WO 2011/ 078786PCT/ SG2009/ 000488 1 AN ULTRASONI C FLU D PRESSURE GENERATOR
TECHNI CAL FI ELD The present invention relates to an ultrasonic fluid
pressure Wwene{1agige It particularly relates to an ul tragemisg2idowosispr essur e
generator for generating high fluid pressure head for use as a punp, a
pressure regulator, a hydraulic actuator or a m.crofluidic device.
BACKGROUND OF THE | NVENTI ON Rot ary centlr i fugal punps are conventionally
used in industrial applications to induce flow of fluids via a pressure
di fference. The naxi MWBFRASONCHIAMIR RRESSHRIGENERATRR depends on t he
external dianeter of the inpeller and the speed of the rotating shaft.
Consequently, for high pressure head applications, a large rotary

centri f ugdIEGHMICAI Filddbi r ed, | eadi ng al so to hi gh power consunpti on.

However, is often not feasible to use_a |arge-sized punp especially
wher e spacd@® PEsEntdpYRI{IPa rejtes o gy Wi aspsiceiluid prossurg @gnerator.-dt pastieledy as | ow a
power con i j i fj.clen : e . Due to
Caval vol e (olh BRalt Rt Bl BRAGHE: B AR B ARSI 1 R G
1(a) (pri &orusetay 2 pampid pressiontegulatorpa hydroulir achesoradriaahicyofmidicbevide Wi t h a
plate 3 positioned at a gap Gfromthe tip 4 of the tube 2. Either the tube
2 or the plate 3 is ultrasonically vibrated so as to create a di spl acenent
Din the gaNCKGROUNDGHFTEHRIISS/ENPI(RSSuUre P in a region of the fluid 5

i mredi ately between the tip 4 and the plate 3, thereby pushing water into
the tube Xogmy serivifigalpunins d5¢ ookveatiomlly ushdimindetualapplicines atindudes a

function @f . s .al .par.anet er,s..such the.gap G internhal diameter |D of
t he tube glo Wv&éﬁ% |‘8§g§?neﬁflluf g erglcghﬁﬁ%m}gﬁpgﬁrqsggahgaﬁgtﬁ?t% 8. In an
al t er nat i wbtait ddpn@Sbn thdetéthill AEARECONHBINFAP AR shiQ Jritkerotariigt h an

insertion rod 6 as shown in FIG 1(b) (prior art). As an exa%l e, an
ul t r asoni ehgftonssaysaths derihighypreaswie headedppligasions alatgsratany gentrifugal pulgky o

I nsti tut e; ok Jie&h . rfg) i .Sk transducer to vibrate the plate
3 This achedute Eghﬁgé}sﬁgnﬁbg@ %‘%?8@253?{@%‘@9 about 2 mH20 (or 20 kPa) with

a vibration 2 velocity of 1.0 ms and a gap size of 10 m obtaining a

maxi mum flow rate .of _/22.5 nL/mn with i nput power of 3.8 W Another

ul t r asoni EOBEHE: FidpAfteet feasble tanse @ largesized prmpasperipllyumero spage i or

Wi t hout t BEnstARRMHUr@BmARE iPls deir Dt ENSK s §6M$a&emﬂsmﬂ iR RGERSUN €.

Al t hough prototypes have been devel oped, the X1 mum pu pressure 1s still
| ow for nmimynpeeceificighcypy savatnagg, such as nicro channel cooling. SUMVARY
OF THE | NVENTI ON According to a first aspect, there is provided an
ultrasonic fluid pressure generator for generating high pressure head in a
fluid. Theulké itasanelessidatire, Dfr@ehil FungsRRebeén FOPMNISAS skbvd ﬁrﬁ@:“iﬁi)

conpri si R&ﬂa pi ezoel ectric actuator and a displacement anplifier, the

di spl ace or gl apfultgasopigpump lacampriisgs ehigfin eltubewith amdatg B positiened at a

di spl ace kyf J j C > the piezoelectric actuator at one
end and Eg%? ﬁg@hﬁe‘egé\‘ngﬁ{rhgtg?bﬁ?@? %%lg?‘egﬁbc?t%%rrtggﬁé?e alsr‘}al?‘lw(%‘[cfl% condenser
di sposed aibritbdsoasto atdargh displacdméi® i thp kAL EMERs gandrhief b prestve Pr o a gap
bet ween t he.vi béﬁ%gggi tip and a reflecting surface of the reflecting

condenser P8P Juilmgmmratghyheivecar the 8p 4 4bg plates. dezshinughingve in the
fluid contaidgflo W dibdn 5@9‘10%1’)}‘"@18&(%% Ao iy g)?JSSIﬂ'Qg’ éeggra{eﬂfii geting
condenser being at least In part within the casing.

function of several parameters such as the gap G, internal diameter ID of the tube 2,

vibration amplitude D and vibration frequency fused. In an alternative embodiment, the

ultrasonic pump comprises the tube 2 with an insertion rod 6 as shown in FIG. 1(b)

(prior art).

As an example, an ultrasonic pump from Precision and Intelligence Laboratory of the
Tokyo Institute of Technology uses a bending disk transducer to vibrate the plate 3.

