chabRP Yt thrblgHikst Ther ef or e,
length (1,) in this case preferably ranges from about 25 nm about 35 mMm

20 After @ﬁmfﬁrlé Re@eﬁam@mnbﬁdﬁbeqludﬁaa bomfeﬁbilteé}dst@immllmmdnyhlchqw djet

t hen ‘ﬁﬂt 3310993 ac‘;tomcg | %n and is discharged fromnozzle system 10
t hroug 1o ar e ﬁlﬁl vaerl‘n 15 ter exiting nozzle system 10, the

osmllatmg |IC]UId jet maintains its frequency of oscillation. The

oscillating | iTheiliguif ¢dt is dxeitedf to osoilldtéitdts diatural Gequeheybisfoaniag veitivgsinpr ovi di ng
for maxi mum erosjon power upon.contact with a solid surface. 25 Figure 2

i |1 ust r at’8¥onaiqE chanbsh Jdobefers Jbaing. output o 5@%11??&%?1@@"3\% tth oHehanfERi ment of
the pr esecﬂﬁcolzé} aei%ﬂ (ﬁ&hﬁrﬁé f PBIBdsY m%%ﬁﬂ%ﬁee qu@ncij' oq‘t'ﬁcfdl ci:ﬁf e?ﬁ* if§" S
oug S

resonat or cha | rst aperture 1 t hr ough
second apemgth(lg ré’rfges friwe ahqn&MDWteabqnnsiﬁ%scﬁ‘ﬂsseamnaﬂc wa&al'engtlem uhaaqmal | ow

resonat or, chanber 14 to generate a frequen n,iﬁge |.i ef. One
requi Fendfit af%%wa gth |°§%1°d5‘tdeP?“dﬁH1§9n %? geriltption QPCI e ghgl e of 6
1 4 f~1~Reglzan{if: %@%1&;@&%&?&@@@%@%&9@{&% ?Gtﬁ'fg)ﬁomfut%*@@o Fél%“ djet to

generate a liquidjet V\nththece st vortices m experinentation, it
has been abostc 6,060 @, ttheat the heeodtie avaslengtbrdfi theshqan:leraygeneframeabouhéﬂ angl e 0,

fofi f er abl bout 22.5 1.0 gbout 45.0. A
Che  samoobpmees fng & a0 il < Thetdere gl i bissmsmms oehgatest om 22. 5

to about &@n out 25 mm to about 35 mm.

20 After exiting resonator chamber 14, the excited oscillating liquid jet then enters
contracting section 22 and is discharged from nozzle system 10 through third aperture 24.

Even after exiting nozzle system 10, the oscillating liquid jet maintains its frequency of
oscillation. The oscillating liquid jet then forms into discrete fan shaped slugs providing

for maximum erosion power upon contact with a solid surface.

25 Figure 2 illustrates the resonator chamber 14 in accordance with one embodiment
of the present invention. As previously discussed, a liquid jet enters resonator chamber
14 through first aperture 18 and is discharged through second aperture 20. The apertures
possess several features that allow resonator chamber 14 to generate a frequency in the

liquid jet. One requirement of the chamber is that it must provide for a sharp angle of

6




S The liquid jet thus collides with the stationary liquid inside resonator .
chanber 14 to generate vortices. The vortices of the liquid jet thénMaR 2005
partially collide with the walls of second aperture 20 to forcing the
liquid jet to resonate at a certain frequency. Angle ~ of second aperture
20 pr ef ewazbos/mamges from about 10.0 to about 45.0. pPRescowm/elséchanber 14
preferably oscillates the liquid jet at above about 3.3 kHz. This frequency
10 range assures that the oscillating . liquid jet will maintain a steady

cavi t at i cHirBfPedhe Hawd Jet &y eeresie & HEHd dels WA e dgareste vertiRgSevilHIM maxi num

er osi on (A : [ f | | (w2) and
The-wi dt Fup egenlBoR okt 86 JinGvl e o okl Witk S depiatth Shn ) 05 1o
about 1. 2igleW, @F Hfirst wpertures 1P prefeeabhbiayged fonti abbuB 22187 toozbatno4f.093. &t then  wi de.
The length (12) of resonator chanber 14 prefer abzljy Janges from about 3.7
15 mi| | i el fige; gglefhaf figt aperipre 1§ Restessbly rapgeg diom 2731t g0t 88%s contracti ng
section 22 of discharge chanber 16 in accordance w th one enbodi ment of
the present i nygenkhi@fer afRRbAiAG! S SEHIMRA, Rpid ﬂlgihggs‘s'&la%ﬂ&ﬁdlﬁbe?fm t aper ed
wal s 28 and 30 leading to third aperture“24 on a bottom surface 25 of
nozzl e Hogsuerae tdtticefhiThel varperstofithe lididijet thenefaetiadllylcyllidowith ¢t waiksiole a gr oove

