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53'?5 : 3! 8 6#0346 (

I = I 0
tan �  � s

� max  tan �
: )*+B-

C3 %23"$?5 3% '::$8'0!  "! ?5 60 D&0%!'23 E265:'?5 �  "! $406 : 3! %23"!03! 803"
60 %25%A + /0 " %238 1&$8'%!'23 %23% &3 6 1&2F6 8 E'! "" + ;#01&<"*+B= 6 !05G 8 
%'"0'66 : 3! "#$%&'! (

_ =
I (� )

d

p
g� cos� (h  z): )*+HI-

J5'" 10& '3!$4&0!'23= 6 1&2F6 8 E'! "" (

u =
2
3

I (� )
d

p
g� cos� (h3=2  (h  z)3=2): )*+HH-

/ 1&2F6 8 E'! "" 1&$8'! 10& 60 62'� (I )  "! 823% 53 1&2F6 8'! 8 K043268 )L;M N';' OIIP -=
0E % 53 E'! "" ?5' E0&' %2:: 60 1&2D238 5& 7 60 15'""03% 3=2+ Q !! 1&$8'%!'23 %2&9
& "1238 >' 3 05G : "5& " &$06'"$ "  3 "':560!'23 35:$&'?5 8'"%&<! )L;M N';' OIIP -+
; E03! 6 "5%%<" 8 " 62'" %23"!'!5!'E "*+O ! *+R= 53 4$3$&06'"0!'23 ! 3"2&' 66 0 $!$ 1&29
12"$ )S21 ! "#$OII, -+ /0 &A$2624'  "! 062&" 8233$ 10& 53 :28<6 E'"%29160"!'?5 125&
6 ! 3" 5& 8 %23!&0'3! " (

� p
ij =  pp� ij + � p

ij )*+HO-

2T pp  "! 60 1& ""'23 '"2!&21  !

� p
ij = � _ ij avec � =

� (I )pp

j _ j
)*+HR-

;03" % !! D2&:560!'23=j _ j  "! 6 " %238 '3E0&'03! 85 ! 3" 5& (j _ j =
q

1
2 _ ij _ ij +

Q " 62'" %23"!'!5!'E " 23!  5 53 &$ 6 "5%%<" 125& 8$%&'& 8'E &" " %23F45&0!'23"+ / "
$%256 : 3!" "5& !0"  3!& 8 5G 160?5 " &545 5" " )S21  ! "#$OII, -= 6 " '3"!0>'6'!$" 7 60 "5&9
D0% 8#53 $%256 : 3! "5& 1603 '3%6'3$ 8#53 %25%A 8 4&0'3" )U2&! && OII,-=  ! 165" &$% :9
: 3! 6 %26601" 8#53 %26233 4&03560'& "5& 53 1603 A2&'V23!06 )/0%0V W X &"Y 66 OIIB-
"23! 8 "  G :16 " 8 "Z"!<: " >' 3 8$%&'!" 10& 60 &A$2624' 1&212"$ + Q !! D2&:560!'23

H,



 !"! #$%&'&()* +*, %-&.'*/*01, (230.'3)2*,

 !"#$%  !" # $%& '()*& (+,*-%& ./01020345% 67)8(%45 .8 9)3'  ! "#$ :;;< =!

1*&4)>?20&'*@8% (%?+&%3'% 83 ?(%-*%( ?0& 1%(& 20 (%?(+&%3'0'*)3 .8 40(04'A(% 1*&@8%8B .%&
+4)82%-%3'& ,(03820*(%&! 7%?%3.03'C *2 %B*&'% .% &+(*%8&%& 2*-*'%& &* )3 &/*3'+(%&&% D 83
+4)82%-%3' @80&*>&'0'*@8% 2%3'! $0 ?(%-*A(% 2*-*'% 4)34%(3% 2% ?()E2 .% 1*'%&&% )F&%(1+
?)8( 83 +4)82%-%3' @80&*>&'0'*@8% 6G)('%((% H 9)82*@8%3 :;;I=! J)81%3'C .%& F03.%& .%
4*&0*22%-%3' &% .+1%2)??%3' 6K8%'5  ! "#$ :;;; =C @8* 3% &)3' ?0& .+4(*'%& ?0( 2% -).A2%!
L%8B*A-%-%3'C 2% &%8*2 ./+4)82%-%3' %&' .+4(*' .03& 2% -).A2% 4)--% 83 4(*'A(% .% 7)8>
2)-FC 02)(& @8% 2%& %B?+(*%34%& -)3'(%3' .%& 4)-?)('%-%3'& ?28& 4)-?2%B%& 01%4 .%& %M%'&
.% '0*22% E3*% %' ./5N&'+(+&*& 69)82*@8%3 OPPP=! K02,(+ 4%& 2*-*'%&C 20 (5+)2),*%� (I ) %&'
?()-%''%8&%C %' 0 &%(1* .% ?)*3' .% .+?0(' ?)8( 0??(+5%3.%( 2%& +4)82%-%3'& ,(03820*(%&
&)8& -0(*3&!

 !"!# $%&'(')*+ ,-./ 0*(*+. )12/.(2*1+ *00+1)&

$0 .*M+(%34% 01%4 2% 40& &%4 (+&*.% .03& 20 ?(+&%34% ./83 Q8*.% *3'%(&'*'*%2!  2 %&' .)34
?(*-)(.*02 .% 4)-?(%3.(% 2/*3Q8%34% .8 Q8*.% *3'%(&'*'*%2 &8( 2/+4)82%-%3' ,(03820*(%! L%
3)-F(%8&%& +'8.%& )3' +'+ -%3+%& &8( 2%& &8&?%3&*)3& .*28+%& )8 &%-*>.*28+%&C &/*3'+(%&&03'
?(*34*?02%-%3' 08 (+,*-% .)-*3+ ?0( 2%& *3'%(04'*)3& 5N.().N30-*@8%& %3'(% ?0('*482%&!
R( D 4)34%3'(0'*)3 ?28& +2%1+%C *2 %B*&'% .%& 4)3'04'& %3'(% 2%& ,(0*3&C %' 2%& *3'%(04'*)3&
S(*4'*)33%22%& .%1*%33%3' ?(+?)3.+(03'%& 6T34%N ! "#$OPPPUV803,  ! "#$ :;;W =! L03& 2%
F8' .% 4)-?(%3.(% 2% (X2% .8 Q8*.% .03& 4%& (+,*-%& '(A& .%3&%&C .*M+(%3'%& %B?+(*%34%&
(+4%3'%& )3' +'+ (+02*&+%& .03& .*1%(&%& 4)3E,8(0'*)3&! Y3% ?(%-*A(% %B?+(*%34% *-?)('03'%
0 +'+ (+02*&+% ?0( 7)8(%45 .8 9)3' ! "#! 6:;;<= .03& 83% ,+)-+'(*% .% '0-F)8( ')8(303'!
Y3 4N2*3.(% D -)*'*+ (%-?2* .% ,(0*3& %' ?2%*3 .% 2*@8*.% %&' -*& %3 ()'0'*)3 2%3'% ?)8(
.+42%345%( .%& 01020345%& &844%&&*1%& D 20 &8(S04%! $%& 08'%8(& &% &)3' *3'+(%&&+& 08 '%-?&
@8% -%' 83% 01020345% D &/+4)82%( ?8*& &/0((Z'%(!  2& )3' -*& %3 +1*.%34% '()*& (+,*-%&
./+4)82%-%3'& 6E,8(% !" =!7%& (+,*-%& &)3' 4)3'(X2+& ?0( .%8B 3)-F(%& @8* &)3' 2% 3)-F(%
.% J')[%&St @8* .+'%(-*3% 2% (0??)(' %3'(% 2/*3%('*% .%& ,(0*3& %' 2%& %M%'& 1*&@8%8B .8

O\



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

0 500 1000 1500

0.1

0.2

0.3

0.4

0.5

(t + ��d)/����c

na t
��

 – 
�› s

0.2 0.4 0.6 0.8 1.00

0.01

0.02

0.03

0.04

z/b

�V—�V*

(a) (b)

 !"#$%  !" # $%&'()*)+,- ./0+'(01/)- 1**)/.2- )+ -'/30%) -'/ '+ ,0- 4 506 78&(',1&+
9) (:0+.() � 091*)+-1&++2 9) (:080(0+%;) <&'/ 91=2/)+,- 0+.()- 1+1,10'> 9)32:6o ? 38:4o@
,;2&/1) )+ ,/01, %&+,1+' 5A6 </&B( 9) 81,)--) 091*)+-1&++2) 9)- ./01+- -)(&+ (:2<01--)'/z@
� 4 9&++2)- )><2/1*)+,0()-@ ,;2&/1) )+ ,/01, %&+,1+'!

