a d v o a A o Y °
ﬂ"lﬁ’J!ﬂi”lZT’i!laZi’)’t’)ﬂ!!‘U‘Uﬂ’J‘ﬂ1Q1‘M!ﬁﬂi"ﬁ@!ﬁﬂ‘ﬂiﬂﬁ”l?‘ii‘lJﬂﬁH”lii’QﬂH!‘U‘Ua%ﬂ@\‘l
d'd 4; ' U
TlﬁJsllu1ﬂﬂ1ﬂ’J1‘§$ﬂ‘]J11N¢l'ﬂ‘§mﬂ§
Analysis and Design of Piezoelectric Actuator for Sub-micrometer Aerosol

Drug Delivery

Y g’J a
PNAINH ANRANND

Kamonrat Tangudomkit

a a r.':qs' I 1 ::§ = Y]
Inendnusiiuaiunisvesmsanmmunangaslisyan
FAINITUAMAATHNTUNG V1B 1IAINIINAIBING

a Y] a d
HHINYIAYTIVAIUAIUNS

A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of
Master of Engineering in Mechanical Engineering
Prince of Songkla University
2556

AVENTVR KN BFIVAIHASTUNS



a d v o a A o Y °
ﬂ"lﬁ’J!ﬂi”lZT’i!laZi’)’t’)ﬂ!!‘U‘Uﬂ’J‘ﬂ1Q1‘M!ﬁﬂi"ﬁ@!ﬁﬂ‘ﬂiﬂﬁ”l?‘ii‘lJﬂﬁH”lii’QﬂH!‘U‘Ua%ﬂ@\‘l
d'd 4; ' U
TlﬁJsllu1ﬂﬂ1ﬂ’J1‘§$ﬂ‘]J11N¢l'ﬂ‘§mﬂ§
Analysis and Design of Piezoelectric Actuator for Sub-micrometer Aerosol

Drug Delivery

Y g’J a
PNAINH ANRANND

Kamonrat Tangudomkit

a a r.':qs' I 1 ::§ = Y]
Inendnusiiuaiunisvesmsanmmunangaslisyan
FAINITUAMAATHNTUNG V1B 1IAINIINAIBING

a Y] a d
HHINYIAYTIVAIUAIUNS

A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of
Master of Engineering in Mechanical Engineering
Prince of Songkla University
2556

AVENTVR KN BFIVAIHASTUNS



(ii)

4 a Aa v o ad a o [ o 1
%637]8]11!1/‘!1—!1% miamswﬁuazaammumf;mmmﬁsﬂ%mﬂmﬂmmumsmmm

d’d Z, 1 [
LL‘]J‘]Jﬂ%’E]’ENVIiJSU‘LﬂﬂGﬂﬂ”ﬂi%ﬂﬁlluiﬂiLiJG]i

9

[ d @ a
A1lerny UNAINNATAN AIgAND
V1IN FINTIUIATOINA

a’d' a a d [
2101383 Inentnusvan ABUZNITNNTAD
........................................................................................................... 5L 5IUNTTUNIT
4 a a Y 4 @ a
(599PNEANTINTE AT.NONDNT alin lues) ({30 TNI19138 A5. 580 HUNQTN)
e DITUNIT

da a a Jd v
mmsﬂﬂ‘lﬁnvnmmwumau .,
a a )
(FNAANTINTY AT.NONTNT ﬁiJ@lul‘JJﬁi)

“ v e DITUNNT
(A7.93¢M qULNI) )
=
(A7.9301 qUIND)

dd'lri a A a1
YN UINHNINGNUNUEIIN B TTRRTRTRTRRTRTRS | b b V1 i I )

o
(399AANTI5O AT.FILNA ATVUL)

4 = =
(F0IMAATINGTY AT.5ITND ATVUL) B PPN TPRRTPRRRRRRTPPRPPPPRIN ) b > b Ui 1 ) b1

(P3.470 UUNLIUY)

WQGI}WWQ a de}
1

J I 1
VIMUNUTAT VU U

v a

a % a % a 4
UUNAINYIAY UH1INYITIVATUATUNT DU

q

HI0INMIANYIMNHANATUT Y IAINTTUMAATUNITUGIA A1919IAINTTUIATOINA

4 =

(SOIMANTINTY AT.FITND ﬂ%%u%)

AAUAVUNAINGDY



'
Aaw g A 1

v
[ ' I a o @
VBTUITDOIIN NENTL!’J%t’JﬁLﬂuNa3J'lﬂ'lﬂﬂ'l'§ﬁﬂ‘]sl'l’]ﬂt’lsllﬂ\1uﬂﬁﬂ‘]sl'ILEN UAagUDVDUNUNNY

U

a9 ' y A4
LﬂfJ’JGUfN‘V]ﬂTnull’J U N

(37.a7.0NENT dile lues)

S a a o
Eﬂiﬂiﬂ%lﬁ'ﬂ‘]ﬂ"l’ﬂ/]muwu‘ﬁ

4 g’; a

(WNENMNUATAY A99ANNT)

a

v =K

UNANHN

(iii)

U



(iv)

A

9 9 Y] [ Ao dy 1 3 1 & [ 1
VINRIVDTUIDIN Waﬂl‘l’)ﬁ]ﬂullmﬂﬂlﬂuﬁ’)u‘ﬁuﬂuﬂﬁﬂuu@]ﬂ%ﬂJﬂJ11U3$ﬂU1ﬂu1ﬂfJu uae

)

) Y
li'lagnldlumssuvesyaiaysyan luvme il

o ¢ & a
HNaMNUaATAU @QQﬂjJﬂi])

o

=
UNANHI



4 A A v o ad a o o o 1
%ﬂij‘nﬂ]uwuﬁl mi’Jmiwﬁlmz’ﬂ’ﬂﬂlmﬂGl’J‘VlNTL!Lﬁ81%’0Lﬁﬂ‘ﬂ‘§ﬂﬁi‘ﬂiﬁﬂﬁﬂ1ﬁﬂm

d’d Z, 1 [
LL‘]J‘]Jﬂ%’E]’ENVIiJSU‘LlW]Gﬂﬂ”ﬂi%ﬂﬁlluiﬂiLiJG]i

9

[} Jd a
A1lerny UNAMNNATAN AlgAND
VI FINTIUIATOINA
Umsanm 2555

d o 9 d' (% a o 9 (% d' d' 9
ginsaliazeadlsnaudanst latingniulylumsinyi lsanmedvos
o a 1 A A o 9y <3 o Y Y v
Auszuumuaumeluyulsaita iesainiazeed ldvuaan i ldlasnisnszduaa
o ~ Aad a9 d' s Ay A Ay
My Tedanninalenudlssuna 1-3 MHz 9a1szaeAv03u398l o Avdnisan
v o 1 o a 4 o
vinaazesdli laluszaumninlulaswas Tashmsdinzimemsadamusiasanialy
d Aa 4 1 @
Tuawamwudniug hinumsasaasuanugndesdronaniinaaes
?1‘/ aw A [ d o a {
TUADUNTITBITUIINNTNAADITAVUIAALDDIVDIRLnTaioans TuiinD 1d
nulutlagiiudlonses ACI uaz ICP — OES wu azessi lanvualszum 2 lulasmwas
3‘, 9 o J a s Y =~ ara A= a d A
niniuaiuuusiassne i ludedwuddenguneildnd Ae msifalsingmsaiiie
ad a o 4 { o 1 { o
Tsdiannin ANuaWdes uae nasansved lvavazmslasuaaius 1han laundiun
9 = a o 9 1 [ Y
MeNquRNMINAazesd auamsamuInazesd lavialszum 2 Tulasmas wunu udy
£ o ) ~ ad a VA Y I o @ a o
vihmsesnuuudihiuiie lsaanninlvimeaiuiuyarazessdanii Taiinl fuilg
<3 o a 1 4 a a
17 1dvuinazesuanas Tagihalraezgiitlenynaduriuguénais 0.5 Tadmas 817 1.05
a = 9 ] KX o o o =\ ad a o S Aa o
WUANAST gadatemunileaseanuadriiawiie Tesannin mudmne Il ludedmuan
v "o o 0 Y a a
yurnazeod ladszuiw 2 lulaswas wunu ewisaiiazeesdiulug ldssanvuia
1 { P 4 =Y
Uszanm 2 luTaswas uaazessuuia 1-5 lulaswash Idanglnssinwanudfitidsua
1 4 a 1 o =
wnngUnssinuu@n 50% uaz laazessvuia 0.4 lulaswas vinnn gaazesauuAy
= 1
D931

1nmsateda;llai yaazeswuulmififannisiiataesgiiiion
=1

u

VAR UATUEUENA19 0.5 Tadmas 817 1.05 wudwas wdaaanlatediunilaiin

[ ad a [ o 1 1 { o 1 [

ﬁﬁﬂlﬁﬂjgﬁﬂmﬂﬂiﬂ ﬁ”lll”Iiﬂ‘]JS‘]J‘]J§Qiz‘]J”]J‘Ll”IfNEJ"ILL”]J‘]J‘W‘Lla$@ﬂﬂﬁﬁa$664ﬂlu1ﬂﬁ1ﬂ3ﬁ$ﬂﬂ
9 a 1 d'd' g a A d‘d 1 1

"lﬂmmmllmsa HASNUNANUONNUANIVDIVDUN IV TDIINUAININNIT 5 MHZ 38T 1U1TD

wageosduIng ldivnadina 1 lulasuas 1@



(vi)
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Academic Year 2012

ABSTRACT

Ultrasonic nebulizers are widely used for inhalation drug therapy. They can
generate aerosol when the piezoelectric actuator is excited with the ultrasonic frequency around
1-3 MHz. In order to improve the drug delivery efficiency of the ultrasonic nebulizers, the
purpose of this work is to minimize droplet size to be smaller than 1-2 micrometer. Because of the
small aerosol can deliver drug to the lung greater than the larger aerosol. The research
methodology was done by using the finite element method to design and validate with the
experimental results.

The research began with the measurement of aerosol droplet sizes by Andersen
Cascade Impactor (ACI) and Inductively Couple Plasma-Optical Emission Spectrometer (ICP-
OES). The results showed that aerosol droplet sizes are around 2 micrometer. Next, the finite
element models were studied, there were 3 modules used to simulate the physics of piezoelectric
actuator module, pressure acoustic module, and laminar two-phase flow module. Until the
validated simulation results obtained aerosol sizes around 2 micrometer, then the new design of
ultrasonic nebulizer were developed. The new nebulizer model used of aluminum beam with
diameter of 0.5 mm and length of the beam was 1.05 cm. The beam was fixed on the piezoelectric
actuator and free at another end. Simulation result of the developed model showed aerosol sizes
around 2 micrometer, it has the same aerosol sizes with the old model but the volume of aerosol is
greater than 50% compared with the old model. Moreover, the new model yields volume of the
0.4 -micrometer aerosols 300% higher than the old one.

In summary, this research has given a new design of ultrasonic nebulizer that can
produce high volume of sub-micrometer aerosol. In addition, the frequency of liquid surface must

be higher than 5 MHz that can produce sub-micrometer aerosol.
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o @ ad a . . . a @ o
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,Taylor and McCallion,1997)



317 1-9 Nebulizers (Tri — medinc, 2010)
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A 4
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gﬂﬁ 1-11 ultrasonic nebulizer (Allergy Asthma Technology LLC,2012)
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2. ﬂﬂiﬂuﬂﬁu1ﬂ1!ﬁf]}1q3NﬂWfJSUEN ultrasonic nebulizer 92133071 nebulizer N
14 compressor 849 50%
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Huwaanundseua 1-5 pum. (Taylor and McCallion, 1997, Hess, 2000, LeBrun et al., 2000)
[ a a 1 o § { ° { a I 4
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= % a A 9 é 1 d' 1 1
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2000)
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mruzludnvuzAdudanuevieveunal ginsairtatiawisoazessldlag n1s g
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gﬂﬁ 1-12 MINIIUYDY Ultrasonic nebulizers (Medicalbuyer, 2013)



11

o o 7 o Y o ~ ad a = Y1
%WﬂﬁaﬂﬂWﬁ‘V’l'l\‘]'luéll@Q@.1Jﬂﬁﬂ!ﬂ'la%@@ﬂﬂ']ﬂ')ﬁﬂlWﬂT“ﬁ@mﬂ‘l"lﬁﬂﬁ]%ﬂ’iullﬂ'l'l

a

o v Aa 1 =) ] A pRgai 9 Y o =1 ad wa
T9eranNUHaAdUUIAAZ 0093 3 9819 AD ﬂ’NiJﬂﬂi‘ﬁﬂizﬂu’)ﬁﬂmﬂi“ﬁ@mﬂﬂiﬂ AUTUUA

q

4 v
= = =

tﬂ' ) ) v o é g’/ 1% Y. YA
younarnhuiazess uazmsoonuuuAITAveMs lva Fana 3 Jedeil TaTANANY
wazymInaaod Nvaednvae asaz lauiaue luiivenalal

%

a d' d' v
1.4 NATNHIVWNUNIVD

o Y a (] <
1INNIATIAOVONAT FINTVUNANUNIITING ansautailuilsz@au

v A A 9 [ Y] a A 9 o 9 [ =\ ad a 9
wan Mierdeenufedeveinsinaaz o lavinnisiazessdieidqiis Tadianninla 3
3 [ ad a H . v o o
Usziau Ao Taguite Tyddnninuazanudnizqu guauiavesvouradINNeIToIn UM

AZPOILATHAVDIAIVAVINNT 11D
1 Aa A o < {

luaquvesanivag szuaasldiiudsgduuuinvainnaioves ultrasonic

nebulizer Hansnimnisvgndlflumsdszavgiilundadauai1dlusuian
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. . Y a o Y4
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v AAq ¥ Y o o ~ ad a o A a 493 Y A
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£
A v A