26. The liquid jet | transm tied hydrodynam cally w thin discharge
chamber 560408 %edfies At TgmedER e bl FAGRIVCH era e oBBE6® Shm nt ai ni ng
the frequensd dperiiBed pRwirshy ?inges-rh%moﬁﬁ)'u{ 180> N9 abbitd4s 6b | Gesdritol NN

di schazged fromthird aperture 24 while comng into contact wth groove
26, f or michgmbiérddrmeeferablyngeillasts the digeid jeteh @bovefabmiti ThkHas This felghénpey i cal

shape, resulting i osci |l at.ing.fan,shaped liquid jet. T sl ygs of
Ul ane i haaesrntes e Sidlning ihise ntmaReR yikd Cakfion K8 %55 "wnen
the oscilfliéRg aﬁ@frai%ﬁdrgmﬁizé RhisVing /AWM &6GsEsbwat. B éldhﬁuh,ghe_ a6 pressure

of 5,000 psi to 6,00 Si. The Strouhal nunber of the liquid jet may be
cal cul at e tpywidtheoffiles wadthe(w,X and e, widthe(wg) df seeond laperfure2Lreferabbfrangee | i qui d, d

is the dianeter t he o ligui.d jet..and v, kS the. ve ity at which
the 1t quiin eoayt L8RS BT 14 Rios i Ol Ronces G Rou L5 i

i1 T ustratwide. "THe @uE@ @,) dTORbonRior tch@niSed! £ pRFerhbly Gafpes Fom NBoweTyi on 22 are
very smooth to facilitate the flow of the liquid jet and maintain the

f r equ¥nc ymidimetera tq abput Gyemdlimeted i n resonat or chamber 14. The shape of
tapered walls 28 and 30 may forma cone where an angle O is preferably

greater than ﬂQ .

Al ternativel y?pgt%g%)g’eﬁfea %/t\gsl Islﬂfgﬂg%%ﬁ%ﬁngi(ﬁ?g%ggﬁ oggﬁ f’ﬁ% %rgasrﬁgpe (i.e.
y=e"). Aitloaghnbodiagar sftthapreseshiapatibmr Comtpretitsedtidn X infludssd paft odppeazed to
generate the  best experinental results, the npst cost efficient and

|
pr ef er r ed2RSFRdpRalls28; andi30orading Whird grrstiee 2o pibgtem Sueece 2Pofmp22lpert ure 24

and groo SBy: hat f rs j 4} i1 _tihe.:.10_di schazge
o an oscriay okl SRaeRirERAKlY 1Ak RRad Lol 26 Theifia il ) 203

pr ef ertabltyankragied hydrdéymatva)ly maihin digchfurge rchambart 162to0cairedtingadactioh 2,5 nm  The
| ower por.t.i 0{]1 Otg a erturfe 24 jncludes tapered wal |s, 32_and 34 which
nar r owi ng*fka ?IRB"(P’WO Bintaiging; fie dreaueney, p g dtauid Jst e ospllatingl e ~ of
apert ur e 124iGeNeHah r . 34 . et ween
about 74. gﬁd aboutggi}gy.eg%%%g?/%&%égﬂgﬁl?gﬁééﬁfggcmlt ang patﬁﬁpof about
0. 70 nm t26, &pwing discB8%: shugs dfiliguideeadh bf whish hat selbptichbshape) résaltiag 26a of nozzl e
housi ng 12 .i.n. accordance w.th one emhodi t of .the present jnvention.
Bot t om sff?‘gg{g‘g(}%’ ?}WEEI%IT}H@@ -‘F%iﬁlﬂ_sﬁlﬁ%gﬁiﬂ“ Eanl"BEIQP‘@@%i“H%"}?E}%méfF&gve 26. The
Wi dt hys( Weabo@f0. 451t BB BE/S titef t1é%bstifatiip GhifiePRI1eaD QL whs BRted WM ARdat he width
(wb) of groove 26 is preferably about 1.8 mmto about 2.0 nm The 20 depth
of gr oovdetaBesswre®ft}00qst foa6,60bpsindbhe | Serohipal siumber1 &f tie tligridi jaemay be shape of

the dischar li,guid fan.jiet. Therefore, the larger, the radius of groove
26, the TAPPRTLPY (itdompilf Sl ool b decfoaipisy of LErHRged § BEARRIEL . Br om

exper i nenjrale sh@oflifsd j, anaddiidifie VARG ROWhBRINERAII3OGMharbeO MM Lo about 1.23
mmresults in a dischazged liquid jét having a fan shape angl e of about 25

t o about 45.




