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\]lU1iuijjHlilq'l.h::~\]fiLfltlAfl'lf1VH1~m';ilJ'tItl\]ti1ri\]fI11lJL~1~\]U~::flNum::LL'YIfl (Shock Wave)
LJtl\]L'VI~1~ii~lJu~vil\]n'W ,.h:fltJuI'i1U ,11 (Water) ,1llJu~hYJ~ (Diesel Fuel) U~:;,1llJU~U~l

", ,
(Jatropha Curcas Oil) VirilLij"Hnfl111ilI?lLfI~tJ\]UUrl~LYJmLUuL~tJU(Pintle Nozzle) 'tIU1I?l'!UI?l

(Orifice) 0.8mm 1'i1ui5 Projectile Impact Driven (PID) fI~fl1';i'YII?l~tJ\]u'WViflI'i1Ufl~tJ\]rilU1l1~

i~ltJfI11lJL~1~\] (High Speed Video Camera) ~1lJnUL'YIflijfltI1111?l1m1fJ ~lflfl1';i'YII?l~tJ\]~U11

f111lJL;1L~lJ;)'WtltJ\]JllJUtiL YJ~iifh~\]~I?l'lh:;lJ1ru 850 m/ s LL~:JllJU~ti~liifl11lJ L~1L~lJI'iU'l.h::lJ1ru" , "~ ,
250m/ s UtJfl~lflil~lfl1l1~rilm i1'W'I"Hl~m';ilJ'tItJ\]ti1ri\]t1tl\]l'I'I~1u~:;f1Num:;LL'YIfl-B'I?lL~'W'!U'YI';i\]t1tJ\]
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Abstract

The aims of this research are to study high velocity liquid jets and shock wave
behavior of liquids with different properties. The liquid examined in this research
consisted of water, diesel fuel and jatropha curcas oil, and High velocity liquids
jets were generated using the projectile impact driven (PID) method along with
a pintle diesel engine nozzle with a 0.8 mm orifice diameter. The experiment
results were recorded by using a high speed video camera and shadowgraph
technique. From experimental results, it is found that the diesel fuel liquid jets
have the highest initial velocity of about 850 m/s while the jatropha curcas oil has
the lowest initial velocity of about 250m/s. According to recorded data, high velocity
water jets differs in shape and behavior from diesel fuel and jatropha curcas oil jets.
This and other liquid jet and shock wave behavior are clearly illustrated in
recorded data. As a result, multiple shock waves are generated from jatropha curcas
oil with high velocity liquid jets. This is in sharp contrast to the liquid jets creating
with dieselsfuel and water.

Keywords:HighSpeedLiquidJet;ShockWave;JatrophaCurcasOil;HighSpeedVideoCamera;
ShadowgraphTechnique
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m1"UI'lL~mYf~1l111dj-w.JmH'l::m)1l(Fuel Atomization) djuiJ'iJ~UH~fl~-dlFiqrlim'~1l1ufl11"aUl'llU

L~m'Vi~1l1Ul1flllLf'n 1'VIm lialJmru 1I'lmilYfl::~fl11lJ L111"flUtlflIlLfl~fllluuv1~all~u fl11lJviu 1Uf111"UI'l~ ~
L~ml"l~1l (Injection Pressure) LuuiJ'iJ~u~iiHt'l~flfl11lJL11111U1UtUl'ltlfllli1U~ (Nozzle Hole)
~IlLUutlmuf111"i\YI1111Lnf?lfl11"LLl'lflv11t1flllaLu1"v11:wui\'iJ::bjLnl'l~ uieJfl11lJL1111:wuPh 'VInlllutlmuf111"

~Lnf?l~U'iJlflf111"UI'l~fl11lJL~1all Rflfll"Hnl'lfl11LI'I.JU (Cavitation) ~u111ulUflflflflI'l111Uf?l Jl:WU...
'iJ::Liil'lf111"LLl'lflr11mhll1"1I'lL11 Ut'l:: Breakup Length t'll'lt'lll Uflfl'iJlflifil'iJ~u~u 1 ~iiHt'l~fl

f111"LLl'lflr11t1fllltlflIlL'VIt'l1'V1jflJl:wuL~m l"I~1l Rfl fltu'VIlliiUt'l::fl11lJviU111U1Ul1fl 11Lf'n1'VIJJ1U111ltlflll
, v "

i1Uf?l (Lacoste J., 2006; Nakahira, T. et al., 1992;Sik Lee C. et al., 2002; Park S. W.
and LeeC. 5.,2003;Payri R et aI.,2009;SittiwongW.et al.,2011;SittiwongW.et al.,2011)

