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ATOM Z| NG HI G+ VI SCOSI TY FLUI DS US| NG | OW EREQUENCY VI BRATI @NGufBASHIEROUND
OF THE i NVENTI ON Thi s invention r mwr“ “wwml@% zers, and nore
specifi.cally) s to atom zens for a h-viscogity fluids into
nonodi sperse droplets. Atonization of *hiogghr-vi scosity fluids, fluids having
a viscosity nuch greater than the viscosity of water (vaater =1.0 cP~) is
a fundament alvguomosRs step in many industrial processes incl udCRUs$IEnd23o
exanpl e) food processr ng, netal powder production, and pol ymer production.
For exanple) in the pl astlcs i ndustry, polyner solutions are atom zed to
enhance the evaporat | CHM”JM' Iﬂwﬁm nt during a precipitation phase of
pl asti c powder product anDunt of polymer increases in proportion
to the anount of soI vent * @+ polyrrer solution is becones nore viscous. As
the viscosity of luid increases, viscous forces that resist droglet
formation i ncr*"JQE’éSUSc"SFr‘*JQM&W H@“y“??ﬂ?%%}’wa USHhE LOVFRERUENGY, VB4 TIONS
atom ze the fluid. Typical industrial practice is to use high-shear,
air-blast atom zers that utilize kinetic energy of a carrier fluid, for
exanpl e) air BAGKGEGROUNBOF I HEJINVENEION or atoni zation. Such atonizers
require | arge vol unes Ofgﬂ' gh- pressure carri as and, i nherently enerate

pol ydi sperse dropl et si zENtH Gvenhen iralates rpa@toarfge@%ﬁ@rddmpre isessifigally.r abl e
than monodisspapse; GLaRet fo! éﬁrﬂl L uc_f tljﬂgﬁ-\ﬁéb%gltgof]ﬁirdgl irtb HBI?O&IXB%SSQ]C

at om zatlon process 1s al so I'nce dr et formation 1S
dependent on tdrepletsal conditions of the streans of carrier gas and fluid
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Li quid dropl ClufBARIGHIAY Srodie@stBpD Amy! Mludtrial Wrdoddlel!Beniing! fdrl ce and

provi ding a distur certain requency so t
st ream of 1Bl uiexamplehdogdd proeeasing metal qowdear predisction, sapdr polymert o

k] ot pri nt TORNBIEFPE BRI PORS BIBEIES RSy, AT SOuTERecR, of |

dropl ets havi ngomigbdtb8hah6s ?né Beapéramh o‘?@@olkléﬁtlﬂdnﬁk’? ar&rebi;ﬂ&rrehat ors
have a transducer driven at high frequencies to disturb | ui ds) for

exanpl e, at frRipashafeplasticapowdesopumiiction: z Asithe |861Q!Jl'8 orbapelumemo

@ sl bses a1 ErRsapdhiBeRia B ¥ BRIGUR, o svEE RlwRE Sogbhy”

drying) and f usdcdres didranvisdbis. |Agithel videositebf acigidahoreates, viscous
i ncor por ates one or nore pal rs of pl ezoel ectri C, transducers and a pl ston to
apply high frdgmascythat resist droplet formation increase, correspondmgly

increasing the energy required to atomize the fluid.
Typical industrial practice is to use high-shear, air-blast
atomizers that utilize kinetic energy of a carrier fluid, for example, air
20 accelerated to high speed for atomization. Such atomizers require
large volumes of high-pressure carrier gas and inherently generate
polydisperse droplet size distributions that are generally less desirable
than monodisperse droplet size distributions. Control of this type of
atomization process is also difficult since droplet formation is
25 dependent on the local conditions of the streams of carrier gas and
fluid to be atomized, for example, turbulence levels, momentum fluxes,

. " and mixing rates.

Liquid droplet generators have been used to atomize
fluids having a low-viscosity fluids having a viscosity generally equal to



15 perturbations an a fluid to atom ze the fluid into droplets. In

particul ar) the droplet generator is driven at frequencies 42 Jah®B00%, 550
Hz, about 9,640 Hz) and about 9,780 Hz. The above-noted |iquid dropl et
generators, although suitable for there intended purpose in atom zing

Fow vi scosity fluids 20 wiffi high frequency perturbati‘6hs) are not suitable
for atom zing highviscosity fluids that require | ow frequency

perturbations. In addition, in the above-noted |iquid droplet , g
fluid is conVR%al%n a fixed size chanber or reservoir and tHeEl]t;Er‘%g}s?%éers

are operable only at select natural frequencies of the transducer systen)
for exanple, at 25 7,000 Hz, 13,000 Hz, an@+17,000 Hz, and within a range
t her eof of about 100 Hz.' Such configurations limt the ability to optim ze
the performance of the liquid droplet generator. Therefore) there is a need
for an apparatus selectively operable at |ow frequencies for breaking up

jets of high-virgg st wWiitdr Gide,. =12.0I8PE 20§8id dMfpIS0GBRSAAORCIHPLRAB/RP423 - 3
i nt o nonodi sperse dropletS. In addition, there is a need for an appadratus
and net hod in phssihg tehéujrk throughrare ovifice hend ppevidingsa adistuibarmgd ton theed t o