Ao [ I A . Y Aa 9 @ 1
rang 39 il ldeawi Kelvin IdoTu1e 13 manaassainain Iaail
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droplets ejected

* injection orifice-array plate
g
]
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~ ~ adg a2 a s '
JU 1-13 g TwBrannInnsuaauyeinegluveunal (Jeng etal., 2006)
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Taylor 1182 McCallion (1997) 1A3 188N MULMIIAAAZDDIINAAUS AT

a

T11n 1919899105189 1UU09 Baker 1iag Stimpson (1994) AgIRUMIHIazenslagnsi

@ ~ a g a " v W g Aa [ A = A
mmwﬂﬁnmaﬂmﬂ”lﬂﬁaﬂmammmugwgu ﬂ\‘lllﬁ'ﬂﬁﬁlugﬂﬂ 1-14  H3VUIAVDIFDYN 3

u

TuTasuas 1¥aaunud 1-3 MHz laaze03vuia 3 Iasuas unu

LIquip

IS AR NANNN

~y
o @ MESH
PIEZO ELECTRIC ELEMENT
© \D
ROPLETS
© o o ©
3] ()

A Ao o ~ ad a A 3 Ao
5U7 1-14 ganeassihigaiie Toannin laenu Taquisnligngu

(Taylor and McCallion, 1997)

[ [ 4 1 @ {
Wagner et al. (1999) l@fns1anudunuiseninavuinvedazoodnunNud

A [ a 9 [ A 1 A 9 a
yoenausans1 lain Tagmsadnyganaaos awaalugili 1-15 wua woeldanwud 1.7

Y A 9 A Y

MHz 3¢ 1dvaaz00d 4.98 lulasmes vaziialdnud 3.3 MHz 32 1dvunaazend 0.47
1 < 1A
Tulaswes vazviinldanud 4 MHz a2 1dvunaazend 048 lulaswas uaaalifisiung

AMUDWINNI 3.3 MHz UUIAYDI02009A0 U1 INAIAs
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~ o ~ 9 o =1 ad a %
319 1-15 yanaaealumsrhazeosnledagie lspanninduranuveaural laons
(Wagner et al., 1999)

Y= o A v a a
Lozano HazAmz (2003) laAnyIMsviiazesdainaausansi leiinanudgs
MNyANAand asuaadlugld 1-16 wu ienszAudedyn s Pulsed NA1IWD 500 kHz -2

v ! . ~ = v
MHz 3¢ ldazoovuia 3.5 — 5.5 luTasuas uazlus19v99 Transient N1AUD 1.65 MHz 19

YUIAAZDDIDYN 3-5 um.

. o ad a a &
519 1-16 m3riuiie TvdiannsnnsuaduvesuduvDUNaI (Lozano et al., 2003)
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A o o Y 9y < o o A
ANuDMIzAY kHz uda ldazessvuaanszanlulasmns aell
Heij uazaae (1999) laanyinsriiazess lagldnausansilsindaniu

~ ad a o < o A ' < 1 o
aquiie Tsrannsnuag Jarguda lidaeumaditiuny plate Wuresnugiuuy dwaalugil

1 1-17 wun l¥aauaud 205 kHz 1dazeosviuna 5 lulaswag
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~ ¥ A 1Y a 1 1 ] ~ ad a @ <
3191 1-17 msleaausaas Teinawrudaqive Tsaiannanuas Jaguas
[ 1 1 < ' ..
l1/gsveamadInTueiu plate 111509 (Heij et al., 1999)

o o w ~ ad a
Shen (2007 ttaz 2010) laAnyIMsiiazoed Insnmsihidgiie Toannsnun
= [ 1 d’d d’ [ ] d’ & A (% 9 d'
YANUIWU plate NUINTU LW?]’GNWTL!ﬂﬁuﬂWiﬂuﬁglﬂﬂuqﬂﬂﬂﬂlﬂﬂlﬂﬁ’J I@Eﬂﬂ)’ﬂ’ﬂllﬂ 128 kHz

! o Y [ A = ¥ o as
Wmmmwmmazam"lmum 4.07 lliJIﬂilllﬁi ﬂﬁllﬁﬂﬂiugﬂﬂ 1-18 BNNIYPINYIYINNIID

=

Uszndandsnuildiuginssi lunmsiazesslasniiin Micro-pump w1tlszgndldau’la
iU Micro-Nebulizer #augaslugii 1-19 i l¥eunsoazessldluszau 4.04 lulaswas

NANNDNTZAY 120 kHz



15

fluid tank
fluid

electrical
circuit

s
]
=

93

batteries

/0 .
droplets

micro nozzle plate

Piezoelectric

aerosol
actuator

A o w ~ ad Aa Y ] A A 1 A o A
U7 1-18 mavh Taquite Tadianns nNdanuuHY plate N iNodrIUAAUMIAUTTION
l1Jéavoa1ad (Shen , 2007)
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@QﬂWﬂﬂu’mﬂ‘UfN Heij Hagnue (1999), 1tag Shen (2007 ttag 2010) ﬂzmullﬁl
) o Yy ¥ < ) A0 9 Yy A o A g A
N f]WI’E]\?ﬂﬁ“VHﬁ%@fNGl‘Hllﬂéllquaﬂ Tﬂ‘t’Jﬂﬁi%ﬂ’NﬂJﬂﬂHLﬁ’]ﬂgGl’é]\‘liJﬂ'lﬁlﬂmﬂuﬂﬂ'lum!‘]
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I=9= a U

W3elumsihazesd 15U M54 micro-pump WIBLAY plate ATFHFUNIAAATINIUTZUY

v
738

1.4.2 pauliAveIvaIaINNNanaN1sINAaze0
VN A A F) (4 . . Y !
AuauiaveIved Inaline1do9nUNTzUIUNT ultrasonic  nebulizer IALN
ANUHUULIUY (density) AN (viscosity) 5 IAIH (surface tension) ANuaulodudn
= YA = [ dy
(vapor pressure) (Hess, 2000) ¥4 1ANMIANYIBLMITNATDY Aal
o v 7
McCallion tagAe (1995) laAnMIANNFUNUTVOIVHIAALDDLAZANY
NHAYIATATAFUAA19 NEIUATLUINT ultrasonic nebulization WU YVUIAALDOIVL
4 2 A Y = ' = . 1o
MU aNuriavess awdaslugdin 1-20 douluil 1996 McCallion WL AR
NiiaueaasNau1591101 1970 Ultrasonic Nebulizer (Medix Electric ~180 kHz) doaliatios
AN 6 cp lavazldazens vinadszana 4 Tulaswas dxmanuniiannnin e cp vzl

111501141911 Nebulization 18

B
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E 657
= x
- -
b= _ o
% 5.3 x .

% s 0
E 45 - 4‘ . » *
= =}
=
8 35
E o " Waler
o A
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§ * Glycerol solns.
= 154 * Propylene glycol solns.
©  Silicone Fluids
U.S L T L] T T T T 1
0 1 2 3 4 5 [ 7 8

Viscosity (cP)

{ [ v d 1 a 1
gﬂ‘ﬁ 1-20 ﬂ’J"I?JfTiJW‘L!TJiSW'J"N“UH”I@ﬂJ@QﬁSﬂﬂﬂl!a%ﬂﬁ"lllﬁﬁﬂ“llﬂ\?ﬁ?iaza]ﬂ%uﬂ@n\?"]
(McCallion et al., 1995)
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1@fnETIRIRIveIITATABFIAAIN WU HINENTaza18NIiN

v Y
HI1UN32UIUMT Ultrasonic nebulization Ju33asAIInazensi lavzlivuialvaaiu auaas

Tuzia 1-21

6.5
®

— [ ]

E 51 o
E 5.3 . N
] ] .

@ . %
T 451 “ * Y
E o
a ]

= 35
-

e o° " Water

= 23 A Ethanol

E ®*  Glycerol solns.

E 1.5 1 ™ | o

Propylene glycol solns.
@ Silicone Fluids
0.5 T T T T T T T T T T 1
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A v v 1 a a 1
gﬂ‘ﬂ 1-21 ﬂ')'lm’filwuﬁi$ﬁ'ﬂ\‘]"llu1@ﬂl@\1ﬁZf]f]\‘]l,m&l,i\?ﬁ\?W'J"ll@\?ﬁ1‘iﬁ$ﬁ186]5uﬂ§l'l\‘]”]

Surface tension (dyne/cm)

(McCallion et al., 1995)
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Y= [ 4 A =KX A
Steckel ttag Eskandar (2003) llﬂﬁﬂH']ﬂ'J']iJﬁiqu‘ﬁ‘UﬂQﬂ'ﬂﬂJﬁuﬂ UIIAINT

naza1nnuau lodudInuIa11un1591 nebulization VYOS Air-jet nebulizer 11ag Ultrasonic

nebulizer WU AIANUNLAVDIAITIZADUTNAINHAIDINNITN nebulization 11l1d 2 Wi

aqaaalugin 1-22
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(Steckel and Eskandar , 2003)
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memmmazammmﬂumwmmanm‘nhm Ultrasonic nebulization
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{ v o ' o . . v a { ..
gﬂcﬁ 1-23 ﬂ'IuJﬁllWU‘ﬁigwq'l\jna'lﬁluﬂ’liﬂ'l nebulization NU Uj\ja\iW'Jell’f]\jﬁ'ﬁaga']flﬁulﬁ}ﬂ']ﬂ air-jet

nebulizer 41ag ultrasonic nebulizer (Steckel and Eskandar , 2003)
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arumnnuau levosasanadiien 11159 Ultrasonic nebulization 11%74

2 d' v dd‘ v ti'
UIN UAZITLITUAIN NAINNUINN 2 muﬁmﬁlugﬂw 1-24
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~
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w
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4 v o ' ° A ) @ A o .
gﬂﬁ 1-24 ﬂ’Jmﬁllwu‘ﬁizW’JNL’mﬂumﬂn nebulization Llagﬂﬂuﬂullﬂmm’m’m nebulizer 2
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(Drews et al., 1990)
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o

. Y Aa a ] 4
Kelvin (1870) llﬂﬁ)‘ﬁ‘]ﬂﬂﬂﬁl,ﬂﬂﬂEJ@]GUmea’JGlu;i‘]JLL‘].I‘U%I?JW]’JHJETSJWH"[T

58??'51\1?]’3']%81’3?]51!1,@3ﬂ31u§%®0ﬂﬁu5ﬁﬁ511%ﬁﬂ uuﬁ’au"lmmiﬁmam Tuszuy 2 44

@

NAANTINTLVON AINTNATN (1)

A 270
A1, = J( S 2 tan h(—) M
272- pl S
A A A A4 a
1o A, (m) A9 AVINIAAUNNUNIVDIVDIUK AN
fS (Hz) A9 ANUDNNUNIVDIVDIUNDD

2 A A ¥
g (m/s) Ao AUTUUBIINLTI TUND V03 Tan
o) (kg/m3) A0 ANUHUILUUYDIVDIHAD
=) =R A
o,(N/m) A9 UIIENHIVIIVDILHAD
A A o a 4
h (m) Ao anurveadunlfinanau

Lang (1962) ladagilnuieldauns (1) dusaldiedu Tastvuald

A

liquid film 1190109 2218 tanh(2zh/ A,) =1 wavesuseIunedlinanunoaazeoeiin

2o o 2
'LJ’E’]EJﬂ’JW capillary force W10 ll@ ng <7 ANUUIS Ulﬂﬂ’ﬂiJﬁﬂJWH‘ﬁﬂlﬁNﬂ’)'liJEﬂ’)ﬂau
T PA

v Y [ v v
NNUAIIDIVBUHAINUANNDANTEAY A9aUN15N (2) (Dobre and Bolle, 1999) HIA1W150

o Y ° 9 o a S ¥
umﬂ“}fclum’imu’gmiﬂElm’iﬁmumﬁnammﬁﬂmﬁﬁmmhlﬂ
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2

27[0', )3

(

s 1

v 9 A g v I v
uazgANuINUAIvesveuralianilunsanilvuesnnudnszdu( f )azld f,=1/2 lu
~ A Y A d‘z&l a
NIANABINIINIANVENIAAUNNUHIVDIVOANAININNIINAADY
Y
uoAINH Lang (1962) §3 ldwudnd1 vinavesnealanuduiusiuaiue
A da o 4 4 o

AAUNHIVOIVDUNAIAITNNIN (3) TasNiA1ved A uag D, (Al-Suleimani et al,
1999),(Dobre and Bolle., 1999),(H Le Brun et al., 2000),(Barreras et al., 2002),(McCallion et al.,

1995),(Dumouchel et al., 2003) itag(Avvaru et al., 2006)

D, ~0.344, 3)