1U1l1U~lU1 f'I1f1j':llJU1UUUv1Luu~ufllJfu flU ';i1f11':1Uf?lL~fl Ll"I~1l~1Ufl11lJ viu'L3llLUUU1::lml1J
~mfl~flIlUUv1aUl'llu1l1ulu thull1fl1':1L~n1'V1iialJmtu111l"1NlllllUallaf?l U1::'VIfJI'lL~Ll"I~1l LLt'l::t'll'llJt'l~'Ifv v ,

LtiU luLfl~fllluuv1ffiih::uuuI'lL~m'Vl~llflfllJlJflUL':It'l (Common Rail) ~lliifl11lJviUUI'lL~flLl"I~Il'L3Il~1l

1800bar. fl11lJL11aLU':IuJl:WUU':I::lJltu 580m/s (BakarR A. and IsmailA. R, 2008)fl11lJL11



'lJtlllflLU1i1JllJufllln1l F111J.JL~1Latllll UPl1n~111~fltn1::U'j·H.I1mFlF111J.JL~1Latllll umrn Fl 343 m/ s
"

(20°C) 'Vi11~Lnl'll"lf]Pim1J.J'lJtlllt:l1mFlLnl'l~U1tlUflLU1i1JllJu~L~tln1l Fl~um::LLl'1n(Shock Wave)

~1lL'UUU1::1t1'l1u~tlm1Fl~mFl~1'lJtlllL~ml"l~llilut:l1mFl(Pianthong K. et aI., 2008; Seehanam W.

et aI., 2007; Sittiwong W. et aI., 2012)
r

'illn~tl~'lJtlllrl1Yill'lJtlllL'VI~1F111J.JL~1flll~llnn~UWn1~tlfimtl 'Vll'l~tlll m~::')l~tlllLntl1ilu, ".
flru~mtru::'lJtlllrll*~fltn1::~Jll 1 J.JlnJ.Jlt1Sittiwong W. LL~::Flru::(Sittiwong W. et aI., 2010)

fimtlN~'lJtlll"flru'VI1JijUfl::F111J.Jl'lulU~tlll'Vll'lfltlU~tll"lf]Pim1J.Jrll~Il'lJtlllJllJU~L'iI~F111J.JL~1~ll~fhLnl'l

'illnl-11Ul'lmllm1t1 300 lu'I1tlllLN11'V1l!~fltn1::tlru'VIlliju~::F111J.JI'lUU11mmFl tlru'VIllij 150°C
, tI • ", -

F111J.JI'lUU11mmFlU~::Vifltn1:l1tlll'Vll'lfltlUtlru'VIllijU'j1mmFl F111J.JI'lU8.2 bar smnrmasno. "
l"Iu1lrll'YillnF111J.JL~1flllflI'lU1::mru 1,400 m/ s ~fltn1:U11t11mFl LL~m1Ul'lnPl1'lJtlllJllJuLnVl~u, " ,, ~
d1tltlru'VIllij~tlll'VlVlfltlUfllltiU Alfuso S. LL~::Flru::(Alfuso S. et aI., 2005) 'Vi1m1'VlI'l~tlllfimtl

'" "
Flru~n'ltru:mn::L'VItlPl1'lJtlllflLU1i1JllJU~L'iI~~{lnUVlf11m::UUFltlJ.JJ.JtlUL1fl l-11UI'l'lJU11'l0.18 J.JJ.J., "
eml~1u L/D dju 5.56 F111J.JI'lUUVI60, 90 LL~::120 MPa ~ 1.2 - 5.0 MPa ufl::uuVinf11t1

n~tlllrllt11l1l"1 CCD m1'VlVlfltlufl1l11::m11::LVltlvl11 Ul1tlll'VlVlfltlUF111J.JI'i'U~ll~un'! LLnfl N2
, "
ViTi1llL1fllm1UI?l 10 J1S ilULFl~tllltluii 2 ~lll'l1:: Vifl11J.JL~11tlU500 rpm Nflm1'VlI'l~tlllUfll'lll1::tI::

r , ~

m1UI'l (Tip Penetration) ufl::~J.J51'l(Cone Angle) 'Jlf11l1Ylnlt1vlmUtllll"lU1l1::tI::mjUVlL'wJ.Jnu

