
HAL Id: tel-00685850
https://theses.hal.science/tel-00685850

Submitted on 6 Apr 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Analyse numérique des hydroliennes à axe vertical
munies d’un carénage

Ane Menchaca Roa Menchaca Roa

To cite this version:
Ane Menchaca Roa Menchaca Roa. Analyse numérique des hydroliennes à axe vertical munies d’un
carénage. Autre. Université de Grenoble, 2011. Français. �NNT : 2011GRENI050�. �tel-00685850�

https://theses.hal.science/tel-00685850
https://hal.archives-ouvertes.fr


THÈSE
Pour obtenir le grade de

DOCTEUR DE L’UNIVERSITÉ DE GRENOBLE
Spécialité : Mécanique des Fluides, Procédés, Energétique

Arrêté ministériel : 7 août 2006

Présentée par

Ane MENCHACA ROA

Thèse dirigée par Thierry MAITRE
et codirigée par Christian PELLONE

préparée au sein du
Laboratoire des Ecoulements Géophysiques et Industriels
dans l’Ecole Doctorale Ingénierie - Matériaux, Mécanique,
Environnement, Energétique, Procédés, Production

Analyse numérique des
hydroliennes à axe vertical munies

d’un carénage

Thèse soutenue publiquement le 30 septembre 2011,
devant le jury composé de :

M. Gérard BOIS
Professeur des Universités, ENSAM de Lille - Président

M. Jacques-André ASTOLFI
Maître de Conférences ENSAM HDR, IRENav de Brest - Rapporteur

M. Andrei-Mugur GEORGESCU
Maître de Conférences, UTCB, Bucarest, Roumanie - Rapporteur

M. Christophe CORRE
Professeur des Universités Grenoble-INP, Grenoble-INP - Examinateur

M. Thierry MAITRE
Maître de Conférences HDR, Grenoble-INP - Directeur de thèse

M. Christian PELLONE
Chargé de Recherche CR1, CNRS - Co-Directeur de thèse





 !""! "#$%!& '()(*+! ,)- ./01232

!" *45'()(*+! ,)- 216

) +"+ ,-+,)-+! )7 %!8( 97

:);4-)"48-! 9!% 2*47.!<!("% =+4,#>%8?7!% !" @(97%"-8!.% A:2=@B

888





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

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

-$(*!.)%(/!$ 0

0 1('( .# &2'*( 3

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

 ! ! 2/3,- +4./+&%)0,$$,- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 5

 ! !6 78#$9#(,- ,9 0$:%$8;$0,$9- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! <

 ! !6! =/+&%)0,$$, 8- ;%)0,$$, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! <

 ! !6!6 =/+&%)0,$$, > #?, 8,&90:#) 8- ./+&%)0,$$, > #?, .%&0@%$9#)   

 ! !A B0'09, +,- ./+&%)0,$$,- )0*&,- ,9 -/-9C', +, :#&;$#(,- ! ! ! ! ! ! !  6

 !6 D9E+,- -E& ),- ./+&%)0,$$,- :#&;$;,- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  F

 !A B, :#&;$#(, G 3&0$:03, +, H%$:90%$$,',$9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6I

J0*)0%(&#3.0, K.#309&,  ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6<

4 5'66#&7 7)* &289.*!&/#$$# &/:*# ; '+# ,#*(/%'& .# (96# <'**/#)7 =0

6! "&0$:03, +, H%$:90%$$,',$9 ,9 3#&#'C9&,- #--%:0;- ! ! ! ! ! ! ! ! ! ! ! ! ! ! A 

6!6 L0'E)#90%$- M7NL 6O 0$-9#90%$$#0&,- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! P 

6!6! Q;%';9&0, ,9 '%+C), $E';&0RE, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! P 

6!6!6 7$#)/-, +,- &;-E)9#9- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! PA

6!6!6! K%,S:0,$9 +, 3E0--#$:, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! PA

6!6!6!6 K%,S:0,$9 +, :%E3), ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! PT

6!6!6!A O0-9&0*E90%$ +,- ,U%&9- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! P5

6!6!6!P 7$#)/-, +, )4;:%E),',$9 G :#&9,- +, 8%&90:09; ,9 )0($,- +,

:%E&#$9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! TI

J0*)0%(&#3.0, K.#309&, 6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! TF

= >)(/&7 .2'$'&97# 6!)* &289.*!&/#$$# %'*?$?# ; '+# ,#*(/%'& @3

A! O0-3%-090H ;9E+0; ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! T1

A!6 VE90) ,?3;&0',$9#) G ), 9E$$,) ./+&%+/$#'0RE, +E BDQW ! ! ! ! ! ! ! ! ! ! T5

A!6! O,-:&0390%$ +, )# 8,0$, +4,--#0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! T5

A!6!6 K%$:,390%$ +4E$ '%+E), ,?3;&0',$9#) 3%E& #::E,0))0& ),- :#&;$#(,- ! T<

A!6!A K.%0? +, )# 809,--, +, )4;:%E),',$9 #'%$9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! FI

A!A VE90)- $E';&0RE,- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F6

A!A! X#0))#(,- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! FF

A!A!6 B, '%+C), +, 9E&*E),$:, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F5

8



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

"#"#" $%&'(&)* +)* ,(-(./0-)* )0 1-!0/-)* +) 123 )-&)31) # # # # # # # # # 45

"#"#"#6 73+%,)3+(31) )3 .(!''(&) 8 -(93).)30 ,(-!%0(' # # # # # # 4:

"#"#"#: ;23 )-&)31) )3 0).,* +<(' )0 )3 0).,* ,=>*!?<) 8 1=2!@

+< 32.A-) +) 02<-* # # # # # # # # # # # # # # # # # # # # # # 4B

C!A'!2&-(,=!) ;=(,!0-) " # # # # # # # # # # # # # # # # # # # # # # # # # # # # D5

 !"#$%&'"() *+ %,-.*/(%"+))+ 0&/1)1+ 2 +3+'4 *+ 5%(0&6+ 78

B#6 E>+-2'!)33) 1(-%3%) )3 .!'!)< 0<33)' # # # # # # # # # # # # # # # # # # # # # D6

B#6#6 ;23F3).)30 )0 )G)0 +) A'21(&) +) 'H%12<').)30 I .%0=2+) +) 12-I

-)10!23 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # DB

B#: E>+-2'!)33) 1(-%3%) )3 .!'!)< !3F3! # # # # # # # # # # # # # # # # # # # # # # J6

C!A'!2&-(,=!) ;=(,!0-) B # # # # # # # # # # # # # # # # # # # # # # # # # # # # 65"

9 !'/&'16"+4 *,&#1%"(/&'"() *$ 4.4':#+ *+ 0&/1)&6+ +' #(*:%+4 4"#;%"<148=9

K#6 L(-(./0-)* &%2.%0-!?<)* 123+!0!233(30 '( ,)-M2-.(31) +< 1(-%3(&) # # # # 65K

K#: N>30=/*) +)* -%*<'0(0* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 65J

K#:#6 OG)0 +) 'H(3&') +H2< )-0<-) α +< 1(-%3(&) # # # # # # # # # # # # # # 665

K#:#: OG)0 +) '( '23&<)<- +) 12-+) +< 1(-%3(&) # # # # # # # # # # # # # # # 66B

K#:#" P).,* +) 1('1<' 1231)-3(30 'H%0<+) ,(-(.%0-!?<) # # # # # # # # # # 664

K#" Q2+/')* *!.,'!F%* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 66D

C!A'!2&-(,=!) ;=(,!0-) K # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6:4

>()0%$4"()4 +' ;+/4;+0'"?+4 8@A

BCCDED! 8FF

B >%&44+#+)' +' *+40/";'"() *+4 '.;+4 *,1)+/6"+ 8F9

R#6 O3)-&!)* 323 -)32< )'(A')* # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"K

R#6#6 O3)-&!)* M2**!')* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"K

R#6#: O3)-&!) 3<1'%(!-) # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"K

R#: O3)-&!)* -)32< )'(A')* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"S

R#:#6 T( A!2.(**) # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"4

R#:#: TH%2'!)3 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"D

R#:#" T) *2'(!-) # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"D

R#:#B T( &%20=)-.!) # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6"J

R#:#K TH=>+-(<'!?<) # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6B5

G >%&44+#+)' +' *+40/";'"() *+4 1)+/6"+4 /+)($?+%&5%+4 #&/")+4 8 F

C#6 TH%2'!)3 .(-!3 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6B"

C#: TH%3)-&!) +)*  (&<)* U ') =2<'2.20)<- # # # # # # # # # # # # # # # # # # # # # 6BB

C#:#6 T)* (A*2-A)<-* ,2310<)'* # # # # # # # # # # # # # # # # # # # # # # # # 6BK

C#:#: T)* (00%3<(0)<-* # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6BK

C#:#" T)* 12'233)* +H)(< 2*1!''(30)* # # # # # # # # # # # # # # # # # # # # # 6BS

C#:#B T)* -(.,)* +) +%M)-').)30 # # # # # # # # # # # # # # # # # # # # # # # 6BS

C#" TH%3)-&!) 0=)-.!?<) +)* .)-* VOPQW # # # # # # # # # # # # # # # # # # # # # 6BS

C#B TH%3)-&!) 2*.20!?<) # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6B4

