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Abstract

Ultrasonic cleaning tank is a machine that many factories widely used to clean objects.
At one factory, a problem occurred in the cleaning process, resulting in the factory not being
able to clean objects, but cracks also appeared on some objects. It was anticipated that
these were caused by uneven acoustics pressure distribution which resulted in unsuitable
cavitation. This directly affected cleaning performance within the tank. In order to improve
the tank’s efficacy, in this research, we use Harmonic Response Analysis in ANSYS simulate
the occurrence of acoustic pressure in the tank to find the appropriate conditions of factors
affected the intensity and the distribution pattern of acoustic pressure in ultrasonic tank,
including the position of object, temperature of medium, power, ultrasonic frequency and a
suitable type and placing position of the transducer for the tank. Reliability of the simulate
results was validate by the actual result from the foil corrosion test and the ultrasonic
power probe. We found that objects receive different pattern of corrosion at each location.
When temperature increasing the intensity of cavitation was increased. When we increase
the ultrasonic frequency, acoustic pressure that is evenly dispersed throughout the tank.
Transducers made from PZT4 gives greater acoustic pressure than those made from PZT8.
Changing the transducer type does not affect the acoustic pressure pattern. PZT4 s
therefore the most suitable type of transducer for this tank. Simulation results also
suggested that placing the transducer under and beside the tank will result in intense
acoustic pressure that is evenly dispersed throughout the tank. Results from this simulation
were then passed to the manufacturing factory, and was later accepted that it could truly
enhance the tank’s efficacy. Information regarding the issue was also used in the
development of improved design of ultrasonic cleaning tank to have greater performance
levels.

KEYWORD Cavitation, Acoustic pressure, Ultrasonic cleaning tank, Piezoelectric material.
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AFM) iteAnenisidanistudiouainingiy rudemevssiisumaznsteiuiisnueninnad
Tasanelddoulanisneass puddansilefinfild(d0-132 Alawdsm), 1nan, fdsdansladn(100-500
109) wazlUSsuiisunan1sAnNTauINAITaTA1E Acetone B819LAEY AUAITHEN Acetone iU N-
Methyl Pyrolidone Tugaumndl 200 ssmiwaldea lneeuluiinfigelunisdnsie aawd 40 Alaidsn
181 5 wil wazsesawn 58 Alaldsm Aitvan 5 uafl, 132 Alawdse a1 4 wndl, 58/132 Alauddn
nan 4 it mudsu efinidyildanuusdunisinnseufintunasansasaenauiansie
nIeugeTian

Yusof wazAnz[8] AnvINanIznunnIenIwkasnLalivesnsiineaudsssansiledad miu
mMsUszgnaldanriauazeinsanileda lnenaassranisamuasnuniinnnaausansiluiiai
Aatulunisviniuazonvedtiensealmembrane) Mdlunsnsednaanransasioy n1sviane
veudelsalutnidouaznstosaasvesansuafiwdunisluiiduanmuindon nuimansenung
meamamsodlieifidndueadonseuasvaeidelsnagluiinasuin Susiuulogdu
uansynuvasansiafiiintuluszrienininlnsseinimezaaiinarunsniiildosaisyansamly
nsgevaaeansivurRsluanmundonvesi

Bretz uazamz[9] lowamansaeslnaideniuiaiComputational Fluid Dynamic: CFD) @99
NSIARAILATY TuéuaqmmLU%EJULﬁ&fuﬁumsmaaw?qmumﬁﬁmﬂs'au‘uw,t,w'uaqﬁl,ﬁam/\laaa‘%waﬁ
¥fauannadoaty wilumddesinaniduionuidodesiuriibgy Wesngiteldnsaes
WuUaelin wasduihauazernsansiledafldiifemsuainees wWeadien viliidesda
Aout1vNlunsi lUUsEgnAldass

Tiwaril, waganz[10] lavinnsAnen Capacitive Micromachined Ultrasonic Transducers Tu

&

sunvuteneilnuea(Hexagonal) Taoszideuisllusiedus(Finite Element Method: FEM) Lilo

o
o

M990 ATNITNTEIN LATAINISNTLANYAIVDIANUAUNANAALALUIAIAIIUDFUNDI(natural

9



resonance frequency) vewsuaRgeslufuwinuazansansilada wuin Wewdourinudd
Tuinsaiaees mardnoglutsmnuisssunfasinanouaussdiign

Kim wazauz[11,12] lﬁﬁwmviaﬁmﬁué’amiﬂéﬁﬁﬂmmﬁqq(l\/\egasonic) Toglgseidouisinlug
wawdlun1sgNIINIEANEfvenNsuezAain wazldidumesindeaacoustic sensor) TaAAIIY

[y

UayAARNNUIN Viaﬁ’lﬂﬁluﬁgﬂﬁmmﬁﬁhm’mﬁuLagqaaﬂq%}ﬂ(maximum acoustic pressure) Lag
Adudsavunsgiuanaadeilisuiisuiurieiinduinly mnsanuitanufuezgaininng
nszaedity weedleldiedasifuanna(particle counter) TnAaynavuwdoundnsdedevien
pAuENUTEUMAARaY 91.3 % wansliiiufslethadudissavsamlunisvhenuazen

Niazi wazAng[13] lé’ﬁﬂmu%nmmnﬁmﬂﬁﬁ%mﬂﬁLm"fw,ﬁaé’wLﬂmﬁwﬁuﬁu(&ude oil) e
Tnssrnendsinaunamanivasivaliaduin fmuiamsouansiiufiensduoraain wasns
L.wmsuawlaamﬂ'mLﬁmsﬁuu‘%Lamﬁﬁmmm@fuasqa@amqawm

Leong wazAmz[14] yM3ANEINNGNITaMYeInIFLeAERNYe M IIUAR TS LUUANE
400 Alaiddn AU 2 wnedde Wedidunsluvies 2 was asraiamsnszanedlaslfusiuasiou
Nefiszozang 9 waziadelalasiiu wazuuwnisnssatedalag MATLAB Zsusingindinanud 400
Alaldsniinianszanedilamnia 2 wneidse

Kauer wagaaiz[15] lavin1sfinemginssuvesnisiiadgisenandwdulaeyiinisaieninnig
nsrA1umveIneIninduludinansansaraIuTauaasiINIRUseusUAUN139Ia09n13N 2N
fvasianuiueraainlaeldssieuisnluriedun

laiunandl Li et al. [16] Wusutsssidelfilanuanaisdsdtulaelflusunss COMSOL $1a09
amwduszgann Tudsdansileliauuuaiii Wefnwinavesrnuinazseduvetansazans so
ANNALN T lUNISANAIATY

¥
b4 = (Y

PnnITenmuaiviiiasuldiianuamnsalunisdswiedansilelinined fussauaungdl

9 U

a ] 1

Y99 AINANAITALAY, ANUD, FILAUIVDINITAN, MIBINANUNI WAL JU9v8404, BaduUs

(% £
Y I a

ManuaiiduauTilanizveate9ansastauAazsu nINARINITIAAANTLUIUNTANATUTEANS AN

a

aa9an Tudepsaziinisfnuialouly wasduysang o Wiuizan AuNYeInatu lhuTy

Y 9

Waiiuidaninludinans(7] Usgansamlunisinanuazendued iuruinvesninudussaain n1s

P

Saluvsnafinuduerain vuialngjasivssansamiduazluuinuiiinuduegain vuia
/an mmﬁ'qqmmwﬁm%’uﬁﬁmmazam%umusummLﬁﬂ winsatmAuluaudaiii 7] o
gumpfivesnnasszansnmlunsdrsazanas uaztrsgumgifimanzaslunisdiedio 20 - 40
osrmwaldua Ngaumgiiinndn 20 esmiwailea Tseansnmlunisdnsgeiian [18,19] Weifiuan
Tunsdunmssanseufiintunivduasfiugo(20] Ussavsnmvemuaiawes fivhan PZTa
wag PZT8 lasunisiiansanlaessdeuiBlnluwieduud uasnmamaasd21] l9sunissenuin PZT4

AnN71 PZT8 ae149lsAnu 1udTe[21] Aansaanizussansnmeaansiuasiwes luwmadyinning



avonuazaulvdnnnaaudululasunisiiansan lnenuidetaerinnisinsigkdeumandiiainun

Ysuussivhanuavomdansledalilianumngauiunslidnuluaenisndnasdulssny

2.2 NuNNgIvas

2.2.1 #un15AAUBLAHRAN (Acoustic wave equation) AYILATULAAIINAITHUVDS

a W

nyuamwesvliAnadudansladaludiasazaeinans iWunaliin wannusugadudn) uaz

WEAUAUAI(VENE) TITUDLAUANUDNITAUVDS NINUFRNYDSTEWINUNAANUAUAT AAUDANSI LY

Y

a ¥ v

finnnuduas afralesornavunadniuiinaisansazane Wevleseniaveevuntegaiiliaunse

andunasnuladndeluls WetermavrguaatvegisgusalusEniaaaNaugs lusendnms

Y 9

seilnagyiliiingaumgigenn(Ussann 5000 lAATW) Wag AUAUEINUITENMN 60 LUNNIEATE)
USseU 9 KaueIn1ssvidnayyileiie liquid jet Fsdaa1uiiausenna 280 wasaeiunit 1u

nszunnoynIAnIedsanlinnanegluingvinlmianseuaunisarsutues deldfiaunismis

a

AdaransldesuIunIsiinujizetadwdulalaenss waluauidediulugazldnl wduszaasin

Y

d‘ a o L} a a U :.’l o/ ‘ﬂl a é’ d! U a
WWBBSUIYABUUINTITENAAIATUTINNTEAUAIIULINNLNAAYY [17,18] @49 Iumammmuaz@amﬂ Tu

TAUYeEINNaes Ul ARaaNNST (2.1)

2
@

F<0 (2.1)

1
V(2 V-P)-
P PC
Tedl P = POexp(it) #o mmdidameendes dau  Aomnusudos pl fAeriumuiuiu

2

Y9IE1TaTa1Y HIUAINU

2.2.2 Lﬂmeﬁmslﬁﬂﬂ'ﬁm%’umnﬂﬁuaz@aﬁﬂ (Acoustic cavitation threshold)
dowesnindusudesnludondley Huiivesiudsssenevldonisvuiounaswesuin
Tuaseu evaassetiedilazaneslusinasaisazany Weswuinlunsouwmadagyimeiduia a3