This achieved a maximum pump pressure of about 2 mH,O (or 20 kPa) with a vibration



The refl ecting condenser is preferably configured for focusing sound waves
and i nproving sound pressure nmagnitude between the vibrating tip and the

refl ecti ngoeondesser, and nay include a rod projecting premchiwoeis ecti ng
surface into the fluid channel of the displacenent anplifier wthout

contacting the displacenent anplifier. ;,The reflecting condenser may further
be configured to noveably engage the ca7'si ng for adjusting pressure
magnitude in the fluid. The displacement anplifier preferably has a '
decr easi n§elesiterhhl My aatha gamsize ohl ¢ wa, ebfainsmgmmexism Jowratesifd2del ectri ¢

act uat or : X e i brating tip. Jhe piezoel ectric
act uat or hn%; a‘\ygtﬂgnélgéhﬂ% 6§%WQI§I}O§¥$&%AS§%§ pﬁ)lglé’fféor%ﬁl%lsagbensﬁ ME&Ey 11 uid
channel t heitebtirgubd 2 (Witk ot Withduicthaiizettioafrod BetopicRiz0€h eEildr endxiramaducer

being in fluid connectjon with the fluid channel of the displacenent
anpl i fi er PUOHBressYrey ‘8[7%‘7‘%19@??09@2@5@?%8&98V@PPH§11? AKX R PSPIgsstfeer abl y

af fixed t o din8oGast fnPhrdctical B iBRS kihdhOR mitl) EHanfdFeblfal | ON OF THE
DRAW NGS Exelnploary enbggf r(r:ént sﬂéﬁafl n(’)wdbceugé%ls%?r‘fgged V§VI 1Egr'eference to the
acconpanyi ng draw ngs, by way of exanple only, in which: FIG 1(a)(prior

art) is afﬁl@ﬁg&ﬁi < ' | front view of a prior art ultrasonic
fluid pun‘s, . %pﬁ;t%ﬁwrtﬁﬁs a schematic cross-sectional front view
of anot hemcpérdfig 18 alfirst dspASARere if o el dNRItrsbiic fifid Sre@suse dfor
cross-sectional front view of an exenplary enbodi ment of anh ultrasonic

fluid pregengratingdngh pregsurg beasridiarflpid. d hehdtrasprisdhiid prevseme poreratéd G 3(a) is a

schemati c - Lonal front. close- Vi e f avibrating ti t he
ul t rasoni 8&?&3?%3 %S{r;aélg(gdt}rgrec%%%résr"é% %Pleé?éi%héc. a%?g&]i ad %‘?‘Bﬁlaf?g?“ﬁ ég\?ﬁhf’rat i ng
tip of Flfhe d@{pcemichhardplifdriacinicnolsd ehaeel Btrethréethl etdigacpRdenser; FIG

3(c) is the vibrating tip of FIG 3(a) with a short rod insert; FIG 3(d)
i s the vi BRalifigipangcopnegedio the plezagiectripactuapr dcne sgd enhbievings fisk t he

ul trasoni Qibi‘zltﬂi.g%pozft%ﬁgt‘ﬁ&eerﬂf Q%f%&:ﬁf)g Qb ndehSar d?s-posed at the vibrating tip of the

displacement amplifier to form a gap between the vibrating tip and a reflecting surface
of the reflecting condenser; and a casing configured for establishing a standing wave in
the fluid contained within the casing, the transducer and the reflecting condenser being

at least in part within the casing.

The reflecting condenser is preferably configured for focusing sound waves and
improving sound pressure magnitude between the vibrating tip and the reflecting
condenser, and may include a rod projecting from the reflecting surface into the fluid
channel of the displacement amplifier without contacting the displacement amplifier.
The reflecting condenser may further be configured to moveably engage the casing for

adjusting pressure magnitude in the fluid.

The displacement amplifier preferably has a decreasing external dimension from the end

connected to the piezoelectric actuator to the end having the free vibrating tip.

The piezoelectric actuator may have a tubular configuration, and preferably comprises a
fluid channel therethrough, the fluid channel of the piezoelectric transducer being in

fluid connection with the fluid channel of the displacement amplifier.



FIG 4 is a schematic view of alternative enbodi nrents of a casing of the
ultrasonic fluid pressure generator; and FIG 5 is an electric circuit

di agr am rgpnesiangiseg a transducer of the ultrasonic fl uipdTBGR6®WIESS
generator of FIG 2. 4 DETAILED DESCRI PTI ON OF THE EMBODI MENTS An
ultrasonic fluid pressure generator 10 capable of generating high pressure
head as shown in FIG 2, which is an e>€’enp| ary enbodi nent of the invention,
wi || now be described. As a result of the high pressure head that can be
produced, Thp&apgdueerddarederablyiadiixadde she easigaraé ianodal positiey serve not only as
a fluid punp, but may al so be used as a pressure regulator, a hydraulic
actuator or a mcrofluidic device. As shown in FIG 2, the exenplary
enbodi menBRIEF DESCRIPTEONNDE THEDRAWBSGSr e generator 10 conprises a
transducer_ 15, a reféﬁcti ng condenser 40 and a casing 50 envel oping the

t r ansduceEX§BPRRyemhediments svillingy bagraemhsd witlpreferpreette thesasgempanying ur t her
conpri ses & whh&Z 88 WaG otleCaripie ¥alhPtn ¢llicind a displacement anplifier 30. The
transducer 15 ifsg gon?i gur%‘gﬁf or };e)h ec;tclﬁng one-di mensi onal | ongi tudi nal :
vibration in a fluid 12 contained within the casing 50 so that as sound
waves pro te in the.fluid 12, pressure patterns are generated in the
fluid 12. @g?'zlf@ﬂ%?rﬁrsf%%swgﬂﬁ S$-Sqaglopaldront ﬁ%‘?faacm%&ﬁ‘ﬁ’flﬁr%ﬁﬁ’n&s low as 1
watt, a fmepusiagy range of 10 to 100 kHz and a vibration anplitude with an
operational vibration velocity range of 0 to 5 nis. The piezoelectric '
actuator 20 which serves as a driving conponent of the transducer 15 may be
of a nultidlay. i.ezogl.ect i c stack 20 as .shown, or.have a_.tubul ar

