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This research aims to study cavitation characteristics of fluid flow through orifice 

plates, and effect of orifice plates pattern in hydrodynamics cavitation reactor to transesterification 

reaction rate. Preliminary result from the Computational Fluid Dynamics (CFD) technique shows 

that the cavitation length of multiple holes orifice plate is shorter than the single hole orifice 

considered from the vapor fraction contour comparison. This shorter cavitation length affects to 

the better biodiesel production intensifier. From the verification test for orifice plate configuration 

of hydrodynamic cavitation biodiesel reactor, it is found that the optimum total area of orifice per 

overall pipe area (p ) is in the ranges of 0 - 0.12, while the orifice hole diameters are between 2 ­

5 mm. The number of holes is varied depending on the P value. The raw material used in this 

study is the wasted cooking oil having free fatty acid of 2.7 %. Methanol of 20 % v/v and the 

catalyst concentration of 1 % w/w of potassium hydroxyl are used. The inlet pressure of the orifice 

plate is constantly maintained at 4.5 bars and the initial temperature is 45 " C. The reaction time is 

60 minutes in each test. To analyze the percentage of methyl ester, using the NMR analyzer, the 

sample is collected every 5 minutes. From results, the increasing of P enhances the higher 

percentage of methyl ester conversion due to the higher flow area and hence the higher reaction 

rate. Moreover, at the same P range, orifice plate with more number of holes will provide better 

reaction rate. The optimum orifice plate for 96.5 % methyl ester according to the commercial 

standard is the 15 holes of2 mm diameter, with 15 minutes of reaction time. 
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"" 'lJ'YI'YI 1 

'lJ'YIlh 

fl11fVl'i'U (Cavitation) m'il'il::t~'Ua~~':Uf4~1l':i:: ff ~fl1'U~ l'U~!rlt'J1tl'IJ'UfH' lHHf1'U 
~ ~ 

'1m,y !'W':il::'iI::vh '1,r!n~fll':itl~flifl'U1'1J'om l1lflfffl~f11111tffmnt'J1,r~'U'(;h'U~l~<I'J ~~,r'U1'Ufll':i 
"'I "'I .1 "'''''1!11'1 !II II) ",!II !II "" '" ... '" 

flflflU'IJ'lJl1)m~flflfl1JmW'VI ~<)f !'U~l'U~l'U'Ufl~ !l1l'l 1ff1mrmflflU'IJ'IJ'iI::lPlfl~11~m~t'J~fll':i!fl~fl11 
• 'II 

~ II) ''I !II '" & 'I 1<:;1"". ... "" ~ '" '" .I 'I .1 "''I !II
1'VI<)f'U !1I !mfl~'U'U !'U':i::'IJ'IJ UlPlflllfll'j'U1!fll1'VIfl'Uflfl11!'VI<)f'U'VItfl~'U'U !'U'Ufl~ml'l11l11J':i::f,!fllPl ~<)f 

11 'j:: It'J<)f'l11 'U ~ 1'U Q~ ffll1 fl 'j 'j 11 1'tf'U flU i ~fll1! 'VI i''U litm ~ 11 fl1 UJ ffl111':i fl i 'U fll 'j fl):: 'illt'J~1 

(Atomization) 'Utmr1ii~ (Tamaki, Shimizu, Nishida, & Hiroyasu, 1998) fll':i1~fl11t'VIi''U'1f1t'Jfll'j 
, '" : "" ..,,6!11

'IJl'IJ~'U1tfft'J (Waste water treatment) (Gogate, MUJumdar, & Pandlt, 2003) ctf~t':ilffl1l1':iflff':il~ 

fl11t'VIi''U!m::fl1'IJf}1I:U'U'~ 'illfl11fl~~fll11'VIi''Ut~'U~1d~ll~n~t'Jl~~ ~~ijfll'j'VI~l'l fl~tll '111~tl'IJ 

fll':iNalPl' 'IJ lfl~!ctfl'l l~t'JflT:iNalPl i 'IJ lfl~!ctfl'l1~mY1'U1l1fl'il::tll1l11 ~titfl i.,rtn~fll':ivhll~fi~ t'Jl 

, ~, 

... '" " 'I !II "" II) !II '" 'I """" II)fl11t'VI<)f'Uff11l1':ifl'Vl1 !lUfl~ !~ 'VI~ !'U'Ufl~!l1l'l1'V1l1fll'j !11l'l (Hydrodynamics cavitation, 
~ J ~ d ,~ ~.t!t f~ ,. .d 0 Gi iI 

HC) Ul'l::tMI'U'Ufl'IJ'Ufl~ml'l1'V1fl~'U~ l1':imflfl'IJfl~'U~ !~t'J (Ultrasonic cavitation, UC) m'Ut'J1'Ul!l1 
t 'j/ 1 t 

'Ufl~ml'lT;jijfi'U H1tJff':i:: tfi~fll':iff'U~ht'JfhUflllll a~~ II111 fl'W fl 'I):: vh t ,rtfi~ 'fl'IJ~nW 1fl~<I'J tl'IJ 
~ '" 

ff'Ull1fl1111~'U (Pressure field) mt'J1'U'Ufl~mi:'n,r'Ufln tf)~1l'jlfl~fll':iWU'IJ'lJU111fltl11l1 t ~tl'IJ 
iI.c!f J 0 ".I~QQ d t GJ iI Q .... IQQQ It]9J ~ J 

fll'jNffllfl1:lfltfll'll l1':ifl flUtHfll':i'VI11J~fl':it'Jltflll 'iI:l:<)f1t1 !mfl~1J~fl':it'Jl !~n~tn'U'UlIlfl 

11 l'l1 t'Jtvhi1 ~~1'U fl ':i:l:'IJ 1'U fll ':i N~ IPl i'IJ 1fl ~ lctfl'l ~ I~ t'J fl'h 11 ~n~ t'J 1At 'IJ 'IJ "'VI ':il'U rl't fl ffl 'VI fl ~~ 
, 'jI JJ, 

1fl i'U" ,r'U ~~fl~fll ':i 11 ':i 1fl~ fll':iWU 'IJ 'IJU1'tf'U tl'U 1 ~ t'J~1U11 ':illij Nl'l~fl fll ':i 1 n ~1I~m t'J16fl fl ~1~ fl fl 

~ '" 
fll':i Nffll tl'U 'Ufl~tll:u'Ufi<)ftl'IJ!lfll'lflfl ~m' ~~,r'U fll)Nffll tl'U fl~l~~At l'l:: ':i 1~1~1'i1 ::'tf1t'J~~n~1i 'U 

I 1 " 'j/ 

flln"ll ~n~t'J1At~::'tf1t'Jvhi ,rln~lI~mmllffll\! 'j WrJ~;j'U 1~tl1~':i ::t'J::!1l'llff'U ~~ flln111 ,r!n~ 

fl111'V1i'mh'U111qJ'iI::t~11ifln uc U~:: HC ~~trlfllll~t'J'lJlllt'J'IJ 11fl~Ul'l::11fltffm)i'l'U~l~<I'J'Ufl~ 
, '" . 

fll':ifffHfll':iln~fl11!'V1i'Ul'i~ 2 U'IJ'lJff11l1':iflffll1'~~~1Pl1'jNlll.I 
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• OJ 

D1VltJ 1UJfI11 Ultrasonic cavitation Hydrodynamics cavitation 

I fllni ~fll'Hfi~115mm 
d 
InlJ1fl 

d 
In 

2 fll'.i'lltl1t1'll'U 1~ mfl 
, 
~lfJ 

3 '.i11'11 ff~ 
'" 

~liff ~ 
OJ 

4 '" 'VttH~llJ 1~'Vttl~HW~~ ,91'" 91'I1'VtiN~11,11,1tI tI 

1l1fl~1'.i1~~ l.l ii~u,j"ht1nI5mrumJ'lJ HC 1l~1',i,:J5~'.i1fll'.ilfi~115mfJ1~~~lfll1t1~ 

115mrumJ'lJ uc u~lrltllmtltlllitltl'1J~11J~Wl'Vt'lJ11t1~115mwmJtl HC iifl11lJmlll~fflJ'lJfl1'.i 
'llmfJ'll'U1~ uC1~n1'l1~1fl'ht1~115mwutJ'lJ uc lllfl UC1~~ff1flt1J~,,!~fltltrlmmtltlllitltl'Vttl~~11J~ 

'" '" 1~'1Jt1~115mruV1~ 2 Utl'lJ 'il1mmfl1'.iffflln'lltl~ Kelkar et al. (2008) 'Vttll1t1~115fl'.iruV1~ 2 Utl'lJ 

ff1111'.itlvh115mm~~lllflfl1195% 1~tl1~rJC11''Ufllnl1115mfJ190 lJlfi~l:Jtul1iJiI,.rtl~ ( 30°C) 

lftfJ~O'l'~fll'.i~lJNfflJUtltJ1~lJ (Conventional stirring) ~tI~'~rJC11111flt)~ 6 - 9 ~11lJ~ ''Ufl1'.i 

111~tllJJ1iJlJ,,.rmnm~1J IlJV1C1!tlfflf1fJ1~l:Jtul1iJil65 °c uC1~lrlm11lfJ'lJlfitl'lJfh Cy (Cavitation 

yield) ~~ 1~'Uril~'~'lJtlflt)~N~~fitu~'¥11~ 'flii~1~~ tll1i1~l1 'l-i1t1'Vttl~~11J~'~ 'Vttl';i1tT~115mWI!'lJtl 

HC iiri1 Cy lJ1flfll1tT~115fl'.iWl!tltl UC t)~ 10 tl11 ~~11111tlfl1Ud1 tTul5mwutltl HC 'il~ 
, 'j} 'jI f 

ff1lJ1'.im11~fJ'U'lhiJ'Ut~'U!lJV1C1!tlff!'¥1t1ft~lllflfl'h tT~115fl'.iWUtltl UC ii~ 10 nil l~ml1l1'l:rfl ,ijtl 

',*'Vt1i~~ 1'U !'Vh 0'1,1 uC1~!rtm11l tltJ1fitltl''U~11Jfl1'.i'llfJ1t1'll 'U1~1!C1~fl1'.i ''*~ 11,1 tT~115mwu1J'lJ uc 

.,g , 'I 91 .,;... 1 "" ,:It ' ' '' , , 'l!il 
t'J1~ff11JlJ1fl'il~ !'I1flC1lJtlC1~'.i1 t'J1lJfl (Ultrasonic wave) !'lJlJUl1C1~'VtC1~~l'U!!C1:::ff~N1'U m'lltl~!mn 

fl~'U flC1~'.i11t'J1iJfl~'~'il::: '~~fhfl11lJ~U~fl~1~O'lJtltlfl111 uC1~!rltliifl1Hr~ N11Jfl~'U ~11iJ~'lltl~m C11 

'lltl~ I11 C11~'il ~ ff ~ N11Jfl~'U ~~flri11111 iJ~tl~115mruuC1~ l:J11fl'.iW~tI~' 'U '.i ~tltl 0'1 tl~115mruuC1~ 
l:J11mw'lJ'.i~tltl"l ~li~~tltlm!tltl!i4t1l1~m~tI~fl1'.id'lJ~tI~ (Resonance) 'lltl~fl~1J5C1~'.i11t'J1iJfl tl~ 

115fl'.iW~'il~anftfl11lJ!fftl111t1 ~~JlJfl1'.i'lltl1t1'll1J1~ (Upscale) tT~115mw!!'lJtl uc ~~ii,j'tI ~lti~ 
'" ,

ff1'Utl~115mruutltJ HC ir'Uffl111'.itl'llfJ1t1 UC1~tHJtl!11~tI'Ul11'¥1H (Geometry) ~~1~fJ~lim]t1J111 

!'Vt'.i1:::'~fl1'.i ~11C1!~m11 ,,.r!fift1'l1i!'¥1~'U 
'" '" ,

~~irlJ~l'Uitijtlii~~!~tlflfffllmlfllJtu:::fl1'.i!n~ fllil'¥1<UlJ 'lJtT~115n~tl1UtJ'lJ HC l~tI'~ 

UN'U'lltltlfllJ (Orifice plate) ~~!~'UI:J11mWC1ftfl11lJ~'U (Throttling device) ~iJtllJ'~'lJfl1'.iff!l~t1~ 
115fi~mutltl HC 91~ 1~tI-vt1~11UNlJ'lltltlfllJ'il~I~lJU'lJ'lJ1!iiitl1 U~'illflNC1fl1'.i'¥1~C1t1~ Moholkar et al. 

(1999) l'ml1UNlJ'lltltlfllJ~ii ~11,111JllJlflfll1 'il~ ff1111'.iOI'i ~fl1'.i!n~115n~m ~~iiifl11 UNlJ'lltltlfllJ 

http:I1flC1lJtlC1~'.i1
http:1l1fl~1'.i1
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P II (fl11lJ;)'\.m\PIfl~1) ~tY'IlJ1fl~'1flru '11 flfiml~ fl11lJ;)'W ~tY'IlJ1flrl' 'il~t~'W~1~'lf1rJhrco apese qJ q qJ qJ 

,c:::",::::\.<:::\ d ~ "1 tJJ d ~ .:t~ d1 .c::::..<:::\ ~ d ~ QJ.&.& I I 

11 tl fl'Wl tfllJ tfl~ ! ~ t'J 1'U 'W 'W flfl 'ill fl'W 'V'I 'W 'Vl 'W fll'J tMI m 1t'V1"lf'W m lJ 'W 11 'il 'il rJ'I1 'W'I C}f'l tY'I HCl \PI fl fll 'J 

tn~11 fin~m tfl ij~1rJUIPi..f'lrl't t'W 1'Vll'1fll'J flflrl U lJlJ t1'111fimw UCl ~ ti fl'W 1 'U fll'J Vi 1'11'W 'U fl 'I t1'111 fi fl 'J W 
I , 'JI 'JI 

Yit'l1lJl~ tYlJ V'! lliijfll 'J tJl ttY'W flHClfll'J ftmI1Yii'~t 'il'W ;)'1U'W '11'W i1irJU 'il~ tJ It tY'W fl 1'W ri1'W ;)'1flril1 

.u'1'1~'W 1~rJ1~ CFD (Computational fluid dynamics) i1lJnlJfll'J'Vl~Clfl'l 

1.2.1 tf1flftfl'l;llfll'J1~fllit'Vli'WUlJlJ Hydrodynamics cavitation tf1flt~'W~1'lf1mi'lfll'J 

tn~11fin~m UCl~Cl~'J~rJ~nm1'Wm~lJ1'Wfll'JHil~ IlJ lfl~tC}fCl 

1.2.2 tf1 fl '111 fl11lJ;) 'W 1 ~ '11 'W UCl ~ 'U 'W 1~ 'U fl 'I U H 'W 'U fllJ fllJ ~ t 'I1lJ 1~ tY lJ'ff 1'11 i'lJ 
., 

m~lJ1'Wfll'JHil~ IlJ1fl~tC}fCl'illfltJllJ'W.y:j"lf1~ml/1 

1.2.3 tf1fl'l11.u'mqjCl'1.Yl'11 i'lJflflflUlJlJm ~lJ1'Wfll'JHil~1lJ 1 fl~tC}fClUlJlJ Hydrodynamic 

cavitation ~ij11'J~ff'Vlifl1'V'1lPifl111 

1.3.1 t1'111 fimwulJlJ I~1~'J I~'W1 fimYfllit'Vli'W 1 ~UH'W'Ufl1JfllJ1'W fl1'JtY~l'1fllit'Vli'W 
., 

1.3.2 1~tJllJ'W.y:j"lf1~U~1 m~I'UlJ'WfltY'J~(Free Fatty Acid, FFA) llitn'W 3 % t~'WtYl'J 
., 
~'1~'W1'Wfl1'J'Vl~Clfl'lHil\PI11J 1fl~tC}fCl 

1.3.3 1~tlJ'V11'WflCl (CHPH) t~'W~1Vil11fin~rJl 1~rJ1~1 'V'IU'VltYt9frJlJ I~~'Jflfl IC}f~ 

(KOH) t~'W~1ti'l11fin~m 
, ., . 

& 0 I dlQlI adtJ,lQJ I 

1.3.4 ilfl'l;llHCl'Ufl'l'ill'W 1'W l'Ufl'lUH'W'Ufl1JfllJ (n) 'VlflltY~tY1'W'V'I'W 'Vl'l1 'Wl\PI~UH'W'U fl1JfllJ 
., . 

'J1lJlPifl.y:j'WYi'l11!1~~'Vifl ([3) t'Viln'W1'W'lf1'1 0 <[3< 0.12 

1.3.5 ftfl'l;l1fl1'Jtn~11fin~m1'W'lf1'1nmllitn'W 60 'WlYi 

1.3.6 1~~ru'l1tJm'Wfl1'JVil11fin~mt~lJ~'W~ 40 - 45°C 
., 

1.3.7 1~ff~ri1'W tlJ'Vll'WflCl / tJllJ'W1'W'lf1'1 10 - 20 v/v 

1.3.8 1~1'V'1U'VltYt9frJlJI~~'JflfllC}f~ 1 % w/w 
., 

1.3.9 ftfl'l;llHCl'Ufl'lfl11lJ;)'W~1'W~'WtJl'Ufl'lUH'W'Ufl1JfllJ (P ) 1'W'lf1'11litn'W 5 bar 
., u 

1.3.10 ftfl'l;llHCl'Ufl'l fl11lJ;)'WVllrJtJl'Ufl'lUH'W'Ufl1JfllJ (Pd) 1'W'lf1'1 llitn'W 1 bar 
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1.3.11 ~'LlltJ'lJrnmJHt'l'1lfl~fll'jH~~1 'lJ 1fl~~9ft'l 1I1f10~'Llamwu'lJ'lJ1~1~'j 1~'I.,nilmf 

fl11rt1-iu ti'lJU'lJ'lJ~UHfflJUt'l~~t'lJ'lJ5t'l~'j119fiJrlf1l1t'VI-iu 

_I 'i ./.:c , , 'lIv 
1.4 1J1~ 'tl"'ItnfllY1111)~ Yl11.J 

1A.1 ffl:Ul'HlH~~1'lJ 1fl~~9ft'l1~tJtoNo~'Llamwu'lJ'lJ1~1~'j 1~U1ilmffl11t'VI-iU1~ 

1.4.2 'VI'jl'lJi1~fJW.fI1'VH!t'l~'j ~tJ~ 11t'l1~'oN'U fll'j 1 fl~t9ft'l 'i11f10~'Llamwu'lJ'lJ 1~1~'j 

'~ulilmffl11t'VI-iU 
1.4.3 ffl:Ul'jfl'lJflflfl11:uiflJ~uyj''1Ifl~~lU1U~'1Ifl~UNU'1Ifl'lJfI:U~fl 'Ll~:JJ1WH~~flW~ 

(Yield) '1Ifl~fll'j H~~''lJ1 fl~t9ft'lU'lJ'lJh i~'j '~ulilmffl11t'VI-iu1~ 
1.4.4 ffllJ 1':i fI fln'lJ lt1U U 11U'lJ '11 fl~'Ll~ lJ 1 W H~~flW~' 'lJ 1 fl~ t9ft'l ~ ttl~ 1I1f1 fIl'j 

t'Ll~t1Uu'Llt'l~fl11lJ~U P 
u 
Ut'l~ Pd 1~ 

1.4.5 tJ i'lJlt1~ml W~Ut'l~~q~ fI 'j'jlJfl1':i 1 'Ytt'l~ii Ht'l¥1 fl'Ll~:JJ1WH ii1~ flW~' 'lJ 1 tJ~t9ft'l 

1~t1 ';1Ht'l1l1f11'Llmm:u CFD tl1t1'lJ tfitJ~ti'lJHt'lfll'j'VI~t'ltJ~ t~flfffl1':l1tlU 1'V11~ t U fll'j, ;1U'lJ'lJ ~lt'lfl~ 

fll'j, 'Yt t'lt';~vi1lt'l'1l :JJ1'lhm:mml'lJ'lJO~'Llamwu'lJ'lJ'~1~'j 1~Ulilmffl111'V1-iu'~ 

1.4.6 ffl:JJ1'jfl'll11ffUtJUU 1'V11~fll'jflflflU'lJ'lJO~'LlamW!l'lJ'lJ 1~1 ~'j '~ulilmffl11t'VI~U 

U'lJ'lJUNU'1Ifl'lJfllJ1~ 



, 
"" tJ't1't1 2 

, , 
"" .... ..., "" "" iI

't1qlj.QU~~~n'!1'i1t1't1Afltl1"f)~ 

>I • • 

~1'Wl~tJil ffflEl1fll'J '1 ,*fl11l'VIi''WtVifl'lhtJ 'l 'W fll'Jl11tJ~f11tJ1 Hi1IPl' lJ 1fl~t9nl hwmh 

fl1'JffflEl1flflflt1:l 'W 2 ril'W;; fl ril'W U'J flt il 'Wfll'J ffflEl1tif fl~~'W hWfll'J '1 '*fll'J ~ 11:1 fl~ fll'J' 'VI 1:1 t;~ 
~lt1:l'\J til'Wtfl ~fl~]j fl 'lhtJ 'l 'Wfll'JffflEl1 U1:I~ril'W~ 2 til'W fll'J'VI1I1:Ifl~t ~fl'VI 1UlJlJ '\J fl~U~'W '\J fllJflll 

U1:1 ~tifl 'W' '\Jfll 'Jl1 1tJ ~ f11 tJ1~~~ ~11 ff1'V1 1lJ fll'J Hi1IPl' lJ 1fl~ t9l1:l l11tJ 'l '*tfl ~fl~tJ ~ fl'J ru' ~111 'J 

'11 'U llJmffl1It 'VIi'W ~~'VI 'lEI au1:I~~1'Wl~tJ~ t~tJl,j'fl~tim1'U1 ~tJii'~~~mhff'U fl 'l 'U lJ'VIii' 

>I • >I 

, lJ lfl~t9lmil'Ut~flt'Vli1~t'H 1:1 TYi Hi11Pl ,~~lmhiJ'UVi'lfu1:I~ ''\J:W'U fflPll t"lf'U tJ1~1l 
tjJ ~ ~ d d :Q,I ~ ~:Q,I Q,I d'd.Q,I 10 

1l~'Vl'J11 f11t'H1:Ifl~ t1l1:l1l'Yl1'U1Pl~1'U t1l1:l1lt'J'Vl (Rape seed) ff\!111 'U111'W'Vl'lf 'VI'Jfl'U111'WfflPll 'VIH1'U 

fll'J'l ,*~l'UU~l lm~ff~Hril'U 'lmytil'U 'lPl'Jfl~t9lfl''J~ (Triglycerides) l11tJ'l'U'Yl1~tflij '\Pl'Jfl~t9lfl 

, 'J ~~ ~tJ 'J ~ fl fllJ ~1mfl ff t'VI fl {'\J fl~ fl'J 11 , '\J:W'W tt 1:1 ~fl ~t91fl1 'U t~ fl'I.J 1lJ1l1 1 tJ ~ f11 tJ1'V1 'J 1'W rl't fl fft 'VI fl1V1 

c:., 0' ~ o'db] tjJ dQ,I 

t fl 'If'W (Transesterification) fllJ U fl~ fl fl ~fl1:l (tll 'VI 1 'U fl1:l 'VI 'J flt fl 'VI1'U fl~) ff1'J t fl fft'VI fl 'J 'VI ~ 11 ~ ~ II 

fJW ffll~~'lfl~t~f.I~tilJJ1:W'U~t9l1:l U1:I~ '~fl~ 19lfl1'WU1:I~fl'J11''\J:W'U !il'U H1:I'Vl1:lfltJ '~~~tJ~f11tJ1'Yl1~ 
",d"" .1 II) 'J}", d 

tflll'VItfl1l'\J'U ff1lJ1 'Jfltt ff1l~ ~1I1I~fl1'Vl'VI 2.1 
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ROH B 


R'COO-CH~ ~ 
R'COO-CH~I· ( \ 

OOC"R. He (- O'R .... OOC"R - H~ - OJ 

CH, - 0 - C - R,n~H". OCR'" - I 
U o·

R'COO-CH, 
R'COO-CH.z 

R"COO-JH­ ROOCR'" 
H''COO- H tH2 -0' 

R'COO-CH, R'Coo-CH, 


RHCOO-JH­ .... R"COO-J:H- B 


tH2 • o· C:H2 -OH
R"COO ' 

'JI 'iI. " 

'lhiJ'W , iJ 10~ t"'1ft'llrl 'WI;$tH'Vt ll·rViiirh ti'l'U G)}L 'VI 'W (Cetane number) 'IX -:J WhlhiJ'W . ~ 

~t"'lH'I tlitHfi~tlTHm"tn~~~iitlllJ1fl1fl1'W~1h ui'l~mfiJo'W1Jo'Wtltl 'il}f~ (CO) "j'mJtl";h\hiJu~Lil}fi'l 
~ 