£
(Y =

loulvidunesduduse 9 U Wenpusulaiuasiiainuduasduses o audhlnaduainuduinee
(threshold pressure: Pt) fspaiuauinag o aduinuefildfiansan wissnimnislnvesnes
(stability of growth bubble) AusulnugitusgiunIsiegyosiglazvuInvesdsluleou, AUl

WATANUIUYRIFansIelA tnealuAnuduiussening Safidamdley (radius of nuclei: RY),

AaE wazAudunaet anansaldeuldfiaunisi (2.2) (Apfel 1984)[27]

013(P, )" [P-1[ 2 v
—| = —_[1+—(P—1)} for..P <11
flno JP 3

R = (2.2)

03(P 1/2 2 1/2
T(_wJ {g(P—l)} for..P>11
P

aunsilddrmsunmaauinvesnugueInIsiinAIeTU(magnitude of cavitation threshold)

dansiuAauduazSalvesiindealagUszanm lag P = Pt/Peo e Pt fia AuAUBAdANNM



293n15LAAAILATU(threshold pressure) Peo ABAIMUANTOU ¢ WoIA1ILATI(ambient pressure)
Tuasazany

2.2.3 $afinesn1Imdu(Cavitation bubble radius) Aduldssazriliatslusinans
ansavaneinAudunsay Seazdmavhliiiaresndmiudusiuiuann Wentheadundeudiniu

=

WAt uULtaHaztAnn15dU (oscillate) ABBNIWAVDIANAUNIUIN LAXIATU(growth) Al

[
a1

VUIAEIFA ‘wé’qmﬂﬁ?uﬁuquaaw(couapse) AauN155ELdn(implosion) 8an WeNUsINHN1T0IHET
“Usrngnsniatiiadu(cavitation effect)” nslniunazguaansrasiasn dmduiinaila «q dustus
fusainasndmdu(cavitation bubble radius: R) Fsaunsamldainaunisnisindeufivesianesan
Awtu(motion of the cavity interface) 489 Rayleigh-Plasset (Hilgenfeldt et al. 1998)[23] Fawans
AeaNng (2.3)

. (3)., 1 20 R 26 R
PR+(EJR2=; (Ph+R——PV]£Ej ~= - 4uz-(R-R) (2.3)
| e

ilo Re Ao %’ﬂﬁv\laam’?Lm%’uﬁamwﬁma(bubbte radius at equilibrium conditions), G A9 WIIA
Rivedansazals, AoANilavesansayaty, Ph Ao AINAUUTIEINIA(atmospheric pressure),
Pv fin AuAuneluedvapor pressure), Pa Ao mmﬁu%@aaﬂﬁﬂizﬁma‘v\lm(exerted acoustic
pressure) Ing Pa = PASINwt, v fe snsarmgruiousinig uas K de duillndlnsaves
fine (gas polytropic index)

< a

2.2.4 gamgiluazadnuauvusasguaae  gungiuaradusuleslasiy uaareiidudn

a

= v Ao o & a ] 1% A a A a ~
wilshideiiddgdifinanonszuiunisdns Wewednaulvuingean fivdmseu 4 vos azdeamad

e e

=

Qa%ummﬁw 10,000 pervinsuley fomuFuANINATY 69 WnmIaAal3] N1syUdaziAnTu
sy unntumhevesilasiund vldrnuseuldannsonileenaineddaniu audelain Wes
yuaaIsiUuesiAgLUfAn(adiabatically) LagiPanszuaunIsaTeTY aunisfildeduiauduius
FEMINANUAUIUEUAAT8(pressure collapse: Peollape), aaungilvaiznesguaans(temperature

collapse: Te) wazdeines anunsouandldfieaunisdl (2.3) wae (2.4) (Hilgenfeldt 1999)[23]

26, \(R, Y 26 4u (dR
Pcoase: P+_|J(_OJ ____I(_) (24)
e (0 R, LR R R ldt
~ TORO3(7*1)
Tg(R)—W (2.5)

\ilo PO fie AnutuszeaRnluasazany RO AefrilnlecFudiu R Ao frfnlesuaiziiguaans TO
#io gungiivesansarans aunmstuansdsnrunieatasszriaiaiivesasenmatunuduazaain
uazileiiueufuszgamnfaziiuauiduresnisdns
2.2.5 m3wnszilagdsiuludiediuud luniseenuuulassadndmsuiunissvesians

9 tudndurzdesdnnauiAniinisn nuedlassasng Wy mueien ANUAY szeen1stne v3e



wanuanuaienvedlaseaine etamandidng 4 sdmuadudmueuesdoulelunis
panLUUlAsIas1
wuiaesmsadinmaniiduisiiannsathuiieseiuazesuenginssuvedasiaine dauaneglu
sUresaNnsdsouitus aumamaniansoianiesglfiamelasaadifiylidladudousiny
wilassadafildauasediulngasfidnvaslasadefidudeu egnalsAflunsdnnidsiuas 15
ansninszilasaaidudeunddlisenisusznalaelfsndeuiimummdsiiauay s
feouldonaninwinsie sudevisinluiedwud Jadundduitidenavdmiunnanasyes
AUNTTIDYIUS

msieszsimallusiiediuud[28] ssAnuslemigegaiiloiunuszgndlduidamannisids
oyiusflamudosunssadlasaivadududou ndnnsibesfufenisuszinalauududie
ImLuuéaaﬁﬁgﬂmaadwdﬁwmﬂ q Sufaiondi wduus nawaslneUszanadmsulnuugosiiy
wanslugUvasilsituagnaeduiliidunmun Wevinisfinnsnnanszvuresedmnsind duly
AmINsenaInvedlasIase vildkamanienuiusingyseunainmsiissuvaun sivyadn

nsesziEeiElWludedwusiae n1sieseieiinisnsydn(displacement-based
approach) Im%agmsm%uﬁmaﬁaﬁu(Nevvton’s laws of motion) wagRarsaundunsiaszs
n1snsEdanuuLdunssauIntan(linear small-displacement analysis) Immﬁaﬁﬁmﬂizqﬂﬁﬁu

[

lnssadafignuusesniuedwusigas 9 aunsalieuluglaunisanuine

d oT oT ou
Al e (2.6)
dtoq, og; oq,

e ! A ANINITTIAROUVDILATIATN

A9 WAIUIAUTIUVDIATIASN

Aa NasUANdEAVELYDIlATIATIS

O o S

: A9 WIIN1BUDNTINTTINADAAABINUATINTZIN

a (3

Al 9 slidnwariiugiuwandsiunusingunssediaus 1y sUnsudunssdmiuiediuud

yoslasadenyu JUaumisuvisedmasudnsulassai vy usu luudaziedwudiaziiyass

= |

(node) warvaulwn(boundary) nMsmulumeddinluefmuddunisiuneainisnszdnfanseves

9

AMUAWEITY JUN 2.1 wansnimeduduiaensUvila 2 9ase (2-node bar element) &1y

lasstenyuluusgiianuiin TdssuuwnuandsdmSumsiuin 2 ssuufie wnuduing xyz wazwnu

1% a a

o ¢ B v v ¢ a o v o & _a =1 & a ¢
a:uu”im XYZ "ﬂqﬂ?}ﬂ"ﬂgl,ﬁut@'lqﬂflaqﬂaﬂLaaLNumLVISUﬂULLﬂuaﬁJWVIﬁ LDALNUAULLUULDALNUALUY

=

PafAlaeTwnY x WukNUNan Lwii’hﬁwﬁqﬁ’uLmué’uyiai%ﬂmﬂL‘T]uiﬂiqa%ﬁﬂuﬂ%gﬁamﬁﬁ

<

AuaNURIUDIAUTDLOALUANT LT UABIMSIUNDEINN IO ALATIElATIAS1IMaENITORNLUUN 9 b

9

o)
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L ANUYNIVBLDRLUUA

A e seduus

1, Wsudfiaesosiuiidisuiuun yy
. Tusudfiaewesiuiliiteufuunuy zz
J ugufideswesiuidiouiuuny yz

E Anlupaauasds

p AIAIUAUHUUYDIIARTLY

'
[

g‘Uﬁ 2.2 M3nTEINNYAse (nodal displacement)

' '
v a [

JUN 2.2 uanennainiinsganianse Tuledluudla 9 ausananiininesuesninseinnyasala

Al
5xyz,1
s (2.7
Xyz,2

(%

\dlo Oxyz,i fannwesnisnszdnuosganed i wandldnsl

Sp={u, u, u 6, 6, 6 (2.8)

Xyz

! s v A 1 o 24 a L4
N5UTEUANYDLINKABSNNINIEINTIgRRaaNnsaIilalag MsUssendldnsBumesivaduiiey

[ (%

Handunrun An1snsedangate 4 aelueduud awnsauanslanad



{0}, =[P]{a} (2.9)
N (2.7) wag (2.9) la
r,=[C]{a} (2.10)
iy
{6}, =[PI[CT . =[N]r, (2.11)

(%

ISENTANERIAINRETANLLATEN (€] NIale qlaRsla1sumuleuly small-displacement

analysis)
te}=[Pl[c] r=[B]r 212)

LATLEAIALANNUS T2 INALLAY (O} LagAslAsEnsatl(constitutive equation)

{o} =[D]{e} (2.13)
18 [D] ANVEINGBaNaRATANG I UANNATEAYIE NGNS Hn g uYORLUAA NI TAIUIN

1pannauns(2.14)

U, :%J‘E[J'aTedV =%reT(j£IBTDBdV)re (2.14)

agdlsfinunisiuinsieudninan1snszandedaiussuuiiiaduysal XYZ Fsaunsadeunnnes
o A i v &
nsnsednigenelallu
4
Spz ={Uy U, U, O 6, 6} (2.15)
nMsuUassgninaanmesnsnsydalunidnduivswasidaduysalamisarilalaenisldum vndnis

wUaswuveaslsintialorthogonal matrix) T uselaesialuisendn (orthogonal tensor)

§xyz = [T]5XYZ (2-16)

5xvz = [T]T 5xyz (2.17)

el
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5XYZ 1 T O
q, = o rL=T.,r (2.18)
5XYZ,2 O T

'
[

:4' = s = a a Y Y] ¢ !
bUB g ABLINLABIUVBINITNGS WW@WEUE]QL@aLQJum“Lﬂ 9 Lﬂ/lEJUﬂULLﬂuainim AT (2.18) a\ﬂu

(2.15) azla

1 1
U. ==ql [T B'DBdV)T ==q [k
=5l e(ji )T.Ja, = Za: [k ], (2.19)