m nimze the power required for droplet formation. fs Sgl\/ql\;léﬁ%( OF THE

| N\VENTI ON An afiwigr @l a<cortaingrequancy s thakactreaineof tvid discharged, framusity

fluid into a plral:k hS r; Lhcl u [ ving a
chanber, a pi s*htén%hpé%o‘g’gld%@Sheeﬁgﬁer'ﬂﬁog&@l?n‘% aﬁrs';seg(ra v |ra) r?ig%"n*aeast
one inlet for depetvgegefatoisihave bedmeempisyedin niajet printep appiicaticne
outlet for discharging fluid fromthe reservojr. A pagnheticcoil systemis

connected to tfos atemiAing adtigddet inte akteqatm of Afoplets hawingra diameisr iess

magnet i c-coi | t or | ' [ A havi ng
a frequency ofﬁ\\é@sgwﬁ'ansg oﬁﬁﬁtg,@%’%ﬁz‘*&%ﬁ hgg’réﬁ ?ﬁﬁgfr’%/g'll@é\}seq{]%gn
about 1, 000 Hzhighdrédemdiasdoi disturb thesituids, forsexdamplehatt fiegjuenciesost t y

fluid discharged fromthe reservoir breaks up into a plurality of
nonodi sper se d?%-l'tertoapoﬁﬁ'ée% Fatus may further include a pressure

transducerld‘ or generati ng; 8. Zﬁg{@k Na_rgs‘?gg;éﬁﬁ %g?ﬁ%’%‘?rggﬁ%y b@,.td ons on

the fluid T'h the reservoir, a controf osci |l | ator

in 20 responseinventors ofgtike breserithapplication)e disclosesicar liquidadromen a
generally constant filanent |length for break up of the je} of. high
viscosity flui @enefaiprafen aprewityrabspraying; SPEaY 8rvingpaBdsiuetipiegiipar at us

esponse to thoSIRfE dhoplet BENrAR R Incofbo o) Sibrd i of 1 4
2s bl adder to piekzeelectrid yiransguddrs ande af piston rtes aapply r highRl fréqusrigyRl PTI ON
OF THE DRAYS\»' NGger'?Lln%aticl)nissonaasfﬁﬁé itg ré%m\{zieet eO{luigr}n%D g%p%t%.s l?mf pérrtlngu arr,esent
the droplet generator is driven at frequencies of about 5,550 Hz, about
9,640 Hz, and about 9,780 Hz.
The above-noted liquid droplet generators, although
suitable for there intended purpose in atomizing low-viscosity fluids
20  with high frequency perturbations, are not suitable for atomizing high-
viscosity fluids that require low frequency perturbations. In addition, in
the above-noted liquid droplet generators, fluid is contained in a fixed
size chamber or reservoir and the transducers are operable only at
select natural frequencies of the transducer system, for exampls, at
25 7,000 Hz, 13,000 Hz, and 17,000 Hz, and within a range thereof of
about 100 Hz.. Such configurations limit the ability to optimize the
performance of the liquid droplet generator.
Therefore, there is a need for an apparatus selectively
operable at low frequencies for breaking up jets of high-viscosity fluid



i nvention for atom zing high-viscosity fluids; 12 June 2003 ~~~~ v ~~~n.
WO 001 30762 PCTI US99/ 20423 -4FIG 2 is an end view of the appauat ae0df FI G
1 illustrating an orifice plate. FIG 3 is a side elevational view of
droplets fornmed by the apparatus shown in FIG 1; s EIG 4 is a graph of
‘the peak-to-peak reservdrit pressure required to mai ftain a fixed filament

| ength over a range of frequencies; and FIG 5 is a graph of the electrical
power requiwgdokiei®i Ntain a fixed filament length for break ppr/géoomoiBt Of
fluid over a to range of frequencies. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
FIG 1 illustrates an apparatus 10 for bf@@king up one or nore jets of a

hi gh-vi scosity fluid) fluids having a visCosity greater than 1s the
viscosity of water and typically greater than about 15 cP) into a plurality
of nonodi sperse dropl ets. Apparatus 10 generally includes a housing 20
having a chanber 22, a piston 30 disposed in chanber 22) a nmagneti c-coi
system 40 at tiiohsaonedinpetsengiropleisd fnsaddition, thare 48 asbeedatasr aBo for.

Ceserva 1 3o apprrs s ety AL 0 iR B, dih it Bl 31 Aepakars 585,
reservoir 12 pgsoftirh@dupafinimizntes powbtedqiratPidraitoplet Rirfiion30 to i npart

pressure perturbations on the fluid in reservoir 12 so that the fluid upon
di scharge fromreservoir 12 separates and breaks up into a plurality of

nousi ng. 21 AMARY QBTEINMERTIQNG ng oyii ndr i cal o deval | 24 and &

l'ower horizontally di spegethpirdtudP ¥l Bredkingup bA8 &V @icPe 36tst Bﬁhig‘l’\efi nes

chamber 22 therein. Sidewall 24 includes a pair of inlets 28 that” extend
t hr ough 1xistosity 2flaid irsosadpluxality2of ananogdispersa «ropletddncipdesoa