C'19)@ ), (0 /0%1+) 9' /0<<&/, 9) 9)+-1,2r 9)- ./01+- -'/ %)(() 9' C'19)!  ( )>1-,) '+ </)*1)/
/2.1*) 9) D%;',) (1A/)D@ 90+- ()E')( (:080(0+%;) 0%%2(F/) -'/ ,&',) (0 (&+.')'/ 9' ,0*A&'/
<&'/ 9)- +&*A/)- 9) G,&H)- ), 9) /0<<&/, 9) 9)+-1,2 2()82-! I 301A() +&*A/) 9) G,&H)-
-) ,/&'8) () /2.1*) 81-E')'> <&'/ ()E')( (0 9'/2) 9:080(0+%;) )-, %&+,/J(2) <0/ '+ ,)*<-
81-E')'>@ <'1- ? 301A() /0<<&/, 9) 9)+-1,2@ '+ /2.1*) 1+)/,1)( &K (0 9'/2) 9:080(0+%;) )-,
%&+,/J(2) <0/ '+ ,)*<- 1+)/,1)(!

L:'+ <&1+, 9) 8') /;2&(&.1E')@ 9)- 2,'9)- &+, 2,2 *)+2)- </1+%1<0()*)+, 90+- ()
/2.1*) 81-E')'> +&,0**)+, <0/ M0--0/  ! "#! 5NOO"6 90+- '+) %&+B.'/0,1&+ 9:2%&'()*)+,
-'/ <(0+ 1+%(1+2 ), L&<<()/ ! "#! 5NOOP6 90+- '+) %&+B.'/0,1&+ 9:2%&'()*)+, -'/ ,0- )+,/)
9)'> <0/&1-!

M)- 9)'> 2,'9)- -) A0-)+, -'/ '+) 192) -1*<() 9) ,)+,)/ 9:0<<(1E')/ (0 /;2&(&.1) &A,)+')
), 80(192) 90+- () %0- 9)- 2%&'()*)+,- ./0+'(01/)- -)%- 0' %0- 81-E')'>! Q:192) )-, (0
-'180+,)! R&'- 08&+- 8' E') () <0/0*F,/) 1*<&/,0+, -)*A() S,/) () +&*A/) I @ /0<<&/, )+,/)
() ,)*<- 9) %;',) 9:'+) A1(() 90+- '+ ,/&' ), () ,)*<- 1=_ ! T&'/ 92%/1/) '+ 2%&'()*)+,
./0+'(01/) 1**)/.2@ '+) </&<&-1,1&+ 0 2,2 9:1+,/&9'1/) '+ +&*A/) I <&'/ () %0- 81-E')'>
)+ 090<,0+, () ,)*<- 9) %;',) 9:'+) A1(()!

T&'/ %)(0@ () ,)*<- 9) %;',) tmicro 9)81)+, '+ ,)*<- 81-E')'> 9&++2 <0/ tmicro = �=pp

), I )-, /)92B+1 )+ +&*A/) 81-E')'> I 4

I =
� f _
pp

5 !UV6

&K� f )-, (0 81-%&-1,2 9' C'19) 1+,)/-,1,1)(! Q:;W<&,;F-) 1*<&/,0+,) )-, E') (0 3&/*) 9)-
(&1-� (I ) ), � (I ) /)-,) 1+%;0+.2)@ -)'( () +&*A/) 1+)/,1)( I )-, %;0+.2 )+ +&*A/) 81-E')'>
I !

M),,) (&1 0 2,2 ,)-,2) 08)% -'%%F- -'/ ()- )><2/1)+%)- 9) <(0+ 1+%(1+2 5M0--0/  ! "#$NOO"6!
7(() <)/*), 9) /)+9/) %&*<,) 9)- 80/10,1&+- 9) 81,)--) 3&+%,1&+ 9) (:0+.() ), 9) (:2<01--)'/

UX



 !"! #$%&'&()* +*, %-&.'*/*01, (230.'3)2*,

 !"# $" %&'()*  +&,-$.*)*"/ #/!/(-""!(%* */ $"(0-%)*1 2..* ! 3*%)(# &'!.*)*"/  * 3%& (%*
,*%/!("*# -4#*%5!/(-"# 0!(/*# 3!% 6-33.*% ! "#1 7899:;1 <! 5!%(!/(-"  * .+!"'.* 0-",/(-"  $
/*)3# !("#( =$* .* 3%->.  * 5(/*##* 7>'$%*?1@; #-"/ !##*A 4(*" 3%& (/# 3!% .! .-(  * 0%(,/(-"
� (I ) !##-,(&* B .! 3%(#* *" ,-)3/*  * 0%(,/(-" !$C 3!%-(# ("D&%*"/*# B .! ,-">'$%!/(-"  *
E*.*FGD!H1

I-$% (..$#/%*% ,*//* .-(  * 0%(,/(-"  *# &,-$.*)*"/# '%!"$.!(%*# ())*%'&#J ,-"#( &%-"#
.+*C*)3.*  * .+&,-$.*)*"/  +$"* ,-$,D*  * '%!("# ())*%'&* #$% 3.!" (",.("& =$* .+-" %*F
/%-$5*%! /-$/ !$ .-"'  * ,*//* /DK#*1 <* L$( * ! $"*  *"#(/& � f 1 <! ,-"#*%5!/(-"  * .!
=$!"/(/&  * )-$5*)*"/  -""* M

0 = ( � p  � f )g� sin� +
@�
@z

7?1N@;

0 =  (� p  � f )g� cos�  
@pp

@z
7?1NO;

P .+&/!/ #/!/(-""!(%*J -" %*/%-$5* .* %&#$./!/tan � = � (I )1 I *#/  -", ,-"#/!"/  !"#
.+&3!(##*$%J  -""& 3!% .! )Q)* %*.!/(-"?1R=$+*" #*,1 <* 3%->.  $ /!$C  * ,(#!(..*)*"/ *#/
 -", M

_ =
I (� )� �g� cos�

�
(z  h); 7?1N:;

3$(# 3!% ("/&'%!/(-"J .* 3%->.  * 5(/*##* M

u =
I (� )� � �gh 2� cos�

2�
(1  

(z  h)2

h2
); 7?1NS;

<! .-( � (I )  !"# .* ,!# ())*%'& 3%& (/  -", $" 3%->. 3!%!4-.(=$*1 T" %*)!%=$*%! =$* .!
.-(  +&,D*..* *" 3$(##!",* 3=2  !"# .* ,!# #*, */ 2  !"# .! ,!# ())*%'& *#/ (" &3*" !"/  * .!
0-%)*  * .! .-(  * 0%(,/(-" )!(#  &3*" *"/(K%*)*"/  * .+&,%(/$%*  $ "-)4%* #!"#  ()*"#(-"
I -$ I 1 U-$# $/(.(#*%-"# ,*//* 3%& (,/(-"  !"# .! #$(/* */ "-$#  &%(5-"# (,( =$*.=$*# %*.!/(-"#
=$( #*%-"/ $/(.*#1 V-$/  +!4-% J .! 5(/*##* *" #$%0!,* *#/ &'!.* Bus = I� � �gh 2 � cos�

2�  !"
#$%&""'"( )*&+,-&../$" 0 123 "$4. (-$45$". 67')&#&"( )' -&)'(/$" ,$4- )' 5/(&..& #$%&""&
�u = 1

h

Rh
0 udz

�u =
2
3

I� � �gh 2� cos�
2�

=
2
3

us; 80 19:

;&((& -&)'(/$" &"(-& 5/(&..& #$%&""& &( 5/(&..& &" .4-<';& ,$4- 4" ,-$=) ,'-'>$)/?4& "$4.
.&-' 4(/)& ,'- )' .4/(& 

@" ,&4( 67')&#&"( ;');4)&- )& ('4+ A& ;/.'/))&#&"( B )' >'.& _ b '/"./ ?4& I b B )' >'.& C

_ b =
2us

h
=

3�u
h

80 DE:

I b =
3� �u
�hp

80 D1:

?4& "$4. 4(/)/.&-$". A'". )& ;'A-& A&. 6?4'(/$". #$%&""6&. A'". )*6,'/..&4- ?4/ <&-' /"F
(&-5&"/- )&. ?4'"(/(6. B )' >'.& 

19



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

(a) (b)

 !"#$%  !" # $%&'()*+*', (-.' /&0&''* 1)2'.023)* 425 627 08/9*: 4;5 627 (*'7*

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

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

<*7 2==)&/9*7 =)>/>(*',*7 ,2', *' 7*/ ?.-*' 3++*)1>: /&'/*)'*', 0*7 >/&.0*+*',7
>,2;037! $00*7 '* =*)+*,,*', =27 (* =)*'()* *' /&+=,* 0*7 =927*7 ,)2'73,&3)*7 =&.) 0*7?.*00*7
02 =)>=2)2,3&' (. +303*. @&.* .' )A0* 3+=&),2',! B&.7 2C&'7 (>@D C. (2'7 0* =)>2+;.0*
D /*,,* ,9E7* 0-*F=>)3*'/* (*  C*)7&'  ! "#! 4GHHH5 7.) 0* (>/0*'/9*+*', (* 10377*+*',7
(* ,*))23'7!  0 7-213, (-.' *F*+=0* (->/&.0*+*', 1)2'.023)* I&),*+*', 3'J.*'/> =2) 02
=)>=2)2,3&'!

$' 0-2;7*'/* (* 03?.3(* 3',*)7,3,3*0: 02 =)>=2)2,3&' (* 0-*+=30*+*', =*., >120*+*', @&.*)
.' )A0* 3+=&),2',! K2*) 4LMMM5 7-*7, 3',>)*77> D 0-*%&'()*+*', (-.'* /&0&''* (* 1)23'7
*, D 02 7*'73;303,> D 02 =)>=2)2,3&'!  0 2 +&',)> ?.-.' ,27 3'3,320*+*', 08/9* 7-*%&'()*
(3%>)*++*', (-.' ,27 3'3,320*+*', /&+=2/,> =2) C3;)2,3&' 4 K2*) N K&.2(O LMMM5! P&.)
0-*+=30*+*', 08/9*  !" !425: 02 )*02F2,3&' C*)7 0* /A'* Q'20 *7, ,)E7 )2=3(* 2C*/ 0* 92.,
2))&'(3 (E7 0* (>;.,! K2'7 0* /27 (*'7*  !" !4;5: 0*7 /&3'7 7* I)2/,.)*', *, ,&+;*',! <2 R&'*
(->/&.0*+*', *7, /2)2/,>)37>* =2) .'* =2),3* 7.=>)3*.)* )23(* 7* (>=02S2', 0*',*+*', C*)7
0-3',>)3*.) *, .'* =2),3* 3'I>)3*.)* 7->/&.02', D 0-2'10* (-*+=30*+*', Q'20!

T&.7U@2/*', D /*7 (O'2+3?.*7 /&+=0*F*7 7* ,)&.C* .'* =)&=)3>,> ;3*' /&''.* (*7 +3U
03*.F 1)2'.023)*7 ?.-*7, 02 (302,2'/*! <&)7?.-30 7* (>I&)+*: .' *+=30*+*', 1)2'.023)* =*.,
7&3, 7* (302,*) 7&3, 7* /&',)2/,*) 7.3C2', 7&' >,2, 3'3,320! <* =)*+3*) D 2C&3) +37 *' >C3U
(*'/* /* =9>'&+E'* *7, V*O'&0(7 4LWW"5! T&' *F=>)3*'/* /&'737,* D )*+=03) .' )>/3=3*',
(>I&)+2;0* 4,O=* ;200&' (* ;2.()./9*5 (* =2),3/.0*7 *, (-*2. 4Q1.)*  !X5! <* )>/3=3*',
I*)+>: .' ,.;* 7&), (. )>/3=3*', 3'(3?.2', 0* '3C*2. (-*2.! $' /&+=)*772', 0* )>/3=3*',
&' =&.))23, 7-2,,*'()* D /* ?.* 0* '3C*2. (-*2. 2.1+*',*: /&++* =&.) .' J.3(*: +237 2.
/&',)23)*: 0* '3C*2. (3+3'.*! 6*02 7-*F=03?.* =2) 0* I23, ?.-*' 2==.O2', 7.) 0* +2,>)32.
1)2'.023)* 3'3,320*+*', (*'7*: 30 *7, /372300>: /* ?.3 C2 =)&C&?.*) .'* 2.1+*',2,3&' (*
C&0.+* (. )>/3=3*', *, (&'/ .'* (3+3'.,3&' (. '3C*2. (-*2.! 6* /2)2/,E)* (302,2', (*7
+303*.F 1)2'.023)*7 @&.* (&'/ .' )A0* 3+=&),2', (2'7 0-3'3,32,3&' (*7 (>I&)+2,3&'7: *, 2

GH



P � x
� � y

� � y
� x



(a)

(b)

(c)

 

� Z = tan  � X

�
 �

 = K (�  � c)

� c �
� c  

 T

N
 

FT = tan �F N

� FT = T cos  N sin 
FN = N cos + T sin 

T = tan( � +  )N:



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

(a) (b)

 !"#$%  !" # $%&'() &) *+,-.,%/ &) 0%1) ,/-(23/. (43/5() &) &,(3.3/-)  

6)..) /%27)(() (%, &) *+,-.,%/ 53+&) (3 +)(3.,%/ &) 8+%8%+.,%//3(,.9 )/.+) (): *%+-): .3/;
5)/.,)((): ). /%+<3():! =/ /%27)32 -%)>-,)/. &) *+,-.,%/ ):. &9?/, &98)/&3/. @ (3 *%,: &)
(43/5() &) *+,-.,%/ )/.+) (): 5+3,/: � ). &) (43/5() &) &,(3.3/-)  !

A, (4%/ 59/9+3(,:) -)(3 @ 2/ <,(,)2 5+3/2(3,+)B %/ 8)2. 8+%8%:)+ C2) (3 -%/.+3,/.) .3/;
5)/.,)(() &42/ <,(,)2 C2) (4%/ -,:3,(() ()/.)<)/. ):. &%//9 83+ (3 (%, D

� p = ( � c + tan  )pp: E !FGH

%I � c ):. () -%)>-,)/. &) *+,-.,%/ @ (49.3. -+,.,C2)B -4):. @ &,+) C23/& ,( /4J 3 8(2: &)
&,(3.3/-)! 6)..) +)(3.,%/ /%2: ,/&,C2) C2) (43:8)-. &,(3.3/. %2 -%/.+3-.3/. ,/.+%&2,. 2/)
-%/.+,K2.,%/ 32 -%)>-,)/. &) *+,-.,%/!

L) <%&'() &) 0%2M N 03&O3, :49-+,. &%/- 3,/:, 8%2+ 2/ -,:3,(()<)/. 8(3/ %I (3
-%/.+3,/.) /%+<3() pp ):. ,<8%:9)!