Turaslieniu 158U150MIANNEUNUS TENINALINADIVBINITNTEINVBLORUUA g, NUNINIBSANT

(%

NIININUATDITZUUTATIATIS q A9l

d. =[R.1q (2.20)

(%

AaTiU azié’fwé’mmﬁﬂéﬁwejwmLaﬁmufﬁﬁ e Al
I —1 "[RIK.R
e Zq [ e e e]q (2.21)

= ~ | A ¢ 2 < a & ) | ° = ) Y
19 ke L3UNINNNNINGANULIILNS BB ALIUR (element stiffness matrix) luvitusafeniuazle

[

NAIUIRUVD IO AU UARIT

. 1 1
T, ==a.[T] NTNdV) .14, = =4l [m]4, = =4 [Rim,R,]¢
! zqe[e<pj£j )T1d, =540 ], = Sa' RiMRIG (222

o me BuNINUNENTUIav01AUAT eth (element mass matrix)

[

NAIUAN LA NANIUIAUTINYBITTUVANNS e Ul AR At

N 1 N
U :ZUEZEqT Z[RI ke Re]q (2.23)
e=L e=1
bbelS
N 1 N
T=>T-= EqT > [Rim.R.]q (2.24)
e=1 e=1

dounuAmdudnguazndanuIatain (23) uaz (24) aslu (6) wlassuvannisileyiussudiu

[

AD9991

My +K,q=Q (2.25)
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AUNTS (2.25) AR@UNISNATNNIBENNNTNNTEUALIBUYRITEUULATIE5 19l ne T I lur oA und
annsathantdlunsieseilassaialuguuusiig o il
ANSAASIALTeEn A

a a ¢ s Y a A a o oA o ' =
ﬂ@ﬂ'ﬁ'ﬂLﬂi'w‘ﬂﬂaﬂjﬁ@imﬂﬂiﬂﬁﬁﬂiqﬂmiﬂuﬂqiLUaEJ‘ULL‘UaQﬂqiﬂigﬂﬂﬁiawaﬂﬂjuﬁqﬂ ] AULIAT 3D

Ao

nanlaindunsivssingfnssuvedaseasnslunsaninglifinnswdeud Jdlifarsanumningd
vouna fafuanaunis (2.25) aglé

Kg=Q (2.26)

Tulmnsieseideaia nnmesnsnIzInLazLsINeuenIsivuInwniusEAUesA1ndy

dase (Degree of freedom) vatlaseasne lngiludnasiAmveulavesAN1sNsEinU1IAsaTs

U

FEURNUAY 1, 39 o NasewiaIilsrliirusingey Ausiluiulsmvaiiifouss Ujnsend

staoulvraus (f,) ¥30na13laI U3 b A USIMLIIS VR UALLLOUN UL TN DA

£
= 1 1

IU?LLﬂﬁNéf@ﬂﬁ?ﬂ’JmMWLLﬁ\‘iﬂﬁﬁ%mﬁLﬁﬂm‘ﬂUUiL’Jmu Turuziendu £, Aeussneueniigasiodiud

2 = o A ' O & W PN v = Y1 a &
LV LLﬁBlIﬂqiﬂig"ﬂﬁﬁ/}"\!ﬂm@LﬁaWUULUu@"]LLUiWQ%W@QﬁWNaLQaﬁl ry ﬂi@ﬂaqﬁ‘l@]'J’]‘UiL'Jm a Ay

a N | v v ° 1Y) a X a A A o
Usnnisldussmenent,) hliuaslusunsusessuaminisnsedamintuluuinmd wevhms

[

AgUnnIndlu (2.26) Iidennpdesiuinnosvatiagld ssuvaunm gy

Kaa Kab qa /7 4 Qa

7 (2.27)
Kba Kbb qb Qb
MNITLAEUNTILIANITNTE AN ATIASI
-1
=K (Q,—Ka0,) (2.28)
wazlsaufnsen
Q, = Ka 0.+ Kyl (2.29)

LHIoNITIUAINIINTEIANNIAF DU IA NN TOAUIUMIANANUATEALATANUAUNNNIVDILATIATI A

o w

MIATIEATEdaaNNsaveeNa lUgInsviungetgnsdvestiua Jaduteduddgusznisnds

>

Tunrseanwuula
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ANSAIATITATINAIN
A15IATIEMTINATAVFIONITAATIEANSAUALLTIBUABNITEASEUVENNTT (2.25) TAemTe h5In18uan
Tuntdnunedasanainniniswasuruindlonanldsulldrunssainaz liinanensduasiioues

A oA a = a s a a Y] ! v
YUY Lll@llLQ@UIGUGU@ULGUG]LWN@UIUﬂsmﬂWTJLﬂﬁj%‘ﬁlﬂjﬂaﬂ@] ﬂqﬂqﬁﬂﬂﬂﬂ'ﬁqﬂﬁﬂﬂqﬁlﬂlﬂu

M Mab qa K Kab qa Qa

aa aa

M = (2.30)
M. M, |14, Koo Kpp L0 Q

ag v ) = A o d = a ¢ a
ami&miﬂLﬁ@u%Um@Umm NIFFUACLNDUVBITEUU LN@NLQ@UISUGU@UL"Uﬁ]LﬂﬂJaTﬂ,UﬂﬁmﬂqiﬁLﬂiqgﬁLsﬁﬂ

[

adie annsadanguaunislaidu r, = 0 azldssuuaunisnail

M..4. +K_.d,=Q, (2.31)

bbele

Mbaqa ' Kbaqa 7i Qb (232)

nsunisidealgluniseanuuudswainvedassaisludununsnisuilauudngdiu (Proportional

damping) IngAuvuizduiuauavesssuy Tuaun1si (2.31) ansaifivanngnisgayidey

waursom s lUluszuu anunsaeulsduy
Caa % aMaa +ﬂKaa (233)
AITUANNITAISAADUN (2.31) WiaRANTUINATBIAINMNTUSEUUaElR

Maaqa + Caaqa + Kaaqa = Qa (2.34)

% A

TuauAded Welvnszualndnfunsiuadiwesslin PZT4 agdunl8mud 28 Alatdsn n15auvad
PNIUANLYDTVLN N IVDID IV NELAULaA(stainless steel) dumeyintinnAduEssludINaNa
a I a [ d' [ 5 1 2 (v o [ % a ¥
asazany Waluadwduluiian dauenananlaintudwhanuaseindaniilelin Usenaulume
3 Towuleiun Yagfielediaavsa, nisdawazinansansazans Jaazldaunisivluiedwudveusay

AUNITITHANAINU
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2.2.6 Wluiedwudmiulawuvesiagiisledidania anfindnunirsiuaziiuliings
hlAaUTIngMIniadwdufensduainniuaingefuasfnaniiinuiizedearsazans g
fmsnaiesdunnuafiwesviinansuszneuiiieludidavia(Piezoelectric transducer) danaln
wanvemnsuaRweshe auauURieledidania 1 2 JULuUAe JULUULINABNAN1IRTI(direct
effect) WuusngmMsailiAeuszqliiiannsliusimnana 1wy in3eafifindyaa (generator)
uazsadaundu (converse effect) Ssmsiadeuiividonmsvihnumanaasiinainnisiliaunuliingy
LUy weLmas (motor)

aun1siugIuildeSunennauUmng 2 wuulifadl

D=d,+¢'E (2.35)
bbele

S=sfc+dE (2.36)

dio D Ao n3nsyanladidansa(dielectric displacement), G A8 AI3LAY (stress), E Ao duiuluiin

£

(Electric field), S Ao MULASEA (strain), de A AduUszandiialadiannsn (piezoelectric
coefficient), e fio AmIAsTIlABLaAN3N (dielectric constant) way s Ao ANNSLARIYITER (Material
. A . d“ a o‘a’lj Y a wa
compliance (modulus of elasticity) @slunsuaRiwesiazliinesnuautinims
mﬂﬂmamﬁ’amqmqmsé’maﬁa@LﬁaiéﬁﬁLﬁﬂm%mzLﬁﬂmﬂﬂﬁﬁwé’umﬁ%mﬁmﬁaamﬂ A1
Ql' v wa (v 4{' % 1 (v 3 I a a & a LY

Wisuulasnavaslassasisuazanautinigliiivesdan Welvrnusednd uiieledidavsaiuas
durliiAnnneesnisnszdn duszlalwluiedwudmsuiagdsledidania deaunisi (2.32)
[24]

M 0)\(lu] (C., 0 \fu|] (K, K.\lul |[F

uu B + uu . + uu uv — 237
0 0)|V 0 -C,)|v) (K, -K,)lv] (Q 237

uv

o K, Ko, Ky, (K, Aolassadnemnuudunda(structural stiffness), authauslniinladidan
Sa(dielectric permittivity) Lay Wnnsnduasodiuudsunsnsenainiieledidansalpiezoelectric
coupling element matrices) auazAy, C,, C, ADAIUNUIIVDILATIAT(structural damping)
wazn1snszarednslnda(dielectric dissipation) MUE1AU, [Myy] ABUNNINGUDILIE, {U} AD

LNLABSNITNSLIN KA (VI ADNINMBSANUANANENIATEUU
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2.2.7 Wludeaiuuddinsulauuvsnnens Tulauuvedans {ul 3nauni1si (37) A

¥
o [

N = 0§ ¥ a 1Y) P o o v a A o a 1o o Y
QﬂﬁqWam']ﬂﬂWUﬂﬂ‘Vl'ﬂﬂLﬂﬂﬂ'ﬁau LN@NUQauQ3‘1/|']1‘Vil,ﬂ@ﬂau@amiqiﬁu@aﬂmﬂiﬂﬂﬂiﬂLllu‘lﬂ 'ﬁllﬂ'ﬁlw

TueaiuAa s UlAUYaanene @a1unsaldeulasreaunisn (2.33)25]

[MI{U}+[CHU}+[K{u} ={F} (2.38)

Wesnlifidunsiseraniwiufeveaniloutuaunisn (2.37) asiiuladnaunisa (2.38)

AR DLNEANDUINNNTIASILATINA TN DL LAE?