z5 Figure 5 is a chart of the erosion rate of the oscillating fan shaped _
liquid jet conpared with other liquid jets in accordance with ohe MAR 2305
enbodi ment of the present invention. As illustrated, the erosion rate of
the present invention is far superior to the erosion rate of other
comer ci wio 2badmuiogs | et nozzl e systens, whether or notectlse2@smimrge is in a
round or fan shape. The only partial exception is the super water fan,
which requires 8 1 4 P'~i; ~{3i;~ WO 2004/004914 PCT/ SG2002/ 000154 an
extrenmely expdyidiusiraisd Bpligurs3, appteef thetustaces iy pINTAFHRS SECHON P2 46§ ¥t | veness
of the s P ' s Y ' f kyeness of
the pres eslr#%lfhn@g%? llﬁlga%ealﬁltadmﬂt‘ﬂgk% ﬂg%glr(‘étsﬁn? Slhiﬂéﬂai:ﬁﬁtg% Ceféeglgﬁ‘.‘:?ﬁ’{fgﬁ% IIEEYG Is a

fl ow chargdenerhted imesdiathr thamter ddi The ahape rof sapered watls B ndd AG enayifodm ene 5
enbodi nent of the present invention. Method 36 Begi ns at .a bl ock 38 when a

li quid j eton vhegag; apgle Shis BIRferbl) sealen thap Pyt FalT apd prsfershdy ksl st em The
liquidis fogmhabl 3 ' P ' . 1 he

appr opy i SR llopBiVERZ W S 28R 5 o e RTbudhulE SBETLLTT

gener at e w0 Adthdightai logrithingo sldp édr tipared wallo2&kandBO appeargdad gerrerg @k er abl y
excited to a frequenc bove about 3.3 kHz. Finally, the oscillating |liquid
jet is 10P%8 SEREPEEY ?/eﬁ'ﬁ » o Eesty sost s{figicat aﬁewr%swﬁ PP @ébato?fa 8iscrete

sl ugs to hRg8theimsfdace in a block 44. Each of the slugs preferably has
a Strouhal nunber of about 0.30 to about 0.75. The discharge occurs in a
fan shape having a much greater spot size than a round jet because each of
t he sl ugs has Tand @pértuge 24 and gleape26 @sh arcomattdinanynfestueds thiterid mvéhat i on wi | |

be apparent.to those skil.led in the.art .15 from consideration qf the
apect T cobits o abtofind G Mabof K, ieb HeCPe rigviin: 8 Shunts oA

t er m nol g¥feRBy HAeQNwilGEE,f Ahghl FoRUARAESH Mh tHAB&HI N ke qhélddey, and not
tolimt the present invention. The enbodi nents and preferred features

descr i becrosisaal aperbue & inslidesotnparetewalls ead3r avhich nerowingtthe widtevdon bei ng
defined bc}? atpprgngﬁ) E)n&)%ﬁit 1%5%1%5 ' AnW]ar?gtle n'bsof %Ilje?'thre g'e%ératged by tapered walls
32 and 34 is preferably between about 74.0° and about 130.0°, Groove 26 preferably has

15  adepth of about 0.70 mm to about 0.85 mm.

Figure 4 illustrates bottom surface 25 of nozzle housing 12 in accordance with one

embodiment of the present invention. Bottom surface 25 includes third aperture 24
located inside groove 26. The width (w;) of third aperture 24 is preferably about 1.65

mm and the width (w,) of groove 26 is preferably about 1.8 mm to about 2.0 mm. The

20 depth of groove 26 into the surface of nozzle housing 12 determines the shape of the
discharged liquid fan jet. Therefore, the larger the radius of groove 26, the narrower the

fan shape angle of the discharged liquid jet. From experimental results, a radius ranging
between about 1.00 mm to about 1.23 mm results in a discharged liquid jet having a fan

shape angle of about 25° to about 45°,

25 Figure 5 is a chart of the erosion rate of the oscillating fan shaped liquid jet
compared with other liquid jets in accordance with one embodiment of the present
invention. As illustrated, the erosion rate of the present invention is farl superior to the
erosion rate of other commercial liquid jet nozzle systems, whether or not the discharge is

in a round or fan shape. The only partial exception is the super water fan, which requires




