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ABSTRACT

The objective of this research is to study on the impact characteristics of
high-speed liquid jet injected in air and water. The liquid jets were generated by
impact driven method. Effect of Newtonian and Non-Newtonian jets on impact
pressure, which was investigated by PVDF pressure sensor being designed,
manufactured and calibrated for this measurement, were studied. Moreover,
characteristics of Non-Newtonian jets were visualized by high-speed video camera.
From the study, it was found that 1) The impact pressure of Newtonian jets injected
in air were higher than that in water for all jets and all stand-off distances 2) The
impact pressure of Newtonian jets decreased as the stand-off distance increased 3)
The maximum impact pressure injected in air and in water were water jet and diesel
jet, being 699.55 MPa and 674.50, respectively. The minimum impact pressure of the
jet injected in both air and water was gasoline jet, being 232.32 and 123.26 MPa,
respectively. 4) Density and molecular weight of liquid were the significantly physical
property for the impact pressure. 5) When the stand-off distance increased, jet
velocities of Non-Newtonian jets (milk, salad dressing, tomato sauce and toothpaste)
increased but their impact pressures decreased, and 6) The maximum impact
pressures injected in air and water were toothpaste jet, being 127.61 MPa and 85.36
MPa, respectively.

Moreover, applications of liquid jet generated by the electromagnetic
actuator for needle-free jet injection, bone drilling and stone drilling were
preliminarily studied. From the study, it was found that 1) For needle-free jet
injection, liquid volume affected on jet dispersion in polyacrylamide gel and such
dispersion was similar to the dispersion injected by commercial needle free jet
injector. 2) For bone drilling, the 5.52 mm of maximum depth could be drilled by the
jet at 80 pulses, being the depth per volume of 0.113 mm/mL, and 3) For stone
drilling, the hole depth depended on a number of jet pulses. The damage
deformation at the hole in this study was shear and tensile. The 74 pulses of water
jet could drill through the 3.18 mm thickness of sandstone. Therefore, the liquid jet
generated by the electromagnetic actuator is possible to apply such applications in

the future.



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | TII

AAANSSNUSZNA

AIdvereuAn WIBAnfned Ainwina UnAnwiseauySygyien saudadndne
szauU3gn3vewiesl jURn1sn1sUssyndldaninnaznisimlugd (Combustion and Jet
Application Research Laboratory, CJARL) A1A3913A9N3531A309Na AnE3AINSsuAIans
UINeNEEUATIYENT sEinelinnsfinw 2558-2560 fidrerinismaassuaziiuteyaay
WAILE3ILATINTT LAZUOVOUAN UN.E389 WNANIN INGIFUUNNEAIEATLAZNITAIEITUEY
UNINYIREUATIFENH TINAINIATVIIAINTTUAAINNITUALNIAIYIAINTTULETT AR
AmnssuAant ninerdeguasustll Alkruewesziadosdelunaaou

Iﬂi«?ﬁ%ﬁ&ﬁiﬁ%UﬂUﬂizuwmqﬂwymnniiﬁaﬂﬂﬂﬁﬂﬁhqwuaaanuaﬁﬂawumwaiﬁa
(@n7.) WAz IeNduauasIvedl Fueynavdi RSA5780001

€
€

Ba

wgatignd Igans



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | TV

-V}
d13U8Y
v
il
UNARganNI¥ ng |
Abstract Il
AnRnssuUIZNIA 1]
GUEIVY \%
GURITGT PR Vi
GURTGTA VIl

undl 1 unmi 1
11 enudduasiiinvesnuise 1
1.2 JnqusvasAresnuidy 2
1.3 YULUAYDNIUIRY 2
1.4 sulsudtidy 3
15 Usslewiiildsu 3

unil 2 naul uazauiteinendes 4
2.1 dwdnauiag 4
2.2 mseysnyluuusy 4
23 anusudes 6
2.4 ANUAUdaUNAU 9

25 Fumdedildlunisnandiinainuiags 12
2.6 wadan1saignn 18
2.7 msUszgndldaulueuian 24
28  AfeiiAudes 26
unil 3 gunsal wazdinnmaaes 44
3.1 msm%mé"}L%méhajéqmmaamw Horizontal Single State Gas Gun 4
3.2 NSHARALAINIBYANAABILUUAUMARINWNWEN NN 51

3.3 N15IAANULSIVDIA AN 54



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | V

#1508y (si0)

vy

Nl 4 AUAUNTTUNINVDIANEN 59

4.1  ANUFUNTTWNNYBIE1LEN Newtonian Tuania 59

42 AusuNSEUNNYRIELEN Newtonian Tuth 60

43 msWlsudlsunnudunssunnedin Newtonian lusniauazin 61

4.4  AI5IVeIEIN Non-Newtonian Tuannne 63

4.5  ANUAUNTELNNYBIEEIN Non-Newtonian Tuainie 64

46  ANUEwEEIEN Non-Newtonian Tuth 65

47  AnusunsEwNnYeIELEn Non-Newtonian Tuth 66

4.8 anﬂﬁim%mﬁ’]ﬁﬂ Non-Newtonian Tua1ne 67

49  WgANIIUYDIALAN Non-newtonian T 70

unil 5 msUszgndldanin 73

51 mavszgndlddidniiienisine 73

5.2 mﬁﬂszqﬂﬂ%’ﬁﬁmLﬁamimzﬂiz@ﬂ 81

5.3 MsUszgnAldudniiansianziiu 87

undi 6 ayunanIsAneLAzdaLaUBIUL 93

6.1 @3UNan1IvAaes 93

6.2 YoLAUDLUY 94

L@NEN5819949 95
AMANUIN 100
AANUIN N JUNMINARDS 101

°o & o a
AANUIN U WadtsannsaLiulATINag 108



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | VI

L%
UV RPRK
= 9
M19197 Wi
21 enusudeduuiagauad 7
22 eusudsdlusinansiigamgll 20 °C 10
23 easivedwia 19
31 aun1IANENITUSIENINANLLEITRINIEAUTlAIINN1INAaeY
AUANUALTUYDY DINADATIY 3 Syey 50
41  auaudineneainvewesvaildlunimenss 60

5.1 AuFNURURIRUNT Y 88



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | VII

%4

dsuggu

sUil v
2.1 MSNARSIANIINNIINTEUNNYBI[NN LAY 4
2.2 &nwaizmsivadivaneiideiile Pb < P* 11
2.3 LHUNINNITYN9IUYDY Powder gun 12
3.1 WNUNIN Horizontal single stage gas gun aq
3.2 feganszau (projectile) Aldlunismaans 45
3.3 dhudsznouvenalnnisdensau 45
3.4 %HMBUHﬁ@\‘iﬂiziju 46
3.5 laezunsunisinAnuiiveanseaulu a7
3.6 fpg19N1suanINaYes digital oscilloscope Tun1sinnnuisavesnseauiu a7
3.7 dvSwavesmiuiuresomAdarem e INTEaUNTELeeY (range) 48
3.8 fovazanumananABUTiBuRUNg Yl (% error) vesmNITINTzAUT Il

Iuﬁgﬂ 3 5%y¥ (range) 49
3.9 NMIHARA1LINAINSIFY (High-speed liquid jet generation) 51
3.10 5Un59909an (Nozzle geometry) 51
3.11 @usznauvesyndu (Actuator) 52
3.12 nwauzlaseasaveinga 52
3.13 29aslwihwesgunsaldsdneendednin Mdynduanusimdnluii 52
3.14 gunsaldsmoesnedninaundigs Aldszuuusimanlvihduduig 53
3.15 A8MsHARaLANUUUNTELNN (Impact method) 54
3.16 Laser beam interruption method 55
3.17 Piezoelectricpolyvinylideni fluoride film, PVDF 56
3.18 ANNANUEIENINLssiulnih wagaudunsELmn 58
3.19 WIAAIUGUNTEUNA 58
4.1 BvSwavevliaveuvnalvesdnesianuAunszunn nIdidaluaine 59
4.2 BvEwavesriinveavaesdiviserudunseunnlutfinadiaalu 61
4.3 maisuifisuaufunssunnvesdailedaluannauasih 62
4.4 A111529838159 Non-Newtonianita 4 wiialupinie 64

4.5 MENATDITEeLIUNITIAANUAUNTELNA ABAMUSUNTLWINYRIALANTUEINIA 65
4.6 AU5I0981L9N Non-Newtonianyia 4 vfialuiin 66



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | VIIT

#15UtY3U (sid)

sUil v
4.7 Bviswavesszezlunmsinnruiunszunn sernudunszunnvesddnilud 67
4.8 woinssuvesanianusluinie 68
4.9 wAnssuvessmiadalueinie 68
4.10 wgAnssuvesaingeauziomaluainie 69
4.11 weAnssuvesdinendntuluenna 69
4.12 ngRnssuvosdinusilun 70
4.13 Wqﬁmsmaqﬁwﬁwﬁwaé’ﬂuﬁﬂ 71
4.14 ngRnssuvesdinuzdomaluih 71
4.15 weAnssuvesdninendiuluh 72
5.1 (a) gunsaidedesuuuliliduldduidmnluin Tnefusimanluinduyadu

uae (b) ANwaEYeIEN 74
5.2 gunsaldscneeuuulldidudvie Comfort in [79] 75

5.3 3NSWAVRIUSUINTADAIULET LATAUAUNTELNNVDIA ANV
gunsaldsaneeuuulillddunldfumdsnnluih lnedudwanluindugedu 76
5.4 9N3NAVIIUSUINTHDANULSET LALAIUAUNTELNNVDIB ANV

gunsaldacn s uuu i duiliduidnnass 77
5.5 wgRnssun1sunsnszangvesainvesgUnsaldsaveuuldlddy

ldFuidaanladi nesusimdnlifinduyady 78
5.6 WRNIIUNITUNINITEAEVRIaINVDIgUnsaldsese Uil Ay

AldFuidaenayse 78
5.7 nuazgUsnansunsnIzaeuesa iy 79
5.8 Mauninszanevesgunsaidenosmuulalliduildduidsannlin

Tnefudmanluiuyadu 79
5.9 MIunsnszaevesgunsaideesuuuliliduilifuidenayie 80
5.10 BvBwavesUiinnsienBIiIvesdInusasuluiuiniy

100 Volt, 300 Volt waz 500 Volt 82
5.11 BviswavesUTinnsdennufunszunesaniniiusaduliiiuyindy

100 Volt, 300 Volt e 500 Volt 82
5.12 dviwavesUIunnssenudnvanIEgn 84

5.13 laseas1aveanszgnainmsidiases CT Scan 85



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | IX

#15UtY3U (sid)

sUN v
5.14 8v8Wavesd1uIU pulse VBIA1INHOAINANTDINTLAN 86
5.15 IAs9ain9vensegnfivIuIu 10-80 pulses 86
5.16 BvdwavesuIngiidn uazszey travelling distance fioANSIVOIEUINT
Y3195 0.5 mL wazusaului 500 v 88

5.17 81SNav0IUSUINTHEANUSIVEIE LAY Mwsesulnda 100 V, 300 V waz 500V 89
5.18 ANENAVDIUSUINTHOAUFUNTLUNNUDIANAN

ﬁLLiﬁﬁulWﬁ’] 100V, 300 V wag 500 V 90
5.19 NSLEYEUDIAUNTIY 91
5.20 BVENAT0951UIU Pulse Uod 1 iINAOANNANTDIRUNT Y 92
N.1 Horizontal single stage gas gun 102
n.2 nszgulu 102
n.3 laLes 102
n.4 fsudyaaases 103
n.5 evadaladlay U GWINSTER GDS 2102 103
n.6 Huaulsnd PUMA u XM-2525 Puma 3 Hp wu1adsau 260 x 700

L5999 8 bar k398U 260 L/min 103
n.7 \3estaAinea Tu GPS-3001 Afnf&s 3000 ¢ AazlBen 0.1 g 104
n.8 i 104
N.9 A7 PVDF Pressure sensor 104
n.10 MngnAu 105
n.11 M3UdegnAuLUUDaTY 105
n.12 &yaadlslihiiléann Digital Oscilloscope lumsinauisavosdins 105
n.13 dyaadlnlihiiléann Digital Oscilloscope lumsinanudunszunnuesdmia 106
n.14 yandnaninildsumdaannusimantyiin 106
n.15 yagelnii 106
n.16 mim‘%smLﬁam”fiauﬁ’]mimaaq 107
n.17 msdsdeelagldgunsaidvie Comfort in 107

1.18 YINASAUANNOVINN1TINDNSNARI99) 107



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 1

uni 1
UNu

1.1 Aadfuasiinvesuise

wqﬁﬂﬁmmiﬂsmmﬂmaaé’wL%wﬁwmmL%qqwuﬁuﬁﬂummmlé’:ﬁmiﬁﬂwLﬁamu
NFIUIAINTINMA Y F1U LU NSANYIALIRU Cavitations [1, 2] LA3oeduLnaa (Fire
extinguisher) Lwﬂiuiaﬁtﬁsnﬁ’umsﬁ’mimaém'a (jet cutting technology) N1svinaze1nTanlag
8114 (Material cleaning by jets) N13vMIoLsUAZN19A12LUIALALNITNTEUNNVDIANY
m’mﬁ’;qq (mining and tunneling by means of high-speed jet impingements) [3-12] A5
sattuluindessudiiea nsanindunieleauluiniossududeledy (Direct injection
gasoline engine, GDI engine) LazLASaIB LS SCRAM jet (Supersonic Combustion Ram Jet
engine, SCRAM jet engine) [13-28] %’uﬂuﬁmwﬁuﬁ'jwﬁﬂL%wﬂf’]mmL%’J@qmmsmﬁwmm
domevdevinmaasunlasguineesiannsvesianld Tngmnaninnszunniuiuiaves
vosuds dudnaziliiAnaufugeinuuiiuio lnsanududanarvinliiinnnuduuy
fufndwiliiuinianmsdemetu lnosuusnanudemefiintuaziinainnisinnseu
nifianly (Rain corrosion) [29-36] 3ai3undnag1aniainnisvurendany (Rain impact)
wazdalmnudemevesludnsvestuiulet wazn1svhanuazoradiednin usu fafu
sATeRunarliaud Ry luiinsnszunnvesdninluenmdundn Jsezsdatiulud
aameneulumsnandinanuigsiieisuaziniesdenien muinguszasdlunday
ATy Fanddluussiiuilianuaulafenseenuuudsliiaumnganlunisudadiin
TAuSgefian uenanil msnuvidesnanszunnvesdiindilviauaulalufinng
Aemeiietuvuiiuia wazn1sasiatannudunszunniintulueinie egaslsfiana
WOANTTUNIINTEUNNTBIEUTN Non-Newtonian uag Newtonian 81¢ uannanSmi &
Lifinsseaunauney

Tuilgtu nanssunnuesdinhuuiiuisludlddinsfnuideiie sussandldiu
ATUNITWNNE [37-39] 1 N15LEaantunIsHIAA (Micro jet cutting) A15lg811anTun1s
vhaneffeudeniigasiluiduiden (Blood clot dissolution) Waz nM3dsange1vzeindu (40,
a1] wonanil Ssdiaumenewdnuiiiotluusseadldlugramnssulévemeadniae (a2,
43] wu nsinlassassliveialaeanenanusIas (jet cutting marine structures) #3813
wirldnzia et drilling at the bottorn of the sea) 1fi8491n NIV NINT A
disswelunnirluldoulugeavnssudananld fashesdnsfnuidesiuietugids
Tuddhaudafinu [42-44] uwiaruidvesduiviidnvidadausai dretesidalugu
weilanswandnin wenani Sedifesnsdnudndnindedaludurindu fufy NEANTIY
nszunnvesdninanuiigilureamardudadilifimsfnuaniey



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 2

nuAteiiingusrasflumansaamufunssunnuesdiinerudigasiodadily
Tuhiisvoyisantidn TneAnwsvinauesdndn Newtonian uag Non-Newtonian Lila3n
Tt nsudaddndemain Impact driven method [2, 3] gnusnUszgnaldlunisuadnan
L%Vlmmﬁam mmﬁuﬂi IR aﬂmaﬁﬁmm Pressure sensor fil@aanuuu a31uazsi
nsaeuiuTuiionudsed uenani wqmmmmsnsamnmaamLf\mf\]umuuwnma High-
speed video camera WOANIIUNITHANLUUNURIAIE) f\]uﬂﬂﬂﬂ‘b"]LW@UWIU&ﬂ’]iUiuUﬂﬁﬂﬁu
mumummwmjLLauqmammaﬂmwamLamalﬂsluamﬂmaﬂma

1.2 IngUssaeAYR991UIY

12.1 LﬁaﬁﬂquaﬂiiumﬁﬂszLmﬂsuaqé’%%mmmﬁagﬂufw

1.2.2 1ilovinaudladedninaves Newtonian uaz Non-Newtonian lutiisie
NORNITUYDINIINTLUNAVDIA DY

1.2.3 iiosdunedounnineszmrinaudnuazmanszunnvosdiineuagdutiy
luenie

1.2.4 ievhmansaaouarudunssunnuesdiinarusgdunifissogvinsoanain

1.2.5. \ieAnymgAnssunsd@emeniniuainnsnssumnvedinausas
1.2.6 WisfnwimgAnssuvesnisnseunnvesandaieldiluteayanugiulunudiu
nsunnduazgnavnssulaviemsia

1.3 Y2ULIAYDIIURIY

1.3.1 ¥ swand1anausIawuL pulse 1ng38 Impact driven method 91n%n
NAABILUU horizontal single-stage gas gun M’%@ﬂ;mwmaaﬁuﬁmmzam

1.3.2 ﬁ?ﬂﬁaaﬂLLUULLazﬁwmﬁqeﬂwmaaﬂLLUU Horizontal single-stage gas sun YD)
ymnaesduiimnyay Tudaninanudunssunniiolilumiafed

1.3.3 1136579998 LANTAENT7 150 m/s Tuenianseadnanssluseduninmss
\e

1.3.4 Newtonian liquid 7ildlun1snaassiiliitdesnit 4 v

1.3.5 Non-Newtonian liquid fldlunisneasadulsznm Pseudoplastic, Dilatant
ae Bingham plastic

1.3.6 fulsiliruavlafevinveanas uwazalinvesinaluiemaaeu fisvazsing
91MIRAAN

1.3.7 WOANTIUNINTEUNNILYNOTUIYAILAUAUNTEUNN UALNITENAN

1.3.8 fiuns1e uazveaudefifinimmuazgnliidutagmaaeunisnszunnlumsdnw
WlDNUNIAUAEMINTTU LAYNIFILNTULINE



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 3

1.4 52108U35738

1.4.1 vummassunssuifsrdesnnnsasivnsislulssmeanazisssined
\Rendesiu

1.4.2 ¥NN1590NKUY @519aNRaesdniunIsnanainamsigeemaiia Impact
driven method uazymsnaasaileliganaassiimnuannsalunswandniiniandgdls

1.4.3 vasewmdnidvarniigdusimauarluih auveuiunmside

1.4.4 99nLUU a§ﬂﬂqﬂﬂﬁﬁfﬂﬂaﬁmﬁuﬂﬁzLLwﬂ (Pressure sensor) wagyinn13dBULIEY

1.4.5 Anwrdninaveswiinveaidnluoinie LLasIusuaﬂﬁwﬁssazﬁﬂamnﬁ’sﬁmms] $19
ATuFuNSELINLAT NN IO AnTIL T AT

1.4.6 ﬁﬂmé’ﬂwmmmﬁammmﬁuﬁaLﬁ@lé’%’umsﬂimmmmﬂé’wﬁmmmL%’rqq

1.4.7 asUuazilgusenunanIsivy

1.5 UseTouifitlésu

1.5.1 $fegnidnuaisvommginssumsnszunnveainanusagaluih

1.5.2 anandladednswaves Newtonian uag Non - Newtonian lutsenginssy
YDININTLUNNVBIANIN

1.5.3 Wladounndrsseninnudnvugnisnssunnvasdiinanusgdluiivly
91MA

1.5.4 19119895 Wav0392H2U19TENININIRARDAIINAUNIZULNAN LATNORNTIUNIT
QEE

1.5.5 I§foyafiugiuresginssuwasnmnszunnuasdniviunufunsumeuas
gaamnssulaviemela



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 4

unil 2
N8 wazuIAeNNYIVa

°o = <

2.1 ALANAIULIIEN

o < . .. = A PN

ALAINVDUNAIAIULIIGY (High speed liquid jet) ABD YBUNAINLAADUNDDNIING
v o da ] 2 ocgva & o & £ & a o & o o g v
Waandvwadnegenimvihiiiaidudianty ddunisiiadidnauisavilalagyinli
voumaInegnglumdadnnuduiinausgasngd ngldnsadeuivesingnszunniu
vounatfiegn1gluida Nldufan n1sszilnvesiulu 9nause :NANNAUTE LA
wazAuiaIduY lun1stuwnaowing

2.2 MIaySnE LUy

nnvdnmseusnEluuduannsanansainuvesdnininGnlianis Impact
driven method lelagldndnnisnisanelowluuuduvesgnnszguluidulumudiuvesdnin
IngluniseSunvavanudlvignnszgumntin 0.47 g v1137n High density polyethylene (HDPE)
\ndeudiFieannanga 1100 m/s duandlugud 2.1 Wlegnnsrauindeuiinszunnivusanan
AULEIINNTEAUIEANaY (V) Feaunflsifu 400 m/s anthugnnszauasiadeudiiily
Tudnduszey 8 mm (U fuandugud 2.1 wdniugiiviezindeuiivonaniiada lu
msfinsannnUAsuulasineg aunsadunild fil

V,=1100 m/s
V,=400 m/s

I —

© A
8 mm

L

Il ".\I\'ﬂ V,= liquid jet velocity
TN
'I\'l.u’.f'r\\\ I‘u"

Uy
JUN 2.1 NMWEREAINIINNNINTTUNNTBINNTTAY

nsdsusadlumuiuvesgnnszgy (AM ,) awnsamiaainaunisin 2.1



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 5

AM , =mAV, =m(V,~V,)

(2.1)
nswasuLlasueanan (Atj) Yeadudnnlaannaunisi 2.2
L L
Al ==
~+vy) Ve
2 (2.2)
Tuduyesdninaansamleainaunisi 2.3
M =[m |V ae )= (p,ap | 2
i T\ NG IRE )= )
av (2.3)
dlensasuuvadauusuwiiu Tuwusivesdin AM, =M, avl@aunsi 2.4
L
mAV, =(p, 4,7, \V, {V—j (2.0)
Fariurnugmeiniieenaniidnanunsofuialdainaunisi 2.5
V. = (2.5)

ISR

P2 fe ennunuiwduvesdnluiide dedulugiuliiniy 20% w3edan
Wiy 1200 kg/m?

A fe Nufiviidinvessiidn

Mmoo fig WIAVRINN T

o fle muidavesgnnavauEuen

Vi Ao mudwesgnnsquidonssunniuvesivan
Voo o evidaadovesgnnavay

~

= a « v v a
Ao szeeiignnszgundiounidnlvlumin
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Fsanmslideyarieg dananduzui 2.1 dAualagldaunisd 2.5 wui aamis
yesdninaziiAviniy 2860.3¢ m/s Fsanitldarnannisit 2.5 azidudiildannuavesnis
nssuMnvasgnnIzauinty FedslalldRnnaiiosnusadoanu dafudiilldatassodien
anasInenfiAald

2.3 AUNEYS

AIsades (Speed of sound) [45] Ae sravvefideadumsluluiinandlas Tl
wilavtenan ImaﬁalﬂLﬁaa@umﬂummﬂﬁﬁammﬁ 25 °C %ﬁﬂ’nm%f’awhﬁ’u 346 m/s
GE miummﬂ‘mammm 20 °C arilannudaniniu 343 m/s faduaudadsasiidun
mauaaawumuasﬂuam‘mmaﬂmﬂmq wazodldsudvEnanauTuthadnios LLmJ,aJ
Fuuausiuenie LuaqmﬂmimumwaqLammﬂamiauﬁuaﬂmLaqamaqmﬂmq ey
Fosazipumaldidtumninatsiinumnuiuinn wurewds uidsdldannsaiunidld
Tuoaneld 1esnneamadugyainadsifiluanavesiinats aunisvesnnuiudes
(@) filuannsaduamldanaunisi 2.6

‘/c
a=_|—
P (2.6)

c Ao duUsyansYaIANLTNTa (Coefficient of stiffness)
AD AUUUILUY (Density)

3

NANNITA 2.6 AULENFEI2TA1LINTY 1HDANULTINSUANTY Lazazanadlile
AU UL

231  anusudaclunis

1 a U { 2% o v i
ANAMULSF L Co) Tusnnananflanusiduniaanuisasuileaainaunisi 2.7
a =
gas 7p (27)
A
)
r Ao sutleziieunfn (Adiabatic index) ¥adwNd U3BANAINUSOU

TN
p Ao AueY (Pressure)
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fratiu AU I A ULAZANNITNAIUIRANANNITT 2.8

agas =

/
o,

Tunsdl wiialuaeuaf (Ideal gas) amnsavanusudsaldainaunisy 2.9

aideal gas = V}/RT (29)

R Ao A1nafivesuia (Gas constant) (287.05 J/(ke.K) d1m3uainie)
Undlumeennanasnansinimann msmsenasiivesuiaaina
R (J/(mol.K)) pae Asnalua (molar mass)

T fio Agamgliduysal (K) flanwussennmnasgy

M15199 2.1 anunsudssluniiagaund [45]

FYAUALE gaunall m/s | km/h | mph | knot
sesfutimeta 15°C (59°F) | 340 | 1225 | 761 | 661
11,000 m - 20,000 m | -57°C (-70°F) | 295 1062 | 660 | 573
29,000 m -48°C (-53°F) | 301 1083 | 673 | 585

Tunsdlvesialugauai mnuwsides 4 astusgivaumgiiviniu lnsldvuediv

ANAURATAINEY dnsueiniatuieuiielainluuialugaund eungiiveseniaay

El El U
¥
Y 1

WasuwUawmusgiumuas Fasdunalininudivesdesiseduninugasiig duwnneng
M auanalunnesem 2.1

232  anusudasluvsanad
=1 [ < 1 (v 1 gj (=] [ < 1 =
Y93na19E AU LN T LT IoawTY TneazluinaveinuudanSasonsadou

v & ~ a, . o -
satiumnsvaadsdurasuar () gransamleainaunisi 2.10

a = _|—
Sluid
! (2.10)
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K fe lugdavesn1sdneszifieundn (Adiabatic bulk modulus)

233  anusudesluveuds

voaudstufidnaruuiunidhiifuguévisdoussiudn vien1sasudiuing
(Volumetric deformation) wazwsaiieu (shear deformation) fetudadululgfazindn
ﬂ?{uﬁmﬁﬁmmL%iﬁﬂaﬁuﬁuﬁugﬂLLUU%@&ﬂ?iquLLviasuaaﬁuaqLL%aﬁdu Faflounm wazAIunU
waneney mnuddsdduvesdsansamldanaunisi 2.11

plane

P (2.11)

asolid(thin) longitudinal =

E & ) o A v
rlane - fg - Falugaaniuntiisnu (Plane wave modulus)
P fie ALY

fatiu Aanasasslusnateiilumanaziianuszann 5,100 m/s A5V

¥

199983 I@IsamlaannIsunuatflugdanislugdanduntisiu (Plane wave

E = v o o o | . ,
modulus) (“7ee) amleiann Selugdaveanan (£) uaz dnsidiuvestages (Poisson's
ratio) Auansluaunisn 2.12

1-v
S (2.12)

E  fip Adslugda

flatiu AU veudssannsaruInleaInannIsi 2.13

) _ | Ed=v)
solid (thick) longitudinal p(l—v-20%) (2.13)

dmuaduauung (Transverse wave) tudslugda (£) azgnunuseeilugdaves
W5989U (Shear modulus) G fatiuanusnassluvaawdsausamlaainaunisi 2.14
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Asolia  transverse =

G
P (2.14)

G feo lugdavesusulou (Shear modulus)

[
[y

ziulddn anusiwendedlurewiaziuegiuanuruisivvesinalaintu lng
Liuiugaumgivosuds

2.3.4  anusdaslusinia

AnuLsweadssluainiIFaIunsarAlaaINaunIsA 2.15 wavaun1sn 2.16

P (2.15)

@uir =AVRT (2.16)

Wie
a 0] m’mL%’;L?ﬂawmuﬁaﬁaﬂmq, mls
7 fi Specific Heat Ratio, AauUsl3aa
2
Ao pnugn, Pa kglm-s
N . . 2,2
Ao Adukdavawiasiinang, J/ kg K m"/s°K
T Ao aaumad, K

[ [%
= 1 £y

suiuladnmnududssestuegfudinaiwingg naiiduvewds veunad uasuia 9

[y v

o § val 1 & a4 o ! d'
‘Ugm'ﬂ,ﬁllﬂ']ﬂ'mllﬁjLﬂﬂ\TV]LLG’mG]']\‘]ﬂu @QLLﬂ@QIu@]'ﬁ'N‘V] 2.2

v Y o/

2.4 ANUAUYIUNAU

ANNAUEDUNGU (Back pressure) Aim AUAUNIUNSIAGOUNVDIYBlaTiagneTy
hidn Favtuediusvezivesinaindounangluiia () uazAinnudeaniuindmionseih
fugnaumadeuniiteduiuveavadtluida () Tunisiansun dvualvaudunaglddui
vaunadnegagluiidane Py araududoundu (P,) danviniu Py lunsdliazliinig
waeuNvesvadlvarugiaAnTu Wit P, A1anas Fateendna Py lunsaliguilvediva
a o o a a = i Y . I o o - o A
Megngluiidnzisuiinnisiadeunlusedu Subsonic Kugiidn lnefiaiuduninisesn
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999930 (P.) azdiAyiiiy P, flanasiiu uazA1 Mach number avasdailandosndn 1 nns
anaswes P, azvlmAnnisluafisnsinisiva (m) edrsdeiiiosaunseita P, amawuﬁaf\mﬁ
AuFuAngm (P) vl Mach number Sy 1 Faanansaesuieanuduiuduosan
U P de P, Idanaunisi 2.17

V4
* i
P2 ) (2.17)
B \r+1

P, A AIUAU Stagnation pressure ISUAUTNININOONUDINIDA

A15199 2.2 anudadesludanansfigamgll 20 °C [45]

yilnJan AT (M/s)
21N 343

i 1,480

Yuds 3,200

W 5,300

Wan 5,200

aein 1,200
wilnTan AINET (M/s)
ey 4,950

W3 (ga1) 80

T3 (W39) 1,700
ABUNIH 3,100

dlo P, anasauA1 Mach number fimsesnvesfidnsuiidlndides 1 w1ng vidwa
904 P, azkifinasionislualuida deen P, azSuiiawindu P* arsnsinisluaszasil wazan
Mach number 9z3unu 1 wadalunsdifl P, < P. aziinnisvenefivewadina wien1s
venefeesaduiuiivaneidaduanduzud 2.2
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Expansion

Compression

Expansion Jet boundary

JUN 2.2 dnwaugnisivaniatesiddeuile P, < P [46]

nsRarsanausudeundunaonnueIvewiefliinisiasundasiuiiniings
Yeeiian (P, anansafiarsanlaeimvualmdunslnaniunszuiuns isentropic Wunislva
Tu 1 77 lunisiasanagldmanuidmesveslvafinieesn V. Auiamia1 Mach number
fivnseen M, Tngldaunsi 2.18

