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Abstract 

Two-phase flow is important phenomena in various industries. The knowledge of 

its flow characteristics is crucial for designing, operating, and improving two-phase liquid 

equipments to enhance their efficiency. This study aims to develop two measurement 

techniques for air-liquid flow, and they are Wire Mesh Tomography (WMT) and laser

diode based system. 

The principle of WMT is measuring electrical conductivity of flow that is different 

for liquid and gas between a pair of crossing wires. In this study, the computer 

programming based on DELPHI is developed to calculate local void fraction, bubble size 

and bubble diameter. After that, the quantities taken from WMT are verified with those 

taken from photographing technique. It is found that the accuracy of cross-sectional 

void fraction in the range less than 9% is within ±20%, the accuracy of bubble velocity 

in the range of 250-350 mm/s is within ±10%, and the accuracy of bubble size in the 

range of 2-8 mm is within ±20%. 

Laser-diode based system is operated based on the principle that light refracts at 

contact surface between two mediums that have different refractive indices, and an 

amount of voltage induced in a diode Circuit varies with an amount of laser falling on a 

photodiode. This study aims to calibrate the system for measuring a curvature of single 

air bubble riSing in liquid. Various sizes of air bubble model are developed from 

Polydimethylsiloxane (PDMS) polymer which technique is new in this research field. 

From the calibration, it is found that the distance which voltage dropped to zero was 

varied with the radius of curvature of bubble, and the smaller radius of curvature has 

longer distance. When the voltage is normalized with that when the laser beam is above 

the bubble and the distance is normalized with that voltage drops to zero, the 

normalized relationship for all experimented bubble sizes becomes similar. Thus, if the 

laser-diode based system is employed to measure a constant speed bubble, the 

normalized relationship between voltage and time will be similar as well. In addition, the 

real employment of this laser-diode based system for the real bubbly flow is also tried, 

and the results of radius of curvature and bubble speed are compared with those taken 

from photographing technique. However, the results are not agreed and have large 

deviation. This might happen due to the experiment is not well controlled and the 

bubbles may rise up with high acceleration. 
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tJ\1\1 
d 1 

o 

tJ\1U1 

1.1 A11:UihtifYuiH~vI:U1"11ih,rJfY\.ntun1"i\/hi~U 

n1~t~~ LLUU~fl\l Ly.j~ ~fl n1~t~~vil.htnmH:l1[J'lJ fl\lt~~~fl\l ~rnUtvifll~~tll~tnmJGl1[J 

'lJ fl\l L~~1n1Jf;l'll 'lJ fl\l LL 'i!\I nu ill'll ~~fl 'lJ fl\l L~ ~1 nu'lJ fl\l LL'i!\I LGl [J'lJ fl\lt~~ ~rnut~ii\l fl1~ t ~~ 

fl~tU'lJfl\lt~~~n~rnut~il\l~~flt~~tllw1mJnuntGl (Levy, 1999) n1~t~~LLUU~fl\l Ly.j~LtlU 
.J ' 

n1~t~ ~VI~1111~nwutGl\o11tlltu~ Gl~l~ m~ll~ ~ln~~l [Jll~t LflVl L"liU n1~t~ ~'lJ fl\l ~lWi1A1l11 

L~uvit~ ~fl1 [Jtu'H~uuvilA1l11 L~UGll11 fllAl~iilUL~flU~~fl~Gl~l~ n~~llv1 Lr1 [J11i fl\l nUn1Wil 

A1l11L~U, n1~t~~'lJ fl\llj,l1u~utu~Glm~ n~~llrJLGl~L~ [Jll, n1~ch [JLVlA1l111flU'lJ fl\l~lln~n! 

LL~nLll ~ [JUA1l11~flU LtlUGlU ~\I,jU~l nfjA1l11 L 1i1 t ~~ ru~ll UG1~~flll~ln{ln1~n!vi Lr1 [J11i fl\l nu 

n1~t~ ~ LLUU~fl\l Ly.j~LL~1 L"liU n1~LnGlll~ln{l n1~n!Al~ LGl.ffU~\I LnGl~utuu~L1ruvi'll fl\lL~~1fj 

A1l11 L~1~\I ~\I ~~ h~'lJ fl\l L~ ~1fjA1l11~U~nGl~1 n11A1l11~utfl'lJfl\l'lJ fl\l L~ ~1~\Im>il1 ;i\l~tvh 

h:''lJfl\lL~~1 Lll~ [Ju~rnum ~l [JLtlUtfl~1U1Ulll n Lil fly.jfl\lnl"llL~ ~lilLA~ flutll £J\lGil LLWU\lvifj 

A1l11~U~\I y.jfl\lnl"ll~tLLGlnfl flnLL~t'lJ fl\l L~~1vifl~~flU '1 ~tL1il111 LLVluvi"lifl\l1l\1 mh\ld'uw~u 

vilhh~Gl n1~n~tLLVI nLL~tnGl niflU~1L~~ttUU~L1 ru,ju ~\l11n~tLnGlv1111nVll\1 L'il1tu~Gl'lJ fl\l 

LA~fl\l~1Jlj, (Tong and Tang,1997) ~\I,jU~lnL~lL1ilhwClG1n~~1l'lJfl\lll~ln{ln1~n!~\lm>il1 

LL~111fjmL~G}~1n m~t~ ~~fl~1111~nGl~1~wutGlv1u~L1rut ~u L~1 fl1~i1fl\lnUA1111Lf!l[J~1[Jvi~t 

LnGl~utGl LtlUGlU 

n1~flfl n LLUU LL~t~~Ul LVIALUL~[j~l1[Jt~lJGl fl\l n1~A1l111l4u:puvi~n~\lllln£un11tu 

fl~Gl \l1uvi Lr1 £J11i fl\l nu LVI A L UL~ li n1~t~ ~ LLUU ~fl\l Ly.j ~L fl\l fijiA1111"l1'u"l1flU LL~ t£J\I 'lJ1GlA1l11 

L1ilhfld1\1~ n~\I Gl1 [J~lL~G}il Un'~[JLL~t'~1 n~fl fl nLLUUGl fl\l n1~A11111l4U:i1U'lJ fl\l n1~t~~ 

~fl\l Ly.j~vifjA1111~ n~\llll n~UL~ fln1~fl fl n LLUU n1~A1U~1l ~111 ~\I n1~1l~u1l1\1 ~ll~~nUttu~tuu 

Gil\1 '1 L~~l,jUL~flvilh:'fjll~t~VI~fllW~\I~U vi ~lU1l1tGlfjn1~W[J1[J111Mm~t1LYl flvilhh~Gl 

A1l11 L1i1t~~ ~n~'lJ fl\l nl~t~ ~ LL~t~ ~ n~tVlU~1n n1~t~ ~1l~tLflVl1h tlu~lU1Ullln L"liU 

n1~MmnlllLLuun1~t~ ~ LL~tlllil\1'lJ fl\ly.j fl\ln1"lltuvi fl'lJU1Gl L~ nGi fl ~ ~ n1~fi1 [J LVlA11111flULL~t 

A1111~UGlnAifllltuvi fl n1~M m~t11A1l1 ru e)Gl~l ~1Un1"llLL~ t'lJU1 Gly.j fl\l n1"llGi fl n1~~ Gl LL~\I Lf!l [J Gl 

Vl1utUU~L1rutn~nu ~U\l [J1UW1~UtVl1\1'\h LtlUGlU 

fl\l ~A11111'lJ fl\l n1~t~ ~~ fl\l Ly.j~~1111~nMm~t1tGl-0'\I n1~1 LA~1 tltiLGl [Jt-llLLUU ~1 ~ fl\l Vl1 \I 

AruGl~1~GliL~flvi1U1 [JWClG1 m~ll'lJfl\ln1~t~~LL~tn1~t-llLVlAilAn1~1Gl LLUUGi1\1'l L ~flvi1t~ LnGl 

A1111L1i1t~WClG1 n~~ll'lJ fl\l n1~t~ ~LGl [JGl~\I fl d1\1t~nGl111 n1~tijLLUU~1~ fl\lVl1\1A ruGl ~1~Gli 

~ tGl fl\l ti1 A11111vi tGl ~1 n n 1~1Gl1l1 L 11'1 [J U LVI [J U L ~ fl VI Gl ~ flU LL ~ tll ~u 111\1 LL U U ~1 ~ fl\l Vl1\1 

A ruGl~1~Glit~fjA1111LLlJU[i1tUL~ flUt'lJGi1\1 '1 111 n~u ~\I LLil \I1 u-0'\I ~fl\l~1U~tnA1111E41~EYLvh 

'1 nULL~tfj A1111 Lr1 [J11i fl\l nULL[Jn~1 n nutlJtGl n1~1l~t~UA1111E41 L1~ t Un1~1Gl n1~t~~v1 LnGl~U 



";l1\1";l~dju~1U'lllJ 61uvI £i!1~f\pn n t U n11~GlJU1 £1\I~~11 ].Jlt\1l.i~~ £1 ~";lU n11111~Gh~I'gLVl~1 u1~ fj 

t\1l.ivlnm1].J Lfhn"l1 £1\lnlJn111 \1~ LLlJlJ~£1\lLyJ~ii 

n11vhm1].JL"l11t ";lYH1~m1].J n111\1~ LLlJlJ~£1\lLyJ~ll'u ";l~&1 £1\ln'W111Sh~ £1iLiju·;hu1u].J1n 

vi Lrl [n"l1 £1\1 L'llU l11 LL lJ lJ n111\1 ~ n 11n 1~";l1 [J'lJ £1 \I LyJ ~ Gi 1 \I '1 £l~ n £i!1 U 'lJ £1 \I 111].J1 ru yJ £1\1 n1"lI 

'Wfl~n11].Jn11~~].J ~11].J L11 ~~ £1~";lU'lJU1~LL~~l1111\1'lJ £1\lyJ£1\lfh"lI tU£1~~vI~1U].J1 1~nLVl~il~ 

n111~Ltlu~1u1u].J1n1GlfJn~GlJu1ifuL~ £1l~ LL~~~n'l~t1'W1nil L~ £1i'lJ £1\1 n111\1~~£1\I LyJ~il L'llU 

n111~n11~~of{lJLL~\l1~[J Serizawa et al. (1975) n11i~,",1n11u11yJyh'lJ£1\ln111\1~1~[J Jones 

and Delhaye (1976) LL~~n11t-ilLL~\lL£1n"lIL1£i1~[J Misawa et al. (1999) L~£11Gln11n1~";l1[J 

'lJ £1\lyJ£1\1 fh"lI1Gl [J Lu~ [J'lJ £1\ln111\1 ~ 

mh\l11nGl1].J n11Vh~11].J L"l11h'Wfl~n11].JlJ1\1mil\l L'llu n11L~~ £1uvI'lJ £1\lyJ£1\ln1"lILLGi~~ 

yJ£1\I n11~~].J1~\1":i1\1'lJ £1\1 L\1~1 ~£1\I LyJ~ n11LLGl nLL~~11].J nu'lJ £1\lyJ£1\1 n1"lILLGi ~~YJ £1\lll'u n111Gl 

~ru~].JlT~vI'GltGl '1 'lJ £1\1 n111\1~";l~Ltlu~\lvI-;i1Ltlumh\l].J1 n tU£1~Gln\l1uLtlu-;i1u1u].J1n"11\1t-il 

LVl~il~LLGlnGi1\1nU L'llU n11t-ilL"lIUL"lI£1iVl1\1LL~\I\1~1[J611v1'WGlJu11Gl[J Mori et al. (1977) vhtl-1 

~1].J11C)iGl~11].J L11 LL~~'lJU1Gl'lJ £1\lyJ£1\ln1"lILLGi~~yJ£1\l1&1 n11t-ilLVl~il~ PIV tU\I1 U'lJ £1\1 Hassan 

(2002) LYl £11Gl11~~].J~u1h~\1i1\1 LyJ~l-f\l~£1\I LtlU&1U 1Gl £JLLGi~~'fi";l~n"l1 £1~ LL~~"l1 m~£JLL~~ 

m1].J~1].J11C)tun111GlvlLLGlnGi1\1nu 

tu1h,lTu n11'WGlJU1LVl~1~fj'lJ£1\lm!l£1\I~~1£1 CCD m1].JL11fg\l1~Ln~~umh\l11GlLh LL~~ 

vht';'n111Gln111\1~ LLlJlJ~£1\I LyJ~~1].J11C)vi11~\J1[JLL~~11Gl L11].J1n~u LLGi11~1'lJ £1\lnf!l£1\lLLlJlJil 

£J\ln11~1 t U1~61lJ\1i1\1 f!l1UlJ1Vl~U111 61\1'lfu n11Gl11";l1 Gl~1 [J LVl~il~il~\l1l.i LL 'W1\1 ~1[J LL~~£11";l";l~ 

1l.i L\1].J1~~].J nlJ n11'1.h111t-iltU\l1 UGl11 ";liGl LL~ ~~1lJ ~].J n111 \1 ~ t usn ml Gl ~1\1 n11].J\1~£1s)1~ 

Lm~tGl1n11].J 

tU\l1u,-:r[Jil~\ljjn11'WGlJu1LVl~il~n111Gl 2 LLlJlJ~£1 LVl~il~n11iGlLLlJlJ'fi Wire Mesh 

Tomography (WMT) 1Gl [Jt-il\1~nn11'lJ £1\ln111Gl~11].JLLGlnGi1\1'lJ £1\ln11u11 yJvh'lJ £1\I'lJ £1\11 \1~l-f\l 

\1 ih61Gl n111\1~ LLf!l1'l.h 111111~].J1 ru,",1'W111il LGl £1 iGi1\1 '1 'lJ £1\1 n111\1 ~1~";l1 n n111Gl L~ [J\I~~\I L~ [J1 

~£1 £lGl11~1U'lJ £1\1 l.J1].J1 ruyJ £1\1 n1"lI 'lJU1GlyJ£1\ln1"lI LL~~~11].J L 11'lJ £1\1 yJ £1\1 fh"lI 'fin11il1&1~lJn11 

'WGlJU1LL~~VlGl~£1lJ~11].JfJn&1£1\l111lJ1\1~1uLLf!l1 (Prasser et al. (1998), Richter et al. (2002), 

Wangjiraniran et al. (2005) LL~~ Fuangworawong et al. (2007)) tU\l1u'-;Y[Jil";l~vi1n11 

'WGlJu1e}11mnr~U].J1 LL~~lj\I LUUtUn11\11Yl111il LGl £1i'lJ £1\lyJ £1\1 n1"lIt';'jj~11].J LLl.iu£i1fg\l~U 

LVl~il~ n11i~HLlJlJvI ~£1\I'lJ £1\I\l1u'-:r[Jil~ £1 n11t-ilL~ L"lI£1iLL~~1Gl1£1Gl '~n11il";l~~ ~1[J~~\I 

nlJ\l1U'lJ£1\I Mori et al. (1977) vlLtlUn11~m~t1L~£1\l~11].JL11LL~~'lJU1Gl'lJ£1\lyJ£1\ln1"lI \l1U'lJ£1\l 

Colin and Synovec (2002) LL~~\l1U'lJ£1\I Ravellin et al. (2006) vlt-iltUn111Gln111\1~l11LLlJlJ 

\1ll\l~£1 slug flow tuvi£1'lJu1Gl1].J1~1~Ln~ ~1\1~lJ\l1U'-;Y[Jil e}11mnrvl~GlJu1~u].J1";l~u1].J1t-iliGl 

~""n~11].J1Io')\I'lJ £1\lyJ £1\1 n1"lIvl1\1~111Yl1£1].J nlJ LyJ~'lJ£1\l L\1~1 "11\1 £J\l1l.inn11~m3'1].J1nun 

'~n11l-f\l~£1\l Lt1u'fin11v1~1].J11c)'WGlJu1~u].J11~ L£1\l~1 [J\llJ111~].J1 ru.n\l1l.i fg\lun Lrl £1 LVI [JlJ 

nlJLVl~il~rlu '1 LL~~£J\I~1].J11C)lGlYl111ilLGl£1i'lJ £1\ln111\1~LLlJlJ~£1\lLyJ~1~\1~1 [J611 Lrl £1u1'fin11 

l-f\l~£1\I].J1t-il111~n£1lJnU 1Gl £JL Vl~il~ WMT ";l~vi1tl-1Vl11lJYl111nLGl£1i'lJ £1\ln111\1~Ltlu-;i1u1u].J1n 

http:J\llJ111~].J1
http:GlJu1e}11mnr~U].J1
http:l.J1].J1
http:111111~].J1
http:1~";l~Ltlu~\lvI-;i1Ltlumh\l].J1
http:tU�1~~vI~1U].J1
http:n11vhm1].JL


';n nn1~1Gl ~f\l L~ [J1 LL~ ~~llJl~fl1G1YlEl\l nl"lf'lilSjmllJczJueilmJlJl n 161 El til\1 1 ~nGlllJ~Hin1~il~~n 

L"lf'U L"lfEl i ~lJ ~~ flU n1 ~1 ,.., ~ 1G1 [J Gl ~\I ~\I 'If'U~m3' ru~'lJ El\l n1 ~1 ,.., ~ ~ ~ Ll.J ~ [J'U LL l.J ~ \I 1l.J Lri El 'l1'U nu 

L"lf'UL"lfEli ~1""~1JLV1~U~L~ L"lfElflGl1 ElGl LlI'Un1~1Glvl L"If'UL"lfEli1ll~lJ ~~flU n1~1,..,~1Gl [JGl~\I LL~ 

'fin1~tl~~GlEl\lL 'l1L"lf'UL"lfEli,.., ~1 [J~1""1 nGi El\l n1~iGlWl~lfl LGl Eli,.., ~1 [J~1 LL~~EJ\I~l n Gl LilWl~vJEl\l 

nl"lf'lilSjll.Jil\111lczJueilEl'UlJl nun orl\l,..,l nl-f\l ~El\l LV1~U~ n1~1Gl161~u n1~~GlJ'Ul11'UlJl L'Un~lJ'~[J 

L~ [J1 n'U LL~1 ~ ~ n1~iGll-f\l L 'UL~El\l 'lJ El\l ~11lJ L11 LL~ ~'lJ'Ul GlYl El\l nl"lf ~IIfSj ~11lJ1¢\\I'lJEl\lYlEl\l nl"lf 

LL~~elGl~1~1'UYlEl\l nl"lf~~fJ ntillJll.J~~nElU n'U 'U El n ~1 n 'l1 Ell;! ~VI161~ ~lJl nl1'U LL~1 ~~n1~~m~ntl 

£l1~ ~~tillJl ~El\l ~~11lJ1L"" II L~ [J1 nu n1~1,.., ~ LLUU ~ El\l L Yl ~ 'iii ~ ~Sjl.J ~~1 [J'l1tiL'U n1~til1l.J1-11 

ElElnLLUU £:Il.J n~ru~l\1 ., L'U\ll'U'1If1 n~~lJ L'l1'U n1~vilLi1Sjn1~cil £JL V1~11lJ1El'U'lilig\l~'U n1~~~lJ 

~~W:h\llJ1 ~'IiI~1Gl L1111'U ""~El n1~LnGll.Jt1 ~[J1 L~Sjvl~~'U1Gl 

1.2 Wire Mesh Topography 

LV1~U~n1~1GlLLUU Wire Mesh Tomography (WMT) n,..,~nn1~~Eln1~1Gl~hn1~til1YlV:h 

~~W:ll\1~'lJEl\l L~'U~1Gl'lil11\1'lJ11\1 n'U ,..,1 n!l~h n1~til1 YlV:h'lJ El\l,.., ~1 [J ~'lJEl\l L~'UmGlvl11\1'lJ11\1n'U 

L'U~'UvI""ih~Gl'lJ El\l~~UU'lJEl\l 1,..,~ ~El\l LYl~ L~l~~~llJl~mLl.J ~\I'l1 Ell;!~V11\11YlV:h LlI'U'l1Ell;!~tBlJ1Gl~ 

'lJ El\lYlEl\lnl"lfL'UtBlJ1Gl~'lJEl\l L,.., ~1 LGl ., 'IiILL~~~Gh LL wU\lL'U~'U'IiI""ih~Gl'lJ El\l~~UU n1~1""~~El\l LYl~ 

1Gl[JLV1~U~n1~1Glil~GlJ'Ul1Gl[J Prasser et al. (1998) 'UEln~ln'lf'U~Ii1[Jn1~l.J~~lJ1~'l1Ell;!~ WMT 

~~~llJl~fl1Gl'l1 Ell;! ~ elGl~l ~1'U1..A'lJ1G1~Yl El\l nl"lfLL~~tBlJ1Gl~'lJEl\l L ,.., ~1 'lJ'U1G1Yl El\l nl"lf LL~~mllJ L11 

'lJ El\lYlEl\l nl"lf161 orl\ln El~"" ~1 [J'fi ""~\lL'U'fil.J~~lJ1 ~ ~~'lf'U Richter et al. (2002) 161til L~'UEl 

'fin1~LL~~Sj n1~Gl~1~ ~ElU Fl11lJ fJ nGi El\l'lJ El\l'fin1~'lf'UL'Un1~iGl elGl~1~1'U'lJ El\ltBlJl ruYl El\l nl"lf 

'lJ'U1GlYlEl\lnl"lf LL~~~11lJ L11'lJ El\lYlEl\lnl"lf 1Gl [JL~[J1JLVI [JU flU'l1 Ell;!~vl1Gl~ln ultra-fast X-ray 

tomography 1Gl[J Prasser et al. (2005) 

G1\1'lf'Un1~~GlJ'U1LV1~U~n1~1Gl WMT ~~61El\lSjn1~~GlJ'Ul 2 ~1'U,..,~n ., l.J~~nElun'U ~El 

n1~~GlJ'Ul£:1l.Jn~run1~iGl LL~~n1~~GlJ'Ul1l.J~LLn~lJn1~l.J~~lJ1~ ~ ~ L~El\l ~1 n n1~~GlJ'Ul £:Il.J n~run1~ 

iGlSjn1~~GlJ'Ul1Gl[J~~~Gl£:ll.Jn~ru ?'iEl FZR Research Center Rossendorf, Institute of Safety 

Analysis, Dresden, Germany ~\I'lf'UL 'U\ll'U' ~[Jtl~\lW [Jl [JllJ~~~GlJ'Ul1l.J~LLn~lJ n1~l.J~~lJ1~ ~~ 

LvlElLi1~llJl~fltil'l1Ell;!~vl161~ln Wire Mesh Sensor (WMS) lJl~1'U1ru""lelGl~1~1'U'lJEl\ltBlJlru 

Yl El\l nl"lf 'lJ'U1G1YlEl\l nl"lf LL~~mllJ L 11'lJ El\lYl El\l nl"lf161 



1.3 "i~1J1J L iiH'llil "i"1.GI'iil GI 

Lii£hl~1 fl fl11't'VI~ LLlJlJ c:leJ\I LvJc:lLtJu1111 flt)fl11ruvlefflJ'l1eJULL~~L;'G)~UeJ £i1\111G) L~1 &1\1,ru1u 

fl11Mm~1~11~~GieJ\lHhV1~il~vls:i ~~fl11G) eJlJc:lueJ\lvI~eJU-ii1\1L~1 ~\I L;'G)LL U1~G) L~ £J1nlJL V1~il~ 

LLlJlJL~ L'lleJ"i'tG)"ieJG) L'W11d1 LV1~il~&1\1fl~11s:i,G)LGiU~ eJ s:i ~~ fl11G)eJlJc:lueJ\lvI~eJU-ii1\1L~1 11m 

(Jfl ~ mk\l L~~eJ\ls:i eJ1G) ti'tlJ'tGi't111lJ mufl11't 'VI ~ LLGl, G) Gi eJ £J'lJ eJ\I LV1 ~u~il ~ eJ il11fl1ru'VIii\l'1lG) ~~ 

c:l1lJ11C1 L';lJ -ii eJ lj ~ 'tGi1 U~ PlV11\1 L~ £11 L vi1 'llu 'VI 1 fl Gi eJ\I fl11L tilJ -ii eJlj ~1 U'VI ~1 £I ~ PlV11\1 ~~Gi eJ\l1~ 

il11mru'VI~1 [J'1IG)111~fl eJlJ nu 

\l1U'lJeJ\I Ong and Thome (2009) 1~1~lJlJL~L'lleJ"i'tG)"ieJG)vI'WGlJU1"iG)[J Ravellin et al. 

(2006) 1Ufl11Mm~t1 L~[J1nlJ fl11LflG) boiling 1Uvl eJ'lJU1G) L~ fl LYl eJG)11~c:leJlJ~m~'ru~'lJ eJ\lfl11't'VI~ 

c:leJ\I LvJc:lLL~~m1lJ L~1'11 eJ\lvJ eJ\I eJ1 fl1 PlvI't 'VI ~1U'1IG)V1G) ~ eJ\I,ru "iG) £J'VI~fl fl11~U!j1U~eJ L~ eJs:i1~lJlJ 

L~ L 'lleJ1'tG) "i eJ G) 2 '1IG) vi s:i 1~ £J~~1 \l1~'VI11\1lk\l c:l eJ\I '11 G) ~ \I vi Lrl eJ vJ eJ\I eJ1 fl1 PI L~ ~ eJU vllJ1 &1G) nlJ 

~1 LLc:l\l L~ L'lleJ"i~~vi11i1 ~1 L~ L 'lleJ"iLij £1\1 't11 LL~ ~'tlJ G) fl fl1~V1lJ lJ U L 'liU L 'lleJi'lJ eJ \I'tG) "ieJ G) vi1 1 i1j11 

L~ eJ 't1v1vJeJ\leJ1fl1P1 L~ ~ eJuvilJ161G)~1 L~ L'lleJ"i 61\1'llU'VI1 flc:l1lJ11C11G)L1~1vivJeJ\I eJ1 fl1P1L~~ eJUvi~1fl 

,G)LL1flln,G)'VI ~\I 'tGi ti~~c:l1lJ11C1~1U1 ru'VI1m1lJ L~1'11 eJ\lvJeJ\I eJ1fl1P1'tGi 

Hu et al. (2007) 'WGlJU1 flying optical probe vi111~fleJlJGi1£J LED LtJULL'VI~\lfhLilG)LLc:l\l 

LL~~ photodiode LtJU&11~lJ~qjqj1 ruvi c:l1lJ11m~~ eJuvI'tGi L Yl eJ1G)'lJU1G)vJ eJ\I eJ1 fl1P1vi L~ ~ eJuvi1u 

~PlV11\1Gl1\1 "l 1Ufl11't'VI~vis:im1lJLtJuLV1eJ1JL~Uv1~\I "l ofl\l1ufl11~fl~1'tlJ'tGifl~11~\l11 [J~~L~£JG) 

'lJ eJ\I L~~eJ\ls:i eJ1G)UflLLGl'lJU1G)'lJ eJ\lvJeJ\I eJ1 fl1P1vi1G) 'tGimj1u!l1\1 2-30 mm 

Kikutani et al. (2008) Lc:lueJ'fifl111'V1lJ1ufl111G)~11lJ L~1'lJeJ\lfl11't 'VImvJm~[J11uvl eJ'lJU1G) 

L~ fl ofl\l LtJU'VI ~fl fl11vi L~ £11 nlJ fl11 L11 ~ [JULL11 ~\I ~1&1'liU""fl L'VI '11 eJ\I '11 eJ\I L'VI ~1Gi1£J fl111i1m1lJ~eJULLri 

'lJeJ\lL'VI~11UlJ~L1ruL~fl "l Gi1£J~1LLc:l\lL~L'lleJiLLlJlJ'tlJGlmiieJ\I (pulse laser) LL~~~~L"i[Jfl 

'11 eJ\I L'VI ~1vin il ru 'VI5JSj ~\I~Uil11 "thermal lens" <21\1 L~ u L~u~il L~ ~ uuvi't11&1G) nlJ1~lJlJ 

L~L'lluflG)"iuG)vI Gl1 LL'VIti\l downstream LL~1 L~L 'lluiviL~~uuvi ~1UL~U~~~(Jfl""flL 'VI u u fl 't11~1 fl 

LL U1V11\1 L~lJ LL~~'tlJG) fl ~\llJ UL 'llU L 'liu"i'lJ u\l 'tG) "iu G) &1\1'llUC11 fi1'V1 UG) 1i11~ [J~1~'VI11\1, G)vI 1i1~11lJ 

~uULL~~,G)'lJ u\l L~ L'liuflG) "iuG)~\lvi LL~1 LL~~1G)1~[J~L1~1~\I LLGlvi L~U~ 'VI ~~1 fl,G)LL1fl 't11,G)vic:lu\l 

'tGi L11ti~~V111lJ~11lJL~1'11 u\l fl11't 'VI~ 'tGi ;i\l'fifl11il'tlJ~1LtJUGi u\l1~vJ u\l n1'li 'VI"iu ~\I"i~'VI~'lJU1G) 

L~ fl ~c:llJ't11 nlJ'lJu\l L 'VI~1 ti £1\1 c:l1lJ11Cl1G)~11lJ L~1'lJu\l fl11't 'VI ~1uvi u'lJU1G)'tlJ~1uU'tGi 

~1 fl\l1U'~£J L'VI~1il fl111~\l1UL~ L'liui'tG)"iu G) £1\I~1 nG) urjL.Q'W1~1uL~u\l fl11G)11~c:lulJ11s:i 

vJu\leJ1fl1P1't'VI~&1G) ~1ULLU1 L~ L'liu"iLL~~'lJ11\1 'tlJ1i1 ~1 L~L'liui't11 G) fl m~V1lJ nlJ'tG) "iuG) L vl1'llU "iG)[J 

~\I LflG)~1 fl fl11 ~G) ~\I'lJ u\l~11lJGl1\1 ~fl £11 yJyhvi '111 u u fl'lJ u\l1~lJlJL~ L 'liu1'tG) "iuG) LL~~'tlJ'tGic:lu1~ 

~fl~ ru~fl11~ G) ~\I'lJ u\l ~qjqj1 ru61\1 fl ~11 L~ £I 

u £i1\1 't1'; G)1lJ fl ~ 't flvivi1 1i1 L~ L'li u1 L11 ~ [JU LL 11 ~ \I~ PlV11 \I 't11 ~ u fl11""fl L'VI'll u\l LLc:l\l LL~~fl11 

c:l~V1 UU fl ~lJ 'VIlJ G) L~ u ~1 L~ L 'li ui L~ ~ u U ~1U 611 fl ~ 1 \I vi s:i ~1 &1'liU""fl L'VI Gl1 \I nu &1\1,ru 'VI 1 fl s:i 

yJ u\l eJ1fl1P1vis:il11~1\1~11lJ"i"'l\l LLG) flGl1\1 nUurjU\lnlJvI LLEh~1 L~L'liu1(J fl fj\l't11v1Gi1 LL'VIti\lGl1\1 "l lJU 

~1"i"'l\l lllJvi ~1 L~ L'liu"iL~~ uuvi""nL 'VI u u fl 't11 £l ulJ~~~U n1JlllJ L ~ £J\I'lJ eJ\I ti1"i"'l\lvi fl1~vi1n1J~1 

L~ L'lluiu rj Gi1£J LL U1~G)1l 'VI1 ml1 L~L 'liufl11&1G) ~1UvJ u\l eJ1 fl1P1v1s:i-rPls:i~11lJ"i"'l\l 'VI"iul11~1\1 ti1"i"'l\l 



vi Gil \l n'UviSl n1'H~ ~ r:l'Uvl~1 [J~1llJ L11 Lvil n'Ut 'U'iI El\l L '\-1 ~1"llilGl L~ [J1 n'U LL~1 ~\l LnGl ~lCl1lJ1l 

~m~tru~m~~Gl ~\l'il El\ll..A'm ruL~ L el1£livlGl nn~~V1lJlJ'UtGl LElGl.n\lvil t ~~f\lf\ll rumllJGil\l~mr~Gl~\l 

,r'U";j~L '\-1SlEl'Un'U'\-11Eltl.i El £ll\lt~ ~1 [JL '\-1~ ~~~\ln~11t'UL~~\l\l1'Uil~\lflf'Uhvl";j~'WGlJ'U1LV1~il~m~ 

1GlG4l'\-1~lJ m~1Gl~~Sl~1llJL¢i\l LtI'Um~~m~l LrlEl\lGl'U fi El'U LGl m.j\l L u'Ut llvi m~ flfEllJ LVi [JlJLGl [Jt-n 

LLlJlJ-;jl ~El\lvJEl\l £l1 m~vI L~ll~1~~Sl~1llJL¢i\l L yj mll~~lJlJ m~1Gl~\l n~11lJ1V1Gl~ El\lt-n1Gl~~Sj 

~1llJL¢i\lvJEl\lEllnl~GiEltll 

1.4 ~GlflU"i::i1"A"1Jih1'[A"i"n'''i~~[J 

1.4.1 'WGlJ'U1LV1~U~ Wire IVlesh Tomography LL~~Lll~LLn~lJm~~1'U1ruLyjEl1Gl£lGl~lrl1'U 

vJ El\l nl'l1 mllJL 11 vJ El\l nl'l1 LL~~'iI'Ul GlvJEl\l nl'l1 

1.4.2 'WGlJ'Ul LV1 ~il~ L~ L'l1Elit Gl LEl Gl L yj El1 Gl~~Sj ~1llJL¢\\l viGil LL'\-1 \l\lll ~l [J [J El Glll El\lvJ El\l 

1.5 "1JillJ L"1JGI"1Jil"'[A"i" n'''i~~ [J LLil::;buu"i::nillJ"1Jil""i' [J"'U 

1.5.1 'WGlJ'Ul El ElnLLlJlJ LL~~flf~l\l till mru Wire Mesh Tomography LL~~vilm~flfEllJ LVi [JlJ 

LGl[J~l [J~~L5[JGl~\lt'Url1'UmllJl~'U§1'U '\-1~nm~'iI El\l L~~El\lSiEl1Gl rl1'Ull~~nEllJviG4l""f\l1l El\l 

L~~El\lSlEl1Gl LL~~~~ m~flfEllJ LVI [JlJ";j~LL~Gl\lt1t'UlJV1vi 2 'iI El\l~l [J\ll'U.Ql1lJil 

1.5.2 'WGlJ'Ul ElEl nLLlJlJ LL~~~~l\l till mruL~L 'l1ElitGlLElGl LL~~vilm~flfEl1JLVi[JlJ .n\l 

~1[J ~~L5 [JGl~\lt'Url1'U1I El\lmllJl~'U§l'U '\-1~nm~'ilEl\l L~~El\lSi El1Gl rl1'Ull~~n EllJvlG4l~f\l'il El\l 

L~~El\lSjEl1Gl LL~~~~m~~EllJ LVi[JlJ";j~LL~Gl\lt1tulJV1vi 3 'iI El\l~l [J\l 1 'U.Ql1lJil 



.."I 
1J\1\1 2 

Wire Mesh Topography 

Wire Mesh Tomography (WMT) LihJLV1~U~n1~1vl'vh~'G).nnLGl[Jt'l1'V1~nn1~1GlLLlJlJL~hJ1nlJ 

LV1~U~n1~1GlLLlJlJ needle probes Lii&1\1~1nLV1~U~n1~1GlLLlJlJ needle probes fj'l1&1Gi&1[JtJ~~n1~ 

~1~f\! ~ &1 '1.l.i ~1).J1 ~fl1Gl"r'n~11j LGl &1i'll &1\1'll &1\1 '1. 'VI G'I ~ &1\1 LyJ ~vi fj ~nlY ru~ LtJ ~ £JlHLtJ G'I\I Gl1).J L 1 G'l1 Gl G'I &1 Gl 

~Uvi'Vll:l1C;)Gl'll &1 \I vi &1 tUL1 G'l1 LGi [J1 nu U&1 n~1m!UL1G'11vi t'l1tUn1~1Gl t~'1.Gl'l1 &1l;! G'I'll &1\1'll tl\l'1. 'VIG'I ~tl\l LyJ~t'l1 

L1G'11U1U~ nGi1 [J L~ tlG'lGl'l1 tlGl &1 [JL 'VIG'i1,rU ~\lLnGl LL U1~GltUn1~~GlJU1 WMT LGl [Jt'l1Gl1'lh [JG'l1Gl'llU1Gl 

L~nL~tlvi1'V1ihviLiju needle probes 'VIG'l1[J 'l £lu G1GlGt\l~~tllJ~~).J~Uvi'Vll:l1c;)Gl'lltl\l~U-din1~1Gl 

L~ tl t ~~1 ).J1~ fl1Gl 'W1~11j LGl tli'll tl\l'll tl \1'1. 'VI G'I ~ tl \I L yJ ~'1.Gi Gl G'I &1 Gl ~U vi 'VI ih ~Gl vi tl t U 'l11\1 L 1 G'l1 'll ru~t Gl 

LV1~U~n1~1Gl WMT iltJ~~ntllJGl1[J WMS (Wire Mesh Sensor) ~\lLL~Gl\ltultJ-di 2-1 LLG'I~ 

Data acquisition unit ~\lLL~Gl\ltultJvi 2-2 LGl[J~\I WMS LLG'I~ Data acquisition unit '1.Gl~GlJU1'21U-di 

FZR Research Center Rossendorf, Institute of Safety Analysis, Dresden, Germany LLG'I~fjn1~ 

L~[JLL'W~~~\lLL~nLGl[J Prasser et al. (1998) 

ltJvi 2-1 WMS (Wire Mesh Sensor) 

ltJvi 2-2 Data Acquisition 
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2.1 Wire Mesh Sensor (WMS) UR~ Data Acquisition 

l.'U'\.X1'l1£rlhHminJ1[J~n'l!tru:::VI1\JnWfl1'W·llil\J WMS 1~[J WMS ii'lJ'U1~t-1111&i~ 20 x 100 

2mm U':i:::nfllJGl1[Jm'lhmn~ 3 .a'U 1~[J.a'U'lJfl\JGl1'1.l1[J~1~~':i\Jn~1\J';l:::vi1t-1111v1Lil'U transmitter 

plane U':i:::nfllJGl1 £JL~'U~1~'lJ'U1~L~mh'UPj'UE1n~1\J 0.1 lJ.lJ. o;i1'U1'U 8 L~'U'lJ'U1'Un'U .ff'U'lJfl\Jm'1.l1 [J 

m~lJ'ULL~:::.ff'U'lJfl\JGl1'1.l1[Jm~~1\Jvi1t-1111v1 Lil'U receiver plane u':i:::n fllJ Gl1 £JL~'U~1~'lJ'U1~L~'U~h'U 

Pj'UE1n~1\J 0.1 lJ.lJ. o;i1'U1'U 32 L~'U'lJ'U1'Un'U&i\JLL~~\J1.'UauvI 2-3n 1~£JL~'U~1~'lJfl\JGl1'1.l1[J~1Gllf\J 3 

.a'U';l:::11\J~\Jil1nn'U 1~ [Jii':i:::[J:::lA1\J 1.5 lJ.lJ. mlJ'I7l~V11\J'lJ fl\Jn1':i'1. t-1~ ~n'l!tru:::n1':i11\J&i1'lJfl\J.a'UGl1 

'1.l1[J~1~LLlJlJl1vi11.i1L"~.a'U measuring volume 2 .ff'U U':i:::nfllJGl1[J upstream measuring plane ;l\J 

1Glrifl'U~\Jn~1\J WMS LL~::: downstream measuring plane .n\J1~t-1~\J~\Jn~1\J WMS LL~:::';l:::ii spatial 

resolution 'lJfl\J WMS Lvi1t1lJ 2.22 x 3.03 x 1.5 mm3 t-11flU':i:::lJ1ru'lJ'U1~'lJfl\JyJfl\Jn1'lfvhil'UV1':i\Jn~lJ 

iiL~'U~1'UPj'UE1n~1\J 2.68 mm &i\JLL~~\J1.'UauvI 2-3'11 

~~I_______!_._~_~__ _______~leifPa~_~_~_~_~@ 

j 

C\J lEilC\J 
c( 

-
p tra~mitter el~rodes 

rrm () 

J 0 ./ 

P (receiver electrodes 
'--' '-' 
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100 

electrode diameter: O.1mm 
planes in 1.5mm distance 

1J 

U 

"-
"-

"/1fT 

I~ 
lIII!....l 

flange 

(n) 1~':i\J~~1\J'lJfl\J WMS (fl1'W1.'U'I7l~'lJ11\Jn1':i'1.t-1~) 