i duct i f fluid.i hamber 22.. E ion, .26 of i ng,.20
el odee 5 hausing bewnBLS pFARBeE, aHiston fisb3esd M i cRambRl 1 B8AAS Les:
shown i n Fl Gy r@sehiir, dit 64 dHa it fdéié\;\deljéliOiB A58 imei the ¥ésesvolt 8hQ@at30

conprises a vertically extendin [ and a |l ower end portion or

pi ston héad temst\ene iotdlet Soridisshargingi fiuidifrembthg rasssvainblAe magnationber 22

o th e o Poufpl SERtrn YondShRRhg SRS N BB koo A BiolificR o °°
102 ring 27 fogdrives! the maghktiteoil3Gystarh hdr elddtively afpplyingeprdssurgser voir

perturbations having a freiquency of less than about 5,000 Hertz, and
particularly less than about 1,000 Hz, to the fluid in the reservoir so

15 that high-viscosity fluid discharged from the reservoir breaks up into a
plurality of monodisperse droplets.

The apparatus may further include a pressure transducer
for generating a signal in response to pressure perturbations on the
fluid in the reservoir, and a controller for controlling the oscillator in

20 response to the signal from the pressure transducer to maintain a
generally constant filament length for break up of the jet of high-
viscosity fluid into a plurality of monodisperse droplets. The apparatus
may also include an optical position sensor for generating a signal in
response to the position of the piston, and a controller for controlling a

25 bladder to selectively vary the size of the reservoir.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a sectional view of an apparatus of the present
- invention for atomizing high-viscosity fluids;



Magnetic-coil system 40 includes a permanent magnet 42 and a coil 44
connected to housing 20 and piston 30, respectively. For exappues 2008 | 42
may be supported around a nounting unit 46, which nmounting unit 46 is
attached to upper end portion of piston 30. is Permanent magnet 42 nay be

" supported between coil 44 &y magnetic nounting unit 48%¥which nounting unit
48 is attached to upper portion of housing 20. In an exenplary enbodi nent,
permanent magnet 42 is rigidly linked to orifice plate 26 through nounting
unit 48 so MRAPYIRE rel ative notion therebetween is reduced tBCﬁ’é&?P?ﬁ“ﬁ'@the
coupling of 20 energy frompiston 30 to the fluid. A flexible diaphragm 45
may be di sposed between nounting unit 46 -ahe nounting unit 48 to seal

magnet 42 and coil 44 from chanber 22 An oscillator 50, for exanple, an
anplified wave generator) provides a tinme-varying electrical signal of
prescri bed 2s anplitude and frequency. As described in greater detail

bel ow, oscillator 50 an gretd C;,£04 4 | 0 gri i ston 30
al ong a | ongi t udi nal axiq:slgo‘ra Lép%@i%%d ygg?ge&gﬁ@rﬁal or@ (Exéf Pfui din
reservoir 12. jllustratieg embsrficeeplate.nagnet - coil system 40 and oscil | ator 12
June 2003 -6 50 are selectively operable from 10,000 Hz down to DC (e.g., O
Hz) . Magnetic-coil syst &HG4@ igrisigeceleyvalinalyiew phdeepietls tosmed by thesur e

erturbations o ervoir 12 having a frequency chosen
b affatztfs bbby ihiFIcE ably | ess tha

bet ween about 'Hz, and preferably | ess than about s

1,000 Hz, sand nost pref ﬂ@b'tb’isbatqd@ph aftthet pdalbtdpeak deS&oizprelsBueper at i on
of apparatus 10,  high-viscosity fluid t?i be atom zed is directed to the

space bet weenrasbtirgichgtooomaidais <2 ofixed filareegh lergth sover anheangaii of t hen
travel s betwe LStap. d 34 and orifice plate 24. The high-viscosity
fluidis desiﬁgg%ﬁéslggbjﬁﬁ@d to tp reservoir 12 at a pressure between about

20 psi to about 60 psi FIG4 §osdalgraph of Ohel ldlettdeal SPower aequiratier t o
produce a current flowng through coil 44, which current interacts with the
magnetic fiel Magtaimea fixeddiamentdength for breaksur @fradet ahdiid ovar @ action

pr oduces fo t rivegs.coil 44 and piston 30 along a | ongitudinal
axi s of igo hot@ﬁ?g%?%’i‘fqé%bl y, oscillator 50 provides an electrical
drive signal, for exanple, a periodic wave based on a single or multiple

frequency. As_piston 30 noves toward orjifjce_plate 26, the fluid in the
regi on bet weeP%ﬂ'HLEP QE%BWHQNQEH‘@’&VE&J@U is conpressed thus

causi ng an accel eration & fil MP%"@%% éaﬁ ggggfétﬁgslozﬁroq%?ﬁfgg; %,O%Q &°

retracts away fromorificé pla eration id"1eaving

t hrough ori f i mese Jétsasfcal high-Viscesityfltid) flaids having e viscosjtydgrester thanng | ui d
notion causes the flujd streans | eaving orifices 25 to break up into