C#K TH%3)-&!) ,20)30!)'') +)* .(-%)* # # # # # # # # # # # # # # # # # # # # # # # # 6BD

C#S TH%3)-&!) 1!3%0!?<) +)* 12<-(30* U 'H=>+-2'!)3 # # # # # # # # # # # # # # # # # 6BJ

C#S#6 T)* *>*0/.)* M(!*(30 (,,)' X <3) 0<-A!3) # # # # # # # # # # # # # # # 6BJ



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

"#$#% &'( ()(*+,'( -' ./!(/-* 0/( /00'1 2 3-' *345!-' # # # # # # # # # # # 678

  !"#$%"!&'() *)+ &"$,)#+ -./0 ). 1"!.2) 343

5 6"$%"!77) *) ")2')"2') 89/:-;< 34=

9#6 &' :;-:'0* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6<=

9#% &'( 0/4*'-/!4'( # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6<7

9#= &'( 0>/('( ?3 04;@4/,,' ?' 4':>'4:>' # # # # # # # # # # # # # # # # # # # # 6<7

9#7 &'( ?A5;3:>A( # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6<<

- 6$#).#()>+ *) 2$?"!.#+ *@)!? 34A

1 /)B?) *)+ #)2'.$>$%()+ 34C

D <'E$"() 7$.$*(")2#($..)>>) )# +#!#($..!(") *) F)#G 3H=

8  !"#)+ B$"#(2(#!(")+ *) >@'I*"$>()..) >(J") 9K3L ). 7(>()? (.M.( 3HC

B#6 λ = 1.0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6$8

B#% λ = 2.0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6C=

N  !"#)+ B$"#(2(#!(")+ *) >@'I*"$>()..) 2!"E.E) ). 7(>()? (.M.( 3A4

D#6 λ = 1.5 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6C<

D#% λ = 2.0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6C8

D#= λ = 3.0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6E%

O 6"$M>+ *? 2!"E.!%) 3P=

F#6 G4;H1 IGG&IJK7%L # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6E=

F#% G4;H1 M6%%=KJN& # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 6E<

Q  ("2?(# 'I*"!?>(R?) *? #?..)> 'I*"$*I.!7(R?) *? S-DN 3PA

S  $7&$"#)7).# *) >@'I*"$>()..) 2!"E.E)T /E+?>#!#+ 2$7&>E7).#!(")+ 3PC

&#6 9;,/!-' *3--'1# IO;4*( -3,A4!P3' '* 'Q0A4!,'-*/1 # # # # # # # # # # # # # 68L

&#% R;'S:!'-* ?' :;301'# R;-H@34/*!;-( ?' 4A.'4'-:'# T!1!'3Q :;-H-A '* !-H-!# 68%

&#= FX '* FY # R;-H@34/*!;-( ?' 4A.'4'-:'# T!1!'3Q :;-H-A '* !-H-!# # # # # # # 687





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

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

3 4$+//*,*(& )*/ 0(*.1'*/2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3

5 6.#"'/'#( *& 7#(/#,,+&'#( ,#()'+$* )80(*.1'* *( 399: 2 2 2 2 2 2 2 2 2 2 2 5

; 4$+//*,*(& )*/ <(=>2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 5

 2 ?'@0.*(&/ &AB*/ )* &*7C(#$#1'*/ CA).#7'(0&'D%*/ *& $*%. +BB$'7+&'#( 2 2 2 2 2 :

 23 4$+//*,*(& )8CA).#$'*((*/ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 :

 25 EAB*/ )8CA).#$'*((*/ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 F

 2; GA).#$'*((* H I%J &.+(/"*./* 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 F

 2K 4#,B+.+'/#( *(&.* $*/ 10#,0&.'*/ )8%(* CA).#$'*((* *& )8%(* 0#$'*((* 2 2 2  9

 2L M7C0,+ )8%( 10(0.+&*%. +"*7 $*/ B*.&*/ +//#7'0*/ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  3

 2N 4#,B+.+'/#( *(&.* $*/ $','&*/ )* O*&P *& )* Q#.-+(8 2 2 2 2 2 2 2 2 2 2 2 2 2  5

 2: 4$+//*,*(& )*/ 7+.0(+1*/ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  5

 2F R%* /7C0,+&'D%* )* )'@0.*(&/ &AB*/ )* 7+.0(+1* 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  ;

 2 9 GA).#$'*((*/ 7+.0(0*/2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  K

 2  S"'/ /%. $8%&'$'/+&'#( )8%( )'/B#/'&'T )* 7+.0(+1* 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  L

 2 3 <#$'*((*/ 7+.0(0*/2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  N

 2 5 Q0#,0&.'*/ )* 7+.0(+1* +(+$A/0*/ B+. 6#(&+ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  :

 2 ; Q0#,0&.'*/ )* 7+.0(+1* +(+$A/0*/ B+. U+-+"' 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 39

 2 K M7C0,+ ')0+$'/0 )*/ &%-*/ )* 7#%.+(& 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 

 2 L V$%')* ')0+$ )+(/ $* )'@%/*%. +"*7 $8*@*& )* B#.&+(7* 2 2 2 2 2 2 2 2 2 2 2 2 3 

 2 N R#$%,* )* 7#(&.W$* )% /A/&X,* 7+.0(0 +"*7 (#,*(7$+&%.* )*/ B+.+,X&.*/ 2 33

 2 : <"#$%&'#( )* CP *( T#(7&'#( )* $+ &.+Y(0* )% .#&#. B#%. )'@0.*(&/ CS 2 2 2 3;

32 Q0#,0&.'* )* $8CA).#$'*((* -.*"*&0* B+. ?+..'*%/ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 5 

323 GA).#$'*((* ?+..'*%/ H 5 B+$*/ ).#'&*/2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 53

325 =*B.0/*(&+&'#( )* FLZ FD *& α )8%( B.#[$ )8+'$* /&+&'D%* 2 2 2 2 2 2 2 2 2 2 55

32; ?'/&.'-%&'#( )* CLZ CD *& CL/CD *( T#(7&'#( )* α 2 2 2 2 2 2 2 2 2 2 2 2 2 5;

32K E.'+(1$* )*/ "'&*//*/ *& *@#.&/ /%. %(* CA).#$'*((* )* &AB* ?+..'*%/ 2 2 2 2 5K

32L ?'/&.'-%&'#( +(1%$+'.* &C0#.'D%* )* α *& )* $+ "'&*//* )8+&&+D%* +)',*(/'#((0* 5L

32N <"#$%&'#( &AB'D%* )% CP *( T#(7&'#( )* λ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 5F

32: M7C0,+ )* )0"*$#BB*,*(& )*/ /&.%7&%.*/ &#%.-'$$#((+'.*/ &.#%"0 B+. O.#7C'*. ;9

32F >+D%*&&* )* $8CA).#$'*((* S\ 9 *& B+.+,X&.*/ 10#,0&.'D%*/ +//#7'0/ 2 2 2 2 ; 

32 9 R%* 5? )* $8CA).#$'*((* *& 7#%B* 3? 7C#'/'* B#%. $* 7+$7%$ 2 2 2 2 2 2 2 2 2 ;3

32  M7C0,+ )% )#,+'(* )* 7+$7%$ )* $8CA).#$'*((* $'-.* *( ,'$'*% '([(' 2 2 2 2 ;3

32 3 ?'/&.'-%&'#( CP = f (λ) B#%. $8CA).#$'*((* $'-.* *( ,'$'*% '([(' 2 2 2 2 2 2 ;5

'J



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

!"#$ %&'()*)+,&- ./ 0&120+1-3 .1 (/+,,)-01 1-3*1 4) 0&-56/*)3+&- -/'7*+8/1

.1 49:;.*&4+1--1 <=#> 13 4) 0&-56/*)3+&- 1 (7*+'1-3)41 .1 ?:+&-& " " " " " @A

!"#@ B&,)01 .1 CM +-,3)-3)-7 (&/* /-1 *7C&4/3+&- D .+E7*1-3, ()*)'F3*1, .9)C)-01 @G

!"#A H+,3*+I/3+&-, 4&-6+3/.+-)41, )/ 01-3*1 ./ *&3&* .1 Cptot 13 U∗

x " " " " " " " " @J

!"#G K*+)-641 .1 C+31,,1 ,/* 4) ()41# 1- )'&-3 13 1- )C)4 ./ 01*041 .1 *&3)3+&- " @L

!"#J H+,3*+I/3+&- 0)*37,+1--1 .1 CM +-,3)-3)-7 )/ (&+-3 .1 M&-03+&--1'1-3 &(=

3+')4 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " @L

!"#L B&,)01 .1, 1E&*3, ()* /-+37 .1 4&-6/1/* (&/* 41 (&+-3 .1 M&-03+&--1'1-3

&(3+')4" " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " @N

!"#N H+,3*+I/3+&- .1, 1E&*3, '&;1--7, 1- M&-03+&- ./ ()*)'F3*1 .9)C)-01 )C10

41/*, C)41/*, ') +')41, 13 '+-+')41," " " " " " " " " " " " " " " " " " " " " " @N

!"!> OE13 .1 6*+441 .)-, 49:;.*&4+1--1 1- M&-03+&- ./ ()*)'F3*1 .9)C)-01" " " " " A>

!"!# %)*31, .1 C&*3+0+37 .1 49:;.*&4+1--1 4+I*1 1- '+4+1/ +-5-+" " " " " " " " " " " A#

!"!! H75-+3+&- ./ 0&120+1-3 .1 .7I+3" " " " " " " " " " " " " " " " " " " " " " " " A!