confi gura;F .&%l-nﬁf’)f@?% ShgtHe %f’ ﬁéosf'ts%%lé)af}c%?m YW A AGHIELPHOT 4T bl e of a
hal f a waurtaesgé Auidyhinkg | ength of the piezoelectric actuator 20 is
preferably a multiple of a quarter or half of a wavel ength. The

pi ezoel ectric actuator 20 is preferably clanped between the displ acenent
amplifier g9 21d @ - _60.. ' enent.. ampl i.fier 30 of
the transducer %g F%Iﬁ%{%nﬁg%t% il ?égy%%-zgg%g%%ﬁélg%aen%uogf%%m% %8t one end
32 whil e hbmasorge Auidrpressutdgemtiang actqrding tathegsredcheimventbnd4. The di spl acenent
anplifier 30 has a fluid channel 36 therethrough, and is preferably made of
a nmetal such as titaniumor an equival ent for generating high vibration

velocity il LREh bQr j I ' @]Epfl ier 30 is
configured toﬁ?l)g?/e@a %@%{cﬁ%s?%&%xﬁitag?ﬁgﬁd%%@ng%\gI%Ifggﬁ?%g{r% the tlg%d 32

connect edultgserefipidaproshecgmentactf fdGol; 20 to the end 34 having the free
vibrating tip 34. In this way, high vibration anplitude is achieved at the
vibrating tip 34 while requiring |ower vibration velocity of 5 the

pi ezoel ecFIG.G(BKik as Abratflg HEQTFRQUSRS With a!reﬁ&ﬁhg 3hrfA dFanefi@kigd by the

pi ezoel ectric actuator 20, thereby inproving reliability of thé transducer
15. In thémﬁkﬁﬁﬁrred enbodi ment, the piezoelectric actuator 20 and the
end-cap 60 al so conprise fluid channels 26 and 66 respectively, wherein al
the fluid channels 36, 26, 66 are in fluid connection with one anot her,

t her eby f 61GH (g ia tizoriblatii@tip of IFIGLYBY With @ shért tdiEinkdransducer 15 as shown in
FIG 2. By providing a displacenent anplifier 30 with a vibrating tip 34 of
a reduced cross-sectional area conpared to the piezoelectric actuator 20,
an overal i i : LEd iren | i i ned.
This res uﬂ(g *?\ﬁ%} :t%‘g{agé‘ g Elkggéﬁé%%fﬁoﬁh?%eﬁgyé f%l?igﬁs%ﬁ ggtsheglrltg%tgﬁfrc e
becones f douwgeessate genemtpiraf FIG. 2if the fluid 12 around a rim 39 of the tip
34 as shown in FIG 3(a), where arrows indicate direction of fluid flow and
dashed lines indicate a maxi mum pressure region 13. |Inpedance of the fluid
pressure gRREr &f DichsRalis vieRes iRttt bbb &R o%%xgiﬁ'% QgtIhE herhsRl acement
anplifier 30 so as to | ower power required of the piezoelectric actuator

20. Ensur flig naesswiscenerdtosy awlse i n ext ernal di mension 38 of the displacenent
amplifier 30 results in lower overall systemenergy |oss and al so reduces
bendi ng vi bration of the displacenent anplifier 30. The reflecting
condenser FAQ %i8gagRStrid@rcandidpgarh Qepresch@figh dasaberdt tRaliweoid fadr ef | ecting
condenser 40 and the casing 50. The reflecting condenser 40 conprises a
refl ecti ngresys &erator ffdG.2s preferably circul ar in shape and | arge enough
to cover the cross-sectional area of the anplifier tip 34. The reflecting
surface 42 may be flat as shown, or also curved. The reflecting condenser
40 is disposed at the vibrating tip 34 of the displacenent anplifier 30 so
as to forma gap 46 between the vibrating tip 34 and the reflecting surface
42, as shown in FIG 3(b). Downward vertical flow as shown in FIG 3(a) is
t hus reduced or elimnated by the reflecting surface 42 as can be seen in

t he absence of downwardly directed arrows in FIG 3(b). The size of the gap
46 may be adjusted by configuring the reflecting condenser 40 to noveably

o o o M o e~ o N 1 T r 1



6 reflecting condenser 40 may be actuated by appropriate nmeans such as

adj ustnent screws. Wihile a short rod R alone inserted into the fluid
channel 3§oebhi1idhrgrskr ansducer 15 reduces hori zontal fl owpas/sshouvvonsds Fl G
3(c), toolong arod Rby itself will halt fluid flow up the fluid channel
36 as a result of downward fl ow being %reater t han upward flow around the
rod R In the preferred enbodi nent of t'he fluid pressure generator 10 of
the present invention, therefore, the reflecting condenser 40 has a

| - shape, CBTRANENDESCRIBTION OFJEHREMBODIMENTS ef | ecting surface 42 as
shown in K : i 0 . . LN rface 42 into
the 11 u d Sramafle dlprespic Snind) B bbbl At R B A Wl o ng

t he di spl sloewmeit Flghal whickiis 80exeByplgry @mbddingent bethe-isvuages wisifdoschd ng
condenser 40, b%?el ess f| O%N .both th ggvmward and horizontal directions