(Ma & Hanna, 1999) U~'iJ 10~til}fi:l~ii"'tl~tltJtl11\biJu~til}fi'l'Hi'lltJO~1-:J t'liu fl111J'Hii~'IX-:Jtl11 
1 • 'JI j} 

filfl111J~0'W~'htl ...h ~~ ''Hi:ll'Y1~'htl1U11J 'V1-:Jiitll1Jlfl1 NOx 1l1tltlTHmim.!lJ1tltllTlhiJ'W~!il}fi'l 

(Ayhan, 2007) 

2.1.2 fl11NOVl'iJltl~hcua 
~ 

'lJ10~1il}fi:l HllVl ,~~ltltl1nhtlafiltJl'Y11~lf1ii':i ~w.h-:J\hiJ'W-rf"l1'Hl tl , 'UiJu ffVl1f1iJ 

" 1 <I Q,; d .A .... Id 1 31 ':Q,I,Q QJ.a 4 
UOi:ltltl~Oi'l ~tJfJflI ff1JiJVI'Utl-:JmHltlO~Oi'l~-:JVll':iH'VI 2.1 t'VttHlJi'ltJU flHff':il-:J'Utl-:JU11JU'Vt"l1'H ':i0 

~ ~ 

, 'UiJu ffVl11..fiiilmJflI~1 m -:Jff~l-:J'Utl-:J"'hiJ'W-rf~mltl''UiJuffVl1m~'lmllJ1m~ff~l~'Uo·nhiJu~lil}fi'l 

~,~\l1 tltl1VI':i l~tJ1J 
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~ ~-\>Il'lH'f'I 2.1 fltuffll1JW'lJtI,mtrtlfltJeJ"~'" Cl - C4 (Lide, 2007)• 

1:1'11 Um lI'ltl 

'illltlfltl 

... 
'q~1~8~ 

(0C) 

'q~ 

'I'ID8111'1'1tl'l 

fD11I .
'I'Il.11ltl.ll.l 

(0C) (g.mL) 

III11l'lHHl CHpH 32,042 65 -93.9 0,79142()14 
I 

IflVll'WHl C,H,oH 46,069 78.5 -177.3 0.78932()14 

I- 11'1'.i1'l1tWtl CH,oH-CH,-CH, 60.096 97.4 -126.5 0.8035
2014 

2- 11'1',j1'l1~fltl{'fll~11'1'.i1'l1~fltl) 

l-ih11l~fltl{n- Butanol) 

CH,-CHOH-CH, 

CH, -CH, -CH, -CH, -OH 

60.096 

r;-4.123 

82.4 

117.2 

-89.5 

-89.5 

0.7855'0/4 

0.8098
2014 

2-ihVll~fltl CH, -CHOH-CH,-CH, 74.123 99.5 - 0.80802()l4 

2- IllVllltl-l1'1'.i1'l1~~tl{iso-butanol} 

2- IllVllla-2-11'1',j1'l1lH)tl(tert-butanol} 

CH,oH-CH -CH2-CH, 
I 

CH, 

CH,-CHOH-CH, 
I 
CH, 

74.123 

74.123 

108 

82.3 

-

25.5 

0.8018
2014 

0.7887
2014 

lflfJfll':ir.lilw 1 lJ 1tJ~1CJ1",<A":lfJllfifl1fJ1't11~tflinflfJ'I15flff11l1HlUti~ 1<A't~'W 2 111 fltJ 

flln'h 11 fi fl1 UlU lJ lJttl fft'Yl tJ1fllfli'W U",~1l fi fl1 fJ1U lJ lJfl ':i 1'W J:1ttlff1fl tJ1fl tfli'W 11 fi fl1 fJ nf~ fftl~ 
.dl Q <v,.:::::t " 

UlJ1Jll':i1fJ"'~ ttJfJflfl~'W 

2.1.2.1 1l~fl1fJ1UlJlJttlfft'YltJ1fllfli'W t~'Wfll1Vi1'Llfif11fJn~Wh~mflL'lJiJ'W nlJ 

~ '1 "".... '.1............ ..A, 0.1 "'........ ,.~ ~ ~"I 91 ~ .1 '1 "" 
H tJ '" fltJ 0'tJ '" ~ fl fJ1lW 11H 1J!l fl ':i fJ 1 !Vi tJ'lf1 fJfl11J!l fl ':i fJ 1 11 fl'" 1 fJ! 1J 'W ttl fft fl01 ~ fl t 11'lJ 'W ~ fl fJfl 

" .
m~lJ1'Wfllli1t~'W flnVi1t1ijf11fJ1'lJtI~mfl 1'lJiJ'W'I11tJ'\1~ R !~'WflllVi11lfifl1UllflfJWl ~ r.l"'r.lilWl1 

" . . 
1~flo ttlff!fl01nmh lflfJijffllfllll11'll~~fl1Vil1 2.2 

Catalyst

RCHOOH2 + MeOH ~.======- RCOOMe + 


Fatty acid Alcohol Ester 
 Water 

lflfJ~1111'11 fJ 11 i ~mflt~'W~1d~llijfl1fJ1it.!fl':i~lJ1'Wflllr.lilwu1J'!.J ttlff!fl tJ 

1%fli'W ff1'W i 'I1tY!~Ofl i ~mfli"'~1m~'W~1!i ~ t1ijf11fJ1 ,it1:l~'O1 flll~f11UlUlJlJltJ ff!fl01flAfli'W 

i ~fJtu'l1 iJiJi 'W fn':iVi11l fif1~fJ11lJ!f1'W ~tu '11 iJiJ~fl!~Ofl'lJ0~tllfl1'W tJ'" u"'~ ~O~ 'l~n"'l 'l 'W fluVi1 

.... I.QQ..::';\ 4 GJ 31111 91 d'd..::t ~ .a tI d tIQ Q Q 

1J!l fll fJ 1 'W l'W!Vi 0 ~ '11 ~fl'llfl mtJ fflfl tJl flll f1111llJl tyfl1i W1111l1Wl j 1'W '11 HH11011CJ1'W WflU 1fl fl 

!1lil "'tOff! flO 1 W 111 mw':i j1'W ~ illwu fl llfin1Ul~tflfl~m~'W llijf1~fJ1~ ff11l11tltYO'W fl5lJ 1<A' ~~J'W 



8 

2.1.2.2 U~fl~U1U'lJ'lJ't1'jl'\.JtY!'fJff!'t1'fJ~fJ!fl.Ji'\.J fi'fJU~fl~fll!flihaN 11Pl'jfl~!G)f'fJh~ 

1 mlllJ'\.JV1'l$'Hl'fJ 1 '\!lJ'\.JfflPlifi'lJu'fJt'lf1'fJ ~'fJ~ !~'fJ1M'!fllPlt1'J'\.Jt'fJff!'t1'fJ1 1IPltJ1 ~fil~'Hl'fJf1'jlPlt1'J'\.J ~';uj ~ 
11 ~fl~ til llPltJlI~t~ tJf1'lfiJlPl,\!'fJ~1'lJ1'fJ~!G)ft'l!! 'lJ'lJ 1'fJffl't1'fJ1 IPlllJ'lfiJlPl,\!'fJ~ U'fJ t'lf1 'fJ ~'fJ~~1~1 '\.Jf1l'J vb 

1Iijfl~tll !'If'\.J lI11oH!lJ't11'\.Jflt'lt1'J'\.JU'fJt'lf1'fJ~fl~1'\.Jf1l'J'Yh1l~mtJl 'j)~!l tJf1'hUJ'rlt'lt'fJfft't1fl1 Ul'ill11oH!fl 
., 

't11 '\.J 'fJ t'lt1'J'\.JUfl t'I f1'fJ ~'fJ~1 '\.J f1l'j vh 11 ~fl~fll~ 'j)~!l tlf111WVlt'I !'fJffl't1'fJ1 tYl'H i'mhlJ'\.J 1'lJ1fl~!G)ft'l'lfU IPl . ., . 
Iflff!'t1'fJ1 lIdjfflJtr~l1fl~ltJfimhlJ'\.J~!G)ft'llJlf1 f1t'1f1filPl'\!'fJ~1I~mfllVifi'fJ !'fJff!'t1'fJ1fi'lJf1~IG)f'fJl'\.J llPltl 

ihnJf1l'j~1111~~m'n~ 2.3 

R1COOH3CH20HfH2-0CR' 
Catalyst I 

I 
+CH-OCOR2 + 3CH3OH CHOH R2COOH3 

I
CHz-OCOR

3 CH20H R3COOH3 

Methanol Glycerol Methyl esters Triglyceride 

1I~fl~fllU'lJ'lJ't1'jl'\.Jtfl'fJff!'t1'fJ~fJlfli'\.J ljf1l'j ill1~1~'fJf1l'j 1If'lJ1I~ ~fJWf1l'n 
.l "" lI) '" <f !j/",,;J ,...: ",.l '" 

't1 HI 'l$flt'nt'l~ 1l1f1 ~ IPl 'j f1t'1!G)f'fJ hlPl1 'H IPl '\!'\.J 1 IPltJm 'n l~ f1l 'J t'llPlfllfl11lJ'H '\.J 1Pl'\! 'fJ~'\.J llJ'\.J l'lfflt'n t'I ~ t'I ~ 

!'d'fJ~1llf11IPltJ1i'j'jlJ'l$1~U~111~f1~fll't1'jl'\.JtfWff!'t1'fJ~fJlfl.Ji'\.J '\!'fJ~11Pl'jf1~IG)f'fJrh~ !tJ'\.J1Iijfl~fll't11~ 
4 d ~ J. 111 jI I :v '11 ~ ... IC\~ Q.I l1J fJI ~ I!:i iI 1'jJ QI t _I ~.q.q ~, ~Q.I IV 

tfl1J't1!f1IPl'\!'\.J ~lPlfl'fJU,\!l~'lfl Ut'l~t'lJ'\.Ju~f1'jU1f1'\.Jf1t'1'IJ ~1Pl 1Pl~'\.J'\.J'j)~IPl'fJ~ 'lf1Pl1IHu~f1'jtJl 1'n'fJff~tffnl 

1!j/"" ... d • 1 '" "'''' lI) • 1Y. ",;J '" • I""'HlJ'fJIPl'jll'j1,\!fl~u~f1'jtJl !U'1n~ (Forward Reaction Rate) Ut'l~f1t'1f1t'1lP1~~,\!'\.J Ut'l~fl1'jI'nlJu'j1J1W 

,,~ !j/ 1!i1 '" ~ 0 'I !iI .1'" "'''' ~ lI) .11 '" ... " 
'\!'fJ~IWt'lf1'fJ~flt'llPl~IPl'\.J 'H!f1'\.J'n'fJ 1'n'fJ't11 !'HfflJ~t'I'\!'fJ~U~f1'jtJllt'l'fJU!U '\.J't1ff't1Nf1l'jff~!fl'jl~'H 

f1filPlilw~lJlf1~'l1Pl ~~'iI~Vi11'H~~fflPlff1'\.J'\!'fJ~f1filPlilw~~lOl'mf1l'j~~'l1Pl~1tJ llPltJ1If1~utmf1'fJ~'fJ~~ 
!illI)!iI , ... "i ... '" 1!i1 ,~~ "":",,

1 'If !IPlUf1 !lJ't11'\.J 'fJt'I'H 'j'fJW't11'\.J'fJt'I ! lPltJ!lJ't11'\.J'fJt'l1Jf111~'\.J tl1J 'l$lJlf1f111 I'\.J 'fJ~1I1m1J'\.JU'fJt'lf1'fJ ~flt'l't11J 
., . 

llJlt'lf)mgf1 Vi11M'ffl1Jl'J m.f11Vi11l~fl~tllft'IJ1 '\!lJ'\.J'HlmhlJ'\.J.y;'l$1~~ltJf1';h 1\PI tJ~1d~U~f1~tllVi 

!1'J'\.JI'lJff1~l!ri lG)f!~tJ1J 1~1Pl'j'fJf1 1G)f~ (NaOH), 1'nu't1fflC)itJ1J1~IPl'Jflf1 1'lf~ !tJ'\.J~'\.J~1d~1I~mfJl~ 

ttJ'\.J I'lJff 1 ~i''IJ fl111J ijtl1J1Jlf1f111 Idfl~ 11 1f1!'lJ ff1 M'fllPl'j lf1l 'J !f1IPlU ~mtll~~ U~fl~flllfllPl 1 ~ff1J\l 'jru 

Ut'l~1M'f1t'1~~~W 'H .QiJ~1f1';h~1d~U~fl~fll~!1'J'\.Jf1'j1Pl 'fJdl~ h~~f1l'J1oHl'lJff!tJ'\.J~1d~1I~fl~ til 

fjJ jI fI: Q.I 4 l1J Q.I d 0 jI ~ '4 -: ~ ~ I Q jI

1I~1PI'fJ~1'HUflt'lf1'fJ~'fJt'I Ut'l~'\.Jl1J'\.J'H'j'fJ !'\!1J'\.J't1'\.J11J1 h'\.J'\.J 11J1J'\.Jl'H'jflfl111J'l$'\.J1I'\.J'fJ~ 1'n'jl~1I~'t111 'H 
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~ 	 0 , 91 "'" I 0 'I 'ilt1"" " !fi~tI~fi~tI1 ('lntl~rU~tfli''U (Saponification) "b'~'Il~'Yl1 'Htn~ff\!U~~'Yl1!'H ~1I1ru'\lfl,m)'ffIVlfl~ 
91 :: 0 91 "" "" 	 "0 11) 91 I 91 ,,: '" "l

'U fltJ~~ ~1lJVI-:)'Yl1"''' f11~HtJf1f1~!"b'fl~'U flflf1'1l1fl!flfftVlfl'jVll ~~mf1 u~m!!fl~f1fl8mm~~'UllJ'U 'H~ fl 
y 	 • 

1 '\I~'U ihl lt1'Ufl~1I1f1~m'll'll~1~m~t~'U\~'1!~-:)tI~mtJ1HVI'U~l-:) m~ff1'U1'HqjYil~flflm~~~~~ f1 
y 	 • 

(H
2
S04) u~~m~18l~'jfl~fl~f1 (HCI) 'HI;i~'illf1t1Bfi~tJlff'Utl~~-:)f.lil~.nruct1'Yi1~'il~\lf1UVfl!~'Ufffl~ 

~'U~~Uff~~ l'Ufi Wl~ 2.4 l~tJ~'U 'IJ'U !~'Utflff!V1fl{ff1'U~'U thH~'Uf1~ !"b'fl1'U ~~'il~\l fl!Wf1flflf1'1l1 f1 
y 

ffl'j~~ ~ltJi''U'IJ'U1~tJ1~tlci flVflflf1lJl'illf1m'Jj''U~ 

, ~ ~ ~ 	 ~ 

iIlOWn 	 2.4 f11mtJf1i''U'\Ifl-:)'lll~'U1'IJ lfl~!"b'~ (i''U'IJ'U) n'IJ f1~!"b'fl1'U (i''U,h~) 

2.1.3 	ifi)~tJ~i.i,unui8m1'hIJaMtl11l11tU.JA8ftUI0;WAt"r'U 
iJ'il~tJ~ii f.I~~flm~ !fi~tI~fi~tJ1V1'j l'UttmfftVl fl~~!fli'UJ''U ii 'H mviJ 'il~V ~'U fl~ 

• 	 y 

n'IJ!1fl'U 1'\1 l'U f11'Hfi~tI~fi~vll~tJffl111Hlfli'lJ1v1~~-:)i1 
y 

2.1.3.1 f.I~'\Ifl-:)tlllJ1wm~1'\1~'Ui)ff'j~ (%FFA) U~~fl11lJ.y'U tI~lJlrum~ 
'JI J 	 , , 

1 '\I~'U i)ff'j~ir'U!iJ'U 19i1UtI ~'Hcif1Yi~m Vi lf11~'H1 nfl'U m~Vilt1~fi~vlV111'Uttmff!V1fl~~!fli''U 1~tJYi 
9J 	 ~ OJ , ~~ cv.t::\ 'JI rj) ,tJ! fj) f;r 0

'Hlf1'1l~1'Jj'!'lJff!'IJ'U~1!Htlt]mtJlt1~~lJlrum~1'\IlJ'Uflff~:l:~fl~'UfltJf111 lflV~:l: 3 mlJ lf1f111'U 'Il~V11 
'I 9191 11) 91 11) 'i "" 	 ~ 0 , 91 91 'I 91 '" , "",,,,>,,,>.d "" 11) ~ !'H~flV~~f.I~ ~~'\Ifl~ !'IJ !fl~!"b'~ (% Conversion) ~lH~~V11 'H~fl~ !'Jj'~1!Htlt]mtJ1V1lJlfl!f1'U !tI"b'~ 

, 	 t SI ':II 

!fftJ-:)~flm~!fi~ff~ (Dorado et aI., 2002) f11~Yiiifl11lJ'l1'Ul'U't'h~'U'il:l:Vil1M'!fi~tI~mVl1eJl~~1~ 
..:.".1. ': QI l' d ~~ G) 9J ~ I ,do ~ J QJ d i!'l do d.lfI ~ 
"b'ff'\lfl-:)'UUJ'U t~tJVI'il:l:!'IJ'Uffl1'H~ !'HtMlff\! U~~ff\!V1tn~'\I'U'il~tI'Uf1'1J!flff!V1flm~~f1m"b'fl~'UVI ~'i'l 
0'191 ::.".'" "l;j, '191 ... "" 	 " 

I'll ! 'H ffl~~:l:~lVf.lfflJVI~fffl-:)'Jj''U ~lJfl11lJ'H'U~'i\l-:)'\I'U ff -:)f.I~ t'Hf11'jUtJf1f1m"b'fl'j'Uflflf1'illf1mff!V1fl~ 
'j/ 	 " tI ':II , 

Vil1~tJlf1~'U 11HhNn'Uflfl Ufl~f1fleJflrl' 1'\1~'U 'HlmJl~'U fl1~iitJl'Hlflfl11lJ'l1'UtI'UflQUfltJYitl~ 

'Hlfl11iih~m~flVil1M'tI~mtl1V1~l'Uttmff!V1fl~~!fli'U!fi~1~fflJ\!~W ~~~1'U1~tJ'\Ifl~ Ma et aI. 
• 	 y • 

(1998) YiVilf11~flmJ1f.1~m~VI'IJ'il1f119i1d-:)tI~fi~tJl fflV~~'\Ifl-:)m~1'\1~'Uflff~~U~~tJl Yiiif.l~~fl 

ffltJ~~~1~'\Ifl~f.I~~tiWct1'!flff!V1fl{1l1f1 1'\111l~viif.l~f11~V1~~fl~~-:)m'Vf~ 2.5 



UL~~QP.' Ilt.]I rt~It~1W~!;!gfL~!;!1 !.LUL !.~9 rt~It~I!!iJ"m@Q~1W ~!;!gfL~!;!1!.LUL!. ~9Q~IlH(! 

(alllltuadru:u) !!iJ"m@rt,tLrt,g.l.Jl~~QlA,mQl~rtL!.IA,lf"~~!;!gfLrtb !!iJ"m@ vTl"Z; 

" 
~$b~LM,~~mbIlJW1~Qlrt~ 

~~H!'LUrt brtr,l1L~ ~~ 1t.l:1:;LIt "'~LIlt.1:;Il:;!. rt,tt. ~~rt~ULItLIlUQO:'~1l~1l:;(!' :;tW til~!;!gfL~Qf\, 

U W:;I1:;!.rt b~~L~(!:;&LIl~gfL~!;!l!'LUL!.~9 W~!;!gfLLkt!'LUrtb~b~LIlt.l £'£'l'Z; 
• If, " I 

W~!;!gfLLkt!'LUrtbrtLrtLllt.l 

f'b fb b Ib 

~b:;lln~.I:1!! IJ"mQ ~.I:1~Q}t~b~rt£tLttQ~~QQQ U IlQn~Qf\,rtt.p L!.~9 ~!'U~Qf\,rtQ ~U~1!!'LUQ~ 
. " 

rtL IA, f1lA,ltLt.l.J (!~Q}t~b~:;rtjbLIJ ~11]1~ !. LU:; !.fLIlL Il"Il~lQkb(!L~rtM,~Wrtr,lI~W~gfL~~It.~rt£"LP 

~JW~ UQ!.~~l 1t1l~IJW1Lt.UULltM,LIJl1lA,.I:1:;!.rIlt:;~~JW (£H:)()~N) ~JWl UQl1lt1lt1l~lJW1Q!'" ('Hl:)OBN) I' IJI IJI '" I "" "" 1-", f' I' IJI", '" ... 

~JWl UQl1Q1It1l~IJWlrtnl!.t.l.Jjb~ IA,W!'U[}rIH1t.~IlQrtLIA,Ql $b1 L"f1$bl IlQIWUIlQnrtU~QIll.J~Q.I:11A, p lit f:; ~ Ip {fj~F t7"t71;:7I". to {fj19~ t p to ((. F 

W~gfL~~lt.~~b!.UI .I:1mrtr,l'~b~W~gfLt-~lt.~~t!}Wf1bLIl~gfL~~lt.~f1r,l'~W~bL~UL~!!iJ"m@ 

~~IlH~b:;ml ~~LIl~gfL~!;!I!'WU~9(!.I:1rt1UL(!'~Qp.1.1:1rtml;l~W~!;!gfL~~1t.~ Q!.t~bltll!}~W~!;!gfL 

t-~1t.~~11 .I:1rt1::lln~wt-~(!W~!;!gfL~P!'LUrtb~b~(!l.JI!.L.I:1 w~gfL~~1t.~ l'£Tl
" . rtf\,~~ll.Jltt.t.f\,1 rtI ::!..I:1Qrtltf\,1 ~W~Qf\,::IlIlQ!.::llnf1$bltLt.l.JQIl1ULIt~WQ~Il~1l 1P l~rolA19 '='"",IA (6 J;;P ~ ,

" " . Ll.J1t t.t.f\,1 IJL(!'!'QIA,I.I:1QI~Qf\,~l 1lt-:l:;IlIlQ!.mUUrILtrtM,:;o, ~'llA,M,LIJUL(l, • 'P' 1'1) IA p {fj lit {fj ~I"" I F 

(8661 "IB la 'BW) t.~f\,kUL~ 

!'QlA,l.1:1QI~Qf\,~l IlH:;IlIlQ!.mLfUrIQ~ :;!..I:1Qf1rtM ~W~Qf\,:;IlIlQ!.:;llnrtjbrtLtl.J~Qf\,IlH S'Z IUtLIJ 
I' iSlJI is ""I-I "" '" lit is... ""
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~W'H n1J ~ i;l~ 111 i,rUtl ~ fltl ~tlci'111 tJ fl tl~ fJ li~~l fJ~'U U~ (11 tlW 'H niJ~ i ~i;l ~ ttl'U ~~ I~ tl~ '\J tl ~ "1 .::u <u ~ q <u qJ q 

Utl~ fltl ~tlci'~~l1-1 '1,rfl~';jl O1'Hfl~ tJ afllfJl~~ ~~ tiitl~ ~lflU01';j ~tylfftIUtl~fltl eWci''1 'U';j ~'H';h~111 

tJafl~fJl 

2.1.3.5 tJ~:IJ1w'\Jtl~~1d~'llamm tJllllW'\Jtl~~1d~tJafl~fJ1UN~~tl'll~:IJ1W'\Jtl~ 

Nil~tlWCli'~'~ mh1tltl'llllllW~1d~'llafl~fJl~~lU~~~~tfl'U' 'll ~~111'1,r'll~lllW'\Jtl~Nil~tlW Cli'~ 
'~~1 ~~,T'U'll~:IJ1W '\Jtl~~1d ~tJafllm~mlll~ffll ~~~ufh~ril'H i1~ !l'h,T'U 'U tlfl~lflrl'al'lll:lJ1W 

. " 
'\J tl~~1!~ ~ tJ afl~ fJl uri UJ1 fl ~~111 '1,r~1d ~'ll a fll fJ l-vi t fl ~1J1' 'll111 tJ a fl~ fJl ti'lJ illl1'U 111 't l1' 
Ifl~'llamfJlClfl'llm:tvhtl~'U 

QI l clf:<:v QJ J <:II :QJd 
2.1.3.6 i;l~i;l1'U'\Jtl~Utl~fltl ~tl~~tl'U111'U ff~i;l1'U'\Jtl~Utl~fltl~tl~~tl'Ul11'UllN~ 

~ tl'll~1J1W'\Jtl~Wi;llVltl{~!fl~~'U1 ~ fJ~1111'1 qll~ff~ ff1'U 1 ~ fJ 111~'\J tl~Utl ~ fl tl ~tlci'~mi'111'U!'Vhti'lJ 

'I '" -" 'JI 'I 'JJ "" ", 'I '" .4 'I ')1.1 ""- "".% III 'JI
3: 1 1'U'YI1~'ll~'lJ~~~~m 1'If'llnnw'\Jtl~Utl~fltl~tl~lJ1flfl111'U'YI1~'YIqll~ !l'ttll'H1J~mmlf1~'\J'U I~ 

91 91 91 , 

'U tlfl 'tllflUtl1111i;ll:1J1Hl , 'U O1';j Ni;lllti'U ';j ~'H'h~utl~ fltl ~tl cfti'lJil111'U U~ ~.w'U-vi ~b 

'1 'U fll ';j ffll flff't 'U fl1';j Ifl~ tJ a fll en ff~!f! 'Un ~.ofJ ~u 'fI11111:hfi'tyll lfl~tl fl~';j 101 ';j,flfltJ amfJ1'Y1 ';j 1'Uff 
. . " 

!tli;ll'YItl~VJ!tli'U 1~m'YItlij'fltl11l'Y1i'U~~\!flil1lJ1'thfli'Uff1'UU 

. 
2.2 t111!'niu (France & Michel, 2004) 

.
'" '" ..,2.2.1 Utn'll'U8-:tft111'n'tfU 

tl11l'Y1~'U tltlO1';j l'llgfJ'Ui;lm'U~'\Jtl~'\Jtl~!'H~1 ''ll,f!'U'tl liitl~~lfl'fl1111~'U'lJ~nw . . " 
-vilfl~01';j ,'ll~fJ'Ui;lm'U~,r'Uuri1ti'tlflfl';hri1'f1111l~'U itl (Vapor pressure) 1~fJtl111l~'U1tlffl111Hl 

" . 
tl1i'lJ1fl'~~fJ1~n-Jff'~tl~Umll (Phase diagram) '\Jtl~ill (m..,-vi 2.6) 1~m-cr''U 1~~1l1fl'~ Tr ''llff~ 

~~1flq ~ (~~ C) 1 f!'U! ff'U ~ uflfll ~!1l'U '\J tl~ m~ 1U~~, tl 1 ~ fJfl U ~1111 -cr''U 1 ~~rl'If! 'ULl i;l~~ flU 

.1..1 .1 'JI III 'JJ i ')I '" .., III 'JI I "'.:. (V(V

l1J~fJ'UU1J~~fJtl'Ufl~'lJ I~mfl ~ffm1~i;l1l'fl~'H';jtli;lm1~'fI~~1 I~Ufl O1';j';j~mfJ'H';j tlO1';jfl~'U~1 

'\Jtl~'\Jtl~m~1~'fI111l~'U Pv ('fI1111~'U'tl) <1t~lf!'U-w~fi'i'U'\Jo~~w'HiJiJ T 1~fl~O'il1flrl'01';j!fl~m1 
1'Y1~'Ui;l1lJ1';j (l1111fl~~'U1~ flO1';j ~~tl1111~'U~tlW 'H iliJtl~~l~ fl'll';j ~lllW~!fl~;f'Umfl i 'U fl ';j~Ui;lfl1 ';j. .. 