!"!$ %&120+1-3 .1 .7I+3 13 3/I1, .1 0&/*)-3 1- M&-03+&- ./ ()*)'F3*1 .9)C)-01" A$

$"# %), .973/.1 .1 *7M7*1-01" " " " " " " " " " " " " " " " " " " " " " " " " " " " " AJ

$"! K/--14 :;.*&.;-)'+8/1 ./ POQR" " " " " " " " " " " " " " " " " " " " " " " AL

$"$ S&./41 0)*7-)61" " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " AN

$"@ %), .973/.1 .1 *7M7*1-01" " " " " " " " " " " " " " " " " " " " " " " " " " " " " G>

$"A B7,/43)3, 1 (7*+'1-3)/ .1 49:;.*&4+1--1 4+I*1 " " " " " " " " " " " " " " " " G#

$"G B7,/43)3, 1 (7*+'1-3)/ .1 49:;.*&4+1--1 0)*7-71 " " " " " " " " " " " " " " G!

$"J ?0:7'), *1(*7,1-3)-3 41, '&.F41, 64&I)/ I),7, ,/* 4) 0&-,1*C)3+&- .1 4)

THS " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " G$

$"L ?0:7') ./ (*+-0+(1 ./ '&.F41 3&/*I+44&-)+*1 " " " " " " " " " " " " " " " " " G@

$"N ?0:7') 31'(,U0&V3 W (*70+,+&- " " " " " " " " " " " " " " " " " " " " " " " " GA

$"#> ?0:7'), .1, .&')+-1, .1 0)40/4 )C10 41, 0&-.+3+&-, )/ 4+'+31," " " " " " " GJ

$"## S)+44)61, !H" " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " J$

$"#! %&-C1*61-01 .1 CP 1- M&-03+&- .1 y+
" " " " " " " " " " " " " " " " " " " " " J@

$"#$ %&-C1*61-01 .)-, 41 (), .1 31'(, 0&-3*&471 ,/* 4) ()41#" " " " " " " " " " " JA

$"#@ %&-C1*61-01 .1 CP 1- M&-03+&- .1 ∆t " " " " " " " " " " " " " " " " " " " " " JG

$"#A OC&4/3+&- .1 CM (&/* .+E7*1-31, C)41/*, .1 ∆t " " " " " " " " " " " " " " " JG

@"# OC&4/3+&- .1 CP .)-, 41 .&')+-1 3/--14 " " " " " " " " " " " " " " " " " " " L!

@"! %&'()*)+,&- .1, *&,)01, CM -/'7*+8/1, 13 1 (7*+'1-3)41, " " " " " " " " " L$

@"$ ?0:7') .1 491E13 .1 0&-5-1'1-3" " " " " " " " " " " " " " " " " " " " " " " " LA

@"@ OC&4/3+&- ./ CP (&/* .1/ 0&-56/*)3+&-, 0)*7-71, );)-3 /- ()*)'F3*1 εg

(*&0:1" " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " LG

@"A X&4/'1 .1 0&-3*Y41 ./ ,;,3F'1 .)-, /- '+4+1/ 0&-5-7" " " " " " " " " " " " LJ

@"G H+,3*+I/3+&- CP = f (CT Zε) " " " " " " " " " " " " " " " " " " " " " " " " " " " LL

@"J ?0:7') '&-3*)-3 .1/ 0&-56/*)3+&-, 0&-5-71, .+E7*1-31, );)-3 41 '['1

()*)'F3*1 .1 I4&0)61 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " N>

@"L CP = f (λ) 1- '+4+1/ +-5-+ " " " " " " " " " " " " " " " " " " " " " " " " " " " N#

@"N %&'()*)+,&- .1, *&,)01, CM -/'7*+8/1 " " " " " " " " " " " " " " " " " " " N$

@"#> OC&4/3+&- ./ \]%% " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " N@

@"## H75-+3+&- ./ 0&120+1-3 .1 .7I+3" " " " " " " " " " " " " " " " " " " " " " " " NA

@"#! OC&4/3+&- ./ 0&120+1-3 .1 .7I+3" %), .1 *7M7*1-01" " " " " " " " " " " " " " NA

@"#$ K/I1, .1 0&/*)-3" %), .1 *7M7*1-01" " " " " " " " " " " " " " " " " " " " " " " NG

@"#@ H+,3*+I/3+&-, 4&-6+3/.+-)41, )/ 01-3*1 ./ *&3&* .1 Cptot 13 U∗

x " " " " " " " " NJ



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

"#$% &'()*+ ,* -.()!/!)0 ,* 1234,(.1!*55* /'(050* *5 6!1!*7 !585!# # # # # # # # # # 99

%#$ :'('6;)(*+ <0.60)(!=7*+ ,7 /'(05'<*# # # # # # # # # # # # # # # # # # # # # $>?

%#@ CP ',!6*5+!.55*1 *5 A.5/)!.5 ,* 1' B.+!)!.5 ' !'1* # # # # # # # # # # # # # # $>?

%#C :(.81+ ,2'!1* B.7( 1*+ B'1*+ ,* 1234,(.1!*55* # # # # # # # # # # # # # # # # # # $>D

%#" CP *5 A.5/)!.5 ,* 120B'!++*7( ,7 B(.81 ,* B'1* # # # # # # # # # # # # # # # # $>E

%#% F!+)(!G7)!.5+ ,* CP B.7( ,*+ B(.81+ ,* B'1* # # # # # # # # # # # # # # # # # $>E

%#? CD *) CL ,*+ B(.81+ H::IHJK"@> *) JLI # # # # # # # # # # # # # # # # # # $>9

%#D CP (α) B.7( B17+!*7(+ '5<1*+ ,2.7-*()7(* ,7 /'(05'<* # # # # # # # # # # # # $$>

%#E CP (λopt) B.7( B17+!*7(+ '5<1*+ ,2.7-*()7(* ,7 /'(05'<* # # # # # # # # # # # $$$

%#9 &.6B'('!+.5 ,*+ (.+'/*+ CM ,*+ /'(05'<*+ H"@> *) JLI # # # # # # # # # # $$$

%#$> ∆∗

p (λopt) '7 +*!5 ,7 (.).( # # # # # # # # # # # # # # # # # # # # # # # # # # # # $$@

%#$$ F!+)(!G7)!.5 ,* Cp +7( 1*+ /'(05'<*+ .B)!6'7 # # # # # # # # # # # # # # # # $$C

%#$@ F!+)(!G7)!.5 ,* CP M CD *) CL ,* 120)7,* B'('60)(!=7* # # # # # # # # # # # # $$C

%#$C :.1'!(*+ *5 A.5/)!.5 ,* 12'5<1* ,2.7-*()7(* # # # # # # # # # # # # # # # # # # $$"

%#$" HN*) ,* 1' 1.5<7*7( ,* /.(,* ,7 /'(05'<* +7( 1* CP # # # # # # # # # # # # # $$%

%#$% F!+)(!G7)!.5 ,* CP M CD *) CL *5 A.5/)!.5 ,* 1' /.(,* # # # # # # # # # # # # $$?

%#$? I!<5*+ ,* /.7('5) *5 A.5/)!.5 ,* 1' 1.5<7*7( ,* /.(,* # # # # # # # # # # # # $$D

%#$D L*6B+ ,* /'1/71 *5 A.5/)!.5 ,* α *) ,* C # # # # # # # # # # # # # # # # # # # $$E

%#$E O/306' ,*+ )(.!+ 6.,;1*+ +!6B1!80+ # # # # # # # # # # # # # # # # # # # # # # $@>

%#$9 &.6B'('!+.5 ,*+ CD .G)*57+ B'( 1*+ 6.,;1*+ +!6B1!80+ # # # # # # # # # # # $@$

%#@> &.6B'('!+.5 ,*+ CL ',!6*5+!.55*1+ .G)*57+ B'( 1*+ 6.,;1*+ +!6B1!80+ # # $@@

%#@$ O/306' +7( 12*5)('!5*6*5) *) 1' ,*+)(7/)!.5 ,* 1' /.7/3* 1!6!)* # # # # # # # $@@

%#@@ &.6B'('!+.5 ,*+ B.1'!(*+ *5)(* 6.,;1*+ # # # # # # # # # # # # # # # # # # # $@C

P#$ H5*(<!*+ A.++!1*+# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $C%

P#@ H5*(<!* 57/10'!(*# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $C?

P#C :'(/ ,20.1!*55*+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $CE

P#" H5*(<!* +.1'!(* B3.).-.1)'Q=7* # # # # # # # # # # # # # # # # # # # # # # # # # $C9

P#% H5*(<!* +.1'!(* )3*(6!=7* # # # # # # # # # # # # # # # # # # # # # # # # # # # # $C9

P#? I234,('71!=7* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $">

P#D O/306' ,275* /*5)('1* 34,('71!=7* # # # # # # # # # # # # # # # # # # # # # # $"$

R#$ :'(/ ,20.1!*55*+ .N+3.(* *) ,!+)(!G7)!.5 ,* 1' (*++.7(/* 0.1!*55* *5 H7(.B* $""

R#@ L*/35.1.<!* :*1'6!+ *) ,!+)(!G7)!.5 ,* 1' (*++.7(/* 3.71.6.)(!/* *5 H7(.B* $"%

R#C PG+.(G*7(+ B.5/)7*1+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"%

R#" P))057')*7( # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"%

R#% :(!5/!B* ,* A.5/)!.55*6*5) ,* 1' /.1.55* S *'7 .+/!11'5)* # # # # # # # # # # $"?

R#? :(!5/!B* ,* A.5/)!.55*6*5) ,*+ ('6B*+ ,* ,0A*(1*6*5) # # # # # # # # # # # $"?