~~~~__;""";;;;"'==:;;;P..=_ '1111114__ 

iIIt:-"it~-

Downstream 
Measu rin g 
plane 
Upstream 
Measuring 
plane 

('11) ~n1fru:::V11\Jn1[J.fl1'W'lJfl\J measuring plane (.fl1'WGl1'U'l11\J'lJfl\Jn1':i'1.t-1~) 


auvI 2-3 L"li'UL"lifli; (n) 1~':i\J~~1\J'lJfl\J WMS, ('11) ~nl:l'ru:::V11\Jn1[J.fl1'W'lJfl\J measuring plane 
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nlwh Data Acquisition 'lHl\l WMT ~1l..11"mufilJ1[J'1.G\~1n&11utl1\1'lJu\l1\1~"H~nlJ~lJ'lJu\l 

WMT LUll.JvI 2-4 LGl[JGl1'l.i1[JmGl~\lLilu WIV15 ~tU~LUv1u~L~~[JlJ (mulJ~L~~[JlJ) Lilu~1u~~lJ~~ 

yJu\ln1"ll ~1~~lJ~1U supply voltage, excitation electrode, sample/hold circuits LL~t operational 

amplifiers Lilu~l.JmrumlJ~lJ LUnl~u~lJ1[J1ht~lJlJG)i1 WM5 l.J~tnulJG\1[J transmitter 4 L~ULL~t 

receive 4 L~U LL~djnl~mtGjuvi transmitter L~uvI 2 LL~t~\I~q!1fU'1.l.JvI receiver L~uvI 3 

iUGluunl~mlJ~lJL~lJ~1nnl~mtGju transmitter wire L~u 5P LL~t 52 rJGlLL~1~tvhtihnGl 

m1lJGi1\1~n[J''1.yJvhvl transmitter L~uvI 2 (UT2 ) nl~n~tGjuilvl1tihnGlmtLL~'1.yJvhvl receiver wire 

L~uvI 3 (IR3) LGl[J n~tLL~'1.yJvhvl'1.G\~tLLl.J~~UGl1lJ~f11'Wnl~\11'1.yJvh'lJu\l'lJ u\l'1.~~vlu~Gl~\ln~1\1 

~t~i1\1~1Gl~\I ~u\l~\I~tii~1LLGlnGi1\1nU~t~i1\1'lJu\lL~~1 LL~tn1"ll ~ ~\I~1mrumtLLfIS'1.yJvhvl LnGl~uti 

~t(JnLLl.J~\lLilum1lJGi1\1~n[J''1.vJvhLGl[J&11&huvnu'1.vJvh R2 LL~t~C\JC\J1fUm1lJGi1\1~ntJ~tLGl[JGlflJLL~t 

'lJ[J1[JLGl[J sample and hold circuit (5/H) ~~\I~1mfu~C\JC\J1fU~t(Jml.J~[JuLilu~C\JC\J1fU&1~Glu~G\1[J 

A/D converter LL~t~t1Tu~n".ijul:l~~\I~ ulJ'W1 LGl u1 ~n1YfUt'lJ u\l~C\JC\J1fU '1.yJvhvl L"Gl~u~t~i1\1 

mtlJ1unl~&1\1mh1LL~Gl\ltull.JvI 2-5 

~1~~lJll.JvI 2-6 LL~Gl\l~l.Jmru~u:puLL~tm1lJL£ulJL[J\I'lJU\l~C\JC\J1fU LGlm~lJ~1n control 

unit Lilu ~l.JmnivlL'11LUnl~~1lJ ~lJ~1&1lJLUnlWh\l1U'lJ u\l nl~LrIGlrlGl ~V1'1l ~\ImlJ ~lJG\1 [J~C\lC\J1 fU 

n~tGjuvn\l'1.yJvhvl~\llJ1~1n excitation pulse generation Lrlu~V1'llvi1\11uLL~1 m1lJGi1\1~n[J''1.yJvh 

~t~\I'1.l.J [J\I L"llUL"llu1 ~C\JC\J1 fU vI'1.Gl~1m"llUL"llu1~tti1'1.l.J'lJ [J1 [J~C\JC\J1 fUvi pre-am plifier LL~t(JnGlflJ 

1Tu~mL~t'lJ[J1[J~C\JC\J1fUvlGlflJ1Tu~n~n~f\lvl sample & hold amplifier ~~\I~1mfu~C\JC\J1fU~tLLl.J~\I 

Lilu~C\JC\J1fU~~Glu~vI A/D convert LL~t parallel data interface LL~t1Tu~n~\I~ulJ'W1LGlu1Gl1].J~1&1lJ 

~~\I~1mfu~C\JC\J1fU~1u~rt\l~t~\ln~lJ'1.l.J[J\I control unit L ~milu feedback signal ~1~~lJ".ijul:l~ 

~fU~].J1T&1~u:pu'lJu\l Data Acquisition '1.Gl~1lJ~1lJ'1.1LUGl1~1\1v\ 2-1 LGl[Jm1].Jrl~\lvI~Gl'lJu\l Data 

Acquisition u~vl12,000 frames/s 

nl~Ll.J~ [JU~1n~C\JC\J1 fUVl1\1'1.yJ~1].J1Lilu~1 ElGl~1~1ul.A].J1Gl~n1"llGi ul.A].J1Gl~'lJu\l'1.~~~u\lLyJ~ 

(void fraction) ~t~1U1fULL[JnnuLLGi~t,Glnl~1GlLGl[J~tLL~Gl\l~1 void fraction 'lJu\lLLGi~t,GlLU'lJu\l 

'1. ~~~u\lLyJ~ LGl[J~1ElGl~1~1ul.A].J1Gl~n1"llGiul.A].J1Gl~'lJu\l'1.~~~u\lLyJ ~L~'W1tvlLU'lJ1\1'lJ fUtLGl'lJ fUt~U\l 

~~u local time-dependent void fraction, £( Xl, X2,t) vI,GlLGl'l (Xl, X2) vlL1~1 t LGl '1 ~1lJ1~O~1'1.G\ 

(2-1) 


LGl[J UG(Xl' X2) ~u~1nl~\11'1.yJ~1'lJu\ln1"ll ~\lii £ = 100% LL~t ul (Xl, X2) ~u~1nl~ti1'1.yJ~1'lJu\l 

'lJu\lL~~1 ~\lii £ =0% LL~t~1 UG LL~t Ul ~t~Uu~nlJ"llilGl'lJu\lt'i1"llLL~t'lJu\lL~~1 LGl[Jii~].J].J~!31Ui1 

m1].J~].J'wufi~ti1\1nl~'\.l1'1.yJ~1LL~t void fraction LiluLLlJlJLll\lL~UGl~\I 
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electrodes 

supply voltage operational 
amplifiers 

CLOCK 

51 

52 

receiving 
electrodes 

sample/hold A 
circuITs 

53 

54 

5P 
transmitter 
voltage U" 

i 
1

10 

i 
CJ CJ 

r=t:J 
CJ c=~ 

receiver 
current I~~ 

51H 
i 
1 

rv 
I n 

. measured value 

--"-~.. 
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excitation Sample & 
MJ Powerpulse Hold ~ 

generation ampl er convert supPly 

1 T v i i 
pre· Parallel 

~data PC ampJl er 
mterface 

sensor U 
Control 

unit 
(FPGA) 

Gll~l\1v1 2 - 1 ~ru~l.Jl1~hJfl\l Data Acquisition Unit 

Control module field programmable gate array 
(FPGA) 

Excitation time 3-19 ~s 
Capacity 12,000 frames 
StH circuit Activated at the end of first half 

period 
Cable Directly connect between acquisition 

unit and PC 
Separated function unit None 
Data storage Data stored through PC 

t'U;;:l1'LJ'tl~:mfilJl[JL~r.n nlJ n1~LL1J ~\I~C\!C\!l ru1 yJyhvl1Gli'lJ~1nL"lf'UL"lffli'l.J1 Lij'U'il fllJ~'lJ fl\ln1~ 

1 \1~~fl\lLyJ~ 1Gl [J'ilfllJ~vI~:m~11~\lt'U~1[J\ll'U~l1lJ1i ~fl FlltlGl~1;;:l1'UtA'l.J1Gl~nl"lf~ m.A'l.J1Gl~'lJfl\l1\1~ 

~fl\l LyJ~L~~ltvl mll.J L~1yJfl\lnl"lf LL~ttA'l.J1Gl~yJfl\l t'h"lf 1Gl [Jn~l [J ~tL~ [JGl t'ULL~ ~t;;:l1'U61\1~ fl11H:1 

2.2.1 'lin1~L~~ [JFll E1Gl~1;;:l1'UtA'l.J1Gl~nl"lf~m.A'l.J1Gl~'lJfl\l1\1~~fl\l LyJm~~ltvl (Local time

independent void fraction) 

'lJ'U1Gl'lJfl\lml.J1Gl~n1~1Gl'lJfl\l WMS ~fl ~t[JttAl\1~tw:il\1,Glvl transmitter wire 61GlnlJ receiver 

wire LL~t~t[JttAl\1~tw:il\111'UGl1'lll[J 61\1LL~Gl\lt'Ul1.JvI 2-7 1Gl[JLL~Gl\l(;)1LL1.J~LtJ'U Xl, Xz 1Gl[J Xl nlJ Xz ~fl 

~t[JttAl\1~tw:il\1,Gl61Gl'lJfl\l transmitter wire 61GlnlJ receiver wire (2.22x3.03 mmz) LL~t~t[JttAl\1 
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~t'VIi1\1 transmitter plane ~~nlJ receiver plane (1.5 mm) ~1lJ~1~lJ ~\lLtI'UIOi1~\lv\ vi1t~n1~~m~t1 

~~\lU1j!Ol1mlJ1~~n1~1~ (measuring volume) LvhnlJ 2.22 x 3.03 x 1.5 mm3 

!l.J~ 2-7 LL~~\lt~L~'U~m~trut'lJfl\l~'U1lJLL~L'VI~n'1.'Y'lYh~Ll'~~'U~t'VIi1\1 transmitter wire ~~nlJ 

receiver wire ~fl ~~\I n ~1\1'11 fl\l!l.J.fl1Yl~\I~fl\l LL'U1 Ltifl\l~1 n '1.lJ~1lJ1~(r)~~n1!trut'lJfl\l~'U1lJ LL~ L'VI~n 

'1.'Y'lyh'1.Gi'(~ [J~~\I~\lGi fl\l1Oi1'U1 ru~1 nVl1\1VlCl1!t1jL yj fll.J~tlJ1 ru'lJ'U1~~ L"~~'U t'Un1~Vl ~~ fl\l'lJ'U1~'lJfl\l~11lJ 

Gi1\1~n [J1.'Y'lYh~tfJnl.J~lJ~'U~'U1lJLL~ L'VI ~ n '1. 'Y'lYh~~fllJ~~lJl'f\lmlJ1~~n1~1~ (Vl1\1VlCl1!t~) ~1'V1~lJ~t[Jt~1\1 

~t'VIi1\1 transmitter wire nlJ receiver wire 'lJfl\l£:ll.Jmrul~il Lyjflvi1t~~~n1~1~1j~11lJLL~'U[i1cg\lLvh~ 

~tvi1'1.Gi 

I.1l 

0..1 I I 

I .....",.., 

~ ~ 
io-'" '.... 

L~ ~~ \. ='" .. 1\I.c~ ll.., 'i-

I 

l . l:· (I 
1'1 

1.6 

1.0 

:...... 

0..SPF 

o.o.~ 

. 1.1) 

·1.11 

.... -I.IJ -0. 8 G.a 0.' 1.0 1~ 
.; ~) 

!Ol1 E(X11 X2, t) ~tfJn1~t'U"L11\1L1~1'V1ti\l'lJrutt~'lJrut'VIti\l~\I LL~~\lt'U~lJ n1~~ (2-1) ~\ltt'U'VI1n 

Vi1n1~1~LtI'U"L11\1L1~1 Tw 'I1~'1 '1 LL~1~tti1!Ol1v\1~'1.Git'U"L11\1L1m~\lm:h1lJ1'V111Oi1Lil~[J Lyjfl~~~11lJ 

(2-2) 


n1~1Oi1'U1 ru'VI1~11lJ L ;1'Y'l fl\l n1'lJ~ttffifi Delay time eval uation method '(~ [JSl~'U:P'U~1 n 

n1~~lJL1~1~'Y'lfl\lfl1n1~L~~fl'Uvl~1n,~t~ "l t'U upstream plane '1.l.J~\I,~t~ "l t'U downstream 

plane .fl\l~t[Jt~1\1~t'VIi1\1 plane l'f\l~fl\lfJn fi1'V1'U~'1.1LL~1 (~\lLL~~\lt'U!l.J~ 2-3'11) ~\ltt'Um1lJL~1'lJfl\l 

'Y'lfl\ln1'lJ~t~1lJ1~C'l1Oi1'U1ru'1.Gi,(~ [J~~\I .fl\l'fiUSlm1lJL'VIlJ1t~lJnlJ WMS v\l.J~tnfllJGi1[J 2 measuring 

plane '(~[J.ff'U~ fl'U'lJ fl\l n1~1Oi1'U1 ruSl~\lii 
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(1) 	Vl1"1.1 t)1J1J'ULL~~"1.I mH~1\1"1.1 t)\lyJt)\I n1"llvh~~ t)'Uvl ~h'U WMS L~HJ~lJlJG111yJt)\I n1"llL~~t)'Uvl 

~'Umi1\1L~£J1 (ijV1~V11\1m'l1VI~11.1V11\1L~£J1) ~\I WMT ~~~"1.It)1J1J'ULL~~"1.It)1J~1\1"1.1t)\lyJt)\I 

n1"ll1~L~£Jt)1l-i£J local time-dependent void fraction &(xl'xut) L~£J~1 &(xl' x2,/) ~~ 

LL~~\I LtJ'U~1"1.1 t)\l1VI~~t)\lLyJ~~~\I LL'ln ~t)"1.I t)1J1J'U"1.I t)\lyJt)\ln1"ll LL~~Lri m 1~1 ~h'U11.1 L1 T ~~ 

1~~1 £(XI'X2'~/) L~£Jij~1Lvl1n1J £(xI'X2,/) erl\lLL~~\lLtJ'U"1.It)\l1V1~~t)\lLyJ~~f\lEif~V11£J ~t) 

"1.1 t)1J ~1\1 "1.1 t)\lyJ t)\I n1"ll ~\I m '1VI 1 "1.1 t)1J "1.1 t)\I yJ t)\I n1"ll1l ~~ n'l~vi1~\l1J 'U upstream LL~~ 

downstream plane 

(2) 	L1~1m'lL~~t)'UvI"1.It)\lyJt)\ln1"ll~1'U WMS ~~HlL~ t)'U1 "1.I"1.It)\I'l~£J~L1 ~1vlLVl1 n'Uf41V1~1JyJt)\I 

1V1~~1'U measuring plane t~ '1 (~\I upstream plane LL~:i downstream plane) L~t) 

fi1V1'U~11yJ t)\lvI~'l1~~t)1J t) ~1J'U measuring plane ~\I~t)\I LtI'UyJ t)\lL~ £J1 n'U ~\I~:ivi1t~ 

V1'l11J1G\11"1.1 t)1J1J'U"1.I t)\lyJ t)\lyJ£)\I,r'UL~~ £)'UvI~1 n upstream 11.1~ downstream t~L1~1 

LVl1t~ 

(3) 	t'U.ff'U~£)'U~~V11£J ~11lJL~1"1.1t)\lyJ£)\ln1"ll ~£) 'l:i£J:iVl1\1'l:iVl11\1 upstream plane LL~:i 

downstream plane Vl1'l~1£JL1~1v1V111~~1n'l1£) (2) 

~m~HU:icrC\JC\J1ru local time-dependent void fraction vl1~1~~1nL"ll'UL"ll£)~1J'U~\I~£)\I 

measuring plane LL~~\lt'Ul1.lvl 2-8 Lrit) ~1 threshold ~£)~1 void fraction vlt~t'Um'lLLtJ\I"1.It)1JL"1.I~ 

L~ £) ~'~£J~~t~G1~ ~'Ut~ t'Um'lLL£J n11"1.1 £)\1 LVI ~1v1 ~1'U'l~Vl11\1"1.1~m~~\I~£)\lt'U"1.Iru:i,r'Um'l~:iLtJ'Un1"ll 

VI~£)"1.I£)\lLVIm L~£J~1G1\1n~11~:i~'U£)~n1J~nHru~"1.I£)\I"1.I£)\l1V1~~t)\lLyJ~ LL~:i~1n\l1'U"1.I£)\I Prasser et al. 

(2001) 1~LL'U~ti111~1 threshold vlLVllJ1~~lJ£)~'l~Vl11\1 8-15% ~\I,r'Ut'Um'l~nH1il~~til~1L~~£J 

t'U-ll1\1~\I n~11 LL~~fi1V1'U~t~ij~1~\lvIvi 10% 

£) £l1\11'lnmlJ~1m1lJ L~1ig\lvlEif~vI L~~£)\lij £)1~1G\~~~'Un1J'lt£Jt'lA1\1'ltVl11\1 measu ring plane 

LL~tm1lJL~1t'Um'l1~crC\Jf\!1ru (sampling frequency) L~£J~1m1lJL~1yJt)\ln1"llig\lvlEif~ (UGG,Max) vi 

~1lJ1'lf'l1~1~vI ~1lJ1'lf'l LL~~\l1~L~£J ~lJ m'l 

(2-3) 


m1lJL~1"1.1 £)\lyJt)\I n1"ll~1lJ1'lf'lVl11G\L~ £Jm'l,r1J~1'U1'U~~\I"1.I£)\lcrC\Jf\J1 ru, counting number (d) L~£J 

~1m1lJLhyJ£)\ln1"ll (UGG,d) ~1lJ1'lmL~~\l1Gi~\I~lJm'l 

U =!:::' w ·fw (2-4)
GG ,d d 
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L~HJ fw=Sampling frequency, !!.W = 'j:::m::l11\1'j:::vr:11\1 planes LL~::: d ~fl~lU1U~f\l'lJfl\l~11lJ~vhr1J 

i,G1'j:::\111\1'VivJfl\lnl'llL~~flu'Vi~ln upstream plane i,1.J~\I,~t~ '1 tu downstream plane 

g I, I,+L\I 
In 
("J 

Threshold 

<Uw> = 100.0 mm/s 
f", = 1 000 Hz 

[x"x,] = (18.2, B.7) mm 

" \ 
'{ 

Time, I [ms] 

a1.J'Vi 2-8 ~n'l!/'ru:::iC\!C\!lru'ViLL1.J~\lLtiu local time dependent void fraction 

'Vii,G1~ln upstream plane LL~::: down stream plane 

fl£ll\1i,'j~mlJ~lmllJL~1vJfl\lnl'll'Vi1~i,G1~ln WMT ~dj~lLtlU~lU1ULGilJ (~lU1ULvil'lJfl\l 

'j:::[J:::l11\1'j:::\111\1 plane LL~:::~11lJ~'ViHl) Lvil,rU Ll1fl\l~ln fw 'Vit'21lj~lLv:l[J\I 1,000 Hz ~\I,rU~\li,G1vil 

mWl~~fl\lL~fl1~mllJL~1vJfl\lnl'll LL~:::tillJ1LL~~\ltU~1.J'lJfl\l probability density function (PDF) ~\I 

LL~~\ltua1.J'Vi 2-9 .n\l~:::L~U11 measured PDF, Pu lj~1i,lJ~£lLl1fl\lL~milvn:::'VimllJL~1'lJfl\lvJfl\lnl'llvl 

ljmllJ L~1~\I.n\l ~~"1J~n'l!/'ru:::V11\1m [J5'11'W'lJ fl\lm'ji,\1~'lJ fl\lvJ fl\l nl'll Ltifl\l~l nm'ji,\1~'lJ fl\lvJ fl\lnl'll 

m'j~:::ljmllJ L~1 LL1J1J~ fl L tifl\l 

ilC\!\11il~\I fJn1.J-r1J1.J~\lL~ [Jm'j~~ m'jm:::~l [J~1 t\1lJ L ~ flvil t~ m'jm:::~l [JG)1lj~11lJ~ fl L l1fl\l 

~~1[J~~\I n1J~n'l!/'ru:::V11\1 m [J5'11'W L~ [Jt'21\1~nm'jm'jm:::~l [JG)1'lJ£l\l Pu 5'11 [JtU'1l1\1'lJ fl\lmllJ L~1'Vilj 

mllJi,lJLL tiUflU 'l1\1'l11\1'lJfl\lmllJ L~1'Vii,lJLLtiufluil~fl ~1 uncertainty 'lJ fl\l~11lJL~1vJfl\lnl'll L~[J 

£l1~[J re-distribution function (17) .n\l~llJl'jmL~~\li,G1~\lil 

(2-5) 


G11[J~fim'jil ~:::vilt~i,G1mlvJ'lJfl\l PDF 'lJfl\lmllJL~1 ~\lLL~~\ltU~1.J'Vi 2-9 L~[JmllJL~1vJfl\lnl'llvlvJfl\l 

nl'll~1ut\1f\li,\1~tum'ji,\1~~fl mllJL~1~1'Vilj PDF ~\I~~ 
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,----------------" 0.010 
Measured PFD. Pu 

<Uo>" 2.1 mmls 
<U ..>. 100.0 mmls 

I .. - 1000Hz 

10: 
u: 
CJ 11,,,__111 
~ 0.002 

Correcled PDF. Pu
¥ o 
l) 

0.001 

0.000 u....w......................................................

0.008 

0.006 

0.004 :::c: 
0: 

0.002 u: 
CJ 

0.000 ~ 
l':' 
:J 

ro '" <l> 
:::; 

·1 500 · 1000 ·500 500 1000 ISOO 

Velocity, UG [mm/s] 

ltlvl 2-9 Measured PDF LL~~ re-distributed PDF 'lJ£l\lmllJL~1y.J£l\lnl"l1 

2,2.3 n1~~lu1rumlJ1G'l~y.J£l\lnl"l1 (Bubble volume) LL~~'lJU1G'ly.J£l\lnl"l1 (Bubble size) 

n1~~lu1ru"nmlJ1G'l~y.J£l\lnl"l1 ~llJl~Cl~lu1rui,Gi~lnn1~t-I~~1lJ'lJ£l\l local time-dependent 

void fraction &(xl' x2't) vlll~1llJGimii£l\l"UG'lllJL1~ltG'l 'I 'l:G'l£J~UvI'lJ£l\ly.J£l\lnl"l11JU WMS ~llJl~Cl 

LL~G'l\li,Gitultlvl 2-10 n1~~lU1 ru1AlJ1G'l~y.J£l\l nl"l1LL~~'lJU1G'ly.J£l\lnl"l1mlJl~Cl£lfi1Jl £J LtlU-KUG'l £lU£l til \I 

\Jl£Ji,Gi 3 -ffUG'l£lU tl~~n£l1JGi1£J 

(1) L~lJ~lnLn1J'.il£ll;l~'lJ£l\l time-dependent void fraction vlGilLL'WU\lLL~~L1~ltG'l 'I 

(2) ~lU1 rumlJ1G'l~'lJ£l\ly.J£l\lnl"l1 'l:G'l£J ~uvhn~G'lmlJ1G'l~'lJ£l\ly.J£l\lnl"l1tu~1UvI local time-

dependent void fraction &(xl'x2 ,t) llmllJGimU£l\l"u G'lllJL1~ltG'l 'I 'l:G'l£J1fin1~~lU1ruil~~ 

t'11 fill algorithm vlL~u£l'l:G'l£J Prasser et al (2001) £ltil\1i,~nG'l1lJ mlJ1G'l~'lJ£l\ly.J£l\lnl"l1~~ 

~U£l ~n1Jn1~t '11 threshold vlLVllJl~~lJtUn1~LLtl\l~~""ll\1y.J£l\l nl"l1LL~~'lJ £l\lL VI~1Gi1 £J 

(3) 'lJU1G'ly.J£l\lnl"l1~~~lU1 ru~ln'.il£ll;l~mlJ1G'l~'lJ £l\ly.J£l\lnl"l1v1i,Gi~ln'.il£l (2) 'l:G'l£J~lJlJG)t~ltlV1~\I 

y.J £l\l nl"l1Lt1ultl V1~\I n ~lJ 

u 

PrOj ect on seque "lee 
of a ':lubble on ,he WMT~iii:ilSg~~~r::::::"'==7~ 

;-3 ;-? ;-1 ;+ 1 
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t'Un1''fV'Gl~ £l,,11 HhjGl WMS 'ViiiL~"l""~~l" LLlJlJt~.n"'WGlJ'Uli1'UlJ1 L£l"&i,, LL~Gl"t'Ull.J'Vi 2-11 

LL~::: ll.Jvi 2-12 LGl [J'1.~~lJmllJ~1lJii£l";jln,:rn1~[J'lJ£l" Tokyo Institute of Technology ~1'Unl"l" 

Gl"l"1";j ~£llJ~11lJfJ n~£l"'lJ £l""iJ £ll;l~vl1Gl '1.~";jl n WMT ";j:::Ll.n-[JlJ LVI [JlJ nlJ"iJ £ll;l~ nl"l"lGl LGl [Jt-Bnl"l"ch [Jfl1l'l 

LGl [J~1'Ul.J"l":::n£llJ'Vi~1~n.J'lJ £l""ljGlV1Gl~ £l"'1.~ LL~Gl"'1.1t'U~l.J'Vi 2-13 orl" LiI'U nl"l"1Gl"iJ £llJ~'lJ£l"vJ£l" fl'1'l1LGl [J 

t -B~'U~:::LV1~il~~l~~lJ nl"l"1Gl nl"l"'1.~ ~VI L1 ~1 L~ [J1 n'U 

WMT __ I_proc_.mc 

'" colo ulado" PC PC 

D 
•.............: EI.. 