¥
ddd a

& A Y ¢ =
Wwo D, (M) Ao VAT UHIUFUENA1NUDINYA TasNANVDNNUR, fo,
I o o o = ara
L“]J‘LJGI'JL!‘]JTH@ﬂﬂl’E]\“Iﬂ'liﬂ'lu’3m1/i1"llu1ﬂellﬂilﬁ$66\1 ﬁ1h1iﬂﬂ1ulm@ﬂ1ﬂi]‘]%l@]‘]/l'l\?‘i/\lﬁﬂﬁ‘]/llﬂﬂﬂ"l]@ﬁ
Y 1 = a C! ad a v A 4
"l,mm ‘VI‘E]H;]ﬂ'l'ilﬂﬂﬂi'lﬂ{‘]ﬂ'limlwfJT“])”f)Lﬁﬂ‘VISﬂ AITUAULT YN ﬂﬁﬂ?ﬁﬁiﬂlﬁ]ﬂllﬁallaSﬂ"li

nlasunlasaaiue aaeznanauasuluitdena ll

a dJ a A
2.1.2 nqugmsinalsingmsaniglydiannn

[
=S 1

a 4 ad a A 1
lumsAnsmguimsinadsingmsaiiieTediannsn Jaehuiaula 1dun
an I a 4 o (% ad a
Usziannuiluu aumsadinmans gaauia uazilssnnvediaqiie laviannsn aasaau
o A S A a 4 a ] o ad Aa 1
mImuIanalamansiio s Iz INgAnssutazMsduvesTaqiia Tavanningiin
A9
an I @ ~ adg a
2.1.2.1. dsgiaanuiuinveadaqiie Taoiannan
4 ad a . . J .
Usingmsaliite T¥diann3n (Piezoelectric effect) gnAuny Iae o3 (Pierre)
(2 =~ . =~ d v 1 a éf A [ % 9 1
ez 199 §3 (Jacques Curie) 1l a.#.1880 Ysingmssiasnazinaduiioias oulaun
tourmaline, quartz, topaz, cane sugar (L8& Rochelle salt 1a5unsana (mechanical force) 15U 1459
o a ' < I A @ < [
nauazusead azihdimaau Mihanaseusdnaailunmsnlasugiwadsnunailundean

i wd2 ¥ usadu I volt) eonun e ludl a.p.1881 AYunnd (Lippmann) Tdwuin

Y
[ IS

Tunandudu o daad 1 laluaun 1 nanszifamsta vaziionaunaauiu T

L)
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panazinansua iumsnldsuviandsnufinfundenuna dagdi 22 Gonn

‘A 4 ad a
Usingmsalouneiaie Tsdtannan (inverse piezoelectric effect) (113, 2010)

piEzoceramic

rd
T\
i -
I
I
|
I
|
|
al N
LY 2
\ O
\l

T ———————

~

FL!

o ————————

Electrical Source

Electrical Current Off Electrical Current On

A J adg a a J A adg a
:.ji']J‘V] 2-2 ﬂfl”lﬂ@]ﬂ’limlwﬂicﬁﬂlﬁﬂ‘ﬂiﬂuazﬂunﬂiﬁl‘v\lﬂicﬁ'ﬂlﬁﬂﬂiﬂ

1 s a . s o . v
AN a93A AU (Lord Kelvin) g Thaus 1een (Woldemar Voigt) 4

[ o

1 v A o o’d' [ = d' d' 9 [ Jd A
TIUNUIY AU ﬂiﬂﬂ?ﬂlmg’J”IQﬂ;]Lﬂﬂ!“V]LﬂEJ’Jﬂ‘UVIi]H@]GIN‘] ﬂlﬂﬂﬁﬂl@ﬂﬂﬂﬂi?ﬂ{]ﬂﬁﬂuw&

v W 1

adg a Y Aa 1 d A ad a ZIJ 4%‘
Twdiannsn Tﬂﬂulﬂ’t’)‘ﬁﬂ”lﬂ'l”l ﬂi?ﬂj‘]ﬂ”li‘ELlLWfJT"If’t’)Laﬂ‘VIiﬂ‘Ll‘LlaU‘Llﬂﬂﬁﬂ]ﬁmgﬁNMTﬁﬁﬂlﬂﬁﬁuﬁﬂ

J =2

L= Y o =) = [ d‘
iaa 99 IMdanquIanmuANuaNIes 1ull a.d. 1917 (@3ga, 2009) Aegii 2-3

Q

Crystallographic symmetry classes

Centro symmetric Non-Centro symmetric

Piezoelectric Non-Piezoelectric

Pyroelectric Non-Pyroelectric

Ferroelectric Non-Ferroelectric

P v 1 = =<
qﬁjﬂ“l/l 2-3 MTIANQUAANMUANUTUNINTUBINAN



Yuln laTwa (dipoles) NHoglumnsu (grain) @199

[
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Tawiia 1l Yaquiie Tadiannin
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MNNUDY
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9
v

HUU
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J

"

TaGee T lunama@ernu i ld

raastlsngmist laIna lumudieTedidanin lddeounau luansaiunlfauld

Tuiludestlouaun IiihasaddunaniedsylaTna lanudgnivesdviaiu nszuIums

UiFen1 Inaad (poling) (M3, 2010) A lugilin 2-4

o 1 = g
@11 120 °C Fuiluguv

(%

apumsteuary Inihlisuiaa

a

@

@

naamstlovauny Wi Iviuteae

Q

@

319 2-4 N3ZVIUMS poling

NIZUIUNITAINGT 92ADINTZTNYUHATAIN

an ti'd
DUINHANUNITL

U

1 QN

A a

DUAT

Q Q

(Curie) YU Ao

Yasulnssafwuesiaguinglgnuiad luidlugl

o Y Y a ] o X J ?
tetragonal ¥ 1% Inseadrananu luauinasduau Tag yaquinatstszquannavuanislu

] 4 4 o Y a ? Y é’ ) A Aa " ad
LLNHL"’Hﬁmlﬂﬂﬂ’l’]ﬂ%”lﬂﬂqﬂf]mﬂﬂﬁNﬂl’ﬂ\?‘ﬂi%f\]‘ﬁ‘ﬂ ‘VITGLWLﬂﬂ'SU’JlIV‘I‘I/\h‘lJu 2 U3 INLTYNI DLIANN

Sn'laTwa Tuuud (electric dipole moment), (Americanpiezo, 2010) ﬁﬁgﬂﬁ 2-5

,f '{Ir'.'“‘\j
[+ He
AL
a2V

QUYUYNFINI 120 °C

v

"

(+)

3

"
Frd

(-)
d

s

s

|

i1

P

N
b

P

v

QUNHYNAINI 120 °C

g1/ 2-5 dnvag InssafrvesiagiisTadmnns nidioviimstlounszua luih

NN gazdINI1 120 °C (Americanpiezo, 2010)
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A A 9 o a Jd A ad a
2.1.2.2. ﬁiJﬂTi“I/lLﬂfJ’)sll’t’Nﬂ‘]JﬂTiLﬂﬂﬂiWﬂQﬂ?imLWﬂI“ﬁﬂLﬁﬂﬂiﬂ

Y
=

4 ad a a 14 ad a PN
Usingmsaiie ladanninuazdueiaie lsaannInnavu 411150

95118A1WNH V04 Hook’s law Iaaserumsh (4) waz (5)

AuIANNNG : S=S.T 4)

auria bl : D=¢ .E (5)

Lﬁ@ D (C/mz) Ao mynszaanaluih (electric displacement)
T(N/m’) A9 ANUAUNING (mechanical stress)
E (N/C) Ao aw' i (electric field)
S (Unitless) i® AYUATEANTNG (mechanical strain)

S, (m/N) %39C, (N/m) A9 MANNIANGUUDITEY (stiffness HIO

E
: Y 9 {2 A 9 o 9 . :

compliance) neldeunlnihai Funerdesnudoyaved stess-strain Tagh 12 3 A unu

Wan 3 NAN19veIn1s Inan lsiwdsu tag 4 5 6 e unuReuseULNU 12 3 (3, 2010), (A59a,

2009) 79319 2-6

T Poling axis

e

—_—

A A ) v W = adg = A v an
g‘ﬂ‘ﬂ 2-6 Lﬂi@ﬂﬂu"mﬂrﬂﬂuﬂufﬂﬂi‘IJ’Jﬁ’E]LWEJT“B@LaﬂVIiﬂ (NI aruNAs, 2010)
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A o i o - S v
WUIFUNIIN (4) uag (5) W1TIUNU %zLﬂJﬂuLﬂuﬁuﬂﬁUlﬂmﬁuﬂ 4 Eﬂ!L‘UU

2e
=De

1) Strain — Charge Form

S=S.T+dE (6)
D=d'T+¢ .E (7)

2) Stress — Charge Form

T=C.S-eE ()

ot

3) Strain — Voltage Form

S=S,T+3D (10)
E=-3'T+&'.D (11)

4) Stress — Voltage Form

T=C,S-qD (12)
E=-q'S+¢'D (13)

e S, (m’/N) %30 C, (N/m’) Ao AINNTANGUVDITAS (compliance 3D
stiffness) Melamsnszsamalnihnei

~ ~ 1 o Y4 1

g (m’/C) W30 § (N/C) Am MANNANNUTIZHIN AU (coupling matrix)

@13V Strain - Voltage form W30 Stress - Voltage form (Zhang, Liu and Wang, 2011)
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J a @ ad a2
2.1.2.3. Maaduiiavesidaiie lyoannan

[

1 A [ =\ ad a a9 o 1 dy
ﬂ?ﬂﬂ!ﬁuﬂﬂﬂl@\nﬁmw&j%ﬂmﬂﬂﬁﬂuﬂﬂﬂﬂuﬁﬁﬁlﬂ? JU

[

I a 4 g
fA1Y04 Stiffness ¥30 Compliance uaauumNaTNg 6x6 A9

[Sc11 Sg12 S.13 0 0 0

0 Sg11 S.13 0 0 0

s —ci_| O 0 S:33 0 0 0
=E 0 0 0 S.66 0 0
0 0 0 0 S.44 O

0 0 0 0 0 S.44

Taufl S_66=2(S.11—5.12)

mmsageulfinszualvihlnamiunseamnmsseniulamalih Ao &

130 & (F/m) anunsomeulioglugiuaindg 3x3 Iaasil

[erll 0 0 (el O 0

i 0 33 | 0 0  &+33]
[eq11 0 0] J[esll O 0 |
| 0 0 &33 | O 0 £33

1o &,=8.854 x 10" F/m Ao anmeoniulanielihlugyannia (vacuum

permittivity)

Y
=1

d v w d v [ % Y % (% U
ﬂ1ﬂ31NﬁNW‘Mﬁﬁz‘ﬁ’JNﬁﬂ”leJE]?Jﬁ‘UulﬂﬂNul‘V‘l‘V‘l1511?)\16]3ﬂﬁN NUANTNaDNIU

Tamalwihlugayame (relative permittivity) A0 £,; 130 £, (Unitless) Hazauedy

[ = Y o A
TENIN & UAT g4 ﬂglﬂlﬂuulﬂﬂ\‘lﬁuﬂTi'ﬂ (14)

& =& —d'.S'd

4

WUD

(14)
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v w d ) @
MANUTNRUE TN AUY (coupling matrix) G115V Strain - Charge form

130 Stress - Charge form Ao d (C/N) N30 e (C/mz) 1UIUONDI OATIAIUTEHIN electric charge

]
A 1

Aa X X 9 ° A ~ v A
NMNAVUADWUN 1 TUIY lla$ﬂ1§11’ill§\1ﬂ§$ﬂ1 Tﬂfﬁfl AN d ﬁ‘n\l'liﬂw'lvlﬂﬁnﬂﬁuﬂ1ﬁ1ﬂ (15)
T
d = kyzkTS, (15)

ANUFURUTIZHI Coupling matrix (d, C/N) 118 Coupling matrix (e, C/m’)

Fugaaumsi (16)
e=S.d=d".S; (16)

: < a 7 1
a9 Coupling matrix, d" azuaauiumasng 3x6 uaz Coupling matrix, e 9%

I a 4 o A
uaaudu AN 6x3 AN

0 0 ey
0 0 ey
0 0 0 0 0 dgj
- 3 10 0 ey
d =0 0 0 0d, O0]|uz e=
0O 0 O
d;, d;; dyi; O 0 O 0 e, 0
es 0 0]

v
o w o

<] 1 3
wru'laan d,, =d,, uaz d,, =d Fuiludeirinavesnisaiurunia

] I
= A

a J o Yo & Y A o A A o A 1 o A o A
ﬂmﬂﬁWﬁﬁﬁ‘ﬂﬂﬁﬂ?!ﬂuﬁﬂﬁlﬁ@u‘ﬁﬁﬂﬂ 4 hlﬂll‘ﬂu’ﬂ Uann s gIUMann 5 Lﬁ@u“ll]‘ﬂ “nann 6

o A A a4 o 4
Iag anno u,a@u”lﬂ‘ﬂ nann 4

TunsalNTin139 Poling ttAuA199 A1 [clle] Ha [« ] vziaonlide uield

[

31 3 N3RI(Yang, 2005) Aal
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~d _
N3N 1 Poling 1UUILAU 3

c; ¢, ¢ 0 0 O 0 0 e
c, ¢, ¢ 0O 0 O 0 0 ey
g, 0 O
C,; Cy; Cy O 0 O 0 0 ey
C= e= e=0 ¢, O
0 0 ¢, O O 0 e; O
0 0 &4
0 0 0 c, O e, 0 O
(0 0 0 0 0 g 0 0 0
38171 2 Poling 1uuuauny 1
(¢, ¢ ¢, O 0 O] [e;; 0 0]
¢, ¢, ¢, 0 0 O e, 0 O
&, 0 O
Cs ¢, ¢, 0 0 O e;;, 0 O
C= e= e=0 g, O
0 0 0 ¢, 0O O 0 0 0
0 0 ¢,
o 0o o 0 ¢, O 0 0 eg;
10 0 0 0 0 cg]f |0 e5 O]
A38I 3 Poling lutuauny 2
¢, ¢, ¢, 0 0 O] [0 e, i
C C C 0 0 0 0 e
13 33 13 33 811 O O
o C, Cs C; O 0 0 o 0 ey s=| 0 &, 0
o 0 0 ¢, 0 O 0 0 e,
0 0 ¢
0 0 0 0 ¢ O 0O 0 O
|0 0 0 0 0 cuf &5 0 0]

@

dy o ~ adg a a wa A 2 1
uona Nl Jaquiie Tedrannin dalmgaauaDUe) DNIFY
Electric Conductivity (o, s/m) fo uavuialudaiunisii i ag
§ a 1 I
aguudasmunamazguugil uielAiflunny Isotropic, Diagonal, Symmetric 130