''H ~'il~~01';j lfl~tl111'Y1~'U ;)~!tl'U,h lfl~01';jci'~tl"'lfJti'lJ flU l~tl~ (Boiling) fJm~'U 'hfl~ , flO1';j 

<il'lJ!'fI~tl'U O1';j l'llg fl'Uffm'U~',j'~If! 'U 01 ';j!'llg fJ'UU 'll €t~'\J tl~~W 'H lJ1J u~ flU 1 'llg fl'UUtJ €t~ tl1111 ~'U~ 
'fI1'lJfJll 1~fl"'~ff1i;l~{'\Jtl~01';j''H~ 
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, ~ 

1n'W;] 2.6 t'Vhfl~tl::Hfl'nJ'Utl,nll (France & Michel, 2004) 

dlj/ Ij/ Atllj/Gj d. QI~ ~J.J ~ ~,
fl~tl~flTHnl:U'itlUt'Wtl r'Jf ~Ufl1'iLtJl;lfl1HfmU~ ~~UUfl1n~llW~::m~'UU'YI~~ T' UU'il~~lfldl 

f2W'HiJlJ'Utl~'Utl~ llHl T l~tlfhr.lll~H'Utl~f2W'HiJlJ T T' 'iI~lltlfl'h 1'YItl{:utlll~m6 (Thermal 

delay) 'Utl~fl1'itn~m7hwku l~tI Lauterborn (1980) l~~~fl~:u'Utl~1~1~'i l~'\.J1:iJmYm11'YIiu 

1l1l::till~'il1Il)fUfl 1~Um11'YIi'u~!n~'iI1flfll'iltJ~tlUl1tJll~fldl:U~Ufllt11u'Utl~'Utl~1'H1l1 

2.2.2 atJm.J'lJ'HKfl'\ltHfll1'fl~flll'flilA 
I 'JI , 'JI 

fll'i ln~fll11'YIiuUU ijltJmJ'U 'U tl~fll 'i ln~-n'H lllfl 'Hlll tI 1~tI~::.;juflQfi'lJ.rfl'i:IW:: 
,t 1 'JI 

'Ufl~fll'i l'Hlllu'Uw~-nei~ l:Wln~fl111'YIiu ll~tlth~1'i ~~l:Ufll'i ln~fl111'YIiuuu 'iI~ri~r.ll;l~tlfll'i l'Hll 

l~:U'UW~ei~l:Wln~m11'YIiu 1~VltJU'lJ'lJ'Utl~fll'iln~fl111'YIi'Uffl:Ul'if,l~lUUfltltlmrlu 3 fl~:U1'HtY"1 

l~~~ij 
~ 

2.2.2.1 fll'iln~U'lJ'Ufl111'YIi'uU'lJ'lJUVfl~dl:Wfl~~ (Transient isolated bubbles) 

l~v'iI~ijfll'nn~ 'tl~lUdU1l1fl~Utlth~n~1~11U'Utl~ml;l1'lJ~nW'Utl~''Hl;l~ijfldl:U~U~l (~lfl'h 
P) Ull~'iI~fl~ffmU~'Utl~'tl'tJ\Pll:um~Ufffll'i ''Hll 'iJum~i~1'HllltJi1~'lJ~nw~ijfldl:U~U1l1fl'Wtl 
1,rln~ fll'i U\Plfl~d (Collapse) 1tl~~~ltJ~ tlU ffmu~fl.r'lJlmrlu 'U tl~m II d~~l~:U 
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. 

~ ~QI ~ a I 

2.2.2.2 f11'HfWlml!'YI'lfUU1J1JtJ~!f11~'I1'Hm1J1JUH'W (Attached/Sheet cavities) 

ril'W lJln'il~'V'I1J1J~nW '\JtJ1J'\JtJ,r:r~tI• !'If'W ~l'WfllllJ~'W~l'\JtJ.:j t 1J'W~'I11tJ'\JtJ,mH'WvJtJtJ~ (foils) 
I 	 'JI, 

2.2.2.3 	 f11'Hfi~ml!'Y1i'W t 1J!!n'W 'I1lJ'W iJmfi~1J~neA'w'W thiiijfl 11lJ~'W IPll t 'W• 
" 

ril'WUn'W nm.:j'\JtJ.:jm~Ufff11'j'l1lJ'W !'If'W m~Ufff11'j1 ml'l1E.:j t 1Jli~'\JtJ.:jn.:jl1'Wu1• 

'" '" ."2.2.3.1 	 'j ~1J 1J '\J tJ.:j f11 'j ! n ~m l!'YI 'If'W 

t 'W'YI1.:jU fi1J'~ml'1 ~.:j~ijfl11lJ ffl~ty t 'W f11'j!fi ~m 1!'YI4'W ~~tJ.:j-W 'ill 'j W lij 

QI ~ ~~.c:k. , 	 d 

2) r1 n'hl W~ f11'j !n~m1!'YI'lf'W G)f.:j 'il~ ff.:j Hr1 ~ tJfI 11lJ~ 'WUH Ur1 ~ fI 11lJ! fftl tJ'j 

'\JtJ.:jf11'j!fi~ml!'YI4'W ~.:jri.:jHr11~tJ~H~tJU'j~iY'YI~.fl1'V'1'\JtJ.:j!f1~tJ.:j~mnr1~r1~r1.:j . . 
d Q,I ~ ~ Q,I 

2.2.3.2 	ff.fl11~'YIlJmn~ml!'YI')j''W 
" 	 . . 

t 'W ril'W i1 'il~Uff~nltJ'j~!fltJ~ '\JtJ.:j ff.fl11~iiiJn'il~'V'I1J nll !fi~ml!'Y1i'W 
'1 I/).k d." , 1/).1.1 
~ 'Wm~Ufff11'j mr1G)f.:jlJ~.:j~tJ ~ lJ'W 

. " 
1) !fi~ 'illnf11'j 1 '11 r1Hl'W~UmwiiijEn'hlw~1J~n'Wnll I'll r1 ri.:j Hr1 h1' 

d d I t ~ ~.c:k r G)"~ QI 	 J G)I 	 d 

f11llJ!'jl'YIH1'Wffl'W'W'W!'V'IlJ~.:j'\J'W G)f.:jff.:jHr1 ~mn~mllJ~'W~ty!fftJ (Pressure drop) '\J'W ~'Wff.fl11~f11'j 

1 'I1r1f1.:j~1 ~.:jiJn'il~'V'I1Jt 'W ~Um W~ln~~'W~nll 1 '11r1 !'If'W UH'W '\JtJ1JfllJ (Orifice) 'YitJ!d'W ~~ 
(Ventury tube) ..rlQ~ (Nozzle) !il'W~'W 'I11tJf11'jl'11r1Hl'Wril'W Wl.:j'\JtJ.:j!~'Wnlll'11r1!~lJ !'If'W nll 

1'11r1Hl'W'YitJ~~~1ri'.:j f11'jl'11r1Hl'W,j'tJ.:jtJ "Ir1"1 

'" I/) '" 	 .k 0 '1 ~ '" I/)2) !n~f11'j !'I1r1U1J1J!lltJ'W (Shear flows) G)f.:j'YI1 ~mn~f11'j !'I1r1U1J1J 

~'Wib'W (Turbulence) 

(Liquid jet) f1~'W~!fi~'illnf11'j~.:jm~'YI1Jl~Q (Wake) !il'W~'W 

3) !fi~'illnf11'j1'I1r1U1J1Jhjfl.:j~l1J1.:jtJtil.:j t'W1inlJ'lfl~ !~'W u'jlnQf11'jw 
I 	 'JI 'JI 'JI 

Water 	 hammer ii!fi~ t'WtJUmWfll1JfllJnll 1'11r1 'YitJUlt'W1HlvJvh 'YitJ~ltJUliJ'W!~m'V'l~.:j t 'W 

"j o'd ~ ~ '\' 1/)'" , ~ d.k, '1 ~ ." '1 
!f1'jtJ.:jtJ'W~~!G)fr1 !lJ'W~'W ~~tJ'\JtJ.:j !'I1r1lJn'il~tlmH~ltJfllllJ!'jlff.:j G)f.:jff.:jHr1 ~'I1f11llJ~'W ~'W1J1.:j'il~.... 	 . 
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C\ Q,I d 4 ~ I Q.I <Ie:. rI QI 

5) !mnl1nf11'jm~'VI'U'UfNNtNl'un~f11'jff'IJ t'Jj''IJ 11 1'V1'j 1'IJ ff~1tC)j'U'jU(I 

C\ : ,d a rid. ::II cJJ ,. ~ ;r
w'j11C)j''lJfI (Ultrasonic transducers) 'lJ111(1mt:J'IJ'UU~tmu~t:J'lJW~tC)j'(I tlJ'lJW'IJ t~t:Jff'IJ11J'UfNf11'jff'IJ'IJ 

o 'jI C\ Q..P .d4 Q,I ~ cJJ ~ e:! _IQ d 
\l:;; 'Vll1111n~ff'IJUJfl1111~'IJ'VI1Jfll'Vm'U'UfI~W1 C)j'~mf11'jff'IJ1JUU11lJ(I~~ (Amplitude) 'VIlll ~111n'VHJ 
C\~d Q,/Q ijI.4 ~~ 

fI11l'Vl "IftJ n \l ~ In~ 'U 'IJ 'U 'j t 1W 'VI m fI (I 'IJ 'U fN ff'IJ 111 f11 'j ff'IJ 'IJ tJ "l 
Q .d4.QQI' CJI l.r} gJ d ~ 

6) 1n~\llnmW'VI1J1WQ'l1~!'U1m~'VI'U'UU~ m(l~1t:Jfl111Jt'j1111~ C)j'~'il~'VI1 

cJJ Q A .: lit ~ C\ 1 tj,I Q.I d • Q.I G} Cj)dQ,I

1mn~f1(1tJ Shock wave 'UtJ 1tJ'Uu~ ~11 (ltJtJ H(I~'UU~1'H (l1'U'jt1W n(ln'U1WQ'VI\lnt'j ~'il1n1WQ ~111J 

d ~ Qld I Q.I Q.I 01 YQ Q ~&1 .-I.
f1111J! 'j 1ff~'IJ 'IJ f1111J~'lJn 'il ~ (I~MUt:J1 ~ n~'VI'IJ 'I1'IJ 'VI 1 mn~f111! 'VI'Jj''IJ'U'IJ 'lJU'IJ 1'UU~f1(1'IJ shock 

OJ 

., 
'il~ff~N(I~~lPiu'11i1 

2.2.4.1 ff1J'j'j{)'IJ:;;'UU~'j~'U'U!fi~f11'j!l1~t:J'lJul1(1~ t'lf'IJ 1'U.ijmiiu'j~[.In (Lift) 

(I~(I~U(l~iiUHll~ (Drag) t~1Jlll ~~tJ l1'j~ff'VI1im'W'Ufl~tflrfl~,)mn(l'UfN ''I1(1!:1~!:I~ l1~1JlWf11'j 
: 1: ~ Q,I .[ a QI .rl

'j~'Ul[.l'IJ l'Ufl~'Vll~l1(1 fl[.l'IJ1'Ufl~!'Ufl'IJ !:I~(I~ flW'j 1f11'jff'IJ!l1!:1fl~'W(I~~1'IJ~ ~'U'IJ ciJ!:IciJ 

Q 0 ,,, cJJ d~ d ~ ~ 
2.2.4.2 In~m~m~'VllWfl ~m ~ff'jl~'VI!lJ'IJ'Ufl~U'U~!'W1J'U'IJ . 

2.2.4.3 !fi~!fft:J~~~ U(I~f11'jtYtJff~"ViutJ 

2.2.4.4 tfi~f11'jn~n'iu'IJ'U~nWNtr~ 1'lJmW~f1111J!~1UWMh~'j~'I11H'U fl~ ''11(1 

U!:l~Nir~~!rJtJ'Ufl~U~~iiril1Jln'Wu1,r!fi~fI11!Wi'IJ 

2.2.5 8'U!fl8i!.nC)j''UtH&'t'i't1111't1~'8. ., 
nn'11 m!'U'UfI11t'VI<M'IJ irtJ iiirnlJw~m\'It:J''l n'U f11'j 111!:1U'U'U fffl~ ffmtJ ~ (Two 

11) ~ .. "" "_.I' ... 11)
phase flow) 'Ufl~ ~flNff1J'Ufl~1'H(l1 (Gas~liquid flow) C)j'~'il~1JutJtwmt1"tC)j''j:;;1111~'Ufl~1'H(l1n'U Lfl 

f '1/, , 

~1'IJ1'IJ1Jln UIPif11'j'11 (lH'U'UfI11!'VI<MtJ irtJ 'il~tifl'IJ'11 1lPiflff~m ~'VI'Um[.ltJ un1Jlnn-:h !'If'IJ tifflfl111J 

~'IJ!~1J~'IJ irn't:lW~f11'j L11(1~\l~iifl111JUwnIPi1~'11 'ill nf11 'j '11(1 'UU~ 'UNff1J'U fl~m(l1mh~1Jln .vf~if 
.-I. 11) "" • .1 11) '1 11) 0 ~ ... J 

!'lJU~'illnf11'j mm!'U'Ufffl~ffm'IJ~\l~1J1"tfl~ ~flfl~ 'lJm~Ufff11'j m!:l\l1'IJ1'IJ1Jln C)j'~(ln't:lw~u'U'UtJ 

<:I c!1I)' , 11) 'j}

wave) !'W'jl~f11C)j''VI !1Jffl1Jl'j{)f11'UU'IJ'IJ L~ (Non condensable gases, NeG) C)j'~(I~CIlt:Jfl~ 'IJ~ '1 

http:1'U.ijmiiu'j~[.In
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f , , )I 

'lJtJ~mn1~1V~ltJ 1tJ\1fl~\1 1J~ 'lhvi'fl1l1ffll" nf11'i I'll n H~1 tJf11'i 1 mm1J1Jfll11'VlitJUtJ {lW"tJ{• 
1~!l]11J~'lJtJ~'lJtJ~I'I1n1Un~ ltJ1J~tJdmvi~fl1111~tJfl~~ ~~ '1tJ'Vll~l1iju~n11n1Jfl1111~tJ ltJ ~~JtJl~tJ 
iif11'iI~lI'11 ~tJn"fl1111~tJmvtJtJfltJ~H'i1"1~1 ~ 1J~111' r1'ln"f11'i 111~(ltJ ul1n~~m,'fllltu~f11'i In" 

fll11'VlGJi'tJ Un~'lJtJl" ltJ~H1I1fl ~~mill'lJtJ~~tJ~ ltJ~1J~lfl"ffm1~~ l~lfffl(l'itJ~1~1I1fl un~1tJ'Vl1~. 
11ijU~II~11~tJ1111~1~~1J~ffl111Hl'1,*1111" fftJ"!~l l l1'tJm~ufff11'i l'l1n'lJtJ~fl111'VlGJi'tJl14tJlh 

.., QlQlQ o 1 !II"" "" ,r.,J'l!ll
f11'i1" 1'V'I'i 1~'I111"flffl111'i tl'Vl1 'I11fl"fl11!'Vl"lftJ'lJ tJ ~" 

2.2.6 fln'l.h~qflfl.,,rtnl!nj'U 
j,I I I I , 

~ltJ1~rJ'W fffl1l1f11'i Ifl"fl11!'Vl itJ \1muen'll11"vfl1'i 1 '11 n'lJtJ ~m n 1 1"fl\1ii~1 

It11 'i l ~ii~~'1 '*1 tJ f11 'ifffl1l1 f11'i In" fl111'VlGJi'tJ fi tJ fll11'VlGJi'tJ U1111J tJ{ (Cavitation number, 0" ) 

l'i ltJnulII1JtJ{ (Reynolds number, Re) if"Li1tJ'lJtJ~mll1'11tJll1'l1tJ'lJtJ~mn1~{) l{) (Liquid to vapor 

density ratio, A) tln~if"Li1tJ'lJ{)~t>llfl1111'11 ij"'lJ{)~'lJtJ~mn1~{) ltJ (Liquid to vapor viscosity ratio, . 
1'/ ) ~~ffllf11'ifi 2.1- 2.4 

(2.1) 

(2.2) 
J..lliqUid 2 'JI •

'1ItlJ;Jf'I'YI8-JOH 

'ilYl1 oo:tqA = Pliquid (2.3) 
Pvapor 

(2.4) 
J..lvapor 

"d 4!l ~c:.,Q,I cI at Qd d rrd 
~"(I'Vl 0" fltJ fl111'Vl"lftJtJlII1J{)'i U fltJ fllfl11111'i111J'Vl'Vl1~'VlqllD'lJ{)~mm~nn 

(Theoretical Bernoulli velocity of jet) ~~I~tJfl1111if1l'vttJ1i'lJtJ~fl1111~tJ~ltJ~mfl un~fl1111~tJ 

u= (2.5) 

Administrator
Oval

Administrator
Rectangle
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2.2.7 tUI &nil"0~fln'n"'1.H'J.,\m·nH'U{)fl1t11 
, 	 ~ 

1'U 'llW::an~fllj'!tl~tJ'Uffm'U:::'illflvJ6~'6 m;1.n,j'1lJ1~ffm'U:::"6~n1fl1U'U ii fllj' 

tJfl~tJri6Ufl11lJ~'UUfl:::6W1'lfliJ66fllJl~~ff~Nfl~6fllj'!;~tJflrntJ1!flii u~,j'6~ln~'U6~!fl~6~jj01~
• 	 '" 'i<.I. 	 ~ ~ 

fi 'llffllJ1H11~ ~lfl11lJ~'UUfl:::0W1'I fliJ'illflfll'm~fl~1ij '~1~U~';j ~ ~~19l'6~iifll';j1'l1~1n1 rilijl~u
• 	 OJ 

'VIl~a'6lJ !i'U 1~U'IJ'IJ~lfl0~Ylflfl'lff~{'U6~vJ0~'6 (Bubble dynamics model) (Brennen, 1995) ~~ 

1~uff1'U lJ lflU~1'il::: i ~';j:::dju'IJ 11h~~~1!fl'U ~~ii~l 'U1~U~fffllll t~U1n'IJ flfl , fl'll 6~ fll1!'VI ~'U n'IJ 

tJ6rntJ1!flli~~ij 
~ 

1~m~lJ'illfllJ fl.fl'.1993 Kamath el. (1993) '~lhm';jfffllllU'IJ'IJ~lfl6~'U6~m';j 

!n~ OH radical ';j:::1'I1H~!n~fl11!VI~'U 1~tJi~U'IJ'IJ~lfl6~m'Hfl~6'U~!~~~lJ'U6~vJ6~'6 H~'ll'~ 
~ 

';j1lJ Nfl'll 6~ 'ilm!fl'lff~{'VI1~ Iflli (Chemistry kinetics) !,j'1'tJ~1U1'l r;;~ 'ill flU'U 1'UlJ fl. fl'.1994 

Naidu et al. (1994) Vilfll';j~lfl0~fflJ~fl'U6~fllj'!n~m.p,jfl"l1i!~~1~"l1~tJi~fflJfll';j Reyleigh-Plesset 

!~6~lfl6~fll';j!fl~6U~'U6~vJ0~'0;1lJ n'IJm';ji~fflJ~~ilU'U0~~'Ucj (Flynn's assumption) (1964) 

1~ui ,",vJ6~ i 66V1 'U ';j:::'IJ'lJt1~~fl6~flTm~fl~1 ib1'l 'U ~~lfl11lJ~'U V0U'U6~fj,C]fii~1 n'hn'IJfl11lJ~U 
OJ 

· <V _.1 i "" .r 	 ""'I 	 di 6'U 6 HI 6 ~ !1'1 fl1 fl ';j ::: 'IJ 1 'U m j' fl6 ~ 1 'II 0 ~ n 6 ~ 6 ! fl ~ 'II 'U ~ ff fll1 ::: ~ W1'1 fJ lJ fl ~ VI (Isothermal) 

<V "" 	 .r 'I d "" oJ ... '" ""'" Ufl:::m:::'lJ1'U fll';j U~fl~1!fl~'U'U ~ 'U m:::'lJ1'U fll';j0:::!~tJ'IJ1~fl (Adiabatic) G):f~n1lJ6'Ufl'IJ~lU1'ilU'U6~ 
~ 

.QQ,I 	 QJ 0 CJI 
Sochard et al.(l997) Ufl:::Ht...!1'iltJ'UfN Gong Ufl::: Hart (1998) !!'fl:::'illfl't.JU Yasui (1997) 'YIlff';jl~ 

II'IJ'IJ ~ lfl6 ~m';j !tJgU't.J!vJffU'IJ'IJ'llfflJ~fl Ufl:::tJ6rn tJl!flii ~!n~ ~'t.J ';j:::1'111~ fll'm~ fl~1'U 6~vJ 6~ i 6 

1~u t ~fflJm';j Reyleigh-Plesset t't.J fllnilU 1W1'Ilffl'ii'U6~vJ6~ i 6 ;1lJn'IJfllj' ltl~U't.JrilUlJ1fl'U6~ 
~ . 

i6ih	1~Ufll';jfl1'IJU'!.l't.JUfl:::fll';j';j:::n1tJ Ufl:::'illflfllj'fffllll'U6~ Kumar et al. (2007) fivhfll';jff~H 
<> '" 11"" <Ii'" ~ .C\ ~ .Q ~ CJI\I) II

!!'IJ'IJ'illfltl~tH gmru PI ~~j' !~UllJflfffll1!'VI"I$U "I1U~ Converging-diverging nozzle !Yl6ff';jl~ 
I 	 ., 'iJ 

r;;flll W:::fl11lJ~'t.JfiVil t,",vJtl~ itl!n~m';j!fl~6't.Jii!~~~lJ 1~u',*ih!~u ffl'i~1flfll~1~u1~'l11'~U 

http:fl:::'illfl't.JU


17 

Cross-Sectional Area, A (X) 

o 
o 

o 

o 

Bubble Radius. R(A;l1 

m'rt~ 2.7 'l,fY'ltl~u~mw1~1Y'l'J'Y'l1.niimfU'lJ1Ji~111,.;'Wnll>J1'U'W1Y'l1~fl (Sampath Kumar & 

Moholkar, 2007) 

it '" 'jJ : '" ,J _I """""" '" ",,J 1 a • i 'jJ 'jJ 
(1) llJf)f111lJY'l 'WVI'W'W 11\'4lJ'U'WNfI'Uf)~IJt]m tJ11fUJtI::l'rUl 'U'W UVlfl'Yll 'HVI'Wl'J'W 

, "" '" ;1 'jJ '" i ,,J'Wfll'JNflVll\'4lJ 1\'4'Jl~lJlJVl6~lJ'U'W1Y'l l1ty'U'W 

(2) fl1';ii~nlI>J16~Vlf)lJl~tJ1 (Monatomic gas) 1')$'W nll>J1fl11flf)'W ffllJ1';i(\l~lJ 
.. I.o!:.\..:::r.~ dlfl!jJ I '<j}~ fI d=1i ~ <j}

IJt]fl'JtJ11f1l.1 ~Y'l UVlfll'J ')j'flll>J1fl1mf)'Wfl1u'Wfll'Jl'Y'tlJVI'Wl'J'W 

(3) fll'JflY'l'U'W1Y'l'U6~~6~'m~1.I~'W (Initial size) ffllJl'Jm~l.Ifll'JlnY'luiin~tJl 

. ~ 

Gogate (2002) ftmnfll'J1l11'YlfllJfli'I111'Yli'WlJl"JhtJ i 'W fll'J '1h<UY'lll l1fftJ 1 Y'l mu~ tJ'UlVlmJ 
~ . 