R#D O/306' ,* A.5/)!.55*6*5) ,275* /*5)('1* HLT *) HLT U.))'5)* # # # # # $"D

R#E O/306' ,* A.5/)!.55*6*5) ,275* /*5)('1* .+6.)!=7* # # # # # # # # # # # # # $"E

R#9 O/306' ,275* /*5)('1* 6'(*6.)(!/* *) 7+!5* 6'(*6.)(!/* ,* 1' J'5/* # # # $"E

R#$> V4,(.1!*55*+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"9

R#$$ P!1* .+/!11'5)* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $%>

&#$ &'().<('B3!* ,*+ B(.W*)+ H5JT *5 X('5/* # # # # # # # # # # # # # # # # # # $%$

F#$ V4,(.1!*55*+ P/3'(,# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $%C

F#@ &.5/*B) R!K).7(+# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $%"



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

"#$ %&'()*+, &-.)*!/'0, 1)20'(0, 3)*, 40 1&*30 # # # # # # # # # # # # # # # # # $56

"#7 89&+, 30 -&'()*+, 30 1)(.0 3)*, 40 1&*30 # # # # # # # # # # # # # # # # # # $5:

"#; <&+0*+!04 30, -&'()*+, 3=0)' 0* "'(&90 # # # # # # # # # # # # # # # # # # # # $5:

>#$ ?'@0 30 -&'()*+ 3.-(!+ 3)*, 4) +A.&(!0 30 B0+C# # # # # # # # # # # # # # # # $D;

>#7 E)(!)+!&* 3' -&0F-!0*+ 30 9'!,,)*-0 0* G&*-+!&* 3' G)-+0'( 3=!*+0(G.(0*-0# # $D6

>#; E)(!)+!&* 3' -&0F-!0*+ 30 +()H*.0 0* G&*-+!&* 3' G)-+0'( 3=!*+0(G.(0*-0# # # $D6

I#$ 8-A.1) 30, ,+('-+'(0, J&(+!-!+)!(0, ,'( 4) 9)40$ )' -&'(, 3='*0 (&+)+!&*#

λ = 1.0# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $DK

I#7 %)(+0, 30 J&(+!-!+. !*,+)*+)**.0,# λ = 1.0# # # # # # # # # # # # # # # # # # # $67

I#; 8-A.1) 30, ,+('-+'(0, J&(+!-!+)!(0, ,'( 4) 9)40$ )' -&'(, 3='*0 (&+)+!&*#

λ = 2.0# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $6;

I#L %)(+0, 30 J&(+!-!+. !*,+)*+)**.0,# λ = 2.0# # # # # # # # # # # # # # # # # # # $6L

M#$ 8-A.1) 30, ,+('-+'(0, J&(+!-!+)!(0, ,'( 4) 9)40$ )' -&'(, 3='*0 (&+)+!&*#

λ = 1.5# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $65

M#7 %)(+0, 30 J&(+!-!+. !*,+)*+)**.0,# λ = 1.5# # # # # # # # # # # # # # # # # # # $6:

M#; 8-A.1) 30, ,+('-+'(0, J&(+!-!+)!(0, ,'( 4) 9)40$ )' -&'(, 3='*0 (&+)+!&*#

λ = 2.0# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $6K

M#L %)(+0, 30 J&(+!-!+. !*,+)*+)**.0,# λ = 2.0# # # # # # # # # # # # # # # # # # # $:$

M#5 %)(+0, 30 J&(+!-!+. !*,+)*+)**.0,# λ = 3.0N θ = O N $:O 0+ ;DO (0,90-+!J010*+#$:7

P#$ >.&1.+(!0 3' 9(&Q4 "<<R"STL7O U -&(30 '*!+)!(0# # # # # # # # # # # # # # $:;

P#7 >.&1.+(!0 3' 9(&Q4 8$77;TS?R U -&(30 '*!+)!(0# # # # # # # # # # # # # # # # $:5

V#$ 8-A.1) 3' -!(-'!+ AW3()'4!/'0 3' +'**04 AW3(&3W*)1!/'0 3' R">M# # # # # $:6

R#$ %&19)()!,&* 30, (&,)-0, FXFY *'1.(!/'0, 0+ 0 9.(!10*+)40, # # # # # # # $KO

R#7 X!,+(!@'+!&*, -)(+.,!0**0, 3' CM *'1.(!/'0# IW3(&4!0**0 4!@(0# # # # # # # $K7

R#; X!,+(!@'+!&*, -)(+.,!0**0, 3' CM *'1.(!/'0# IW3(&4!0**0 -)(.*.0# # # # # # $K;

R#L FX 0+ FY *'1.(!/'0# Y!4!0' -&*Q*.# # # # # # # # # # # # # # # # # # # # # # $KL

R#5 FX 0+ FY *'1.(!/'0# Y!4!0' !*Q*!# # # # # # # # # # # # # # # # # # # # # # # $K5



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

 !"#$%&'#( )* $+ ,-#)%.&'#( *& )* $+ .#(/#00+&'#( )12(*-3'* 0#()'+$* 4 4 4  

 4 CP )* )'"*-/*/ 56)-#$'*((*/ )* &6,* 7+--'*%/ 8 ,+$*/ )-#'&*/ 4 4 4 4 4 4 4 4  9

 4: ;<%+&'#(/ &52#-'<%*/ ,#%- %(* 56)-#$'*((* 8 =%> +>'+$ $'?-* #% .+-2(2*4 4 4 :@

:4 A+-+0B&-*/ )* .+$.%$ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 C@

:4: D#0,+-+'/#( *(&-* $+ .#(E3%-+&'#( (%02-'<%* )* $156)-#$'*((* FG H *& $+

.#(E3%-+&'#( *>,2-'0*(&+$* )* I5'#(# 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 CC

@4 J(.*-&'&%)*/ /%- $*/ 0*/%-*/ )+(/ $* &%((*$ 56)-#)6(+0'<%* )% K;LJ4 4 4 4 M9

@4: 7#((2*/ )*/ *>,2-'*(.*/ )* $156)-#$'*((* $'?-* )+(/ $* &%((*$ 56)-#)6G

(+0'<%*4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 NH

@4@ 7#((2*/ )*/ *>,2-'*(.*/ )* $156)-#$'*((* .+-2(2* )+(/ $* &%((*$ 56)-#)6G

(+0'<%*4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 N 

@4C O*0,/ )* .+$.%$ (2.*//+'-* ,#%- /'0%$*- %( &#%- )1%(* 56)-#$'*((* 7+--'*%/

+"*. $+ 02&5#)* PFQI 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 NN

@4M 7'0*(/'#(/ )*/ )#0+'(*/ )* .+$.%$4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 NR

@4N Q#0?-* )* .*$$%$*/ )% 0+'$$+3* /&-%.&%-2 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 NS

@4R P23$+3* )*/ ,+-+0B&-*/ DT74 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 R 

@4S O*/& )1'()2,*()+(.* )% 0+'$$+3* 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 R@

C4 CP (%02-'<%* *& *>,2-'0*(&+$ )+(/ $* )#0+'(* &%((*$ 4 4 4 4 4 4 4 4 4 4 4 S:

C4: ;"+$%+&'#( )* $1*U*& )* .#(E(*0*(&4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 SM

C4@ ;<%+&'#(/ &52#-'<%*/ ,#%- &-+'&*- $*/ 56)-#$'*((*/ *( .#(E3%-+&'#( .#(E(2*4 S9

C4C CPmax &52#-'<%* *& V+.&*%- )* /%-*/&'0+&'#( *( V#(.&'#( )% ,+-+0B&-* )*

.#(E(*0*(&4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 9H

C4M CP (%02-'<%* *( 0'$'*% '(E(' 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 9:

C4N T+.&*%-/ )1+%30*(&+&'#( )* ,%'//+(.* ,#%- )'"*-/*/ .#(E3%-+&'#(/4 4 4 4 4 9:

C4R ;U#-&/ (%02-'<%*/ ,#%- λopt4 D#0,+-+'/#( )*/ .+/ )* -2V2-*(.*4 4 4 4 4 4 4 9S

C4S D#--*.&'#( )* CP ,#%- $156)-#$'*((* $'?-* 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  HH

C49 D#--*.&'#( )* CP ,#%- $156)-#$'*((* .+-2(2* 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  HH

M4 I2-'*/ )* $12&%)* ,+-+02&-'<%* 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  H9

M4: D#0,+-+'/#( )*/ CD #?&*(%/ ,+- $*/ 0#)B$*/ /'0,$'E2/ 4 4 4 4 4 4 4 4 4 4 4  :H

L4 Q#0*(.$+&%-*4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  N@

W4 D+-+.&2-'/&'<%*/ 32#02&-'<%*/ )% ,-#E$ ;AAK;PGC:H 4 4 4 4 4 4 4 4 4 4 4 4  S@

>'''



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

#$% &''('))*+, -*'.*/0!12+, (2 30'45 677869:;%< $ $ $ $ $ $ $ $ $ $ $ $ $ $ =>;

#$? &@0@A/*0!,/!12+, -*'.*/0!12+, (2 30'45 B=%%?:9C8 $ $ $ $ $ $ $ $ $ $ $ $ $ =>D

#$; &''('))*+, -*'.*/0!12+, (2 30'45 B=%%?:9C8 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =>E

