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*!5(#$!!*.*!"1&=7 D1#.( '*+ 1//-('1"($!+4 -*+ ;,!,#1"*&#+ %* 51/*&#+ *" -*+

/#$B-3.*+ %* "E/* %(@&+(?+ 1++$'(,+ 9 %*+ .(-(*&= /$--&1!"+4 '$!+"("&*!" %*+

'01./+ %61//-('1"($!+7 )*+ /1!1'0*+ '01#;,+ *! /1#"('&-*+ +$!" 1(!+( ,"&%(,+

/$&# -*&#+ (./1'"+ *!5(#$!!*.*!"1&= "$&" '$..* -*+ ;1< (++&+ %* '01.B#* %*

'$.B&+"($! FGH I #,1'"*&#+4 .$"*&#+ %(*+*-7 )61.,-($#1"($! %*+ /*#?$#.1!'*+

%* '*+ 1//1#*(-+4 !$"1..*!" %* -1 '$.B&+"($! #*/#,+*!"* &! (./$#"1!" %$J

.1(!* %* #*'0*#'0*+7

86*+" 1(!+( 2&61&= 1-*!"$&#+ %*+ 1!!,*+ KL -*+ /#*.(3#*+ '1#1'",#(+1"($!+ %*

/01+*+ %(+/*#+,*+ /$&51!" M"#* 1++(.(-,*+ 9 %*+ .(-(*&= '$!"(!&+ $!" ,", %,J

5*-$//,*+ 1N! %61.,-($#*# -1 /#$/&-+($! %6*!;(!4 !$"1..*!"7 )1 /#,+*!'* %*

/1#"('&-*+ %1!+ -*+ /#$%&("+ %* #,1'"($! %*+ #,1'"*&#+ '$!%&(" 9 &!* %(.(!&J

"($! %* -1 /$&++,* FO4 P4 QH7 R&1!% -* #1//$#" *!"#* -* 5$-&.* $''&/, /1# -*+

/1#"('&-*+ *" -* 5$-&.* "$"1- $''&/, /1# -* !&1;* S?#1'"($! 5$-&.(2&*4 αdT *+"

(!?,#(*&# 1& /$&#'*!"4 -* .(-(*& /*&"JM"#* 2&1-(N, %* %(-&,7 8* "E/* %6,'$&-*J

.*!" 1 1&++( ,", ,"&%(, *=/,#(.*!"1-*.*!" FUH *" !&.,#(2&*.*!" FKH %1!+ -*

B&" %* %,"*#.(!*# -61"",!&1"($! %6&!* $!%* %* '0$' /1# &! "*- .(-(*&7

)*+ %(+/$+("(?+ 1!"(J(!'*!%(* /#,+*!"+ %1!+ -*+ BV"(.*!"+ /$&# #,%&(#* $&

,"*(!%#* %*+ ?*&= *!"#*!" 1&++( %1!+ -* %$.1(!* %*+ ,'$&-*.*!"+ .&-"(/01J

+(2&*+ FWH7 )6*="#1'"($! %6,!*#;(* 1& .(-(*& '$./$+, %* /#$%&("+ %* #,1'"($!

'#,,+ -$#+ %* -6(!'*!%(* +6*@*'"&* /1# -6(!"*#.,%(1(#* %* ;$&""*+ -(2&(%*+7 >(

-*+ ?$#'*+ 1,#$%E!1.(2&*+ %6&! ,'$&-*.*!" +$!" +&X+1..*!" (./$#"1!"*+4

&!* ;$&""* +* %,?$#.* *! -*!"(--* *" /*&" +61"$.(+*# *! /-&+(*&#+ ;$&""*+ %*

%(1.3"#*+ (!?,#(*&#+4 -*+ ?$#'*+ %* "*!+($! %* +&#?1'* !* /*#.*""1!" /-&+ %*

.1(!"*!(# +1 ?$#.* +/0,#(2&* *" +1 '$0,+($!7 )1 ?#1;.*!"1"($! %* ;$&""*+ 2&(

*! #,+&-"*4 $BY*" %6,"&%* %*/&(+ /-&+ %* KL 1!+ FZ4 [4 GLH4 Y$&* 1&++( &! #\-*

%1!+ -1 #,%&'"($! %*+ ?*&= FGG4 GOH7 ],'*..*!"4 %*+ !&1;*+ %* ;$&""*+ %6*1&

$!" ,", 1&++( *!5(+1;,+ /$&# 1"",!&*# %*+ $!%*+ %* '0$' $& %* +$&^* FGG4 GPH7

_(!+(4 %*+ ,"&%*+ *@*'"&,*+ /$&# %*+ %(1.3"#*+ %* ;$&""*+ 1--1!" %* G µm 9

O7U mm FGQ4 GG4 GU4 GKH $!" %,.$!"#, -1 '1/1'(", %*+ !&1;*+ 9 1"",!&*# -1

+&#/#*++($! (!%&("* *" -1 5("*++* %* /#$/1;1"($! %*+ $!%*+7

)6,"&%* /#,+*!",* %1!+ '* .,.$(#* ?1(" -6$BY*" %6&!* '$--1B$#1"($! 15*' -1

A(#*'"($! `,!,#1-* %* -6_#.*.*!" SA`_Ja!T 1N! %* %,.$!"#*# -1 '1/1'(",



 !"#$%&'"($!  

%)*+$#"(,,-+-!" %)&!- $!%- %- '.$' /0*!- /*# &! !&*1- %- 1$&""-, %)-*&2 3-,

%(,/$,("(4, *!"(5(!'-!%(- /$&##*(-!" *0$#, 6"#- *%*/"7, -! 4$!'"($! %-, /*#*5

+8"#-, %& +(0(-& %(/.*,(9&- 9&( -:"#*(" 0- /0&, %)7!-#1(- ; 0)$!%- %- '.$'2 <-0*

'$!"#(=&-#*(" ; &!- +(,- -! ,7'&#("7 %-, (!,"*00*"($!, /$&>*!" 6"#- ,$&+(,-,

; &!- -:/0$,($!2 ?- /0&,@ '-, %(,/$,("(4, %7A; (!,"*007, %*!, 0-, =B"(+-!",@ ;

4*(=0-, '$C",@ ,-#*(-!" '*/*=0-, %- '$&>#(# &! >$0&+- (+/$#"*!" %&#*!" &!-

0$!1&- /7#($%-2  0, '$!,"("&-!" %$!' &! +$D-! (!"7#-,,*!" %- /#7>-!"($! -"

%- 0&""- '$!"#- 0-, ,&#/#-,,($!, -!1-!%#7-, /*# 0-, -:/0$,($!,2 3)(!"7#6" %- '-,

%(,/$,("(4, /$&##* *0$#, 6"#- %$&=0- E *""7!&-# 0-, ,&#/#-,,($!, (!%&("-, /*#

%-, -:/0$,($!, %)&!- /*#" -" %)*&"#- /*#"@ 7"-(!%#- 0-, 4-&:2 ?*!, 0- '*%#- %-

'-""- '$00*=$#*"($!@ F$&#%*!  ! "#$ GHIJ $!" %7+$!"#7 0* '*/*'("7 %)&!- /.*,-

%(,/-#,7- .$+$18!-@ '$+/$,7- %- 1$&""-, %)-*& +$!$%(,/-#,-@ ; *""7!&-#

&!- $!%- %- '.$' /0*!-2 <-/-!%*!" 0-, '*#*'"7#(,"(9&-, %-, !&*1-, 7"*(-!"

+$%(K7-, -!"#- 0-, %(L7#-!", -,,*(, E &! '.*!1-+-!" %- %(*+8"#- '.*!1-*("

*&,,( 0* 4#*'"($! >$0&+(9&- E &!- 7"&%- /*#*+7"#(9&- !)7"*(" /*, /$,,(=0-2

3-, "#*>*&: /#7,-!"7, %*!, '- +7+$(#- /$#"-!" ,&# 0)(!"-#*'"($! %)&!- $!%-

%- '.$' -" %)&! !&*1- %- 1$&""-, %)-*& %*!, &! "&=- ; '.$'2 M!- 7"&%- /*#*5

+7"#(9&- -:/7#(+-!"*0- ,&# 0-, 1#*!%-&#, '*#*'"7#(,"(9&-, %& !&*1- -," -L-'5

"&7-2 M! ,-&0 /*#*+8"#- * /& 6"#- +$%(K7 -! +*(!"-!*!" 0-, *&"#-, '$!,"*!",2

<-""- 7"&%- -:/7#(+-!"*0-@ -," +-!7- ,(+&0"*!7+-!" *>-' &!- 7"&%- !&+75

#(9&-2 N(!,(@ 0-, #7,&0"*", -:/7#(+-!"*&: >$!" /-#+-""#- ; 0* 4$(, %- 9&*!"(K-#

0)(!O&-!'- %-, %(>-#, /*#*+8"#-, %& !&*1- +*(, *&,,( %- >*0(%-# 0- +$%80-

!&+7#(9&- -+/0$D72 M!- 4$(, 0- +$%80- >*0(%7 -" 0- !(>-*& %- '$!K*!'- *"5

"-(!"@ 0-, ,(+&0*"($!, /$&##$!" 6"#- 7"-!%&-, ; %)*&"#-, '$!K1&#*"($!,2 <-

+7+$(#- '$+/$#"- 9&*"#- /*#"(-, 9&( ,)*#"('&0-!" *&"$&# %-, %-&: 7"&%-, E

-:/7#(+-!"*0- -" !&+7#(9&-2

3* /#-+(8#- /*#"(- %#-,,- &! 7"*" %- 0)*#" ,&# 0-, '$!!*(,,*!'-, *'"&-00-, -!

+*"(8#- %)*"$+(,*"($! %- 1$&""-,@ /.7!$+8!- 9&( ,- /#$%&(" %*!, '-, "#*5

>*&:@ 0$#,9&)&!- $!%- %- '.$' (!"-#*1(" *>-' %-, 1$&""-, %)-*& %- PQR µm -"

QRR µm %- %(*+8"#-2 3-, "-+/, '*#*'"7#(,"(9&-, *,,$'(7, *&: /.7!$+8!-, %-

#-0*:*"($! ".-#+(9&-@ '(!7+*"(9&- *(!,( 9&- %& /#$'-,,&, %- 4#*1+-!"*"($!

,$!" /#7,-!"7,2 3-, '#("8#-, '*#*'"7#(,*!" 0- +(0(-& S%(0&7@ '$!"(!&T ,$!" -!5

,&("- -:/$,7, *>-' 0-&#, %$+*(!-, %- >*0(%("72 U!K!@ %-, 7"&%-, *!"7#(-&#-,

#-0*"(>-, ; 0)(!"-#*'"($! -!"#- &!- $!%- %- '.$' -" &! +(0(-& %(/.*,(9&- %(0&7

,$!" -:/$,7-,2

3* %-&:(8+- /*#"(- (!"#$%&(" 0- %(,/$,("(4 -:/7#(+-!"*0 &"(0(,7 -" 0)(!,"#&+-!5

"*"($! +(,- -! $-&>#- E +7".$%- %- >(,&*0(,*"($! %- 0)(!"-#*'"($! -" +-,&#-,

%- /#-,,($! -! 4$!'"($! %& "-+/, ; %-, /$,("($!, K:7-,2 M! "&=- ; '.$' -,"

-+/0$D7 /$&# 17!7#-# %-, $!%-, %- '.$' /0*!-, 9&( >$!" (!"-#*1(# *>-' %-,

!&*1-, '#77, /*# &! 17!7#*"-&# %- =#$&(00*#%2 <-0&(5'( /-#+-" %- 4*(#- >*#(-#

0* .*&"-&# %& +(0(-&@ Hd@ SVQ '+@ WR '+ -" HQ '+T @ 0* 4#*'"($! >$0&+(9&-@



 !"#$%&'"($!  !

αd ) 1%* 0.25% +" 0.1%, +" -+ %(./0"#+ %+1 2$&""+1* φd )345 µm +" 455 µm,6

7. "#$(1(0/+ 8.#"(+ 8#91+!"+ -+1 #91&-"."1 +:89#(/+!".&: %+ -;9"&%+ 8.#./9<

"#(=&+ +>+'"&9+6 ?$&1 .@$!1 A.(" @.#(+# -+1 %(>9#+!"+1 2#.!%+&#1 =&( '.#.'"9<

#(1+!" -+ !&.2+ )Hd* αd* φd,6 ?$&1 9@.-&$!1 #+18+'"(@+/+!" -;(!B&+!'+ %+ -.

C.&"+&# %& !&.2+* %+ -. A#.'"($! @$-&/(=&+* %& %(./0"#+ /$D+! %+1 2$&""+1

.(!1( =&+ %& !$/E#+ %+ F.'C %+ -;$!%+ %+ 'C$' (!'(%+!"+* 1&# -;.""9!&."($!

%& 8(' %+ 8#+11($!6 7. G$!+ %+ #+-.:."($! %+ 8#+11($! $E"+!&+ 8$&# &!+ "+--+

(!"+#.'"($! +1" 9"&%(9+6 H+ 8-&1* -. #9%&'"($! %& 8(' %+ 8#+11($! +1" /+1&#9+

+" -;(/8&-1($! .11$'(9+ +! +1" %9%&("+6 I+1 %+&: 8.#./0"#+1 1+#@+!" J '.#.'<

"9#(1+# -+1 G$!+1 %+ %.!2+# 8$&# -+1 1"#&'"&#+1 +" -+1 8+#1$!!+1 /.(1 .&11(

J =&.!"(K+# -. =&.-("9 %+ -;.""9!&."($!6 L!K!* -+1 29!9#."($!1 %;$!%+1 .&:

(!"+#A.'+1 +!"#+ -;.(# +" -+ !&.2+ 1$!" .&11( 9"&%(9+1 .@+' -+&#1 8#+11($!1 .11$<

'(9+16

7. %+#!(0#+ 8.#"(+ %+ '+ /9/$(#+ 8#91+!"+ -+ '$%+ %+ '.-'&- MLNOPL /$!$%(<

/+!1($!+-* (!1"."($!!.(#+* L&-+#(+! %9@+-$889 %.!1 -+ -.E$#."$(#+ 8$&# "#.("+#

-+1 9'$&-+/+!"1 %(-&916 H+&: /$%0-+1 %+ A#.2/+!"."($! 1$!" (/8-9/+!"91 +"

-+&#1 8+#A$#/.!'+1 1$!" %(1'&"9+16 H+1 @.-(%."($!1 %+ %+&: %+1'#(8"($!1 %&

8C9!$/0!+ %;."$/(1."($! 1$!" +>+'"&9+1 8.# %+1 '$/8.#.(1$!1 .@+' -+1 #9<

1&-"."1 +:89#(/+!".&: $E"+!&16 7. !9'+11("9 %+ 8#+!%#+ +! '$/8"+ -;9".8+ %+

%9A$#/."($! %.!1 -+ '.1 %+ -. %9K!("($! %& ".&: %+ 8#$%&'"($! %+ 2$&""+1* 8.#

&! .''#$(11+/+!" %& !$/E#+ %+ 2$&""+1 QRST* +1" %9/$!"#9+6 7+1 #91&-"."1 +!

1$!" ./9-($#916 H.!1 -+ '.1 %+ -. A$#/&-."($! %& ".&: %+ 8#$%&'"($! 8.# &!

.''#$(11+/+!" %& %(./0"#+ %+1 2$&""+1 QRUT* (- !;+1" 8.1 !9'+11.(#+ %+ 8#+!%#+

+! '$/8"+ -+1 9".8+1 %+ -;."$/(1."($!6 H+ /V/+ =&+ %.!1 -. 8.#"(+ +:89#(<

/+!".-+* &!+ 9"&%+ 8.#./9"#(=&+ +1" +>+'"&9+ +" -+1 "+!%.!'+1 $E"+!&+1 1$!"

'$/8.#9+1 J '+--+1 /+1&#9+1 +:89#(/+!".-+/+!"6

L!K!* -. '$!'-&1($! #+8#+!% "$&1 -+1 #91&-"."1 (/8$#".!"1 $E"+!&1 .& '$&#1 %+

'+ "#.@.(- %+ "C01+ +" 8#91+!"+ -+1 8+#18+'"(@+1 ".!" 1&# -+ 8-.! +:89#(/+!".-

=&+ 1&# -+ 8-.! !&/9#(=&+ J %$!!+# J '+""+ 9"&%+6
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"%%1,/"%$-, .2-,.'0 .' 3!-3

 !""#$%&

 ! "#$%&'()$*&# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  +

 !, -$&.*/0$*&# /1)&#'0*%1 2 345#&.5#&6&7*1 1$ 5$0$

'1 680%$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  9

 !"! #$%&' %& ()*+,&-.*./$- ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  0

 !"!" 1&,2' 3*)*3.4)/'./56&' *''$3/4' 7 89*.$,/'*./$- ! ! " 

 !"!: ;*)*3.4)/'*./$- %6 %/*,<.)& *2)<' ()*+,&-.*./$- ! "0

 !"!= ;$88/'/$-> .)*-'(&).' .?&),/56& &. %& ,*''& ! ! ! ! ! "@

 !"!0 ;$-386'/$- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! : 

 !+ "#$1%0)$*&# 1#$%1 (#1 &#'1 '1 )4&) 1$ (# .*6*1(

'*340/*:(1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! + 

 !:! A-.)$%63./$- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! : 

 !:!" ;*)*3.4)/'*./$- %& 8* 2?*'& %/'2&)'4& ! ! ! ! ! ! ! :"

 !:!: B-%&' %& 3?$3 &. '6'2&-'/$-' +*C&6'&' ! ! ! ! ! ! ! :D

 !:!= B-%&' %& 3?$3 &. *4)$'$8' ! ! ! ! ! ! ! ! ! ! ! ! ! ! =:

 !:!0 E..4-6*./$- %9$-%&' %& 3?$3 ! ! ! ! ! ! ! ! ! ! ! ! ! =0

 !9 ;&#)6(/*&# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9<



 ! "#$%&'()$*&#

 !"#$%&%'( )!%**( +&%' ,%-+( (#* #!%.-#( / %' 01!%2(.('*3 (22( 4(%* #(

5"6).('*(" #- 2(# 5!"1(# 60"!+7'6.-$%(# $%&(22( #%8-* #!'* #%40"-(%"(# 6%9

5!"1(# +( *('#-!' +( #%"561(:  (# 4"(.-;"(# *('+('* / +05!".(" (* / 5"6)<

.('*(" 26 )!%**( 62!"# $%( 2(# #(1!'+(# .6-'*-(''('* 26 )!%**( 1!=0#->(: ?(

4=0'!.;'( (#* 1!''% #!%# 2( '!. +&6*!.-#6*-!' #(1!'+6-"( $%6'+ 2(# )!%**(#

-##%(# +&%' @(* $%- #&(#* 5"6).('*0 A6*!.-#6*-!' 4"-.6-"(B #&6*!.-#('* / 2(%"

*!%": C2 #( 4"!+%-* '!*6..('* 2!"#$%( 2(# D'(# )!%**(2(**(# +&(6% 4"0#('*(#

+6'# 2(# '%6)(# *!.8('* #!%# 2&(E(* +( 26 )"6>-*03 64";# #&F*"( 1!'+('#0(# (*

6))2!.0"0(#:  (%"# 5"6).('*6*-!'# ('*"6-'('* 26 1"06*-!' +( )!%**(# 4!27+-#<

4("#(# GH3 IJK $%- 5!".('* %' .-2-(% +-4=6#-$%( L 26 42%-(:  (# 01!%2(.('*#

+(# .-2-(%9 +-4=6#-$%(# 4(%>('* F*"( 126##0# (' *"!-# )"!%4(# 86#0# #%" 26

#*"%1*%"( (* 26 +-#*"-8%*-!' *!4!2!)-$%( +( 2(%"# -'*("561(# GIMK L

< 2(# 01!%2(.('*# / 4=6#( #046"0(3 1!'#*-*%0# +( +(%9 ,%-+(# '!' .-#1-82(#

A@(*# 2-$%-+(# 1!=0#-5# !% D2.# 2-$%-+(# +6'# 01!%2(.('* )6N(%9B:

< 2(# 01!%2(.('*# *"6'#-*-!''(2# !% / 4=6#(# .-9*(#3 1!'#*-*%0# +( +(%9 ,%-+(#

#046"0# +!'* 2&%' +&('*"( (%9 1!.4!"*( +(%9 4=6#(# .026')0(# A8%22(# )6<

N(%#(# +6'# %' D2. 2-$%-+( #!%.-# / %' 01!%2(.('* )6N(%9B:

< 2(# 01!%2(.('*# / 4=6#( +-#4("#0( A!% 1!'+('#0(B3 1!'#*-*%0# +&%'( 4=6#(

+-#4("#0( "046"*-( +6'# %' .-2-(% 4!"*(%" A42%-(3 '%6)( +( 4!%##-;"(B: ?(#

*74(# +&01!%2(.('*# 4(%>('* F*"( "046"*-# (' 1-'$ 16*0)!"-(# GOJK #(2!' 2&0*6*

*=(".!+7'6.-$%( (* 26 1!.4!#-*-!' "(#4(1*->( +( 2(%"# 4=6#(# +-#4("#0( (*

4!"*(%#( L

< 2(# #%#4('#-!'# A2-$%-+(<#!2-+(B

< 2(# 0.%2#-!'# A2-$%-+(<2-$%-+(B

< 2(# .-2-(%9 / 8%22(# A2-$%-+(<8%22(#B

< 2(# #%#4('#-!'# )6N(%#(# A)6N<#!2-+(B

< 2(# 60"!#!2# A)6N<2-$%-+(B

P' !%*"(3 #- 1( #!'* 2(# 1!22-#-!'# ('*"( 2(# 020.('*# +( 26 4=6#( +-#4("#0( $%-

)!%>("'('* 2(%"# 4"!4"(# .!%>(.('*#3 2&01!%2(.('* (#* $%62-D0 +( +('#(: Q

1!'*"6"-!3 #- 2( +04261(.('* +(# 020.('*# +( 26 4=6#( +-#4("#0( (#* 1!'*"R20(

46" 2(# 5!"1(# +% ,%-+( +( 26 4=6#( 4!"*(%#( A*"6-'0(3 4!"*6'1(B3 2&01!%2(.('*

(#* +-* +-2%0 GOIK:

 (# .-2-(%9 +-4=6#-$%(# 1!%>"('* +!'1 %' >6#*( +!.6-'( +&0*%+( 6226'* +(

2&('"!86)( +( 46"*-1%2(# 46" +(# .0*=!+(# +( 2-*# ,%-+-#0# / 2&-'@(1*-!' +( 16"<

8%"6'* +6'# 2(# .!*(%"# S-(#(2 (' 46##6'* 46" 2( *"6'#4!"* (* 2( 4!.46)( +%

40*"!2(: S( '!.8"(%#(# "(1=("1=(# !'* 0*0 (E(1*%0(# +6'# 1(# +!.6-'(# 4!%"

6.02-!"("3 46" (9(.42(3 2&(T161-*0 +( 26 1!.8%#*-!' 46" 2( +-.('#-!''(.('*

+(# 1=6.8"(# (* +(# -'@(1*(%"# +6'# 2( 16# +(# .!*(%"# *=(".-$%(#:

 &0*%+( 4"0#('*0( -1-3 (#* 5!162-#0( #%" %' 01!%2(.('* / 4=6#( +-#4("#0(



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

*% '12% "-!),)34 /)$2),-% *.%"+4 5+( 6" (&'%!"#(! "6%/ +&% )&*% *% /0)/7

8&% '%33% /)&9#+!"'()& :"(' (&'%!6%&(! 23+,(%+!, 20-&)$;&%, *)&' /0"/+&

*.%&'!% %+< %,' %<2),- *"&, 3%, ,%/'()&, ,+(6"&'%,7 =33%, )&' 2)+! )>?%/'(:

*% *-'%!$(&%! 3%, 2"!"$;'!%, *+ &+"#% 5+( "''-&+%&' 3% $(%+< +&% )&*% *%

/0)/7 @%, (&,'"33"'()&, 2!-,%&'"&' *%, !(,5+%, 2)'%&'(%3, *.%<23),()& 2)+!!)&'

"3)!, A'!% 2!)'-#-%, 2"! *%, &+"#%, *.%"+ #-&-!-, 2"! 3%, *(,2),('(:, *% '12%

"&'(B(&/%&*(%7 @%+! %C/"/('- %,' :)&/'()& *%, #!"&*%+!, /"!"/'-!(,'(5+%, *+

$(3(%+ *(20",(5+% 5+( (&D+%&' ,+! 3" 2!%,,()& (&*+('% 2"! 3.)&*% *% /0)/7

E"&, +&% 2!%$(;!% 2"!'(%4 )& ,% 23"/% F 3.-/0%33% *% 3" #)+''% *.%"+ 5+( /)$B

2),% 3% &+"#%7 G+ 2",,"#% *% 3.)&*% *% /0)/4 /%33%B/( %,' ,)+$(,% F *% :)!'%,

/)&'!"(&'%, "-!)*1&"$(5+%,7 H%3" !%&* 2),,(>3% ,)& "')$(,"'()&7 H% 20-&)B
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"(&,( 5+% 3%, 2),,(>(3('-, *% /)33(,()&, 1 ,)&' "+,,( ">)!*-,7 E"&, +&% ,%/)&*%

2"!'(%4 )& %&6(,"#% 3% &+"#% *.+& 2)(&' *% 6+% #3)>"37 K3+,(%+!, -'+*%, )&'

-'- $%&-%, ,+! 3."''-&+"'()& *.)&*%, *% /0)/ 2"! *%, ,+,2%&,()&, #"L%+,%,

%' *%, "-!),)3,7 H% '12% *.(&'%!"/'()& :"(' 3.)>?%' *% 3" ,%/'()& I7M7 @%, /"B

!"/'-!(,'(5+%, 2!(&/(2"3%, *%, &+"#%, ,)&' *-*+('%, *% /%' -'"' *% 3."!'7 =33%,

2%!$%''%&' *% *-'%!$(&%! 2!-"3">3%$%&' 3%, #!"&*%+!, %' 20-&)$;&%, "''-B

&+"&' +&% )&*% *% /0)/ 5+( ,% 2!)2"#% *"&, +& $(3(%+ *(20",(5+% *(3+- *%

'12% "-!),)3,7 H%''% -'+*% $%''!" %& -6(*%&/% 3%, 2!)2!(-'-, *%, &+"#%, "9&

*% 2)+6)(! 5+"&'(9%! 3%+!, %N%', ,+! 3."''-&+"'()& *.)&*%, *% /0)/7 @% >+'

-'"&' *.">)+'(! F +&% *-'%!$(&"'()& *% 3.-6)3+'()& *% 3" 2!%,,()& *"&, 3%
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‘Bag breakup’

‘Multimode breakup’

Déformation oscillante

théorie

Déformation 

<20% 

Déformation <5% 
10%<Déformation <20% 

5%<Déformation <10% 

‘Shear breakup’
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Regime II

Regime III

Regime I

 !"#$% 123 4  !)&'(5!% *%, !-#($%, *% 6!"#$%&'"'()& *-/!(', 7"! 8%96"&* %&

1::; <3=>2 ?% !-#($% @ /)&'(%&' 9%, $)*%, A(B!"'()&&%9C 7"!"/0+'% %' 7"!"D

/0+'%E-'"$(&%2 ?% $)*% @@ /)!!%,7)&* "+ $)*% .,0%%'D,'!(77(&#. %' 9% $)*%

@@@ "+ $)*% /"'",'!)70(/ %' %F79),(62

%' (&%!'(%99%,2 G)& (&H+%&/% ,+! 9.(&('("'()& *%, *(I-!%&', $)*%, *% 6!"#$%&D

'"'()& *-/!(', 7"! 9% &)$B!% *% J%B%! %,' !%7!-,%&'-% 7"! 9" K#+!% 1212 ?%,

*(I-!%&'%, L)&%, /)!!%,7)&*%&' M *%, !-#($%, *.-/9"'%$%&' *(I-!%&',2 ?" A"D

9%+! *+ &)$B!% *% J%B%! 7)+! 9"N+%99% /%, $)*%, *% 6!"#$%&'"'()& ,)&'

)B,%!A-, *-7%&* *+ &)$B!% *.O0&%,)!#%2 P& ,% 79"Q"&' M +& &)$B!% *.O0D

&%,)!#% KF-C 9%, !-#($%, *% 6!"#$%&'"'()& ,% ,+//5*%&' "A%/ 9."+#$%&'"'()&

*+ &)$B!% *% J%B%!2 R)+! +& $)*% *)&&- %' +& &)$B!% *.O0&%,)!#% (&6-D

!(%+! M S21C 9% &)$B!% *% J%B%! /!('(N+% !%,'% /)&,'"&'2 T%''% !%7!-,%&'"'()&

" -'- -'"B9(% 7"! U,("&# %'  "%'0 %& 1::= <3V> *."7!5, *%, !%7!-,%&'"'()&,

"&'-!(%+!%, *.U(&L% %& 1:== <WS> 7+(, *% X!L%/LY)Z,Y( <W1> %& 1:[S2 8%96"&*

<3=C W3> /0)(,(' +&% "+'!% !%7!-,%&'"'()& *%, !-#($%, *% 6!"#$%&'"'()& ,%9)&

+& *("#!"$$% \J% ]
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1% 2!%$(%! $)*% )3,%!4- %,' 5% !-#($% 4(3!"'()&&%5 67#+!%898:;8 <5 ,% 2!)=

*+(' 2)+! *% >"(35%, &)$3!%, *% ?%3%!8 1" #)+''% @+( ,% *->)!$% ,)+, 5.%A%'

*%, >)!/%, "-!)*B&"$(@+%, #"!*% ," /)0-,()& 2"! 5."/'()& *%, >)!/%, *% '%&=

,()& *% ,+!>"/% @+( '%&*%&' C $"(&'%&(! 5" #)+''% ,20-!(@+%8 D%''% /)$2-'('()&

%&'!% /%, *%+E >)!/%, /)&*+(' C +&% ),/(55"'()& *% 5" #)+''% C *%, >!-@+%&/%,

&"'+!%55%, ,'"35%, 65" #)+''% #"!*% ," /)0-,()&; )+ (&,'"35%, 65" #)+''% ,%

*-,"#!F#%;8 1)!,@+% 5.-/)+5%$%&' (&/(*%&' "//!)G' 5."$25('+*% *%, ),/(55"'()&,

H+,@+.C 5" !+2'+!%I 5" #)+''% ,."')$(,% %' 2!)*+(' *% #!), >!"#$%&', *)&' 5%

*("$F'!% %,' *% 5.)!*!% *% #!"&*%+! *% /%5+( *% 5" #)+''% $F!%8

"3'4 %&.'567"  21 0. 1 89

J2!F, ,.K'!% *->)!$-% %& 5%&'(55%I +& "&&%"+ ')!!(@+% 4" ,% >)!$%! C 5"

2-!(20-!(% *% 5" #)+''% *.%"+8 D%5+(=/( %,' !%5(- C +& 75$ *.%"+ @+( 4" ,.-'(!%!

2)+! >)!$%! +& ,"/I C 5" $"&(F!% *%, 3+55%, *% ,"4)&8 1% /0"$2 *% 2!%,,()&

*-4%5)22- "+')+! *+ 2)(&' *."!!K' %' *"&, 5% ,(55"#% L:MI :NO /)&*+(' C 5.%E=

2"&,()& *+ ')!% %' *+ ,"/8 D%''% 2"!'(%I 25+, 7&%I %,' 5" 2!%$(F!% C ,."')$(,%!

%' *)&&% *%, #)+''%, *% >"(35%, *("$F'!%,8 1% ')!%I @+( /)&'(%&' *% PQ% LRQO

C 80% LSQO *% 5" @+"&'('- *% 5(@+(*%I /)&'(&+% ," /!)(,,"&/% H+,@+.C /% @+.(5

,)(' (&,'"35%8 1."&&%"+ ,% >!"#$%&'% "5)!, %& #)+''%, *)&' 5%, *("$F'!%, ,)&'

"+ 25+, *% 30% *% /%5+( *% 5" #)+''% $F!% /)&'!% 4% 2)+! /%55%, /!-%, 2"!

5."')$(,"'()& *+ 75$ *.%"+ LRQO8

D.%,' C 2"!'(! *% /% $)*% *% >!"#$%&'"'()& @+% 5% &)$3!% *% ?%3%! /!('(@+%

Wec %,' *-7&(8 <5 ,%$35%!"(' @+.(5 "(' -'- /0)(,( "(&,( /"! 5% !-#($% *% 'B2% 4(=
3!"'()&&%5 &.%,' 2", ')+H)+!, )3,%!4- LSRI SPO8 T"&, 5" !%4+% *% U+(5*%&3%/0%!

 ! "#$ LSPOI 5% &)$3!% *% ?%3%! /!('(@+% ,% !%#!)+2% "+')+! *% Wec = 11± 2
2)+! 5%, %E2-!(%&/%, %& '+3% C /0)/ C 3", &)$3!% *.V0&%,)!#% 6On < 0.1;8 D%
$-/"&(,$% *% >!"#$%&'"'()&I %&/)!% $"5 /)$2!(,I ,%$35% &% ,% 2!)*+(!% @+%

*"&, +&% /%!'"(&% #"$$% *% W%B&)5*, *."2!F, *%, ,($+5"'()&, &+$-!(@+%,

*(!%/'%, %A%/'+-%, 2"! X"& %' Y!B##4",)& L:MI :NI SPO8
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Z&% >)(, @+% 5" #)+''% *->)!$-% " "''%(&' +&% >)!$% )4)[*"5%I ')+' /)$$%

2)+! 5% $)*% *% 'B2% .3"#.I +& ')!% %' +& 75$ *.%"+ 4)&' ,% >)!$%! "+E@+%5,

,."H)+'% +& 75"$%&'8 D%''% .-'"$(&%. %,' )!(%&'-% *"&, 5."E% *% 5.-/)+5%$%&'8

Z&% $",,% *.%"+ ($2)!'"&'% B %,' /)&/%&'!-% ,+(4(% 2"! 5% ')!% %' 5% 2"!"/0+'%

LS\O8 1."')$(,"'()& *% 5" #)+''% ,.%A%/'+% *% 5" 2"!'(% /)$2)!'"&' 5% $)(&,

*.%"+ 4%!, /%55% @+( %& /)$2)!'% 5% 25+, ] 5%, #)+''%, @+( %& !-,+5'%&' ,)&'

*."+'"&' 25+, #!),,%, @+.(5 B "4"(' *.%"+ *"&, 5" 2"!'(% >!"#$%&'-%8
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1% !-#($% 23"# "&* ,'"$%&45 "+,,( &)$$- .$+6'($)*% 3!%"7+8. 9:;5 :<5

<=> 8%+'?@'!% *(A(,- %& *%+B 8"!'(%, C 3"#D86+$% %' 86+$%D,0%"! 8!-,%&'-%,

E#+!% ;F:F 1%, *%+B *%!&(%!, $)*%, ,%$36%&' ",,+!%! 6" '!"&,('()& *+ !-#($%

G3"# 3!%"7+8G "+ !-#($% ,+(A"&' G,0%%' ,'!(88(&#GF
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 !"#$% ;F: H I0)')#!"80(%,5 %B'!"('%, *% J+(6*%&3%/0%!  ! "#$ 9<=>5 *%, ,)+,
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5% 3!)/%,,+, *."')$(,"'()& %,' !-#( 3"! *%+6 30",%, *% *K&"$(E+% *(T-J

!%&'% Y 1" *-A)!$"'()& *+!"&' τd ,+(9(% *% 1."')$(,"'()& *% 1" #)+''% *% *+!-%
τ 4 Z%, /)!!-1"'()&, %$3(!(E+%, *% /%, #!"&*%+!, ,)&' *)&&-%, %& A)&/'()& *+
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τT 1)!, *% 1" *-A)!$"'()& *% 1" #)+''% <=C2 =R2 BC? Y

t = τ
φd

(u∗g − ud)

√
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√
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!%5"'(<% %&'!% 5" #)+''% %' 5.-/)+5%$%&'7 =% 5" $>$% 6"?)& @+% 5" <(,/),('- *+

5(@+(*% "A%/'% 5%, &)$B!%, *% C%B%! /!('(@+%, D/67 4# E7EF9 5.-'"2% *% *-6)!G
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τd = 1.4(1 + 1.5On0.74) We ∼ Wec On < 4 DE7MF

1" !%5"'()& *% 8(5/0 %' Q!*$"&& LRNO %,' *)&&-% 2"! J

τd = 1.9(We−Wec)
−0.25(1 + 0.22On1.6) We < 104 On < 1.15DE7SF

DE7TF

U,("&# %'  "%'0 LMEO )&' /)&,'"'- +&% *-6)!$"'()& $"P($"5% *% 5" #)+''%

2)+! τT = 1.6 %' (5, )&' 2!)2),- J

τd =
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7
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&(' +& '%$6, *% *-7)!$"'()& -:%J- L J)(,(& *% E 6)+! M%N1B2 O" /)!!-:"'()&
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1%, !-#($%, 2

τ = 6(We−Wec)
−0.25 12 ≤ We ≤ 18

τ = 2.45(We−Wec)
0.25 18 ≤ We ≤ 45

τ = 14.1(We−Wec)
−0.25 45 ≤ We ≤ 351 34567

τ = 0.766(We−Wec)
0.25 351 ≤ We ≤ 2670

τ = 5.5 We ≥ 2670

8!/)+$"&(,  ! "#$ 9:;< )&' "=)+'- " /%''% /)!!-1"'()& +&% %,'($"'()& *+ '%$>,

')'"1 *% ?!"#$%&'"'()& "+ @)(,(&"#% *+ &)$A!% *% B%A%! /!('(C+% 2

π

4

( σ

ρdφ3
− 6.25
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ρ0φ2

)

π = 6(We−Wec)
−0.25 We ≃ 12 3454D7
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)
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−0.25 We ≃ 12 345447

E" /)!!-1"'()& *+ '%$>, *."')$(,"'()& >!-,%&'-% >"! F"&#%! %' G(/0)11, 9:H<

3τ = 5 >)+! 10 < We < 1067 I -'- "$-1()!-% >"! J,("&# %'  "%'0 9:4< %&
>!%&"&' %& /)$>'% 1" @(,/),('- *+ K+(*% >"! 1% A("(, *+ &)$A!% *.L0&,)!#% 2

τ =
5

(1− On
7
)

We < 103 On < 3.5 3454M7

N%1?"&* 9:O< >!)>),% 2

τ = 4.5(1− 1.2On0.74) We ∼ Wec On < 0.3 3454P7

Q"&, ," !%@+% *% 466H ,+! 1% >0-&)$R&% *."')$(,"'()& N%1?"&* 9MS< ?)+!&('

1% '%$>, *."')$(,"'()& /)$$% -'"&' /)$>!(, %&'!% : %' H )+ A(%& 2

4 < τ < 6 ou τ = 5(log(We))−0.1 3454:7

E" /)!!-1"'()& *% G(#$"'+1(&9MD< %,' 2

τ =
6(1 + 1.2On0.74)

(ln(We))
1
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T%, '%$>, *."')$(,"'()& ,."//)!*%&' ')+, "+')+! *% τ = 5 >)+! *% ?"(A1%,
@"1%+!, *+ &)$A!% *.L0&,)!#%5 U)+'%?)(,V >)+! *%, &)$A!%, *% B%A%! /)!W

!%,>)&*"&' "+X !-#($%, .%"& "'( )!"* ' . %' .)+  !,)!-.//.'& . 1" /)!!-1"'()&

*% Y(1/0 *)&&% τ ∼ 35
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 !"!# $%&%'()&*+%(*,- ./ .*%01(&2 %3&1+ 4&%502-(%(*,-

1%, '!"&,2%!', *% 3+"&'('- *% $)+4%$%&'5 *% /0"6%+! %' *% $",,% %&'!% 6%

#"7 %' 6%, #)+''%, ,)&' 3+"&'(8-, 9 '!"4%!, 6% *("$:'!% *%, #)+''%,5 /)&,(*-!-%,

/)$$% ,;0-!(3+%,5 ;)+! ,($;6(8%! 6%, /"6/+6, *% ,+!2"/% )+ *% 4)6+$%<

=.%,' ;)+!3+)( *%, *("$:'!%, -3+(4"6%&', ,)&' *-8&(, %& ",,)/("&' 9 +&%

#!"&*%+! $%,+!">6% *% 6" ;"!'(/+6% '%66% 3+% ,)& 4)6+$%5 ," ,+!2"/% )+ ,"

4('%,,% 6($('%5 6% *("$:'!% /)!!%,;)&*"&' ,( 6" ;"!'(/+6% "4"(' -'- ,;0-!(3+% ?