gener al | yluni g Misgesity @t o §teJta@‘ﬁM'98%&5%§te6fth?ﬂé‘Wrﬁtcp appfa &d to

gg:olar gfﬁszioﬁaw {I%f;/rﬂgﬁgpﬁrspégsezﬂfo ur al ?{\ebg@tﬂ? 3)'3 %ﬁ@gﬁ?g@ %? to each
other by" a fiheusing 2Bhaving a ehgiber 22; @pistah Bﬂrdisposaldeigrr_thambmnm,et ely )
D e R Sah e amb e 4T SHeehan b4 el 20'af ple Hoogne ™2
 r=n an oscillator 50 for.driving magnetic-coil system 40. Housing 20 and
20 piston 30 define a reservoir 12 for receiving a supply of fluid. The
supply of fluid in reservoir 12 is acted upon by an oscillating motion of
piston 30 to impart pressure perturbations on the fluid in reservoir 12
so that the fluid upon discharge from reservoir 12 separates and
breaks up into a plurality of monodisperse droplets (as shown in FIG.
25 3).
in-an exemplary embodiment, housing 20 includes a
vertically extending cylindrical sidewall 24 and a lower horizontally
disposed end portion or orifice plate 26 that defines chamber 22
therein. Sidewall 24 includes a pair of inlets 28 that extend through



WO 001 30762 PCT/ US99/ 20423 -7 with viscosities up to 2000 cP have been
atom zed i nto nonodi sperse droplets in which the frequency ¢2 Jude2003

$i nusoi dal excitation was varied over the range 100-3000 Hz which produced
dropl et dianeters fromabout 1.0 mmto about 5.0 mm s Referring again to
"FiG 1, in another aspect of the present inyention, apparatus 10 may

i nclude a fast-response dynam c pressure tra&isducer 60 nounted in piston
head 34 to nonitor the performance of apparatus 10 and, in particular, to
control the filament length of the jet breakup. Control of the fil anent

|l ength is especially io inportant for spray drying and other applications,
for exanpl e, wheidewalk 2doane mpem intbechainber 28 ot éttrastuctiam ebfflaid lrtees

and, therefore, can potentially freeze the fluid jet, prior to breakup. FIG
4 illustrates aCBPBprQSfEg-heEBQgRQ@'SDpégkogrs@QH?WQi ésdpgélgﬁﬁear@&[ﬁeiﬁé for a
fixed fil anment 486k : i r Ci 2 to
3,000 Hr) Tor aprary cheoioss) 23) HpBah? 188, fes Beot SHMACIERIGEE I

| ength i s subst digchargingifiuscfrent reservair i2equency over this range and is

essentially a function of t{he pressure .perturbation. Thu the, fil nt

|l ength can b® correl ated téjsfpﬁeaﬁawpﬂ s A V@E‘«Feﬁye@gﬁpam&%@vfﬂﬁﬁe
reservoir at on r Y r reqg tr : @ct as
a "filanent Ien%’!1 E ?ggﬁ{égteoﬁﬁége@\ ?p@ﬁtgg ﬁ?égr%ueﬁ@?@gfg(ﬂ’e?%“?g?e@ence
again to FIG 1xligaklyseceivabinidcitambéd 22a¢f heusing[20:d Desirabbgrvertiddilyr 70
that, in turn is coupled to oscillator 50) for, providing g closed-l|qo
control circuit SXgNARG sidewall, B2, My PZ)(Pé@‘é'd.gd Fwtg‘eén‘ﬂf%',m%@ﬁtfagwr)er 70
may include a sui ; i i QA s 0% KO, f ol l'ing
Tho power (vol t SSETRIH G6LS 23 By SlHichis rBLohERORA IREP 2T, (i SN0 1o
mai ntai n a gonspision 3Stotchapetzdr 222se asdordgfinesssewoitut2.ng t he at om zation
process, thereby - maintaining a fixed filapent |ength. In addjtion, by
nmoni toring the 12 June i@@@f??ﬂqf%‘?' ,Symf@o‘ﬁgMngiga PeFRANGHY Magnet

pressure pertur sty on o dhif A€ cBAAGCIEH tb*}f‘ot?éiﬁ’?g ngngﬁgod'lpgbf Péds'@gﬁglelgf the

atom zation system can be consistently noni uste e a
t enpor al | y- st ablFer daxampie, [tafit42 mayl ibes supporied espand & nyountinghuailedys i n

t wh th dj stribuytion i itical ., t yr bi
cl(ymbt”f or r-? " ISR GBI 15,15 AEBNSR 0! dRROTSTIALPABION B HBIATE0e. ( ne
el ectrica Wek ; ;
resonances ggi stpéﬁ%gqﬁgés@{é\?%é;%ﬂ%gh? P%ﬁ%ﬁ%&@p V\%%'Eegilgt&(a)wh?%‘ eé'& and
]9-” }‘idcg pl at e 2?1¢1ﬁ1tingwhiltn48|, Iglhiﬂhhh%;tltiﬂb unitad8 isrm(tjacitreji Mupﬁ]lppm?ifspr e
ie ecause o e pi ston notion. e resonances determne the efficienc
wi th which the eﬁi@yﬁh é@r ﬂmaaaqxe&mlaafsnimsﬁveaﬁimanﬁn?m%w@éﬂgﬂéti ans.
and decel eval | Ofidi 1fikEA 18! SARCP Plate 26" MiroUBAARBUARTG Uk 481541tk the