'ti~mJ1J ue Ufl~ U'U'U He 'Y't'1rhtl~uiimwmJ'U He iju'J~ff'Ylnil1\'41.11flfl11U'U'U ue lJ1fl UfI~lij6 
~. . 


lmtJ'U1VltJ'Un'U'J~'U'Uih<UY'l1l1!fftJU'W'1 ~~Vll'JHVl2.2 
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g) 11 H~ 2.2 t11'1 fJlJ tVi fJlJ f11 'j 1J 1~~J1tiYfJ 1 ~ fJ\1-aJ ii f1 'Huu~'U 'U tl'lHl:JJ n lJ 'j ~ lJ lJ UlJ lJ ~'U"l 
(Gogate., 2002) 

~ ~ 

tfl1f)~'JJf) 
iIiI ~1<:1 ..,

fll1'JJt'U'JJ'UU'Uf)~ f) f)~U't'ii:l~mfl 

't'iQ~u~mtl1 (g) 

Cavitation yield (g/J) 

Dakshin hom 1.02 E-5 3.53 E-9 

Dashing bath 8.4 E-5 5.83 E-9 

ACE hom 5.9 E-5 5.48 E-9 

Flow cell 1. 31 E-4 9.12 E-7 

High pressure homogenizer 6.63 E-5 7.38 E-5 

High speed homogenizer 1.83 E-4 6.645 E-7 

Orifice plate 7.5 E-2 1.90-4 

, ~ 

Arrojo et aI. (2008) l11f11'jfff1'hll~'m11'jViii~H'Ifitlf11Hh:jftl Escherichia coli (E. coli) 
Q , <J} r 

1~fJ1~\1~11iimwulJlJ HC 1~fJ1,*i1:JJ'U'Ul~ 5 kW 1,*u~'U'UtllJf1:JJViii~'UVil1.w'1~~t'Vhn'U~tl 
, ~ 