8$= 6F'0/, )2.*0!12+ +/ + 3*0!.+)/@5 (@), 5+ ('.@!)+ /2))+5 $ $ $ $ $ $ $ $ $ =G=



 !"#$%&'()*#

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

CD  )"&,)-&#. (& .'/0#1& *2+

CL  )"&,)-&#. (& 3"'./#)& *2+

CN  )"&,)-&#. (& 4"')& #"'5/!& *2+

CM  )"&,)-&#. (& )"%3!&6 )"&,)-&#. (& 5"5&#. *2+

CP  )"&,)-&#. (& 3%-77/#)& *2+

CPopt  )"&,)-&#. (& 3%-77/#)& "3.-5/! *2+

CQ  )"&,)-&#. (& (18-. *2+

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

d  (-/59.'& (& !:/'8'& (& '"./.-"# *m+

DH  (-/59.'& ;<('/%!-=%& *m+

e  &#.'&4&' *m+

FD  4"')& (& .'/0#1& *N +

FL  4"')& (& 3"'./#)& *N +

FN  4"')& #"'5/!& *N +

FT  4"')& ./#$&#.-&!!& *N +

FX  4"')& !"#$-.%(-#/!& *N +

FY  4"')& .'/#7>&'7/!& *N +

FAP  4/).&%' (:/%$5&#./.-"# (& 3%-77/#)& *2+

FOCC  4/).&%' (:"#(%!/.-"# (% )"&,)-&#. (& )"%3!& *2+

H  ;/%.&%' (& !:;<('"!-&##&6 (% )/'1#/$& *m+

I  -#.&#7-.1 .%'8%!&#.& *2+

l  !"#$%&%' )/'/).1'-7.-=%& (& .%'8%!&#)& *m+

L  !"#$%&%' )/'/).1'-7.-=%& *m+

Lc  !"#$%&%' )/'/).1'-7.-=%& *m+

N  #"58'& (& 3/!&7 *%#-.1+

M  5"5&#.6 )"%3!& *Nm+

n  #"58'& *%#-.1+

?  (-/59.'& *m+

p  3'&77-"# *Pa+

P  3%-77/#)& *W +

Q  (18-. *m3/s+

QDM  =%/#.-.1 (& 5"%>&5&#.

R  '/<"# (% '"."' *m+

−→
R  >&).&%' 3"7-.-"# *m+

Re  #"58'& (& @&<#"!(7 *2+

A>



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

ReC # $%&'() *) +),$%-*. -"/ 0 -1 -%$23)3( *) 4%(*) 567

ReDH # $%&'() *) +),$%-*. -"/ 13 *"1&89() :,*(13-";3) 567

Re
+

# $%&'() *) +),$%-*. -"/ 13 *"1&89() *3 (%9%( 567

S # .)49"%$< &1=9() 4%3>-) 5m2
7

S∞ # .)49"%$ *3 93') *) 4%3(1$9 0 -?"$@$" 1&%$9 5m2
7

Srotor # .)49"%$ *3 93') *) 4%3(1$9 *1$. -) >-1$ 13 4)$9() *3 (%9%( 5m2
7

Sx # .)49"%$ *3 93') *) 4%3(1$9 13 >%"$9 x 5m2
7

U # !"9)..) 41(149/(".9";3) 5m/s7
U∗

x # !"9)..) -%$2"93*"$1-) 1*"&)$."%$$)--) 567

V∞ # !"9)..) *) -?/4%3-)&)$9 0 -?"$@$" 1&%$9 5m/s7
−→
V∞ # !)49)3( *) -1 !"9)..) *) -?/4%3-)&)$9 0 -?"$@$" 1&%$9 5m/s7
Vloc # !"9)..) -%41-) 5m/s7
Vx # !"9)..) -%$2"93*"$1-) 5m/s7
Vx # !"9)..) -%$2"93*"$1-) &%,)$$) *1$. -1 .)49"%$ 13 >%"$9 x 5m/s7
Vxrotor # !"9)..) -%$2"93*"$1-) &%,)$$) 13 4)$9() *3 (%9%( 5m/s7
wss # A1-- .:)1( .9()..< 4".1"--)&)$9 0 -1 >1(%" 5Pa7
W # !"9)..) *?1991;3) 5m/s7
−→
W # !)49)3( *) -1 !"9)..) *?1991;3) 5m/s7
y+

# *".91$4) 1*"&)$."%$$)--) 0 -1 >1(%" 567

α # 1$2-) *?"$4"*)$4)< 1$2-) *?1991;3)< 1$2-) *?%3!)(93() 5deg7
∆p # *"B/()$4) *) >().."%$ 5Pa7
∆t # >1. *) 9)&>. 5s7
εg # >1(1&89() *) 4%$@$)&)$9 2/%&/9(";3) 567

η # ()$*)&)$9 5C7

η$ # ()$91'"-"9/ 5C7

θ # 1$2-) 1D"&39:1- 5deg7
λ # >1(1&89() *?1!1$4) 567

λloc # >1(1&89() *?1!1$4) -%41- 567

λopt # >1(1&89() *?1!1$4) %>9"&1- 567

ν # !".4%."9/ 4"$/&19";3) 5m2/s7
ρ # &1..) !%-3&";3) 5kg/m3

7

σ # .%-"*"9/ 567

ω # !"9)..) *) (%919"%$ 5rad/s7
−→ω # !)49)3( *) -1 !"9)..) *) (%919"%$ 5rad/s7

E%919"%$. 39"-"./). >1( -) &%*8-) *) F)(-)

Ap # .)49"%$ *3 (%9%( 5m2
7

CS # 4%)G4")$9 *) 9(1=$/) -"/ 0 -1 >)(9) *) 4:1(2) 567

CT # 4%)G4")$9 *) 9(1=$/) *3 (%9%( 567

FS # H%(4) / )(4/) >1( -) 41(/$12) .3( -) I3"*) 5N 7

FT # H%(4) -%$2"93*"$1-) .3( -) (%9%( 5N 7

pp1 # >().."%$ J3.9) )$ 1&%$9 *3 (%9%( 5Pa7
pp2 # >().."%$ J3.9) )$ 1!1- *3 (%9%( 5Pa7
u0 # !"9)..) 1*"&)$."%$$)--) "$9/(")3( 13 93') *) 4%3(1$9 13 ."--12) 5m/s7



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

uc # !"$%&&% '(")%*&"+**%,,% % $-."%/. '/ $/0% (% 1+/.'*$ %* '!', 2m/s3
V0 # !"$%&&% (% ,4-1+/,%)%*$ "*$-."%/. '/ $/0% (% 1+/.'*$ '/ &",,'5% 2m/s3
Vc # !"$%&&% (% ,4-1+/,%)%*$ %* '!', % $-."%/.% '/ $/0% (% 1+/.'*$ 2m/s3
Vp # !"$%&&% (% ,4-1+/,%)%*$ '/ 1+, 2m/s3
ε # 1+%61"%*$ (% 0,+1'5% 273





e







  !"#$%&'" $!

!"#$%& '(()* +" ,-./0-1/%0" 2"& 34/$+"5"61& 78/#9:&%;$"& "1 <62$&10%"+& =,>7<? 2"

70"6/.+" 10-@-%++" &$0 $6 #0/A0-55" 2B81$2"& 6/558 CDEF>GH =C:20/+%"66" I DJ"

2" E/1-1%/6 F>01%4-+ GH-.%+%&8?* 4"6108 &$0 +" 28@"+/##"5"61 2B$6 4/64"#1 2B9:20/+%"66"

=2/61 +- A8/5810%" 08&$+1" 2B$6" 8@/+$1%/6 2"& 5-49%6"& 2" !-00%"$& "1 7/0+/@? ;$% @%&"

I #0/2$%0" 2" +B8+"410%4%18 "6 "J#+/%1-61 +B86"0A%" 4%681%;$" 4/61"6$" 2-6& +"& 4/$0-61&

5-0%6&KL$@%-$J =4MN D66"J" ! #/$0 #+$& 2B%6M/05-1%/6& &$0 +" #0/A0-55" 2" 0"49"049"

CDEF>GH?N ," #/1"61%"+ 5/62%-+ 1"496%;$"5"61 "J#+/%1-.+" 2"& 4/$0-61& 2B"-$ "&1 "&1%58

I  O(HP9K-6

(

=4MN D66"J" >?N ,- #-01%" 4/00"&#/62-61" I +B>$0/#" "&1 2" )OQROHP9K-6

#/$0 ;$"+;$" )(7P 2" #$%&&-64" %6&1-++8"N ," E/:-$5"QS6% #/&&T2" +" UOV 2$ #/1"61%"+

=2/61 O(V "6 >4/&&"?N ,- W0-64" "6 #/&&T2" '(V =X0"1-A6" "1 X-&&" Y/05-62%"?* -@"4

OQ) HP9K-6* &/%1 'NOQRNO7P 2" #$%&&-64" %6&1-++8"N ," 0"&1" "&1 08#-01% "610" +- 70T4"*

+B<1-+%" "1 +- Y/0@TA"N

," #0/A0-55" CDEF>GH - 2/668 +%"$ I #+$&%"$0& 19T&"& -6180%"$0"& I +- #08&"61"

19T&"* ;$% /61 #"05%& 2" 5"110" "6 #+-4" 2"& /$1%+& 2B-6-+:&" "J#80%5"61-+" "1 6$580%;$"

2B9:20/+%"66"& I -J" @"01%4-+N Y/$& M"0/6& .%"6 &Z0 08M80"64" I 4"& 10-@-$J "J%&1-61& 2-6&

+- &$%1" 2$ 585/%0" "6 5"11-61 .%"6 "6 8@%2"64" +"& -##/01& &#84%[;$"& I +- #08&"61"