/ •• '- Opanl \JlliI: 

ra aaa M:LJ.. .. 
: ~ ::: •••••• iV-Ie ....1........ : 

ll.J'Vi 2-13 ~mtru:::n1"l"G\Glc;t"t:ll.Jmn(L'~£llGlvJ£l"nl"lit'U'lJ£l"'1.~~~£l"LvJ~ LGl[Jt-Bnl"l"cil[Jfll'Ym~::: 
WMT t'U'lJru:::L~[J1n'U 
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m~cil[J111VltU"1~V16HHhlrlHjn~fl" high-speed CCD camera (HSC) vl5.imllJ~llJl~(ltu 

f11~cil[J111Vli.G1v1 1,000 LW~lJr;ifl'U1Vi (HSC-Fast Cam-Net SOO/1000/Max) ~1lJnlJL~U~ NIKON 

100 mm tUf11~V1G1~fl"il "l~i.'VI~'llfl"Wfl"t11'lf~~fJ"lJuV1f1Ltlu'~LfltUL1~1 1 'ulV1 'VI~"~l"lfu 

'iJfll;!~'~Lfl~~Lll~[JULtlUI11Vlcil[J 1,000 111Vl LL~~HjLll~LLmlJ Image Pro L~fl'VI1"lru~lJlJ~V11" 

m [J111Vl'll fl"Wfl" t11'lfvlr,') fl"f11~"h i.ll L1..A[JlJ LV1 [JlJnlJ'iJ fll;!~ m~1G1~1" WMT LGI [J"l ru~lJlJ~L'VI~llfu~ fl 

void fraction, 'llU1G1Wfl"t11'lf LL~~~11lJL~1Wfl"t11'lf 

'llGlVlGl~fl"vlt-ilfl'llU1G1~11lJ"11" 100 lJ.lJ. LL~~viflvlwfl"t11'lfi.'VI~~luflmllJm111~~lJlru 80 

lJ.lJ. ~1'V1~lJmVlcil[Jwfl"t11'lf~1'V1~lJmllJL~1r;il" "l i.r,')LL~G1"i.1tu!llvl 2-14 ~"lllvl 2-16 LGI[Jfl 

~1111~"1~i.'VI~ 3 ~1111~~ fl !llvl 2-14 LL~G1"111Vlcil [Jvi~11lJL~1'll fl" fl1 "1PI = 1.0 m mis, mllJ L~1 

'llfl""l1 = 0 mm/s lllvl 2-15 LL~G1"111Vlcil[JvlmllJL~1'llfl"fl1mPl = 2.5 mm/s, mllJL~1'llfl",jl =0 

mm/s LL~~!llvl 2-16 LL~G1"111Vlcil[JvlmllJL~1'llfl"fl1mPl = 5.0 mm/s, mllJL~1'llfl",jl =0 mm/s 

LGI [J~i1mllJL~1'll fl" fllf11P161"" ~11 Ltlum~~lu1 rulJ1~l" ElGl~l m~i.'VI~'ll fl" fll f11 PIvi161 G11 [J rotameter 

;1"flmllJLLl.iU []1v1 ±2.S% tU~1U'll fl"Wfl" t11'lf ~~~~1"lJ1~1" m~t-il~lJmllJ61U~"~lf1L~~fl" ElGl 

fl1 mPl '1. 'VI~ ~lULillJ~G1 mvlt-ilLtlu~llmru~G1~~l"Wfl" t11'lf~lU1U 5 LillJvI~G1~"fl ~G11U~1"'llfl"'llGl 

V1G1~fl" ~nlfru~'llfl"LillJ~G1LL~G1"tu!llvl 2-13 

!llvl 2-14 ,,~ru~11lJL~1'llfl"fll"lP1 = 1.0 mm/s, mllJL~1'llfl",jl = 0 mm/s 
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~ ~\l ~1 n l.~fll 'W rh [JVhN nl'lI~\l n ~11LL~1 tilYl iN nl'lILLGi ~ ~Yl tl\l nl'lIl.Jl ~1'1.n ruill'l.Jl Gl~Yl tl\l 

nl'lILLGi~~Yltl\lLGl[Jc:f1.J1.J~ilYltl\lnl'lILilu11.1i'nrl vil1~111.J[Jl1"l.1tl\lLLnULVhnlJ Ls LL~~ WS LGl[J~l~\l 

c:ftl\l~~~ll.J1~l nfll'Wcll [J Ln tl1.GilA1.J1Gl~"l.Itl\lYl tl\lnl'lI"l.I tl\l LLGi~~Yltl\lnl'lI 11~~c:fll.J1~t:l~l void fraction 

Lu~ [J"l.I tl\lill'1.J1Gl~"l.I tl\l1.~ ~c:ftl\lLYlc:f1Gl '1 1.~ LGl [Jill'l.J1Gl~nl'lI1u"l.ltl\l1.~~ c:ftl\l L Yl c:f ~tl~~~11.J"l.Itl\l 

ill'l.J1Gl~Yltl\lnl'lIlk\l~l.JGl1ufll'Wcll [J ~1Uill'1.J1Gl~"l.I tl\l"l.ltl\l1.~~c:ftl\lLYlc:f ~ tl ill'1.J1Gl~"l.I tl\l"l.l tl\l L ~~1 LL~~ 

nl'lI1Uill'l.J1Gl~~1lJ ~l.Jvi c:fu1~ 

~1Un1~~lU1 ru~111.J L~1Yl tl\l nl'lI 1~fin1~1Gl~~[J ~V11\lvi Yl tl\l nl'lIL~ ~ tluvi1 U'l11\l L 1 ~l~ii\l~l n 

"l1 tllJ~1G\Ltl (L1~1~~~il\lc:ftl\l LYl~l.J) ~111.JL~1Yltl\l nl'lILu~ [J~\lc:fll.Jl~t:l~lu1ru1.Gi~ln~~[J~V11\ln1~ 

L~~ tluvi"l.ltl\lYltl\l nl'lI~1~Gi1 [J L1~1~~~il\l LYl~l.J ~ ~\l~lmfu~\lvil n1~Lu~ [Jmll.J L~1"l.1 tl\l~~l [JYltl\l nl'lI 

1uc:fm1~n1~1.~~L~£.J1nu ~un~~~\l~111.JLL1.I~1.I~1U"l.ltl\l~111.JL~1Lu~m'ltl[Jnil 1% 11.1vi 2-17 ~\l11.1vi 

2-20 LLc:fGl\ln1~~lu1ru~l.Jl~LL~~~111.JLn"l.ltl\lYltl\lnl'lI 

11.1vi 2-18 ~1tltll\l11.1vi1.Gifi1~UGlGilLLWU\lYltl\l 
nl'lILL~1 
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.,~ c., 

C.CD

I C.C6
E 
E... C.C4 
Ii.. 
C .C2 

~ C 

C 'CCC 2CCC :lCCC 4CCC 5CCC 

auccla numcll" [-J 

ltlvl 2-20 LL~~"n1~L~~£J'l1fllJ~'lJfl"vJfl"n1"ll 
VI~1 £JvJfl" L~flh1~1L~~£J1i~11~LLtl~tl~1u~1ni1 

~1v1fi1V1U~ 

VI~" ·;:nmfu'1.~~1u1ru void fraction L~~£J, m1~L~1vJfl" n1"ll, 'lJu1~vJfl"n1"lllu~,,1.A~1~~vi 

~Ul~~1V111JLLGi ~:;'fin1~1m/~''''fi WMT LL~:;'fin1~ci1 £J.fl1'W L"£J1J~fl £JLL~1 ~"ll1~1L VI ~1,rU~1 

Lll'£J1J LVi £J1J nU~:;Vli1" c·m n1~1~~1 £J'fin1~~"~fl" &1" LL~~"lultlvl 2-21 (i"ltlvl 2-23 

ltlvi 2-21 LL~~"n1~Lll'£J1JLVI£J1J'l1fllJ~ void fraction L~~£JL~'W1:;lu'l11" void fraction '1.11Lnu 

9% (n1~V1~~ fl,,;i~uhL~'W1:;n1~'1.VI~vI void fraction L~~ £J'1.11~"un) ~1nn~1vJ~~L~ui1~1m1~ 

~~1~L~~ flU~:;Vli1,,'fin1~~"~fl" fl ~lu'l11"~:;Vli1" ±20% 

ltlvl 2-22 LL~~" n1 ~Lm£J1JL VI £J1J'l1 fllJ ~ ~11 ~ L~1vJ fl" n1"ll L~~ £J~"VI ~ ~1UtI'1~1 ~~vI~ul~ 

lu'l11"~11~ L~1vJfl" n1"ll~:;Vli1" 250-350 mm/s ~1 nn~1vJ~:;L~Ui1~1~11~~~1~L~~ flUfl ~lu'l11" 

~:;Vli1" ± 10% ~1ultlvi 2-23 LL~~" n1~Lll'£J1JLVI £J1J'l1 fllJ~'lJU1~vJfl" n1"llL~~ £J\~·"VI~~lu1.A~1~~vI 

~uh lu'l11"'lJu1~vJfl"n1"ll~:;Vli1" 2-8 mm ~:;L~ui1~1~11~~~1~L~~flufl~lu'l11"~:;Vli1" ±20% 

ltlvi 2-19 &11flti1"n1~,..n'lJ'l.J1~'lJ£h,vJfl"n1"ll 
'i~ £J n1~Vl1m1~ £J11'lJ fl" LLm.JVI~n~"~fl" 

9 .-----------------------~
,LJ 

+/-20% 
'" ",,(]P' 

o 0,' 

o ~------~------_r------~ 
o 	 3 6 9 

Void(%),optical 

ltlvl 2-21 Lll'£J1J LVI £J1J'l1 fllJ~'lJ fl" void fraction L~~ £J~:;Vli1" WMT LL~:;n1~ci1 £J.fl1'W 
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400,---------------------~ 

E
::; 

+1-10% 
~ 300 

~ 
E 
? 200 
CI 
~ 
r 

S1/" 

;i 100 
("" 
r 
G: 

O~----+-----+_----~--~ 

o 100 200 300 400 

9I11:IJ LliW'D"(mmls),optica1 

ltlvi 2-22 nl''Hm[JlJLVI [JlJ"l1 m.J~"l.I fl\l~11lJ L~1Ylfl\l nl"l1·H~l..r:h\l WIV1T LL~~m"l"cil [J.f1l'W 

8 
f 
::::E
:= 
,..:: 6 
E 
E 

'--'., 
 4 
(;;I 

"'3: ,G 
2 

;l 
~ 

0 

+/-20% 

0 2 4 6 8 

"l.nnGl'V'tlih,(mm),optical 

Ufl n~ln"l1 m;!~~l LU~ [J"l.I fl\l void fraction ~11lJ L~1Yl fl\l nl"l1LL~~"l.IU1G'1Ylfl\l nl"l1LL~1 [J\l1r:l 

Lm[JlJ LVi [JlJ m"l"n"l"~~l [JG11"l.1 fl\l"l.lU1G'1Ylfl\l nl"l1"l"~l..rll\1"l1 fll;l~"l.I fl\l WMT LL~~m"l"cil [J.f1l'W ~\I LL~G'I\ltultl 

vi 2-24 Cl\lltlvl 2-26 orl\l~~L~uil m"l"m~~1[JG11"l.1fl\lnl"l1~~Sj~11lJLLG'lnG'll\1nu'Wfl~lJm"l"tulJl\1 

~.f111~m"l"1l-1~ Lfifl\l~l nllf\jl-11"l.1 fl\l threshold vi1l.llil~lLG'I~~Ll-1lJl~~lJ~ll-1~lJm"l"LLl.l\l"l"~l-1il\1Ylfl\l 

nl"l1LL~~"l.Ifl\lLl-1~1 orl\lLU~11lJLtlU~~\lLL~1 threshold viLl-1lJl~~lJ ~~Sj~lLLlh~unlJl-1m[J ~ 1l~~[J 

[J nG11fl £ll\1L"liU "l.IU1G'1"l.1 fl\lYlfl\lnl"l1, flow regime "l.Ifl\l"l.l fl\l1l-1~ ~fl\l LYl ~ LtlUG'lU orl\lllE\Jl-1111n1r:lSjm"l" 

Lii[Ju11LU\llU"l.Ifl\l Prasser et al (2001) 

LLG'lfl£ll\11"l"nG'lllJ ~1 threshold viLl-1lJl~~lJ[J\l1l.l~llJl"l""l-111r:lLU"l.Iru~11 Lum"l"~mnl1~\lL'l1 

~1~\lvl1t1riflU orl\lm"l"fill-1UG'lh1il~1~\lmh1n~~~\lj;.j~vi1L~ WMT fl1~~~L~G'I~11lJ~G'I'W~lG'1"l.1fl\lm"l" 

L'l1 threshold vi1l.l Ll-1lJl~~lJLUm"l"l-11"l1 fll;l~"l.IU1G'1Yl fl\l nl"l1 Ufln~lml'u[J\lSj m"l"~lJlJ&;ltl~l\1Yl fl\lnl"l1 

LUm"l"~lU1 ru"l"~l-1il\1'15m"l"1G'1~\I ~fl\lvi LLG'lnG'll\1nU (LG'I [J'15m"l"1G'1 LLlJlJ WMT ~lJlJ&;ltl~l\1Yl fl\l nl"l1 

LtlUVl"l"\I n ~lJ LLG'l115m"l"1G'1 LLlJ lJ m"l"cil [J.f11'W ~lJlJ&;ltl~l\1Yl fl\l nl"l1Lt1uVl"l"\I ~n~nrl) n fl1 ~vi1L~L~G'ImllJ 

LLG'I nG'll\1"l.1 fl\l"l1 fll;l~ void fraction "l.IU1G'1Yl fl\l nl"l1 LL~~m"l"m~~l [JG11"l.1fl\lYl fl\l nl"l1vi1r:l~1 n'15m~1G'1~\I 

~fl\l1G'lr:l1[J 
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0.450,------------------------------, 

0.400 o pdf(DB)'wMT 

0.350 • pdf(DB),optical 
0.300 

Uo= 1.0 mro/s, UL = 0 millis 
~ 0.250 
:c 0.200 
a. 

0.150 

0.100 

0.050 
0.000 +---.---r'-"--r'=-,......,........Y_"'Y-'..,.............-.,......,r'--............Lr-~____r_____r-r_~--j 


0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 

DB(mm) 

~t1v\ 2-24 n1~n~~';lltJ6i1"l.1£1\lvJ£1\lnl'll "l.I£1\lf1f.fll1~n1~'1:VI~vI 
mll.JLn"l.l£1\l£1ln1~ = 1.0 mmjs, 1>l1ll.JL~1"l.1£1\l\h = ammjs 

0.450,---------------------------, 

0.400 
0.350 

0.300 

~ 0.250 
~ 0.200 a. 

0.150 

0.100 
0.050 

[] pdf(DB)'wMT 

• pdf(DB),optical 

Ua=2 .S mlll/s,UL= 0 mmis 

0.000 +---.-~~u........,..L.l..-~Y_"'.,.....~..IL,_l....,........,.....Y_"'"_r_'.............--.,....._'r__"_..__j 
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 

DB(mm) 

~t1v1 2-25 n1~m~';ll tJ6i1"l.1 £1\lvJ £1\1 til'll "l.I £1\1 f1f.fll1~n1~LV\~vI 
1>l;1l.JL~1"l.1£1\l£1ln1~ = 2.5 mmjs, 1>l1ll.JL'1"l.1£1\l\h = ammjs 

0.450 ..,--------------------------, 

0.400 

0.350 
0.300 

~ 0.250 
:c 0.200 a. 

0.150 
0.100 

0.050 

o pdf(DB),WMT 

• pdf(DB),optical 

Uo=5.0 IllmiS,UL= 0 mm/s 

o.000 +--.--r.....,...-,,......T'-"'....._r_'-r'-~....,.......~Y_"_r___,....__...,,.,,-,..."r__r_-, 
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 

DB(rnm) 

ltlvl 2-26 n1~m~';ll tJ6i1"l.1 £1\lvJ £1\1 til'll"l.l£1\l f1f.fll1~n1~LV\~vI 

1>l1ll.JL~1"l.1£1\l£1ln1~ = 5 mmjs, mll.JL~1"l.1£1\l\h = ammjs 


20 



£l£J1\Jl'jnmlJ 'fim'j WMT n£J\J1GlLm£J1J'fim'j1~LL1J1J~U '1 ~£l~1lJ1'jfl1~"iimJi;H)~'j1~1U 

mlJ1~'j';1'1.1Gim..l~lJ1~'j"lJ£l\Jl'V1~~£l\JLyJ~L'"'W1~'lii (local void fraction) lGlL~£J~'j\J L~£J"iimJ~ local 

void fraction L'"~£J"lJ£l\J~.fl11~m'jl'V1~~\J 3 m'jV1~~£l\J lGlLL~~\Jluatl'lii 2-27 Cl\Jatlv1 2-29 (,~Gi11u 

atl LL~~\JGi1 LL'VI'\1\J"lJ £l\J LillJ.5~ £J1'lii d~lu,~ fi1 LU~yJ£l\J ';1'1.1 LL~~m£l1J~L 'VI ~ £JlJ LL~~\Jvi £l~L'VI~ £JlJv1"lJ £l\Jl'VI~ 

~£l\JLyJ~l'VI~£l~) 

-

20 

e 116 

S 1:0 
,c 6 

0 

-

-
-

I I I I I 

0 25 50 75 100 
IS [mm] 

o f 4 

atl'lii 2-27 Local void fraction "lJ£l\J~.fl11~m'jl'VI~'lii 
m1lJL~1"lJ£l\J£l1m~ = 1.0 mm/s, ~11lJL~1"lJ£l\J'\.h = amm/s 

,c 

I I I I I 

0 26 60 76 100 
ll" [fI'lm] 

contoUI' ,nl.ll'ft)Qr 
Void fraclkl-nlewl ~I 

0 :t 41 5 a 10 12 11 16 Ie :to :u u 

'jtlv1 2-28 Local void fraction "lJ£l\J~.fl11~m'jl'V1~'lii 
~11lJuL~1"lJ£l\J£l1n1~ = 2.5 mm/s, m1lJL~1"lJ£l\J'\.h = amm/s 

-
0-= 

I r I I 1 

o 25 60 75 tOO 
;iC:lmm] 

COntournurnbN 
Void fr:acliOl'I h;MA l%) 

•I) :t 41 fi 1>0 11 1« a 18 u n u 

atlv1 2-29 Local void fraction "lJ£l\J~.fl11~m'jl'VI~'lii 
~11lJL~1"lJ£l\J£l1n1~ = 5 mm/s, m1lJL~1"lJ£l\J'\.h = amm/s 
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~lnllJ~ 2-27 ~\lllJ~ 2-29 LLffGl\l~£l£J~~"lI£1\l local void fraction ~GilLL\/nl\lr;il\1'lLUv1£1 

~L~~ £Jl..l LGl £JLLffGl\lLU~n~ru.~ contour .n\lffLn~t~ LLffGl\lt1&11U~l\1"l1 £1\1 LLr;i~~llJ ~1 nllJ-iil\1GlULLffGl\l 

Lih~Ul1 local void fraction ~Gl~\ln~l\1v1£1~L~~£Jl..Iii~lfg\lnl1lJ~L1ru."lI£1lJ"lI£1\lv1£lL~~mJ LGl£J 

lJ~l n{) n1~ru{hnGl~uVJ nfff111~n1~t~~ LL~~~~ffll..11~m~ut&1 £1 r.l 1\1 'll'Gl L~ULUfff111~n1~t~~v\~11l..1 L~1 

"lI£1\l£l1n1~Lv11nlJ 5 mm/s LL~~~11l..1L~1"l1£1\llhLv11nlJ 0 mm/s 

£1 r.ll\1t~';Gl1l..1 Lii£1\l~l n WMS LrlUL~~£1\lii£1~Gl £1\lL~"lI11\1 L-iilttlLUn1~t~~ff£1\l L vJff 611 L~~£1\l 

Sj £11Gl L£1\l~\lii ~~ n~~V1lJ nlJvJ £1\1 nl'l1t~ LGl £J ~~ n~~V1lJ~ L~ULr;iU'll'Gl~£1Vi1 L~~11l..1 L~1"l1 £1\lvJ £1\1 nl'l1 

~Gl~\lLrl£1t~~~lU WMS LGl£J~~\I~lmfuvJ£1\lnl'l1n~~n~lJttlt~~v\~11l..1L~1L~l..I 6Y\lLLffGl\lLultl~ 2

30 LL~~ltl~ 2-31 LGl£JLilVn~Lultl~ 2-31 LLffGl\lL~L~Ul1n1~~Gl~\I"lIfl\l~11l..1L~1vJfl\lf'h'l1!j~ltlJLLlJ~ 

~UnlJfff111~n1~t~~ LGl [JVJ nfff111~n1~t ~~!j~Gl~1Un1~~Gl~\I"lI£1\l~11l..1L11vJ£1\lnl'l1Lv11nu .n\l~l 

normalized bubble velocity Lrlu~l"l1fl\l~Gl~1U~11l..1L~1"l1£1\lvJ£1\lnl'l1~GilLL~ti\lLGl '1 r;i£1mll..1L11vJ£1\l 

nl'l1L~l..I~U 

" E 
E 

'0 .. ~ c 

'".5! 

l 
.D 

1400 ~ Ug=2.5 rnm'&,UL=200 mls 

--Ir- Ug=2.5 rnm's,UL=150 IlltVs 

fl ow din.>:,;:lIo n 1200 -e--- Ug=2.5mmls,UL=1OOmnvs 

""'*- Ug=1 mlTliS,UL=Omnvs 

1000 ......... Ug=2.5mmls,UL=0rnm's 

--J!-- Ug= 5 nmls,UL=O rnm's 

-40 ·30 ·20 ·10 o 10 20 30 

Cislon.:. from wnlOrjmm) 

lI)JltJLlI6) Ug ~u Fnl)JLhlJU"nl'L1 UL'l~ UL ~u Fnl)JLhUu"'llu"lllL'l 

llJ~ 2-30 ~11l..1L~1"l1 £1\lvJ£1\1 nl'l1Lrlfl t ~~ ~lUL~U~1GlL'l1UL'l1£1~ 

~ Ug=2.5 mmls,UL=200 mls 

flow dir~t.:lion 0.4 ~ Ug=2.5 mmls,UL=150 mmls 

__ Ug=2.5mmls.UL=100mmls 

0.2 
""'*- Ug=1 mmls,UL=Ommls 

-II- Ug= 5 mmls,UL=Onmis 

--OJ(- Ug= 1 mmls,UL=O mmls 

·40 ·30 ·20 ·10 o 10 20 30 

Distance from se nsor(mm) 

ltl~ 2-31 ~1 Normalized bubble velocity Lrl£1t~~~lUL~U~1GlL'l1UL'l1£1~ 
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~l.JvI 2-32 LL~Ghl.f)l'VHi1 £JL U'lJ ru~vlyJ fl\l n1"ll'1. ,\..H~ ~1UL"llUL"llfl1LL~~Vi1 L~ L~Gl nl'H~Gl~\l'lHl\l 

~11)JL~1yJfl\ln1"llG1\lU ';l1n~l.JvlL1~1 1:0 LL~~ 1:0+16 ms LL~Gl\lyJfl\ln1"llvlti1~\l'1.~~'1.l.J[J\lL~U~1Gl 

L"llUL"llfl{ ~1~~1J~l.JvlL1~1 1:0+32 ms LtlUL1~1v1yJfl\ln1"llti1~\l'1.~~~1U up stream plane LL~~fJn 

'lJ11\lLGl£JL"lluL"llfl1vi1L~~11)JL~1'lJfl\lyJfl\ln1"ll~Gl~\l ~1~~1JL1~1 1:0+40 ms LL~~L1~1 1:0+68 ms 

LL~Gl\l'lh\l L1~1v1yJfl\l n1"ll'1.~ ~ ~1UL"llUL"llfl{LL~1 LL~~~11)J L~1'lJ fl\l~ fl\l n1"ll~ fl £J "1 L~)J n~1J)J1Lvil L~)J 

LLGim.h\l'1.~nGl1)J ';l1n~l.JvI 2-33 ;:}\lLL~Gl\l~1~fl£J~~'lJfl\l void fraction Gl1)JLLnUL1~1 L~~1Ji1~fI:!fI:!1ru 

vI'1.Gi';l1n upstream plane (.f)1~~1\l) LL~~ downstream plane (.f)1~1JU) n~n1jru~vI~flu'il1\l 

L~ii flUnULGl £Jn~n~ru~'lJ fl\l ~fI:!fI:!1 ruLl.J ~ £JULLl.J ~\l '1.l.J L~ £J\l L~ nUfl £J ;:}\l LL~Gl\li1 n1~~ Gl~\l'lJ fl\lm1lJ L~1 

~fl\ln1"ll'1.)j~\l~~Gifl~fI:!£\!1ruvl WMT 1Gl'1.GilJ1nUn 

al 

UP' 

., 

~l.JvI 2-33 ~fI:!fI:!1ruvl'1.Gi';l1n upstream planeLL~~ down stream plane 'lJfl\l WMS 
t un~nlvln n1~~Gl~\l'lJ fl\l~11)J L~1~ fl\l n1"ll 

~n~~m~Vl1J~ii\l'lJfl\l WMS Gi fl~ fl\l n1"ll ~fl L"llUL"llfl1'lJ fl\ltjl.J n~ru1Gl';l~vi1t~yJfl\ln1"llLLGln'1.G\ 

Lrlfl~fl\ln1"ll'1.~~~1U WMS G1\lLL~Gl\ltu~l.JvI 2-34 ';l~L~Ui1-;i1U1U~ fl\ln1"llL~)J)J1n~u LGl£J-;i1U1U 

~fl\ln1"ll~1';l1 nn1~U1J-;i1u1UyJ fl\ln1"llvl ~1U1Gllfutu'lh\lL1~1v1ti1~UGl ~ ~\l';l1 n~1u WMS LL~Gl\li1 

LnGln1~LLGln'lJfl\l~fl\ln1"ll~U£lt11\lLLtiUflU LL~~Lrlfl'W';l1~ru1~l.JvI 2-35 ;:}\l~1 normalized bubble 

number Li1u~1'lJ fl\l~Gl~1U-;i1U1U'lJ fl\l~ fl\l n1"llvlGi1 LL ~ti\ltGl "1 Gi fl-;i1U1U'lJ fl\l~fl\l n1"llL~)JGiU ~1Ji1 

n1~LLGl n'lJ fl\l~ fl\l n1"llLLl.J~~Un1J~11)J L~1'lJ fl\l~ fl\l n1"llLGl £Jri\l~ fl\l n1"ll1i ~11)J L~1 fg\l n';l~vi1 t~Lfl n1~vI 

~fl\l 11'1 "ll LLGl n L ~)J)J1 n~u LGl £J.f)1~ci1 £J LL~Gl\l ~n~ru~n1~LLGl n'lJ fl\l~ fl\l n1"lltU~1 G11J.f)1~vlfJnci1 £J 

GiflL1lfl\l nULrl fl '1. ~~ ~1U~1Gl L"llUL"llfl1'1.GifJnLL~Gl\ltu~l.JvI 2-36 LL~~Lrl fl'W';l1~ru1~fI:!fI:!1 ru';l1 n WMT 

~1Ji1~fI:!fI:!1ruvl'1.G\';l1n upstream plane LL~~ downstream plane n~n1jru~vlL~nflunu G1\lLL~Gl\lLU 

~l.JvI 2-37 ;:}\l LL~Gl\li1 n1~LLGln'lJ fl\l~fl\l n1"ll'1.)j~\l ~~Gi fl~fI:!fI:!1ruvl WMT 1Gl'1.GitU'l11\l'lJfl\l'1ru~)JU&i 

n1~'1.~~tun1~VlGl~ fl\lU 
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-.- Ugg= 238 mmls 

-G- Ugg= 262 mmls 600 

~ Ugg= 329 mmls 

--e- Ugg= 493 mmls 500 

-b- Ugg= 615 mmls 
400~Ugg= 745 mmls 

100 
flow direclion 

-50 -40 -30 -20 -10 o 10 20 30 

Distance from senser(mm) 

...... Ugg= 238 mm/s 

-e- Ugg= 262 mm/s

"*" Ugg= 329 mm/s 

-G- Ugg= 493 mm/s 

-A- Ugg= 615 mm/s 

""""*"" Ugg= 745 mm/s 

--.. flow direction 

-50 -40 -30 -20 -10 o 10 20 30 

Distance from senser(mm) 

allvl 2-35 ~., Normalized bubble number L;l£l'1.'\A~~.,tiL~timGl 
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.J • 
ltlVl 2-37 ~ryf1!1ru:VI'l.cil~1n upstream planeLL~~ downstream plane 'lJih'l WMS 

t'Um t'i1'lJ ih'll'J ihl n 1 'll LLGl n 

~1nm".i'W~1'HU1c.J~ m~V11J'lJ ih' WMS Gi £ll'J £1\1 n1'll'W1J11 WMS s:i c.J~ m~V11Jn1Jl'J £1\1 n1'llLGltlvi1 

t~l'J £1\1 n1'll'l.~~&11 [J~11lJL~1 ~Gl~\I LL~~£l1~~~LLGl n'l.&1 LGl [J m".i~Gl~\I'lJ £l\l~11lJL~1l'J £1\1 n1'll~~'l.l.l LLtI".icr'U 

n1J~m1~m".i'l.~~ uGi m".iLLGl n'lJ £l\ll'J£l\l n1'll~~LLtI".icr'UGl1lJ~11lJ L~1'lJ £l\ll'J £1\1 n1'll £1 £.l1\1'1.".in Gl1lJ Lri £1 

'W~1".iru1~C\!C\!1ruvi WMT 'W1J11~C\!C\!1ruvilJ'UVin'l.cil~1n upstream plane LL~~ downstream plane 

s:i~n~ru~L~fj £l'Un'U~\I ~£l\lmOl ~\I~1lJ1".in~1t1'1.&111m".iLLGl nLL~~~11lJL~1~Gl ~\I'lJ £l\ll'J£l\l n1'll'l.l.ls:ic.J ~ 

Gi £l~C\!C\!1 ruvllJ'UVin'1.&1 

Wire Mesh Tomography (WMT) LlI'ULVI~il~m".i1Glvi~~'U1LGl[Jh1~~nm".i1GlLL1J1JL~[J1n1J 

LVI~U~m".i1GlLL1J1J needle probes L~£l~Gl'l1£l&1£l[Jvi needle probes 'l.l.l~1lJ1".in1Gl'W1".i1nLGl£l1'lJ£l\lm".i 

'I.~~~£l\lLl'J~vls:i~n~ru~LtI~ [J'ULLtI~\lGl1lJL1~1~\I~'Uvi~ih~Gl t'UL1~1L~ [J1 n'U'l.cil £:ItI mrum".i1Gl WMT 

iltl".i~n£l1J&11[J 2 ;;:!1'UtI".i~n£l1Jvi~1~C\l ~£l WMS (Wire Mesh Sensor) LL~~ Data acquisition 

L'll'UL'll£l1 WMS s:i'lJ'U1Gl~U1~Gl 20 x 100 mm2 t1".i~n£l1J&11[JGl1·lhtJ~1Gl 3 .fi'U LGltJ.fi'U'lJ£l\lGl1 

'll1 [J~1GlGl".i\l n~1\1 ~~vi1~u1vi L 1I'U transmitter plane ~\ltI".i~n £1 1J &11 tJL~'U ~1Gl'lJ'U1Gl L~'U "h'U~'Urrn~1\1 

0.1 lJ.lJ. -;i1'U1'U 8 L~'U 'lJ'U1'U n'U .fi'U'lJ £1\1 Gl1'll1 tJ ~1Gl1J'U LL~ ~.fi'U 'lJ £1\1 Gl1'll1 tJ ~1 Gl ~1\1 vi1~u1vi LlI'U 

receiver plane ~\ltI".i~n£l1J&11 £JL~'U~1Gl'lJ'U1Gl L~'U"h'U~'Urrn~1\1 0.1 lJ.lJ. -;i1'U1'U 32 L~'U'lJ'U1'Un'U 

LGl£JL~'U~1Gl'lJ£l\lGl1'll1[J~1Gl~\I 3 .fi'U~~11\1~\lo\l1nn'U LGl[Js:i".i~tJ~l11\1 1.5 mm Gl1lJ~pfVl1\1'lJ£l\lm".i 

'I.~~ ~n'IYru~ 3 .fi'U'lJ£l\lGl1'll1[J~1Glvi1t~LnGl.fi'U measuring volume 2 .fi'U t1".i~n£l1J&11[J upstream 

measuring plane ~\l1Glri£l'U~\ln~1\1 WMS LL~~ downstream measuring plane '2i\l1Gl~~\I~\ln~1\1 
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WMS LL~~fj spatial resolution 'lIehl WMS fj~i1 2.22 x 3.03 x 1.5 mm3 "'~m..h~lJlrn~~\ltil'll'V1dju 

V11\1n~lJ'lIU1~L~u~.hu".1u£1n~1\1 2.68 mm 

1U\llU,-;t[JU L1l't~Wro.JUlhhLLn1lJ~ ~lJ'W1 L~~1 Lvl ~~lU1 rn'Wl11Sh~ ~f'V1 ~l~E\!~nml ~l;J~'V1 

l1u~ n't~~ln WMT Lvl UL 1.l1[JlJ L ~ £JlJfllJ'll m;!~'V1'tGl~ln nl1t:ll [J.fll'W L~ £I 'Wl11Sl L~ £l1v1~1~E\! 

lh~n £llJ~1 £I local void fraction mllJ L~1'l1£l\l~£l\ltil'll LL~~'lIU1~~£l\ltil'll L~ tlL~[JlJL~[JlJnULL~1 

'WlJil 'll£ll;J~ void fraction L'l~[J\·f\ll..AlJl~1vi~uh1u'lh\l void fraction't]..lLnu 9% ~~1~1llJ 

~ ~l~L~~ £lU£l ~1U'lt1\11~",il\1 ±20% ~1llJ L~1~ £l\l til'llL'l~ mr\l l..AlJ 1 ~1vi~uh1U'lt1\11~",il\1 250

350 mmjs ~~1~1llJ~~1~L~~£lu£l~1u'lt1\11~"'il\1 ± 10% LL~~'lIU1~~£l\ltil'llL'l~[J~\ltAlJl~1'V1 

~uh1u'lt1\1'l1U1Gl~£l\ltil'll1~",il\1 2-8 mm fj~i1mllJ~~lGlL~~£lu£l~1u'lt1\11~"'il\1 ±20% 

U£l n~lmfu nl1n1~~1 [JG11'l1 £l\l'llUl Gl~ £l\l til'll1~"'il\1'fin11~\I~£l\l ti (InUllJl L~[JlJ L~ [JlJ nu 

~ n~1 £I ~\I n11n1~~1 [JG11'l1 £l\l'llU1Gl~ £l\l til'll~~fj~1llJ LLGl nGil\1 nu'W £l~lJ~111ulJl\1~.fll1~n11't'"~ 

mllJ~~lGl L~~£lU'll £l\l'll£ll;J~ void fraction 'lIU1Gl~£l\l til'll LL~~n11n1~~l[JG11'l1£l\l~£l\ltil'llvl 

'tGl~l n'fin111Glfj~l L'" Gl",ii\llJl~lnilE\!"'1'l1 £l\l~l threshold vi L'" lJl~~lJ1Un11LLti\l1~",il\1~£l\l til'll 

LL~~'lI £l\l L "'~1 LL~~n11~lJlJ~11Hl\1~ £l\l til'll1un11~lU1 rnviGil\1 nlJnl1't",~~"i\l ~\lvil1\~hnGl~1llJ 

LLGl nGil\1'l1 £l\l'll £ll;J ~~£l\l til'll~\I c.I~ Gi £lm llJ~~lGl L~~ £lU'll £l\l'Wl1ln LGl £l1vim:h1'lll\1GlU 

u£ln~lmfu WMS £1\1 LtlUL~~£l\lfj£lvi1~'lI1l\1L 'lll 't1.J1Un11't"'~~£l\l L~~ ~\I!ic.l~m~V1lJ nlJ~£l\l 

til 'llml1\I LLtiU£lU LGl [Jc.I~m~V1lJviL i1uLGiuifGl ~£l n11~Gl~\I'lI £l\)Fl1llJ L~1'l1 £l\)~£l\) til'll LL~~n11LLGl n 

'lI£l\)~£l\)til'll"'~\I~l n ~lU WMS £l til\1 't1';GlllJL~ £l'W~11rnl~E\!f\llrnvi WMT 'WlJiln11LLGln'll£l\l~£l\l 

til'llLL~~n11~Gl~\I'lI £l\l mllJL~1~ £l\) til'lllYU'\l.jjj c.I~ nlJ~f\lf\ll rnvil1u~ n 't~lJlnun1U'lt1\)F) rn~lJl1~'lI £l\) 

n11't",~vi'W~11rnl£l ~ 
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.d 
lJVIVI 3 

m~Mfl~1 t 'U~1'Uil~~tI~~fl fllJI111 £Jm~~11\1'ij61 L~~fl\l1j fl161 L~ L'llfl~LL~~1\1~~1.61Lfl61 LL~~'ij61 

VI 61 ~ fl\l t 'U~1 'U'lJ fl\l m~~11\1 m~1.l-1 ~W fl\l fl1 mPl LL~ ~LLlJlJ-:S1 ~ fl\lW fl\l fl1 m PI~1l-1~lJvi1 m~~fllJ 

LVI £JlJ LYl fll-11 ~11lJ ~lJ~'Ufi'lJ fl\l ~t'\lt'\l1 ruv1 fl fl fllJ1 ~1 fl fltl fl~ru L~ L'llflf'l61 Lfl61 LL~~'lJ'U161'lJ fl\l~Pl1j 

m1lJL~\lv1t1~1 [J £J fl6lWfl\l fl1 mPl -rl\l L ilfll-11~~tI~~fl fllJGl1 [J 3 ~1'Ul-1~fl~ fl m~l-11~11lJ~lJ~'Ufi 

1111 [J mWl61 ~ fl\lt 'l1fltl mru161nlJ LLlJlJ -:S1 ~ fl\l'lJ fl\lW fl\l fl1 m PI m~l-11m1lJ~lJ~'UfiGl1 [J LLlJlJ-:S1 ~ fl\l 

V11\1~ ru6lPl1~61~ LL~~t'U~1'U~61V11 [J LiJ'Um~V161~ fl\l"h fltl mru1611.tlt'l1V161 ~ fl\l~~\1 

l-1 ~fl m~'lJ fl\l L~~fl\lfj fl161 L~ L'llflf'l61 Lfl6l~ fl 1\1~~1.61L fl6l~ ~[J fllJh:,1j fl~~LL~1.wvh1.l-1 ~ ~1'U 

Lrl fl1jLL~\I L~ L'llfl~61 fl m~V1lJlJ'UL'll'UL'llfl~'lJ fl\l1.61 Lfl61 LL~~m~LL~1.WVhll''ULri fl1.l-1 ~ ~1'UGl11111'UVl1'U 

l'U1\1~~~~vi11~Sj~11lJGl1\1pYfl £161 fl~~fllJGl11111'UVl1'U~'U ~1l-1~lJ m~l'l1\11'U~11.tI~~[j\l LL~\I L~ L'llfl~ 

V1~~~61V161 ~ fl\lv1Sj ~.nr\lLtI~\I l~ t 'U~\l6I~\ln'U-il1lJ'lJ fl\l 'ij61 VI 61 ~ fl\l ~~Sj1.61Lfl61 ~\I~lJ LL~\I L~ L'llfl~1.1 

Lrl flSjW fl\l n1'll1.l-1 ~lJ1'lJ11\1 m~1.l-1 ~ ~1 LL~\I L~ L'llfl~~~Lrl [J\I LlJ'U~PlVl1\11. tI LL~~vi11~ fl~~LL~1.wvh 

LL~~m1lJGl1\1pYfl £1'1. wvh ~61~\l6I1lJ~1GllJ Gl\lll''U~\I ~1lJ1~Cl6l~1~~fllJ11SjWfl\l n1'll1.l-1~lJ1Gi1 LL WU\I 

-d!Gl6lGY\lLm'llfl~1.61Lfl6l1.11.Gl-rl\lLiJ'Ul-1~flm~'lJfl\l\l1'U'-;Y[Jl'U Kikutani et al. (2008) LL~~ Ong 

and Thome (2009) t'Um~Mfl'lf1il Sjm1lJ~'Uhi1m~~61~\I'lJfl\l~11lJL-illJLm'llfl~v161flfl~~V1lJ 