6%, *("$:'!%, 4)6+$(3+%,5 ,+!2"/(3+%, )+ *% @')A%, BCDE<

=%;%&*"&'5 6" 2!"#$%&'"'()& *%, #)+''%, #-&:!% +& >!)+(66"!* ;)6F*(,;%!,%

*)&&"&' 6(%+ 9 +&% *(,'!(>+'()& *% '"(66%, *% #)+''%,< G"&, 6% /", *% >!)+(66"!*5

+& *("$:'!% $)F%& *% 6" *(,'!(>+'()& %,' /"!"/'-!(,- *% 2"H)& ,'"'(,'(3+% ;"!

6" !%6"'()& ,+(4"&'% BIJE ?

Dmn =
(

∑

NiD
m
i

∑

NiDin

)
1

m−n

KL<LMN

)O Ni !%;!-,%&'% 6% &)$>!% *% #)+''%, *% *("$:'!% Di< =)$$% ;)+! 6%, *("P

$:'!%, -3+(4"6%&',5 /%, *("$:'!%, !%;!-,%&'%&' *%, /"!"/'-!(,'(3+%, #6)>"6%,

*%, #)+''%, 3+( /)$;),%&' 6% ,;!"F ,%6)& 6%, 4"6%+!, *%, /)%Q/(%&', & %' $<

1%, *)$"(&%, *.+'(6(,"'()&, *%, >!)+(66"!*, ($;),%!)&' 6% /0)(R *+ *("$:'!%

$)F%& 6% ;6+, ";;!);!(-5 /)$$% ;!-,%&'- ;"! 1%2%>4!% BIJE '">< L<M< 1.(&'%!P

;!-'"'()& ;0F,(3+% *% /%, *("$:'!%, " -'- %S%/'+-% ;"! @)T" BILE *)&' U)*%6%

BIVE %& " %R'!"(' 6%, ;!(&/(;"+R *("$:'!%, $)F%&, +'(6(,-, %' ;!-,%&'-, 8#< L<W<

X& LDVD5 @"+'%! BIYE " *-8&( +& *("$:'!% $)F%& 4(!'+%6 K@ZGN *% ,)!'% 3+%

 !"#$% L<M [ G)$"(&%, *.";;6(/"'()&, ",,)/(-, "+R *("$:'!%, $)F%&, 6%,

;6+, !-;"&*+,5 ;!-,%&'-, ;"! 1%2%>4!% ; DL BIJE %R'!"(' *% U)*:6% BIVE

6" ,+!2"/% *.-/0"&#% ')'"6% *%, #)+''%, ,)(' 6" $\$% 3+% /%66% *+ ,;!"F ;)P

6F*(,;%!,%5 ;)+! 6% $\$% 4)6+$% (&('("6< =% *("$:'!% %,' &)'"$$%&' +'(6(,-

;)+! /"!"/'-!(,%! 6" /";"/('- ;)'%&'(%66% *.+& &+"#% *% #)+''%, 9 -/0"&#%!

'0%!$(3+%$%&' "4%/ ,)& %&4(!)&&%$%&'<

X& ,% >","&' ,+! 6" *(,'!(>+'()& *+ *("$:'!% *%, #)+''%, *"&, 6% >!)+(66"!*5 +&

*("$:'!% $)F%& φk ;%+' "+,,( \'!% *-8&( ;"! !";;)!' 9 6" $",,% K)+ 4)6+$%N
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 !"#$% 123 4 5&'%!6!-'"'()& 607,(8+% *% *("$9'!%, $)7%&, 6!-,%&'-, 6"!

:);"<=1> %?'!"(' *% @)*9A%<=B>

')'"A *% A" 60",% *(,6%!,-% C

k =

∑φk

φi=0 M(φi)
∑φmax

φi=0 M(φi)
D1213E

)F M(φi) %,' A" $",,% *%, #)+''%, *% *("$9'!% φi2

 !"#$% 12G 4 H("$9'!%, $)7%&, !%6!-,%&'"'(I, *+ J)A+$% )//+6- 6"! A% !%,'%

*% A" 6)6+A"'()& 6!-,%&'-, 6"! K%I%LJ!% 6 MB <=N> %?'!"(' *% @)*9A% <=B>

K% *("$9'!% $-*("& $",,(8+% DOOHE φ0.5 6%!$%' *% A)/"A(,%! =N % *% A"

$",,% ')'"A% %& *%,,)+, %' =N % "+ *%,,+,2 P)+! +&% *(,'!(L+'()& &)!$"A% A%

*("$9'!% $)7%& $",,(8+% ,%!" -#"A "+ *("$9'!% $-*("& $",,(8+% DQ#212GE 2

K" 6)A7*(,6%!,()& *+ &+"#% *% #)+''%, QAA%, I)!$-%, 6"! A."')$(,"'()& *% A"

#)+''% $9!% " -'- -'+*(-% %?6-!($%&'"A%$%&' %' "&"A7'(8+%$%&' 6)+! *(J%!,

$)*%,2 :+('% R *% &)$L!%+,%, %?6-!(%&/%, ,+! *%, ,6!"7,S :($$)&, <=TS ==> "

*-'%!$(&- %$6(!(8+%$%&' 8+% A" *(,'!(L+'()& *+ *("$9'!% ,+(J"(' +&% A)( *%

'76% A)#U&)!$"A% <=VS =3> 6)+! +& !"66)!' OOHW:OHX12B K" *(,'!(L+'()&

*-/!('% 6"! :($$)&, %,' %&'(9!%$%&' *-'%!$(&-% 6"! A% *("$9'!% *% :"+'%!

)+ A% *("$9'!% $-*("& $",,(8+% A)!,8+% A% !"66)!' OOHW:OH %,' /)&,'"&'2

H."+'!%, '76%, *% *(,'!(L+'()&, ,)&' +'(A(,-, 6)+! /"!"/'-!(,%! A%, ,6!"7, *)&'

A%, 6!(&/(6"A%, ,)&' /%AA%, *% Y),(&UY"$$A%!S A)#U076%!L)A(8+% <B1> )+ %&/)!%

Z+[(7"$"U\"&",";" <=B>2
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"#$$%&'()#*+ ,-.%$)/,*('&,+

1" !-2"!'('()& *+ *("$3'!% *%, #)+''%, 2)+! 4%, $)*%, *% 5!"#$%&'"6

'()& .7"# 7!%"8+2.9 .$+4'($)*% 7!%"8+2. %,' 7(%& !%2!-,%&'-% 2"! 4" 4)( 4)#6

&)!$"4% *."2!3, :,("&# %'  "%'0 ;<=>9 2)+! +& !"22)!' ??@AB?@C=D= E=DF

)+ =DGD H%2%&*"&' I%45"&* ;GJ> " )7,%!K%! +&% !%2!-,%&'"'()& 7($)*"4% 4)!, *%

4."')$(,"'()& %& .7"# 7!%"8+2. *% $L$% M+% :,("&# ;<=> 2)+! 4% $)*% .,0%"!

7!%"8+2.9 *+% N 4" #)+''% $3!% !-,(*+%44%D H%, *%!&(%!, -'"74(!%&' +&% /)!!-6

4"'()& %O2-!($%&'"4% K"4"74% 2)+! *% 5"(74%, &)$7!%, *.P0&%,)!#% QOn < 1R
%' *%, &)$7!%, *% S%7%! M+( K-!(T%&' ;GU> V 90 < We < 103D

ρ∗gφfSMD
(u∗ − ud)

2

σ
= 6.2(

ρd
ρ∗g

)
1

4 (
µd

ρdφd(u∗g − ud)
)
1

2We Q=D=JR

)W φfSMD
!%2!-,%&'% 4% *("$3'!% $)X%& *% B"+'%! *%, #)+''%, T44%,D

Y(4/0 %' Z!*$"& )&' "+,,( 2!)2),- +&% /)!!-4"'()& ,+! 4" '"(44% *%, #)+''%,

%& /)&,(*-!"&' M+% 4%, #)+''%, T44%, )&' +& *("$3'!% "+ 24+, -#"4 N /%4+( M+(

/)!!%,2)&* "+ &)$7!% *% S%7%! /!('(M+%D 1% *("$3'!% /!('(M+% %,' *)&/ V

φf = Wec
σ

ρ∗g(u
∗

g − ud)2
Q=D=UR

)W φf %,' 4% *("$3'!% *%, #)+''%, T44%,D H%2%&*"&'9 (4, )&' '!)+K- M+% /%

*("$3'!% T&"4 %,'($- -'"(' $(&)!- *% 2!%,M+% *%+O )!*!%, *% #!"&*%+!D H.%,'

2)+!M+)( (4, 2!)2),3!%&' +&% "$-4()!"'()& *% /% $)*34% )W 4" *($(&+'()& *%

4" K('%,,% !%4"'(K% %&'!% 4%, #)+''%, %' 4.-/)+4%$%&' %,' 2!(,% %& /)$2'% ;GU>

2)+! 350 < We < 105 V

φf = Wec
σ

ρ∗g(u
∗

g − ud)2

(

1− u∞
(u∗g − ud)

)2

Q=DF[R

)W u∞ %,' 4" K('%,,% *%, 5!"#$%&', *+ &+"#% "2!3, 4" T& *% 4."')$(,"'()&D

Z44% %,' *)&&-% 2"! V

u∞

(u∗g − ud)
√

ρ∗g
ρ0

=
3

4
Cxτ + 3Bτ 2 Q=DF=R

Cx %,' 4% /)%\/(%&' *% '!"(&-%9 τ %,' 4% '%$2, ')'"4 *."')$(,"'()& ,"&, *(6

$%&,()& %' ] +&% /)&,'"&'% %$2(!(M+%D H%, "+'%+!, 2!)2),%&' V

Cx = 1 B = 0.116 2)+! +& -/)+4%$%&' /)$2!%,,(74% Q=DFFR

Cx = 0.5 B = 0.0758 2)+! +& -/)+4%$%&' /)$2!%,,(74% Q=DF^R

Y"! "(44%+!,9 ,+('% "+O )7,%!K"'()&, *."+'!%, "+'%+!, QS)45% %' _&*%!,)& ;`[>9

1"&% %' "4 ;`=9 `F> 1"&% ;J> %' S%(,, %' S)!,0"$ ;`^>R9Y(4/0 %' Z!*$"&& ;^a>

)&' 2!-/(,- M+% 4% *("$3'!% $-*("& $",,(M+%Q??@R %O/3*% "4)!, +&% 5)(, %'

*%$( 4% *("$3'!% $"O($+$ ,'"74% Q%MD=DFD^RD



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

"#$%&'( )*)&+,-./'(

1/'+%22%$%&'3 "+/+& $)*42% +&(5"&' %' 6!-*(,"&' *% 7"8)& 5"92% ')+, 2%,

!-#($%, *% 7!"#$%&'"'()& &." -'- *-:%2)66- ;<=>? @!)(, 'A6%, 6!(&/(6"+B *%

$)*42%, )&' -'- 6!-,%&'-, C

D $)*42% E+( !%6),% ,+! 2.-'"6% *% *-7)!$"'()& *% 2" #)+''% $4!%

D $)*42% E+( !%6),% ,+! 2.(&,'"9(2('- *% ,)& (&'%!7"/%

D $)*42% E+( !%6),% ,+! 2" #-&-!"'()& "2-"')(!% *% #)+''%, F$)*42% ,')/0",D

'(E+%G

H.+& *%, 6!(&/(6"+B $)*42%, "&"2A'(E+%, 9",- ,+! 2" *-7)!$"'()& *% 2" #)+''%

%,' 2% $)*42% @1I F@"A2)! 1&"2)#A I!%"J+6G *-:%2)66- 6"! K.L)+!J% %'

1$,*%& ;=M> %& NOPQ? R2 " -'- "$-2()!- 6"! @"&&%! %& NOOQ ;=S> 6)+! *)&&%!

2% $)*42% T@1I FT&0"&/%* @"A2)! 1&"2)#A I!%"J+6G "5& *% $(%+B *-/!(!%

2" *(,'!(9+'()& 5&"2% *%, #)+''%, 522%,? U& $)*42% "2'%!&"'(7 "+ @1I %' "+

T@1I %,' 2% VVI FV!)62%' V%7)!$"'()& I!%"J+6G *-:%2)66- %& NOOW 6"!

R9!"0($  ! "#$ ;==>? X% $)*42%3 /)&'!"(!%$%&' "+ $)*42% @1I3 &.+'(2(,% 6",

2.-:)2+'()& *+ !"A)& 6)+! *-/!(!% 2" *-7)!$"'()& *% 2" #)+''%3 (&('("2%$%&'

,60-!(E+%3 $"(, 2.-:)2+'()& *+ /%&'!% *% $",,% *% 2" *%$( ,604!%? H% $)*42%

VVI "66)!'% +&% $%(22%+!% $)*-2(,"'()& *% 2" '!"(&-% ;=Q>? Y"!J  ! "#$ ;=Q>

)&' 6!)6),- %& <ZZ< +& $)*42% $(B'% ;=Q> 62+, 6%!7)!$"&'3 9",- ,+! 2% $)D

*-2% @1I $"(, E+( 6!%&* %& /)$6'% 2" '!"(&-% [ 2" 7"8)& *+ $)*42% VVI?

X%, $)*42%,3 +'(2(,-, *"&, 2%, /)*%, (&*+,'!(%2,3 6%!*%&' *% 2%+!, 6!-/(,()&,

"+ :)(,(&"#% *+ &)$9!% *% \%9%! /!('(E+%?

H%, $)*42%, E+( *-/!(:%&' 2% 6!)/%,,+, *."')$(,"'()&3 6"! 2."$62(5/"'()& *.(&D

,'"9(2('-, 6!-,%&'%, [ 2.(&'%!7"/%3 ,)&' "*"6'-, ,%+2%$%&' "+B 7!"#$%&'"'()&,

*% 'A6% .]":% /!%,' ,'!(66(&#. %' ./"'",'!)60(/ 9!%"J+6.? H%% %' L%('^ ;=P> ,%

,)&' 9",-, ,+! 2" /!)(,,"&/% *.(&,'"9(22('-, *% 'A6% _%2:(&D`%2$)'^ "2)!, E+%

Y"''%!,)& %' L%('^ ;=O> )&' -'+*(- 2.(&,'"9(2('- *% L"A2%(#0D@"A2)!?

R2 %B(,'% "+,,( *%, $)*42%, *-!(:-, *% 2.0A6)'04,% *% _)2$)#)!): ;<<> )a

2" 7!"#$%&'"'()& %,' /)&,(*-!-% /)$$% +& 6!)/%,,+, "2-"')(!% (&*-6%&*"&'

*% 2" '"(22% *% 2" #)+''% $4!% ;QZ>? T& NOMO3 _)2$)#)!): ;<<> " *-5&( "+,,(

+& *("$4'!% /!('(E+% 6)+! *%, -/)+2%$%&', '+!9+2%&', [ 0"+', &)$9!%, *%

L%A&)2*,? X%, $)*42%, ,)&' *(', ,')/0",'(E+%,?

 !"!# $%&&'('%)* +,-)(./,+( +0/,1'23/ /+ 4/ 1-((/

H" /)$6),('()& %"+D"(! *.+& &+"#% &% 6%+' *)&&%! 2(%+ [ *%, !-"/'()&,

/0($(E+%, 2)!,E+.(2 %,' '!":%!,- 6"! +&% )&*% *% /0)/ *% 7"(92% (&'%&,('-

FM = 1.5G X%6%&*"&' 2%, '!"&,7%!', *% E+"&'('- *% $)+:%$%&'3 '0%!$(E+%3
2%, '!"&,7%!', *% $",,% $"(, "+,,( 2%, /)22(,()&, (&'%!D6"!'(/+2"(!%, 6%+:%&' b'!%

6!-,%&', %' (&c+%! ,+! 2" 6!)6"#"'()& *. +&% )&*% *% /0)/? 1 /%, -/0"&#%,



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

,)&' ",,)/(-, *%, '%$1, /"!"/'-!(,'(2+%, "(&,( 2+% *%, /)!!-3"'()&, 2+( 1%!4

$%''%&' *% 3%, 2+"&'(5%!6 7%, !%3"'()&, *)&&-%, /(4*%,,)+, ,)&' 8"3"93%, 1)+!

+&% 1"!'(/+3% (,)3-% :,)3(*% )+ 3(2+(*%; ,)+$(,% < +& -/)+3%$%&'6

"#$%&'(#) *( +,$%)-). *( /0,1(/(%)

7% '%$1, !%2+(, 1)+! 2+.+&% 1"!'(/+3% ,)3(*% ,)+$(,% < +& -/)+3%$%&' "'4

'%(#&% 3" 8('%,,% *+ =+(*% 1)!'%+! %,' /"!"/'-!(,- 1"! ,)& '%$1, *% !%3">"'()&

*% 8('%,,% τv6 ?"&, 3%+! 3(8!%@ A!)B%  ! "#$ CDEF )&' 2+"&'(5- /% '%$1, τv G

dv

dt
=

18µ

ρdφ2
d

CxRe

24
(u∗g − ud)

dv

dt
=

1

τv
(u∗g − ud)

ud = u∗g(1− e
−t
τv )

:E6DH;

)I u∗g %,' 3" 8('%,,% *+ #"J %' ud@ 3" 8('%,,% *% 3" 1"!'(/+3% -'+*(-%6

K& ,% 13"L"&' *"&, +& !-#($% *% M')N%,@ < O"(93% &)$9!% *% P%Q&)3*,@ 3%

'%!$%

CxRe
24

%,' 1!)/0% *% 3.+&('-6 7% '%$1, *% !%3">"'()& %,' *)&/ G

τv =
ρdφ

2
d

18µ
:E6DR;

τv %,' *)&/ 1!(&/(1"3%$%&' ,%&,(93% "+ *("$S'!% *% 3" 1"!'(/+3% $(,% %& $)+4
8%$%&'@ *"&, 3% !-#($% *% M')N%,6 T)+! *%, &)$9!%, *% P%Q&)3*, 13+, -3%8-,

"33"&' *% RUU < 104@ V)+!*"&  ! "#$ CWEF )&' )9'%&+ +&% /)!!-3"'()& *+ /)%X4

/(%&' *% '!"(&-% 1"! *%, %>1-!(%&/%, %& '+9% < /0)/ G

log10Cx = −0.69555+1.2589log10(Re)−0.46458(log10(Re))2+0.04532(log10(Re))3

:E6DY;

7% /)%X/(%&' *% '!"(&-% *($(&+% "8%/ 3."+#$%&'"'()& *+ &)$9!% *% P%Q&)3*,

%' (3 %,' $)*(5- ,( 3.-/)+3%$%&' (&/(*%&' %,' '+!9+3%&'6 7% '%$1, *% !%3">"'()&

/(&-$"'(2+% 1)+! *% 0"+' P%Q&)3*, 1%+' *)&/ Z'!% %,'($- 1"! G

τv =
4ρdφ

2
d

3µCxRe
:E6DW;

[!@ *"&, +& &+"#% ,( 3%, 1"!'(/+3%, ,)&' 1!)/0%, 3%, +&%, *%, "+'!%,@ 3.-/)+3%4

$%&' %,' 1%!'+!9- 1"! 3.(&'%!"/'()& *%, ,(33"#%, )+ *%, /)+/0%, 3($('%,6 A%3"

*-1%&* *% 3" /)&5#+!"'()& !%3"'(8% *%, 1"!'(/+3%,6 7% /)%X/(%&' *% '!"(&-%

%,' *."+'"&' 13+, "\%/'- 2+% 3" *(,'"&/% %&'!% 3%, #)+''%, %,' O"(93% CWDF6 7.(&4

=+%&/% *% 3" *(,'"&/% (&'%!41"!'(/+3"(!% ,+! 3%, '!"&,O%!', %&'!% #"J41"!'(/+3%,

%,' *(,/+'- *"&, 3" ,)+,4,%/'()& E6]6D6



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

"#$%&'(#) )*(#+,-.(

1&% 2"!'(/+3% ,20-!(4+% (&('("3%$%&' 5 '%$2-!"'+!% /)&,'"&'%6 23)&#-%

*"&, +& /0"$2 *% '%$2-!"'+!% +&(7)!$%6 )8 3%, %9%', !"*("'(7, ,)&' &-#3(#-,

%,' !-#(% 2"! 3.-4+"'()& :;<= >

mCp
dTd

dt
= NuπλcD(Tg − Td) =

1

τt
?<@;AB

)8 Cp  ! λc "#$! % "& '!() * $! +, ',&,'(!- ',+#%(./0  ! +, '#$10'!()(!-

!2 %*(/0 1 +, &2," &#%! 0" 3 40  "! + $#*5% ,1(* $"(#$$ + 1 40"" +!

1-.$(  $ 6#$'!(#$ 10 '# 7'( $! 1 !%,$"6 %! !2 %*(/0 h  ! 10 '# 7'( $! 1 

+, '#$10'!()(!- !2 %*(/0 λ 8

Nu =
hφ

λ
9:3;<=

> ! *&" ',%,'!-%("!(/0 1 % +,?,!(#$ !2 %*(/0  "! ,+#%" 1#$$- &,% 8

τt =
6λNu(Tg − Td)

Cpρdφ2
d

9:3@A=

>B-!01 10 !%,$"6 %! 1 *,"" &,% C,$D  ! E,%"2,++ FG@H , & %*(" 1B-!,5+(%

0$ '#%%-+,!(#$ 10 $#*5% 1 I'2 %J##1K ShK /0( ',%,'!-%(" + " !%,$"6 %!"

1 *,"" 8

Sh =
Kcφ

D
= 2 + 0.6Re

1

3Sc
1

3
9:3@:=

#L Kc  "! + '# 7'( $! 1 !%,$"6 %! 1 *,"" K φK +, +#$M0 0% ',%,'!-%("!(/0 K

NK + '# 7'( $! 1 1(O0"(#$3 > $#*5% 1 I'2*(! Sc  "! 1-.$( &,% 8

Sc =
ν

D
9:3@;=

#L νd  "! +, )("'#"(!- '($-*,!(/0 3

P,% ,$,+#M( K +B-)#+0!(#$ 10 $#*5% 1 40"" +!K NuK /0( ',%,'!-%(" + " !%,$"Q

6 %!" !2 %*(/0 "  "! -!,5+(  $ 6#$'!(#$ 10 P%,$1!+ 9,$,+#M0 ,0 I'2*(1!= 8

Nu =
hφ

λ
= 2 + 0.6Re

1

3Pr
1

3
9:3@@=

#L 2  "! + '# 7'( $! 1 !%,$"6 %! !2 %*(/0 K φK +, +#$M0 0% ',%,'!-%("!(/0 K

NK + '# 7'( $! 1 1(O0"(#$3 > $#*5% 1 P%,$1!+ Pr  "! 1-.$( &,% 8

Pr =
µdCp

λ
9:3@R=

#L µd  "! +, )("'#"(!- 1S$,*(/0 3



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

"#$$%&%#'& () *+,+*)-,%&+)%#' ./ 0%$%(/

1% '%$2, /"!"/'-!(,'(3+% *% /)44(,()& τc %&'!% 4%, 2"!'(/+4%, *+ $(4(%+ 2%!5
$%' *.-6"4+%! 4" &"'+!% *+ $(4(%+ 7 *(4+- ,( 4% '%$2, $)8%& $(, 2"! +&%

2"!'(/+4% "6"&' *% !%&'!%! %& /)&'"/' "6%/ +&% "+'!% %,' #!"&* 2"! !"22)!' 9

τv: 1% '%$2, *% !%4";"'()& /(&-$"'(3+%< τv< %,' 4% '%$2, *% !-2)&,% *% 4" 2"!5
'(/+4% "+; %=%', *%, >)!/%, "-!)*8&"$(3+%,: ?+ /)&'!"(!%< 4% $(4(%+ %,' *-@&(

/)$$% *%&,% ,( 4% '%$2, /"!"/'-!(,'(3+% τc %,' >"(A4% 2"! !"22)!' "+ '%$2, *%
!%4";"'()& *% 6('%,,% τv BCDE: F)$$%!>%4* BGHE " %;2!($- 4% '%$2, /"!"/'-!(,5
'(3+% *% /)44(,()& %& "224(3+"&' 4" '0-)!(% /(&-'(3+% *%, #"I: J4 /)&,(*K!% *%,

2"!'(/+4%, "&($-%, *.+&% 6('%,,% !%4"'(6% 4%, +&%, 2"! !"22)!' "+; "+'!%,: J4

"''!(A+% /% $)+6%$%&' !%4"'(> 9 4" '+!A+4%&/% *% 4" 20",% 2)!'%+,%: J4 "A)+'('

9 4.%;2!%,,()& 7

τc =
π0.5φd

24αdσt

LD:MNO

)P σt %,' 4.-/"!'5'82% *%, Q+/'+"'()&, *% 6('%,,% *%, 2"!'(/+4%,< φd %,' 4%

*("$K'!% *% 4" 2"!'(/+4% %' αd %,' 4" >!"/'()& 6)4+$(3+% *% 4" 20",% *(,2%!,-%<

*-@&(% ,%/'()& D:M:C:

 !"!# $%&'()*+%&

1%, &)$A!%+,%, -'+*%, 2)!'"&' ,+! 4."')$(,"'()& *% #)+''%, /)&6%!#%&' "+

&(6%"+ *%, *%,/!(2'()&, *%, $)*%, )A,%!6-,: R%2%&*"&' 4%+!, >!)&'(K!%, %' 4"

/"!"/'-!(,"'()& 208,(3+% *% /%, /)$2)!'%$%&', &% ,)&' 2", %&/)!% '!"&/0-%,:

R%''% (&'%!"/'()&< 3+% 4.)& 2)+!!"(' 3+"4(@%! *% '82% Q+(*%S,'!+/'+!% Q+(*%<

&-/%,,('% %&/)!% *%, !%/0%!/0%, "@& *.%& ,"(,(! $(%+; 4% 2!)/%,,+, %' *.)A'%&(!

+&% *%,/!(2'()& 24+, @&%: 1" *(T/+4'- %,' "//!+% 4)!,3+% 24+,(%+!, #)+''%,

%&'!%&' %& U%+: J4 >"+' "4)!, %,'($%! 4%+!, (&Q+%&/%, ,+! 4%, -/0"&#%, "6%/

4" 20",% /)&'(&+% 2"! 4%, '!"&,>%!', '0%!$(3+%< *% $",,%< *% 3+"&'('- *%

$)+6%$%&' "(&,( 3+% 2"! /)44(,()&,:

 !" #$%&'()%*+$ &$%'& ,$& +$-& -& ).+) &% ,$

/*0*&, -*1.(2*3,&

 !,! -&./%0)'.+%&

1.+'(4(,"'()& *.)&*%, *% /0)/ )+ *% ,)+V% *"&, *%, $(4(%+; *(20",(3+%,

,%$A4% "6)(! -'- %&6(,"#-% ')+' *."A)!* *"&, 4% /"*!% "#!(/)4% 9 4" @& *+

WJWK$% ,(K/4%BGN< GXE: Y& %=%'< +&% )&*% *% /0)/ )+ *% ,)+V% 2%+'5Z'!%

#-&-!-% 9 2"!'(! *+ ,)4 )+ *(!%/'%$%&' *"&, 4%, &+"#%, 2"! 4.(&'%!$-*("(!%



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

*.+& %123),(45 6%33%,7/( 3($('%!"(%&' )+ %$28/0%!"(%&' "3)!, 3" 4)!$"'()& *%,

#!83)&, %& 2%!'+!9"&' 3%, /)+!"&', ",/%&*"&', %' *%,/%&*"&', $"(, "+,,( %&

3%, 4!"#$%&'"&'5 :.%;/"/('- *% /%''% '%/0&(<+% %,' /)&'!)=%!,-% $"(, !%,'%

+'(3(,-% *"&, /%!'"(&%, !-#()&, =('(/)3%,5

:.-'+*% *% 3.(&'%!"/'()& %&'!% +&% )&*% *% /0)/ "-!(%&&% %' +& $(3(%+ *(7

20",(<+% ,.%,' %&,+('% *-=%3)22-% "=%/ 3."-!)&"+'(<+% 3)!, *% 3" 2!)2+3,()&

*.%&#(&, >3"&/%+!,? $(,,(3%,@ ABB? BC? DE? BFG )+ "=%/ 3" '!"=%!,-% ,+2%!,)&(<+%

*% =-0(/+3%, ,2"'("+1 *"&, *%, "'$),20H!%, 23+=(%+,%, ACIG )+ /0"!#-%, %&

2"!'(/+3%,5 J3+, !-/%$$%&'? 3.(&'-!8' *% /% 'K2% *.(&'%!"/'()& ,.%,' 2)!'- =%!,

3" 2!)'%/'()& *% 9L'($%&', 2)+="&' 8'!% ,)+$(, M *%, )&*%, *% /0)/ )+ *%

,)+N% 3(-%, M *%, %123),()&, ACO? CD? ODG5 6% ,)&' 3%, P)&%, *% !%3"1"'()& <+(

*-'%!$(&%&' 3% !%')+! M 3.-<+(3(9!% *+ $(3(%+ *(20",(<+% 2%!'+!9- 2"! 3% 2",7

,"#% *.+&% )&*% *% /0)/5 Q33%, )&' -'- -'+*(-%, 3)!,<+% 3%, 20-&)$H&%, *%

/)&*%&,"'()& ,)&' 2!-2)&*-!"&', ACRG? 3)!,<+% 3%, 20-&)$H&%, *.-="2)!"'()&

,)&' 2!-*)$(&"&', ACSG )+ 3)!,<+% 3" !%3"1"'()& *% 3" =('%,,% *%, 2"!'(/+3%,

<+( /)$2),%&' 3" ,+,2%&,()& %,' 2!-2)&*-!"&'% AE? CEG5 6%2%&*"&'? 3%, 20-7

&)$H&%, *% !%3"1"'()& *.+&% )&*% *% /0)/ (&*+(', 2"! 3" 4!"#$%&'"'()& *%,

-3-$%&', <+( /)$2),%&' 3% $(3(%+ *(20",(<+% &.)&' 2", -'- -'+*(-, %12-!($%&7

'"3%$%&'5 T)+'%4)(,? *%, -'+*%, &+$-!(<+%, %1(,'%&' ABFG5 :" /)&'!(9+'()& *%

&), !%/0%!/0%, %12-!($%&'"3%, ,+! 3% 20-&)$H&% *% !%3"1"'()& *.+&% )&*% *%

/0)/ %& 2!-,%&/% *% 4!"#$%&'"'()& *% #)+''%, %,' 2!-,%&'-% *"&, 3% /0"2('!%

R5 Q33% %,' /)$2"!-% "+1 !-,+3'"',? 2!-,%&'-, ,%/'()& O5R5D? )9'%&+, "=%/ +&

$(3(%+ *(20",(<+% )U (3 &.K " 2", *% 4!"#$%&'"'()&5

 !"!# $%&%'()&*+%(*,- ./ 0% 12%+/ .*+1/&+)/

"#$#%&' (#)*%+),) %- ./0-#0&#-,

V"&, 3% /"*!% *% 3" $-/"&(<+% *%, $(3(%+1 /)&'(&+,? 3."&"3K,% *.+& -/)+7

3%$%&' 2",,% 2"! 3" &)'()& *% 2"!'(/+3% W+(*%? *)&' 3" '"(33% %,' #!"&*% 2"!

!"22)!' M /%33%, *%, $)3-/+3%, <+( 3" /)$2),%&' %' 2%'('% 2"! !"22)!' "+ *)7

$"(&% -'+*(-5 X(&,(? *%, ="3%+!, '0%!$)*K&"$(<+%, %' $-/"&(<+%, $)K%&&%,

>$",,% =)3+$(<+%? =('%,,%@ ,)&' ",,)/(-%, M /%''% 2"!'(/+3% W+(*%5

:" /)&'(&+('- *+ $(3(%+ 2%+' &)'"$$%&' 8'!% '!"*+('% 2"! 3% &)$9!% *% Y&+*7

,%&? Kn? <+( /)$2"!% 3% 3(9!% 2"!/)+!, $)K%& λm *%, $)3-/+3%, 3% /)&,'('+"&'

%' 3" *($%&,()& : /"!"/'-!(,'(<+% *+ $(3(%+ Z

Kn =
λm

L
>O5R[@

:)!,<+% 3% &)$9!% *% Y&+*,%& %,' (&4-!(%+! M 10−2? 3% $(3(%+ %,' /)&'(&+

%' 2%+' 8'!% *-/!(' 2"! 3%, -<+"'()&, *% \"=(%!7]')^%, )+ *.Q+3%!5 :)!,<+%



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/   

1% &)$2!% *% 3&+*,%& *%4(%&' ($5)!'"&' 63&789:;< 1.-/)+1%$%&' !"!-=- %,'

$)*-1(,- 5"! 1" '0-)!(% /(&-'(>+% !-#(% 5"! 1%, ->+"'()&, *% ?)1'@$"&< 5"!

%A%$51%9 B% $(1(%+ &% 5%+' 51+, C'!% /)&,(*-!- /)$$% /)&'(&+ 6=#9 :9D EFGH9

I& ,J,'K$% ,5"'("1 >+( %&'!% *"&, 1."'$),50K!% L+,>+.M 1" ,+!N"/% '%!!%,'!%

!%&/)&'!% ,+//%,,(4%$%&' ')+, /%, !-#($%, EFOH P 1%, $)1-/+1%, -'"&' *(,5%!,-%,

%& 0"+'% "1'('+*% %' 51+, &)$2!%+,%, 5!K, *+ ,)19

 !"#$% :9D Q R1",,(=/"'()& *%, -/)+1%$%&', ,%1)& 1% &)$2!% *% 3&+*,%&9

S"&, 1% /"*!% *.-/)+1%$%&' M 50",% *(,5%!,-% 6"-!),)1,< ,+,5%&,()&,< ,+,T

5%&,()&, #"@%+,%,99; 1" 50",% /)&*%&,-% 5%+' C'!% /)&,(*-!-% ,)+, /%!'"(&%,

/)&*('()&, /)$$% +& $(1(%+ /)&'(&+9 B" /)&*('()& &-/%,,"(!% %,' "&"1)#+% M

/%11% %$51)J-% 5)+! /"!"/'-!(,%! +& $(1(%+ /)&'(&+ %& 5!-,%&/% *.+& U+(*%

5+! P 1% 4)1+$% -1-$%&'"(!% δV 0
%,' *-=&( '%1 >+.(1 *)(' /)&'%&(! +& &)$2!%

-1%4- *.-1-$%&', %& ,+,5%&,()& "=& *% 5)+4)(! *-=&(! *%, #!"&*%+!, $)J%&&%,

%' "4)(! *% N"(21%, *($%&,()&, 5"! !"55)!' "+ $(1(%+ -'+*(-9 V"! "(11%+!,< 1"

*($%&,()& *%, -1-$%&', *% 1" 50",% *(,5%!,-% *)(' C'!% '!K, N"(21% 5"! !"55)!'