V. =M a (2.18)

a, fo anusudevesvedluainisesnvesiiia

1961 Me Aildannniseuianiionian 4f./D 9 naseauduiusveanisinauuy
adiabatia lunisivalu 1 i wazAnnavesanudsavudie

fuanan 47,/ Tnensuwnuen b, £ uaz D 896 (, 9z ¥nanndatefidnaudwiumus
favlafiasRansandn Py

Aunia 4fl.o/D tngldaunsi 2.19

41 _/D=4f1/D-41 /D (2.19)
HE
f fa friction factor vesurviafiugnay
D A lURUAUENA1NTaIe, m

14A1 4fl.o/D M8 PP  21nanseanduiusvesnisivaly 1 faMduuuu

a

adiabatic LagAnaudsaniu wnua1 P nauns PP = 4fl/D Tuaun1si 2.17 Fsazla

[
v a &Y

AUNTANMUFTUNUTIENING P, NU P, LAgNAT Py ABAUAUTBIUBY ianUateiiadnumus iy
AatuaglanuAugaunay back pressure iguvisiiaula (P,)
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v o o

2.5 fumasilglunisuanaanainusags
fuidsildlunsiugnnszauliiianusrgadendadninildluedia uarlutaqiu
215 nsavaundeanu wieiFondidumd@addun 1) fuiidsainnisszida Explosive
chemicals) [46] 2) AufA18991NN15NABAUDIAUTI (Including compressed springs) [47] 3)
Fufdnarudureiianed nee1ne (Compressed gases) (48] waziileldunuaniils
fnsAndusuidduifldlihlunsdugnassaulunssdndnin neaziBonvosiumdily

Tunstugnnszguiiondna 1 anidneg

2.5.1  dumdsannisseiinuesansusznauniaadl (Explosive chemicals)
Y o w a = ] Ya A S oA A Ay Y
Aufgeannissziinvesansuszneumanil lngdiuunagldautu geaudunldag
I3 A v v oa & a | = a . a a a A =
Jusiawerduiuiutuiiussyedniglugnnszautulsiia (Rifle gun) niognUuyindus &
Autunussrednislugnnszauvestuvilanineg asllnuaudiunnd1eiumudiunay uag
nUsTasArastuTy
lun1s?u wsegegnnszgulvitadeun seldvdnnseie WedAuluiussregnielulaen
nszguiinnsseilianseniswnluniidy agvinliannuduniglulasnnszquiiiugauegia
a o § v a P P v A = - o o v
510137 i lignnszquiinnisiadeuiiluthani Wegnnszguinfounauiulinaindesluy
wiasauiinainniswnlndiiaggnszugeanld Ineduneulunisdu wsedgnnszauause
a v v o o o &
asunglalluden duwandlugun 2.3 fal

™

UM 2.3 uNuAINN15¥N911Y8 Powder gun

(1) FUIUTDINNTLEUYNIA

Y 9
a4

(2) Fuimsenindvesiutunigludasnnszgu
(3) nmsin dvesiuturilninanuiy wazuiaseutuag195ing
(@) arusuiindunslulasnnseauussann 14 - 68 MPa
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(5) gnnszauiBAdeud Laandvswavesnnuiusuneluvaennsegu

(6) Fuflussinunsindeuiivesgnnszau

(7) Audugedu fesanmawlvdiveshiutulngazun

(8) gnnsrauineuiildsraeniaunniu uaganudunieludasnnizauiuanas
oannuinesilegiumdsesgnnszquiiiuniniy

(9) legnnszauimdeuiiviundindestiu ufadeuainniswilndifazgnszuisesng
U358 wavAnudungludasnnsyguitzuiiuauiuusseIne

2.5.2  AUNAIRIINUIIAUVBIUAFRA9Y %#3001n1¢ (Compressed gases)

Furindawesiatesldufaun (Lisht gas) 1w lolasiau (Hy) wie Sldew (He) Wudy
mastunisBegnnszau neddiuuseneundnde duiumuAuEs (High pressure reservoir)
WHUWd1U"9 (Diaphragm) ieUdesannsegu (Launch tube) Lazannsy qu (Projectile)
Tnglugnnszquas aﬂmmmmwinmw’mmwawaﬂaaaaﬂm au TaazAnfuuHy
diaphragm \leufaiunfiussgeganslu Reservoir gﬂwﬂmmmmugwu A87356119°) LU
31NN tndl (Combustion) 9 NuMaIAILSOUNI8UBN (External heat) 31NN15¥159U589
(Electric charge) 210 Shock wave Laza1nN15AUAIYDY Piston (Piston compress) i
ArfuTasuAaURtgeduIunseausiy Diaphragm nusuliild wéaSudnuia anuduile
melu Reservoir axdugnnazaulsifienuisufiutuduandusuil 2.0 mnvssgndnguesnis
\waouiivesdafu szanunsamauEiiiintuiidundsineg naenauenaindestivlg
il

compressor — empty steel tank —\ Eg‘:fr;:gﬂ;aped
e = steel perforated I

£ down gas flow
7 helium gas < —) [ tube  steel tube

at 1200 K,~ = -
.. 10 MPa A LLK gate valve L projectile _/4
777777777777777 insulated steel tank gate valve
gﬂﬁ 2.4 LHun WaUUIENaUTd Single-stage light gas gun
N?ﬁﬂ@\‘i@ﬂﬂi%?jﬂﬁlLﬂ?ﬂéﬂﬁﬁ?ﬂ’)&lﬁ%?ﬂﬁmﬂ’ﬁﬁ 2.20
dv, dv,
m—-=m—v,=PA
dt dx (2.20)

I
m AB UNNUNVDIGNNTTEU
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V a < ) ] x

» AB AIILSIVOINNTEAN Bl sunia X Taq
P Ao AU

A A9 NUNNTFAVDIAINADIVU

N duANIIRaeAANNEITeEINAeIUY (L) aglagunisi 2.21

2
mvy _
2

L
A j Pdx
0 (2.21)

Vo A < =i o v A
A ﬂ'ﬂ']iJLi'JSU@\‘]Qﬂﬂigfjuvwn\‘i@@ﬂ‘ﬂ@ﬂaqﬂa@ﬂﬂu

~ v | P’ ° v D oA a =~ a ° P
dieliingsiansiansanasimuali P frainaeanisindeunvegnnseguludindsdy
azleaunisn 2.22

m (2.22)

¥
A a

lagaun1slazlA1nulana1aliedaIn ANUEEANIUTENINNgNNIEAUAUNURT

(%

nelugindastu wazAanusu P geluanuduasaimnusuazliadg ileeinnisiiuay
13989 Y0UTURTAINABWUIINNITIATOUNVRIgNATEAU Famusu P danaiasliuegiu

a

wRauazAuRunely Pressure reservoir (10) & farsanluniaenuni (Idea gas) Fdl

gy o uazanuides sound speed) 10U @ aadumnusuues P Tuvasuia
VYIAIVLAAMNFURUSANANAITN 2.23

o1
P — [)0 ] _ Vg (223)
(71}
e

g Ao AMULEIVDINISVNLUDILAE

Y D Ratio of the specific heats
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d1aun1sn (2.23) Ilunismaianuiivesiandsgnnszau azladnsdiunes

P/, wAUBYiUNIY

v, (r-1)
2a

1NNTEUIUNISVNBFITDIUA] F80818/1970 High pressure reservoir FaLdunns
waamndsuitazaunielu High pressure reservoir Litaluiy vialssanuifrvesgnnszau
Arunrgegavesnisinavesfiaasietuide uiaudsunduimuadiflitunistu vie
Fsanusmesgnnszauliianuiigan dvlurneiuaudurewufasranasaudugud
Tasmnuweufaiindeuiianunsadaldanaunsi 2.24

vmz( 2 ]a (2.24)

y—1

éﬁ’qﬁummL%’Jqﬂqmﬁmﬂaaﬂﬁuaulﬁa (Escape velocity, Vese) angnsamuiadldann
AuNSN 2.25

v,..=[ 2 Ja: 2 |RT, (2.25)
esc }/_1 7/_1 M

mol

Y

s fig AnusigeaaveLianviesn

o))y

? Qquﬁmﬂu Pressure reservoir

X S

A =3 .
mol @y waluanaveswianiglu Pressure reservoir

=

Ao Universal gas constant

@ 1 d' =

Light gas gun azdiAuiiasganneieldunaniiaiuia

9

[

Fepuduiusinansi
Tuianasn uazuiaazdosioumaiigs

ydgnnszauilfufaudensafiuausulunsdugnnszauliaetu Tasldufa
WIMUUARITI 3o ENIT YaBagnnsvauwuulduiaiunaesdis (Two stage light gas gun)
sananduguil 2.5 Jaduyndeiidenldfiuegnaninenns laevdnmsvianu axdiufawiiiussg
ogaelurenfndmuinaziFouiduidugngu onin Pump tube uazdnduniaazUnlag
Steel diaphragm tlegnguiadeuiiiinlng Steel diaphragm azviiliAnAufugaNn aush

Tiuniu Steel diaphragm @nva wdsnntuufaunnagludugnnszauliaiond
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heavy steel rupture steel Silencer-shaped
steel pump diaphragm launch baffles slow
piston ‘\ [ tube r sabot [ tube down gas flow
- \ )’ - - vacuum -
burning mixture of \_ hydrogen \— projectile  gate valve —]
methane and air gas

gﬂﬁ 2.5 WU INEIUUIZNEUUDY Two stage light gas gun

253  AUNM&RINNISNADAYELEUSY (Including compressed springs)
furndsvesistagliussdldnnnsnadavosatss lunsfugnnszau wiiegngu Tnei

ussnaUsfinserhifugnnarquariuegifurarudaosats (K) ferarudaosayss

ifnarermuiivesdnin Insussiinssiiugnasyauanansdiuaildanaunisil 2.26

F =KX (2.26)

F A9 LSINABAUDIAUIS
K Ao AMINvRIAUsa
X fie szgniaU3egnniInadn

2.5.4  Gun1dsanlniln (Power of Electricity)

sumdsantninfldlunisndngin dludagduislainisfnu wasgnuiuildanu
Tngndnnisildlunisudnaninde szinistendsnulninadliiuyadu (Actuator) 90y
gaduagyiminiduiu vienszunnveamnainedngluiida wanindudnianvu 3aain
ATeAIuN [49] aldsumdaanluin wazldyaduain Piezoelectric Tunsuanaiv
widlitedere Usunsvesdiniindnlareudiates Juilisidedniatunisldeu deiuly

a v e va v ) g Y I3 ~ | v a =~ a

AeiiRaleanfuyatuninldudvdninilunisnszunnveavategangluidaiiendn
o aa A ¥ [ @ ! ] -1
a1 Wnenguf Mnertesiugaduanudmanniifided

a

1. nenaenulaiveing nawulatvesinge navunegluinguia (m) 7
Mduadounisenuss (V) Jsaunsadunaldanauinisi 2.27 Jsasiuimdsnuiaiay

[

TuaE U UaTAINILTIVDIGNNTLEY

E = lmv2
£ 2 (2.27)
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Ao WauIal, J
Mm@ 1IAYDRNNTEAY, kg
v flo AULEIVRIFNNTEAY, M/s

2. ngufvemdsnuliifiazauludiivlseg lunmsoenuuuyadaagldisnaiu
azaumdanulvlililudnfuuseqiidianag (© fuswiulatin (v) Fsamnsaduumdsany
ntihflavasludafuuszglianaunsd 228 Ssasfiuimdnuarauiflilunisdeasiuey
Aurnuguesiiiulsey wasussiuliieesiuiulsey

1
E ==-CV’ (2.28)
2
o
E P [ v @
¢ AR WaNUTBIRINUYTEY, J
I v ®
¢ AD MNNYUDIRANUYTLY, F

v Ao uswulwihvesifiudszy, v

3. vgufvesudmantvily Wealtndairlwddnszualuialuadiu azvinlifae

1 <@ LY o 3 q" 1 I3 dﬁf (Y] Ql'
aunuwimanlihluaindididy Feeuuswesauuuwimanii asduegiunszualniing
Ivaruansui Badlnsenalvaniuuindeflauundvdnunn Ingeiusuanindaunuwiman
1UNUIDUBY AD ANAINUNUILUUVDIFUNLLIMAN (B) Tmhedu waan waznsainduvaain
Faliil auuswesauuudmaniiih ssuediunssualnihiluariuvnaindint way
FIUIUTDUVBIVAAIN (N) TIFUNTOAIUILAIINAUNITA 2.29

mynl
L

B= (2.29)

=1 1 ] @
B A9 ANUNUILLUUYBIFUULULYAN (T)

oo fe anwduldvesauiuudimanlugyyinia (47x107 TA-Lm,

Hm)
n AB I1UIUTIVVBIVAAIN (58U)
I Ao nszualndnluveain (A)

Ao AINNYIVBIAIN (M)
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4. vdann1sinuvesyadegnnszau nldaudideainliii wazldyaduain
wilwdinlnfin lunnsBegnnszau agvinisuszglwihliiudiuyssgauisseduussiulngiag
fo9n13 nasantwinMsTenduliihegludmiiulssliiuueaadiiidovnaindaui
Iasundsanuliihfagyilifnawuwivanlvihau antdugnnsgguivihunainansudvin 7

! Y o0 @ a A A o = v = v Y
ussgegngluvaaitadiirfiiinazinfeunideuanddugun 2.6 lWUdudu vienszunniuiiu

= ! v I @ a < °o @ W =
anaunegnngluida andufasfadudidandauanduguin 2.7 uas 2.8

YPAINEN

gnnsvguivhananswiogn

/

| —>

JUN 2.6 nannsvinuesynBagnnszau ngldszuulnihuiméan

fugngu angu

.,> >_|J

\, Viaenyl

sUN 2.7 gnnseguuniziafeuniinssunniuiumugnguieganeluvasnen

dvisaunSaa

v v

JUN 2.8 AMugnguuazgngundouiindniureuvaIvses ik uganvamasne

2.6 WALANITAIAIN
a 1 o I3 a"n a o 1 Y & a 3
wadalunisangnwadniteuldluauide anunsawuseantadu 3 walia Inena
3 NANALDIRYVANNTVNLAVDILAWL DR UL AR LU LU URsUWUAT taeaauin1syin
YDAzt Ut uAM LML UL AdRIELN1TT 2.30
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n = function (P) (2.30)

yseaunsaUsEnanduaunsEunsIkeaInaunisn 2.31

n= 1+ﬂ£ (2.31)

N

Ps  fe anuvuiuiuvesuian 0° C fianusuussenia

IB o o % lw A o w o
B ANAINVUBDY U NAYBILNE AILEAILUAITIN 2.3

15197 2.3 ANAITIVRNE [46]

Gas b

Air 0.000292
Nitrogen 0.000297
Oxygen 0.000271
Water vapor 0.000254
Carbon dioxide 0.000451

AINUNINNITEUNI ANUrUILLLTewianiasusdasluluwuinny y (dp/aj/) O

19 afinsrnnvesuasiiudsuilasiunuinny y () Ay g Taevdnnnsanenits 3

¥
=]

wAtAaIN150asUela §9

2.6.1  nsargnmarematiarlains i (Shadowgraph technique)

dofinnsannsmeuasinufaluiemaseufauandusud 2.9 Suasaziianisinm
domnmeBsuutanumuuiureauda fmstesuuanfiouanssuiiAnduanmsvinu
YeauaITAdouHuLAdIENUT Suaziansinulaguduzniy wasiusngiee
athannniung Turngiiduanianisnsgaeioonainiu uasiusnguuaeiuuaaziin
Fanandlusuit 2.9

frfinnsannindoavuvesduasiiuanduzudl 2.9 ssnui duasiidesiuufady
Slaifiaudiiliwamuunmiivnnguueesunmeiivuadingnimuiavesnds sy
mnlfiaudagrinlinmiituiinefunmivunawiiAuauniie 1naunIsvesTinmTeILaY
Tuaunisil 2.30 98nudn nsareamdiemnadia Shadowgraph aglisonIunuI i

' 2 2 2 2
Wasuudasieanuduiug 4 21D guisasuduiiinmeecuas € D Tagly
SITUIRUUILENNTONUSNBULVOININLUY Shadowgraph 19 19U Las1121191n%EIA7
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SouluggeuilinAnnmnisinavesaudoufudieslufinfuuinamdeilagnwiliu
X

U 1 = dl a ! o a
AINAT AB NAINLLUYU Shadowsgraph Ineiinevingluniniliduurasnidauesies

Brightness
Test section
Average
[T —"1 Brighter
:? T ¢
_/__/
<z Darker
Light ~§~\
source P Average
Test section
Average
I T Brighter
\ T
‘ /, Darker
Light i A
verage
source Collimating

lens

g‘dﬁ 2.9 WATANITAN8AINLUU Shadowgraph [46]

nNAsAnwIUITeTRIuLAnuI lidnsidwaiianisatenimuuu Shadowgraph
Tunsfnwaudnuazvesdiin duandlugui 2.10

shock wave

gﬂﬁ 2.10 nmaelaemaiian Shadowgraph gpsduintlusnie (Water jet in air, Vj , max
= 1,669 m/s, Mach number = 4.9) [50]

2.6.2  nmsargnnmaiiaylsisu (Schlieren technique)
Mé’ﬂmiﬁugmmaqmidwmwﬁ'gstﬂﬁﬂ Schlieren é’]’quamﬂugﬂﬁ 2.11 e louas

Mnuasidnuaiumesiuaud ssvhlisuadienauiuiuiutomeaeu antuay

dosuauddniidshuiihisuuasludigalniads o unuiesd knife-edge 1afindog
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1y Knife-edge agyiuthiidalasisuniueonll auasfiiu Knife-edge 3gainaunnIui v
Ingununngeenintiuiianuaudauiniy duandluguil 2.12 uansmann1sinauves Knife-

edge

Screen or
Test section
E— photographic ﬁlh

source

Lens wemmmmm | ... Knife-edge | o

g'ﬂﬁ 2.11 wmAllANSANEANILUY (Schlieren) [46]

Deflected beam

- brightness increased

Deflected beam ~———__
- brightness Undeflecte
decreased beam

Knife-edge

Ul 2.12 vdnnsvhauves Knife-edge [46]

Knife-edge

sensitive to

Knife-edge density changes High

sensitive to speed

x-direction

A\

density changes / gas flow

y-direction
§ Light

Body

R

Y.
X/

5UN 2.13 waanmsiufguiirinisvesnuie [46]
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gﬂ‘ﬁ 2.13 uLaAINAIINNTUABUTIANI9Y DS knife-edge dledesn1sdaunnnis
WasuwUasnuvunduveanialunuiuny v WU knife-edge Ieglunuaunu x waziile
Fesnsdananisasuntasmnumuuiuveuialunuiunu x WU knife-edge Tagly
wuwny y wenanazldiaudlunisviliuasiidesiuiomagouruuuddeanunsaldnszan
T#4 (Parabolic mirron) ¢ sazanunsatsanvuiaiuiiildlunismaassasiuandlusud
2.14

Focusing Screen or
mlliror photographic
L
film

Mirror Knife-edge
| E— |

Test
section
| —
\ Mirror

Light

source

UM 2.14 walladenmuwuutlsisuiunsganasyiou (Schlieren system with mirrors) [46]

2.6.3  msanennalemaladunaialsiines (Interferometer system)

mﬂgﬂ‘ﬁ 2.15 uanansuenduaseantiuaesiidaniglag Splitter plate R Splitter
plate azdigaaniAidunszananansoasiouuasuidufinnnszyu uazamsadomeanu
v SehldAsnmaiiuneeaseeniduaonduns mavlvigwasideswuiuiy
fa3U Beduasaesdrilszormdlumaiiunisinetu Seilvislasaty ethduasisaos
dowruwaudiiesiuuasazyliifauinaiiawazainsuuaedunasiiisenia Fringes Ing
wEnnsfinafe wdnnsiuguvesnstenniemaindumemelsines

ynifiduasdnguilslidesiuufaniinnumuiuiudsuuvasuiomeans dsly
U7 2.16 duasiananaziinatlumsfumsiiuanssfusenluidusalsiguuuy Fringes 7
Aaduuanaafuludae doiiduasisaesaisasuuaedunin aldnminansients
Wasuwlainisina Fadundnnisidendn Mach-Zenhnder interferometer tngaaulng
szuuBumemlelsives fhazldnszanunumslfiaudiomauaideniusui 2.14

U7 2.17 uansnmansannmaianisaisamensiuanmsdananganssunsivaly
Foulufeddu Fagnuin amerefemaila Shadowgraph szdananginssunisinalelsl
Forauuifunmeaiesemaia Schiieren Turagiinmaisfiemaia Interferometer ag
dunangAnssunisivalaan Fringes Tunwldogatnau



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 23

Screen

——
—
. | 1 —
! J - —
Path 1 " L —
—
. 219 =—=
Splitter % ——
plate L : ——
Path 2 =
Fringes
formed on

Screen

[ [

JUN 2.15 szuvdumainelsiivestunugiulagnisly Beam splitter

Test
section
I | )\
A A

il

> > screen or
photographic

> > plate

A
ﬁ Light
source

gﬂﬁ 2.16 Mach-Zenhnder interferometer.

(a) (b) (c)

gﬂﬁ 2.17 nsanenmassnisirathsaiusmemadia (a) Shadowsgraph photograph,
(b) Schlieren photograph &g (c) Interferometer photograph
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2.7 Mmavszendldauluauian
gunsaludnanan Nldsuidsnliih wagldyaduanuimani luswangunsalil

anranaunugunsaldsanswuuldiduld wasuananlenauszynaldilugunsalnig
v 6 1 a Y a [ Y o < . . . a o [
AunsnmdeEedulaiiy wnsewidalagldanan (Micro jet cutting) [51] Wsawianenau
donfigasulududon (Blood clot dissolution) [52] iUy Feisaeansesfina1iunilagly
wannsviueaeiuivgunsaldsinseuuuldldidy usdazuand19aiun azdesaunsandngd
< Y ! = = o v & 1 < € 1 1 1
Wnldegesiaillos Fanaunsavilalaenisaduiivesininlnivesgunsaldseeuuulyl
T vilignnszguinfountudnm wazoeenddld diunsifiuvesvaildlunisuds &
WN9gdowinIsesnwuUidanauisafurounadlaluseninan1snananian asulad

¢ a o & e vy o v v LY 1 < dy 1 V1 [ L4
gunsalndna1dn Aldrumainini wagldyaduanuaniniiiil enananlaindugunsal
v = o A A = e % v
suwuungldlunmsimuiaiesdonsegunsaidug nadunsunndlaselulusuian uag
VPNUIMINTTY WYY

2.7.1 Water jet cutting technology

msUszgnaldadnluauiiu Water jet cutting fasnegsluguil 2.18 wuin Yand
vaeeniinanmsinizyed L iniinnusumieidos (Supersonic) lallsiAnanauduus
Annnanuiivesnszuadiniifnimzieneynanieinsuresiaglimeld Tnsanuigives
SdniAnananuduiiegaisluida defdnaziivuiaidnunn Tnevaldanuduildly
gAEMNITNLTANNFUUTEINA 40 ksi Farilwtldd1EnTAAa1152 Mach number winffu 2
uazfiarufuUszanm 60 ksi aglfeuiamesthiiussann Mach number whiu 3

gﬂﬁ 2.18 Water jet cutting technology [2, 3]

2.7.2 Water jet cleaning technology

nsUszgnaldadnluauiiu Water jet cleaning fauandlugui 2.198umalulad
fszgndlidninanuiigudievinanuazenianindnnisadneiu Water jet cutting lag
msldanusmesduiniinnnuduniodos (Supersonic) Wiefiasvdndsanusnlvoaniuls
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9819590157 WATIALLANAI99IN Water jet cutting AaIN1stgANAUluA1SHER §118n
uardnwauzvesnanuanaeiy lngldanudulunsuanaidnusyana 1,500-3,500 psi

gﬂﬁ 2.19 Water jet cleaning technology [53]

2.7.3 Jet engine technology

INTAKE COMPRESSION

Combustion Chambers

Cold Section Hot Section

3‘1]17; 2.20 Jet engine technology [46]

mﬂgﬂﬁ 2.20 L@M3 Jet engine technology Fan3oaud Jet Lf]um%ﬁﬂiﬁgﬂ
ponuuuNendnLAantiruiigslnaindonauiidinun neleeseudiBufuainnissu
9839 Compressor §8 Starter wadaoinainasuenadesudidiluludruresiosu i
aeluaiesud Ferusiuveseniaisadluasiiauduindud 12 wihveseniadeu
dueFesud Tudruvesiounniniiiagalyl (igniter) flagyinisgaiadossud Tnsgadunan
yosiifudomnds uazenmeluroaslngd Tneldqalnilutoassin dafindefuiufiou
Tusagud 1ilelnTessudfn Compressor aynyufeBAFIATfiAIvun ULED Starter uaz
igniters fgnganisriiey deaintuiniessudiazrinudedies Inghifesldsuainu
Fremana1n Starter wa leniters asulafifidiunauvewifudomas uazornalwadily
Tuesmlndegsraiiies lunswilviiagldornaisadrluussana 25% dieniefiude
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8n 75% aznautunialoids vioufafiiumsunlndifieangamyiives ufdleids Aeudiufa
loidpazidnludsdruvesisiu (Turbine) druvesiaiufaziitomdsnuainnsindouiives
whafilvarudluldlunsvsu Compressor waggunsalingg ussduveaniaseusd (Thrust)
funanninavesemiailiinannisiadeuiiansuntnvenadeudfidusonniafunds
\n3osBusmeniige Weisuduanusudlensufiiimniidiuniin Compressor 11n
anunsadathsiufienudigeannsilafegi iR salndiindusindy dealiaiesdud

a

AARALASEIEUA Jet a1N150LARDUNAMBAINEIZITUTILDS

2.8 1Adeiigates

Tunsfinuaudnuny uaznginssuvesdiniduoin uazludagsuldtinisinu
08191719319 FeilunvesnuifeiiierdostumsnuduinGudunnnisndeuives
Lmawuwuumammmam siumghy vilviufenatesiu wadluiinvonaiasiuia
arandeviedu iesannszunnvoadeny vdaniududunAlginsnuniifstet
Sudvlususingg ethdeyadildanmsAnululszendldlunumenuimnssusely wu
nsUszgnAldluaugaiang nsda nsinauazen nisvinmiieans n1sdadeundsly
\A3DBUS SCRAM maifisssAvsnmnianingd uazmsfinuimanssnuiiiatuuuiuiaves
fnquiloifnnisnszunnaindnin uenaniludegtuduiinsuszgndldgndnluamunisi
nswnng 1w Yszendldlunsdsmesuuullldidy nmsviaiedeudon n1sanznseg uay
sEde GasreaziBeadananaylsinaideld

Neoprene
disk

Air rifle

liquid metal slug

N
chamber

target

gﬂﬁ 2.21 Impact driven method (IDM) [2, 3]

ﬁmmmmmémé’wLﬁ‘mmwm%’aqq Suanlud 1955, Jenkins [54] laAnwnansenud
Lﬁmﬁﬁuuuﬁﬁa@; FelduunAnunainnisiadouiiveaaiesduiifusiumngrusonnuiigs v
Tiuiaveuaiesiu warluinineuidssneiuainnsnssunnueadady Tnglunisfing
IevinnnsBagnnsequitinnnanis 240 m/s Tneiiduidsnnsdnivesuia Beinuindy
wiovenihfiegluoinia udinisinvinnuidenefiAed uuuiuivesgnnsrgu lu
MsnwuilgvinnnsAnwegneiaiiieaiesunauid 1958 Tay Bowden way Brunton [2,
3 IsAnruneadelvallunisudndidn Adnvarvesdninduwuy Pulse vienandinld
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avnsa Wngldndnnisnisdsuiladuaudulunmsndndndn liduidaninnissedavesiiu
S LY UG < P ¥ LY = 1 v a A
Tulunstudugnnszaulviianusias iewdinszunniuveanad 0.1 ml fegargluiiaay
MAnauaULed wazidavneimansoudu Neoprene disk tieldlvvssnailnasen fuans
lusuan 2.21 Wegnnszaultinszunniuwiy Neoprene disk wazvadmaifiagnieluiiia
Y09aIN18luianziinn 1380 LasiAfouninugiIadaruin 1 mm 0819530157 inliAn
[ o & aa < a1 (Y a a A a o 2 &
Wudnaniiainusigs lnedlaindu 1200 m/s uazisgninatialdlun1sudnd1aniin
Impact driven method (IDM)
nimatia IDM dfnenmuinTunisuandndniidainmsige deunlul 1967 O,

Keefe wazamy [55] Fslaldmatinilunisuandianvesinluseauna1uisa Hypersonic 1ng
gandnananzgnandddusuifanigluvesiidaivinainuvin fdnvazlunsievingu 30°
YaumnalazegniglurienUaiuniegnau Lexan piston Wagliu Mylar (diaphragm 1 mm)
neuinidn dawandluguil 2.22 Wegnnsvauniiounaieninuiss 0.714 fs 1.90 km/s il
pufiaannsseiinuesiutu 1 nseunniugngu Lexan piston wazvaawainegnieluie

o v A o g ¥ 1 a = 1% 2 A o v o A
YosaNaesduauyilviuky Mylar 1Aan1sanuin udwesvadfedeuidnluneluide was

A A v a 1 < a [ o @ X = < v a

wasuHugManeg 1uImTIAATuaNInIY tneliaaasiniu 4.58 km/s 3nmadaly

a o & o va v X = a Ao o a
N13HAAE1LANT Bowden wag Brunton laAnAudy daduwmaianidneninglunisude
o & vy o a a o a A a o & A o % ' A a £
a1udn wagladinaihmedanisudsaandlllunisudadiandiednylususingeg Mfavu
(56]

conical
tapered section

- Mylar
~ diaphragm
pe
i water column

Lexan piston
gun barrel .