1.61Lfl6l-rl\l LiJ'UW\I n'lY'U'lJ fl\l fl1~ltfl Ll-1'lJ fl\l LL~\I ~~Sj~11lJ ~lJ~'Ufi fl ci1\11.~nlJ~PlSj~11lJL~\I'lJ fl\lW fl\l 

3.1 A1'lJi~u~,'U 

1 'U m~vi1 \11 'U' -;y[J il -:S1 LiJ 'UGl fl\lSj ~11lJ~l4'U~1 'Ul-1 ~ 1 £J Gl1 'U L'li'U 1.1 ~1 fl {) fl1 ~nC 'lJ fl \I LL~\I v1 

L~[J1-il fl\l m~ltfl L l-1'lJfl\l LL~\ll'Ufl~rnv1LL~\I L~~ fl'U~1'UGl1fl~1\1v1GY"llf1ltml-1Gl1\1n'U m~~~V1 fl'ULL~~ 

m~(;J6I fll!i'U'lJ fl\l LL~\I'lJ ru~~1'UGl1 fl ~1\1 LL~~1'U~1'U~61V11 W;~~fl ~11 n\l ~ ru~lJlT~'lJ fl\lL WLI111.61Lfl61 

-rl\l LiJ'Ufltl mnC6I~1~ -;YlJ LL~\lv1 t 'l1i1Sj~ ru~lJlT~ fl ci1\1 1.~il1\1 LL~ ~SjYl1~1n L6I fl~16l-d! m ~~~1~ru1 ti fl'U 

L~ fl flLWLGl1.61Lfl61 t ~ Ll-1lJ1~~lJ nlJ m~V161 ~ fl\l L6I [J~1 [J~~L~ £J6IGl1\1 ~ SjGl\lG'l fl1.tlil 

3.1.1 tI~1fl{)m~nC'lJ fl\lLL~\I'lJru~L~~fl'U-d!~1'UGl1fl~1\1 

fl1~L~~ fl'Uv1'lJ fl\lLL~\I ~1'UGl1 fl~1\1v1Sj~i1GY"llf1ltfl Ll-1 LL6I flG'l1\1 n'U~tSjtl~1 fl{) m~ruVl1\1 LL~\I 

l-1~1 [J fl £11\1 L~61~'U ~\IGl1 fl £l1\1 GY\lG'I fl1.t1ilLiJ'ULL~~1'Ul-1U\I'lJ fl\ltl~1 fl{J m~ruv1 ~tLn 61~'U1.Gl 

- m~~tV1 fl'U (reflection) LiJ'UtI~1fl{]m~nCv1 Ln6l~'U~tl-1i1\1v1 LL~\I L~~fl'Uv1 r-h'UGl1fl~1\1 

-rl\l fl1 ~~tL~61~'U~\ll-1lJ6Il-1~fllJ1\1 ~1 'U~'U fl ~ nlJ~fl~ rutGl1 fl ~1\1 v1 LL~\I L~~ fl'U v1 ~1'U m~~tV1 fl'U 

LLtl\l fl flmiJ'Uf:ifl\ltl~tLflVl6l1lJ m~L~~ fl'Uv1 ~1'UGl1 fl ~1\1 ~ fl Specular reflection LiJ'Ufl1~~tV1 fl'U 

v1 f:i1lJ1 ~Cl1'i1 'U1 ru l-11 ~ PI VI 1 \I m ~ f:i~V1 fl'U 1.Gl fl ci1 \I LL U'U fl'U L'li'U m ~ ~~V1 fl'U 'lJ fl\l~\I la'lJ fl\l LLf:i\llJ'U 
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m~';ln ~1V1~lJ~mJ~~L.nvmii\l~u Diffusion reflection Lil'Un1~~~V1m.!v1'1.11~1lJ1~C)l=il'U1ruVlPl 

Vl1\1 n1~~~V1 u'U'1.~'1.lJ LLti'Uu'U L"ll'U n1~~~V1 u'U'll u\l~\I~'llu\l LL~\llJ'U&11 mn\l'lll'll~~ 

- n1~'tXnLVI (refraction) CJnu[J1lJ Lil'Un1~Lrl £1\1 LlJ'U'1.1.I'llu\l~\I~'ll u\l LL~\I'1.1h1nVlPlVl1\1 L~hJ 

VI~\I ';l1nL~~ u'Uv1 ~h'U~1n ~1\1v1fi~1~"llU'tXnLVI'1.11L vh n'U .fl\ll.jlJv1 ~1 LL~\lLrl £1\1 LlJ'U'1.1.I1l'UnlJ~1 

~"llu'tXn LVi'll u\l~1 n ~1\1v1 LL~\I L~ ~u'Uv1 ~1'U LL~~~h~"llihXn L VI ilLiI 'U'W\I ti~'Ulk\l~11lJ [J11~ ~'ULL~\I 

LL~~£:IruVl.fJij 

- n1~(;JGl nl!i'U'll u\l LL~\I (absorption) Lil'U1.I~1ntl n1~ru '11 u\l LL~\I~\lLnGl'1.~';l1n~'llu\l1'GlC)v1 

LL~\lGl nn~~VllJ L"ll'U n1~vltlJ'1.ll Lil'U~L 'Ii £J1'll''Ufh'W~1~1"lGlC)(;JGl nl!i'ULL~\I~LLGl\l'1.1.I VI~un1~v1 L i1'U 

1'GlC) Lil'U~Gi1 ~ u l'Gl C)(;J Gl n l!i 'ULL~\lt 'U"ll1\1v1lJ u\l Li1'U'1.~'1.1.IVllJGl .fl\l n1 ~(;JGl n l!i'U ';l~L~ £J1"ii u\l nlJn1~ 

(;J Gl n l!i'U'W ~\I\l1'U '11 u\l LL~\lVI ~\I ';l1 nv1 LL~\I L~~ u'U~1'U~1 n ~1\1~1 £I 

t'UL~'l\l n1~ihrl uvi1 n1~~1 £I L~ L'lIui~1'ULLlJlJ ~1 ~ u\l n';l ~'WlJ nlJ1.I~1ntl n1~ru '11 u\l LL~\I 

Gl1lJv1n~11lJ1"ii1\1~'U L"ll'U n1~~~V1u'ULLlJlJ diffusion uun';l1nLLlJlJ~1~u\l, n1~lXnLVI'llu\l~1 

L~ L'lIuiLrl u~1£1 ~1'U~1 n ~1\1v1fi~"llUlXn LVI '1.lJ Lvh n'U.fl\lt'Uv1U~u~1'Uv1 Lil'Uu1 n1P1LL~~~1'UvI Lil'U 

'llu\lLVI~1 ~1lJO\ln1~(;JGlnl!i'U'll u\l LL~\lL~ L'lIuiVl~\I';l1 n~1 [J~1'ULLlJ1J~1~u\lLL~1 LGl[J'WlJ11m1lJ 

L "iilJ'll u\l L~ L'lIuiv1 Gl n n~~VllJ'1.GlLu Gl ';l ~~ Gl ~\I Lrl u L1.I1[JlJ LVI [JlJ nlJ n1~~1 £I L~ L 'lIui'1.1.Iv1'1.Gl LuGl 

LGl [JGl~\lLGl [J'1.lJ ~1'ULLlJlJ~1 ~u\l 

3.1.2 LyJL~'1.GlLuGl 

LyJL~'1.Gl LuGl~ u £:11.1 n~ru"llilGlVlii\lv11.1'l~n ulJ~1 £I ~1~M\I~1'\.11 t'l1CJn n~~Gj'U~1 £I LL~\ln';l~ 

fiut~ LnGln~~LL~'1.yJvhVl~u~mf1.yJvh LGl [J~1'1.1.ILL~1L~~\I~~1\1'llu\lLyJL~'1.GlLuGl1.l~~nulJ~1 [J~1'l 

~\I~1lh"llilGl P LL~~"llilGl N Glu"ll'Un'U L"ll'UL~[J1nlJ'1.GlLuGlfi~~lJGl1 u1';l';l~~~Gl~'U'1.~';l1n~1~~\I 

~1ti1V1~1[J"llilGl L"ll'U ~~~u'U (Si) L~uiLlJLi1[JlJ (Ge) VI~u L'lIUHU[JlJ (Se) Lil'U~'U ~1~M\I~1ti1 

~\I n ~11u1';l';l ~CJnlJ~~, t 'Un~~L1.I1~L~VI~VI~u'W ~1 ~GlnVllJ LL~\I !J~1'UlJ'UVI~u ~1'U~1'UVlih Lil'UL~'U~ 

'lj'U'l1lJLL~\I fi,GlLyJn~'llu\lLL~\lGlnn~~VllJv1~u[JGlu PN fi'll1GluuunlJ1t-ll\l1'U 2 '111 ~u '111LLuL'UGl 

LL~~'ll1LL~LVlGl~\l11.lv1 3-1 n LL~~ '11 VI~uU1';lfi~n'l3'ru~mh\l~'UGl1lJn1~uunLLlJ1JLvlut~!J~11lJ 

LVllJ1~~lJt'Un1~ti1 '1.1.It-ll\l1'U~1'UGl1\1 '1 LL~~Vl1 n LLtl\l Gl1lJL~~\I ~n\l.n1 £It'U LL~ ~ n1~ti1 '1.1.It-ll\l1'U';l ~ 

LLtl\l'1.~Lil'U 4 1.I~~L.nVl ~u PN LyJL~'1.GlLuGl, PII'J LyJL~'1.GlLuGl, Schottky type LyJL~'1.GlLuGl, 

APD avalanche LyJL~'1.GlLuGl LGl[J~1'1.1.ILyJL~'1.GlLuGl\~\I 4 "llilGl';l~CJnti1'1.1.It-llLvluGl~1';l~lJ 

Gi1LLVlU\I ~ n1~Gl~1';l~1J'rGlC) VI~u ~11lJL"iilJ'llu\lLL~\I 
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111 
Cathode 

(n) 

111 
Anode 

n1~vi1"1U 'lJ fl"L 'V'lLG'it~L fl~ L~lJG'iULrl flfi LL~"~ nn~:::V1lJv1L 'V'lLG'it~L fl~ L~ £J LL~"v1~ n 

m:::V1lJ':I:::ih'~~""1UL'V'l~ fluttlm:::GjUlJ~L'"Jru depletion region vi1h1 ~L~n~~flu,,,ttlv1'lJ1 

LL~LV1~~'"JULi1 ~':I:::i" ttlvl LLflLU~ Ln~ LiJum:::LL~tlJ LLfl~[j flU L~ £J n~:::LL~tlJ LLfl~[j flU ':I:::ii~'"J1lJ 

~'"J1lJ ~lJ'WufinlJ ~'"J1lJ L'illJ'lJ fl" LL~" L~ £J~" Ln ~ tG'i11'VI1 n L vllJ ~1 ~'"J1lJ L'illJ 'lJ fl" LL~"~ULL~'"J 

n~:::LL~tlJLLfl~[jflU':I:::fi~1LvllJ~uG'i'"J£J (Rozzoni, 1993) atlv1 3-2 LL~~"VI~nn1~vi1"1U'lJfl"L'V'lLG'i 

t~Lfl~ t=:J1V1~lJn1~L~flnL'V'lLG'it~Lfl~L~flvl':l:::Hl"1uGi1" ., h1LVllJ1:::~lJ ':I:::G'ifl"'W':I1~ru1 

~ru~lJlJG)vlt=:J1~f\l l11"il 
- Photo sensitivity (5) ~ml~~1~'"Ju'lJfl"n~:::LL~t'V'lYhv1Ln~~uVI~"':I1nQnm:::GjuGifl 

'W~""1ULL~"v1~nm:::V1lJlJUL'V'lLG'it~Lfl ~ fiVl'l.h £JLiJu A/W '21"L~ £J~'"J ttllTn':l:::LL~~" t:.I~ LiJU 

m1lJ~lJ'Wufi~:::Vl11"~1 relative sensitivity nlJ~'"J1lJ£J1'"J~~ULL~" L~£J relative sensitivity ~fl 

n1~ti1~1 sensitivity vl~'"J1lJ£J1'"J~~u1~.,ttlL'V1£JlJnlJ~1 sensitivity ru ~'"J1lJ£J1'"J~~uvl1i1~1 

sensitivity fg"~~ 

- Dark current (ID) ~flm:::LL~t'V'lYhv1fi~l'Ufl£JlJ1n Ln~~uLrlflfin1~vi1n1~tlJLLfl~[jflU1u 

'lJ ru:::v1 tlJii LL~"~nn~:::V1lJ '21" m::: LL~I11"n~1'"J LiJU~C\J f\l1 ru~lJmu'lJ ru:::vi1 n1~t lJ LLfl ~ [j flU 

- Noise equivalent power (I'JEP) ~fl 'W~""1U'lJfl"LL~"Ufl£Jvl~~vlL'V'lLG'it~Lfl~~1lJ1~fl 

~~'"J':I~lJtG'i n1~V1~1lJ~1111"n~1'"Jvi11i1 ~1lJ1~fl L~ fl nL'V'lLG'it~ Lfl~1i1 LVllJ1:::~lJ nlJ'W~""1uv1tG'i':l1n 

LL VI~" n1 Lil~ LL~"vl t-il"1utG'i '21" ~1lJ1~fl~1U'"J ru ':11 nEl~~1 ~'"JU~:::Vl11" ~f\lf\l1 ru n~:::LL~t 'V'lvh 

~lJmu (noise current) vl bandwidth LVllnlJ 1 Hz nlJ~1 photo sensitivity ru ~'"J1lJ£J1'"J~~U 

v11i1~1 sensitivity fg"~~ 111" LL~~"1u~lJn1~vl 3-1 

I'JEP [W/HZ1/2] =Noise current [A/Hzl/2] / Photo sensitivity at Ap [A/W] (3-1) 

- Reverse voltage (VR) ~fl ~1~'"J1lJGi1"Gi1"~n£iv1lJ1nv1~~v1~1lJ1~flvi1n1~tlJLLfl~[jflU 

1i1LLriL'V'lLG'it~Lfl~tG'iriflUvl':l:::tVl~ 
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01--____..*1--0 
POSITIVE INSULATION NEGATIVE 

ELECTRODE LAYER ELECTRODE 
(ANODE) DEPLETION LAYER (CATHODE) 

SHORT 
WAVELENGTH 

INCIDENT 
UGHT 

~ 

LONG
WAVELENGTH ----...'-___--rln......:..-A 

P-LAY N 

KPOCOO02EAN-LAYER 

atlv1 3-2 'VI~nn1~vi1\11U'll fl\l1vl1G1t~1ifl~ LrlflSjLLEf\lv1Sjm1lJ £J11~~UL'V\l.J1~EflJ 
lJ1~n n~~VllJ ~~vi1hhn~~ LC~ n~~flU~Ef~~~U 

3.1.3 L~L·l.ffli 

L~Lezifl'hlJuLLEf\lviLL~nGi1\1~1mLEf\l~U '1 ~fl LlJULLEf\l~h~U1 (Monochromaticity) ~\lLlJU 

EflJl1~~1~C\!tl~~n1~'VIi1\1'll fl\l Lmezifli ~\I'VIlJ1 £J~\I LLEf\l L~ LezifliSj~11lJ £J11~~UL~ £J\I~1 L~U1 'VI1n 

~~1~ru1 LLEf\lv1tl C'i fl £J~1 nG1uti1 L U~ LLEf\lvi'WlJ1~ £J~1ttltum~tl~~~Tru L'llU 'VI ~fl~ t vlyh LL~~ 

m\l fl1~~)[1 LLEf\l~1 n'VI ~ fl~ t vlyh LL~~~1\1 fl1~ ~ £l~~ LlJULLEf\l ~'ll11 r11 hhLEf\l ~'ll11ihhuill"enlJ~~ 

L~ULLfllJ~Gi1\1 '1 L~£J\lt1umh\lGiflL;ifl\l~1n~~1\1~\1 ~LL~\I L'£J nl1LLfllJEfLtl n~~lJ'llfl\lLLEf\l tun~ru 

'llfl\l LLEf\l L~L ezifli L 'llu L~Lezifli~h~ £JlJ-UflflU Lrl fl t i1 LLEf\lt!lLL~\I'll fl\l L~Leziflifh~ £JlJ-Ufl flu~huill"enlJ 

~~t~Sjn1~LL£JmlJU'VI~1£JLEfU LLGi£J\I~\lSjL~£J\I 1 LEfuv1Sjm1lJ£J11~~U 632.8 u11uLlJ~~ 

Ufl n~1mfu L~ Lezifli£J\ls:! ~n~ru~v1 L'VISj flUt1UV} n '1 ~1 L~ Lezifli ~\lEf1lJ1~fI flfilJ1 £JGl1 £Jn1~ 

Lm£J 1JL VI £JlJ t1lJ LLEf\l ~1 n'VI ~ fl ~ t vltGl ~\I il tEf'VI ~ fl ~ t vlyhv1 Ltl C'i\l LLEf\l tl~~n fllJ Gl1 £J fl ~~ fllJv1 L~ n 

~1U1UlJ1 n 1~ £JLLGi ~~fl~~ fllJ~~vi1'V1'ihv1LlJUG1uti1LU~ LLEf\l ~\I,fULLGi~~fl~~ fllJ titl C'i fl £J LLEf\l 

flflnlJ1fl ti1\1 ~Ef~~~\1 t1ULL~~nu LLEf\lvlfJntlC'i fl£JflflnlJ1~1n'VI~ fl~ t vlYh~\lSjLvlEfLL~~~11lJ£J11~~U 

Gi1\1 '1 nu ri\lnl1,fuLLGi~~~~uv1fJntlC'ifl£JflflnlJ1s:!~PlV11\1t~LLtiuflu (random) tUV11\1~~\lt1U 

'il1lJ t1lJ GiUti1 L U~'ll fl\l LLEf\l L~ Lezifliv1~ ~t i1 LLEf\l ~ L~ U1 LL~~V} n '1 ~1 LLEf\l L~ Lezifli~~Sj LvlEfL~ £J1t1U 

'VIlJ~ EflJl1~v1 LGiU'll~'ll fl\l LLEf\l L~ Lezifli~ ntl~~n1~'VIi1\1 ~ fl ~1 LLEf\l'll fl\l L~Leziflfl~ m~~1 £J fl fl n L 'VIs:! flU 

LLEf\l ~1 n t vloW1 £J 'VI' fl Gi U ti1 LU~ LLEf\l ~U '1 LLEf\lv1 fl fl n ~1m ~ L ezifliSj n1~lJ1U fl fl n ~ flU'il1\1Ufl £J 

(divergence) 1~£JV}n~~£J~V11\1 1 LlJ~~v1~1LLEf\lL~LezifliL~~flUv1 LEfu~hu~u£1n~1\1'llfl\l~1LLEf\l 

~~1~~Utl~~lJ1ru 1 Sl~~LlJ~~ 

LLEf\lL~ Lezifli£J\lii ~n~ru~LGiunl1LL 'VIC'i\l ti1L U~ LLEf\l"l1U~ ~u~ntl~~n1~~ flSj~11lJ L 'illJfg\l LL~~ 

Lrl fl ~1 LLEf\l ~ n n~~V11J'r~ 'I ti ~ ~L n ~ ~11lJ~~[jlJ~~£JlJ'll fl\l ~1 LLEf\l~U 1~ £J LoW 'W1~Lrl fll~ 'l,fuSj~11lJ 
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\1 [JllJ \11e:nLlJ LLGiLUm"Wl £I m~v11i~u~:m el\l\11el~1uofl\l Li1u el'4ill ~ LL 'lJ1U~ el £I Ltiel\l ~1 n L~ L"lIeli 

LnGl m"5j;:f~V1 elULLlJlJvllJ1i~~Vll\1 I1lJ el'4ill~\11elmllJ\1 £J1lJ,j"u LL~~LnGlm"5LLVl"5n j;:felGl1lu 

3.2 n1'i"1 A'1:JJ il:JJ'WufiGh un1'i ilil'U L \1 U'U n'U LL'U'U ~1 il il\lW il\l il1 n1 GIl 

m"5~l LUU\llU~~L~lJ~l n m"5j;:f11\1"5~lJlJ L~ L"lIelftGl1:elGl LL~~VlGl j;:fellJ1Gl ~1 ~f\!E\jl ru"5lJ mU~l n 

"5~lJlJv1'1.~ el el n LLlJlJlJ1 \1~\I~l n,j"u~\I'1.h '1.t1j;:fellJ LV1 [JlJ1:Gl [JL-llLLlJlJ~l ~ el\lvJ el\l ell m~Vl"5\1 n~lJv1vil 

~1 n1j;:f~viii~l~"l1u\tn L\1Ln~ L~ £1\1 I1lJ'lJ el\l L \1 mvi~~L-llLUm"5Vl Gl~ el\l ~1\1 ofl\lLUm"5VlGl~ el\l1Glm"5 

'1. \1 ~~1\1~~Gl el\lL -ll'lJ el\l L \1 mvi1i~11lJ\1UGl Gg\l n11 til L~elvilL~ j;:fllJl"5f'l L -ll n ~ el\lSS~1: e:nLlJlJfi"5"5lJGll 

ch [Jgtl'1.~\o1U 1:Gl [JL um"5~m~t1il~'~[J'1.~ L~ eln'lJ el\l L \1 ~1 ~\I n~11 ~ el mL"lIel1U ofl\l~l nm"5~m~l~l 

'lJ el \I ~"l1 11 lX n L \1 'lJ el \11 j;:f ~ \1 ~ 1 £I "l "l1 U Gl LL ~ 1 'W lJ 111j;:f ~ 1.1 "5 ~ Lil VI h~ ~ L lJ el i vi 1i ~ el11 

Polymethylsiloxane (PDMS) ii~l~"l1U\tnL \1Ln ~ L~ £1\1 I1lJ n ~ L"lIel1UlJln ~\I,j"ULLlJlJ~l~el\l 

vJel\l£l1m~Lum"5~m~t1;h~vil~ln1j;:f~~\ln~11 ~1\11lJgtlvi 3-3 LLj;:fGl\l~1utI"5~nellJ\1~n'lJel\l"ijGl 

VlGl ~ el\l~ el "5~lJ1JL~ L "lIeli'1.Gl1: elGl L~~el\l1i e:nnlJ ~E\jE\jl ru LLlJlJ~l ~ el\lvJ el\l ell m ~ LL~~"5~lJ1JL~ elU 

~1 LL\1U\I LLlJlJ~l ~ el\l 1:Gl [J'fim"5j;:f11\1 LLlJlJ~l~ el\l'W1ellJl-f\lilE\j\11 £:Itlj;:f"5"5~Gil\1 "l ~~n~11l1\1LU~1U 

Giel'1.t1 

I.IH'll1i:hlii'l 

\<l1"llu1 

I I i[,J I (lI'lfD'i• 

High load 

lab jack 

gtlv1 3-3 ~1utI"5~n ellJ'lJ el\l"ijGlVlGl~ el\l~1\11lJm"5j;:fellJ LV1 [JlJofl\ltl"5~n ellJ~1 [J"5~lJlJ 
L~L"lIelftGl1:elGl L~~el\l~l £ILL"5\1~u'1.vJVh~1\11lJ1\1~"5'1.Gl1:elGl elelj;:f!f1:~j;:f1:~t1~1\11lJm"5 
lJUV1 n ~1 L£l1 Yj Vl ~1m\l ~"5'1.Gl1: elGl LLlJlJ ~1~el\lvJ el\l £l1 m ~ LL~~"5~lJlJofflJ L~~ elULLlJlJ~l ~ el\l 
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1 'U '21'UGl El 'U LL"m ~, -;¥[J ~ ~vfl n 1 'H~11 \I 'll Gl ep..l n 'HU nl'~'1Gl i1 'U l..Il ti El 'U ~\llh"~n EllJ Gl1 [J 

LL 'VI~\ltil LUGlLL~\I L~ L"llEliLL~~1\1~1'lElGl ~\I'VI~n n111'Un11El El n LLlJlJ LtI'U~\lil 

3.2.1.1 U'VI~\I til LUGl LL~\I L~ L"llEli 

U'VI~\lfil LUGl U~\lL~ L"llEli1i"11l..111ijl'Un11V1Gl~El\l~111jfil~\lGg\l El ~1'U'll1\1 1 mW - 50 mW 

L~'U~l'U"J'Uun~l\1"lJ El\l"lJ'Ul Gl~l LL~\l1..I1~l..Il ru 0.6-1.0 mm LL~~1j U~\I LiJ'U~UGl\l 1j~11l..1 £J11 

~~'U1..I1~l..I1ru 650 nm ~ll..111m{/Gl~\I"l"·hiJ'UL1~1'Ul'U 'l '1.Gl 'lGl[Jtil~\I'1.lJGln 

l'U'll1\1 Gl'U"lJ El\l n11V1Gl ~ El\l ~, -;¥[J'1.GlUl L~ L"llEli'W El £JLGl Elil..ll ~Gl U1..1 ~\lGi ElL"ill nlJ1\1~1 DC 

power supply L~Ell'l1V1Gl~£llJ1\1~1'1.Gl'lElGlLL~~~EllJLVI [JlJ'llGlV1Gl~ El\l U~~Lri Elvfln11V1Gl~EllJ'llGl 

V1Gl~El\ll'Uc:h'UGil\1 'l L~1~LL~1 nl1V1Gl~El\lt'Uc:h'UnGll..ll~~t'l1Lm"llEli He-Ne "lJ'U1Gl 10 mW ;1\11j 

"lJ'U1GlL~'U~1'U"J'Uun~1\1 0.65 mm LL~~~11l..1£J11~~'U"lJ£l\l U~\I~LLGl\l1..l1~l..Ilru 630 nm L~Ell'l11'U 

n1'j1Gl~1\1 'lGl[J~lL'VIG)viGlEl\ln11~11l..1L"ill..lLL~\lGg\lL~Elvf11~1j signal to noise ratio l'Un111GlGg\l 

3.2.1.2 1\1~1'1.Gl'lElGl 

1\1~1'1.Gl 'lElGl ~ El 1\1 ~1vit 'l1t'Un1'j-rlJ~l LL~\I L~ L"llEli'VI ~\I~l nvi~l LL~\I~l'UUlJlJ~l ~ El\l 

vJ El\l Ell n1~l..Il U~1 L~ ElUl ~f\!f\!1 ru~11l..1 Gil\1 ~n rlviGl n ~iEll..llJ'U1\1~'j'1.1..I' L~11~~Gi El '1.1..1 1\1~'j 

'1.Gl'lElGl1jc:h'U1..I'j~n£llJvic41"'f\JEl~ 3 c41'U ~El 'lvJ'lGl'1.Gl'lElGl L~~El\l DC regulator LL~~~1Gll'UV11'U 

U~Gl\lGlll..111..1vi 3-4 'lGl[J1jn[J~~L~[JGl~\lGi£l'1.1..Iil 

I Oscilloscope I 

Photodlode circuli 

a1..lvi 3-4 1\1~1'lvJ'lGl'1.Gl'lElGlvi1..l1~n EllJGl1[JU'VI~\I~l [J~11l..1~'U'1.vJvh 'lvJ'lGl'1.Gl'lElGl ~1 
Gll'UV11'U U~~El El~ofI'l~~'l~1..I 
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- "(vJ"(GilGl"(ElGl 

1'U~1 'U"lJ El" "( vJ "(Gi lGl "( El Gl ~,~ £.J lGl Vi";jl 'Hll 1 L 1.11 £.J 11 LVI £.J 11"( vJ "( Gil Gl "( El Gl rl~ El Vishay i'U 

BPW34 (LLllllriL~~£.JlJ~GJ1~) LL~~ rl~El Vis hay i'U BPV10 (LLllllV1'Nm~l1Eln) dh~~nl'Un11 

UllJl1 'l11 ~ nl1V1 Gl ~ El" LiiEl" Gl1 £.Jtl1~ ~V1fifll 'W"lJ El" Gl11Gl LEl Gl LL~ ~L~ GJ f:.J ~ v1 Ln£.J1 '.Ii El""l1 A1llJ 

~~Gl1 n 1 'Un11 ~".nEl LGl £.J'l1'U LL 1n~' ~£.J";j ~Vi";jl1rulA1llJ~llJl1n1'U n11Ltl ~ £.J'U'W~""1'U LL~"v1Gl n 

n1~V11111'ULvJLGilGl LElGllJl Lil'Un1~LL~1vJvhv11~~ l'U1,,";j1"lJ El"~" ~El"LLllll LGl £.J";j~'W";jl1rul ru 

mllJ£.Jl1A~'Uv1 950 nm (1l.iSj'.liEllJ~vlA1llJ£.Jl1A~'ULL~"~'U) '21"~"~El"LLllll";j~Sj~'i1 relative 

sensitivity lm~L~£.J""'ULL~~~llJl1nilEl'UA1llJGil"cIrncil'Un11111LLEl~iiEl'ULVil"11 1 - 15 V lGl 

LL~~";jl nltlvl 3-5 n LL~~"lJ 'Wllil ~lmil Irradiance (Ea) ~~Elt.AlJl ru"lJ El"'W~""l'ULL~"v1Gln 

m~V111GiElWU1 £.J~'Uv1Sj~l Lvil "'ULL~1 ~l m~LL~lvJvh"lJ El"LvJ"(GilGlLElGli'U BPV10 ";j~Sj~l~" nil 

i'U BPW34 L'W£.J"L~nilEl£.J 

100 
, I 11 

1 mV'llcn1 
- [ I 

. I I 

0.5 mWlcf'\¥ 
I I 
I I 
I I I II 
0.2 mW/CrT"f 

I 

0. 1mWlcf'\¥ 
I I I 

0.05 mWlcf'\¥ 
I 

;. =950 om II I II 

100 

1i 
c c 

Q)~ t:
::l ::l 

()U 
E E
0: .>r:.J 10 ...J 10 

Q)~ 
10 ~ > > 

Q)COl 
~ , II: 

_E \'l 

1 

1 mW/em' 

I I I II 
0.5 mWtcm1 

I I III '.=950nm 
0.2 mW/cm~ 

I I I II 
0.1 mW/cm2 

I I I II 
0 .05 mWiem2 

I I III 
0.02 mW/crn" 

I I' I II 
0.1 

VR 

10 100 0.1 

Reverse Voltage ( V) V. - Rev

10 

erse Voltage 

100 

roJ) 

(n) ("lJ) 

ltlv1 3-5 mllJ~lJ'W'U1h~~il" Reverse light current nll Reverse voltage v1 

eJGl1l~1'U1~'V\il"'W~""1'ULL~"vlGlnn1~V11111'U1GlLElGlGimIl'U1£.J~'UvI~lGil" '1 "'U "lJEl"LvJLGi 

lGlLElGl (n) i'U BPW34, ("lJ) i'U BPV10 ('.IiEllJ~";jlnL£ln~11"lJEl"11'~V1 Vishay) 

LrlEl'W";jl1rulmllJ~lJ'W'U1h~~il" relative sensitivity "11 wavelength "lJEl"lGlLElGl~" 

~El"i'U Gl1lJltlv1 3-6 n LL~~ "lJ 'Wllil v1mllJ£.J11A~'ULVil"11 650 nm '21"Lil'UmllJ£.J11A~'U"lJEl" 

LL~"L~L'liEliv11'l11'Un11V1Gl~El" i'U BPV10 Sj~l relative sensitivity tl1~lJlru 0.65 LL~~ i'U 

BPW34 Sj~l relative sensitivity t11~lJlru 0.6 '21"LLGlnGil"t1'UL'W£.J" 5% Lvil,r'U ~",r'U~1t11G\ll 

1'U LLJ"lJ El" tl1~~V1 fifll 'WLvJLGilGl LEl Gl ~,,~El"i'USj A1llJIn~L~ £.J" t1'U 
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~11v1 3-6 ~1llJ~lJ~url~t\lr:h\l Relative sensitivity nlJ~1llJ[Jl1~~ULL~\lvI~nmtV1lJ 
°lHl\l (n) LyJL~'t~Lfl~ iu BPW34, ('lJ) LyJL~'t~Lfl~ iu BPV10 (ilfll;/~~lmfln~l~'lJfl\l 
lJ~llV1 Vishav) 

-D'uGi fllJl ~tlJl'W~l~ru1~n~rutV1l\1n1 [J.nl~'lJ fl\lLyJL~'t~Lfl ~~\I~fl\liuG1fl\1-rlJiu BPV10 

~tjj~n~rut~llJ~l1v1 3-1n ~fl~djn~tLl1lt~~l~~nlhil~~fllJlJ~L1ru sensitive area 'lJfl\l 

't~Lfl~~lUlJu!i~n~rutL""\llJu'l11[JtUn1~~1lJLL~\lt~~n~\llJu sensitive area L~[J sensitive 
2area 'lJfl\liu~\ln~11!i'lJU1~ 0.78 mm LL~tll1~l\1'lJfl\lLyJL~'t~Lfl~iu BPW34 LL~~\I~\lll1v1 3

l'lJ .n\l~t!ilJ~L1ru sensitive area 'lJul~t\1qjnilLyJL~'t~Lfl~~1't11 ~fl!i'lJU1~n\l 7.5 mm2 vil 

t~n1~~~~\1 LL \1~\lrilLil~LL~\lL~ L'l1fl1L.rj flt~~lLL~\li\l'tl1mtV1lJt'llJ~L1ru sensitive area 'lJrutvil 

n1~V1~~ fl\lvil't~\ll [J LL~t~t~1n L~ [J ~llJl~f'l~\lLn~'t~~ln~1[J~1't~ L~ [Jil~lLL~\I L~ L'l1fl1~n 

mtV1lJlJULyJL~'t~ Lfl~l-f\l\1lJ~\1"S"fl 'tlJ 

Lrl fl Ll..A£J1JLVI [JlJ~ ru~lJU~V1l\1nl [J.nl~'lJ fl\lL yJL~'t~Lfl~~\I ~fl\liut'l L~mil fl\l nlJ~1llJ 

~1llJ~lJ~Url~t\1il\1 relative sensitivity nlJ lllJt'I~lLL~\I~nn~tV1lJ~llJll1t'1 3-7 n LL~t 'lJ 

~lJilLyJL~'t~Lfl~iu BPW34 ~t!iil flG'ltULL\l'lJ fl\lnl~~~~\lL.rj flt-ntunl~V1~~ fl\llJlnniliu 

BPVlO L~~ltLLilmt~\llllJvI~lLL~\I L~ L'l1fl1~nn~tV1lJLyJL~'t~ Lfl~!i n1~Lrl[J\lLlJu'tl1~lm~U~\I 

'llnjj~lL~lJ~UlJln ~l relative sensitivity 'lJfl\liu BPW34 ~t!iUU1LillJ~~~\I~flUill\1-nl L'l1U 

lllJ!i~l'S\ln\ln\l 20° ~l relative sensitivity 'lJfl\lLyJL~'t~Lfl~i)[r\l~\I!iL1~lu 1 LvilL~lJ LtlU~U '11\1 

t\ fli1LtlU'l11 \Ill lJvil\1lut'ln1l\1lJl n tUV1l\1~~\InUilllJ t1l'W~l~rulLyJL~'t~Lfl~iu BPV10 ~t 

~lJil\1lnlllJ!in1~Lrl[J\lLlJu'tl1~lm~uck\l'llm'W[J\I 10° ~tvilt~~l relative sensitivity ~~~\ln\l 

10% LLGit1l11lJ!i~l 20° ~tvilt~~l relative sensitivity ~~~\I'tl1n\l 45 % 

fl til\1 't ~n ~llJtu nl~V1 ~ ~ fl\lil ~, ~[J ~ fl\l nl~t~"lf~V1 ~ ~ fl\l!i nl~~ fllJ ~Ufl\l Gi fllllJ'lJ fl\l 