operating the at er successively over a range of equenci es while
mai nt ai ni ng a prelative adtipn dherabetweemds treduced éo mMaximize dbe dasplingeaf above

et o' neneron o aibah s b o o3 gL T e
time-varying Vogﬁﬁﬁsaﬁ‘gelfﬁéﬁ%o?@gﬁ@%pﬁ o8 ARH A nﬁﬁgsumdme 564 pover

i nput cal cul ate ustra the el ectrical power
required to 2o nmagneti42 and ceitd4ifrommobamben22 h, (e.g., 480 mMm over a
range of frequencies between aboyt 0 Hz tq about ocations of

3,000 Hz. -{’Pﬁ I
the nminima in the curve deMn@selatorod0,efer ceXaMPlye AR | HYPIHRY  WAVBes for
t he device (i.e, i OYe ki i ' : e LdribeRnt
| engt h;“ I n(lt hi 'Qe t"??ﬁwp?.'ﬁ?@b gf g/ren_rhm é&ﬁ?nhéiﬁgbggﬁgrn%gﬁgﬁl slagé:%:éur red at
frequenci es 20f aimpiitudéOantd) fréQaridy) 1, ASOdéscribead ir2, gréatdtz detail below,

oscillator 50 and magnetic-coil system 40 combine to drive piston 30

along a longitudinal axis for applying pressure perturbations on fluid in
reservoir 12,
in one embodiment, magnet-coil system 40 and oscillator



I n anot her aspect of the present invention) the size of reservoir 12 may be
vari ed. For exanple) reducing the gap size - (between pi st o2 hewed2®3 and
orifice plate 26) for a given flow rate) the 12 June 2003 ,...~. WO

001 30762 PCT/ US99/ 20423 g power required is reduced and the curve shown
‘in FIG 5 is shifted dowm. Increasing the gap size, for a given flow rate,
the power required is increased and the curve shown in FIG 5 is shifted
up. Wth reference again to FIG 1) an air or liquid filled s bl adder 80
and an optical position sensor 90 nay be provided for varying the size of
reservoir 12. Desirably) optical position.gansor 90 is used to accurately
regul ate bl adder 80 to optim ze the gap between piston head 34 and orifice
plate 26 or the DC position or nomnal position of piston 30 about which
pi ston 30 noves or oscillates. ~o In this exenplary enbodi ment, bl adder 80

I s di sposed beégjv\eagé\ ngltﬁgéépa unt| 95565% 5’0}9{5\,{5 Q%g;zc:g;\g% i.r. or
liquid into bl 0 gnet 42,
and piston Peagadfetio-ceySysteh ng ggrdstg G5! fyilally éﬂ%e&?ﬁgfé' ze o

reservoir ving alr causes Ul’ltl
nove cl oser t qparaghetioAs, toati'da |ﬁ|uai (m résenrolf412 dhaving aafieguency choderce

| 26 h 12 | 90,
o exannl o, atrizen amuto i Buaboues, 000wz @ﬁﬁtréé?%pl@i%% NRSLEPeRE 20 and
ext end thfgugwebgmlléencg@g%i gféféPéHl %Qhﬁ/@é 'a'BG'uE geg a%ﬁd Ay, the size

of reservoir ween |ston hea n orifice plate 26.

In this exenplary enmbodi Ireruperatlm &:fzappﬂraluhsad@erhlga-vmosiw floidt taolbeed by
controller 70 via ,a punp,kor i :

optical positi¥AMiZed is @'@Ct%@ rﬂré%ls?aggﬁﬁgg&m aﬁgugﬁel 2 Iﬁ%ggrl‘ (?Igzglmed
of the appar atlIEoURty BiSR28,, IR HERE er fabils Btviber ﬁ*@a oo rE Gy
t hose skill ed grfidehlatet 24hat Thbhhighavisuesitye dhidi ismelesivablypsupplied to
10 reservoir 12 at a pressure between about 20 psi to about 60 psi (1.4 to 4.1 bar),
Oscillator 50 is activated to produce a current flowing
through coil 44, which current interacts with the magnetic field of the
pemmanent magnet 42. This current-magnet interaction produces a
force that drives coil 44 and piston 30 along a longitudinal axis of
15 housing 20. Desirably, oscillator 50 provides an electrical drive signal,
for example, a periodic wave based on a single or multiple frequency.
As piston 30 moves toward orifice plate 26, the fluid in
the region between piston head 34 and orifice plate 26 is compressed
thus causing an acceleration of fluid out of orifices 25. As piston 30
20 retracts away from orifice plate 26, a deceleration of the fluid leaving
through orifices 25 occurs. This continuous accelerating-decelerating
fluid motion causes the fluid streams leaving orifices 25 to break up
into generally uniform-size drops at the frequency of the current
applied to coil 44.
25 As shown in FIG. 3, streams of fluid 14 discharged from
apparatus 10 initially comprise a plurality of droplets 16 attached to
' each other by a filament 18. The Iength’required for a stream to
completely break up into separate drops is known in the art as the
"filament length." Aqueous solutions of carboxymethyl cellulose (CMC)