(tight fit)

projectile

JUN 2.22 Msfnssgunsallun1suand 1 anfitiaasseAu Hypersonic 184 O,Keefe uax
Aoy [55]

YDNINNNATALUNISNANSLANT Bowden wag Brunton leansudufiimadalunig
nAnaLINdundfneninaleuiu lnalul 1976 Edney [57] lanandninildinaila
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AAeAFaTULATiATEY Bowden uar Brunton laginalined Edney agvinnsdegnnseauid

< Aoy o w v v 6 [ a &
AI13L5Y 500 m/s NUAUMGIINNTEAMIVBAARAILAU 300 bar TuASAARIYANARBIRY
14 = o a o Yo o Ad v [ .
AAEARITUNEITEvee O, Keefe warlivlnnildnuazngluluwuy Exponential waghuy
. = = 1 < o & a a Y 1 [ =
Hyperbolic 339MnASANYINUT AMASIVeIdUINTHERATIA1ITY 3.5 km/s Uagday
AuNTEUNNWAY 1.8 GPa uasdamuidnuaslasiaiangluidaiinaduanuiivesdanin
noulul 1984 Peter [58] lafinwinndnvazaosaninludnvaznisszandldau Tunis
n1szfiuvesnisiumiiows lneweaiaildlunisndadninazadieadsiuanuideves
Edney wAfuf189989 Peter azfldn1snneg1edassvosyndunvassainvievasslvinn
nszunniuanguaakandlugun 2.23 Weddesyatuainveldeslinnag1edaseuainszunn
furesmarfiedneluiidaiiumegnauivziinldudianiy Finn1sAinwinudl amsy
Ya9a1dnrmuduiusiundsnuaatvesaduiildlunisnssunngnguiiiendng1an lae
ANV NANT ARGy 2.19 km/s

o
l | Driver
Piston
Body —
— Chamber
Nozzle _ Shuttle
Block —  Valve

Intermediate
Nozzle

T T~ Nozzle
Tip
Jet==

5UN 2.23 dnwurvesinaaililunisangiiu (58]

sioulud 1994 H. H. shi laAnwdnivlumansy g vamedumsnanduin (59,
60] FunansTNUARTuTUTIER Shock wave wagnisdunuvesiduiion annudideves
H.H.Shi ildAnwaglddnvauzvesiidaiilassadianisluwuy Hyperbolic wazyinyinan
Titanium \Jeusafuvienssnszueniivhanaunuaadonandlusui 2.24 99nansanymuin
AEIveed I dnTindnldfiAingu 4.5 km/s wagdanuiniadafivinann Titanium flal
anunsadunsanufunielufidaldiliaanstisalumssdaduindedifiads uasde
annszauadeuiiiinszunnivresval uazanausasazvilinnuivesdninanas
\uLABAY
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Nozzle Outer cylinder

e

Gl
o
’;

— N

Inper cylinder Luid Support

(%
Y

3UN 2.24 n1sfinnsinanlun1sAnwived H. H. Shi uazany [59]

Uil 2.25 maAnddnmdaaniignnsequnssunnivvesvaniiogaelusinda C, T fo
FumiafiiAnnssndunth, L feveavial, M fie Ushiaiflenndsas, R Ao AAuUe0Ine,
S 8 Shock wave uaz C’ i n1sdasvend

wenannswananiniinanundsiuiidunisuangndnfiddnwasduwuu Pulse
vidawansuinlgfiazads Haiiissuiianunsanananivlaludneariifuuuu Continues vse
wuusioiilea 1ngld Pump Amfugetuduveamaniiegneluidnsiiumagngy Feludud
ssfidnvarnisndnaninidunuu Pulse uwilun1sudnsdndnuuu Continues agldanvauey
Manananiniduuuy Pulse na1e9 Pulse UniSearofy m%aﬁwawaaﬂauﬁuLaﬂ waziile
ﬁuaamaaaﬂaﬂausumulmamsﬂumamw wﬂwmmmmwumaiumamaqm 70 MPa
wdanTuve A e maau‘maaﬂmﬂmammwumﬁmamwmmmLaumuﬁusma'm 0.2 fi9
0.3 mm f\mwﬂmﬂmﬂumLﬁmwmmmmgqm 1500 m/s Gesnsuanadvludnearilaninig
Tfauegrunsvarslusunisdiunisinmuiios n1sdn wazn1591zglusd 1Oudu [30]
YaNNG K. Ohtani uazAny [44] 1814 Laser willonhwoavailondndin 1ngld Ho-YAG
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Laser Udpsuawruveanaifegnisluvie Wenaninnismieriiuveamnaissnaiedu
o = X a °o = ' & Y v 1w
auandu Iaglumswdndianudazasaaglindanuminiu 550 ml/Pulse
Tunsfnymnadiuaninuenainisnisudnananlvidanusgeudn dviddnysn
aganilafie WoRnTIN wazANEN vz AN Fedayanldainnisfinwimsiiuiaziuy
wugulunisussgndldaunsaudnindelulueuian 91n38n15udna 190 Wegnnszqu
WwapusIeANWSIdudINsTLniuTeLraInegn1elumdaniun1anay veunaiiiey
meluiidaazdanudu uaganunuiwiuniglumdadiniu lurusifeliuvesrainaeisy
4 A v ' 2 a & o & X o = A4 o & a 4 A
\waeufiganaN sanegeTIaTuAnluduanTuduanslugun 2.25 Weddnisuntoud
20N91NIAMBANTT Feagyilinusivesadnsuiintuiey uasluruziieniu
U3001N1AT0UT199098 1INe2An Shock wave Tu e9siinArnudugauInifunus
581979 Shock wave fiudaudangved i AN INIZSUaRailonuiuTIoY

A8l UIRASLANAIIUDITEAUANUAUUNR

JUN 2.26 dnuagngiinIIUY0IATUTIVINNEINYBIIEA S A Shock wave, C fia Tnsaane,
C* fip N39AFIVBIAAY UaE D AB NANVBIMEALN

gﬂﬁ 2.26 LLamé’ﬂwmzwqaﬂsi:wuaqﬂ?iuﬁmqaaﬂﬁumﬁaﬁmmzﬁuLﬁmsﬁu Faaziiu
wnuesdinvziinenindenseu nssiundaiundivesdninaziin Bow shock uaz
Compression wave Wiog i ini3uanauiiiag Shock wave aflyuiifisduudaaesluly
flgn dnvarresdiniizuananuiawianandluguil 2.27 Faiuldidnuurvesdiin
Buiineathfiegsoudrafistu iesninussiiuainerniaseuds Fsannislinguives
Strokes Waig Taylor instability ﬁmsmwmm@wmﬁwwudﬂ Mamgﬂﬁmumﬂszmm 2-10
um warlumsudndinurazads dnwazvesdiniintuasiinuuandaiy Wesan
musuiiRntunelutsaiiduwandneiu 99nnnsAnwinisues Lin wag Lian [61] 7i3ngsn
dlluenia wudiAiauniiavesdiinasdailiiuou faduegivarududs Ae 1)
Reynolds number, Weber number Wag Gas to liquid density ratio 9101A15AN®INIS
woAnssuvesdiv Wedadudndluluenafifinnsfumiuvesauduluenmziindy
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MeRLIUIALENSLTOUEEVTY FsannsAnunansEnUinTUTUA T LuYD LA
1ag Tseng wagAalg [62] WUl definmnumuudureuaduannnim L L e s
A agvilvisnunsresdiindu uasnie viewumesdndniumnniu feduivludnumsias
farudianas dean Wu uazany [63] IdAnwuuneementiflegdousoudiiv lunsta
yunrementagliiinisaisnmassinalngy fugvesihidn dwrnnmsnmatavent
WU Sloualuniieved n-hexane wag n-tetradecane waganudn Weanusavesdnin
Winduventharivuinanas

JUN 2.27 wgRnssuvesaividlewndeuiioonainniiade B fe nauvevienin [56]

AsfidnAyBnedrdlunisfinumeinuduivie anudemefiAatufuingiidnin
indeuiiitnszunn FalduuAmnanmaiedeuiiveandesTuiturumgiusenmigs
yliAnnnudemetuiluin wasiuinvsuaiestu anudemeiifndedinedoudidn
nszunnifuingdaudseantd 5 suuu Ae 1) mademeuuiuiniitdnvasduinay 2) ms
uanitnnglufiuia 3) msude3u (Plastic deformation) 4) matdevngludnuasresusudon
uay 5) NSUANYAN EULLUU“U@Qﬂ’]iL?‘{EJW]SﬂzﬁuaéﬁUﬂmﬂuﬁa%m%}q wazALesd NI
nszunn Tumsinuifefosiuanudemefiistufuiiuinvesiaglundusn Hirano [64]
ﬁlﬂﬁifmsm?{auﬁﬁuaﬁmqLﬁif'mzLmaﬁ’wamfwLmumimémé"}L%%LLé”ﬂUﬂszLLwﬂﬁ’Ui’mq GEERI
fududuinfldtinsfnyieisateisiifeadestunansenuiliiatuainnsindeuivesing
Wnszunniuneain auunfe M. Lesser waz J. Field [65] ldvin1sAnuwmanssnuiiiAniu
nd i Ingldgindnnssunnununinedeuiivesiagriunemi Ssarnnisuanduinly
Yz iuanAnUsIngnisal Shock wave udae slaun H. H. Shi uazamy [59] 16
VTwmiﬁﬂmwaﬂizwuﬁLﬁm%uuu‘ﬁyuﬁ’maﬁmqLﬁaﬁﬂL%wﬂizl,mﬂé’wmmﬁa 1500 m/s Wuan
vosmafiegneluiidnamnsadaiild wazilledinnszunnduingaeyiliinginaanu
Fevne (dlesanaudunszunn uay Shock wave emaEadléfinisuszandldesdanusil
Tugumadiunsdin wagléinsinuedietedesiomaiunsndngiin anumd amnudu
nszunn Snumrlassadanielurewida uagarudsmeiifatufudiindosunauds
#aqtu anmsfinuamudemefiiatuuiuinvesing Wosmnmanszunnuasdingae
ANLEI5ERU Hypersonic 7 H. H. Shi [60] Ifinnis@nuidanandlusuil 2.28 aziiuldin
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ANYUYAIUEEMEIAATUUUN LRIV IINIAIULANAITY LTBI9INAIIULANFATIIVD S
ALY SPEENIEWNN wazawInvessdaildlunisnanain

JUN 2.28 AnudemeinTuuuunuegiiilleufinnug1vesdnaneie (a) 2727 m/s, (b)

3529 m/s, (c) 4111 m/s, (d) 4545 m/s #i stand-off distance 45 mm [60]

Tunsfinwdnvae wagngAnssuvesdnin dwiddgyiande wallalunisaienin
Y998 1ANTMANTU TIzdodanlrmatalunisateainlimuzaududinaeinni1saned

fanvznase Ul

(@)

JUN 2.29 dnwarresinildainnisanen1mues Bowden wag Brunton (a) A59v84
1180 620 m/s wag (b) NAMUSBIENIN 770 m/s [2, 3]

INNSANYIENINUDY Bowden wag Brunton [2, 3] laldndes High speed video
camera Suiinninvesaninluszeziiainneg Aniaundsuieonainiian teully
A1UIUNIAIULEIUB98 1AM Lnunase?l Bowden wag Brunton l4idmsin1sangniw
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1,000,000 fps wagazAoslduasainufiuiindigie Ingaunsainainawasyieazldviaon
Xenon flash tube Tun1sudosuas 91nN3E18AIMNE1INTBI Bowden uag Brunton MIa1Law
MpdeunimeamsIlusediu Supersonic Auandlugu 2.29

a a

nsanenINAIEmALla Shadowgraph L?;Jumia"]amwﬁﬁﬂszawﬁmwqﬂumsﬁﬂmmi
navesetlvafianunsadadals Svilinaneq muiddelsldmadailu@nuunngnisalineg
AinTutuvedlva

n1sarenndrewmaia Schiieren 31n91uiFeve4 Nishida waramy [66] i
ynsfnungRnssuvesduiniiea annsldmadailundreamaindwadindouiivae
Aransags ilviAn Shock wave Ju fanandluguil 2.30 #1 Shock wave AAnduainnisld

wiatlallunisanenmazdanuaudnuinniinisidinaia Shadowgraph

JUN 2.30 adnvenhdufwaiinnusisedu Supersonic tngldmadia Schiieren lun1s
218NN [66]

JUN 2.31 dnuaizasalivminfiedeuiineaimss 2000 m/s () adniimaundeuiioan
v A o & o A d' v a !
NHEn (b) Sdniedsunieananmdnluiaisiou [60]

nsanenmmemaila Holographic interferometry aggnldunnlusuideves H. H.
Shi [6] 9InN1sANIALNUITES H. H. Shi iadeuilmenanauisiseau Supersonic tagnnshd
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wada Holographic interferometry lunisaneandninvuzindouiioanannidanaiandly
JUT 2.31 FainguazanunsateiungAnssuvasrnuvuiuneluduianla

{b) :! IIIIII
| IIIIIII

JUN 2.32 wgRnssuvesaniniilaainisldinatia Shadowsraph Tunisananin (@) W, (b)
fwa, () dunakay (d) whdaleau [67]

Ul 2007 A. Matthujak wazaay [67] WiAnwmgRnssuresdndnit fea thiufie
uazialedu lngldimatianisaneniniuyu Shadowsgraph tay Holographic interferometry
$7ufuN&8s High speed video camera 7il4§n351n1581809% 1,000,000 fps Tun1sdudin
‘anﬂiitu‘umﬁ’]L%WﬁLﬁﬂ%ﬂUiz%L%ﬁWi’N‘] ﬁwﬁmiﬁmﬂﬁmé‘ma"%ﬁmwu Two-stage light
gas qun TfifufdsINnsendveuta warldndnnis Impact driven method WUUNSEUNN
Tun1sWanatdn ann1sAneanuin adnassvsunairviinmieg annnisldmaila
Shadoweraph lun1satsamdsuanslusuil 2.32 Faazifiuingusnavesdiin uazuuves
Shock wave TinTu sxiignwasiiunndrestunusiaveweunarildlunsnangnin lne
PSR IINvea Awa nBiweTu uaruialedu Sangeanwiniu 317 m/s, 295 m/s,
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305 m/s uaz 290 m/s ALY wenanasaldFnuinisiefivesdin way Shock wave
Ineldimatinn138180 MUY Holographic interferometry ﬁﬂLLamﬂugUﬁ 2.33 gazanunsn
nufangAnssunnudsuulaesaniazenaseutneeddiin uag Shock wave léoens
TaLau

28us| b T‘IJth (c) IS ‘4-1“

JUN 2.33 wgRinssuvesaniniildainisldinaiia Holographic interferometry lunsanenin
(a) 11, (b) A, (c) Waiuiiaway (d) wialwdu [67]

aa al o § v a < d' a o & A Yy v v
Tenlunisiiannszguilanusigaieldlun1suandnananinaniuwaItneny
drlngazldnsavaundnuluguuuureinisseiinainansuseneuniaail viveduty @9
nsavaundsnuluguuuuifidnannunnlunsvilignnssauindeudineninusigs neys
naaeIszuUtoanilu 2 JULUU ABUUU Single stage WazUU Two stage F33ULUU Two
stage 71 Nonaka aganiz [68] Lavinn1sAnwn wudngukuu Two stage anunsavilvignnszay
= ) < = A 1 [ . v dyd =] Ay Ay y
WAUNAIYAIIUEIFINT 3 km/s nTeagluseRyu Hypersonic AdetnAHidluIdenla
nsfnwrineafunansenuiiinainn1svuiueesingiindsuianieniusags lne
Pianthong uazAfz [69] "LmﬂmstwaﬂimwmmumﬂmwuﬂmamGm LW@LLﬁl‘ZJ{ijWILﬂG]
ﬁuuﬂ‘umamam \esaingngniuinsyisru nglunis@nunldinisaiisla (Whipple bumper
shield) Tu iielfidugunsailiosfugniuinsveanaiton Flunsviliinglinusigaiely
nsnavuladesiu agldyanaaesiilunuu Micro two-stage Feanunsavinliignnszguiivin

A Ay < Y 1w 1 lel =

31N Polyethylene LﬂaauwmammLiaqaq(ﬂlmmmu 10 km/s LLaﬂwmmaaqﬂumﬁﬂﬂm

nsnsEuNNveanNNIrauivunuegilien [70] Faiegevainsnseunnasuanslugui 2.34
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Slotted

Disc—

JUN 2.35 in3esUdesaaviludnvasiiluwuy Pulse aannsvyuves Slot disc [71]

TumsfnwmansgnuiiAnaindiinnszunniuinglafinms@nwedaseies Taglul
2014 Sevda uag Michael [71] lidnwinisldaninlunisinigiusen waziuunsin lnayn
naaoslunsranddnazly Slot disc fauansguil 2.35 lunsuassdndmdinszunnduiiu
gou wazfiuunsialudnuvazvesnuianeg ilrduindinanldannisvauves Slot disc
onudu Pulse a9 Pulse fauandluzuil 2.36 Felunisdnwiazdnundvdnavesniiud
Tumsddosdndn mnusvesdiin uasndanuiilivonudemeiifadusiufiuis 2 210
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NsAnwINUd anudemeiintuiuiuisaesdued funasuilelunsiaie delaunann

=

mM3tnasneg MAeiteddagldnsasdielunisusedunansenuiiinanunuiulnaudniily
fan Sldndsnulunsnszunnunn ssviiliinaudemefituiavesiuiaessnndae
wuy Wefinnsanainueivesdidn wazanud nuin anudvesdininarhlfiAnainy
oo fuiiufivesiiuisans fefdaruiadasedsesiiufanioamndemedatu wa
awhleuenvesdinduasiag

Virgin rock sample

Pulsed water jet _~ Water pulse ~__
— \\\\
- — —
~ Pulselength
PartA—— ,— PartB Saw cut . l

Surface — ,’
' - damage \' |
1

Treated rock sample Treated rock sample
JUN 2.36 dnuaizasaindinanlaainnisnyues Slot disc [71]

) Stainless steel tube
Y connecter Stainless steel tube F ¥ .
= || Water

Y connecter =
Optical fiber

Ho:YAG laser e ]
distance L || Rock specimen
Sylinge pump

Test section

(a) (b)

Ho:YAG laser

Water
N

The laser-induced liquid jet generator

Optical fiber

Water supply =
Sylinge pump

1t Stainless steel tube T\

I:b‘:'/\/g 1 frrow QPLM\%

High speed
video camera

Lens (f=300mm)

Trigger in Trigger out
Digital Retarder

Test section Parabolic mirror

Flash lamp

(c)

gﬂﬁ 2.37 Mifndsyanaaed (a) Ho:YAG Laser (b) Test chamber wag (c) Msaneamn [44]

K. Ohtani uagan [44] IdAnvnsgiiunseliilaeldgiinnseunn lunsude
§13naeld HoYAG Laser Udopduasknuinfiogluviovunadusinugugnans 1.4 mm e
wilsrhliAadudnin lnensudeduinvdandsasldndanurinu 550 ml/Pulse s
Aadsganaansdeuandlusud 237 warldndos High speed video camera lun1stiuiin
noAnsIuveadin ann1sfnwvinuin eduiniadeuiioonandarevieauiisdumimile
Sudnanfnnisguiegnmaii Ssnsgueesdiiniagilmiae shock wave Tufsuansly
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U7 2.38 laefl Shock wave agiAfioufisaeninuss 1532.6 m/s (M=1.02) sanainganiiile
dl' o @ él' o @ é{' d' v (Y] a d' 19 ¥ goj ) v
Wod1an Wadlian uag Shock wave iadauiidinszunniuiunsgeglaui azvinli
AUNTIBUUT 2 mm NAAULESNIBTUIINASITENINITIMUA 1800 Pulse

(e) t=932us (f) =933ps

(i) =936ps (1) 1=930p1s

(m) 1=947us q{h)z:ossus ‘ (0) 1=963ps (;i))l=97l|.ls "(1@)\=979us (r) 1=987ps
dl a o =3 d' 1
JUN 2.38 NOFNITTUYDIAWINNTEELLIANN) [44]

Wt 2013 A. Matthujak wazmmy [72] lé@nwnansenuiiinduanngnin iedad
Wl Tneluniswdaduineglddumidainfuiu eduindougnnszquilvinain
Polymethyl methacrylate (PMMA) "L‘LJﬂszLwlﬂﬁ’waqmmﬁasjmﬂuﬁ'ﬁmmﬁ%‘ Impact
driven method Wiodningnaadiluluremaaeuiinieluussgin ngfinssuvesdnind
Lﬁﬂ‘ﬁuﬂ’lEJI‘UﬁE]WIﬂﬂE]‘UINLLGiaﬂL’Ja’l%QﬂﬁJuﬁﬂﬁ’JHﬂﬁaﬂ High speed video camera 7i%8ms1
N1358780W 30,000 fps 32UAUMATANITAI8AINLUY Shadowgraph Tun1sinA1u# Y
nszuNNaIEdNTisvazang visannUateadnagld Polyvinylidence difluoride (PVDF) 7i
gniieviuseisy PMMA uagidenseiuiaies Digital oscilloscope fauandlusud 2.39 910
nsfnmud Ansvesdiniindnldstuegfuuiinuesiuduilflunimand i
TasmnuiEives dndniinanlafiaumintu 550-2,290 m/s ilegnnszguananiigandoudii
nszunnfuesmaifiegnigluiada anfndin uay Shock wave Tunieluiesmaaey &
wanslugudl 240 dodninedeuiidoluaudsszozuis nduvosresnit (Water vapor
bubble) Adeuseudinaziinnisyuiieg1asaniia FaviliiiAn Compression shock wag
Rebound shock Fusfauanslusudl 2,40, k, g, ) 9N inausunszunvesddnlud
Tneld PVDF fisvazsineg wuin ileszezsisnnidnunndumiusunssunnasiivultuana
Fuandluzud 2.41 Tnsanudunssunnitldanmsnszunnvesrlasihildngsgauindu 35 GPa
LarINMINTEWNYBsALInAgegamiiiy 24 GPa fiszey 15 mm visanuanevhie
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o

iquid jet

Electric contacts

JUR 2.39 nMsiWensiagunsallumsinnudunssunnvasdnian (72]

(e t=1186 s

(i) 1=4833 ps

(q) t=7433 Us (r} t= 7467 pis (s) t = 7500 Ls (t) t = 9367 Us

sUfl 2.40 nginssuvesdnindilsainisldinada Shadowsraph Tunsaneniw [72]

Tunsusegnaldandnluanunsinunisunmgandivu Ussandldanuniaiunistiidn
Tne Horst G wazame [73] olddaninlunisuidnsuroinseeny Wiskendudanaanainsu
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Tnglunisveassaziinisseuiisuseningunsalindamied1in et cutter 4 vo3U3Em
Biomedizin Technik-German) Aflau1Ag#adna 0.1 mm uazld NaCl 10% 1Oudin Au
gUnsalidAiy CUSA ve3uTsv Cavitron USA fildlulsangutadialy #ldndnnisnis
wasufluLuLAUIEAUE 23 KHz vaslufinawin 100 pm 91nnISANEINUIT 983910A13
MEAFEaLEN FuaziinnssnauasiulInnInslaaSes CUSA uindannniswida 3 Su
MISnLauvesURBUWNAY uRATisnstusgrauiulidaie ssezatlunisnidndazdamadi
madeiden waznisliidonszninsnsidinvesgunsaliidasedinaziosninedos CUSA
wasdanuin msifadedninasinliidenud Seesvhliumandinsindamety

r L ]
35F 8 e  Bubble impact pressure
E v Jetimpact pressure
30 | v

Trend of bubble impact pressure

=== Trend of jet impact pressure

Impact pressure (GPa)
to‘)

) T T T W U T I O O I B B O

10 15 20 25 30 35 40
Stand-off distance, x (mm)

1N
W

JUN 2.41 Anusunseunnseeenee veanUaneinga [72]

wanvnagldaninlunisidauddarsaldanivlunisiaieladndie lae S. den
Dunnen @z G. J M. Tuijthof [74] laldaninlunisinznszgn lnsluniswdnaninagld
1309 Tensile nadatfiognislurensenszsuandaonsa 295 kN Faagviliinnsluvie
N59n3zUBNEIAINGL 70 MPa AeuflazUdesiingihdndifluuingindn 0.3-0.6 mm lagluns
AABIIzINsEaVLTLASes MicroCT80 Scanner ilonsivasulasiaiisveinszgniouns
naapsianandluzui 242 ndsantuldgidvluninatznszgaiuna 5 s uandoinzats
thnszguiA3es MicroCT80 Scanner Lilensivaaulassadewesnsegnudansvinasssuans
Tuguit 2.42 whnihaildauiu Ssagldnsegnarmiimely mnnsfinwmudt dudniidade
YuIngHIda 0.3-0.6 mm d3nEnatuanuvuvesieidonsegn uazAMEMLILIUYDS
dlonszg uslifidvswaturasiulunszgn Woswmndnmdiuresinasnszgnaeuiunanii
Aainluileiey
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Pre uCT scan Post uCT scan

BVpre = BVpost = Vrembonetissue

JUN 2.42 1A59839909N52ANNBU WALVEINITNARBIAINLATEY MicroCT80 Scanner [74]

Tudnsuniefifensnndmiunsuszgndldadvlunansunndie nsdseyndlily
msderneeuuuliiify dsgunsaldadoswuullfduldinemdn wagdmineudlunates
U3t [75] Sedsiunninatureauiazgunsnideiissuuulldiduiinensfe duidsildly
nsfuiueniiussgegnieluidaliAndudnine Sedwlngaslifuidsannsnadaves
aUTe uaganuiuveLia Jadefvesduidainnisnadavesauiafe gunsaiflvunaiin
nalnlidudou azannlunisldom waslivuiaidn udideidode mnandvesdine s vils
svozvea iU uduiamddldlidnaniin Feiliidedidalunsldnuluuiionla
Whamilwosssmewitu widdesnsisserssenitiudhvluduiontanng asfosh
nsusuusvgUnsallyaiifiodiuan K vesauidliaeiu viowdsuauidl wasnideldiluszes
nawug agvhliausainnsavinlinnusivesdiinetanasanniy dealinisdeneend
UszAnSaimanas druduindaninaiiuduvesuia dsdeffe fanuazaanlunisldau
wudafuduidninnsnadavesaUsa widsiidniife awisaaiuauszzvose i
Tluduiandals Taelifosinisusuudegunsel lneshnisdia wieanausulunisia
Wiy uideidefe asfofiszuvainemnuduiifiangs wieldlunsduduenitegangluviada
Foiliduidadounlvg weeliauns fewniaeiinidulifedudiumadmifieusulse
Fuidafnfindnandreduldidaty mnnsldfuiidmnlidih Wedieliyadulunisuan
d13n Taglul 2007 Stachowiak uazamy [49] Ialdnannsviaumsmenmuesayaduiivi
910 Piezoelectric #o \ilesinszualwiinlnasiiu Piezoelectric azviliiAnnsBanas 3414
st dugaduildfumdminnsiniilunisuingidn fauandusud 2.43 lnededde
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A11150AUANAMNSIVENINLA uilifeidefe Usuameunaiiegluimidaivinades
un aglusgivunludng () felulasing (pU) Wity vilinnsszgndldanuiiveusnidnnia

Laser Detector

gﬂﬁ 2.43 needle free injection using Piezoelectric [49]

sau1lul 2011 Taberner wazauy [76] lo@nwin1sasntssnuulilddy Alday

[

Adsanlali uagldyatuainusimanlniidilduse Lorentz Tunstusureamariieganely
Fadnuun 0.22 mm Wadugiiniu lumsdnulivnisasgunsaldsieswuulaldida
Fegunsaiildfadesruuduiens emuauninadeuiivesunataneunslunisduiu
voumarfioglusiidn Tnsyndudsznoude aaveaunsvuiadusinugudnaavitiu 032
mm FuseULNUYAan 582 soU eluilindnusags NdreB fuandlusud 2.44 ann
msfnw Uil msEmessdniiduiviudleussdulainiideliunaianesunafindu lae
fiAngagaintu 200 m/s U3ams 0.2 mL wazissduladih 200 v iElewSsuifisuiugunsal
dseguuullliduildfumdmnalzimuin duihdennliihasinnisduluseninans
FuutosnirduidsnaUisiandlugud 245 esngunsaidsdiosiiiasistuldfing
sruudueimununsiadeuiivesuaainneans vilinsduseninsnsduduanas deagiii
Tanananduuanld wazidledadnlulu Poly acrylamide 10% wuin mnudngeanyszunm
18 mm

MnAtefindradnsiuanduldi Blunmswdsduininaeiseeiu Jakudly
ofnaudsilagtuiladinsinyids wasiuisnsuandniviuinegiedeiiies auldingld
ufndsanlui lumsudndndn Gansdnwsuiidaannliinlutagiudsiinisfny-lus
si1eq Aireutstios friumuitedfalumanlunsfinwuasitaungunsainangiin Al
mdsntih wagldgaduanuimdniviilunisudadan Inglunsfinwazyinisesnuuy
wazasgunsainanduin Mdyaduanusimaninii uazldis impact driven method wuy
nszunnlunsndnddn dsazuandsandsndndiinainaAdeiina 1ty esin
nsnanainlagldis Impact driven method wuunszunn asviilimusvesdiviinga
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¥fegenitnnsivesdniniinanldanisuoududiu antuaginisinudninavesia
wU3e199 Aiflwatunginssudng vesduin Imﬂli’fﬁqmﬁumﬂLLﬁLMﬁﬂlWﬁwﬁlumsmé‘méﬂL%w
uananiagimsdnuilunisuszgndldauiviunumedunsunmg dsldun nisdadneen
wuulilddy uagmsiiensen (Wusiu

Drug jet

B :
i Lol s
180 mm

JUT 2.44 gunsaindndnandldfuidaannladi (a) gunsalndnddn (b) gadunvhanae
AIAVIBILAY Wazksivin NdFeB wae (o) Wuwes wasynaIuANnIsindeunvedgngu [76]

£
E
c -
2
=
7
o
Q
2.
=
c
=]
k7]
& — Spring actuator

s = = = Controlled jet injector

'
0 — T T T 1
0 5 10 15 20
Time (ms)

2.45 dyaraiildannmsiadounivesgngulunisudndnan [76]

€aN
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uni 3
gunsaluazIsn1mMAaeg

3.1 mswaﬁl’é’lLﬁ%ﬁ'}&lﬂ;ﬂwﬂamtwv Horizontal Single State Gas Gun
3.1.1 ¥ANAABIKUU Horizontal Single State Gas Gun (HSSGG)

test chamber pressure relief  pressure gauge

section

window

= 7L 11

high pressure

projectile

launch tube

dump tank reservior

20 cm

gﬂﬁ 3.1 UNUNIW Horizontal single stage gas gun

gih'?i 3.1 LAAKNUNINYABINTEAU Horizontal single stage gas gun (HSSGG) laedl
druUsznoundnfe duiiumuey (High pressure reservoir) auiaLdurgudnalsniely
7.62 cm a3 21 cm SUSaasnelu 9.58 x 10° m® ¥iwnatnman Fainviitlunng
ussquialdifudumdslunisdunszquiu Tnegnsoidrfuia1du (Launch tube) vuln
durgudnansniglu 10 mm waze1 1.1 m viananvielinzidu (Seamless pipe) lnadn
susioitrfuviessuneaiu (Pressure relief section) egnesnuuulitisanussdneinia
¥39 blast wave flogduntihvenszquiigndaluiatu ieanussiunazusesaniely i
YuIaLduIAugnateagly 10 mm A3I0817 15 cm 1R AuIaduEIaugnals 5 mm
U 4 FANUWLILIT KAZIAIEIINIU 3 UDIRNLEUTEUINURIe lngseliniuTisamagay
(test chamber) Fafuvestn (sifuszuudnegisanysal) sUnsedivdsuvuia 40 cm x 50
cm x 60 cm ¥ua1nudn wagld Hich Density Polythylene (HDPE) ¥inifumsinsnsiiedes
Fruitelflunsdunauazasisaeunginssuiiintulunsvaaes fularsvesiomageud
projectile dump tank alivganisindeudiveanszqu lasnszquiu (projectile) 7ildlu
AsAnwi T vazdunsinszueninunan Polymethyl methacrylate (PMMA) U710
ushgugnans 9.9 mm s 15 mm laedidwiin 1.4 ¢ feguil 3.2
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U 3.2 foganszau (projectile) Aldlunismaans

Tunsnmassifldernedn (compressed air) 91nduay (air compressor) WWuguras
Tunstudunszau lnsasgnussyunluaigludauiuaiiusiu (high pressure reservoir) o
navnaamiemsBiluusazads Inediuuszneuvesnalnnmsbenszauiderdfuduiuniy
Funanaaguil 3.2

3.1.2 MANNISNNUVIIYANARDY

pressure gauge

-
({

{3 '..'*ﬁ 7

high pressure trigger ~ spring

reservoir

5U# 3.3 ddszneuresnalnnisensyau

rounnsnaaswIonisdanszau Tusuil 3.3a gngu (piston) %gﬂamé\gﬂﬁ%ﬂdaqshu
Y9401n1ASAANEUAUAIINAU (high pressure reservoir) lasfinalnaondunus
vosgnguliimgnislilinisindeufinountsdansyau antuhmsfednssquiuiivatem
Huduiideruganalnnisds anduisiiserniadadilugafauivainudu auaudud
fiosn1smaaey M3BensrguazisuaINAIsalaiy (trigger) faguil 3.3b Feazidlunisuanden
nalndennsindeuiiuesgngu AnuFueseINASa (W3ai3unin driving pressure) azdudy
maviﬁﬂmiaamaaamaaﬁaLﬁummﬁu ieuiueailunmsilndomnsssnyeseinias
fidafiunnudy Feldeenuuuuazinfmesdalss (spring) (msﬂw 3.3) Lwamﬂwaﬂamﬂm
YoanspenueseInIFSliTIng By ﬂﬂﬂuummﬁammaﬂa’mvﬂuumuﬂsvaﬂmﬂaaumaaﬂ
NnietuiluiemaaeuiitensiaiamnuiiiveansequiseAnwnginssusnag dely
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high pressure
reservoir | projectile

-l

N

(a) NEUN1589

launch tube

reservoir

high pressure
piston

(b) #aIN"584
3UN 3.4 Jumeunisdansyauy

3.1.3 nMsinanusIvansrauly

nsinnnuiiveansrguliuaglivdnnsiiBendt madiniawesuesing (aser beam
interruption) #38 time of flight method 6’?}&Li‘]u‘i‘émimizazna'nmﬂmaﬁﬂizquﬂusumu
Suanalees (laser beam) 4ol 1 uazyndl 2 laslun1sfnuiduaswenaweiflsvezsiediu
30 mm agUil 3.5 8414 photo diode agvhmihiiuiasuduasawes lnensmaassiiay
Iawasuay photo diode 31U 2 yaluwiaszey (range) lnyiin1sin 3 seee (range)
fio svoy | agltialwedynil 1 wagyadl 2 seey I arlflawedund 2 uasyadl 3 uazszos Il 9y
THawasynd 3 wazyadl 4 fagu Felindnnisinamiside mnduanaweslignsuniu
photo diode Az3ulAsLAZITAIFTYQYIAUNITTUAMANALDINDY digital oscilloscope e
mngnsuniunseiinsdeduasaiwe sl photo diode Suduas Fuaufiuaninauy
digital oscilloscope 9ANANTAASIIB (set point) Tnonstnanaweslunsmaasiias
Antuidlensvaundoudiinu fafegnsnsuaniuaves digital oscilloscope Tumstanunsa
voenszauiilusui 3.6
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0
7]
[¢]

—) b
— ) W
— D)o =
— ) —

pressure relief section

test chamber

laser beam

projectile
T digital oscilloscope

==l ]
O ==l ]

1F-—1
|
[ S ¢ 06 o o

T O — — =

OO0

OO

LR e T E s SRR

Setpoint

JUN 3.6 frmgan1suananaved digital oscilloscope Tunisinaausivenseguiy

3.1.4 AAFIVDINTLEY

NNTLUVIUNTINITVEIBFIVRLAGDBNIINTLAUAIIUU (high pressure reservoir)
Fadunsulamdsnuiazaunegluduiuanudu edudundessauiiveanszgu lag
AufuvesuiaazanasanaufuEuiy (P) Aussynisludafvanuduiduaiuiy

U338777 Ingondendnnisaenanisaunsaduuausiveinszaulan [46]



P, fin Audundafiuauduas (high pressure reservoir), N/m?
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(}/-i-l)V_1
PSL  2a; - 2a,
M y+l a
A N A
2a,

S A9 fNunutdmveallu (launch tube), m?