Lm'l1fl1v1lJl~nn~tV1lJLyJL~ 'tfl Lfl ~t'I~ fluill\1'S\I L.rj flvl~ t~llJl~mL£JnmllJ LL~nGil\1'lJ fl\l input 

't~\l1[J ~\llfu~'~[J~tLt!lflnt-nLyJL~'t~Lfl~iu BPV10 L~~lt!i sensitivity nlJ~PlV1l\1L~L'l1fl'f'S\I 

nil LL~t!i"lru~lJU~~U '1 ~t\1il\1LyJL~'t~Lfl~~\I~fl\lLL~nGil\1nu'tlJlJlnUn 
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11.l'VI 3-7 ~11lJ~lJ~ufi~~'VIil" Relative sensitivity nmjlJ'VI LL~"G)nm~V11J~fl"L 'Y'lLGi 
tG)LflG) (n) L'Y'lLGitG)LflG)iu BPW34, (~) L'Y'lLGitG)LflG)iu BPVlO ('iJfllj~~lnLfln~l~~fl" 
1J~~V1 Vishay) 

- DC regulator 

1U~1U~ fl" LL 'VI ~"~1 [J t 'Y'l yh ~1 'VI~1J nl ~t1J LL fl ~ [j flU L'Y'lLGit G) Lfl G) ,fu~1 ~~ ~Gi fl" LtlU 

LL 'VI~"~1 [Jt'Y'lyh'VI vil1~Li'lG) ~C\!CYl rn~1Jmu1U1"~~Ufl [J'VI~G) LG) [JVll"un'~[JtGi L~ fl nLL'VI ~"~1 [J 

t 'Y'lvh 2 LL1J1J~ fl DC regulator LL~~LL'VI~"~1 [Jt'Y'l~1'V1~1JLLc.J"1"~~1uL~~fl"~ mJ'w1 LG) fl1lJ1Vil 

n1~V1G)~ fl,,1'l1~1 [Jt'Y'lyh~l'V1~1J n1~t1J LLfl~tiflUL 'Y'lLGitG)LflG) 1U1,,~~Gi1 [J~11lJGil"~n ci 5 L1~Gi 

1'l1~1GilUVllU1u1"~~ 100 i'lL~Lm.·;lJ LL~11Gl~CYCYl rn~1 fl fl n~ u"1,,~~1U~.fll1~vliiG)~UVl Gi1 [J 

erG)~ln1~Ln1J~C\!C\!lrn 1,000 ~~"Gifl'Ul'V\ LtlUL1~1 32 'ul'Vi '2i"~CYCYlrn~11lJGil"pYnci~lflfln 

~fl"1"~~~~Ltlu~"11.l'VI 3-8 
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11.l'VI 3-8 ~CYCYl rn~1Jmu'VItGi~lnn1~1G)~CYCYl rn~1 flun~ fl"1,,~~1U~.fll1~n1~V1G)~fl" 
nG)~ilVl LG) mill[J1JLVi [J1J~~'VIil" DC regulator LL~~LL'VI~"~l[Jt'Y'l~1'V1~1JLLc.J"1"~~1uL~~fl" 
~ fllJW1 LG) fl1 LtlULL'VI~"~1 [Jt'Y'lyh~l'V1~1Jn1~t1JLLU~ti flUL'Y'lLGitG)LuG) 1U1"~~ 
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~1mfu~\l til ~OJ OJl rnlJl vil nl'~~l~1 Lrl [J\l LlJ UlJl Gl,)~lU .fl\l '1.r:l L~ tl n tiiLn rnorll U m,)L~ tl n 

LL ~ ~\l~1 [J '1. vJyh ~l~~lJ m')'1.1JLLtl EHJ tl U 'ivJ'iGl'1.Gl 'itl Gl 1 U1\l ~')r:l1 [J~1 Lri [J\l LlJ UlJl Gl,)~lU"lJ tl\l 

~C\!C\!lrn"lJltl tln"lJ tl\l1\l~')1u"lJrntvlflGlffUVl Gi'\l,rU~\l'1.r:lL~ tlnli1 DC Regulator .n\lh:'~lLrl[J\lLlJU 

mGl,)~lU"lJ tl\l~OJC\!l rn"lJl tl tl n"lJ tl\l1\l~')1U"lJ rntvlflGlffUVlvlutl [J nil Gl1lJ"l1 tll;l~1 UGl1')l\lvl 3-1 

DC regulator LL ~ ~\l~1 [J'1.vJ"lJ tl\l L~'i~tl\l~tllJ~1LGl tl1 

Fll Lil [J\l LlJUlJ1Gl,)~1 U ('i1~G1) 0.020 0.146 

~~\l~lnvlL~tlnLL~~\l~1 [J'1. vJyh~l~~lJ m')'1.1JLLtlffii tlu'ivJ'iGl'1.Gl'itlGll U1\l~')'1.r:l LL~1 ~lGi'lJ 

Gi tl '1.u ~ tGl tl\l L~ tl n 1 iI~11lJGil \l ""n £1 ~1~ ~lJ '1.lJ LLtl ff ii tl U 'ivJ'iGl '1. Gl 'itl Gl m ') L~ tl n ~11lJGil\l ""ml 

~l~~lJ'1.lJ LLtlffii tlu'ivJ'iGl'1.Gl 'itlGl,rU~tGltl\lGg\l'W tlvl~tvil1~'ivJ'iGl'1.Gl 'itlGl mJlUfll1tvl n')tLLff'1.vJl"h 

LLU,)~'UGl,)\l nlJ~11lJ L"l1lJ LLff\l '1.r:l LL~t~tGltl\l '1.l.i L"'U~1 ~11lJGil\l""n £1 Gg\l ~Glvl'ivJ'iGl'1.Gl 'itlGl~lJ'1.Ml\l 

Lvi1nlJ 60 'i1~G1 LL~t~11lJGil\l""n £1,r'U~1')~tvil1~ L"Gl~C\!C\!l rn,)lJ n1'Uhn\l~')iltl [JvI~Gl Vll\l 

ll'n'~[J~\l '1.r:lvil m,)VlGl ~ tl\l L Yl tl~li1v1~11lJGil\l""n £11 'Um')'1.lJ LLtlffii tl'UGil\l '1 n'U ~tfl ~~ n')tVllJ 

Gi tl~C\!C\!l rn,)lJn1'Ul'U1\l~,)vI L"Gl~'UGil\l n'U~~tl '1.l.i 

m')Vl Gl ~ tl\lUvil 'iGl [J m,)~l [J '1. vJyh ~l~~lJ m')'1.lJ LL tl ff ii tl'U'i vJ'iGl'1.Gl 'itl Gll'U1\l~')r:l1 [J~11lJ 

Gil\l~nr.i 5, 8, 10, 12, 15, 20 LL~t 25 'i1~G11i1Gi'1G11'UVll'Ul'U1\l~,) 100 "'i~'im..'lJ LL~TlGl 

~C\!C\!1 rn"lJltltln"lJtl\l1\l~')1'Ufffll1tvl!1GlffilVl r:l1[J£lGl,)1 m,)Lf)lJ ~C\!C\!lrn 1,000 ~~\lGi tl''Ul'~ Ltl'U 

L1~1 32 ''U1'~ LL~1'1l1 ~C\!C\!1 rnvI'1.r:llJl vil nl,)~l~l Lri [J\l L lJ'UlJ1Gl,)~1'U ~t'WlJi1~1 Lri [J\l LlJ'U 

lJ1Gl,)~1'U"lJ tl\l~OJC\!l rnvI'1.Gll'ULLGi ~t~1~11lJGil\l"" n £1 vllill'Um')'1.lJ LLtl ffii tl'U'i vJ'iGl'1.Gl 'itlGl,r'Ufl~l 

In ~ L~ [J\l n'ULLGifl LL 'U1'iulJvI ~1 LrI [J\l L lJ'UlJl Gl,)~l'U"lJ tl\l ~C\!C\!1 rnvi '1.r:l ~tGg\lil'ULrl tlliI~11lJGil\l""n £1 

l'Um')'1.lJ LLtlffii tl'U'i vJ'iGl'1.Gl 'itl GlGg\l~'U Gi'\l~tL ii'U'1.r:l~1 nluvI 3-9 

0.0225 
y = BE-05x +0.0199 
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lUvI 3-9 ~11lJ~lJ~'Ufi"lJ tl\l~l Lri [J\l L lJ'UlJ1Gl,)~1'U"lJ tl\l~C\!C\!l rnvI'1.r:l~l n1\l~')1'Ufffll1tm') 
VlGl~tl\l!1GlffUVl Lrlm~lJ~l Bias voltage 
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~1n n'nvl~~l'llJi1m1lJGh\l~m1t 'U n1")"1JLL£l~ii £l'ULvlLG'l"Gl L£l Gl 5 L1~G1n~f\!f\l1ru,,)lJm'U 

uu£J'vI~Gl u~~n LL 'U1 L UlJ'VI ~f\lf\!1 ru,,)lJ n1'U~~lJ1 n~'UvI~11lJ Gi1\l ~n cit 'Un1")"lJ Ll£l~ li £l'UL vlLG'l 

"Gl L£lGlGg\l'21'U ~\l,f'Ut'U\l1'U~~£Jii~\l"Gh~ £l n~11lJGi1\l~n cit 'Un1")"lJ LL£l~ii £l 'ULvlLG'l"Gl L£lGl LU'U 10

12 L1~G1 L~UL~£ltl1~f\lf\l1rum1lJGi1\l~nci'lJ1£l£lnjj~1Gg\l 

- ~1G'l1'UVll'Ut'U1\l~")"GlL£lGl 

VI~\l~1 nvhGlvil n1,,)L~ £l n'llilGlll~~m1lJGi1\l ~n ci'lJ £l\l LL VI fj\l~1 £J" vI'VIt '11vil n1")"lJ LL£l~li £l'U 

Ll~1 ~1'Ulh~n £llJt 'U1\l ~")v1 ~~vil n1,,)L~ £l nGi £l"1.J n ~ £l~1 G'l1'UVl1'U ~1V1~lJ~1G'l1'UVl1'U,f'Uri\lt'11 

~11lJG'l1'UVl1 'U v1n ~1Gg\llJ1 n~'U ~f\!f\l1 rum1lJ Gi1\l ~n ci'lJ1 £l £l n'lJ £l\l1\l ~ ,,),!'U n ~ ~ri\l n ~1Gg\l '21'U.fl\l ~ ~ 

Viltl1\11£JGi£l n1,,)~\l LnGlLL~~~ L~,,)1~t-4' LLGit 'U'lJru~L~ £J1 ~'U~11lJG'l1'UVl1'Uv1lJ1n~'U'!'U n£l1~~~"1.J 

'11 £J1£J~f\!f\!1 ru,,)lJ n1'Ut'U1\l~")tl1n ~1 L~lJ'21'UG'l1 £J V11\lUn~~£J~\l"Glvi1 n1,,)V1 Gl ~ £l\ll ~ £lVl1i1~1 

~11lJG'l1'UVl1'Uvlt '11t 'U1\l ~") Lrl £ljj~1l1.J~£J'Ull1.J~\l "1.J~~n I'.J ~Gi £l ~f\!f\l1 ru ,,)lJ n1'Ut'U1\l~")VI~£l"l.i 

m,h\l"") n1,,)V1Gl~£l\liivi1LGl£Jn1,,)~1£J"vlYh~1V1~lJn1")"lJ ll£l~[j £l'ULvlLG'l"Gl L£lGl t'U1\l~")G'l1 £Jm1lJ 

Gi1\l~nci 5 L1~G1 t'11~1G'l1'UVl1'Ut'U1\l~,,) 50, 100, 150 LL~~ 200 ~L~Lm"lJ ll~~fj\lL~l"li£li 

(L~ L"li£lil'l £l £JLGl £li) Gl")\l ~1'U£l1 n1~"1.Jvln ~1\lLvlLG'l"GlL£lGl LL~11Gl~f\lf\l1 ru '111 £l £l n'lJ £l\l1\l~,,) Gl1 £J 

£lGlnn1,,)LnlJ~f\!f\!1ru 100,000 ~~\lGi£l''Ul'V\ LU'UL1~1 0.1 ''U1V\ .fl\l~f\lf\l1rum1lJGi1\l~nci'lJ1 

£l£ln'lJ£l\l1\l~,,)~~Lu'U~nMru~~~1£J11.J Sine wave vlm1lJn1.J,,)~lJ1ru 50 Hz LL~~nn1,,)LLni\l'21'U~\l 

L~nU£l£JGl1 £Jm1lJnGg\ll'l1£llJ'1~'U"1.J~\l11.JvI 3-10 

VI~\l~1n'!'U ~ni1~f\lf\!1ru t'Ul1.Jv1 3-10 lJ1vi1n1,,)Vl1~1lrl£J\l LlJ 'UlJ1 Gl,,):§1'U ~1L'l~ £J LL~~ 

£lGl,,)1~1'U,,)~Vli1\l~1 L'l~ £JGi£l~1lrl £J\l LlJ'UlJ1Gl,,):§1'U LGl £J £lGl,,)1 ~1'U ,,)~Vli1\l ~1L'l~ £JGi £l~1 Lrl£J\l LlJ'U 

lJ1Gl,,):§1'U1i~~Lil'U~11.J\ll1i1~f\! f\l1 ruIf'Un m1lJ11Gl L ~'UlJ1 nVl~ £lU£l £J 

0.90 ,.--,.--,.--r--,r--.r--,--r--..--,----, 

O.BO +--+-~t_-I--::--II_--il_--i---t---+---+--; 

0.70 -r--~-""'-" 

_ 0.60 

~ 
C1> 0.50 
:» 
~ 
~ 0.40 

> 0.30 

0.20 

0.10 t---t_---ir----t--t'-...a.r-

0.00 +--+--+---~--II__--II____II_---t---+---+---i 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 O.OB 0.09 0.10 

Time (s) 

11.Jv1 3-10 ~f\lf\!1 rum1lJGi1\l~n cim £l £l n'lJ £l\l1\l~")n1JL1~1 Lrl£l tl\l L~ L'l1£li~1'UU1 n1~ 
~LvlLG'l"GlL£lGl v1~1~11lJG'l1'UVl1'U'lJ £l\l1\l~")Gi1\l'1 
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Lrlu'W";;!1~ru11=l1 ilGl~1~TU~~'VI11\11=l1 L,"~ [JGi uI=l1Lfl[J\I LlJ'l.nJ1Gl~!i1utuGl1~1\1v1 3-2 'WlJ11 

Lrlut-n~11lJGl1UVl1U 150 LL~~ 200 ;rl~Lm';lJ ~f\!CY1ru";;!dl~11lJi{GlL";;!u~\I LLGiLiiu\l";;!1n 

~CYCY1 ruSj 1=l1 L fl [J\I LlJUlJ1 Gl~!i1U~\I Gl1 [J ";;!~vi1 t~ [J1 nGi un1~ ~\I L n Gl ~11lJ Gi1\1 ~n cl'lJ1 u u nlJU 

'VIU1";;!u'lJu\lL~~u\lSju1Gltu~~'VI11\1m~VlGl~fl\lGifl '1 'bJ ~\lt!u~\lL~flnt-n~11lJGl1UVl1U 100 nL~ 

Lfl~lJ ~\I!j1=l1 £lGl~1 ~1U~~'VI11\11=l1 L,"~ [JGi fll=l1 Lfl [J\I LlJUlJ1 Gl~!i1U~\ln11 Lrl fl t-n~11lJGl1UVl1UvI 50 

nL~Lfl~lJ LL~~SjI=l1L fl [J\I LlJ UlJ1 Gl~!i1U'bj ~\I";;! UL nu'bJ 

- flfl~<flL~~LmJ 

fllJ mruvi t -ntUm~LnlJ 1=l1 ~f\!CY1 rum1lJ Gi1\1 ~nclvl t -ntUm~Vl Gl ~ fl\lll~ fl fl fl~onL~~L~lJ 

rl~fl YOKOGAWA 1U DL716 fllJmrull~1lJ1~nvi1m~1GlI=l1LL~1LL~Gl\lc..J~lJu";;!mL~Gl\lc..J~1Gi LL~1 

£J\I~1lJ1~mtilJ"iJ fllJ~vlvi1 m~1Gl LtJu1vlGS'LlJ~LLmlJ IVlicrosoft Excel tUllJLLlJlJ'lJfl\l~GllJ5i~\lvi1 

t~~~Gl1 nGi flm~u1"iJ fllJ ~1lJ'h~~1~~Gi fl1lJ LGl [JVJn m~VlGl~ fl\l";;!~vi1m~1GltuL 'VIlJGl DC ~\I";;!~ 

LtJum~1Gl~1lJ~\I~CYCY1ru1vlYhm~LL~Gl~\lLL~~1vlYhm~LL~~~lJ fllJn~rullSj resolution ~~L~ [JGl 

~\I 0.00001 L1~Gl LL~~~1lJ1~mnlJ"iJfllJ~1Ginr;f\lLLGi 1 ~f\lGifl'U1V1l'\\I 10 ~1U~~\lGifl'U1'V1 LL~~ 

~1lJ1~mtilJ~1U1u~1flti1\1Gifl'VIii\l~~\lm~VlGl~fl\l1GilJ1n~\I 1 ~1flti1\1~\1 1 ~1U~1fl£i1\1 ";;!~L";U 

1Gi11LtJUfllJ n~ ruvlij~ Gl~11lJ ~1lJ1~n t U m~LnlJ"iJ fllJ ~vI~\I LLGiiiGl~1 nGl'lJ fl\l m~t-nL~~fl\l!j flllfl ~vI 

m~ci1mVl"iJ fllJ~ L1i1~L~~fl\l~ fllJ~1 LGl fl~";;!:::Gi fl\lt-nLL~U diskette ~\lihnl1 [J~11lJ~1v1ufl[Jvi1t~ 

1l.i~1lJ1~mnlJ~1U1U~1fl£i1\1lJ1n 'l1Gi 

3.2. 2 fllJn~ru~1'V1~lJ m~~fl1JLVI [J1JL~~fl\lSj fl1Gl 

'VI~\I";;!1 n1&1 fl fl nLLlJlJ LL~:::lJ~:::n fllJ~:::lJlJ L~ L"l1flflGlLflGl LL~1 ~\lvi1 m~~fllJ LVI [JlJ L~~fl\lSjfl1Gl 

vI~~U1~ULGl[Jt-nLLlJlJ~1~ fl\lvlfl\l fl1mPl ~\I~1[J~:::L~[JGlGi1\1 '1 !j~\lGi fl1lJll 

3. 2.2.1 LLlJlJ~1 ~ el\lvl fl\l fl1 mPl 

~1'V1-rlJ1~Glvlt-nvi1 LLlJlJ~1~ fl\lll~ fl Polydimethylsiloxane (PDMS) Liifl\l";;!1 n PDMS 

'VI~flSj~m~[Jn~u¢h11 Sylgard 184 t!ULtJU L'W~LlJfl~vlSjI=l1~'ll~hXnL'VItn~L~[J\lnlJn~L"l1fl~U ~fl 

)j1=l1lJ~:::lJ1ru 1.430 tU'lJru:::vlnfh"l1fl~ut!USjI=l1~uil\XnL'VIfl~vl1.47 (n~L"l1fl~U 100% 
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1Glv1 f1 fU ~5Jfj 20°C) 'Utl n~1mr'U 1~61"ll1lGlilL1~I'Uv1a-;YnLLV'l'f~ ~1 tnn nl'Uil~,l1'UL'fitl\l~1nSln1~ 

'Il1'nl-n\l1'Ul'Un1~~~1\1 "Lab on chip" L~tlMm~nn1~'1.~~1'Uvitl'lJ'U1GlL~nL~~1U 

LLllvhJvi'lJ tl\l LLlJlj'~1 ~ tl\lvJ tl\l m n1 ~vi1 ~1 n ~ nilGl~~\I Vl~\I nmJ'lJ'U1 Gl L~'U ~h'U"J'Ucln~1\1 5 

'lJ'U1Gl ~tl 6,8, 13, 16, LL~~ 22 )J.)J. LGl[Jltl 3-11 LL~Gl\l~m~tfU~'lJtl\l~nilGl'lJ'U1Gl~1\1 "l v1'1l1)J1 

'llGl~'Un\l ri\l n ~1\1 'lJ tl\l ~ nil Gl LGl £I Sli'UGl tl'U n1~~~1\1 LLlJ lJ~1 ~ tl\l G)\I ~ tl '1. t1U L~)J ~'Un1~~~1\1 !§1'U 

LLlJlJ~1~ tl\l~1 n LL~'Utl~fj L U[J)J'li'Gl ~11~ L~[JlJ LLfh'll1 ~ nilGlGl1)J'lJ'U1Glv1~ tl\l n1~)J1 ~1 LL~~'llGll~ 

LtJ'Ultl~~\lVl~\I n~)J vi1 n1~LLtI~~\llJ'U!§1'Utl~fj L U[J)Jv1 LGl~[J)J'1.1 ~1 mf'Ul-nLL~'Utl~~~~ n~'U1 4 )J.)J. 

)J1t1~~ntl1JLtJ'U~h~\I 4 &11'U LGl[JfjGlLL~'Utl~~~~nL'.il1nlJ!§1'U&11 [J~nlLLtl1 f1Gl~tl[J~1v1).j)J~\I 4 &11'U 

~1[J'il~L~'U ~1mf'UVlGl~ tl\lbhb~\I'1.t1L~ tlVlGl~tllJn1~~1~)J atlv1 3-12 LL~Gl\l~n'ftfU~n1~ 