. [
i s reduced°HFPEL A husswhor the Righiprersprerhead thab fambe profucednihs uitrasaried with t he
use of t hewit sagpRdedigfat@a0IHY, CARARNSATy A% AQEPLRG! b % h3pl.gcement
anplifier 30,&ltahere%);/1 iancreég%ng efficl eyncy. By%prgilll)l(yjy:n?l %lﬂgbériﬂés%ngti ng
surface 42 progechegulatpt, b hyfmulioactator errremiapofluidicnizyicke of unlinmited | ength
within the fluid channel 36 of the displacenent anplifier 30 as downward
flowis prevented by the reflecting surface 42. However, when the |ength of

the rod 44 is a nultiple of a quarter_ of the wavel ength, the pressure wave
is nore focseeyn i Fithe. thesxanplay empodimentrofthe ulitasoniel flpwinressuteng condenser
40 al so reglees: i Me A5 AR r ? ! ' red,to using
only the ?ef I ec{i ngo S rfsagfgaﬁsréﬁgﬁﬁr?ga ﬁ%ﬁhg?%#ﬂ?ﬁ?%ﬁg%ﬁlg rg(())d R al one
(FI G 3( ckhveldpng thegradsdnceol 3 diel the sdfizpng c@fderst “OgTeomdeds@r 18 Gurflieevi di ng
a corner ring.47 that focuses en nerated by the transducer 15. In the
pr ef erredc‘érﬁgﬁfﬁsr?éﬂ?zoﬁ?c?ﬁd‘ﬁﬁaﬁoﬁgé% ggtsakcemﬁ%t TREEF 399 ng 47 has a sharp
right angle which focuses pressure between itself 47 and the anplifier tip

34. This Er oduces a new area of focusing below the vertical flow path that
mor e ef f edhe Wwensdudérnldas sorffigurad fop effedtingtone-dimensdoreh bmgadisd. vidatien in

enbodi nen 0 he .corner. Ii 47 sych as a congcave design nmay be .provi ded
to focus %E]ém{p}%g%nﬁ?lgevﬁ mﬁﬂ‘?‘éasglfgf cstoltsglag?.sou %@V"ér%?m%?‘ﬁ “F—'?}Efﬁﬁg t he
transducen2 lfreatt paierns afd fakiaRd i MIBNIAD. PRIGESySRY GBS Hlg casing
50. The casing 50 is configured for establishing a standing wave in the

fluid 12 EOWERFHMEEMPHOAs|lpw@s d Wakhia feaeney ranenot Hetocldikkly #d.2 The | qui d

cavity 56 fi ] . £as] . the di.spl ace t anplifier
S0, and t o i iUl Gy P i RElo ety Wl PO A et et | ect i ng
condenser péosibarit dethiter 20 whieghkervas ad ®asting Ropdoientof fhie irah&tRiceass Mgy 50.  For
exanpl e, Ln fm al ternati ve enbodi nent, the piezoelectric actuator 20 nmay be
external CHOt A& 'é\léyqﬁé"@e‘?le%(%é‘iaéggf) BS ghovtm &r baverafuhplaneapdizemtion) TetRled i n

the i qui Vi § 1 | i i han. The
casi ng 50" Bl e BERer| SAR o ORIl Sr L it A IBbHFEE R §
12. 1 n t hpiceptlodiiaeettatehfns prefefabl@ a @pltipheoCagiantgr 60hdlSofad wavedenptti.ded wi t h
an outlet. 54 for .ligui utsflow,. t utl et. 54 being. connected tq the
end-cap 6 Spletz?%{ﬁ%t’gﬁg 8‘1152(1/?&”%{?33&‘5%3?(@6%?(8@1t:hﬁglspg’ﬁ%m?ﬁ.a?@‘%@ési ng 50
i's preferaphyd aykbhdedp &Rds showihape and may have an inner diameter |ess than
a quarter wavelength and a liquid cavity |length being nmultiples of half a
wavel ength so as to create resonance of the fluid 12 in the cavity 56. The

casing 50 .of oustical ly .hard teri.al .such as al um ni um
in order Elggrg}e* ﬁggrﬁe{he%ggﬁrn ?Na\ﬁ% garésnél?’%rtlesdlsf’ﬂm{%%d?? H]e&”?é’,eggglcas to
reduce enectgytot 2® st dneaud 60 whileheing latted viBratihgtip B8 apahier ead 38medi nent ,

the transducer 15 is affixed to the casing 50 to forma seal at a nodal

posi ti on 8ePlagement 3pwifiesto has 3 fluid channeh36 thereshrough, and in prefseabhomiadé oned on

the casin t.qt j - e r ed..in the
i d 12, o frern i Budih F n bRy LAIG BohRIE ALl R EER) R ",
wher ei n t heing asirogobksistyt. The dipplcement, angdifier 30 iseconfighsed $6 Bayeed, coni cal ,
and so for,th. By estahljshin tandi n ve condition in the fluid 12,
fhe casi ncr eSS S BN BHL L BBy Huhg PiAaRlERB 15 This i
turn i ncr gasasr SOWWe BAESH Hivndthe tRe vMRiA {554 RS ray! B AR AGR case,
the standi ng wave condition would not affect power condunmpt i on and

vi br at i ona@pbpidacearbinvedat thewibratimgsipuiewhilSreguiraig lowbrevipatien velotity b
reflected fromthe boundary. By form ng a seal between the casing 50 and
t he transducer 15, as well as a seal between the casing 50 and the

refl ecting condenser 40, the generated sound wave is confined wthin the
liquid cavity 56. The displacenment anplifier 30 thus fornms a first order
focusing, the reflecting condenser 40 a second order focusing and the
casing 50 a third order focusing. 8 As shown in Table 1 below, with the

o M - "



Pressure nagnitude (dB) Pressure nagnitude (kPa) Inprovement Wthout casing
193 89 1 Wth casing 199 178 -2 Wth casing and refl ecting condenser 216
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thé piezoelecﬁic actuator 20. Consequently, less heatvis generated by the piezoelectric
actuator 20, thereby improving reliability of the transducer 15. In the preferred
embodiment, the piezoelectric actuator 20 and the end-cap 60 also comprise fluid
channels 26 and 66 respectively, wherein all the fluid channels 36, 26, 66 are in fluid
connection with one another, thereby forming a continuous through-hole in the

transducer' 15 as shown in FIG. 2.