= <@ I
a, A9 ﬂ'ﬂllLi’JLﬁ?Ni‘lJ@'m’]ﬁ, m/s

L fo Anugvesanly (launch tube)sIAUANULNIVDINDTLUY

Vo fe anuisiveanseay, m/s
M f® wiavensway, kg

y A9 specific heat ratio

ANUAU (pressure relief section), m

(3.1)

LY < a a d' LY
N1IRTIVIAAINULIIVDINTTHUINNNIINATRULINTTHUIINYA U HSSGG A3 UAU
#1499 U9991NADR (Compressed air) 92111N151AA0IT1 5 ATY 1ABTAIAIILAAIALARZDUAIN

A1sviNsnaaestliiiudssas 6 FauneulazldAedsaINn1sNeasIgnna 5 ASa TUAS

WARINAUTENBUNITILATIZY

3
U

Uil 3.7

Projectile velocity (m/s)

a

250
225
200
175
150
125
100

75

50
25

Range |

Range |
Range Ill
Theory

Driving pressure (bar)

BVBNAVRINUAUTUVRIINASARD AL TIVBINTZAUNTZEZAN9Y (range)



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 49

31n3U7 3.8 wansdnInavenuaudu (Driving pressure) ¥819IN1ASA (Compressed
air) #OANSIVRINTYAUNTEEEA1Y (WD range |, Il uag Il wanIAIFUT 6) uananidarin
n1sWseuisuNanIsnaassiunIsiasisinimge)lasldannisi 2 Feasdanndt n1s
ATUIUMIAMUSIVBINTTAY (V) 9naunisaenandiniiugeeinneannis aalulunis
AuIANUSITIANLAUTUYeIINASAAIR1eY FelElUsunTL Engineering equation solver
(EES) rglunsArnaiiionuasnIntagaLgnABuwiug

P a a 1 <@ = < dy a (% v ..
31n3U Weafiarsufissee | wudn nszaufaziininusigaduiianududy (driving
a1 X = < a1 (Y A v v
pressure) 1A18971 1aeiAI1U53g98AvRINTEAUNANYINAY 223.92 m/s NANGIUTUYDS
91n178M 8 bar lusyezd | wazhduualiufsaduisszey || uag Il FadungRnssuunAnd
WNLNEAA 09 UNITIATIEININGEY kazannisanaluaunisy 2 wuil 1Rnuaudy
Y8IDINIASA 8 bar AIUEIVBINTTAUILTAWNIAY 237.1 m/s uastilefansaniinausu
Weatulunisnaaes wudt pusivenszaunssesi | Ianusiadan wazdlessegndly
d' A ! = <
nsinfouNvaINTEaUMINAINUaten1seanveua1ly (launch tube) lnasenly Ainusives
NITgUITANAIaY NseEEd |, Il wag Il mua1au Tnelinausagegainusuduretennia
9 8 bar AAYINAU 223.92, 216.91 way 213.09 m/s MUFINU ANUAUTAAANLITDITZ UMY
Inasenlutiullownanussdunsiadeuivese1na (Aerodynamic drag) uenainifanuin
A11L52903n 528U LAINN191AABTAIAINIINITIATITRNIN B 1N T3BE I
WeownanaudsanIuveinseguiunanuluvesaidu (launch tube) WagksIwIuUAIT
d‘ = . = [ A | =]

LAABUTNVOIDINA (Aerodynamic drag) Fevndsnmaunisi 2 azwuan iflweulaluannis
WARTAN TR TUNADINUIUFLANTULALLTIFIUVBIBINALAY

60 | v ) v ) v ) v ) v ) v ) v ) v )
50 F ]

a0 F —*—— Range | :
Range I
30 Range Il ]

% error

10 F .

Driving pressure (bar)

JUN 3.8 SesazanuaaaAdoufisuiungud (% error) vasrusanszauininlaluvia 3

J2¥% (range)
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uennifsfinsanaueaandoulunismaasaileufunisinseinmnuifuans
Tusuil 3.8 minfiansandiszesd | wud deaududuussenniadngetufosazaiiu
AanndouariiAtanas TnediAsesazaunainindeugianiosay 33.5 finnufuduves
91MAdA 1 bar uazavansanduiosar 5.6 imusutuvesenash 8 bar lavsesazanny
AaALAADUYRITEEET Il way Il fuulduwuieatuduszoed | figu Fauandlifiudy
dvswavesamAsavuszninsnfsinuluvesaulaznsrquaziinaananiionnududy
Qﬂﬁﬁu uazidenufutureseInIasansiagnudi %aaazmwamamLﬂﬁau%ﬁﬁhqqsﬁmﬁa
szoginanmseenvesUmetantulnasenly Taefiszes |, Il waz Il finvmeainindougean
wWinuSeuaz 33.5, 45.4 uag 49.75 AMUE1GU finnusutuvetenasa 1 bar LLazﬁﬂqm
WuSesas 5.6, 85 wag 10.1 AuAIRU fausuduroseiniase 1 bar udunse

Aerodynamic drag 114194

M15°99 3.1 aun1sAuduiussE AU TveINsEguilliaInnIsaaesiuAuRutuTes
DINNFBATIY 3 Syey

Range GEUIRN] R?
I V = -2.5629P*+ 44.23P; + 31.546 0.9961
Il V = -2.5551P¢%+ 43.517P, + 22.348 0.9885
If V = -2.4202P¢% + 43.756P, + 16.18 0.9905

2191997 3.1 uansaunsANNdLTUSsEnitsAIenszauiliannmaass
fuanufuduveteniasan 3 szee wui arudiveansequitndaliainya HSSGG i
anuduiusludnvazaunsindludisatuanududuveseiniasa fearunsoiiaunis
61’@na"niﬂﬂizqﬂmﬂ%’lﬁaﬂizmmmidmmL%’Jsuaqmzquﬁ'%Lﬁmsﬁumﬂmﬁﬁqmzqmawm@q
flpensldornasaduguigs deenafeldinaunslunmed 1 Huaunsaussouzvosn
849 HSGG 1fulos

3.1.5 NINAAEMINAINGIGS (High-speed jet generation)

Iumiﬁﬂmf{ﬂWiwﬁmé’ﬂlﬁwmmL%’ngﬂi’ﬁmﬁﬂ Impact driven method [2, 3] /4
U7 3.9 Tneflinadadazdnszauiiuainuiags (High-speed projectile) luganaans
Horizontal Single Stage Gas Gun (HSSGG) Bs318aztdunTufsanssauzvesyndslanaiali
uarlunounu Imsfl,umiﬁﬂmﬁiﬁﬁﬂszquﬁuﬁﬁmwﬂﬂ Polymethyl methacrylate (PMMA)
PIAEUENAUENAT 9.9 mm g9 15 mm Tnefitdimiin 1.4 ¢ fegUdl 3.3 uagiadaifldlunig
nARdNINAIIEIgs manmAnvLNAEURAUSNaNTUTIIUENMal YUIA D = 10 mm
1 30° YUIAYDITIIER d = 0.1 mm UAZAINLENIVBITHIEA L = 3 mm AsgUTi 3.10
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Test __| Test |
chamber 7 chamber |
Projectile Nozzle
Shock wave |
/-

7

Pressure relief
section

Liquid jet

24 mm

24 mm

15 mm

3mm

1 mm

gﬂﬁ 3.10 3Un59v09aa (Nozzle geometry)

3.2 NMSWANGINAIBYANABBILUUAUNEIINWImAnTHA
3.2.1 aUnsalnanadndleduniasannuaiiwantnii

Tunseenuuugunsalndnaidn Aldfuidmnliin uarliyaduainusimanluilu
nsudedin Ssenuswesdiinindeldertuedfundanulwihiideliunaianeuaie
assauuudmaniviln wazAanuruILLIEIEUINWIMANa1T Ingdulsznauvesgunsel
pAmALInasnesuels Fell

1. d1uv039ady (Actuator) n1seanuuuluduil azldndnnis nsdafures
AuuLindn serinsanauindnlihfuauiuuingnnns fansinuesEuuusingniis
ans sz lfiAaniaindoudidu Fel¥nnsiedeuidlunssunnfuresnaiiivssqlusiie
(Nozzle) wdanAndusniniu Insdruisznoudie anaraneuns (Coil) fifusounny
YARINNBILAY (Bobbin) 313U 1,600 50U vWMLEUHIUAUINAIGEURIANBMALYINU 0.32
mm uazlsiimdnanisulin NdFeB viieiuninusimanusegs sanandusui 3.11
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Bobbin

Magnet NdFeB

5Ufl 3.11 dhudszneutesyedu (Actuator)

Actuator

2. %n (Nozzle) vaedrunananin ludnilay1938 Impact driven method lunns
wandin Tnsazldnandeufivesunaianaauns (Coil) lunszunnfureamaiiussqluia
uwunsiadouivesgnnszau (Metal slug) Fsludruiiusznoude siada (Nozzle) gngu
(Piston) wazAugu (Piston rod) fawansluguit 3.12 Tneflvunaiduriugudnatsueasimdn
(D) WU 0.2-0.7 mm #1 L/D Wiy 4.0 wazysingiowiiiu 40° Lieaainnnsnuidisinuan
[77] wuih vue uardnugresiidadnanasonandinldamigeiian fedudald
Tdoadenusil Wuiugiluniseenuuuravesiadn

Piston Piston rod

5UN 3.12 dnwarlasaiavesinga

Magnet NdFeB

Actuator Coil

( Capacitor

iz,

Power Supplies

Power

JUN 3.13 29asiniwesgunsaldsineemednin Aldyaduainuimanii
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3. duresRufds (Power) vimtiflumssrendsnulniliiurnaianesun tile
Tlunsadreauuuimdnlnd luduiuseneudie fLAiuUseq (Capacitor) ¥W1a 5,400
UF, 600 VDC uagiA3asnaiiasdnnans (Power supply) n1ssiedsastufinvesaiuduniids
wazduveyedy dauanduguil 3.13

3.2.2 dUUTZNAUVIYANARDY

Unsaindnddnduandusui 3.14 Aldannsesniuy wazadrsduanitldngaly
vo3u Feagvimihillumanand i nediqunsal fell

1. yalasasrsvegunsal dauandluguil 3.12 Gedlvgivianainegiiiley simihd
Julassadramanlunisdulngiuniiee vesgunsal

2. LAUYAAIANBILAY (Bobbin) Fevinunatnegiidon nIenarainiaAingsy
(superline) simthilduunuvesunaianeauns wazushiindouilunisnssunnivreamad
Tunswdndnin

3. ¥AAIANBIUAs (Coll) uthmdasundenulnihiildandufvuseg Wiy
aunuumantngn

4. wilwdna1s Magnet NdFeB vimiididuauiuudindnanns weldauiuududn
nlihiladsduanvaainnesuns dafuauiuuiminns faerilvunaiamosmaaianis
\doudl

Magnet (NdFeB)

Nozzle

JUN 3.14 gunsaldedneedmeanivannuiigs Nldssuusdmaninindusuigs

3.2.3 MANNTYINUVDIYANARDS

Tunsyhauveaganaaes vseaunsalndndnindldgaduainudmantnin Suainld
WA3DINIBITINATE (Power supply) Yimsuseglninlvifusiaiulseq (Capacitor) audiaa
wsssulninfdenis nuwinisuaeendsuliihandifivsey Widuuaaianeauns
Y 14 1 < d' ! [ = ¥ = v v ! ]
oadsauuwlmanluin Weawmusimanivingnairedu daduauiuuiviana1isves
wiwanusege avvinliueadavesauinnisiedeunitunszunn (Impact) Auretnainussy
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meluiidn (Nozzle) vilvesmarfiegnieluiidainnnnuiuglu wazveuvadfindoud
v a ! < Y a < °o = = [ i
ganNghdneg unnauindudiin Uet) Ju daansluguit 3.15

Magnet ~ Bobbin Coil Piston rod Piston
NdFeB

| .
1N

Nozzle

(a) NBUNITNTLLNN

Jet

(0 sewinanstusu
JUN 3.15 Fnsuanadnwuunszunn (Impact method)

JUN 3.15 wane3sn1suandidniuunsenn (Impact method) Inefinannis fe 9
l¥n1siATauUNTDIUAaIAN AT LAFBUNEINTEUNNAUNUYBINEU (Piston rod) Tneilsyes
NSNTEUNALITY 0 mm - 30mm fauandlugui 3.15() naaniinnisnszunn danansly

- [ o A v oo v i ! v a Y a < o & X
JUN 3.15(b) vaaanesunfiafeuiinduiuveunalnegnigluida uauiadudnindu
Aananslugui 3.15(c)

3.3 N13IAAUTIVDIHIN

mMsiamnuEesdninegliis Laser beam interruption sauandluguil 3.16 Tngld
vannsmandeuivesinginfuuaawes dellawesdiuiu 2 # Mevineiu 16 mm wagld
Photodiode 4117y 2 ¢ Wugunsaliunasannuanaiwes wazgniieusiefuinies Digital
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oscilloscope Msziaﬂé’fgfgmﬁ 1 uay 2 Lﬁai’mqLﬂﬁauﬁé’fﬂﬁmmLawa%éfﬁ 1 uay 2 ezl
Lﬁmé’igigwmLLamﬁﬁuuuwﬁwaﬁuaﬂm%"aﬂ Digital oscilloscope éﬁ’ﬂLLamiugUﬁ 3.16 99N
FyuaINITaNnIURan 1A (At la ﬁqﬁuﬁﬂmmmmmmL%’maﬁmqﬁm?ﬁ'auﬁlﬁ
RNAuNSTA 3.1

Vy=—- (3.2)

X

Ao ANUFIveTng, m/s
S AD SYYUINVBUADT, M
At AB NARURIIAT, S

2 mm
.
[ 1 2
Laser
Nozzle / \

’;('— Liquid jet
T e

1\/}]

| Photo diode

Digital oscilloscope

gﬂﬁ 3.16 Laser beam interruption method

3.4 N1TIAANUAUNTIUAN

n13inAINAUNTEENNIzUsEEnAlYy Piezoelectricpolyvinylideni fluoride film
(PVDF) fauanslusuil 3.17 PVDF agshwithit¥aanudunssunniiintuanduin lagluns
SarAnudunszunn azdeuse PVDF fuwr3es Digital oscilloscope Faanfienuldainiaias
Digital oscilloscope azdufvosuswiulnih fuduneudiazih PVOF Wl¥nu avfoswins
gouieuriou Swmdnmsseuiieuasiniunis fil
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Brass

Brass

PVDF

Brass

g‘dﬁ 3.17 Piezoelectricpolyvinylideni fluoride film, PVDF

msaeuisuaUnsalinaudunszunnvesaan lunsaeuiisuatldansduuia 1.7
g, 4.7 guaz 8.0 g s‘z'fqﬁﬁumﬂLé’umu@uéﬂmwmgﬂﬁuwhffu 2 mm Yaeelinnegadasyii
sefuANge by Aflsves 10 - 50 mm egndunnnsenuRULKY PVDF WHY PVDF 93
POUAUDIFDNTINTLUIN UAYILULAAIIYQINUVBINIINTLUNNTUULNTI900ATDY Digital
oscilloscope Fsaznandluzrosdyauusaiuluih udsnidugniuasndeuiidounduly
faimmafuduszes h, lnengAnssunsiedeuiivesgniuazgniuiindnondes High speed
video camera lunisduanaudunszunnayldndnnisninuasunamdany uaz

THuRY Feanunsaasurglanadl

WSlANTURINNTANE9BATEVRIgNANNTEUNATULKY PVDF ansnsaAuiailaain

AUNITN 3.2 haraunIsN 3.3

(VI +v2) ‘vﬁa . (1+ v2/v1)v1

T T

F A9 L549INNITNTLUNNTDIQNAY, N

m f® 1IaveIgNaY, kg

v; D ANILSIVEIGNFUNDUNTZULIN, M/s
v, fo amudivesgniudinszneudy, m/s
T Ao szammﬁqﬂﬁma%’wLLiﬂﬂiszﬂ, s

1NNSPENNISNNTUATURUAINEIN UL Lo

1
— mv2 = mgh
2

NOUNIINTTUNA vy =128l

WAINITNTTUNN vy =4 2¢h,
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& \% h
NID 2 _ |22
vio

Jaguaunisazla

b oy Moo, (3.0)

T

e
I
3

g A Assltunagweslan, 9.81 m/s?
h; Aig ANEIYRINFAUNBUNTELNN, M
h; AiB AINNEIVBIPNANTINTEABUT, m

Y a

INWTI (F) VeIgNAUTAANITNIEUNNANTaAUINMAIUNRUNSEUNA (P) 191N

9

AUNNSN 3.5

P=—- (3.5)

P g AUAUNTELNN, Pa
= 4
F f19 USaNTzUnNTaIgney, N
dr AB WURUAUENANTFATEINANTINTEWNA, m

NaNlAAINNNSAR UL UL IR ANNITAMUFURUSTE N SIAU T AUAILA LN ST WIN
Aawanslugui 3.18 wazain Curve fitting elaaunisi 3.6 FegnldlunisAmuinmiAiaiy
funsewnnlunsanel Ineaun1saananide /2 winnu 0.9877

P = 35268V +7.8274 (3.6)
P AD AUAUNTEENA, MPa

v, # usaulndihdiléann PVDF, Volt

Tunsinaudunsenn agvin1Aafs PVDF faguil 3.19 Belavinmsasuiieuuas
Wialdlunisinaudunssunnvesdnidn Wedinedeuiidilunszunniuuwniy PVDF weu
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PVDF 98A0UAUDIADNITNIEUNNUDIE NN LAZILUanIdaQIUINNITNTTUNNYDIEUINTY

o

UuN199U844A304 Digital oscilloscope Tugunuurasdgayrausadulnii F9a1naTes

[ e]
LY

Digital oscilloscope t313gn1uUATIAUINTN wazagldussiulnigean (veo) TunisAuim
AN IUAUNTEUNNTDIAUINAINANNIT 3.6

100 [ rrrrfrrrrrr.rrrrrrr 11 1T 11T ]
i o ]
£ s0f -
> A ]
@ i ]
o 60 - .
s - —
A : ]
qé 40 B 7
9 N P=35.268V+7.824 ]
S, B |
£ 20pF 4 R% =0.988 ’
0 i Lo e e ]

0.0 S 1.0 1.5 2.0 2.5 3.0

Voltage (V), Volt

5UN 3.18 Anuduiusseninsuseiulii wazanudunszwnn

E — Voltage: Volt
Mozzle ?: PVDF _

Impact pressure signal

Impact pressure measurement

5U# 3.19 35InAUAUNsEUNN
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uni 4
ANMUAUNTLUNNVDIALIN

4.1 ﬂ’)ﬂuﬁ’uﬂiSLL‘VIﬂ?lENﬁ’]L%VI Newtonian Tua1nae

800 ]

[ —&——  Water jet .

700 F - — v — Dieseljet 3

C — —m— —  Kerosene jet 1

g? 600 5 l\\ "~ - Gasoline.jet E
= C S >NLW® - Alcohol jet 1
o - \\ y -
g s00f \:"\ ,,,,,,,,,,,,,, .
A - \\E\ 3
S 400 F > ]
2 o 5
g 300 g = ;
£ f © ]
200 3
100 F 3

0 : I 1 I 1 I 1 I 1 I 1 I :

0 1 2 3 4 5 6

Stand-off distance, cm

a

UMl 4.1 BvEnavesvlinveumalvesdieranuaunseunn nsdiaatuenie

CaN

1 1 [ =

sUN 4.1 LL?{(ﬂﬂ51/]%‘1/\1asllaﬂ‘UﬁWU8\1LME‘VJ“Uaﬂé']WW]E]ﬂ’J']wﬂ‘Uﬂ’ingﬂV]ﬂ’ﬂﬂJL%'JGUEN

Y 9

N3EauUIAU 223 m/s (A1N81N1ATAAIINAY 8 bar) nTdl@aluainia 3NYANAaDY
Horizontal Single State Gas Gun Tnenisnaaeusazszevsinaniansznaae iyl
fonniraundiuazmanadsvesteyaildainnismaaesionun damud Weszesvisann
Fadaiuduaudunszunnagiidanasiagzfatuludnunsiieifunndins msede

FE8LUNINIITANUTUAINSIVOIE M9 TAaAALTDI9INNATOIL I IUNINAAIERNS

a1

(Aerodynamic drag) kazlilafinnsananNNNTEeLrIaNanssnuItaviniagiiagaiant

! I v

NNTEEENTIEAR (BNLIUN 4 Uag 5 cm) LBRINKATDIANUNUILLUYDNINTIAgeIansa

Y 9

D

' '
o A

wandlumsei 4.1 uazdmadduuialeduasiiamngannnszeennriniiige (eniudn 4
cm) Wesnnwavesminluanaveniiuuialeiuiidiiian lngdviaiaziiaianuii

ISP

NILUNNGINFAWTY 699.55 MPa N5¥8r19aniian 1 cm wazaadduuialeduaziian
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-

AaAWiniy 232.32 MPa Misgee1931nyidan 5 cm daunnudunseunnuadanedndumiea

[
' C- 1 o 1

amiadufing ward1aweanased LilA18g5ENINAUAUNTEUNNYBIA W IULAZEN

Lo

9

' o
(% (% N 1 v a IS

whaleduegnliddeddgyiu 919lloauanAuantinIaN18AINYDIR NI 3 YHadle

IndRssiulunng auaudanaminlueng Auvuikuy ANUEnal wLazAIURINT 39

AaudRfInanaziinaronudnvuzvesd e iguledaluanmanidy

= wa .
19199 4.1 F’]EUGQJUG]VI’]\‘iﬂ’]EJﬂWWEU’EN“UENLM@’JVIIﬁUﬂ’ﬁVI@ﬁBQ

wiinves dwiinluana  erwvwudy evamilesad enufiei AUTOURS
VDIV (g/mol) i 20° i 20° i 20° (KJ/Kg)
(Kg/m”) (cSt) (N/m)
i 18 998 1.003 0.0728 2,257 (at 100°C)
dhiuiiiea 198 840 1.8-40 0.0244 267.49 (at 170°C)
dhstuig 170 810 15-25 0.0235 314.01 (at 117.8°0)
dhifuufealedu 32 785.1 1.6 0.0220 896  (at 90°C)
LoANDTA 114 750 0.5 0.0200 318.66 (at 90°C)

4.2 mﬂué’unimmn%aaﬁﬂﬁw Newtonian SL‘LI‘I?’]

Ul 4.2 uansdvinavesrdnveanalvesdmjenenufunszuNAILLEIv0s
nsrquiuisinf 223 m/s nsdidalut 99ngAnAaes Horizontal Single State Gas Gun
wuh Weszesihanniidafiutunnudunssunnagiienanasineasfniuludnuusfiontu
nndme oniufissegrineaniidaan 110 2 cm fiildnanliudluideiim mse
deszogrinennidafuiuanuinesdjsasidananiosanuaveussiiuuosii

(Hydrodynamic drag) uazlilaia13a4131n N8 n19AINTAAIENUIEWeAlwadzilanga
aannnsrerieaniiae Wesnnavesdwminluanavenidiufwallrasngaasianduy

M151991 4.1 uazdrnaddusialeduasiiaidinannnnszsenineniniigae ewinuaves

9

v
I o w A

witinluanaveshfuufaleduilrmign lnvdahdudiwaazimmiudunseunngamian

a1

WU 647.50 MPa M15g8811991n138a 2 cm wazaaiiuiialeiuasiidiigamifu

q
(%
I o o &

123.26 MPa 1588111991091@0 5 cm @UAIUAUNTEUNNVBIANIUT datdiufig uag

q
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1%
1 I o w a

a1visieanaged AxilAegsEnInenNudunsELnnasaeuRgataza v ialyduaL

Y 9

Qe

LififadAgyiu e1allosnannauantfinianienInvesavsie 3 viadanltnawfssiuluyng

q

(%
va o o

AuaudANaITNlNENe AUNUILLY AUNEAYaY LagAIIUAIET lnglanisd1ns

saa v o A

WOANDEBANNANYMEANUAUNTEUNNTILANAIRINAMIYTADUY kazlilaNATTTEEEINS

NIRAT95zee 11U 2 cm wazd195ze 2 1U 5 cm nud1 AuTureImnusunsswnnly

a1 o 2

winzsrezvesaeaziianuduiovas WemuduaA1AUAUNTEUNNYRIE W allAAdAE

v
1 v A = U

ANNTUVDI9TEEE 11U 2 cm wag eszey 2 1U 5 cm vesdnsindusiwassiinnudugs

9 Y

o

[% (%
1 o o 1 o o & o

an lngdA1nuiunsEuNNgNgn s09awnfe anuduvesdviadl avniduiin Wl

9 9

oY

wialydu Lagheanoged MUAIAU MeLsNIRINtina 1 waluida i LI

800 F .

E —&——  Water jet E

700 F — — —  Diesel jet B

o F e K — —&— —  Kerosene jet
£ 600 F v AN ——-=0-—— Gasoline jet 3
Eﬂ : Alcohol jet
L 500 F ]
=] - h
wn - -
2 - ]
L 400 F ]
5 Y - ]
g 300 F ]
EIN: N 5
200 E N4 .

[ \\\\‘Q .