19T&"N

<+ "&1 0-#%2"5"61 -##-0$* "6 -6-+:&-61 6/1-55"61 +"& 4/6[A$0-1%/6& 4+-&&%;$"& 2B8/+%Q

"66"& /$ 2B9:20/+%"66"& I -J" 9/0%\/61-+* ;$B$6" #%&1" #/&&%.+" 2B-$A5"61-1%/6 2$ 0"62"Q

5"61 2" +B9:20/+%"66" I -J" @"01%4-+ 4/6&%&1-%1 I +- 5$6%0 2B$6 4-086-A" ]$2%4%"$&"5"61

4/6^$N _"11" 19T&" "&1 2/64 4/6&-408" I +B-6-+:&"* #-0 @/%" 6$580%;$"* 2"& 9:20/+%"66"& I

-J" @"01%4-+ 5$6%"& 2B$6 4-086-A"N

 !"#$%&'( )* %+,-,&. #% /.,0 )* 1213&+#

,- 19T&" &B-01%4$+" -$1/$0 2" 10/%& A0-62& /.]"41%M& `

 _/5#0"620" +B%5#-41 2$ 4-086-A" &$0 +- #"0M/05-64" 2" +B9:20/+%"66" -[6 2" #/$Q

@/%0 08#/620" I +- ;$"&1%/6 ` a +" 4-086-A" #"05"1Q%+ 2B-58+%/0"0 +- #"0M/05-64"

2B$6" 9:20/+%"66" b cN <+ &B-A%1 2" 10/$@"0 $6" "J#+%4-1%/6 #9:&%;$" &$0 +" #0%64%#"

2" M/641%/66"5"61 9:20/2:6-5%;$" 2$ 4-086-A"N

 3@-+$"0 ;$-61%1-1%@"5"61 +"& #"0M/05-64"& 2"& 4/6[A$0-1%/6& 4-0868"& "6 +"& 4/5Q

#-0-61 -$ 4-& 2B$6" 9:20/+%"66" +%.0" =6/6 4-0868"?N _"11" 8@-+$-1%/6 @- &B-##$:"0

&$0 2"& 4-+4$+& 6$580%;$"& EDYG '! "1 2"& 2/668"& "J#80%5"61-+"&N

 d"110" "6 8@%2"64" +"& A0-62"$0& A8/5810%;$"& 2$ 2%&#/&%1%M #"05"11-61 2B/#1%5%&"0

/$ -$ 5/%6& 2B-58+%/0"0 +- #"0M/05-64" 2$ &:&1T5" 2" 4-086-A"N

G/$+%A6/6& ;$" +- 19T&" 4/64"06" $6%;$"5"61 +"& -&#"41& 9:20/2:6-5%;$"& 2" +B9:Q

20/+%"66" 4-0868" ` 8@-+$-1%/6 2" +- #"0M/05-64" 2$ &:&1T5" "1 -6-+:&" 2" +B%6L$"64"

2"& #-0-5T10"& A8/5810%;$"& &$0 4"11" #"0M/05-64"N ,B"6&"5.+" 9:20/+%"66"Q4-086-A" "&1

5/28+%&8 6$580%;$"5"61 #-0 $6" -##0/49" "J4+$&%@"5"61 '!N ,"& -&#"41& R! 6" &/61

#-& #0%& "6 4/5#1" I 4" &1-2" #/$0 2"& 0-%&/6& 2" 4/Z1N <+ M-$1 A-02"0 I +B"&#0%1 ;$"

+"& #986/5T6"& 9:20/2:6-5%;$"& 6" 4/64"06"61 ;$B$6" #-01%" 2"& #-0-5T10"& I #0"620"

"6 4/5#1" 2-6& +- 4/64"#1%/6 2B$6" 9:20/+%"66" e 2B-$10"& #-0-5T10"& 2/61 %+ M-$1 1"6%0

4/5#1" &/61 -%6&% `

 

 !"#$% & '()%#*+,- . /% 01#!234#% 5676 8%) 9:%#;<%) #%:!"*%=1(=%) 9=%$4#<>"%) %: ?#1:$% @

A44B &CCDDDE%:%#;<%)F#%:!"*%=1(=%)E!#;CE



 !"#$%&'" $!  

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

 !* #*2&+*+&%0

 !3*44"-2&44")"0+ "+ !* #%00"'&%0 *. -,4"*.

 !3%-&"0+*+&%0 (" !3"04")5!" 6*#" *. #%.-*0+

 !"4 *0#-*7"4

 !"4 "8"+4 "02&-%00")"0+*.' 96*.0" )*-&0": "+ (3.4*7" 95*+"*.' "+ !%&4&-4:

 "+#;

<"4 (&8,-"0+4 *4="#+4 0" 4%0+ =*4 +-*&+,4 !%-4 (" #" +-*2*&!/ )*&4 #" 4%0+ ("4 *4="#+4

(%0+ &! 6*.(-* 5&"0 4>- +"0&- #%)=+" =%.- 7*-*0+&- !* ="-+&0"0#" 7!%5*!" (. =-%?"+;

@" =-")&"- #$*=&+-" (. ),)%&-" "4+ (,(&, A .0 ,+*+ (" !3*-+ 7,0,-*! 4.- !"4 $B(-%!&"00"4/

%C !3*##"0+ "4+ -*=&(")"0+ )&4 4.- !"4 (&4=%4&+&64 (" #*-,0*7" ="-D.4 #%))" ("4 ,!,)"0+4

#!,4 (" !3*),!&%-*+&%0 (" ="-6%-)*0#" =%.- !"4 (&8,-"0+"4 #%0E7.-*+&%04 (" )*#$&0"4 !&F

5-"4 =-%=%4,"4; G0" -"2." ("4 (&8,-"0+"4 4%!.+&%04 (" (&4=%4&+&64 #*-,0,4 "4+ -,*!&4,"; G0

=-")&"- *="-D. ("4 ),+$%("4 .+&!&4,"4 =%.- !3,2*!.*+&%0 %. !3"4+&)*+&%0 (" !".- ="-6%-F

)*0#" "4+ 6%.-0&; <" #$*=&+-" 1.& -"4+" *44"H 7,0,-*! ="-)"+ "0 =*-+&#.!&"- (" )"++-" "0

,2&("0#" !" ="+&+ 0%)5-" (3*0*!B4"4 #%04*#-,"4 *.' (&4=%4&+&64 (3$B(-%!&"00"4 #*-,0,"4 A

*'" 2"-+&#*! =*- -*==%-+ *.' #%0E7.-*+&%04 A *'" $%-&H%0+*!;

I."!1."4 -*=="!4 #%0#"-0*0+ !3$B(-%!&"00" !&5-" 94*04 #*-,0*7": A *'" 2"-+&#*! 4%0+

=-,4"0+,4 *. #$*=&+-" J; K!4 #%04+&+."0+ !" =%&0+ (" (,=*-+ ("4 +-*2*.' 1.& 4"-%0+ *5%-(,4

=*- !* 4.&+"; L&04&/ .0" ,+.(" #%)=!M+" (" !3$B(-%!&"00" !&5-" "4+ 6%.-0&" "0 (".' =*-+&"4; @*

=-")&M-" =*-+&" #%0#"-0" !"4 *4="#+4 +$,%-&1."4 9=-&0#&=" (" 6%0#+&%00")"0+/ ("4#-&=+&%0

("4 =*-*)M+-"4:; @* (".'&M)" =*-+&" "4+ .0" #%0+-&5.+&%0 ="-4%00"!!"/ (,(&," A !3*0*!B4"

("4 -,4.!+*+4 NLOP JQ +-*04&+%&-"4/ 1.& 2&4" A #%)=!,+"- !* +$,%-&" (,?A (&4=%0&5!" *.

(,)*--*7" (" #"4 +-*2*.';

R%.4 !"4 ,!,)"0+4 #!,4 0,#"44*&-"4 A !3*0*!B4" ("4 $B(-%!&"00"4 A *'" 2"-+&#*! *B*0+ ,+,

&0+-%(.&+4 *. #$*=&+-" =-,#,("0+/ !" #$*=&+-" S =-,4"0+" !"4 %.+&!4 (3*0*!B4" 90.),-&1."4 "+

"'=,-&)"0+*.': 1.& %0+ ,+, (,2"!%==,4 "+T%. .+&!&4,4 =%.- )"0"- A 5&"0 0%+-" *0*!B4" ("4

$B(-%!&"00"4 #*-,0,"4 A *'" 2"-+&#*!; @"4 =-&0#&="4 (,+*&!!,4 (" !* )%(,!&4*+&%0 0.),-&1."

)&4" "0 =!*#" 4%0+ *.44& "'=%4,4 (*04 #" #$*=&+-";

@"4 4&).!*+&%04 0.),-&1."4 NLOP JQ +-*04&+%&-"4 (" !3$B(-%!&"00" #*-,0," =%.- .0"

7,%),+-&" (" -,6,-"0#" 4%0+ =-,4"0+,"4 *. #$*=&+-" U; @" 4%.#& (" 2*!&(*+&%0 (" #"4 4&).F

!*+&%04 =*- #%)=*-*&4%0 *2"# ("4 )"4.-"4 "8"#+.,"4 (*04 !" +.00"! $B(-%(B0*)&1." (.