pressure perturbations on the fluid in the reservoir may be suitable, e.qg.,
actuators, solenoid-type devices, and notor driven cam or 1QrAjnk 20032 June
2003 'y~i ,ya~:. _.~ WD 00/ 30762 PCT/US99/ 20423 - ~o0 operated mechani sns,
for oscillating the pistgn. Unlike the prior art include piezoelectric
‘transducers) the instanf™drive mechanismis not dep&ndent on the inertia of
the noving piston to pronote atom zation, but instead may be dependent on

the force gﬁ;a,e(f by the drive s nmechanism It will also bep@ppspshaised
t hat ot her nec Ogstr(l)?éérrs for varying the size of the reservoir may be

suitable, for exanple, variable spring rre.o}‘ngni snms or notor-controlled screw
mechani sns. It will be further appreciated that pressure transducer 60 need
not be nounted in piston head 34, but instead can be nounted in the housing
so long io as it is operable to neasure pressure perturbations in the
reservoir. In a}ddi_tion_%- t he &reesent i nvention can be coupled with existing
.atomi zati on syétreviscesitienmniec2080 ofhhavebeghi aiamized ivio menogisneyse For

Syetom the adiPRBin Wi {5 ThalBHELPY Mk SHOERGH Sl 8o iR dated
,tend to reducqyvbheheGargeee®-8000 M2! Whichnpiddticelr axopit dianietel froph onl y

certain features of the~invention have been illustrated and descri bed) nmany
modi fi cati ons atout ¢ hmmge 40 abblt 6drovm+i o those skilled in the art. It is,

therefore, to be understgQod that_{h ende ' re intended to
cover all _§uch nodi fi cat'ip‘%fjr%"%gldaéﬂ'ﬁngcgsﬁ@g Qal ?’ %r@@r t @egpuog rit of
the inventionpresdrt iRvBRticH Mpparkius 16rAkiaclideAn tanmresponse yhamieaki ng
up one or nore jets of a high-viscosity fluid into . a pluralify of

nonodi sper se @ressurestransducer Gppmasnted donpisten Mpadi 3doteimeniter they a
charber) 2t o BaforfiERgb ke ul¢ 6l 4 o ReblifEi, AR SHe alnef S,
appl yi ng pr esgHGthPsi fhel et breaRup.2\Costrél 6fothe filinearftYieAbth &5 8spé@alpbout
5,000 Hertz to a fluid introduced within
10 important for spray drying and other applications, for example, where
the solvent in the jet or droplet stream volatilizes and, therefore, can
potentially freeze the fluid jet prior to breakup.
FIG. 4 illustrates a plot of the peak-to-peak reservoir
pressure required for a fixed filament length (480 mm) over a range of
15 frequencies (200 Hz to 3,000 Hz) for a fluid having a fixed viscosity
(750 cP). The filament length is substantially insensitive to frequency
over this range and is essentially a function of the pressure
perturbation. Thus, the filament length can be correlated to the
magnitude of the pressure pulse in the reservoir at one frequency and,
20 thus, pressure transducer 60 can act as a "filament length regulator”
over a range of frequencies.
With reference again to FIG. 1, pressure transducer 60
may be coupled to a controller 70 that, in tum, is coupled to oscillator
50, for providing a closed-loop control circuit for the atomization
25 process. For example, controller 70 may include a suitable electronic
circuit or microprocessor for controlling the power (voltage and current)
of the signal to magnetic-coil system 40 to maintain a constant peak-
to-peak reservoir pressure during the atomization process, thereby
maintaining a fixed filament length. In addition, by monitoring the



sai d chanber so that fluid discharged from said chanber breaks up into a
plurality of nonodi sperse droplets. 2. The apparatus of cl a2dune(2008erein
said neans for is applying pressure perturbations is selectively operable
at a frequency of |ess than about 1,000 Hertz. 3. The apparatus of claim 2,
" wherein said neans for apptying pressure perturbation§¥ts selectively

oper abl e bet ween about 20 100 Hertz to about 500 Hertz. 4. The apparatus of

claiml1, wherein id means for applying pressure perturbatiol;@r S€es a
pi ston) a rﬁﬁ'@r@?f’iq%coil system connected to said housing and toffsigﬁépf'ro“%

pi ston) and an oscillator 2s for driving %ai d magnetic-coil system 12
June 2003 -12 5. .The apparatus of claim ™~ further conprising a pressure
transducer for generating a signal in response to pressure perturbations on
the fluid in said chanber, and a controller for controlling said oscillator
In response to said signal fromsaid pressure s transducer to maintain a
gengr ally c]?nptessulré ipenjuribatiore irg the hGad'tI)'dsfeth@p@mmizas the méréd:mnndr)ca\/oﬁr ein
said neans for applyin ressure perturbations conprises a piston that
defines a restia® C’f’“'ﬁzﬁgﬁgvﬁ%{ﬁtﬁﬁ“ﬂa@i Wi@"&f%@’h&ﬂd&oﬂ% ang adisstaehta | and
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reservoir. -~ .gR’%heﬁ 3%@??3?'[}’3&8?%;@%@, )b\?}?glr;%i nqyz'i?dc%rﬁeaﬁes %%égés'glllyect ively
varying the sadearthgeeusl in egsters whersnthe sprayadiswiblutionl is oitical @ng.sénsor for
generating a signal .in response to the position of ~s said piston) and a
control | erS f 0828 84bing coMBUBIEadder to sel ectively vary the size of said