=Y

2.2.8 TWludedmuddinsulauuaanaledisazate ulauuvedl Wendudss LAaaun

(% 6 v (Y

drululawureait anuduszaadnansanldannisufaunisidseyiussusuans(second
order partial differential equation) Fsauna3 (2.1) Wlefia1saninnisunsvesnaudsaniudanas
Juuvuidunss, iannusuidewantiss, Auuikiuuaznistudavesdaisazatedinaiaiuy
Amsil wazanafuozaaRniUABuamnatansluia (2.3)21] MmIleszinisnevaussinesluila
(HRA) T ANSYS adaaunsdinlasedeszsdouisinluviefuusi(Finite Element Method) Lite
AANAUBEARRNIINIAMNYesENTazany Tuauns (2.1) %gmﬂ?{aumﬂimLmuﬁuaﬂlwaiﬁlﬂu
laluvaudes AIemanved Galerkin procedure [26] lngn1samaunis (2.1) aeilsidunaasuy
(testing function; w)(2.39) L&28unsinsanaensaUsuns dilwldaunis (2.40) Wdmsuduaa
mnufuozaain e munguantinisianuazieulusing o asuihu Tusunsa ANSYS azdunal

mmé’fua3@3@%@&LLGiaw?’lLmuﬁufﬁ’w‘hm’masmmﬁam%ﬂ%ﬁﬂ TugﬂmméﬁLaGULLé’ﬁmammaaaﬂm

Tusvukauans et denan1sATIZN

2\ 08 Ay op J
W—-dv+[[[ VW (——V ) dv+ [[[ Vw- (— Vp) dv
(qj p,c-  ot? !z” (3p§c2 6t) gj (po )

1 40 | " 4p "
M w(— +——=—)n-Vpds +[[| W—=n-VQds (2.39)
Erﬂ! Py 3pic? ot DJ 30
10 4
= jjjw——de+mVW-(—ﬂ2VQ)dV
QF ,00 at QF 3p0

3

o dv UsiusuesUSuasiauuilide sy Qp, ds oyiusiuiivodlauuidesiiu Iy way A
[ dl 96’ & Y % Y v % a d!
LINABIVBULYA INANNTTN (3) UnAalauveIvawnad nsunsusulvidiulauuesaainds

amﬂiaﬁwmmmmﬁuasqaﬁﬂimEJ ANSYS

[M; Kp}+[C; Kp}+[K; {p}+ o [R]T{Uf J={F} (2.40)
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5o M Ao Luw%ﬂeﬁmammi@Luusum“lmaﬁ'ﬂﬁuaz@aﬁﬂmu(acoustic fluid mass matrix), [C¢] @
L@Jw%ﬂ%ﬂmwﬂwﬁuaﬂmLmumaalwaﬁﬂﬁuazqaﬁﬂwﬂu(acoustic fluid damping matrix), [Ke] A9 L
nindarudauniseslawuvedlvaiinduszaainsiiu(acoustic fluid stiffness matrix), [R"] A L
mw%ﬂeﬁmauLGUWU@@T,@meumlmaﬁﬂﬁuaz@aaﬂmu(acoustic fluid boundary matrix), {f:} fie ALA
nauazgaRniirulnwresma endauns (2.142.40) silismsudeuludesiuiiesilideda

aslalialanad Wy ludmnasansazangaisiiiuvseangaumgil, anAnuvia, nsiiumaslniiaeh

'
1 a

TR 19891 TUFITY wAdzgalulilesg9nliiiud1nuainI5AnA1 e du( cavitation

[ ' %
[

threshold) Witiugsartaunuladedugusznaumetusin wazUszansnnuesnsuanwesnldy

v
v v a 3

UEle NSANALDAZYN IAIUIATINDIATIETUARAS FUNUIZENTUAITANTAATULAN 9 NIDNE1

q

(@))

Y =~ N 1) o A Ao a A o 9 ¥ a a v A Y]
AUYNUIADAUNTN (2.5) Isﬁﬂ’]‘VﬁULa@ﬂﬂ'gquﬂaamiqisﬂUWWg\]gwrﬂwLﬂ@?’ﬂ'}LWGUUV]LWngaNﬂ‘USUU']@

(%
=1

Uauinoin1sane dreg1atailuldlugaamnssuu anud 132 Alaigse 1o

aJe

anuazdsUul
auntrvuIndnifnedlu Head Stack Assembly (HSA) Tunszuaunisudn HOD wasdiudqu

a & a 61 a a acs o @ 1% - [y [ = =
ALNNTDUNENINE). AU 42 AlaLgsm WiiﬂSﬁ’WﬁUﬂ’ﬁﬁNLﬂi@ﬂﬂ'igﬁlﬂu@qGlﬂ’]‘lﬁﬂiillﬁ]iyllm AITUE

L3 CY

37 Aladsn wangd niun1IaeUNTImaTIuANITY LastasatlanIAn AI1ND 28 AlalEsn e

=

d1mM5UNTANUIRNT WaElIuaT FIURTAADYN q NVLIAUTTUIAL 1-10 LwuRuns A3uE 20 Ala

v | Y
o v a A

BSn zdmiunisdsiunsradeaduivdieldusandt duiludu feduluenuited e
41889N15NAMINFUDL RGN Tugwhanuazerndansitefranlssnuiindymidainanunuds
Tngldn1siinsnsinanevausisnsludia(Harmonic Response Analysis) Tulusunsa ANSYS wiiewn
Hedeiitinasonisidnrdndu ludvihavazensansilafindull maimanssaesilaaziluld
Ansziilenisnisuul snssuunsddlniivszans nmfinduldely

2.2.9 wuudaedlaseasiemdng msieszimesadouisiWluiediuud Wunisdiaes
lngnsmnaRasvesaunsieuNussufuanweuwsazieduudigos 9 Tulawu lnaanuuiugies

[
U % =) = 1

HalRagarTuediunmnmvesmsulLedudlulamuviedng viaisieniinisasialasasien

9

' A a J A (Y A 1 VY & 3 ' a | a
YIYNAIBLIYNITNTTLUY ﬂ'ﬁLlI‘UﬂEJﬂ'ﬁLL‘UQ'W]QMiEJI@ILll‘lﬂ‘lﬂiy i TndussAlsznouges ] L38NIDA

(%)

A LagaTediusEnIngeduudlsnsuniaweuda(node) lnensaiislassasiannnel

9

1%

AuAmazIueagiunsidendseianiunisadalassaiimgliunzauiugusiswesinguieaunis
MgldlunisAmnniuiig waunsaudaiaveauymuguislanaselil
2.2.9.1 wiavoams(Mesh Type) tualu 2 Gfiusznaulume

1. Lmammgau(triangle mesh)
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K
K
4 N \
J L !
Ul 2.3 wwanudsalu 2 I3 wuU 3 uag 6 Yudeuse

2. LN%?LMﬁam(quadrilateral mesh)

L | )
| N
J M J
Ul 2.4 wedmdesly 2 I3 uuv 4 wey 8 aillensie

A = [ = o v PN = ' 1 [
ﬂ']ﬂEU‘V] 2.3 L%ﬂiﬁ’mL‘VIaEJ?,JLUULN%VIQﬂU’]Nﬂ%N’]ﬂWﬁ@ Luax‘ﬁﬂﬂ@ﬂEJG\E’Jﬂ’]SUiii]jLiJ’JG]OVIﬂﬁULL‘U‘U

9 Y

o v a °

anunsaussluingifisunssdudouls Tdnailunisasensiags uidneuiildazdnannaiiniiwe

9

awdeulugy 2.4 1feendnugaeniivesnia
2.29.2 yiavesu(Mesh Type) Lualu 3 fiiusynaulunie

1. Vlﬁﬂ?%ﬁ/iﬁﬁ(tetrahedron mesh)

M{N,O.P)

KiL)
I
J

JUN 2.5 Wansadvin Luu 4 uag 10 9aiausie
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2. Wszda (pyramid mesh)

(NLOUN W, X)

'.g—hﬂ

QP W

r
fx )

:

' A(B)

X
KIL,S)

I

R
(8]
J

JUN 2.7 ST WU 6 uag 15 IL0use

4. nsanunti(hexahedron)

JUN 2.8 WInsavinvin WUU 8 Uag 20 3aLause

[

wnssdntnzadnieiian widmeuliisn wasdidulddeduingidsusndudou well

¥ o w A A

TadnfinfAe 13earugnasamaay un13dnasd isnazaedldmyvilaniie q Siufuegramngay

'
a

fuusnumaula weasihlvlarneunanan lagainguin 2.3 fs 2.8
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sguiuldiurlundazsunssagisuugadensofiunnssiuiosnenailUlflumsiesg
Arnaitu 1wy we 2 IR sleauimdsuuuy 3 gadeuse Tdmiunsinsgilasaaine dauluu 6
ideuse Tdmsunisimssigunnd fedulunisiengidiesedeuisinluiodiuud 1o
Fududesdnassdussamedwudliivinzauiuideuassusisvesingisiiaey ielinaain
msdraesiilédiinugndes annsalliusslovdlsognafud

o

2.29.3 Aunmvessn(Mesh Quality) Tnehluudy Jymidduuediuud uas
widendennn axdedling uazreuiamesiussansamgdlunisduin Sslisnduauelu nng
ahaiifinunmiiAnannseuns aue uazrdavesuvfiovmnzay Auwdidazdielvinanis
Funnf Tunamsdunniiduag

Tulusunsu ANSYS Arunmvesratnsaventdlaggain mesh metic fsneluaziiasing o
flannsoldisuenamnmvenuanaea Tneluruiseveusneldianize skewness whiugady
afilasunnufesludymmamarmansvednademunuarsadouislnluiodumd A1 skewness
voumwiiaietu ailrdesdssueniuediuudifidnuuznsmeduudanysoivionmnwifuay
Tidmeuiiuaingy asiailiifiu 0.95 d1A7 skewness flA1mnnnia 0.98 8199¢liausavAneuld

1AgAN51991 2.1 Uanenmunn iU YileTinnsIaINaT skewness

M15197 2.1 AIAMAINVBAUYUUY skewness

gousule Wwe) Sylale

pol)}

ALY | asidey AN

A1 skewness 0-0.25 0.25-0.50 | 0.5-0.80 | 0.80-0.94 | 0.95-0.97 | 0.98-1.00

2.2.9.4 n19AUIAT skewness @usavialaann 2 33 fAe
1. Andenvudsinswinfuman(Equilateral Volume Deviation) Fierld
dmiunsivdeueduud aumdsdlugedd warnsedninluaudfvintu Inevinisnsedeuann
MsauyFleduAaNy saimsdntafid Ui Aun gy wdMuINANLLANA1sTe LA AL
anysaliUTeumeuiueduud ﬁgﬂﬁ%’]ﬂ%ﬂﬁﬁﬂ

optimal cell size —cell size
optimal cell size

skewness = (2.41)
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[

il Optimal cell size fiB ANUYTIPUAN qVBIFUAUWMALN viSensaamindauIniuyneY

Cell size  AD AMUENIVBINUAN 9 VOIFUAUWALY ViToFUNTIEMINATINgNas 1T

Optimal (equilateral) cell

Circumsphere

(a)