t1~mtllJLLllVi)JviL '.ill &11 £I n'U 

ltlv1 3-12 LL(:..J'Ufl1V'l"Lltl\lLLlJVi)Jvivil-nvi1LLlJlJ~1~tl\lvJtl\lmn1~ LGl£J~nilGlQnfjGl,nlJ 
!§1 'U &11 £I n11 LL~~(:..JU\I LL~~~&11'UfJnfjGlnlJ!§1'U~1 [J~nl LL~~l-n'il~L~'Ul'Un1~f1Gl~tl [Ji'1 

~~~i1\1 (:..JU\I LL~ ~ ~~1'U 
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VI~\I~1mf'U ~\lVhnT'HH~lJ PDMS Gi1£J£lGl"l"1~1'U"l"tVl''J1\1lJ1~·lHl\l monomer LL~t 

catalyst LvilnlJ 10:1 ~'Ut'UL"ihn'Uvlf:lCUVl5JSh~fl\l .fl\l~tvht~!iyJfl\lf:nm~"lJ'U1GltVlf\J~1'U1'UlJ1n 

LL Vl"l"nL"ih
v
llJ1'ULUfl1~Gl &1\1,f'U~\lGifl\l\h'llJ1~t'U vacuum chamber LYlflGJGlLU1U1m~vlLLVl"l"n 

fl fln~'UVllJGl fi fl'U Lfl fl~\I U1m ~fl fl nLL~1~\I\11 PDMS t11 L Vlt~LLll'Wm'hL~tfllJ.fl1£Jt'ULGl1fllJ1iI 

f:lcuVl5Jil 60 O( LiI'UL1~1 4 .ff1LlJ\I yJfl\lU1m~"lJ'U1GlL~n (L~nlJ1n~'ULrlfllJlJfl\ltllL~'U) ~t~fl£J '1 

~fl£JflflnlJ1~1n PDMS Lfl\l (~1 reflective index LL~t~11lJL11~\lt~"lJfl\l PDMS ~tL11~£J'ULL11~\I 

L'W£J\I L~nilfl£Jt11nlJf:lcuVl5Jilvlt"l1t'Um"l"fllJ) VI~\I~1n,f'U ~\lVhm"l"flflGl LLlJlJ PDMS flfln~1n 

LLll'WlJ'WLL~tU1~ni1Gl fl fln~1n:i1'U ~1 n,f'U~\l11"l"tn fl1Jfl fl'U PDMS n~1JL"ii1n1JLLll'WlJ'W~n~~\lLYlfl 

'\.hmt"l1t'Um"l"VlGl~fl\l 

G'11V1-rlJ n1"l"vh LLll'WlJ~ilt'U~~\I LL"l"ntGi ~ fl\lt"l1:i1'ULLll'WlJ'Wvlvh~1 n til ~'~£J'WlJi1 LiI'U 

1~Glvltll LVllJ1t~lJfl£l1\1ri\l Liifl\l~1n!il'W~'Uvht~ LnlJ fl1m~t'n'ULUfltiltGilJ1n L1~1U1 t11 fllJt'U 

LGl1 fllJ~tvht~U1 m~vI LL Vl"l"nofllJfl ~fl flnlJ1 LL~tVi1t~ LnGlyJ fl\lU1m~~1'U1'UlJ1nt'ULUfl PDMS 

'Ufl n~1n,f'UL1~1~ fl n flfl n~1 n:i1'U'; [J\lvi1tGitll~tGl1 n L 'W"l"1tt:j1 til~ fl'U"ii1\1V1 £J1lJ Vi1t~Gifl\lt"l1 

LL"l"\I ~ fl 'U"ii1\1m n LL~ tt"l1tlJ!i Gl &1Gl.fl\l ~tvi1 t:j1\11'UL~ £JVl1 £I tGi 

'Ufln~1mr'ULL~1 ~11lJ~tfl1Gl"lJ fl\l LLll'WlJ'Wn LiI'U~\lG'11At'\! L 1 ~1~lJff'U\l1'U~1"l"mlJf)\I!ifl 

LYl fliJ fl\l n'Utllt~"l"fl £JU1il fl11"l"1 n.fJlJ'U~u\l LLll'WlJ'W.fl\l fl1 ~~tvh t ~~~m"l"VlGl ~ fl\l t:jGl'W ~1Gl tGi t 'U 

m"l"VlGl~ fl\l Lfl fl\lGi'U!i~"l"1lJ m1t11 L~ fltlJ'U~U\llJ'L1 CU tn ~nlJyJfl\l U1 m~ nvht~ LnGlm"l"~n LVI 

"lJ fl\l L~ L"lffl1lJ'L 1 CU~"l"1lJ ~n11"l"n&1\1 n ~11 fl £l1 \I "ifGl L~'U 

l11vl 3-13 LL~Gl\l LLll'WlJ'Wfifl'ULL~tVl~\lm"l"VI~fl PDMS (LiI'U"lIGlVlGl~fl\lvl'W~fllJG'11V1-rlJm"l" 

VlGl ~ fl\l) LGl £JLLlJlJ~1~ fl\lyJ fl\l fl1 m~U~1lJ1"l"flflflGl fl flnlJ1~1nLLll'WlJ'WtGi L;ifl\l~1 n PDMS !i 

L~"l"\I ~~1\1vl wil\l LL"l"\I ~1lJ1"l"flt"l1!i fl~lJtGi &1\1 LL~Gl\lt'Ul11vl 3-14 

l11v1 3-13 LLll'WlJ~fifl'ULL~tVl~\lt"l1\11'U (n) l.jlJlJfl\lGi1'U"ii1\1 - Gi1'U·ih£J~ULLll'WlJ~fifl'U 
t"l1\11'U, ("lJ) l.jlJlJfl\lGi1'UlJ'U, (~) .fl1'W"l"t£Jttn~"lJfl\lyJfl\lU1m~"lJ'U1GlGi1\1 '1t'U PDMS 
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- - ------------. 

3 .2.2.2 ~~lJlJ nl'H~ £lUGil LL ~U\I LLlJlJ~l C'l £l\l'lJ £l\lVJel\l fl1 n1 ~ 

\llu'~£J'dnmllJll~~Gll'\I~v1~~1Gl~f\!f\!1 ru'lJl £l £In'lJ £l\l1\1~~Lrl £l fl\l ~lULLlJlJ~lC'l £l\l'lJ £l\lvJ £l\lv1 

ni'~nmllJL~\lGil\1 ., v1fhcr\l L~~£lUv1 ~\I,ru~~lJlJn1~L~ £luGh LL ~U\I LLlJlJ~lC'l £l\l Lvl £l1Gl~f\!f\!lru 
'lJl £l £l n'lJ £l\l1\1~~v1Gil LL ~U\I ~11lJ ~\IGt\l LLGill C'l1 [J [J £l GlvJ £l\l LLC'l ~GilC'l\l '1.11 rJ\I Gil LL ~U\I Gil U t uvJ £l\l ~\In 

~11lJ~1~'\l 

L~~£l\ln £lv1tiftUn1~L~ £lUGil LL ~U\lLLlJlJ~l C'l £l\l'lJ £l\lvJ £l\l e:i £l L&i~VlGl C'l £l\lv1 Gll'llJl~nlli'lJ~~~lJ 

'1.Gi (lab jack) rll1£l Newport iu 271 n'll1\1~~[J~11lJ~\lGt\lLLGi 2.5 il1 £i\l 4.25 U1 ;l\ln1~ 

vil\11 U'lJ £l\l L~~£l\l1i~~t ~fi~lju'3 nflGl t l1 Ln Gl n1~L~ ~ £l uv1 t ULL U1~\I;l\l LL~U11\1\11U'l11\1lJ U~~fJ n 

[J n ~\I~u'1.11 LLC'l ~ Lvl £l t l1Jl [J Gi £l nl~lli'lJ~~ [J ~~11lJ ~\I'lJ £l\l LL~ U11\1\11 U~\I '1.Gi L~ £l n'll1\1v1n 

~11lJ~lJ'WUfh~~il\1~11lJ ~\I'lJ £l\l LL~ U11\1\11U nlJ~lU1U~£llJ n1~~ lju'3 nflGl Lil UL fJ\I L~u;l\l t'le:i £l 

tU'll1\1 2.5 £i\l 3.5 U1 

~l~i'lJ resolution 'lJ£l\lL~~£l\ln£l{h~n~i1~\lv1tu'll1\1~11lJ~\I 2.5 £i\l 3.5 U1G!£l\l~ljU 

'3nflGl'1.11 10 ~£llJ~\I,rU 1 ~£llJ~~viltl1LnGl~~[J~n1~L~~£lUv1 0.1 U1 ~~flLvhnlJ 2.54 llC'l~LlJGl~ 

LLC'l~Lil£l\l~l n tifn1~ ~\lL nGln1~~ljuGi1 £JLLoQn'lJ £l\l '3 nflGl;l\ln 8 LLoQ n LLC'l~~~~il\1 LLoQnGi flLLoQn 

Gll'llJl~t1lJ £l\l L~ULLC'l~LLtl\l £l £l milu 4 ~1U '1.GiG!1 [JGll'1 [JGll ~\I,rU~~viltl1 L~~£l\ln £l1in resolution 

tu~~[Jv1viln1~VlGlC'l£l\lLVhnlJ 0.08 i1C'l~LlJGl~ 

~l~~lJ crnl!tru~'lJ £l\l n1~VlGl C'l £l\lLGl [J~\I L'lJll~~dJu~\l1i flll n~ru1Gl ~~~GlGt\lLGl [Jll~lJtl1 ~1 

LC'lL'lf£l'i~lmL~~\lfil LilGl'1.11 n~~VllJGt\loQl nnlJLvJLGI'1.GlL£lGltU1\1~~ LL~1viln1~L~~£lULLlJlJ~1C'l£l\l 

vJ£l\l fl1 n1~~lU~l LC'l L'lf £l 'itULLU1~\I Lrl £l ~1 LC'l L'lf£l'i'\I ~lULLlJlJ~l C'l £l\l t u~1uv1 LL Vlun ~ L'If£l~U ~1 

LC'l L 'If£l'iti rJ\I~\lGl n C'l\llJUL vJLGI'1.Gl L£lGl LLGi Lrl £l L~ ~ £lULLlJlJ ~1 t'I £l\l~U '1.11 ~ n ~1 LC'l L 'If£l'it'l L~lJ'\I ~lU 

~Gl [J £lGl'lJ £l\lvJ £l\l £ll n1~ ~f\!f\!1 ru~11lJGil\1~n £1~~L~lJ!l LL U1L UlJ C'lGl C'l\l LYI~l~il~l LC'l L'lf£l'i'\I~Gl 

~lU&11nC'll\1Gil\1'l1ilGlnu viltl1nn1~Gll'~Vi£lULLC'l~""m~'lJ£l\l~lLC'l L'lf£l'i£l£ln'1.11 LL U1L~lJ ~11lJ L'l1lJ 

LLGll'\lv1Gl n t'I\llJUL vJLGI'1.Gl L£lGl~\lUl~~n~1 C'lGl C'l\l 
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-ilElL~[J'lJEh'lm'j1"11LGl~1li'1.J'j~&11.JvhJi'1.JGl1[JliE:lii ~El'lJ'U1Gl resolution ll'j~lnru 0.08 lJ.lJ. 

(lEY\l 'hJ ~\l Yl El Lrl El LV1 [J 1.J n1.J ~\l vi til ~\lMn1~t1 El ~ .n\ltl f1l"'" U Ell ':l ':l ~ LL n't'lJ 'tGlLGl £JL 1l ~ [J'U't1l1"11'l.fGl 

L~El'UGl1U'1lnl\l (traverse) vi'li'1.JL~ ~ El'UGl1 [JlJ ElLGl Elf1.l'lyhU~ ~~11.J~lJ c.Jl'U'j~1.J1.J~ EllJ'W1 LGl EliLLVl'U 

LGl[J m'jL~El'ULL1.J1.J-;jl ~El\ll'l El\lm mllt&1Gl n1.J~l LL~\lL~ L'llElivi'tGi LollVl ElYl 't1 n El'U~1\l\..nll LL~1 Lrl El 1"11 

sampling frequency vi~El'U-ill\lGg\lU~~~11lJL~1'lJ El\l'l.fGlL~ El'UGllLL"""l\lvi~\lviLL~1 ~VlGl~ El\l':l~ 

mlJl'jmJEl'Un~1.J't1ll11Gil LL".",l\l'lJ El\l LL~\l L~ L 'llEli1.J'Ul'l El\l Ell nll1t'tGi LLGi El £I1\l 't'jnGlllJ LtiEl\l':ll n'tlJ 

Vl'jl1.J ~1~11l./L~1vi LL U'UEl'U'tGi LL~~n\l LLiJ':l~Vi1 m'j~El1.JLV1 [J1.J~11lJ L~1 't1 n El'U'tGi ~1~11lJ L~1vi""'llJl 

'tGin Lum 'W [J\l~11lJ L~1 Lo\l~ £JL vil,r'Uvil1~m'j[JEl'Un ~1.J'ttll11Gil LLl1ti\l'lJ El\l~l L~ L "lfEl1viGln m~Vl1.J 

1.J'Ul'lEl \l EllmiltEll ':l ':l ~'tlJulJ'U [11 un 

El £il\l't'jnGlllJ mWIGl~ El\lGi1 [J'H~m'j~\l~El\l LL1.J1.J'tGlfJn-;tGlLGl1[JlJ11'U LL~~vilm'jVlGl~El\ltu 

LflEl\lGi'ULL~1til ~~lJl L1l1[J1.J LVi [J1.Jn'U Yl1.J11 ~n1~l'ru~~f1lf1l1 ru ':l1 n~\l~El\lnl'jVlGl~ El\lij~n1~tru~ 

LL 'U1 L UlJ 'Iii 1 n ~ L~ [J \l tt'U lJ 1 n &1\l li'U1 'U nl 'jVl Gl ~ El \l U ':l ~1"11L Gl~ll i'1.J'j~ Gl1.J 1 'U n 1'jL~ El 'UGil LL l1 ti\l 

l'lEl\l Ell mlltL~ El':l~vil1~Vl'jl1.JGil LmU\l'lJ El\l m'j1Gl'lii LL ti'UEl'U 

3.2.3 m'jGilLil'Um'j~El1.J LV1 [J1.JLL~~~.fIl1~m'jVlGl~ El\l 

tI ':l ~ [J vi ':l ~ij ~ ~ Gi El m 'jVl Gl ~ El \l 'tGi LL n f:I ru ,..., 5J n.n\l ':l ~ij ~ ~ Gi El ~ ru ~lJ 11G\'lJ El\l1\l ':l'j't l'lyh 

~'UllJ LLlJ L""'~ nGil\l ., 'Iii':l~vi1 1~ LnGl~f\!f1l1 ru'j1.J m'U1'U1\l':l'j LL~~LL~\l 'tl'l1'U1.J~L1 ruvivil m'jVlGl~El\l 

.n\l Li]'UtI':l~m~l ~f\!vi':l~vil1~ ~f1l f\!1 ru~11lJ Gil\l~n cl'lJl El El n'lJ El\l1\l':l'jfJ m1.J m'U LGl [JVll\lUn'~[J 

'tGivilm'jVlGl ~ El\l L~ ElVl'jl1.J n\l ~ ~ m~Vl1.J'lJ El\l LL~\l.fll [J'UEl n'lii':l~ij ~ ~ Gi El ~f1lf1l1 ru~11lJGil\l~n cl'lJl 

El El n'lJ El \l1\l':l 'j LGl [JVl Gl ~ El1.J",f\l ~El\l LL ,..., ~ \l til L ilGl LL ~\l L~ L'll El i~ El L~ L'll El iYl El [JL Gl Eli LL~ ~ He-Ne 

L~L'llEli 

m'jVlGl ~El\lUvil LGl [J m'jL1l1[J1.J L V1 [J1.J ~f1l f1l1 ru 'lJl El El n'lJ El\l1\l ':l'j'lii'tGi El El n LL 1.J1.J't11'U-D''UGi'U 

tu 3 ~.fI11~~El ~.fIl1~LL'jnLu'Um'j1Gl~f1lf1l1rumllJGil\l~n cl'lJl El El n'lJ El\l1\l':l'j1'UL 1 ~ln~l\l~'U ru 

~en'Uvivil m 'jVl Gl ~ El\lLGl £JL rl Gl,..., ~ El Gl 'tl'll'l~ El ElL 'j~ L'll'UGl (vil m'jVl Gl ~ El\l 1 'U ~ El\l Ln\l .a'U 3 &1 n 

'1It1m'jlJ 5) ~.fIl1~vi~El\l Lu'Um'j1Gl ~f1lf1l1 rumllJGil\l~n cl'lJl El Eln'lJ El\l1\l':l'j1'U'll1\lL 1 ~1 18.00 

'U. ru ~en'U'liivilm'jVlGl~ El\lLGl [J1~LL~\l.fll [J'UElnm~l'jGlnm~Vl1.JL l'lLGI'tGlLElGl LL~~~.fIl1~vi~llJ 

Lu'Um'j1Gl~f1lf1l1 rumllJGil\l~n clm El El n'lJ El\l1\l':l'j1'U'll1\lL 1 ~1 n~l\l ~'U ru ~en'Uvivilm'jVl Gl~ El\l 

LGl [J D\l L ~ L'llEli~l'Ummilt~L l'lLGi'tGl L El Gl LL~ ~rlGl 'tl'l1'U~en 'U'liivil n l'jVl Gl ~ El\l.n\l':l ~'tGi ~f1lf1l1 ru 

ElElnlJl&1\lall'lii 3-15 ':l~Li1'U11~f1lf\jl ru~11lJGil\l~n cl~\l~llJm&~llJl'jnlJ El\lL i1'U'tGlifGlL ':l'U1.J'U 

lJ1Gl'jl ~1'UmllJGil\l~n clL~ £J1 n'U LL~~':lln~f\jf1l1 ruli'U'tGitillJll11~1 Lo\l~ [J ~1 Lil [J\l L 1.J'UlJ1Gl'j!jl'U 

LL~~ilGl'jl~1'U~lLo\l~ [JGiEl~lLo\l~[J1'Um&'Iii 3 ':l~'tGi~l El ElnlJ1&1\lGll'jl\l'lii 3-3 .n\l':l~'W1.J11~1 Lo\l~[J 

GiEl~lLo\l~[J1'Umruvi 3 El ~1'ULnruevl'liilJln'W Elvi':l~Lll~ [J'ULLll~\l~f1lf1l1 ru~11lJGil\l~n cl'lJl El Eln'lJ El\l 

1\l ':l'jLrl Elij m'jL1l ~ [J'ULL 1l~\l 'lJ El\l LL~\l 'tl'l.fll [J'UEl n GI\l"r'U1'UnlWIGl ~El\lVll\lUn' ~[J~\l nll1'UGl m'j 

VlGl~El\l~'U1'U'll1\lL1~ln~1\l?1'U&f\lLLGiL1~1 20.00 'U. ':l'Un\l 24.00 'U. L~El1~~CYc\j1ru'lJ1ElEln'lJEl\l 

1\l':l'j'tlJ'tGii'1.J ~ ~ m~Vl1.J':ll n m'jLll ~ [J'ULLll ~\l'lJ El\l LL~\l.fll [J'UEl n 
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0.5 T-------~------,-------T_----~~--~--~------~~ 

~ 
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~ 
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0.3 . 
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0.0 

-0.1 

-0 .2 
0 5 10 15 20 25 30 

Time (s) 

• rn~~ 1U"lI'~fl1!JUilfl1in 18.00 U . 
• 	rn~~2lil~'tn n~i)ill~ '/Il 'II\l~\'1U~~flin~9iU 

rn~;J 3 i1~1 it '11'00 'huil1rn~lnl~flloo1U~j)Uflin~9iULlit:1Irl'tn 

~t1vi 3-15 ~£\!£\!1rum1lJGi1"~n6i11uunii u"1"~1tUn11V1(;l~u"L~m..,,~~n1~V1lJ·lm" 
LLe:f"~1nsn [JuunGi u~~iI u"~£\!£\!1ruil1uu nil £N1"~1 

~1l1~lJ~~n11V1(;l~u"&11[J He-Ne L~L"liuiilU1(;l 10 mW '1.~LLe:f(;l"':'.ltu~mcrlJl1~(;lV11[J 

ilu"(;l111"vI 3-3 Luumru.vI 4 'WlJi1~1~11lJGi1"~mHj~1fg"~,,t11~lJ1ru 15.3 L1~Gll1~u~(;lLUU 

30.3 Lvh ilu"n1ru.vit-nL~L"liui'Wur.JL(;lui Gl",jUtUn11V1(;l~u"vlt-n He-Ne L~L"liui~~fl~1 signal

to-noise ratio t11~lJ1ru 190 LVl1 ~"fl~1fg"lJ1n 

(;l111"vi 3-3 m1lJGi1"~nd"LyJYh (n1ru.vI 1 '1.yJyJ~um1e:fL"liUGl, n1ru.vI 2 '1.yJ~1nfl1[Juun 

m~11 L1~1 18.00 u., n1rt1v1 3 L~L"liui'Wur.JL(;lui, m01v1 4 He-Ne L~L"liuiilU1(;l 10 mW) 

.....,"i,;:.L61 il{ n"irnv\ 1 .. ..In"irnVl 2 .. ..In"irnVl 3 n"irnVl4 

~hL~~[J ('b~Gl) 0.022 0.098 0.346 15.3 

~1Lrl [J" LlJUlJ1(;l1!§1U (L1~Gl) 0.032 0.031 0.031 0.08 

El(;l11~1U~1L~~[JGiu~1L~~[Jilu"n1ru.vI 3 0.06 0.28 1.00 44.22 

~~L~U'1.&1i1n11uu n LLlJlJ n11V1 (;l ~ u,,'.!h,,&1uvI m:i11lJ1 ri uUl1ihU V11" ~'-;Y[J '1.~'W[J1 [J1lJ 

u u n LLlJlJ ~1utl1~n ulJ LL~~e:ffl11~n11V1 (;l ~ u"t~ fl ~£\!£\!1 run111lJ n1uuu [Jvi ~(;l (;l1lJl1crn n11 

Vh"1Uilu"LyJL&1'1.(;l Lu(;l,jut'h'1.lifl LLe:f"(;lnn1~V1lJLyJL&1'1.(;lLU(;l L~ [J ~~fl m~LLe:f'1.yJYh~'1.l1~tU1"~1 

(dark current) uu[JlJ1nL(;l[Je:l1l1~lJLyJL&1'1.(;lLu(;lvit-ntUn11V1(;l~u"rl ~~fl~1 dark current'1.li 

L~U 30 U1LULLulJLLtli ~"uu[J~uuUe:f1lL~e:fL~t1vit-ntUn11V1(;l~u,,'1.lie:f1lJ11f1(;l11~1(;l'1.~ LLGitu 
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n1'~V1 Gl ~ fl\J ';I'\J ~\J LLlJ ';I ~ Lihah\J L 1 ~1 n ~1 \J ~'U'; a\J Si LL ~\J ~'U 'U fl n L", il fl ';11 n LL~\J L~ LczJ fli fl ~ ill \J 

L~ntJfl[J 

L'U~1'U"lJ fl\J ~ ru"'5Jilt!'U Liifl\J';Il n 1Gi L~ fl nL-lhh\J L 1 ~1L'Uvil n1~V1Gl ~ fl\J L 'Ui1 fl\J1J-rlJ fll n1 ~v1 

~llJl~f'lFI1lJ~lJ~ ru"'5JnLi1~\Jv11Gi LL~~VJn n1~V1Gl ~ fl\J';I~Vil L'U'1l1\J L 1 ~1 n ~l\J~'U!k\J LLGi L 1 ~1 20.00 

'U. ';I'U~\J 24.00 'U . .fl\J ~ru"'5JiI';I~111 L1J~ £1'ULL1J~\JlJ1 nun .fl\J';I~1J~~lJl ru1Gi11 ~ ru"'5Jilv1Gil\J ';'UL'U 

n1~V1Gl ~ fl\J uGi ~~~f\JtJfl £1 u~~111 ~\J ~ ~ n~~V1lJ Gi fl n1~V1 Gl ~ fl\J ~1'U~'UllJ LLll L", ~ n Gil\J'] t!'U1Gi 

",~m~£1\J1Gl£1'W£1l £1llJUl ~1Jmru1vlvhv1L ~ £11-ii fl\J';lJ n1~V1 Gl ~ £l\J 1Gi uri U", ~\J-;l1 £11 vlvh LL~~fl fl~ 

;}1~ ~1~1J11\JL i1lAl\J ';11 n G)11\J ';I~L'U~~",.jl\Jvil n1~V1Gl ~ £l\J 

3.2.4 ~~n1~V1Gl~£l\J 

n1~V1Gl~ fl\J1GiGilL ll'Un1~Gi1 £1'Wl~li1LGlfliGil\J '] G)\JU L'111vJ1Gi1Gl1flGlV1~\Jm~lJfln Siliil~11lJ 

G\1'UV11'UL'U1\J';I~ 10 kQ SiliilF111lJGil\Jl'in Eliifl'Un~lJ 10-12 11 ~Gi' L'11L~ LczJflit$uGl\J"lJ'U1Gl 10 mW 

20 czJ.lJ. 

LLlJlJ-;il~fl\Jvlfl\Jfl1n1~';lJ1vl1Gi1Gl1flGlLvil';lJ 10-12 czJ.lJ. (~'U';lJ"lJ'U1Glvlfl\J flln1~) LL~~L'11 

sampling frequency Lvil';lJ 200 Hz 1Gl£1'llGlV1Gl~fl\J LL~Gl\J11L'Ul1Jv1 3-16 
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tumWIGl ~ £l\lll "l~vi1 m~Ul [J LLt'1t\l L~L"l1£l{~lULLlJlJ~l ~ £l\ltUt'1tfll1~vi~ £lU'iJl\1iiGlLGl[J~~Vi1 

m~lIGl"lvJtUlJ~L1ruvivilmWIGl~£l\lLL~~Vi1 mWIGl~£l\ltUL1~1 n~l\1~U LYl£lvilt~~~m~V1lJ~ln 

LLt'1t\lfll [JU£l nlJ,£l [Jvi ~Gl LL~~Vi1 m~V1Gl~ £l\l~l"'~lJ LLGi ~~'llU1GlvJ £l\l £l1 m~Ltlu~lu1u 5 ~f\l 

m~V1Gl~ £l\l~~L~ll ~1 n m~CJ\I L~ L"l1 £l{~lULLlJlJ ~1 ~ £l\l t u~1uvi"llJ"l6'l Ltlu vJ £l\l £l1m~LL~1vil 

m~LnlJ~l ~C\!C\!1 rumlllGil\1 ~n cl'll£l\l1\1~~"lGlL£lGl"l1 LGl[J1.J n Gl LL~1 ~1 ~11llGil\1 ~n clvilJ~L1 rui1~~ 

ii~lfg\lvi~GlLrl£lLm[JlJLVI[JlJ';lJGilLL"'U\lgU '1 LL~~~~ii~l1.J~~lllru 14-15 L1~Gi" LL~1L~£lU 

LLlJlJ~l~£l\lfiuVi~~ 80 IJm (±10 IJm) LL~~liuVln~1~C\lC\!lru~11llGl1\1~nclVl~~GilLL"'U\I~U 

~C\!C\!1 ruv\"l~fl~ltn~ L~ [J\I';lJ ~C\!C\!1 ru~lJ n1U~\I'" £jGl m~LnlJ ~1 LGl [J LnlJ~C\!C\ll ruvi Gil LL",U\I ~~ 

1,000 ~1 LL~1~\lUl~1~C\!C\!1 ruGl\l n ~11ll1vil m~"'l~l LU~ [J LL~~~1~11llLL1.J~1.J~1uvi LLGi~t 

Gil LL "'U\I<11\1~l nm~V1Gl~ £l\l'WlJ11 ~1~11ll LL1.J~1.J~1u~~ii~11.J~~lll ru 0.06 - 0.08 L1~Gi"VJnm~ 

V1Gl~ £l\l LGl [Jii'~m~'h~~l~l1'iJ £ll;l~Gl\li1 

(1) 	"'l~l,Gl L~ll~ULL~~,Gl~GlV11 [J'll £l\l'iJ £ll;l~ <11\1,GlL~ll~ULtlU,GlVlGl ~£l\l (flmlllGil\1~ncl 

1.J~~lllru 14-15 V) fi£lUvi'llU1Gl~11llGil\1~ncl~~~GlGh~\I (~GlGh~\llllnn11 0.4 

L1~Gi") LL~~,Gl~GlV11[JLtlu,GlVlGl~£l\l (fl~11llGil\1~ncl1.J~~lllru 0.4 L1~Gi" <11\1fg\ln11~1 

~11llLL1.J~1.J~1u1.J~tlllru 5 Lvil) 

(2) 	'\.hL£l1~1~11llGil\1~nclv\'Gl L~ll~u"l1.J"'1~~1~11llGil\1~nclviGil LL",U\I ~U'l (normalized 

voltage ~tfl~l 0-1) 

(3) 	til L£l1~1~~[JtVll\1'll£l\l'Gl~GlV11[J"l1.J"'1~~~[J~V11\1'll£l\l'Gl gu '1 (normalized distance 

~tfl~l 0-1) 

~1 n ~~m~V1Gl~ £l\l'WlJ'iJ £l ~\IL nGl11 ~~[Jtvil\1~l nvJ£l\lvi ~tvil t ~ ~C\!C\!1 rutU1\1 ~~lfuii~l 

Lvi1nlJ~C\!C\!l ru~lJn1utu1\1~~lfufl~1"llJL"U 1 ll.ll. ~l"'~lJVJnn~ru ~\lLilu~~[J~V11\1viiullln 

'llU1GlL~U~lU 

Gljucln~l\1 

vJ£l\l£llm~ (ll.ll.) 

~~flmlllL""\I 

(ll.ll.) 

~t[J~V11\1~~C\!C\!1 ru 

~11llGil\1~ncl~Gl~\ltn~ 

Gljucl (ll.ll.) 

~Gl~1~1UnlJ'llU1Gl'll£l\l 

~~flvJ £l\l £l1 m ~ 

22 11 0.58 0.05 

16 8 0.67 0.08 

13 6.5 0.66 0.10 

8 4 0.85 0.21 

6 3 0.94 0.31 
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- -

Gl1£l £il\1~~n1~V1~~ £l\l'lJ £l\lLLGi~~'lJU1~yJ£l\le:n n1~1~LLff~\l11tu1l.Jvi 3-17 <21\1 LLff~\I~~n1~ 

V1~~£l\l~\I 5 ,",f\l'lJ£l\lyJ£l\l£lln1~'lJU1~ 22 ll.ll. ':l~Li1uil~m!tfU~'lJ£l\l~f\jf\jlru..~~SjLLU1LUllff£l\l 

LL1J1J~ £lU'l11\1i(~ L':lUtU'll1\I LL ~n (LL U1 ~lU1JULL~~~l\1) <21\1Ul':l~L1\~':ll nSj resolution 'lJ £l\ln1~ 

L~ £lUG), LL '\-1u\lvi~ £lU'l11\1'\-1 £J11J £l ~ '\-1 ~\I':ll mfuLrl £l'\-11~1 L.Q~ [J'lJ £l\l~\I~l n1~V1~ ~ £l\l~l'\-1~1J LLGi~~ 

yJ£l\l£lln1~LL~1 ~~n1~V1~~£l\l1~UllllL~[J1JLVI[J1J11tU1l.Jvi 3-18 ~\I 3-20 L~[J1l.Jvi 3-18 

LLff~\I~~ n1~V1~~ £l\l'lJ £l\l~l normalized voltage viu[Jlll~1 [J n1~'\-11~~lmlllGil\1~ml1yJvh~ 

~1 LL '\-1U\lt~ "l ~1 [J~lmlllGil\1~n £11yJvh Lrlm'h L~L'lf£li£l ~viGil LL '\-1U\lri £lu~huyJ£l\l£lln1~n1J~~[J~ 

':llnl.Jm[J[J£l~yJ£l\l ~1'\-1~1J1l.Jvi 3-19 LLff~\I~~n1~V1~~£l\lvi normalized ~~[J~':llnl.J~l[J[J£l~ 

yJ£l\l~1[J'lJU1~~~!i'lJ£l\lyJ£l\l£lln1~ LL~~ll.Jvi 3-20 LLff~\ln1~ normalized ~~[J~':llnl.J~l[J[J£l~ 

yJ £l\l ~1 [J~~[J ~V11\1vimlllGil \I ~n £1 ~~~\I':lUL'l11 tn ~ "1U £1 

16.0 $ 
:, Exp 1 

14.0 u 

o Exp 2 

" ,; Exp 312.0 
D 

oExp4E10.0 oExp 5 
GI 
en B.O 
~ 
o
> 6.0 

!'l4.0 
,{ " 

9 ~2.0 
~ 

Q0.0 L--___ _____ ________---' 

0.000 0.005 0.010 0.015 0.020 0.025 0.030 

Distance (mm) 

1 

0.9 -22mm 

CI 0.8 ----16 mm 
CI 
/'II 0.7 
~ 

- - 13mm 
0 0.6> _. -8mm 

"CI 
0.5CI 

~ 0.4/'II 

...... ·6Inm 

E 0.3... 
0 
z 0.2 

0.1 

0 
0 0.2 0.4 0.6 0.8 1 

Distance (mm) 

ll.Jvi 3-18 LLU1LUll L.Q~ [J'lJ £l\l~f\jf\jlfUmlllGil\1~n £1vi~~~\1 ~lll~~[J~V11\1':lln 
l.J ~1 [J [J £l~yJ £l\l £ll n1~ ~l'\-1~1JVJ n'lJU1~ LL1J1J-:il~ £l\lyJ £l\l £ll n1~ 
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1 

0.9 

~ O.S 
til 

0.7 
~ '" 
0 0.6> 

"tI 
~ 0.5 

.t:! 
ii OA... c... 0.3
0 z 0.2 

0.1 

0 

-22mm 

\'. ----16 mm 
,~\ 

- - 13 mm".".'. 
-·-Smm" ...,\',\. 
....... 6 mm


'\ , ,
.. .." ,

" ,\ , '. '. ". 
~ .... '" '" .....\ .... ........... ..... 

~..,.. .... ............ ..... 

0.0 0.1 0.2 0.3 

Normalized distance by radius of curvature 

111'Vi 3-19 LL '\J1LihJLil~[J"LIil\l~nJ£1:l1rum1lJGi1\1~ml'Vi~Gl~\I Gl1lJ~~[J~V11\1~1n 
11~1[J[JilGl'Wil\lvlQn normalized Gl1 [J~9f!jm1lJLA\I"LI il\l'Wil\l il1n19f 

1 

0.9 

0.8 
CLI 

0.7till 
.... "' 
0 
> 0.6 

"C 
O.SCLI 

.!::! 
r;; 0.4E 

z 
0 
~ 

0.3 

0.2 

0.1 

0 

-

22mm 

- - - -16 mm , 
, - - 13mm~ 

, - - -8 mm'~ • 
, 

, 
- - - - 6 mm 

" " '~ ~..,..... . 
"< ~ ..-

0 0.2 0.4 0.6 0.8 1 

Normalized distance by distance until zero voltage 

111'111 3-20 LL'lnL \JlJ Lil~[J"LIil\l~£1:lnJ1rum1lJGi1\1~ml'Vi~Gl~\I Gl1lJ~~[J~V11\1~1n 
11 ~1 [J [JilGl'Wil\lvlQn normalized 611 [J~~[J~~1 n11 ~1 [J [J ilGl'W il\l~'U~\I~~[J~'Vi~11lJGi1\1 
~ml~Gl~\I~'Utn~Pj'U£1 

~1nl11'Vi 3-19 Lt1'Un~1'WLrlmtl1£J1JLVi [JiJ ~·m n1~V1Gl~ il\lV) n n~ru611 [Jn1~YH~ £)Gl LlR[JlJ LVi£J1J 

~~'VI11\1 normalized voltage LL~~ normalized distance vltii!9f!j~11lJLA\I"LIil\l'W£)\lil1n1PtLtI'U 

Gi1'V11~ ~~YllJi1 ~m~ru~n1~~Gl~\I"LIil\l~1 normalized voltage ~~LnGl~'Umh\llJ1nt'U'l11\1LL~n 

LGl [JV) n n~ru~11lJGi1\1 ~n £1 ~~~Gl ~\I~~\I'VIU\l.n1 [Jt 'U~~[J~V11\1 L'W [J\I 10% "LI £)\I~9f!j~11lJLA\I 

£) £11\11~nGl1lJ ~1'V1~lJ'W£)\I £)1 n19f"LI'U1Gl L~n~n~ru~n1~~Gl ~\I"LI il\l ~C\lnJ1 rum1lJGi1\1~n £1~~LnGlii1 

ni1'W £)\1 £)1 n19f"LI'U1 Gl t 'VIqj111 Gl1lJ~~[J~ normalized distance il 'Uil n ~1 mt'ULL~1 ~1'V1~lJ 

'Wil\lil1n19fV) n"LI'U1Gl~~!j~~[J~'Vi~11lJGi1\1 ~n £1 ~Gl ~\I~'Ut n ~ Pj'U£1.n1 [Jt'U~~[J~L 'W [J\I 30% "LI £)\I~9f!j 
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m1lJL~\I L~ [JvlyJ El\l En n1~'lJ\n~ 22, 16, LL~~ 13 lJ.lJ. ';j~!i~~[J~tt'1.lJ~\I 10% 'lJ El\l-r~!im1lJ 

L~\I e:f1'lt1-rlJyJEl\lmn1~'lJU1~ 8 lJ.lJ. !i~~[J~l.J~~lJ1ru 20% LL~~yJEl\lmn1~'lJU1~ 6 lJ.lJ. !i~~[J~tt 

l.J~~lJ1ru 30% 

';j1n~l.JvI 3-20 Lilu~~n1~V1~~El\le:f1'lt1-rlJV)n n~o1Lrl m1./1[J1JL VI [JlJ'1.l.J nlJ normalized 

distance Gi1 [J~~[J~V11\1v1~f\lE\J1 ru~~~\I';jUL'.ihtn~I'Jucl 'WlJ11V) n'lJU1~yJEl\l El1 n1~';j~!i LL U1LUlJ 

n1~~~~\I'lJEl\l~f\lf\l1ruvlvf1 normalized LL~1~~1[J '1 nu L~[J~f\lf\l1ru';j~~~~\lElrJ1\1~1~L11 

t U'li1\1 Giu LL~ ~~ El [J '1 111 ~\I t U 'li1\1 'lt1 ~\I LL~ ~ L'W [J\I LL~~~\I 'lt1 U\I'lJ El\l~~ [J ~n1~~ ~~\I'lJ El\l ~f\lf\l1 ru 

~\I'lt1lJ~ 'lJU1~~f\lf\l1rum1lJGi1\1~mln';j~~~~\I';jUL'lt1~m 'W[J\I 10-20% 'lJEl\l~f\lE\J1 ru~\lGiuLL~1 

';j1 n'iJ m;!~ ~~n1~~EllJ LV1 [JlJvI'1.Gi El~lJ1 [J'1.l.J,)'u 'lt11 nth LEl1 L~ L"l1Eli~1 L~ [J1 '1.l.Jtl1\11u1~yJEl\l 

L~ [J~~~\lh:' [J El~yJEl\l L~~EluvI ~1U~1 L~ L"l1EliL 'lt1!i ElunlJ n1~~El1JL V1 [JlJ LL~1 ';j~!iLLU1V11\1tUn1~ 

lhLm~~lJlJL~L"l1Elf'l~LEl~'1.l.Jtl1\11utu 4 ~n~ru~~\l1i 

(1) 	tl1~~1';j~EllJ11'lJU1 ~YJEl\l (El~~1 ~1U~~'lt111\1'lJU1~yJEl\l m n1~Gi El'lJU1~~1 LL~\I L~ L"l1Eli) 

El ~tu'li1\1v1vf1 n1~~EllJ LV1 [JlJ'1.Gi L~ [JGJ';j1 n'iJEll;!~~11lJGi1\1~n clvl~~~\I~1lJ L1~1v1fJ n 

normalized Gi1 [J'li1\1L1~1v1m1lJGi1\1~ncl~~~\I';jutn~l'Jucl (~~1 [JnlJn~1yJtu~l.JvI 3

20 LLGiLLnuuEluLiluL1~1) 11~El~~~El\lLiluLLU1LUlJL~[J1nU'lt1~El'1.lJ L~[JtUn1~1~';j~\I 

';j~V1~1lJm1lJ~lJ'Wufi~~'lt111\1m1lJGi1\1~n £Ii.yJvh LL~~L1~1 'lt11n~11lJ L~1'lJEl\ln1~'1.'lt1~ 

~\lvI~11lJ ~lJ'Wufi~\I n ~11 ';j~ Ll.J ~ [JuLilu~11lJ ~lJ'WUfi~~'lt111\1~11lJGi1\11-in £Ii.yJvh LL~~ 

~~[J~V11\1'1.Gi 

(2) 	'lt11n~~n1~1~~El~~~El\lnlJ'iJElvl (1) LL~1 tl1~~1';j~EllJ11!in1~Ll.J~[JuLLl.J~\lL1'l~~unlJ 

n1~'1. 'lt1~'1.Gi 'lt11nLLU1LUlJn1~~~~\I'lJEl\l~1~11lJGi1\1l-in cl!i LL U1LUlJ Ll.J~ [JULLl.J~\I'1.l.J LLGi 

El rJ1\1'1. ~n~1lJn El1';j';j~Lilu'1.l.J'1.Gi 2 ~n~ru~~ El !i n1~Ll.J~ [JULLl.J~\I'lJU1~yJEl\l'lt1~Eln1~ 

Ll.J~ [JULLl.J~\I~11lJL~1'lJEl\ln1~'1.'lt1~tu~n~ru~vI!I~11lJL1\1'1.lJLvi1nlJI'Jucl (~ElUvf1n1~ 

~El1JLV1 [JlJ Lm[JlJ L~!i ElU11'1.lJ!im1lJ L 1\1) 'lt1~El!l n1~Ll.J ~ [JULLl.J~\I~\I~El\l El rJ1\1'W~EllJnu 

(3) 	n1~'1.'lt1~vll'lJU1~yJEl\lLLUUElU L'liU n1~'1.'lt1~tuvlEl LrlEltl1L~L"l1Eli~1L~[J11~ ~V1~~El\l 

El1';j';j~V1~1lJ ~11lJ L~1'lJ El\l '1. 'lt1 ~'1.GiL~ [J GJ';j1 n L 1 ~1v1~11lJGi1\11-in £1 ~~ ~\I';jUL 'iJ1 tn~I'Jucl 

';j1n~1~1\1v1 3-4 ';j~'1.Gi~11lJ ~lJ'Wufi~~'lt1i1\1~~ [J~vI~11lJGi1\11-in £1 ~~~\I';jutn~I'JuclnlJ 

'lJU1~'lJ El\lyJil\l El1 n1 ~ ~\I LL~~\ltu~l.JvI 3-21 ~\I,)'ULrl El V1~1lJ'lJU1~yJ El\l El1 n1~vI 

LL UUElu';j~vi1t~V1nlJi1~~[J~Lvl1 t~~11lJGi1\1~n cl';j~~~ ~\I';jutn ~ l'Ju £1 (it\l Lilu'W\I n-ffu 

'lJ El\l ~~~1~1U~~'lt1i1\1~1 L~ L"l1EliLL~~'lJU1~yJ El\l tl1 n1~Gi1 [J) LL~~';j1nn1~1~';j~vf1t~ 

V1~11JL1 ~1 vf1t~~1lJ1~Cl~1U1ru'lt11~11lJL11'lJil\lyJ il\ln1"l1'1.Gi 

(4) 	n1~'1. 'lt1 ~vll~11lJ L~1yJEl\l LLUU ElU ~V1~ ~ El\l';j~~1lJ1~ClV1~1lJ'lJU1~'lJ El\lyJEl\l m n1~'1.Gi 

Lrl El~\I Ln~GJ L1~1v1~11lJGi1\1l-in cl~~ ~\I';ju~1tn ~I'Jucl L~ [J El1~[J'iJ Ell;! ~ LLlJlJ L~ [J1 nlJ'iJEl 

(3) 
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Radius of curvature (mm) 

lllv1 3-21 ~~£J~vi mllJGil\lpYn cl~G1fhFlutn~~'\.Hj ~l'V1i'lJ LLlJlJ~l ~ fl\lyJfl\l fl1 mpfv1ij 

'lJU1G1i'pfijmllJL¢)\lGil\l ., 

3.3 n'''S"'GlI1':tJ~:tJvhufrpl1[JLLlJlJ~'ilih1\1'''GlIrnGl~'e:IGl{ 

LLlJlJ~l~ fl\lV11\l~ ruG1pfl ~G1iQntilH1Lvl fl m~' L~~l~\1~~ m~V1G1~ fl\ltU~1UvI~lUlJl t U 

~1 £J\llu\ll1lJilLLlJlJ~l~fl\l~~QnLLti\l LtlU 2 ~1U~£l LLlJlJ~l~£l\lLvl£l'VIll.PJ'lJ£l\l~l LL~\l L~L"lifliv1 

Ll.J~ £JULLll~\l'tll Lrl fl ~lUyJfl\l £l1 m pf LL~~LLlJlJ~l ~ fl\lL vl fl'VI1~uvlvlyJ fl\l £l1 m pfl1\l~l LL~\l L~ L"lifli 

'tlihi ~lu'tll G1n n~~V1lJ'tG1LflG1 LG1 £J L~ flU't 'lJ LL~~'fim~'lJ fl\l LLGi ~~LLlJlJ~l~ fl\l~~n~11~\ltu~1U 

Gifl'tll 

3 .3.1 LLlJlJ~l ~ fl\l L vl fl'VIll.jlJ'lJfl\l ~1 LL~\l Lm"lifliv1Lll~ £JULLl.J~\l'tll 

tU~1ULL~nv1Lfi£J1 nlJLLlJlJ~1~£l\l~1 £J~lJlJ&):llU11 L~L"liflid~lu~'HL~\l (light ray) 'lJU1G1L~ n 

m nLrlm~~ fluvi ~lUGY1 n~l\l 2 'l1ilG1viij~;i1GY'l1il""nL'VI 'tli LVi1 nu ~~LnG1m~""nL'VI'VI~fl ~~Vl flun ~lJ 

'VIlJG1~U nlJl.jlJ G1 n m~V1lJvi m~vi1 Gi fl Li!iiu~\l\ll n~u~1~fl £J Gi fl'lJ fl\lGY1 n ~1\lt-f\l ~fl\l .n\l m~~m~nll 

~~~\l Lilu'tllvi ~ ~'lJ fl\l'lJUl G1~pfij~11lJL¢)\l'lJ fl\lyJ fl\l fll mpfV1~\l n~lJtu'lJ fl\l L 'VI~1 LL~~Lvlfl~11lJ 

~~G11 n ~~fil'V1UG1tl1GY1 n ~1\lt-f\l ~fl\l LtlU£l1 m pf LL~~n~L"lifl ~utl1 ~fl G1~ ~ fl\l nlJ\llutU~1UGi fl'tll 

~l'V1~lJll~ln{lm~ru reflection LL~~ absorption ~~ij~i1il£l£JlJlntum~~m~t1tu~1Uvi~lUlJl 

L'W~l~Lrlmm£JlJLVi £JlJ~11lJ~CYCYl (u~11lJGil\lpYn U'lJ fl\l1\l~~~~'VIil\l mOlviijLmG1~ PDMS nlJ 

n~Olv1'tl.iijLlJLG1~ PDMS 'WlJ11ij~lilfl£Jnil 1 % ~l'V1~lJn~ci1v1Hf He-Ne L~L"lifli 10 mW LLGi 

~~ij~llJl n~U~l'V1~lJmOlvit"l1L~ L"lifli'W fl £JLG1 fli (ll~~m (U 20%) 

LLlJlJ~l~fl\l 2 !i~QnLL~G1\l't1tulllvi 3-22 ijyJfl\l£l1mpf1\ln~lJ LL~~~l LL~\l Lm"lifliv1~lJlJ~ 

ilSj'lJU1G1 L~nm n Lrl fl ~1 LL~\lG1 n m~V1lJvI ~1~lJ ~~~~'VI11\l'lJ fl\l L 'VI~1~fl\l'l1ilG1 ~~LnG1 m~""n L'VI.n\l 

l.jlJvi""nL'VI'tl.J~~~unlJl.jlJviG1nn~~V1lJG11lJ Law of refraction (nl sin ()I = sin ()2) LG1£JvIn2 n1 

LL~~ n2 ~fl~l refractive index 'lJfl\lGY1n~1\lviLL~\lG1nn~~V1lJLL~~~~VlflUG11lJ~lGYlJ .n\llln~~~ 

~UnlJ~11lJ£Jl1~~U'lJfl\lLL~\l~1£J 
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11..1'111 3-22 ~lLL~\lLG'lL'li£li~nLVlLrlm~~£lUv1c.Jl'\.!'W£l\lU1n1~ 2 ilG1~jj~l&1'l1UltnLVI 
LLGl nGil\1";jl n'lJ £1\1 LVlG'l11Gl £J'j£llJ 

tUn1'j~m~nUt'l1LL~\I LG'l L'li£li~\ljjmllJ £.]11 ~~ULLG'l~f:I ru.Vl5Jil ~\I LL 1Gl ~ £llJ'hl L1..1 ~ £JULLtlG'l\lUn 

~\lri£l"l6111~1 refractive index il~l~\lv1 ~1V11lJ (}I LLG'l~ (}2 Ltlul.jlJGlnm~V11JLLG'l~ljlJ~~V1£luv1 

n'j~vi1Gi £1 LL U1~\I<ill n'lJ £1\1 ~1 ~lJ ~~'j~Vl11\1&11 n G'll\1~\I~£l\l Lrl £1 LL~\I~~n L VI";jl n ~1~lJ ~~LL'jn"ltlGl n 

n'j~V1lJv1 ~1 ~lJ ~~~ n611UVlU\I n";j~LnGl n1'j~nLVI L"liunu 

tUn1'j~ n ~1 L15 £1\161 uU";j~' L~'jl~~L~£l\lljlJv1 ~1 LL~\I LG'l L 'li£liL 1..1 ~ £JU ~ ~"ltl Lrl £1 L~ ~ £luv1 c.J1U 

'W£l\l £11 n1~ 1Gl £J";j~'W";jl'jru.l~lV11lJ mOl.v1'W £1\1 £11 n1~1\1 n G'llJv1il'lJU1Gl1~il~11lJ1¢i\lGil\1 '1 nu 

LLG'l~~lJlJG1 LL~\I LtlU~l LL~\I LLG'l~il'lJU1Gl L~ nlJl n ~\I n'jl'Wtu1tlv1 3-23 LL~Gl\lljlJ'lJ £l\l~lLL~\lv1vi\l 

£1 £1 n";jl n'W£l\l U1 n1~ 1Gl £JljlJ&1\1 m;h1 ~ £lljlJv1 m~vi1Gi £1 LL U1 L~UV11\1 L~lJ'lJ £1\1 LG'l L 'li£lifi £lUGl n m~V1lJ 

'W £1\1 U1 n1~ 1Gl £J LL nuu £lULL~Gl\l f'i\l'j~£J~";jl n £J £1 Gl'W £1\1'111 LL~Gl\l Ltl U£1Gl'jl ~1 unlJ1~ilmllJ1¢i\l'lJ £1\1 

'W£l\l U1n1~ ~1V11lJVI n mOl. ,rU~l tULLnuu£luLvh nlJ 1 VllJl £Jf'i\lv1 ~1 LL Vlti\ltlG'll £.1 £J £lGl'lJ £1\1 'W £1\1 LLG'l~ 

~1 Lvil nlJ ~u £1V1lJl £J f'i\l ~1 LL VI ti\lv1 ~\I n G'l1\1 'W £1\1 £11 nl ~ ";jl n t:-J G'l nl'j~lU1 ru. 'WlJ11 nll.jlJ'lJ £1\1 

~ 1 LL ~ \I LG'l L'li £1 iv1 L ~ ~ £1 U '111 c.J 1 U'W £1 \I £11 n 1 ~";j ~ il ~n ~ ru. ~ '111 L Vlil £1 U n U VI n 'lJ U 1 Gl 'W £1 \I L rl £1 

~lLL~\I LG'l L 'li£liGl nlJu'W £1\1 £lln1~v1Gil LL Vlti\l~lJ'WV1fi'lJ £l\l'lJU1Gl'W £1\1'111 Lei £J1 nu 
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1.8 	Tr=========;-------~ 
- - Bubble radius = 1 uni 

1.6 	 ~ - - ·2 units 	 ":s 1.4 "

~ 1.2 - - - 3 units t ""\ 
')( 1.0 f 
~>< 0.8 	 ri \ 
.2 	 • 
~ 0.6 • \ 
g' 0.4 ___1, 
< 0.2 ,-~---- ..,.