Lrlm~J.JL1~11um1u VIL~ml"I~ll 1l1t11r1fltn1::nl1j::L 'VItiPl1iiN~LLliln~111ilUL~nUtltl LL~::~I'l~IIL~nUtltl

Lrlm~l.HN11'V1,jChang S.L. LL~::Sung W.P. (Chang S.L. and Sung W.P., 2002) 'Vl1'l~tlllLLfl::

')l~tlll LYi IIPl1ianLV;tlfi n'ltl fl ru~n'ltru::'lJtlllfl LU1i1J llJU 'ill n~1UI'l 'lJU11'lL~n~ul'l 'ill n1::UUFltlJ.JJ.JtlUL1~
r ,

'lJ1.J1Um jfl LU1i1LL~::ms LFl~tluVi'lJtlll

~1U~1 Spray Tip QnU1J.Jl1LF11l::ViLtIU Sauter Mean Diameter (SMD) LLfl::F111J.JL~1'lJtlll

LLnurll~llQn11'l1V1t1Phase Doppler Particle Analyzer LLfl::lmVl~ Kelvin-Helmholtz and

Rayleigh-Taylor LV;tlU1::mrum11::tI:: Breakup LL~: SMD LL~::LU~tlULVitlt'N~ill~tlllmri1

Matthujak A. LL~::Flru::(Matthujak A. et aI., 2013) lilmj'Vll'l~tlllLV;tlfln'ltln~ln'lJtlllmiaUl'llU
0' r; -14:1( I.. ..... ~ t; ..:III ..J

'lJtlllfll'Y'jllF111J.JL11~Il'lJtlllN-Hexadecane 'VlJ.JFl1'i1L'VlUUmUtl1100 Fl11J.JL11ul'l'Vl1,186 m/s

L~'lJJ.JTiFl(Mach Number) U1::J.Jlru 3.41 lV1t1N~m1'Vll'lfltllllri'illnnn1LF11l::Vi'illntnl"l~rllti

f11t1n~tlllrilt1tnl"lLFlfuJul'V11Fl11J.JL~1~ll(High-Speed Digital Video Camera) ilm:uu'lIl'llI'l1n11'rI

~llmjLnVlm1~m::LUI'lf11t1Pl1Ltlll'VI1tlhi Nflmj'Vll'lfltlllUjlnD1lrll~IlF111J.JL~1~llhiLnl'lm1auVllu

rl1t1Pl1Ltlll'illnF111J.J~tlU~LnI'l~U'illn Fl~um::LL'Vln LL~::LL,j1l'i1::1tiLL'ViIIF111J.J1tlU'VI1mflL'iltl~ CO2

Fl11J.JL~J.J~llnlillJ.JU~'VIlnlt1...TllflUlltlt1l11Atl LL'VillF111J.J~tlu'Vh1~Lnl'lm1~::L'VItlPl1LL~::Lm'iltl~tI1t11um1

'ilVlPiI'l~Il'il::lil1~LnVlm1auVllu fl1u1lm1fin'ltlill"lU1lhiLnVlm1aUI'l1Uf11t1Pl1rll'rillLtlll, , ,
LL~tlt11ll11fi 1'I1J.J~fl1l11::'iI~ll 'lJtlll ~tlll LN11'VI,jLL~::m1'Vll'lfltlllilu111UI'l LFl~tlll tlU ii 'iI~Il~

Fl11J.JL~1flll tlllJ.JNFln'ltlUtl tlJ.Jln Utln'ill nil flJ.JuPi'lJtlll'lJtlllL'VI~11V1t1Lum::JllJu~ Flrutnl"l ~l iJllLtiu~" " ,
l.hflU1'iI'VIln'il::'lIVlL'lItlrl1t1n11UVI~F111J.JI'lUflllI'lllJU lllu1~tlil~lln1I'1{lU1:;flllfiL V;tlfimtll"1flPim1J.J

" , ".~
'lJtlllrll~llFl11J.JL~1~llL'VIilmatlll'illn'lJtlllL'VI~1VinflJ.JuPiLLl'ln~lllilu3 'lInrl rll~ll'lJtlllL'VI~111113 'lInl'l
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3 'tlUfl