3 K% a @ { < 4 o
Anisotropic Yupgnuguauiavesdanarsi il uaer luih
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. A o Y A v Ay Yo dy
Damping and Loss 19 ﬂmaumiumumi@,ﬂﬂauwawm 1 laeadl
1 I a
Damping puie1dilu 5 ¥iia fie 1. No damping 2. Rayleigh damping 92
' {
Usznouae drudlu Mass damping parameter (@, ,1/s) Llag Stiffness damping parameter

(B> faaumsi (17)
§=0{de+ﬂde (17)

Taeh & (Unitless) Ao damping parameter, m (kg) Ao Wia uag k (N/m) Ao
A1nINUAa1/39 3. Loss factor 1151 Elasticity matrix (7]g ,Unitless) 4. Loss factor A5V

Compliance matrix (7] ,Unitless) 1421 5. Isotropic loss (77, ,Unitless) NUN

n,=¢ (18)

' I a o @ .
Coupling loss w1ty 3 e Ao No loss, Loss factor @1%3U coupling
matrix, e (7], ,Unitless) t1a& Loss factor A5V coupling matrix, d (77, ,Unitless)
1 < a o [ .
Dielectric loss 114181311 3 ¥iia Ao No loss, Loss factor @1%i3U strain
permittivity (77,5 ,Unitless) 1182 Loss factor #1131 stress permittivity (77,; ,Unitless)
o [ wa s g a ¥ Al da . Aa
mmumﬂmﬁummﬂu loss factor NNYUAUY I unuy Symmetric N

v
A o

' ] a A g . 3 ' A
mﬂmﬁnumﬂummn% uammumﬂu Isotropic mumﬂmauumﬂmmummm

q

I 1 { A [ o
Remanent Electric Displacement (D, C/m’) (Humfineidesnunsvitlvi
~ ¥ @ I 4
nananlwilodae Hulsuannnes

VoA v 1 1% { g
Quality factor (Q_, Unitless) A0 ANUAUONDITATIUTEHINNAINUNNLY

m’

AZANADNAINUNG YT AIAUNTN (19)

(19)

1
Qm:B

Tagf D, (Unitless) 0 A1 Dissipation factor 91AGINI1 1 1AND LA

wasuutlasldauanud (Comsol Multiphysics user guide, 2011)
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[
= A A

<3 Y1 v =\ adc a o Y v
wiiu ldiaquite Tadidannsniimauaniannainvate M ldanyaznig
o = adg a Ay Y [ J v 9 o
memmaesidaiie Txdannand lavaneuuy aevznanluiidenald
o ~ ad a
2.1.2.4. Uszianvoddaquiie Tydiannan
a o ad a ] o ) 3

Tagind Yaaiio Tadiannin usauansaznisi ldldau 18ilu 4

Uszinn Ao
I a { 1
Hard Material 921155100 (ceramics) 471mmaaﬂum@mﬁﬂﬁz@j'umq'lw%w
Yy Aa k4 ) [ Ay [ v A 3

uazANMAUFINa Iage uzdmiunuidesmsmineudueegasiiioulunaluu

Y
[ L=t

aqnquil 1aun PZT-2, PZT-4 uay PZT-8 @1ed1am3 1 1wu PZT-4 19dmsuginsaivh

Q

A v

Aq oy A a . . A ' Aq Yo o ~ a
ANuaz1an lsnauoans 1 lein (ultrasonic cleaning) 1ATBINUNNBNT IFAT191UINY 14D
3 a . @ o 4 s 1
Laﬂﬂﬁﬂlmm‘ﬁdﬁﬂty (fog discs) HAZAINTIVIUANNYU (humidify transducer) 34 PZT-8 it
dfuinseuren Tanznl¥nansans1 Teiin (ultrasonic welding)

. < a A~ 1 A Y o o A
Soft Material %Lﬂuwimﬂ T]Nﬂ??ﬂllﬁ@@ﬁ\?ﬂﬁgﬂu WRUEAINITUIIUN

E4
1 =

9 v A o (% 9 1 9) 1 9 a3
Apaminmsaeuduenuuiuiinule Jagnauil Taun pZT-5 nslFau wu PZT-5A THilu
%] o d o 1 Y I Y] @
A10352990 111N 381 9AN 1139 (accelerometer transducer) PZT-5H 1#13)udrnsravulu
A A s A Y3 o o
A509NBUNNY (medical transducer) 118 PZT-5X 113711914 (actuator)
I a 4
Lead- free Material IHJunsiuadnyeslumsmidslarlunzia uaz
Eal d' A:; 9 (% a A [ 1 dal 9 ]
gilnsaia1ee NiNeadesnumsiauise Taanauil 1dun BT-1
. & a A A A 1 Yy YR
Custom Material 925 10ALUUIUY HONHHBIINNNAINIVINAY FI9L
Ao o 2 Vo ) o
UANHULIMNIZAITUBINUNT 1HNUUU
9 v Y A 9y 2 [ = ad a 1 9
dmsudeduazdoidovesidaiieTodiannin uaazdsznnansoagl1a

A4915199 2-1 (Uchino and Giniewicz, 2003)

A ~ Y A Y 2 @ = ad a
AT NN 2-1 ﬂﬁ!“]fiEJ’]JL‘VIEJ’]JﬂIE]@]Llazﬂlfllﬁﬁlﬂlﬁ)\iﬁﬁﬂﬂl‘lﬂi%maﬂ“l/]iﬂ ﬂ‘iglﬂ‘ﬂ Soft 1t Hard

Material d k Q, Off-Resonance Resonance
Application Application
Soft High+ High+ Low- High Heat
(PZT-5H) Displacement+ Generation-
Hard Low- Low- High+ Low Strain- High AC
(PZT-8) Displacement+
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< A [ =1 ad a 1 [
2.1.2.5. Tnuamsdudgiiouvediaquie Tadianning1s1aaen
< @ A 2 1o ' o a
Taon'1) Tnuavesmsduaziiouszinegnugdisuesids NAn1anis
polling  uaz NAN19veem s Iinszua 1 (Piezoelectricity, 2010) @aa151991 2-2 Tu
. . dy A 9 v = ad a = . o & a
N3ZUIUNT nebulization HazidenlFiaquiieTedannsnuuumMIon (Disc) AIHUNAANIVD

v d‘ a dﬂg lil v ]
ﬂ'lﬁﬂﬁ%%ﬂﬂlﬂﬂﬂluiumﬂ’)ﬁﬂ%zﬂgﬁlullu’lllﬂu 3

A o A o = ad a 1 1 . ..
ATNN 2-2 Tﬁmmiﬁuﬁzmeumanﬁﬂmtﬂ%mﬂmﬂgﬂﬁnmm (Piezoelectricity, 2010)

Shape Polarization Applied Field: Mode of Vibration:
Direction Voltage Output Displacement
Plate
thickness (h)

2

thickness (h)

Disc

radial (r)

N

thickness (h)

Ring
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A 1 o A o ~ ad a 1 ' . ..
13199 2-2 (71D) Iwuﬂfnﬁﬁuﬁ%iﬂ@uﬂl@ﬂ?ﬁﬂw\lﬂiﬁﬁ@LaﬂﬂﬁﬂgﬂﬁWﬂﬂ’Nq (Piezoelectricity, 2010)

Axis Polarization Applied Field: Mode of Vibration:

Direction Voltage Output Displacement

Bar

.
=

Ring

|
Hisls
-8 B|e™

Cylinder Wall Electrode

QT ! i
|

Plate Bender i
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a Y] ad a 4
2.1.2.6. ﬂ'l'i’]!,ﬂﬁgﬁﬂﬁﬂﬂ‘uﬁu@ﬂﬂlﬂﬂ’)ﬁﬂlﬁﬂi“ﬁﬂ!aﬂ‘l/l'iﬂl!ﬁ%ﬁ’é]uuhléllﬂﬂﬂl@]
= d ad a = a 4 () o
ﬂ'lﬁﬁﬂ‘kﬂfﬂﬁﬁE]‘Uﬁu@ﬂﬂlﬂﬁ@ﬂﬂiﬂllWﬂI%ﬂmﬂﬂﬁﬂ UNITAUATICHOYAIYNU 3
=
Uy Ao

a J o <
M5 AATTHANNDANHUSIRAN (Eigen frequency Analysis) wWuns

~

Auraranyuy Tvuavesmsduaziouvoding luvaz i lufiuseneueniingzii aua

A o 4y AR to = a A da ' . A
az lvuavzlanyueMITUNUVUOENLAIANNDTTINIA HIoNITN eigenfrequency NUA

U

o o d

UNUTNY eigenvalue (A ) YDIMIATUIV AU (20) 1ag (21)

- p*U—VIT =F, —iw=1 (20)
V.D=p, @1

A 3, A 1 1% ~ ad a2
e p (kg/m’) A ANUHUIMUUVBIAANE TEDIANNT N
A AAy Y

o (Hz)  feo anuailannmsneuauss

u (m) A9 HANDUAUDIVDINITNTLIA

F,(N)  fe USunaueausaiinseim

T nm) e anuwAuniana

p, (kg/m’) Ao ANUVUIinYeaszy Trlih
& Y s . ' ' Ay YA o
41A1191NN1TNTL1ONINVOS Love's equation d@auaA1 ANl NAednyae

yosguuumsduazmoulunaazanud sy suma

= A v

4
uat 1o iaglin15gANAUNGI9IY 1501 damping A1UDY cigenvalue 120

q U

o a { o a g 1 ° a
lugdvesiuudedon Taeh s1uaussuilumavesInssadnvesiag uazgdiuauduanivn

I . dy @
Hunan191n damping TuiiioYag
a d d =) dd' d' Y (v d' .
fn‘i'J!ﬂ51$ﬁﬁﬂﬂ°ﬂuﬂ1ﬂﬂﬂ!ﬂﬂ1ﬁﬂ§ﬂ!ﬂﬂ?mﬂﬂﬂﬂﬂ?13~lﬂ (Frequency domain
. I o A ] = o o A g
analys1s) Lﬂuﬂ1iﬂ1u3mmaizuuag1uﬁﬂnz steady state LLazmg‘immixﬂﬂuaﬂ‘}elmzmﬂu
. . o { o . { g
harmonic excitation AIAUNITN (22) Tagauladals Ao displacement field (u,v,w) il

NAADLAUDI IULAAZAIND AIANNITN (23)

Fireq = F(f).c08(27f t + th(f).%) (22)

po’u—V.o=Fe? (23)
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V.D=p,

Tag? FON) Ao Lounagaveduss uag F (HN) Ao A1U0u5iio1al
nlaeu 'l
a ¢ ¢ o a i ad Yy v .
MsAATIERWINTUMIndlamIanININeI¥09NUIIa1 (Time-dependent
g . A 24 o 4
analysis) Humsmulauiefnymanevaussnasunas ldaunar dsaumsi (24) Tae

A o A v W c’dy o
UINNOIEMUANUTUNUTYUNULIAN

(24)

A A
119 t (s) AD 1721

A Y A 9 o 3 a
NE]HVI,WJGUE]‘]JHJG]‘I/]NﬂaLl,a3“I/]NllW‘V\h‘VILﬂEJ’JGUfJQﬂ‘].lﬂ1iﬂ11’iuﬂ‘1/\|€|§]ﬂiillell’0\i

[

o Y a3 a a 2
Llﬂﬂﬂ’laa\iﬁlﬁlﬂullﬂﬁ']NWﬂﬁﬂiill‘l/'l’l\‘iﬂ'lﬂﬂ'l‘w UANU

v
A

ey lvveuamana (Structural boundary condition)

[ [

a =2 A = [ = =KX o
ANOTY (Free) 1803 99NN @]ﬂhllllllli\i{lﬂc] llTﬂﬁ%ﬂTLLﬁleiJiJﬂﬁﬂﬂi]D

q

[ v

, . = 4 . A4
99nN3V8A (Fixed constraint) HUIEDI 7A1IEN mq"lmmﬁmaauﬁlunﬂ
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a A A g 4
NANN 53&31”ﬂ15lﬂﬁ@uﬂ!ﬂu1ﬂuﬂ

[

apNMruAsZeznTzdn 1@ (Prescribed displacement) 1189 an1aziag b

S

=

A A A A A o q Yo a An 1 =
UNITLNADUN ﬂﬁ@gﬂﬂﬂiuﬂ’mﬂﬁ‘ﬂ’m ‘m1143@3Lﬁﬂiﬂ1ﬁ11&ﬂﬁﬂ1ﬂﬂ‘lﬁgﬂﬂﬂ

Q U

]
[ ~ o

o 5 . .
i muan11m32 18 (Prescribed  velocity)  #u1909 @12z AnQn

o I~ 3 ' a 2 d' HE Y A
mwuﬂWmmmaﬂmmaw'f’mn @'li]iwllﬂ?ilﬂﬁﬂuuﬂﬁﬁﬁ%u@ﬂﬂﬂﬂﬁ'l UASANUDUDINIG

o A
dUATINDU
% d’ 3

ﬁﬂﬁﬁWWuﬂﬂ’ﬂm’iﬁqﬁl(Prescribed acceleration) N899 an1agh fanan

Q

o Y 1 1 a = d' d'ds! [ Y d'
ﬂ1ﬂuﬂiﬂhﬂ’)1miﬂiul!ﬁﬁ31/]?’{1/]1\1 81’11%3MﬂﬁL’]JﬁEJuLL’]JaQW’U‘HE]EJﬂ“]JL’Ja1 HAaZANUIVBINIT

o A
TFUFSINDU
[ A 1 < .. =3 A o I3 Yy
ARLITONADUUDLIUN (Rigid connector) HN1YDI AN1ITN ﬁi}gﬂﬂ'lﬁuﬂslﬂll
[ 4 A A a = AA a da! o A @ = s A
NAINUIAUMNIN INODTUTYITNNICNUNITHYUINAUU DULUBDINIINIAY UL Illlllu@] nio