Highly Skewed

Equilateral Triangle Triangle

(b) (c)
JUN 2.9 nsuaal skewness wuunnsidgaundsinasviiumun
= Y @ e a ¢ y X av o a ¢ v
0 (2.41) waz3un 2.9 waashiiuiunneduudieiasiuiinuvinnuruaynedwudnaylien

[

skewness 1 Famngtumsianiflunsiaedunuite fueduudiidnuus iadsmdouuy un
arue1unty vsuedesly viane o edwud Aaeiilian skewness glaimuizanlunis
thanlddans faguil 2.9b tedlssUaumasuiinasnsuwiiume uazgUel 2.9¢ Anuenly
utazdnlaivindy Fefuedanglugy 2.9b aziidn skewness fisndwagmmgdmiunsnnaig
wuudnaedlaseaiauy
2. mLﬁIENL‘UUQmUﬂa (Normal Angle Deviation)

FBilaelddmivaneaoueduuduu nasfiseia, n3eUstu uaznsmnuih Tagasaaouainay
AN 09NN TINGALAZYULAUFAA VLNV UAANYT! LAZAINITANTIVFDUDAIIUATY
aumdsylduarliaimioutuitnountiiidesnnmnodwudammdsuiaruendudiceiy
suflenuuaniafudie wiluedwudsudmasuduanuenvesiulddmaneruinveuis

o o
o

A579a@0ULANNITULYINTUY
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Opax — 0. 0.-0,
skewness = max[—&x—¢& —& M| (2.42)
180-6," 6,
e Omax  Po yuilvigNanluefiuud
Omin  F0 UNNENNAATOTIUA

0 Fv yuvawuWAulaLn 60° dnsuledudsUanuviey wansaani,

90° dmSuleAUATUAMAN WagNT I

O
O
(a)
Equiangular Highly Skewed
Quad Quad

(b) (©
3UN 2.10 NM3AUIN skewness LuuANUBRUULNUNG

90 (2.42) wazgui 2.10 wandhiiiuimnedwuaneas s tunifisunsedadeavunayuninegn

o

wazhAuandANTgRUULANANIINYNANY TV RN UNFANINAIN AT skewness LnauRsuansly

'
=

JUT 2.10c waznnedwudniasanilugudvasuamyilddadesnnnagiiidandsauues
i YR | o a ¢ % < a A a
wukAnA19iuTegAl skewness dgtouniy wagvineduansaiudusvamasuniiyuain

willauiunmunlzyvinuve s dimneuNgnAswtene

=) v o "1‘j v

AeuINNE1INITRUMINLIIRBINTTHANTTINa I AT uTudedlduuuinao sy
o I v o = =% ) a ¢ al )~ ° a v
AMNMES wingslsfimusresmladimsnginsaeuianeiisiuagszezantunsauiasniey
fathusdndudesinisiasgiusiuanzau(Mesh Analysis) Tunisinassveasi Inedsanstagyin
a ¢ ° Ay Y o Y a Y] ° g v v P o
Ny sgimkuuaeswilidmeulndifissiunuudnasausilvignaes weusendaianlunis

ANUIULAENSNEINTADUNILADT
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Unin 3

A5ANUUIUIY

Tuunfisasihaueisnisanfiueuide lnewuinsideeenidu 4 Tuneundnde 1) n1sneaes
dludvihauazeindansilediadiedne 2) msaduuudiaesniuduezaain 3) Wisuieuxa
N1531aRIuAE VAR 4) asrsiuudnasaiiandludymniatulunseuiunisdn Ineaugunsaiild

TuarAded Usenauldane

3.1 gunsaifildlun1s3de

3.1.1 yagunsaliianuazeIndansileila

3.1.2 fdulclamp) dunsudnusiunosd

3.1.3 udunesd

3.1.4 n@oY

3.1.5 ipdesdaaans

3.1.6 Wrinfiawansilaia

3.1.7 AauNmes

3.1.8 TUsunsu ANSYS

3.1.9 TUsunsu MATLAB

3.1.10 lUsunsu Origin

Tusuiseiisldguhauaserndansiledn Sauin 244 Tadwns(n19) x360 daduns
(877) x220 fediuns@n) -meluvsspinld 18 dns Wdsdinsuaiges 8 %h dwsuadeedudans

6

lolla Avud 28 Aladse laensiuafiiwesynilaesiaaziuiu 400 106 5UN 3.1 wansgunsal

Y

Ansuneans 1aelsEyinnsAnw lnsnlinssuIunIsIT8endu 4 Tunau As 1) ¥N1sMeasinis

AnnsouUuLNUNBEALATUTTIIAlABNTTUIUNITIATIEIMEAINAY, ATIdeuNIangdeluain

[ |

wiunesagninnseu wagyiin1smsivinaAranuduezaainlasldiiininauiu 2) a3
LUUTIRB AL IATIENHAAIUAUBZAARN 3) LUTBUWIBUAINITAANTOUIINNTTNAREBITTS 4) 19
Wsunsudrasamdeulufifigaiousuuenssuiunisdn lneudadouluns3deidu 1) ddslni

2) Anuddansleia 3) NaaNnTUERILes (VHATANUALAILUUINTTANAY)
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Water:

Ultrasonic Tank
Generator

B

5UT 3.1 gunsalvinmuaza1ndansilelia

3.2 manaassludainnuazeindansdlatia
3.2.1 mMmeaesn1siansauvuuRuegiideunass

3.2.1.1 AndagUnsaiviaruazoisuasuurlesdlvldmudaulafidesnismaaes
3.2.1.2 WngunsahheuazenaiieliiAanisiansouainymngnisainimduuy
wiuWepdidunan 3 il Tagvnsneasssn 3 adefidoulusig 1
3.2.1.3 dhusluwordnigninnseunnmiegy Meeugs 60.5 wuflumns wdham
winoedluysznanalunsyuaunsimssisenmane wdadhludaimn
3.2.1.4 Ideitufinsiandauainniguiunsinsgifenindis wavinaiigapdely
veturuasdfioluAnmsaly

Tunsvaaesnisianseuuusiunesdi 1shmmaaesiideulass 9 910 2 Yaduhe duni

AN5I9TUNY LATAUANTUDIANTALAY WIBEUTUANUUITIDDOVDILUUINADILALANYIUIIBNIED

q Y

£
v A

1 Tnefideulusiail Adumiseng q 5 duvia wazflgamall 27, 35, 45, 55 Uay 65 9IAYATUE B9
JuthsgauuglinliiianisianseusieiununeuszUaesniudansileda ludunauveinszuiunis
Wasgvienmeng levinasleilanduly MATLAB ievniiuivesuruvlesdngninnsou lagnis
o 1 o a 1 6 al a &

AuIuRIUIILINRnave s unegdlusuanlagyssunns Tnelinseuiun1siasgiauansluy

wHuagun 3.2 BawaiilannmismeaesiaziiluiSsuiisunanisinaessaly



If sum of ares
=.Sum

Yes

END

JUM 3.2 uHudsTunaulunszuIunIsNsEuIuNTIATIEimENIMaY



3U# 3.3 eSestsimindwiuvnaiaigaydeluveuduvlosd

Y

WioANNUNTRARNINEIT 1313l NN eN1nTIAFBUNAINNITTIR0IWIY agFUR
3.3 wanunasesdaunanld lngdedieguineurludinsienlagnszuiun1sinsiennlgnineiy
Byusasnan 1s1aztwiunasaudalmvdsmnizusnan inluasiwuuinase waziloduasads

UNNAIUILIANEEELUNN. Mg = Mocore Matier

3.2.2 NSNNaBdlAgRInNIas0ansI lula
32.2.2 Fakgunsaiiawaroindugamgilldmuiisesnsnaneuazdaiata
Tnsefusuriafidesnisin
3222 deldteulunuiidenisuds nadawindunar 10 Jund
WAINANYA
3223 ufinnaiildnveuaninavesiain uazihluadensmiiiewseudiouu

wuUUINaeInaly
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3000

===

5UM 3.4 nisiaddsiiinduluansazany

WielavoyadiauannszuIumTINsIEiaIgaInene uduieysEaniamnisnTisdeuay
gnAesveuuTIaamaiTy I dsldidininanudurinmaminadulugasi 4 vesansazaien
gl 35, 45, 55 way 65 asrlwaided laegun 3.4 uansgunsaluaznisandunislunismaaes

9 Y

3.3 #319UUUTIR0 AT AATIINARIINAUDLARRN

COnVErt C
Model tq mtEh

Mode|

JUN 3.5 UanuNuras19uUUINa0uar AT IgiNaANAUDE AFAN
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33.1 fauazAmnamamniweinsdulunisauuudassndsimnuazeiaitlily
QREVIIRR

3.3.2 afuuusaesgunsaiiianuazendansileda dewseneudeindddiduvennan
dmdumainaiwndu, nsuafumesdiuau 8 sheglduiuiugs Faunuiud Sddduguvesdeda
nolodla wazusiuogiidourlesddsaznemuleuluiumisingg duanduzuil 3.6

3.3.3 duvudassgunsaiviiaiuazeinsansledadild sudandunvudiasnidie
(mesh models) Ingfvualy 1 AnsE1AALANINIIUTIYRIAUsENBUATIESUNTIMAIABLLE 6 18
Audtauanslugui 3.7

3.3.4 mmuasaalTRnsiandvesondmesvouviar munuanTRaTafnsei 1 wag
Tammnussdndluiiuiuieledidnviinlaefmundmutoulvveaindslumni 2

3.3.5 3meﬁm%smﬁsmmimzmaéhL.LaszmLLsaﬁuaammé’uag@aﬁﬂmﬂmamifﬁwaaﬂ

2
Y =

Yo30ulUAe 9 waguIsUSuUTlARY

A v

1099 3.3.1 anvesnrsiinnaudansilade Ae taTelinuinnaudansilelia(ultrasonic

[y a

generator) Iglinszualinluivswafuwesagyhliukuawsuaa degfnfiunsnuaniigesdusiie
Auddansleila 28 Aladse Fendudaniiledaniindufazlund v lmianisilaswavesniny
sukazyi i AnNeIAIITUTY 9198991NaUNISA 2.1 Bag 2.4 USafiinamduifsusuiie