� p = ( � c + tan  )pp E !FPH

tan  = K (�  � c) E !FQH
1
�

d�
d

=
� y
� x

= tan  E !FRH

%I  = � x
h ):. (3 &9*%+<3.,%/! L3 8+)<,'+) 9C23.,%/ &%//) (3 -%/.+,K2.,%/ &) (43/5()

&) &,(3.3/-) 32 -%)>-,)/. &) *+,-.,%/! L3 :)-%/&) +)(,) (43/5() &) &,(3.3/-) @ (49-3+. @
(3 *+3-.,%/ 7%(2<,C2) -+,.,C2)! L3 &)+/,'+) ,<8(,C2) C2) (43/5() &) &,(3.3/-) -%/.+S()
(): 73+,3.,%/: &) *+3-.,%/ 7%(2<,C2)! T(() ):. &%//9) 83+ () (,)/ )/.+) (3 73+,3.,%/ &) (3
8%:,.,%/ 7)+.,-3() ). (3 73+,3.,%/ &) (3 *+3-.,%/ 7%(2<,C2) ,/&2,.)! 6) +)(3.,%/ ):. %K.)/2)
-%<<) :2,. D (3 -%/:)+73.,%/ &) (3 <3::) &3/: (3 -)((2() &) -,:3,(()<)/. ,<8(,C2) C2) �h U
-%/:.3/.) :, h ):. (3 V32.)2+ &) (3 -%2-V) 5+3/2(3,+)! L%+: &42/) 8).,. &9*%+<3.,%/ %/ 3

FW



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

 !"#$%  !"# $ %&'()*+', -. (/ 01/2*+', &'()3+4). � .* -. (/ 2',*1/+,*. � p ., 2+5/+((/,* (.
3/*61+/) 71/,)(/+1.8 2/5 -.,5. ., *1/+* 9(.+, .* 2/5 (:2;. ., 9'+,*+((65

-',2 <

d� =
dy
H

� = !>?@

1
�

d�
dx

=
1
H

dy
dx

= !>A@

B1 5+ ', 5)99'5. 4). (/ -60'13/*+', .5* ;'3'7C,.8 (/ -60'13/*+', -. (D62;/,*+((', .5*
 = dx=H! B, *1')&. /+,5+ 4). (.5 &/1+/*+',5 -. (/ 01/2*+', &'()3+4). /&.2 (/ -60'13/*+',
+39'56. .5* -',,6. 9/1 (/ 1.(/*+',  !>E!

F 9/1*+1 -.  !>G .*  !>E8 (. 3'-C(. 5+39(. 916-+* -',2 (D6&'()*+', 5)+&/,*. 9')1 �
0',2*+', -. (/ -60'13/*+', <

1
�

d�
d

= K (�  � c): = !H#@

I/ J7)1.  !"# 3',*1. (D6&'()*+', -. � 5)+&/,* 5/ &/(.)1 +,+*+/(.! K+ (D', 9/1* -. � 6= � c8
� 1.(/L. -',2 &.15 � c 5)1 ),. -60'13/*+', -. (D'1-1. -. 1=(K� c)!

M. 0'13/(+53. 5+39(. 9.13.* -',2 -. -621+1. (.5 2/1/2*C1.5 -+(/*/,*5 .* 2',*1/2*/,*5!
%, 1.&/,2;.8 +( ,. -621+* 4). (.5 -60'13/*+',5 4)/5+N5*/*+4).5 .* -.&1/ O*1. /-/9*6 9')1
O*1. 2'39/*+P(. /&.2 (.5 ('+5 1;6'('7+4).5 9165.,*65 /&/,*!

 !" #$%&'()*(+, -()./%(01$ -$% 234,$5$,*% 6'/3(*/('$%

Q, -.1,+.1 6(63.,* -',* ,')5 /)1',5 P.5'+, 9')1 -621+1. (.5 /&/(/,2;.5 5')5N3/1+,.5
.5* (/ -.521+9*+', -+9;/5+4). -.5 36(/,7.5 71/+,5NR)+-.! I.5 64)/*+',5 -+9;/5+4).5 = S/2T5', >###@
9.13.**.,* -. 3'-6(+5.1 ), 62')(.3.,* -. -.)L 9;/5.5 ., (.5 +,*.1916*/,* 2'33. -.)L
3+(+.)L 2',*+,)5 4)+ 5D+,*.196,C*1.,*! M',5+-61',5 (D62')(.3.,* -D),. 9;/5. 5'(+-. =(.5
71/+,5@ .* -D),. 9;/5. R)+-.! K'+* up .* uf (.5 &+*.55.5 -.5 9;/5.5 5'(+-.5 .* R)+-.8� p .*

>U



 !"! #$%&'()*(+, -()./%(01$ -$% 234,$5$,*% 6'/3(*/('$%

� f  !"# $!%&'() !( �  * +#*,('-% .- "/'0"! $!  * 12*&! &- '$!3 4* ,-%&!#.*('-% $!  * /*&&!
1-"# ,2*,"%! $!& $!"5 12*&!& $-%%! 6

@�
@t

+ r :(up� ) = 0 7839:;

@(1  � )
@t

+ r :(u f (1  � )) = 0 ; 7839<;

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

� p�
�

@up

@t
+ up:r up

�
= r :� p + f + � p� g 78399;

� f (1  � )
�

@u f

@t
+ u f :r u f

�
= r :� f  f + � f (1  � )g: 7839=;

-> � p !( � f &-%( #!&1!,('.!/!%(  !& (!%&!"#& $!& ,-%(#*'%(!& $!  * 12*&! &- '$! !( ?"'$! !(
  * +-#,! $@'%(!#*,('-% !%(#!  !& $!"5 12*&!&3

A% 1#'%,'1!B ,!& )0"*('-%& 1!#/!((!%( $! $),#'#!  ! ,-/1-#(!/!%( $" /) *%C! C#*'%&D
?"'$!3 E-"(!  * $'F," () #)&'$! $*%&  ! ,2-'5 $! � pB� f !(  B 0"! %-"& $'&,"(!#-%& !% $)(*' 
$*%& ,!((! (2G&!3 H-"& .-I-%& $G& J 1#)&!%( 0"!  !& ) )/!%(& $! #2)- -C'! $!& /' '!"5
C#*%" *'#!& '%(#-$"'(& 1#),)$!//!%( .-%( %-"& *'$!# J 1#-1-&!# $!&  -'& ,-%&('("('.!&
1-"# � p3

K.*%( $! &@*((*0"!# *" ,-!"# $!  * (2G&!B &-" 'C%-%& 0"!  !& )0"*('-%& $'12*&'0"!& -%(
&!#.' $! ,*$#! J $! %-/L#!"5 /-$G !& (!%(*%( $! $),#'#!  !& ),-" !/!%(& C)-12I&'0"!&
'/1 '0"*%( $!& /) *%C!& $! C#*'%& !( $!  '0"'$!3 M!#N' O P!%Q'%& 7<RRS *DL; -%( ,-%&'$)#)  !
1#-L G/! $@"% ),-" !/!%( &(*('-%%*'#! !( 1 !'%!/!%( $).! -11) $! ?"'$! !( $! 1*#('," !&
&@),-" *%( &"# "%! 1!%(!3 8 & T#!%(  @2I1-(2G&! 0"!  * #2)- -C'! $!  * 12*&! ?"'$! !&( $),#'(!
1*# "%! .'&,-&'() !U!,('.! ("#L" !%(! !( ,!  ! $!  * 12*&! C#*%" *'#! 1*#  *  -' $! +#',('-%
� (I ) $)1!%$*%(! $" (*"5 $! ,'&*'  !/!%( 7 V* W#"N ! "#$<RRXYP-1  ! "#$<RRZ; 0"! %-"&
*.-%& '%(#-$"'(! $*%& ,! ,2*1'(#!3 W!((! *11#-,2! $),#'( *.!, &",,G&  !& 1#-T & $! .'(!&&!
!( $! $!%&'() -L&!#.)& !51)#'/!%(* !/!%( 1*# K#/*%'%' !( * 3 7<RRX;B $*%&  *0"!  ! "%
/) *%C! $! C#*'%& !( $@!*" !&( '%[!,() !% ,-%('%" !% 2*"( $@"%! 1!%(!3 W!((! *11#-,2!
!&( #!&(#!'%(! *"5 ),-" !/!%(& &(*('-%%*'#!& !( 1 !'%!/!%( $).! -11)& !( %! 1#!%$ 1*& !%
,-/1(!  !& !U!(& $! $' *(*%,!3