J 4 o
Iilli]uﬁﬂl@ﬁﬂ')’lﬂlﬁ@ﬂiﬂﬂi%ﬂW
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[ < Y =2 Ao 1A A ~ a
Tauilunyuae (Roller) #u19D amazmﬁq"13J3Jﬂmﬂa6uw°luwﬂma

Q

= [ d' [ J d‘ d‘ a d' g v A d' v =K
AEINUN laudvda LWIﬁﬂJﬁﬂﬂa’t’Juﬂllml‘mﬂﬂNﬂﬂﬁﬂWﬂﬂU‘VIf’TGUfNLL'NVIQﬂ%‘UfJﬂ

ey lvveuvama v (Electrical boundary condition)

[ IS)

{ ' @ <
N3517UA (Ground) Wied anziiagiinnuarednd lniluilugud (v = o)

Q

1 [ 9| . . =2 A o =) 1
AuANANG 1WH (Blectric  potential)  ¥u1859 @12z ATAgIiALAS
Y

v 9
and IfuRavu (v = v,) Tanununninvesdsey lihnnud (Surface charge density) A9

aumsi (25)
—n.D = p, vio n(D, - D,) = p, (25)

v Y
Tagh p, (kg/m’) A9 ANUHUILIUYOU5ZQUUNURAD (surface charge density)

UAUIUAADUNUAT (Dielectric shielding) Asarunsh (26)
nD=-V,&e¢edVV (26)

Tagh d,(m) Ao ANUHUIVBINUIU

'
[ A

UNA9918A10UBN (Terminal) WU18DI gz iagrouasannulsas Wi

NI OUNAIDIIANUANANINIBUDN

[

aglimsnszaeadveailszy I (Distributed capacitance) AsauMsH (27)

_V _
f f
~nD=¢g., red— Wio —n.(D, - D,) = g,&,, — 27)
L L
Tag# &, (Unitless) Ao A1 Relative permittivity YOUHURAUIU
A ]
d, (m) A9 ANUHUIUDILNURUIU
V., (V) Ao unasinennuaedng lWih minneusnieudeny

€
k)]
o)

litiaranuaadnd Tl (Zero charge) waneda anzidag latialsze luih

[

4 { 3 ] 1 o 1 @
wsamsinaeunvesllszy luihiluguduas lifianuadnd lWihanasouding

Q
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[

anlinminszaan1e 1 (Displacement field)
n.D =n.D, (28)

d‘ d‘ Y 9 o 4‘ o [ a d‘
Rou lvveuwanldlumsaiuuuuiiassveunsosiiazoosoans i
2 o A a A A . . A ) )
ponuuul d1msuien lun1anall 1 9ou'lv Ao Fixed Constraint 43001992 1% Prescribed
. Y _ o Yo Y A ° g ¢
displacement uaamuua i displacement nﬂmuwamamuumaammzﬂuquﬂ aIu
o lvveuwania luii 3 2 (Jou'ly Ao Ground AVSNWMUVULAE Electric potential 1

a FY ' o ~ ad a
Uilﬂm@’luﬁ’l\ﬂl'ﬁ]{n’ﬁﬂlwﬂicﬁﬂlaﬂﬂiﬂ

o Aa 4 Y ~ ad a Y Aa 9 Y
Waiﬁ]’lﬂ‘ﬂ’J!,‘ﬂ§1$Wﬂ1§ﬁﬂﬂﬁu@\1mﬁ]\iﬂﬁﬂ!‘wEJICH'E]lﬁﬂﬂﬁﬂqﬂ!ﬂuﬂliﬂﬂiﬂﬂuﬁj

9

' Aa @ . Ay Y A o 9 <
AINITADUAUDUYINITNIEIA (displacement response) mllmmmqyguﬂzaﬂmllﬂclmﬂu

£l

A

= v A ' v oA A = a
Nau”lwammmmm]yQmmaummu,‘w’awmm’nmmﬁmmﬁzﬁﬂuizuu F9ozasu1e]u

Watena 'l

2.1.3 NYUHANNAMITLS

mm@Tm%mtﬁ@mﬂmaﬁuﬁzuﬁaumamwdaﬁuﬁ@ ANsduyumsarenen

U

o v A Y o A A o a I A = A A
WaNmllﬂmmnmieumﬂuaﬂymzﬂlmﬂau TﬂfJﬂﬁu@aﬂi'li“]f“ﬂlﬂﬂﬂﬁulﬁﬂﬂﬂuﬂ'nuﬂ

\ & W YA A A 9 = X Y A o
W1 20 kHz - Feyauda bilagu innuenaduides Tuaenuulda Tnadsaugs uag
a 1 o ] 4 J {
dumaldlnaniudeasssuar awnsori ) 1dse Tend 1@ lumanes du u 5o leusn
15 1unsiszus asavsesinussiaguazianuazeraid Tang lugaamnssuaien asam
a a [ 4 Y o 1 ] d’d ]
anuAadnavesedarzaulunienisunng vazldlumsiiasermuunuazess Nisenin
o I ) 4 [ a
ultrasonic nebulizer Tumand¥nssy Hudu mnswunnaudani leiinaulssianvesmns

@ 4 { o d 4 o o {
l¥eanarslumsindoud dailu Aduna (Mechanical waves) SUUNAINAITTUVDIOYNIAN

v
@

2 v A A o & A . . A o
dulunua@enumsimasun sy aAauaIue (Longitudinal waves) LAZINDIWUNATY
o I o a Aa d’ [ ] A
ANBUZVOINTTUMUUKaIN HaNnNMsasuudasmuar uazszeznie i aau

A4 _ < . o A - 2 ~
INABUN (Travelling wave) ‘W,'Jﬁ1WWullﬂaﬂi$EJ$WuﬁﬂzﬂﬂWiLlﬂiﬂa@ﬂmﬂmu gsaveulu

sinuadiamans 18 daaumsh (29)
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y = A(t, z) cos(at — kz + ¢) (29)

Tagh A (tz) (M) Ao ONNWAAVOIAAL
A 3 A
v(m/s) feoaANuEIveIndu
keq(l/m) Ao 1IvAaY (wave number)

g(rad) o yuvla

o J o { a 1 I
naansveInNuaudesnnatuluveuranunasIuved background
pressure LAY scattered pressure NNAINNISYAVININISIAADUNVEIAaU IUAINAN Haums
Y
MAVTZUY A3

9 o a d 4 a 4 @ A
A1 IUNITAAIIC VLU aﬁiuumﬂullﬂmﬁnm‘m (30)

2

Vi(Vp —q)—kﬂ:Q (30)
P P

9 o a d = < @ A
drsumsdeneiuuunsedeu Glulildaumsn 31)

1 9°p
pICZ 6.':2

1
+V.-—(Vp-0q)=Q 31)

P

A A o A A
ek, (1/m) A9 AAAVAAUYTD wave number
A A [ A = A g o
Q(l/s) f1® monopole source wﬁamemmaummmﬂu“lﬂ”luaﬂymz
NILBAINNNAN
<3
c(m/s) AB ANUIT AT
A (% =
p(Pa) 19 AINUAULT N

o 4 I @
q(N/m’) A9 dipole source W3punasnenaudesmilullluanvuzvoq

myaanauuazmIazRounaulu 2 Aenanasatuny



51

Y

RoulyvouuanNeIVoInUNMITABINGANTTUNIINENN Al
a ~ v v v v = ad a I = A J
1. mnmmmmmauwaﬂma@mﬂi%mﬂmﬂ%zgﬂumnmwummﬂaqm

o < A < ' ' ] ~
ﬂ13ﬂ§$ﬂﬂéll@\1ﬂ1ﬁﬁuﬁ$W]@uulﬂlﬂuﬂWﬂ'N?JLﬁ\?GU@QTlllaf].aéllﬂ\isll@\‘]lwa'l AWAUNIIN (32)

1ag (33)
1
—n.(=—(Vp—0)) =—nuUy (32)
P
o.n=p.n (33)
ey, (m/s) Ao Mause dam Idnnmsulasunlasnmsnsziaiiouny
9
PLRALGELEN

a 11‘ [ L% [ [ A a ti‘ o Y d‘ = =
2. USNUNVRUHAITUATNUNEINIFUL Ao USRI lvaawdesinig
' ' M '
dgnounauamnansuninaea M ldeunagauendumugaliu ¥ioaadaanItauLINeg

Flulddsaumsn 34)

E n-(—pil(vp - q)J =0 (34)

oe

o % [

a A < a A ¥ a a @
3. UiL’Jm%mﬁuNﬁﬂummﬁ%mﬂuuanmwumllwm/m 2 ¥UA UAIUAU

MNUANNAULTTIINA (Comsol Multiphysics user guide, 2011)

9
=

Wormsmiavesnnusudsanazauluvedlva lauda annuduilazon

o o v = I'4 = [ v v 9
m”lﬂmmmmclumymmﬂamﬁmmewaﬂwmmzﬂmﬂaauﬁmuz ﬂﬁﬂ$ﬂﬁ131ﬂ‘ﬂ’ﬁl’ﬂ

ao 'l

, :
2.1.4 nguijnamanivesvedlranazmsnlaaunlasaniuz
A Yo A [ A v o o Y
wevednaluszuuldsunansznuninaaaieg Mduinsgii auri 1
A 1 a d' o Y a d a dy
Auanlfa1evesved lvamanislasunlasildifaldsingmssiaieTewnaay
1 A A F) Y A ~ dy [ [ [
nsguIuMaae leuiinertesnumsindeuiiversn laiuegiundnnIsveInasay uia

wag Tuwudn Fuiluldawngden 1 veunes Tulawiing Aina1 1331 "msnfasuniaves
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[ a d%’ [ A o Y a o A 9 A a g}z ]
nasnuamelurzinavuludnsasim hiinanisiiau usennudeu vsenand 2 9819
niouq Au"

a 4 1
Tumsinsermsasumla vesvedlva 2 aouzaviaonldmiuanns

. zﬂ' Yo [y [ [ o 1Y t:‘
Navier-Stoke T]ulﬂiﬂﬂT'iwquGlugﬂle@\?ﬁaﬂﬂWﬁﬂHﬁﬂ‘HﬂJﬁa AITUNITN (35)

0
%W(p.ut) -0 (35)

uazlugdvesndnnseynsny Tumudy dsaunisi (36)
Pyt PIU VU =-Vp + V(u(Vu, +(Vu,)') - E#(Vut N +F (36)

4 3 i Aa
119 y, (m/s)  AB ANWFTIVOINAUNAI (surface wave velocity)
A A o . . . .
« (Pa.s) A9 ANUNUAIAUAAAT (fluid dynamic viscosity)
F(N/m) A0 13939153193 (volume force vector)
al I . . I 1 A
Tasauualived Ivallunuy Newtonian  Fluid (uituainen)  uag
. . . g = Y 9w o 7w L
incompressible fluid ( o Wuanan) 2218 Vu, =0 SMsuaunIsoysn¥NadaIu (continuity

equation) Lmzamm‘imﬁﬂﬁimuuﬁu (momentum equation) %:aﬂgﬂmﬁeﬁumiﬁ (37)
ou
2 Et+p|(u|v)u, =V[— pl +y(Vu, +(vu, ) )]+pg+F (37)

Qoulvveumaiinefos 14un

1. Volume Force %38 Body Force no usinmeluvesveanalfaiieuny
SIEERIGE

2. Inlet a2 Outlet ENTAMMUA TAH AU 19U ANIZI ANVUAY Laminar
inflow Normal Stress Li01¥ Mass flow

3. Wall Tianue 9 szinn 1dud

LA A . < P
Slip AD VBULUANNA normal velocity Lﬂuﬁuﬂ (nu=0)

1 <3

A A I 4
No slip Ao ﬂlamwmmmmziuﬂuquﬂ (u=0)



53

]
v A

Sliding wall fiv MIINTNYANSTUMLPUAWWIU BINTOMYUAAIVEY U, 18

7

. A A A A <3
Moving wall A9 HUINUNTAADUNUAINNNGI (U =U,)

@ (3 o

{ 3 3
Leaking wall fio miistiansazilugildveanaraunsoirlnalacu =u)

U

=\

Electroosmotic velocity Ao wisntinszua Ivih Inaru ionemlszq Wi

v 1 3 H ' ' '
Tdnuveunan 1A1A10152 (U = 1, E, TaoR i, (M?/(sV)) fe Amisiadeuives

'
I} 9

ﬂi%tm’ll%mﬂ electroosmotic mobility) (101 Et (Unitless) Ao Amveanszua Tihnmi (fluid

electric field tangential to the wall) 11D Uy =—E, & s Taeh &, (Unitless) A9 the fluid's
y7i

relative permittivity & (F/m) e the permittivity of free space c(\V) Ao the fluid's zeta
potential 4 (Pa.s) fo the fluid's dynamic viscosity Taarliludn Ly = Tx107°m? /(sV)
oz ¢ =100 mV)

Slip velocity Ao veuaRtAmuE 1 uses luTasns

Wetted wall fio vouwaifmualy mass flux Haniugud

Moving wetted wall Ao L‘]djuﬂlﬂutﬂlﬁlﬁsl%lmwwﬁ1ﬁgu phase field method “Lléﬁ
Usznevlide 2 dutlsvdn fe velocity of moving wall, U, Il contact angle, @, (Comsol
Multiphysics user guide, 2011)

4. Symmetry fio QUANLANTANNIATO

5. Initial Interface A® VSNWUTOIADTLHINNVDAUNAINVUDUNAT (Liquid-
Liquid interface) Fuiznuiianudazusadouninusoodeuesueunaina 2 iaim
U (V= vy, » Tya =Ty) 130 VYOUNAINVUNE (Liquid-Gas interface) s nufius
Pouliasyuimgud (7, =0)Bird ot al, 2002) W3pYBIIINVYBUNAT (Solid-Liquid
Interface)