2.0 X 10-
5 m21~fJf11'jf11'jt11~fJ'Ut~'U~lff'U6ml1~U"~~1'Ul'U'j~~U

OJ OJ 

~ , 
U"~l11f11'jt11'1fJ1JtVifJlJnm';tlt1'U~'1 (Ventury tube) 2 'U'U1~~tl 'U'Ul~~'UVil1.w'l~~.w'tlfJ 

~~~t'vhnlJ 2.0 x 10-
5 m2U"~ 1.0 x 10-

5 m21~fJii~:JJ'~t1tlt'il'UCJ1 (Divergence angle) t'vhn'U~tl 
<J} I , <J} 

10 tl~ffl 'VllJ';hf11Hh:jftl E. coli. ~tl~1,*f11'jtn~vJtl~'tlVifJl1U"~'j'UU'j~ 1~fJf11'j1,*vitlt1'U'il'1t!'U
• OJ 

1M'~\PI'j1f11'j~lt4ml~fl';hu~'U 'UtllJf1:JJ u,,~trltltvi:JJ ~l'Ul'U~'Utl~U~'U'UtllJf1:JJ~'U u'U11.w':JJ~\PI'j1f11'j 
• .1Q ,191

CJJlt'lftlf1'ff~'U'U~1fJ 
OJ 

~ 

Patil et aI. (2010) '~fff1'hllf1l'H~il\PI'lJ 1tl~tC)m 'illf1tJl~'U~'lf1,*m\/11~fJ1,*t'V1f1iJf1 
~ ~ 

t:JJ'Vll'Utl"tl1i1tllf1q~ (Super Critical methanol) 1~fJl1111iin~fJl 2 ;J'U\PItl'U 1~fJ;J'U\PItl'Uu'jmil'Uf11'j 

,,~11~:JJ 1W 'U tl ~ f1 'j ~, 'U ~'U fl 'ff'j ~ 1 ~ fJ 1'*f1 'j ~ i,,~~ f1 til 'U ~1d ~ 11 ii n~ fJl u" ~fl f1;J 
~ 

'U \PI tl'U ~ tl 
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fl'J~tl1'Wfl1';i'Vl'j11fffmff!\91tl~:Yht1i'W ~t~t111lJ~'Wlh~lJ1W 100 bar Ul:'1::;t;!W11,lJiJ 350 °C l~l(Iij 

t111lJfflJi'Wi''Utl~ Yield ~nl:'11fl1'jVil'tliifi~m~~filVi~ 2.8 

100 

00 -';j!-¥ 60 
s:: .. 
~ 40 

as 
20 

0 
0 10 20 30 40 

Reaction Time (min) 

ill'W~ 2.8 tl~lJ1W Yield !lJ'flmtJf"\91tll1l1flfl'J~tl1'Wfl1'jllJ'Vl1'Wtll:'1mUtl1flf:J~ ~!dl:'11~H'1 
(PatH, et aI., 2010) 

. 1d 1 , d 1 'iI 9J 0 .... I ~44 d 

101flfilVi'Vl 2.8 IO~Vitl11 1'11 Yield lO~lJ1'11 50 - 60 % "tJ l'IH1l:'11'Vl11JOfl'JtJ1 15 'U1'Vl Ul:'1:!: 

ij~llJ1flfl"h 80% lrlm1l:'11~1'W1tl30 'U1Vi 

Hanh et al. (2009) Vilfl1'iffmn~l:'1'Utl~'lflJ,,'Utl~!Wl:'1fltleJtlrl'~t.n'Ufl1'iVi1tliifi~m 

'Vl'j1'Uff!tlffl'Vltll~:nlt1-H'W l"tJt~t1~'WfJ'l:'1\91n1CJflJt1 (40 kHz) t'Wfl1'jff~1~1'1111'Vli'Wr~tl'lbtJt'Wfl1'j 

vhtliirntJ1 lVitJtlntlutltl~'WNfflJ~t111lJ!~1'jtltl 1800 'jtltl~tl'W1Vi l"tJt~ff"~11'W l"tJ ilJl:'1'Utl~ 
'j/ 

Utll:'1fltltltlrl'~mh:u'Wnllntl 6:1 l"ut~ KOH 1% w/w 1;j'W';1d~tliifi~tJl Vitl';hfl1'jt~ 

fJ'l:'1\91'j 11CJflJ t1 t M'fJ''''j1fl1';i lfi"fJ'l:'1fll:'11tJfH'Vltll ~bJ~fl11Utltl~'WNfflJ Ul:'1::;lrltl~l'W 1'Wt111m)'W'Utl~ 
<I..J.l , GJ fJ} d 0 4~ <d Q.I 

Utll:'1fltltltll:'11VilJ'U'W ff~Nl:'1l11 Yield l:'1~'Vlfffil1~fl1'j'Vl1tlOfl'JtJ11"U1fl'U 

Ji et aI. (2006) t~Vi1fl1';iffmmtl1 umVitJtlfll'j Nii\911t1 i tl~lCJfl:'1UlJtI~'WNfflJ 

(Mechanical stirring, MS) UtllJ ttll,,'j1,,'W 1iJflffm1!'Vli'W Ul:'1~UlJlJVi11n'f)1fJ'l:'1\Pl'j11C)flJt1 

(Power Ultrasonic Cavitation, PU) ~t;!wl11JiJtliifi~tJ1!'i1ntl 45 0 C fflPlf11'W l"tJ llJl:'1'Utl~ 
'j/ • 

Utll:'1flm'JtJrl'~tJlj1:U'Ul'vhnlJ 1:6 Ul:'1::;l~ KOH 1;j'W';11'i~tl~rntJ1tl~lJ1W 1 % w/w l"tJl~fl1';iiJ'U 
d did d..d d0 Q.I 0 

NfflJ'Vlt111lJl';i1';itllJ 900 ';itllJ\91tl'W1'Vl PU 'Vlt111lJt:l 19.7 MHz fl1l:'1~ 150 W Ul:'1:::; HC 'Vl1~1'U'Vlt111lJ 
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~'W 0.7 MPa LrI'Wf.1,:jtJ~fl'jWuN'W'\JmJf11J~!~hJ11~tlNi1~fiWC)111.1leJ~h"11~ (FAMEs) ~1lhw~~~ 
'W 1111'Wfl1'i'tlltJ~iWtl1~,:jfll'Vf~ 2.9 

__-M.S. 

-a-P.U. 

-e-H.C. 

O~--~~--~~~~--~~~-r--~~---r~ 

o 10 20 30 40 50 60 
Reaction time (min.) 

tm~L~f)Lmtl1.1L11t1\J'VUr~~1'W~1-Nl 'W fl1'itfl~ 11.1 if)~t"11~ 1 fli~fli'1J'\Jf),:jU~~~11hf11J1nl 

tY~tJ1~~~~1'i1~~ 2.3 

~ '" 
fll11.:J'fI 2.3 ~ 1fl~'i 1fl1 'i ff'W LtJ nf),:j'Vt ~~ ~ 1'W ~ 1 L 'Vt 1~ '\Jtl~11 fl1 'i Ni1~ 11.1 i f)~!"11~ LL 1.11J~l~ '1 

(Ji, et aI., 2006) 

.... 4 

11011 MS PU He 

'Vt~~~1'W~'-N( W-h/kg) 500 250 183 

'il1flfl1'Vt~ 2.9 U~~~1'i1~~ 2.3 'Vt1.1'1111fl1'i PU ijfl~'i1fl1'itn~tJ~fl~V1\{~~ll~ Lt~~ij 
'" fl~'i1fl1'iff'WLtJiif)~'Vt~,:j~1'W~lL'Vt1~f)fh~tdHfl1'iNi1~11.1 If)ilit''11~~''w11 MS U~~ fl1'iNi1~ 11.1 if).. 

'JI 

iliL"11~~';ltlt'YIfli1fl HC 'Wtlfl'illflUfl1'iNi1~ 11.1 1f)~!"11~~1tlt'YIfli1f1 HC ijfl~'i1fl1'i'n~tJ~n~tl1iJmlfl";h 
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" .
f11'j~i1~fl1m'VlfliJfl PU l~flUmJ Ufiijr11V~'jlf11'jihmJilil.:J'Vii:l.:J.:Jl'U~11Vn~UmJ'r1"lill ff1'Uf11'j 

." . 
~i1~ i 'IJ li1~lO]ffl 'ill flt'VlfliJfl MS ijV~'jlf11'jLfiill,j ilmtJ1~hLlfI~ff'UnJilil.:J'Vii:l.:J .:Jl'U1J1flrl"lill 

Kelkar et al. (2008) Vhflnffmnf11'j~i1~1'Uli1~LO]ffl'illfltl.:J,jilmW' UlJ'IJ HC 

tmfl'IJtrlfl'Un'U U'U'U C lil1fl't,*mill~fI~~fllrJ'U~11-i.:J,jilfi~tJ1 ~~tu'H.fJiJ 28°C 'Vi'U':i1r11 ~i1~fituCli' 

'illfltl.:J,jilmW'fiil'Vii:l.:J-ll'U~'t;1 'H~i1 C 
y 

'UiI-ltl-l,jilmW'u'U'U HC i1~'t'U'lf1.:J 1 x 10-4 - 2 X 10-4 glJ 

HfI~'UiI.:Jtl.:J,jilmW'u'U'U UC i1~'t'U'lf1.:J 5 x 10.
6 

2 X 10'5 glJ 

o ~ "" 11) 'l' d. ..Q
Pal et al.(2010) 'Vllf11'jt1fl1:l1f11'j~fllfl m LililItO]ffl'illfl Thumba oil (C.colociyntis) 0]f.:J 

i'U li1~LO]ffl'illfl Thumba oil ijfl111J'HUilI 5.86 centistokes ~.:Jijfltu ff1JiJ~~fl'";h1'U li1~tO]ffl'illflfftllOil. ~ 

..Q d. ' '"' 'l' 'I !II '" d0]f.:J1Jfl1fl111J11 'Uill 7.2 centistokes ~~w l ''If'l!ilIf11'j'Vlillflil-lill.:J.fl1'Vi'Vl 2.10 

Pressure
Veciubleoil 
.. Rnc<tllU 
Inllt 

Feed tank 
with 10 litre 
capacity -

-

1'1 

j 
Centrifu,aI 
puntp 

(ontrol valve 

MOTOR 

'illfl.fl1'Vi~ 2.1 0 'l!ilI~i1~ i 'U li1~'O]fflu'U'IJ ls1ilI'j 1il1'UliJm1fl111'Vl,r'U 'il~,j'j~flil'IJ i ,jfl';W 

ff 1'U 1.1 'j ~fl mm i:lfl ~iI 

(1) tl.:Jifltlfl::::fl1'UtJ1J~tu'H.fJiJ 
'" 0'

(2) i11JUfl::::lJill~i1'j 

(3) 'l!ilItl.:J,jilmW'u'U'Uur-i'U'UiI'UfllJ 

0' '" i(4) 11f11fl1'UtJ1JiI~'jlf11'j 'HfI 



22 

lflfJ'\Illfll'fffr:l::ll1flfJ1-H'mhJtlfl1J'fllltff'uflhfl'u6mn~ 3 lJCl~!lll9l' ~lU1U 1, 3, 5 UCl~ 
'" " . 

7 , \9I1llcll~1J lflfJ1-Nffflff1u lflfJ 11lCl tlfl'l!ll'Yl1UflCl ~mhiru,"~l 1: 4.5 UCl~ 1:6 lflfJihlCltlfl'l 
'" 

~~l9lfiwctl~nCll~l'l'1 ~'l.fl1~~ 2.11 1flfJ'iI~~1J';htrlfl~lU1U 11l1fl~U fll9l'l~~l9lfiw 0)1'"1J1fl~ !C)fCl~ 
'~'iI~t~lJt"'l~U

'" 

~ 
::; 
Jl 
>­

100 
90 

80 

70 
60 

50 
40 

30 

-+-slngfe hole 
+-~~---------4 _3hote 

-.Ir:- 5 hole 

~7hole 
20· 
10· 

0 
0 10 	 20 30 40 so 

nme(mln.) 

J ' 1 	 'JJ " 

.fll't'ttJ 2.11 	~~l9lfiWO)1"'1J lfl~LC)fClll '~,"nm~l'l'1 tlfl'lffflff1UUflClflflgflcl'~mh:iJull1 :4.5 

(Pal, et al., 2010) 

2.5 't'taftljJ\II1't18~'11t:u;;,uinnw (Computatioual Fluid Dynamics: CFD) (Anderson, 1995) 

" 	 .. 
(Fluid Dynamics) lflfJiiVlU!lU1ufll':iff'i)l'W lt1 fl'l , l1Clllii'fl111l~fltUfl'l1..rfld1 U.fl1'Vttlfl'ltl fl'I:JW~ 

!~wli1'llflfJitifll'ff1ull1tli~:iJfl"~1-H'tiuMiflfllm'l.1'l'l11'ltlfl'llfltllutll.QlJ (Spatial Domain) 1..r 

Eit 0' d J. 'I"'" 'i I '" A I'" 	 '" " 'I "I 	 4L'lJU!C)fClClLClfl'1!~flflfl tl11f1f1 t'flHI9l1t11m"HlJ'1l119l' (Volume Mesh) l1':iflmfl (Grid) !tCl1 t'l1 


Q,f ~~ d GJ ~ Jt .d d ;It tI 

flClflfl'1)ll 	 (Algorithm) 't'Hl1111~ffll!U 01'Uflffl101'tI fl'lm ':it'fl Cl flU VlC)f 'lL'lJUffll01 HJflfJ!Clfl' 

(Euler Equation) dl11i'1Jfln111ClU1J1J 1~11'afl (Inviscid Flow) UCl~ffl101'U lt1fJ{-ff119lfl{ 

" 
(Navier-Stokes Equation) dll1i'1Jfll,111ClU1J1Jl1UfI (Viscid Flow) Uflfl'i)lflUlm'l19l1,jlfJfl1'i)'i)~ii 

tlfl'I:JW::;.fl1~VlHtm1Jl~iilm'lfffH~m.hw'W (Unstructured Mesh) t'liuiitlfl'I:JW~t~Ufflllm~fJll 

1u 2lJ~l1lfliitlfl'I:JW~L~U.fl1~VlHihllJfllU 3lJ~l1lflfll"'i)~iit1fl'I:JW~.fl1'VtVlHU1J1Jiilm'lfffH 

UUUflU (Structured Mesh) ~1~lflfJnl!~'Wilty111~ii'VtClll9l (Dynamic) t;l'lUCl~iiff1f1CltlU1f1111tli 

~1fllflfll'i) 'i)~Qfl~flUtlCl'l i...rii fll' L'U~fJ'WUtl Cl 'l ~'W flU1Cll~'l' ~L 1JfJ1Jitifll' tli'1Jf11111 Cl~LflfJfltI fl'l 
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lf1H(9Jl,hVU1J1JtI::U(9J'VtYi.,J (Adaptive Mesh Refinement Methods) i\.lmW~un'l1ty111 CFD l(9JV 

1~mfft:lil\.1f11111f'UtI~~::djV1J11hl1J1J lf1Hm,hv (Mesh-Based Method) l':ilm,HI:ii':i::1UV1J1i 
>I 

I .., 	 "" 

m'l"1 (9J'I \.I 

f o::!t ~4 .I •
0) ':i:I1JV1J11'lmflHW'il (Lagrag13n Method) 

(2) ':i~::tuv1J1im11f1(9Ji'1I (Spectral Method) 
4 .t::lo::::t ~,. tI <I 

(3) ':i:I1JV1J11'lU(l(9J(9J"lt- ~1J(lVl1l1\.1\.1 (Lattice-Boltzmann Method) 

l(9JV11 fl~1~ lffl111HlUn'ffllfl1~\.Il11Vl-ffl(9Jflffffl11 i'1J fl1':i 111 (lU1J1J':i l1Jl~ V1J (Laminar 

Flow) 1I(l::fl1':i 1 l1(lIl1J1J~\.Iib\.l (Turbulent Flow) 1~1(9JV(9JHldtlfflfl(lfl1111Vl1iifl1111111111:ffll 
>I 	 • 

1 (9J Vfll':i I'll \.I1W 11111-1 m11 €I V'U tI '111 ty 111ii'ti\.I (9J tI \.I 'U tI'I flU I'll \.I1W Yi ffl111 ':i f.) ~ lU \.I fl 
>I >I 

tltImll\.l 3 'ti\.l(9JtI\.I~'I~tl111ij 
" tI.., 	 I

2.5.1 'll'U(9JO'UflO'Utl11 1::1JlafU1 (Preprocessing process) 
>I 	 • 

11I'W'ti'W (9JtI'W i'W fl1':i fll11'W(9Jrhl~lI~'WU(l:'Utl1JI'U(9J~H"1 I'Ii'W fln ihl1'W (9J'U 'W 1(9J 

II €I:: l1ti 1Vfl1111 Vl1V11~fl1':ifl1'Vt'UtI'IU1J1J ~l(ltl'l fll11'W(9JfjW fflliJ~'UtI'I111 (lU(l:1ff~ fll11'W(9J1ii 'W 

flnfll'W1W fll11'W(9Jfffl11:fl1n!iHl'W fll11\.1(9JI~tI'W1'U'Utl1JI'U(9J hrn1J~(9JI~tllI~tI~H"1 ~tI~i 'W 

'Utl1JI'U(9J'UtI'Il1ty111 fll11\.1(9JI~tI'W 1'Ufl1':i~1.jj'1'UtI'I'UtI~II-I(l111 €IV IIm;rhl~lI~\.I~iii \.I fl1':iih'W1W 
.. 
OJ • 

2.5.2 'll'U(9JO'Utl11f11'U1W (Solver) 

::tI t ... 	 ~ ..6 ..."" d • <t ~'1
I'U\.I 'U\.I(9JtI'W t'W fl1Hl1'W1W 11111-1(l111 €I V'UtI'I'Uty111 ''It'l11'l fl1':iVl'O::'W 1111 L'" t\.I fl1~ 

>I 
o 	 4 ~..:::::tQlJ!':! 

fI1'W1W111I1-1(lm(lVlIl1mV11'l(9J'I'W . 
,,::u=\ J 4 4 

2.5.2.1 	 11'lIl-l(l(9JNff1JI'WtI'I (Finite difference method) 

111 'W 111 111 II-I(lm (lV'UtI~~11111':i~1~VI':i11J1ii 1'1 'W ~(9J~tI~l'1"1 1J'WI~'Wfl1(9J 

1(9J(l!VltllI 'UtI'I ffll fl1':i fl 111 11 €I '0: tid' \.11 11'U6'1 ffll fl1 ':itl'4 m 111 Vll(l 61 hf6~i 'W 1 11'U 6'1 II-I(l~ 1'1 

"i _ I I J ..6 .. ~ ..6 '''I _I .., '" I0 

L(9JV'U':i::1I1W1J'W~(9J(9J6(9J1'1"1 ''It'l 'O:Vl1 t l1ffllfl1':i'U6'1':i:1J1J ''It'ltl~ L\.I1'Uffllfl1':i6'4'Vt'W1'l V6V1Jl'1ff1'W 

flmmll'Wffllfl1~lI-Ill~l~ (Difference equation) 'U6~~11~VI~11Jlii1~~(9J~6~N"1 

2.5.2.2 111fl1~1.,J1\.1~l6ilI1l'W~ (Finite element method) 

11I'W 1ifl1~mj~1 (9J 111 \.I 'U6'1l1ty1116t1mll'W flilllJ\.I ~ ~'Iii 'U'W 1(9J ~ 1'1"1 n 'W 

'il1flJ'W Vi 'il"W 1 flilllJ'W~Yi €I: flilllJ'W ~1(9Jt:lfl" ff!1'1 ffll fl1~ff111 i'1JU~ll: flil 111 'W ~~;'I 6 ~1J'W if\.l i 1\.1 
• , 'j/ j/ 	 ,'j/ 

Yil~vfl';h ffllflnti ff!H,;'Wir'W~6'1ff6(9Jflr56'1n1Jffllfl1~ 1GJ1'1 tI'4i'Wn'UtI'Il1ty111YiVi'01W 1t1 ~'Olfltr'W 

~ t "j. " ~ ... "j lIJ d "." '" I d lIJ~'Uty111V1~1111(9J IlJtlVllfl,,11~:f,/fl(9JI'Ulfl1Jl~tI'W ~ 'UVI'U 61J1'U(9JUll1 Vl1fl1~ IIfl"l,f(9JfflJ fl1~(9J'I fl II l1fl '0: ~\'I 

Iii111-1 €I 111 (lVl (9Jm.h:lJ lW 'U 6'1 Iiil~~fNfll~~~llm ti 'I~(9J~6~1'1"1 f1111lU~'W ~1'U6'1 II-Illll1 llt:lJ'W~'W6~ 
n1J'U'W 1(9J'U6'1flilllJ\.I~~i.u .,j'6~'UfN111if;j6ffl111~mh ::f,/fl~l.,j'ln1Jl1ty111~iil1HNci1Jci16'W 1~~ 
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2.5.2.3 	in(1'ltlrllPl1(1 (Spectral method) 

~ ..."" I <;.1 <; 1'JI.l 4J"" ....Ii 
l'U'U11ifll1'Hlfl1~(l1'il(lV 1~WlJ1~1l1W l~W ~'W'U!l'U'Ilf).;jf)'4mll 'Jl1V1C)f.;j 

, 	 ,t 'iI 

'II ~1,jmijf)'Uin~(I~ 1.;j ff'U I'W£I .;jU(l~in1 vJ,'U ~flill11'U ~iii1,fr11 ~(l1'il (I viii ~~~f)~h~"l l1~in fll'fil 'II~ 
'J/ 

1,fril ~(lllA(I V~(If)~vi~1 ~111'U 'Il£I~i:1ty'H1 .
"'''''.1= !!I 4

2.5.2.4 11ilJ1111~nl'Ul'Uf).:.I (Finite volume method) 
• 	 • 'J/ 

t~ 'U11iiii 1 ~1'Ufll 'jiilil'U1111 '\Jl flin ~(I~l.;j ff'UlUf).;j ;J'U~ f)'U 'Il£I~ 

• 	 'J/ 

3) 'H lril~(l1'il(lV 1~vtl'j~1l1wiiil?ilU'Ht.i.:.l~l.:.1"l1~vlsNin.yhC!11 
'J/ • 'J/ 

fll'ffl'U film ~ 'U'U tl~1l1~nn'Uflll ir'U d~l 'Uiniii vh1,fin fll'j ihl~ fl~ 1.:.1 '\J 1fl 
, 	 SI 'II 'jI 

infll HI ~H~'U fll'j fl'Ufllm ~tl~1J1W1~"l ~(I f)~tl~1J1~1 f11'U flllir'U l~'U;J'U ~f) 'Uvt'U jl'U'Il£I iJ fll 'j 
, 	 'j/ JI 'jI f 

Vi 'ill1 W 1 fit] fll 1 £1'41 m1tl~11 lW iii 1'H(I Nl 'U t,r1£1£1 fltl~1J1~ 'j f11'U flll ir'U infll 'j ilt~'Uinfll 'j vt 'U!1'Uiii 

(1'111 l'f tl '\'11 f11111l,r l1'il 1 ~~ 1vfl11in 1 vJ 1 'U ~flill11 'U ~u (I::: in (1' 1tl fI ~ 1(1 f11 'j 1 sNfI tl f11'j W'£1'41m1 
"""'1..1i ~ d ""I .d IIJ I I"" :; "" IIJ 'JI•

fiJW(1'll'U~ ~"lC)f.;jm'\Jl'U'Ufll1111n Lf)'UflTfllJ fI mfl~l'Uu:nJ1~HI1'Uflll'U'U 'W'illSWl l~'illf1(1'll~fI 

.d ..Ii d4 d J 4 ....:;. IIJ 
'Il£I.;j (1'1lf11'j ltlflV'UUtlfl.;jC)f.:.l flfl f)fll'j l'Wll'll'U 'H 'j£IfI ~ fI.:.I'Il f).;jtl 'j 1l1~'j'U 'U tij£I L'H fI Fh'Utl~111~ 'j f11'U flll 

.. 
2.5.3 ;r'Ufl6'Ufl11I1iJ~.:,jNt'I (Post-processor) 

'J/ 	 'J/ 'J/ 

1rI 'U;JU ~ f)'U ~~..1'1 V ih'H 1'U tll 'U lW 1~ V;J'U ~ £I 'U il 'il ~ ~ fl.;j 1~ ri 1 ~(I m (I V 
'J/ 	 'J/ 

1~vtl'j~1l1W 'II lf1;J'U~f)'U f11'j tll'U 1Wl;V'U!flVU~1 fll'j U(1'~ ~~fI'Ilfl~1 tl S Ufl 'jllir'U 'II::: flf) fl1J11tl U 'U'U... 

2.5.3.1 U(1'~~itl ~1~'Ilfl~i:1ty'H1U(I:::fI~~ 

2.5.3.2 l;jv'UmlvJu'U'Unfll~fll 
d 	 ... ..1 GlfI 

2.5.3.3 1'llv'Umlnflf)'Ufl1'j 
'J/ 

CI 	 nJ 4 ~ 1 4 ... "" 
2.5.3.4 1'1lV'Uflnn'W'U~1 'U 2'H'jf) 3 ll~ 

2.5.3.5 U(1'~.:.Ifll'jltl~V'Uutlfl~l?il1mt.i~ t~'U fll'jlfl~fl'U1'H1 fll'j'Hll'U•.. 
... OJ "'."1

2.5.4 1~t'UtI'U'll'Ufl11UfllJt'!!111 

fll'ftll'U 1W'Ilfl.:.l 1 'H (I'Wflffl(1'~l tl'j~ flfl'U~1Vfll1 tllU lW 'Hl~(l1'il flV'Ilfl~(1'llf11'j 
" . 	 . 

t.:u~f)'41m1li.:.l (1'111 (1'11 fll1U fI::: (1'11 fll'j ~'U "l 1~'U U'U'U ~ lf1fl~ fll111i:1'U ih'U (1'11 fll'j 'lfiJ~'Ilfl.;j'll m1'H(I 

(mw'Ilf).:.I 1'H fllJ'H fll v~iJ~) 11(1::: (1'llfll'j (1'lflfll1g'U"l ~~ilwi'Ufll'j'H ltll~f)'U'Il f)~ (1'11 fll'j U~(I~ fl~l.:.1 lJ 
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. " 
Nil fl1'i rit.u'l~V~fll~V1JUil :::filF-lm~ il V 1flVYl1 ll1 'i::: t{jV1J1~ t;~~1til~"dh::,{jV1J~ V~ ih ~1JrU'W.. 

" 
fl1'iun'ilty'H1Vd 2 U1J1J (Fluent Inc., 1998) ~1:IJu~ftm':Jtu:::~'f)~ilty'l11~~il 

d ~ ~ d ~4 9J QJcI
2.5.4.1 'i:::t1JV1J~'W Segregated solver tU'W'i:::l1JV1J'\J'W'YI'\1:::Uflff:IJfl1'im.Pfl'l:J 

t ~}lI »J I 

l:1J!:IJ'W~:IJ ri'f)'Wff:IJfl1'i fl'W Yl~il fl1'i Un'ilty'l11"llflff:IJ fl1'i '\1::m :::vht~'W 'iV1Jum: Un'~1 til 'f)~ '\1 1fl ff:IJ fll'i 

" " m.~1mr1:IJ!:IJ'W~:IJ '\1:::vd'l'Wll1 hit;~t~'W rU'W ~V'W fluun'ilty'l11~1:IJ'i::1{jV1J'\r'W Segregated solver 
QI d .d4~ Qld 

Ufffl~fl~fiTn'YI 2.11 CJ1-:J:IJ~'W~V'Wfl-:J'W 
" . 

1) ff:lJ1J~'\JV~ffl'i ":Z\!fl{jV'W!.u'l~rU'W~V'W fl1'i Un'ff:IJfl1'j 'I11m~'WflU17:IJ 

fl1'ifll'W 1tufilf.}tuff:IJ,j~~'l~ ~'f) filnl'11'W fll~:IJ~'W'\J'f)~ilty'l11 ttil:::":::~fl1'i1111Jl1l -:JfiT.'.!fl~'i'f)1J'\J'f)~ 

fl1'ifll'W1tu 

2) fll'W1tu ff:IJfl1'j'f)'41mn:IJ1:IJ'W~:IJ ,vt'f)fll'W1tu 'I11filf111:IJ~'WUil::: U~'jl 

flUl'l1il ~1J'\1:Zl~fl11:IJ!~1~'f)~flU1'11il 
, $ <JI. , 

3) lil'f)~"lflfilf111:IJ'~111l~"lflrU'W~'f)'W112 m'\1!~'Wfill1'~m:lJ1:::ff:IJti1J 
" . 

ff:IJfl1'i 'f)'4 l'mr:IJ1il ~-:J,:r'W~-:J~'f)~~flu1111Jl1l ~fill1l~ ~1Vff:IJflUl11'1JUn'fl11:IJ~'W (Pressure 

correction equation) l1'j::~lJi" 1 flff:IJfl1'i V '41fl 'l1:IJ 1ilfl1Jl:IJt:IJ'W~:IJ lmJfilf111:IJ~'W Umlfl1'i l'l1il 

d ~IIJ 'JJ "" I .K
Uil::: fI11:IJ!'i 1'Y1 ~fl'\1 ::::lJfI1m111::: ff:IJ1I1fl'\J'U 

jJ 'II ,I , 

4) rU'U~V'U ill~'U fl1mn'ff:IJfl1'ifl'U lltW:IJ!.u'1111 ffl'1111JU~il:dJtu'l11 t,s'U
u 

, ,'JI f 

ff:IJflWnft-:J-:Jl'W U'IJ1J~lil'f)~fl11:IJil'Wib'W Uil:::ff:IJfl1'ifflflil116'W~ lflV'l~fil'\11flrU'W~'f)'W113 

5) fl1'iVV:lJ1'1Jfil~'~'\11fl1fl1'jfll'W1tu ":::\!flnTH'Wfl~'W '\JlflNil~llJ~'f)~ 
. " 

tfl'lJ m ilv 'l 'Wl!~ il::: 'j V 1J~'f) -:J flU fll'W 1tu '111 flijfi 1\1 ~ whl1 V'f):IJ l1J'~~ 'f)-:Jvil flU fll'W 1tu ~1 
I jI • I 

(flil'IJ ll1l1rU'U~V'Ul1l) '\1'U fli1 '\1::: l~fil!'Vhti1J'I1lvti'mlfli111V'f):lJ1''IJl~ 
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Solve momentum equation 

Solve pressure correction (continuity) equation 
No 

Update pressure, face mass flow rate 

Solve energy, Species, turbulence, and other scalar 
equation . 

.,t 0'" .,. Z0 