ANUAUREAARNANUIEY AT IRsEITatAmAINRNazAaRnuANwIUTINgMsalA I dula

Plate

Piezoclectric

m/ transducer

(@) (b)
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5UN 3.6 wanawuuIIaesdanslaialusguiunne 9 (a) kUUIIRRIINAINAINEZDIA
19819 LATUUIIABII LK UNDEAaNAMUa (b) Planel (c) Plane2 (d) Plane3
(e) Planed wag (f) Planeb

TuReulynisiUSeuiflsunansenuaingamgisenisiinufnsenanindul 1slavinisneaes
WS UgUAUBUUINEDIREAU 3 35 A8 ANNISAANIBUUULNUNDEAINNNTLUIUNITIATIZVIALE
AMENg, navewangadsluvesurunars uazAMawanIlelinnnNiiingn 3.2 lnensei 3.2

wananaudRvasaunginlilunmeaslaznsiaes

A1519% 3.1 wansmauaudAvenilofeugungiaigg

Temperature of water | Velocity (m/s) | Density (ke/m®) | Dynamic viscosity (kg/m.s)
18 °C 1481 998.2 0.1002
27 °C 1501.901 995.5 0.8509
36 C° 1521.763 994.0 0.7191
45 C° 1536.427 990.2 0.5958
55 C° 1547.401 985.7 0.5036
65 C° 1553.457 980.6 0.4329

(#1311: www.engineeringtoolbox.com)
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5UM 3.7 Uanawuudnaesniing (mesh model)

M19197 3.2 uansAnuaudinsildndvasiagnmmualunisdngaes

Domain Type Value
Water (45 °C) Water density 990.15 ke/m’
Acoustic velocity 1,533.5 m/s

Dynamic viscosity

5.7977x10* ke/m*s

Aluminum alloy Density 2,770 kg/m?
Young’s modulus 7.1x10" Pa
Poisson’s ratio 0.33

Bulk modulus

6.9608x10° Pa

Shear modulus

2.6692x10" Pa

Stainless steel

Density

7,750 kg/m?

Young’s modulus

1.93x10*! Pa

Poisson’s ratio

0.31

Bulk modulus

1.693 x10'° Pa

Shear modulus

7.3664x10" Pa

Piezoelectric

(PZT4)

Density

7,500 kg/m’

Permittivity constant (g,)

8.854e-12 F/m

Stiffness matrix [cf]

Cyy =C,p=1.39x10"", C,,=7.78x10,
C31=C3,=7.43x10", C44=3.06x10"°,
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C55:C66:2.56X1010 Pa

Piezoelectric stress [e] e51- =5.2 c/m?, e55 =15.1 c/m?, e5=12.7

Relative permittivity(e,.) Kip = 1,475, Ks3 = 1,300

)

U1 http//www.efunda.com/materials/piezo/material_data/matdata_output.cfm?Material_ID=PZT-4)
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M1319% 3.4 uansAnauUAMsidndvesian PZT8

Density 7,600 kg/m’
Permittivity Constant (&) 8.854x10* F/m
C,; =1.47x10"=C,,, C,,=8.11x10",
Piezoelectric Stiffness (c") . .
C5,=8.10x10"°=Csy, C44=3.29x10",
(PZT8) "
Ces=3.13x10'°=C,, Pa
Piezoelectric stress (e) e5= -3.9 o/m’, ey= 13.9 ¢/m?, e,5=10.3 /m’
Relative Permittivity (g;.) Kii = 1,290, K55 = 1,000
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Element/wavelength Element size(m)
3 0.018256
4 0.013692

5 0.010954
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6 0.009128
7 0.007824
ﬁl'ﬁ'l\i‘ﬁ 4.1 (Gia) GUH’W]‘U’ENLaaLiJ‘lJﬁ’fﬂ']ﬂﬂ’ﬁﬁ’TU’Jmﬂ'mLﬂm%ﬂ'ﬁﬁﬂﬂﬂ’lﬂgu
Element/wavelength Element size(m)
8 0.006846
9 0.006085
10 0.005477
11 0.004979
12 0.004564
13 0.004213

M19197 4.2 IIUOTLUUAKAEINLTINABYIMUUTIaBIATIATIIMNU LA NN NANNEIARY

Element/wavelength Number of element Number of node
3 75,187 264,252
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5 75,347 264,939
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7 o 265,755
8 94,460 327,182
9 128]1B 1 426,646
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12 265,850 953,776
13 326,544 1,173,044
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31000
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(a) Planel, (b) Pane2, (c) Plane3, (d) Planed waz (e) Plane5
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ARTICLE INFO ABSTRACT

Keywords: A small industrial ultrasonic cleaning tank, which is one of the best-selling models, had cleaning problems.
Acoustic pressure Customers sometimes complained that the tank did not completely clean all objects, or that some objects got
ANSYS damaged, so a solution to the problem was urgently needed. The tank has a volume of 18 L, frequency of 28 kHz,
Cavitation eight horn style PZT4 transducers, and a total electric power of 400 W. The cleaning occurs from the cavitation
Harmonic response analysis . A " g . . . .

Simulation effect which corresponds to an increase in the acoustic pressure. A computer simulation is presented using a

harmonic response analysis (HRA) in ANSYS to resolve and improve the efficacy of the tank. From the simu-
lation, we found that the acoustic pressure within the tank was uneven. The distribution of acoustic pressure had
a characteristic pattern depending on the placement of the transducers. When the temperature was increased,
the acoustic pressure was decreased leading to a cleaning efficacy drop as well. All simulation results were
correlated to the foil corrosion test and power concentration experiment. The HRA was used to redesign the tank
for higher cleaning efficacy. The simulation results indicated that more suitable placement of the transducers
lead to a more intensified acoustic pressure, and a better distribution throughout the tank. This research not only
resolved the cleaning problems that occurred in the 28 kHz tank, but was also demonstrated that it can be
applied to a 40 kHz tank as well. Results from this research were accepted and approved by the manufacturer,
and were used by them to develop smarter industrial ultrasonic tanks with higher cleaning efficacy for com-

Ultrasonic cleaning

mercial sale.

1. Introduction

Ultrasonic cleaning is transferring ultrasonic waves at a frequency
between 20 and 400 kHz in an appropriate cleaning solution to create
large quantities of tiny bubbles called the cavitation effect. The rapid
collapse and implode of these bubbles generates great heat and pressure
energy that cleans off any impurities from the object placed within.
Ultrasonic cleaning started to play an important role in the manu-
facturing industry since the 1950s [1]. It is popularly used in the
manufacturing industry of electronics, food, medical instruments,
clothing and textiles, petroleum, etc. The ultrasonic frequency has ef-
fects upon the object intended for cleaning. Higher frequencies produce
smaller bubbles with less acoustic pressure, and lower frequencies
produce larger bubbles with higher acoustic pressure that can cause
more damage to objects. Cleaning efficiency also depends on the type of
solvent, temperature, sonication time, and power of transducers used in
the cleaning process as well [2-4]. The efficacy of ultrasonic cleaning
can be assessed from visual inspection, gravimetric analysis,

* Corresponding author.
E-mail address: jatuporn.th@kmitl.ac.th (J. Thongsri).

https://doi.org/10.1016/j.ultras.2018.07.013

calorimetry, cavitation, power and removal of deliberating soiling.
From research review related to ultrasonic cleaning, we learned that
most focus their research on improving the cleaning process e.g. as in
Baoji et al. [5] which reported that the repositioning of aluminum foils
and temperature solution change directly affect the corrosion due to the
change of cavitation. Vetrimurugan et al. [6,7] verified the effects of
ultrasonic frequency, sonication time, solvent and power towards
cleaning capacity of hard disk drive components. They found that a
suitable circumstance of ultrasonic frequency, sonication time and
cleaning solvent shall give highest cleaning efficacy. Verhaagen et al.
[8] also proposed a technique for using ultrasonic cleaning for 3D
printed objects from actual experience which can be applied for
cleaning general objects efficiently. Yusof et al. [9] studied physical and
chemical effects of acoustic cavitation to apply in the medical field.
From their report, it may be confirmed that not only can ultrasonic be
used in cleaning medical apparatus but can also be developed to de-
activate different germs (pathogens) as well. Loranger et al. [10] stu-
died and compared cavitation that occurred in experiments, both in
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Nomenclature

[Crl acoustic damping matrix (N s/Pa)
[R]F acoustic fluid boundary matrix m>
o acoustic fluid mass density constant (kg/ms)
[M;] acoustic fluid mass matrix (N s2/Pa)
(K] acoustic fluid stiffness matrix (N/Pa)
{Fy} acoustic load vector (N)

P acoustic pressure (Pa)

9] angular frequency (rad/s)

0 density of liquid (kg/m>)

u liquid viscosity (Pas)

{F} load vector (N)

{ii} nodal acceleration vector (m/s%)

{u} nodal velocity vector (m/s)

{u} nodal displacement vector (m)

{ii} nodal acceleration vector of fluid (m/s%)

{p} nodal displacement vector of acoustic pressure (Pa)
{p} nodal velocity vector of acoustic pressure (Pa/s)
{p} nodal acceleration vector of acoustic pressure (Pa/s>)
[C] structural damping matrix (N s/m)

K] structural stiffness matrix (N/m)

[M] structural mass matrix (kg)

t time (s)

c velocity of sound in medium (m/s)

ultrasonic bath and large-scale of sonoreactor. Their research results
can be applied to enhance large-scale cleaning efficacy on industrial
levels. Computer simulation is widely used to simulate ultrasonic
cleaning to study, verify and seek conditions for the best cleaning
process because it is cost-saving, consumes lesser time and gives quite
credible results. Bretz et al. [11] used computational fluid dynamics
(CFD) in 2D to simulate the position which cavitation occurs in liquid
and compare the corrosion position on aluminum foil in accurately in
actual experiment. Osterman et al. [12] used CFD to simulate the oc-
currence of near-wall bubble collapsed in an ultrasonic field. This
helped them understand the basics of cavitation occurrence in ultra-
sonic cleaner even well. Acoustic pressure can be used to analyze the
cavitation occurrence. Li et al. [13] simulated acoustic pressure in a 3D
ultrasonic tank to study the frequency and level of solution in an ul-
trasonic tank towards the ability of cavitation occurrence using the
COMSOL program. Tiong et al. [14] simulated acoustic pressure oc-
currence to enhance the performance of dental endosonic file. Niazi
et al. [15] used CFD to simulate acoustic cavitation in sonoreactor to
apply the results in improving the quality of crude oil in the petro-
chemical industry. Recently, harmonic response analysis (HRA) in
ANSYS was primarily used to simulate acoustic pressure in an ultrasonic
tank [16]. It predicted the accurate position where cavitation should
occur. All mentioned researches assure the benefits of ultrasonic
cleaning and indicate that computer simulation is an important tool for
developing smart ultrasonic cleaning tank for the highest efficacy.