"::QflfhLUfl"lfl~15 V1~1iii.ULfl~tllIUuii~L'lJfr~UmllL~mtlU lV1U16nnfl1LUVltil~lI"lnfl1~n )::LLVlfl

tltllI~nUU (Projectile) fl11l.JL11~1I~lILjun16fl1~if-:h Projectile Impact Driven (PID) Nfltltlll

fI1~VlVlfltl1l1~"lflnn1Lfl~1::l1tl1'1"lrilu~1un~D1I1~lDfl11l.JL11~1I(High Speed Video Camera,
HSVC) ~1l.JtlULVlflUfl'tl'I{lvrJml'V'l(Shadowgraph Technique)

alJUiitlDIltlfh:Jt'VIa1
- lU1I1U1~uifltftlDlIL'Vlfl1Lr1t1fhLUVIthrill3 'tlUVIfitl t1'1 Jll.JUI'IL'lJaua::,]llIut'lti~l~ii, ~

al.JuPiPill1tlUlV1tJL\l'l"l1::DthllfillJllIua~~l~iifl1ll.JVli1fl~lIi1l1 50.7 cSt (~ 30°C) LLa::,]l~ii. .
Alfl11l.J~1I~h(Surface Tension) ~lIfl11t1t1l1LV1a1'Y1V1aDlIilu'l snn rlll1'11~11lVi1

" ~L'lJa ati~la:IJuPi til ~

Density (g/mD, (15°C) 0.998 0.83 0.92

Viscosity (cSt),(30°C) 1.007 3.36 50.7

Specificgravity, (20°C) 0.998 0.82 0.92

Flash point (0C) - >52 210

Bulk modulus (psi) 3.1x105 2.0x105 2.6x105

Surface tension (ruNIm, 20°C) 71.7 23 31

fI1~VlV1atl1Itil LUVI'fhTIlItltllILVla1fl11l.JLj1all~1I 3 'tlUVI~tilLaUtilUUVlfl11l.Jiitil LUVI"ln~15V1, ~
'tlUVlL;JtlmLUUtL~U1(Single-Hole Pintle Nozzle) ~lii1.u~::uu~lmTfm'l"l~lIuuu Indirect
Injection (IDD tiVi't1Nippon-Dense (NO) ~u DN4 tltllILfl~t1l1uuii~L'lJfltiVi't1fl\!Y.!~lIiitumll

rlllUaVllllutu~ 1
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(Unit: mm.)

lfjm'JrilLij~~l~\]lfj PID
m'JrilLuficilviMnlm11~\]H15VhA'It~L1[Jfril Projectile Impact Driven (PID)

lf1tJ'Vl~flm'Jllilll PID Ail nnnlm 'VIl:I.JUJ'Wvl:I.J'Illfl:w1i'lllilll'i>;mm::lIlUlhJ~iiA11~H 1Ti'l1l1 t1UllllilllL'Vli'll
" '

vll'lllfl Polymethylmethacrylate (PMMA) :l.JTiiI 0.98 fl{:I.J t,lflTIUfl1t1flUUUTIUTIUflA'Wfr1UUiltJ

(Smokeless Powder) t11:I.Jlru 3 fl{:I.J

Vi'lll'Jrul~flm::i'lUUU~vll'lllfl PMMA L~iltl'J:::I.JlruA1A11:I.JI'lUm:;LL'VImLi'l:;A11:I.Jrlu:5f1

flltJlIl:I.Jfll'JAilu1l1 Ail

P=pCV (1)

d ..
A11:I.JrlUm::LL'VIfl (MPa)L:l.Jil p At:!..
A11:I.J'Vl'WlLLUUtJilll PMMA 0,190 kg/m3)p Ail

C
..