M +&% *($%&,()& /"!"/'-!(,'(>+% *% 1.-/)+1%$%&' %' C'!% #!"&*% 5"! !"55)!'

"+ 1(2!% 5"!/)+!, $)J%& *%, $)1-/+1%, *% 1" 50",% #"@%+,%9 R%''% *%!&(K!%

/)&*('()& %,' &-/%,,"(!% "=& *% 5)+4)(! /)&,(*-!%! 1" 50",% 5)!'%+,% /)$$%

/)&'(&+% "+ &(4%"+ *% 1" ,+!N"/% *%, -1-$%&', %& ,+,5%&,()&9

!"#"$%&#'(%')*+( ,-*. /'0'+*1 ,'(2+#(& 3 4#"$%'5. 650*/')*+ +% %"*1

,+ $7"#8+/+.%

B" 50",% *(,5%!,-% %,' /"!"/'-!(,-% 5"! ," N!"/'()& 4)1+$(>+% αd %' 5"! 1"

*($%&,()& $)J%&&% φd *%, -1-$%&', 1" /)&,'('+"&' EFFH9 R!)W%  ! "#$ EX:H )&'

*-=&( 1" N!"/'()& 4)1+$(>+% *% 1" 50",% *(,5%!,-% αd *% 4)1+$% δVd < >+( ,%

,('+% *"&, 1% 4)1+$% *% /)&'!Y1% δV '%11% >+% P

αd = lim
δV→δV 0

δVd

δV
6:9ZO;

B" N!"/'()& 4)1+$(>+% *% 1" 50",% /)&'(&+% αc 5%+' C'!% *-=&(% *% $C$%9

[(&,(< 1" ,)$$% αd + αc = 19 R)$$% 5)+! +& $(1(%+ /)&'(&+< +&% $",,%



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

1)2+$(3+% "44"!%&'% ρ∗d *% 2" 40",% *(,4%!,-% %,' *-5&(% 4"! 6

ρ∗d = lim
δV→δV 0

δMd

δV
= lim

δV→δV 0

ρdδVd

δV
= lim

δV→δV 0

ρd
δVd

δV
= ρdαd 789:;<

="! /)&,-3+%&' 2" $",,% 1)2+$(3+% *+ $-2"&#% ρ∗m 4%+' >'!% %?4!($-% %&

@)&/'()& *%, $",,%, 1)2+$(3+%, *% 2" $"'(A!% 3+( /)$4),% 2" 40",% 4)!'%+,%B

ρc %' 2" 40",% *(,4%!,-% ρd "(&,( 3+% *% 2%+!, @!"/'()&, 1)2+$(3+%, !%,4%/'(1%,
αc %' αd 6

ρ∗m = αcρc + αdρd 789:C<

D% '"+? *% /0"!#%$%&' η 4%+' "+,,( >'!% +'(2(,- 4)+! /"!"/'-!(,%! +& $(2(%+
*(,4%!,-9 E2 %,' *-5&( 4"! 6

η =
ρd
ρc

789FG<

"#$%&' ()*'+ $%+*(&,-%(+'

H5& *% 4)+1)(! *-'%!$(&%! 2% /"!"/'A!% /)&'(&+ *+ $(2(%+ *(40",(3+%B

(2 %,' 4),,(I2% *.%,'($%! 2" '"(22% *+ 1)2+$% -2-$%&'"(!% δV 0
,+! 2%3+%2 +&%

$)J%&&% 4%+' >'!% %K%/'+-%9 ="! "(22%+!,B 2" *(,'"&/% (&'%!4"!'(/+2"(!% !%3+(,%

4)+! '!"('%! 2" 4"!'(/+2% /)$$% +& -2-$%&' (,)2- *)(' >'!% *-'%!$(&-%B /%/(

4)+! +'(2(,%! 2%, /)!!-2"'()&, 3+( ,%!)&' 2%, 42+, "44!)4!(-%,9

L)(%&' *%+? 4"!'(/+2%, *% *("$A'!% φ %,4"/-%, *.+&% 2)&#+%+! 2 *)&' /0"/+&%
*.%&'!% %22% %,' /%&'!-% *"&, +& 1)2+$% l39 D" @!"/'()& 1)2+$(3+% ,.-/!(' "2)!,
MN8O 6

αd =
πφ3

6l3
789F8<

D% !"44)!' %&'!% 2.%,4"/% (&'%!4"!'(/+2"(!% %' 2" '"(22% *% 2" 4"!'(/+2% *-4%&*

*% 2" @!"/'()& 1)2+$(3+% 6

l

φ
=

( π

6αd

)
1

3

789FN<

P%2@"&*MNQO *)&&% +&% "+'!% %,'($"'()& *% /% !"44)!' 4"! 6

l

φ
=

( π

6αd

)
1

3 − 1 789F:<

=)+! *%, @!"/'()&, 1)2+$(3+%, *% 1%B 2% !"44)!' l
φ
%,' *% :BR /"2/+2- "1%/

2" @)!$+2% *% S!)T%  ! "#$ MN8O %' N9R "1%/ /%22% *% P%2@"&* MNQO9 S!)T%  !

"#$ MN8O %,'($%&' 3+.+& !"44)!' *% 8G 4%!$%' *% '!"('%! *%, 4"!'(/+2%, ,)U

2(*%, /)$$% -'"&' (,)2-%,9 P%2@"&* MNQO /('% 2.%?(,'%&/% *% '!"1"+? %K%/'+-,

,+! 2.-1)2+'()& *+ '"+? *% @!"#$%&'"'()& 2)!,3+% *%, #)+''%, ,)&' "2(#&-%,

2)&#('+*(&"2%$%&' %' -2)(#&-%, *% FG V QG *("$A'!%,9 D%, /)&/2+,()&, ,)&'



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

*(,/+'"12%,3 4."2(#&%$%&' *%, 5"!'(/+2%, ,%$12% ')+'%6)(, "7)(! +&% (&8+%&/%

,+! 2%, /)$5)!'%$%&', *9&"$(:+%, *% /%22%,;/( %& 6)&/'()& *% 2" *(,'"&/%

(&'%!5"!'(/+2"(!%3 <& %=%'> %& ,% !-6-!"&' ? 2" !%7+% 1(12()#!"50(:+% !-"2(,-%

5"! @",,)2 ABCD ,+! *%, -'+*%, ? 6"(12% &)$1!% *% E%9&)2*, FE%GCHCI 2%

!"55)!'

l
φ
*)(' J'!% *.+& $(&($+$ *% CK ALHD> 5)+! /)&,(*-!%! 2%, ,50M!%,

"2(#&-%, '!"&,7%!,"2%$%&' ? 2.-/)+2%$%&' /)$$% (,)2-%,3 <& *%N?> 2% /)%O;

/(%&' *% '!"(&-% *%, ,50M!%, *($(&+% P+,:+.? +& (&'%!7"22% *% Q *("$M'!%, 5+(,

"+#$%&'% 1!+'"2%$%&' ? /"+,% *%, (&'%!"/'()&, %&'!% 2%, /)+/0%, 2($('%, %'

*%, %=%', *% 12)/"#%, *% 2.-/)+2%$%&' %&'!% 2%, 5"!'(/+2%,3

R%''% *(,'"&/% $(&($"2% 7"!(% *% LS AHSD ? KTS AHKD *("$M'!%, 5)+! +& "2(;

#&%$%&' 2)&#('+*(&"2 F *"&, 2% ,%&, *% 2.-/)+2%$%&'I3 U"&, /% /",> 2" V)&%

*% !%/(!/+2"'()& #-&-!-% 5"! 2" ,50M!% "$)&' !-*+(' 2" '!"(&-% *% 5!%,,()& *%

2" ,50M!% "7"2 %& /0"&#%"&' 2" 7('%,,% )W ,% ,('+"(' 5!-/-*%$$%&' 2% 5)(&'

*."!!J'3 <& )+'!%> 2" ,50M!% "$)&' 5%+' "+,,( 7)(! ," '!"(&-% *($(&+%!> *"&,

+&% $)(&*!% $%,+!%> ? /"+,% *% 2" $)*(X/"'()& *% ,)& ,(22"#% (&*+(' 5"! 2"

5!-,%&/% *% 2" 5"!'(/+2% ,+(7%+,% AHC> HY> BCD3 R%5%&*"&'> *"&, +& &+"#%> 2%,

"2(#&%$%&', 2)&#('+*(&"+Z %' '!"&,7%!,"+Z *%, 5"!'(/+2%, /)0"1('%&'3 4)!,:+%

2."Z% *."2(#&%$%&' *%, 5"!'(/+2%, 6)!$% +& "&#2% "7%/ 2.-/)+2%$%&'> :+%2 :+%

,)(' 2."&#2% -'+*(-> 2" '!"(&-% *($(&+% "7%/ 2" *(,'"&/% (&'%! 5"!'(/+2"(!% P+,;

:+.? "''%(&*!% +& $(&($+$ 5)+! +& !"55)!'

l
φ
*% T AHQD3 [+(,> 2% /)%O/(%&'

*% '!"(&-% "+#$%&'% "7%/ 2% !"55!)/0%$%&' *%, 5"!'(/+2%,> 5)+7"&' 5"!6)(,

*-5",,%! /%2+( )1'%&+ 5)+! +&% ,50M!% (,)2-%3 \%26"&* ACTD %,'($% *"&, ,"

!%7+%> %& ,% 6)&*"&' ,+! 2%, '!"7"+Z *% E+= AHTD> :+% 5)+! *%, 6!"/'()&, 7);

2+$(:+%, (&6-!(%+!%, )+ -#"2%, "+ 5)+!/%&'> 2% 5!)/%,,+, *% 6!"#$%&'"'()&

%,' '!M, 5%+ (&8+%&/- 5"! 2" 5!-,%&/% *%, 5"!'(/+2%, 7)(,(&%,3 ] 5"!'(! *.+&%

*(,'"&/% (&'%!;5"!'(/+2"(!% *% C *("$M'!%, %' "+ *%2?> 2%, -/2"'%$%&', *%, 5"!;

'(/+2%, ,)&' (&*-5%&*"&', 2%, +&, *%, "+'!%,3

^2 %Z(,'% 5%+ *.-'+*%, !%2"'(7%, ? 2" *-'%!$(&"'()& *%, /)%O/(%&', *% '!"(;

&-% )+ *% '!"&,6%!', '0%!$(:+%, %& 6)&/'()& *+ !"55)!'

l
φ
> 2)!,:+% 52+,(%+!,

#)+''%, (&('("2%$%&' "2(#&-%, 2)&#('+*(&"2%$%&' )+ '!"&,7%!,"2%$%&' ,."');

$(,%&'3 R.%,' 5)+!:+)( (2 ,%!"(' (&'-!%,,"&' *% !%#"!*%! 2.(&8+%&/% *% 2" 6!"#;

$%&'"'()& *% *%+Z #)+''%, ,+! 2% /)%O/(%&' *% '!"(&-% %' ,+! 2%, '!"&,6%!',

'0%!$(:+%,3 4" 2(''-!"'+!% &.-'"&' 5", 6)+!&(% *"&, /% *)$"(&%> (2 %,' 5!-6-;

!"12%> *"&, +&% 5!%$(M!% "55!)/0% *% $)*-2(,%! /%, -/0"&#%, %&'!% 2% #"V %'

2%, #)+''%, 5"! *%, /)!!-2"'()&, )1'%&+%, 5)+! *%, 5"!'(/+2%, (,)2-%,3 R.%,' 2"

*%,/!(5'()& /0)(,(% *"&, /% '!"7"(2> %22% %,' *-'"(22-% *"&, 2" 5"!'(% &+$-!(:+%3

"#$#%& '()*#)&

]X& *% 5)+7)(! *-X&(! 2%, #!"&*%+!, $)9%&&%, ",,)/(-%, ? +&% 5"!'(/+2%

8+(*% *.+& $(2(%+ *(,5%!,- 2% 7)2+$% -2-$%&'"(!% *% /)&'!_2% *)(' /)&'%&(!



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

",,%1 *.-2-$%&', 3)+! 4+% 2%, 5+/'+"'()&, *+ &)$6!% *% 3"!'(/+2%, *"&, 2%

7)2+$% /)&,(*-!- ,)(%&' '!8, 3%'('%, 3"! !"33)!' "+ &)$6!% $)9%& *% 3"!:

'(/+2%, *"&, /% 7)2+$% ;<<=> ?!)@%  ! "#$ ;AB=C 3)+! 2%+! 3"!'C )&' %,'($- 2"

'"(22% *+ 7)2+$% -2-$%&'"(!% δV 0
'%2 4+.(2 3+(,,% /)&'%&(! 104 3"!'(/+2%, 3"! D

δV 0 = 104(
l

φ
)3φ3

EB>FFG

H& /)&,(*-!"&' /% 7)2+$% δV 0
/)$$% -'"&' +& /+6% *% /I'- / (2 7(%&' D

c ≃ 20(
l

φ
)φ EB>FJG

K(&,(C 3)+! +& %,3"/%$%&' (&'%!3"!'(/+2"(!% *% L>M )6'%&+ "7%/ 2" N)!$+2%

B>FL 3)+! +&% N!"/'()& 7)2+$(4+% *% 1%C 2% /I'- c *+ 7)2+$% *% !-N-!%&/%
%,' *.%&7(!)& L>M /$ 3)+! *%, 3"!'(/+2%, *% 500µm> ?%''% '"(22% %,' (&N-!(%+!%
"+ /I'- *+ '+6% O /0)/ E< /$G $"(, %,' *+ $P$% )!*!% *% #!"&*%+!> Q"!

/)&,-4+%&'C 2% $(2(%+ *(30",(4+% 4+( 3),,8*% /%, /"!"/'-!(,'(4+%, &% 3%+' 3",

P'!% !(#)+!%+,%$%&' /)&,(*-!- /)$$% /)&'(&+> R.%,'($"'()& *+ &)$6!% *%

S&+*,%& /)&*+(' O +&% 7"2%+! *% 2.)!*!% *% 10−2C %& 3!%&"&' +& 2(6!% 3"!:
/)+!, $)9%& *% 2.)!*!% *% 2" *(,'"&/% (&'%!:3"!'(/+2"(!%> T."3!8, 2%, N!)&'(8!%,

3!-,%&'-%,C U#+!% B>VC 2.-/)+2%$%&' -'+*(- ,% ,('+% O 2" 2($('% %&'!% 2% !-#($%

*% #2(,,%$%&' %' 2% !-#($% /)&'(&+> R%, -4+"'()&, *% W"7(%!:X')Y%, *%$%+!%&'

7"2"62%,>

"#$#%& '#$&(

R% /"!"/'8!% *(2+- *.+& -/)+2%$%&' %,' (*%&'(U- %& /)$3"!"&' 2% '%$3,

/"!"/'-!(,'(4+% *% !%2"Z"'()& *% 7('%,,% *.+&% 3"!'(/+2% τv "7%/ 2% '%$3, $)9%&
*% /)22(,()& τcC "7"&' 4+% 2" 3"!'(/+2% &.%& !%&/)&'!% +&% "+'!%> X( 2% !"33)!'
τv
τc

< 1C "2)!, 2% $(2(%+ 3%+':P'!% /)&,(*-!- /)$$% *(2+-;AB=> T"&, /% /",C 2%
$)+7%$%&' *%, 3"!'(/+2%, %,' /)&'!I2- 3"! 2%, N)!/%, "-!)*9&"$(4+%, *% 2"

30",% /)&'(&+%> T"&, 2% /", *%&,%C 2% $)+7%$%&' *%, 3"!'(/+2%, %,' *)$(&-

3"! 2%+!, /)22(,()&,> X)$$%!N%2*;MF= " *-'%!$(&- 2" /)&*('()& " !%,3%/'%! ,+!

2% *("$8'!% *%, 3"!'(/+2%, 3)+! 4+% 2% $(2(%+ 3+(,,% P'!% /)&,(*-!- /)$$%

*(2+- D

φ <
3π0.5µ

4αdρ∗σp

EB>F[G

)\ µ %,' 2" 7(,/),('- *9&"$(4+% *% 2" 30",% /)&'(&+%>
R" U#+!% B>B] 3!-,%&'% 2" N!)&'(8!% %&'!% $(2(%+ *(2+-C O #"+/0% %' $(2(%+ *%&,%C

O *!)('% 3)+! '!)(, 7"2%+!, *% 2.-/"!' '93% σp *% 2" 5+/'+"'()& *% 7('%,,% *%,

3"!'(/+2%, (&*+('% 3"! 2" '+!6+2%&/% *% 2" 30",% 3)!'%+,%> ?%, !-,+2'"', ,)&'



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

1"2"32%, 4)+! +& -/)+2%$%&' (&/(*%&' *% $",,% 1)2+$(5+% 6768 kg.m−3
9 *%

1(,/),('- *:&"$(5+% 1, 84.10−5kg.m−1.s−1 %' *%, 4"!'(/+2%, *% ;8<< kg.m−3

*% $",,% 1)2+$(5+%7 ="&, 2% /", *.+& &+"#% *% >!"/'()& 1)2+$(5+% *% 6%9
2" ?#+!% 676< $)&'!% 5+% 2" /)&'!"(&'% ,+! 2% *("$@'!% /!('(5+% %,' '!@, >)!'%

A5+%25+%, $(/!)&,B9 *% ,)!'% 5+% 2% $(2(%+ %,' 42+'C' *% ':4% *%&,%7

Fraction volumique αd

D
ia

m
èt

re
 φ

d
(µ

m
)

Taux de chargement η

Dilué Dense

 !"#$% 676< D E-#($%, ,-4"!"&' 2%, $(2(%+F *(2+-, *%, $(2(%+F *%&,%, )3'%G

&+, 4"! H)$$%!>%2* IJKL %& !-#($% *% H')M%,7 N%, 4"!'(/+2%, )&' +&% $",,%

1)2+$(5+% *% ;8<< kg.m−3
%' ,)&' ,)+$(,%, O +& -/)+2%$%&' *% 1(,/),('-

*:&"$(5+% *% 69PK710−5kg.m−1.s−1 %' *% $",,% 1)2+$(5+% 6768 kg.m−3
7

"#$%&&% '( &)*

Q& 6RST9 U2(%#%2 IRSL " !%$"!5+- 5+% 2" 1('%,,% *+ ,)& *"&, 2% $(2(%+ *(G

40",(5+% %,' $)(&*!% 5+% 2" 1('%,,% *+ ,)& *"&, 2."(!7 V% !-,+2'"' %,' /)0-!%&'

"1%/ 2" *-?&('()& *% 2" 1('%,,% *+ ,)& *+ $-2"&#%9 cw9 *)&&-% 4"! W))* IRJL
%& 6RT< 4+(, W"22(, IRPL %& 6RSR X

1

ρmc2w
=

αg

ρgcg
+

αl

ρlcd
ρm = αlρl + (1− αl)ρg A67KJB

)Y αl %,' 2" >!"/'()& 1)2+$(5+% *% 2(5+(*% %' ρg, ρl %' ρm ,)&' !%,4%/'(1%$%&'

2%, >!"/'()&, 1)2+$(5+%, *+ #"Z9 *+ 2(5+(*% %' *+ $-2"&#% #"Z[2(5+(*%7 cg, cl
,)&' 2%, 1('%,,%, *+ ,)& *"&, 2%, $(2(%+F #"Z%+F %' 2(5+(*%, 4+!,7

V%''% >)!$+2"'()& ,+//@*% O /%22% *% \"M)3,%& IRRL )Y 2%, '!"&,>%!', *%

$",,% %' *% /0"2%+! ,)&' &-#2(#-, "(&,( 5+% 2%, %]%', *% '%&,()& *% ,+!>"/%

%&'!% 2%, *%+F 40",%, %' 2%+!, $)+1%$%&', !%2"'(>, I6<<L7 N" ?#+!% 6766 4!-G

,%&'% 2.-1)2+'()& *% 2" 1('%,,% *+ ,)& %& >)&/'()& *% 2" >!"/'()& 1)2+$(5+% *%

2(5+(*% αl *"&, +& $(2(%+ *(40",(5+% *(,4%!,- /)&,'('+- *% #)+''%, *.%"+ %&
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 !"#$% 1211 3 4('%,,% *+ ,)& *% 5"66(, %& 7)&/'()& *% 6" 7!"/'()& 8)6+$(9+%

*.%"+ *"&, +& $(6(%+ *(:0",(9+% *(,:%!,- /)&,'('+- *% #)+''%, *.%"+ %& ,+,;

:%&,()& *"&, *% 6."(!2

,+,:%&,()& *"&, *% 6."(!2 <& /)&,'"'% *)&/ 9+% 6" 8('%,,% *+ ,)& 8"!(% 7)!;

'%$%&' 6)!,9+% 6" 7!"/'()& 8)6+$(9+% %,' ,)(' '!=, 7"(>6%? ,)(' '!=, 7)!'% $"(,

%66% !%,'% 9+",( /)&,'"&'% *"&, 6%, "+'!%, @)&%,2
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 !"!" #$%&' %& ()*( &+ ','-&$'.*$' /01&,'&'

1" *($(&+'()& *%, 2%!3)!$"&/%, *%, 2!)2+4,%+!, 4(-% 5 4" 2!-,%&/% *% 2"!6

'(/+4%, " /)&*+(' 5 -'+*(%! 4%, 20-&)$7&%, *% !%4"8"'()& *.+&% )&*% *% /0)/

%& 3)&/'()& *%, 2!)2!(-'-, *% 4" 20",% *(,2%!,-% 9φd αd! "##$% &'(()*( "+$ ' *,-

.(*/()0 1*0 .('2'34 /53( 6'('6.7()0*( 3, 8)9)*3 1* /'(.)639*0 65,0)17(7 6588*

65,.),3% &*0 (*6:*(6:*0 5,. 7.7 /53(03)2) /'( ;'(<9* "=$ >55 "?@?$ A9)*B*9

"##$ C31),B*("D$% E90 5,. 7.31)7 *. 6'('6.7()07 9F7.'. 1F7G3)9)<(* '..*),. '/(H0

9* /'00'B* 1F3,* 5,1* 1* 6:56 1',0 3,* /:'0* 1)0/*(07*% I'( 9' 03).* 9F7.31*

1* .*90 /:7,58H,*0 0F*0. 172*95//7* *, 1)(*6.)5, 1* 9' 658<30.)5, 1',0 9*0

85.*3(0 1)*0*9 8')0 '300) 1* 9F'..7,3'.)5, 1F5,1* 1* 6:56%

>588*(J*91 *, ?KLM "M$ 0F*0. ),.7(*007 N 9F),.*('6.)5, 1F3,* 5,1* 1* 6:56 '2*6

3, ,3'B* 1* /'(.)639*0% E9 O 176(). 9*0 /(),6)/'34 876',)08*0 5<0*(270 1',0

6* 6'0 P 9* .O/* 1* (7Q*4)5, 1* 9F5,1* 1* 6:56 03( 9* ,3'B* 9F7.'. .(',0).5)(*

*. 9F7.'. 1F7G3)9)<(*% &* 05,. 1*0 /:7,58H,*0 G3) ),.*(2)*,,*,. 95(0 1* 9F),.*(-

'6.)5, 1F3,* 5,1* 1* 6:56 '2*6 3,* ,3'B* 1* B53..*0 1F*'3 *. G3) /(70*,.*,.

3, ),.7(R. 1',0 9* 6'1(* 1* ,5.(* 7.31*%

S*0 (7039.'.0 5<.*,30 /'( T5(1 *. U9'00 "?@+$ 85,.(*,. G3* 9' .(',08)00)5,

1F3,* 5,1* 1* 6:56 N 9F),.*(J'6* *,.(* 9* 8)9)*3 1)0/*(07 V03//507 65,.),3!

*. 9' /:'0* 65,.),3* /*3. R.(* 1* 1*34 05(.*0 0*95, 9*0 /(5/()7.70 1*0 1*34

/:'0*0 P

- SF5,1* 1* 6:56 /*3.-R.(* (7J('6.7* N 9' J'6* '85,. 13 ,3'B*% W*0 5,1*0 1*

17.*,.*0 (*85,.*,. '95(0 9F76539*8*,.%

- X,* /'(.)* 1* 9F5,1* 1* 6:56 *0. (7Q76:)* N 9F),.*(J'6* *. 3,* '3.(* *0. .(',0-

8)0* 1',0 9* 8)9)*3 1)/:'0)G3*%

S* ('//5(. T 17Y,) /'( T5(1 *. U9'00 "?@+$ /*(8*. 1* 0).3*( 9* .O/* 1* (7-

Q*4)5, G3) 0* /(513). *. 0* /(5/'B* 13 6Z.7 '85,. P )9 *0. ,7B'.)J 1',0 9* 6'0

1* 9' (7Q*4)5, *, 3, J')06*'3 1* 17.*,.*0 *. /50).)J 95(0 1F3,* (7Q*4)5, G3)

15,,* 9)*3 N 3,* 5,1* 1* 6:56% >' 2'()'.)5, *, J5,6.)5, 13 ,58<(* 1* ;'6:

M  13 .'34 1* 6:'(B*8*,. η *. 13 ('//5(. δ 1*0 6:'9*3(0 0/76)YG3*0 1*0

/'(.)639*0 c *. 13 B'[ cp *0. /(70*,.7 YB%?%?+% >588*(J*91 "M$ 0* 0).3* 1',0 9*

6'0 1* 9' (7Q*4)5, 1F3,* 9F5,1* 1* 6:56 03( 9F),.*(J'6* ')(\,3'B*% E9 ' *4/()87

','9O.)G3*8*,. 9* ('//5(. 1* /(*00)5, *. 9* ,58<(* 1* ;'6: 1* 9F5,1* 1*

6:56 .(',08)0* /53( 1)]7(*,.0 .'34 1* 6:'(B*8*,. η% S* ('//5(. 1* /(*00)5,

),13). /'( 9* /'00'B* 1*0 5,1*0 1* 6:56 .(',08)0* *. (7Q76:)* 0F'66(5^. '2*6

η *. 9* ,58<(* 1* ;'6:%

I'( ')99*3(0 9*0 /'(.)639*0 G3) 658/50*,. 9* ,3'B* ,* /*32*,. /'0 (7/5,1(*

),0.',.',78*,. '3 6:',B*8*,. 1* 2).*00* 1* .*8/7('.3(* *. 1* /(*00)5,%

I'( 65,07G3*,. 3,* [5,* 1* .(',0).)5, '//'('^. VYB ?%?=! 13(',. 9'G3*99* 9'

2).*00* 1*0 /'(.)639*0 '3B8*,.* '95(0 G3* 9* 0'3. 1* /(*00)5, *. 9' 2).*00* ),-

13).0 /'( 9F5,1* 1* 6:56 1)8),3*,. _30G3FN '..*),1(* 3, 7.'. 1F7G3)9)<(*% X,*
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 !"#$% 1213 4  !)&'(5!%,6 %7'!"('%, *% 8)$$%!9%:* ;<=6 *%, '>?%, *% !-@%/'()&

?!-,%&'%, A :.(&'%!9"/% B )&*% *% *-'%&'%, C DEF )+ )&*% *% /0)/ C GEF6 %&

9)&/'()& *+ '"+7 *% /0"!#%$%&'2

9)(, :.-H+(:(I!% "''%(&'6 :% ?!)J: *% !%:"7"'()& *%$%+!% /)&,'"&' "K%/ :."+#L

$%&'"'()& *+ '%$?, %' *% :" *(,'"&/%2 M%, ?!)?!(-'-, *+ #"N %' *%, ?"!'(/+:%,

 !"#$% 121O 4 P("#!"$$% 7L' *% :" !-#()& *% '!"&,('()& ,+('% "+ ?",,"#%

*.+&% )&*% *% /0)/ *"&, +& $(:(%+ *(,?%!,- ,+??),- /)&'(&+2

A :.-H+(:(I!% ?%+K%&' Q'!% /":/+:-%, *."?!5, :%, !%:"'()&, *)&&-%, ?"! R+*(&#%!

;S= %& 9)&/'()& *%, ?!)?!(-'-, (&('(":%, *% :" ?0",% *(,?%!,-%6 *%, ?"!'(/+:%, %'

*+ #"N2



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

1% 23+,4 5)$$%!6%3* 789 (&*(:+% :+% 3" '"(33% *% 3" ;)&% *% '!"&,('()& *-2%&*

*% 3" *($%&,()& *%, 2"!'(/+3%,4 *% 3" /"2"/('- /"3)!(<:+% %' *% 3" *%&,('- *%

3" $"'(=!% :+( 3%, /)$2),%> ?%2%&*"&'4 (3 (&*(:+% :+% 3.(&'%&,('- *% 3.)&*%

*% /0)/ (&('("3% "(&,( :+% 3% '"+@ *% /0"!#%$%&' η )&' 2%+ *.(&A+%&/% ,+! 3"
'"(33% *% 3" !-#()& *% '!"&,('()&> B)+'%6)(,4 /%, *%+@ 2"!"$='!%, *-'%!$(&%&'

3.(&'%&,('- *% 3.)&*% *% /0)/4 C 3.-:+(3(D!%> E& )+'!%4 *+!"&' 3" 20",% *."//-F

3-!"'()& *%, 2"!'(/+3%,4 3% #"; G3)/"3(,- !-#()& HI 2%+' 2-&-'!%! *"&, 3% &+"#%>

1%, )&*%, *% /)$2!%,,()& ,)&' "3)!, #-&-!-%, J+,:+.C /% :+% 3% #"; %' 3%, 2"!F

'(/+3%, "(%&' "''%(&' 3" $K$% L('%,,% "+ 2)(&' M G<# N>NOI> P.-:+(3(D!% %&'!%

3%, *%+@ 20",%, %,' "''%(&'>

Q+ /)+!, *% /%, %@2-!(%&/%,4 *%, 2"!'(/+3%, *% 2500 kg.m−3
4 *% 27µm *%

*("$='!% $-*("& $",,(:+% ,)&' %$23)R-%, %' 6)!$%&' +& &+"#% *% S>TU $

*% 0"+'%+! *)&' 3%, '"+@ *% /0"!#%$%&' η L"!(%&' *% V>H8 C N>OH> 5)$$%!F
6%3* )D'(%&' 2"! ,($+3"'()& &+$-!(:+% +&% "+#$%&'"'()& *% 3" L('%,,% *%,

)&*%, *% /)$2!%,,()& "L%/ 3."+#$%&'"'()& *+ &)$D!% *% W"/04 2)+! +& '"+@

*% /0"!#%$%&' <@-> ?% 20-&)$=&% %,' "+,,( )D,%!L- %@2-!($%&'"3%$%&'> P"

$K$% '%&*"&/% %,' )D'%&+% &+$-!(:+%$%&' 3)!,:+% 3% '"+@ *% /0"!#%$%&'

"+#$%&'%4 2)+! +& &)$D!% *% W"/0 <@-> 1% 23+,4 3" ;)&% *% '!"&,('()& *%

3.)&*% *% /0)/ '!"&,$(,% %,' "//!+% "L%/ 3."+#$%&'"'()& *+ '"+@ *% /0"!#%F

$%&' η %' 3" *($(&+'()& *% 3.(&'%&,('- *% 3.)&*% *% /0)/>
E&<&4 (3 )D,%!L% :+% 3."+#$%&'"'()& *+ '"+@ *% /0"!#%$%&' %&'!"(&% +&%

*($(&+'()& *% 3" L('%,,% *% 3.)&*% *% /0)/> P%, %X%', *% /)+/0%, 3($('%,

2!%&&%&' *% 3.($2)!'"&/% 2)+! *%, &)$D!%, *% W"/0 -3%L-,4 /)$$% (33+,F

'!- <#+!% N>NS> Q(&,(4 3% &(L%"+ *.-:+(3(D!% "''%(&' %,' $)(&, ($2)!'"&' :+%

/%3+( '0-)!(:+% C /"+,% *%, 2%!'+!D"'()&, 2!)*+('%, 2"! 3" /)+/0% 3($('%> Y!4

*"&, 3% /", *%, '"+@ *% /0"!#%$%&' -3%L-,4 3" *-/!)(,,"&/% *+ &)$D!% *%

W"/0 *% 3.)&*% *% /0)/ '!"&,$(,% %,' 23+, !"2(*%> ?%3" !-*+(' "3)!, 3%, %X%',

*% 3" /)+/0% 3($('%> 5)$$%!6%3* 2!-/)&(,% *.%X%/'+%! +&% -'+*% "L%/ *%, *("F

$='!%, 23+, ($2)!'"&', "<& *% /"!"/'-!(,%! 3.(&A+%&/% *% 3" /)+/0% 3($('%>

Y+'"  ! "#$ 7NVO9 )&' -'+*(- %@2-!($%&'"3%$%&' %' &+$-!(:+%$%&' 2"! 3"

$-'0)*% *%, /"!"/'-!(,'(:+%, 3.(&'%!"/'()& %&'!% +&% )&*% *% /0)/GMZHI %'

+& $(3(%+ *(20",(:+% Gη < 2I> B)+' /)$$% 2)+! 5)$$%!6%3*4 3" 2!%,,()& %'
3" L('%,,% *% 3.)&*% *% /0)/ ,)&' *($(&+-%, %& 2!-,%&/% *+ &+"#%> [3, )&'

)D,%!L- :+% 3" '"(33% *%, 2"!'(/+3%, (&A+% ,+! 3."''-&+"'()& *+ 2(/ *% 2!%,,()&>

1%, 2"!'(/+3%, *% 23+, #!), *("$='!%, Gφ = 30 µmI )X!%&' +& $%(33%+! 6"/F
'%+! *."''-&+"'()& *% 3" 2!%,,()& (&*+('% 2"! 3.)&*% *% /0)/> 1% $K$% :+%

2)+! 5)$$%!6%3*4 23+, 3% '"+@ *% /0"!#%$%&' "+#$%&'%4 23+, 3" 2!%,,()& %,'

"''-&+-%> P)!, *% 3" A+(*(,"'()& *.+& 3(' *% 2"!'(/+3%, \)#+% 7NVS9 " *-/!('

3% *("#!"$$% *.)&*%, G@4'I :+( *)&&% 3.-L)3+'()& *%, )&*%, C 3.(&'-!(%+! %'

C 3.%@'-!(%+! *+ &+"#% <#+!%> N>N8> P" !-A%@()& C 3.(&'%!6"/% "$)&' %,' +&%

)&*% *% /0)/ !-A-/0(%4 /)$2'% '%&+ *% 3" *%&,('- *+ &+"#%> Q+ &(L%"+ *%
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 !"#$% 1213 4 56)7+'()& *+ &)$8!% *% 9"/0 *"&, 7% &+"#% *% :"!'(/+7%,

:)+! +& '"+; *% /0"!#%$%&' η *% <2=> %' :7+,(%+!, )&*%, *% /0)/ (&('("7%,?
%;'!"(' *% @)$$%!A%7* B>C2

7.(&'%!A"/% "6"7 %&'!% 7% 7(' D+(*(,- %' 7% #"E? +& A"(,/%"+ *% *-'%&'%, !%$)&'%

7.-/)+7%$%&' %' +&% )&*% *% /0)/ %,' '!"&,$(,% *"&, 7% #"E "6%/ +&% 6('%,,%

$)(&*!%2 F" :!-,%&/% *%, )&*%, *% *-'%&'% %,' "''!(8+-%? ,%7)& 7+(? G +&%

/)&H#+!"'()& *+ 'I:% )&*% *% /0)/ ,)!'"&' :"! +& -7"!#(,,%$%&' 8!+,J+% K

7%, :"!'(/+7%, /!-%&' +&% )8,'!+/'()& *% 7.-/)+7%$%&' *+ #"E L+,J+.G 7" ,)!'(%

*% 7.)&*% *% /0)/ *+ &+"#%2

M%:%&*"&' N7",, B1<>C *-/!(' J+% *% '%77%, )&*%, ,)&' :!)*+('%, 7)!,J+.+&%

)&*% *% /0)/ ,% :!):"#% *"&, +& "+'!% $(7(%+? $)(&, *%&,%? ":!O, 7" '!"6%!,-%

*% 7.(&'%!A"/%2 P"&, 7% /", )::),-? +&% :"!'(% *% 7.)&*% *% /0)/ %,' !-D-/0(% G

/%''% (&'%!A"/% "7)!, J+% 7."+'!% /)&'(&+% ," :!):"#"'()& *"&, 7% $(7(%+ "6%/

+&% 6('%,,% *(Q-!%&'%2 @( +& A"(,/%"+ *% *-'%&'% %,' :!)*+(' G 7.(&'%!A"/% "6"7?