This research aims to solve an actual problem of a major ultrasonic
tank manufacturer in Thailand who would like to improve their pro-
ducts. This manufacturer designs, develops and manufactures ultra-
sonic tank as requested by their customers in the industries. This tank
has volume of 18L and frequency of 28 kHz. It is the manufacturer’s
most popular tank due to its small size, lightweight and easily handled,
suitable for cleaning 1-10 cm objects. In the past, the manufacturer
received complaints from customers who used this tank to clean their
products. Sometimes the tank did not clean thoroughly and sometimes
it damaged their products. Therefore, this article reports the successful
attempt of manufacturer to find the cause and solution to the problem,
along to research methodology of developing the tank model for higher
efficacy by using a computer simulation with the HRA in ANSYS pro-
gram. The challenge of this research is that, normally HRA is used for
solid materials [17-19]. Yet in this research, though the tank structure
is solid, the solution is liquid and transducers are piezoelectric material.
Since it is multiphysics simulation, the experiment is difficult, different
and more complex than the other researches mentioned above. No
existing research had used HRA to simulate acoustic pressure in the
ultrasonic tank under actual conditions to resolve the mentioned pro-
blems, nor designed the experiment to confirm obtained simulation
results. Thus, the methodology of this research is novel, fast, convenient
and cost-saving. The authors are positive that this shall benefit en-
gineers, researchers along to manufacturers who would like to develop
and design ultrasonic tanks with better performance.

69

2. Theoretical background
2.1. Cavitation effect

When ultrasonic waves move into water, negative acoustic pressure
occurs, creating lots of bubbles. When ultrasonic waves still pass
through these bubbles, oscillation shall occur from the influence of
positive pressure before growing to maximum negative acoustic pres-
sure. Afterwards it will collapse and implode, called the cavitation ef-
fect [11-16]. The temperature of the bubble’s pressure while it col-
lapses is another important factor that affects the cleaning process.
When the bubble grows to its maximum size, the area surrounding the
bubble’s temperature will rise to over 5500 °C with a pressure of over
70 MPa. The collapse shall rapidly occur in microsecond. The heat will
not escape the bubble in time, and thus regarded that the bubble col-
lapses adiabatically, resulting in the cleaning process [20,21].

2.2. Finite element equations

Acoustic pressure directly affects cavitation intensity [11-16]. The
higher the acoustic pressure, the greater the cavitation intensity. In this
research, once electric currents are applied to the PZT4 transducers,
they will vibrate at a frequency of 28 kHz. The transducers’ vibration
will shake the tank’s wall made of stainless steel and resulting in
acoustic waves into the water and eventually cavitation. Therefore, it
may be said that the ultrasonic tank consists of 3 domains: transducers,
wall and water. The finite element equation of each equation differs
from one another.

As for the transducers domain, the vibration of piezoelectric mate-
rial causes coupling between the structure and electric properties.
When voltage is applied to piezoelectric, it will vibrate causing dis-
placement vector {u} to occur as in Eq. (1) [22].

OMV KMI)

(Muu Ouv){ﬂ} + (Cuu ){u} + (Kuu ){L{} — {F}
Ovu 0 v Ovu - va v Kvu - va v Q (1)
where K, K., K,y (K,,) are structural stiffness, dielectric permittivity
and piezoelectric coupling element matrices, respectively. Cy,, C,, are
structural damping and dielectric dissipation, respectively. [M,,] is mass
matrix. {u} is displacement vector and {v} is an applied voltage vector.
In wall domain, {u} from Eq. (1) will be passed to the wall causing
vibration. When the wall vibrates, ultrasonic waves shall occur and
passed to water domain. The finite element equation in wall domain
can be written as in Eq. (2) [23].

(M1{i} + [CT{} + [K){u} = {F} )

In water domain, when acoustic waves moves into the water do-
main, acoustic pressure may be found from solving the second order
partial differential equation as in Eq. (3). Once considered that the
propagation of sound waves through medium is linear, shear stress is
negligible, density and compressibility of liquid medium are constant,
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and pressure is time harmonic with p = pjexp (iwt) [24]:

1 w?
v —Vp)——p =
(p pc? 3

HRA in ANSYS is employed to determine the steady-state response
of a linear structure to load that varies harmonically with time. The idea
is to calculate the structural response at several frequencies and obtain
the nodal displacement vector versus frequency. The HRA in ANSYS
gives a calculation equation based on the finite element method. To
calculate acoustic pressure, the domain of water in Eq. (3) is changed
from normal fluid domain to acoustic domain from Galerkin procedure
principles [25] by multiplying Eq. (3) with testing function (w) and
integrating throughout the volume resulting in Eq. (4) used to calculate
the acoustic pressure{p}

[M; {8} + [Cr 1B} + [Kr1{p} + By R {iy,e} = {Fy} ()

Once all material properties and boundary conditions are set,
ANSYS will calculate the acoustic pressure {p}of each position in the
tank using Egs. (1)-(4) and then will report {p}in the form of numerical
results before displaying the calculated results into graphical color for
easy analysis.

3. Methodology

In this section, we will explain simulation and experiment methods
in detail. The results will be analyzed to find causes of the tank’s pro-
blems and to find development methods and improvements, so the tank
has better cleaning efficacy.

3.1. An industrial ultrasonic tank

The ultrasonic tank used in this research is an actual one used in the
industry. It is 245 mm X 340 mm X 225mm (W X L X D) in size, has a
volume of 18 L. Under the tank are 8 horn PZT4 transducers that gen-
erate ultrasonic waves at a frequency of 28 kHz. The generator’s power
can be adjusted from O to 400 W. The tank’s wall is made of stainless
steel. Fig. 1 shows the actual industrial ultrasonic tank and Fig. 2 shows
a diagram and dimension.

3.2. Fluid and mesh model

We used the ultrasonic tank in Fig. 1 as a prototype and its di-
mension in Fig. 2 to create a simplified CAD model as in Fig. 3(a). It
consists of water as the solution, and transducers beneath the tank as
PZT4 piezoelectric material, and the wall as stainless steel. The wall is
also the tank’s structure containing the water. Generator supplies
electricity to the transducers which make the adjacent wall vibrate at a
frequency of 28 kHz. The occurred ultrasonic waves will be passed to
the water causing the cavitation and cleaning. The wavelength of the
ultrasonic will determine the element amount of the mesh model, thus
giving accurate simulation results. As for the hexahedron, there should
be at least 6 elements per wavelength [25]. Therefore, for this tank we
created the mesh model all in hexahedron elements. There is a total of
0.64 million nodes and 0.20 million elements. Fig. 3(b) shows the mesh
model which is proper for simulation. From mesh analysis we found
that this mesh model gives accurate results in short computational time.

3.3. Harmonic response setting

We used the HRA in ANSYS version 17.0, which has been upgraded
with an additional acoustic package called Acoustics ACTxR170 [25]. It
is used to specifically study the results of the response of objects from
sound. We set aluminum alloy and stainless steel to be solid domains as
normal. For the transducers and water, we changed from solid and fluid
domains to piezoelectric [22] and acoustic domains [25], respectively.
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This action gives more accurate results than normal HRA without up-
grading [25]. The PZT4 transducer properties and specifications were
set following Tables 1 and 2, respectively. The water’s properties were
set according to Table 3. All information was given by the manu-
facturer. Other values were set as the default setting. Once all values are
completely set, ANSYS will display the acoustic pressure results in all
positions throughout the tank.

3.4. Experiment

To confirm the validation of simulation results, we divided the ex-
periment into 2 parts; foil corrosion (erosion) test and power con-
centration measurement. In the foil corrosion test, 18 L of water is used
as the solution in the tank as seen in Fig. 4(a). The rectangular alu-
minum foil with a size of 20 cm X 29 cm and 0.038 mm thick will be
tensely fixed using a metal structure. The foil sheet is submerged into
the water at the level required in the experiment. We used power 400 W
with 3 min of sonication time, at a temperature of 45 °C. Results from
the corrosion test were analyzed to determine characteristic pattern of
acoustic pressure distribution and aluminum mass loss.

For power concentration measurement, we used an NGL measurer
model UPC3000 (Ultrasonic Process Controller) with resolution of
measured power concentration of £ 0.1% W/liter and temperature
of = 0.2°C. We measured the points at center, 17.5cm above the
bottom of tank as shown in Fig. 4(b) for temperature of 35, 45, 55 and
65 °C. Results of the experiment will be explained along with the si-
mulation results in the next section. All experiments were repeated 5
times. Since this tank did not have a cooling system, the experiments
regarding temperature could not be carried out at lower than room
temperature. During the experiment, the water temperature was not
constant, but always slightly changing and ranging between + 1 °C in
all experiments.

4. Results and discussion
4.1. Validation and cause of unclean object

In order to verify the validation of simulated acoustic pressure,
Fig. 5 shows characteristic patterns of acoustic pressure distribution
compared to results from foil corrosion test when water temperature
was 45 °C. Since results were symmetry, we showed compared half from
both symmetrical results. It was clear that both results were consistent
to one another. The area marked at the foil sheets did not tear but a lot
of tiny corroded holes were distributed here. Therefore, acoustic pres-
sure distribution using HRA in ANSYS can predict the position of cor-
rosion and cavitation. These results were in agreement with the reports
in references [5,15,16] and confirmed that acoustic pressure distribu-
tion has a characteristic pattern, which depends on the position of

) Ultrasonic Tank

generator

Fig. 1. The actual industrial ultrasonic tank.
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Fig. 2. A diagram and dimension of industrial ultrasonic tank.

measurement. Unclean objects may have been placed in low acoustic
pressure areas, making cavitation intensity not ample for cleaning
contaminations. Damaged objects may have been placed in high
acoustic pressure areas, making cavitation intensity too great. There-
fore, efficient ultrasonic cleaning should occur when objects were
placed at an area with suitable acoustic pressure.