Al1W~lbatl\l1'W PMMA (2,264 111/S)AD

d = =
'VIbflanu 'JE

L'Vl'WilbaU\l,
, ~
mm'VIl1i'l\l

LA~il'W1'Vll

l111l1:l.Jl'JflJ.­
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(PID)

m"L'YI~1

I"ttl~ 2

15mm.
u "riuunu

(1)

LL~:: V fitJ f'I11l-JL~ltJtJ"~flm::t'l'UiJ'U~Vh'iJlfl PMMA ~"LiJ'Uf'I11l-JL~1v •

L~l-J~'U'YIjtJf'l11l-JL~lt1~lUm::1.JtJfliJ'U t11::mru 700 m/ s
'iJlfl Guided Acoustic Shock 'YIjtJ GAS theory t'llm1Cl

Fil'Ulru'YIlf'111l-J~'Um::LLYlfltltJ"~flm::t'l'Uu'U LLiil::f'I11l-J~'Uv •

a~lflth::l-Jlru 2,219MFa LLiil::2,344MPa (Sittiwong W.,

2011;Pianthong K, 2002)

ttl~ 2 jfi Projectile Impact Driven

t'VIfl'U f1tf1';LfI-innrl
m1Fim:tl'V'1t] ~m1l-JtJtJ "11P1t}'YIjtJtltJ"L'YIiill~nf'l11l-JL~1~" LwUtJL~U"1'U~lfl&n II LL~::'V'It]~m1l-J

~Ln~~'U1tJu 111P1t}bJt'l1l-Jl1ClliiLf'l~tJ"ijtJYhlt11'Um1Fim:tl'V'1t]~m1l-J1vi LdtJ"'iJlfl11P1'lnI'l11l-JL~1~"
, .,

t'YIiitJL~U"LL~::f'la'Um::LLYlfl 'YIjtJ Shock Wave Yi"LiJ'U'V'It]~m1l-JViLn~'iJlflfl11tl~~1'Y1jtJ;'lfl~1"

rilm YI'V'I~""l'Uhh1'U vh1Vlf'I11l-J'YI'U1LL'I1'UtltJ"~1fl~1" Ltl~f.I'ULLt1iil" ~"J'U "l'Ul~uii11i" 1iifl~tJ"rilU1n'V'l
Lf'I~tJ'U1'YIlf'111l-JL~1~" (HSVC) L~tJ1j'UVin1l1'V'1'V'1t]~m1l-JYltJ "~1~"f'I11l-JL ~l~"LLiil::L 'Y1f'lilf'l'll1~1~1mll'J

~t'llm1Cll-JtJ"L~'U'V'It]~flnl-JYltJ"f'I~'Um::LLYlfll~ HSVC nULYlf'lilf'l'll1~1~1mll'JQfl~ml11iltlmruLLiil::

t!f1Y1~iiltJ"~"LLt'l~"''U'itl~ 3
'lI~YlfliiltJ" flatJ"rilf.11l1'V'1Fl11l-JL~1t'l" LL~::tJtlfl1ruL fitJrilu1l1'V'1vilm Ylf'lil f'I'lIl-H1PI1fl11l'J• v •

t11::fltJu~lf.1iltlmru

'YIl-Jlm~tJ 1 t!~fhLil~LLt'l" (Light Source)
'YIl-Jlm~YI 2 1Ltll-J (Pin Hole)v

'YImmiilYl 3 m::'iJflL"lLLN'UL1f.1U (Plane Mirror)
'YIl-Jlm~YI 4 m::'iJflL"11fl" (Parabolic Mirror)
'YIl-JlmiilYl 5 VltJ"YI~t'ltJu (TestChamber)
'YImmiilYl 6 fl~tJ"rilf.l1l1'V'11~ltJf'I11m~1~" (High Speed Video Camera)



'YI:J..J1£H't'I"l.I7 riln~tlllU'U (Gun Barrel)

'YI:J..J1£H't'I"l.I8 T.!~111U~(Nozzle Assembly)

"lIl{l~ln':lll"1LVlAU A 1ii'YIinnnm':ll1m 'YI"l.ItlllLLall~LA~tl'U~ ~h'U~1n't'l111~LLlPlnPl111n'U

A11l.J'YI'U1LLtl'U~1nal11~LLlPln~111n'Uvhl~Ln~Lll11l1'1"1~llLLall'illnLL'YIrillfhdl~LLa\l (1) ~n':i::'illtJtltln

l'ULL'U1fflii'il::f1nvhl~':I1l.Jn'U~'ilm1l.JLLall (Focus) rl1£Ha'U~'U'U 2 rll'U ~~~~lll1nu"lI~fhdl~LLall
'1.1 ~ 'U 1