100 A .

0 : I 1 I 1 I 1 I 1 I 1 I :
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JUN 4.3 wansnisidTeuiisuanudunszunnvesdaledalueiniakaz il 9
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AnaLl0I9NNHATDILIIFIUNINAATIERT (Aerodynamic drag) LAZWIIATUNIUVDIU
(Hydrodynamic drag) uaztilafiansannvnaneuaznszeeIniidanudl a1vsnanly
91N1ALAANUAUNTEUNNZINTIT0AA LW LTRIWNIN kIeAIUNIUYaeU1 (Hydrodynamic

ISR

drag) %umgam’wLLiaéfmmawamam‘ (Aerodynamic drag) (310 DragzéCDszA ?z'ﬁp

S [d ] =% 1 o 4 I3 [ oA o 5 IS < v
voaudAndu 1,000 Wiwese1na) Isdaavilinnuniivesdadiedalutivziiniusit
oA A Y o 1 9 o o = A a o 1 A A
nidledalueinia (enviudvsidufwaiisses 2 uag 3 cm) wazlefinnsandmadedaly
UT538E19INTIRAA 1 cm WU daudunssunndIndinseey 2 cm duLllesanndl a1ms
diednluinvzfeanisszeerinaniidaneaunisiunissmnugs Jauanasainnisdaly
91n1A whlienudugegavesaaliodalutlifintuissegrna 2 cm unuiasdudissee 1

cm WiULRgfunIaENaaluaine

- ™ —— 3

800 F ] E . F

F —e— inair 3 700 i ¥n ar E

700 £ o inwater 3 ] v v nwaer

F © F 3
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2 E S 400 f ]
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700 ; o in water E 700 < :: :Zter
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R S ] g 3
S a00f =) 1 i E 3
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g 300 F = E 3
E ] 300 F 3
EE 1 £ ° 5
200 F 1 7 20F o 3
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(c) e nWaunNUNIA (kerosene jet) (d) avinnsfunialedu (gasoline jet)
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N T T T T T T T T T T T .
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g 300 _ ]
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0 : 1 1 1 1 1 1 1 1 1 1 1
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Stand-off distance, cm

(d) amisuaanaged (alcohol jet)

UM 4.3 msilSeuifiguanuiunseunnvesdmisledaluainiauazil ()

ﬁ]’mmiwmaaﬂum'ﬁmamé”lﬁwéf’wﬁqﬂmwaaﬂ Horizontal Single State Gas Gun

IS4 ¥ ] v

(HSSGG) WU Deuslaganansandnaanlanuiinesns walidenssdfyfe deddinaiuiu

a (J <

lunswieuganaassiendnaninluudasass Saudsyavaasdivuinlvg Jaeiniasinluly

a = a

NuITela detu uidelfsduuiAnluniseaniuuyady (Actuator) lneldndnnisuas

¥
v A

wimdnlwil weldlunisndndindadofivesyadui e Tvurmdnnit Jefiuualiulums
lUlduasale

Feifu nEsandiinisinuidninavesdiin Newtonian soarufunszunnuda
mAfeddldiasuganeasdunismsndadiinin HSSGG wnluganaassiilifusidsmin
wimdnliiuazinsdnudnenimusaganaass esieiudnenmlumsiamuisosen
diethluldauaidldluowian uenanildvihnmsAnulunisussandldandnlunudusine

Wesru F9azlananluundaly

4.4 A7L59VRIEN Non-Newtonian luainia

TunsAnmAu§1v838113n Non-Newtonian luainia agldyanandnindildyady
Nnuwsimanindi Tngazldfoulvnsudniivuiagsida 0.5 mm wsedulyiiih 500 v Usinnes
younan 0.1 ml wazszey Travelling distance Wiy 30 mm iilesannsuandiinvesi
fdeulviiannsondnanuy wasanudunszunnvesduinldasanl lunsmaaosgyiins
Sarnudalagldndes High speed video camera fighsauwasnm 30,000 fps

sU7 4.5 uansananiimasdnin Non-Newtoniantia 4 wiia wuin Woszesinains
iwdeuflvosdndnfinuntuagilianuiivesdnini 4 vladiintu idesangning
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arwannsolunsfisariniligduinnniussiuresenmaiiuinssyh dddunsmaaesi
annsatanuiilaluseey 120 mm wsanUaneiian Lﬁaqmﬂ%’aaﬁ’wﬁﬂﬁuawummwﬁgﬂ
Yuiinlundes High speed video camera MM INANEIYE9ELEM Non-Newtonian s 4
yiianuin anurwesdndnuuiininudigeanlunng szeznaiidninedeud Tudiuves
geauzdona warihadalutisszeziandas 0.1 ms iudulumnunivesdninldunnsis
fusnn uiidlofinnsaniiszoziian 0 - 0.1 ms aeflauuanansiuegrsdniay Faanusives
hadmazdanuiifiganitweausdoma waridlefasanmiuiduinveserdiunyii
Bnediluaziamuiatosiigadlediouiy uy thade uasseaundoma lasanuiuade
AARANISLAREUTIIDIENEN U 1A soauviioma wazendity dawindu 191.30 m/s,
173.30 m/s, 17334 m/s waz 147.84 m/s audidu Tnsuy thadn veausidome wazed
Hu WWuiunuves Pseudoplastic, Dilatant, Bingham Pseudoplastic wag Bingham plastic
AUAIU
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200 | .
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G B ]
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Time, ms
JUN 4.4 A20159909618M Non-Newtonian¥ia 4 wfialuania

4.5 mﬂuﬁ’unimmn%mﬁ%ﬁw Non-Newtonian Tuain

Tun13fnuw1d15nve3a13 Non-Newtonian Tueniedsdninazgnuandulngld
Fouluiferfunisnandninluide 4.2.1 lunismaassagimsinnnudunszunnlneld
PVDF Faldgnasuiiisulngldnisna uasluwusindsinanliluund 3 avwdunszunnazgn
aTaiafiszes 2, 10, 20, 30 war 50 mm %enUanesaniuenie
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gﬂ‘ﬁ 4.5 uansdninavesszerlunsinAudunsEunn (Stand-off distance) siaAdnu
FUNTEUNNYBIENINTUDINA IAAITANHINUIN AUAUNTLUNNVBIETS Non-Newtonian
W 4 wiedluunlduintundianailossey Stand-off distance Wiiniy Wosanilodin
\nAeufieanainiia ﬂ’l’]ﬂJL%’J“U@Qﬁ’]L%VIL%SJL‘WIN%UL%‘I@EJG] ﬁaLLaQQIugﬂﬁ 4.1 usdleRansan
pssduUmevesdnin (et tip) fauandluguil 4.8 - 4.1 wuin duvarevesduinGuiing
wandduazeswnniudlesreznalunisindeuiivesdndmiiniy Seildiuilunis
nszunnvesdIniiuiy Fedawaliausunssunnuesdndn Non-Newtonian 11 4 siiad
wunldiuanas WefiansanAnudunseunnuesans Non-Newtonian 114 4 wianuin Aaudu
NSTUNNVRIa 1IN @iy seauilomna LLazfﬂaé’mzﬁmmﬁ’uﬂsmmnqaqmﬁswz Stand-
off distance WU 30 mm WAElBRAITUIAIILRUNTEUNNTOISNTNULNUIY ALY
NITUMNGIARATIsEeE Stand of distance WAy 20 mm LesanauauTRvesasAuAnFIiY
TngAaudunszunnlueiniAvesdninetaily seauzsdoma thadn wavuuilamafy
127.61 MPa, 93.92 MPa, 85.28 MPa Lag 58.18 MPa AU
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4.6 AAEIVAIFIN Non-Newtonian T

Tunsnudninueaans Non-Newtonian Tutidadiinazgnuandulaglddouls
Wennunsuanaudnluiide 4.4 lunnsueassazyinnisiaanusalagldndss High speed
video camera 7ia51dUIBINN 30,000 fps
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gﬂﬁ 4.6 WanIANEIVRIANIN Non-Newtonian #a 4 wilsluthwuin Weszeziian
nsiedeuiivesdiniiumnniuasinlianuvesdnini ¢ vdaduwiltuiuiuudianas
Taglugaeszozaan 0 - 0.1 ms ANuEvesdinIzfiutuet15nE Lasudansyasnan
0.1 ms ALEIesE i narsuanaslunsalfignindu uu thadn wazvoauzioma deen
vasmusaliunnsatuanndn uiiefinnanannudivesdinediunuin anudivesdn
Bvezsuintusnadaitszozinan 0.2 ms Wuduly udraviduanassnadafiszesiaan 0.6 ms
Juduly nasfianuidrvesdudnuansiatuiiossin @mamﬁ’aﬁummiﬁiﬁﬂumsmaau
LAAAIGNIY
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Tunsfnudninuesans Non-Newtonian Tutidadiinazgnuandulaglédouls
WWerfunsnanduiviluite 4.4 lummeaessaginisiaanusunssunnlagld PVDF Bslé
gnasuifisulagldnisna uazlumududefinanliluunil 3 anufunszunnazgnasiaiad
sveg 2, 10, 20, 30 wag 50 mm insannvanevaaluth

gih'?i 4.7 wansdninavesszerlunsinAudunsEunn (Stand-off distance) AiaAdnu
funspunnvesddnlutmudn aufunssunnuesans Non-Newtonian ¥ 4 wiafuusliy
distuudranaudioszey Stand-off distance ity iiosan Wodiinedeufioonaniiada
A wesdivasBufintuudianas duandlugud 4.3 uasndofinsanmsidiuUasves
ddn Uet tip) fawandlugud 4.12 - 4.15 wuir dudarsvesdnininisuandiiuazons
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wnfuduiReafufunmsdnuarnudunssunnesdndlueinia Seiliiuilunisnszunn
vosdnindiutu Ssdmaliauiunssunnuesans Non-Newtonian s 4 wiinfuuiliuanas
desreglunisiamnudunszunnvinseanluandrulatsvesinda wefiansunniudy
NS2UMNUB3A1S Non-Newtonian 1 4 siianudn anudunszunnuesdnine @ity aziiea
FunsEUNNGIARTsToE Stand-off distance Wiy 20 mm ilesanAnansivesdninedily
Bufimnudufutulutasszesdananduandugud 4.5 uidlefnnsanamiudunssunyes
Sudnthadn soauzidema uasuuwu Anudunspuniieigeaadissey Stand of distance
Wiy 10 mm flesananauifvesasiiunndstu Tnssanudunszunnlutvessiine
Aty thade seauy e wavundavinfiu 85.36 MPa, 76.83 MPa, 74.21 MPa uay 56.28
MPa fEaeu
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4.8 WHAN55UVR9EIN Non-Newtonian Tuana

Tun1snesmgAnssuvesdiinas Non-newtonian v 4 silaluennia Tnsdnines
anwdntulasldiieuluderfuiunisnandiivluide 4.4 lnenginssuvosduin Non-
newtonian %Qﬂﬁ’uﬁﬂiﬂaiéﬁjﬂéjaﬂ High speed video camera fignsrdruvesnn 30,000
fos Fauandlugui 4.8-4.11
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Liquid jet
sy

20 mm

(a) t=0.000 ms (b) t=0.033 ms (c) t=0.066 ms

Jet tip
Sl
20 mm 20 mm

20 mm

(d) t=0.099 ms (e) t=0.132 ms () t=0.165 ms
B S

(g)t=0.198 ms (h)t=0.231 ms (1) t=0.264 ms

20 mm 20 mm

20 mm

(G)t=0.297 ms (k) t=0.330ms 1) t=0.363 ms

A A
(m) t=0.396 ms (n) t=0.429 ms (0)t=0.462 ms

T £
(p) t=0.495 ms (q) t=0.528 ms (r)t=0.561 ms

JUN 4.8 npAinssuvesaanualueinie

Liquid jet
iquid je "
_20mm _20mm
(a) t=0.000 ms (b) t=10.033 ms (c) t=0.066 ms
i Disintegrati
Jet tip o isintegraf 1%‘
—— _20mm
(d) t=0.099 ms (e)t=0.132 ms (f)t=10.165ms
(g)t=0.198 ms (h) t=0.231 ms (i) t=0.264 ms
20 mm
(G) t=0.297 ms (k) t=0.330ms (1) t=0.363 ms
20 mm
(m) t=10.396 ms (n) t=0.429 ms (0) t=0.462 ms
20 mm
(p) t=0.495 ms (q) t=0.528 ms (1) t=0.561 ms
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(m)t= 0.396 ms

(o) t= 0.462 ms

(p) t = 0.495 ms (q) t=0.528 ms () t=0.561 ms

JUN 4.10 woRnssuvesaingeaueidemaluainia
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Disintegration

-

20 mm

(m) t=0.396 ms (n) t=10.429 ms (0) t=0.462 ms
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Ul 4.8 - .11 wansmgAnssuvosdidnuy 1hadn veauzifema wazediiuly
o1y eduinedouiioonanngidasauanduzuil 4.8(b) - 4.11(b) ludruuateves
8113 Uet tip) ai3ufinnisunnda (Disintegration) 1Nty ndaniidiinadouiieanaing
73 eRarsanmsuanivesdidniie 4 afieamudt uudinaueniaveddniidudans
1NTiga T0988AD ihadn luduresduineeausiome wazendfunisuandvassin
duuangliuansineiuuntn

4.9 ann'ﬁ'imlmﬁ’uﬁw Non-newtonian eL‘L!‘l:!‘:ﬁ

Tunsfinwingfnssuvesdninats Non-newtonian s 4 wialuih Tneddnazgn
nantulaslddouluioatuiunisudaduinluiite 4.4 TnengAnssuvesdnin Non-
newtonian 3zgnUuiinlaglinde High speed video camera fiensdIurenIn 30,000
fos Fauandluguil 4.12-4.15

_ _

(a) t=0.000 ms (b) t=0.033 ms (c) t=10.066 ms

20 mm

(d)t=0.231 ms (e) t=0.396 ms Ht=0.561 ms

-

20 mm

Jettip _

! * &

20 mm

() t=1.122 ms

(g) t=10.726 ms

Disintegrat

() t=1.155 ms (k) t=1.188ms (1) t=1.287 ms

20 mm

(m) t=1.386 ms
R 23

(p)t=1.683 ms (@ t=1.782ms (r)t=0.561 ms

(n) t = 1.485 ms

20 mm

JUN 4.12 woAnssuvesaanuuluii
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Liquid jet

~~

20 mm 20 mm 20 mm

(a) t=0.000 ms (b) t=0.033 ms (c) t=0.066 ms

vl -

20 mm

Jettip _

20 mm

W
20 mm

(d)t=0.231 ms (e) t=0.396 ms (H)t=0.561 ms

20 mm 20 mm 20 mm

(2)t=0.726 ms (h) t=0.891 ms (i) t=1.221ms

Disintegration start . II

20 mm

() t=1.254 ms (k) t=1287 ms (1) t=1.386 ms

20 mm 20 mm

20 mm 20 mm 20 mm

(m) t=1.485 ms (n) t=1.584 ms (0)t=1.683 ms

Disintegrati

20 mm 20 mm

(p)t=1.782 ms () t=1.98ms (r) t=2.145 ms

20 mm

JUN 4.13 woRinssuvesaninadnluu
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(a) t=0.000 ms (b) t=10.033 ms (c) t=0.066 ms

A
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———
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(d) t=0.165 ms (e) t=0.330 ms (f) t = 0.495 ms

Expansion

Y
20 mm

20 mm

20 mm 20 mm

(i) t=1.188 ms

(g) t=0.660 ms

Disintegration start

20 mm 20 mm 20 mm

(G)t=1221ms (k) t=1.254 ms D) t=1.386ms
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Disintegration

~

20 mm 20 mm 20 mm

(p) t=1.914 ms (q) t=2.046 ms (r) t=2.244 ms
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Liquid jet
20 mm 20 mm

(a) t=0.000 ms (b) t=0.033 ms (c) t=0.066 ms
_ _
(d) t=0.264 ms (e) t=0.462 ms (H) t=0.660 ms

Expansion
.

20 mm 20 mm

(g) t=0.858 ms (h) t=1.056 ms (i) t=1.254 ms

Disintegration start
oy
20 mm 20 mm 20 mm

20 mm

(G)t=1.287ms (k) t=1.320 ms DHt=1.452ms
(m) t=1.584 ms (n)t=1.716 ms (o) t=1.848 ms
Disintegra
-
(p) t=1.980 ms (@ t=2.112ms (r)t=2.343 ms

JUN 4.15 woRnssuvesaningdilului

U7 4.12 - 4.15 uanawgAnssuvesdninuy thadn voauzndoma wagendituly
oAUt deddnindeuiioonaingidadauansluguil 4.1200) - 4.1500) S1invesans
Non-Newtonian 119 4 ¥aazi3u1inn15v81869 (Expansion) ?guL’%"am Hee91niin
Us1ngnisaiaimdy (Cavitation) Tu Faaziinnisvensigegasanansluguil 4.120) -
4.15() &9 n5udNv83a13 Non-Newtonian 19 4 yiinaziFuiAnnisyuiiag fanandly
SUT 4.12() - 4.15() wazazgusmansauanduguil 4.120) - 4.15() iefinrsaniidudas
yosduin (et tip) wui damuarevesduinusaziinsuanda (Disintegration) 1ndige Lay
Sofinsananuenvesdiin dsinnndruvarevesdninesnlunuin dudnusiinimen
vosdnindign drudiinedituagiiniuenvesdiingian lnediduiv un dhada vea
uzowme warendnuiini1ue11vedNINgegaLinAy 64.69 mm, 67.17 mm, 73.18 mm
WAy 125.52 mm auany
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unil 5
nsUszenaldain

5.1 myUszandlddninienisineg
5.1.1 unin

tagtiugunsaldsaeeuuulilfidudrnlngazlidumamnmsazaundanudadey
2 sUsuuAeiufe au3e wazuiia lnedefvesduiideinalefie aunsalazlivuinian
aganlunsldonu uideldefe drdpsnmafiuemuniivesdniv asdesinisuiuudsgunsal
Tyl vidowAsuadieiififavesauis () Wasiu uasfiddoydleldamuidunaiuiuasyiliien
K vosaUTanas dawanenuirwesdniv uaznsdeiienn dudefvesiuidaiiliufane
aansnmuauABIvesduinld ufaifelife wia CO, uazufadiden [78) uiegrlsh
mufifeideresiuiidnuiafie fosdssuundauia uarszuudauia Suilidumadd
yualng wardisauns fumetasldinsAnduiuidsnifiolduandiindmiunisds
degmuulldidy duifesuiidsanlii

Tu¥ 2007 Stachowiak J.C. wagan [49] laldduanluiifiyadu (Actoator) 1in
971 Piezoelectric Tunsndnduin lasndnnisviaruveayady Piezoelectric Ao 1iladl
nszualudilvaniiu Piezoelectric agsiliAnnisBavada Fdldndnnsiindnsin dedod
Ya4Yntu Piezoelectric Ao aNN30AIUANANSIVOIENINTG uidaidefs Usuinsveumad
flagnreluiidatiosunn egluseduunludnsislulasanswindu dewlud 2012 Tabemer
wazaiz [76] IiAnduyadulniflduidsanlnindwmivgunsaldsiesuuulaliidy duf
Aogaduanuainantuill (Electromagnetic) lnendnnisviauvesyaduwsiminindide 14
MsdafureIEULLiMEAN sErinsaunulimdnluiihfuaunausivinans dansiaiues
auuldniaaes awviliiAennadeudity Fdldnaedouiidlunsmandiiniionisds
arvenuulilddy egnelsinuainauidedsnandsdald@neinisngfnssuvenis
WNINTM8VBIEN UarFUINUBINITUNINTEINY

funudfeisdddimstnusmginssuvessiindedadnluludededaes Tngld
gunsainana L dInildsuidannlwihifiyaduanudmdn i lunsudeduindmiunisds
droguuulildidy venandssliinauisudeungingsy warUirmoamauninszanglu
doidesaesugunsnidsneeuuulalfiduiifaeilusnge

5.1.2 3n13neass wazgunsal
1) gunsaldsdesuuuliliduildfuidsanlnih
Tunisnaassagligunsaldsdrsemuulildifudldduddsaninii laod
wiwdnlidugedulunisuandiin ssgnasrdulnglindnnsfiugrurosnisuandiin
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WUU Impact driven method [2, 3] ﬁaLLamiugﬂﬁ 5.1(a) Tnefldruusznaundniidifyues
gunsal lown yadu (Actuator) 38a (Nozzle) wazuunaddngluiln (Power source) Ineyn
%’U%Qﬂa%ﬂaﬁﬁummmmﬁﬂ Neodymium magnet (NdFeB) kagunaiavasuasfiivuiniduy
H1UAUINA19Y098IANDILAUNIAY 0.32 mm WuTBUWAU (Bobbin) 1,600 58U Tudiuves
dnwaizresdaiianmanndazlden L/D wiiu ¢ wazsunsiewintu 40° dauandugud
5.1(b) Wosndnwazvenhidafingn aunsordaduinldmusigaian (7] wadldmui
Uszquuin 600 1aad 5,400 pF udufundsnulniiainnisuszqliiilaeldiniesuseq
T (Power supply)

nsviauvesgunsaidsaseuuuldldiduildduidannldia Tnefusimdnlwdi
Juyadu 3uannldiades Power supply Mnn1susgqluililidudAvyseq audedn
wswilihidosnis anduhnsddesussiuliihandufuusgy Iiveeaamowuns e
afreauudmdnlni Weauudwinlwihfignadietu dafvauiuusiminonisves
usiwdn NdFeB agsilunainnesunainnisindeuiiiinszunnfuiugy (Piston rod) ¥
Tveunarfiogneluiidnedeuiiiugidnesenniuindudiiniu Tnglunmsdnui
wldiiduroanalilunisndndiiv

: Housin Nozzle
Magnet Bobbin S ZZ
30 mm
Supporting / Travelling

distance (x,) Piston

15 mm

30 mm

(b)

3UN 5.1 (a) gunsaldsanseuuuldldiduildsuidsanninih Tnefiuivanlvildugadu
way (b) dnuyazvaidn
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2) gunsaldsans vyl duildfuidannass

gunsaidsdswuuldldduildfuidanayieiildluns@nu asdugunsaldene
grifvneluimann lnglunsinuldidenldgunsaideisenwuulaldifaudve Comfort in
¥83UFEM MK Global uazu3¥m Mika Medical Uszineinmald [79] dauanslugud 5.2
gunsaldeansenuuldldidudimsvda Insulin aedUaslsaumnu lngauingiidaves
gunIals Wiy 0.15 mm UazaIN1sauIIIVeLTaT Teenlngegamiiiu 0.5 mL

Q G”f’{fmﬁ,
—

Ul 5.2 gunsaldasnseuuulalldifade Comfort in [79]
3) foifosans Polyacrylamide gel
Tunsvuewginssunisuninsyaevesdiinudos dedadluluidedoves

u‘ws’? 2zl Polyacrylamide gel Tun1svinung ieeann Polyacrylamide gel faulussla

(Taberner, 2012) [76] wazdiA1 Young modulus IndifesiuiiioiBevesuyud Tnsdiansi

0.22 - 0.38 MPa fianududuvas Polyacrylamide gel iU 20% - 30% [80] Feluaie

& denld Polyacrylamide gel iAnnududu 20% Tun13AnwIngAnIsUNITUNINTZANY

fana1n Tnenasim3ew Polyacrylamide gel iaanududu 20% 214 Acrylamide stock 7

AMNLTUUY 40% (37.5 acrylamide/1 bis-acrylamide; BioRad Laboratories) mamﬁuﬁmé’u

waglyd Ammonium persulfate (APS) 17U N,N,N',N'-tetramethylethylenediamine (TEMED)

JudwhliAnujasen Polymerization

5.1.3 HANTSNARDY

1. ATUITT KAZAIIUAUNTTUNINVDIA N

NaN3AN®IAIINGY WagamsunsEUNnvesd L invesgUnsaldeieeuuullidud
THyaduanusimnlaliin wazgaduanausedanandlusud 53 wazgudl 5.4 auddiv Tag
gunsalv fildyaduanudmanlnihegldfoulalunisudnd dnde Travelling distance (X,)
Wiy 5 mm dawanslugudl 5.1 ussdulaldln 500 Volt wagvungsidnisiadu 0.2 mm
flesannsfinuives Sripanagul G. wag Matthujak A. [81] wuih nsdlifgunsain fildyndu
Mnuimdnliihazannsondndiiniifinnmis uazanusunssunnriutoulvdmiunisds
aneeuuulidldidudie Aws wazANAUNSTUNNUBIEWINAEAININNTY 100 m/s [76]
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uag 15 MPa [78] auadu InglunisAineazldusunsveanad (Liquid volume) Tunisuae
Sudniaesunsaiviiu 0.1 - 0.5 mL

U7 5.3 uanadninavesUIuInsiondnuiil wazAufunTTUNAYeIdIInTes
gunsaldadsguuuldlfiduildfuirdeanluin Tnodudwmdnlnidndugadu Faain
nsfnwmuin Auss warAudunszunnvesdinduunlduanauiousiinsveuvan
Wiy L‘ﬁaﬂmﬂﬂmﬁlwﬁuﬁummmﬁunsmmnﬁaeﬂjmﬂuﬁaﬁm nannITNaAa@asvadlra
8asalé (Compressible fluid dynamic) Taeaauisy uazanudunszunnvesdndninanldd
AU 140.36 - 123.88 m/s uag 20.91 - 16.34 MPa 7131193 0.1 - 0.5 mL aud1su

250 _l T T T l T T T T l T T T T l T T T T l T T T T l T T T l_
B 7] 25
200 B ]
< - 120 &
S i . =
g; 150 | Minimum impact pressure for needle-free jet injection ] 9_5
£ - &
3 . a
g 100 110 €
+ - ] o
| - ] £
0 A Jet velocity 15
B ° Impact pressure ]
0 I T ST S S S 0
0.0 1 .2 3 4 .5 .6

Liquid volume (V}), mL

JUN 5.3 B15Ma109UTINTHOANIST LasANAUNTTUNNTBIEIIVIvadaUnTaldsineen
wuuldlddnnldaumdantni Inedudwaninindugedy

U7 5.4 uanadninavesUIuInsionuil wazAuTUNTTUNNYRIdIINTes
gunsaldsrseuuulilfduildiuidninalie Ssnmsfnsmuin mnands wazaudy
nszunnuessiniuwilivanaaioviunsvoananfisduuiotutugadufdannld
TagAnunda wazanufunseunnvosduininanldiauiniu 101.69 - 69.16 m/s uag 25.14
- 2037 MPa f1U530091 0.1 - 0.5 mL mud1sy Fsaguituldinanuifesduindiviings 0.2
- 05 mL fiddfesninnumuieulvitlidmiunsdsaesnuulllidy udegralsfin
AmNufUNsEUNNYRsYARuiAInaUTalldgininmufunszunnamtoulade 11nndt 15
MPa faifuFaviligunsals Aldusdmnauisiannsamsduimdmosmyudiioviinisds
deele
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250 -I T T T l T T T T l T T T T l T T T T l T T T T l T T T I_
- i )
200 B ]
2 i 120 &
S i ] =
S~ 150 [Minimum impact pressure for needle-free jet injection 15 5
> - : A
= B _ )
8 - Minimum jet velocity for needle-free jet injection 1 Q
o 100 F————— — T T T T T e]
> - 110 &
) - 1 Qo
| - ] £
50 | ]
- A Jet velocity 1°
- b Impact pressure ]
O -| TR T SN NN TN TR N WO [T SN TN SN WO NN TN NN Y TN NN TN SN WU T [N SO SO 1 |_ O
0.0 1 2 3 A4 .5 .6

Liquid volume (V} ), mL

[l
a

JUN 5.4 dvEwavas3unsionnnudy uazauiuNsTUMNYeainvegUnIaldinIue
wuuldldduildsumdmnnayss

2. WOANTTUNTUNINTTANY

NaNIANYINGANTTINITUNINTERBvesddnilednidnluly Polyacrylamide gel 7
Aty 200% vesgunsaldsmiesuuulalldduilddumdsanlnih Tnesusimdnlnindy
¥ty uazyadufindsnayss fauanslugud 5.5 uaggui 5.6 Audiiy

MN3UT 5.5 wazguil 5.6 uanamgAnssunsunsnszeved L inveseUnsaidadeen
wuulildidnildduideanlai Tnefwimanlninduyadu wazyaduiideanalis
AIUAINU WU anﬂiimmsm?{auﬁﬁumﬁﬂﬁwLﬁaﬁmtfﬁwlﬂiu Polyacrylamide gel @415
wsoonldiu 3 spoedall 1) sworusnile szovmiounsdndauandlusuil 5.5@) uax 5.6()
2) svpEmsianzie szeiianinaizdluly Polyacrylamide gel é’mamiugﬂﬁ 5.5(b) wa
5.6(b) @slusreriidninasiianuda uararudunszunngs Tnsfiaudnuesnisiang (Hole)
wduagiuaud wagarudunszunnuasdiin uasnafldlussezddesmnidefout
syozdnly 3) szgnisunInseansfe sroriveanalTAnnITUNINTZAI800NINYARINANS
299 Hole éﬁ’ummiugﬂﬁ 5.5() - 5.5() war 5.6(c) - 5.6() Feszoznarlunisuninszany
Juogfutiinasroana uazaruiivesddy

N3UT 5.5(0) wargud 5.5(0) aziiiuldinszazuesnisians (Hole) vosaunsaidne
suuubilidunldduidenludi Tnedwindnliinduyeduagdarmdnunnitgaan
U3 tumneeruihyeduanuaimdninildsseznalunismsduningunsal A4y
fda91nauie esananudivesdinuesgunsaly Aldyaduainusimanluiiianiug
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o & A = ' vee & v a P ) a A
Y04 NINTFINT Famadnazanauianiuiinvesifigndalaaningatuainayse iedan
Tdszazanaieiaunin

(@t =13363ms

(h) t = 149.40 ms

e SR ._w.--m T
5 mm 5.m.m 5.m.m

e —— B S
(@) t=0.00ms (b)t =0.83 ms (©t=166ms
,..T e - - =
5 mm

gl

(ft=28632ms

5.m.m

() t=197.54 ms

=] a ' o & ¢ 1 ! 9 Y & g vy o v
3UN 5.5 ngAinssumsunsnszanevesdninvesgunsaldsmeeuuuldldaunldiuigsnn

il Teedudmantwilnduygadu

.- ] - | .
— - T -
i
5 m_m 5 rT_1m - 5 _mm
(@) t = 0.00 ms (b)t=0.83ms (@ t=166ms
—a ...'-" ] e '? _ .