@VWK #%0(.&+ A )"++-" "0 ,2&("0#" "+ A 1.*0+&E"- !3"8"+ (" #%0E0")"0+ (> *.' =*-%&4

(" !* 2"&0"; @* 0,#"44&+, (" -,*!&4"- !"4 #*!#.!4 (*04 .0 (%)*&0" &0E0& =%.- (&4=%4"-

(" ="-6%-)*0#"4 -"=-,4"0+*+&2"4 (3.0 6%0#+&%00")"0+ -,*!&4+" "4+ )&4" "0 ,2&("0#"; G0"

#%)=*-*&4%0 "0+-" !3$B(-%!&"00" !&5-" "+ !3$B(-%!&"00" #*-,0," (*04 #" ("-0&"- (%)*&0" "4+

*.44& *0*!B4,";

@" #$*=&+-"  * =%.- %5?"#+&6 =-")&"- (" (,E0&- !"4 =*-*)M+-"4 A =-"0(-" "0 #%)=+"

=%.- ,+*5!&- .0" 4+-*+,7&" (3*),!&%-*+&%0 (. 4B4+M)" (" #*-,0*7"; Q*04 .0 (".'&M)"

+")=4/ !3&)=%-+*0+ +")=4 (" #*!#.! 0,#"44*&-" =%.- 4&).!"- !3"04")5!" -%+%- "+ #*-,0*7"

#%0(.&+ A =-%=%4"- ("4 )%(M!"4 4&)=!&E,4 =%.- "4+&)"- !* ="-6%-)*0#" ("4 (&8,-"0+"4

4%!.+&%04 *2*0+ (" !*0#"- .0" 4&).!*+&%0 #%)=!M+" (" 2*!&(*+&%0;

@" (%#.)"0+ 43*#$M2" *2"# .0" 4"#+&%0 -,#*=&+.!*+&2" ("4 #%0#!.4&%04 (. =-,4"0+ +-*2*&!

"+ ("4 ="-4="#+&2"4 A !.& (%00"-;





Chapitre 1
 !"! #$ %&"'!

 ! "#$%&'(! %()%)*! +$,* -,! %(!.&/(! *!"'&), -,! 0&*&), 12)3$2! +!* +&45(!,'!* *)2-6

'&),* +7#8+()2&!,,!* 2&3(!* )- "$(5,5!*9 :7$,$28*! +! ;#$, !' $29 <=>? *-( 2!* '!"#,)2)1&!*

+! "),0!(*&), +75,!(1&! #8+()"&,5'&@-!A .!,5! !, BCC> *-( DE *8*'/.!*A $ 5'5 *)-("! +7&,6

*%&($'&), %)-( 2$ *!"'&),=9=9

F$,* 2$ *!"'&), =9BA 2!* *8*'/.!* "$(5,5* !' 2!* '($0$-G H,-.5(&@-!* !' !G%5(&.!,'$-GI

@-& 2!-( *),' $**)"&5* *),' %$**5* !, (!0-! +$,* 2! 3-' +75'$32&( -, %)&,' +! ").%$($&*),

%)-( ,)'(! %()%(! 5'-+!9

J,K,A 2$ *!"'&), =9L (5*-.! @-!2@-!* '($0$-G +5+&5* $- %(&,"&%! +! M),"'&),,!.!,'

+- "$(5,$1! !' N 2$ .)+52&*$'&), 12)3$2! +!* !4!'* +7-, "$(5,$1! *-( 2$ %!(M)(.$,"!9

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

:75,!(1&! #8+()"&,5'&@-! "),'!,-! +$,* +!* ")-($,'* O-0&$-GA ")-($,'* +! .$(5! )-

"$,$-G +7!$- $('&K"&!2* !*' $-P)-(+7#-& "),*&+5(5! ")..! -,! (!**)-("! +! %-&**$,"! (!6

,)-0!2$32! 0&$32! %)-( 2$ 15,5($'&), +752!"'(&"&'59 :!* *8*'/.!* +! "),0!(*&), #8+()"&,56

'&@-!*A !,")(! *)-0!,' +$,* 2!-( 5'$' +! +50!2)%%!.!,'A *),' !,0&*$15* %)-( (5"-%5(!( "!'

5,!(1&!9

:!* "),0!('&**!-(* #8+()"&,5'&@-!*A "),'($&(!.!,' $-G "!,'($2!* #8+()52!"'(&@-!* @-&

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

+-&'!* M)("5!*A *),' +!* *8*'/.!* ,! ,5"!**&'$,' $-"-,! .)+&K"$'&), +- ")-(* ,$'-(!2 +-

")-($,' +7!$-9  !* '!"#,)2)1&!* %!-0!,' Q'(! &.%2$,'5!* !, %$("* .)+-2$&(!* !G'($8$,'

275,!(1&! +!* ")-($,'* +&(!"'!.!,' *$,* $0)&( 3!*)&, +! 2! *')"R!( +$,* -, 3$**&,9  ).%$(5*

$-G "!,'($2!* #8+()52!"'(&@-!* "2$**&@-!*A 2!* "),0!('&**!-(* #8+()"&,5'&@-!* "),*'&'-!,'

-,! *)2-'&), .)+-2$&(!A !G'!,*&32! !' %2-* 5")2)1&@-!9

 !* *8*'/.!* 5'$,' +!* *)2-'&),* &,,)0$,'!*A &2 !G&*'! !,")(! -,! $.3&1-S'5 +$,* 2!

"2$**!.!,' +!* +&45(!,'!* '!"#,)2)1&!* !' +$,* 2!-(* $%%!22$'&),*9 ;#$, !' $29 <=>? H"M9 T,6

,!G! UI %()%)*!,' -, %(!.&!( "2$**!.!,' !,'(! 2!* *8*'/.!* #8+()"&,5'&@-!* M$&*$,' $%%!2

N -,! '-(3&,! H$%%!25* +5*)(.$&* *8*'/.!* +7#8+()2&!,,!*

 

I !' "!-G ,! M$&*$,' %$* $%%!2

N -,! '-(3&,! H"!* +!(,&!(* ,! *!(),' %$* '($&'5*I9 :$ U&1-(! =9=$ .),'(! 2! %)-("!,'$1!

+! *8*'/.!* %()%)*5* ")((!*%),+$,' N "#$@-! '!"#,)2)1&!9

 

 !"#$% &''$((&")*+% &+,(*'-*+$% '*!# ($% -./#*()$++$% 0 1./#*2)+$")3 "!#4)+$5 6&"$# 7!##$+" 8!#4)+$

9678:5 ;("#&<(*=<-$&/ 1./#* 8!#4)+$5 >#$$ >(*=?@"#$&A 8!#4)+$5 B$#* 1$&/ 1./#* 8!#4)+$5 8)/&( C+<

@"#$&A D+$#,. 7*+E$#"$# 98C@D7:5 8)/&( 7!##$+" 8!#4)+$5 F)E$# 7!##$+" 8!#4)+$ 9F78:5 F)E$# 7!##$+"

D+$#,. 7*+E$#%)*+ @.%"$A 9F7D7@:5 F)E$# C+<@"#$&A D+$#,. 7*+E$#"$# 9FC@D7:5 F)E$# 8!#4)+$G

D







ρ
ρeau ≫ ρair

Ueau < Uair

ωR
ω R U

ωR U =
cte

ρSU3 S
ρSU2

Rω2



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

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

-

1 -'$ !- &").!.- !- 2345634 7)#. &-' /8!.)&%-**-' -95

7&)%$(*$ &-' ,)#.(*$' !- :(.;- -$ !- &").!.- !- <34 7)#. &-' ,)#.(*$' :(.%*' .;0#&%-.'= >-'