~'ilm1l.JLLall LLall'il::LA~tl'U~~l'U':IL~l.J (2) ~'l'il'Y1Ul~mtlllLLall~m::'illtJtltlnLvimi11~Ln~1l1'1"1Llll. ~
~Al.J-tl~ LLall~~1'U~m1l.JLLa\l'il::n~U:J..J1m::'illtJtltlnanAfllLL't'I::lPlnm::V1uallu'Um::'ilnLlll1Rll(4) LL~'ULLsn

n':l::'ilnLlll1R ll'il::'l'il'Y1U1~ Lu~ tJ'Uii flVI111"l.ltJIILLall'ill nLL'U1f flii dJ 'ULL'U1"l.1'Ul'U LLall"l.l'Ul'U'il::t'ltlll ~1'U

~tlllVl~atlU (5) LLa::m::V1U't'Illu'Um::'ilnLll11Rll (4) LL~'U~atlll ~'l'il'Y1Ul~':I1l.JLLall~~~':I1l.JLLallanAfll
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'YIjtlLritlii11Plt1LA~tl'Ur·h'UtJ1fl1f1~1nal111'U~tlllVl~atlU
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'iJlt1'E1'E1n

LUVlLL~1l

I111'VH111.
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i'Elllfhu

J\JLLtl~1l.
LHULL'ln

fl11l.1t~1tJ'f)ll~nm::~'WU'U m~::'fi1~"

n1'lrilLUl'lthI'11lA11l-!L11all~i1t11BPID liiAutlmJuYluVlfiufrJuu'Elti mmru 3 nil-! LH11'Vl~, ~
lutl~'Eln~ntluLL~::tTmlu~nm::~U~v11lilln PMMA m~ 0.98 nil.l ~nm::~utJUfl11l.1L11~IlLL~::

tI 'U • V • tI
I IV I I

'YH]Pim'll.lViLi1VltiUQnuuVinI'l1t1HSVC Vi 30,000 f/s 'Vlj'EI33 fJS Pl'El111'Y'1fl11m11Lil~tI'lI'El1l

~nn 'l::~utJu11'llilln ms LtJ~tlULLtl~ 11'l::tI::m 'lLA~'ElU~'lI'E1Il~nn'l::~utJULLPl~::L~'ll.l'Vll1l'llm 1~1
\I , tI •

(33 fJS) H~~11'l~IlLL~l'llllU'ltl~4~
lUttJ~ 4 LL~I'lIlH~fl11l.1L11Lil~tlLL~::'l::tI::m'lLA~'ElU~tI'Elll~nm::'t'lU~Ltl~tlULLtl~Il'YJn1 33fJS

sm H~m'l'YII'l~'ElIl'Y'lU';hfl11l.1L11Lil~m~l.IV1UtJlln';hfl11l.1L11Lf:itlillU'EI1n1fl fl11l.1L11'l::~U Supersonic
...J G' a ...I
'YIL~'lI:1J1'lA(Mach Number) tl1::l.Ilru 2 (- 700m/ s) LL~::fl11l.1L'llLil~tI'fJIl't'lVltl'l::mru870 m/ s
~L1~1 199fJS 'l::tI::m'lLA~'ElU~ 170 mm lillntl~lt1aln~'EllltJu fl11m-11LQ~tI'lI'ElIl~nm::t'futJu

L~l.IV1U~m::LL'YIn~IlUUtI'ElIlL'Vl~1~U'l1"lU~15 Vltl1::mru 700 m/s v11111alrl11tlnUVl'El'Elnl.lll'llt1• . • 'U

fl11l.1L-11L~l.IV1U~1~1'l'll'EllllhlIu~ti~i1~tl1::l.Ilru250 m/ s lh~tl'l::mru 600 m/ s LL~::tl1::mru. ~
850' m/s mrualrllltJ'ElIlJllIU~L"lI~ ~IlLL~l'llllu1tl~ 5 U'Elnlillfi'Q fl11l.1L11L~l.IV1U'lI'ElIlJl~ln';h, ~
JllIu A L"lI~LL~::LvimgIl~ usu LvilJllIu~ L"lI~11'lmhll111'lL-11tTULUUL'Y'I11::ri1fl11l.1A 11N1 (Surface

Y , I I ....