0.0 -t--------,r------r-----,-----,-------1 

0.000 0.200 0.400 0.600 0.800 1.000 

Y ratio 

auvi 3-23 ~11lJilJ~ufi~t~il\1l.jl..lvl~1Lm'lir:Ii'Vlt"l ~l'U~£hmlm~mtvilnlJ~l 
L~ L'lifl1v1~n n~t'VllJ~ fl\l fllm~ LL~tGil LLwti\lilJ~'VlfilJu~fl\l fllm~'lJU1~Gil\1 "I 

~l~~lJVJnmru Lrl fl~l L~ L'lifl1L~lJ~n n~t'VllJlJU~fl\l fl1 m~vllJ~L1 ruu ~1 [J [J fl~'lJ fl\l~fl\l ~1 

L~L'lifl1~tLn~m~~tV1flUn~lJ~lJ~ (0 fl\l~l) Ltifl\l~lm.jlJ~nn~t'VllJlJlnnil "critical angle" 

LL~tLrl fl~l L~ L'lifl1L~~ flU~\I tUvl:j1U~fl\l fl1 m~lJl n~uL~ L'lifl1~tLn~mn1n L~ L'ill tUf11[JtU 

~ fl\l fll nl~ LL~ t'Vl t~ ~lU~ fl\l fll nl ~fl £1 nlJl ~1 n Il-IU\I'lJ £1\1 ~ fl\l ~ n Gl1U ~ti\l'i~ [J!h.jlJ'lJ fl\l m~ 

L~ ~ fluvi LU~ [JUtU~ln~ fluri£1uvI~tlJln~t'VllJnlJ~fl\lLL~tl..jlJ~\lm;h1!i'lJU1~~ fl[J "I t~f\l~u LL~t 

vill..jlJ 90° u~tlJlruvl~t[Jt 0.6-0.7 Lvh'lJfl\l~t[Jt1~1l'lJfl\l~fl\lflln~ ~~\I~lmfu dlm~L"l1fl1 

l~flUGilLL~ti\l L'l11lJlrl\ln~l\1~fl\llJln~U~n l..jlJ~:::V1 flutln~lJll'lJU1~ Li.&n~\lll~:::~ fl [J "I ~~~\lL'ill 

tn~~u[J 

Il-I ~m~~lU1 rut Uc:bUtlt~tillJl Ll..B[JlJ LVI [JlJ nlJ Il-I ~ m~'Vl~~fl\l~1 [Jauch [J LL~:::'WlJil~l~lJ 

mn1nL~'lJ fl\lLL~\I L~ L'lifl1~fl~~~ fl\l nu~ ~\I LL~~\ltuauvI 3-24 'i~[Jll~n~ru:::m~~tV1flu~\ltl 

ri flU~ll~ l 'lifl1~:::Gl~~lU[J fl~~ fl\l~:::ll~~'Vll\1 LiJULLU1~~\I ~~\I~l n~l L~ L'lifl1Gl~ [J fl~~ fl\lfllm~ 

~:::ll~~'Vll\1l1nilu'i~ [Jl..jlJvI~l L~ L'lifl1,xm ~tU~:::LYilJ~UL~fl [J "I ~um:::~\1 Lrl fl~l L~ L'lifl1Gl~ L'l11tu 

tULllJlJ~l ~fl\l~fl\l fl1 m~lJln~u~\I~:::[J:::~ii\l ~lL~ l'lifl1~:::l1m~vill..jlJ 90 fl\l~l Ll~:::lrl m~ [J 

GilLL~ti\l,rutu LL~1 ~1 L~ L'lifl1~:::Fifl[J "I ,xm~n~lJtutu~~'Vll\1L~lJvlvilti1~l L~ l'lifl1n~lJlJlll 

LLU1~~\I~n~f\l 

1l-I~~1 n LLlJlJ~l ~ fl\ltl~:::1l1 [J flfilJl [J ll-I~m~'Vl~ ~ fl\l ~'\It~~\ltl m~Lu~ [JU LLU ~\I Fil~11lJGil\1 

IiYn [J 'lJ fl\l1\1~~t~ 'i fl ~~:::~unlJm~ LU ~ [JU LLU ~\I'lJ fl\l~11lJ l 'illJ'lJ fl\l LL~\I L~ L'lifl1v1 ~n n~:::'VllJ'i~'iGl 

t~'ifl~ LL~:::~:::~fl~~ ~ fl\l nlJl..jlJ~tV1flUfl fl nvl~lu1ru~1 n'ilJ L~ ~~1 [J n~1~ fl ~1 nl..jlJvI~:::V1 flU 

LU ~[JUtU~l nLLU1L~lJlJl n ~:::vil ti1~lL~ L'lifl1tl.l~nn~:::'VllJvI'i~'iGlt~'iflGl LL~:::vilti1~11lJL'l1lJ 

L~ L'lifl1v\'i~'iGltGl'iflGlGl~1~~fllJt~1l~11lJL 'l1lJUfl [J~\I LL~:::~\lIl-I~vil t i1Fil~11lJGil\11iYn [J~1 n1\1~~ 

tGl'iflGl~h~\I 
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mil \I 1 ~nGlllJ Lrl ElUl c-J ~1l.J L1.A"£J'lJ LVI tI'lJ n'lJ c-J~ m~V1G1 ~ El\l'lJ El\l m~1GI~1llJGil\1~m1tuG'!1U 

LL~n W1J'-;jl1lJ~ElGl~~El\lnuun LGI £J~lnc-J~fn~~El'lJLVI£J'lJ~1~~'lJ'lJU1G1l'lEl\lGil\1 '1 nu~diGilLL~U\I 