By providing a displacement amplifier 30 with a vibrating tip 34 of a reduced cross-
sectional area compared to the piezoelectric actuator 20, an overall vibration
amplification ratio of about 15 to 20 is obtained. This results in high pressure generation
in the fluid 12 as pressure becomes focused at a region 13 of the fluid 12 around a rim
39 of the tip 34 as shown in FIG. 3(a), where arrows indicate direction of fluid flow and

dashed lines indicate a maximum pressure region 13.

Impedance of the fluid pressure generator 10 is therefore adjusted by providing the _
displaceinent amplifier 30 so as to lower power required of the piezoelectric actuator 20.
Ensuring a smooth decrease in external dimension 38 of the displacement amplifier 30
results in lower overall system energy loss and also reduces bending vibration of the

displacement amplifier 30.

The reflecting condenser 40 engages the casing 50 to form a seal 41 between the
reflecting condenser 40 and the casing 50. The reflecting condenser 40 comprises a
reflecting surface 42 that is preferably circular in shape and large enough to cover the
cross-sectional area of the amplifier tip 34. The reflecting surface 42 may be flat as
shown, or also curved. The reflecting condenser 40 is disposed at the vibrating tip 34 of
the displacement amplifier 30 so as to form a gap 46 between the vibrating tip 34 and
the reflecting surface 42, as shown in FIG. 3(b). Downward vertical flow as shown in
FIG. 3(a) is thus reduced or eliminated by the reflecting surface 42 as can be seen in the
absence of downwardly directed arrows in FIG. 3(b). The size of the gap 46 may be
adjusted by configuring the reflecting condenser 40 to moveably engage the casing 50

for adjusting pressure magnitude in the fluid region 13, wherein movement of the



-14 Table 1 To appropriately configure the fluid pressure generator

optim zin

g performance, the piezoelectric transducer 15 is represented as

10 for

an el ect rwo 20iwm@gsiss nodel as shown in FIG 5, where eachcsgcki@momist he

transduce

actuator 20 and the end-cap 60 are each represented by an appropriate

electric

radi ati on
air. Co i
dielectri
S/L -d33/
anplifier
and serie

S 561! S PEIRRSER el e Bt DR B B nct "

r 15, i.e. the displacenent anplifier 30, the piezoelectric

6

circuit conponent accordingly.” In the circuit, Zip is the

deflqcling sondensss 40 marcke astuatebyanpromsiate memns sueh asadivstpent Ro |

Gere@sl stance, cO is el ectronechani cal conversion coefficient (q,

s3E3 ), vt,p and Vend are the vibration velocities at the

tip 34 and an end of the actuator 20, respectively. The parall el

horizontal flow as shown in FIG. 3(c), too long a rod R by itself will halt fluid flow up
the fluid channel 36 as a result of downward flow being greater than upward flow
around the rod R. In the preferred embodiment of the fluid pressure generator .1 0 of the
present invention, therefore, the reflecting condenser 40 has a | -shape, comprising a
rod 44 together with the reflecting surface 42 as shown in FIG. 3(d). The rod 44 projects
from the reflecting surface 42 into the fluid channel 36 of the displacement amplifier 30
without contacting the displacement amplifier 30. By providing the L -shaped reflecting
condenser 40, useless flow in both the downward and horizontal directions is reduced or
eliminated. A well defined flow path is thus created with the use of the 1 -shaped
reflecting condenser 40 together with the displacement amplifier 30, thereby increasing

efficiency.

By providing the reflecting surface 42 together with the rod 44, the rod 44 may be of
unlimited length within the fluid channel 36 of the displacement amplifier 30 as
downward flow is prevented by the reflecting surface 42. However, when the length of
the rod 44 is a multiple of a quarter of the wavelength, the pressure Wave is more

focused at the vibrating tip 34.

The L-shaped reflecting condenser 40 also reduces the area of pressure distribution
when compared to using only the reflecting surface 42 alone (FIG. 3(b)) or the short rod
R alone (FIG. 3(c)). This is due to the L-shaped reflecting condenser 40 providing a
corner ring 47 that focuses energy generated by the transducer 15. In the preferred
embodiment as shown in FIG. 3(d), the corner ring 47 has a sharp right angle which
focuses pressure between itself 47 and the amplifier tip 34. This produces a new area of
focusing below the vertical flow path that more effectively directs fluid 12 into the fluid
channel 36. Other embodiments of the corner ring 47 such as a concave design may be

provided to focus the pressure wave more effectively.