8.!#&-% O V!% '%C!# 7<RR:; !( \'(/*% O 4! 7<RRX; -%( $).! -11) "%! .!#&'-% /-I!%D
%)! $*%&  @)1*'&&!"# $!& )0"*('-%& $'12*&'0"!&B !% +*'&*%(  @2I1-(2G&! $@"%! ,-",2! /'%,!3
4! /-$G ! !&( ,*1*L ! $! $),#'#! $!& ,-%TC"#*('-%& '%&(*('-%%*'#!& !( %-%D"%'+-#/!& #!%D
,-%(#)!& $*%&  !& ),-" !/!%(& C)-12I&'0"!&3 V*%&  !"#& (#*.*"5B  * 12*&! C#*%" *'#! * )()
$),#'(! ,-//! "% /*()#'*" $! W-" -/L !( J %-".!*"B  * $' *(*%,! %@!&( 1*& 1#)&!%(!3

\-"# $),#'#! %-& !51)#'!%,!& &"#  ! $), !%,2!/!%( $!& *.* *%,2!&B %-"& .!##-%& 0"!
,!& *11#-,2!& /-I!%%)!& $*%&  @)1*'&&!"# .-%( &@*.)#!# 1!#('%!%(!&3 8 +*"$#* 1*# ,-%(#!
(#*.*'  !# &"#  !&  -'& $! ,-/1-#(!/!%(& *T% $! 1#!%$#! !% ,-/1(!  * #2)- -C'! $!& /' '!"5
C#*%" *'#!& *'%&' 0"!  !& 12)%-/G%!& $! $' *(*%,!3

<X



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

 !



 !"#$%&' ((

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

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

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

  !"!0 23.$'( &* 4,$+&( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 01

  !. 01&23&+4 (4 564'+71&4234 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 89

  !0!" 5367.3.*$)' +& /. -),-8& ,'$9)3%& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :"

  !0!0 53)-6+,3& &;763$%&'*./& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :0

  !8 :43$2&;)4* (4 <4*)14* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 8=

  !:!" <&(,3& +& /=67.$((&,3 &* +& /. 93.-*$)' >)/,%$?,& ! ! ! ! ! ! ! ! :@

  !:!0 A$*&((& &' (,39.-& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :B

  !:!: 53&(($)' +& 7)3& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :C

  !:!@ D&-./.E& *&%7)3&/ +&( +)''6&( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :1

 ! "!#$%&'! ()*+%,-! * +.#- /#, "! "0(-%-! 1! "%2+.2%,%3 !$+0-%'!4,*15 "! +-02!4,!- 1!2
+-%4(%+*#$ +-./1&'!2 -!4(.4,-02 !, 1!#-2 2.1#,%.425 !, "6!$+1%7#!- 1!2 ().%$ ,!()4%7#!2 7#%
.4, 0,0 3*%,28

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

9! ().%$ "# "%2+.2%,%3 !2, %'+.-,*4, !, ".%, 4.#2 +!-'!,,-! "! -0*1%2!- "!2 !$+0-%!4(!2
-!+-."#(,%/1!2 2*42 !:!,2 +*-*2%,!2 7#% ;%!4"-*%!4, '."%<!- 160,#"!8

=.,-! /#, "*42 (!,,! 0,#"! !2, "! '!,,-! !4 0;%"!4(! 16%4>#!4(! "! 1* 3-*(,%.4 ;.1#?
'%7#! %4%,%*1! 2#- 1! "0(1!4()!'!4, "6#4 0(.#1!'!4, @-*4#1*%-! %''!-@08 A.#- 2%'+1%<!-
1! +-./1&'!5 4.#2 *11.42 4.#2 %4,0-!22!- B #4 '%1%!# @-*4#1*%-! (.'+1&,!'!4, %''!-@0
!, #4%3.-'! "*42 1* 1.4@#!#- +.#- 4.#2 *:-*4()%- "!2 ;*-%*,%.42 2+*,%*1!28 9! +-%4(%+!
-!,!4# !2, (!1#% "# +1*4 %4(1%40 -!+-02!4,0 +*- 1* <@#-!CC8D8 C1 (.42%2,! !4 #4! /.E,! 3!-'0!
-!'+1%! "! @-*%42 !, "! >#%"!8 F4! (.#()! #4%3.-'! !2, +-0+*-0! B 16).-%G.4,*1! +#%2 %4?
(1%40!8 96*;*1*4()! 2! "0(1!4()! !, "!#$ 3-.4,2 2! "0;!1.++!4, *#$ !$,-0'%,028 =.#2 4.#2
%4,0-!22.42 B 1* +*-,%! (!4,-*1! 7#% -!2,! #4%3.-'!8

HI



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

�:�O�N�E���D�E���M�E�S�U�R�E

 !"#$%   !" # $%&'(&)* +* ,-*.)/%&*'(* 0 +/(,*'(1*2*'3 +-4'* (54(1* 6%7'4,7&%* &22*%6/*

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

87 37&,,* +4 (7'7, *93 )%&25%+&7,*! :7'9 ,-&+/7,; &, <74+%7&3 4' (7'7, 3%=9 ,5'6 +7'9 ,*
9*'9 +* ,-/(54,*2*'3 7>' ?4* ,7 @5'* (*'3%7,* +* 2*94%* %*93* 4'&<5%2* ,* ),49 ,5'63*2)9
)599&A,*; )*%2*337'3 +-733*&'+%* ,-/373 9373&5''7&%*! 8* (15&. 7 /3/ <7&3 +-7B5&% 4' (7'7,
+-4' 2=3%* +* ,5'6 C 74 +*,D; ,7 27'&)4,73&5' 9*2A,7&3 +&E(&,*! :7'9 ,* 9*'9 +* ,7 ,7%6*4%;
,* (7'7, <7&3 FG (2 95&3 +* ,-5%+%* +* "GGG +&72=3%*9 +* A&,,*9; (* ?4& )*%2*3 +* 9-7H%7'(1&%
+*9 *H*39 +* A5%+! $54% ,7 1743*4%; ,7 (54(1* +* A&,,*9 *93 +* ,-5%+%* +* I D J 22 95&3 +*
FG D IK 37&,,*9 +* A&,,*9! L>' +* )54B5&% '/6,&6*% ,-*H*3 +4 (5'3%*M/(54,*2*'3 +4 N4&+*; ,7
?47'3&3/ +* N4&+* 74M+*9949 +5&3 O3%* ,7%6*2*'3 94)/%&*4%* D ,-/)7&99*4% +* 6%7&'9! P549
7B5'9 5)3/ )54% 4'* 1743*4% +* (4B* +* Q (2! L4 >'7,; ,7 A5R3* +* "2 +* ,5'6; FG (2 +*
,7%6* *3 Q (2 +* 1743 +5''* 4' B5,42* +* "S 8! 87 %4659&3/ +4 ),7' &'(,&'/ *93 %/7,&9/* *'
(5,,7'3 +*9 A&,,*9 43&,&9/*9 )54% ,-/(54,*2*'3 7B*( +* ,7 )*&'34%* *' 7/%595, 94% 4'* ),7?4*
*' ),793&?4*! 87 ),7?4* *93 27&'3*'4* 74 <5'+ +* ,7 (4B* 6%T(* D +*9 (7,*9 74. ?473%*
(5&'9!

  !"!0 12.$'( &* 3,$+&(

 ! "# $%&

8*9 273/%&74. 6%7'4,7&%*9 )*4B*'3 )%*'+%* A&*' +*9 <5%2*9 *3 +*9 (7%7(3/%&93&?4*9
(522* ,7 %4659&3/; ,-7'64,7%&3/; ,7 9)1/%&(&3/! :7'9 4' 954(& +* 25+/,&973&5' *3 +* 9&2),&M
>(73&5'; ,*9 )7%3&(4,*9 43&,&9/*9 +7'9 '53%* *.)/%&*'(* 95'3 +*9 A&,,*9 +* B*%%* %*,73&B*2*'3
A&*' 9)1/%&?4*9 (522* ,* 25'3%* ,7 >64%*  !F!A! P549 7B5'9 43&,&9/ +*4. 37&,,*9 +* A&,,*9;
"JG �m *3 IGG�m ! L>' +* '/6,&6*% 3543*9 95%3*9 +* <5%(*9 +-&'3*%7(3&5'9 D 25U*''* *3
,5'64* )5%3/*; &, /37&3 &2)5%37'3 ?4* ,*9 A&,,*9 95&*'3 +* 37&,,* 94)/%&*4%* D KG�m ! 8*9
A&,,*9 5'3 )%/7,7A,*2*'3 /3/ 372&9/*9 *'3%* +*4. 372&9 D 4'* ,&2&3* 94)/%&*4%* *3 &'</%&*4%*
7>' +* %/+4&%* ,7 )5,U+&9)*%9&3/! 8* 6%7)1&?4*  !F!7 )%/9*'3* ,7 +&93%&A43&5' +4 +&72=3%*
25U*' +*9 A&,,*9; *3 25'3%* 4'* %*)%/9*'373&5' 67499&*''* 7B*( 4' )&( 74354% +* "JG�m
*3 4'* )5,U+&9)*%9&3/ +*+ =  15�m !