fruid into a pluraity oftndRsaenhonugRshs it "BEGLEE Zal ety REPS, Ve
steps of: 20 minimize nige elbcrisahgowed impst myuiiednfor dropibthreakap. dEéf ni ng a
reservoir; introducing a supply of fluid into, said reservoir) noving said
pi ston to appﬁ&afﬂplﬂﬂs§§§@n@'é¢qslj?ﬁ§§ irothe FREATMYIr 25t ey F’c@et&feqﬂelﬁqfhan
of fluid romnead 34 i Yibte 38,6 TRl sBBlectha 10 Hritdyaidg " ¥
fluid bregks pressate fieidl wevausy of thenopistpermetidnopl The. resdfadegy 2003
-13 9. The nethod of claim9, wherein said step of .
determine the g}ﬂcnency with wshlch t?we pressure perturbations are
coupled into fluid accelerations and decelerations through orifices 25.
The resonances are found by operating the atomizer successively over
a range of frequencies while maintaining a prescribed pressure
15 perturbation (which as described above also results in a constant
filament length) as measured by pressure transducer 60 mounted in
head 34 of piston 32. At each frequency, the time-varying voltage and
current to the atomizer are measured and the power input calculated.
FIG. 5 illustrates a plot of the electrical power required to
20 maintain a fixed filament length, (e.g., 480 mm) over a range of
frequencies between about 0 Hz to about 3,000 Hz. The locations of
the minima in the curve define the most efficient operating frequencies
for the device (i.e., the minimum power input required for a given
filament length). In this test, points of minimum power consumption
25  occurred at frequencies of about 350 Hz, 800 Hz, 1,600 Hz, and 2,500
Hz. .
In another aspect of the present invention, the size of
reservoir 12 may be varied. For example, reducing the gap size

- (between piston head 34 and orifice plate 26) for a given flow rate, the



appl yi ng pressure perturbations conprises applying pressure perturbation

haV|ng a frequency | ess that about 1,000 Hertz. 5 ~.0 . Theiagminagdoaf claim
.further conprising the step of nonitoring a nagnltude of the pressure

perturbatlons on said f%%Jd in said reservoir, and controlling a filament

| ength for break up of ¢ jet of fluid in response’to the magnitude of the

pressure perturbations. to ~. ~ . ~ The method of claim9, further

conpri si ng wheoshRR of varying the size of said reservoir. ~2pcTVbsv9rveiod
of claim9, further conprising the step of mnimzing the power required

for droplet formation. is i ~ . The nethog of claim 13, wherein said step
of mnimzing the power required for dropl et formation conpri ses at | east
one of the step of varying the frequency of the pressure perturbations and
varying the size of said reserv0| r. A 5@Al!,. A@ A@ AYe. As;

. AS. ASY. AS. ASy. A, . AL{, . A&, | *wk

PpM { vgl gb] X] ROWeR realicad d%l]"@d]—@aflc%l}d:él]\%ﬂ% show) G &jie shiftadta

cal oa] oal ca] U] canERASHE InECAR) Bipr Fpf L g thdia ndy The pdugr] ol o2

2] ca] ca] ca] cajerjulireal i Mcrahsad el tecedrvalshalwisih FIG. sni(s(sw)aftéd upO, , ----- .. 0;
S5H5P5\ 5" 5a5p56: : | w nhc”Y] | ca] ca] ca] ca] ca] ca] cléaca] ca] ca] ca] ca ca} ca caU] caj
ca] ca] ca] ca] ca] ca] ca] capﬁﬁﬂ} crefergneg egpinate fflén] datan air or liquid fille

V] a0l cafoa] RAAGAT B8 e BA°oblidet) brElo Rtdr) 88 mal he erovidad for 1 a1 ca

] ca] ca] ca] ca]j ﬁ% $igd PPEsdivelftz Desirably, optical position sensor 90 is
HHHHNI 1111 KLLF NDNWNNOPQRR=SCS} xsni d_Z] ¢ fca] cal ca] ca] ca] ca] ca] ca] ca]

ca] ca] ca] ca] CUQQQF@@W%@]&&?QQP&%]MMM é@]t@a‘}ﬁtﬂ]‘lﬁ] the @apchetwgen a! 0SSSS
S-TTWU

VWA W | KLLFWW&@%@’}@%%%% g?c%ﬁ (t,'}ﬂ c?i?cB?%'&PEa? QP@HPEIa] caj ca]

ca] ca] ca] ca] Cﬁ&:«ﬁﬁ&) %}p & BoAdsaltophiehlpietbAACmboek Grldselifatesal carwt 1 9! F
10%& ()-!Y@0% - '10%lbdb& ()-1 1109 T& (R-I I'10% ()-1 | , @&10%@
@& ()-s!xVal (I 100/& (Jn ithis( xeMPlany- empodiment,) bladder B)i&: digpased