CLAIMS's iois 1. Aliquid jet nozzle system conprising: a eson?tor ane
chanber having a first aperture formng a first angle of entry ﬁ riBa8 £085
said liquid jet, wherein said resonator chanber is to excite a liquid jet

at a frequency to generate an oscillating liquid jet; and a discharge
chanber Wwavagosm end surface, the di scharge chanberchscopomual ed to said
resonat or chanber to receive said oscillating liquid jet, said discharge
chanber further conprising a contracting section, the contracting section

i ncl udi ngRtacXtiergly PRpRSFEFLRRlY |0f SHPY Yty Furdennass b glectineneper! 18 a first
porti on. BB s AL AL Lty Wabivel ol \eofiBLL 0 8 fdiEnfihicifiopgr 1 on to
second portion |rs por ion and the secon por 1on formng

di schar gethajeesgotisige i@ pereasddoat i ng the end surface. wherein said dlscharge
chanber is to discharge said oscillating liquid jet in a fan shape through

t he di scharge erture., 2.. Aliquid et nozzle systemas recited in claim
1, wherein e %éwofﬂo"éﬁ#wf a?ﬂ%%&%?ro%&a@wéﬂzg@ aErerdas pthase). 7 o 3.
Aliquid émtﬁ;HlnTE%tzgi}tﬁe ﬁfxs%h@m&aoﬁ %&8@3% eg@Asa.ﬁ Fhidck ¥O&h ﬂléuttﬁje is St

aperture includes an angle of exitin ein said angle exiting is

bet ween alscained 2By 5namdlllallntgj1hqlﬁ€b fan Jdt néyzlel sustesh j €Fhenlixpad ds gysfereblyas recited
in claim3, wherej g 6$sonat anber S i.ncl ufde&’ﬁa s ond perture to
di schazgePFiTwged gt Vf Q09 Rt do 2 VB carli’a’f°§€at€ KelnpBr for thedsteilhe 49vd second

aperture jtog ffendRciRi e genelfate%lo%elnamlgqfq‘aﬁqa lﬁlam&kk@ %@ﬁglsmblﬂ’S 0. 5. A

liquid jet nozzl e systemas recitedin cllaim?2, wherein a I'ength”of the
di schar geexsitesl tthanfegpency dbovevebout &hd kiiz40Vinaly the astill@d bquidipetaisoust i ¢
vavel ' gt(nsc%];rgé i lbll&:ﬂ iﬂ fn‘e}erably forming a set of discrete slugs to erode the surface in

a block 44. Each of the slugs preferably has a Strouhal number of about 0.30 to about

0.75. The discharge occurs in a fan shape having a much greater spot size than a round

jet because each of the slugs has an elliptical shape.

Other embodiments of the invention will be apparent to those skilled in the art

15 from consideration of the specification and practice of the invention. Furthermore,
certain terminology has been used for the purposes of‘descriptive clarity, and not to limit

the present invention. The embodiments and preferred features described above should

be considered exerhplary, with the invention being defined by the appended claims.

What is claimed is:




-10 4 MR EGES 6. Aliquid jet nozzle systemas recited in clain%g, e
wherein the |l ength of the discharge chanber is between about 25 ! = MAR 2005
mllimeters and about 35 mllinmeters. 7. Aliquid jet nozzle system as
recited in claim1, wherein the first tapered wall s forns a hem sphere.

8. Aliquid jet nozzle systemas recited in claim1l, wherein the first
tapered wall forns a cone. i0 9. Aliquid jet nozzle systemas recited in
cl ai m 8, erein the cone has an angle of nore than 40. 10. Aliquid jet -
nozzl e syst®MMRs recited in claim5, wherein the frequency i s above about
3.3 kilohertz. Zs zo zs 11. A nethod for eroding a surface with an
oscillating liquid jet, conprising: receiving a liquid jet through a first
aperture bf a Adguidjetorozeleapdten, canlyeisirigr st aperture having a sharp angl e of

entry; exciting said liqyid.jet to nerate the oscillatin iquid jet

havi g & £ r equenegesonaipClistst by e f BRO s R R4 bl engce! SHFGtgh o

di sgharge chanber figsdiRbsatt iquid fdt/ wherbi@REIIGEsMElok IR BSxEREs Hingghar ge
chanber to a first portion and a " second tapered wall further narfow ng the