FK



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

20

15

10

5

0
200180160140120

%

d (•m)

a. b.

 !"#$%   !" # $! %&$'()*+,-&./ 0/1 2.))/1 0/ 3/&&/ d = 160�m 4 2! ,56$'-.))*' 0/ 2.))/14
(-.).1, 7*(& +/1(&/& )$ 8&$'()*+,-&./!

 ! "#$%&'(

9/ 56*.: 0( ;(.0/ $ ,-, +*-.3, 7$& '*-&/ 3*)*'-, 0/ &/1-/& 0$'1 (' &,8.+/ 3.1<(/(:!
=/1 7&/+./&1 -/1-1 *'- ,-, />/5-(,1 $3/5 0/ )?/$(4 +$.1 )$ 0@'$+.<(/ ,-$.- -&*7 &$7.0/
7*(& <(/ '*(1 7(.11.*'1 ,-(0./& )/ 0,5)/'56/+/'-! A' />/-4 )/ -/+71 0?.'5).'/& )$ 5(3/
B(1<(?C )?$'8)/ 3*()(4 )$ -*-$).-, 0( 76,'*+D'/ C ,-(0./& ,-$.- 0,BC -/&+.',!  ) 1?/1- 0*'5
$3,&, .+7*&-$'- 0?(-.).1/& 0/1 ;(.0/1 7)(1 3.1<(/(:! E' +,)$'8/ 0?/$( /- 0?E5*' F.)4 1?/1-
&,3,), -&D1 7&$-.<(/ C )?(1$8/! 9?EGFH *.) IJKLMMMM /1- (' ;(.0/ '/N-*'./' +.15.2)/ C
)?/$(4 /:-&O+/+/'- 3.1<(/(:4 LMMMM P*.1 7)(1 3.1<(/(: <(/ )?/$(4 /- &/)$-.3/+/'- P$5.)/
C '/--*@/&! 9$ Q8(&/  !R &/7&,1/'-/ )$ 3.15*1.-, 0( +,)$'8/ /$( S E5*' /' P*'5-.*' 0/
)$ P&$5-.*' 3*)(+.<(/ 0/ E5*'! H*(1 $3*'1 (-.).1, 0/(: +,)$'8/14 (' 7&/+./& $3/5 TMU
0/ E5*'4 5/ <(. &/7&,1/'-/4 $7&D1 +/1(&/ $( 3.15*1.+D-&/ C 5V'/ 7)$'4 ('/ 3.15*1.-, 0/
� = 9:8 10 3 Pa:s 1 /- ('/ 0/'1.-, 0/ � f = 1026 kg:m 3! 9/ 0/(:.D+/ +,)$'8/ $3/5
"WU 0/ E5*' $ ('/ 3.15*1.-, 0.: P*.1 7)(1 8&$'0/1 0/ � = 96 10 3 Pa:s 1 /- ('/ 0/'1.-,
0/ � f = 1041kg:m 3! 9/ +,)$'8/ /1- 2./' '/N-*'./' 5*++/ )/ +*'-&/ )$ Q8(&/   !W!24
)$ 5*'-&$.'-/ -$'8/'-./))/ � ,-$'- 7&*7*&-.*''/))/ $( -$(: 0/ 5.1$.))/+/'- _ ! =/ 7)(1 )$
-/+7,&$-(&/ .';(/ 1(& )$ 3.15*1.-, 0( ;(.0/ XQ8(&/   !WX$YY4 .) P$(- 0*'5 P$.&/ $--/'-.*'
$(: 3$&.$-.*'1 0/ -/+7,&$-(&/! Z$& )$ 1(.-/4 '*(1 P/&*'1 &,P,&/'5/ C 5/1 0/(: ;(.0/1 5*++/
,-$'- )/1 ;(.0/1 C 2$11/ 3.15*1.-, /- 6$(-/ 3.15*1.-,!

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

9$ 5(3/ 1?*(3&/ 7$& )/ 6$(- 8&[5/ C (' 5*(3/&5)/ Q:, 7$& 0/1 3.1 -*(1 )/1 TJ 5+ 1(&
)/ 7*(&-*(&   !J ! 9?.0,/ /1- 0/ 5*++/'5/& C &/+7).& )$ 5(3/ $3/5 )/1 8&$.'14 /- 0/ Q'.& 0/
&/+7).& $3/5 )/ ;(.0/ 1$'1 P$.&/ 0,2*&0/&! F' &/P/&+/ $)*&1 $3/5 )/ 5*(3/&5)/!  ) &/1-/ 0/1
2())/1 0?$.& <(?.) 3$ P$))*.& &/+7)$5/& 7$& 0( ;(.0/ 7*(& '/ 7$1 8O'/& )$ 3.1($).1$-.*'! Z*(&
5/ P$.&/4 (' -&*( &/P/&+$2)/ $3/5 (' 2*(56*' /1- 7*1.-.*'', 0$'1 (' 5*.' 0( 5*(3/&5)/!
A' .'5).'$'- -&D1 ),8D&/+/'- )$ 5(3/4 )/ -&*( 3/&1 )/ 2$14 )$ 0/&'.D&/ 2())/ 0?$.& /1- 56$11,/
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 !"#$%   !9 # /! $/7%/)%(0 +2 ./ :%&'(&%)* +, -*./012 /:2' ./ )2-6*7/),72; <! =>*(.(1%2
+, -*./012!

6/7 +*5(7-/)%(0 .*1?72 +2 ./ ',:2!  . 08@ / 6.,& A,8B 72<(,'>27; ./ ',:2 2&) 72-6.%2 &/0&
<,..2 +8/%7 2) &/0& &,7672&&%(0!

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

C2 <,) +2 '2 +%&6(&%)%5 2&) +8*),+%27 2D6*7%-20)/.2-20) 20 ./<(7/)(%72 .2 +*'.20'>2-20)
+8/:/./0'>2& 17/0,./%72& &(,&E-/7%02&! F(,7 '2./; %. 5/,) (<)20%7 .2 +*'.20'>2-20) ,0%5(7-2
+8,02 '(,'>2 +2 17/%0& >(-(1?02 +/0& ,0 G,%+2 B ,0 /01.2 +(00*! C8%+*/. &27/%) +2
67*6/727 '2))2 '(,'>2 +2 17/%0& B ,0 /01.2 +(00* +/0& ,0 *)/) +2 '(-6/'%)* +(00* 2)
+2 ./ -/%0)20%7 /%0&% H'(--2 6/7 /<&20'2 +2 17/:%)*I J,&A,8B ,0 )2-6&t = 0 '>(%&%
A,% '(772&6(0+7/%) /, +*'.20'>2-20) +2 .8/:/./0'>2! K2'% 08*)/0) 6/& 6(&&%<.2 B 0()72
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 !"#$%   !" # $%&'& () *+ ,-.)

,&//+011+/,)2 *+ 3453+4+'0&/ () *+ ,&-,%) -/06&47) 18)9),'-) : *8%&40;&/'+*)2 3-01 :t = 02
*+ ,&-,%) )1' 0/,*0/5) : -/ +/<*) .&-*- 3&-4 *) ,&-3*) () <4+0/1 )' *0=-0() ,%&010!  * 6+-'
18+11-4)4 =-) *) ')731 () *80/,*0/+01&/ 1&0' ,&-4' ().+/' *) ')731 '>30=-) () 701) )/
7&-.)7)/'!