I .,J‘Q_ m - - _‘.;m;‘m ‘S&m
(d)t=7.47 ms (e)t=4731ms )t =8632ms
I'T 1." [ ¥ J

5.m.m 5.m.m Ayl

(9 t=13363ms

(h) t = 149.40 ms

BUEN

()t =19754 ms

=] a ' [ ] ¢ 1 ! 9 Y & g vy o v
3UN 5.6 ngAinssumsinsnszevesdninvesgunsaldsmeeuuuldldaunldiuidsnn
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3. JUINNITUNINTZNY

é’ﬂwngﬂéwﬂflsLLwéﬂszmamaqﬁ%%mLﬁ'aamvﬁ’ﬂﬂiu Polyacrylamide gel ag@11150
wUsoanlidu 5 gﬂLLUUﬁQ‘f‘I 1) ANUANVBUUUVBINITUNINTEANY (Channel) 2) AIUENYBY
N15431% (Hole) 3) AINUNTIIVDINTITUNINTEANY (Width) 4) AIIUAIVDINITUNINTEAY
(Height) uag 5 ANUANEIEAYRINITUNINTEAY (Depth) ﬁ’mamﬂugﬂﬁ 5.7

40 T T T T T

Electric power

\

0.1 mL
0.2 mL
0.3 mL
0.4 mL
0.5 mL

N\

7 N
7 \
% N

Dispension, mm
N
(@]
]

10

777777777

Channel Hole Width High Depth

UM 5.8 n1sunsnszatevesgunsaidsinsewuuldldduiilddumamntai Tned
' [ < U
waiwantnidugadu
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40 - ' ' | |

| Spring power

C— 01 ml

30 F =22 0.2 ml
c B 0.3 ml .
= SN 0.4 ml E
: =
2 20 =
: =
: —
o =
g —
10 N E

Channel Hole

JUN 5.9 Mmsunsnszatevesgunsaldsanssuuulilddunldfumdminayss

gih'?i 5.8 LLazgﬂﬁ 5.9 LAAINNTUNINTEANBYDIANINTAYTUIAT 0.1 - 0.5 mL V89
gunsaidaceeuuublfduildsuiidaanlnih nefuimanlnidugndu uasyaduiids
MnaUTsmudIFUNUi JULUUNMIINInIratBTesgUnIalt s 2 fanudieadstu lned
5382909 Channel uay Hole awiluunlifianas ileaainmnunis wazanudunszunnyesd)
Bvananiousuinsifiutu druszezwes Height, Width way Depth aziiuunldufindu
dosnUiinsvesduindudy drfueradulldilueuamyaduainuimanlnihauns
Uszgnaldiduyaduresgunsaidsissuuuldléiduly uasdlefiarsanszey Hole vosia 2
guUnsalnud sz Hole vasgunsaln Middumdennatiaedinnudnunnnitgunsals Ald
gaduanuiwanininlunng Uiuins esananufunssunnvesgunsalv Alduidannn
ausadlanudunszunngend

5.1.4 @3Unan1innae

MNNsAnENgAnssuvesdninidedadnlulu Polyacrylamide gel vesgUnIalds
deguuulildduildsuidaanluin Tnefwimdnlniduyndu uagyasumdminayss
anansoagulssd

1) A wazanudunszunnvesgUnsalt v aes gunsalv asdnualiiuanaudle
Uinasvesddvifisiu

2) wofnssunTunsnsz e iV 2 gunsalanansondld 3 sves Ao szasuan
, PULAIY WATITYZNITLNINGENY
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£%

3) 5¥8¥04 Channel Wag Hole 9xTUBYTUAINST WAZAIIUAUNTLUNINTBIAAN
drusreyed Height, Width uag Depth azduagfuuinsosduin

0) &nwnuzgUieanisuninsratsvess it 2 gunsal fdnuagedioadaty

5) gaduanuiiwantnihaunsauszendlfidugaduvesgunsaldaaesuuuldlday

Taluauias

Yo & o

5.2 nMsUszendldainianisianznseen
5.2.1 unin

Jagtunmsdaenssunseaniiinnisuaniin agldainuaiznszgniiieldadnindendn
nsganfiuanintudilivneiu unmdnvinnisanznszgnagdesdinudiung uagldninmsy
seuvesaulivinzay dliiutugasnszanasusauiizetalasuanuds gl
Weannanudeuiifietuainnisidendlaensaseninmenainuiuadnssgn Jeazdudym
lun1siinlndveseadnsegnlalusuian [82-84] meimnil Tujithof uazAmy [82-84] Asla
Anwin1suszandldandnluniseienszgn Weananudeievesgadnszgnal ewinns
Tgaananznsegnaghifinnsdudalaensessninmidadunsegn Snvedslafinnuiowiniu
dnee Iaglun1s@nenues Tujithof LaldlATRIMAZDULIIAY Tensile test nagnvosnasly

= Y 1% ' Y v o a da o A W
nNszUaNguINIANNAY 70 MPa uiUdssveamaituinidaniivuingidamiaiu 0.6 mm
wagldsraziianlunsianzviniu 5 s 31NMSANYINUTT ANUENYeINTEANIANYINTU 24 mm
lnefidnsdruvesanudnvensegnasyiuinsvesanindanviniu 0.045 mm/mL [11] &
spsitulainninvendenludiunanseninafuyn seniiinTuseninenIsae ewed
lnsesgaveadewmaiiueansenininisiidnme wenaininsesildlunsndnanindadu
« A 1 . 1 . [ = M v & = =
w3esnldlunismnaaua Tensile wazA Compressive strength ¥a43an aslailaduiaToadn
Tlunswdnandnlaenss Jaensenisihunuszgnaldanuasald uasiiddynisauguaiy
= & > = Y o & A& o o 1 A da = =t
anvasnszgnilululienn Wewndnwarvesdiniiludiveilieisvesnatda 5 s &
o § v o a = a o & = I3 = Yy o A

p1avhlvsngdanudninniiuaudndu vieeralunadelaiiiluianznszgnidiaiy
V19N Wwunzlnandsugle

o & av S vyo = & 59 ¥ € a o & aw

Aalunuddeiddiinianenis@nvilesulunsussgndldgunsaindndnaniile

1% & 5% o o v v [ [ a o & = o & o

asvvuanmsldduiiasainini wagldyaduainudmanluiilunisndngidn Faa1ang
nanlavzdidnwasiduwuu Pulse uagldnszgnuyludiuvesiauy (Femoral condyles) Uu
nszanildlunimeaes

5.2.2 N52QN WANITAATIENNTZAN

lunisfinwinisiensegnateaninazlinszgnuyludiuvesau (Femoral
condyles) tosannszgnyyiinszuaunis metabolism wazdl Volume fraction IndiAgariy
nszgnvesywd [82] uarldiades CT Scan u Optima CT600 713l resolution Ay 0.625
mm ANMTUETNYULVBI] LaTIATIZVANENTDINTEAN
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5.2.3 nan1snnaag

250 I T T T T T T T T 1 T T T T 1 T T T T 1 T T T T 1 ]

g 200 5 V\'\,\‘\'-_

150 .

£ : —

=100 F .

[5) s i

; i —e— ¥,=100 Volt ]

—~ 50 d=05mm —v— V=300 Volt -

[ x;=30mm —a— V=500 Volt ]

0 [ { N TN TN TN [N TS NN (NN NN [N NN (NN N U [N TN SN NN NN [N SN (NN MU S | ]

0.0 1 2 3 4 S
Liquid volume (), mL

5Ufl 5.10 vEnavesUSimssonnuiiivesddniussiulwiiusiniu 100 Volt, 300 Volt
wag 500 Volt

160 L L L
140 F E

g 120 F i ;
> [ n -
o 100 F 3
3 - A 1
[ osof '\*\v\,\'
aQ, C _ ]
5 60 —e— V=100 Vol E
£ 40 f—— Ve300 Volt x=30mm {
= - d=0.5mm ]
20 - —a— V=500 Volt 3

O : FURE TR WY SN [N TR N WU WO NN SN TR N SO [T TR TR T S NN SR S S N | :

0.0 1 2 3 4 5

Liquid volume (V,), mL

gﬂﬁ 5.11 8visnav0IUsIAsAeANSuUNsTUNNUesaninTins Ul 100 Volt, 300
Volt hag 500 Volt
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U7 5.10 uansdvidnavesTuasienmiiwesduiniusasuliiiuviiiy 100 volt,
300 Volt uag 500 Volt Inglditeulunisnaassiivuingiidn 0.5 mm Travelling distance
Wi 30 mm [81] wu evsinasvesesmaiintuasinliaudivedndviiuunlt
anas Ingnnuseiulwinduuslduludnvuzifoatu osaniAnaufudoundu (Back
oressure) Tunnelundn Weiasanliveslnaannsadaialdnundnnswaranivosing
Snelé (Compressible fluid dynamic) [46] wazifiefiansaniivsuinslag veswauman
wuin wenssruliiinfinduainudivesdndnduualvmiuty esen Wunswdeu
w&anuliduaunuwivdnln Sfussulihiidnslivnaianeunsnn UnaIanewas
fagademnunuiuturesauiuwiwénluiun vldueaianeunsadeuiidheninusy
g97u Taeflussdulufia 500 Volt U393 0.1 mL wag Travelling distance Wiy 30 mm
anunsandnaLinlanuEigean Wiy 239,57 m/s ivungidn 0.5 mm

U 5.11 uansdvinavesUiunsdonnudunssumnvesdniniusaduludivitdy
100 Volt, 300 Volt waz 500 Volt Ineldileulunismaassiivuagidn 0.5 mm Travelling
distance iU 30 mm 9nsTHuRY PYDF Saanusunssunnuesdindissesinesening
Fadnfuusiu PVDF (Stand-off distance) windu 3 mm nuin dlevSuinsveswoamaniintu

o v o o < = ¥ % = ¥ %
gilianudunszunnuesadnduuilunanas neynussdulnirduuilunludnuue

'
a

ety esnnanuiivesdnuinduuilduanasiefing1aliuddredy wasiilefiansani
Usunslag vesvesnar wuin deusewulidinfinduanuidivesduiniuualduiuiu
dosn Wuninvasundnulinduauudimanliddedind 13 neuntni Tned
w5l 500 Volt USums 0.1 mL wag Travelling distance Winfiu 30 mm @u15anan
dudnldanudunszunngegn nefidviniu 133.27 MPa flvuingiada 0.5 mm eenslsh
malunsfnuinsianenszgniedinesdnudninavesuunsvesweamaidie (osn
Tuauidefiiiuan (82-84] nud1 Usumsvesvanidndnadeninuinveanszgn dedulu
msfnwmaaznssglagligunsaindndninildatadu Aidnvasdndnduuy Pulse

= a a

wAnwdvinavesSunsveunad uazduiuasilunisianznszgnieAuanYeINTEN

=

U7 5.12 8vsnaveslunsseninudnvensegn nslunisAnwagldnsdndnanin
ﬁmmmgﬁ’;ﬁmﬁﬁu 0.5 mm, Travelling distance 18U 30 mm wazussauluiniiu 500
volt iesanidunsdifiannsandnninudy wazarwdunszunnvesdninlagegalunng
Uamsaauansluguil 5.10 uazguil 5.1 drwviinesildluns@nuiiiidu 0.1 mL, 0.3
mL wag 0.5 mL §3U3ans 0.5 mL LfJuﬂ%mwmqqqmﬁumﬁaamﬁmsﬂé’ lunsneaeeazyi

1 ! = 5 ! a =) 1 ! v a %
N151910819M LI IMNA 20 Pulses TulsazUsung I@EJlIi%EJ%‘ViNi%‘Vi’J']\Wi’JQ@ﬂUﬂiEQﬂ
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WU 1 mm uagldiaIes CTScan §u Optima CT600 Asluuna resolution Wify 0.625
mm 75338UIATIAS9URINTZRN LaYAIINANTDINTEANMNEININNITRILNTLANGIBANINAT
wandluguil 5.13 1nnsAnwmudn amrwdnvesnsggninuldufistudieUiinsvesdiiv
Winty deaenadestunisfnuiiiniun (82-84] Inefiusuinsvesdniniviafu 0.5 mL
aansniznszgnldiaudngsan Feileindu 3.02 mm Wesandniniifiuiasuinesd
szognatlunsianznsggniisnnnidniniiviunsios SuilsinszgniAnnisdnunn udn
naneanliuInndl wazdimudn §nsduaudnaeUiuIng (The depth per volume ratio,
DPV) Fsiidindy mnudnvesnszgnilanglimsmenaguuesiumsvesdnindusiuiy
Pulse 89813 Faannismaasanudtdn DPV Suualiuanaaiousunsvesduinduiy
Lﬁaqmﬂﬂis@ﬂiudauﬁﬁﬂaﬂﬂﬁmwmﬁqmﬂﬁﬁu TneAn DPV U317 0.1, 0.3 uay 0.5 mL &
ANINAU 1.27, 0.4612 wag 0.3022 mm/mL anud1su ag19bsAnnuluseninanisudnagil
wwinsgavaadefiintuninnisindneen dadulunsfnudsldnsdinandiiniiviims 0.5

mL lunmsfinwdnSnavesdiuiu Pulse vesdnindenudnveinszgnsioly

5.0:""|""|""|""|""|'"':2.0,é
45 F -;1.85
4.0 F 316 =
35F 114 &
5 1., 8
E30F j12 3
< 25F d10 E
o 5 ] Q
R 20F 18 £
1.5 F 36 2
1.0 34 2
SE 12 £
o 7 O
0.0 bt e d 9 A
0.0 1 2 3 4 5 6

Liquid volume (¥ ), mL

a

3UN 5.12 BvsnavesUTinsAenuanvensegn
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Y

s

L dmm L4

5UM 5.13 las9a31909n52na1nn1sidiaIes CT Scan

U7 5.14 wandnsnavosduiu Pulse vasdLinsdenudnvesnszgn tnely
nsanwagldnsdindnaninil Travelling distance wirfu 30 mm wssdulnilnindu 500
Volt kazUSunasveunaiifiu 0.5 mL ¥n1saizegremeliiesisiuiu Pulse iy 10,
20, 40 wag 80 pulses Fauansluguil 5.15 annsfinwimudn awudnvesnsegnifinduniu
$1uan Pulse ity Tnsarnudngegadd ity 552 mm Ais1uau pulse i1y 80
pulses wazlSMIIEILAMUANFBUTNINSIINAY 0.113 mm/mL 71 80 pulses Faazidtulainen
DPV fiAgeninnisfinundieinuan [82] Bsfidwindu 0.045 mm/mL Ssuansliifiuin dudni
THlunsianznsegnuesgunsalndnadnildduidaanluii uasldyaduanusimanldig
Arwanasalumsznazgnldfini nuluiiveadeifedusenitinmaingnszgnlngld
punsaliifivinaditiesniidndae edrlsimudefinnsananufuresnsdnansusud
5.15 wuhanuuresnslusiaztiswesiuiuaddunaasiuuiliiuanas vidooiand
Ideifinsiuiu Pulse vasduiviunnagiutuagiilviaudnvosnsegniintudios
Bntlos esngdnillflumsdnuiansnsainnznszgnlusu Articalar cartilage Iéiviniu
usiludu Compact bone Fafutuinluvasnszgn sivannsazlfifivndndes iasan
#u Compact bone wasnsrgnIzdiauuiainnit fsdugunsaindndiniaziiaii
WAL UUINANIENUNEITEIINITITY 1u MIrAanginanAsysvasuyudilsl
Fududonazseaudniidnunn vieunanianumuivenszgnliinn uidmndesnis
ihluuszgndldlunisanznssgnauduvesitaneiiianumunnn suludosdnuifiubusis
Tushunisiiuduu Pulse vasdnin malufamsifinanands uazmiudunseunnesdin

saluluaumn



RSA5780001 : Experimental study of high-speed liquid jet impact on surfaces in liquids | 86

50 :||||||||||||||||||||||||||||||||||||||||||||||||1__2.0 ,_E]
45 F §1.8§
4.0 F - 416 =
35 F 14 2

F E e
E30F 12 3
S 25E 10 E
(=N = 7] Q
] 20F 18 £
1.5 F 16 2

- ] [

1.0 F 14 2

g — E <

SFE C)_IJO\O\O -:.2 ‘é
OO :||||I||||I||||I||||I||||I||||I||||I||||I||||I|||l_'O'O Q

0 10 20 30 40 50 60 70 &80 90

Number of time, time

JUN 5.14 BvEnave3dUIU pulse VaIdNANFDALENVDINTIAN

80 pulses

mn ‘4mm

4 mm
_-— .,

3UM 5.15 1A59a519903n 5297914 10-80 pulses

5.2.4 @3Unan1innae

MnmsAnwImsnznsegnlaglddnin angunsaindndinildsuidanliin laod
wsiwnluihdugndu anansnagulased

1) Aradh uazanudunssunnvesduin SuuiliianaudleUiunsvesddnidiuin

2) mmﬁﬂﬁuaﬂﬂszaﬂﬁ]zﬁnmn%mﬁaﬂ%mmmmﬁwL%w LaTIUIL Pulse U0381LAN
i

3) lunsAnwigunsaindnduinildyaduanusiimanluiianunsaaznszgnldaudn

gegawi1iu 5.52 mm 131U pulse Wiy 80 pulses
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4) §nsndrunudnseuiunns (OPV) SAwiifu 0.113 mm/mL Ssgendinisdneniiiiu
un [11]

5) gaduanudmaninianunsaussgndliiiuyaduresgunsaindndninifientsians
nszgnidlusuian ogslsimunisfine uazuiuugegunsaindnadnildyaduiifania
dielvanunsandndniniifinnnd uazarudunszunnganniu uasnwmaaiznavglu

Ushuaue) aely

5.3 myUszandlddndnianisianziu
5.3.1 unin

Tuilagtunsianzglued waznmsyanshifudnlngasldaimunalmg Tnomsmu
yosuay Fefidiutarsuesiiinzyhannianiitiauudsiivey [44] luszninanmisiang s
wrazduialnsmsafuduiiuuitu Gashliinsieaudouasaunnadend deanu
Souilaziliianauudmesiinizanas uasiinn1sdnusetu Feuaizasdedldiunis
Wby wionsteunsunssduidnusety Sugldsresnamoaunislunisdeuuss wionns
Wasuigiidigaty suiludsdaldelunsdeouiinedie wduldinaangiaeld
Fzuuunyuddiifedorine Mfnty dduisdinsdadumealuladlniildsndnluns
wwiiudu Taglul 2009 Ohtani uazame [44] Wldiaiwes HOYAG idlsntindiel Ay
QRIkY LLéjﬁﬁWL%Wﬁﬁ%ﬂﬁﬁuﬁlﬁﬂwﬂmiLf\ﬂ%ﬁuﬂju INNSANINUTIEWINA TR AUYY
ww1 2 mm 16 seownlud 2014 Sevda wazamez [71] Anwinisidenievasiuainnsldanan
191z aglunis@nw é’wﬁngﬂmémimsﬂ%’m%q High pressure pume Y1587l 80 MPa
Aouflazddostihiidanudu 80 MPa suidnluntelusdnfndudiiniu dndnaggndals
W pulse Taglénsmsuuea Slot disk fogiuntihvesiada sivlviduinAaiu Puse
Ad LATAIINIVOIEHINAI AMUN15HYULBY Slot disk 31NNTANBINUTT AL
Fevnevesiiuariuagiumiud waranuenesdidn widhfinsande Slot disk gnlddu
SYEBAUILY Fe9ziinAuEemeTUT Slot disk 18 sieunludl 2016 Zhenguo wasAn
[85] Anwinsidenievesiulaglddnindindnann supercritical CO, Tnalunisnandniin
Supercritical CO, g3insiinANGY wazgauma iy CO, aunszis CO, agluaniny
Supercritical CO, n&sa1ntu Supercritical CO, szgnUasedigidanataiduanin
Supercritical CO, 3gWiulaI1nsEUINNITIUAISNERSLEN Supercritical CO, dAududou
szuvilvunnlng wazgunsaliisimdeutisgs anfildnanlitedulunsfnwainenziiu
Taelddninldinisdnuegsielos Insomzluduvosiuidsildlunisudndnindad
Arauanineiu Seluusazduidedaideidoey diulunsinunidalddnudessuieatu
mstngfiulaslddninignudnlagldyaduarnusimanlaii wazldndnnis Momentum
exchang method (MEM) Tunsuananan
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5.3.2 Sandstone properties
Tuns@nvidesuiisafunisszgndlddninlunisiangiiu nelunisvaassld

Bonldfiunsnefifidn Compression strength Wiy 48.43 Mpa a1nnisuageulaeldiades

50 ton micro computer universal testers CY-6040A1 A16139 ldatnnsnaaeusauansby

MN519% 5.1

M1319% 5.1 AauaudRvesiiunse

Sandstone property

Detail

Value Unit
Diameter 51.38 mm
Length 84.14 mm
Cross section area 20.74x10-4 m2
Mass 415.00 ke
Volume 17.45x10-5 m3
Density 2.38x103 ke/m3
Compression force 10.24x103 kef
Elastic modulus 1.31x103 MPa
Compression strength 48.43 MPa

5.3.3 Results and discussions

250 17T
[—— x;= Omm ]

[—v— X¢= 5 mm ]

200 = x=10m i
é :—A—xt—15m ]
=~ :—O—Xt:ZOmm.\'\.‘.:
5150 [—0— x¢=25mm B
b :—v—xt:30mmv— v ]
k3] - \v-
< 100 ve=500volt ]
5 [v,=05mL 1
50 ]

i — o . o-
0'....|....|....|....|....|....|....|_

0.0 1 2 3 4 5 .6 7
Orifice dimeter of nozzle (d), mm

JUN 5.16 Bvidwavesvungidn uavszes travelling distance foAIML5IVDIANINT
311915 0.5 mL uazusaduli 500 v
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gﬂ‘ﬁ 5.16 LAnIBYIENAT0INIIEA uazsree Travelling distance #io A1U53701
d11dn Taglunmsnaassdninazgnudnlagliiteulvdoszey travelling distance fiasinifu 0
- 30 mm WIAFIRAWINAY 0.2, 0.3, 0.5, kg 0.7 mm USU1m5u8981L8M1AU 0.5 mL
wazusafu et fuUszauintu 500 V arnninwinudn anudimesduinifistude
sze¥ Travelling distance Hisdulunnuuinvesgiidn ilesanniaifinduves Momentum
NnNMstAdouiivesunaianens sglsAmuvuevesgiidalifidsddyiunsadsundas
ANA3Ived 1IN AaSIvesddnilAngegaindy 221.20 m/s firungiada 0.5 mm
szug Travelling distance Wity 30 mm fatuiadenldvurngiada uazsvos Travelling
distance fsnanlunsnananiniiefnumsianziusioly

250 [ T+ T T

: - 5

200 -

< [ ]
B i ]
S~ 150 7
R T e
= | ]
T>) 100 7
2 i —e— V=100 Volt
50 - d=0.5mm —v— V=300 Volt -

[ x¢=30mm —a— V=500 Volt ]

0 i TN NN N TN NN TN NN NN TN [N TN NN Y N [N SN TN TN NN SN TR N | ]

0.0 Nt 2 3 4 5

Liquid volume (V} ), mL

a

Ul 5.17 BviswavesUSumssonanirvesdnin fuseuladih 100 V, 300 V uag 500 v

gﬂﬁ 517 LanIBNENaT0IUSLIRIAEANMSIT09E 1SN Tusesulniin 100 V, 300 V
wag 500 V 91nn1sAnwnuin anuisivesddniiuunlduasaaiiousunnsvesddniiiuau
Tunng wssiulnih iesnifinanududeunduiuiianslusiin WeRasanlveeavaiu
a1u1508afassfinalidredu WeRersandiviuiasiieafunuin anuidivesdnind
wnlidtudeussiuliihvesiufvlssaduiu Wosnifunafisduresundamdsud
THlunsnandiin ddndsulndiunn anaranewnsazadsaunuudndnlui e
NUU LY sAUNNLManTaN e lUAe G?iQﬁﬂﬁmmmwmumm?ﬁ'auﬁﬁwmmﬁ’;ﬁgqsﬁu
MnnsAninuiianusvesduiniaigagaiaty 239.57 m/s fussdulaiin 500 v
U195 0.1 mL wagszee Travelling distance iy 30 mm
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Liquid volume (V,), mL

a

UM 5.1 FMZNAVIUSUINTABANUSUNTEENNYDIE TN Tusesaulnidn 100 V, 300 V wae
500V

'g‘d‘ﬁ' 5.18 893 NaveUIUINTABANNFUNTELNNVDIELEN Tusasulaiih 100, 300
uaz 500 V 9 nnnsnuinud anudunszunniiuulduananiousiinsduiulunng
wssulaih esannanuisivesdnivanastauandluguil 5.17 efiarsanisunsioity
nui Arudunsrunadinduideussulniwesfufivss ity lnsnudunssunnd
Agegaminfu 133.27 Mpa fusaduldla 500 V U3u195 0.1 mL wagszes Travelling
distance 11U 30 mm

Tunsnwinmsanziuazlddeulvlunsudndiinie vungiada 0.5 mm gz
Travelling distance 111U 30 mm ussaulninvesiaiudsegmindu 500 V wazU3uinsae
fudvuirtu 0.1 mL esndeulslumandndiinianusondeddvidanmda uazarm
funszunngsiigasananslusud 5.17 uazgudl 5.18 mudne

Tunisnwfiunseflddvuadusitugudnans 51.38 mm wazilannumuimindu
3.18 mm Baggnindainsandrutarsvesiadaniifu 1 mm lun1sfinnsanarndened
Aetufufiufiavesiiunsisargnitnsaaoundanisiaizyne 20 Pulses Tagléndos
microscope fA&3wEIe 30 11
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' OPﬁls_e PRI 3mm 20 Pulse ~ 40 Pulse
——

60 Pulse

5U# 5.19 nsidenneveiiuniy

U9 5.19 uanen1sidenievesiunitefiiinainnisldduiniets ngldndes
microscope Ransaniimdawens 30 Wi 91nmsAneanuin prdemefiintuiufiunse
11 2 sUuuuAe 1) nsidgmenuuLandin (Tensile) wag 2) MsideneLuuLReU (Shear) g
nsidemenuuideu (Shear) fla MavigroanuaskIfiu (mineral) Fuintusaus vinmiane
Fauandluzudl 5.19(b) wazguil 5.19(0) maBsmeuuuLaniin (Temsile) awiintundsand
gluudarionun 46 Pulses fauandluzudl 5.19(d) Tasfidinazindoudiirluaelusians
walvaunsndlunuusuiiognielugianetu shlsunmeianisuaniniuiiduau Pulse
Winfu 46 Pulses 1ia915un71S LU Pulse WU 47 - 60 Pulses Wud1 fiunsieiinnis
Fovmeuuuideuluduanduzud 5.19()

U1 5.20 UansdnEnavessuIu Pulse donudnvesiiunsiedazduiusiugud
5.19 99N5ANwINUI ANuAnvesfunseiiuduiiodiuau Pulse vosdninifudy
dewnusiuianisuaneentunng assiidnines Wefinrsaniisiuau Pulse wiiu 0 -
60 Pulses fauandlusud 5.26 wuin AuBnvesiunseduuildudony futy uside
finnsanidruan Pulse Wiy 60 - 74 Pulses wui1 AvmAEnvesfiunTeiuualiudiudy
oeamaia iesanlumanssunnuasdidvluuiazadsuuiuinvesiiunme asfinmsavau
vosm i warareToaiiniy TedmaliAnnsdsmenuuunnin waskuudoutu tae
fidruau Pulse vosdNdMYNAY 74 Pulses ansnsavilsiunsenun 3.18 mm WAansnzald
FatuFadululffazingunsandnddnilddumdaanini Afyaduainusimdnlnin
Uszgndltlumsiangiulaluouinn udedrslsfnuaisnsifindaluiiedieg deldlu
auAn
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JUN 5.20 BvBnavesduau Pulse vasadndonuanesiunsie

5.3.4 ayUnan1sAnen

Tuns@nwiiidninldgnuaniulaeldgunsnindadnindldduidsanluia s
wiwdnlviududdu anmsAnemuin anass wazeufunszumnvesdnin Jsgninlae
1973 by Laser beam interruption method kag PVDF pressure sensor @MU&1AUNUIY
Aus wazarFunssunnuesdLiniintuiilesses Travelling distance uagussdulyin
ity Turasfivinesanas Anuda uazanudunszunvesd i dviageaainiu 239,57
m/s uag 133.26 MPa auadu fifteulalunsuand idnie vuingiidn 0.5 mm Travelling
distance 111U 30 mm wssFulNh 500 V wagU3ing 0.1 mL Sadeulvignléifudeuls
Tumsuandudnifionsanziiu anmsnwnisléduivlumaansiiunsenuin anudnves
funsefuuiliuifistuilosuau Pulse vead ity funsoiRaanudeniouuy
upnIAn LLazLLUULaauﬁuﬁﬁmmgﬁgﬂﬁ%ﬁwLmz 119 Pulse WU 74 Pulses amnsani
Tfunsrenun 3.18 mm iananegld daiudadululifiasihgunsaindngindlddumds
Nl Ageduanudmdnlnihuussgndldlunisansiuldlusuian udegndlsinuais
Anwdiadulusesne delulueunas
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uni 6

AyUNaN1SANYILaTYaLEUD LY

6.1 d@yUnan1Imaasg

NNSANBIAINGY AIUAUNTEUNN LazNgRNTIUVEIa1LIN Newtonian Lag Non-
Newtonian luermeauazlui mufensussandlddnilunmsdemesuuulldidy msane
nsvgLayNITatEiu annsnagUld dal

6.1.1 1ilefia151ANNd1LIN Newtonian wazynszen1991niadn (Stand-off
distance) 11ui1 dndndidalusinimagiianudunszunnganindlodaluii esan uss
Fumueai (Hydrodynamic drag) wAAIEINTWTIATUNINGANERT (Aerodynamic drag)

6.1.2 Tunsdidnddn Newtonian luainia wuin ileszeevinaainiida (Stand-off
distance) 1ndu AruFunszunnvesdinazidanas Tnsanudunszunniiszey 10 mm
wfiamudunssunngaaannanin uasidedndidviu wui evudunssunnasiiduiiuiu
Foszegveanidadutulutissses 10 83 20 mm wazaudunszunnasdidanaude
szaw¥in9InTin (Stand-off distance) iisdufitnsszey 20 F9 50 mm Tasaudunszunn
vosdudnaziiangegaiiszos 20 mm yndudn

[

6.1.3 ddnunazdinnudunssunngeanidlodalueinielaeda1viiiu 699.55 MPa

v
o o A

svBeu19aInTaln (Stand-off distance) 10 mm wiiilodalutingnindfufieadaudu
nszunngefigalaedawiniu 674.50 MPa fiszezsineainiiadn 20 mm wardintituuia
TAuasdanudunssunnsnfigaiensddnluenniauarluilnedanviity 23232 MPa uas
123.26 MPa snudsfu fiszoginaainiiida 50 mm lasanaudfvnanienndifinaseninudu
nszunnAe Aumuukasintnlianaveseman

a1 oa

6.1.4 AUs1ve9a1dnTus N akasludnvziAiutuleszezanluniIsedoun

'
1 a

29981199 Non-Newtonian WinTu wazAnusunszwnnluaInifzilaiuIuwalanadiile
SYYLUNIANIIRANLTU
6.1.5 ANUAUNTEUNNYDIAIN Non-Newtonian A ALTULAIAARIDTEHET
v a . a1 a dg” (% o < = = a
31N (Stand-off distance) dAaTu lngAusunsEuNNVeIaLang dilullgaian lng
FANN1AU 127.61 MPa wag 85.36 MPa f1588%%1921n9aavindu 20 mm Liaaaluaine

waglutn muaau
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6.1.6 WRNTIUVDIAIN Non-Newtonian i1 4 wilaluernimzianisuandandu
aveomnniudlosrezialumaedeufivasduin Non-Newtonian sty

6.1.7 WAn3IuV8IaLTN Non-Newtonian i 4 wilaluasinnisvenedaiutu
vdaniiduinedouiioananinin mﬂﬁ?mzﬁfmﬁmﬂ’mguﬁa wagaa1uiIvngly

6.1.8 n1sUszgnaldanivlunisdsaseuuuladlddy wuin Ysuesvesvaninaiv
nsunsnszaevesdninluidefesians Polyacrylamide gel Tneiidnwaznisuninsyans
ptnpadefutugunsaideesuuuldldiduinemeilunui fafu gaduannuaimnlwdt
fidnenmlunisuszgnaldlunisdsarsewuuldlddule

6.1.9 M3UszgnAldaninlunsianznszgn wud aunsaienszgnlinuingge
WU 5.52 mm 51U pulse Winfu 80 pulses $ns1drualuEndeUIu1ng (DPV) fidn
Wiy 0.113 mm/mL Fetu gaduainuadmdnliinddneawlunisuszgndldlunisians
nszanla

6.1.10 M3vszgndldaninlumaanziiu nut dosiuam Pulse vosduinfiutuas
yhlimudnvesiiunsediutu InefiulfiAnarandemeuuy Shear uag Tensile Fufizan
uazdlovhnisiestonun 74 Pulses gunsainAnduinildynduanuaimanliiiasnsavils
#unsenu 3.18 mm Aan1sngale gatuanuiwaninihddnenmlunisussendldlunis

WzAule

1724
6.2 UDLAUDLLUY
6.2.1 A¥sANYIAMELTURYEIES Non-Newtonian ag19azL8unLiuLfal
6.2.2 AsANENSRAEULLRERT WardMINAaRINITIN ANUATNU

6.2.3 ASYINNNSANBINITHIIEAUIUADULNULRL
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Abstract

This research aims to study the design and performance of the electromagnetic actuator for drug
delivery using needless free injection. Effects of voltage, the bobbin materials (aluminum and plastic) and jet
generation methods (driving method and impact method) on coil and jet velocities are studied. The coil and jet
velocities were measured by laser beam interruption method. The preliminary characteristics of generated jets
were visualized by high-speed video camera. From the experimental results, it was found that the coil velocity
increased when the voltage supplying to the coil increased. The maximum coil velocity at 500 volt of aluminum
bobbin and plastics bobbin are 2.55 m/s and 4.59 m/s, respectively, which generated the jet velocity of 200
m/s and 190 m/s, respectively. Moreover, the jet velocity generated by the driving method depended on the coill
velocity, while it generated by impact method depended on the momentum of the coil. It can be concluded that
this actuator has enough potential for needless free injection.