6. Periodic Flow Condition 18 Y0UWATTIAMUIANAIT LM MUTURATY
(Comsol Multiphysics user guide, 2011)

Y 1
Tuupudraeetiag1¥ Boundary Condition A0 Inlet NUFNIWUIDIADIZHIN

QI = =

ad a o A a Y
ﬁﬂlWﬂT%ﬂLﬁﬂﬂiﬂﬂUﬂlﬂﬁlWﬁﬂ, No slip wall NUTNIUNUINIFUE UL two fluid interface
a 1 a o A ' < =2 A A A

‘Uil')mi@ﬂﬂﬂm@ﬂm@ﬁqﬂﬁﬁﬂﬂ‘]ﬂuﬂ 1uﬂ’]iﬂ’]u')ﬂ!£W@ﬂ’]ﬂ1ﬂ'ﬂNli') JINNAITUDUBDIAAUN
a A

£ a ¥ o A& ° ' = A
NWHRIVDIVDILH A mﬂuummmmaWuw’mmmm”lﬁ'"lﬂLmuﬂﬂuﬁnmﬁn (3) Man1vuUIA

Ja X 4
V99aL009 MNATY Tuaunsn (4)
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v Aa 4 a Y A <
ﬁ")l!ﬂ']i’t’)‘ﬁ‘U'lﬂﬂi']ﬂgﬂTifL!ﬂTiLﬂﬂﬁ%@ﬂ\i*ﬂgi‘ﬁﬁuﬂﬁﬂ (38) uag (39) 1Wu
o 4 [ 1 a = 24 { a 2
ﬁ'iJﬂ'liﬂWﬂ‘Ui%‘U‘ULﬁﬂ'ﬁTﬁﬂﬁ’)ul‘b’ﬁﬂiNW]ﬁ‘U’t’)ﬁl‘ﬁﬁ’)tlagllﬂﬁﬁmﬂﬁu (volume fraction)

(Comsol Multiphysics user guide, 2011)

o¢ yA
Ewtw:v_ggf Vy (38)
&’ of
W:—Vgifv¢+(¢—1)¢+7pf% (39)
3
. 5\750] : ]/:ngf

L) y (m/s) Ao aulstlounay (reutilization parameter)
A (N) A9 ANMUNUMUUVOINGINTUTIY (the mixing energy density)
£, (m) Ao dlsNAIuguANIHINUTIMIOsREYDIVEY T1a 2
01U (the parameter controlling interface thickness)
x (ms/kg) Ao dwdsnasundulunduun’ld (the mobility turning
parameter)
] w d' d’Q g % o dal = a 49!
’L’f'l’ﬂfi‘]Jﬂ'lﬁL“]Jﬁﬂuﬁ'ﬂ’lugﬂlﬂ@ﬂluﬂ'ULL'LI“LIi]'Ia’E]Quu@ﬂi]’lﬂﬂ’lﬁllﬁ$@6\1l,ﬂﬂ"l]u

Y oA a o é! a9 [ Yy 1 =3 v 9 o
Llajﬂ\illﬂ'lilﬂﬂlla3qu@l?m@ﬁiWi\iul@ﬂ'lﬂﬁlu"U@\uWa'JGUu@ﬂ@'JEJ @Qﬂghl@ﬂa'nﬂ\icluwj"ll@ﬂ@ulﬂ

= a ) Q'J
2.1.5 NqYM IR INTY
a A . . a d? A g A IS @
mM3naInsele H3e Cavitation zRATUILDIINIDVDUNAINANNALAA
: Lo y 4 ) ; - _ ,
aasaudiniuseau lovouihnan1iziuag Tasmasrzeghilszuia 12,000 psi 04 150,000 psi
o 9}%’ a o I A é’, 1 = ~
mlniufansveresdresnitlunesnlvuiadaua 10-100 luaseu Imslasuaniuzain
I (9 4 o % o A g’/ o ?)I o
voaralInaeluna 1WoANNANYBIUINA LN INNDNATI 15IUINIIToUWDIITNADA
=\ < o ~ o a ~ (2 I
Idvlesfivuaanasauguan Il lungam ldinamsaldsuaouznnunanarailuveuran
= o’dy 1 o A . = a . .
Fonl51ngmsaitian MIguaIveInsale n3e Implosion 1aeNN151NA Cavitation 1Az
. 3 [ < [~] = A Y da! Y a
Implosion v21iju l1/eg19sraFmaz ludluszifeunununu nazezunysedosiuegnuiia
A @ 3 1 s A ?,‘ @ a .. Y 1
YDIUDAUNAD VB UHAININTIAU Tod 11 eAaANDaa W3 0113 LIAA Cavitaiton 1A418A

L g Aa @ 1
H”IGBQ!‘]JH“U@QWW’J‘Wllllﬁ\‘iﬂullﬂqxiﬂfﬂ
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° . . o o ad
luszuu1a2004 Ultrasonic Nebulizer M3iduazinouussiaqiie ladann
a o Y = v A dy [ dy o Y a @ a
snildszvuianuauneIY tazaNuauteIM IninsnatazguaIved InsIo1nmna
< o ' ' 9 ~ A& a A 2
Aunasnueaiasaumeluveuriad dawaliveuralrianudnuAuNNYY

ozl 5159152 @nEn1man ultrasonic nebulization #11130%1 18 laan1s
Y

] [
a S

= Ay a o Y A d d A a
MNANNDNNUEIVEIVBUNAT AT UMTRRNULD TAT a1t uglnsalidsuazoTuiely
Wadetalll

- vy A4 e o L a4
2.1.6 nguimivenuuvlassadefinertesiumsduazmensana
TumsdSui;else@nEn1wues ultrasonic nebulizer #11150%1 14 Tagn st
v Y 1

AaA a P} o 2 a K g aw A
AIMUDNNUANIVDIUBDIUNA Tﬂﬂﬂ?iﬂﬂﬂlmﬂiﬂix‘]ﬁi"lﬂcluﬁﬂyiL!$ﬂlf]\1LﬂJiJﬁﬂfJﬂﬂ'JfJﬂTJ’f)W@ﬂ
Y

Y o = = ad a o A
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< a A
WUBSQUININ  H

~

[

~ adc a
dquiie Twdannsn

I |

A 9 o 2 a = gy a o
gﬂcﬂ 2-7 ﬂﬁ@@ﬂuuniﬂﬂﬁﬁﬂuaﬂymxﬂm\mmﬁﬂﬂﬂmam’mweﬂ

=

Y o =} o v =

4 ad a ad a <
wenszquiaquie Tedanninaae Iilih sgsh i iaaiio Ted@nns nuazidn

a
Y

a & o o < o a ~ A
m@miﬁu"lﬂghﬂﬂu ﬂTi’(?fufffzLﬁ@‘L!"ll’E]\‘]L"UNﬂ$ﬂ11ﬁ}ﬁuwjﬂlﬂﬁﬂlﬂﬂlﬂﬁjgﬂiﬂﬂ'ﬁu%umﬂ'JnJﬂ

A 2 g Y a Aa o Ay
W‘I1]5111!Lﬂulﬁ@iﬁlﬂﬂﬁ%@@ﬁ‘ﬂuﬂmTﬂmﬂfN ANUNABINIT

! <3 o
TaganueMmanzduveaiuainisamiuia laarenguinisesnuuy
{ A Y o a 1% < { @ ]
Tassadninerdesnumsdudziowmdina anvaziiunl499aoglugiuuuves Clamped-

! v

[ a o ! [ { a o adg a !
Free A931/11 2-8 1OWNAYAVDIMIAUGIZANATINUANNDTITUMIAVOITANE TrDIanNI N
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A
Y

\ 4

517 2-8 szuumula1eda 1 A

2 1
= () (40)
Lﬁ’ﬂ 4 =1.87510407, A, =4.69409113 , A; =7.85475744 , A, =10.99554073 ,
g =14.13716839 1A% 2, :(2i—1)% ;i>5
E (Pa) Ao ﬂlmﬁ)ﬂﬁjﬁ ﬁﬂﬁq'u (modulus of elesticity)
I (m4) ﬁ’ﬂ Iilli]u@fﬂ’ﬂill%@fJGIJ@QﬂTL!'SJﬂﬁnﬂLLﬂuﬂaTQ (area moment of
inertia of beam about neutral axis)
L (m) A9 AVE1IVDIAY (span of beam)
ﬁaugﬂgmmmmiﬁu foa'ldnnaumsi (41) (Blevins, 1979)

X A X A X L AX L AX
y. (=) = cosh /— — cos — — &, (sinh —/— —sin —— 41
Y.(L) 1 3 i ( 1 2 (41)

tagngluuuveIMITUNINAI 16 ¥19INTUATN (42) (Yu Tang and M.ASCE., 2003)

Xy 2 ] B .
Yi (E) = Sinh(A.L) + sin(A.0) [cosh(B,L)sin(S,L) —cos(B,L)sinh(S,L)] (42)

2.2 HaPMIMNUVLUAT NN
[ o A A v 0 A a ad a
2.2.1 ﬁaﬂﬂ13‘1/]"I\TIHQJ@QLﬂﬁ@QN@'JﬂﬂTﬂQVILWfJI“]f@Lﬁﬂ‘VIiﬂ
4 A o A A ad 2 . . . A
N304l IAnIAININe TyBannsn (Piezoelectric Constant (d,,) Calibrator) 1170
=

{ v I 4 ! o 1 o @ ! [
NiFoNMUN d,, meter Hunsosion 14 lumsian d,, Danvaz asgin 2-9 nanmsae msld

A d d o 4 o 1 = = ad a = o Y Aa Aa ad a
Lmﬂamﬂuﬁm%u"l%u ﬂiSTI"IG]@WﬁﬂLWEJIGB’OLaﬂ‘Vﬁﬂ G]N5]3‘Vl"li‘ﬁlliLﬁmﬂﬂmﬂﬂﬂlaﬂj‘ﬂimﬂﬂ
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Usza Irlhisnandadlnliheudaudulszy © udriamnis (Q) ld Tashlsmaves

v o o { o 1 [ {
Usgq IWdhazdunus laeasesnuiSunavewsenainsziaonan aaaun1si (43)
D, Q Cv
dyy = = === (43)
o, F F

= Ny A ¢ Aa X
e Q (C) Av MUBITITINNAYY
~ A = o 1 =
F (N) Ao u5anannsziaenan
1 v
C (F) Ao My Ifhvesdunuilsey

V (Volt) fio dnd Tnih

g‘ﬂﬁ 2-9 Piezoelectric Constant (d,;) Calibrator

o o 4 @ 4
2.2.2 1’7aﬂﬂ'lﬁ‘ﬂ’]\i’]ue]]f]\uﬂdi@\iﬁﬂllaac?ﬁ]'ﬁ (LCR meter)

Jd o

A o a A Yo v o Y a 9

IATDONINLDAYEDT GNE‘]J'VI 2-10 1%ﬁ1wiuaﬂmmmumuwwau (Absolute

. 2 7 . A o Y
value of impedance ,|z|) L@ANALAUY (Absolute value of admittance ,|Y]) M3t i

I

(Inductance , L) m”mmmm“luﬂmﬂuﬂﬁzfg (Capacitance ,C) M3l (Resistance ,
R) M3t 1u#h (Conductance , G)  adnmsgandeondsau (Dissipation factor , D) 2
UsgnounaIn I (Quality factor , Q) ANNAIUNIUIUANIN ( Reactance , X) AIUIUANINUDI

A 4 I @ [ Y4 1
UOANALUAUY (Susceptance , B) uazagmﬂﬁ (Phase angle , ) WUNTIANNUTUNUTTEHI

[

o v ad a ! . I @ {
mas IdthyudwazmsaeuaussvesiaaiisTeoianniniianwalas duludsaunsh 44)

P-(f) =V Re[l(f)] (44)
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4 1 o oA o { [
1o V (Vol) fie aAnwandndn1dnszdu uaz 10 fe Tvihnszuaaduiliny
[ ~ ad =
Jaqe Tydannsn
A [ = s A o 9 1 = a [ = a
1n3033Auead013 o 1¥lumsrimanudsIsumavesTaqie oo
<3 a [ o ' Y ad a o o a
@nnin Inanmsae 19 ihnszudady Inaiudaqiie Tadiannsn azvh i iaquiie Tad
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rannsnmamsdy meludwandieTadianninazimsulasundamasa luiudundsau
i o ¥ o o A A 9 A Y A =2 1 A
N90619599137 UM umuanudvesnseud lihnnszduliGos audeannud
% o ag 2 { o < o { 1 a A
wilsTaquite Tesannsnazimanldeuntaandsnu lihiilundununa lddoonga ardumn
4 = 1 AA o Y1 a a o <A 1 A a o =~ a
uaugIzimgaga Amanuanh limouiuauggeganneannudsssumavesiaqiie Tud

3 a A YR B A a2
Lﬁﬂ‘ﬂiﬂ‘ﬂﬁﬂlﬁi]’Jﬂ]lﬂmﬂl,ﬂiﬁlﬂuﬁlﬁclﬁ]ﬁ

DTAIND LCR meter

519 2-10 LCR Meter

G

2.2.3 NanMINNIUYDY Andersen Cascade Impactor
o o o {
Anderson Cascade Impactor (ACI) nJu’qﬂﬂimmamﬂmummmazamﬂ%
° A 1 sAqQ Y o g o 1 9
apIszUUMIMAIUYeIlen ensdaend gilnsainlyiazessiuansniiaiaz oot
' @ @ { Jd o T @ < g { 1 2
gea’laluszaula adwanasluzdi 2-11 gUnsaidenaniianymeiilugue (stage) Nuaazsu