R)#+% " ,)+7(#&- ,+! 7" 8",% *% ,)& *("#!"$$% *.)&*% SH#2 121>T? J+% 7%

/0%$(& '0%!$)*I&"$(J+% ,+8(' :"! 7%, :"!'(/+7%, ,('+-%, %& . . S:",,"#% *%

7.)&*% *% /0)/ '!"&,$(,% *"&, 7."(!T &.%,' :", 7% $U$% J+% /%7+( *%, :"!'(V

/+7%, 7)/"7(,-%, %& .!. S)&*% *% /0)/ '!"&,$(,% *"&, 7% &+"#%? :+(, A"(,/%"+ *%

*-'%&'%T2 M%''% ,('+"'()& 6" %&#%&*!%! +&% *(,/)&'(&+('- *% /)&'"/' ,% :!)V

:"#%"&' *"&, 7% #"E? G 7" 6('%,,% *% 7.-/)+7%$%&' #"E%+;2 M%77%V/( " :+ U'!%

)8,%!6-% %;:-!($%&'"7%$%&' G :!);($('- *% 7.(&'%!A"/%? :"! $%,+!% (&'%!A-!)V

$-'!(J+%,2

W%&VP)! "#  $% BXC )&' -'+*(- 7" E)&% *% !%7";"'()& &+$-!(J+%$%&'2 F%, *(AV

A-!%&/%, *% 6('%,,% %' *% '%$:-!"'+!% %&'!% 7%, :0",%, *(,:%!,-% %' /)&'(&+%
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 !"#$% 1213 4 5("#!"$$% *.)&*% 678'98 %7'!"(' *% :)#+% ;1<=> *% ?" @!)A

@"#"'()& *%, )&*%, ,+('% "+ @",,"#% *.+&% )&*% *% /0)/ B ?.(&'-!(%+! %' B

?.%7'-!(%+! *.+& ?(' *% @"!'(/+?%,2

%&#%&*!%&' *%, -/0"&#%, '0%!$(C+%, %' D(,C+%+7 %&'!% /%, *%+7 @0",%, E+,A

C+.B /% C+% ?.-'"' *.-C+(?(F!% ,)(' "''%(&'2 G)+! ')+'% ?" #"$$% *%, /)&*('()&,

-'+*(-%,8 ?" H)&% *% !%?"7"'()& /(&-$"'(C+% %,' ')+E)+!, @?+, ($@)!'"&'% C+%

/%??% *% !%?"7"'()& '0%!$(C+%2 I.-'%&*+% *% ?" H)&% *% !%?"7"'()& %' ?.-'"'

'0%!$)*J&"$(C+% B ?.-C+(?(F!% *-@%&*%&' *% ?" /)&/%&'!"'()& $",,(C+% *% ?"

@0",% *(,@%!,-% %' *% /%, @!)@!(-'-, @0J,(C+%, K *($%&,()& φd8 $",,% D)?+A

$(C+% ρ∗d %' /0"?%+! ,@-/(LC+%2 I%, "+'%+!, )&' '!)+D- C+% ?."+#$%&'"'()& *%
?" /)&/%&'!"'()& *% @"!'(/+?%, !"//)+!/(' ?" H)&% *% !%?"7"'()& /(&-$"'(C+%8

"+#$%&'% ?" *%&,('-8 ?" '%$@-!"'+!% %' ?" @!%,,()& "@!M, /0)/2 I."+#$%&'"A

'()& *+ *("$M'!% *%, @"!'(/+?%, )+ *% ?" $",,% D)?+$(C+% "@@"!%&'% "+#$%&'%

?" H)&% *% !%?"7"'()&8 ?" *%&,('-8 ?" '%$@-!"'+!% %' ?" @!%,,()& "@!M, /0)/2 I%

/0"&#%$%&' *"&, ?" /"@"/('- /"?)!(LC+% *+ #"H "N%/'% ?" H)&% *% !%?"7"'()&

'0%!$(C+%8 ?" '%$@-!"'+!% %' ?" $",,% D)?+$(C+% *% ?" ,+,@%&,()& $"(, &%

/0"&#% @", ?" H)&% *% !%?"7"'()& /(&-$"'(C+% &( ?%, &(D%"+7 *% @!%,,()& )+

*% D('%,,% "@!M, /0)/2

 !"!# $%&'( &' )*+) ', -./+(+0(

I%, -'+*%, *.+&% (&'%!"/'()& )&*% *% /0)/A"-!),)? ,%$F?%&' "D)(! ')+'

*."F)!* -'- O)/"?(,-%, ;P=> ,+! ?" /)&*%&,"'()& @+(, ?%, !%/0%!/0%, ,+! ?.-D"@)A



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/   

!"'()& ,% ,)&' (&'%&,(1-%,2 &)'"$$%&' 3"! 4%, '!"5"+6 *% 7)'0 89:;< =),,%&,

89:>< %' ?$)4*%!, 89:@<A B%, '!"5"+6 !%4"'(C, D *%, "-!),)4, /)$3),-, *% #)+''%,

*.%"+ *% *("$E'!% ($3)!'"&'2 )F 4" !%4"6"'()& *%, 5('%,,% %' 4" C!"#$%&'"'()&

*%, #)+''%, ,)&' 3!-*)$(&"&', ,)&' 3%+ C)+!&(,A B%, '!"5"+6 G",-, ,+! 4%,

30-&)$E&%, *% /)&*%&,"'()& &% ,)&' 3", "G)!*-, *"&, /%''% 3"!'(% "+ !%#"!*

*+ $(4(%+ *(30",(H+% #-&-!- "+ /)+!, *% &)'!% -'+*%A I& %J%'2 4%, 3!%,,()&,

$(,%, %& K%+ %' 4% '"+6 *% 5"3%+! ,)&' '!)3 C"(G4%, *"&, 4%, /)&*('()&, %63-L

!($%&'"4%, -'+*(-%, M'%$3, *.)G,%!5"'()& %' &)$G!% *% N"/0OA P4 %& %,' *%

$Q$% 3)+! 4%, 30-&)$E&%, *% /"5('"'()&A ?$)4*%!, %' R"& S)#%& 8@T< ,% ,)&'

 !"#$% 9A9; U V)$3"!"(,)& '0-)!(H+% M ,(#&"+6 4(,,%,O %' %63-!($%&'"4% M,(L

#&"+6 ),/(44"&'O *% 4" ,'!+/'+!% *% 4" W)&% *% !%4"6"'()& 4)!, *% 4.-5"3)!"'()&

*% #)+''%, *% 1µm *% *("$E'!% (&('"4 %' *% C!"/'()& $",,(H+% CX:A:Y "3!E,

4% 3",,"#% *.+&% )&*% *% /0)/ *% N"/0 9AZ M?$)4*%!, %' R"& S)&#%& 9[[Z

8@T<OA

(&'-!%,,-, %& 9[[Z D 4" W)&% *% !%4"6"'()& *%!!(E!% *%, )&*%, *% /0)/ "44"&'

*% N"/0 9AZ D 9A[ H+( 3-&E'!%&' *"&, +& $(4(%+ /)$3),- *% #"W2 5"3%+! %'

#)+''%, *.%"+ *% ZA; µm *% *("$E'!% $)\%& *)&' 4" C!"/'()& $",,(H+% %,' *%

4.)!*!% *% 9% M1#A 9A9;OA ]& $)*E4% *% 4" W)&% *% !%4"6"'()& *.-5"3)!"'()& D



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

-'- -'"12( %& 3!%&"&' %& /)$3'% 2%, '!"&,4%!', *% /0"2%+! %' *% $",,% "(&,( 5+%

2%, %6%', 2(-, "+ &)$1!% *% 7&+*,%& -2%8- *% 9:;< 3)+! *%, #)+''%, *% = µm *%

*("$>'!%: ?2, )&' *-'%!$(&- 5+% 2% '%$3, /"!"/'-!(,'(5+% *.-8"3)!"'()& *.+&%

#)+''% *% = µm *% *("$>'!% %,' /)$3!(, %&'!% 9:= $, %' ;9 $,: @% 32+,< 3)+!

+& &)$1!% *% A"/0 (&4-!(%+! B ;:C %' *%, #)+''%, *)&' 2% *("$>'!% 8"!(% %&'!%

9:D µm %' D µm< 2% '%$3, /"!"/'-!(,'(5+% *.-8"3)!"'()& %,' "+ $)(&, +& )!*!%
*% #!"&*%+! 32+, ($3)!'"&' 5+% /%2+( *% !%2"E"'()& *%, 8('%,,%,: F+ !%#"!*

*% /%, !-,+2'"',< (2 "33"!"G' 5+% *%, #)+''%, *)&' 2% *("$>'!% %,' *% 32+,(%+!,

/%&'"(&%, *% $(/!)$>'!%, 8%!!)&' 2%+!, '%$3, *.-8"3)!"'()& "+#$%&'%! %&

/)&,-5+%&/%: H%2+(I/(< %,' *-JB ($3)!'"&' %& /)$3"!"(,)& *+ '%$3, *.)1,%!I

8"'()& *% &)'!% *(,3),('(4 %E3-!($%&'"2 K;9 $,L: M%, *("$>'!%, *% #)+''%,

+'(2(,-%, "+ /)+!, *% &)'!% -'+*% ,)&' ,+3-!(%+!, B =99 µm< 2.-8"3)!"'()&
3%+' N'!% *)&/ &-#2(#-% *"&, &), %E3-!(%&/%,:

 !"!# $%%&'()%*+' ,-+',./ ,. 01+0

M."''-&+"'()& *.)&*%, *% /0)/ 3%+' ,% 3!)*+(!% *% *(8%!,%, 4"O)&, P 3"!

2%+! (&'%!"/'()& "8%/ 2" /)+/0% 2($('%< 3"! *%, (&,'"1(2('-, *"&, 2% Q+(*%

5+.%22%, '!"8%!,%&'< 3"! 2" !%&/)&'!% *.)1,'"/2%, )+ 2" '!"8%!,-% *% $(2(%+E

*.($3-*"&/%, "/)+,'(5+%, *(6-!%&'%,:

M%, 3!%$(>!%, -'+*%, %E3-!($%&'"2%, /)&/%!&"&' 2."''-&+"'()& *.+&% )&*% *%

/0)/ 3"! +&% 30",% *(,3%!,-% /)$3),-% *.%"+ ,%$12%&' *"'%! *%, "&&-%, R9

S;9T< ;;9U: @% '%2, ,V,'>$%, )&' -'- +'(2(,-, 3)+! 3!-8%&(!< *($(&+%! )+ "!I

!N'%! 2.%E32),()& 3)+8"&' N'!% (&*+('% 3"! *%, 3"!'(/+2%, %& ,+,3%&,()& *"&,

2%, $(&%, *% /0"!1)&< 3"! %E%$32%: W-/%$$%&' *% &)$1!%+E %6)!', ,)&'

%&'!%3!(, 3)+! /"!"/'-!(,%! 2."''-&+"'()& *.)&*% *% ,)+X% 3"! *%, $(2(%+E

/)$3),-, *.%"+ "Y& *% 3!-8%&(! 2%, *)$$"#%, /"+,-, 3"! *%, 30-&)$>&%,

%E32),(4,: @+8"22 S;;;U 3+(, F2.',0+2%! %' 7!+#2(Z)8 S;;=U )&' -&)&/- 2%, '!)(,

/"+,%, 5+( 3%+8%&' "''-&+%! +&% )&*% *% /0)/ P

I M.(&'%!"/'()& "8%/ +&% *(,/)&'(&+('- 5+( 2" !"''!"3%

I [" *(8%!#%&/% #-)$-'!(5+%

I M%, 3!)/%,,+, *% !%2"E"'()&

F2.',0+2%! %' 7!+#2(Z)8 S;;=U )&' 5+"&'(Y- 2."''-&+"'()& *.+&% )&*% *% /0)/

3"! !"33)!' "+E &(8%"+E *% 3!%,,()& %' *.($3+2,()& "*($%&,()&&-, 3"! /%+E

)1'%&+, 2)!, *% 2" 3!)3"#"'()& *% 2.)&*% *"&, +& #"\ 3+!: M.($3+2,()& ? %,'

2.(&'-#!"2% *% 2" 3!%,,()& KP (t)L ,+! +& (&'%!8"22% *% '%$3, δt< *-Y&(% 3"! P

I =

t+δt
∫

t

P (t) dt K;:]CL



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

1%+! -'+*% &+$-!(2+% " -'"34( 2+% 4."''-&+"'()& *% 4.)&*% *% /0)/ (&/(*%&'%

%,' "+#$%&'-% 5 4" 6)(, 7"! 4."//!)(,,%$%&' *% 4" /)&/%&'!"'()& *%, 7"!'(/+4%,

*"&, 4% $(4(%+ 8αd9 %' 7"! 4" *($(&+'()& *% 4" '"(44% *%, 7"!'(/+4%, 8φd9:

;% !-,+4'"' !%<)(&' /%+= )3'%&+, 7"! >%&?@)! ABC %' D)$$%!6%4* AEC 2+( )&'

)3,%!F- +&% *($(&+'()& *% 4" F('%,,% *% 7!)7"#"'()& *% 4.)&*% *% /0)/ *"&,

4" 70",% *(,7%!,-% "(&,( 2+% *+ ,"+' *% 7!%,,()& 2+.%44% (&*+(':

G%46"&* AHIC " 2+"&'(J-K 7)+! ," 7"!'K 4."''-&+"'()& *.+&% )&*% *% ,)+L% 7"!

+& $(4(%+ *(70",(2+% ,%4)& 4.-F)4+'()& *+ ,"+' *% 7!%,,()&K *+ ,"+' *% 7!%,?

,()& "*($%&,()&&- 7"! !"77)!' "+ #"M 7+! %' *% 4" F('%,,% *% 7!)7"#"'()& %&

6)&/'()& *% 4" $",,% F)4+$(2+% "77"!%&'% %' *% 4" *(,'"&/% *% 7!)7"#"'()&:

 (&"4%$%&' D/0N%! %' O"(4","&"'0 AHHIC )&' -'+*(- &+$-!(2+%$%&' 4.%P%'

*.+& 3!)+(44"!* *.%"+ ,+! 4."''-&+"'()& *.+&% )&*% *% ,)+L%: 1% $(4(%+ *(?

70",(2+% *($(&+% 4" 7+(,,"&/% *+ 6!)&' *% /0)/ 7"! 4.-/0"&#% *% 2+"&'('-

*% $)+F%$%&' %' 7"! 4.-F"7)!"'()&K !-"/'()& %&*)'0%!$(2+%: Q4, )&' *-'%!?

$(&- 2+% 4" *($(&+'()& *.-&%!#(% 7"! -/0"&#% *% 2+"&'('- *% $)+F%$%&' %,'

74+, ($7)!'"&'% 2+% /%44% !-,+4'"&' *.+& /0"&#%$%&' *% 70",%: R*(#"  ! "#$

AHSC )&' /)$7"!- 4.-&%!#(% 5 6)+!&(! 7)+! "')$(,%! +&% #)+''% *% 500 µm *%

*("$T'!% %' 4.)&' '!)+F-% &-#4(#%"34% 7"! !"77)!' 5 /%44% 7!-4%F-% 7"! -F"?

7)!"'()&: Q4, 7!-/(,%&' /%7%&*"&'K 2+% 4."')$(,"'()& *%, #)+''%, "+#$%&'% 4"

,+!6"/% *.-/0"&#% %&'!% 4.-/)+4%$%&' %' 4% #"M: U-/%$$%&' V)+!*"&  ! "#$ )&'

/"!"/'-!(,- 4."''-&+"'()& *% 4" ,+!7!%,,()& (&*+('% 7"! 4" 7!)7"#"'()& *.+&%

)&*% *% /0)/ *"&, +& &+"#% *.%"+ %& 6)&/'()& *%, 7"!"$T'!%, 4(-, 5 4."')$(?

,"'()& ,%/)&*"(!% 8

SeWe

a2Re0.5
)W Se %,' 4" ,+!6"/% *.-/0"&#% %&'!% *%, #)+''%, %'

a2 4" ,%/'()& *+ '+3% 5 /0)/ %$74)X-% 4)!, *% 4.-'+*%9:

 !" #$%&'()*$%

1%, *(P-!%&', $)*%, *% 6!"#$%&'"'()& )&' +&% (&Y+%&/% ,+! 4.-/)+4%$%&'

(&/(*%&'K %& 4+( 7!%&"&' &)'"$$%&' 4.-&%!#(% &-/%,,"(!% 7)+! 2+% 4" #)+''%

,."')$(,% AHSC: 1%, !-#($%, *."')$(,"'()& 7!-,%&'%&' +&% ($7)!'"&/% F(, 5 F(,

*%, -/0"&#%, "F%/ 4% #"M Z 2+.(4, ,)(%&' '0%!$(2+%,K 7"! '!"&,6%!', *% /0"4%+!

%' *% $",,%K )+ "-!)*X&"$(2+%K 7"! 4" '!"(&-%: [& $)*% *% 6!"#$%&'"'()&

2+( (&*+(' +& *("$T'!% $)X%& *% #)+''%, 6"(34% 7%+' \'!% 7!(F(4-#(- 7)+!

6"F)!(,%! 4%, -/0"&#%, 7"! '!"&,6%!' *% $",,%: ])+! *%, #)+''%, *% *("$T'!%,

($7)!'"&',K 4.-F"7)!"'()& 7%+' \'!% &-#4(#-%: 1" *(,7),('()& *% #)+''%, *"&,

4% &+"#%K '%4 +& !-,%"+K 7%+' (&Y+%! *% 6"^)& ($7)!'"&'% ,+! 4" '!"(&-% *%,

7"!'(/+4%, %' *)&/ ,+! 4" M)&% *% !%4"="'()& /(&-$"'(2+%: ;%/(K *."+'"&' 74+,

,( 4%, #)+''%, ,."')$(,%&': ;%7%&*"&'K 4.-F)4+'()& *+ /)%_/(%&' *% '!"(&-%

7)+! *%, !-,%"+= *% #)+''%, 2+( ,."')$(,%&' &.%,' 7", *(,7)&(34% *"&, 4"

4(''-!"'+!%K 5 &)'!% /)&&"(,,"&/%: @%, !%4"'()&, %$7(!(2+%, *+ /)%_/(%&' *%



 !"#$%&'"'()& *% #)+''%, %' "''-&+"'()& *.)&*%, *% /0)/  !

'!"(&-% )&' -'- -'"12(%, 2)!, *% 2" *-3)!$"'()& *.+&% #)+''% $"(, *"&, 2% /",

*% 4"!'(/+2%, ,40-!(5+%, *(,4),-%, %& !-,%"+6

7"&, 2% /", *% 2.(&'%!"/'()& *.+& &+"#% *% #)+''%, %' *.+&% )&*% *% /0)/8

2%, %9%', *% !-,%"+ %' *."')$(,"'()& (&'%!:(%&&%&'6 ;2 4%+'<='!% (&'-!%,,"&'

*.-'+*(%! 2.(&>+%&/% *% /%, *%+? 40-&)$@&%, /)&A)(&', ,+! 2.-:)2+'()& *+

/)%B/(%&' *% '!"(&-%6 C&D&8 2" 3!"/'()& :)2+$(5+%8 2% *("$@'!% *%, 4"!'(/+2%,8

2%+!, /"4"/('-, /"2)!(D5+%, $"(, "+,,( 2.(&'%&,('- *% 2.)&*% *% /0)/ (&/(*%&'%

4%+:%&' (&>+%! *% 3"E)& /)&,(*-!"12% ,+! 2%, F)&%, *% !%2"?"'()& "(&,( 5+% 2%,

&(:%"+? "''%(&', 4"! 2%, #!"&*%+!, '0%!$)*G&"$(5+%,6 H)+, /%, 4"!"$@'!%,

*)(:%&' ='!% 4!(, %& /)$4'% 4)+! 5+"&'(D%! 2."''-&+"'()& *% 2.)&*% *% /0)/6



 !"#$%&%" '()!*+,'-%&#(



 !"#$%&' (

)$*#+*$%$, '-#.&$/'0%"1 2 %34' 5

6!+6 '% $0*%&3/'0%"%$+0

 !""#$%&

 !" #$ %&'()$ )$ *+'* ,- .-/$ 0 *+'* ! ! ! ! ! ! ! ! ! ! 12

 !"!" #$ %& '()*+,$-.$ ./(*-01+$ $. '$ %*2 $30%.$2)$ 4/56

%01+$ 7 %& 8(2(-&.0*2 $2 9&:*-&.*0-$ ! ! ! ! ! ! ! ! ! ;<

 !"! =*->&.0*2 '?*2'$ '$ )/*) '&2% +2 .+:$ 7 )/*) ! ! ;"

 ! 3456$(.,.7'( )$ %&$89547$(*$ ! ! ! ! ! ! ! ! ! ! ! ! ! 1:

 !: ;-/$ 0 *+'* ;<2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1:

 != >5(54,.$-4 )$ (-,?$ )$ ?'-..$6 ! ! ! ! ! ! ! ! ! ! ! 1@

 !@!" A-02)04$ '$ B*2).0*22$>$2. ! ! ! ! ! ! ! ! ! ! ! ! ! ;C

 !@! #$%)-04.0B '$% (9(>$2.% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;D

 !1 3$4*-.$-4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! A 

 !A #769'67.7B )$ C$6-4$ )$ 94$667'( ! ! ! ! ! ! ! ! ! ! A:

 !@ #769'67.7B )$ D76-,%76,.7'( ! ! ! ! ! ! ! ! ! ! ! ! ! ! AA

 !C!" E(./*'$ '$ ,0%+&90%&.0*2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! FF

 !C! G44&-$09% '$ ,0%+&90%&.0*2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! FD



 !" #$ %&'()$ )$ *+'* ,- .-/$ 0 *+'*

 !"!" #$ %& '()*+,$-.$ ./(*-01+$ $. '$ %*2 $30%.$2)$

4/5%01+$ 6 %& 7(2(-&.0*2 $2 8&9*-&.*0-$

 ! "#$%&!'( )*+"#$,"!- )*.-/0'!- 1'&!"2 2#'2 345%#&3 #%-!&6+- !()+7

&/$!"258!$!"2 )'/- !()8/0'+- )5& 3!- $#3,8!-9 :#$$! )5& !(!$)8! 85 :57

6/252/#" 0'/ +&#35/2 8!- )58!- 3!- *+8/:!- 3! %52!5'( 3! 85 $5&/"! 5";85/-!<

=4!-2 !" :*!&:*5"2 84#&/;/"! 3! :! $58 0'! >#&3 ?5.8!/;* 2&#'65 -5 :5'-! @

85 :56/252/#"< >!- #"3!- 3! :*#: #"2 85 )5&2/:'85&/2+ 3456#/& 2#'2 345%#&3 +2+

$/-!- !" +6/3!":! 5"58.2/0'!$!"2 )5& A#/--#" !" BCDC :#$$! 3!- 3/-:#"7

2/"'/2+- 3! 6/2!--! !2 3! )&!--/#" EBBF9 BBGH< =!22! )5&2/:'85&/2+ 1'2 !"-'/2!

+2'3/+! )5& ?/!$5""EBBIH< J" BCID9 /8 $#"2&5 0'! 3!'( #"3!- "5/--!"2 3!

85 3/-:#"2/"'/2+ #&/;/"58! 3! )&!--/#" 3! )5&2 !2 345'2&! 34'"! /"2!&15:! @ '"!

#"3! 3! :*#: 0'/ :#$)&/$! !2 &+:*5'K! 8! ;5L !2 '"! #"3! 3! &5&+15:2/#" M#'

#"3! 3! 3+2!"2!N 0'/ 3+2!"3 !2 &!1&#/3/2 8! ;5L< O8 +2'3/5 !"-'/2! 84+6#8'2/#"9

3! :*50'! :P2+ 34'"! 3/-:#"2/"'/2+ 3! 6/2!--! !2 3! $5--! 6#8'$/0'!< =! :5-

!-2 $5/"2!"5"2 :#""' :#$$! +25"2 48! )&#%8,$! 3! ?/!$5""4 3#"2 85 -#8'7

2/#" !-2 '2/8/-+! 35"- 8!- -/$'852/#"- "'$+&/0'!-< =!)!"35"29 35"- -#" +2'3!

)#&25"2 -'& 8!- #"3!- 3! :*#: /8 Q2 84*.)#2*,-! 0'! 84!"2&#)/! &!-2! /":*5";+!

5' 2&56!&- 3' :*#: 58#&- 0'4!88! 5';$!"2! 3' 15/2 3' :5&5:2,&! /&&+6!&-/%8! 3!

84#"3! 3! :*#:< =! 1'&!"2 Q"58!$!"2 ?5"R/"! !" BCSD EBBG9 BBSH )'/- T';#"/#2

EBBF9 BBC9 BBUH !" BCCS 0'/ 2&#'6,&!"2 /"3+)!"35$$!"2 8!- !()&!--/#"- 3!-

-5'2- 3!- ;&5"3!'&- 2*!&$#3."5$/0'!- 5' 2&56!&- 34'"! #"3! 3! :*#: )85"!

!2 3#"",&!"2 5/"-/ "5/--5":! 5'( &!852/#"- 3! ?5"R/"!7T';#"/#2< J" '2/8/-5"2

8!- +0'52/#"- 3! :#"-!&652/#" 3! 85 $5--!9 3! 85 0'5"2/2+ 3! $#'6!$!"2 !2 3!

84+"!&;/! )#'& '" ;5L )5&15/29 #" #%2/!"2 8! &5))#&2 !"2&! 85 )&!--/#" !" 5$#"2

P2 !2 !" 5658 P1 3' :*#:< =!8'/7:/9)#'& γ M&5))#&2 3!- :*58!'&- -)+:/Q0'!- V
)&!--/#" :#"-25"2! Cp !2 V 6#8'$! :#"-25"2 CvN -'))#-+ :#"-25"2 9 "! 3+)!"3

-!'8!$!"2 0'! 3' "#$%&! 3! W5:* 3! 84#"3! 3! :*#: !2 -4+:&/2 @

P2

P1

= 1 +
2γ

γ + 1
((
v

c
)2 + 1) MX<BN

#Y v !-2 85 6/2!--! 3! 84#"3! !2 c 85 :+8+&/2+ 3' -#" 5' -!/" 3' Z'/3! 35"-
8!0'!8 -! )&#)5;! 84#"3!< =!)!"35"29 ['-0'458#&- 85 :#$$'"5'2+ -:/!"2/Q0'!

"! )#'65/2 2&5":*!& 3' :5&5:2,&! )*.-/0'! #' 2*+#&/0'! 3! 85 -#8'2/#"< =! -!&5

!" BCCU 0'4J&"-2 W5:* EBBFH )&/- 85 )&!$/,&! )*#2#;&5)*/! 34'" )&#[!:2/8!

-')!&-#"/0'!9 /"2&#3'/-5"2 8! "#$%&! 3! W5:*9 M @

M =
v

c
MX<XN



 !"#$"!%!& '(#)*!+',%-. / %01' 2 34$3 '% !,"%*0+',%-%!$,  !

5. 6!"0-.!"'*- ', 7889 :77;< 7=>? 0,' $,@' @' 34$3 "' #*$#-A'-,% @-," .B-!*C

 ' .B)%0@' +-%4)+-%!D0' 3$++',3)' ', 78>8 #-* E$!""$,< 2 .- #*'+!F*'

%4)$*!' "0* .'" $,@'" @' 34$3 @BG0A$,!$% :77;< 778< 779? '% 2 .- #*'+!F*'

#4$%$A*-#4!' @' 3' #4),$+F,'< !. ,' +-,D0-!% #.0" D0B0, @!#$"!%!& 3-#-1.'

@' A),)*'* @'" $,@'" @' 34$3 #$0* .'" )%0@!'* #.0" ', @)%-!.C HB'"% ', 7899

D0' E-0. I!'!..':7=7< 77;? !,6',%- 0, @!"#$"!%!& 3-#-1.' @' A),)*'* @'" $,@'"

@' 34$3C 5. 3$,"!"%-!% ', 0, %01' ', -3!'* 3$,"%!%0) @' @'0( #-*%!'" / 0,'

34-+1*' 3$,%',-,% .' A-J 3$+#*!+)< K34-+1*' G-0%' E*'""!$,< GEL ")#-*)'

@B0,' 34-+1*' 2 #*'""!$, -%+$"#4)*!D0' K34-+1*' M-""' E*'""!$,< MEL #-*

0, @!-#4*-A+'C H' @'*,!'* )%-,% 3$,N0 #$0* "' *$+#*' .$*"D0' .' *-##$*% @'

#*'""!$, ',%*' .'" @'0( 34-+1*'" -%%'!,% .' ,!6'-0 6$0.0C E-0. I!'..' $1"'*6-

-.$*" A*O3' 2 @'" +'"0*'" @' #*'""!$," 0,' $,@' @' 34$3 "' #*$#-A'* @-," .-

34-+1*' 1-""' #*'""!$, '% @'" $,@'" @' @)%',%' *'+$,%'* @-," .- 34-+1*'

4-0%' #*'""!$,< 3$++' .B-6-!% @)+$,%*) -,-.P%!D0'+',% Q!'+-,, D0-*-,%'

-," #.0" %R%C E-* .B!,6',%!$, @' 3' @!"#$"!%!&< !. +!% ', )6!@',3' D0' .'" $,@'"

@' 34$3 ,' "' #*$@0!"-!',% #-" "'0.'+',% #-* .B0"-A' @B'(#.$"!&" '% #'*+!%

@$,3 .'0* A),)*-%!$, @' &-N$, *'#*$@03%!1.'C

 !"! #$%&'()$* +,$*+- +- ./$. +'*0 1* (12- 3 ./$.

S' %01' 2 34$3 '"% @'6',0 0, +$P', @' @!-A,$"%!3 '+#.$P) ', *-!"$, @' "-

3-#-3!%) @' #'*+'%%*' .B)%0@' @B0, )3$0.'+',% @$,% .- 6!%'""' '% .'" #*$#*!)T

%)" %4'*+$@P,-+!D0'" "$,% 3$,"%-,%'" @0*-,% #.0"!'0*" 3',%-!,'" @' +!3*$T

"'3$,@'"K6-*!' "'.$, @'" @!+',"!$," @' .B!,"%-..-%!$,LC S- UA0*' =C7 #*)"',%'

0, @!-A*-++' @B$,@'" @'" @!V)*',%'" $,@'" A),)*)'" .$*" @' .- #*$#-A-%!$,

@B0,' $,@' @' 34$3 @-," 0, %01' 2 34$3C 5. '"% -##'.)< @!-A*-++' K(<%LC

W34)+-%!D0'+',%< -#*F" *0#%0*' @' .- +'+1*-,'< 0,' "033'""!$, @B$,@'" @'

3$+#*'""!$, "' #*$#-A' 6'*" .' &$,@ @' .- 34-+1*' 1-""' #*'""!$,C S- #*'T

+!F*' -0A+',%' .- #*'""!$,< .- %'+#)*-%0*'< .- +-""' 6$.0+!D0' '% .- 6!%'""'

@0 A-J D0B'..' - %*-6'*")C E-* 3$,")D0',%< .B$,@' D0! .- "0!% 6- "' #*$#-A'*

#.0" 6!%'< .- 6!%'""' @0 "$, @-," .' +!.!'0 '% .- 6!%'""' @0 A-J -P-,% -0A+',T

%)'"C X!,"!< .'" $,@'" @' 3$+#*'""!$, 6$,% "' "033)@'* ', -0A+',%-,% .'0*

6!%'""' Y0"D0B2 3$-.'"3'* ', 0,' $,@' @$,% .- 6!%'""' "'*- "0#)*!'0*' 2 3'..'

@0 "$,C X0 1$0% @B0,' @!"%-,3' @' .B$*@*' @' Z 2 7> &$!" .- "'3%!$, @0 %01'<

.B$,@' @' 34$3 '"% #.'!,'+',% &$*+)' '% @'" @!"3$,%!,0!%)" *'"#'3%!6'+',%

@' #*'""!$,< @' 6!%'""'< @' %'+#)*-%0*' '% @' +-""' 6$.0+!D0' "$,% $1"'*T

6)'" "0!%' 2 "$, #-""-A'C  0 3R%) @' .- 34-+1*' 4-0%' #*'""!$,< @'" $,@'"

@' @)%',%'" "033'""!6'" "$,% A),)*)'" '% 6$,% ',%*-!,'* 0,' @!+!,0%!$, @'"

#*$#*!)%)" #4P"!D0'" @0 +!.!'0< 3$,%*-!*'+',% -0( $,@'" @' 3$+#*'""!$,C  '

.- +[+' +-,!F*'< .'" #*'""!$,< +-""' 6$.0+!D0' '% %'+#)*-%0*' 6$,% 1-!""'*C

 ' 3' &-!%< .'" $,@'" @' @)%',%' "' #*$#-A'*$,% @' +$!," ', +$!," 6!%' 6'*"
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 !"#$% 567 8  !-9*-++' (:% ;'" $,;'" "' #*$#-9'-,% ;-," 0, %01' 2 34$3

-#*<" *0#%0*' ;' .- +'+1*-,'6

.' &$,; ;' .- 34-+1*' 4-0%' #*'""!$,6 =!,"!> .' &-!"3'-0 ;' ;)%',%' "?)#-!""!%

-0 &0* '% 2 +'"0*' ;' "- #*$#-9-%!$, ;-," .' %01' 2 34$3> 3$++' $, #'0% .'

@$!* "0* .' ;!-9*-++' A(>%B AC96 567B6

D$*" ;' .- *0#%0*' ;0 ;!-#4*-9+'> .?!,%'*&-3' E0! ")#-*' .' 9-F +$%'0*

3$,%',0 ;-," .- 34-+1*' 4-0%' #*'""!$, ;' 3'.0! ;' .- 34-+1*' 1-""' #*'""!$,

3*)' 0,' ;!"3$,%!,0!%) ;' 3$,%-3%6 G'.- "!9,!C' E0' .'" ;'0( H0!;'" !,!%!-.':

+',% ', 3$,%-3% @$,% "' #*$#-9'* 2 .- @!%'""' ;0 9-F +!" ', +$0@'+',% #-*

.?$,;' ;' 34$3 %$0% ', *'"%-,% .!)" '% ")#-*)" .?0, ;' .?-0%*'6

G?'"% .?-**!@)' ;' .?0,' ;' 3'" %*$!" $,;'" A34$3> ;)%',%'> ;!"3$,%!,0!%)

;' 3$,%-3%B E0! @- ;)%'*+!,'* .' %'+#" +-(!+-. ;?$1"'*@-%!$, A∆t B #$0*
0,' -1"3!""' ;0 %01' 2 34$3 ;$,,)'6 I. '"% ;)C,! 3$++' )%-,% .' %'+#"

;0*-,% .'E0'. .- #*'""!$,> .- @!%'""'> .- ;',"!%) '% .- %'+#)*-%0*' ;0 9-F +!"

', +$0@'+',% #-* .?$,;' ;' 34$3 "$,% 3$,"%-,%" 2 .?-1"3!""' )%0;!)'6 G'%%'

;0*)' ;?$1"'*@-%!$, "' "!%0' 2 #-*%!* ;0 #-""-9' ;' .?$,;' ;' 34$3 !,3!;',%'

'% "' %'*+!,' #$0* .?0, ;'" 3-" "0!@-,% /

: .?-**!@)' ;'" $,;'" ;' ;)%',%' *)H)34!'" "0* .' &$,; ;' .- 34-+1*' 4-0%'



 !"#$"!%!& '(#)*!+',%-. / %01' 2 34$3 '% !,"%*0+',%-%!$,  !

#*'""!$,

5 .6-**!7)' 8' .6$,8' 8' 34$3 !,3!8',%' 90! "6'"% *):)34!' "0* .' &$,8 8' .-

34-+1*' 1-""' #*'""!$,

5 .6-**!7)' 8' .- 8!"3$,%!,0!%) 8' 3$,%-3%

;' %'+#" +-(!+-. 86$1"'*7-%!$, 8)#',8 8$,3< #$0* 0,' "%-%!$, 8' +'"0*'

8$,,)'< 8'" 8!+',"!$," 80 %01' 2 34$3< 80 ,$+1*' 8' =-34 '% 8' .- ,-%0*'

8'" >-? !,%*$80!%" 8-," .'" 34-+1*'" @A '% BAC

 ! "#$%&'()(*+' ,& -.&/0$#*&'1&

 -," .' 10% 86)%08!'* .6!,:0',3' 860, ,0->' 8' >$0%%'" 86'-0 "0* .- #*$5

#->-%!$, 860,' $,8' 8' 34$3 #.-,' -)*!',,'< .' %01' 2 34$3 DEF GH>CICIJ

- )%) 0%!.!") ', #$"!%!$, 7'*%!3-.'< 34-+1*' '(#)*!+',%-.' ', 4-0%< 3$++'

#*)"',%) "0* .- H>0*' ICKC L. #'*+'% 8' >),)*'* 8'" $,8'" 8' 34$3 #.-,'"

86!,%',"!%)" 3$,%*M.)'" '% 86-330'!..!* ', "$, '(%*)+!%) 0, >),)*-%'0* 8' >$0%5

%'.'%%'"C N' 8'*,!'* )+'% 0, ,0->' 86'-0 8$,% .- >*-,0.$+)%*!' '% .- 4-0%'0*

"$,% +-!%*!")'"C  -," 0, #*'+!'* %'+#"< 8'" >$0%%'" "$,% .O34)'" '% %$+1',%

#-* #'"-,%'0* .' .$,> 8' .- 34-+1*' '(#)*!+',%-.' P0"9062 -%%'!,8*' .- #$"!5

%!$, 8)"!*)' #*$34' 80 3-#%'0* .$3-.!") 2 .- "%-%!$, S6GH>CICKJC N6'"% 2 3'%%'

"%-%!$, 90' .' %'+#" 86$1"'*7-%!$, '% .' "0!7! 7!"0'. 8' .6!,%'*-3%!$, "$,% .'"