Keywords: Electromagnetic actuator, Needle-free jet injection, Laser beam interruption
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Application of water jet generated by electromagnetic actuator for bone drilling
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ﬁ’]‘H’mﬂ%ﬂm‘ﬂumingﬂ%@ﬂ Giammﬁﬂﬁuaqms@ﬂﬁLﬁw‘z’ffuimﬂﬁ&ﬂ‘%'aa CT Scan (Optima CT600, 0.625 mm
of resolution) lumsdunm INNFANYINUI USUIATVOIEAN LLazﬁi’mauﬂ%ﬂﬁiﬁﬂumimzﬂizaﬂﬁmaﬁia
AwAnUeInszgn Taefiusanns LLazﬁflmuﬂ%gaﬁiﬁfﬂumimemz@ﬂwhﬁ“u 0.5 mL Uagd1uIu Pulse i 80
pdsanunsnienszgnldiniiu 4.52 mm uasdidnsrdiuvesnnuBndousinnainiu 0.113 mm/mL
ﬁhﬁqﬂﬂd’muié’aﬁﬁﬂmLﬁaaﬁUﬂﬂiLaﬂzﬂﬁzaﬂﬁaaéﬂL%wﬁauwﬁwﬁ FafiAuvinu 0.045 mm/mL FeuFadly
Iigaduanusimdnlulinannsaussgndlfidugndvlunsdndiindienisinnznszgreolulaluounnn
AmEn: NSAZNIEgNEIEaLan, Yaduanuiwiniiil, Impact driven method, dasndiuvasnaudnse
U3nmg

Abstract

Recently, the orthopedic surgery uses a driller for holes drilling, and then use bolts for
conecting the bone. If the drill speed is unsutable, the bone cells will be damaged. This is a problem
for the regeneration of bone cells. Therefore, this research aims to study the bone drilling by water jet.
Since the water jet does not generate heat at the bone during bone drilling, the bone cell will not be
damaged. This is the advantage of water jet in the orthopedic surgery. In the study, the water jet was
generated by electromagnetic actuator, being designed based on impact driven method and
manufactured. The effect of liquid volume and number of water jet pulses was investigated by CT
Scaner (Optima CT600, 0.625 mm of resolution). From CT Scaner, it was found that the liquid volume
and the number of water jet pulses affected on the bone depth. The maximum depth is 4.52 mm at
liquid volume of 0.5 mL and 80 pulses. The depth per volume ratio is 0.113 mm/mL which is higher
than that of previous research of drilling bone, being 0.045 mm/mL. Therefore, it is possible to apply

the electromagnetic actuator of bone drilling in the future.
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Keywords: Drilling bone by water jet, Electromagnetic actuator, Impact driven method, Depth per

liquid volume ratio.

1. UNUI

2 o o A Y ” Yo ¢ 1%
LWUNNIIVAUALAN Iu{jf\]ﬁ]‘UubLﬂuqa\?ﬂﬂ’quz

v o <@ < [
MPUENINANUTIUTEY AT Ui
Aranssulainasidu nsdnlangaiodnin (et
cutting technology) [1] N15YAUAZDIAAIYET
= . . . ¢ v
99 (Material cleaning by jets) miLm:J'QIMﬂmEJ
AN (Mining and tunneling by means of high-
speed jet impingements) [2, 3] A13RAUNLUY
\Walnas (Fuel direct injection) [4, 5] uenanilés

a1u1saUszgnaldananduaunisiiunisunngle

dnene oy 198 dnlunisiidn (Micro  jet
cutting) [6] 1dudnlunsvianefeudeniigasulu
\@uden (Blood clot dissolution) [7-9] Lagn1san
guuulalldidu (Needle free jet injection) [10]

Uagtumsdaenssunseaniinnisuaniin aeld

alugnsegniiveldadnindedgansegniiuaniin
T liaeiu unndnvinisiniensegnazhed
At wagldnnusisevvesainulmmanyas
a b ululeadnTEANATIUTIINNRIZ013lASY
Anudsnels 1esanauiouniinduainnig
Headlaunseseninmenalnuiuivadnizan Jeag
< a 1 '3

Judgmlunmsiislmiveuwadnszgnlalusuian

[11-13] snewnil Tujithof wazAme [11-13] Fald

Anwinsusegndlddndnlunisianznszgn iiloan
AudsMeveaadnsEgnas ieaannislddniv
Wiznseandzliinisdudalagnsesenineidadu
nsrqn Snvadaliifianufewiniundae Tasly
AsAnwIves Tujithof  laldin3emadaunsaf
Tensile test nagaveunarlunszuanguauinIy
fu 70 MPa uddesvounatudindedidauiag
WAaiu 0.6 mm  wagldszeriianlunisiang
Wiy 5 s :nn1sAnenudn anudnveensegnilen
winfu 24 mm Taefidnsiduvesniudnuesnsegn
AoUsuImsuRIaAINdANYniu 0.045 mm/mL [11]
ezl dinsiinveadefiudunansenina

AULAYNTZYNMAATUTENINNITIAE Fedeald

LAT8IAAYDUFINAITUBBNTENTINITHIAAAIY

uenaniiedosililunsndnduindauduedoild
Tun1snaaauAn Tensile wazA1 Compressive
strength  wosTan dslallfiduaiosildlunisndnd
Wnlaense Ssendenisiiundssendldauaiale
wagfidrAynisauauAudnyosnszgniiuldle
o0 (osandnunzresdiniiiudnivieidosdid
szuzIdn 5 s deervhlrigiianzfienudnanniiy
audndu vieeadunaidelsiniluinnznszgnd
fnuuianng wunglwandseyle

Fatunuidedaslddnaonisansudesiuly
nsuszgndldgunsainandinilldairsduannisld
suidaanlnih wagldyaduanudmanindilunis
nanddn Jediniindnldesdidnvaziduuy
Pulse uazldnszgnuyludiuveslauvi (Femoral
condyles) ifunszgnillflunismaaes

2. Bn1mAaes

2.1 gunsalnBndniniléduideanluin

gUnsalndndLinildduidsannlii e
wimdnliidugedulunisuandnin Ssazgnasis
Fulneldmdnnisuanddnuuy Impact
method [14] mLLam‘LuiU‘m 1(a) Ineildudszneoy
waﬂmamzysuaqqﬂﬂimﬂ lmLLﬂ ¥adu (Actuator)
#an (Nozzle) wazunasaneluiln (Power source)
Tnsyaduazgnadialuainusindn Neodymium
magnet (NdFeB) LazUnaInNeuAIfiiuwIAEuNIY
AUONANNVBIRIANDUANYINAU 0.32 mm  Wuseu
uAw (Bobbin) 1,600 s8u luduvewidndivinain
wiinndazlden LD windu 4 wazyunsiewiiu
40" fauandluguil 1(b) 1esandnunizvesings
Aanan anunsardnandntinnuiaadn [15] way
Tafiuyszguuin 600 Taad 5,400 pF  ludaiy
wdaulniinannisuszqluinlagldiadesussq

9

driven

T (Power supply)
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Magnet Bobbin HOU%‘ Nozzle\‘ y _i (1)
g =
30 mm a J Af
& §
RR h = I~ < (%
a LB \/j 2] ﬂ')’]EJLi']“UEN']WQ, m/s
. [+ 1
supporting - S fip SYELinwaLaes, m

Coil

UM 1 @) aunsalndndnindildiuitdeanii
Tnefudwmaniiinduyedu uaz (b)  waz
ANEEYRIIAN

nsviheuvesguasaindndniviliduiidsann
T Taefwiwménlafindugadu FuainltiaTos
Power supply vin1sUsEgluihliiuiiudseq
qudsArussdulaifidesnis anndusiinisdng
useulifihandauiuysyy eifuanainneuas Lite
afsauauslmdninii Woaunuwsivanliiniign
a¥9tu dafuaunusindnonsvesusingn NdreB
agiliunmaneaunuinnisiedouiidinssunndy
fugu (Piston rod) shivveamanfiegaelunda
\ndeufiiughdnegunsuindudnindu tae
Tumsinwifagldinidumarlumswdnduin
2.2. MITAANANTIVDIANIN

n133nA059098 11991435 Laser  beam
interruption  fanandlugud 2 Tneldmdnnisnig
\ndouiivesingdatunaaves Jsilawesdnam 2
77 119vieriu 16 mm wagld Photodiode 913w 2
# Wugunsaliuuasminuasaies uazgnidouss
fuideq Digital oscilloscope  luvasdayqyrosd 1
uay 2 iletnguadouidafunanalmosii 1 uay 2
g lfiAndyy anansduuuniiaevosiaies
Digital Fauandluguil 3 Faann

S IUELNTANIIUNAAIBLIAT (AD) 1A AU

oscilloscope

anusamausvesingiindoudilianaunisi 1

At A9 NARI9YDIIAN, S

W

Photo diode

_Signal 1. .

(Y 1

JUN 3 dyaiaunisindiounvesing idnLaualues

2.3 A15IAAMUAUNTZUNN
A1sTAAITNAUNTEUNA e THUNY
Polyvinylidence Fluoride (PVDF) 2u1ani14 15
MM ©17 25 mm wa¥Wu 28 um Aasaliun PMMA
YUIA 45x45 mm” WAz 25 mm é’fummﬂugﬂﬁ
4 \flodndnedeudiiinszunniuwiy PVDF  #ifl
JLULUTENINMIRAAULAY PVDF  (Stand  of
distance) 11U 3 mm Wi PVDF 2¢RoUdiein
NISNTLUNNVDIANIN LATUAAITYYIUIINAIT
NSTUNNTDISNINTUUUMTN90901AT 04 Digital



,j.J'J\
ME NETTZGIS

Tiee 32 Znorreme of Hlodrantcl Erganoesir Recweork o Tiesoand

BME - 008

MsUsERAInMTATETEIMmNTTIATRINaRIUsEWAlNg ATIN 32

3 - 6 NINYIAY 2561 JNIAYNAMNT

oscilloscope  TugUnuurasdysyrnusadului A
wanaluguin 5

PVDF
PMMA

S\

— -

L 1 mm

Digital oscilloscope

sU 4 msinanusunszunn

d' o [ o &
E‘U‘V] 5 FUUNUAMUAUNTELUNNVBIA AN

JUT 5 uansdyanaannnisnssunnvesaniniy

]

sUnvuvewssiuliln Feandygyrailainse
AUINAMURUNTEWNNYBIA AN A laeldaunsh 2

Fuduaunisannnisasuiieuniy PVDF  1aeld

PANNISNISAR AL LU [16]
P = 35.268V,+7.8274 (2)

e P Aa AUAUASELNN, MPa
V, Ao wssnulnialaann PVDF, Volt

1

i

2.5 N3N UAMIAIATIENNTEAN
iumiﬁﬂmmam ¥NTY ﬂﬂmammmﬂﬁz’f

nsz ganyyludiuveslaul (Femoral

Luaamnﬂivmﬂmmi UIUNTT metabolism wazdl

condyles)

Volume fraction InalAesiunseanuesuyee [11]
uaglfiedes CT Scan §u Optima CT600 i
resolution 111U 0.625 mm Wﬁmm’mﬂwmwﬂmg
WaElATIZYALENYRINTEAN

3. NAN1TNNABY

250 ————
w 200F
= i
<o
2
= 100
> ]
; , e ¥,=100Volt ]
50 d=05mm —v— V=300 Volt
+=30mm —a— V=500 Volt ]
07\\\\|\\\\|\\\\|\\\\|\\\\|7
0.0 A 2 3 4 5

Liquid volume (7,), mL
U 6 BnBnavesUTuInsAonuEIvesd LN
wsesiuluiiyindu 100 Volt, 300 Volt wag
500 Volt

U7 6 uansdvidnavesUiinsson i3 Ivesdi
Enusssulndiamiagu 100 Volt, 300 Volt uag 500
volt Tnglditeulvnsnaassiivunngsidn 0.5 mm
Travelling distance Wiy 30 mm [17] wui1 e
USinmsvesmaanaiiatuazshlinuvesdidn
fwwiltuanas Inennusenuliinduulbiludnuue
Weadu tilesainiinaiiududeundu (Back
Funeluhin Wefiesanlfvesiva
mmaaé’mé’ﬂé’mwé’ﬂmmamam%ﬁuaﬂmﬁmﬁﬂﬁ

pressure)

(Compressible fluid dynamic) [18]
me'ﬁmmﬁsmm"lm YIVBIAAT WUIT Lile
wseulrifisTunnugivosdnindiuunldndinty
vlesern tJunisivdsundsaruladdu
auruudmdnliil Sr1dussdulnihfisneliunasn

LLa‘“LlI’eJ

VIDIUAUIN YARIANBILAINIZAT AU
yosaurnudimanluiuin vildvnaianosuns
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Lﬂﬁlauﬁé’wmmﬁaqaﬁﬁu Tnefiusesulaii 500
Volt Usums 0.1 mL uag Travelling distance
Wiy 30 mm  ansandnanivlaninusigaan
Winfu 239,57 m/s ivunngsiadn 0.5 mm

160:““I““I““I““I““I:

140 | ]

=
N
o

[y
o
o

v

F—e— V=100 Volt E

F—v— 7,.=300Volt x;=30mm

D
o

C .
F —=— V=500 Volt 3
: ) E
0.0 A 2 3 4 5
Liquid volume (7,), mL

Impact pressure, MPa
(o)
o

N b
o o

o
T

JUT 7 85NaveeUTuInTAeANUAUN T LNV

@ a

Wnawsanuludmindu 100 Volt, 300 Volt
ae 500 Volt

sl 7 uansdninaveaUIuinsdeaiiudu
nszunnuesaLdndiuseiuluiuyiiu 100 Volt, 300
Volt uag 500 Volt laglditeulunisnaassiiuuing
#2m 0.5 mm Travelling distance 1Ay 30 mm
sl PVDF Sapnnusunssunnuesdiing
(Stand-off
distance) WU ileUsunsves
youmanfintuazilianusunssunnvesdin
wwaltnanas lneynussiulninduulinludnwoue
ety ilesainanu$ivesdninduuilduanas
Fafinailiuditnediu wazileRarsandivsuaslag
99990909187 WU enserulniininguniuga
vosdndnduwalduinty Weosen Wunswdeu
wdsulinduaunudindnliiafingnilineu
il Taediusesuladin 500 Volt  Usuas 0.1 mL

SYYLUNITENINNWIAANUBEY PVDF
WINAU 3 mm

waz Travelling distance 111U 30 mm  @11150
nanaAnlanudunsEUNngIge tnedia1viiu
133.27 MPa #lwuagaidn 0.5 mm egrdlsfnly
n13fnYIN1sIaIZNTEANMEaLINITAnw1dnina
YosUTUnsVRmaINAINY Losnlunuisediiiy
W1 [11-13] wud YSunesveamanilavnasieniny
Anvesnsegn detulunmsdnminsiaensegnlaeld

2

1
gunsninAnguIndldadedu Addnvusdiindu
WUU Pulse 9gAn®18v5naueeUsuInsvounad tay
ﬁ?’]muﬂ%ﬂumimxﬂsz@ﬂﬁiammﬁﬂﬁumﬂiz@ﬂ

50 T3 20
i 119 £
45| 118 ¢
40 f 16 E
35F 14 3
c : 1,, 2
Es0f j12 5
£ 25F J10 8
o F 3 [<5)
8 20F 18 £
15E 16 S
10F 4 &
5F 12 §
0.0:””|HH|H"|HH|HH|HH:0.0D
0.0 1 2 3 4 5 6

Liquid volume (¥;), mL

JUN 8 BnSnavesUSunsseauanvensgn

L |-

4 mm *43@.

4

JUN 9 lassaineveanseanannsldiases CT Scan

5U7 8 BvBwavesUiunnssenudnvednszgn
TnglunisAnwiazlénsduandninfvuingiiie
Wi1AU 0.5 mm, Travelling distance 111U 30 mm
wazwsadulniigindu 500 Volt iesnnidunsdid
ANUTAHANAINULET LATAUAUNTEUNNTVBIALIN
Iigaanlunng Ysunsfauandlugud 6 wazguil 7
drulSumsildlunsdnefidniaifu 0.1 mL, 0.3
mL uay 0.5 mL 33U3u1ms 0.5 mL Huusuns
geanveuiidniussgld Tunismaassazyiinisiany
agsaiilonieun 20 Pulses luusazU3anns Tned
srgevinaseninaidadunsegniniu 1 mm wagld
\A383 CTScan CT600 fifivun
resolution WINAU 0.625 mm A58 UlATIAS 19D

a;'u Optima

N3EAN WALAUANVBINTTANNAIINNITAINTEAN
shednindsuanslugud 9 9annsAnwimuin A
Anvosnszpniuualifinduideuiinmsvosduin
ity Ssaonndestunsinufiiiuan [11-13] 1
fivsinnsvesdndnintu 05 mL  awnsany
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nseqnldinudngege dallAwviifu 3.02 mm
\Hosandniniiiviunsnnasiiszeziailunig
11EnszgnAuInnIdninituianastes el
nszgniinn138nuin udmgeeenlininndl wazds
WU BRT1dIUANNANEBUININS (The depth per
volume ratio, DPV) dsiiAiiu ANUNENTBINTEYN
flanzldmnsienaguuesuIuinsyesdniniu
$1udu Pulse  v@sdNdM FaaannismaassnuIIA
pPv  fuwiltuanaudouiuasvesdiinifiuiy
dHosnnszgnluduinaslufiaruudsanni tae
f1 DPV §1U31195 0.1, 0.3 Wag 0.5 mlL w1y
1.27, 04612 uag 0.3022 mm/mL  Aua1au
ogslsfimaluszwinmsindaaziiniosgavoaded
Anduarnnskidneen deulunisfinundddnad
NAMALINTIUSIMS 0.5 mL TunsAnwidvEnaves
U Pulse Basdidnsenudnvesnsegnsely

5.0 :HHIHHI““I““I‘“‘I““I‘“‘I““I“HIHH:2.0 _E,
45 F 318 g
40F = 16 £
35F 114 2

e g 1,, &
E 30F 312 o
£ 25F 310 ©
o F 3 [<5)
8 20F 38 E
15F 16 S
10 F 14 3

E E—— e <

.5:- O’/\O\O ;.2 s
0.0 HHIHHIHHIHHI\H\IHHI\\HIHHI\\HIH\F0‘08

0 10 20 30 40 50 60 70 80 90
Number of time, time

5U7 10 8nSnavesdiuiu pulse vosd1INADAINL

t4g

anYBdInNIsnn

H

sU# 11 Tassadaweansegnilduau 10-80 pulses

gﬂﬁ 10 LANIDYIENAYDIIIUIU Pulse U89
adnseanudnvanszgn InglunisAinwiagldnsd
a o & a . . L W
Nama1Lny Travelling distance 1Y 30 mm
wsenuldvinAu 500 Volt wazUSuimsvaauan
WINAU 0.5 mL Y1MN196912 08196 bl099191u0U

2

i

Pulse winfiu 10, 20, 40 wag 80 pulses Aslandly
U 11 9nmsfnwimudi mmﬁﬂsuaamz@mﬁu%u
UL Pulse Tty Tnsanudngeanian
Wiy 4.52 mm 7is1wan pulse Wiy 80 pulses
wazdionsndiumluanseUIuinsvindu 0.113
mm/mL 71 80 pulses @sazifiuldind1 DPV HGRGR
AdnsAnETs L [11) Fadievindu 0.045
mm/mL Feuandliidui udnildlunisiane
nszgnuesgunsalndndniniildduidsannludia
wazldyaduarnuamaninirdaiiuauisalunis
Wensegnldfndt sulufedvendeiintusening
nsgnsggningldgunsaiifiviinaiidosningn
fe egalsfnuiefiansanaudureinsings
LLﬁqugU‘ﬁ' 10 wuianduvesnswluudazyg
vesdundilunsasivultuanas viee1anan
Igindodiudiuon pulse  voeddnlunisiang
Lﬁﬁ%gﬁﬂﬁmmﬁmaaﬂﬁxq}ﬂLﬁuﬁﬁmﬁwé‘ﬂﬁaa
Lﬁaqmﬂé’wL%Mﬁiﬁ?ﬂumﬁﬁﬂmﬁmmiamzﬂiz@ﬂiu
%’u Articalar cartilage 1(31'1,‘1/1"11?14 Lwﬂuﬁz“?u Compact
bone dudutudaluvaanszan aninamsainzls
disadntion ilesaindu Compact bone maenszgn
flanuudannni fafugunsaindaduindasd
AULMLNZANAUUIIUNTEANUINEINYDIS NS
Wity 19y nsiidangivanAsusvesuyudild
Fududenatgdeanudniidnuin niousiiuil
AMUNUIBINTEANLUNIN widMInFaan1TUly
Uszgndldlunisinnznszgnaruduvessnsnieiil
arunuann sududesdnvniudustdlugiunis
Wind i Pulse vasddn uluiansidinauny
wazANNAunsEunesaInaelulusuan

4. ayunan1maaeg

31nn1sfnwinisinznszgnlaeldanin 9an
gunsaindnaninildduiideanlia lned
uslwdnlaiidugedy aunsoagUlasd

1) A2M3L57 WagAINAUNTEUNAVRIE 1IN 1
wiltuanaaileUsunasvesd iy

2) mmﬁﬂﬁuaqmz@jmzﬁﬂmmﬁmﬁ'aﬂ‘%mmmm
§18n uavduau Pulse vosddmiinTu
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3) lumsAnwigunsaindaduiniildyaduain
wiiwdnlnihanusavznsegnlimnudnasanviniu
4.52 mm 7is1uau pulse Wiy 80 pulses

4) 8nsduANUENRaUTIIRT (DPV) denviniy
0.113 mm/mL Fsgeninmsanuniiriuan [11]

5) gaduanudmantniaunsauszendldilu
yaduresgunsaindndidniiionisiangnszgnldly
auAn  aglsinuaisfines wazdSuussgunsal
wang L inildgnduiifiuiy el farunsondnd,
wiifinands uaganufunssunngenintu uay
Anwinsianznszgluuinndue deld

6. inANTIUUITZNA
mu‘ifﬁ’aﬁy%%wm ANEIAINTIUAANT
UN1INY18Uas1Y519 wazd1dnaunesnu
AUUAYUNITIVY (dn7.) Furyuavdl RSA5780001
Tuatuayy waguevouANINeISuUNeAIans
LAYANTANBITALEY U INeIdeguaTIvsnil Al
OULATILILATES CT Scaner
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Abstract—The objective of this paper is to preliminarily study the stone drilling using impulsive water jet.
The jets were generated by electromagnetic actuator, which was a new jet generation technique based on impact
driven method. In this research, effects of orifice diameter of nozzle, travelling distance, voltage of capacitor
and liquid volume on jet velocity and impact pressure were investigated by laser beam interruption method and
PVDF pressure sensor, respectively. The depth of stone drilling was measured and visualized by digital
microscope camera. From experimental results, it was founds that the electromagnetic actuator at 0.5 mm orifice
diameter of nozzle, travelling distance of 30 mm, capacitor voltage of 500 V and liquid volumes of 0.1 mL were
suitable condition to generate the maximum jet velocity and impact pressure, being 239.57 m/s and 133.26 MPa,
respectively. The depth of stone drilling depended on a number of jet pulses. The 76 jet pulses could drill
through the 3.18 mm thickness of the sandstone. The damage deformation of the sandstone in this study was
crack and shear. Therefore, the electromagnetic actuator is possible to apply the stone drilling in the future.

Keyword—Stone drilling, Impulsive water jet, Electromagnetic actuator, Impact driven method, Sandstone

1. INTRODUCTION

It is known well that the high speed liquid jet can apply for many engineering and medical applications such
as fuel injection [1], drilling bone [2], jet cutting [3], drug delivery without needle or needle-free jet injection [4]
and tunneling or stone drilling [5].

Currently, the tunneling or stone drilling generally uses rotation of driller tip. The driller tip is made by
material as high hardness [6]. It penetrates to the other layers of rock which the driller tip contacted with the
rock every time. Thus, the driller tip is accumulation of heat and deterioration, which need to repair the driller
tip. The time of repairing is long time and the high cost of a driller tip. In addition, there are many disadvantages
of dust during drilling. Therefore, it has been invented the new method for rock drilling using the knowledge of
high speed liquid jet.

In 2009, Ohtani et al. [6] generated water jet by a Ho:YAG laser for study the rock drilling. The jet was
generated by laser inducing the water at the Y connector. The water moves to the tube exit become the jet. The
limestone of 20 mm x 22 mm x 2 mm, density of about 2.36 g/cm’, compression strength of 73.4 MPa was
installed under the water, which it live in the acrylic test champer. The dimension of an acrylic test champer was
130 mm x 140 mm x 230 mm. The behaviour of jet was recorded by high speed video camera at 1,000,000 fps.
The PVDF needle hydrophone of was used for measuring the impact pressure, which the range was —10 to 200
MPa and a rise time of 50 ns. From this study, it was found that the bubble of the jet increased when the jet
move out the exis tube. At the one of time, the bubble of the jet decreased, which it generated the rebound shock
wave at the minimum diameter of bubble. The rebound shock velocity was about 1,530 m/s. The impact
pressure of the jet in horizontal and vertical axis was about 20 MPa and 40 MPa, respectively. The limestone
was pierced through the 2 mm thickness at 1,800 pulses.

In 2014 Sevda et al. [7] studied the damage of rocks using high speed water jet. The jet in this study was
generated by high pressure pump at 80 MPa, which it was compressed by pistons of high pressure pump. The
water compressed was drove to the nozzle become the continuous jet. The pulse length and pulsation frequency
of the continuous jet was generated by the high-speed rotation of a slotted disc, which it was installed at the
front of nozzle tip. The influence of pulse length and pulsation frequency on the rock damage was inventigated.
From this study, it was found that the amount of damage increased as the energy of jet increased. The damage of
stone depended on frequency and length of jet pulses, which it was generated by rotation of a slotted disc. At the
frequency of 106 Hz was identified as the critical point for internal damage of rock samples, which the pulses
lengths were 888 mm. However, if the slot disk was used a long time, it could cause damage on surface of the
slot disk.



Moreover, in 2016, Zhenguo He et al. [8] studied the stone damage by supercritical CO; jet. After the stones
injected by supercritical CO; jet, they were investigated by scanning electron microscope (SEM). It was found
that tensile failure and shear failure mechanisms were occurred near the center of the jet impact. At position of
the tensile failure, the minerals were cracked by the expansion of supercritical CO, jet. It was an advantage of
supercritical CO; jet when it was compared with the water jet. However, the supercritical CO; jet was generated
by increasing the pressure and temperature at critical state of CO,. The supercritical CO, moved to the nozzle,
and then it became supercritical CO; jet, which the processes of supercritical CO, were complex, large system, a
problem of CO» leak and expensive.

From the previous literature reviews, the study of stone drilling by jet has been continuously studied. The
different power sources and actuators for jet generation have been proposed. However, jet generation using
electromagnetic actuator for stone driling has not been reported.

Therefore, this research aims to present the preliminary study of stone drilling using water jet generated by
electromagnetic actuator. In this study, the jet was generated by momentum exchange method (MEM). Effects
of orifice diameter of nozzle, travelling distance, capacitor voltage and liquid volume on jet velocity and impact
pressure were investigated. Moreover, effect of number of jet pulses on the darmage of stone was presented in
this paper.

2. EXPERIMENTAL SETUP
2.1 Water Jet Generation by Impact Driven Method (IDM)

The impact driven method (IDM) [9] was applied for jet generation, which this method need high speed
projectile for impacting or driving the water package inside the nozzle. The impact driven method (IDM) was
divided into three methods as follows: 1) the direct impact method (DIM) is the direct impact of a high speed
projectile into water package inside the nozzle as shown in Fig. 1(a). 2) The momentum exchange method
(MEM) is the impact of a high speed projectile on a piston, which the piston is contacted with water package
inside the nozzle as shown in Fig. 1(b). 3) The driving object method (DOM) is the method for driving the water
package inside the nozzle by a projectile movement without impact as shown in Fig. 1(c).
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Fig. 1. Impact driven method (IDM): (a) direct impact method (DIM), (b) momentum exchange method (MEM) and (c) driving object
method (DOM)

2.2 Electromagnetic Actuator

The electromagnetic actuator for water jet generation was created based on impact driven method [9] as
shown in Fig. 2(a). It consists of actuator, nozzle and power source. The actuator was made from high density
magnetic (Neodymium magnet, NdFeB) inserted inside the bobbin. The bobbin was entwined by 1,600 rounds
of 0.32 mm in diameter of copper wire as copper coil. Nozzle was made from mid-steel. It has L/d of 4 and 40°
of cone angle as shown in Fig. 2(b) [10]. The capacitor unit of 600 V and 5,400 puF was used as power source,
which was charged by power supply.

In order to generate the water jet, the capacitor unit was charged by power supply until the required voltage.
The electric power from the capacitor unit was discharged to the copper coil for generating electromagnetic field
and then the bobbin moved. When the bobbin impacted the piston inserted inside the nozzle, the piston drove



water contained inside the nozzle out of the nozzle orifice as the jet. This is the momentum exchange method
(MEM).
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Fig. 2. (a) Electromagnetic actuator and (b) nozzle

2.3 Jet Velocity Measurement

Jet velocities were measured by laser beam interruption method as show in Fig. 3(a). Two diode laser beams
cross perpendicularly to the test area and were detected by individual photodiodes. The first laser and
photodiode were placed at 2 mm from the nozzle exit. The distance between two lasers was 16 mm. When the
water jet interrupted laser beams, the corresponding output signals were recorded and displayed on a digital
oscilloscope as shown in Fig. 3(b). From the signal, the jet velocities could be calculated by the equation (1).
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Where 7 is the jet velocity (m/s), S is distance between two lasers (16 mm) At and is the time of flight over
16 mm (s).
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Fig. 3. (a) Experimental setup for impact pressure and jet velocity measurement and (b) load-time trace of signal interrupted by water jet

2.4 Calibration and Measurement of Impact Pressure

1) Calibration of PVDF pressure sensor: The impact pressure of liquid jet impact was measured by PVDF
pressure sensor. Before measurement, the Polyvinylidene Fluoride (PVDF) was calibrated based on the laws of
conversion of energy and momentum [11].