  !"!# $%&'(%()*+, -. /( 0+102. 1,*3+%4.

?+ 3453+4+'0&/ () *+ ,&-,%) <4+/-*+04) ()7+/() *+ 701) )/ 1-13)/10&/ %&7&<@/) ()1
<4+0/1 )/ 0/,*0/+/' : *+ .)4'0,+*) *+ ,-.)2 (8-/ ,A'5 3-01 () *8+-'4)! B/) 6&01 *+ 1-13)/10&/
%&7&<@/) ,455)2 &/ *+011) 4)3&1)4 *+ ,-.) : *8%&40;&/'+*)2 )' *+ 1-13)/10&/ 15(07)/')! $+4
,)'') 75'%&()2 &/ &C'0)/' -/) ,&-,%) () <4+0/1 (853+011)-4 -/06&47) h0 *) *&/< () *+ C&D')2
+.), ()1 E-,'-+'0&/1 0/6540)-4)1 : ()-F (0+7@'4)1 () 3+4'0,-*)1! ?+ 64+,'0&/ .&*-70=-)
&C')/-) +34@1 15(07)/'+'0&/ )1' *+ 3*-1 *G,%) =-) /&-1 3-0110&/1 ,45)4! ?) 15(07)/' )1'
+*&41 ,&73+,'5 )/ '+3+/' (&-,)7)/' 1-4 *+ ,-.) : *8+0() (8-/ 3)/(-*) =-0 .+ .)/04 64+33)4
'+/<)/'0)**)7)/' *+ ,-.) HI<-4)   !JK -/ ,)4'+0/ /&7C4) () ,&-31 3&-4 &C')/04 -/) 64+,'0&/
.&*-70=-) � 0! ?+ I<-4)   !L 7&/'4) *+ 64+,'0&/ .&*-70=-) � 0 &C')/-) 3&-4 -/ /&7C4) ()
,&-31 # taps ! M)'') 34&,5(-4) '4@1 4-(07)/'+04) 18)1' +.545) '4@1 4)34&(-,'0C*) ,&77) /&-1
*) .)44&/1 +- ,%+30'4)   3451)/'+/' *+ (>/+70=-) (8+.+*+/,%)! N /&')4 =-) *+ ,&73+,'0&/
0/(-0') 3+4 -/ ,&-3 (53)/( () *+ .01,&10'5 (- E-0() H   !LK! ?+ ,&73+,'0&/ )1' 7&0/1 )O,+,)
(+/1 *) E-0() *) 3*-1 .01=-)-F!
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 !"#$%   !2 # 30-%0)%(/ 4+ 10 *-05)%(/ 6(17.%87+� +/ *(/5)%(/ 47 /(.9-+ 4+ 5(7'& '(-):&
;)0'&< &7- 10 576+ = 90&&+ 6%&5(&%):h = 6:1mm ;# < +) >07)+ 6%&5(&%):h = 4:9mm ;2 <!

  !"!" #$%&'()$* *+,'$-.*/012*

?/+ *(%& 10 5(75>+ @-0/710%-+ '-:'0-:+ 7/%*(-.:.+/) A 7/+ *-05)%(/ 6(17.%87+� 0B 10
576+ +&) 01(-& &79%)+.+/) %/51%/:+ A 10 .0%/ +/ 7/+ &+5(/4+ 4+ 10 '(&%)%(/ >(-%C(/)01+ A
1D0/@1+� ;E@7-+  !F<! ?/ &G&)H.+ '%6()091+ 4+ 501+& -:@1091+& ;E@7-+  !I ;0<< '+-.+) 4+
.0%/)+/%- 10 576+ A 1D>(-%C(/)01+ (7 A 7/ 0/@1+� (7 +/5(-+ 4+ 10 10%&&+- )(7-/+- 1%9-+.+/)!
?/+ *(%& %/51%/:B 1D:5(71+.+/) 4:.0--+ +) -+&)+ 7/%*(-.+ 40/& 10 '0-)%+ 5+/)-01+ 4+ 10 576+B
.0%& 4+7, *-(/)& &+ 4:6+1(''+/) +/ >07) +) +/ 90& 4+ 10 576+ 5(..+ -+'-:&+/): &7- 10
E@7-+  !I ;9<! J+ *-(/) 47 >07) +&) 4K A 10 4%.%/7)%(/ 4+ 10 870/)%): 4+ .0)%H-+ 01(-& 87+
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 !"#$ %# &'( )$!*+ %! ",'  #-#"'+$.*/ 0.#+!( "!( -!(#1!( (.*+ 21$(!( %'*( "' 2'1+$!  !*+1'"!
+'*+ 3#! ",4 .#"!-!*+ !(+ #*$5.1-! %'*( "' %$1! +$.* 6/ 7* $* "$*.-8+1! 2!1-!+ %! %.**!1
#*! -!(#1! %! ",$* "$*'$(.* %! "'  #)!/ 9,'*:"! � (t) !(+ '#(($ -!(#14 :1; ! < #*! 14($(+'* !
)'1$'&"! < 2.+!*+$.-8+1! 2"' 4! (#1 ",'6! %! 1.+'+$.* %! "'  #)!/ 9,$* "$*'$(.* 21.).3#!
#*! )'1$'+$.* %! 14($(+'* != %.* %! +!*($.*= < $*+!*($+4  .*(+'*+!= 3#$ !(+ !*1!:$(+14! 2'1
",.1%$*'+!#1 >?:#1!@@/AB/
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 !"#$% @@/A C DE'(! %,$* "$*'$(.* %! "'  #)!= 4)."#+$.* +!-2.1!""! %! ",'*:"! %,$* "$*'$(.*/
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 !"#$% @@/F C '/ GH(+8-! %,$* "$*'$(.*= &/ D1$* $2! %! ",!6241$!* !

D.#1 #* I!# %! :1'$*( !+ %! J#$%!= "!( 2'1'-8+1!( %!  .*+1K"!( (.*+ ",42'$((!#1 %!
"'  .# E! h >+H2$3#!-!*+ !*+1! LM !+ NO %$'-8+1!( %! 2'1+$ #"!(B= "' 51' +$.* )."#-$3#!
$*$+$'"!� 0= !+ ",'*:"! %,$* "$*'$(.* � / D.#1  E'3#! !6241$!* != *.#( !*1!:$(+1.*( ",4)."#+$.*
+!-2.1!""! %! "' )$+!((! !* (#15' ! us(t) !+ "' 21!(($.* %# J#$%! (.#( "'  .# E!= %$+! 21!(($.*
%! 2.1! P� Pf (t) = Pf (0)  Pf (h)/

Q.#( %4 1$).*( %'*( "' (! +$.* (#$)'*+! "!( %$R41!*+!( +! E*$3#!( %! -!(#1!( #+$"$(4!(/

SS
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 !" #$ %&'()$"#)$ *$+ ()&(),-.-+ #$+ /0/*/"%1$+ ,''$)2-$+3 #$ */ (1/+$ #$ #-%*$"4
%1$'$". 56+7689 *8-./. +./.,&""/,)$3 "&6+ $:$%.6&"+ 6" $"+$';*$ #$ '$+6)$+ <

= */ >)/%.,&" 0&*6',76$� 2)?%$ 9 *8-(/,++$6) #$ */ %&6%1$
= */ 0,.$++$ $" +6)>/%$us

= */ ()$++,&" #$ (&)$� Pf

@8$"+$';*$ #$+ /((/)$,*+ #$ '$+6)$3 %/'-)/3 %/(.$6) #$ ()$++,&"3 "/(($ */+$) &6 ,"%*,"&4
'A.)$ +&". +&*,#/,)$+ #$ */ %60$3 %8$+. 9 #,)$ 768,*+ +6,0$". +$+ '&60$'$".+ $. .&6)"$". /0$%
$**$B @$+ ,'/2$+ ,++6$+ #$ */ %/'-)/ C!26)$DDBEFG +$)0$". 9 %/*%6*$) 9 */ >&,+ *8-(/,++$6) #$
*/ %&6%1$ 2)?%$ 9 */ .)/%$ */,++-$ (/) */ "/(($ */+$)3 $. */ 0,.$++$ $" +6)>/%$ (/) *8$H.)/%.,&"
#86"$ 0,2"$..$B
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 !"#$%   !"# $  %&'( )(*+&,- . /&0/10(* 0234&5))(1* 6( 0& /71/8( (- 0& +5-())( (, )1*9&/(
6( 023/710(%(,-! :( 4*7;0 6( ,5+(&1 6( '*5) %7<(,,3 (, = 4(*%(- 6( -*71+(* 0& 47)5-57,
6( 0& ,&44( 0&)(*! :& +5',(--( )(*- . 0& /7**30&-57, (- . 0& %()1*( 6( +5-())(!