S

i@$edance at the anplifier tip 34. Zend is the back | oad fromthe

k



jP2 C a sin k2/2 nk-1/ t-1 3,--r 3S 3 Lan - - 2 zjp3c3S3 3sin nk313 ZAe
Stan k414 ,--4 ,an. 4 4 2 - jp4cd4S4 Z4a = sin k4l4 In the above
expressi one.20Avre7ss 1, 2, 3, 4) are density, sound spee@CTAG26090b0488 0SS

section, wave nunber and | ength for each section respectively, while nis
the nunber of elenents in the pie;oelec}ric stack formng the piezoelectric
actuator 20. Before solving the circuit’, the follow ng paraneters are
def i ned: %A:sZngwgl%ﬁ FfG.Z22, )the transducer 15 and the reflecting condenser 40 are enveloped by

the casing 50. The casing 50 is conﬁgured for establishing a standing wave in the fluid

12 contained in a liquid cavity 56 within the casing 50. The liquid cavity 56 is defined

or bound by the casing 50, the displacement amplifier 30, and the reflecting condenser

40. The transducer 15 and the reflecting condenser 40 should therefore be at least in part

within the casing 50. For example, in an alternative embodiment, the piezoelectric

actuator 20 may be external to the casing 50. Wavelength of the standing wave

established in the liquid cavity 56 may range from zero to infinity in any direction.

The casing 50 is provided with at least an inlet 52 for in-flow of the fluid 12. In the
embodiment shown in FIG. 2, the casing 50 is also provided with an outlet 54 for liquid
out-flow, the outlet 54 being connected to the end-cap 60 of transducer 15 via an out-
flow connecting tube 58.The casing 50 is preferably cylindrica] in shape and may have
an inner diameter less than a quarter wavelength and a liquid cavity length being
multiples of half a wavelength so as to create resonance of the fluid 12 in the cavity 56.
The casing 50 should be made of an acoustically hard material such as aluminium in
order to reflect the sound wave generated in the fluid 12, so as to reduce energy loss
induced in the fluid 12. In the preferred embodiment, the transducer 15 is affixed to the
casing 50 to form a seal at a nodal position of the transducer 15 itself. The inlet 52
should be positioned on the casing so as not to affect the standing wave condition
created in the fluid 12. Alternative embodiments of the casing 50 are shown in FIG. 4,

wherein the casing 50 may be spherical, semi-spherical, stepped, conical, and so forth.

By establishing a standing wave condition in the fluid 12, the casing reduces power
consumption required by the transducer 15. This in turn increases sound pressure at the
amplifier tip 34. In an ideal case, the standing wave condition would not affect power
consumption and vibration displacement of the transducer 15 as all the power will be
reflected from the boundary. By forming a seal between the éasing 50 and the
transducer 15, as well as a seal between the casing 50 and the reflecting condenser 40,
the generated sound wave is confined within the liquid cavity 56. The displacement
amplifier 30 thus forms a first order focusing, the reflecting condenser 40 a second

order focusing and the casing 50 a third order focusing.
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As. shown in Table 1 below, with the césing alone, improvement in sound pressure can
be up to two times the pressure obtained without the casing 50, as a result of the casing
50 forming a reflective boundary condition in the fluid 12. Using the casing 50 together
with the reflecting condenser 40, the sound pressure can be increased by 14 times as the
casing 50 and reﬂecting‘ condenser 40 together restrain and focus the sound wave in a
limited space within the casing 50, thereby producing high static pressure which induces

fluid flow towards the outlet 54.

Condition Pressure magnitude Pressure Improvement
(dB) magnitude (kPa) p
Without casing 193 89 1
With casing 199 178 ~2
With casing and 216 1262 ~14
reflecting condenser
e Table 1

To appropriately configure the fluid pressure generator 10 for optimizing performance,
the piezoelectric transducer 15 is represented as an electric circuit model as shown in
FIG. 5, where each section of the transducer 15, i.e. the displacement amplifier 30, the
piezoelectric actuator 20 and the end-cap 60 are each represented by an appropriate

electric circuit component accordingly.

In the circuit, Zy;, is the radiation impedance at the amplifier tip 34. Z,,4 is the back load

from the air. C, is clamped capacitance of the piezoelectric actuator 20, R, is dielectric
resistance, ¢ is electromechanical conversion coefficient (¢ = S/L-d,, /s ), Viip and Veny

.are the vibration velocities at the amplifier tip 34 and an end of the actuator 20,

respectively. The parallel and series impedances Z in Fig. 5 are given by the following

expressions:
: k|l

Z, = jpieiS, tan% (1)
— PGS

Zla = ] (2)

sink,/,



Z-'4a LA c The circuit is then solved to obtain inportant paraneters as
| i sted bel ow, where: inpedance of vibration systemis 7 7 f1.1.1) Z - Z
velocity wO20twn78m8d is Z" Z f +Z 2 velocity at the tipC38Gea900048¢ Pl " -
+2..2f +2.b 2 .

9
Z, = jbzczSz tan'% . 3)
= @
Z, = jpse,S, tan 5)
z,, =ﬁ ©)
Z, = jp,c,S, tan kaly (7)
z., =:SJH’I’—]:IS_ @®)

In the above expressions, p, ¢;, S;, ki, li (1 = 1, 2, 3, 4) are density, sound speed, area of
cross section, wave number and length for each section respectively, while # is the
number of elements in the piezoelectric stack forming the piezoelectric actuator 20.

Before solving the circuit, the following parameters are defined:

— Zla(Zl +ZZ) (9)
s =
Z,+Z2,+Z,+Z,)
Z,(Z,+7, .
. — Za( 1 _.) (10)
Z,+Z,+Z,+Z,)
Z. 7
, — 1a™'2a (11)
Z,+2,+Z,+Z,,)
Zy=2, +Zlip +Z; _ (12)
Zy=2,+7Z,+Z, (13)
Z,=2,+Z, | (14)

Z,=2.,+Z, (15)

end



and power consunption of the transducer 15 is = 2 Ro Table 2 bel ow shows
experinental performance results of the fluid pressure generator 10 under
di f f er entwooodid7s®gs. 11 Conditi on Power consunption (YWTiGaveoroadsss
(m./mn) Pressure head (nmH20) Wthout casing; w thout reflecting condenser
-6 3.2 0.01 : ' .