#.0" .$,>"C Q, #'*30%'0* 7- -.$*" !+#-3%'*< 8-," 0, 8'0(!R+' %'+#"< .' 8!-5

#4*->+' #$0* >),)*'* 0,' $,8' 8' 34$3 90! "' #*$#->'*- 7'*" .' ,0->' '%

#$0* !,%'*->!* #*R" 8' .- "%-%!$, 8' +'"0*' S6C

;'" 8!S)*',%" $0%!." ,)3'""-!*'" 2 .- +!"' ', #.-3' 8' 3'%%' '(#)*!',3' "$,%

#*)"',%)" 8-," .'" "'3%!$," "0!7-,%'"C

 !2 345& 6 17+1 389

;' %01' 2 34$3 DEF GH> ICI '% ICKJ< 860,' .$,>0'0* %$%-.' 8' KCTU +<

'"% 3$+#$") 860,' 34-+1*' 4-0%' #*'""!$, 3$0.!""-,%' 8' FCTU + '% 860,'

34-+1*' 1-""' #*'""!$, 8' K + 8' .$,>C ;- 34-+1*' 1-""' #*'""!$, "' 8)5

3$+#$"' ', 0,' #-*%!' H(' .$,>0' 8' ICFI + *'.!)' 2 0, 7'*!, '% 0,' #-*%!'

+$1!.' +$,%)' "0* *-!." 8' FCVE + / .- 34-+1*' '(#)*!+',%-.'C ;- #*)"',3'

80 7'*!, $S*' .- #$""!1!.!%) 86!,3.!,'* DEF 2 ± VFW#-* *-##$*% 2 "- #$"!%!$,
4$*!?$,%-.'< >*O3' 2 8'0( -('" 8' *$%-%!$, #*)"',%)" H>0*' ICIC ;- "'3%!$,

!,%'*,' 3-**)' 8' EF ++ 8' 3M%) 2 )%) #$.!' 8' "$*%' 90' .'" -"#)*!%)" .'" #.0"

>*-,8'" "$!',% 860,' 8!+',"!$, 8' I µmC ;' "X"%R+' 8' &'*+'%0*' 90! *'.!' .-
34-+1*' 4-0%' #*'""!$, 2 3'..' 1-""' #*'""!$, 3$,"!"%' ', 0, 3$..!'* 8' "'**->'

8' ")30*!%) "#)3!-.'

1
6

eme
8' %$0*< 3$++' #*)"',%) "0* .- H>0*' ICYC L. #'0%
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 !"#$% 565 7 834)+- 90 %01' 2 34$3 :;< 9-," #.0"!'0*" 3$,=>0*-%!$,"

#$""!1.'"6

-330'!..!* 0, 9!-#4*->+' 9' ?@< ++ 9' 9!-+A%*' 9$,% .B)#-!""'0* #'0% C-*!'*

9' ?5 µm 2 <6; ++D .!+!%' 9B)%-,34)!%)6 8'" 3-*-3%)*!"%!E0'" "$,% *)"0+)'"

9-," .- %-1.' 56F6

&'()% 56? 7 G*'""!$, 9' *0#%0*' '% 3$+#$"!%!$, 9'" +'+1*-,'" 0%!.!")'"

#$0* >),)*'* 9'" $,9'" 9' 34$3 !,3!9',%'" 9' ,$+1*' 9' H-34 ?6F '% ?6@D

#$0* 0,' #*'""!$, !,!%!-.' ', IG 9' ? 1-*

J$+1*' 9' H-34 1.3 1.5
G*'""!$, 9' *0#%0*' K1-*L 3.45 7

M$+#$"!%!$, 9' .- +'+1*-,' F 3$034'" -.0N#-#!'* <6; ++ 9' #.'(!>.-""

M' %01' 2 34$3 - )%) 3$,O0 #$0* &$,3%!$,,'* 2 0,' #*'""!$, !,%'*,' +-(!P

+0+ 9' 5< 1-*" 9-," .'" 9'0( 34-+1*'" '% +!,!+0+ 9' <6@ +1-*D 9-,"

.- 34-+1*' 1-""' #*'""!$, KIGL6 G-* 3$,")E0',%D .'" 3-*-3%)*!"%!E0'" +)3-P

,!E0'" '% >)$+)%*!E0'" 9' 3'%%' !,"%-..-%!$, #'*+'%%',% 9' >),)*'* 9'" $,9'"

9' 34$3 9' ,$+1*' 9' H-34 3$+#*!" ',%*' ?6<@ '% Q 2 ±2% -""$3!)'" 2 9'"

%'+#" 9B$1"'*C-%!$, -..-,% 9' <6@ +" 2 @ +"6

R' &$,9 9' .- 34-+1*' '(#)*!+',%-.' '"% -+$C!1.' 3' E0! #'*+'% 9B->*-,P

9!* .- 34-+1*' 1-""' #*'""!$,D #$0* -0>+',%'* .- 90*)' 9B$1"'*C-%!$, $0 9BS

=('* 0, 9!"#$"!%!& '(#)*!+',%-. K+$9!=3-%!$, 9' .- >)$+)%*!' 90 &$,9 9'

%01'L6 G-* -!..'0*" "- 3$+#$"!%!$, ', #.'(!>.-"" #'*+'% 9BS !,%*$90!*' 0,'

,-##' .-"'* "! 1'"$!,6 R- C!"0-.!"-%!$, 9'" #4),$+A,'" )%09!)" '"% *',90'

#$""!1.' #-* 9'0( C!%*'" ', #.'(!>.-"" 9' F< ++ 9B)#-!""'0* E0! #'*+'%%',%
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x

int

 !"#$% 567 8 934)+- '% #4$%$:*-#4!' ;0 %01' 2 34$3 <=> ;!"#$") ', #$"!%!$,

?'*%!3-.' '% )@0!#) ;0 :),)*-%'0* ;' :$0%%'" 2 .A'(%*)+!%) ;' .- 34-+1*' '(B

#)*!+',%-.'6 C'" #$"!%!$," ;'" 1$034$," $D .'" +'"0*'" ;' #*'""!$," #'0?',%

E%*' 'F'3%0)'" "$,% !,;!@0) ;-," .' "34)+- ;' :-034'6

'..'" -0""! .' #-""-:' ;' *-G$," .-"'* HI!: 565'% 567J6  A0,' 4-0%'0* ;' => ++

'% ;A0,' .$,:0'0* ;' ==> ++K 3'" ?!%*'" ,$, #$.!'"K #'0?',% E%*' *'+#.-3)'"

#-* ;'" ?!%*'" ;A0, +-%)*!-0( ;!F)*',% #$0* #'*+'%%*' ;A-0%*'" ;!-:,$"%!3"

$#%!@0'" H!,%'*&)*$+)%*!'K *-G$, LK "34.!*',J6  '" $*!M3'" ;' 5 3+ ;' ;!-B

+N%*' "$,% &'*+)" #-* ;'" 1$034$,"6 O." "$,% *)#-*%!" -0 ,$+1*' ;' P ;-," .-
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 !"#$% 567 8 94$%$:*-#4!' ;0 "<"%=+' ;' "'**-:' *'.!-,% .'" 34-+1*'" 1-""'

#*'""!$, '% 4-0%' #*'""!$,6 >, ;!-#4*-:+' ', #.'(!:.-"" ;' ?6@ ++ ;A)#-!"B

"'0* '"% -;$"") -0 %01' 2 34$3 ;-," .'C0'. 0, #'*30%'0*D "'*E-,% 2 *$+#*' .'

;!-#4*-:+' +-,0'..'+',% '"% !,"%-..)6

&'()% 565 8 9$"!%!$, ;'" 1$034$," #*)"',%" "0* F@?6 GA-1"3!""' ;A$*!:!,'D

(H? 3$**'"#$,; -0 &$,; ;' .- 34-+1*' I9 '% ∆P !,;!C0' .- #*)"',3' ;'

3-#%'0* ;' #*'""!$, #-*!)%-.'6

J$034$,"# 1 2 3 4 & 4′ 5 6 & 6′ 7

9$"!%!$, K++L 3630 3520 3410 3190 3080 2970 2630

M4-+1*' BPexp BPexp BPexp BPexp BPexp BPexp J9

M-*-3%)*!"%!C0' ∆P ∆P ∆P ∆P ∆P ∆P ∆P

J$034$,"# 8 9 10 11 12 13

9$"!%!$, K++L 1770 900 615 415 225 115

M4-+1*' J9 J9 I9 I9 I9 I9

9-*%!30.-*!%) ∆P #'*30%'0* ∆P +-,$+=%*' ∆P -!* 3$+#*!+)



 !"#$"!%!& '(#)*!+',%-. / %01' 2 34$3 '% !,"%*0+',%-%!$,  !

34-+1*' 4-0%' #*'""!$, '% 55 6-," .- 34-+1*' 1-""' #*'""!$, 789: ;:<=:  '"

3-#%'0*" 6' #*'""!$, #'0>',% ? @%*' !,%*$60!%" 3$++' 6'" 6!"#$"!%!&" '(#)*!A

+',%-0(: B'0*" #$"!%!$,"C D0! $,% #$0* $*!9!,' .' &$,6 60 %01' 2 34$3C "$,%

*'#*)"',%)'" 6-," .' %-1.'-0 ;:< ->'3 .'0*" &$,3%!$," -0 3$0*" 6'" '(#)*!',3'"

+',)'": E-* -!..'0*"C .'" 6'0( "%-%!$," S4 '% S6 $,% 34-30,' *'"#'3%!>'+',%

0, 1$034$, #.-3) ', >!" 2 >!" "0* .- &-3' $##$")' D0! "$,% -.$*" ,$%)" *'"#'3A

%!>'+',% FG '% HG:

 !" #$%$&'()*& +) %*',) +) ,-*(().

B' &$,6 6' .- 34-+1*' 1-""' #*'""!$, '"% ',.'>) #$0* @%*' *'+#.-3) #-*

0, 9),)*-%'0* 6' 9$0%%'.'%%'": I'.0!A3! 2 )%) 3$,J0 #-* .- "$3!)%) KELMNKMK

O5;;P: Q. #'*+'% 6' 9),)*'* 0, 1*$0!..-*6 6G'-0 6$,% .- 9*-,0.$+)%*!'C .-

4-0%'0* '% .- +-""' >$.0+!D0' -##-*',%' "$,% 3$,%*R.)'":

 !"!# $%&'(&)* +* ,-'(.&-''*/*'.

B$*"D0' 6' .G'-0 "' 6)>'*"' -0 %*->'*" 6G0, $*!83' 6-," 0, -0%*' S0!6' ,$,

+!"3!1.'C %'. D0' 6' .G-!*C 0, T'% >- @%*' 3*)): B- 3$.$,,' 6G'-0 "' &*-9+',%'

-.$*" ', 9$0%%'" -0 1$0% 6G0,' 3'*%-!,' 6!"%-,3'C 3$,")D0',3' 6'" !,"%-1!.!%)"

3-#!..-!*'" O5;<C 5;FC 5;UP: B' 9),)*-%'0* 6' 1*$0!..-*6 6G'-0 0%!.!"' 3' #*!,A

3!#' / .' S0!6' "' 6)>'*"' 6-," .G-!* -0 %*->'*" 6G0,' #.-D0' 3$,"%!%0)' 6' #.0A

"!'0*" %*$0" 789 ;:V= 3*)-,% -!,"! 6'" T'%" 3?.!,6*!D0'" D0! >$,% "' &*-9+',%'*

', 9$0%%'" 6G'-0: B' 6!-+W%*' 6'" 9$0%%'.'%%'" φC 6!*'3%'+',% .!) -0 6!-+W%*'
6'" $*!83'" #$0* 6'" T'%" 6G'-0 %$+1-,% 6-," 6' .G-!* CφjC - )%) *'.'>) '(#)A

*!+',%-.'+',% #-* X:Y?.'* ', 5Z<< O5;HP: Q. #*$#$"' .- *'.-%!$, φj = 1.91φ:
M,-.?%!D0'+',% [-"0%-,! ', 5ZZU O5;VP - )%-1.! / φj = 1.88φ: \, #'*J-9'

 !"#$ ;:< ] I-*-3%)*!"%!D0'" 6'" 9*!..'" +!3*$A#'*3)'"

^$+1*' 6' %*$0" 5<HZ <H5 5;5

 !-+W%*' 6' #'*J-9' 7µm= 5<_ ;V_ ;V_ ;V_

 !-+W%*' +$?', 6'" 9$0%%'" 7µm= ;U_ U__ U__ U__

K0*A#*'""!$, 6-," *)"'*>$!* 571-*= _:5 _:< _:< _:<

#-* 0.%*-"$, #'*+'% 6G$1%',!* 6'" %*$0" 6' &-!1.' %-!..' '% *)#-*%!" "0* 0,

3-**) 6' V; ++ 6' 3R%) -8, 6G$1%',!* 0, ,0-9' 4$+$9W,' 6-," .- "'3%!$,

!,%'*,' 60 %01' 2 34$3 789 ;:V=: \,' 9*!..' 6' *',&$*% - )%) 3$,&'3%!$,,)' 6$,%

.'" %*$0" "' "0#'*#$"',% 2 3'0( 6' .- 9*!..' +!3*$A#'*3)': X..' '"% 3$,"%!%0)'
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Réservoir sous 
pression (1)

Electrovanne (2)

Corps principal (3)

Support des 
grilles (4)

Chambre expérimentale 

338.14

Φ  144

Φ  164

 !"#$% 567 8 90' :;',"'+1.' :0 <),)*-%'0* :' ,0-<' :' <$0%%'" -='3 "'"

3>%'" ', ++6
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 !"#$% 567 8 9('+#.' :' ;*!..' +!3*$<#'*3)' =-> -""$3!)' 2 "- ;*!..' :' *',&$*%

=1> 0%!.!")'" :-," .- #*)"',%' )%0:'6

:' %*$0" :' ? ++ :' :!-+@%*' #'*3)" #-* 0,' &$*'0"' :-," 0,' #.-A0' :B-3!'*

!,$(C:-1.' :' 5 ++ :B)#-!""'0* '% :' ?5D ++ :' :!-+@%*'6 E'%%' ;*!..'F

#.0" *$10"%'F '"% #.-3)' "0* .- ;*!..' +!3*$<#'*3)' :0 3G%) :0 ;),)*-%'0* :'

;$0%%'"6 H!,"!F '..' #*$%@;' .- I,' ;*!..' :' .- :)&$*+-%!$, !,:0!%' #-* .B$,:'

:' 34$3 '% #*)"'*J' :'" $,:'" %$0% .' "C"%@+' +)3-,!A0' A0! 3$,"%!%0' .'

;),)*-%'0*6 E' :'*,!'*F #*)"',%) I;0*' 56KF '"% 3$,"%!%0) :B0, *)"'*J$!* :B'-0

"$0" #*'""!$, 56K<=?>F :B0,' ).'3%*$J-,,' 56K<=5>F :0 3$*#" #*!,3!#-. 56K<=L>

'% :0 "0##$*% :'" ;*!..'" #'*3)'" 56K<=M>6 N'0.'" .'" ;*!..'" "$,% -+$J!1.'" 3'

A0! #'*+'% :' 34-,;'* .- %-!..' '% .' ,$+1*' :' ;$0%%'" :0 +!.!'0 :!#4-"!A0'

%$0% ', +-!,%',-,% 0,' 1$,,' )%-,34)!%) ',%*' .'" :!O)*',%" ).)+',%"6 E'

:!"#$"!%!& #'*+'% :' ;),)*'* 0, ,0-;' 4$+$;@,' +$,$:!"#'*"' -J'3 0, )3-*%

%C#' :' 5K % "0* .' :!-+@%*' +$C', :'" ;$0%%'" :B'-0 =:$,,)' NPQHRNHN>6

S- I;0*' 56T +$,%*' .- :',"!%) :' #*$1-1!.!%) :0 :!-+@%*'6

 !"! #$%&'()*(+ ,$% -.-/$0*%

"#$$%&' ()* $+,-#)* ./0&%$)&01)*

S'" #.-A0'" +!3*$<#'*3)'" "$,% I()'" -0 3$*#" #*!,3!#-. #-* .B!,%'*+)<

:!-!*' :B0, "0##$*% #*)"',%) I;0*' 56U6 V, W$!,% =56U<K> '"% #.-3) ',%*' .'

"0##$*% =56U<M> '% .- ;*!..' +!3*$<#'*3)' =56U<U> -I, :B-""0*'* .B)%-,34)!%) :0
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 !"#$% 567 8 90##$*% :;< -330'!..-,% .'" =*!..'" +!3*$>#'*3)'" :7< #-* 0, ?$!,%

@A)%-,34)!%)6 B' "0##$*% '"% *'.!) #-* @'" C!" -0 3$*#" #*!,3!#-. @0 =),)*-%'0*

:D< '% 2 .A'(%*)+!%) @0 %01' :E<6

@!"#$"!%!&6 B- =*!..' @' *',&$*% '"% #.-3)' "0* .- =*!..' +!3*$>#'*3)' ', #*',-,%

=-*@' F0' .'" %*$0" "$!',% 1!', ', C!" 2 C!"6 B' 3$*#" #*!,3!#-. @0 =),)*-%'0*

-330'!..' -.$*" .' "0##$*% 3$,%',-,% .'" =*!..'" #-* C!""-=' @'" @'0( ).)+',%"

:567>D< -C'3 @'" C!" G;6 H,' &$!" .' =),)*-%'0* @' =$0%%'" #*I% 2 &$,3%!$,,'*

:-.!+',%) ', '-0 '% +!" "$0" #*'""!$,<J !. #'0% I%*' K() 2 .A'(%*)+!%) @0 %01'

2 34$3 #-* @'" C!" :567>E< 3$,,'3%-,% .' 3$*#" #*!,3!#-. '% .' "0##$*% @'"

=*!..'" -C'3 .- 34-+1*' '(#)*!+',%-.'6 B' @!"#$"!%!& '(#)*!+',%-. #.'!,'+',%

!,"%-..) - )%) #*)"',%) K=0*' 56L6



 !"#$"!%!& '(#)*!+',%-. / %01' 2 34$3 '% !,"%*0+',%-%!$,  !

"#$%&'()& *+%,- $(-$ .&%$$)(/

5,' &$!" .'" 6*!..'" 7()'" -0 6),)*-%'0* 876 9:;< 3'.0!=3! '"% -.!+',%) #-*

0, *-33$*> +?.' @AB CDE ', '-0 >)+!,)*-.!")' 3' F0! )G!%' .H$1"%*03%!$, >'"

%*$0" 876 9:;=8C=-<: I. '"% -.$*" *'+#.!J ).'3%*$G-,,' $0G'*%'J 6*!..' G'*" .' 4-0%

K0"F0H-0 >)1$*>'+',% >0 .!F0!>' / .H).'3%*$G-,,' #'0% -.$*" L%*' &'*+)':  -,"

0, "'3$,> %'+#"J !. '"% #.-3) ', #$"!%!$, >' "'*G!3'J 6*!..' G'*" .' 1-" -7, F0'

.- #-*%!' "0#)*!'0*' >0 *)"'*G$!* 76 9:;=8C< #0!""' L%*' G!>)' >' "$, '-0: M'3!

'"% $1%',0 ', ',.'G-,% .'" 1$034$," >' *'+#.!""-6' >0 *)"'*G$!*876 9:;=8C=1<J

3' F0! G- #'*+'%%*' >' 3*)'* 0,' >!N)*',3' >' #*'""!$, -7, F0' .H'-0 #0!""'

"H)3$0.'* #-* .' *-33$*> 876 9:;=8C=-< K0"F0H2 -%%'!,>*' .' ,!G'-0 >' 3' >'*,!'*:

O' *)"'*G$!* F0! 3$,%!',% -.$*" P;Q +. >H'-0 >)+!,)*-.!")' '"% #*L% 2 *'3'G$!*

.H-.!+',%-%!$, ', -!* 3$+#*!+) 876 9:;=8C=3<< F0! .' +'%%*- ', "0*#*'""!$,

K0"F0H-0 +-(!+0+ >' 9 1-*":

01%23&(',//%

OH).'3%*$G-,,' '"% .H).)+',% F0! 3$,%*R.' .' >)10% '% .- 7, >0 .?34) >0

,0-6': A- #$"!%!$, >' ")30*!%) '"% &'*+)' ', .H-1"',3' >' 3$0*-,%: S..' '"%

-.!+',%)' ', 9PQTD;QUV '% 3$,%*R.)' #-* .H!,%'*+)>!-!*' >H0, 1$!%!'* >' 3$+=

+-,>' 876 9:W<: I. -6!% "0* .- *)60.-%!$, >' .- #*'""!$, ',G$X)' -0 *)"'*G$!*

"$0" #*'""!$, 876 9:;=8C<<J "0* .H$0G'*%0*' '% .- &'*+'%0*' >' .H).'3%*$G-,,'

'% ',G$!' 0, "!6,-. YYO 89:W=8E<< ', *'%-*> #-* *-##$*% 2 .- &'*+'%0*' >'

.H).'3%*$G-,,':

M' >).-!J 34$!"! #-* .H0%!.!"-%'0* "'.$, .'" 3$,760*-%!$," '(#)*!+',%-.'"J

"'*% 2 >)3.',34'* "!+0.%-,)+',% .'" ',*'6!"%*'+',%" >'" >!"#$"!%!&" >' G!"0-=

.!"-%!$,J >' +'"0*' >' #*'""!$, '% .- 3*)-%!$, >' .H$,>' >' 34$3: O' 1$!%!'*

>' 3$++-,>' '"% -.!+',%) ', -!* 3$+#*!+) 2 .- #*'""!$, >' "'*G!3' >' Z

1-*" 89:W=8C<< '% "0##$*%' 0,' #*'""!$, +-(!+-.' >' 9Q 1-*": 5, *)60.-%'0*

,0+)*!F0' ',G$!' 0,' "0*#*'""!$, 3$,"%-,%' 89:W=89<< >-," .' *)"'*G$!* "$0"

#*'""!$,: M' 1$!%!'*J -.!+',%) ', 9PQTD;QUVJ '"% 3$,%*R.) #-* 0,' !,%'*&-3'

O-1T!'[ &$0*,!' #-* .- "$3!)%) AB\]^A]A: S..' #'*+'% >' 34$!"!* .- >0*)'

>H$0G'*%0*' >' .H).'3%*$G-,,'J .- "0*#*'""!$, !+#$")' >-," .' *)"'*G$!* "$0"

#*'""!$, '% .H!,"%-,% $_ .' "!6,-. YYO '"% %*-,"+!": 5,' &$!" %$0" 3'" #-=

*-+`%*'" *',%*)"J .' .-,3'+',% >' .H'(#)*!',3' >)3.',34' .H',G$! >0 3$0*-,%

G'*" .H).'3%*$G-,,' >0*-,% .' %'+#" >H$0G'*%0*' !+#$") '% .- %*-,"+!""!$, >0

"!6,-. YYO 2 .- &'*+'%0*' >' .H).'3%*$G-,,'J #-* >)&-0%:

4(&.$ .&)/2).,1

O' 3$*#" #*!,3!#-. 876 9:;=8P<< G- #'*+'%%*' >H-""0*'* 0, )3$0.'+',% 4$=

+$6`,' 2 .H',%*)' >'" #.-F0'" +!3*$=#'*3)'" ', -+$*%!""-,% .'" $,>'" !,>0!%'"
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 !"#$% 567 8 9$!%!'* :' 3$,%*;.' :' .<).'3%*$=-,,'6 >. %*-,"+'% 0, "!?,-.

@@A :' :)3.',34'+',% :' .<$,:' :' 34$3 '% :'" +$B'," :' +'"0*'" CDE #0!"

*)?0.' .- #*'""!$, :<-**!=)' ', -!* 3$+#*!+) CFEG-**!=)' -!* HC5EG"$*%!' -!* CIEG

!,:!3-%'0* "0*#*'""!$,6

#-* .<$0='*%0*' '% .- &'*+'%0*' 1*0"J0'" :' .<).'3%*$=-,,'6

 !" #$%&'($'%

 !"#$% 56FK 8 L4$%$?*-#4!' :' .- "%*03%0*' :0 #'*30%'0* +0,! :' "- #$!,%'

2 J0-%*' .-+'" '% :' "$, '+#.-3'+',% :-," .' %01' 2 34$36

A' "!?,-. @@A ',=$B) #-* .' 1$!%!'* :' 3$++-,:' '"% %*-,"+!" 2 0, :!"#$G

"!%!& #.-3) ', 34-+1*' 1-""' #*'""!$, ', -+$,% :' .- +'+1*-,' J0! ")#-*' .'"

34-+1*'" 9L '% ML CN?6 56FKE6 >. '"% 3$+#$") :<0, =)*!, #,'0+-%!J0' +0,!



 !"#$"!%!& '(#)*!+',%-. / %01' 2 34$3 '% !,"%*0+',%-%!$,  !

5' .-+'" 5' 30%%'* '% 560,' ).'3%*$7-,,' &'*+)' #-* -1"',3' 5' 3$0*-,%8 9.

'"% -.!+',%) #-* 5' .6-!* 3$+#*!+) 2 : 1-*"8 ;' 5!"#$"!%!& -##'.) 6#'*30%'0*6

&*-##' .' 5!-#4*-<+' 2 .6!,"%-,% 5)"!*) 3' =0! !+#$"' "- *0#%0*' '% .- <),)>

*-%!$, 560,' $,5' 5' 34$3 56!,%',"!%) 3$,%*?.)' #-* .- #*'""!$, 5' .- 34-+1*'

@A -7-,% !+#-3%8 B, 'C'%D "! .6$, 3$,"!5E*' 0,' $,5' 5' 34$3 =0! "' #*$#-<'

2 F-34 G8H IJKH +L"MD '..' +'%%*- +$!," 5' K +" #$0* -%%'!,5*' .- 34-+1*'

'(#)*!+',%-.'8 N* 0,' <$0%%' 56'-0 !""0' 50 <),)*-%'0* %$+1' 2 ',7!*$, J

+L" / '..' 7- 5$,3 #-*3$0*!* O 3+ -7-,% =0' .6$,5' 5' 34$3 ,' .- *',3$,%*'8 A-*

3$,")=0',%D .- +-!%*!"' 5' .- #$"!%!$, 50 ,0-<' 5' <$0%%' 5-," .- 34-+1*' '(>

#)*!+',%-.' #*$7!',% 5' ,$%*' -#%!%05' 2 <),)*'* 0,' $,5' 5' 34$3 .$*"=0' .'

,0-<' -%%'!,% .6-1"3!""' 7$0.0'8 P' +$+',% 5' .- %*-,"+!""!$, 50 "!<,-. QQP

-0 #'*30%'0* '"% 5$,3 5)%'*+!,) #$0* *$+#*' .- +'+1*-,' 2 .6!,"%-,% $R .'

+!.!'0 5!#4-"!=0' '"% #*$34' 5' .- #$"!%!$, 5)"!*)' / "%-%!$, S6D S<0*' O8H8

;'#',5-,%D .'" %'+#" 5' *)#$,"' 5'" ).'3%*$7-,,'" 50 <),)*-%'0* 5' <$0%%'"

'% 50 #'*30%'0* #'07',% 7-*!'* "'.$, .'" %!*" 5' =0'.=0'" +!..!"'3$,5'"8 ;'.-

*',5 5!T3!.' .6$1%',%!$, 560,' +U+' -1"3!""' 56!,%'*-3%!$, #$0* 5' +U+'"

3$,5!%!$," !,!%!-.'" IF-34D %'+#" 56$07'*%0*'"M8 A*)3!"$," =0' #$0* -%%'!,5*'

.' ,$+1*' 5' F-34 7$0.0D .- #*'""!$, 50 <-V 5' .- 34-+1*' @A '"% -+',)'

#*)-.-1.'+',% W0"=062 .- #*'""!$, 5' *0#%0*' PRD 3-.30.)' #-* .'" *'.-%!$," 5'

X-,Y!,'>@0<$,!$%8 P'" 3$,5!%!$," 0%!.!")'" #$0* .' <-V '% .- 3$+#$"!%!$, 5'

.- +'+1*-,' "$,% #*)"',%)'" -0 %-1.'-0 O8H8 ;'%%' 5'*,!E*' - )%) 34$!"!' #$0*

%',!* .' 5!C)*',%!'. 5' #*'""!$, ',%*' .'" 34-+1*'" @A '% ZA "-," "' 1*!"'* '%

#$0* "' *$+#*' .$*"=0' .' #'*30%'0* .6!+#-3%'8 ;' "["%E+' #'*+'% 5' <),)*'*

5'" $,5'" 5' 34$3 -7'3 0,' *'#*$503%!1!.!%) "0* .' ,$+1*' 5' F-34 5' ±2%8

 !" #$%&'%$($) *+ ,+%-.+ *+ &.+%%$'/

P'" "%-%!$," 0%!.!")'" #$0* +'"0*'* .- #*'""!$, #-*!)%-.' -0 3$0*" 5'" '(>

#)*!',3'" "$,% #*)"',%)'" S<0*' O8H $R .'" "%-%!$," <*!")'" "$,% 0%!.!")'" 2

56-0%*' S,"D 3$++' !,5!=0) "0* .' %-1.'-0 O8H8 P'" $*!S3'" 5'" "%-%!$," S1

2 S8 3$,%!',,',% 5'" 3-#%'0*" 5' #*'""!$, #-*!)%-.' 5' %[#' #!)V$>).'3%*!=0'

2 4-0%' &*)=0',3'D 5!"%*!10)" #-* .- "$3!)%) A;Z \GO]^D 5' %[#' GHH_O`8 9."

#'*+'%%',% 5' +'"0*'* 0,' 1*0"=0' 7-*!-%!$, 5' #*'""!$, -7'3 0,' "',"!1!.!%)

5' a8K +bL+1-* '% 0, %'+#" 5' *)#$,"' *-#!5' '% !,&)*!'0* 2 Gµs8 P'" #!3" 5'
%'+#)*-%0*' %$.)*)" #-* 3'" 3-#%'0*" 7$,% W0"=062 G`Jcd; #$0* 0,' 0%!.!"-%!$,

-..-,% 5' >:Hd; 2 GHKd;D 3' =0! 3$,7!',% 2 ,$%*' -##.!3-%!$,8 ;'#',5-,%D !."

!,50!"',% -#*E" '(3!%-%!$,D 0,' 5)34-*<' 50 "!<,-. ).'3%*!=0' %*-,"+!" -7'3

.' %'+#" '% -7'3 .6-0<+',%-%!$, 5' .- %'+#)*-%0*' 50 +!.!'08 _!,"!D -S, 5'

5!+!,0'* 3'% 'C'%D a8K ++ 5' "!.!3$,' $,% )%) ',50!%" "0* .- "0*&-3' "',"!1.'

50 3-#%'0*D 3' =0! .6!"$.' %4'*+!=0'+',% +-!" .' #*$%)<' -0""! 5' .6'-08 P-
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560*' 7899 +$,%*' .:);$.0%!$, <' .- +'"0*' <' #*'""!$, #-*!)%-.' ', &$,3%!$,

<0 %'+#"= $1%',0' #$0* 0, +>+' %!* '% '?'3%0)' -;'3 <'0( 3-#%'0*" #.-3)" ',

;!" 2 ;!"= 2 .- "%-%!$, S4 <$,% .:0, <:',%*' '0( - )%) ',<0!% <' "!.!3$,' @,$!*A8

B:-**!;)' <' .:$,<' <' 34$3 -0 ,!;'-0 <' .:-1"3!""' <' +'"0*' ',6',<*' 0,

"-0% <' #*'""!$, C0! <$!% >%*' 3$,"%-,% -;-,% .:-**!;) <:-0%*'" $,<'"= 3$++'

<)3*!% "'3%!$, 78987= D98 B' 3-#%'0* *'3$0;'*% <' "!.!3$,' @*$06'A #*)"',%' 0,

#.-%'-0 <' #*'""!$, 3$,%*-!*'+',% 2 .:-0%*' 3-#%'0* C0! ;$!% "- #*'""!$, <)E

3*$F%*'8 G-* 3$,")C0',%= -0 ;0 <' .:-+).!$*-%!$, -##$*%)'= .'" 40!% 3-#%'0*"

 Sans silicone

 Avec silicone

P

t 

 !"#$% 7899 H I$+#-*-!"$, <' .- +'"0*' <' #*'""!$, $1%',0' 2 .- "%-%!$, S4=

#$0* 0, +>+' %!* $J 0, 3-#%'0* "!.!3$,) '"% #.-3) ', ;!" 2 ;!" <:0, 3-#%'0*

"-," "!.!3$,'8

GIK 0%!.!")" ', 34-+1*' 1-""' #*'""!$, $,% )%) *'3$0;'*%" <:0,' 3$034' <'

L8D ++ <' "!.!3$,'8 M." "$,% -""$3!)" 2 <'0( 3$,<!%!$,,'0*" 2 C0-%*' ;$!'"

NMIG "',"$* "!6,-. 3$,<!%!$,'*= +$<'. OP7Q77N C0! 5.%*',% .'" 1*0!%"8 R!,-E

.'+',%= .'" "!6,-0( "$,% ',*'6!"%*)" #-* <'0( $"3!..$"3$#'" S'T%*$,!(  GU

OLDO 2 0, )34-,%!..$,,-6' <' 7DL TV34W" "0* 0,' #.-6' %$%-.' <' OLL +"8

B'0*" +)+$!*'" #'*+'%%',% <' "-0;'6-*<'* ', 3$,%!,0 .'" "!6,-0( %*-,"+!"

#-* .'" 3-#%'0*" <' #*'""!$, 2 #-*%!* <0 +$+',% $J 0, "'0!. <)%'*+!,) #-*



 !"#$"!%!& '(#)*!+',%-. / %01' 2 34$3 '% !,"%*0+',%-%!$,  !

.50%!.!"-%'0* '"% -%%'!,%6 7. #'0% #*$8',!* "$!% 950, "!:,-. '(%)*!'0* $0 950,

"!:,-. 9' 3-#%'0* "'*8-,% 9' 9)3.',34'0*6 ;5-**!8)' 90 "!:,-. <<; ',8$=) #-*

.' 1$!%!'* 9' 3$++-,9' 90 :),)*-%'0* 9' :$0%%'.'%%'" -3%!8' .5',*':!"%*'+',%

#-* .'" $"3!..$"3$#'" >?? +" -8-,% '% -#*@" 3'.0!A3!6 B'%%' :*-,9' #.-:' 9'

+'"0*' ,$0" #'*+'% 95-0:+',%'* .- C-1!.!%) 9' .5',*':!"%*'+',% ', 3$+#',A

"-,% .' %'+#" 9' *)#$,"' -.)-%$!*' 90 #'*30%'0* ', &$,3%!$, 9'" '""-!"6 D!,"!E

2 34-F0' "%-%!$,E .- 9=,-+!F0' 90 "!:,-. 9' #*'""!$, #'*+'% 9' 9)%'*+!,'*

.' %'+#" 9' #-""-:' ',%*' 9'0( 3-#%'0*" '% 95', 9)90!*' .- 8!%'""' 9' #*$#-A

:-%!$, 9' .5$,9' 9' 34$3 1-")' "0* "$, %'+#" 9' #-*3$0*" ',%*' .'" "%-%!$,"

S8 2 S76 G-* -!..'0*"E 3'" "!:,-0( #$0**$,% H%*' -,-.=")" ', &$,3%!$, 9' .'0*"

.$3-.!"-%!$," 9-," .' ,0-:'6



 !"#$"!%!& '(#)*!+',%-. / %01' 2 34$3 '% !,"%*0+',%-%!$,   

 !" #$%&'%$($) *+ ,$%-./$%.($'0

5' 6!"#$"!%!& 6' 7!"0-.!"-%!$, &$0*,!% 0, +$8', 69-,-.8"' 3$+#.)+',%-!*'

2 3'.0! 6' +'"0*' 6' #*'""!$, ', #'*+'%%-,% 6' 6)%'*+!,'* .- #$"!%!$, 60

,0-:' 6-," .- 34-+1*' '(#)*!+',%-.' -7-,% ;0' .9$,6' 6' 34$3 ,' .9!+#-3%'

'% #',6-,% ;09'..' .' %*-7'*"'< =, $0%*'> !. #'*+'% 6' 7)*!?'* .94$+$:),)!%)

60 ,0-:' '%> 6-," 0,' +$!,6*' +'"0*'> "- :*-,0.$+)%*!'<

 !"!# $%&'()* )* +,-./0,-/&,(1

5'" %'34,!;0'" *)3',%'" 6' 7!"0-.!"-%!$, 69)3$0.'+',% %*-,"#$*%-,% 6'"

#-*%!30.'"> 6' %8#' @AB C@-*%!3.' A+-:' B'.$3!+'%*8D 6$,,',% -33E" 2 6'"

6$,,)'" %*E" !+#$*%-,%'" %'..'" ;0' .- 7!%'""' 6'" #-*%!30.'" $0 ',3$*' .'0*"

6!-+E%*'"< F'#',6-,%> .'" 7$.0+'" 6' +'"0*'" "$,% #'%!%" ', 3$+#-*-!"$, 6'

.- %-!..' 6'" :$0%%'" )%06!)'" !3!< @-* -!..'0*"> .- 60*)' 60 #4),$+E,' $1"'*7)

'"% 3$0*%' #-* *-##$*% -0( %'+#" 6' +'"0*'" *';0!" #-* 3' %8#' 6' 6!"#$"!%!&<

F9'"% #$0*;0$! .- @AB ,9- #-" )%) ").'3%!$,,)' #$0* 7!"0-.!"'* .9)3$0.'+',%>

%$0% 3$++' .- %'34,!;0' GHI CG-3J:*$0,6 H*!',%'6 I34.!*',D ;0! ,)3'""!K

%'*-!% 0, &-!1.' ,$+1*' 6' :$0%%'"<

59$+1*$"3$#!' $0 .- "%*!$"3$#!' #'*+'%%',% .9$1"'*7-%!$, 6' #4),$+E,'" L!,K

%',"'"L %'." ;0' .'" $,6'" 6' 34$3< =..'" &$0*,!""',% 6'" +'"0*'" :)$+)%*!;0'"

%'..'" ;0' .'0*" #$"!%!$," $0 .'0*" $*!',%-%!$," 6' +-,!E*' ,$, !,%*0"!7'< F'"

6'0( %'34,!;0'" "$,% 1-")'" "0* .- 7-*!-%!$, 69!,6!3' 6' *)&*-3%!$,

∂n
∂x
60 +!K

.!'0 )%06!) ;0! ',%*-!,' 0,' 7-*!-%!$, 60 34'+!, $#%!;0' 3' ;0! #*$7$;0'

0,' 6)7!-%!$, 60 &-!"3'-0( .0+!,'0(> 3$++' #*)"',%) ?:0*' M<NM< 5' 34-,K

:'+',% 6' +-""' 7$.0+!;0' -0 "'!, 6' .9$,6' 6' 34$3 ',%*-!,' 0,' 7-*!-%!$,
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Rayon lumineux parallèles

Milieu hétérogène:

Référence
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-150 ms -89.6 ms -15.8 ms 2.4 ms

S1=3630 mm

S3=3410 mm

S4=3190 mm

S6=2970 mm

S2=3520 mm

S5=3080 mm

T80#666
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du nuage
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*'-"%!&#- <)' 1#- -03%$#!" -(!" &($$#&"#4#!" $#"$()70#- 3%$ 1% "#&+!'<)# *#

7'-)%1'-%"'(! #431(D0#5

6% 4#-)$# *) !(4=$# *# E%&+ '!'"'%1 #-" #F#&")0# ? 3%$"'$ *) "#43- <)#
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"#$%&'()$)*+( ,'- %+.))'-

5# 6%'71# &(!"$%-"# (7"#!) 3%$ !("$# *'-3(-'"'6 #230$'4#!"%1 #" 1% 40"+(*#

*# 8'-)%1'-%"'(! &+('-'# 93%$ 1% "%'11# '43($"%!"# *# 1% :(!# 8'-)%1'-0#; !#
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"#$%&'($) *+ %, -.+//($)
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 !"#$% G6H K L5(1)"'(! *# 1% 3$#--'(! (@"#!)# 3()$ )! 4M4# "'$> T80#665>
%)2 -"%"'(!- S8 C S1 1($- *# 1.'!"#$%&"'(! *.)!# (!*# *# &+(& *# N%&+ O6<

#" *.)! !)%,# &(43(-0 *# ,()""#- *# <PPµm *# *'%48"$# *# Q<O mm *#

+%)"#)$ #" 1.05% *# :$%&"'(! 5(1)4'?)#6 R.($','!# *#- "#43- #-" *(!!0# 3%$

1# 3%--%,# *# 1.(!*# *# &+(& C 1% -"%"'(! S86

*# 4#-)$# !.#-" 31)- C 3$(2'4'"0 *# 1.'!"#$:%&# %4(!" *) !)%,#6 L! -)'5%!"