.fIl'rUl 2.12 ftl~'IJfl1'ifllU1W'\Itl-l'i~ !'IJtI'IJ'\IU U'IJ'IJ Segregated solver 

., ., . 
2.5.4.2 'i~1.utl'lJ'UU Coupled solver IrlU 'i~I.u [J'IJ,riJ-n~tlU,r1-l l11111.fl11 i''IJ fl1'i 
.., . 

tllU1W!;$-l~';l!ft'\l IrliJ ii-nltl1ff1Jfl1'i tl'4i'nEl-n-lffl1J ff1Jfl1'i Uft~ff1Jfl1'i'Mij~'\I tl-:J'\Itl-:J 111ft (liitlnnu 

'\Itl-:J 111 fti111 ftltl'MU~) 11 ~ff1J fl1 'i'n~tl1JniJ ntlU \l~ U~ff1Jfl1'i fftnft 11~iJ'l1 fl1'i tlliJ1W ff1Jfl1'i mlhrl' 

rr-:J~tlnhl~u'itl'IJ !';iJI~tl1n'IJ'j~I.utl'IJ~U~tlumn ~.:Ji1~U~tlUUff~.:J~-:Jfl1'n~ 2.13 ~.:Jii~U~tliJ 

., ., 
1) 'i~a.utl'IJ,riJ~tliJmn ff1Jmi'\ltl-:Jffl'i\lntltliJ!,rl~,riJ~tliJfl1U~ff1Jn1'i 

111mrlufl1'jt~1Jfl1'ItlliJ1Wfi lfJW ff1J11~~'~ ;itl filtll11iJ ~t~1J~U'\Itl.:J1Jty111Uft ~\l~iin1'itJ i''IJ'U1-:J 

~1~n~'itl'IJ'\Itl-:Jnl'ItlliJ1W 
~ f 0 Q,I tit Q 

2) '\IiJ~tlU~tl1Jl fI1iJ1Wff1Jn1'itltpm!:I'Yl.:Jffl1Jff1Jfl1'I Uft~ff1Jfl1'i'MiJ~ 

'\Itl.:J'\Itl.;j111ft (mW'\Itl-:J 111fti111mtl'Mij~) 

3) tllU1Wff1Jfl1'i U 'IJ'IJ~lfttl-:Jfl111J~iJihUUft~ff1Jfl1'ifftnftl1~u~ 1~tI . ., . 
fll-n 1~\lln,riJ~tlU-n 2 
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4) 'lh~aih.Jf.ltHlh!J !fflH"-' ~f)'UiH'.if)'lJ1lflf)lli''IJ ,~..-, ~f)'~ ..-, lf1)jfll1\l~fr;h 
f , 'JI I 91 

l1fltllJi''IJ'~~~~tl~'Vl1fl1'.ifhlJ1Wmi'IJ'11ihjlJ~f)lJYi 1 U"~llJcjfl'\1lJfl1l~~ '~fll!l'hn'IJ"-'~f),j'f)fl 

fl1l~flf)lli''IJ ,~ 

....-------I~ Update properties 

Solve continuity, momentum, energy, and 
species equation simultaneously. 

No 

Solve turbulence, and other scalar equation. 

Converged Stop 

.IiCl 

iIl'ftYl 2.13 
'" 0 QI 0 d <V 

"1~'lJf11'.imlJ1W'Uf)~'.i~!'lJfl'IJ'UlJU'IJ'IJ Coupled solver 

2.5.5 
4 _4, 0 

'~I1JfJ1J11ifll'U1W 

'" f11'.itlllJ1Wft'lJf11'.i!;;~tl~YrlJ..rilJi11U'IJ'IJ'Uf).!Ji1if11'.i!;;~~1!,,'UUlJ)j 2 '.i~tijfl'IJi1i 

~tl '.i~!ijfl'IJillu'IJ'lJi~u~.!J (Explicit method) U"t'.ittUfl'IJillu'lJmJ'ifllfl (Implicit method) fllllJ 
'" .

U~ fl~l.!J'U f).!J'.i t!U fl'IJ ill 'tl.!J ft'tl.!J~f) f11 '.i ft'rHft'lJ f11 '.i!;;.!J~It'''Ul1!rllJt;;.!J! fflJ'U f).!Jflll11 fflJ YrlJ..r 

'.it'l'dl.!J l"-'lJ~"-'~tlVn!lJlJ~ t~f)U'YIlJfllllJffllYrlJ..r'Uf).!Jft'llf11'.i !;;.!Jtl~YrlJ..r mhl~ f) '.i~aUV1J11i lI'IJ'lJ 

i~u~.!J ~lffll \lflft'rl.!JlrI lJ fl lllJfflJYrlJ ..rl~ f)"-' 1~1 '~fflTl1d.!J~l'Utl.!JVnllJlJ ~~f) , 11 U~'.it lij fl'IJ ill 

AI"" ..s AI 'jJ OJ III • 'l! • ..s OJ """" 111_ 1 ...s".

U1J1J1J'.ifllfl ft'lJf11'.il1lJ.!Jft'lJf11'.i ~~1J'.i ~flf)1J~lfl~l !lllml1lJ.!J~l 'UtI.!JtlmlllJ~~t1 t1JlJ1flfll111lJ.!J 

~1 '.it tij fl1Jill U'IJ 'IJ 11'i fll fl '\It i ~n'IJ fl 1'.itlllJ lW Segregated solver t'Vj ntfl1'.i tll lJ lW U'IJ 'IJ 

Segregated solver '\I~tlllJ1Wl1lfll~lU11'.it~fll'Uf).!J'rJflVn!lJlJ~'VjrtlllnlJ~n"11~fllfilJ f1t1lJrlllJ1W 
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• 'JJ 'J/ 'J/ 'JI I 

QI' ... Idt d. QI ... I Qld. .d QI 4 GJrJJGI .d ~d4 


(9l1UlJ'H)'W"l'YI€1~(9l1UlJ'i 'YI~'W'i~!'tWtl'lJ'W Coupled solver ffl111Hl!€1flfl ~6)j'mfffl~'i::::~tlUtl11i!'YWfll'i 

Uti'Uty111,'" 

2.6 fl.Qtl1i1fl1:111tHUnS''t'It'I (Conservation laws of fluid motion) 

ff1lfll 'i 11"fl'lJ fl~Uty111fll 'i 1 11 €1U€1~ fll'i til U!'YIfl1111ffl'W ~ ij ~ tI UtItI tn'W ff1l fll 'i m ~ 
"" "'! ~~ ..,.., '" 1Il.,l"".1 ""'I 1Il

flW(9lfflff(9l'i'W'W t'U'Wff1lflnUff~~fl1111ff1l11'W1i'lJfl~'lJfl'l ~11€1'Y1!fl~'lJ'U'ilH ~'Wfll'.i ~11€1 

(t1'i 1111'Y1v ~~6)j'::::ih '11, 2545) ~~Ufffl'l t 'U~t1'lJfl~ffllfll'.i t,;'l fltfVl''W1i(9l111fll'ittl~u'UutI€1~m.Jjj~~ 
Q .1 :l!.1,l .., '" 'JI.I "LI'JI '" '" '" '" 

tfl~'lJ'U \lflff';j H 'lJ 'U tI'Wl1'U Jl 'U 'lJ fl~fl~mpflll 3 'lJ fllJ '.i ::::flfltl t lJ~ 1Ufl~fl'4 '.iflll1l1€1 fl~ fl'4 'i flll 

,. QI 0' Q.I e! d <V 1 1II~1~QI 

~1I~1I'W(9l1lU€1~fl~flt!'Jfllll1€1'l'l1'U C)1~Uff~~'.ilU€1~!flU~~~(9lfl ~ lJ'W 

..,4 ( • )2.6.1 fl.Qtl1i1flli1Jli:1 Conservation of mass 

trlfl-n 'ill'.iW lfll'.i1 11€1'lJfl~1I1€1~'YI~fh'Wflflfl'illfltl1111(9l'.ifl1mpJ ~'l 'il::::ii" 1! 1'ilntl 

6(9l'.ilfll'i€1fl'lJfl~1I1€1mutUtl1111(9l'.ifl1t1flll Ufffl~~~ml1~ 2.14 ~'l1l1€1'il~ hi111U1t1''HU ;iflmil1• 

I 

(pu)dy 

t x 

(pv)dx 



29 

2.6.2 ntltl1iln1:J"JJIJJ'U~JJ (Conservation of momentum) 


nril1':h fl9l'51f11'5 1t!~ fJ'W Ut!fH11l11l'W \Pill" ~t'\'hntJNll '5 11l'\l~H 11'5 ~~m~,;1~~ 


pdy 

...,4.., ( • f )2.6.3 fltltl1i'fl1:JftQ.:.I.:.Il'U Conservation 0 energy 

nri l1'·htr91 '51f11 '5 It! ~ fJ'W Ut!ll~'t'I-ft~ ~ 1'W ll;,ntJNllflm lfl111l!t)'W~'..r ntJ fl"'5 1 

'\I~~~l'W~n'5~';lntJm~mfl'\l~~'\I~~i'Hll Ull'~~~~m't'l~ 2.16 tt1~lrJ'W't!"llln{},j'~~ 1 '\I~~ 

1'YI~flll'~'W liiml 
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.. [ur,. +O(~)~lit 

[ zp+ 0;:) dtJ~
updy .... 

u~qy ........__­ - ____..... [ua +8(::x) dtJ~x 

[qx+ ~x) dtJ~ 
x 

2.7 tnJtl11ftlUfJ'lI (Governing equation) 

!II • 

ffllfll'ioW'UJ1'U Vii~i.hHl'Ul1ifll'iti 1'U 1W'\Jtl~1'Ht'H~~'VH'ff1ff~l'f 1." 'H l'Ufll'l1mm'U'U 

2 iJ~ t1n;mJ'lJ't1~1Vffllfll'i'Htif1"l 3 ffllfll'ifltl ffllfll'i~mi1tl~ ffllfll'i 11lm'U~1l U1.'l~ffllfll'i 

l'tti~~l'U 

2.7.1 tnJtl11PifUdf)~ (Continuity equation) 

op + (O(PVx) + O(PVy)J =0 (2.9)ot ox ay 

dv av av 1 OP (02V 02V J_x+v_y+v_x T )---+ v __X + __X x direction 
dt X& Yay '" p ox &2 ay2 ' 

(2.10) 
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dv Ov 	 1 ap (a2
vY a2

v J-Y +v -Y +v g P(T-T )---+ v--+-_Y ydirection
dt 	 x ax Y 0' Y '" P 0' ax2 0'2' 

(2.11) 

2.7.3 i,'I'~ft1''rfa'''''''''''l'U (Energy equation) 

(2.12) 

l~w~ 	 vx At! fl11m~1'\Jt! ..... m':i''I1C1h!'Vifl'VI1'"'' x, (mls) 


vy At! fl11lJ!~1'\Jt!""'fl1':i''I1C11t.lVifl'VI1'"'' y, (mls) 


3P At! fl11lJ'I1t.11m.h.!'\Jt! ..... '\Jt! ..... ''I1C1 (kglm ) 

4 • .-I 1~ r 1 2 
g fit! fl11mHtt.lm'lllflfl11lJ t.llJfl1..... '\Jt! ..... Clfl (mls ) 


P At! ff:u'lhdf'VIt'\JfHfl1':i'\JtJ1tJ~1!;hfl11lJ~t)t.I, OK) 


T At! f,lW'I1fJii, (K) 


Tro At) ~W'I1fJii'\Jt)""''\Jt) ..... ,'I1C1, (K) 


4 	 ...
P fit) fl11lJ~t.I, (Pa) 


t At! t1C11t~." (s) 


i1'i)~,jt.lrl' CFD !rJt.!tfl~t! ..... ijt!~utJlJ i ~it.lfl1':il~tJt!fh""'fl~l""''\J 11 ..... ti1t) ..... 'i)lfli1'1l~,jt.l 
t.I 

.... i ~ . J i ~ · "I " 
t'VIfl 1 1 CltJlJm':i'rf~'W1mmlJ1fldd 	

UCl~fl1':i 'If CFD 'lf1tJCI~m 'If'il1t1 t'Wm':iU':i1 ..... "ll~'VI~Clt) ..... UCI~t1C11 .. 	 .­
'~t!d1 ..... :u1fll~tJ ..... 1t.11'OtJ.yjl~ CFD tVlt)'li1tJt!t!mt'U'Uti..... t1~mW'ii~..... il 

, ~o "1".-10 ... d
Kasat et al. (2001) ~t.l1tm CFD lJ1 ~'lft'rft!'i)lC1t) ..... m':iHUlJflt.l'\Jt) ..... '\Jt) ..... U'\J ..... (Solid) ttCl~ 

'\Jt) ..... mCl1 (Liquid) it.lti..... t1~mW'tt'U'Utlt.lHUlJ l~tJi<N Two fluid model ttCl~ k - E. model l~tJHCI 

fl1':i ~1 Clt! ..... 'rf'U -:hunJ1Hl1..rHCI~i m~'tti tI ..... n'Ufl1':itlt.lHUlJ'ill ..... ttCl~ U1:u1':i fltl1t:11HCllJ1t)i'U1tJ 

'rfq~fl':i':ilJ'\Jt) ..... m':iHUlJnt.ltt'U'Uu'\J1t.1C1t)tJ (Suspension) ,~ 
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... J _~ ... ~ !It Y ... I 
2.8 tl111Aft11~'t1't11unnOU'll't1t'Ut)ill't1t)1IY1t1 !'Vl't1ft'Uft H NMR 

" 
!'YIfllJflf)1';i'Hltllll1tlH1J'Vlrl!'elbH'YI'el{ hHJ'~ IH NMR QfllllLff'\J'elfll~U';iflhHI 

Gelbard et al. (1995) 1~tJ'~ffqjqjlW'\l'el~ 1t1';i~'el'\J'\It)\I!lJVI~'\J (Methylene protons) ~'eld''\JmilJ 
'\It)~ '~';ifl~!t]1'el '';i~ cJ~\l:~n\l .... u~tlllJ1W 2.3 ppmJm:'H"'~'illflf)1';i!n~tlumtJl1t1';i~t)'\J'\I'el~ 

(2.13) 

11 '" '" " Q'I 
. 

91 ••1 "I'tI "" Q
~H2 fl'el .... 'IJ1'1 ,~mll1'\1m ~ ';i~'el'\J'\I'el~LlJ'YIrlrI'\J 

JI 'JI , , 

'Vi~ijTilfl~Yi 2 Uri: 3 ill1J1'illflf)1';iYi !lJVlrI~'\Jfn{um.,l ij~1'\J1'\J 1t1';i~'el'\J~1'\J1'\J 2 ~1 

UrI:!lJ'YI1'\J'elrlijlt1HW'\J~1'\J1'\J 3 ~1~~f1l""~ 2.17 

CH3 -(CHz).-(CH.CH-CHz)y-(CHz),-CHz - C-O-CH3 

2.3 (It) ~3.7 (I) 
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, 
2.9 UN'U'Utl1Jtl'll 

U~'U'IJ tnJtllllil'U qtlO'.iW'~";l'l1 til~l 'U f1lnl~tl1lllfl'U ff1'U1ll0f;JOUllll1 ~n1.1~1'U . 	 ~ 

Itl~6~lh:r1~1 'PW 1~l'Uf1l'.i1~fl~'.ilf1l'.i' '11 fl 1~rJmffrJf1l'.ifil'U1W;)lONflI?lH'lJ6~tl1lll~'U~1'U ~'UUl 

31 31 :1 tI • t 11 .I11J3I .I .... 
Ufl~~l'U'YIlrJ'Ul ~rJ~ 111.11.1'lJ6~UN'U'lJ61.1tlll'U'Uff11ll'.itlffdH'IJ'U !~'I1fllO'l1fllti 'IJ'U6~01.1 

I Ji 	 I" 

1~QtI'.i~ ff "ti'l'Uf1l'.iUl' tll~ 1 'UViu ff11ll'.itl~lU'UOU~'U'lJ61.1tlllfJ60~11l~1'Ultl1fJ~ij61~ '~fl~i1 

(Emerson, 2010) 
, 	 ..., oJ 

2.9.1 	AlN'U'Utl1Jtl'llIl1J1J1JH ""'tlU1J1J'1'lltl'UrJ 

!il'Uu~'U'lJ61Jtlll~1~n1J~1'U1~fl~'.ilf1l'.i''I1 fl..t1'1' til'UOl'HHIOU1.11.1Ufl~f1l'.i 
~ ~ 

Ullm'til~~1'U ;)dj~~11l'l1~tlf1l'.i6fJf1II1.11.1~~U ~1'U~'UU1'IJ 6~U~'U 'lJ61.1tlll ;)~lil'U~tlOflll'l1~fJ ~tI 
d dQ 1 	 J "t cI ,f 	 I Q.I mfltllI 'YIlItl1 llltlll ~ tltl1lll'l1'Ul'IJ6~IIN'U'IJ 61.1tlll;)~ 'IJ'U6~01.1 'IJ'U l~lff'U Nlt!'UrJtlfll~ 'lJ6~'Vl6 (J.D.) 

Ufl~'IJ'Ul~~'lJtHU~'U'lJ61.1tl1J (Bore) l~tli1~m:lw~~~flTW~ 2.18 

FE 1I.XJSECf Srn5 

Square Edge COl1cetric Orlice Plate 


1----.,.,-----1 
SOUARE EDGE CONCENTRIC ORIfICE PLATE 

.
<II.... 

111....11 	 2.18 flO'J:lW~UN'U'lJ61.1tlllU1.11.11Jl~ (Hydropneumatics Pvt. Ltd., 2013) 

, Jl tI 
2.9.2 	UN'U'Utl1Jtl'llU1J1JlrJtHtI'UrJ 

" Ur-4'U 'IJ 61.1tlllU1.11.1IU6~t!'U6 ;)~ii~'lJfJ~u~'U 'IJ 61.1 tl ll<1ftl nmn!~'IJ 6~'VifJ l~tlu~'U 
" 	 . . 

'IJ 61.1tl1l''JfUtluurJ1l1~l 'U n1.1 'lJfJ~! '11 fl1Vii16'4fllflU'lJ1'U flfJrJ Vi'Jj;r~ iYn1J'rl 6Ufl~Ur-4'U 'IJ 61.11'111 '1116 

mw~i1fil!.]ftl'U6dn1J'lJ6~I'I1fl11~rJi1~tl'J:lW~~~fll""~ 2.19 



34 

FElOOECCltSerfes 
Ecs.:e!1ri cO rifictPIM 

~ fDOE NUST MOl 
Flee" lI00lT WtI E'" 

WflHOOT 
Ifll;;'llQH 

. .. .. Q.t' .4 tI
iIl'W'fI 2.19 J:'If1'tJW::UF-fl...!'Ufl1Jfl1JU1J1J!tIfHfJ'WfI (Hydropneumatics Pvt. Ltd., 2013) 

, "" 2.9.3 UH'U'U8'UtlllU'U'U'1ffl . .. . 
,rl'Wmi'W 'Ufl1J fl1J ,hrl 'W 1~f1J:'11J1J Hri1'W mijfl'W fimJ 'i::~'ll1 ,hiI~,'" f1'11J 1'1 ri1'W 

j} l ' ,
1~f1m4'W'ufl1Jfl1JU1J1JU ri1'W1J1f1~::i ~'W~1'W1~'Ufl~mJ:'l1'Hlflfi1CJf fiiHf'I'~m.J'W fi1:.jiif1noU~ff ,,f'W 
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. 
.. Q,I' do 

.tll'W'fl 2.20 ~fl1Jtu::::urfU'\lfl'U~1JU'U'UC)ffl (Hydropneumatics Pvt. Ltd., 2013) 

., 
Ul1Jl1~hNl'IJ1~[Jil 



. 

"" 1JYIYI 3 

>J 

fl1H)VnU'IJ'lJVlftt'lV~' 'U fl111~lIil'~mj.H111ffflEl1VVfHrI'U 2 ff'J'UflV flUffflEl11ftfJ 

fl11 '~fl1'Jti1'U1tlH;~~'Ut'l'U ttt'l~fl1'.iVlftt'lm ~i1~' 'IJ 1v~:hlljft'l1~mfl~v~'~1ft'J'ft'U1iJnfffl11tVl~'U 
>J 

1 ftfJi'h 1fJt'I:: tijfJft,)~U 

fl1'.i ~lt'1V~fl1'.i''Ht'lt;~~1tt'l'U ~~trl'Utfl~V~:UVVl1~1fY1m'J1I~ljfl1111lhrit:ytl1'J1:: ,~, 'U 

fl11t'l ~fl1'~~1fJ''Un1'J'ffrH'V~VI~t'lV~ Ut'l:::'ff11111tltil'\..l1tlH~VVVfHt'IJ'lJfl1'JVI ftt'lV~~t'H1I1::: 'ff1l'~• 
1~mrl'Utfl~v~:uv~ljn 11'U 1111' ~'lf1fJ' 'U n 1'J ~lt'1V~ Ut'l :::'lf1fJVVnU 'IJ'IJ (l~UamwV~l ~n ~1~'U1H 

(X.-Z. Chen, Shi, Gao, & Luo, 2011; Y. Chen, Lu, & Wu, 2006; Duran, Mohseni, & Taghipour, 
>J • 

2010; Milewska & Molga) 1ftfJ''U~1'U1~fJUll:::'U1tm CFD 111'~ti1'U1W'H1~nElW:::fl11tn~m1tVloM'U 

'Uv~(lnlamwtt'IJ'IJ I I Ut'I::U'IJ'IJ 2 I t~VffflEl1fl1111U~fl~1~'UV~(l~Uamw,f~ 2 U'IJ'IJ t~V'~lr1'U 
>J • ., 

~VlJt'll{jV~~'U l'rhlth:::flV'lJfl1'JVVfHt'IJ'lJt1~Uamwff1'Hi''IJfl1'J~i1~,'IJ 1V~tlljft'l~V 'u, 'U ff1'U Utrl'U 

nnffnEl1t~Vt\r'U fll'.i Vn'IJ 1 fJ5 nElw::nn tugfJ'U 'fftll'U:: ffft ff1'U 1 ftfJU~1I1~ '.i'U V~,V f11111t~1 

f11111,)'U m1lVl~'U,rllt'IJv1 eIJ t'leIJ ~tn~~'U''Ut1~Uan~fJ1U'IJ'IJ ,~1ft'J'ft'U1iJnffm1tVl~'U1ftfJ'~ 
SI " , 

'U1trl'U 'ff1'.ifh~l'U t(j V~1l1fHrJ'U 'U V~t 'H t'l1filj~w 'ff1l'lj~fl V'U~Hfl~~1 Ut'l::trJ'U 'ff1'Jl1H1'U fi11 fJlI'~ 

, 'U fll'JffnEl1V1 H5nElw::n 1'J tnftm11V1~'U'UtH'UV~' 'Ht'I 1~fJih 1fJt'I~t6fJft'UV~U 'IJ 'IJ ~1 t'lfHVlH 

3.1.1 tT1Jfl11f1'JtJfJ1J (Governing equation) 
>J 

'ff1lfl1'.ifl1tJ~lI''Uffl'Hi''IJfl11''Ht'lU'IJ'IJ Two phase flow ''U~1'U1~fJilv~tJ'U 
.l ....... .I.i, 1~ I "i':4. .I.i 0 

11'Uil'U'UfH'UV~t'Ht'l1'V'UfttftfJ11ljf~ 'U u'Jumll Fluent !1I1ftt'l'UflV Mixture model 1ljf~1l::f11'U1W 

'ff'U111fl1'.i''Ht'I (Flow field) 1ftfJl~'ff1lfl11 mixture continuity Ut'l:::'ffllfl1'J momentum equation ,)~ . . 
A .c:i 0 QI 

'ffllfl1'.iVl 3. Hm::'ff1lfl1'JVI 3.2~11lt'llft'IJ 

fPm +V'(Pmv)=O (3.1) 
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1~tI~fl11lJihJ'vh..!n'j~<wh:jfl11lJ'Yi'Ullltl'Ul'Uffm'U~'\Jfl~~fflJ (Mixture density, 

Pm ) u~~fhff~'th'U'\Jfl~ffm'U~lfl1~tltJ1lJ191'j (a) UtlllJ 1~tlfflJf1n~ 3.3 

(3.3) 

. 
3.1.2 mJ'lJ;jlinl~fl1'nfl~t111ArI,rU (Cavitation model) 

l'U f11'j ~ 1 ~fl~ f11'j lfi~fll1rYli'U'il~1'* H1111 ~ 1~ fl~fI11rYI 'If'U l~ lJfI1~ (Full 

cavitation model) (Singhal, M, Huiying, & Jiang, 2002) 1~tlij'jlt1~~lfltl~f11n'l~fffl11U1111~1~fl~ 
'1..,iI "I 'Iii 0 '. dI':,. .%
~'U'H1'\Jfl 3.1.4 H~~l~flf1 ~'lfH1111'ill~fl~fl11lJiI'Uil1'UU1111 SST k - & model C)f~~'U~l'U'\Jfl~ ~lJl~~'U 

'il~tJ'j~f1fl111tJ~1t1 fflJf11'j standard viscous flow (fflJf11'j Navier-Stokes) 1~tlijfl11lJfflJ~'Un 

'j~'H';h~ mllJ'Yi'Ulutl'U'\Jfl~'\Jfl~ 1'H~U~~ff~'th'U 1~tllJ1~'\Jfl~ lfl (f) ~~fflJf11'j~ 3.4 

/ 1-/
---= (3.4) 
P P. PI 

U~~~lff~'th'U 1~tltJ1lJl91'j'\Jfl~ lfl (a) ffllJ1Hl'H 1 1~'illf1~lff~'th'U 1~tllJ1~ 

'\Jfl~ lfl 'illf1fflJf11'j~ 3.5 

(3.5) 

'Iii dI 0 iI 
H~~ ~'lf Conventional turbulence model (k- & model) C)f~f11'Yi'U~~1t1fflJf1n . . '" vapor transport equatIon fflJf11'j'YI 3.6 

(3.6) 

1~tI~ a fiflff~ri1'U'\Jfl~1fl~fl'\Jfl~m~1 ~~fflJf11'j~ 3.7 Re u~~ Rc fifllJ1~~ 
cilt1t'YI'\Jw~tfi~f11'j ltJ~ tI'U ffm'U~u~~'\Jw~tfi~f11'jU91f1~1'\Jfl~vJfl~1fl911lJ ih~11 
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(3.7) 

l~u~ n ~t) Bubble density number, 91 B ~t)i'f1ii1Jt)~~t)~ 't)~tfl~~'U (~~ 
fflJfl1'j~ 3.8) ml~ i'U HU'VIHlf11m'j lJ,huh,tY 1I::ii~1'U1'U~t)~ 't)~'fl~~'U~1'U1'U:lJ1fl11fllJtu:: 
fl1'j'fl~mlt'VI~'U UCl::fl1'jU~fl~1'l1t)~~t)~'t) l~U~'~f1~fil Slip velocity 'j::'H1H'lIt)~mCl1Ufl:l: 
".I "I d.,. .I "".I "I d.. .I 0 "I 91
"" t).:I t tJ'VUfl~1J'U ftClf11ff~ 'j'lltJ.:I""t)~ t tJ 'VI'fl~1J'U1I:l:ff1lJl'J tim 'U1tu t~ 'il1fl fflJfl1'j1Jt)~ Rayleigh-

Plesset equation ~.:IfflJfl1'j~ 3.9 

3.1.3 tl11'Y1~UIt)1JU1J1.J1h"t)-3tl11&ftAf111l'rl~U (Cavitation model validation) 
• • >I 

,fltJ,rh.Jfl1'j'VI~fft)1Jfl11lJQfl~t)~1Jt)~1'lhumlJYiirt'U~1'Ul~fJij ~.:I '~ii'VI~fft)1J 

'~mmU1JlYitl1Jflmm1Jt)~ Singhal et al. (2002) ~~'t11fl1'HYitl1JF-lCl1Jt)~ Full cavitation model fl1JF-lCl 

1Jt)~ Nurick (1976) ~.:Ilui1.:l'llt)~U1J1J~lClt).:I,rI'UU~'U'lIt)1JfllJ~ii Old = 2.88 UCI:l: LId 5 l~u~ 
4.11' tI , lj/ 911 <I t , 

0, d, UCl~ L fit) rn'Ufl1il'UUflfll~'VIt)'VIl~''lI1, tff'UF-l1il'Utlflfll.:lUF-l'U1Jt)1JfllJ UCl::fl11lJUl11J~HUF-l'U 
>I • 

1Jt)1JfllJ~llJihA1J 1~U't11fl1'j~lClt)~1~tli~ri1fl11lJA'U~1'U~'Uihi'U'ih~ 1.9 - 2,500 bar l~uYifh 
QlgJ fJ/ :d" 'QI gJ 0

fl11lJ~'U ~1'U'VI1U'U1lJfl1t'VI1fl1J 0.95 bar i 'JU1J1J'il1flt).:IU1J1JfflJlJ1~'j i 'U U'U 1Ufl'U (Axisymmetric 

2-D) l~tliiflClfl1'j~lClt)~A~mft~ 3.1 
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1.0 

i
0 

i 

.8 

.& 

.4 

art n 
... .s.- ­~ 

n 

0 
• 

_ 

0 0 

Q - • • 

Pres«t C4IIIIation modIII 

Singhal'a cavitaIion modIII (2D02) 

1\IuridI.'. ooreIdon (197&) 

.2 

0..0 
1.0 	 1.2 1.4 1.6 1.8 2.0 

CIMIaIIon nl.IYIber 

.fll'W~ 3.1 LmtJ1JlfitJ1J Cd (Discharge Coefficient) "'lflfl1':i~l(lO~"'lfl Full cavitation model ~i~ 

., 
~1'U1tijtI'U'~llh U fl':i)j Fluent® Version. 12. 1 i 'Wfl1':i ~l(lO~fln 1r1 (l 

1~tJU1J1J~1(lO~~1.rt'W~1'W1tijtJ,.,~!;j'WU1J1J~1(lO~U1J1Jl~1Ifl1'rf (Planar) 2 ii~ (2D) ~~fl1'rf~ 3.2 

1~tJ~ model A i~UVl'WUN'W'lJ01Jflll,..il~ I lll(l~ model B i~!lVI'WUN'W'lJ01Jflll~ij 2 l1~tJij 
9l' tI 	 t ~ , (V 0 41 9J