' 10
RS-SRS (15)
- 2‘6211 =
Ly =5———+ <&
¥ i tiy M (15)

The circuit is then solved to obtain important parameters as listed below, where:

impedance of vibration system is

Fel
Sgdy

7=

—+ Z3¢
tép (16)

Z

Al

velocity at the end is

lgo Y2132 +Z, Z (17)

velocity at the tip 34 is

Z- Z ol
Vesr = o -
- V —
P I gL 42, I (18)

and power consumption of the transducer 15 is
(19)

Table 2 below shows experimental performance results of the fluid pressure generator

10 under different conditions.



Wthout casing; with flat reflecting condenser -1.5 9.2 1.6 Wth casing;
with _L-shaped reflecting condenser -0.6 9.2 24 Table 2 It can be seen

t hat wherwoaofl@sseef | ecti ng condenser is used w thout accrmzmg/oom!gga

ul trasonic pressure generator 10 is effectively the same as the prior art
ultrasonic fluid punp as shown in FIG _1(a)(prior art) and achieves only a
pressure head of 1.6 nmH20. However, by 'providing the casi ng 50 together
with the _L-shaped reflectjng rnndpnqpr 40 in_the uItrasonl (o oressure
generator| 10 of "the present |n\P@meron for the sane fllo rgésee ﬁ%

nL/nin, a perdiion e head of | 24omsuBfptios adfpevatd (mvmm)pomer@m tionis
reduced from1l1.5Wto 0.6W| This(W3 an i|nprovenent of 15 ti e pressure
head t hat| Wathobecaghigai ned by a known uljtrasoni ¢ punp, |whiTe reducing|power
consunpt i owithyut 2efPecking®s. [Furt hergror e, |as shown in Tahle 3 hghpw, in
conpar i soneoMdbivet hree different centri fugal purrps it |can be seen that for

1

« : £ ADNAAN. C Q1IN ha
an equl va C unptionmof —arognd—t the—RSTMO0-S5-—SUB—havt ng
smal | ext eﬂﬁé}igﬁc}lg@ﬁ% é?ltﬁ)ﬁr:%s of 15.7_x 15.|7 X 28P§ nm can only reach a

pressure h { of Eg nH20, | whi | eszhe ul{t rason

fluid|pr essut® generator 10

of the prie O ﬁ%x:nnf.nn%gm_e#eg_a_ml mum pressure head of 30 nH2Q,) an
i mprovengn Wl’@fcaﬁé&r‘h’yh% ti mes for the |same power congunption. 12
shaped reflecting ~0.6 9.2 24
condenser
Table 2

It can be seen that where a flat reflecting condenser is used without a casing, the
ultrasonic pressure generator 10 is effectively the same as the prior art ultrasonic fluid

pump as shown in FIG. 1(a)(prior art) and achieves only a pressure head of 1.6 mH,O.

However, by providing the casing 50 tbgether with the 1 -shaped reflecting condenser
40 in the ultrasonic pressure generator 10 of the present invention, for the same flow
rate of 9.2 mL/min, a pressure head of 24 mH,O is achieved while power consumption
is reduced from 1.5W to 0.6W. This is an improvement of 15 times the pressure head

that can be obtained by a known ultrasonic pump, while reducing power consumption

by 2.5 times.

Furthermore, as shown in Table 3 below, in comparison with three different centrifugal
pumps, it can be seen that for an equivalent power consumption of around 1 W, the RS
M200-S-SUB haVing small external dimensions of 15.7 x 15.7 x 28.5 mm can only
reach a pressure head of 1.9 mH,O, while the ultrasonic fluid pressure generator 10 of
the present invention achieves a maximum pressure head of 30 mH>0, an improvement

of nearly 16 times for the same power consumption.



Devi ce Di nension (mr) Power consunption (W Pressure head (nH20) Centi fugal
pump RS M200-S-SUB 15.7 x 15.7 x 28.5 0.8- 1.5 1.9 Centrifugal punp
SW FTECH wbBobm78138 x 90 x 88 24 3.1 Centri fugal punp Zipejrisengnoloeeysdl cr o
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Device Dimension (mm) Power consumption Pressure head
W) (mH,0)

Centifugal pump . o
RS M200-S-SUB 15.7x 15.7x 28.5 0.8-1.5 1.9
Centrifugal pump
SWIFTECH 108 x 90 x 88 24 . 3.1
MCP655 '
Centrifugal pump
Zhejiang Leo Micro 383 x233x278 1100 33
Ultrasonic Fluid
Pressure Generator OD16 x 120 ~1 30
10

Table 3

Comparing the ultrasonic fluid pressure generator 10 of the present invention with a
centrifugal pump of similar size such as the SWIFTECH MCP653, the centrifugal pump
consumes some 24 times more power while achieving a pressure head of about 10 times

less.

To achieve a similar pressure head as the ultrasonic fluid pressure generator 10 of the
present invention, it can be seen that a much bigger centrifugal pump such as the
Zhejiang Leo Micro centrifugal pump will be requifed, which consumes over 1000
times the power used by the ultrasonic fluid pressure generator 10 of the present

invention.

The performance of the ultrasonic fluid pressure generator 10 of the present invention
thus greatly exceeds that of all known embodiments of existing ultrasonic fluid pumps,
as well as known embodiments of centrifugal pumps having an equivalent size, or

power consumption, or pressure head output.