~lJ~V16n'lJ'lJU1G1l'l El\lvlGil\1 nu vlvfl t\1~1llJL'ijlJLl.J~ tlULLl.J ~\I1l.J LL~~tum~V1G1~ El\lmllJGil\1~n £i 

~~~GI~\I L-illtn~~u£i""\1 LLGi~~tI~tn~ n'lJl.J~l tll'lEl\l Ellm~~\1 LL~GI\I c-J~ tUGll~l\1v1 3-4 LL~1 ~\lmllJ 

LLGI nGil\1ilul~~LnGl~lnmllJ Lilul'lEl\l 3 ii~tum~V1G1~ El\l~1\1 vh t \1 L~ L"lltli~n L ~1l.J'lJu~ n~~Ul'lJ 

Wd\l~1 tlvilt\1m~'\XnL~'lJ El\lLL~\llJl nnil~l~lnLL'lJ'lJ~l ~El\l~ ruGl~l~Gli Gll~l\1v1 3-5 ~~LL~GI\I 

Gil LL ~ti\lvl LL~\I L~L"llEli1i m~~~Vi ElUEl El nvll.jlJl.J~~lJl ru 900 tum~vilV1G1 ~ El\l ~'\I~\lW'lJil~~LnGl 

tU'll1\1l.J~~lJlru 0.09-0.13 Lvil'lJEl\l~~1l~1llJLIO'l\ltuVJnn~t11 

o mm 0.64 mm 1.28 mm 

1.92 mm 2.56 mm 3.2 mm 

ll.JvI 3-24 .nlW LL~GI\lVt~V1l\1'lJ El\l ~l L~L"llElivi ~~Vi ElU'lJULL1J'lJ~l~ El\ll'l El\l El1fn~'lJU1G1 22 
lJ.lJ. LGI tI~~tI~vI 0 lJ.lJ. LL~GI\lGil LL ~ti\l'lJ El\l ~lL~ L"llElivl~Gll.J~l tI tlElGll'lEl\lEl1 m~L~nUEl tI 

LL~1 (~~tI~tU.nlW cll tlLilu~~tI~v\1lJ~ElGl~~ El\l n'lJ~ltUGll~l\1v1 3.5 Lilum~LL~GI\I~~tI~~il1 
, to )'1 LVllUU 

L~U~lu~u£in~l\1'lJEl\l 

l'lEl\l (lJ.lJ.) 

Gil LL ~ti\l ~l nl.J ~l u 

l'lEl\l (lJ.lJ.) 

ilGI~l G'!1 Un'lJ1~1i'lJ El\ll'l El\l 

22 1.04 ± 0.02 "'0.09 

16 0.88 ± 0.02 "'0.11 

13 0.64 ± 0.02 "'0.10 

8 0048 ± 0.02 "'0.12 

6 0040 ± 0.02 "'0.13 
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3.3.2 LLlJ1J';jl~ fl\l L Yl flVlli4'UvI'll fl\l ~1 LL~\I L~L "11flivl'1.lJfJ mr\l~1 [Jy.j fl\l fll n191 

";l1 n LL 'U1 ~~vli1 ~11lJ L'21lJ'll fl\l LL~\I L~"11flivl ~ n n~::V1lJlJ'U '1.~,( fl~vI ~ ~~\I fll ";l";l::Ln~";ll n 

11~1 n.fJ nl~ru ~ 'U vi '1.lJL"l1 nl~~n LVI'll fl\l LL~\I Lviltl''U L'U f:J1 'U U ~, ~[J ':j\l Sj LL 'U 1 ~~ L~ lJ L~lJ";ll n 

LLlJlJ ';jl ~ fl\l L 'Uf:J1'U LL ~ n vI'1.lJ~ ~ 'll'Ul ~'ll fl\l ~1 L~ L"11flii1~1 L~ L"11 fliSj'll 'Ul ~ L~'Ue.h'U~'U £i n~l\1 

11~::lJl ru 0.65 lJ.lJ. L'U~11lJ Lt1'U";l~\I Lrl fly.j fl\l fll n191L~~ fl'Uvi L'lJlJl~~~1 LL~\I L~ L"11fli i4'Uvlf:J1'U 

VlU\I'll fl\liih L~ L"11fli";l:::Ln ~ nl~~::Vi fl'ULL~:::'1.lJ~n n~:::V1lJ'1.~ 'ifl~~llJ LLlJlJ ';jl~ fl\lLL~n L'U'llru:::vI ~ n 

f:J1'UVlU\I";l::[J\I'1.lJ n~:::V1lJy.jfl\l fll n191LL~:::";l:::Vi\l'1.11~ n n~:::V1lJ'i y.j'iGi'1.~ 'i fl~ ;l\lL'U LLlJlJ';jl~ fl\lU";l::vil 

n1~VllmllJ crlJvr'Ufi~:::Vli1\1~nliru:::'ll fl\l n1~~ ~~\I'll fl\li4'Uvi f:J1'UvI~1 L~ L "11flfllJ fJ ny.j fl\l fll n19111\1 

nlJ Gil LL Vl\l\lvl L~ L"11fli'1.11 ~ n n~::V1lJlJ'Uy.j fl\l fl1 n191v1 f:J1'UGil\1 "l 'i~ [J";l :::Vll ~11lJ crlJvr'UfiUrhVl~lJ 

n~ruvlel~~1f:J1'U'll fl\l'll'Ul ~y.j fl\l fll n191LL~:::Lm"11fliGil\1 "l n'U 'i~ £.I L'U Lflfl\lGi'U ~, ~[J";l:::~:::~\le.m n1~ 

L~£.11 LlJ'U'll fl\lLL~\I L~L"11fli (\b ";l:::Sj e.lmJfl £.I) LL~:::~~i1~'UvlV\'Ul ~~'ll fl\ly.jfl\l fll n191LL~:::~lL~ L"11fliSj 

a11fNLtI'U1\1 n~lJ ~\lLL~~\lVI~n n1~L'Ul11v1 3-25 

n~ly.jL'Ul11v1 3-26 LL~~\I n1~~~ ~\I'll fl\li4'Uvi L~L"11 flif:J1 'Uvi '1.lJ fJ nl1\1 LtI'Uel ~~1 f:J1'UnlJi4'Uvi 

L~ L"11flivt\lVllJ ~ f:J1V1~lJ n~fl1Gil\1 "l ;l\l";l:::YllJi1~:::[J:::";l1 n [J fl~y.j fl\l fll n191v1 ~~Lt1'Uel~~1f:J1'UnlJ~91li 

'21 fl\ly.j fl\l fll n191 vI~l L~L"11flifJ nl1\1 VllJ~c:flV1~lJ elGl~l f:J1'U'll fl\l'll'Ul~ L~ L"11fliLL~:::y.j fl\l fll n191Gil\1 "l 

";l::'1.lJ Lvil n'U 'iGl [Jc:flV1~lJ n~ruvly.j fl\l fll n191Sj '21 'Ul Gl Lvil n'ULL~:::L 11~ [J'U 'll'Ul~ '21 fl\l~l L~L"11 flfl11 tl''U 

n~ruvl~l L~L"11fliSj'll'U1GlLVIC\! nil ~:::[J:::V11\1~\ln~11";l:::[Jl1 nil VI~flL'UV11\1 n~lJ n'Uc:flV1~lJn~ruvl 

~1 L~L"11 flili '21 'Ul ~ ~\lvI LL~:::L11 ~ [J'ULL11 ~\I'll'Ul ~'ll fl\ly.j fl\l fll nl91'1.11tl''U n~fl1vly.j fl\l fll n191 L~ n nil 

~:::[J::V11\1~\I n~11";l:::[J11 nil ~\I~fl~~~fl\l nlJe.I~n1~V1~~ fl\l 'iGl £.I vi elGl~1f:J1'U'll fl\l'll'Ul~LtI'U 20: 1 

tl''U (LVI [JlJ'1.Gi nlJ LLlJlJ';il ~ fl\ly.j fl\l fll n191'll'Ul Gl 13 lJ.lJ.) i4'UvI'll fl\lL~ L"11fliVl1flLVI [JlJ'1.Gi nlJmllJ 

L'21lJ'll fl\lL~L"11flivl";l:::Gl n n~::V1lJ nlJ'iy.j'iGi'1.~ 'ifl~ LL~:::mllJGil\1~n [JLy.j~lGlllJ ~l~lJ vlSj ~i1 ~~ ~\I";j'U 

L'211 Ln~~'U£i";l:::Ln Gl11'Uvi Gil LL Vlti\l11~:::lJlru 0.9 Lvi1 '21 fl\l~91ily.j fl\l fll n191 ~\llJl n nil e.I ~ n1~V1Gl~ fl\l 

vlLL~~\lL'UGll~l\1 3-4 L~nilfl[J 

Laser beam 

Laser to diode 

Air bubble 

a11v1 3-25 VI~n n1~'llfl\l LLlJlJ';il~ fl\lvl~1'U1 rui4'UvI'll fl\l ~lL~L "11flit'Uf:J1'UvI'1.lJfJn 

11\1 Gi1 [Jy.j fl\l fl1 n191LL~:::Vi\l '1.11Gl n n~:::V1lJ L"11'UL "11fli'll fl \I'iy.j'iGi'1.Gl 'iflGl 
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--Bubble: Laser = 20 - - - 15 - - -10 - - - - 8 - - 5 3.3 

1.0 ... 
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Distance ratio to radius of curvature from tip 

~1.lv\ 3-26 ElGl':il ~1'U~UV\V\ LVI ~ £:I £:I ~Gi£:l~Uv\~\)VllJGl'lJe:hl~l LG'l L"l1£:1i Lrl £:I'lJ£:IlJ~l\)'lJ £:I\)~l 
LG'lL"l1£:1~£:I ~lJUGh LL VlU\)Gil\) 'l lJU'lJ£:I\)yJ £:I\)£l1 n1~ (1~fj 1 VlU"'W) ~1V11lJ LLGiG'l~'lJU1Gl'lJ£:I\)~1 
LG'lL"l1£:11 

Lrlm.Jl ~G'lG1\) n~11lJl LL~Gl\)1'l11lJ ~lJ'Wufilu~n1!l'ru~vlvil normalization G11 [J':i~[J~v\ 

ElGl':il~1UG1\) m:h1G'lGlG'l\)LL~1 ~G'l tGlLL~Gl\)l'.\lu~l.lvl 3-27 LGl[Jv\~G'l';l~I'l~l [J1'l~\) nlJ ~G'ln1':iVlGlG'l £:I\) 

Vll n~lJlJGi1~ ElGl':il ~1U'lJ £:I\) ~f\lf\l1 ruI'l11lJGil\)~n £1 LLl.l':iautl.l nlJ ~Gl':il ~1U'lJ £:I\) ~1 LG'l L"l1£:1~vlGln 

n':i~V1lJ LyJL Gi t Gl L £:I Gl ?'\ £:I V} n'lJU 1 Gl ~Gl ':il ~1U'lJ £:I \) 'lJ U 1 Gl ~1 LG'l L"l1 £:I i LLG'l ~YJ £:I\) £:11 nl ~';l ~fj 1'l11lJ 

~~1 [J I'l ~\) nu LGl [J~f\lf\l1 ru ';l~~ £:I [J 'l G'l Gl G'l\) mil\) Gi ElL rt £:I\) LLG'l~vI Gil LL VlU\)I'l~\)VlU\)'lJ £:I\)':i~[J~n1':i 

G'lGlG'l\)'lJ £:I\)~f\lf\ll ru~\)VllJGl 'lJU1Gl~C\lf\l1 rufh~G'lGlG'l\! LVI~ £:Il.l':i~lJ1 ru 50% 'lJ£:I\)~f\lf\l1 ru~\!Giu 

--Bubble: Laser =20 - - 15 - - - - 10 - - - 8 - - - 5 3. 

1.0 ~------------------------------------~-
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Normalized distance (to radius of curvature) 

~l.lvl 3-27 ElGl':il ~1u~uvlvI LVI ~£:I £:I ~Gi£:l~UvI~\!VllJGl'lJ£:I\! ~lLG'l L"l1£:1i Lrl ElLL~Gl\!Gil LLVlU\! 

'lJ £:IlJ ~1\!'lJ £:I\! ~1 LG'l L"l1£:1iLtlU~Gl':il ~1unlJ':i~[J~vI~uvi G'lGlG'l\! ';lU Ltl u~u£1 ~1V11lJ LLGi G'l~'lJU1Gl 
'lJ £:I\! ~1 LG'l L"l1£:11 
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~\ltf'lHrl El Lm[JlJ LVI [JlJ1~'\/,-Jl\1 ~~ n11~h~11~l-fiInlJ ~~n11V1G1~ El\l LL~1 Ell~~~~~lJl~i1~~ 

'11 El\ln1111\1iih L~ L'11 El11111~G1 n n1~V1lJL l'lLGllG1 LEl G1'lJ El\ll'l El\l Ell n191 til ~~ L1I'UGl'U L~ G}'\/H~'nvh~\I ~~ 

vil1~ ~1111 L'l111'lJ El\l L~ L'11El1v1 G1 n n1~V1lJ1G1L El G1 ~ G1~\I LL~~V11 £.I vi ~G1vil1~ ~f\!f\!1 ru~1111Gil\1 

~n dll'lYJl ~1 n1\1 ~11 l'lYJl ~G1 ~\I El £il\111n G1111 Lvl El L11 'U nl111 'U ff'U~lIl1 &1§1 'UiI Ell ~~~Gl El\lUl 

lJ11 n~ n11cU'11 El\l LL~\lvI "lilJ'l1El'UlIl n~'U 1111~\1 El El n LLlJlJ n11V1 G1 ~ El\lvlli ~1111 ~ ~L ~ [JG1111 n~'UlIl 

'll1 [J~h~11 ~\11 'U El 'U1 ~ G1 

3.4 ~iln'''i\llGlilih1';1Jn'''i'\UU(ih1Lv.lit 

n11~n1!tl1 'U G,b 'UiIli1G1 CllJ1~~\I ~L vl ElUl L Ell1~lJlJ1G1v11~~GlJ'Ul ~ 'UlIl ~ El\l1'l11G1191li~1111 

LI'1\1'lJEl\ll'lEl\l Ell n191~1\1 LG1 [J'lJEl\l L~~1v11'l1~Eln~h'11El1'Uell\lli~1 reflective index LvllnlJ PDMS 

Vh1l'UL'W ~ LlI El1v\1'l1vil LLlJlJ~l ~ El\ll'lEl\l Ell n191 LG1 £.I Ell n191~1 n~ ElllL'W1m'11El1fJ nlJ~ El £.I ElEln~ln 

vlEl'UEl~Len~v\ L~ [J\lvill.jll 45 El\l9l1 nlJ LL 'U11~~lJ LL~~lJ ~ El [J1~~ El [J~'U1 'ULL 'U1~\I E11~1m~G} ~~ 

'11 El\l n111'l1n~ L'11El1'U L'W11~LtI'U'lJ El\l L~ ~1v\li~1111~ilG1 fg\l LL~~vil1~ n11L~ ~ El'UvI'lJ El\ll'l El\l Ell n191 

111 L11 Ln'U nil mll1 ~11111f'l'lJ El\l n ~ El\l1 G1 LEl LLlJlJfi1111 m ~ ~~lJ n11L~ ~ El'U vi lGl '\t1'U 

'llG1V1G1~El\llJ1~n EllJllJGl1[J £:Il\1'lJEl\l L~~1vil~lnm~~n~'Ul 4 1I.1I.li'lJ'U1G1.fll [J1'UL1I'U 10.3 

x 20.5 x 17.0 ~.lJ. L'11'UGlLlIG11 vlEl'UElmen~vil~lnmLG1'UL~~li'l1El\lEl 90 El\l9l1 LL~~liL~'U~h'U 

~'Udn~l\1.fll[J1'U 1.5 1I.1I. LL~~L~'U~h'U~'Udn~l\1.fll[J'UEln 2 1I.1I. LG1[J~~~1I1~lJ~l[J'lJEl\l'UEl~ 

Len~Ghni11~~lJ ~1'11 El\l L~~1 6 L'11'UGlLlIG11 ~1 n ~ n~l'U~i1\1'lJ El\l'UElm-n~Gi El~1 [J~l £.I Ell n191v1Gi El 

nlJ~ Elll L'W1~L'11El1 li11 iih ~1lJ~1I £lG111 n111 ~ ~'11 El\l Ell n191 1'U n11V1 G1 ~ El\lih~~G11~1~[J~lAl\1 

1~~i1\1L l'lLGllG1LElG1 nmm'11El1lAl\1 n'U 20 '11.1I. ~V1G1 ~ El\ll~~G11~~1 L~ L'11El1El ~ L~ilEl ni1lJl n 

'UElm-n~ Lvll nlJ 6.7 L vll'lJ El\l L~'U~,h'U~'Udn~l\1~1'U1'U'UElm-n~ LG1 £JLL~'U.fll'W'lJEl\l'llG1V1G1~ El\lvl 

1'l1Ll'lLGllG1LElG11~ LL~G1\1111'UglJvI 3-28 

'UElnL~ilEl~lnn111'l11~lJlJL~ L'11Eli'lG1LElG11G1n111~mL~1 ff\llin~El\l~~LEl LL~~LL~~\lfil LUG1 

LL~\lLvlEl1'l11'Un11fil[J.fll'W .fi\l1'l1LV1~U~ back-light illumination Gl1[J£lG1nmll1L11 25 Ll'l111GiEl 

1'U1V1 Gl1 £.I n11Ell~[J.fll'Wfil £.IiI ~~1~'l1 Ell;! ~'11 El\l~1111 L11 L,"~ £.I'll El\ln11L~ ~ El'UvI'lJ El\ll'l El\l Elln191 

Gl1 [JLG1 [Jn111G11~[J~'lJ El\ll'l El\l L~m n'U1'U~'U~~Ll'l111v1Gi El L tiEl\l n'ULL~~~11Gl1 [J1~[J~L1 ~1v11 'l11'Un11 

fil [JglJ~\I~El\l (0.04 1'U1V1) El £il\111nmll ~1111 LLll'U£il'lJ El\l n11V1G1~ El\liI~~~ El'U'l11\1GhL'W11~ 

mll1L11'11 El\l n11fil £.I glJ111 L11'W El Lrl El LVI [JlJ nlJmll1 L11'11 El\l n111~~ 

n11V1G1~El\lU1 'l11fin11LlJ ~ [J'ULLlJ ~\l191li'lJ El\ll'l El\l Ell n191~1 £.I n11LlJ ~ [J'ULLlJ ~\I £lG111 n111~~ 

'lJEl\l £l1n191~1 nlJln'UElm-n~ El £il\111nmllli'l1 El~lnG1 2 lJ1~n11~ El l'lEl\lvll~~ ElElnlllli~n~ru~ 

L11 'U1 \11 LL~ ~191li ~1111 LI'1\1 '11 El\l l'l El\l Ell nl91 t'h lJ ~ £.I 'U 1 Gl ~llJ 1 n ~\I LL~ G1 \11 'U glJ vi 3-29 ell\l 

lJ1~n EllJ~1 [Jl'l El\l Ell n191v1liglJil\1V11\11\11 (~n1nfl) 1\11v1li £lG111 ~1'U~1111 £.111 Gi El~1111 n11\1UEl £.I 

LL~~V11\1 n~lI LG1 £.I LLGi ~~glJ LLlJlJ n111~ mnG1~ln ~.fll1~n11V1G1~ El\l LL~~li'lJ'U1G1'lJ El\ll'l El\l Ell n191 

1911imll1LI'1\1 LL~~~1111L11'lJ El\ln111~~'11 El\ll'lEl\l ~\lLL~G1\1'l1 Ell;l~1'UG1111\1v1 3-6 
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Oscilloscope 

auvl 3-28 LL~'UflTW LL~Gh'l"llGlVlGl~ El,,~u'):::n EllJGl1 EJ'lfGl f11 LilGl'WEl" £ll m~ LL~~'i 'W'iGi"lGl'iElGl 

(n) (~) 


au~ 3-29 fll'WcilEJ~myru~~£l"'W£l"£l1mPf (n) 1"'i~Shrml~1'UumJ, (~) 1,,'iLL~~VI')"n~lJ 


~fll1~v1 £lGl,)lm')"l'l-1~~£l" 

EllmPf (11m) 

mllJ L~1'W£l" 

Lil~EJ (m/s) 

au t1\l 'W El" ~~SlA1llJ'i{O')"v1u ~l EJ 

EJElGl~£l"'WEl" (lJ.lJ.) 

1 0.24 0.18 1"'iv1Sl 

£lGl,)l~1'UU£lEJ 

2.5 

2 0.44 0.20 1""i 0.8 

3 0.44 0.19 VI,)" n ~lJ 6.2 

au~ 3-30n LL~~ ~ LL~Gl"~CYCYlruA1llJGil"~n£i~1GlGl1EJA1llJ~ 10 kHz ~LU~EJ'ULLU~" 

6'l1lJL1~l Lrl £l'W El"£l1m~LA~ £l'U~l'UEhL~L'lm'iL'VI EJ1Jf1lJL1~l~l'l-1~lJ~" ~llJmOl LL~~l'ULLGi~~n')Ol 

LL~Gl" ~~m,)VlGl~ £l"~l'l-1~lJ 10 'W£l" Ell mPf 'iGl EJA1A1llJGil"~n rJU~~LL~Gl" Ltl'U£lGl,)l~1'Un1J~h 

mllJGil"~n rJ~£l"1,,~')fi £l'U~'W£l"~~LA ~ £l'U~G1Gl~1L~L 'l.l£J'i G1",r'U~l nn,)l'WAl Lvh nlJ 1 'l-1lJ1 EJn" 

"l].JSl'W£l"EllmPf LL~~Lrl £lAl L~lJ~Gl ~"'l-1lJl EJ~"'W£l" £l1mPfL~lJLA~£l'U~G1Gl L~L'lm'i ~l'l-1~1J',6'1 L~lJGi'U 

LL~~,6'1 ~mijl EJ~~ilEJllJ A~l EJA~" nlJ nl,) ~£llJ L'VI £JULLGi LU ~ EJ'UA1~ ElUL ~ 6'11 ~ lJl n~'ULC~ nUEl EJ 

Lii£l"~ln~CYCYl ru~ e:il'U"lGlSlA1llJ LLU,)U,)1'UlJl n nil 'iGl EJ, 6'1 L~lJ Gi'U ~~GJ ~l nnl,)Lu ~ EJ'ULLU~"~!i 

lJ1nnil 5% ~£l"~CYCYlruL~lJGi'U LL~~~l'l-1~lJ,Gl~'U~Gln~GlLtl'U 5% ~El"~CYCYlruL~lJGi'UL~'Un'U 
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~l.Jvi 3-30 n LL~GI\I~C\!C\!lrumllJGil\1~n£r";llnn1~'1.VI~Gl1lJ~n~ru~t'U~l.Jvi 3-29n .fl\l 

yJ eN fl1n1pfLLGi~~~n";l~LL[J n fl fl n";ll nn'U-llGi L";l'ULL~~LLGi ~~~ n nSj~n~ru~LVlSj fl'Un'U~flLtI'UyJfl\l 

fl1 n1pfLL1J1J1\1~vlSj £lGl~l ~1'Uilfl £.I LL~~~n~ru~~E\lC\!l rumllJ Gil \I ~n6n'1.lJ~ fl £.I LLl.J~l.J~1'UlJlnun 

1.0 

0.9 

0.8 
~ 
OJ) 
~ 0.7 .... 
'0
;;;. 0.6 
"0 
~ 0.5

.!::l 
-; 0.4
8 
I. 
0 0.3
Z 

0.2 

0.1 

0.0 
0 

-Test 1 ····2 
- 3 ----4 
- 5 ----6 
- 7-8 
- 9 - ---10 

0.005 	 0.01 0.015 0.02 

Time (s) 

(n) yJ fl\l fl1n1pfviSj~l.J~l\1 LL1J1J1\1~vlSj £lGl~1~1'Uilfl £.I (~\I L~'lJ~ LL~~~) 
1 

0.9 

0.8 

~ 0.7OJ) 
~ .... 
'0 0.6;;;. 
"0 0.5~ 

.!::l 
-; 0.4
8 
I. 
0 0.3Z 

0.2 

0.1 

0 

0 0.005 0.01 

-Test 1 
- 3 
- 5 
- 7 
- 9 

0.015 

... -2 
- - - 4 
- - - -6 

·8 
- - -·10 

Time (s) 

('11) yJfl\l fl1n1pfvlSj~l.J~l\1 LL1J1J1\1~ (L~'lJ~) LL~~LL1J1JV1~\ln~lJ (L~'lJ~) 

Lrl fl'W";ll~ru1 ~C\!C\!1 ru~11lJ Gil\1 ~n 6'11 fl\l nl~'1. VI ~ t 'U ~l.J vi 3-30'11 ";l ~'W1Jiljj n1~~~1J 

~n~ru~'lJ fl \I ~C\!E\l1 ru~11lJ Gil \I ~n 6.fl\l'; ~ fl GI ~ ~ fl\l n1J~l.J ch £.I vi ";l ~ LnGI yJ fl\l fll n1 pf LL1J1J1\1~LL~~ 

1\1 n ~lJ ~ ~1J n'U (GlllJ ~l.JvI 3-29'11) LGI [JSj ~11lJ LL l.J~l.J~1 'U ~~Vli 1\1 LLGi ~ ~YJ fl \I ~ fl 'U-nl\1lJl n 
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UEl n:n miu ~C\!C\!1 ru~11lJGil" ~n £1 ~~\h'/ ~ Gl ~,,~ut n ~ ~l'U £It U lJl" n~ru.orl" Ell ~~ ~ LnGl~l n n1~vI 

yJEl" Elln1P1L~t!iElUvi Lfl [J1 El El n \'l1J~ln LL U1'lJ El"~lL~L'llEli 

11..lvl 3-31 LLClfGl"~~'lJEl"nl~'ll1~C\!C\!lrutun~lyJ11..lvl 3-30 lJl"'l~lLo\l~[I LL~~'lll 

~C\!f\Jl ru~11lJGil"~n £1lJl L VI [llJ tilJ normalized time 'lJ El"VJnn~ru. LL~~'ll1'1.1..I L~[llJLVI [llJtilJ~~ 

n1~ClfEllJLVI[llJn~ru.yJEl"Elln1P1'lJU1Gl 22 lJ.lJ. (i'P1s:i~11lJL¢i" l1lJ.lJ.) n~ru.n1~ClfEllJLVI[llJtlElil 

mllJL~1~"vI~",fu ~1 normalized distance ~~LL1..I~GlllJ~1 normalized time LGl[lGl~" ~"'llllJl 

Lt/'1[1lJ LVI [llJ tilJ ~~ n1~V1 Gl ~ El"'lJ El"n1~'1.", ~~~,,'1.~ ~1 n n~lyJ'WlJils:i LL U1 L UlJ LLGl n Gil"tiUL~ nUEl [I 

[In L 1un~ru.vlLihvJ El" Ell n1P1LLlJlJV1~"n ~lJvls:imllJ LLGlnGil,,~uuiil"l.J1 n nil n~ru~U '1 .n"Ell~~~ 

LnGl~l nn1~'1.", ~~1"s:imllJ Li"'lJu"n1~L~t!i ElUvI El~~1 [I LGl [I Lo\l'Wl~'li1"vlvJEl" Ell n1P1L~lJ~El[l~1~U 

'th~~s:i~11lJLi,,~ ElUiil"Gg"l.J1 n 

1 
, -... - - - Low-aspect-ratio ellipsoidal -...0.9 " \ " , - - Spherical 

\CI) 0.8 " "- , , - - - - Ellipsoidal 
,-'" tn 

0.7 - Calibration (Size 22 mm),

0 

\> 0.6 
\ ,"C 

CI) 
N 0.5 \ , , ,'"E 0.4 
... 
0 0.3 
Z 

" " " " " " " -...0.2 " 
. ....': ='.........."' ...... .. .... ..


0.1 -... 

0 
0 0.2 0.4 0.6 0.8 1 

Normalized Time 
11..lvl 3-31 ~~n1~V1Gl~El"LLClfGl"LLU1LUlJ'lJEl"~1 Normalized voltage vI~Gl~"'1.1..IGl1lJ Normalized 
time (Efl"'i'lJn1~ClfEllJLVI[llJ~GlilLllun~rumllJL~1~"vI ~",fu Normalized time ~~LvhtilJ 
Normalized distance) 

tU~1UGi El '1.1..I~~LLClfGl"t~ L~UiiEl~ltiGl'lJ El"n1~'lll fl1..l n~ru'1.1..IiGln1~'1.", ~~~" LGl £JL~lJ~l n 

lfin1~"'1~1~11lJ L~1~1 n ~~n1~iGl~11lJGil"~n £1'1. vJvhvl'1.~~lnn1~'1.",~~~" LGl[ls:i.ffuGlElu~"il 

L~lJ~ln nl~"'l ~l~~[I~L1 ~1v1 ~C\!C\!lru~11lJGil" ~n £1~Gl~" ~Ut n ~~u £1 ~1 n ~ ~ n1~V1Gl~ El"iGl 

~C\!C\!lru~11lJGil"~n £1'1. vJvh VI~"~lmru"'1i'P1s:i~11lJL¢i"'lJEl" [I ElGlvJ El" Elln1P1~l n n1~f:h [111..1 

'lJU1Gl'lJ El"vJ El" Ell n1 P1 LL~1 'llllJl~lU1 ruVll~~ [I ~vI ~11lJGil"~n £1 ~ Gl ~,,~utn ~~u £1 ~1 n ~~n1~ClfEllJ 

LVI [llJ (11..lvl 3-21) LL~1'll1l.J1~lU1ruVll~11lJL~1'lJEl" n1~L~t!iEluvI'lJ El"vJ El" Elln1P1 

Efl",i'lJnl~iGlfP1s:i~11lJL¢i" ii'lll LEll~1~11lJ L~1vJ El" Ell nlP1~ln n1~cil [l11..llJl tiI1..l~~n EllJ 

orl"~1[1'" ~n n1~L~ [11 tiu tilJvI'1.~ n ~11'1.1..ILL~1~~ClfllJl~Cl~lU1 ruVllfP1s:i~11lJL¢i,,'lJ El"vJ El" Elln1P1 
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LGi VI~\I~1 Ml EJ\I vi1l'f\l ~EJ\I~fiLL~1~\lU1 ~HnJ1 Lrn [J1J LVI [J1J n1J~11lJ L11 LL~:::~~fi~11lJL~\I'2.I EJ\I 

y.J EJ\I El1 n1~viLGi ~1 n n1~lT'UVI n.fl1'Wri1 [J LL~:::(:.J~ n1~LtI'i[J1JLVI [J1J LL~~\lL11'UG'l1~1\1vi 3-7 

mh\lL~nG'l1lJ (:.J~n1~LtI'i[J1J LVI [J1Jllti~ EJ'U"l11\1~:::VI [J11J L'W~1:::n1~1l~:::lJ1fU~1m1lJL11'2.1EJ\I 

n1~LVI ~ LL~:::'2.I'U1 ~ '2.1 EJ\ly.J EJ\lvi LG)~1 n n1~V1G'1 ~ EJ\I n~:::Sj ~11lJ ~ ~'W ~1 G'I LG'I [J ~1 ~11lJ L'1~:::Llj'U 

~11lJ L11 L~~ [Jl 'U'l11\1 0.04 ~'U1V1 U~:::'2.I'U1 ~'2.I EJ\I~~Sjy.J EJ\I El1 n1~vi1~~1 n.fl1'Wri1 [J n EJ1~~:::Lliht 

Gi1LL Vlti\l L~ [J1 n1JGi1 LL Vlti\lvivJEJ\I EJ1n1~&1G'1n1J~1 L~L'llui 

..
~~Sjm1lJL~\I L1~1 m1lJGi1\1 ~11lJL~1~1nn1~ ~~Sj~11lJL~\Im1lJL'1~1n 

n1~ri1 [J.fl1'W ~1nn1~ri1[J.fl1'W ~n£i~~~\lln~ i~m1lJGi1\1~nEi ~1nn1~1~m1lJ 

(lJ.lJ.) Gi1\1~nEi (lJ.lJ.)(m/s) ~'UEi (~'U1V1) (m/s) 

1 0.18 2.5 0.02 0.05 0.09 

2 0.0120.20 0.8 0.13 0.25 

0.018 0.13 0.19 6.2 0.04 

~1nn1~V1G'1~EJ\I 'W1J11~1~11lJL11'2.1EJ\lvJEJ\lmn1~vlLG)lJ1~1nn1~1G'1m1lJ~1\1~n[J1.y.JYh 

~:::Sjm1lJLL~n~1\1 4 - 5 Lvl1~1n~h~11lJL11vilJ1~1nn1~ri1[J.fl1'W l'U'2.IfU:::vI~~fim1lJL~\I'2.IEJ\I 

y.J EJ\I mn1~~:::LL~ n~1\1 n'UVI~1 £JL vl1 L~ [Jm1lJ LLG'I n~1\1~:::fi~1lJ1nVl~EJilEJ [J~:::~'Un1Jn~ruLll it\l 

n1~V1~~ EJ\llld~J'UL~ [J\I n1~LL~~\ll~ L~'UVI~nn1~14''U:p'Ul'Un1~i~~1~11lJ L11'2.1 EJ\ly.JEJ\I EJ1n1~ it\l 

l'U~11lJLtJ'U~'\lLuhl1111\1vJu\lmn1~m~~:::LliLGiLtJ'UV1~\ln~lJLL~:::m~Sjn1~Lll~[J'ULLll~\I~~Sj 

m1lJL~\lvI [J EJ~y.JEJ\I EJ ~G'I~ EJG'I L1m ~1lJl'f\l n1~LVI~ £1\1fim1lJL11Lli~\lvi &1\1li'Un1~EJEJnLL1J1Jn1~ 

V1 ~~ EJ\I ~1V1~1Jn1~~ '3"~'llVi ~n n1~iG'lvlLVllJ1:::~lJlJ1 n~'U~\lSj m1lJ~1LtJ'U L'li'U 111i1\1y.J EJ\lvim1J~lJ 

LG) LL~:::n1~iG'l~11lJL'1vi LLli'U£l1~'U L~EJvi~:::~n'l!l'1(:.J~1'U'~h'ULVlEh,r'U~EJLll 

3.5 ii1"i1.h"'ln,-n~u 

l'U\l1'U~~[J1l SjiG'lCJll~:::~\I~LYl EJ EJ EJ nLL1J1Jc:J1'Ull~:::n EJ1J~1\1 '1 '2.IEJ\I f:lll n~oh~ L'lluitG'lLu~ 

LL~:::vi1n1~~EJ1J LVI [J1Jn1J~~il~11lJL~\I'2.I EJ\ly.JEJ\lmn1~'2.I'U1~~1\1 '1 it \I 1 'Un1~~EJ1JLVI[J1Jll~:::GiEJ\I 

~~1\1 LL1J1J~1 ~ EJ\ly.J EJ\I EJ1 n1~~'UlJ1 ~1 n PDMS it\l LtJ'ULL'U1V11\11Vlli'2.1 EJ\I n1~ ~EJ1J LVI [J1J LL1J1JVli1\1 

VI ~\I~1 n,r'U ~\lvi1 n1~V1~ ~ EJ1JVl1 n1~~ EJ1J~'UEJ\I'2.I EJ\I £:)11 n~oh~ L 'llEJitG'lLEJ G'I ~1V1~1J~~Sjm1lJL~\I 

~1\1 '1 LG'I[Jl'Un1~V1~~u\lllL~EJnhlL~L'llEJiviSjL~'U~h'U~'UEin~1\1 0.65 lJ.lJ. LL~:::y.JEJ\lmn1~SjL£~'U 

~1'U~'UEin~1\1 22, 16, 13, 8, LL~::: 6 lJ.lJ. 

~1n (:.J~ n1~~EJ1J LVI [J1J vi11~11V1~11J~:::[J:::~1nll~1 [J [J EJ~y.JEJ\lvi~11lJ~1\1~n [J1.y.JYh~~~\I~'U 

In ~ ~'UEi L~ [Jl'Un1~~n'l!l'11l ~:::[J:::&1\1 Mh1~:::LLll~(:.J n ~'U n1J'2.I'U1~'2.I EJ\I~~Sj~11lJL~\I'2.I EJ\I ~1 

y.J EJ\I EJ1 n1~it\l ~1lJ1~O~~1\1 LtJ 'U~lJ n1~vil-nEJfi1J1 [J ~11lJ ~lJvr'U1h:::Vl11\1~::: [J:::&1\1 n ~11 LL~:::~~Sj 

~11lJL~\I'2.I u\l ~1vJ EJ\I u1 n1~LG) Vler\l ~1 n,r'UVl1 mhLm n~1y.J~11lJ~lJvr'U1h:::Vl11\1 ~1~11lJ~1\1 
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~mr1.yJvhvb~£.I~~1n £.I ElG'lyJEl\lGl1\1 '1 lJ1vi1 normalization Gi1 £.IFl11lJGl1\l~ml'lJ1 ElEl n~1n1\1~~ 

Lrl El~1 L~ L 'llEliEl ~ L \1ilEl £.I ElG'lyJ El\l ~1\1i'lJ~1Fl11lJGl1\1 ~n £.1''1. yJvh LL~~Gi1 £.I~~£.I~lk\l\1lJG'lvlm1lJGl1\1 

~n £.I' ~G'l ~\I ~'ULll'U~J'ud~1\1i'lJ~~£.I~V11\1 LL~1 m1lJ~lJ~'Ufit'U~n ~ru~rl'1l El\l V) n 'lJ'U1 G'lyJ El\l El1 n1P1~ ~ 

~ElG'lFl~El\l n'U G1\1tl''U\11mh LEl1 Qtln~ru1.tl1G'l t'Un1~'1. \1 ~ ~~\l '1 ~1\1i'lJ n~OlvlyJ El\l El1 n1P1LFl~ El'Uvl 

Gi1 £.Im1lJ L ~1Fl\lvl ~m~tru~n1~~G'l ~\I'lJEl\l ~f\!f\!1 ru'lJ El\lV) n'lJ'U1 G'lyJ El\l El1 n1P1,; ~~~El G'l Fl ~El\l n'U \1lJ G'l 

(~1 n ~~n1~V1G'l~ El\l~'\1 vl'1.li!in1~1G'l~1 LL wll\lLili£.llJ L'I7\ £.IlJ ~~'1.Gim1lJ~lJ~'Ufi~~wl1\1~1m1lJGl1\1 

~n £.11. yJVhLL~~L1 ~1 .fl\l\11nm1lJ L~1 Fl\lvl~~vi1h1 L 1 ~1LL~~~~£.I~V11\1 LLtl~~'ULG'l£.lG'l~\I) 

G1\1'li'Ut'ULflEl\lGi'Url ~'~£.I~G'l"h~~~1lJ1~fl t -llQtl n~ru L~ L 'llEli'1.G'l LEl G'l LLlJlJ ~1 LL~\l L~mt'Un1~ 

1G'l n1~'1. \1~~~\I'1.GiG1\1il~ El n1~G'l~1 ~~EllJ11'lJ'U1G'lyJ El\l (ElG'l~1~1'U~~\111\1'lJ'U1G'lyJ El\l El1n1P1Gl El 

'lJ'U1G'l~1LL~\I L~ L'llEli) El ~t'U'111\1vlvi1 n1~~EllJ L'I7\£.IlJ'1.Gi LG'l£.l~~1n"ii m.l~ m1lJGl1\1~n dvl ~G'l~\lG'l1lJ 

L1~1vlfJn normalized Gi1 £.I'll1\1L1mvlm1lJGl1\1~nd~G'l~\I~'Utn ~~'Ud 11~ElG'lFl~El\lLll'ULL 'U1L UlJ 

L~ £.11 n'U\1~El '1.li \11 n ~~n1~1G'l ~El G'l Fl ~ El\l LL~1 ~~~1lJ1~fl t -llG'l~1~ ~EllJ11fl n1~Ltl ~ £.I'ULLtl~\I LnG'l 

il'UnlJ n1~'1. \1 ~ '1.Gi \11 nLL'U1LUlJ n1~~G'l ~\I'lJ El\l ~1Fl11lJGl1\1 ~n dShL 'U1L UlJ Ltl~ £.I'ULLtl~\l1 tl LLGl 

El u1\11~';G'l1lJ'; El1~~~Lll'U1tl1Gi 2 ~n~ru~?i El fln1~Ltl ~ £.I'ULLtl ~\I'lJ'U1 G'lyJ El\l\1~El n1~Ltl ~ £.I'ULLtl ~\I 

m1lJ L~1'11 El\l n1~1 \1 ~t'U~m~tru~vlflFl11lJ Li\l1li LV"';lJ ~'Ud \1~Elfl n1~Ltl~£.I'ULLtl~\llk\l~El\lEl £i1\1 

'W~EllJ';'U 

'UEln~1 mY'U ~1\1i'lJn1~1 \1 ~vll'lJ'U1G'lyJEl\l LL ti'UEl'U L 'll'U n1~1\1~ t'Uvi El Lrl Elt -llL~L 'llEli~1 

L~£.I11G'l El1~~~V1nlJFl11lJ L~1'11 El\l1 \1~1GiLG'l £.I~~1nL1~1vlFl11lJGl1\1~n d~G'l ~\I~'UL"ii1tn~~'Ud 

LL~~~1 \1 i'lJ n 1~1 \1 ~ vllFl11lJ L~1 yJ El \I LL ti 'U El 'U ~ ~ ~1lJ1 ~fl V1~1lJ '11 'U 1 G'l '11 El \I yJ El \I El1 n1 Pl1Gi Gi1 £.I 

\1~nn1~L~m n'U El £i1\11~nG'l1lJ"ii El~'Uil~§1'UL \1 ~1rlEl ~fn[JtGl L~El'U1'lJ11m1lJL~1'lJ El\ln1~1\1~'lJEl\l 

yJ El\l El1 n1P1Gl El\lFl\lvl 

t'U~1'Un1~ElfilJ1 £.I11L \1Gj tG'ln1~~G'l~\I'lJ El\l'lJ El\l~f\!f\!1 rum1lJGl1\1~n d~\lfl LL 'U1L UlJG'l1lJvl1Gi 

~1 n n1~V1 G'l ~ El\l ~,~£.I ~ \I vi1 LLlJ lJ ~1 ~ El\lVl1\1 Fl 0lG'l Pl1 ~G'l i L ri £.11 nlJ L~El\l LL~\I ~'UlJ1 LL~~ ~ El\l 

Lili£.llJ L '17\ £.IlJ~~~1 n n1~~n~1lk\l~El\l ~1'U ~1n ~~ n1~L~£.IlJ L'I7\ £.IlJ'WlJ11 n ~1n\1~\lvlti1~~!i ~ ~ 

LG'l £.I G'l~\I ~ El n 1 ~vl tl ~1 £.I £.I El G'l'lJ El \I yJ El \I El1 n1P1 LFl ~ El 'U vll1\1 ~1 L~ L'll El ivl1tl G'l n n ~~V1lJ lJ 'U1 G'l L ElG'l 

~1\1~lJ L~ L'llElivl1 tlG'l nm~V1lJvl ~1yJEl\l~~~~V1 El'UEl Eln1tlt'U~PlVl1\1 rl'U LL~~!i~'Uvl'lJEl\l L~L'llEli~1'U 

\1U\lvl £J\lYi\l1 tl G'l nlJ 'UL yJ'lGi1G'l L El G'l LG'l £.I ~n ~ru~ n1~ ~ G'l ~ \I'll El\l~'U vl ~1'Url ~~flFl11lJ ~lJ~'Ufi 

LG'l £.IG'l~\I ';lJ'W ~\I\l1'Uvl1G'lLEl G'l1Gii'lJ LL~~LL 'U1 L UlJ'lJ El\l n1~~ G'l~\I'lJ El\l~'UvI rl~ ~LLG'l n Gl1\1 n'U~1\1~lJ 

yJEl\l El1 n1 Plvlfli'PlflFl11lJL¢i\lGl1\1'1 LL~~fl ~n~ru~n1~~ G'l ~\I ~ El G'l Fl~El\l';lJ ~n~ru~n1~~G'l ~\I'lJ El\l 

~f\!f\!1rum1lJGl1\1~n d~1n~~ n1~V1G'l ~ El\l 

t'U~1'U~G'lV11[J ~'~£.I1Gi~ El\l~~1\1 n1~1 \1 ~'11 El\lyJ El\l El1n1P1~'\I~UlJ1 LL~1 ~ El\lt-llQtln~ru 

L~ L 'llEli1G'l LElG'l1 G'l LYl m~ Gg~l1LL 'U1 ~ G'l Lri £.11 nlJn1~t-ll1G'li'PI!iFl11lJL¢i\l~1lJlk\lFl11lJ L~1'1lEl\l n1~1 \1 ~ 

\11 nVl~1lJ'W1~11l LG'l Eliiln El'U\1U\I El ~ LL~1 ~~ n1~V1G'l ~ El\l'WlJ11~~ n1~1G'l ~G'l1tl~1n'W1~1fj LG'l Eli'll El\l 

n1~1 \1 ~~~\llJ1 n El tl1\11~tiG'l1lJ n1~V1G'l ~ El\lG1\1 n ~11 El1~~~£J\lFl1lJ I>}lJ'lJ'U1G'l'lJ El\lyJ El\l LL~~m1lJ L~1 

1Gi1li~un 

60 

http:I7\�.IlJ'1.Gi


...J 
1JVIVI 4 

;1':iuwAn1'An1=n 

nl~~n'J3'1iin1Glr)l..l~~~\JFlL~elvi1nl~'W'Gl.J'\.nt:p..ln~ru1Gl~1~-tlJnl~Gl~1~~ellJF)ru~lJ]j~"lm\J 

nl~'1.~~~el\JL'VJ~ LGlmV1~u~~\J~el\JAel Wire Mesh Tomography LL~~L~L'l1el{'1.GlLelGl "ll\Jn 

1Glflll~~~\JFlAel nl~'W'Gl./U1LV1~il~ Wire l\1esh Tomography LL~~LlI~LLn~lJnl~~1u1ru 

1I~~lJ1 ~ ~~ L~ el1Gl e!Gl~1 rhu 'VJ el\J n1'l1 ~11lJ L~1 'VJel\J t'h'l1 LL~ ~"lJU1Gl'VJ el\J n1'l1 LL~~nl~'W'Gl./U1 

LV1~il~L~L'lmftGlLelGlL~ el1Gl-tl"ln~11lJLIo'\\J'VIGi1 LL wU\J1I~1 £J £J elGl"lJ el\J'VJel\J n1'l1 

£:IlIn~nr1GlLLlJlJLL~nAel Wire Mesh Tomography (WMT) 'VI~1lJ1~fl1Gl'Y'l1~1ilLGlel'f"lJel\J 

n1~'1.~ ~~el\J L'VJ~v\ n~n'J3'ru~LlI~ £JU LLlI~\JGl1lJ L 1 ~1~\Jl4uV\~ih~GllUL1~1 L~ £J1 nu'1.Gl LGl £J 

L'l1UL'l1el{el11'i'£J~~nnl~'VInl~'\.h '1. 'VJvh"lJ el\J L~~1 LL~~n1'l1'1.lJLvh nu vh1~~1lJ1~mL£J n'1.Gl11n 

"lJel\JL~~1~~eln1'l1el~lulJ'L1runl~1GlLtJu~Gl~1Uelti1\J'1.~ £:IlIn~nrnl~1Gl WMT iill~~nellJG\1£J 2 

~1ulI~~nellJ'VI~1~C\! Ael WMS (Wire mesh sensor) LL~~ data acquisition ~n'J3'ru~V11\J 

nl£Jfl1'Y'1"lJel\J WMS n"lJu1Gl~ih~Gl 20 x 100 mm2 1I~~nellJGl1£J 3 'lfU"lJel\JGl1·1.h£J~1Gl LGl£J'lfU 

Gl~\Jn~1\J~~vi1~u1'v\d~lu transmitter plane lI~~n ellJGl1£J L~U~1Gl"lJU1Gl L~UcJ1u~u£in~1\J 0.1 

mm -;i1U1U 8 L~U"lJU1UnU "l1UlJULL~~"l1Ufh\Jvi1~U1'V1dju receiver plane 1I~~nellJGl1m~UmGl 

"lJU1GlL~UcJ1u~u£in~1\J 0.1 mm -;i1U1U 32 L~U"lJU1UnU ~\J 3 "l1U"lJel\JGl1'2h£J~~11\J~\J;l1nnu 

LGl£Jli~~£J~'lA1\J 1.5 mm Gl1lJV'lI"IV11\J"lJel\Jnl~'1.~~ ctn'J3'ru~ 3 'lfU"lJel\JGl1"ll1£JmGlvi11~LnGl'lfu 

measuring volume 2 'lfu 1I~~nellJGl1£J upstream measuring plane ;i\J1Glriuu~\Jn~1\J WMS 

LL~~ downstream measuring plane "ll\Jnl~1Gl~~\J~\Jn~1\J WMS ~1n-;i1u1uL~UmGl~\J 3 'lfu 

Gl1lJV'lI"IV11\Jnl~'1.~~"lJel\J"lJel\J'1.~~~~'1.Gl11 spatial resolution "lJel\J WMS n~h 2.22 x 3.03 x 1.5 

mm3 ~~el~GlLtluwu\Jn1'l1V1~\Jn~lJ"lJU1GlL~n'VIflfGl'VI1Gl'1.GlnL~UcJ1u~udn~1\J 2.68 mm 

1U\J1U~ -;t£Jil '1.Gl'W'Gl./U1 LlI~LLn~lJ~ ellJ'W1 LGl el'fL~el~1U1 ru 'Y'I1~1il LGl el'f'VI ~1~qj~1n-iim;j ~'VI 

]ju~n'1.Gl~1n WMT LL~~Lill'£JlJ LVI £JlJ ~~nlJ-iiell;! ~'VI'1.Gl~1nnl~(h £Jfl1'Y'1 ~1~~lJ ~fl11~nl~'1.~~~1\J 

'1 LGl£J'Y'I1~ilLGlel'fv\~1~f\!1I~~nellJGl1£J local void fraction ~11lJL~1"lJel\Jwu\Jn1'l1LL~~"lJU1Gl'VJel\J 

n1'l1 Lri mill'£JlJL~£JlJ nULL~1 'Y'IlJ11 -iiell;!~ void fraction L;l~ £J~\JmlJ1Gl~'VI~uhlu'l11\J void 

fraction'1.lJLnu 9% ri~1~11lJ~~1GlL~~eluel~lu'l11\J~~~11\J ±20% ~11lJL~1'VJel\Jn1'l1L;l~£J~\J 

lRlJ1Gl~vI~uhlu'l11\J~~~11\J 250-350 mm/s ri~1~11lJ~~1GlL~~eluel~lu'l11\J~~~11\J ±10% 

LL~~"lJU1 GlWel\J n1'l1 L;l~ £J~\Jm-lJ1Gl~'VI ~ul~1U'l11\J"lJU1 GlW el\J n1'l1~~~11\J 2-8 mm n~1~11lJ 

~~1GlL~~elumjlu'l11\J~~~11\J ±20% 

Uel n ~1miu n1~n ~~~1 £J ~1"lJ u\J"lJ U1 GlW el \J n1'l1~~~11\J'Hi n1 ~~\J ~ el\J nfJ n1l1lJ1 

Lm£JlJ LVi £JlJ nu~nGl1 £J ~\J nl~n~~~1 £J ~1"lJ el\J"lJU1Gl'VJ el\J n1'l1~ tn ~11lJ LLGl n~1\J nu'Y'I el ~lJ~1~1U 

lJ1\J~fl11~nl~'1.~~ ~11lJ~~1GlL~~elU"lJel\J"ilell;!~ void fraction "lJU1Gl'VJel\Jn1'l1 LL~~nl~m~~1£J 

~1"lJ el\J'VJ el\J n1'l1'V1'1.G\~1 n~finl~1GlSl~1L~G)~ii\JlJ1~1ntJf\!~1"lJ el\J nl~L~ el n~1 threshold v\ 

L~lJ1t~lJlunl~LLti\J~~~11\Jwel\Jn1'l1LL~t"lJel\JL~m LL~tnl~~lJlJ&111li1\Jw el\Jn1'l11Unl~~1U1 ru'VI 
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Gil" nlJnl"5'1. 'VI ~~~" ~"vil1'" LnGlmllJLLGl nGil"'lJ e:WiJ £ll;j ~yJ£l" tll'llGlJ" ~ ~Gi £lmllJA~lGl LA~£lU'lJ£l" 

'Wl'nShGl £l1v1 mh1"111"GlU 

U£l n~lmtu WMS £1" LiluLA~£l"fj £l 'VI '1111" L"111 '1.l.Jtum~'1. 'VI ~~£l" LyJ~ ~"fj~~ n~~V1lJnlJ 

yJ £l" tll'll£l £il" LL tiU£lU 1U"lU'~£J;l ~"vilm~?iln'l=l'l ~ ~ n~~V1lJvI Ll-1ULGiU-llGl ~ £l nl"mGl~"'lJ £l" 

mllJ L~1'11 £l"yJ £l"t11'll LL~~m~LLGl n'lJ £l"yJ £l" tll'll'VI~"~l mhu WMS £l£il"'1."5nGlllJ Lrl m~~l~rul 

~C\lC\l1 ruvl WMT 'WlJ11 m~LLGln'lJ £l"yJ£l"tll'llLL~tm"5~Gl~"'lJ £l"A11lJL~1yJ £l" tll'll,rU'1.lJfj ~~ fllJ 

~C\lC\llruvll1u~ n '1.c:llJl nun1u'i11,,~ru~lJl1~'lJ £l" m"5'1.'VI~vI~~l~ru1 £l ~ 

~l'V1-rlJ ~l.J n~nCiGlGl1v1 ~£l"~ £l L~ L'll£l1'1.GlL£lGl LGl £J £l1~£J'VI~n m~vI LL~"~~t.1nL 'VI '1.l.JLrl mhu 

"5£l £JGi £l~~'VI11"Gl1 n~l"AU~~"l1UGlvlfjGl"l1Ut.1n L 'VI VI1" LL~" '1.lJ Lvil nULL~~1.A"lJl rumllJGil"~nd'1.yJvh 

'111 £l £ln~lm"~"5'1.GlL£lGl~~LLl.J~~UGlllJmlJl ru'W~""lU'lJ £l" L~L'll£l1v1Gl n m:iVllJlJUL yJLGI'1.Gl L£lGl ;t" 

tU"lU'~£J;l'1.c:l £l £In LLlJlJGlJ1ul.J"5~n £llJGil" ., '11 £l" ~l.J n~nCL~L'll£l1'1.GlL £lGl'W~£llJf'\'lJVlGl ~£llJt~V1~llJ 

O"~~'lJ£l"GlJ1ul.J"5~n£llJGil" ., Gi£l~C\lC\llrumllJGil"~nd'1.yJvh'lJ £l" ~l.Jn~nC LL~~vilm"5~£llJ LVi£JlJ 

~l.J n~nCnlJrllffj A11lJL~" '11 £l"yJ £l" £l1 mllf'lJU1GlGil" ., ~,,1um"5~ £llJ LVi [JlJ;l'1.c:l ~~1" LLlJlJ ~1 ~ £l" 

yJ£l"£ll mllf~UlJl~l n Polydimethylsiloxane (PDMS) ;t"LiluLL'!.!1V11,,1'V1lJ'lJ £l" m~~£llJLV1[JlJ 

LLlJlJ'VIU" 'VI~" ~1mfu ~"vil m~V1Gl ~£llJ'VIl m~Gl £llJ ~U £l"'11 £l" ~l.J mnCL~ L'll£l1'1.Gl L£l Gl~l'V1-rlJ~lIffj 

mllJLI01"Gil" ., LGl[Jtum~V1Gl~£l"ilL~£ln1-nL~L'll£l1'lJU1Gl 10 mW vlfjL~Uc.hu,!!udn~l" 0.65 

lJ.lJ. LL~~yJ£l"£llmllffjL~Uc.hu,!!udn~l" 22, 16, 13, 8, LL~~ 6 lJ.lJ. LL~~fj spatial resolution 

'lJ£l" m~Gl~1~ ~£llJGil LL 'VIti"l.J"5~lJlru 0.08 lJ.lJ. LL~~'lJU1Gl ~C\lC\l1 ru'1. yJvhGi £l ~C\lC\llru"5lJmU 

l.J~~lJlru 190 Lvil 

~ln~~ m"5~£llJ LV\[JlJ vil1"'V1~llJ11~t[J~~lnl.J ~1 £J £J £lGlyJ£l"vlmllJGil"~nd'1.yJvh~Gl~"~u 

tn ~,!!ud LGl [J1 unl~~m~n;h~[J~Gl"m:h1 ~~ LLl.J"5~n ~u f'\'lJ'lJU1Gl'lJ £l" ~lIffjA11lJLI01"'lJ£l" t:11 

yJ £l" £l1 mllf;t" ~llJl"5fl ~~1" Lilu ~lJ nl~vI t -n£l~lJl [JA11lJ ~lJ -wufi~~'VI 11"~~ [J~Gl" n ~11 LL~~~lIffj 

A11lJLI01"'lJ £l" ~1yJ £l" £l1 mllf'1.c:l 'VI~" ~1mfU'VIl nth L£l1 n~lyJA11lJ ~lJ-Wufi"5~'VI11"~lA11lJGil" 

~nd'1.yJvh'VI"5~[J~~ln£J£lGlyJ£l"Gil" ., lJlvil normalization c:l1 [JA11lJGil"~nd'lJru~'VI~lL~L'll£l1 

£l~L 'VIU£l [J £lGlyJ £l"~1'V1-rlJ~lA11lJGil"~n £1''1. yJvh LL~tGl1 [J~~[J~-0''''VIlJGlvlA11lJGil''~nd~Gl~''~u 

Lilu,!!ud~1'V1~lJ"5~[J~V11" LL~1 mllJ~lJ-wufi1u~n'l=l'ru~ii'lJ £l"VJn'lJU1GlyJ £l" £l1 mllf~t~£lGlA ~ £l" nu 

Gl",rU\nmllL£l1~l.JmnC'1.l.JiGl1um~'1.'VI~~~" ., ~l'V1~lJ mOlvlyJ £l" £l1 mIlfLA~ £luvlc:l1 [JmllJL~1 

A"vI ~n~ru~n1~~Gl~"'lJ £l"~C\lC\l1 ru'lJ £l"VJn'lJU1GlyJ£l" £l1 n1l1fn~~~ £lGlA ~ £l" nU'VIlJGl (~ln~~m~ 

V1Gl~ £l"~~" vI'1.lJfj n1~iGlGilLL'VIti" Lm-[JlJ L~ [JlJ ~~'1.c:lA11lJ ~lJ-WUfi~~'VI11"~lA11lJGil"~n £1''1. yJvh 

LL~~L1 ~1 ;i"'VIlnA11lJ L ~1A"vI~~vilt'" L1 ~lLL~~~~[J~V11" LLl.J~~ULGl [JGl~") 

1UGlJ1Un1~£lfilJl [J11 L 'VIGl1Glm~~Gl~"'lJ £l"'11 £l"~C\lC\l1 ruA11lJGil"~n d~"fj LL U1LtilJ GlllJvI'1.GI 

~ln nl~V1 Gl ~ £l" "lu'~[J;l~"vil LLlJlJ~l~ £l"V11"A rnGlllfl ~Gl1L1'\ [J1nlJ L1£l" LL~"~UlJl LL~~~ £l" 

Lm-[JlJL~ [JlJ~ ~~ln m~?iln'l=l'l-0'''~ln n1~V1Gl~£l" ~£llJ L~ [JlJ LL~tLLlJlJ~l~ £l"V11"Artl.Glllfl~Gl1 vilt'" 

£l1~~~~1l.J'1.c:l11n ~'1.n'VIU"vltil~~fj ~ ~LGl [JGl~"~ £l m~vll.J~l[J [J £lGl'lJ £l"yJ £l" £llmllf LA~ £luvll1"~l 

L~ L'll£l1v1'1.l.JGl n m~V1lJlJu'1.GlL£lGl LL~:iL~ L'll£l'tvl '1.l.JGln n~~V1lJvI ~1yJ £l"~~~~V1 £lU£l £In '1.l.J1UVlIlfVll" 

~u LGl[JfjL~ L'll£l'tvl [j'" '1.lJ(JnyJ£l" £l1 nll1fl1" £l ~tA'L1 ru 'VIu"vI '1.l.JGl n m~V1lJlJULyJLGI'1.Gl L£lGl Lrl £l-rllffj 
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mllJLI'1"'7J £Nv.J~" ~ln1~·b.iLVhn'U~l"'~lJ'7J'Ul~ L~ L'll~1",i1,,'l LL~1 ~~51 LL 'U1LUlJ'7J ~"n1~~~~"'7J~" 

~'Uv1t'UlJ~L1ru.v1 L~ L'll~fllifJmJ"~~~~ ~~" nlJ~n~ru.~n1~~ ~ ~"'7J~" ~f\lf\ll ru.~1llJ~1"~n£i~1.G) 

~ln~~n1~V1~~~" 

t'U,h'U~~vh [J n1~1."'~'7J ~"v.J~" mn1~~~"fJ n-;il~ ~"~'ULL~~~~1~ ~~lJL~ [Jt~LV1~il~t'Un1~ 

(il [Jfll~t'Unl~~~1~ ~~lJ ~,,~~51~1llJLI'1" LL~~~1llJ L~1'7J~" nl~1.", ~ '7J ~"v.J~" m nl~1. ".1 LL~1 

~~"t~£:pJmruL~L'll~fl~L~~-r~L~~'W~~tiLL'U1~~L~[J1nlJn1~t~-r~~~51~1ll.JLI'1"~1lJ~"mllJL~1 

'7J~" n1~1."'~"'l nV1~llJ~l~llJ L~ ~1~ ntl'Uwd" ~ ~ LL~1 ~lJil ~ ~ n1~-r~ ~~1.1.1 ~ln~l~lil L~ ~1'7J~" 

n1~1."'~~~"v1~~1~~~lJ~1nn1~(il [Jfll~lJln ~ rh"1.~ti~llJ n1~V1~ ~~"61"n~11 m~~~rr"~1lJ~lJ 

'7J'Ul~'7J~"v.J~"t'\.1~"v1u~d'~mllJL~11.G)1.li~un 
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