!'ff'WN11!J'WtJfl(l1~'lJO~UN'W'lJmJflllVl~H1J1J A U(l~ B !V11fl1J 8 mm. U(l~ 4 mm. ~111(l1~1J 1~wl,.. 

!lICJf (Mesh)')$il~ 3 m~tJlI (Triangle mesh) 1~tJijm'rf~1~U(l~'lJ'Wl~!lICJf'lJO~U1J1J~1(lO~ A U(l~ . . . 
o ~ 001 4 .d 0001 

U1J1J'ill(lO~V1 B ~~m'rfVl 3.3 U(l~m'rfVl 3.4 ~111(l1~1J 
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. 
.c:t 0 .Q' 0

iIl't't'fl 3.4 U1.11.1 ~1'U)~H":::m'W'\Jm[ll.J'H1tuUH'W'\Jtll.lflll'\Jtl~Ul.Jl.J ~l"tl~ B 

A 8 1 25,088 

B 4 2 27,790 

I 

i 
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. .... .,.
tlli1UJI fl1U'th 

I 

ftl 
I 

't'iU1t1 

1 '\ItJ~'1."H'l 
; 

'Ul -

2 
, •'fllft11'lJ'H'U1U'U'U 998.2 kg/m

3 

3 ft11'lJ~'U1tJ 3,540 Pa 

4 2 1,813.23 -

5 T/ 71.64 -

6 P u 5,10,15 bar 

7 '" tJW'HfI'lJ• .. 27 ·C 

8 tJl')J1Wfi1G)f~'1.,jft1lJUti'U 15 ppm 

'j/ 'iI t 'j/ .... "'1 iii QI4.4 914 d. 
YI~'U 'lJl~HlYIlfltJfl ~'If'lJ9H'U 

(1) Multiphase model ,~ Mixture model 

(2) Viscous model ,~ Standard k-&model 

(3) t11'H'Uft"'fvh~1'U~ffm1~ ~W'HfJiJft~~ (Isothermal) 

1ftfJl;,m'j~lfltJ~~ri1ft11'lJ~'U PivhOlJ 5 bar, 10 bar Ufl~ 15 bar 911'lJ,h~lJ 1ftfJ'~ri1 
" 

Pd (ft11'lJ~'U~1'U~1f.J'\h) l'VhOlJ 980 kPa 1ftfJ1j'j1fJ'j~tVfJft ''Umftf-l'U1fl '\I 

lft1tJ~N~91 '1.lJ ltJ~1G)fflUlJlJ'1.8191'j '1.ft'U1iJmf'fll11Y1i'U~'~i'U~1'U1~fJif '1.~\!fltJtJfll1lJlJ 
A I v.1 A , v, v '" "" .:, l' l' v;'; citUfl~lJnfltJlJff'jH'\I'U')J1 t'ntJ 'If 'Ufl1H'f'jHfl1'jlflftft111'Vl')f'U ftfJUN'U'\ItJlJft'lJ ftfJ ')j'u'lJllJ'U 

~tJmnr~i~Afi'lJft11'lJ~'U',r'\ltJ~i 'Hfl ntJ'U~ll~ ,,r'\ltJ~ '1. 'Hfl '1. 'HflPh'U U~'U'\I tllJft'lJUfl~ '1. 'H fl~tl'l.j fl~lJ 
. '" 

t.,j'111i5~';fl 1 ftfJff1'lJ1'j OtJi'lJft11'lJ ~'U '\I tJ~ '\I tJ~m fl1n tltJfl111flU 'lJi ~1 ft fJ flUtJ i'lJft 11'lJ 1 ~1'1 tJlJ'\I tl~ 
'" . 
U'lJ UYl'UnCO~Vi1fl1'j' ~11rl'1lJ1fJ'n1ff (By-pass valve) i'Um'jtJi'lJft11'lJ~'UmijtJ'U'l1ft''U~1'U1~fJ 

g'U"~~l'U')J1 (Gogate, et at, 2003; Ji, et aI., 2006; Pal, et at, 2010) ~~ifl'n'j1~fl1'jtJi'lJft11'lJ~'U 
1fttJ1itJi'lJft11'lJA~1'j tJlJ Vi1' ,rflftfl1'j fffl'H '1 tlUfl~flftm'j~m'jVi1~ 1'U'\ItJ~i'U ri1'U~H" , 'U'j~lJlJ 
(Hellmann, et aI., 2001) llfl~ff1'lJ1'jOflftNflfl'j~VllJC01flfl1'Hflftft111'Vli'U' 'U 11rl'1lJ 1tJ'n1 ff 
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ok • 'Iii ... a 'i....., 0' a 
C)f\l 'il:::: 1:1\1 N'" ~ 'VI N'" f11 ';j 't1" '" 0\111 A1111 A '" 1" LA '" ot.! ~"fl1lUNt.! N\I ~ll fl';j WU "':::: f) 1.... tA ';j 0\1 

LeY1,,';j '''t.!1iJflffm1t't14'U~\lm .... ~ 3.5 tm:::: 3.6 ~111i;h~1J 

. 
1I1ft;1 3.5 N\I'I!"'t1f1l1tN Hydrodynamic cavitations 

, .... 
111ft'" 3.6 GJ,ffl't1""'O\l Hydrodynamic cavitations 
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"lf1f1l'V~~ 3.5 U~~ 3.6 ffTW1.h~f1~'IJ'VI~f1'\J~-:j'l!fl'Ylfl~~-:jl~Uri 

(1) ii1.l'VI~tI hj-:jUH~'W~-:j (Multistage centrifugal pump) djmpJmW!'~1.IUH~'W 
hrfi'IJ'\J~-:jm~1ri~'W!~ltl-:j1.1~mw lfltlii1.l~1,*dj'Wu'IJ'IJ Vertical multistage pump MV-81fltlij 

UH~'W1,*-:j1'Wff-:jfffl 8 Bar.. . 
'" tI tI 0 j1.d Q tI;'; 1 'ljl

(2) ~'Wn~'H~~'i (Invertors) 'Yl1'V1'W1'Ylfl1'IJ~1.Ifl111.1!'i1'\J~-:j1.lm~~'i'\J~-:jlJ1.I fltl ~'lf 

f11'ifl1'IJfl1.Ifl111.1~'\J~-:jm~uffl 'VHh~ ~1t11 ..rfi'IJ 1.Im~~{ 1oM'1 'W f1U1.1i''lJfI 111.1~'WU~~ tl~'i 11'VI ~ • 

(3) il'n~'m~ml.:jff!~'W!~ff sus 3041.111.11~'i 50 ~~'iVl1'V1,r1~t'Wf11'ivrf1'\J~Hm~1 
p , ~. 

ri ~ 'W! ~1111.1 U~~ 'i~.:j i''IJ '\J ~ -:j m ~ TYi ~ ~ f11.1 1" 1f1 tl-:j 1.1 ~ f1 'i W 'i 11.1 'l1-:j! ~ 'W ff1'W -yj 1 '*1 'W f11 'i fI 1'IJ ~ 1.1 

'QW 'VI fJiJ'\J~-:j'\J~-:jm~1 

(4) 'J!fl tl-:j 1.1 ~ f1 'i Wl ~1 fl 'i 1fl 'W 1iJf1 ffU'IJ 'IJ U~'W '\J ~'IJ fl1.I !~ 'W ff1'W ~ ff!H f11 'i!f1fl fl1 1 

! wi'W ~-:j"~ 1.1'i~ f1~'IJ~1t1ff1'W ~!~'W 'l'i ~~~fli-:ju~'W'\J ~'IJ fl1.I 

(5) 11~1f1 1'IJ~1.IUH~'WVl1'V1,r1~1 'W f11'ifl1'IJ~1.I fI 111.1~'W PJfltlf11'ifl 1'IJ~1.Itl~ 'i1 

f11'i 1'VI~'\J~-:j'\J~-:jm~1~ri~'W!~1~tl-:jif1 
, ..t 

3.2.1 fl1'i't'i1'U'U1~'UO~UN'U'U01JIUJ'r1&'t'i"'1~t'I'". 

!~'W f11 'i'Ylfl ~~-:j ~~~ l'IJ 1 ~~hC)f~ lfltl1 oM'&fI ~~-:j1.1 ~f1'i w1 ~ lfl'i lfl'W 1iJf1 fffl11 

&'Yli'Wu'IJ 'lJU~'W '\J~'IJ fl1.I !i4~ffml1f1111.1 ff1.li'W1i'\J~-:j Yield '\J ~-:j!1.IVi~&~ff! 'Yl~{ n'IJ'\J 'W 1flU~~ 
•• !II 

~1'W 1'W~'\J~-:jU~'W'\J~'lJfl1.I 1 fltlVl1f11'i n1'V1'W flrh~1U1.1'i fl'W "l1..rfI-:j-yj 1 fltlij'i 1t1~~!fltlfl~-:jij 

(1) 1,*ffflffTW'\J~H Methanol/oil 1'WffflffTW 20 % v/v 

(2) 1oM'~1!i-:j1.1~f11t11f'i~ KOH 1.111J1W 1 % w/w 

(3) fl111.1~'W p)'l'i1n'IJ 4.5 bar 

(4) 'QW'VI fJiJ1 'Wf11nh1.1~filt11!~1.I~'W1.1'i~1J1W 45°C 
!II 

(5) 1oM''\.hl1''Wvi'lf1,*u~1~1'W1'W 10 ~~'i1im~'IJ 1'Wf11'i'Ylfl~~-:j 
!II • 

lfltl1'W fll'i~~f1U'IJ'IJ fll'i'Ylfl~~-:j"~Vl1f11'i~1-:jfl-:j lfltl1oM'rh fJ (ffflff1'W'\J~-:j~'W-yj 
!II • • 

'i11.1'\J~-:jU~'W'\J~'lJfl1.I1i~~'W-yj'VI,r1~fl'\J~-:j'l'i~) lfltlijfl111.1ff1.l~'W n~-:jff1.lf11'i-yj 3.10 - 3.13 

p = Aorij/ce 
(3.10) 

Apipe 

http:1'IJ~1.IU
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(3.10 

A. = 1!D2 pipe (3.12)
pIpe 4 

13 = (Dorifice J2 Xn (3.13)
D plpe 

r~. tI I lCV13< 0.04, 0.04 < /3< 0.08Ut'l~ 0.08 < p<0.12Ht'I~m~ff'UN1'UtT'UfJflt'l1-iJ (D) "IIfl-iJUN'U"IIfl'Ufl1H'Vllfl'U 

2 mm, 3 mm, 4 mm Ut'l~ 5 mm flllJ"l~'U 1~fJlj~1'U1'Ul (n) ~-iJfll1l-iJ~ 3.3 

, 
'tf1'l /3 D=5mm. D=4mm. D=3mm. D=2mm. 

• 

/3< 0.04 1 1 2 6 

0.04 < /3 < 0.08 2 3 5 12 

0.08 </3<0.12 3 5 8 15 

SI • , , 

''i.I',j'Uflfl'Ufl11'Vl~t'lfl-iJNil~ i'U lfl~lqj't'I~lmfl~fl-iJ'~1~1 i~'i.I1iJmYm1~'Vl,r'Ul;;mn"ll'Ul~ . ~ ~ 
t Q QQ.I Q,I d 

UN'U"IIfl'UfllJ'Vlt11lJl~fflJlJ"II'U~fl'U~-iJ'U 
~ ~ . 

(1) !~lfJml1i1'U;;"'~l!~1~1'U1'U 10 il~nh't1~lJirifl11lJ;r'UfifJWll1JiJ 105 °c 

.:, iii '''"iii :.1 d ~ '" i ., 'JI 
~'Um~'Vl~ tlJlJ ~fl'Ulf.f~"II'UlJ111tJt'I~mfJ~!'WlJ!~lJ 'Ull1"11fl 3.3 

~ . 
(2) ~~~~UN'U"IIfl'UfllJfiil~'~'U'Ull111Utlt'l'U"IIfl~'1l~tl-iJtI~mW' 

~ . 
(3) t1rifltJi..r1l1i1'U!~'U~';m-iJfi~Wll1JiJi'Ufl1nhtl~tiltJ1 flfl45 °c 

(4) NfflJ !lJ'Vll'Uflt'l n'U l'W~!'Vlff!~tJlJ'~~lflfl iqj'~ i..r~,j'ln'U 
~ ~ 

(5) l'Vl1l1i1'Ut'I-iJtl-iJifl 'illfl'l1'U!'Vlffllffllt'l~t'llfJ !lJ'Vll'Uflt'l n'U l'WH'Vlff!~fJlJ'~~lflfl 

'qj'~ ~llJt'I.:titi 
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Cd tJ " 

(6) tTI~1:::;'U'UiJll 1li''U\9i~tilfl1111~t.! mllt~flt.! 1'tlVifhl1t.!~11 
(7) t~'U\9i1fl~h~JliJt.! 10 ml ~ 5 t.!lVimt1u~:::;l'JtVl 5 t.!lVi~~'t.!11~fl~t~'U~1mh~ 

" u~:::;ih1tlU'lf't.!~hrihu~~ 

(8) 11~~t111lhtlamtl1~nm 60 t.!lVi 

(9) ff~~1fltil~1vtfli1ml:::;rf111tll1l1W1'Ulfl~hC]f~~mt.!U~~:::;~1fltil~ 

" ,SI J/ J/ 'JI J/ 

fl1111;ft.! fld'«~~mlit111 fho~ii~m ,hl1fl flmnmlliJt.! ~~t1flt.!l~uihlt.!~ flt.! t1111~1uUllliJt.!A~ il 

" 
3.3.1 m1fl10·nhiJu 

.:' '" A d, 'JJ 'JJ d I I 0 OJ 'I 'JJ ~ A 
t.!l11t.!'Yt~VI ~U~1Vl11'Un1l1l1111t1Ul1M~H<7]'il:::;fJt1t.!11l11V11111t1t.! Ll11Ut.!1t.!fl 

" I JI JI 

1~U1ilt.! t1flt.! 'illt1U t.! ~lli1flUNlt.! ~1t11fl~ 1~mil.ij'~!ff'l:lV1lfl1flflt1 'illmhiJt.!l~u't.l'1Jt.!~flt.!t111 
'JI II I , 

m fl~il ffl1l11tll11t111mfl~1~11 mUfli'~1 ~u,,*~lm fl~Vili'tlt.!1~U~t1~1~ilt.!1~fltl1:::;iiVl i fll'Yt' t.! 

.. 
3.3.2 m1fhDAfll1'JJ~U 

'JI, " <.;J J/ 11 

f11111;ft.! Viii fld' t.! tlliJt.! ~~,,*U~1 'il:::; fld' t.! ~1l'tl fl~ tll lhliulli fld' t.! UliJt.! 

o .1"""""'" <I ... ~.;, , 'JJ.I......... "".1 'JJ "" ,.1 lJ) 'JJ..,
0 ~ 
'illt.!1t.!1l1t11J~mU1Vl11t.! ffWfftVlfl1111fl~t.! 'il:::;Vll l1IJ~m Ul1t1~'tlt.! t.! fleJU~:::;tt1~ ff\l'tlt.! !~ ~~t.!t.! 

" "I ,"tJJ 0 <toI .. i 'JJ ..., 1 0 0 QI .JI!!I. .d., 'JJ 'JJ i 9J ".::.1 Q ~ 
~fl~t11'il~fl1111~t.! lflfiJ~tffUt1flt.! ~Ut.!lt.!l11t.!'Vj~VI ~U~1iJl l1fl11111flt.!Vl~Wlff.!1l 105 °C tu'W 

,'JI ", 'JI " 

n~ltl1:::;iJ1W 30 t.!lVi If;fl'ilt.!m:::;vi~11lli 1 flUl~~flflt1111'illt1UliJt.!t~fl1i1fl11iJ;ft.!flflt1'illt1tlliJt.! 

3.3.3 m1'fllfl1111f'i01111'O£li.1:::;"O.,'lfl1A1,.iJuOiJ1:: 

, """ 
1ij fll11t111 m fl~U~:::; 1i1fl11iJ~'W flflt1'illt1tlliJt.!U~1 'lit.! ~ fl'W ~fl1 tlflflt111 1~umVl 

.4 t9J l1J Q.l4 ~ .~ ,,::if.c9 QI ~ 1 ''JJ 
1'Yt fllf lfll1 flU~:::;'tlfl~ m ~ ! 'Ullt.! flff1:::; C]f~ 'il :::;1Ut.! fllVl'U ~ 1Jflt1tl~'lWfll'Yt'tl fl~ 1~Q~ 'U ~Ufll1 fl eJ~:::; 

" . . 
lJ) "'... i.... ""... 'JJ llJ' "" 'JJ A "" 0 '1.1 J! '.1 ............


'tlfl~t11~ !'Ullt.!flff1:::; t.!1~Q~1Jt.!'il:::;~fl~ !1l1t1t.!1flU~:::; 3 l'YtflVl'il:::;ffl1111tlt.!l !IJ1'IJ1~IJ~t11Ul . " 
Vl11t.! «'1fl fftVlfl;Vl1flsHt.! 1 ~1~eJ 1~Ut11'i 1~1~'iVlUt.!1rl'Wi1i t11'ilfl1l111 10.1'Ufl ~ ffl1~:::; ~ lUiJ 1~1! It.! 

(Standard solution) ffl'i~Vl'il1Jrilf111111~1l~t.!~mlt.1t)t.!1~eJ"H'l111lamUl~'Ytfl~il1Jffn~:::;~lU~ 
~ , 9J" f ~ 1Clt. i 9J ... 1.4 .d 4 4 tI 
!llVl111Jfl11111'UiJ'U'WU~Vl'il1J1J'i1l1~'i (Unknown sample) U~:::; ~t11'i 11J ~U'W ff'Ufl~flt.!~1flt~fl'i 

(Indicator) 1rlt.!1t1Wcrl"'Wt11'i'Uflt1~~~~ (End point) 1rlflm~u~:::;Al~'ti1tlameJlilt.!'Ytfl~il'W~111~~ 
<l • I"" 4 llJ 11 ~ lJ) "" ~ .... J

ffiJ\l~ (Equivalent point) t1Vl'il1J1J'i1l1Y'l'i'tlfl~ffl'i~:::;~leJflt.! !i'! C]f~t11'i !~1~'iVlll'Ut.!Y'lflt.!~~t.! 

.d 9J " <I <!" 0

3.3.3.1 1~'iUllffl'i~:::;mu KOH fl1111I'Ull'Ut.! o.r 'Wfl'illfl~(~~ KOH 'illt.!1t.! 5.61 

" .
t1i'iJ''W~:::;~luit.!tllt1I:i'W~1'W1t.! 1 i1Y'l'i) 
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3.8 

, , ,~ 

3.3.3.2 oi,nh:uu-w'lf'~U~d~nr;rw 1 giU{jf1!fHl{~Ulfl 40 ml 'Uu~loi~~Hl~fJ"l'Yi 
, Sol , , 

ffllJl'Hl'1f~t1l11,:rfl'Yiij1'1dllJ,,~!flf.lfl~Ulfl 1 g '~~~m'W.yj 3.7 

, f" . Sol 

.mew;] 3.7 GJ1~t11:UU-W'lf'UU~loi~~~fJ",,n~t1nnrf1 1 f11lJ 
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., 
3.3.3.4 l'YIihiJ\Jfl"l11.f1H"'1~l'W1'U 1 g fI-:Jl'U 'tli~i'W'Wl'Utlfl (C3H gO) 10 mll'U 

Q tI Q.t.cd 
tJfUfltl'j'tl'Ul~ 40 ml ~-:Jm'W'YI 3.9 

, iJ '" ~I "_.I '" 0 ~ 
3.3.3.5 "l1'Y1f1tl~'YIfJ~t~lJffl'j l'I'Utlfll'l'YIlf1'U (C2oH1404) "1'U1'U 3 4'Y1fJ~ ~-:J"~ 

G! iJ "" '" '" .... 111 "i "'''' ~I "_.1 '" ... .,j '" ~\1ft t"l1L1J'Utl'U~tfU~tl'j !'Ufl1'j 1~'m'YI !~tJfJrufflJ1J~'tltl-:J l'I'Utlfll'l'YIlfl'U fltJUJtlffl'jfl:;flltJlJ pH ~l 

fl'h 8.3 ,,:;',j1jiY U~hrttlffl'jfl:;flltJ~1j pH\1-:Jfl':h 10.4 ,,:;1jiY"l1lJ":iUli i~fJ'YIfJ~fI-:Jl'UtifUfltlf~f-jfflJ 
., . 

'lhl1'Uf)1J'tl i~i'W'Wl'Utlfl U"'1''tlVl1fl,,rlf)'U~-:Jm'WVi 3.10 

. .,
Ill.,..n 3.10 'YItJ~t~lJ:n'Utln'vJ'YI1ii'U fI-:J l'Uffl'jfl~fllfJ'tJi~i'W'Wl'Utlflf)tJihl1'U~1tJfh-:J 
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" 3.3.3.6 'I1~'1'illf1tT'UVilf1l'ii\P1!\P1'i'Y1n'IJffl'HI:::mtJ KOH fl11lJ!,rlJ,r'U 0.1 

'Ufl{lJfl~ ~'1fl1~~ 3.11 'il'Um:::~'1ffl'i~:::~lm~'Uff'lflJ't:litiijf1l'i!tJ~tJ'Uffflf1~'1fl1~~ 3.12 
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%FFA = Xx5.61 (3.14)
Yx2.19 

., . 
y fiB~TW1'Uf)i'1l1]B,nhiJ'U 1 fiirt~'H~'i'VI 

3.3.4 	flluhtJijmrn 
• !II 	 '" 

i'Wf11'iN~~t~llmf)'iJ~ill'ihiJ'W:IJ1~'Ui'lf'~~W'HlJij 40-45 °C 'W!Bllf1'lUUfll111 
, 	 Sf , 31 , 

L~'Un"l 5 'WlfiL-nBi'lf'llliJ'W '~i''Ufl1111!B'W111il~ 'Hr;;~'iJlmr'WL~1l11l'VI1'WB"fiNtYll KOH 1% w/w 
'j/, q'I ." t:i ", 

,,~i'W'llliJ'Wfi~'W'1'U"~LUfll111NtYll'iJ'Wm'U 1 i1111~'iJlf),r'W1Ufll111thU''1lVl~'1'fiil~utJf)f)~LCJ1B~'W 
., 	 .. 

ft1 tJ1'U il~UUf)f)~1CJ1B~ 'W 'iJ1!anflf11'iutJf)i'U 1] B~lllii" lB tY1'VIB{U" ~f)~1CJ1B~ 'W 1fI tJfilllVl" lB tYt'VI B{fi ij 
: Q.oP I I g.J I 4.d I"" 

'W 1'H'W m 'U1f111'iJ~B~1]H'U'W tY1'Uf)f;UCJ1B'i'W 'iJ :l:B~'1 H"l~ 

3.3.5 	fll1UfmnilAClJf8;U 

f)~ lC)fB~'U 'iJ:l:\1 f)n lUBB f)'VI1 ~~1'W rll~1]B ~t:l~ lWf)f)~ lC)fB~ 'W LrtB '1l rl BtJ'1''1l 'i:l:ll lW 
f 	 fJI 'JI 'JJ 

8 i1111~'iJdh i 'lflllVl"lBtYt'VIB{f1'Uf)~1CJ1B~'W1Wf)i'Wf1'U '~'Hllfl 'iJlf),r'WthtJf)~lC)fB~'W (ffillm" 

1~1l) ,,~,'Wil~t~'U'iJ'W'Hllfi 

3.3.6 	fll1t\\:i~'UJ,il 
• t JI 'j/. 

f11'i tl'l~l11Vlf;UBtYl'V1B{ ij ~fI'1l'i~ tY ~1-nBfh~flff~'1l'Wlii B'U U":l:illiJ'U fi':h'1l ~mtJ1 

lit ' Ai" SJ ~ ",d.Q J ,::(, ~ ~ sit tJJ Q lJJ:0

Lll'Hllfll'WB 'H Lfllll'VIf;UBtYt'VIB'i'VI'U'itl'VI'liU"~llfil pH l1J'Wf)m~'iJ~'iJl11J'W~B~1lf11'i"HCJ11'HmtJ"1 
'JJ 'j/ 'JI 	 • 

f1i'~ '1l'i :l::IJ1W 4-5 f1i'~ lf1tJf11'i l~llillmh~fl"1 u,,~i'lf'1l~'VI~f1'ULllVlf;UBtYL'VIB{ml"11UB~'iJ1f)f11'i 
., • 	 !II 

1~1l "~m ~ln'W' '1l'iJ:l:'t11 i 'lfl11VlCUBtYl'VIB{'i 111~1f1'Uillln~H~'UtYUfliJ"i'W U"~nll~11~'U1UB 
'" ... 0'191 "'11)91 "" "":9I}I .~ '}I'}I
lfltJ1f)'U 'VI 1 t'H UUf) 'iJ If)f)'U L fltJlf) III 'VI"lB tYl'VI B'i'VI "l~U,,1'iJ:l:" BtJB~'if'W 'U'WU":l:B ~~1'W"1~ Ut11UtJf) 

!II 	 "7J " , 

illBBf)'VI1~~1'Urll~1]B~il~ill i'U f11'itl'Hfli' ~IP1B' '1l ''If't11mh~{j' '1l1lBtJ"1 'iJ'Uf)11'iJ:l: '~fil pH 1]B~ 

l11ii"lBtYl'V1B{iifiWVhf1'U 7 tlfl~ltJ'iJ~ '~tllVlf;UBtYl'V1B{~iifl1111'U~tl'VItU":l:'W!Bll~ 'iJ:l:ill''1l'f~ l'U 

,~ 
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3.3.8 fl11fl1tH 

riv'UiJ1!fn 11l1v~!t.1I~1tJ'~~1'U,.l:H)1ltfl~V~tJ'U,rfl1'Jmv~ 11l1v~lt.11~riv'U li4Vfh.ij~~'U~~vv~ 

http:11l1v~!t.1I


4 
1.JYIYI 4 

4.1.1 Ni.'Im1~li.'18-3m1''tnU;·UI'';m'''U 

\11flmvfrl 4.1 4.3 t;t]'U Contour 'Uf)~~~"i1'Ul~tltlllJl~l'UtH'f) (a) ~fl111J 

,r'U PPl1fl'IJ 5 barlO bar U,,::: 15 bar m1Jih,r'IJ 1~tI\1:;:""''lJ11H'IJ'IJ~1''f)~n~tlfimorlt'IJ'IJ 2 'i\1:;:ii 
. " .. 

~~ff1'U a iiiifh~ ~1J1flfl11t1'IJ'IJ~1"f)~n~tlfifll orU'IJ'IJ'ittltl1 n1J't1~l:;: tI:::'Uf)~fl11 tft~fl11tVli'U 

'UfHU'IJ'IJ~l"f)~n~tlfimoru'IJ'IJ 2 'i'il:::ti'Ufl11 U'IJ'IJ~1"tHIt'IJ'IJ'i!tltl1t1m1''Utif)'U''U Pu= 15 bar ~~ 
1:::tI:::flll!ft~fl11LVI;i''U'fl''''!~tI~fl'Ui~ 2 tI'IJ'IJ~lt'1f)~ ~~fh a \1:::!;t]'Ufh~U~'lJf)fln~~~ff1'U'Uf)~ 
tll1J1~1'Uf)~tYm'U:;:' f) ~!ft~~'U9if)'Uf)~tlllJ1~1 'Uf)~ tYtll'U :::111"1''Ut;~tlfimor ~~iifh~~q~ni1 fl'IJ 

1 ~~'lJ1\1fl1 J'UiitlllJ1~1 'U f)~tYtll 'U:;:' f)f)g~~qfl !!€I::: 1:;: tI::: flll! ft~fll1!wi'U'Uf) ~U'IJ'IJ~l" f)~i~ 
2 !!'IJ'lJiitl'U11,r1Jti'U,,~!rlf)fhf111lJ,r'U Pu~~~'U lfltlt'Uu9i,,:::fi1f111lJ,r'U\1::: ..... 'lJ11~~ff1'U'Uf)~ a = 1 

o .cIQJ t '0 .cI '" " . ~Q,144 

'U f)~U 'IJ 'IJ 'ill" f)~U 'IJ'IJ tYf)~ 'i \1::: lJ tYfl tY1'U lJ1 fl fl111t'IJ 'IJ \11t'1 f)~tI 'IJ 'IJ 'i!fl tl1 VI ~ 'U l'U f) ~ \11 m fl fl fln f111lJ 
" ..

,r'U~tylfftl (Pressure drop) 'lJll1fl1A'l'U~lt11.h (Downstream) lJ1flfl11U'IJ'IJ~1"f)~'i!tltl1!!€I:::!iif) 
.. . " 

Q or:::. .Q QJ.cI 0 Q flU' 0 

..... \111fll1f111lJtll1'U f)~ flll !fl~f111lVl 'If'U VI II'IJ'IJ\11"f)~ 2 f111lJtl11'U f)~flll!fl~tY'U fl1l1t 'IJ'IJ'il1t'1f)~ 

U'IJ'IJ'ittltl1 L..... n:;:U'IJ'IJ~l"f)~tI'IJ'IJ 2 iiflllhft'lLl'IJ'lJL~f)'U (Shear flow) 1J1flfl11tl'lJ'lJh"f)~L!'IJ'IJ 

•
1._11._a_I.­
II.OfIo.OI7._
7._ 
..­
..­I.­1.­
...Of ..­3._3._2._ua.oo 

1._
1._ 
I.llOoo<I20._ 

http:II.OfIo.OI


52 

1._ 
"_01 
.._01 
..-01 

..­7._01 
7._01 

..­..­..­6._01 
"'_01 
4._01 

~­
~­2._ 
2._01 
1._01 
1._01

"_!12 
~ 

.. 
1._­.._01 

..-01 

..7._01 ­
7._ 
..-01

• 
..­.."_01 ­
"'_01 

~_01 -
~­2._ 
2._01 
1._01 
1.­
..0._­
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. 
!..,
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• ..... . 

".··.·.·..·..·"·...".'..' ... .1 •••• 

-ModelA 
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o 20 40 60 80 100 120 
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~ 
a.. 2 
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'M 
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'. 

M 

......• 
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.. ............................... 


10 

8 

'C' 

!-G) 6 

I 
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:::I 

a: 4 
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0 
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Distance (mm.) 
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16 


14 


12 


1:­