first portion to alsederdtqporyitegeneraihen esallatimediqusidet;leading liquid jet is
discharged in a L%ﬂ*cﬁi}gg gha%ﬂ%r having an end surface, the discharge chamber being
coupled to said resonator chamber to receive said oscillating liquid jet, said
discharge chamber further comprising a contracting section, the contracting
10 section including a first tapered wall narrowing the discharge chamber to a
first portion, and a second tapered wall further narrowing the first portion to
a second portion, the first portion and the second portion forming a
discharge aperture approximating the end surface.
wherein said discharge chamber is to discharge said oscillating liquid jetin a

15 fan shape through the discharge aperture.

2. A liquid jet nozzle system as recited in claim 1, wherein the angle of entry is

between about 22.5° and about 45.0°.

20 3. A liquid jet nozzle system as recited in claim 2, wherein the first aperture includes
an angle of exiting, wherein said angle of exiting is between about 22.5° and about
60.0°,

4. A liquid jet nozzle system as recited in claim 3, wherein the resonator chamber
25 includes a second aperture to discharge the liquid jet info the discharge chamber,
wherein said second aperture forms an angle of exiting between about 10.0° and

about 45.0°,

5. A liquid jet nozzle system as recited in claim 2, wherein a length of the discharge
30 chamber is between about 40% and about 60% of an acoustic wavelength of the

liquid jet.

-10 -




mai ntai ns said frequency; and eroding said surface with said 050|II€t g
liquid jet. 12. A nethod for eroding a surface as recited in claim AR 2008
wherein said frequency is above about 3.3 kilohertz. so 13. A nmethod for
eroding a surface as recited in claim112, wherein said liquid jet is
excited fromvortices that are forned in the liquid jet. -11 ~7rl~t GiU 3
14. A nethod for eroding a surface as recited in claim13, further

di screte slugs of liq

conpr|5|n for id fromthe osci tin iquid
jet. fgl&&g‘ﬂdi* LNABlGiSHY R 48 Grcrtad 8 Gain aoyhesgnithe IGP%LH? e ‘H%h@??’véi n the
sl ugs of Ilqw&aﬁlbem%eﬁve%h%e&n@s lﬂmﬁﬁqaers%dgﬁémgemﬁﬁﬁa&rso 30 and about

0.75. 16. A nethod for eroding a surface as recited in claim15, further
conprising pressurizing the liquid jet at above about 4,000 pounds per

square ingh. i9.17...Aliquid et nozzle st a,resonat or
chanber havi ng  JFid g noedlesbbS s SRERn G NBLENR SRR S ey N T cel ve a
ligeid jet anthﬁsghghggh&ge liquid jet at a frequency to generate an
oscillating liquid jet; and a discharge chanber having a first tapered wall

narrow ng the discharge is chamber to a first width and a second tapered

wal | nar ré)W' ng tlﬂﬁld s]giir Ig)tzzfé‘ %{:g E)a? r%ri]tgﬁg 519 Wi d\}lhe'remt d ﬁrsp t %greg v\%'llSChar g€

chanber couple fes 0 receive sard oscillating
liquid jet andbnheaemm.sald di schar ge chanber is to discharge said
oscillating liquid jet through the first width and the second width in a
fan shape.

10 9. A liquid jet nozzle system as recited in claim 8, wherein the cone has an angle of

more than 40°.

10.  Aliquid jet nozzle system as recited in claim 5, wherein the frequency is above
about 3.3 kilohertz.
15
11. A method for eroding a surface with an oscillating liquid jet, comprising:
recelving a liquid jet through a first aperture of a resonator chamber, the first
aperture having a sharp angle of entry;
exciting said liquid jet to generate the oscillating liquid jet having a frequency;
20 discharging said oscillating liquid jet through a discharge chamber formed of a
first tapered wall narrowing the discharge chamber to a first portion and a
second tapered wall further narrowing the first portion to a second portion,
wherein said oscillating liquid jet is discharged in a fan shape and
maintains said frequency; and

25 eroding said surface with said oscillating liquid jet.

12. A method for eroding a surface as recited in claim 11, wherein said frequency is

above about 3.3 kilohertz.

30 13. A method for eroding a surface as recited in claim 12, wherein said liquid jet is

excited from vortices that are formed in the liquid jet.