109 ()-1:°F &gtﬁgéér? m@gnet 4b J’&J %&(%n(g) anit’ 4@Qr{#o&t).lcm§ air or liquid into

bladder 80 causes mounting unit 46 to move away from magnet 42,
and piston head 34 to move closer to orifice plate 26 to reduce the size
of reservoir 12. Removing air from bladder 80 causes mounting unit
15 46 to move closer to magnet 42, and piston head 34 to move away
from orifice plate 26 to increase the size of reservoir 12. Optical
position sensor 90, for example, a fiber optic sensor, may be fixedly
secured to housing 20 and extend through sidewall 32 of piston 30 for
indirectly measuring the size of reservoir 12, or the gap between piston
20 head 34 and orifice plate 26.
| In this exemplary embodiment, the size of bladder 80
may be controlled by controller 70 via a pump or blower (not shown)
and an input signal from optical position sensor 90. Desirably, the size
of the gap can be coupled with a signal from pressure transducer 60 to
25  optimize the performance of the apparatus.

From the present description, it will be appreciated by
those skilled in the art that other drive mechanisms for applying
pressure perturbations on the fluid in the reservoir may be suitable,
e.g., actuators, solenoid-type devices, and motor-driven cam- or crank-
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include piezoelectric transducers, the instant drive mechanism is not
dependent on the inertia of the moving piston to promote atomization,
but instead may be dependent on the force generated by the drive

5 mechanism. It will also be appreciated that other mechanisms for
varying the size of the reservoir may be suitable, for example, variable
spring mechanisms or motor-controlied screw mechanisms. 1t will be
further appreciated that pressure transducer 60 need not be mounted
in piston head 34, but instead can be mounted in the housing so long

10 as it is operable to measure pressure perturbations in the reservoir.

In addition, the present invention can be coupled with
existing atomization systems to enhance the spatial uniformity of the
spray. For example, by coupling the present invention to an existing
atomization system, the additional energy input for the atomization

15 process will tend to reduce the occurrences of voids in the spray
pattemn.

While only certain features of the invention have been
illustrated and described, many modifications and changes will occur to
those skilled in the art. It is, therefore, to be understood that the

20 appended claims are intended to cover all such modifications and

changes as fall within the true spirit of the invention.
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109%M& () - 10%& () - 109%2& §)-  An apparatus for breaking up one or more jets of a
high-viscosity fluid into .a plurality of monodisperse droplets, said
5 apparatus comprising:

a housing having a chamber, at least one inlet for
receiving fluid into said chamber, and at least one outlet for
discharging fluid from said chamber; and

means for applying pressure perturbations having a

10 frequency of less than about 5,000 Hertz to a fluid introduced within
said chamber so that fluid discharged from said chamber breaks up
into a plurality of monodisperse droplets.

2. The apparatus of claim 1, wherein said means for
15 applying pressure perturbations is selectively operable at a frequency
of less than about 1,000 Hertz,

. 3.  The apparatus of claim 2, wherein said means for
applying pressure perturbations is selectively operable between about
20 100 Hertz to about 500 Hertz.

4, The apparatus of claim 1, wherein said means for
applying pressure perturbations comprises a piston, a magnetic-coil
system connected to said housing and to said piston, and an oscillator

25 for driving said magnetic-coil system.
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controlling said oscillator in response to said signal from said pressure

5 transducer to maintain a generally constant filament length.

6. The apparatus of claim 1, wherein said means for
applying pressure perturbations comprises a piston that defines a
reservoir from which fluid is discharged from said chamber, and further

10 comprises means for selectively varying the size of said reservoir.

7. The apparatus of claim 7, wherein said means for
selectively varying the size of said reservoir comprises an optical
position sensor for generating a signal in response to the position of

15 said piston, and a controller for controlling a bladder to selectively vary
the size of said reservoir.

8. A method for breaking up one or more jets of high-
viscosity fluid into a plurality of monodisperse droplets, said method
comprising the steps of:

20 providing a housing and piston within said housing
defining a reservoir;
introducing a supply of fiuid into said reservoir,
moving said piston to apply pressure perturbations
having a frequency of less than 5,000 Hertz to the fiuid in said
25  reservoir; and
discharging said supply of fluid from said reservoir
through at least one orifice so that said fluid breaks up into a plurality
of monodisperse droplets.
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9. The method of claim 9, wherein said step of
applying pressure perturbations comprises applying pressure
perturbation having a frequency less that about 1,000 Hertz.

5 10. The method of claim 9, further comprising the step
of monitoring a magnitude of the pressure perturbations on said fluid in
said reservoir, and controlling a filament length for break up of the jet
of fluid in response to the magnitude of the pressure perturbations.

10 11. The method of claim 9, further comprising the step
of varying the size of said reservoir.

12. The method of claim 9, further comprising the step
of minimizing the power required for droplet formation.
15
13. The method of claim 13, wherein said step of
minimizing the power required for droplet formation comprises at least
one of the step of varying the frequency of the pressure perturbations
and varying the size of said reservoir.