1.05(1)"'(! *# 1% 3$#--'(! %) :)$ #" C 4#-)$# *#- -"%"'(!- $#!&(!"$0#- 3%$

1.(!*# *# &+(& *%!- 1% &+%4@$# #230$'4#!"%1#> (! (@-#$5# /

B S 3%$"'$ *# 1% -"%"'(! S5> 1(&%1'-0# *%!- 1# !)%,#> 1# 3'& *# 3$#--'(! '!*)'"

3%$ 1# 3%--%,# *# 1.(!*# *# &+(& *'4'!)# *# 3%$ 1% 3$0-#!&# *) 4'1'#) *'3+%B
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)! 454# !'6#%)7 3()$ 1#- -"%"'(!- S6, S5 #" S48

9 :% 3$#--'(! *.0;)'1'<$# !.#-" 3%- (<-#$6%<1# 3()$ 1#- -"%"'(!- S37 S2 #" S1

= &%)-# *# 1.%$$'60# *# 1.(!*# *# &+(& $0>0&+'# 3%$ 1# ?(!* *# 1% &+%4<$#

#230$'4#!"%1#8 @#3#!*%!"7 1#- "#43- *# 4(!"0# #!"$# 1% A! *# 1% B(!# *#

*0"#!"# #" 1% 3$#--'(! *.0;)'1'<$# -#4<1#!" %),4#!"#$ #!"$# 1#- -"%"'(!- S4

#" S18 C()"#?('-7 &#1% !.#-" 3%- 1# &%- #!"$# 1#- -"%"'(!- S6 #" S4 (D 1% 3#!"#

(<-#$60# = 1% -"%"'(! S5 #-" 31)- ?%'<1# ;)# &#11# (<-#$60# = 1% -"%"'(! S48 @#

3+0!(4E!# #-" 31)- &1%'$#4#!" 4'- #! 06'*#!&# -)$ 1% A,)$# F8G ;)' 3$0-#!"#

1.06(1)"'(! *# 1% 3$#--'(! #! ?(!&"'(! *) "#43- 3()$ 1#- +)'" &%3"#)$- -'")0-

#! &+%4<$# <%--# 3$#--'(!8 H! ()"$#7 1% *)$0# *# 1% *0"#!"# %),4#!"# %6#&

1% 3$(,$#--'(! *# 1.(!*# *# &+(&8 @#1% #!"$%'!# )!# *'4'!)"'(! *# 1% 3#!"#

*# $#"()$ = 1.0;)'1'<$# I<$'-%!&#J8

9 :% *'4'!)"'(! *# 1% 3#!"# 3#)" %)--' 5"$# %--(&'0# = 1% ?($4%"'(! *.(!*#-

*# *0"#!"# = 1.#2"$04'"0 *) !)%,# ;)' $#4(!"#$%'#!" 1.0&()1#4#!"7 &(44#

1.% *0&$'" K(,)# LMNGO8 :($-;).)!# (!*# *# &+(& "$%6#$-# )!# *'-&(!"'!)'"0

*# 4%--# 6(1)4';)# #! 30!0"$%!" *%!- )! 4'1'#) 4('!- *#!-#7 )!# (!*# *#

&+(& #-" "$%!-4'-# #" -# 3$(3%,# *%!- 1% 454# *'$#&"'(! ;)# &#11# '!&'*#!"#

%1($- ;)# *#- (!*#- *# *0"#!"# -(!" ,0!0$0#- = 1.'!"#$?%&# #" -# *031%&#!" *%!-

1# -#!- (33(-0 = 1.0&()1#4#!" LMNPO8 :% 3$(3%,%"'(! *) ?%'-&#%) *# *0"#!"#

!.#-" 3%- (<-#$6%<1# = 1.'!"0$'#)$ *) !)%,# %) 4(Q#! *# !("$# *'-3(-'"'? *#

6'-)%1'-%"'(!8 @#1)'9&' -#4<1# '!*)'$# )! &+%!,#4#!" *# 3#!"# *%!- 1% B(!#

*# 4(!"0# *# 3$#--'(!7 %3$E- 1% B(!# *# *0"#!"#8 @# 3+0!(4E!# #-" 3$'!&'3%9

1#4#!" 6'-'<1# = 1% -"%"'(! S2 (D 1% 6'"#--# *# 4(!"0# #! 3$#--'(! *'4'!)# #!

&(43%$%'-(! %6#& 1.06(1)"'(! *# 1% 3$#--'(! (<"#!)# = 1% -"%"'(! S48
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"$%!-'"'(!7 )! !()6#1 0;)'1'<$# #-" 0"%<1'8 :% B(!# *# $#1%2%"'(! *'4'!)# *#-

-"%"'(!- S5 = S48 :% "%'11# *# !("$# &+%4<$# #230$'4#!"%1# !# 3#$4#" 3%- *#

1.(<-#$6#$ -)$ )!# 31)- ,$%!*# *'-"%!&#8

 !"!" #$%&' %& ()*(+ ,-.*'*/'+ &0 '1'2&$'3*$' %& 2,.034

(1/&'

:# &(43($"#4#!" &%$%&"0$'-"';)# *# 1.'!"#$%&"'(! *.)!# (!*# *# &+(& #"

*.)!# 3+%-# *'-3#$-0#7 &(!-"'")0# *# 3%$"'&)1#- -(1'*#- () *# ,()""#- *.#%)7

*(!" 1% ?$%&"'(! 6(1)4';)# #-" *# 1.($*$# *# 1%7 I<J #" I&J7 $#-3#&"'6#4#!"7

#-" 3$0-#!"0 A,)$# F8P8 :% 3$(3%,%"'(! *# 1.(!*# *# &+(& % 1'#) *%!- )! 4'1'#)

&(!A!0 I")<# = &+(&J *%!- 1#;)#1 1#- 3%$('- ;)' 3#)6#!" $0>0&+'$ 1.(!*# !#

-(!" 3%- 3$'-#- #! &(43"#8
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∆�
 !"#$

 !"#$% 567 8 9(43%$%'-(! *#- &(43($"#4#!"- &%$%&"0$'-"':)#- %--(&'0- ; 1%

3$(3%,%"'(! *.)!# (!*# *# &+(& 31%!# #! )! 4'1'#) &(!<!0 =")># ; &+(&?@ %)2

"#43- &()$"- *%!- =%? )! 4'1'#) +(4(,A!# ,%B#)2@ =>? )!# 3+%-# *'-3#$-0#

&(43(-0# *# 3%$"'&)1#- -(1'*#- () =&? )!# 3+%-# *'-3#$-0# &(43(-0# *# ,()""#-

*.#%) :)' -.%"(4'-#!" #" *(!" 1#- C$%&"'(!- D(1)4':)#- 4%2'4%1#- -(!" *#

1.($*$# *# 1%6 IODC @ TODC @ RODC -(!" $#-3#&"'D#4#!"@ 1#- (!*#- *# &+(&

'!&'*#!"#@ "$%!-4'-# #" $0E0&+'#6

F()$ )! 4'1'#) +(4(,A!# =%?@ 1# 3%--%,# *# 1.(!*# *# &+(& '!&'*#!"# =IODC?

; 1% -"%"'(! S1 3$(D(:)# )! &+%!,#4#!" >$)-:)#@ *'-&(!"'!)@ *#- &%$%&"0$'-G

"':)#- *) ,%B6 H# -%)" *# 3$#--'(! '!*)'" #!"$# 1#- *#)2 -"%"'(!- S1 #" S2 #-"

%1($- :)%-'4#!" '*#!"':)#@ 3()$ *# C%'>1#- !(4>$#- *# I%&+6

J! $#D%!&+#@ :)%!* )!# 3+%-# *'-3#$-0# #-" 31%&0# #!"$# &#- *#)2 &%3"#)$-@

-' )!# 3%$"'# *# 1.(!*# *# &+(& #-" $0E0&+'# ; -(! '!"#$C%&# =RODC? #" :)#

1.%)"$# 3%$"'# #-" "$%!-4'-# =TODC? *%!- 1# 4'1'#) *'3+%-':)#@ 1.%11)$# *) -'G

,!%1 *# 3$#--'(! %--(&'0 ; TODC #-" &(431#2# =<,6567G>@&?6 H#- 0104#!"- :)'

&(43(-#!" 1% 3+%-# *'-3#$-0# =,()""#-@ 3%$"'&)1#-? !# 3#)D#!" 3%- $03(!*$#

%)2 &+%!,#4#!"- >$)-:)#- 3$(D(:)0- 3%$ 1# 3%--%,# *# 1.(!*# *# &+(& %)--'



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !

5'"# 6)# 1#- 4(10&)1#- ,%7#)-#-8 9#- 3+0!(4:!#- *# $#1%2%"'(! -# 3$(*)'-#!";

*)$%!" ∆trelax <=,8>8?@; A)-6).B %""#'!*$# )! 0"%" *.06)'1'C$#8

9%!- 1# &%- *.)! !)%,# &(43(-0 *# 3%$"'&)1#- <=,8>8?DC@; 1# 3'& *# 3$#--'(!

*# 1.(!*# *# &+(& "$%!-4'-# #-" 31)- E%'C1#8 F% 7(!# *# $#1%2%"'(!; *# *)$0#

∆trelax; 3$0-#!"# )!# &(!"'!)#11# %),4#!"%"'(! *# 1% 3$#--'(! *) E%'" *# 1%

$#1%2%"'(! &'!04%"'6)# <5'"#--#-@8 G11# *#5$%'" %""#'!*$# 1# !'5#%) *# 3$#--'(!

'!*)'" 3%$ 1.(!*# *# &+(& $0H0&+'# <RODC@8

9%!- 1# &%- *.)! !)%,# &(43(-0 *# ,()""#- *.#%) 6)' 3#)5#!" I"$# %"(4'D

-0#- <=,8>8?D&@; 1% 7(!# *# $#1%2%"'(!; *# *)$0# ∆trelax; #-" 31)- &(431#2# 6)#

1($-6).'1 !.J % 3%- *# E$%,4#!"%"'(! <=,8>8?DC@8 G11# #-" &(!-"'")0# *# *#)2

7(!#- / 1% 3$#4':$# &(43(-0# *.(!*#- *# *0"#!"# *%!- 1%6)#11# 1% 3$#--'(!

*'4'!)# #" 1% -#&(!*# (K 1% 3$#--'(! %),4#!"# 5#$- 1% 3$#--'(! *.06)'1'C$#8

L#""# *'M0$#!&# #-" %""$'C)0# B 1% &%3%&'"0 *#- ,()""#- *.#%) B -.%"(4'-#$ -()-

1# 3%--%,# *# 1.(!*# *# &+(&8 F% =,)$# >8N 3$0-#!"# 1#- "#43- %--(&'0- %)2

*#)2 7(!#- *# *0"#!"# #" *# &(43$#--'(! 6)' E($4#!" 1% 7(!# *# $#1%2%"'(!

*# 3$#--'(! <=,8>8?D&@8

t
∆�relax

τdet τP

∆P

Péq

 !"#$% >8N O P$(!"':$# *#- 0"%3#- &(43(-%!" 1% 7(!# *# $#1%2%"'(! *# 3$#-D

-'(! *# *)$0# τrelax  !"#$%&# ' $" (# ')*+,#$-.,* + ()/+#  +(# (# .0 . #, ()/+

+/-1# (# 1 /,,#"2 τdet #", '- (/$&# (# '- 3 +# (# (&,#+,# 4/* "/*, '# 5*. (# 5$#"6

"* + #, τP '- 3 +# ()-/17#+,-,* + (# 5$#""* + 8/"4/)9 '- 5$#""* + ()&4/*'*!$#

Peq2

: $"4/# '#" ; $.#" -&$ (<+-7*4/#" #=#$.&#" 5-$ ')&. /'#7#+, "/$ '- 1 /,,#>

" +, -""#3 &'#%&#" .#''#6.* "# (&; $7# )#+ /+# '#+,*''#) (/$-+, τd2 ? + 7-*,$#

. /5'# -/17#+,# #, 5-$ . +"&4/#+, " + . #@.*#+, (# ,$-*+&# ")-..$ A,2 B''#



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !

*(!!# #!-)'"# !%'--%!&# 5 *#- ,()""#- 6711#-6 *# "%'11#- '!80$'#)$#- 9:#;<==>?

3%$ 8$%,4#!"%"'(! 97,@ A@A>@ B) &()$- *# &# 3$(&#--)- &(431#" *# *)$0# τ ?
1% -)$8%&# *.0&+%!,# #!"$# 1#- ,()""#- *.#%) #" 1.0&()1#4#!" !# &#--# *# -.%&C

&$(D"$# E)-F).5 &# F)# 1.%"(4'-%"'(! &#--#@

G(!-'*0$(!- )!# ,()""# 64H$#6 *# *'%4H"$# '!'"'%1 φt0 F)' -# 8$%,4#!"# #!

ndτ ,()""#- 6711#-6 *# *'%4H"$# φτ %) I()" *) "#43- "("%1 *.%"(4'-%"'(! τ @
J()$ F)# 1% -)$8%&# *.0&+%!,# *#- ,()""#- %),4#!"# '1 8%)" F)# /

ndτ >
(φt0

φτ

)2

9A@A>

K$? 3()$ )!# 4%--# L(1)4'F)# *# 1'F)'*# &(!-"%!"#? 1% &(!-#$L%"'(! *# 1%

4%--#? *(!!# /

ndτ =
(φt0

φτ

)3

9A@M>

N% &(!*'"'(! 0!(!&0# -)$ 1# !(4I$# *# ,()""#- 90F@ A@O> *#L'#!" %1($- /

(φt0

φτ

)

> 1 9A@O>

G# F)' #-" "()E()$- 1# &%- 1($- *# 1% 8$%,4#!"%"'(! *.)!# ,()""# '-(10#@

N#- "$%!-8#$"- *# F)%!"'"0 *# 4()L#4#!" #" *# &+%1#)$ %),4#!"#!" %L#& 1.%&C

&$('--#4#!" *# 1% -)$8%&# *.0&+%!,#@ B'!-'? 1% L'"#--#? 1% 3$#--'(! #" 1% "#4C

30$%")$# *) ,%P -(!" *'4'!)0#- 3%$ &#- 0&+%!,#-@ B'!-'? (! 3#)" 3#!-#$ F)#

1% 3$0-#!&# *# 1% P(!# *# *0"#!"# #-" %--(&'0# 5 1.%&&$('--#4#!" *# &#- 3+0!(C

4H!#- *# "$%!-8#$"- *)$%!" 1.%"(4'-%"'(! 97,@A@OC&>@

B'!-'? E)-F).5 -"%I'1'-%"'(! *#- *'%4H"$#- *#- ,()""#- 711#-? 1#- 0&+%!,#- #!"$#

1# ,%P #" 1#- ,()""#- -.%&&$('--#!"@ B 1% 7! *# 1.%"(4'-%"'(!? 1#)$ *'%4H"$# #-"

7,0? 1# 4'1'#) #-" %1($- &(43%$%I1# 5 )!# 3+%-# *'-3#$-0# &(!-"'")0# *.010C

4#!"- -(1'*#- $#!&(!"$0- 97,@A@OCI>@ N% $#1%2%"'(! *#- L'"#--#- #" *#- "#430C

$%")$#- #!"$# &#- 0104#!"- #" 1# ,%P #!"$%'!# %1($- )!# %),4#!"%"'(! *# 1%

3$#--'(! L#$- 1% 3$#--'(! *.0F)'1'I$#? (I-#$L0# %3$H- 1% P(!# *# *0"#!"#? 7,)$#

A@OC&@

N.0"%3# *.%"(4'-%"'(! ,0!H$# *(!& )!# P(!# *# *0"#!"# F)' -)'" 1# 8$(!" *#

1.(!*# *# &+(& F)' -# 3$(3%,# *%!- &# 4'1'#) *'3+%-'F)#@  1 #-" 3(--'I1# *.#!C

L'-%,#$ F)# &#""# *0"#!"# $%""$%3# 1# &+(&? #" 3%$"'&'3# 5 1.%""0!)%"'(! *) 3'&

*# -)$3$#--'(!@

N.0L(1)"'(! *# 1% 3$#--'(! *%!- 1# &%- 3$0-#!"0 97,@A@OC&>? !# 3#)" Q"$# 4'-#

#! 0L'*#!&# F)# F)%!* 1# "#43- &%$%&"0$'-"'F)# *# 8$%,4#!"%"'(! #-" '!80$'#)$

5 &#)2 *#- "$%!-8#$"- *# &+%1#)$? *# 4%--# #" &'!04%"'F)#@ R! #S#"? T4(1*#$-

#" U%! V(!,#! WXMY !.(!" 3%- (I-#$L0 )! "#1 &(43($"#4#!" 1($- *# 1.'!"#$C

%&"'(! *.)!# (!*# *# &+(& #" *.)! !)%,# &(43(-0 *# ,()""#- *.#%) F)' !#



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-
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3()5%'" 3%- -# 6$%,4#!"#$ 78#9:;< 4%'- -.05%3($#$= >($-?)# 1% $#1%2%"'(!

&'!04%"'?)# #-" 3$03(!*0$%!"#@ 1.05(1)"'(! #! 3$#--'(! 4#-)$0# 3%$ A(44#$B

6#1* CDE 3()$ *#- 3%$"'&)1#- -(1'*#- !# 3$0-#!"# 3%- &#- *#)2 F(!#- *'-"'!&"#-=

G#- *#)2 0"%3#- -(!" #! $#1%"'(! %5#& 1# 3$(&#--)- *.0&1%"#4#!" *#- ,()""#-=

 !"! #$%&' ()*)(+,*-'+-./$'

H%!- 1# I)" *# 50$'J#$ &#""# +K3("+L-# *# 3$0*(4'!%!&# *# 1.%"(4'-%"'(!

-#&(!*%'$#@ 1#- "#43- &%$%&"0$'-"'?)#- *#- 3$'!&'3%)2 3+0!(4L!#- *# $#1%2%B

"'(! -(!" &%1&)10- "%I1# M=M *.%3$L- 1#- &($$01%"'(!- #23(-0#- &+%3'"$# :@ 3()$

*#- ,()""#- '-(10#-= G#- $0-)1"%"- -(!" (I"#!)- *%!- 1# &%- *# 1.'!"#$%&"'(!

*.)!# (!*# *# &+(& 31%!# *# N%&+ :=D #" *# ,()""#- *.#%) *# DOO µm *# *'%B

4L"$# 40*'%! 4%--'?)# ?)' -.%"(4'-#!"= >#- "#43- *# $#1%2%"'(! &'!04%"'?)#

#" "+#$4'?)# 5%$'#!" %5#& 1% "%'11# *#- ,()""#-= G#- 5%1#)$- (!" 0"0 &%1&)10#-

3()$ 31)-'#)$- *'%4L"$#- /

B 1# *'%4L"$# 40*'%! 4%--'?)# '!'"'%1 7NNHPDOO µm<@

B 1# *'%4L"$# 4%2'4)4 -"%I1# φfmax
= 7.28µm *#- ,()""#- QJ11#-Q CMRE@

B 1# *'%4L"$# 4%2'4)4 -"%I1# %401'($0 φ′fmax
*#- ,()""#- J11#- (I"#!) 3%$

1#- &($$01%"'(!- *# S'1&+ #" T$*4%! CMRE@ 3$0-#!"0 "%I1# M=: #! 6(!&"'(! *#

31)-'#)$- &($$01%"'(!- *) "#43- *# 6$%,4#!"%"'(!@

B 1# *'%4L"$# 40*'%! 4%--'?)# *#- ,()""#- QJ11#-Q *(!!0 3%$ U-'%!, #" V%#"+

CW:E@ 3()$ 1% 4(K#!!# *#- $%33($"- NNHXANHP:=:@ :=; #" :=D 3$0-#!"0-

*%!- 1% "%I1# M=;=

 !"#$ M=: Y T-"'4%"'(! *) *'%4L"$# 4%2'4%1 -"%I1# φmax *(!!0 3%$ 1%

6($4)1# S'1&+ #" T$*4%!! CMRE I%-0# -)$ 1#- "#43- *# *06($4%"'(! τd #"

*.%"(4'-%"'(! -#&(!*%'$# τ &%1&)10- "%I1#=M=W@ 3()$ )!# ,()""# *# DOO µm *#

*'%4L"$# -()4'-# Z 1.0&()1#4#!" '!*)'" 3%$ )!# (!*# *# &+(& *# N%&+ :=D=

H#)2 &(#[&'#!"- *# "$%'!0# Cx -(!" &(43%$0-@ &#1)' *(!!0 3%$ 1#- %)"#)$-

CMRE #" &#1)' (I"#!) 3%$ 1% &($$01%"'(! *# \()$*%!  ! "#$ CR:E=

G($$01%"'(! τ φmax 7µm<@ CxP: CMRE φmax 7µm<@ CxP O=DD CR:E

S'1&+ #" T$*4%!! CMRE O=:; ::=D

U-'%!, #" V%#"+ CW:E O=:R ;W=R

]#16%!* CWRE O=O; :D

^',4%")1'! C;OE O=;; _

]#16%!* C;DE O=:D 9 φmax9 M=M :O=` 9 φmax9 DM=M

N(K#!!# O=`R ;O=R
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 !"#$ 567 8 9%1&)1 *) *'%4:"$# 40*'%! 4%--';)# <==>? *#- ,()""#- @A11#-@

#!,#!*$0#- 3%$ )!# ,()""# @4:$#@ *# BCC µm *# *'%4:"$# -()4'-# D )!

0&()1#4#!" '!*)'" 3%$ )!# (!*# *# &+(& *# =%&+ E6B6 F)%"$# $%33($"- #!"$#

1# *'%4:"$# 40*'%! 4(G#! <==>? #" 1# *'%4:"$# 4(G#! *# H%)"#$ <H=>?

-(!" 3$0-#!"0-6

==> <µm?

MMD
SMD

IE6E J76K

MMD
SMD

IE67 JK6B

MMD
SMD

IE6B BL6E

M

MMD
SMD

N JO

 !"#$ 565 8 9%1&)1 *#- "#43- &%$%&"0$'-"';)#- *# $#1%2%"'(! *#- P'"#--#-Q τv
#" *# $#1%2%"'(! "+#$4';)# τt %*'4#!-'(!!0- 3%$ 1# "#43- *# *0R($4%"'(! τT 6

==> <µm?

τv
τT

τt
τT

τ
τT

BCC B7 1, 48.107 B ± E

JO 7J 8, 38.109 B ± E

7C6S EO 9, 04.1010 B ± E

S67L EB 1, 66.1012 B ± E

C6KS EK 1.41.1015 B ± E

T 3%$"'$ *# &#- *'%4:"$#- 1#- "#43- &%$%&"0$'-"';)#- τv <&'!04%"';)#? #" τt
<"+#$4';)#? -(!" #-"'40- 3)'- %*'4#!-'(!!0- 3%$ 1# "#43- &%$%&"0$'-"';)# *#

*0R($4%"'(! τT Q "%U1# 5656 F)#11#- ;)# -('#!" 1#- "%'11#- *# ,()""#- #!P'-%,0#-

1# "#43- *# $#1%2%"'(! *# P'"#--# #-" -)30$'#)$ *.)! ($*$# *# ,$%!*#)$ 3%$

$%33($" %) "#43- "("%1 *.%"(4'-%"'(! τ <"%U6 56J?Q 3()$ )! 0&()1#4#!" '!V

*)'" 3%$ )!# (!*# *# &+(& *# =%&+ E6B6 W! ()"$#Q 1# "#43- *# $#1%2%"'(!

"+#$4';)#Q τt #2&:*# *# 31)-'#)$- ($*$#- *# ,$%!*#)$ τ Q &# ;)' $#!* %)--' !0V

,1',#%U1#- 1#- "$%!-R#$"- *# 4%--#6 9#""# %!%1G-# *.($*$# *# ,$%!*#)$ -()1',!#

*(!& 1% &(!"$'U)"'(! 3$'!&'3%1# *# 1.%"(4'-%"'(! 1($- *# 1.'!"#$%&"'(! *.)!#

(!*# *# &+(& *# =%&+ E6B #" *# ,()""#- *.#%) *# BCC µm *# *'%4:"$# 40*'%!

4%--';)#6 X# "#43- *# *0"#!"# τdet <A,)$# 56K?Q 4#-)$0 1($- *# &#""# #230V

$'#!&# #-" %*'4#!-'(!!0 3%$ 1# "#43- &%$%&"0$'-"';)# *# *0R($4%"'(! τT 6 9#
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 !"#$ 567 8 9%1&)1 *#- "#43- *# *0:($4%"'(! %*'4#!-'(!!0- τd #" *.%"(;

4'-%"'(! -#&(!*%'$# τ -#1(! 1#- :($4)1#- #43'$'<)#- 3$0-#!"0#- &+%3'"$# =

%331'<)0#- > 1.'!"#$%&"'(! *.)!# (!*# *# &+(& *# ?%&+ =6@ %A#& )!# ,()""#

*# @BB µ 4 *# *'%4C"$#6

D($4)1#- E#43- *# *0:($4%"'(! τd E#43- "("%1 τ
F'1&+ #" G$*4%!! H5IJ B65K 76BL

M-'%!, #" D%#"+ H7=J =6K @

N#1:%!* H7IJ =677 767B

O',4%")1'! HPBJ =6KK 56Q=

N#1:%!* HP@J = @±=

$%33($" #-" 3$0-#!"0 R,)$# 56I #! :(!&"'(! *# 1.01(',!#4#!" *# 1.%S-&'--# *.'!;

"#$%&"'(! Tx−xintU *'A'-0 3%$ 1% +%)"#)$ *) !)%,# THdU6 V)-<).> )!# *'-"%!&#

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

 Expérience

          Gelfand 1996

τ d
et
/τ

T

(x-x
int

)/H
d

%&'()$ 56I 8 GA(1)"'(! *) "#43- *# *0"#!"# %*'4#!-'(!!0

τdet
τT

#! :(!&"'(!

*) $%33($"

x−xint

Hd
6 W#- *#)2 1',!#- +($'X(!"%1#- $#3$0-#!"#!" 1% ,%44# *#

"#43- "("%1 *# :$%,4#!"%"'(! *(!!0 3%$ N#1:%!* HP@J6

*# B6Q :('- 1% +%)"#)$ *) !)%,#Y 1# "#43- *# *0"#!"# #-" *%!- 1% ,%44# *#-

"#43- &%$%&"0$'-"'<)#- *(!!0- 3%$ N#1:%!* HP@JY 1($- *# 1.%"(4'-%"'(! *.)!#
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$0P0&+'#- %) !'?#%) *#- =$(!"- %4(!"- 6)' -# $0P0&+'$%'#!" 7 1#)$ "()$ -)$ 1#-

=$(!"- %?%1- *#- !)%,#- 3$0&0*#!"-8 Q# 31)-; 1#- (!*#- *# *0"#!"# 3$(?#!%!"

*# 1% -($"'# *# 1.(!*# *# &+(& %?%1 ?#$- )! 4'1'#) *# *#!-'"0 31)- =%'51# &(!"$'>

5)#!" 7 1% *'4'!)"'(! *# 1% 3$#--'(!8 <% 4'-# #! -0$'# *# 31)- 3#"'"- !)%,#-

3#)" *(!& *'4'!)#$ 1% 3$#--'(! '!*)'"# 3%$ 1.(!*# *# &+(& -)$ *#- "#43-

&()$"-; 3%$ 1% ,0!0$%"'(! *.(!*#- %)2 '!"#$=%&#-8 <.#A&%&'"0 *# &# *'-3(-'"'=

*('" M"$# "#-"0# #" &(43%$0# 7 1.%""0!)%"'(! *# 1.(!*# *# &+(& (5"#!)# %?#&

)! !)%,# *# 1(!,)#)$ 06)'?%1#!"#8

<% $#3$0-#!"%"'(! *# 1.%""0!)%"'(! *) 3'& *# 3$#--'(! #! =(!&"'(! *# 1.01('>

,!#4#!" *) =$(!" %4(!" %*'4#!-'(!!0 3%$ 1% +%)"#)$ *) !)%,# !# 3#$4#"

3%- *.0"%51'$ )!# 1(' *.%""0!)%"'(! ,0!0$%1# *) 3'& *# 3$#--'(! #! =(!&"'(! *#-

&%$%&"0$'-"'6)#- *# 1% 3+%-# *'-3#$-0# "$%?#$-0#8 R()"#=('-; #! "$%S%!" 1.0?(1)>

"'(! *) $%33($"

∆P
∆P0

#! =(!&"'(! *) $%33($"

Se
a2

We
Re0.5

; I,)$#8 J8KT; (! (5-#$?#

6)# 1#- 4#-)$#- -# $#,$()3#!" %)"()$ *.)!# &()$5# *(!" 1% "#!*%!&# ,0!0$%1#

#-" &(43(-0# *# *#)2 &()$5#- *# "@3# 1'!0%'$# 7 3#!"#- *'-"'!&"#-8

We
Re0.5

#-"

1# 3%$%4L"$# &%$%&"0$'-"'6)# *# =$%,4#!"%"'(! *(!!0 3%$ U#1=%!* CVDE; a2 1%

-#&"'(! *) ")5# 7 &+(& 01#?0# %) &%$$08 Se 1% -)$=%&# *.0&+%!,# '!'"'%1# #!"$#

1#- ,()""#- W4L$#-W #" 1.0&()1#4#!" "$%?#$-0# 3%$ 1.(!*# *# &+(& %) &()$- *#

-% 3$(3%,%"'(! *%!- 1# !)%,#8 Se #-" &%1&)10# #! -)33(-%!" 6)# 1# !)%,# *#

,()""#- #-" +(4(,L!#; *(!& 6)# 1# !(45$# *# ,()""#- 3%$ )!'"0 *# ?(1)4#

#-" &(!-"%!" /

Se = nd(πφ
2) =

ntot

Hd

(x− xint)(πφ
2) XJ8YZ
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3()$ "$('- !)%,#- *# 7<= mm> ?@@ mm #" A<7 mm *#

+%)"> &(43(-0- *# ,()""#- *# 500 µm *# *'%4B"$# C"%D656<E6
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 !" #$%&'$(' )& $*+,-' )' ./(0 )' 12*$)' )'

(0*( 3$(3)'$4'

5.'!6)#!&# *) !(47$# *# 8%&+ *# 1.(!*# *# &+(& '!&'*#!"# -)$ 1% 3$(9

3%,%"'(! *# &#""# *#$!':$# *%!- )! !)%,# #-" 0")*'0#; 5#- !)%,#- 3$0-#!"0-

3$0&0*#44#!" "%71# <;= -(!" )"'1'-0-; 5#- #$$#)$- *# 4#-)$#- %--(&'0- > &#-

3+%-#- *'-3#$-0#- -(!" 3$0-#!"0#- "%71# <;?; 5#- +%)"#)$- 4(@#!!#- Hdmoy

*#- !)%,#- ,0!0$0- 3()$ 1#- #--%'- > 8%&+ A;< #" A;= -(!" $#-3#&"'B#4#!" *#

A== mmC <DA mm #" D<E mm;

 !"!# $%&'()*&+ ,( )-./0 ,- ,1)-+)-

5% *'4'!)"'(! *# 1% B'"#--# *# 3$(3%,%"'(! *# 1.(!*# *# &+(& W 3%$ 1%

*'4'!)"'(! *) !(47$# *# 8%&+ '!*)'" )!# $0*)&"'(! *) !(47$# *# F#7#$

GWe =
ρ∗g(u

∗

g−u0)2φ0

σ
HC 3()$ )!# 4I4# "%'11# *# ,()""#-; J# 4I4#C 1# "#43-

&%$%&"0$'-"'K)# *# *0L($4%"'(! τT = φ0

(u∗−u0)

√

ρd
ρ∗

#-" %)--' $0*)'" %B#& 1% *'4'9

!)"'(! *) !(47$# *# 8%&+C 3()$ )! 4I4# *'%4:"$#; 5% M,)$# <;AD 3$0-#!"#

1.'!6)#!&# *) !(47$# *# 8%&+ -)$ 1% *)$0# *# 1% *0"#!"# K)' -)'" 1# 3'& *#

3$#--'(!;

5.%),4#!"%"'(! *) !(47$# *# 8%&+ #!"$%'!# )!# *'4'!)"'(! *) "#43- *#

*0"#!"# 4#-)$0; N#""# (7-#$B%"'(! &($$(7($# 1# 1'#! K)' #2'-"# #!"$# 1# 3+09

!(4:!# *.%"(4'-%"'(! #" 1% 3$0-#!&# *.)!# O(!# *# *0"#!"# %3$:- 1# 3'& *#

3$#--'(!; P!# B'"#--# *.0&()1#4#!" 31)- '43($"%!"# $0*)'" 1# "#43- *# *09

L($4%"'(! τT #" 3%$ &(!-0K)#!" 1% *)$0# "("%1# *.%"(4'-%"'(! τ ; 5% "%71# <;D

3$0-#!"# 1#- &%$%&"0$'-"'K)#- *#- 0&()1#4#!"- ,0!0$0- 3%$ *#- (!*#- *# &+(&

*# 8%&+ A;< #" A;=; 5#- "#43- "("%)2 *.%"(4'-%"'(! τp−e &%1&)10- 3%$ 1#- &($9

$01%"'(!- *# Q'1&+ #" R$*4%!! S<DT %'!-' K)# 1#- 1'4'"#- *(!!0#- 3%$ U#1L%!*

SE=T (!" *#- B%1#)$- &(43%$%71#- %) "#43- *# *0"#!"# 4#-)$0 %) *07)" *)

!)%,#C &(44# (! 3#)" 1.(7-#$B#$ M,)$# <;AD #" "%71# <;V;
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 !"#$% 5678 9  !:)#!&# *) !(4;$# *# <%&+ -)$ 1# "#43- *# *0"#!"#= τdet #!