To investigate cleaning efficacy and effect of temperature on max-
imum negative acoustic pressure, we weighed the foil from Fig. 5 in a
digital scale with resolution of 4 decimal digits. Weighing results
showed mass loss in percentage, which were compared along with
maximum negative pressure results that occurred within the tank as
shown in Fig. 6. Maximum negative acoustic pressure was compared
because acoustic pressure would expand the bubble to its collapsing
point. From weighing 5 repeated times per point, the error bar did not
exceed = 1% of the mass loss, therefore; mass loss results were well
consistent with the maximum negative acoustic pressure. The higher
the temperature, the lower the mass loss and maximum negative
acoustic pressure. These results aligned with those reported in the study
of relation between temperature and maximum negative pressure of
crude oil reported by Niazi et al. [15]. Fig. 6 also implies that when the
temperature is increased the cleaning efficacy will decrease. These re-
sults were approved to confirm the customers that the water’s tem-
perature within the tank should be lower than 45°C to achieve the
higher cleaning efficacy.

We compared measured results of power concentration 17.5cm

W{nll

Water

~

—

PZT4
transducer = (i

(a)

above the bottom at the center of the tank with the maximum negative
acoustic pressure at the same position. Comparison results are shown in
Fig. 7. Also, the results were well consistent to one another. We also
compared both results for other positions. The comparison results also
showed a similar trend. When the temperature was higher, the power
concentration decreased thus giving low cleaning efficacy. All simula-
tion results in this research were consistent to the foil corrosion test and
power concentration measurement, ensuring us that our simulation
results are quite credible.

4.2. Scheme to develop a novel ultrasonic tank

To resolve the problem that objects are not cleaned thoroughly or
damaged and to improve cleaning efficacy, we proposed novel models
of ultrasonic tank by changing the placement of the transducer as in
Fig. 8, (a) model A is the present tank, (b) model B has 2 transducers per
side, on both sides and 4 underneath, (¢) model C is similar to model B
but the transducers underneath are aligned in a row, (d) model D has 1
transducer per side on both sides and 6 underneath the tank. We si-
mulated the acoustic pressure in the tank using 28 kHz PZT4 as trans-
ducers with water temperature of 35 °C and power of 400 Watts, Fig. 9
shows the acoustic pressure in the same area as in Fig. 5(a). We found
that when we changed placement of the transducer, characteristic
pattern of acoustic pressure distribution changed, in models B, C and D,
acoustic pressures were distributed throughout the tank even more. The

(b)

Fig. 3. The simplified CAD: (a) fluid model and (b) mesh model.
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Table 1
Material properties.
Material Type Value
Aluminum alloy Density 2770 kg/m>
Young’s modulus 7.1 x 10'°Pa
Poisson’s ratio 0.33

Stainless steel

Bulk modulus
Shear modulus

Density

Young’s modulus
Poisson’s ratio
Bulk modulus
Shear modulus

6.961 x 10'°Pa
2.669 x 10'°Pa

7750 kg/m*
1.93 x 10'' Pa
0.31

1.693 x 10'°Pa
7.366 x 10'°Pa

Piezoelectric Density 7500 kg/m*
PZT4 Permittivity 8.854 x 102 F/m

constant (&g)

Stiffness matrix €11 = Cop = 13.9, ¢y = 7.78,

[cF] (x10'0) C31 = Cap = 7.43, c4q = 3.06,
Cs5 = Cge = 2.56 Pa

Stress matrix [e] e3; = —5.2, e33 =151,
e;5 = 12.7 C/m”

Relative €11 = &2 = 1475, €33 = 1300

permittivity [e]

Piezoelectric Density 7600 kg/m*
PZT8 Permittivity 8.854 x 1072 F/m

constant (¢g)

Stiffness matrix Cyp =€y = 14.7, cop = 8.11,

[cF] (x10'%) €31 = C3p = 8.10, C4q = 3.29,
Cs5 = Cge = 3.13Pa

Stress matrix [e] es; = —3.9, e33 = 13.9,
e;5 = 10.3C/m?

Relative &1 = &2 = 1,290, £33 = 1000

permittivity [e]

Table 2

PZT4 transducer specifications.

Type BJC-2850T-45SS PZT4 BJC-4060T-48SS PZT4
Frequency 28kHz + 1kHz 40kHz * 1kHz
Power 50w 60w

Radiating surface 45mm 48 mm

Length 82mm 56 mm

Table 3
Water properties.

Temperature (°C)

Density (kg/

Acoustic velocity

Dynamic viscosity

m%) (m/s) (kg/ms)
27 996.45 1499.2 0.8592
35 993.60 1518.4 0.7191
45 990.15 1533.5 0.5958
55 985.36 1546.5 0.4903
65 980.35 1553.5 0.4221

change of acoustic pressure distribution results from changes of trans-
ducers’ placements. This alters the positions both constructive and de-
structive interferences. Especially in model C, acoustic pressure not
only was distributed throughout the tank but also had a higher value
wider than all other models. This is suitable for developing a novel
ultrasonic tank that has a higher efficacy and resolves the problem of
objects not being cleaned well enough.

For even more confidence, we simulated by changing the transdu-
cer’s frequency to 40 kHz, using information from Table 2. given by the
transducers’ manufacturer in China, who is a supplier of the manu-
facturer. Simulation results of the acoustic pressure are shown as in
Fig. 10. Acoustic pressure distribution for all transducer placements of
models A-D differ from the 28 kHz tank. The 40 kHz tank distributed
throughout the tank more. This result agrees with the contents reported
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(b)

Fig. 4. The experiments: (a) foil corrosion test and (b) power concentration
measurement.

by Li et al. [13] that simulated the frequency change towards sound
field in a larger ultrasonic tank. From Fig. 10, the legend scale was
adjusted to identify the contrast of characteristic pattern of acoustic
pressure distribution. We also found that models C and D have higher
acoustic pressure than model A. Once added to the results from 28 kHz
tank, we concluded that placing transducer as in model C with 2
transducers on both sides and 4 aligned in a row underneath, is the
optimal model for developing into the new ultrasonic tank for both
28 kHz and 40 kHz with high cleaning efficacy. This can resolve the
problem of an object not being properly cleaned. Results from this re-
search were sent to the manufacturer, which were approved and ap-
plied to knowledge to develop smart ultrasonic tank for commercial
sale.

Because PZT4 and PZT8 are favorite materials used as transducers of
the ultrasonic tank, we therefore simulated the acoustic pressure of the
proposed novel 28 kHz ultrasonic tanks for models A-D using PZT8 as
transducers with the material properties in Table 1. The results reveal in
Fig. 11. The acoustic pressure distributions were similar to those de-
picted in Fig. 9 using PZT4 transducers but using PZT4 gave the higher
acoustic pressure than PZT8. Since high acoustic pressure gave the
greater energy of cavitation and better cleaning performance, the PZT4
transducer was a proper material for developing novel ultrasonic tanks.
This supports the work of DeAngelis and Schulze [26] who investigated
the performance of PZT4 versus PZT8 piezoelectric materials in ultra-
sonic transducers.

Simulation for this research considered that the cleaning occurs in
an empty tank with water as the solution. In real industry, an object
shall be placed inside a tank, and surfactant solutions will be added into
the water to decrease surface tension, and increase temperature to ef-
fectively clean oil contaminants from the object. If simulations were
carried out with those circumstances, the research results will be even
more beneficial and practical. Other than this, there are many types of
contamination and sizes from 0.3 um and above. The contamination
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Fig. 6. Comparison between the maximum negative acoustic pressure and mass
loss of foil sheet for water temperature of 45 °C.

particle size is affected by different frequencies. Efficient cleaning oc-
curs when a tank consists of transducers with multi-frequency trans-
ducers within the tank as reported in the work of Manickham et al.
[27], and the best conditions from simulation such as temperature,
position of transducer, frequency and design of the tank as reported in
this article. Therefore, it would be interesting to carry out the simula-
tion as multi frequency, which will be even more beneficial and can be
further developed for commercial purposes. At present, the
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manufacturer requires the simulation results and the best conditions for
multi-frequency transducers.

5. Conclusion

We used harmonic response analysis (HRA) in ANSYS 17.0 to si-
mulate acoustic pressure occurred in this tank by using water as solu-
tion along with problematic condition from the manufacturer. We
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Fig. 8. Proposed novel models of ultrasonic tank: (a) model A, (b) model B, (¢) model C, and (d) model D.
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Fig. 9. Acoustic pressure distributions of the proposed novel 28 kHz ultrasonic tanks for: (a) model A, (b) model B, (c) model C, and (d) model D, using PZT4 as

transducers.

proposed detailed methodology, which is new, cost-saving and gives
accurate simulation results. Simulation results showed that acoustic
pressure is well consistent to the foil corrosion test and power con-
centration measurement. From analyzing simulation results we found
that acoustic pressure may explain occurred cavitation. The greater the
acoustic pressure, the higher in cavitation. The increase of temperature
lessens cleaning efficacy. The reason why objects were not thoroughly
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cleaned or damaged is from uneven acoustic pressure in the tank and
using water with temperatures that are too high in the cleaning process.
Characteristic pattern of acoustic pressure distribution depends on the
placement of the transducer. Unclean objects happened when they were
cleaned at a position where the acoustic pressure was near 0 Pa. On the
opposite hand, damaged objects were cleaned at a position where the
acoustic pressure was too high and too low. For this tank, the PZT4 was
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Fig. 10. Acoustic pressure distributions of the proposed novel 40 kHz ultrasonic tanks for: (a) model A, (b) model B, (c) model C, and (d) model D, using PZT4 as

transducers.
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Fig. 11. Acoustic pressure distributions of the proposed novel 28 kHz ultrasonic tanks: (a) model A, (b) model B, (¢) model C, and (d) model D, using PZT8 as

transducers.

a proper material used as transducer since it gave higher acoustic
pressure than the PZT8. We also proposed a scheme to develop the
ultrasonic tank using simulation results of acoustic pressure by chan-
ging the placement of the transducer in 3 ways under the same condi-
tions. We found that by placing the transducer at the side (2 per 1 side)
and 4 underneath in a row, the acoustic pressure distribution is
smoothly distributed throughout the entire tank, which is better than
the original tank. This method increases the acoustic pressure level to
be higher and improves cleaning efficacy as well. We have also simu-
lated the acoustic pressure for the 40kHz tank by repositioning the
transducers. We found that the results aligned with the 28 kHz tank.
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