-11 -




zo 18. Aliquid jet nozzle systemas recited in claim17, wherein the first
tapered wall forms a hem sphere. 19. Aliquid jet nozzle systen1a$zT®91 gﬁﬁ
in claiml17, wherein the first tapered wall zs fornms a cone. 20. I|qu

jet nozzle systemas recited in claim19, wherein the cone has an angl e of
nore than 40. s o 21. Aliquid jet nozzle systemas recited in claim17,
wherein the angle of entry is between about 22.5 and about 45.0. -12 22.
523. | 0241 25. A metk%oGd fog Zrodmg a surface as recited in claim 13, further comprising forming

discrete slugs of liquid from the oscillating Hquid jet.

15, A method for eroding a surface as recited in claim 14, wherein the slugs of liquid

5 have a Strouhal number of between about 0.30 and about 0.75.

16. A method for eroding a surface as recited in claim 15, further comprising

pressurizing the liquid jet at above about 4,000 pounds per square inch.

10 17. A liquid jet nozzle system, comprising:

a resonator chamber having a first aperture forming a sharp angle of entry to
receive a liquid jet and to excite the ligquid jet at a frequency to generate an
oscillating liquid jet; and

a discharge chamber having a first tapered wall narrowing the discharge

15 chamber to a first width and a second tapered wall narrowing the first width
to a second width, wherein said discharge chamber coupled to said
resonator chamber to receive said oscillating liquid jet and wherein said
discharge chamber is to discharge said oscillating liquid jet through the first

width and the second width in a fan shape.

20
18.  Aliquid jet nozzle system as recited in claim 17, wherein the first tapered wall
forms a hemisphere.
19, Aliquid jet nozzle system as recited in claim 17, wherein the first tapered wall
25 forms a cone.
20.  Aliquid jet nozzle system as recited in claim 19, wherein the cone has an angle of
more than 40°.
30 21, Aliquid jet nozzle system as recited in claim 17, wherein the angle of entry is

between about 22.5° and about 45.0°.

-12-




z 028 Aliquid jet nozzle systemas recited in claim2l, wherein the
first aperture includes an angle of exiting, wherein said angle Of% &b ia0g5
i s between about 22.5 to about 60.0. Aliquid jet nozzle systemas recited
in claim?22, wherein the resonator chanber includes a second aperture to

di scharge the liquid jet into the discharge chanber, wherein said second
aperture includes an angle of exiting between about 10.0 to about 45.0. A

liquid jef, nozzle systemas recited.in,claij 7, wherein a |length of the

di scharggﬁ?chan%éﬁqupéaa%g SyBSHES G0 SVR 8 valwraeafe&‘{fﬁi%a V& BEHEER of
the liquid jetan fgld Sitbixdling, %eﬂéﬁ?sﬁl@arx%Yééfeéﬂtﬁ%siE BEtuicEl abdhit 00 3P 18 Afbut Wher ei n
the Il ength of the discharge chanber 1 s about mllimeters to about 35
mllineters. 200%uid j et nozzle systemas recited in claim17, wherein

the frequency is above about 3.3 kilohertz. Aliquid j et nozzle system as
recited in claim17, further conprising a third aperture located in a

groeve om:A boAlRMdSE AR Piteinl@ rebiee heEgRn ehapesin @SS atbrichenber
oscillating liquid jet is discharged fromthe liquid jet nozzle system

through sai d apeidesrasecond menive tpalischazs the ligpid ieings theslischarge charebasi m 27,
wherein the gropye nay s@c&z@p‘é&u@%n&&de@%%gl% 'o?gxigi]ntlg Ib'et%%& Eﬁouttqo.%b?om 1.23

mllimeters.
about 45.0°,

10 24, A liquid jet nozzle system as recited in claim 17, wherein a length of the discharge

chamber is about 40% to about 60% of an acoustic wavelength of the liquid jet.

25.  Aliquid jet nozzle system as recited in claim 24, wherein the length of the
discharge chamber is about 25 millimeters to about 35 millimeters.
15
26.  Aliquid jet nozzle system as recited in claim 17, wherein the frequency is above

about 3.3 kilohertz.

27. A liquid jet nozzle system as recited in claim 17, further comprising a third
20 aperture located in a groove on a bottom surface of the discharge chamber, wherein
the oscillating liquid jet is discharged from the liquid jet nozzle system through

said aperture.

28.  Aliquid jet nozzle system as recited in claim 27, wherein the groove has a radius

25 ' of about 1.00 millimeters to about 1.23 millimeters.
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