It should be appreciated that the invention has been described by way of example only
and that various modifications in design and/or detail may be made without departing

from the scope of this invention.



383 x 233 x 278 1100 33 U trasonic Fluid Pressure CGenerator 10 0OD16 x 120
-1 30 Table 3 Conparing the ultrasonic fluid pressure generator 10 of the
present iwoentwwsrsai th a centrifugal punp of simlar sireTsceimagIshe
SWFTECH MCP655, the centrifugal punp consumes sonme 24 tines nore power
whi | e achieving a pressure head-of about 10 tinmes less. To achieve a
simlar pressure head as the ul trasoni &fluid pressure generator 10 of the
present invention, it can be seen that a much bigger centrifugal punmp such
as the zZh&LAMS Leo M cro centrifugal punp will be required, which consumes
over 1000 tines the power used by the ultrasonic fluid pressure generator
10 of the present invention. The performance of the ultrasonic fluid
pressure @ennaltousodio flnfd progsupy @sentori fow gt a0in g hitsprossaai lewd axs aads t hat of
al I known e odi nents of existing ultrasonic fFUId punps, as well as known
enbodi nent s Yf u P?‘Ffmreﬁﬂﬁp%enﬁ@mrﬁﬁmﬁls@aw val ent size, or power

ti reci ated that the
ventTon has benrrSakiF e REATIAL, Bthocito WA AR PERRERRN T fubilEtr,
modi i cat i ortbe dispthesingnt aapiifier halédpa ﬂuml&;haii)x&l nedethiiugh.abé didplaadndntg from

1 . ) .
the scope of tpqlger Ibgl\{l?;nconnected to %he piezoelectric actuator at one end and having a free

vibrating tip at another end;

a reflecting condenser disposed at the vibrating tip of the displacement
amplifier to form a gap between the vibrating tip and a reflecting surface of the
reflecting condenser; and

a casing configured for establishing a standing wave in the fluid contained

within the casing, the transducer and the reflecting condenser being at least in part

within the casing.

2. The ultrasonic fluid pressure generator of claim 1, wherein the reflecting condenser
is configured for focusing sound waves and improving sound pressure magnitude

between the vibrating tip and the reflecting condenser.

3. The ultrasonic fluid pressure generatof of claim 1 or claim 2, wherein the reflecting
condenser includes a rod projecting from the reflecting surface into the fluid channel

of the displacement amplifier without contacting the displacement amplifier.

4. The ultrasonic fluid pressure generator of any preceding claim, wherein the
displacement amplifier has a decreasing external dimension from the end connected

. to the piezoelectric actuator to the end having the free vibrating tip.

5. The ultrasonic fluid pressure generator of any preceding claim, wherein the
piezoelectric actuator comprises a fluid channel therethrough, the fluid channel of

the piezoelectric transducer being in fluid connection with the fluid channel of the

displacement amplifier.



CLAIM5 1. An ultrasonic fluid pressure generator for generating high
pressure head in a fluid, the ultrasonic fluid pressure generator

conpri si YO 2011/0786t r ansducer conpri sing a pi ezoel ect ri eCauSGasvOoaHd a

di spl acenent anplifier, the displacenent anplifier having a fluid channel

t her et hrough, the di spl acenent anplifiﬁé bei ng connected to the

pi ezoel ectric actuator at one end and having a free vibrating tip at

anot her end;, a reflecthn condenser disposed at _the vibrating tip of the

di spl acem®nt TRHHAIndG ‘t"g Pr%*ﬁvﬁeaee@%t%ef)wae@qdwg\ﬁlmramwm3}@ and a
reflecting s I L r. . I

configured #g%ag%t%%ﬁéds%ﬁrl lﬁgggﬁé%rg&n%i %%%&Fﬁgf@g MRy g)qggﬁ]t%glﬁi ed within
t he casi ng, pressutamagdmdenn tiedluidhe refl ecti ng condenser being at |east in
part within the casing. 2. The ultrasonic fluid pressure generator of claim
1, wherein the reflecting condenser is configured for focusing sound waves
and i npr ovi MphS@tAgR ﬂﬁa#&sm%ehérwﬁopﬁ{me&di@%mw%%fé?xgtﬁe' p and the
reflecting condenser. 3. The ultrasonic fl'uid pressurée generator of claiml
or claim?2, H#nsfedenisafixedtolthe cdsing at emadalwsition of thibesanaduced proj ecting from
the reflecting surface into the fluid channel of the displacenent anplifier
W t hout contacting the displacenent anplifier. 4. The ultrasonic fluid
pressure @erBieilaasonic Mulyl ppeseee gemGatel 8f 4By prORERIZLIAIRE whicah Agenent:
anplifier has a decreasing external dinmension fromthe end connected to the
pi ezoel ect r i RiezpetegHIcHCtHaithas a Sewlas gonfagpratien. f ree vibrating tip. 5. The
ultrasonic fluid pressure generator of any preceding claim wherein the

pi ezoel ectric actuator conprises a fluid channel therethrough, the fluid
channel of the piezoelectric transducer being in fluid connection with the
fluid channel of the displacenent anplifier. 14 6. The ultrasonic fluid
pressure generator of any preceding claim wherein the reflecting condenser
is configured to noveably engage the casing for adjusting pressure
magnitude in the fluid. 7. The ultrasonic fluid pressure generator of any
preceding claim wherein the transducer is affixed to the casing at a nodal
position of the transducer. 8. The ultrasonic fluid pressure generator of
any preceding claim wherein the piezoelectric actuator has a tubul ar
configuration.