11 

10 

'-' 

! 8 

~ e 

4 


2 


0 

0 20 60 80 

Distance (mm.) 

····" " ~ 
! 
~ ,..

".-:. 
-.,,\ 

.... 
". .. ......" 

-ModeiA 
....... Model B 

100 120 

!rttl Vi'i) 1HI.! lfl1'U ~ ti'IJ fl'i l't'Jt tl'l tJ 'IJt ~ tJ'U Peenter( I'll 111 ~ 'U ~11 ~ tJ ~ 'U 'U! ~'U ~1 'U 

f!i'Ut1mn:''Utl'm~'U'\ItJ'UfllJ) ~~m'W~ 4.4 - 4.6 !~tlffmlTirmJtu~m'ittl~tJ'UHtl"~fl11lJ~'U'UtJ~ 'Utl~ 

h,,, lrttJ1,""~l'UU~'U'U tl'UfllJ 'W'IJ 11fl11lJ'i'W'UfHm 1't'Jfl11lJ~'W1'U"Jf1~~ ~Tj..m~'W 'U tl'UfllJ 'U tl~ 

U'IJ'IJ~l"tl~ A 'i)~ijfl11lJ.;r'UU'tWfl11 'UtJ~H'IJ'U~l"tJ~ B 1'Wl'Jfl"lfilfl11lJ~'W P)l"~fl11lJ.;r'W'UfN 
... J Q.I 0 ~ (I .c.i 1" ~ J. ~ J ~ a 

fl'nnfl11lJ~'W'Utl~U'IJ'IJ'il1"tl~'Vl~ 2 H'IJ'IJ'ill"tJ~ lJU'W1 'WlJt'WlJ'U'WtlJtJ P t'WlJ'U'W 'Vl.:,tmN'illflfl11lJ . . u 

Q.I 4.c1 f Q,.I (I .crt' I ..c1 

~'W1;lf:\!tfftJ'Vlmflfl11 H"~fl11lJ~'U Pcenter 'UtJ':'U'U'U'ill"eNH'IJ'IJ 2 1 tlJtlNl'UUN'U'Utl'UfllJ 'il~lJm'i 

9J I lIJ"d, 4 A 4 lI'I .crt •Q.I (I 

"~"~U"~l'U 11;lfl11lJ~'W Pd ~~U'i1fl11H'U'IJ'il1"tJ~lt~tJ1 t'WtJ~lJ'illflm'i ~ ,""U'lJmll tJ'Wmfl11 
>I 

'illflN"m'i~1"tJ~m'i1,""fflm'if:lfil'U1tufh a U,,~fil Re 'UtJ~U'IJ'U~l"tN...r~ 2 

u'IJ'IJ~l1tJ'W1'U,h.:,"l '~~':"I1'il~~ 4.1 

P u (bar) a Re 

Model A ModelB Model A ModelB 

5 1.30 1.32 220,063 109,316 

10 1.60 1.19 330,272 163,100 

i 
15 1.12 1.13 205,043 205,043 
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~ ~ I' .& ~It ~ 
!lJfl'rl1ll'nU1';i~tJ~'l11,:j'j~'l111,:j~~ XI !!1:'1~ GJI,:j!lJ'Ufl11lJtJ11'Ufl,:j'j~tJ~fl1'j!fl~X 2 

fI11!'Yli''U (1'Ufl1'r1~ 4.7) 

Flow 

Pu 1-------; 

II)... 
~ 
II) 

~ Pd 
Q. 

Pc 

x2Distance 

. . 
0' ~ ~ QI d I QI d 

2 !!lJlJ 1111:'1 fl,:j1l~'rIlJ11f111lJtJ11'Ufl,:jfl1'j!fl~fI11!'Yl')j''U lJfI1~,:jfl1'r1'Yl 4.8 

10 

8 

E 6 

,S 
>{'
X- 4 

2 

0 
0 5 15 20 

. . ., 
.fl1'Wn 4.8 ri1'U~1,:j'Ufl,:j'j~tJ~fl1'j!n~fI11!'Yli'U'Ufl,:j";,:j 2 !!lJlJ~11:'1fl,:j 
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4.11 

1Ilflfi1'W~ 4.8 CJ1~lrl'U'.i~tI~fll'.ilflAfIl1111i'U'\IeJ~U'U'U~11:'1tH A (XA) UI:'I~'\IeJ~ . " ,o d QI ~ 0 f f 91' , Q,I 4 

"'U'U1Il1:'1eJ~ B (XB) 11fl11lJA'U~'U'U1~1~~ 'W'U11'.i~tI~ XB 'UeJtlfl11 XA VJflfllfl11lJA'U "I:'I::;llJeJfl11lJ 

'" jI -: ~ .z "" ,. jI , j1,., .z ..A '" ..;.z
A'U~'U'Ult'WlJ'\I'U'.i~tI~ XA "I:'I~'.i~tI::; XB lJU'U1 t 'UlJ fll:'lfl'UlJ1fl'\l'U UI:'I~llJeJfl11lJA'U P u l'WlJ'\I'U 

fl11lJtll1'\1eJ~fll'HflAfIl1l'Vli'U'\IeJ~"'U'U~11:'1eJ~ A l~lJ~'U 1Atlij~T~~"lA~fl11lJ~'U 10 bar "I:'I~ 
d 91 d Q.I , 0 d"til ~ .I 91Q

I:'IAI:'I~lJU'U11'UlJI:'IAI:'I~11fl11lJA'U 15 bar ff1'UU'U'U1Il1:'1eJ~ B lJU'U1 t'Um'WlJ'\I'Uu'U'Ul'lf~ltY'U 

111 fl Nl:'lfll'.i ~ 11:'1 eJ~fl'.i 1,"fl11lJ~'U '\I eJ~ U'U'U ~ 11:'1 eJ~ B 1I::;ij fl11lJi'U lJ1 flfl';h 
• , j/ • 

o tI,., "" "" "" '" • 0' jI tI"l jI I h.1 "l "".,.U'U'U1Il1:'1tH A 1::;fleJ'Ufl'U contour '\IeJ~ a 11lJ1::;tI::;11ff'Ufl11111 'Viffl LA1lneJ~ teJ11lflA'illfl 

o 41 ,e.; ~ Qldt, ~4 d 

U'U'U 111 1:'1 eJ~ B 1I::;lJ 'lf1~1 ::;U::;!1i:'!1 'illflfll1 fl eJ~1 'iI'U m ::;11~U~ fl~111 ff'U fl11 1 1lJ 11 ~llJ tlttl 
d 

'.i tI'Ul11 tI'U 

tl:'l'\lfll1l'Vli'U'\IeJ~U'U'U~11:'1eJ~ B 'W'Uilij~lt!eJuflilU'U'U ~l1:'1eJ~ A CJ1~lrl'U i1'i1,jtl~':h' 11'~1 l',;ollapese 

UI:'I::; T;,ollapse '\IeJ~U'U'U~l1:'1eJ~ B t1~fl':ilU'U'U~l1:'1eJ~ A 

ffllJ1'.ifHqtl'~';h t1~tliiflHU'U'U'ULU.j'U'\IeJ'UfllJ 2 1 'iI::;ffllJ1HH~~fl11 

lflAtliimm 1111'UffleJffl'VleJl~lfli'U 'Vi1eJtliifllmlflij~'U~ '~~fl'ht1~tliimaru'U'Ulu.j'U'\IeJ'UfllJ 
• f j/ I" 

1 1Vi!~eJ'Ui'\lt~tl1t1'U 11lJ't1~NI:'I~H'\IeJ~'.i::;U::;fll1tflAfIl1'11i'U '\IeJ~t1~tliimar't1~ 2 U'U'U'iI::;I:'IAI:'I~ 
A ~ Q.I ,. Q,I ,ci .c6 " 

tlJtIt'WlJfl11lJA'U Pu tAtleJ1fWNl:'lfll'.ii'l'fllJl'\1eJ~ Parage et aI. (2005) 1l)f~'W'U11f1l l',;ollapese "1:'1::; 

.I IQI .c:S .... .1 111 ~ QI ~ Q,I tI'" .. .kQ Q 

T;,ollapse 'iI::;'\I'UeJyfl'U'.i::;tI::;nm11neJ~ !tltflAUI:'I::;lflAfl1'.iU~fl~1 UI:'I::;m'\lfll1111'l1'U'\IeJ~m {Imw Il)f~ 
I ,,, \111 , • t 

111'.i::;tI::;!1mul:'l::;'.i::;u~ i 'Ufll'.i ,flAfIl1t11';'UVii1'U '.i1lJ't1~'I:'I'\Ifll1111';'UVi~1 'iI::;ff ~NI:'I'11'd~tliimtil 

""~j1",,.k J!.... "'''' tI~j1, '" 
lfllJ !AA ll)f~ffeJAflt1eJ~fl'U~1'U1'i1t1'\1eJ~ Amit Pal et aI. (2010) "I:'I::;ffllJ1Hlffl !A11l'Vlfl'Uflfll1 

~11:'1eJ~fll1 i 'Vi I:'I'~~~111:'1'\1 ffllJ TH1'UeJflU'U11 ti'lJ '\IeJ~fll1tflAr111111i'U , 'Ut1~tI iimarU'U'U ieJ1m 
J 'II 'II , 

, A'U liJflfffll1111';'U i ~~ 't1~ilfl1'.iij fll1 fffl1:11i1fllJW::; '\I eJ~ t1~ tliimaru'U 'UUN'U '\IeJ'U fllJ Viii ~ l'U 1'U 1 
J .ci dQ ,. ~ .d. ~ 0 ~ t , IJ} II':::, Q ~ 

lJlfl'\l'U 1'W 11::;'illflNl:'lfll'.ii'l'fllJl'UlJU'U 1 ! 'UlJ11!lJeJ!'WlJ'ill'U1'U llJ1 fl'\l'U 'iI~ff~ NI:'I 'HlflAfIl1!11'lf'U' 'U 

'fifllJW::;~ff~NI:'I~~eJfl1'.i d~tliim tlltflii 

, _I 4 '" 4 1t ,. ...
4.2 HD'U8~ f3 fl8 Au8'U.'UfI Conversion 'U8~ I'U !8~U.D 

'ill flfll111A I:'IeJ~~llJ'I11',reJ 3.2.1 ldeJ'Ih~1eJ~H Nii~.t1Wcn~ i~' tl1tfl11::;..1~1m11flUfl 

..A tI"<1. .. IIJ,. "" , • ,
NMR t'WeJ~11'i1'Vil! eJ1'CJf'U~ Conversion '\ItN !'U !eJA!Il)fl:'l 'UU~I:'I::;'lf1~ f3 ffllJ1HH'ffA~ 

'" QJ" tI" <1. .. '" 0 tI "''''''' ~ J! QJ dfl11lJfflJ'W'UTl'\lfl~' eJ'.i'Il)f'U~ Conversion 'UU~I:'I::;'lf1~!11:'11'\1eJ~fll'.i111 {Imtll !~IA~fi1'W11 4.9 ­
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100 

.A. 	 .A 

~ 

80 

~ 
-.- 5 mm. 1 hole 

0 
60c: 

-0- 4 mm. 1 hole '(jj... -y- 3 mm. 2 hole 
~ -A- 2 mm. 6 hole c: 
0 40(J 

'if. 

20 

o 5 10 15 20 25 30 35 40 45 50 55 60 

Time (Min.) 

..:til1'WYI 4.9 tI" d .. 1 .t {)'HCIt'W91 Conversion 'W'lI"N {3< 0.04 

100 -
~,. ,. 
.A 

,.. ~ 

80 

~ 
60 -.- 5 mm. 2 holec: 

0 -0- 4 mm. 3 hole"e -y- 3 mm. 5 hole 
~ -A- 2 mm. 12 hole c: 
0 40(J 

'if. 

20 

o 	 5 10 15 20 25 30 35 40 45 50 55 60 

Time (Min.) 

..:t .. oJ .. • 
il1'WYI 4.10 lt1{)~lC]f'W91 Conversion 1'W'lI'1.;j 0.04 < {3< 0.08 
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80 

....... 

'-' 

60*'c: 
.2 
(f)... 
Q) 
>c: 
0 40(.) 

*' 
20 

-+- 5 mm. 3 hole 
-0- 4 mm. 5 hole 
--.-- 3 mm. 8 hole 
-A- 2 mm. 15 hole 

o 	 5 10 15 20 25 30 35 40 45 50 55 60 

Time (Min.) 

..,. _I <10$ <I 1 fill".,..
f 

4.11 tlJtI'HctfUi9l Conversion W111~ 0.08 < fJ<0.12 

f _I <10$ <I 1'1 1'" '1 I 	 d "'_I <10$ <I
'W1J11tlJtlltctfUi9l Conversion 'lJtI~ 11J t1~Uctf'CI !WJ:n~ fJ< 0.04 (fI1'W'Vl 4.9) lHlJtlltctfUi9l 

Conversion 'iHff~lIl :::l.I1W 92 tlltl{t~U ~U~ 'il:: t ~n'CIlii~ 60 U lii~i9l11l "hULlI t1{!~U~
.. q 

lq "t '" '1 	 d _I _I <10$ <II

Conversion 'lJtI~ !1J !t1~tctf'CI LU'l1'H 0.04 < fJ< 0.08 (fI1'W'Vl 4.10) tl~,,!~lJl::1l1W 96.6 tlJtlltctfUi9l 

'illfiUll·iU'lJtl1Jflll U1J1J 2 mrn. 12 1 ~n'CIl'thll~fl~tl1 45 ulii At'CI:: tlltl{t~U~ Conversion 'lJtI~'1J 

lt1~tctf'CI tU'lh~ 0.08 < fJ < 0.12 (fI1'W~ 4.11) 'W1J':hiiril1l1fifi11 96.5 ll1t1{l~'U~tU'rJfi"1UHU'lJtl1J 
I f 	 191 ~ d '" '" _11'1 91' .A ..: .1

flll Ui9lU~U'lJtl1JflllU1J1J 2 mrn. 15 1 'IH1'C11ffU'Vl,,!~flfl 15 Ul'Vl ffllJ 1~11UJtlL'W1l fJ 1l1fi'IJU 

tid ,J 	 bJ d d 'JI J GI I d 41 t, 

tllmLctfUi9l Conversion 'lJtI~ 11J lt1~tctf'CIllUU11Ulltl~'lJU U'CI:: !'U'l11~ fJ L~W1fiU'W1J11U~U'lJtl1Jflll 
ddO 'd,J d ,J .d." ddO ",
'Vl1l'illU1U"i1l1fifi11 'il::lltlltll LctfU i9l Conversion 'Vlff ~fi11U~U'lJfl1Jflll'Vl1l 'il1U1UlUtI [lfi11 U 'CI::

(, 	 .. ... 
• _I <10$ <I 	 91 I '" 

'W1J11 tlJtlltctfUi9l Conversion t'IJltlfl11::ffll~'CIllUl::tJ::n'CI1 15 20 Ul'Vl 
JI JI, , 

11~il fflt't1~iiUHU 'lJfl1JfllIiiii fJ t m~'lflii[l~fiU u~ii ~ lU 1U11l1fifi11 ii O\9ll1fi U 
~ . 

lfl~lI~fl~ tJl1l1fifi11UU t'W ll:: 11iil'IJtI~!,"'CI'lJtI~UHU'lJfl1Jfllliiii'IJU 1~ttV'UHltlu6fi 'CIl~,rt1tJfi11 

"'1 tal 'JI I dl 0 	 Gj j) ~ ~ J,;.d tIt 0 .d • 0 <il IjjA d 
11 lltllU\9lllUtltJfi11'il~'Vl1!,"l::tJ::f1ll1fi~fll11'Vl'l1'U'Vlff'U fi11 l1ll'Vl.:J'ill'U 1Ul'Vl1l1fifi11'Vll 1,"'WU'Vl 

t. 	 Iii, 

t Ufilllfl~fll11'Vl.juiifillm::'illtJ~1ii~fi11 vhtM'ffl1l1lf.H7 '1f1ll1fl~1I~fl~ tJ1 i~~f1';h l~[liiVJu ii 

1'1 '1 91'" ....
fill !'H'CI !fi'CItfltJ'Ifi'U 

http:tM'ffl1l1lf.H7
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r1dtf 	 lIl"d ilfJI 40 QlQ,lt/Q,I

1JlfUHHt1 tljtC)j''W~ Conversion 'Utl,;j 111 ltl"tC)j''tl'Ul,;j~'W tlltl'WllJ1'H lfl1ll1ffll'n'W'fj f111 

~1'W1'Wl'Utl,;ju~h.J'Utl11flllU~'tl:'U'W1Yil1J: 'A~,;jm'n~ 4.12 m'n~ 4.15 

80 

___ 2 mm. 6 hole 60 
···0· 2 mm. 12 hole 
-...,- 2 mm. 15 hole 

40 

20 

O~--~----~----~----~--~~--~· 
o 	 10 20 30 40 50 60 

Time (Min.) 

~ "oj .. 	 I 

.fl1'ft'rl 4.12 ttlmLC)j''W~ Conversion'Utl~UF_l'W'Utl11flll'U'Wl" D = 2 mm. 

100,---------------------------~----------=_~ 
-~-~-~--~--~--~--...,--~-~-~--5--:-:.Q o.() • 00 '0-.. o~ 00, 0 • o.n •• ~ •• ···0 .. .()00 0.0 of'\ of'\. •• 00' •••••• () 

80 

~ ___ 3 mm. 2 hole c 60 
.2 ·.. ·0·· 3 mm. 5 hole 
~ - ....- 3 mm. 8 hole
(J> 
>c 
0 40c..> 

::J(
0 

20 

0 __-----,-------.------~----_.------._----_4 
o 	 10 20 30 40 50 60 

Time (Min.) 

~ "oj .. 	 I 

.fl1'ft'rl 4.13 ttltl'HC)j''W~ Conversion'Utl~UF_l'W'Utl'Uflll'U'Wl" D = 3 mm. 



60 

80 

-.-...- 4 mm. 1 hole 60 
·· ..0·· 4 mm. 3 hole 
- ....- 4 mm. 5 hole 

40 

20 

o __----~,-----_.------~------~----_.------~ 
o 10 20 30 60 

Time (Min.) 

..,. 0'''' 0' • 
m'Wfl 4.14 t'l.h)'nclf'U~ Conversion'llO~UN'U'IlO'Ufl1J'Il'Ul~ D = 4 mm. 

40 50 

100 

80 

~ 
c: 80 

.Q 
e! 

!ec: 

0 40U 

*' 
20 

0 
0 10 20 30 60 

Time (Min.) 

..,. 0' '" 0' • •
m'Wfl 4.15 nJo'HCJf'U~ Conversl0n'llO~UN'U'IlO'Ufl1J'Il'\.Jl~ D = 5 mm. 

___ 5 mm. 1 hole 
···0 5 mm. 2 hole 
- .... ­ 5 mm. 3 hole 

40 50 

http:Conversl0n'llO~UN'U'IlO'Ufl1J'Il'\.Jl
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4.16 

'QI J..:::1 QI • 9J'''' I QI It::!. 0 9J I 

1::: tI::: t1mt'VI1f1'W tlHH'VIt1'Uf1'UUN'W '\J tJ'Uf1lJ'\J'W WI tff'WNli!!'W tlmn-:j!'VIlf1'WU~lJ 'tll'W 1'W1'W tJtlf111 

conversion 'VInm~l-:jc;"J 'tl:::ff-:j'\J'W 	 '11 % conversion ff-:j'VIff~ ~-:jfl1""'V1 

J. 
U~:::tlJtJ

0 

'WlttJ
.dod.d 

1N~'VI~'VI~~'\Jt
rd. 

J-:jU~~::: p lJ1.... ~tJ~ 'tl::: .... 'U11tlJtJGJf1-:j'\JtJ-:j 
J. I p J 

~-:j'\J'W % 

d, .1 ,. 1'J1 d '" d 
~~tI 0.08< /3 < 0.12 ffllJ11(lI ~ 	 ~ q 

80 

20 

O~-----r------r-----~-----.------.-----~ 

----*- 0.00< (1 < 0.04 
... ·0···· 0.04< f3 < O.OS 

--.- 0.OS<i3<0.12 

o 	 10 20 30 40 50 60 

Time (Min.) 

. ... _I 0' Q 0' 	 , ,
iIl'WrI 4.16 tlJtJ'jtC)f'W~ Conversion '\JtJ-:j /3GJf1-:j~1-:j'1 

t~mrm'!~l'Jf1'1 5 'W1Vi 1~tli:hlt1~:::tfltl~~-:jfl1""~ 4.17 - 4.19 ~'tl:::Uff~-:jm1t~lJ'\JtJ-:jfJWl1fJiJ'\JtJ-:j 

ffl1Yil-:jl'Wl'Wf1nN~~''U1tJ~tC)f~1'Wi1-:j /3< 0.04, i1-:j 0.04 </3< 0.08 U~:::i1-:j 0.08</3< 0.12 

~llJih~'U 

http:0.OS<i3<0.12
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60 

58 


56 


{) 54 

if s 52

S? 

~ 50 


~ 48 

~ 


46 


44 


42 


Time (min) 

,fl' 

0 10 

./ 

20 

• Smm 1 hole 
........ 0........ 4 mm 1 hole 

--.......- ­ 3 mm 2 hole 
_ .....0.._.. 2 mm 6 hole 

30 40 50 
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62 

60 

-­ 58U 
ci! 
CD 56S 
!!! 54 
~ 
[ 52 
E 
~ 50 

48 

46 

44 

• Smm. 2 hClle 
....... 0........ 4 mm. 3 hClle 
- ­ ....... - ­ 3mm. 5 hClle 
_ ..-6._.. 2 mm. 12 hole 

0 10 20 30 40 50 60 


Time (min) 
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64 

62 

60 

58 
q 

56ap 
:g. 

54 
~ 

~ 52 
ill a. 

50E 
~ 48 

46 

44 

42 
0 10 

• 5mm.3hole 
·",,·,,0··,,··· 4mm.5hole 
--.......-­ 3mm.8hole 
- .. ....,e,.-.. 2mm.15hole 

30 4Q 50 60 

Time (min) 

" .. 
/3 < 0.04 ''Untll 60 'Ul'rhr'U;u~ijrhFlW'Y1flnff:.t""~!'t;'fi'U 58 ·C Utl~i1lmtlVi 4.18 Utl:".itlVi 4.19 ~ ~ ~ a~ ~ ~ 

~:.t~~Uf11'H~1J'\JV:.t~Wl11Jnffl'jvh:.tlutu~h~ 0.04 < /3< 0.08 ~m:f11'j~~1J'\JV:.t~W'Y11Jnffn.yhnu 
, 1 ~ 1~ dd .1 QI .d,. "r I 

, WlfH 0.08< /3 < 0.12 ff'U11!llfl ')fUN'U'Ufl'Uflll'YIll')f'N /3 ~~'U'U fl1111')f'U'Ufl:.tmlWllU'U1 t 'Ull 

d. .1 '" "'. I"''''''' ... .; .1 iII

!ffll'\J'U 1!tl~~W'Y11JlIf11".i !fl~1J tlfl'Wl"l:.tfl~lIfll!ffll'U'U~1t1 

"'''l,. ... iI A "'''l''''' ,,. "l "'</""­
'iJlflNtlf11".i'YI~tlfl:.tNtl91 t'U tfl~!C]ftl ~1mfl"j'fl:.tNtl91 L'U Lfl~tC]ftlU1J1J eJ t~".i L~'U111flfffl11 

!'YI;¥'U'iJlfl:.tl'U1~tlffllJ1".itHmtJ1Jfi'UNtlf11".iN~911 'U lfli>ltC]ftl'iJlfl:.tl'U1~tI~'U"l '~~:.t911".il:.t~ 4.2 
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.... .,. 
Ref. IIflft'Uftfl 

1., 

- ~"li1~ P 10iltfitJ~fl'W U~'W\lfl1JfllJ~ii 

~1'W 1'W llJ10011iif)~ 'I101'I In~tl ~n1tJ1fll~ 
• 

\lfl1JfllI 12 U1J1J 

011 

- !!~'W\lfl1JfllJ~~~1:l~ 1'W"li1~ P< 0.12 tifl 

U~'W\lfl1JfllJ\I'W1~12 mm. IS 11~tJ'<A' 

!tlflf!~'W;i' conversion \lfl~ FAMEs 1<A' 

lJ10wh 96.S ttlflf!~'W;i'1~1l1,*!1€,!1 

"" IS 'W1'V1 

HC 

(Pal, et aI., 

2010) 

(Ji, et aI., 

2006) 

HC 

AC 


MS 


"" 0• 3 lJlJ. lJ'il1'W1'Wl 

o 
'il1'W1'W 1,3, S u€'!:; 

71 ~lmh~1J 

U~'W\lfl1JfllJ 1 l~ 
fl11lJ~'W 0.7 Mpa 1<A' % FAMEs In'W 96.S ~n€'l12S 'W1'fi 

f 19.7 Hz, P = 170 1<A' % FAMEs In'W 96.S ~n€,!110 'W1'fi 

w 11hnlJ1HI1<A' % FAMEs In'W 96.S ftlfll'W 
•

~'WfH'flJ~fl11lJl~1 . !d€'l1!d€'l160 'W1'fi 


HI1J 900 'I fl1J 9i fl 

"" 
'W1'V1 



, 
U'rI'rI"" 5 

<<It.1NftUft~,j'tlU'UtlUU~ 

~lmH'lf11'j~1(lf)~f11'Hfi~fl1il'YI,1Uff111l'HHl~1l'~'.h t1~ll~mrumJ1JUfhA'Uf)1Jflll 2 1 

~r::ff111nm '.i ~ tl n lfi~ 1l~fi1 fll'YI 'j 1U fflf) ff1'Y1 f)1111f1iu l1lf)1l ~fi1fl11f1ii~u~ , ~~tl'ht1~ 11 ~tl'j ru 
t I II t 

U1J1JUNU'Ufl1Jflll 1 1 Vh~flU ''Ut~fl1fiu 'j11111~N(l~1~'Uf)n~fl~f11'jAfiAfl1il'Yloifu 'Ufl~t1~ll~tl'jru 
d\~ Q1 1 ~ ~ 11Q.I 

d,~~(l~(l~tllfl1'rfllfl1111AU Pu ~flmt1flN(lf11nltl1J1'Uf)~ Parage et a1.(2005)C)f~'rf1J11fl1 ~ol/apese 
~ lQ.l Q ~ QI 4 ~ Q.I 

U(l::; Teol/apse ~~'UU fl~tl1J'j~fl~n(ll'Y1l'l fl~ flltl~U(l::;1tl~tl1'j U~MI1 U(l~1(l'UfI111 'YI ')fU 'Uf)~fN 
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cuc..tdfl1 stw.qv• 
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. ., 
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model) lf1V'l1U'l~l~''Wm'j~~fhll~&~'fl",tu~')~fI1'WVi '\l.12 !~tlfl k-epsilon (2 eqn) '\J1~Y1'W Model 
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O~~~ 
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11.92 
TI<E Prandtl NudIer 
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.. gJIQlI.

IITnfl 'U.12 'I1'Wl~l~~~fl1 VISCOUS model 

~ . 
.u'W ~ tI 'W ~o1thil 'W m 'j fi 1'11 'W frl'ff'f! th '11 i'11 f11'j '1h ~ lJ1"Y-I" l'i'Wf11'j &~ tIfll1!lJ'4 Material 

jI I, I " 
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~~~'==~~~== R.I.BffAld-..s 

-"'apor (h2o) 

. 
.:::t fJJ f 'lI 0

mft'n '\1.13 l1'\Jl~l~ ~'\JfI1'Hlll1'\JPl Material 

~ "" d! .<i Gl 9/., d"'Gl 9/ 'lAI ~ Gl dJ
'Il1fl'\J'\JfI~flYl~lJ Fluent database !'Wv ~'lf1f1'~Ylll ~'\J!l'\J'tIV\!~'tIV~ ~1J~Umll 9f~ ~'\JYl'\J 

... .<i lJ1!Gl 0 "" "" ':'.<i '" P Gl 9/!:"I 9/!
'Il~mVfl Water U~~ Water vapor !'VW "l1 ~'WfI1~'Il1~V~fI1~!flPlfll1!Yl'lf'\J!lJvtfl'~'IlUt;11 m1JPll1'\Jl~l~ 

~ ~ . 
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~ . 

Phase ''\Jl1'l~l~H~l'\J~lt1ijV'Illflir'\Jfill1'\JPl.yvl,r Primary phase ttlu water-liquid uCl~luri1u 

Phase materiallatl01t1'jltlu Water ~1f{Vilm':i l'tTCI~1~1lJ11u hbiUmll~'lU~~u'Mtlum':ithl1u~ Material 

U~~ Secondary phase ttlu water-vapor UlI::1Uri1U Phase materialliitlf1'lt1~ltlu Water vapor ~~fl1'W . . 
.c::t .d. 0 Q,I 

Yl 'tI.14 U~~fl1'WYl 'tI.15 ~l11~lPl'lJ 

r;'ter~ 

PhasefofaterillI 

. 
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3. i'U9Itl'Utl111UIft~Na (Post - processing) 
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