  !"!# $%&'(% )% *+,-./&&%'( %0 )% *. 1(.20/34 53*'6/7'%

:2()-5%&-57, 6( 0& 9*&/-57, +701%5>1( )2(?(/-1( . 4&*-5* 6( 0& %()1*( 6( 0234&5))(1* 6(
0& /71/8( '*&,10&5*(! @,( -(/8,5>1( 6( ,&44( 0&)(* ()- 63+(07443(! @,( ,&44( 0&)(* +(*-(
A07,'1(1* 627,6( BCDnm &+(/ 1,( 415))&,/( 6( "## %EF ()- 40&/3( (, 5,/56(,/( *&)&,-(G
(, )7*-( >1( 0& 05',( 0&5))3( )1* 0& /71/8( )75- 4&*&00H0( . 0& 65*(/-57, 6( 023/710(%(,-
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 !"#$% &&'()' *%++% ,-".% /0 1% 234,05%$ 1#-/0.+ ,%1 /0$-0+-6.1 27340-11%#$ 2% ,0 56#58%'
9#0.2 ,7340-11%#$ 0#":%.+%; ,0 ,-".% 1% $044$658% 2% ,0 16#$5% 2# ,01%$; 20.1 ,% 501
56.+$0-$%; %,,% 17%. 3,6-".%' *%1 /0$-0+-6.1 16.+ !,:3%1; %+ ,%1 -:0"%1 -11#%1 2# !,: 16.+
+$0-+3%1' <6#1 $%43$6.1 0,6$1 ,0 461-+-6.p 2% ,0 .044% 1#$ ,7-:0"% %. 4-=%,1 "$>5% 0#=
.-/%0#= 2% "$-1 2% ,7-:0"% :6?%..31 20.1 ,% 1%.1 2% ,7356#,%:%.+ 1%,6.x  -:0"% &&'@A)'
B73+%.2#% 2%1 .-/%0#= 2% "$-1 :6?%..31 .7%1+ 401 +$C1 -:46$+0.+%' D. %E%+; ,7-:0"% 26-+
F+$% 011%G ,#:-.%#1% 0!. 2% 4$6532%$ 0# 50,5#, 2% ,0 /-+%11% 40$ H&I 1#$ ,0 :F:% -:0"%'

D. $%43$0.+ ,0 461-+-6. 2% ,0 .044%p0 ,6$1J#% ,0 G6.% 2% :%1#$% .% 56.+-%.+ 0#5#.
"$0-.  340-11%#$ 2% 56#58% .#,,%); -, %1+ 4611-K,% 27%1+-:%$ ,7340-11%#$ 2% ,0 56#58% %. 4-=%,1
40$ 2-E3$%.5%p  p0' B% 4$6K,C:%; 57%1+ J#% 46#$ /6-$ ,0 .044% ,01%$ 35,0-$%$ ,%1 "$0-.1
1#$ ,% L6.2; -, L0#+ 580."%$ ,0 L650,-10+-6. 2% ,76KM%5+-L 2% ,0 50:3$0 %+ ,0 234,05%$'p %+
p0 .% 16.+ 401 :%1#$31 20.1 ,%1 :F:%1 56.2-+-6.1; 56.2#-10.+ N 2% L6$+%1 -.5%$+-+#2%1'
<6#1 0/6.1 26.5 4$3L3$3 %1+-:%$ ,0 L$05+-6. /6,#:-J#%� N 40$+-$ 2%1 /0$-0+-6.1 27340-11%#$'
*6.1-23$6.1 #. 3+0+ 2% $3L3$%.5% 27340-11%#$href 46#$ ,%J#%, ,0 .044% ,01%$ %1+ %. 461-+-6.
pref '

O0580.+ J#%� / 1=h %+ J#%� ref / 1=href ; 6. %. 232#-+ P

�  � ref

� ref
=  

h  href

h
=

pref  p
p  p0

 &&'@)

B0 L$05+-6. /6,#:-J#% -.-+-0,% %1+ 0-.1- 50,5#,3% N 40$+-$ 2% ,0 461-+-6. %. 4-=%,1 2% ,0
.044% ,01%$ 40$ ,7%=4$%11-6. 1#-/0.+% P

� = � ref

�
1 +

pref  p
p  p0

�
 &&'Q)

R-.1-; -, .6#1 L0#+ 586-1-$ #.% L$05+-6. /6,#:-J#% 2% $3L3$%.5%� ref 0-.1- J#% ,0 461-+-6.
%. 4-=%,1 01165-3%pref ' H6#$ ,0 L$05+-6. /6,#:-J#% 2% $3L3$%.5%; .6#1 0/6.1 L0-+ ,% 586-=
2% ,7%:4-,%:%.+ ,% 4,#1 56:405+ 6K+%.# 04$C1 #. .6:K$% -:46$+0.+ 2% 56#4; 2% ,76$2$%
2% ,0 5%.+0-.%' D. %E%+; .6#1 6K1%$/6.1 J#% J#%, J#% 16-+ ,% S#-2% #+-,-13; ,0 L$05+-6.
/6,#:-J#% .73/6,#% 4,#1 .6+0K,%:%.+ 04$C1 TA 56#41 20.1 ,% S#-2% N K011% /-1561-+3 %+
(A 56#41 20.1 5%,#- N 80#+% /-1561-+3' &, %1+ 26.5 $0-16..0K,% 2% 4%.1%$ J#% 5%+ 3+0+ %1+
4$658% 27#. %:4-,%:%.+ 2%.1% -2%.+-J#% 20.1 ,%1 2%#= 501' U.% %1+-:0+-6. %. /-1-6. 2%
5V+3 J#- 4%$:%+ 2% :%1#$%$h; .6#1 26..% � 04$C1 @AA 56#41 3"0,% N0:62' H6#$ 50,-K$%$
.61 :%1#$%1 2%� .6#1 :%1#$6.1 26.5 ,0 461-+-6. 2% ,0 .044% ,01%$pref 04$C1 @AA 56#41
%+ #+-,-16.1 ,0 L6$:#,%&&'Q0/%5� ref = 0:62' *%++% :%1#$% 26..% #.% /0,%#$ 0K16,#% 2%�
J#- 4%#+ F+$% L0#11% 2%10%' W0-1 1- 6. 17-.+3$%11% 0#= /0$-0+-6.1� � ; 27#. +04 N ,70#+$%;
,0 4$35-1-6. %1+ K-%. :%-,,%#$% 2% ,76$2$% 2%0:5%' *%++% K6..% 4$35-1-6. $%,0+-/% 176K1%$/%
1#$ ,0 56#$K%&&'X6Y %1+ $%4$31%.+3% ,0 /0$-0+-6. 2%� %. L6.5+-6. 2# .6:K$% 2% +041' B0
$3"#,0$-+3 2% ,0 56#$K% %+ 10 $%4$62#5+-K-,-+3 :6.+$% ,0 4$35-1-6. 2% ,0 :%1#$%' R .6+%$
J#76. 6K1%$/% J#% 20.1 ,% S#-2% /-1J#%#=; ,7%:4-,%:%.+ $31#,+0.+ 2% ,0 132-:%.+0+-6. %1+
,3"C$%:%.+ 4,#1 ,>58%� = 0:562J#% 20.1 ,% S#-2% :6-.1 /-1J#%#=; 5% J#- %1+ 56.L6$:% N
.6+$% -.+#-+-6.'
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Pressure sensor
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Pref

P1 = Pref + �gH + � Pf

P2 = Pref + �gH

� Pf H

� Pf = P1  P2


































































































































































