9 9 9 9
%ﬁLmumumqﬂszﬂuagﬁjmmwawu 1NGFEINUNINUA 10 FU LLWQ%%H%%%gW?U‘UHWﬂ
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1 = 1 1< ~ g’; = [] 9 o o 9 [
a1 Tasiseenining ldn Dduuugagnguszlvmalugga uvazmsldgunsaidmsuia

a g’/ Y o d‘
PWIAFINITOAAA IaAagN 2-12

PRESEPARATOR
10 meg and above

STAGE 0
9.0-10.0 mcg

STAGE 1
58-9.0mog

A

Anderson
Cascade Impactor Simulation of the Human Resplratory System

1 Y
JUM 2-11 ACT nagszavIUv0MIAazeoIgndd ldiszuumuaumely (Revolizer, 2010)

A B

20 L/min Entrained Intermittently
from Artificial Respirator 28.3 L/min Entrained

Continuously from Room Air

12v-DC
Power

air @ 6 Umin

O

Vacuum Pump

Vacuum Pump

{ o o { Y . @ a ]
qi“].]‘ﬁ 2-12 ¥anNMININIUYDI ACI ﬁﬁﬂﬂ’ﬁﬂ‘ﬂ nebulizer HUUOANT IFUALAZUULIAIN

(Asmus et al., 2001)

o o A v g a Yo Y
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[ Yy Y = " 3 < ] ] A () 1 g}; 3’; 1
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symantvaannNgngulusninneznaoud luaunssgaoimaanaslusuda’ly dsgll

12-13
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¢ 1 t o
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37 2-13 nanms Tuwuaud 1M uMIMvIIAYEI0YNIA (Hickey,A,J., 2004)

Y ]
Taguaazsured ACI AN OUAAIAIUUIAYDIAZ0DI Iaad A13199 2-3 42U
A v W & A Y o dy o . Y
M31A0NIZAVDNIINITGADINMAYDITNAZIADN 1% A9l 6A51N15QABINIA 28.3 L/min 1%
) [ 4 . o . ) [
dmsuiauuiaaze0e9ngUnsal MDI uag nebulizer 8A31N159ADINIA 60 L/min 1Hd1m5y
@ o o . < 1A o '
AUUIAAZ00991n91N30i1)5210N DPI 1azdnI1n159AINIA 90 L/min (Jua1ngnilivuaa

ds! 1 A Y o s a A
GU1!ﬂl‘Vi1111!1’1']QQ@ﬁTﬁﬂiiMlW@i%%ﬂﬂlHTﬂﬁ$’E)’E)x‘]ﬁ]1ﬂ’f;lﬂﬂim°b'uﬂﬂu

H ! 9
MTNN 2-3 Ll’dﬂﬁellu1ﬂa$’é)flxil,ﬁflmEJ“lJﬂ’]Ji%WUGHHGU’éN ACI

Stage 28.3 L/min 60 L/min 90 L/min

-1 8.6 6.2
0 9.0 6.5 4.0
1 5.8 4.4 3.2
2 4.7 32 2.3
3 33 1.9 1.4
4 2.1 1.2 0.8
5 1.1 0.55 0.5
6 0.7 0.26

7 0.4 0.13
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224 HANMININIUVOY Inductively Couple Plasma-Optical Emission
Spectrometer
Inductively Couple Plasma-Optical Emission Spectrometer (ICP — OES) N ] N

I A A o v A o 1 Aa =1 [ A Y
2-14 HJulﬂ5@Q3Jﬂﬁ1?iﬁﬂ'3m3']$w'ﬁ'|ﬁ!ﬂ'l\‘]"]Glul‘]fﬂﬂ?ﬂ’lmllazﬂmﬂ'lw UNANNIIND ﬂ'l'iﬁh’i‘ﬂ'ﬂll

\3

o 1 ~ 1 A Y o ] ] 9
Souunmismoedisnoeglusdveunanielimsaredrauananilulossudrenaran leoou
Aa £ 4 Y q 9 d' A ) v g
ninavutzgnnIzguliaalsnaIeenuINANNEIAAUAIE Ladgauen TiTuuainue

A A Y . . . Y3 A a4 Aag wa o
AAUIAYIAIY Diffractive optics I uLasANVeNAaU@eINYuauifmmizdiveslossu
uAAzs19 1aoANMTULEI (intensity) 20l sAUAT IRV MBI

a I A . . . 9 A
MIUAIIHUTVI1519) (Qualitative analysis) 3¢ 1¥A13TWIATFIUNTANY

Yy 9 v . ~ o o 1 A Y a o a 4

WNYULUUOY (Standard solution) NEUNVAITAIDENADINITIUATIZH 1ATFINITDUATILH

AN YU laluge pg/L aude gL

{ @ o A o . @ a <
qﬁjﬂﬁ 2-14 HanNITININIUUDI ACI Vlﬁ'f]lfﬁj'lﬂﬂ nebulizer Lmuaamﬂ%uﬂuamumﬂm

(Asmus et al., 2001)
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3.1 mimamgﬁ@%’mmmmazam

Saq Y A4 o Y o

ginsainldlunmsnaasuneinvuinyedazood Ysznouals ganiaz 0o
Y A o A < A o Ay v o
ﬂ?ﬂﬂﬁﬂ@ﬁﬂﬁi%ﬂﬂ #150¢018 NaCl 0.9% Lﬂumsmammmmmﬂaz@m‘w‘lﬂmﬂmim

. . A I Aq Yo ] ' v Y o
nebulization Ll!fNﬂ'lﬂlﬂuﬁﬁa3'(3Wﬂﬂﬁlsﬁﬂu@EJNL!,WﬁW'ﬁ'l‘EJL!aZﬁ'liJ'liﬂLmﬂﬁ'Jlﬂull’é]ﬂ@ullﬂﬂ'l
v ) v
T 3a15uaiens NaCl fianmaluufaz¥uued Andersen Cascade Impactor (ACI) A28LAT D
[

Inductively Couple Plasma-Optical Emission Spectrometer (ICP — OES) & ﬂu@ﬂmmﬁ ACI
uag ICP-OES

9
% [

éuu@mumsﬁuﬁumﬁmaaumm"lﬁ’ Al 3-2

QU

1 Nebulization #2¢ Sarunazo0ddly mauazlua
’ :
15aza1e NaCl ACI V092200988 ICP-
OES

9
4

U 3-2 mum@ums‘maaagﬁammumazam

Qan

3.1.1 5 UHUMINAA
9 v
TUADUNITIAVUIAAZDDIUTUAUIIN 1IE15a2010 NaCl 0.9% ldlugasi
¥ A o A Aa ] '3 v a
A004A8AAUTANIT I UANLVINAFUHIUEUINAII 6 cm g9 10 cm Ae1T1195 80 ml
Z . & " Y oo A A v ' A Y q o o
MNUUITNgAINMARDIINDIATEY ACT N1N199NAINA1NVDUATBI ACT uarlHgilnsalin
991313 11aveI01MARAVIATDI ACI NMIAUUY USUBAT 1M Inanseal 28.3 L/min oA
d o o Y o o 9 A o a 1 A o ~
gilnsalinonsimslvacen udnhyaihazessdrenausans laiinuiaonnui asgili 3-3
Y A a o o 9 A o a I 19 a a 4 1 o
udrtlaaingyaiazessdrenausanstlein iunal 10 s hidestlaaindauniiegsiinmsg
2 & Ao ) A D} Ay v ° ~ ' g
naaoudIniufizouioos e liazoosn laningariazesslinnuruiniuuinne 10y
A @ =& = [ A Y A . .
atugaeimeauiu 15 s FungumInunaNgiegaaze1819101A304 ultrasonic nebulizer
g’/ a o4 a o o o & 4
1 139 Uaifugaoimauazaingyaiiazood neayaiazooazilugaeInIAooNIINIATY
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3U7 3-3 gananeunomsoud1TdIMI UM IAYUIAAZD09N 1A11NN3 nebulization

3.1.2 MIEsENaIIazNe IAUUIAaZ0D3
o a s a a o o Y
nasnntladugaoimauazlaaingyaiinazesinal azoodvesasazaly
Ay ¥ . . A A ' @ ] g A o
NaCl 9118910115 nebulization HTlvuiaa g nuszaneglusuves ACI fia1enu Tasazeos
1 1 g’/ [ I~ ] g’/ [ @ 3’, 1
YAl YILANDYFUY AIUATODIVUIAENILANDYTUEI AU TuNIIHIS5Ia NaCl
' 1 3’/ o Y o 4 ] < [ ay
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o A, a 4 ¥ o
Tumsasuuusiansareds T luwedwuan Tannisiillsunsy Comsol
Y Y
Multiphysics 4.2 1119 lumsmuia Svuaeulumsafauuudians deil adrayusiaes
o A [ o a 4 ] a d A )=} Aan A Y
MuuanuaNtAv0IIde MuuaduMIAdamaad ulueamua monszidoudsnldluns

9
° [ Y o a J
My Uszurataziaasnag 'ﬁmmﬂuummiamﬁzmmz’dgﬂwa

3.2.1 msasanuudiaes

Y o I g’/ 9 o s a 4 9 1
ﬂ'liﬁi’]\ulu‘Uﬁ]’]a@\uﬂumu@auﬂ']iﬁi']qullllgﬂ’]aE]thwllu@laaluu@ hlﬂll;ﬂ

A ) a A

ad 9 ] L4 4
‘HiEJﬂJUL‘WEJIGB@Laﬂ%iﬂ%ﬁlﬁumuﬁuﬂﬂﬁN (2r) 8 mm WU (t) 1.1 mm m%uzﬁmaﬁ;mmmm

o—

9 ] 4 o 9
ﬁmumuquﬂﬂmq (2r,) 60 mm g9 (h) 100 mm VTTYVOIUHAIFI 0.03 m IANATUVUVDI
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adg a @ A
LﬁiﬂﬂlLWﬂIGﬁ@Laﬂﬂﬁﬂ @Ngﬂ‘ﬂ 3-4

9

2D Axisymmetric |
~ .;::.‘

Piezoclectric disk

= o J A J o Y A o a
gﬂﬂ 3-4 llﬂﬂ%?ﬁ@ﬂqwquﬁlﬂalmuﬂm@\?§$‘U'U°Vl']a$@’f)\1ﬂ?ﬂﬂau@aﬁi'licﬁuﬂ
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3.2.2 msmmuaguanifvasTaquialdidnn3nuazvoariad
° A 1 [l [l [ o 1 I ]
msmmuaguaula luuazviitegesTinuuuDsIaes uiseemilu 2 wide
i A o ~ a s a A Yo < o ~ a g a a 3 A
go8 Ao ey lydlannsniaen i PZT-4D Wludaquive laoianninsiaudanaunsony
! 9 9 Yy Aa 9 A wad o & 1 0 A J
aom3nszquna lihwazanududinalage Imguauiansuiludemsdiuim Ae Al

[

] 1 o 4 ' { a
ANVIANRGUYBITAY (Elasticity) Manuduwuiszninlamulunsasuulanginssy
a I < a 1 v v 1
vinganailuIihuezan TWiuiudena (Coupling matrix) AaNFUNUTsZHIIANIN
gousulana Wi lugyainie (Relative  permittivity) A1A1INH U UVDITEY (Density)
nagAdnlsz@NTNIIgANAUNEINY (Loss factor) AIUBINIAUAZYBUHAINAAUANTIAN
A4 9 A ' a4 s 3 = =< A Yo
M09 Ao ANUUUILIL ANUHHATAUMEAT ANUITATEWAZITIAIRD Laae1daInIT1g
d' o 2 Yo ' VN I H 1 wa
#13-1 naz 32 lunwudaestl lamvuamiquanifveswouraniuihmumguaniiangn
o Y1 Y . . & 1 A
mvua Iineundrlulisunsy Comsol Multiphysics 4.2 11109910111 0.9% NaCl
AuANTANd 1A YADNITAIUIUNIVUIAAZDOINDAIVDY UTIAIAILATAINHUIUY T4)
1 @ v ¥ o o Jd a J
HANANAULIN (McBriarty, J.P., 1992) adtumanmsmuavenuiiaoane I ludiofuugd
Y o 2 = 9y ° Y wa A =
AR AN T 0 IFun UL ITIae IR e aUTAVDI 0.9%NaCl tWenf3suey
o Aq ¥ 3 14
AuHanInaasan s 0.9%Nacl iluveurarlunisnaassla

{ ua [ ad a
M3 3-1 paantiaveTaquiie Tedannin

Properties Items PZT-4D
Elasticity (Pa) Cel1l 1.53827x10"
Cel2 9.84558 x10""
Ce13 9.31043 x10"
Ce33 1.28244 x10"
Cp44 2.38095 x10"°
C.66 2.77008 x10"°
Coupling matrix (C/m’) e31 -4.7303
€33 15.2586
o5 13.0952
Relative permittivity g1l 796.5
£33 762.9
Density (kg/mz) p) 7600
Loss factor 75 0.004
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i Y
A1519N 3-2 AUTUUAUDIUT 0.9%NaCl LAz INIA
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L (cm) f (MHz) D, (cm) Dy(cm) fv (MHz) D, (cm)
0.80 1.98 2.84e-8 1.32e-8 1.92 7.33e-8
0.85 1.92 6.26e-8 5.8e-8 1.91 1.81e-7
0.90 1.96 1.61e-8 5.56e-8 1.88 1.74e-7
0.95 1.94 1.65¢-8 3.85e-8 1.92 1.20e-7
1.00 1.98 3.38e-8 2.76e-8 1.91 1.24e-7
1.05 1.93 2.47e-8 5.11e-8 1.13 1.01e-7
1.10 1.90 7.51e-8 2.59¢-8 1.92 1.67e-7
1.15 1.91 5.15e-8 5.26e-8 1.90 1.53e-7
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1.45 2.04 1.46e-8 3.05e-9 1.89 7.16e-8
1.50 0.6 4.79¢-8 1.83e-8 1.92 8.67e-8
1.60 2.01 1.15¢-8 1.89¢-9 0.57 1.17e-7
1.70 1.96 1.57e-7 5.00e-8 1.90 1.36e-7
1.80 2.01 3.86e-8 3.73¢-9 1.92 1.29¢-7
1.90 1.95 2.54e-8 2.42¢-8 1.87 8.37e-8
2.00 1.93 1.46e-6 2.78e-8 1.89 9.84e-8
3.00 1.95 2.36e-8 1.67e-8 1.88 7.58e-8
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The Multiphysics Modeling of droplet generation
in the ultrasonic nebulization

Abstract

Ultrasonic nebulizers are widely used for
inhalation drug therapy. They can be generating
aerosol when ultrasonic frequency around 1-3 MHz is
supplied. In order to improve the drug delivery
efficiency of the ultrasonic nebulizers, in this study,
minimizing droplet size will be chosen out of several
possible parameters. The purpose of this work is to
understand how droplet is generated in the ultrasonic
nebulizers by using finite element modeling in
Comsol Multiphysics program.