Tension) 'lI'E1lltl1Vi~lln';hLLt'l::~IlVi~I'lLnmVitlUflUill3 YlUVl~ ~.
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fl11l.1L11Lil~uLL~::1::tI::m1LA~'EIUVi'll'ElIl~nm::~u" ,

lillmtl~ 5 lil::LViul1fl11l.1L11L~l.IV1UtJ'ElllalriIlJllIu~tirh~1~~1'ltl1::l.Ilru 250 m/ s LL~::
'lI 'I tJ ,

A'Elti 1 tJll~U LL~::fl11l.1L-11tJll't'll'ltl1::l.Ilru700m/s ~L1m 210fJS



fI1ll-JL11L~l-J~'UtJillnIltl"j::lJ1ru 600 m/s LL~::830 m/s ~L1m 21O,us ~lHtJ'UfI1ll-JL11

tl~ltJ~ll~1'1 djmtl~tJUL VitJunuJllT'U~h'll~ LL~::JllT'U~Urh mruJllT'U~L'lI~ fI1ll-JL11L~l-J~'Utl"j::lJ1ru
v • v

850 rrr/s ~llLtJ'UfI11l-JL11L~l-J~'U~t311~I'1L~mVitJunuJl LL~::JllT'U~~rh LL~::fl1ll-JL11ViL1~1210,us

nA1ll-JL11tl"j::l-Jlru 800 m/s
, v

LiJmViuUnmil LL~::
JllT'U~urh~f11ll-JL11L~l-J~'U~lLL~::~1l~'U ~lL'VlI'1~fI1ll-JL11L~l-J~'ULL~::f11ll-JL11tl~ltJtJilllJllT'U~urh~'1" V, 'U, v,
LUilll'illnFhfl1ll-J'VlUI'1 (Viscosity) tJilll'l-hlT'U~~vilt311lJ1n UjmVitJunutJilllL'Vl~lY1l'1~illliin 2 tlUI'1

Lti'UL~tJ1n'UnUI'l~'iIlnJllT'U~L'lI~~nl'hA1ll-J'VlUI'1~ln11JllT'U~uvil mrul'l~~11Pi'illnN1Y'illfl1ll-JL11~1lv • V
.. " I I .

tJilllU1Viiil'hfl1ll-J L11 riil'U~l11AllVim'ilLnl'1'i1lnrilf11ll-J'VlUI'1 (1.007 cSt, 30°e) Vi"hn1ltJilllL'Vl~1Y1I'1~illl

ii n~illlT1u 1'1 ~ ll~illlfj'ill"jrull'l~~llPi'illn'~tl~ {htJii nAf II LL~::djil LVitJUI'l~fI1lm ·htJillltJilll L'Vl~1

(Ill 2 AtJ Jln'lJJllT'U~L'ZI~~iirilmll-J'VlUVli.Ll'1nIP1111n'Uhil-Jlnf111l-JL11tJilllNl~lltlLLl'1nIP11lln'U1l-ll-Jln
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fl11"LLj?)flI'1111'i~'U'Elmlfl;ffl11"Lnrl~'U'il'El1l 2nd SW VIlLnrl~'U11'i'ElcillliirlL!il'U~llmru (a) LL~:: (b) ,x'U

LL~rlll';hLnrl Multiple Jets ~IlLU'ULVI,,!~Lnrllillfl'l"lq~m":i:J.JiI1EJ1'U'il'Ellli1UrlLL~::ififl11"rilLijrl~1~1l

~LTfll 66J1S t1.l~11l"ll'El1l~1~Il'j.hL~:J.JLU'UttJmIlL~mtl11 Vlj'EI Boat Shape U~~l~Il'j.hJJ'U~LtI~U~::

~U "hv Ilflll1uL 1.l~EJ'ULLtJ~IlJ 'U LL~rlllii IlLL'U1LU:J.J'il'Elllfl1l:J.JL11'il'El1l~1V~IlJl~!il::~Il~'U L,j'ElIl!illfl~'U~~ . ~
r1l'ULL1"IlLiiEJrlVl1'Umfl1fl~l L'I"I1"1::U1"IlPiIlN1'il'ElIlJl (71.7 mN/m, 200e) ~1lfl'i1J1JJ'U~LtI~

"
(23 mN/m, 20°e) LL~::J1JJ'U~~~h (31 mN/m, 20°C) U~::~Ll1'U11'i'ElcillliirlL!il'UFi'ElflnLiirl SW
Bfl 3 - 4 fl~'UI?I1:J.J:J.J1a1'UVllll'il'El1l 1st SW L~:J.J,j1'U~1LnlV11LLfl'U ~IlLLj?)fl~lll!illfllll'Ui.ijEJ~'U 1
~lLV1j?)Lnrl!illm1.lVl":i1l1l1EJ1'U'il'Ellli1Url~LLj?)fl~1Iln'U mru'il'El1l 2nd SW tJ'Elll~l'V~Il~'1.h;hih1.l~lIlLU'U