>(!&"'(! *) $%33($"

x−xint

Hd
3()$ "$('- !)%,#- *# +%)"#)$- 4(?#!!#- $#-3#&@

"'A#- *# 7BB mm= 587 mm #" 85C mm &(!-"'")0- *# ,()""#- *.#%) *# BDD µm
*# *'%4E"$# F"%;656BG6
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 !"#$ 567 8 9%$%4:"$#- &%$%&"0$'-"';)#- *# 1.0&()1#4#!" '!*)'" 3%$ 1% 3$(<

3%,%"'(! *.)!# (!*# *# &+(& *# !(4=$# *# >%&+? @65 #" @6A6 u∗? ∆P ? ρ∗?
T ∗ -(!" $#-3#&"'B#4#!" 1% B'"#--#? 1% -)$3$#--'(!? 1% 4%--# B(1)4';)# #" 1%

"#430$%")$# *) ,%C &+(;)06 D#- !(4=$#- *# E#F!(1*- Re #" *# G#=#$ We?
1# "#43- *# *0H($4%"'(! τT #" 1# "#43- "("%1 *.%"(4'-%"'(! τp−e -(!" &%1&)10-

3()$ )!# ,()""# *.#%) *# AII µm *# *'%4:"$#6 τp−e )"'1'-# 1% &($$01%"'(! *#

9'1&+ #" J$*4%!! K57L6

M u∗ ∆P ρ∗ T ∗ Re We τT τp−e
M Mm.s−1N MbarN Mkg.m−3

N MKN MµsN MµsN

@65 @AO I6P@ @677 5A7 75II QRI 77 QSS

@6A QOQ @6OS Q6@P 5RS @OQII P77 OO @P5

 !"#$ 56P 8 T(43%$%'-(! *#- "#43- *# *0"#!"#- τdet 4#-)$0- 3()$ "$('-

!)%,#- *# +%)"#)$- *'U0$#!"#- #" *#)2 !(4=$#- *# >%&+ %B#& 1#- "#43-

&%$%&"0$'-"';)#- *# *0H($4%"'(!? τT #" *# H$%,4#!"%"'(! τp−e #" τG *(!!0-

$#-3#&"'B#4#!" 3%$ 1#- &($$01%"'(!- *# 9'1&+ K57L? #;6 @6R #" V#1H%!* KQAL?

#;6 @6@O6

Hd MmmN @A7 5OQ 7@5

M @65Q @65Q @6QR

τdet MµsN Q@I WτdetW QSI QII WτdetW 5@S Q7Q WτdetW OIP

τT MµsN 7Q 7Q PI

τG MµsN QPPWτGWO5Q QPPWτGWO5Q 5QIWτGWOPI

τp−e MµsN QOI QOI QPQ

Hd MmmN @AQ OII 7A@

M @6OR @6OR @6OR

τdet MµsN @OP WτdetW QIO @AQ WτdetW 5IP @7Q WτdetW QRS

τT MµsN OA OA OA

τG MµsN @PIWτGWQ7I @PIWτGWQ7I @PIWτGWQ7I

τp−e MµsN @PS @PS @PS
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 !"!# $%%&'()%*+' ,( -*. ,/ -0/11*+' ∆P

5 *'%46"$# &(!-"%!"7 1% $0*)&"'(! *# 1% 8'"#--# *.0&()1#4#!" *'4'!)# 1%

"$%'!0# *#- ,()""#- 4%'- %)--' 1# "$%!-9#$" "+#$4':)# #!"$# 1#- *#)2 3+%-#-

;,%<#)-# #" *'-3#$-0#=> ?# *#$!'#$ *03#!* 3$'!&'3%1#4#!" *) !(4@$# *# A)-B

-#1" :)' 08(1)# *%!- 1# 4C4# -#!- :)# 1# !(4@$# *# D#E!(1*- ;&9 &+%3'"$#

F=> G#- 0&+%!,#- #!"$# 1% 3+%-# ,%<#)-# #" 1#- 0104#!"- *# 1% 3+%-# *'-3#$-0#

*('8#!" *(!& C"$# %4('!*$'- :)%!* 1% 8'"#--# *# 1.0&()1#4#!" *'4'!)#> G% HB

,)$# I>JK $#3$0-#!"# 1.08(1)"'(! *) $%33($"

∆P
∆P0

#! 9(!&"'(! *# 1.01(',!#4#!"

*) 9$(!" %4(!" ;x − xint= %*'4#!-'(!!0 3%$ 1% +%)"#)$ Hd *) !)%,#> ∆P
#" ∆P0 -(!" $#-3#&"'8#4#!" 1#- 3'&- *# 3$#--'(! 4#-)$0- #! 3$0-#!&# #" #!

1.%@-#!&# *.)! !)%,# *# ,()""#->
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 !"#$% I>JK L  !M)#!&# *) !(4@$# *# N%&+ -)$ 1.%""0!)%"'(! *) 3'& *#

3$#--'(!

∆P
∆P0

#! 9(!&"'(! *) $%33($"

x−xint

Hd
3()$ "$('- !)%,#- *# +%)"#)$-

4(E#!!#- *'O0$#!"#- &(!-"'")0- *# ,()""#- *.#%) *# PQQ µm *# *'%46"$#

;"%@>I>P=>

R()$ )!# 4C4# +%)"#)$ *# !)%,#7 1.%""0!)%"'(! *) 3'& *# 3$#--'(! %),4#!"#

%8#& 1.%&&$('--#4#!" *) !(4@$# *# N%&+ #" 3#)" %""#'!*$# 80% 3()$ 1% +%)B
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"#)$ #" 1# !(45$# *# 6%&+ 4%2'4)4 78,9 :9;<=9 ># $0-)1"%" 4#" *(!& #!

0?'*#!&# 1.'!@)#!&# *#- 0&+%!,#- &'!04%"'A)#- #" "+#$4'A)#- #!"$# 1# ,%B #"

1#- ,()""#- -)$ 1% *'4'!)"'(! *) 3'& *# 3$#--'(!9 C' (! 4#-)$# 1# $%33($" #!"$#

1# !'?#%) *) 3'& *# -)$3$#--'(! '!*)'" 3%$ 1# 3%--%,# *# 1.(!*# *# &+(& *%!-

1.%'$D ∆P0 #" 1# !'?#%) *# 3$#--'(! A)' $E,!# *#$$'E$# 1.(!*# *# &+(& $0@0&+'#

3%$ 1# F$(!" %?%1 ∆PRD (! $#4%$A)# A)# &# $%33($" ?%$'# 3#) 3()$ 1#- *#)2

!(45$#- *# 6%&+ 0")*'0- 7

∆P0

∆PR
= 1.52± 4% !

"#$%%&'($%)*' +( ,)- +. /(0,0.//)*' .' 1*'-%)*' +. 2$ /(01$-. +#&-3$'4. Se

%0$5.0/&. ,$0 2#*'+. +. -3*- $+)6.'/)*''&. ,$0 2$ /.-%)*' +( %(7. 8 -3*- a2 .%

,*'+&0&. ,$0 2. -0)%90. +#$%*6)/$%)*' /.-*'+$)0.

We
Re0.5

+*''& ,$0 :.21$'+ ;<=>?

./% 0.,0&/.'%&. @4(0. A!BC! "#.D,0.//)*' +( %.06. -3*)/) .' $7/-)//. ,.06.%

+. 0&(')0 2./ $%%&'($%)*'/ +( ,)- +. ,0.//)*' $(%*(0 +#('. 6E6. %.'+$'-.
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? ,*(0 +.(D '*670./ +. F$-3 +. B!A .% B!= .% %0*)/ +)I&0.'%./ 3$(%.(0/

+. '($4./ -*'/%)%(&/ +. 4*(%%./ +#.$( +. =JJ µm +. +)$69%0. K%$7!A!= ;BA=>!
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 !" #$%&'$(' )' *+ ,-+(./0$ 10*&2/3&' )& $&+4'

)' 40&..'5

5% 6$%&"'(! 7(1)4'8)# αd #-" )! 3%$%49"$# #--#!"'#1 *%!- 1% &%$%&"0$'-%:

"'(! *# 1% 3+%-# *'-3#$-0# #! '!;)%!" !("%44#!" -)$ 1.'430*%!&# %&()-"'8)#<

=>! *# *0"#$4'!#$ -(! '!;)#!&# -)$ 1#- &%$%&"0$'-"'8)#- *.)!# (!*# *# &+(&?

"$('- !)%,#- *# 6$%&"'(!- 7(1)4'8)#- *'@0$#!"#- -(!" ,0!0$0-<

 !"!# $%&'()*+*,-) .(' )/+0('

A()$ &#- #--%'-? 1% 3+%-# *'-3#$-0# *# "$('- 6$%&"'(! 7(1)4'8)#- αd BC<DE%?

D<FE% #" D<C%G #" &(43(-0# *# ,()""#- *# EDD µm *# *'%49"$# (&&)3# 1% 8)%-'

"("%1'"0 *# 1% &+%4H$# #230$'4#!"%1#< I!# 3+("(,$%3+'# *# 1#)$ &(!-"'")"'(!

%7%!" 1#)$ '!"#$%&"'(! %7#& )!# (!*# *# &+(& #-" #23(-0# >,)$# J<FD< 5#-

!)%,#- K -(!" *'-3(-0- -#1(! )!# 6$%&"'(! 7(1)4'8)# &$('--%!"# *# 1% *$('"#

7#$- 1% ,%)&+#< 5.%),4#!"%"'(! *# 1% 6$%&"'(! 7(1)4'8)# #!"$%'!# )! %&&$('-:

-#4#!" *) !(4H$# *# ,()""#- 3%$ )!'"0 *# 7(1)4#? &# 8)' $#!* 1#- !)%,#- 1#-

31)- *#!-#- 1#- 31)- (3%8)#-< 5# ,0!0$%"#)$ *# ,()""#- &$0# *#- !)%,#- +(4(:

,9!#- 3()$ *#- 6$%&"'(!- 7(1)4'8)#- '43($"%!"#- B1.05%G< A()$ *#- 6$%&"'(!-

7(1)4'8)#- 31)- 6%'H1#- 1#- 7'H$%"'(!- *#- 31%8)#- 4'&$(:3#$&0#- ,0!9$#!" )!

!)%,# *# 6%L(! -%&&%*0 &# 8)' 1# $#!* 4('!- +(4(,9!#< 5#- &%$%&"0$'-"'8)#-

4#-)$0# %7#& &#- *'@0$#!"- !)%,#- -(!" 3$0-#!"0- "%H1# J<M 3()$ *#- !(4H$#-

*# N%&+ *# C<J #" C<E< 5#- #$$#)$- $#1%"'7#- %--(&'0#- O &#- 4#-)$#- -(!" *(!:

!0#- "%H1# J<CD< 5% +%)"#)$ 4(K#!!# $#1#70# 3()$ &#- #--%' #-" *# PEF mm<

 !"!1 23-4/*,-) .( 4+ 5%('',-) () 6-)7*,-) ./ *(85'

5.'!;)#!&# *# 1% 6$%&"'(! 7(1)4'8)# -)$ 1.07(1)"'(! *# 1% 3$#--'(! #-" 3$0:

-#!"0# >,)$# J<FC 1($- *# 1.'!"#$%&"'(! *.)!# (!*# *# &+(& *# N%&+ C<J *(!"

1#- !)%,#- &(43(-0- *# ,()""#- *# EDD µm (!" &(44# +%)"#)$ 4(K#!!#

HdmQ PRS mm< 5.%11)$# &%$%&"0$'-"'8)# *# 1.07(1)"'(! *) -',!%1 *# 3$#--'(!

(H-#$70# 3$0&0*#44#!" 3()$ 31)-'#)$- +%)"#)$- *# !)%,#- #-" &(!-#$70# 3()$

1#- -"%"'(!- 01(',!0#- *) 6$(!" %4(!" B>,<J<FC *# S4 O S1G< 5.%""0!)%"'(! *)

3'& *# 3$#--'(!? ∆P ? %),4#!"# %7#& 1.%7%!&0# *# 1.(!*# *# &+(& *%!- 1# !)%,#<

5# -%)"? ∆P ? #-" -)'7' 3%$ )!# T(!# *# *0"#!"# O 1% >! *# 1%8)#11# 1% 3$#--'(!

-.%&&$(U" 7#$- )!# 3$#--'(! *.08)'1'H$# #" &#? 8)#11# 8)# -('" 1% 6$%&"'(! 7(1):

4'8)# *) !)%,#<

5% -)3#$3(-'"'(! *) 31%"#%) *# 3$#--'(! (H"#!)? -"%"'(! S8 >,)$# J<FC? 3()$
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S1=3630 mm

S3=3410 mm

S4=3190 mm

S6=2970 mm
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"("%)2 &%1&)10- -(!" '!*'7)0- "%>1# L:KV:

R'<'-#$ 1# *'%49"$# 3%$ *#)2= !# 4(*'C# 3%- 1# $0,'4# *# A$%,4#!"%"'(!= -#F

1(! 1# &$'"9$# *# P'1&+ #" [$*4%!! \LM] () ^#1A%!* \GH]: P()$ *#- !(4>$#-

*# J%&+ 4(6#!- *# K:H #" K:L= 1#- $0,'4#- *.0&1%"#4#!" *#- ,()""#- -(!"

$#-3#&"'<#4#!" 1# . !"# $%#&' &'%())(*+ . #" 1# .&,##'-&'%())(*+ .= 3()$ 1#- *#)2



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2   !

T80#753 T80#711

M=1.3
T80#757 T80#714

M=1.5

S1=3630 mm

S3=3410 mm

S4=3190 mm

S6=2970 mm

S2=3520 mm

S5=3080 mm

500 µm 250 µm 500 µm 250 µm

 !"#$% 5678 9 :'-)%1'-%"'(! *# *#)2 !)%,#- &(43(-0- *# ,()""#- *# *'%4;"$#

*'<0$#!"- φd *# 7=> µm #" =>> µm #" *# ?$%&"'(! @(1)4'A)# @('-'!# *# >678%
%@%!" 1#)$- '!"#$%&"'(!- %@#& )!# (!*# *# &+(& *# B%&+ C65 () C6= DC58E6

F#- "$%'"- G%)!#- $#3$0-#!"#!" 1#- ?$(!"- %4(!" #" %@%1 *#- !)%,#-6 F#- "$%'"-

$(),#- '!*'A)#!" 1% 3(-'"'(! *# 1.(!*# *# &+(& %) 4(4#!" *) &1'&+06



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !"

 !"#$ 5675 8 9$$#)$- $#1%"':#- %--(&'0#- %)2 4#-)$#- *) :(1)4# *.#%) Vd; <

1% +%)"#)$ Hd; %) &="0 *) ")># < &+(& a #" < 1% ?$%&"'(! :(1)4'@)# αd 3()$

*#)2 !)%,#- &(43(-0- *# ,()""#- *.#%) *# *'%4A"$#- *'B0$#!"-6

C'%4A"$# φd DmumE

∆Vd

Vd
D%E

∆Hd

Hd
D%E

∆a
a

D%E

∆αd

αd
D%E

FGH I6J F6G H6J K6K

GHH I6L F6K H6J M6F

 !"#$ 567I 8 N%$%4A"$#- &%$%&"0$'-"'@)#- *# 1.0&()1#4#!" '!*)'" 3%$ 1% 3$(O

3%,%"'(! *.(!*# *# &+(& *# !(4>$# *# P%&+ *# 765 #" 76G6 u∗; ∆P ; ρ∗; T ∗

-(!" $#-3#&"':#4#!" 1% :'"#--#; 1% -)$3$#--'(!; 1% 4%--# :(1)4'@)# #" 1% "#4O

30$%")$# *) ,%Q &+(@)06 R#- !(4>$#- *# S#T!(1*- Re #" *# U#>#$ We; 1#

"#43- *# *0?($4%"'(! τT #" 1# "#43- "("%1 *.%"(4'-%"'(! τp−e -(!" &%1&)10-

3()$ *#- ,()""#- *.#%) FGH µm *# *'%4A"$#6 τp−e )"'1'-# 1% &($$01%"'(! *#

N'1&+ #" 9$*4%!! V5KW6

M u∗ ∆P ρ∗ T ∗ φ Re We τT τp−e
Dm.s−1E DbarE Dkg.m−3

E DKE DµmE DµsE DµsE

76G FIF 76IJ F6F 5LJ FGH K7HH I5L FF KK

765 7GI H6M7 76M 5GK FGH MFHH 7II 5M 7JH



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  ! 

*'%45"$#- *# ,()""#- 0")*'0-6 7!# %),4#!"%"'(! *) *'%45"$# *# 89: ; 9::

µm #!"$%'!# )! %&&$('--#4#!" *#- "#43- *# *0<($4%"'(! #" *.%"(4'-%"'(!

"("%16 =! 3#)" 3#!-#$ >)# &#""# *'?0$#!&# %?#&"# 1% *)$0# *# 1% *0"#!"# >)'

-)'" 1# 3'& *# 3$#--'(!6

 !"!# $%&'()*&+ ,- '. /0-11*&+ -+ 2&+3)*&+ ,( )-4/1

@% A,)$# B68C 3$0-#!"# )!# &(43%$%'-(! *# 1.0D(1)"'(! *#- -',!%)2 *#

3$#--'(! (E"#!)- 3()$ *#- !)%,#- &(43(-0- *# ,()""#- *# 9:: µm #" 89: µm
*# *'%45"$# 1($- *# 1#)$ '!"#$%&"'(! %D#& )!# (!*# *# &+(& *# !(4E$# *#

F%&+ *# G6B6

@#- *#)2 -',!%)2 *# 3$#--'(! (!" *#- 0D(1)"'(!- "$5- D('-'!#-H I)->).; #!D'$(!

J69 4- 3()$ *#- -"%"'(!- S8 ; S46 @#- !'D#%)2 *# 3$#--'(! *.0>)'1'E$# #"

&#)2 4#-)$0- *#$$'5$# 1.(!*# *# &+(& $0K0&+'# -)$ 1.'!"#$<%&# %'$L!)%,# -(!"

>)%-'4#!" '*#!"'>)#-H *) <%'" *#- <$%&"'(!- D(1)4'>)#- '!'"'%1#- D('-'!#- 3()$

1#- *#)2 !)%,#-6 M%$ %'11#)$-H 1% N(!# *# *0"#!"# 3$0-#!"# %)2 -"%"'(!- *# S4

; S1 H A,)$# B68CH -#4E1# O"$# *# 31)- &()$"# *)$0# #" 1% 3$#--'(! 4'!'4%1#

%""#'!"# 4('!- '43($"%!"# >)%!* 1# *'%45"$# *'4'!)#6

@.%$$'D0# *# 1.(!*# *# &+(& $0K0&+'# 3%$ 1# <(!* *# 1% &+%4E$# E%--# 3$#--'(!

#-" $#"%$*0# 3()$ )! *'%45"$# 31)- <%'E1# Pφd = 250 µmQ6



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !!

      M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

Station 4 (3190 mm)

      M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

Station 3 (3410 mm)

      M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

Station 2 (3520 mm)

0 2 4 6 8 10

      M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

t (ms)

Station 1 (3630 mm)

0

1

2

3

4

∆
P

 (
b

a
r)

      M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

Station 8 (1770 mm)

0

1

2

3

4       M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

∆
P

 (
b

a
r)

Station 7 (2630 mm)

0

1

2

3

4       M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

∆
P

 (
b

a
r)

Station 6 (2970 mm)

0 2 4 6 8 10

0

1

2

3

4       M=1.3

φ
d
=0 µm 

φ
d
=500 µm 

φ
d
=250 µm

t (ms)

∆
P

 (
b

a
r)

Station 5 (3080 mm)

 !"#$% 5678 9 :(43%$%'-(! *#- -',!%)2 *# -)$3$#--'(! ∆P #! ;(!&"'(! *)

"#43- (<"#!)- 1($- *# 1.'!"#$%&"'(! *.)!# (!*# *# &+(& *# =%&+ *# >65 %?#&

*#)2 !)%,#- &(43(-0- *# ,()""#- *.#%) *# *# 7@A µm #" @AA µm *# *'%4B"$#C

3()$ )!# ;$%&"'(! ?(1)4'D)# 4(E#!!# A67F% G"%<6 56>7H6



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !"

 !"! #$%&'()%* +, &- ./&/0)(/ +, &1%*+, +, .2%.

5% &010$'"0 W *# 1.(!*# *# &+(& '!&'*#!"# #" "$%!-4'-# *%!- 1#- !)%,#- *#

*'%46"$#- *'70$#!"#- % 0"0 4#-)$0#8 911# #-" 3$0-#!"0#: ;,)$# <8=>: %*'4#!?

-'(!!0# 3%$ 1% &010$'"0 *# 1.(!*# *# &+(& '!&'*#!"# 4#-)$0# #! 1.%@-#!&# *#

!)%,#: W0 #! A(!&"'(! *# 1.01(',!#4#!" *# 1.'!"#$A%&# %4(!" *) !)%,#: x−xint

$%33($"0 B -% +%)"#)$: Hd8 5% &010$'"0 *# 1.(!*# *# &+(& W #-" $0*)'"# %)

4%2'4)4 *# CD%  !"# $%& '%"( )"*+%& ,-"'.,&/ 0%  $"&1 $2,3!$"-.!) '% $*

4,$,#.-, '% $2!)'% '% 45!4 -#*)&6.&% %&- &.6.$*.#%  !"# $%& '%"( '.*67-#%& '%

89: µm %- 9:: µm1 -!"- 4!66% $2,3!$"-.!) '"  .4 '%  #%&&.!)/ ;$ &%6<$% '!)4

$2,3!$"-.!) #%& %4-.3%& '% $*  #%&&.!) %- '% $* 4,$,#.-, '% $2!)'% '% 45!4 &!.%)-

&%6<$*<$%  !"# ") )"*+% '% 6=6% >#*4-.!) 3!$"6.?"% '!)- $%& +!"--%& ?".

$% 4!6 !&%)- &2*-!6.&%)- &".3*)- $% 6=6% #,+.6% '% >#*+6%)-*-.!)/

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0

20

40

60

80

100

120

   M=1.3

φ
d
= 250 µm

φ
d
= 500 µm

W
/W

0
 (

%
)

(x-x
int

)/H
d

 !"#$% @/8A B C3!$"-.!) '% $* 4,$,#.-, *'.6%)&.!)),% '% $2!)'% '% 45!4

'% D*45 E/@

W
W0

%) >!)4-.!) '" #*  !#-

x−xint
Hd

$!#& '% &*  #! *+*-.!) '*)&

'%"( )"*+%& 4!6 !&,& '% +!"--%& '2%*" '% 9:: µm !" 89: µm %- '% >#*4-.!)

3!$"6.?"% 6!F%))% '% :/8G% H-*</ @/E8I/



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !"

 !"!# $%&'()*&+ ,( )-./0 ,- ,1)-+)-

5.06(1)"'(! *) "#43- *# *0"#!"# %--(&'0 7 &#- -',!%)2 *# 3$#--'(! 89,:;:<=>

#-" 3$0-#!"0# 9,)$# ;:;?: 5% *)$0# *# 1% *0"#!"# %),4#!"# %6#& 1# *'%4@"$#

*#- ,()""#- A)' &(!-"'")#!" 1# 4'1'#) *'3+%-'A)# "$%6#$-0 3%$ 1.(!*# *# &+(&:

B#""# (C-#$6%"'(! &(!9$4# 1% $#1%"'(! #!"$# 1% D(!# *# *0"#!"# #" 1.%"(4'-%E

"'(! *#- ,()""#-: 5# "#43- *# *0F($4%"'(! τT 06(1)# *%!- 1# 4G4# -#!- A)# 1#

*'%4@"$# 4%'- #! -#!- '!6#$-# *# 1% 6'"#--# *.0&()1#4#!"H *(!& *) !(4C$# *#

I%&+: 5#- 4#-)$#- #J#&")0#- -)$ 1% D(!# *# *0"#!"# (!" 4(!"$0 A).#11# 06(1)#

*# 1% 4G4# F%K(! A)# 1# "#43- *# *0F($4%"'(! &%$%&"0$'-"'A)# τT : L# 31)-H

-% 6%1#)$ #-" &(43$'-# #!"$# 1# "#43- *# *0F($4%"'(! #" &#1)' *.%"(4'-%"'(!

&# A)' 3$()6# A)# 1% D(!# *# *0"#!"# #-" 1'0# 7 1% F$%,4#!"%"'(! *#- ,()""#-:

0 200 400 600 800
0

100

200

300

400

500
   M=1.3

φ
d
=250µm

φ
d
=500µm

τ d
et
 (

µ
s)

x-x
int

 !"#$% ;:;? M N6(1)"'(! *# 1% D(!# *# *0"#!"# '!*)'"# 3%$ 1% 3$(3%,%"'(!

*.)!# (!*# *# &+(& *# I%&+ =:; *%!- )! !)%,# *# ?:<O% *# F$%&"'(! 6(1)E

4'A)#H 3()$ *#)2 *'%4@"$#- *# ,()""#- *# <P? µm #" P?? µm 8"%C: ;:=<>:



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !"

 !"!# $%%&'()%*+' ,( -*. ,/ -0/11*+' ∆P

5% 6,)$# 7879 3$0-#!"# 1.0:(1)"'(! *# 1.%""0!)%"'(! *) 3'& *# 3$#--'(! #!

;(!&"'(! *# 1.01(',!#4#!" %*'4#!-'(!!0 *) ;$(!" %4(!" *) !)%,# <

x−xint

Hd
=8

5#- 3('!"- 4#-)$0- 3()$ 1#- *#)2 *'%4>"$#- -(!" "$(3 3$(&+#- 3()$ 3():('$

&(!&1)$# %:#& &#$"'")*# -)$ 1.#?#" *) *'%4>"$# -)$ 1.%""0!)%"'(! *) 3'& *#

3$#--'(!@ &(43"# "#!) *#- '!&#$"'")*#- *# 4#-)$#8

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0

20

40

60

80

100

120

                    M=1.3    M=1.5

φ= 250 µm      

φ= 500 µm      

∆
P

/∆
P

0
 (

%
)

x-x
int

/H
d

 !"#$% 7879 A B""0!)%"'(! *) 3'& *# 3$#--'(!

∆P
∆P0

#! ;(!&"'(! *) $%33($"

x−xint

Hd
3()$ *#- !)%,#- &(!-"'")0- *# *#)2 *'%4>"$#- 4(C#!- *# DEE µm #"

FDE µm@ *# 0.27% *# ;$%&"'(! :(1)4'G)# 4(C#!!# <"%H8 789F= #" 3()$ *#)2

!(4H$#- *# I%&+ *# 987 #" 98D8

5.%""0!)%"'(! *) 3'& *# 3$#--'(! #! ;(!&"'(! *) 3%$%4>"$#

Se

a2
We
Re0.5

#-"

$#3$0-#!"0# 6,)$# 787F #! ;(!&"'(! *#- !)%,#- *# ;$%&"'(!- :(1)4'G)#- *#

E8FJ% 3()$ *#)2 *'%4>"$#- *# ,()""#- #" *#)2 !(4H$#- *# I%&+8 K! (H-#$:#

G)# &#""# $#3$0-#!"%"'(! !# 3#$4#" 3%- *# &($$01#$ 1#- 4#-)$#- #?#&")0#- 3()$

)!# 4L4# ;$%&"'(! :(1)4'G)#@ )! 4L4# !(4H$# *# I%&+ 4%'- 3()$ *#-

*'%4>"$#- *# ,()""# *'?0$#!"-8  1 #-" 3(--'H1# G)# *.%)"$#- 3%$%4>"$#- "#1-



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !"

0 100 200 300 400 500 600
0

20

40

60

80

100

120

                  M=1.3   M=1.5

φ
d
=250 µm        

φ
d
=500 µm        

∆
P

/∆
P

0
 (

%
)

S
e
W

e
/(a

2
Re

0.5
 )

 !"#$% 5657 8 9""0!)%"'(! *) 3'& *# 3$#--'(!

∆P
∆P0

#! :(!&"'(! *) 3%$%4;"$#

Se

a2
We
Re0.5

3()$ *#)2 *'%4;"$#- *# ,()""#- *# 7<= µm #" <== µm> )!# :$%&"'(!

?(1)4'@)# 4(A#!!# *# =67B% C"%D6 56E7F> #" *#)2 !(4D$#- *# G%&+ *# E65

#" E6<6

@)# 1% 3#$40%D'1'"0 *) !)%,#> 1# "%)2 *.(D-"$)&"'(! () 1% "($")(-'"0 *('?#!"

%)--' H"$# 3$'- #! &(43"# 3()$ *0"#$4'!#$ )!# 1(' *.%""0!)%"'(! *) 3'& *#

3$#--'(!6



 !"#$%&"'(! #!"$# )!# (!*# *# &+(& #" )! !)%,# *# ,()""#- *.#%) / $0-)1"%"-

#230$'4#!"%)2  !"

 !" #$%&'()*$%
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3("+9-# -#1(! 1%8)#11# &#""# D(!# *# *0"#!"# #-" '!*)'"# 3%$ 1.0&1%"#4#!" *#-
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!+ 8+ 5#,+0 $#++3:  1 58,--1+"! $! "1."8. +3"!--1,2! !-0 1.#2- *#,+$2! !0
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&!)( 1'& ,)2%&';#&8

F!)/,-)')( $' 10'&, 1!-(,+&, G

4 5, ;'H 7+% /!31!&, $' 10'&, 1!-(,+&, ,&( /!31-,&&%A$, ,( !A#%( 9 $' $!% ",&

;'H 1'-:'%(&

4 5.#/!+$,3,)( ,&( %)&('(%!))'%-, ,( 3!)!"%3,)&%!)),$

F,& 0D1!(0>&,& :'%(,&< $, &D&(>3, ".#7+'(%!)& '+B "#-%2#,& 1'-(%,$$,& &.#/-%(<

1!+- $,& 10'&,& 1!-(,+&, ,( "%&1,-&#, G

I0'&, 1!-(,+&, G

∂ρg
∂t

+
∂ρgug

∂x
= 0 ?J8K@

∂ρgug

∂t
+

∂(ρgu
2
g + Pg)

∂x
= Fg−d ?J8L@

∂ρgEg

∂t
+

∂ug(ρgEg)

∂x
= udFg−d +Qg−d ?J8J@

?J8M@

I0'&, "%&1,-&#, G

∂ρ∗d
∂t

+
∂ρ∗dud

∂x
= 0 ?J8N@

∂ρ∗dud

∂t
+

∂ρ∗du
2
d

∂x
= −Fg−d ?J8O@

∂ρ∗dEd

∂t
+

∂udρ
∗

dEd

∂x
= −udFg−d −Qg−d ?J8P@
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ug4 ρg4 Eg ,( ud4 ρ
∗

d Ed !"#$ %&!'&($)*&+&#$ ,- *)$&!!& ,- +-!!& *",.+)/.&

&$ ,01#&%2)& 3&! '4-!&! 2-5&.!& &$ 3)!'&%!1&6 701#&%2)& E &!$ ,- !"++& 3&

,01#&%2)& )#$&%#& &$ 3& ,01#&%2)& ()#1$)/.&6 7- '%&!!)"# 3-#! ,- '4-!& '"%$&.!&

&!$ #"$1& Pg6 8#9# ,&! $&%+&! 30)#$&%-($)"#! Qg−d Fg−d !"#$ %&,-$):! -.;

$%-#!:&%$! 3& (4-,&.% &$ 3& /.-#$)$1 3& +".*&+&#$ 3. 2-5 *&%! ,&! 2".$$&!6

<& !=!$>+& 3& !); 1/.-$)"#! &!$ ("#!$)$.1 3& 4.)$ )#("##.&! ? ρg Pg Tg ug 

ρ∗d Td ud &$ φd6 7& 2-5 /.) ("+'"!& ,- '4-!& 3)!'&%!1& &!$ ("#!)31%1 ("++&

'-%:-)$6 <&$$& 4='"$4>!& -''"%$& ,01/.-$)"# !.'',1+&#$-)%& !.)*-#$& ?

Pg = ρgRTg @A6BC

701/.-$)"# 3& ("#!&%*-$)"# 3. #"+D%& 3& 2".$$&! &!$ -E".$1& F (&,,&! 3&

("#!&%*-$)"# 3& +-!!& 3& /.-#$)$1 3& +".*&+&#$ &$ 301#&%2)& 3&! '4-!&!

'"%$&.!& &$ 3)!'&%!1& ?

∂nd

∂t
+

∂ndud

∂x
= ṅd @A6GHC

<&,- -!!.%& ,- :&%+&$.%& 3. !=!$>+& ("+'$& $&#. 3& ,- %&,-$)"# &#$%& nd φd

&$ ρ∗d 3"##1& '-% ,- 319#)$)"# 3& ,- :%-($)"# *",.+)/.& αd &$ 3& ,- +-!!&

*",.+)/.& -''-%&#$& ρ∗d ?

ρ∗d = αdρd =
Ndπφ

3

6
ρd @A6GGC

7& !&("#3 +&+D%& 3& ,01/.-$)"# A6GH ṅd &!$ %&,-$): F ,- '%)!& &# ("+'$& 3&

,- (%1-$)"# 3& 2".$$&! '-% ,& '%"(&!!.! 3& :%-2+&#$-$)"#6 7"%!/.& ,&! $%-#!I

:&%$! 3& +-!!& ,0-22,"+1%-$)"# ". ,- :%-2+&#$-$)"# 3& '-%$)(.,&! !"#$ #1I

2,)21! ,& !&("#3 +&+D%& &!$ #.,6 701/.-$)"# &!$ -,"%! 1/.)*-,&#$& F (&,,& 3&

("#!&%*-$)"# 3& ,- +-!!& 3& ,- '4-!& 3)!'&%!1&6

 !"!# $%&'%( )*+,-%&./-+0,( %,-&% 1% 2.3 %- 1%( 4.&-+/51%(

7&! $&%+&! 301(4-#2&! &#$%& ,& 2-5 &$ ,&! '-%$)(.,&! .$),)!&#$ 3&! ("%%1I

,-$)"#! "D$&#.&! 3-#! ,& (-! 3& '-%$)(.,&! )!",1&!6 7- '4-!& 3)!'&%!1& &!$

("#!)31%1& ("++& 3),.1& (& /.) )+',)/.& /.& ,&! 1,1+&#$! /.) ,- ("+'"!&#$

"#$ '&. 30&J&$! ,&! .#! !.% ,&! -.$%&!6

 !"#$ %$ &"'()*$

K-#! ,& (-! 30.# 1(".,&+&#$ 30-)% &$ 30.# #.-2& ("+'"!1 3& 2".$$&!

30&-. ,& %-''"%$

ρd
ρg

&!$ )+'"%$-#$6 7- +-!!& *)%$.&,,& ,&! :"%(&! )#3.)$&!

'-% ,& 2%-3)&#$ 3& '%&!!)"# '&.*&#$ 3"#( L$%& #12,)21&! -)#!) /.& ,&! :"%(&!
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", 4'&&,(5 6!33,-7,$"  ! "#$ 89::; !)( #(+"%# $.%31!-(')/, ", /,& 7!-/,& ,)

/!31'-')( $,& -#&+$('(& !<(,)+& $!-&=+.,$$,& &!)( (!+(,& 1-%&,& ,) /!31(, '2,/

$, /'& !> &,+$, $' (-'%)#, ", 6(!?,& ,&( /!)&%"#-#,5 @,& '+(,+-& !)( (-!+2# ",&

-#&+$('(& &%3%$'%-,& 1!+- ",& )!3<-,& ", A,B)!$"& &+1#-%,+-& C DE 8FG;5 @'

7!-/, ", (-'%)#, ,&( /'$/+$#, 1'- H

−−→
Fg−d =

1

2
ρgCx

πφ2

4
‖ ~ud − ~ug‖( ~ud − ~ug) I:59JK

@, /!,L/%,)( ", (-'%)#, +(%$%&# ,&( /,$+% ", M!+-"')  ! "#$ 8F9; 1-#&,)(# '+

/0'1%(-, 9N #=+'(%!) 95JO5 @,& 3!B,)& 3%& ,) !,+2-, 1!+- $, "#(,-3%),- &!)(

1-!/0,& ", )!& /!)"%(%!)& ,P1#-%3,)('$,&N /.,&( 1!+-=+!% %$ ' #(# -,(,)+5 Q$

&.#/-%( H

log10Cx = −0.69555+1.2589log10(Re)−0.46458(log10(Re))2+0.04532(log10(Re))3

I:59RK

#$%&'()$* +) ,-%.)/$

@,& (-')&7,-(& ", /0'$,+- &!)( ,&(%3#& C 1'-(%- ", /!--#$'(%!)& ,31%-%=+,&

"!))#,& 1'- H

Qg−p = ndπφdhNu(Tg − Td) I:59:K

!> h ,&( $, /!,L/%,)( ", (-')&7,-( /!)2,/(%7 ,( Nu $, )!3<-, ", S+&&,$( /'$/+$#
1'- $' /!--#$'(%!) ", A')TU '-&0'$$ 8FR;N 1-#&,)(#, '+ /0'1%(-, 9N #=+'(%!)

95RR5

Nu =
hφ

λ
= 2 + 0.6Re

1

3Pr
1

3
I:59DK

 !" #$%&'() *+,$-./+)

@, &B&(V3, ".#=+'(%!)& ", /!)&,-2'(%!) 1,+( W(-, #/-%( &!+& 7!-3, 3'(-%U

/%,$$, H

∂U

∂t
+
−→▽.
−→
F (U) = H(U) I:59OK

!> U N $, 2,/(,+- ",& 2'-%'<$,& /!)&,-2#,&N F (U)N $, 2,/(,+- ",& X+P '&&!/%#&
,( YIEKN $, 2,/(,+- ",& (,-3,& ".%)(,-'/(%!) &.#/-%2,)( H

U = (ρg, ρgug, ρgEg, ρdud, ρdud, ρdEd, nd) I:59FK

F (U) = (ρgug, ρgu
2
g + Pg, ug(ρgEg + Pg), ρdud, ρdu

2
d, ρdudEd, nd)I:59ZK
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H(0) = (0, Fg−d, ugFg−d +Qg−d, 0,−Fg−d,−ugFg−d −Qg−d, ṅd)456789

:, &/0#3' )+3#-%;+, ,31$!<# 1!+- -#&!+"-, $, &<&(=3, ".#;+'(%!)& "%>#-,)?