There are three modules wused in modeling:
piezoelectric actuator module, pressure acoustic
module, and laminar two phase flow module. The
results reveal not only the relationships between the
vibration of the piezoelectric disk, the pressure
acoustic of the liquid, and the liquid dispersion in the
chamber, but also the understandings of the
relationships between the excitation frequency,
surface wavelength, and droplets size. The results of
this work open an opportunity to redesign the
ultrasonic nebulization device with a smaller droplets
size for better drug delivery performance.

Keywords: Ultrasonic nebulization, Droplets size,
Piezoelectric actuator and Liquid film surface.

1. Introduction

Ultrasonic nebulizers are used for inhalation
drug therapy in patients with respiratory diseases.
They are suitable for young, elderly, and unconscious
patients who are not able to use other devices such as
Metered Dose Inhaler (MDI) and Dry Powder Inhaler
(DPI). In addition, ultrasonic nebulizers are able to
deliver variety of drugs such as proteins, antibiotics,
enzymes or mucolytic drugs, while neither MDI nor
DPI are not, [1],[2],[3],[4].

An ultrasonic nebulizer system, composed of
many components: an electric generator, drug or
liquid chamber, piezoelectric disk at the bottom of the
drug chamber, and a baffle. In order to generate
aerosol, three steps will be described as the following.
First, the ultrasonic frequency around 1-3 MHz
supplied by the electric generator to excite the
piezoelectric disk. Second, the piezoelectric disk
converts electrical energy to mechanical energy that
cause vibration to the liquid in the chamber. Finally,

when the kinetic energy of the liquid is accumulated
enough, a fountain will be formed at the surface. At
the crest of the fountain, due to the intensive energy,
the droplets are formed and flown out as aerosol
[2L.[51.[6].[7]-

The efficiency factors of ultrasonic nebulizers
are droplet size distribution, aerosol flow rate,
solution characteristics after nebulization, etc. Only
droplet size minimization is interested in this study.
Even though, the particle size of 1- 5 um can deliver
drug to the alveolar, however, only the particle size
smaller than 1 um penetrate to the alveolar cell when
patients inhale and momentary hold their breath,
[11.[2].[5]1.[8]-

To produce the droplets size smaller than 1 pum
in ultrasonic nebulizers, three modules of the finite
element modeling in Comsol Multiphysics program
was used. The results are verified by other
experimental works,[2],[15],[16].

2. Theory and governing equations

The ultrasonic nebulization droplet is generated
when the liquid surface is accumulated enough
energy, transmitted by piezoelectric disk, to overcome
the surface tension at the crests of the capillary waves
of the fountain peak,[2],[9].

Kelvin established the expression of wavelength
in capillary waves as below, [9],[10]:

A1, = %9 | 279, | 270 1)
2” plﬂ’s /15

where 2 _(m) is the capillary wave length of surface
waves, f_(Hz) is the frequency of liquid surface,

g (m/s?) is the gravity acceleration, p, (kg/m°) is the
density of liquid, &, (N/m)
coefficient, and h (m) is the liquid film thickness.

Lang has simplified some terms in eq.(1) as
follows: the liquid film is thin so that
tanh(27h/ A, ) =1, and due to the fact that the influence
of gravity forces has such a less significant compared
to capillary forces that (1.g/27z) <<(2z0,/ p,A,)[9]:

1

A _[ 2o }3 (2)

Pl f32

is the surface tension




He found that the droplet size is proportional to
the capillary wave length, [6],[11]:
D, ~0.342, 3)
where p__ (m) is the droplet diameter, see Figure 1.
D

nm

Figure 1. Disintegration mechanism
In order to find the droplet size, the frequency of
the liquid surface, f_,must be determined. There are

three modules involved in this study: piezoelectric
actuator module, pressure acoustic module, and
laminar two-phase flow module.
2.1. The effect of the piezoelectric actuator
The relationship between electrical and

mechanical energy of the piezoelectric effect is
described in terms of stress, strain, electric field, and
electrical displacement. It can be written in the stress-
charge representation as:

c=C,.c—e E )

D=es+¢5.E ®)
where & (N/m?) is the stress, C. (Pa) is the elasticity

matrix, ¢ (unitless) is the strain, e(C/m?) is the
coupling matrix, E (N/C) is the electric field defined
as the electric force per unit charge, D (C/m?) is the
electrical displacement, and ¢, (F/m) is the dielectric

matrix, [12],[13],[17].

When the piezoelectric actuator is actuated by
alternating current (AC: E=-VVv where V (V) is
electric potential) that causes the vibration energy
transmits in to the liquid, the harmonic analysis for
steady state and the transient analysis of piezoelectric

actuator module are used to determine the
displacement response (u,v,w) as the following:
—pa*u-Vo=Fe" (6)
o%u
pE—VO' = Fv (7)
VD =p, ®)

where p(kg/m3) is the density of the piezoelectric

material, o (Hz) is the resonance frequency, u (m) is
the displacement response (u,v,w), F (N) is the

volume force, p, (kg/m?®) is the volume density, and

t (s) is the time.

Next, the displacement response is set as the
boundary condition value in the pressure acoustic
module to determine the liquid acoustic pressure in
the system, as discussed next.

2.2. The effect of the pressure acoustic

The acoustic pressure, the summation of
background and scattered pressure from the boundary
effect, is analyzed by the pressure acoustic module.
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There are three boundary condition used in this
module : the piezoelectric displacement response is
converted to the liquid normal acceleration at the
interface between the piezoelectric disk and the liquid
as in egs.(9) and (10), the acoustic pressure is zero,
p=0, at the air-liquid interface, and the sound hard
boundary condition at the chamber wall as in eq.(11):

N (Vp—0)) =—nug ©)
Pl
o.n=pn (10)
-of-Lisn-a)]-o an
Pi

where p (Pa) is the acoustic pressure, g (N/m®) is the

dipole source that radiates a sound field in two
opposite directions, and u, (m/s?) is the second time

derivative of the displacement.

The governing equations of this module is used
to determine the acoustic pressure, p, in the frequency
and time domains are respectively written as follows:

1 k2
v=(vp —q)-—2=Q (12)
Pl P
1 9%p 1 (13)
— V- (Vp-g)=
pYCRCa pl( p-0)=Q

where k,, (1/m) is the wave number, Q (L/s°) is the

monopole source, and ¢ (m/s) is the speed of sound.
After that, the acoustic pressure is used to
deliver the boundary condition value to laminar two-
phase flow module to determine three parameters at
the liquid surface: the volume fraction, the velocity,
and the frequency, as described next,[8].
2.3. The effect of the laminar two-phase flow
The laminar two-phase flow module is based on
the Navier-Stokes equation which was developed
from the compressible formulation of the continuity:

‘%+ V(p,u,)=0 (14)
and the momentum equation:

ou
2 E‘er,uqut =Vp+V(u(Vu, +(Vu,)")... (15)

—%y(Vu[)l)Jr F
where y, (m/s) is the surface wave velocity, , (Pa.s) is

the fluid dynamic viscosity, and F (N/m®) is the
volume force vector. By assuming that the fluid is
Newtonian and incompressible (both , and pare

constant), the continuity equation becomes vu, =0,
and the momentum equation can be reduced to

3
el %erl (V) :V[* pl +N(VU| +(Vu,)' )] (16)
+p9+F
Then the surface wave velocity can be

determined and lead to find the value of liquid
surface frequency which can be substituted into the
droplet equations (2) and (3).

In order to describe the aerosol phenomena, the
volume fraction at the liquid surface needs to be
determined by using the following equations:



o 72 17
§+U1V¢ZV¥VW 17
when the governing equation, y , is:

2
Epf of

l// gpf ¢ (¢ )¢ l a¢
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where 5 (m/s) is the reutilization parameter, 4 (N) is
the mixing energy density, £ (m) is the parameter

controlling interface thickness, and x (m.s/kg) is the
mobility turning parameter,[19].
3. Simulation models and boundary conditions

The two-dimensional axisymmetric model
of ultrasonic nebulizer consists of piezoelectric
and two fluid domains is shown in Figure 2.
Cylindrical coordinate system is chosen where
the bottom left corner is an origin.

The geometry of piezoelectric domain or
disk has diameter of d; =0.008m and thickness
of t=0.0011m. The chamber with diameter of
d, =0.03m and height of h=0.1m contains one-
eight height filled with water. The fluid and the
piezoelectric properties are shown in Table 1 and
2.

2D Axisymmetric

Piezoelectric disk

Figure 2. A 2D Axisymmetric model of ultrasonic
nebulizer.

Table 1 Fluid properties of water and air.
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Properties Items PZT-4D
Elasticity (Pa) Cell 1.53827x10™
Cgl2 | 9.84558 x10%
Cg13 | 9.31043x10%
Ce33 | 1.28244 x10"
Ce44 | 2.38095x10%
Ce66 | 2.77008x10"
Coupling matrix (C/m%) | 31 -4.7303
e33 15.2586
el5 13.0952
Relative permittivity g1l 796.5
£33 762.9
Density (kg/m°) P 7600
Loss factor 7 0.004

Properties Water Air
Density (kg/m°) 1000 1.184
Dynamic viscosity (Pa.s) 1x10° | 4x105
Speed of sound (m/s) 1480 343
Surface tension (N/m) 0.0720 -

Table 2 Piezoelectric material properties.

When the top of a piezoelectric disk is
ground, the bottom is given 12 V of harmonic
electrical signal causing change in the normal
acceleration that lead to an occurrence of
acoustic pressure at the interface between the
piezoelectric and the fluid domain. At the
chamber wall, both the fluid velocity and the
normal component of acceleration are assigned
to be zero (u,=0anda,=0). The atmospheric

pressure is assigned at the two-fluid interface and
at the top of the chamber.

The Triangular mesh, total of 3,805
elements, is chosen in the finite element model.
The MUMPS (MUItifrontal Massively Parallel
sparse direct Solver) is used as a calculation
solver since it has several preordering algorithms
to permute the columns and there by minimize
the fill-in.

2D Axisymimetric \
u, =0 and a,=0

Ground

Electric potential /l)]:q,

Figure 3. The finite element mesh and boundary
condition




4. Results and discussion

When the harmonic electrical potential
with amplitude is excited, A few harmonic
displacement peaks, appear at the disk center,
shown in Figure 4. The one with natural
frequency of 1.77 MHz is chosen in this study
because the frequency correspond to other
experimental works. Then the harmonic displacement
of 5.226x107 m is used to calculate the setting
time to be of 2.5 x 10™ second, shown in Figure 5
and 6.

-R=0
Figure 4. Vibration shape of piezoelectric disk.
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Figure 5. Displacement amplitude, Z component (m)
from harmonic analysis.

Transverse displacement [m]

0 1 2 3 4

Time [s] x 10

Figure 6. The transient response of the piezoelectric
disk at the center point

Due to the piezoelectric excitation, the acoustic
pressure about 24.5 MPa is increased at the center of
the liquid chamber, as shown in Figure 7, which is
enough to cause droplets generation, [14]
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2.4501x107 Pa

2

-2.8208x107 Pa

Figure 7. Acoustic pressure when piezoelectric disk
was actuated.

Figure 8 shows steps of how the fountain is
generated which can be seen and distinguished by the
color of air and liquid volume fraction. It is found that
the liquid begins to break free at the bottom surface
after 0.30 ms, and then expand to the top surface at
0.38 ms. After that, the mixture splash the whole
chamber.

t= 0.37ms. t=0.38ms. t= 0.4ms. t= 0.42ms.
Figure 8. Volume fraction of Air.

t= 0.3 ms.

The transverse velocity of the liquid surface is
plotted in Figure 9. The magnitude is about 0.4 m/s
and the frequency of the surface oscillation is 1.33
MHz. According to the eq.(2) and (3) , the
wavelength of the surface is 6.35 pum and the droplet
diameter is 2.7 um. This simulation results are
verified by previous experiments,[2],[15],[16].

0.5

0.4}
0.3f
0.2}
0.1
o
-0.1

Velocity [m/s]

0.2+
0.3}
0.4}

-0-55 1 2 3 4

Time [s] x 107

Figure 9. The normal velocity component of the liquid
surface



5. Summary

The results of this study, according to the three
steps simulation, show by the following. Firstly, the
piezoelectric actuator module is best to perform at the
operating frequency of 1.77 MHz (0-3 MHz) which
given 0.57 ym of the transverse displacement of the

piezoelectric disk center that lead to provide the
setting time of 2.5x10* second. Secondly, the
pressure acoustic module has shown that the droplet
can be generated at 24.5 MPa. Thirdly, the transverse
velocity of the liquid surface is 0.4 m/s at 1.33 MHz.
Finally, the droplet size of 2.7 ;m where is generated.

The simulation results in this study are agree
with the previous experimental works. Therefore, this
finite element model designed for this study can be
further developed to achieve the point where
submicron droplet size is generated.
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