The pressure sensor was designed, manufactured and calibrated. The pressure sensor was constructed with
Polyvinylidence Fluoride (PVDF) piezoelectric film. It was assembled on 25 mm thick of PMMA support. The
PMMA housing dimension is 45x45 mm?. This PVDF film is a flexible component which comprises a 28 um
thickness, 15 mm width and 25 mm length of PVDF polymer piezoelectric film with screen printed Ag-ink
electrodes. The calibration of PVDF pressure sensor is follows:
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Fig. 4. Calibration setup

The PVDF calibration setup is showed in Fig. 4. When the projectile impacted on the PVDF presure sensor, it
generated the impact pressure on the PVDF, and then PVDF created voltage. The voltage signal was detected
and shown on the digital oscilloscope. So, the impact pressure and the voltage were related. The impact pressure
depends on mass of projectile and height of the projectile movement. The mass (m) of projectiles were 1.8 g, 5.0
g, 8.2 g,21.3 gand 36 g. The impact area diameter of projectile was 2 mm (d,). The impact force (F) was varied
by changing the projectile mass and the height (%;) between the projectile tip and the PVDF pressure sensor as
shown in Fig. 4. The heights (%;) of impaction were 10 - 50 mm. When the projectile impacted on the PVDF
surface, tha PVDF pressure sensor responded on impact force and the signal showed on digital oscilloscope in
term of voltage. The final distance height (42) of projectile after rebound was observed by high speed video
camera. The impact force can be calculated by the laws of conversion of energy and momentum as show in the
equation (2) and equation (3).
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Where m is the mass of the projectile (kg), T is the impact duration time (s) shown on digital oscilloscope and
v is velocity of projectile (m/s).
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Where g is the gravity of 9.81 (m/s?), V; is velocity before impact (m/s), V2 is velocity after impact (m/s), 4;
is the initial height between the projectile tip and the PVDF pressure sensor (m) and 4; is the maximum rebound
height of projectile (m).

The impact force (F) of projectile can be calculated impact pressure (P) by equation (7).
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Where P is impact pressure (MPa), F is the impact force (N) and d, is the diameter tip area of the projectile
(m) or diameter of jet tip.
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Fig. 5. Calibration curve

Figure 5 shows the relation between voltage signal from digital osciloscope with impact pressure from
equation (8), which is the result of the calibration test. The calibration equation can be obtained by curve fitting.
So the voltage signal can be calculated to be pressure signal by equation (8).
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Where P is the impact pressure and V. is the voltage of digital oscilloscope.
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2) Impact pressure measurement: The measurmentset up of the jet-impact pressures by a PVDF pressure

sensor is shown in Fig. 6(a).

Fig. 6. (a) Impact pressure measurement and (b) load-time trace of water jet-impact
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Once the jet impacts on the PVDF pressure sensor, the PVDF pressure sensor will respond to impact pressure
giving a pressure signal that is recorded by digital oscilloscope as shown in Fig. 6(b). In this experiment, the
stand-off distance from nozzle exit to the PVDF pressure sensor is 3 mm.

Fig. 6(b) shows a load-time trace of a water jet-impact. This is the pressure signal from digital oscilloscope in

voltage signal. The voltage signal can be calculated to be pressure signal by the equation (5).

2.5 Sandstone Properties

In this preliminary study for application of water jet drilling, the sandstone was selected. Its compression
strength was 48.43 MPa, which was tested by 50 ton micro computer universal testers CY-6040A1 model. The
property of sandstone used in this studyare shown in the Table 1.

Table 1. Property of sandstone used in this study

Detail Sandstone property
Value Unit
Diameter 51.38 mm
Length 84.14 mm
Cross section area 20.74x10* m’
Mass 415.00 kg
Volume 17.45x10° m’
Density 2.38x10° kg/m’
Compression force 10.24x10° kgf
Elastic modulus 1.31x10° MPa
Compression strength 48.43 MPa




3. RESULTS

Figure 7 shows effect of orifice diameter of nozzle on jet velocity at travelling distance (x;) of 0 - 30 mm, 0.2,
0.3, 0.5 and 0.7 mm orifice diameter of nozzle (d), liquid volume (V) of 0.5 mL and capacitor voltage (V¢) of
500 V. Experiments were repeated more than five times at each individual position. The scatter of data points is
reasonably small. The jet velocity of water jet increased as the travelling distance increased at all orifice
diameters of nozzle because of increasing the momentum transfer of copper coil. However, the orifice diameter
has an indescribably significant effect on various jet velocities. The maximum jet velocity of 221.20 m/s was
provided at d = 0.5 mm and x; = 30 mm. Therefore, the 0.5 mm orifice diameter of nozzle was selected to study
stone drilling.
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Fig. 7. Effect of orifice diameter of nozzle on jet velocity at various travelling distances, 7, = 0.5 mL and V¢ =500 V.

Figure 8 shows effect of liquid volume inside the nozzle on jet velocity at 100 V, 300 V and 500 V. The jet
velocity decreased when the liquid volume increased at all voltages because of increasing the back pressure in
the nozzle based on theory of compressible fluid dynamics [12]. Considering all liquid volume, it was found that
the jet velocity increased when voltage of capacitor increased because of increasing the energy transfer from
electric power to electromagnetic field. The higher the density of electromagnetic field is, the faster the jet
velocity is. The maximum jet velocity is 239.57 m/s at capacitor voltage of 500 V, liquid volume of 0.1 mL and
travelling distance of 30 mm.
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Fig. 8. Effect of liquid volume on jet velocity at 100 V, 300 V and 500 V

Figure 9 shows effect of liquid volume on impact pressure at capacitor voltage (¥¢) of 100, 300 and 500 V,
orifice diameter (d) of 0.5 mm and liquid volume (77) of 0.1, 0.2, 0.3, 0.4 and 0.5 mL. The impact pressure was
measured at 3 mm far from the nozzle exit as shown in Fig. 6. It was found that the impact pressure decreased



when the liquid volume increased at all voltages because jet velocity decreased as show in Fig. 8. Considering
all liquid volume, it was found that the impact pressure increased when voltage of capacitor increased. The
maximum impact pressure is 133.27 MPa at capacitor voltage of 500 V, liquid volume of 0.1 mL and travelling
distance of 30 mm.

In order to study of stone drilling, the condition of jet generation at 0.5 mm orifice diameter, travelling
distance of 30 mm, capacitor of 500 V and liquid volume of 0.1 mL were selected for jet generation, because
this condition can generate the maximum jet velocity and impact pressure as shown in Fig. 8 and 9, respectively.
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Fig. 9. Effect of liquid volume on impact pressure at 100 V, 300 V and 500 V

The sandstone of 51.38 mm diameter and 3.18 mm thickness was used in this study. The stand of distance
between nozzle tip and surface of stone was 1 mm. The deformation of sandstone was investigated every 20
pulses. Figure 10 shows failure mechanism of sandstone at each pulse, which was visualized by digital
microscope (Dial series). The deformation of sandstone was multiple cracks and cleavages were formed. It
appeared that fragments were peeled off in shear failure mechanisms. The shear failure mechanisms created in
the particular locations of the perforation hole as shown in Fig. 10(b) and 10(c). The tensile failure mechanism
of sandstone was occurred after 46 pulses as shown in Fig. 10(d). The crack or tensile failure mechanism was
the result of water jet moving deep into rock pores and the jet produced pressure in the inner wall of stone. The
minerals of sandstone became separation until cracking. Considering the number of pulses of 47 — 60 pulses, the
shear failure mechanism of sandstone was created as shown in Fig. 10(e).
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Fig. 10. Failure mechanism of sandstone (Magnified 30 times)



(1]
(2]

4.0 prreeTT T T T T
35E ]
3.0 b E
25 F E
20 F |

Depth, mm

15 E
10E 3
sE ]

0~0:AAAAIAAAAIAAAAlAAAAlAAAAlAAAAlAAAAlAAAAlAAAAlAAAA:
0 10 20 30 40 50 60 70 80 90 100

Number of times 74 pulse

(a) (b)

Fig. 11. (a) Effect of number of water jet pulse on depth of sandstone and (b) surface of sandstone before and after impact

Figure 11(a) shows effect of the number of water jet pulses on depth of sandstone, which is related with Fig
10. It was found that the depth of sandstone increased when the number of jet pulses increased because the
minerals of sandstone were eroded by water jet pulse in the each time of drilling. Considering the number of 0 —
60 pulses as shown in Fig. 11, the trend of the depth gradually increases. Considering of 60 — 74 pulses,
however, the trend of the depth increases rapidly because several pulses of water jet impacted on surface of
sandstone. The stress and strain cumulatively was generated at the drilling hole, it affected to the created tensile
and shear failure mechanism of sandstone. The 74 pulses of water jet can drill through the 3.18 mm thickness of
sandstone as shown in Fig. 11(b). Therefore, the water jet generated by electromagnetic actuator and momentum
exchange method (MEM) has the potential to be applied for stone drilling.

4. CONCLUDING REMARKS

In this study, the impulsive water jet was generated by electromagnetic actuator. Jet velocity and impact
pressure were measured by laser beam interruption method and PVDF pressure sensor, respectively. From
experimental result, it was found that the jet velocity and impact pressure was increased when the travelling
distance and capacitor voltage increased whereas the liquid volume decreased. The maximum jet velocity and
maximum impact pressure were 239.57 m/s and 133.26 MPa, respectively, obtained by 0.5 mm orifice diameter,
travelling distance of 30 mm, capacitor voltage of 500 V and liquid volume of 0.1 mL. This condition was used
for jet generation in this stone drilling study. For drilling study the hole depth of sandstone increased when
number of jet pulses increased. The tensile and shear failure mechanism were generated at the drilling hole. The
74 pulses of water jet could penetrate through the 3.18 mm thickness of sandstone. Therefore, the
electromagnetic actuator water has the potential for stone drilling application. However, jet drilling in various
stone types still need to be studied for practical application in the future.
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Abstract

The objective of this paper is to preliminarily study the needle-free jet injection by electromagnetic actuator. The jets were generated by
electromagnetic actuator, being designed and manufactured for this study. Effects of orifice diameter of the nozzle, travelling distance,
voltage and liquid volume on jet velocity and impact pressure were investigated by laser beam interruption method and PV DF pressure
sensor respectively. Moreover, the evolution of jet penetration during the injection into 20% Polyacrylamide gel was visualized by high-
speed video camera. It was found that the electromagnetic actuator with the orifice diameter of 0.2 mm at travelling distance of 5 mm and
voltage of 500 Volt at all liquid volumes can be applied for needle-free jet injection. The introductory channel as well as circular
dispersion was obviously observed seen from the evolution of jet penetration into 20% Polyacrylamide gel.

Keywords: Electromagnetic actuator; Needle-free jet injection; velocity; impact pressure; Polyacrylamide gel

1. Introduction

It is known well that the high speed liquid jet can apply for many
engineering applications such as jet cutting [1], fuel injection [2]
and others. In addition, it also can apply for medical application
such as micro jet cutting [3], drilling bone [4] and drug delivery
without needle or needle-free jet injection, being popularly medi-
cal application.

In order to deliver the drug using needle-free jet injection, the jet
speed is 100 - 200 m/s [5] and its impact pressure is more than 15
Mpa [6]. Nowadays, energy sources of commercial needle-free jet
injector have two categories, being spring and compressed gas.
The advantages of spring are compact and low cost. However, its
disadvantages are the fatigue of spring when it is used for long
time and the nonadjustable jet velocity. The advantage of com-
pressed gas is the precision of jet velocity in each drug deliveries
for long time. The popularity of gases are Carbon-dioxide and
Helium gas [6] However, its disadvantages are large system, ex-
pensive and the noise of gas release, which makes patient scared.
Recently, there have been invented the new energy source for drug
delivery, being electric power.

In 2007, Stachowiak et al. [7] applied Piezoelectric as the actuator
for needle-free jet injection. The actuator was able to deliver the
drug at 10 pL, being very low volume. In 2012, Taberner et al. [5]
invented an electromagnetic actuator for deliver drug. The actua-
tor has enough potential for drug delivery. However, the perfor-
mance of actuator for drug delivery has not been reported.

Therefore, this research is to study the performance of electro-
magnetic actuator for needle-free jet injection. Effects of voltage
(Vo), travelling distance (x;), orifice diameter of nozzle (d), liquid

volume (V) on jet velocity (V;) and impact pressure are investi-
gated. Moreover, the evolution of jet penetration into 20% Poly-
acrylamide gel is presented.

2. Materials and Methods

2.1 Needle-Free Jet Injector

The device of needle-free jet injection was created based on im-
pact driven method [8] as shown in Figure 1. It consists of actua-
tor, nozzle and power source. The actuator is made from high
density magnetic (Neodymium magnet, NdFeB) inserted inside
the bobbin. The bobbin is entwined by 1,600 rounds of 0.32 mm
in diameter of copper wire as copper coil. Nozzle is made from
mid-steel and it has L/d of 4 and 40° of cone angle [9]. The capaci-
tor unit of 600 Volt and 5,400 pF is used as power source, being
charged by power supply.

To generate the liquid jet, the capacitor unit was charged by power
supply until it has the required voltage. The electric power from
the capacitor unit was discharged to the copper coil for generating
electromagnetic field and then the bobbin was moved. When the
bobbin impacted the piston inserted inside nozzle, the piston was
driven liquid contained inside the nozzle out from the nozzle ori-
fice as the jet. The liquid used as drug in this study is water.

Copyright © 2018 Authors. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1: (a) Electromagnetic actuator for needle-free jet injection and (b)
Nozzle

2.2 Velocity Measurement

Jet velocities were measured by laser beam interruption method as
show in Figure 2. Two diode laser beams cross perpendicularly to
the test area and are detected by individual photodiodes. The first
laser and photodiode are placed at 2 mm from the nozzle exit. The
distance between two lasers is 16 mm. When the water jet inter-
rupted laser beams, the corresponding output signals are recorded
and displayed in a digital oscilloscope. From the signal, the jet
velocities can be calculated by the below equation.

Vj=— @

Where Vij is the jet velocity (m/s), S is distance between two lasers
(16 mm) and At is the time of flight over 16 mm (s).

2.3 Impact Pressure Measurement

To measure the impact pressure, the pressure sensor was designed,
manufactured and calibrated [10]. The pressure sensor was con-
structed with Polyvinylidence Fluoride (PVDF) piezoelectric film.
It is assembled on 25 mm thick of PMMA support. The PMMA
housing dimension is 45x45 mm2 as shown in Fig 2. This PVDF
film is a flexible component which comprises a 28 pum thick,
width 15 mm and length 25 mm of PVDF polymer piezoelectric
film with screen printed Ag-ink electrodes.
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Figure 2: Experimental setup for impact pressure and jet velocity

The experimental setup for measuring the jet-impact pressures by
a PVDF is shown in Figure 2. Once the jet impacts on the PVDF
pressure sensor, the PVDF pressure sensor will respond to impact
pressure giving a pressure signal that is recorded by oscilloscope
as shown in Figure 3. In this experiment, the stand-off distance
from nozzle exit to the PVDF pressure sensor is 3 mm.

Impact pressure signal

1
| Peak voltage, Volt

Figure 3: A load-time trace of a water jet-impact at V. = 0.3 mL, x, =5
mm and V. = 500 Volt.

Figure 3 shows a load-time trace of a water jet-impact. This is the
pressure signal from oscilloscope in voltage signal. The voltage
signal can be calculated to be pressure signal by the equation (2),
being calibrated for this experiment.

P = 35.268V,+7.8274 )

Where P is the impact pressure of the jet (MPa) and V, is voltage
signal from PVDF pressure sensor (Volt).

2.3 Polyacrylamide Gel

To predict the behavior of the dispersion of water jet for this study,
water jet being used as drug was injected into Polyacrylamide gel.
20% - 30% Polyacrylamide gel was generally used for drug deliv-
ery study because it has clearness [5] and its young modulus is
similar to human tissue, being 0.22 - 0.38 MPa [11]. In this study,
20% Polyacrylamide gel were prepared by mixing an appropriate
volume of 40% acrylamide stock (i.e. 37.5 acrylamide/1 bis-
acrylamide; BioRad Laboratories) with distilled water. The
Polymerization was initiated by the addition of ammonium persul-
fate (APS) and N,N,N',N'-tetramethylethylenediamine (TEMED).

3. Results and Discussion
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Figure 4: Effect of orifice diameter of nozzle on jet velocity at various
travelling distances at V. = 0.5 mL and V. = 500 Volt.

Figure 4 shows effect of orifice diameter of nozzle on jet velocity
at travelling distance of 0 - 30 mm. Experiments were repeated
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more than five times at each individual position. The scatter of
data points is reasonably small. The jet velocity of water jet in-
creased as the travelling distance increased at all orifice diameters
of nozzle because of increasing the momentum transfer of copper
coil. However, the orifice diameter has an indescribably signifi-
cant effect on various jet velocities. The maximum jet velocity of
221.20 m/s was provided at d = 0.5 mm and x, = 30 mm. However,
d =0.2 mm at x; =5 mm were selected to apply for needle-free jet
injection because d = 0.2 mm has the same diameter of drug deliv-
ery by needle and x; = 5 mm was able to generate the jet velocity
at higher than 100 m/s, being the minimum velocity for needle-
free jet injection.
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Figure 5: Effect of liquid volume on jet velocity at 100 Volt, 300 Volt and
500 Volt

Figure 5 shows effect of liquid volume inside the nozzle on jet
velocity at 100 Volt, 300 Volt and 500 Volt. The jet velocity de-
creased when the liquid volume increased at all voltages because
of increasing the back pressure in the nozzle based on theory of
compressible fluid dynamics. At all liquid volumes, the jet veloci-
ty increased as the voltage increased, being the normal behavior.
However, the 500 Volt can generate jet velocity of higher than 100
m/s, being the minimum jet velocity for needle-free jet injection,
at all liquid volumes.

Figure 6 shows effect of liquid volume on impact pressure at 500

Volt. The impact pressure was measured at 3 mm from nozzle exit.

The impact pressure decreased when liquid volume increased
because jet velocity decreased as show in Figure 4. The maximum
and minimum impact pressures were 20.91 and 16.34 MPa at 0.1
mL and 0.5 mL, respectively, which were higher than the mini-
mum impact pressure of 15 MPa for needle-free jet injection [6].
Therefore, it is concluded that this actuator is able to penetrate
drug into the human skin.
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Figure 6: Effect of liquid volume on impact pressure at 500 Volt.
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Figure 7: Evolution of jet penetration during the injection into 20% Poly-
acrylamide gel at 500 Volt, 0.5 mL.

Figure 7 shows the evolution of jet penetration during the injec-
tion into 20% Polyacrylamide gel at 500 Volt, 0.5 mL. The evolu-
tion of jet penetration was recorded by high-speed video camera,
Casio Exilim Pro EX-F1 with frame rate of 1,200 fps. From the
images, the introductory channel as well as circular dispersion was
obviously observed. The evolution of jet penetration can be divid-
ed into three periods. The first period is the start of injection, as
shown in Figure 7(a). The second period is called penetration
period, as shown in Figure 7(b). In this period, the jet has the max-
imum velocity and maximum impact pressure to penetrate the gel.
The depth of penetration depends on the velocity and impact pres-
sure. This period takes shorter time than next period. The last
period is called the dispersion of liquid jet in the gel, as show in
the Figure 7(c-i). The time of this period depends on the liquid
volume.

4. Concluding Remarks

From the experimental results, it is concluded that:

1. The jet velocity of water jet increased when the travelling and
the voltages increased whereas the liquid volume decreased.

2. The orifice diameters between 0.2 — 0.7 mm have an indescrib-
ably significant effect on various jet velocities

3. The impact pressure decreased when the liquid volume in-
creased.

4. The electromagnetic actuator at d = 0.2 mm, x, =5 mm, V, =
500 Volt and all liquid volumes can be applied for needle-free jet
injection.

5. The introductory channel as well as circular dispersion was
obviously observed from the evolution of jet penetration into 20%
Polyacrylamide gel.
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Abstract

The objective of this research is to study the drug dispersion into 20% Polyacrylamide gel of
needle-free jet injections using electromagnetic actuator. The electromagnetic actuator was designed
and manufactured based on impact driven method for jet generation. In this research, effect of liquid
volume on the drug penetration into Polyacrylamide gel was investicated. The evolution and
dispersion of the drug was observed by high speed video camera, which there were 5 dispersion
patterns: channel, hole, high, width and depth. From visualization, it was found that the behavior of
the evolution of the drug penetration into Polyacrylamide gel of needle-free jet injection using spring

and electromagnetic was similar. The evolution of the drug can be divided into three periods. There
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are start period, penetrate period and dispersion period. The channel and hole of dispersion

depended on the jet velocity and impact pressure while the high, width and depth depended on

liquid volume. Therefore, it is possible to apply the electromagnetic actuator of needle-free jet

injection in the future.

Keywords: Drug Dispersion, Polyacrylamide gel, Needle-free jet injection, Electromagnetic actuator.
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TuMSUENgANTINNTUNTNTZBVBIAIN
wioen odadluludoBovosuyud asld
Polyacrylamide gel Tun1svi1une Wiosaan
Polyacrylamide gel da21ulUssla (Taberner,
2012) [12] wazdiA1 young modulus TnalAysiu
ieifevosuywd Tapddvin 0.22 - 0.38 MPa 7
AL NTUYDY Polyacrylamide gel 1infiu 20% -
30% [17] 3slueudseildidentd Polyacrylamide
gel Anududu 20% TunrsfnwingAnssunis
WNTNTZ1BAING 18N1SMI8YL Polyacrylamide
gel fanudutu 20% a1 Acrylamide stock i
AIINLTUTU 40% (37.5 acrylamide/1 bis-
acrylamide; BioRad Laboratories) Naufiu $ndu
wagld Ammonium persulfate (APS) iU N,N,N',N*-
tetramethylethylenediamine (TEMED) 1Jugvinls

\inUfjisen Polymerization

3. HAN1TNABDY

3.1 AALTY UATAINAUNTZUNNVDIAIN

HANTSANEIAIILTY WAZANUAUNTZUNNYBIA
dnvesgunsaldsdrsuuuliliifuildynduain
usimdnlad wazyaduainauTedsuansuguil 7
uazgul 8 muddu Tnsgunsals Aldyaduann
wihmdnlniragldtoulvlunisnanduinde
Travelling distance () fauanslugud 1 wirfu 5
mm 433Ul 500 Volt wagvuIngiadamaiu
0.2 mm 1f19431NN15ANY1Y04 Sripanagul G. WAy
Matthujak A. [18] nui1 nsdlilgunsnia Aldeyndy
Pnwimdnliihazansondadiiniidaui
wagauFunsEunnsuteulydmiunisdadoen
wuuldldidufe Anuss wasAuAuNTEUINTBIAT
WndaeliA1uInndn 100 m/s [12] way 15 MPa [13]

aruannu taeglunisAnwrazlguSunsveanan
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(Liquid volume) lun1sudnd1invisaesgunsal

WinAu 0.1 — 0.5 mL

250 [T T

200

150 NlimmumAimpact pressure for needle-free jet injection ]

e

[ Minimum jet velocity for needle-free jet injection
100

IN]
o

o

Jet velocity (V), /s
1
>

Impact pressure, MPa

A Jet velocity

L Impact pressure ]
0 I R AU S S R 0
0.0 1 2 3 4 5 6

Liquid volume (V} ), mL

JUT 7 3vBwavesUiuInIsanInisl wasaI N

nsgunnvasEiInvesgUnsaidsswuuldldaum

Tdduridnnlnd Tnefiudmanliilugadu

U 7 uansdvisnavesUiunnsieninuiia uay
ANUAUNIEUNNYDIEL NI Unsaldsa e ULyl
T duildduidsanlnlin lnedudmanliiuduye
U §991nn15AnwINUdn AAEL Lazauiy

nszWNVRIaLINInlduanaaiiaUsuInsuavad

\Rudu L‘ﬁawmmiLﬁuﬁmaammﬁuﬂisLmaﬁag
aeluwiida nudnnisnadiansvesinasnaale
(Compressible fluid dynamic) Tagaa14 57 uay
AnuSuNsTUNNYasE LS nTnARlaTALT Y 140.36
-123.88 m/s hag 20.91 - 16.34 MPa ﬁﬂ%u’]ﬁli 0.1

- 0.5 mL gua1au

250 [T T T
r 1 25
200 F ]

150 ["Minimum impact pressure for needle-free jet injection

100 [ Minimum [et velocity for needle-free jet injection

Jet velocity (V), m/s
Impact pressure, MPa

50 ]

- A Jet velocity 15
. Impact pressure ]
0 I R SR S S SR 0
0.0 1 2 3 4 5 6

Liquid volume (V}), mL

a A 1 a - | Y a
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5U7l 8 BvinavesUSunssenuidi wazaudy
nszunnvesddIvveseunsaldsirosnuulaliidud
TFumidminadss

5U7 8 uanadvsmavesUumssennuia uaz
AMLRUNITEUNUeIa L InTesaUnsaldsdnsawuulyl
T duildduidainayss Saa1nnisAnwanui
AIULTY UAZAPIUAUNTZUNNVBIANINTTRUITTY
anaudioiunsvesmaniutuduieiuiuyadu
asanlvil lneauds wasanudunssunnues
SWINAnARLATANAY 101.69 - 69.16 m/s uaz
25.14 - 20.37 MPa ﬁﬂ%u 1m91 0.1 -05mL
AdRU Seaziiiuldinnuiwesduiniviuns
0.2 - 0.5 mL flAresnitauinuioulyily
dwsumsadsenseuwuuldldidy usegalsinuaiy
AUNTEUNNTBYARUAITIRINAUIIAIEINTIAUAY
nszunneudaulae 1nnd 15 MPa FetuTaviils
gunsalv AldFuidenaviedamisaianzdu
Rvifwesywdiileviinsdednoenld
3.2 WOANTTUNITUNINTLAY

HANISANYINGANITUNITUNINTZINBVBIA AN
dledmdnluly Polyacrylamide gel Farundudu
20% vesgunsaidsdnsgnuulailiifuilddug
gl Inedudwdnlwindugedu wazgaduig

NAUTI daansluguin 9 wargui 10 auddu

[T ———TTE
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(b) t=0.83ms

=

:

(e)t=4731ms

(h)t=14940ms (i)t =197.54 ms

JUT 9 NANTTUNITUNINTLAIBVDIAINVRA
gunsaldsansewuulaliaunldduindaanli

Tnefiwiwdniviidugadu

— e | — L= 1 — L
e 3 T
L
T " Tim 2" e el
(@)t =0.00 ms (b)t=0.83ms (Qt=166ms

‘LS @&

h—-—-—-—'jgm e oy
(d)t=747ms (e)t=4731ms

e
‘5

(ft=8632ms

T

-

"

mm mm
—s

—s —s

(@t=13363ms  (h)t=14940ms (i) t=197.54 ms

JUT 10 NOANTIUNISUNINTZIBVRIANINTRA

gunsaldednsewuulaliaunldduindaninayss

31n3UN 9 waggUN 10 waRINgANTINNIS
WHINIZIBVeIaNINVeIgUNsaldn s uulily

Wdldiumasainlni lnedudwdnlinduyadu

a A 1 a - | Y a
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Y o w

WAZYARUARIINAUTINUEIAY WU NERANTTY
= a:‘ ° o = = v
nistpdoufiassartdniidodatdalylu
Polyacrylamide gel @1unsauuseonlaidu 3 szoy
el 1) szezusnAe sesesounsdanawanlugui
9a uar 10a 2) ¥ErNSAITAD TYerNa NI
1Ulu Polyacrylamide gel auanalugun 9b uaz
10b Feluszozdaninariinniuiis waganudu

nszunngs lngfinuanvenisiang (Hole) Iiiuey

&

'
a

AUALLST LAZANUAUNTELNNTBIA NN wazlIan

T4luszeefidesuniiaisuiuszazdnly 3) sze

ee

AIsUNInTzaede srerilvounaniuiinnig
LN3NTEAIBBNTINYANINAYDS Hole Fauansly
U 9c - 9i uag 10c - 10i Faszuzinanlunis
LL‘Wi'ﬂismaﬁuagﬁw%mmmaamm LAZAIINLTD
YDIALAN

mng‘uﬁ 9% LLasgﬂﬁ 10c azLiuladnszesues
317 (Hole) vosgunsaldsaneuuulalléfuils
Aumdaanlnili lnedudmanlindugaduasdl
ANANNINAT1YAINEUT ‘12?wmammiﬂﬁqﬂ%
nwimdnlaiildszeznarlunisangdunds
gunsaly Alddufdseinalse ilesnnaunives

v v

duinvesgunsala Aldyaduarnuidivaninilg

'
Vo=

ANNSIOIANINTIgeNI1 Fariadnazanaiudn

a U

Futmvesignaaldfnityatuainauis iesen
Tszesnanagiiduni
3.3 JU3N9NSUNINTZANY
dnwaiggUiunsunsnszevesd L inidedaitn
1Ulu Polyacrylamide gel agamisauvseanlaidu
5 ULUUA 1) ATuAnTeUULTBINITUNINTEIY
(Channel) 2) AUENYBINSLAE (Hole) 3) AUES
YDINITUNTATLA18 (High) 4) ANV NS
WNINTEANE (Width) wae 5 AuENg@n8INIs

un3n3z8 (Depth) Fauandlugud 11

[T ———TTE
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JUT 11 dnwaizgUsnanIsunsnIs e vesa iy

40

Electric power

C— 01mL
0T vz 02
B 0.3 mL
_y
==

N 0.4 mL
20

Dispension, mm

10

Channel Hole Width High Depth
U7 12 Msuninszaevesgunsaldnneeuuy

Tl dunlddundaannlaidi Ineduwdwmaninindu

9
YAYU
40 T '
Spring power
C— oiml
30 | w22 0.2 ml
€ B 0.3 ml
IS SN 0.4 ml
=
% 20 E=== o05ml
@
Q.
&
2
10

Channel Hole Width High

JUN 13 nsunsnszrevesaunsaldsaiseuulild
2 A9 Yy o o a
Annldiuiaanayss

JUN 12 Uaggui 13 wanen1sinsnszanevedan

WVAYIHIRS 0.1 - 0.5 mL vesgUnsaldanesIuuy

Tl dunlddundaannlaii Ineduwdmaninindu

a A 1 a - | Y a
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YTU wazgRRuAERInaUTwmINaAunUI JULUY
nsunsnIEaeveIgUNIAI e 2 Sarwdneadsiu
Tnoilszorras Channel waz Hole axiluunliuanaq
ilesnainds uazmudunsEwInesdLinana
dloUsunsifintu drusvezves High, Width wag
Depth arfuualtudfinty dewniunsvesdiin
dindu fedueradululdirlueurangaduain
wiwdnluihanunsauszendldiduyeduresgunsal
denoeuuullidald wagidefiansanszes Hole
vowt 2 gunsainu seug Hole vosgunalv 74
Fufdsnauingiinnudnuinnitgunssiv fildya
Fuanuaimdnliinluyng Usunng esainanudu
nszunnvesgUnsalv Aldfuidsanauiedanusiu

NITUNANEINI

4. a3UNaN1INAADY

MnsAnngAnssuvesdnindedadiluly
Polyacrylamide gel 983gUnsaidsasawuulaly
duildduidsnnlin Tneduimdnlvinduyady
wazgpduhdnauiansnagUlaied

1) i uazANUFUNSEUNNYeIRUnTal T
a0 gunsalv axfluuliuanaaiiouiunsvesdnin
ity

2)Wqaﬂisummwénsxmwmﬁ%%mﬁq 2
guUnsalanusauusld 3 szuy fio szpzusn, szey
191% WAZIZIZNTUNINTZY

3) 539¥989 Channel LAt Hole a¥dung iy
AULEY KATAIUAUNITUNNVDIANAN AIUTTEZUDY
High, Width wag Depth %%uagjﬁw%mmmmﬁﬂ
L

4) é’ﬂwmgﬂs'wuaammwa’mzmammﬁwL%‘wﬁy’a
2 gunsaly Idnvuzad1uafaiy

5) gaduainuimantniaiunsauszandldidu

ynduvasgunsaldsanseuuuldlddulalusuinn

[T ———TTE
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