(%,$$,& /!)&%&(, @ $, &#1'-,- ,) ",+A 1'-(%,&6

B), 1'-(%, 0!3!C=), D

( ∂

∂t
+ ~∇. ~F

)

.U = Lconv

(

U
)

= 0 456EF9

,( +), 1'-(%, %)/$+')( $,& (,-3,& ".%)(,-'/(%!)& 1-#&,)(& '+ &,/!)" 3,3G-, D

( d

dt
+H

)

.U = Lsource

(

U
)

= 0 456E79

Lsource ,( Lconv &!)( $,& !1#-'(,+-& ".%)(#C-'(%!) "#H)%& 1!+- $.#;+'(%!) 0!?

3!C=), ,( /,$$, %)/$+')( $,& (,-3,& &!+-/,&I -,&1,/(%2,3,)(6 :,& &!$+(%!)& ",

/,& #;+'(%!)& Ũn+1
,( Un+1

&!)( "!))#,& 1'- D

Lconv

(

Un
)

= Ũ 456EE9

Lsource

(

Ũ
)

= Un+1
456EJ9

 !"!# $%&'()* +,('-./,0*

K')& $, /'"-, ",& 3!"#$%&'(%!)& )+3#-%;+,& ", (,$& #/!+$,3,)(&I $,& 3#?

(0!",& '+A "%>#-,)/,& H)%,& ,( '+A 2!$+3,& H)%& 1,+2,)( L(-, ,)2%&'C#,&6 :'

3#(0!", '+A 2!$+3,& H)%& ,&( /0!%&%, /'- ,$$, ,&( 1$+& -!G+&(, ,( 1$+& &!+1$,

".+(%$%&'(%!) ;+, $' 3#(0!", '+A "%>#-,)/,& H)%,& G%,) ;+, $' -#&!$+(%!) ",&

1-!G$=3,& ", M%,3')) &!%( 1$+& $!)C+,6 K, 1$+&I /,((, 3#(0!", ,&( N,A%G$,

,( 1,+( '%&#3,)( &.'"'1(,- @ ",& 3'%$$'C,& &(-+/(+-#& !+ )!)6

:' 3#(0!", ",& 2!$+3,& H)%& ,&( "!)/ ,31$!<#, 1!+- -#&!+"-, $,& #;+'(%!)&

", /!)&,-2'(%!)6 :' "%&/-#(%&'(%!) ",& O!-3+$'(%!)& %)(#C-'$,& &.,>,/(+, "')&

$.,&1'/, 10<&%;+,6

:.!1#-'(,+- Lconv +(%$%&, +) &/0#3' ", (<1,  BPQ: 4 !)!(!)%/ B1R%)"

P/0,3, O!- Q!)&,-2'(%!) :'R&9S75TUI 2#-%H')( $,& 1-!1-%#(#& V6W6K6 Q, &/0#3'

,&( "+ &,/!)" !-"-, "')& $.,&1'/, ,( $, (,31&6 :.!1#-'(,+- Lsource ,&( +) &!$?

2,+- XK* 4*;+'(%!)& K%>#-,)(%,$$,& X-"%)'%-,&96 :, &/0,3' ", M+)C,?Y+(('I

,A1$%/%(,I "+ &,/!)" !-"-, ,&( '&&,Z 1-#/%& 1!+- %)(#C-,- $,& (,-3,& &!+-/,&6

:,& 3L3,& &/0#3'& )+3#-%;+,& &!)( +(%$%&#& 1!+- -#&!+"-, $,& ",+A 10'&,&

/!)(%)+, ,( "%&1,-&#,6
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 !"!# $%&'(& )*+ ,(-

4!"+)!2 ,) 5676 859:; ' "#2,$!11# $, 1-,3%,- &!$2,+- ", <%,3')) ,='/(

>+% 1,-3,( ", /'$/+$,- $,& ?+= >+% (-'2,-&,)( +), %)(,-@'/, &#1'-')( ",+=

3%$%,+= "!)( $,& #('(& (0,-3!"A)'3%>+, ,( /%)#3'(%>+, &!)( "%B#-,)(&C D,((,

/!)EF+-'(%!) ,&( /!))+, &!+& $, )!3 ", 1-!G$H3, ", <%,3')) I/@C D0'1%(-,

JKC L,& ?+= ", $' 10'&, F'M,+&, &!)( /'$/+$#& 1'- $, &!$2,+- ,='/( ", <%,3'))C

N!+- $' 10'&, "%&1,-&#,O $, &!$2,+- ,='/( "#2,$!11# 1'- P'+-,$  ! "#$ 859Q; ,&(

,31$!A#C

 !"!" .%/&&%0* *1 2%+ )* 1*32+

L, 1'& ", (,31& ", /'$/+$O ∆tO "#1,)" "+ 3'%$$'F, /0!%&% ,( "!%( -,&1,/(,-
$, /-%(H-, ", &('G%$%(# ", D!+-')(RS-%,"-%/0&RL,TA IDSLK "#E)% 1'- U

∆t = CCFLmin(∆tE−W ) I9CJ9K

!V CCFL ,&( +), /!)&(')(, /!31-%&, ,)(-, W ,( 5C L' 2'$,+- WC6 ,&( 1-#/!)%&#,

1!+- >+, $, &/0#3' &!%( &('G$, ,( /!)&,-2'(%@C ∆tE−W ,&( $%# '+ (,31& ",

"#1$'/,3,)( ",& !)",& &+- $' /,$$+$, ", /'$/+$ #(+"%#,C X$ ,&( /'$/+$# 1'- U

∆tE−W =
LE−W

‖ ~uglE−W + c‖
I9CJ7K

!V LE−W ,&( $' ('%$$, ", $' /,$$+$, ,(
−−−→
lE−W $' "%-,/(%!) /'-'/(#-%&(%>+, ", $'

/,$$+$,C L, /!", ", /'$/+$ N*4YP* Z #(# 2'$%"# 1!+- ",& /'& (,&(& /$'&&%>+,&

,( )!('33,)( 1!+- $, (,&( ", P!" 859JO 59[O 596O 57W; C L.#/!+$,3,)( %)"+%(

$!-& ", $.%)(,-'/(%!) ,)(-, +), !)", ", /0!/ ,( +), )+'F, ", F!+((,& "')&

$, (+G, Z /0!/ \[W I/@C /0'1%(-, JK ,&( &%3+$# 1'- N*4YP*C L, "!3'%), ",

/'$/+$ ,&( '$!-& ", ]OQ67 3 &!%( $' $!)F+,+- "+ (+G, Z /0!/ \[WC

L, 3'%$$'F, '"!1(# 1!+- (!+& $,& /'$/+$& 1-#&,)(#& /!--,&1!)" Z +), /,$$+$,

(!+& $,& 3%$$%3H(-,&C Y%)&%O +), G!)), 1-#/%&%!) ,( +), @'%G$, "%B+&%!) &!)(

!G(,)+,&C
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 ! "#$%&'($)*# %#$&% +#% *#,% ,% (-*( %$ ,%.

/*+$$%. .'#. 0&'/1%#$'$)*#

4')& /,((, 1'-(%,5 $,& #$#3,)(& ", $' 10'&, "%&1,-&#, !)( $,& 1-!1-%#(#&

106&%7+,& ", $.,'+ 3'%& &!)( /!)&%"#-#& /!33, ",& 1'-(%/+$,& '6')( $.%31!&8

&%9%$%(# ", &, :-';3,)(,- <ṅd = 0=> ?,& /!)"%(%!)& ", -#:#-,)/, +(%$%&#,& 1!+-
%)%(%'$%&,- $,& 1-,&&%!)&5 2%(,&&,& ,( 3'&&,& 2!$+3%7+,& "')& $,& /0'39-,& 0'+(,

1-,&&%!) ,( 9'&&, 1-,&&%!) "+ (+9, @ /0!/ &!)( /,$$,& "+ (%- T80#665> *$$,&
&!)( /'$/+$#,& 1'- $,& -,$'(%!)& ", A')B%),8C+;!)%!( @ 1'-(%- "+ )!39-, ",

 '/0 ", $.,&&'% ,( &!)( 1-#&,)(#,& ('9$, D>E> ?,& /'-'/(#-%&(%7+,& %)%(%'$,& ",

$' 10'&, "%&1,-&#, &!)( "!))#,& ('9$, D>F>

 !"#$ D>E G H'-'/(#-%&(%7+,& ",& /!)"%(%!)& %)%(%'$,& ", $' 10'&, 1!-(,+&,

<'%-= -#;)')( "')& $,& /0'39-,& 0'+(, 1-,&&%!) ,( 9'&&, 1-,&&%!)

H0'39-, CI H0'39-, JI

I-,&&%!) <Pa= 6, 813.105 1.105

 '&&, 2!$+3%7+, <kg.m−3
= 7, 92 1, 182

K%(,&&, <m.s−1= 0 0

 !"#$ D>F G H'-'/(#-%&(%7+,& ",& /!)"%(%!)& %)%(%'$,& ", $' 10'&, "%&1,-&#,

/!--,&1!)"')( '+ (%- LMNOPPQ

4,)&%(# '11'-,)(, <kg.m−3
= 10, 5

R9&/%&&, ".%)(,-'/(%!) <mm= 2959
4%3,)&%!) )+';, <mm= 751
4%'3S(-, <µm= 500
L,31#-'(+-, <K= 293
K%(,&&, <m.s−1= 0

?,& -#&+$('(& !9(,)+& )+3#-%7+,3,)( @ 0+%( &('(%!)& ", 3,&+-, $!/'$%&#,& ,)

'3!)( ,( @ $.%)(#-%,+- "+ )+';, &!)( /!31'-#& T;+-, D>E '2,/ /,+U !9(,)+&

,U1#-%3,)('$,3,)(> ?.#2!$+(%!) "+ &%;)'$ ", 1-,&&%!) 1-#&,)(, $.'$$+-, /'-'/8

(#-%&(%7+, !9&,-2#, $!-& ", $.%)(,-'/(%!) ,)(-, +), !)", ", /0!/ ,( +) )+';,

", 1'-(%/+$,& </:> /0'1%(-, V=> W$ &.';%( ".+), "%3%)+(%!) "+ 1%/ ", 1-,&&%!) '+

:+- ,( @ 3,&+-, ", &' 1-!1';'(%!) "')& $, )+';, ", ;!+((,&> H, 1%/ ,&( &+%2%
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".+), 4!), !5 $' 1-,&&%!) '+63,)(, 7 )!+2,'+ 8+&9+.7 '((,%)"-, +), 1-,&&%!)

".#9+%$%:-,;

<% !) /!31'-, $,& &%6)'+= )+3#-%9+,& ,( ,=1#-%3,)('+= 7 $' &('(%!) S8> !)

!:&,-2, +), :!)), /!)/!-"')/, "+ 1$'(,'+ ", 1-,&&%!); ?, $#6,- 1%/ ,=1#@

-%3,)('$ %)%(%'$ ,&( '((-%:+# 7 $' 1-#&,)/, "+ 1,-/+(,+-; A), "%B#-,)/, ",

1-,&&%!) '11'-'C( ,)&+%(, '+ )%2,'+ "+ D'%&/,'+ ", "#(,)(,;

?.!)", ", /0!/ -#E#/0%, !:&,-2#, &('(%!) S7 ,( $.!)", ", /!31-,&&%!) !:@

&,-2#, &('(%!) S6 !)( $' 3F3, "G)'3%9+, 9+, /, &!%( ,=1#-%3,)('$,3,)( !+

)+3#-%9+,3,)(; H,$' &,3:$, "#3!)(-,- +), :!)), ,&(%3'(%!) ", $.':&/%&&,

".%)(,-'/(%!) 1'- $' 3#(0!", ", "%'6)!&(%/ !1(%9+, ,31$!G#,; H,1,)"')(> $,

)%2,'+ '((,%)( 7 $' 1-,&&%!) ".#9+%$%:-, ,&( "%B#-,)( "')& $,& /'& ,=1#-%3,)@

('+= ,( )+3#-%9+,&; H,$' 1,+( 1-!2,)%- ,) 1'-(%, ", $.,--,+- /!33%&, $!-&

",& ,=1#-%,)/,& &+- $.,&(%3'(%!) ", $' D-'/(%!) 2!$+3%9+, ,( 1!+- +), '+(-,

1'-(%, ", $' 3!"#$%&'(%!); I$ ' #(# 3!)(-# 1-#/#",33,)( 9+, /, )%2,'+ ",

1-,&&%!) '+63,)(, '2,/ $' D-'/(%!) 2!$+3%9+,;

J, 1$+&> 1!+- (!+(,& $,& &('(%!)& ", 3,&+-, KS8 7 S1L> $,& '--%2#,& ",& !)",&

", /0!/ %)/%",)(, ,( (-')&3%&, &!)( &+1,-1!&#,&; H,1,)"')(> $.!)", ", /0!/

-#E#/0%, &+- $, D!)" ", $' /0'3:-, :'&&, 1-,&&%!) '--%2, :%,) 1$+& (M( 9+,

/,$$, !:&,-2#, ,=1#-%3,)('$,3,)(; *) !+(-,> 7 $.%)(#-%,+- "+ )+'6, KS5 7 S1L>

$' 4!), ", "#(,)(, 9+% &+%( $, 1%/ ", 1-,&&%!) &+- $, &%6)'$ ,=1#-%3,)('$ ).,&(

1'& !:&,-2#, )+3#-%9+,3,)( ,) $.':&,)/, ", D-'63,)('(%!); N%)'$,3,)(> $,

1%/ ", 1-,&&%!) ,( $.%31+$&%!) &!)( 3!%)& '((#)+#& "')& $, /'& )+3#-%9+,

KS3 7 S1L; I$ '11'-'C( "!)/ 9+, $,& "%B#-,)/,& 9+% ,=%&(,)( ,)(-, $,& -#&+$('(&

)+3#-%9+,& ,( ,=1#-%3,)('+= "!%2,)( 1-!2,)%- ", $' /'1'/%(# ",& 6!+((,& 7

&, D-'63,)(,-; J, 1$+&> !) ' #(':$% ,=1#-%3,)('$,3,)( K/D; /0'1%(-, OL 9+,

$.#/$'(,3,)( ",& 6!+((,& ,&( +) 1-!/,&&+& D!-(,3,)( $%# 7 $' 1-#&,)/, ", $'

4!), ", "#(,)(,; P'- /!)&#9+,)(> $' D-'63,)('(%!) "!%( F(-, 1-%&, ,) /!31(,

"')& $' 3!"#$%&'(%!) )+3#-%9+,;
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ndτ−ndt0

τ
:6 (28 +3(3*%,+ -. S8 > S1!



 !"#$%&'(%!) *+$,-%,)), ", $.%)(,-'/(%!) ".+), !)", ", /0!/ 1$'), '2,/ +)

3%$%,+ "%$+#  !"

+), /!31'-'%&!) ", $' &%3+$'(%!) ,4,/(+#, '2,/ $' 1-%&, ,) /!31(, ", $'

5-'63,)('(%!) 1-#&,)(#, 76 89:; ,( +), &%3+$'(%!) -#'$%&#, &')& 5-'63,)('<

(%!) 1!&&%=$, "')& $, /'& !> $, "%'3?(-, %)%(%'$ ",& 6!+((,& ,&( ", @AA µm9 B,&
",+C &%6)'+C !=(,)+& 1-#&,)(,)( +), "D)'3%E+, ,( ",& 1-,&&%!)& &%3%$'%-,&9

F,((, !=&,-2'(%!) /!)7-3, $' (-!1 6-')", -'1%"%(# "+ 10#)!3?), $!-&E+, &,+$

$, ('+C ", 1-!"+/(%!) ,&( %31$#3,)(#9 G+,)(H3') IJJK 1-#/%&, E+, &% $.#/$'<

0 2 4 6 8 10

T80#665

 Exp

 n
d
=( n

d τ
-n

d t0
 )/τ  , φ

0
=500µm

 n
d
=0                , φ

0
=100µm

t (ms)

Station 2 (3520 mm)

0 2 4 6 8 10

0

1

2

3

4 T80#665

 Exp

 n
d
=( n

d τ
-n

d t0
 )/τ  , φ

0
=500µm

 n
d
=0                , φ

0
=100µm

t (ms)

∆
P

 (
b
ar

)

Station 4 (3190 mm)

0

1

2

3

4 T80#665

 Exp

 n
d
=( n

d τ
-n

d t0
 )/τ  , φ

0
=500µm

 n
d
=0                , φ

0
=100µm

∆
P

 (
b
ar

)

Station 7 (2630 mm)

T80#665

 Exp

 n
d
=( n

d τ
-n

d t0
 )/τ  , φ

0
=500µm

 n
d
=0                , φ

0
=100µm

Station 5 (3080 mm)

 !"#$% 89L M *2!$+(%!)& ", $' 1-,&&%!) ,) 5!)/(%!) "+ (,31&; !=(,)+,& )+<

3#-%E+,3,)( $!-& ", $.%)(,-'/(%!) ".+), !)", ", /0!/ ",  '/0 @9N ,( ", ",+C

)+'6,& /!)&(%(+#& ", ",+C "%'3?(-,& ", 6!+((,& ".,'+ ", @AA µm ,( NAA µm
"#7)%& ('=$, 89L9 B' 10'&, "%&1,-&#, ,&( /!31!&#, ", 6!+((,& ", NAA µm ",

"%'3?(-, $!-&E+, $' 5-'63,)('(%!) ,&( '/(%2#, Oṅd =
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"%'38(-, φt0 2' &.'(!3%&,- ,) 1$+&%,+-& 9!+((,& CD$$,&C ", "%'38(-, φτ @ A,

('+7 ", 2'-%'(%!) "+ "%'38(-, &.#/-%( '$!-& E
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τ
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(
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S2@ T% $.#('1, ", "#5!-3'(%!) /'$/+$#, 1'- $' /!--#$'(%!) ", K%$/0  ! "#$ :HO= ,&(

'U!+(#, N /, 3!"8$,L $' 1-,&&%!) ,&( 1,+ /0')9#, '+7 (,31& /!+-(& /!33, $,
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"+ -'11!-(

φt0

φτ
L "')& $, /'& ", $' 3!"#$%&'(%!) 1'- $.'//-!%&&,3,)( "+ )!3B-,
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α
d
=0.25 %

α
d
=1.05 %

 !"#$%  !"# $ %&'()*)+,&- ./, 01&234+&-, ./ 2) (*/,,+&- /- 5&-64+&- .3

4/'(, &74/-3/, -3'0*+83/'/-4 (&3* 4*&+, -3)9/, ./ 5*)64+&-, 1&23'+83/,

*/,(/64+1/, .+:0*/-4/, .&-4 2/, 9&344/, ./ ;## µm ./ .+)'<4*/ +-+4+)2 ,/ 5*)9=

'/-4/-4 >"?@ ABC ,/2&- 2/ '&.<2/ .3 4)3D ./ 1)*+)4+&- .3 .+)'<4*/ E4)7!  !"

/4  !FG!

'+-+')2/ )44/+-4/ .)-, 2) H&-/ &I 2) (*/,,+&- .06*&J4 /,4 *0.3+4/ (&3* 2/

-3)9/ ./ (23, 9*)-./ 5*)64+&- 1&23'+83/@ 6/ 83+ -K/,4 (), &7,/*10 /D(0*+=

'/-4)2/'/-4! L/, *0,324)4, &74/-3, ,3* 2) 7),/ .3 '&.<2/ ./ 5*)9'/-4)4+&-

83+ */(&,/ ,3* 2/ 4)3D ./ 1)*+)4+&- .3 .+)'<4*/ >"?C .&--/ 3- 6&'(&*4/'/-4

92&7)2 /- 6&M0*/-6/ )1/6 6/23+ '/,3*0 /D(0*+'/-4)2/'/-4!

 !"!# $%&'(%)( *' *+,-./0( *(1 23'//(1

L) N93*/  !"" */(*0,/-4/ 2K01&234+&- ./ 2) (*/,,+&- /- 5&-64+&- .3 4/'(,

)3D 83)4*/ ,4)4+&-, S7@ S5@ S4 /4 S2 &74/-3/ -3'0*+83/'/-4 (&3* 4*&+, .+)=
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t (ms)

 !"#$% 4566 7 8!31'-'%&!) ",& #2!$+(%!)& ", $' 1-,&&%!) ,) 9!)/(%!) "+

(,31& !:(,)+,& )+3#-%;+,3,)( 1!+- (-!%& "%'3<(-,& ", =!+((,& -,&1,/(%9& ",

>?@ µmA ?@@ µm ,( 6@@@ µm ,( +), 9-'/(%!) 2!$+3%;+, ", 65@?% B(':5 456
,( 45>C5 D, ('+E ", 9-'=3,)('(%!) +(%$%&, $, 3!"<$, "+ ('+E ", 2'-%'(%!) "+

"%'3<(-, F6GA HIJ5

3<(-,& "%K#-,)(& L φd = 250 µmA φd = 500 µmA φd = 1000 µm5 M A HdA xint

,( αd &!)( $,& 3M3,& ;+, /,+E ", $.,&&'% T80#6655
D.#2!$+(%!) ", $' 1-,&&%!) N $' &('(%!) S7 3!)(-, ;+, $.!)", ", /0!/ -#O#/0%,

&+- $.%)(,-9'/, '%-P)+'=, '--%2, '+(!+- ", 4 ms 1!+- $,& (-!%& "%'3<(-,& ",&
=!+((,&5 Q, 1$+&A $' 1-,&&%!) %)"+%(, 1'- &!) 1'&&'=, ,&( $' 3M3, ;+,$ ;+,

&!%( $, "%'3<(-, ",& =!+((,&5

R-<& ", $' S!), ".%)(,-'/(%!)A &('(%!) S5A 1$+& $, "%'3<(-, %)%(%'$ ,&( 9'%:$,A

1$+& $, 1%/ ", 1-,&&%!) ,&( -#"+%(5 Q, 1$+&A $, (,31& ".'--%2#, N $' 1-,&&%!)

".#;+%$%:-, ,&( -,('-"# '2,/ $.'+=3,)('(%!) "+ "%'3<(-,A /!33, !) 1,+( $.!:T

&,-2,- '+E &('(%!)& S5 ,( S45 U+E &('(%!)& ", S5 N S2A 1!+- $,& (,31& /!+-(&A



 !"#$%&'(%!) *+$,-%,)), ", $.%)(,-'/(%!) ".+), !)", ", /0!/ 1$'), '2,/ +)

3%$%,+ "%$+#  !"

$' "#(,)(, 4+% &+%( $, 1%/ ", 1-,&&%!) ,&( -#"+%(, '2,/ $, "%'35(-, ",& 6!+((,&7

/, 4+% ,&( !8&,-2# ,91#-%3,)('$,3,)(: ;(')( "!))# 4+, $,& "%'35(-,& &!)(

"%<#-,)(&7 $,& )!38-,& ", =,8,- /!--,&1!)"')( > /0'/+) ", /,& "%'35(-,&

/0')6,)(: ?%)&%7 $, (,31& ", "#@!-3'(%!) ,( $, (,31& (!('$ ", @-'63,)('(%!)

/'$/+$#& 1'- $,& /!--#$'(%!)& ", A%$/0 ,( *-"3') BCDE "%<5-,)(: F, /, @'%( $.#2!G

$+(%!) "+ "%'35(-, '+ /!+-& "+ (,31& 2' H(-, "%<#-,)(, /, 4+% 1,+( ,)(-'%),-

$,& #/'-(& !8&,-2#& '+&&% 8%,) &+- $' 2'$,+- "+ 1%/ ", 1-,&&%!) 4+, "')& $'

"+-#, ,( $' @!-3, ", $' "#(,)(,:

 !"!# $%&'( ) *&+,-.( '/0.1-23( .42*%-2%(

I' &+-@'/, ".#/0')6, &,38$, H(-, +) 1'-'35(-, %31!-(')( /!)/,-)')( $'

"#/-!%&&')/, "+ 1%/ ", 1-,&&%!): I,& (-')&@,-(& (0,-3%4+,& ,( $' @!-/, ", (-'%G

)#, "#1,)",)( ", /,((, 6-')",+-: ?J) ", /!))'%(-, $.%)K+,)/, ", $' &+-@'/,

".#/0')6, %)%(%'$, &+- $' 1-!1'6'(%!) ", $.!)", ", /0!/ "')& $, )+'6, ",

6!+((,$,((,&7 ",& &%3+$'(%!)& '2,/ +), &+-@'/, ".#/0')6, /!)&(')(, &!)( ,<,/G

(+#,&: I' &+-@'/, (!('$, ".#/0')6, ,)(-, $,& 6!+((,& ".,'+ ,( $.#/!+$,3,)(7 ,)

&+11!&')( $, )+'6, 3!)!"%&1,-&,7 ,&( /'$/+$#, 1'- $' -,$'(%!) L

Setotale = ntotaleSegoutte MN:CCO

Setotale =
Veau

Vgoutte

Segoutte MN:CNO

Setotale =
Veau

πφ3

d

6

πφ2
d MN:CPO

Setotale =
6Veau

φd

MN:CQO

MN:CDO

R) 1,+( "!)/ (-!+2,- 1!+- +), &+-@'/, ".#/0')6, /!)&(')(, $' @-'/(%!) 2!$+G

3%4+, /!--,&1!)"')(, L

αd =
Veau

Vnuage

MN:CSO

αd =

Setotale
φd

6

Hda2
MN:CTO

R) ' 3,&+-# +) 2!$+3, ".,'+ ", PU 3I 1!+- $, )+'6, ", DPV 33 ", 0'+(,+-

"+ (%- T80#665: A!+- +) "%'35(-, ", φd = 500 µm $' &+-@'/, ".#/0')6, (!G
('$, ,&( "!)/ ", U:Q m2

: W$ ,&( > )!(,- 4+, $' @-'/(%!) 2!$+3%4+, 4+% 1,-3,( ",

/!)&,-2,- +), &+-@'/, ".#/0')6, /!)&(')(, 1!+- +) "%'35(-, ", VUUU µm ,&(
#$,2#, 1'- -'11!-( > $.0X1!(05&, -,4+%&, 1!+- +(%$%&,- $,& #4+'(%!)& "')& +)
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 !"#$ 456 7 8!$+3, ".,'+ ,( 9-'/(%!) 2!$+3%:+, /'$/+$#& 1!+- '2!%- +),

&+-9'/, ".#/0');, (!('$, ", <5=m2

>%'3?(-, µ3 8!$+3, ".,'+ @3AB C-'/(%!) 2!$+3%:+, @%B
D6< D6 <56D

6<< 6< E5<6

E<<< E<< D5<F

3%$%,+ "%$+#5 A' G;+-, 45ED -,1-#&,)(, $.#2!$+(%!) ", $' 1-,&&%!) '+H &('(%!)&

", 3,&+-,& S7I S5I S4 ,( S2 1!+- +), &+-9'/, ".#/0');, #:+%2'$,)(, J /,$$,

!K(,)+, $!-& ", $.,&&'% T80#665 '2,/ (-!%& "%'3?(-,& ", ;!+((,& L D6< µmI 6<<
µm ,( E<<< µm5 A.!)", ", /0!/ -#M#/0%, &+- $, 9-!)( '3!)( "+ )+';, '--%2,
'+(!+- ", 4 msI 1!+- $,& (-!%& )+';,&I /!33, %$ $.' #(# !K&,-2# $!-& ", $.#(+",
)+3#-%:+, ", $.%)M+,)/, "+ "%'3?(-, ",& ;!+((,&I &,/(%!) 45=5D5 A, )%2,'+ ",

$' 1-,&&%!) ".#:+%$%K-, '+;3,)(, '2,/ $' 9-'/(%!) 2!$+3%:+, ",& )+';,& '$!-&

:+, $, 1%/ ", 1-,&&%!) '+;3,)(, '2,/ $.'+;3,)('(%!) ", $' 9-'/(%!) 2!$+3%:+,5

N, /!31!-(,3,)( ,&( /!)(-'%-, J /,$+% !K&,-2# ,H1#-%3,)('$,3,)( ,( )+3#-%O

:+,3,)(I &,/(%!) 45=5E5 N,1,)"')( $!-&:+, $' 9-'/(%!) 2!$+3%:+, ",& )+';,&

'+;3,)(, @J &+-9'/, ".#/0');, /!)&(')(,BI $, "%'3?(-, ",& ;!+((,& :+% /!3O

1!&, $, )+';, "%3%)+,5 >')& $.#(+", )+3#-%:+, 1-#/#",)(,I +), "%3%)+(%!)

"+ "%'3?(-, ",& ;!+((,& ,)(-'%), +), -#"+/(%!) "+ 1%/ ", 1-,&&%!)I /!33,

!K&,-2# %/%I G;+-, 45ED5

P &+-9'/, ".#/0');, /!)&(')(,I /, &,-'%( "!)/ $, "%'3?(-, ",& ;!+((,& :+%

%)M+, $, 1$+& &+- $' 2'$,+- "+ 1%/ ", 1-,&&%!) '$!-& :+, $' 9-'/(%!) 2!$+3%:+,

"#(,-3%), $, )%2,'+ ", $' 1-,&&%!) ".#:+%$%K-,5 N,((, #(+", 1'-'3#(-%:+, 1,-O

3,( ", 2'$%",- $,& /!31!-(,3,)(& !K(,)+& 1'- /'$/+$ '2,/ $, /!", Q*RPS*

$!-&:+, $, 3!"?$, "+ ('+H ", 2'-%'(%!) "+ "%'3?(-, ,&( +(%$%&# &,+$ 1!+- 3!"#O

$%&,- $' 9-';3,)('(%!) ",& ;!+((,&5 *) ,T,(I $,& &%;)'+H ", 1-,&&%!) #2!$+,)(

"')& $, 3U3, &,)& :+, /,+H !K&,-2#& ,H1#-%3,)('$,3,)( ,( 1-#&,)(,)( $'

3U3, '$$+-, /'-'/(#-%&(%:+,5
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 !"#$% 4567 8 9!31'-'%&!) ",& #2!$+(%!)& ", $' 1-,&&%!) ,) :!)/(%!) "+

(,31& !;(,)+,& )+3#-%<+,3,)( 1!+- +), 3=3, &+-:'/, ".#/0')>,? (-!%& "%'@

3A(-,& ", >!+((,& ,( (-!%& :-'/(%!)& 2!$+3%<+,& B(';5 456 ,( 457C5 D, ('+E ",

:-'>3,)('(%!) +(%$%&, $, 3!"A$, "+ ('+E ", 2'-%'(%!) "+ "%'3A(-, F6G? HIJ5
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 !" #$%&'(')*$+ ,-* (.*/01'1* -2&.()%-+1'/2

-1 +/%.()3/-* &$/( 0-* %4%-* 5$+,)1)$+*

,6-**')*

4, /!", ", /'$/+$ 5*678*9 '2,/ $, 3!":$, "+ ('+; ", 2'-%'(%!) "+ "%'<

3:(-, ",& =!+((,& >?@A ,&( 3'%)(,)')( (,&(# 1!+- ".'+(-,& /!)B=+-'(%!)&C D,&

&%3+$'(%!)& )+3#-%E+,& &!)( ,F,/(+#,& 1!+- ",& /!)"%(%!)& %)%(%'$,& E+% &!)(

/,$$,& #2'$+#,& ,;1#-%3,)('$,3,)(C D,& /!31'-'%&!)& ",& 1-,&&%!)& 3,&+-#,&

'+ /!+-& ",& ,;1#-%,)/,& ,( ", /,$$,& /'$/+$#,& )+3#-%E+,3,)( &!)( 1-#&,)(#,&

"')& $,& B=+-,& GC?H9 GC?G ,( GC?IC

4,& -#&+$('(& ,;1#-%3,)('+; +(%$%&#& 1!+- /,((, /!31'-'%&!) &!)( /,+; ",&

,&&'%& T80#6579 T80#753 ,( T80#7649 1-#&,)(# /0'1%(-, G9 ('J$, HCK L +),
!)", ", /0!/ 1$'), ", 3'/0 M = 1.3 %)(,-'=%( '2,/ +), 10'&, "%&1,-&#,
/!)&(%(+#, ", =!+((,& ", IMM µm ", "%'3:(-,9 1!+- ",& N-'/(%!)& 2!$+3%E+,&
-,&1,/(%2,& ", ?CMI %9 MCOI % ,( MC? %C 4,& /!)"%(%!)& %)%(%'$,& ",& /0'3J-,&
J'&&, 1-,&&%!) ,( 0'+(, 1-,&&%!) /!)&(%(+#,& ".'%- &!)( 1-#&,)(#,& "')& $' ('J$,

GCPC

 !"#$ GCP Q R'-'/(#-%&(%E+,& ",& /!)"%(%!)& %)%(%'$,& ",& /0'3J-,& 0'+(, ,(

J'&&, 1-,&&%!) /!)&(%(+#,& ".'%- 1!+- =#)#-,- +), !)", ", /0!/ ",  '/0 ?CH

R0'3J-, S5 R0'3J-, T5

5-,&&%!) UPaV 3, 368.105 1.105

 '&&, 2!$+3%E+, Ukg.m−3
V 3, 981 1, 182

W%(,&&, Um.s−1V 0 0

4' "X)'3%E+, ",& &%=)'+; ", 1-,&&%!) !J(,)+, )+3#-%E+,3,)( ,&( &,3J$'J$,

Y /,$$, !J(,)+, ,;1#-%3,)('$,3,)( (')( &+- $.'--%2#, ",& !)",& ", /0!/ %)/%<

",)(, ,( -#Z#/0%, 1'- $, N!)" ", $' /0'3J-, ,;1#-%3,)('$, E+, &+- $,& #2!$+<

(%!)& ", $' 1-,&&%!)C 4,& )%2,'+; ", 1-,&&%!) ".#E+%$%J-, '((,%)(& &!)( /,1,)<

"')( &+-,&(%3#& '+ /!+-& ",& /'$/+$&9 /, E+% ,)(-'%),-' '$!-& +), &+-,&(%3'(%!)

", $.%31+$&%!)C R,1,)"')(9 $,& 1%/& ", 1-,&&%!) '%)&% E+, $,& [!),& ", "#(,)(,

&!)( -,$'(%2,3,)( J%,) ,&(%3#& $!-&E+, $, 3!":$, ", N-'=3,)('(%!) "!))# 1'-

$, ('+; ", 2'-%'(%!) "+ "%'3:(-, ",& =!+((,& >?@A ,&( %31$#3,)(#C \$ ,&( Y

)!(,- E+, 1!+- $, /'$/+$ ,F,/(+# '2,/ +), N-'/(%!) 2!$+3%E+, ", ?CMI%9 $'
[!), ", "#(,)(, ,&( 3!%)& 1-!)!)/#, E+, /,$$, !J(,)+, ,;1#-%3,)('$,3,)(C
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 !"#$% 4567 8 9!31'-'%&!) ",& -#&+$('(& !:(,)+& ,;1#-%3,)('$,3,)( < $.,&=

&'% >?@ABCD ,( ", /,+; /'$/+$#& )+3#-%E+,3,)( F(':5 45B ,( (':5 75GH 1!+-

+), I-'/(%!) 2!$+3%E+, ", 65@C%J +) "%'3K(-, ", C@@ µm ,( +) )!3:-, ",
 '/0 ", 6575 L, 3!"K$, ".#2'$+'(%!) "+ ('+; ", I-'M3,)('(%!) ,31$!N# ,&(

/,$+% "+ ('+; ", 2'-%'(%!) "+ "%'3K(-, ",& M!+((,& O6?J 7DP5
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 !"#$%  !" # $%&'()(*+%, -.+ )/+012(2+ %32.,0+ .4'/)*&.,2(1.&.,2 5 16.+7

+(* 89:;<=> .2 -. ?.04 ?(1?01/+ ,0&/)*@0.&.,2 A2(3!  !B .2 2(3! >!CD '%0)

0,. E)(?2*%, F%10&*@0. -. :!G=%H 0, -*(&I2). -. =:: µm .2 0, ,%&3). -.

J(?K -. "!>! L. &%-I1. -6/F(10(2*%, -0 2(04 -. E)(M&.,2(2*%, .&'1%N/ .+2

?.10* -0 2(04 -. F()*(2*%, -0 -*(&I2). -.+ M%022.+ O"9H ><P!



 !"#$%&'(%!) *+$,-%,)), ", $.%)(,-'/(%!) ".+), !)", ", /0!/ 1$'), '2,/ +)

3%$%,+ "%$+#  !"

0 2 4 6 8 10

Station 1  (3630 mm)

t (ms)

T80#764        

  Exp      

  Num

Station 2  (3520 mm)

T80#764        

  Exp      

  Num

Station 3  (3410 mm)

T80#764        

  Exp      

  Num

Station 4  (3190 mm)

T80#764        

  Exp      

  Num

0 2 4 6 8 10

0

1

2

3

4
Station 5  (3080 mm)

T80#764        

  Exp      

  Num

∆
P

 (
b
ar

)

t (ms)

0

1

2

3

4
Station 6 (2970 mm)

T80#764        

  Exp      

  Num

∆
P

 (
b
a
r)

0

1

2

3

4
Station 7  (2630 mm)

T80#764        

  Exp      

  Num

∆
P

 (
b
a
r)

0

1

2

3

4
Station 8  (1770 mm)

T80#764        

  Exp      

  Num

∆
P

 (
b
a
r)

 !"#$% 4567 8 9!31'-'%&!) ",& -#&+$('(& !:(,)+& ,;1#-%3,)('$,3,)( < $.,&=

&'% >?@ABC4 ,( ", /,+; /'$/+$#& )+3#-%D+,3,)( E(':5 45C ,( (':5 F5GH 1!+-

+), I-'/(%!) 2!$+3%D+, ", @56%J +) "%'3K(-, ", 7@@ µm ,( +) )!3:-, ",

 '/0 ", 65F5 L, 3!"K$, ".#2'$+'(%!) "+ ('+; ", I-'M3,)('(%!) ,31$!N# ,&(
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