, 'U 'i " 'U

fl'Elfl'Elrl ~lLV1j?)!illfla1'UVllll'il'El1l 2nd SW !il::,j1'ULnlV11LLfl'Ufl~11l~lviIlLL£Pi 3rd SW tJtI1EJ~1'E1'E1fl, .
l'h 1 Via1'UVlllltJ'Elll 2nd SW tJtI1EJ~1'E1'E1fl 'U'Elfl!illfl;f'l"lqPim1":J.J~ LLj?)fl~l"tJ'Elllfl~'Um::LLVlfl~ Lnrl~'U

l'Umru~1~IlJ1JJ'U~~"h Fi'EIfl11"Lnrl Multiple SW ~a1'UVlllltJ'Elll~lvill (lfl~i1url) 'I"I~'EI:J.J1 n'U,
';1'U1'U:J.J1mL~::~tJLfi'Elll

v v v

~lvi\]"lJ'EI\]til l1l:1..i'UvHtlfl ufl:111JJ'U~u'~h rilLilrllillfl~flfl":i::~'Un'UfI1l:J.JL111.l1":::J.J1ru 700 m/s
, 'U 'lI ~

lillmif1UrlLLUULAtJEJ (Pintle Nozzle) 1'i1EJifi PIO fI11:J.JL11L~:J.Jr1'U~\]'irl 850m/s 600 m/s LL~::

250 m/s !illmhJJ'U~LtI~ Jl LL~::J1JJ'U~ti~h m:J.J~lri1u fI11:J.JLj1LU~EJ"lJ'ElIl~l'riIlJ1JJ'U~LtI~ 800m/s" .
~lvillJl 750m! s LL~::ci'lvi\]J1JJ'Uativi11.l1":::J.Jlru 600m! s alLV1l'1tJ'Elllfl1l:J.JUl'lfl~lIlLnrl!illfla:J.JuPi"lJ'El1l

'I ~ \I ,
" V

'il'ElIlLVI~1fi usn~l\]n'Ul'll:J.J I'Il1"l1lVi 1 Fi'ElAlf11l:J.JVlUrl (Viscosity) LU'UA1UIlVf!rua:J.JuPifl11:J.Jr11'UVl1'U

fl11"1VI~1 'U~l"lJ'Elllh'l~~a \]f-l~~'ElflnLfl~'EI'U~'il'ElIl"lJ'El1l1VI~ LLfl::AlfI1l:J.JPill N1 (Surface Tension)
•u'Ua:J.Ju~'il'El\]tJil\] LVI~1~jj f-l~~'Elfl11"LLl'lfl~1V1~'Elm::!illEJv11"lJil\]"lJ'ElIlLVI~1 VllflAlf11l:J.J PiIlN1~1 ~l*

!il::m:: !illEJ~1ilil mh 1Vi~'U~ N1 r1l'UVl1'Um m flVl1tJLL1"or1l'Ums Lfl~il'U ~a Il 'Uilfl!ill flih1.lm \]~ Lnrl~'U" ~

v •

~L~::'I"IqPifl":i1":J.Jfl11"LnAti 'U"lJilIlfl~'U fl1"::U'VIflBfl r11EJ



v v v

1iilrill'Vth'HVla1f11ll.JL~1all'Vflll(a) til (b) til~'U~iL'lIa (c) til~'UaUI'i1. ~ ~

Aru::N1'il unnueuaru Aru::Lfl'ltmf11al'1{m~::L'YlAIutau l.J'VI11'Yltl1~tIb'YlAIu tau 'Jllfl.JIlAaii s ru~ .
enu n Ill'UAru::fl'J'Jl.Jfll'J1 'iIuu vi tllfl Pi ~;;suua'4 'UtlUl.h::mru LLa::fl1A1lfl1 fl1fl'J'Jl.JLA~fl tlfla

l.JVll1'Yltl1~tI'Qua'JllfDlil ~1l1fll'Jauua'4'Ufl1d'I'i11'iltim ru tflfllaQril1t1
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