;)&%-**-' 7.;'-*$-*$ #* +(,$-#. !- ,/(.0- ?-(#,)#7 7&#' +(%?&-1 !- &").!.- !- @645A64 B <C=

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

>-' /8!.)&%-**-' D (9- E-.$%,(&1 -$ -* 7(.$%,#&%-. &( $#.?%*- F(..%-#' D 7(&-' !.)%$-'1

7.;'-*$-*$ !-' ($)#$' %:7).$(*$' -* ,):7(.(%')* (#9 /8!.)&%-**-' D (9- /).%G)*$(&=

H%$)*' I

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

/8!.)&%-**- D (9- /).%G)*$(&= J* -K-$1 (L* !- .;,#7;.-. &- :(9%:#: !";*;.0%-

!%'7)*%?&- D &"(:)*$1 &"(9- !- ,-$$- !-.*%M.- !)%$ N$.- 7&(,; !(*' &( !%.-,$%)* !-

&";,)#&-:-*$ %*,%!-*$= H-$$- ,)*$.(%*$- %:7&%O#- &"(P)#$ D &( '$.#,$#.- !- :(%*$%-*

!"#* '8'$M:- 7-.:-$$(*$ '( .)$($%)*=

  ( 1"0&.")",% $/ $'1"2#= Q)#. #*- $-,/*)&)0%- ;:-.0-*$- &( '%:7&%,%$; !# 7.)!#%$

,)*R# -'$ !%.-,$-:-*$ .-&%;- (# ,)S$1 !;$-.:%*(*$ 7)#. ')* '#,,M'= Q(. .(77).$

(#9 $#.?%*-' D (9- /).%G)*$(&1 !)*$ &-' 7(&-' )*$ ?-')%* !"#* 7.),;!; !- +(?.%,(5

$%)* 7.;,%'1 &"#$%&%'($%)* !-' 7(&-' !.)%$-' !(*' &-' /8!.)&%-**-' F(..%-#' '%:7&%L- &(

,)*,-7$%)* -$ .;!#%$ &- ,)S$ !- &( :(,/%*-=

  ' )+/&.(2' $/ 2%#%*(,'/* (/ *+,+*= Q)#. &-' (77&%,($%)*' /8!.),%*;$%O#-'1 &- ,)#5

7&(0- !# 0;*;.($-#. (# .)$). ,)*'$%$#- #* !;L= >-' /8!.)&%-**-' D (9- /).%G)*$(& )*$

')#E-*$ &- 0;*;.($-#. ')#' &"-(#= Q)#. ,-&&-' D (9- E-.$%,(& %& -'$ 7)''%?&- !- 7&(,-. &-

0;*;.($-#. -* ?)#$ !"(.?.- (#5!-''#' !- &"-(#1 ,- O#% !%:%*#- &- ,)S$ !- :(%*$-*(*,-

')#'5:(.%*- -$ &- ?-')%* !"#$%&%'-. !-' ,):7)'(*$' !";$(*,/;%$; ;&-,$.%O#-=

 3%$/),"+# $' .!%0"11"+# $/ 4*/",= >-' /8!.)&%-**-' D (9- E-.$%,(& ;:-$$-*$ :)%*' !-

?.#%$ ,(. &-' 7-.$-' !- ?)#$ !"(%&- ')*$ !%:%*#;-' BATC=

J* .-E(*,/-1 &( !%'7)'%$%)* E-.$%,(&- !- &"(9- 7.;'-*$- O#-&O#-' %*,)*E;*%-*$' I #*

+(%?&- ,)#7&- !- !;:(..(0-1 *;,-''%$(*$ ')#E-*$ &"#$%&%'($%)* !"#* !%'7)'%$%+ 7)#. !;:(..-.

&- .)$). U &( V#,$#($%)* !# ,)#7&-1 !S (#9 ,/(.0-' ,8,&%O#-' '#. &-' 7(&-' O#% (,,-*$#-*$

&( +($%0#- !# :($;.%(# U !- +).$' !;,)&&-:-*$' !8*(:%O#-' U #* .-*!-:-*$ :)%*!.-1 !-

&").!.- !- @645A34 ,)*$.- 2345264 7)#. &-' /8!.)&%-**-' D (9- /).%G)*$(& B@1 22C= >-'

/8!.)&%-**-' D (9- /).%G)*$(& ;&%:%*-*$ ?-(#,)#7 !- ,-' !-.*%-.' %*,)*E;*%-*$'= W)$)*'

,%5(7.M' O#-&O#-' (E(*$(0-' !- &( !%'7)'%$%)* /).%G)*$(&- !- &"(9- I

 5#' 2*(#$' 4(1' $!"#6+*0(,"+#= >( &%$$;.($#.- '#. &( ,)*,-7$%)* -$ &-' 7-.+).:(*,-'

-'$ (?)*!(*$-= >-' (E(*,-' !(*' &- !):(%*- !-' ;)&%-**-' -$ !-' /;&%,-' :(.%*-' 8

)*$ ?-(#,)#7 ,)*$.%?#;=

  ( &'*6+*0(#)'= >-' .)$).' D (9- /).%G)*$(& ')*$ (#$)!;:(..(*$-'= >-#. :-%&&-#.-

7-.+).:(*,- -'$ $.)#E;- 7)#. !-' E%$-''-' !- .)$($%)* 7&#' ;&-E;-'1 ,- O#% '%:7&%L-

&"(!(7$($%)* !# 0;*;.($-#. (E-, #* P-# !"-*0.-*(0-' .;!#%$=

 

 ! "#$%!&' (! $)#'*! !+% ,# $)#'*! -./!00! #00&!,,! !1!$%23! '#44.'%5 6 ,# $)#'*! 0.-20#,! (! ,7208

+%#,,#%2.09 :!%%! *'#0(!&' !+% %';+ 2-4.'%#0%! (#0+ ,! $#,$&, (! '!0%#<2,2%5 (7&0! 20+%#,,#%2.0 50!'*5%2=&! >

!0 !1!%? !,,! 20(2=&! ,! 4.&'$!0%#*! 4.&' ,!=&!, ,720+%#,,#%2.0 %.&'0! 6 +# 4&2++#0$! 0.-20#,! 4!0(#0% &0!

#005!9



P =
1

2
ρSV 3

∞

Protor = P ηhydrolienne ηm canique η lectrique

ηhydrolienne

CP

CP 16 27

16 25











η$ =



CP = 0.32 CP = 0.56





CP

16/27 59%



CS

CS



FS

CS

V0/Va = 1/3

(pp1 − pp2)

(1 + CS)



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

 
!
"
#
$
%
&
'

(
%
)
*
 

+
#
*
 
'
 
 

"
#
$

A
p
(p

p
2
−

p p
1
)

=
ρ

A
p
V

p
(V

0
−

V
a
)

A
p
(p

p
2
−

p p
1
)
+

F
S

=
ρ

A
p
V

p
(V

0
−

V
a
)

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

F
S

=
0

F
S

=
1 2
C

S
[ρ

A
p
(V

2 0
−

V
2 a
)]

1
)
'
/
&
2
-
-
,

(p
p
2
−

p p
1
)

=
1 2
ρ

(V
2 0
−

V
2 a
)

3
2
,
4
4
*
/
(
)
'
.
(
2
5
.
'
.
)

P
=

A
p
V

p
(p

p
2
−

p p
1
)

=
1 2
ρ

A
p
V

p
(V

2 0
−

V
2 a
)

6
,
7
)
4
4
)
*
2
(
&
-

V
p

=
1 2

(V
0
+

V
a
)

V
p

=
1 2

(1
+

C
S
)
(V

0
+

V
a
)

8
&
)
9
:
7
'
*
;
/
.
)
'
&
7
&
'

C
T
≡

F
T

1 2
ρ
A

p
V

2 a

=
(p

p
1
−

p p
2
)
A

p

1 2
ρ
A

p
V

2 a

8
&
)
9
:
5
2
,
4
4
*
/
(
)

C
P

=
(p

p
1
−

p p
2
)
V

P

1 2
ρ
V

3 a

=
1 2
C

T

(

1
+
√

1
−

C
T

)

C
P

=
(p

p
1
−

p p
2
)
V

P

1 2
ρ
V

3 a

=
1 2
C

T
(1

+
C

S
)
(

1
+
√

1
−

C
T

)

8
&
)
9
:
5
2
,
4
4
*
/
(
)
<
*
+
:

C
P

m
a
x

(

V
0
/V

a
=

1 3

)

=
16 27

C
P

m
a
x

(

V
0
/V

a
=

1 3

)

=
16 27

(1
+

C
S
)

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



CS



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

"#$ %&'#($#$ $)*+,&)-$ ,#./-)*)0&1+#$ #2&$,3-,#$ %3-$ *# %)43&-# %#$ /5%()*&#--#$ )-,

6,6 73$$6#$ #- (#'+# %3-$ .# 7(#4&#( ./37&,(#8 #- 4#,,3-, 7*+$ 73(,&.+*&9(#4#-, *:3..#-,

$+( *#$ .3(6-30#$ $)+'#-, 3$$).&6$ 3+2 /5%()*&#--#$ 3;- %:3+04#-,#( *#+( (#-%#4#-,< "#

7(&-.&7# %# =)-.,&)--#4#-, %:+- .3(6-30# 3 6,6 >(&9'#4#-, #27)$6 ? 73(,&( %# 7()7)$&,&)-$

,&(6#$ %# *3 *&,,6(3,+(# #, +- 4)%9*# $&47*&;68 4)-)@%&4#-$&)--#*8 3 6,6 &-,()%+&,8 1+&

7)+((3&, 7#(4#,,(# %:#$,&4#( *3 7#(=)(43-.# 432&43*# %:+- (),)( .3(6-6 ? 73(,&( %:+-#

#$,&43,&)- %+ .)#A.&#-, %# ,(3B-6# 3$$).&6 3+ .3(6-30#<

C#, 6,3, %# *:3(, 3 603*#4#-, 4&$ #- 6'&%#-.# *# ,(9$ =3&>*# -)4>(# %# ,(3'3+2 $76@

.&;1+#4#-, .)-$3.(6$ 3+2 /5%()*&#--#$ ? 32# '#(,&.3* 4+-&#$ %:+- .3(6-30#< ":)>D#.,&=

3$$&0-6 ? *3 ,/9$# %# .)-,(&>+#( ? *:3-3*5$# %#$ 7#(=)(43-.#$ %:+-# 43./&-# ? 32# '#(,&.3*

.3(6-6# #$, %)-. 7*#&-#4#-, D+$,&;6<

"# ./37&,(# $+&'3-, '3 -)+$ 7#(4#,,(# %# %6.(&(# 3'#. 7(6.&$&)- *#$ .3(3.,6(&$,&1+#$

#, 7(&-.&7#$ %# =)-.,&)--#4#-, %:+-# /5%()*&#--# *&>(# %# ,57# E3((&#+$< F-# $&4+*3,&)-

-+46(&1+# >&%&4#-$&)--#**# $#(3 603*#4#-, 7(6$#-,6# #, -)+$ 7#(4#,,(3 3&-$& %# %&$7)$#(

%:+- 7)&-, %# (6=6(#-.# 73( (377)(, 3+1+#* -)+$ 7)+(()-$ #-$+&,# $&,+#( *#$ 346*&)(3,&)-$

%# 7#(=)(43-.# 377)(,6#$ 73( *#$ .3(6-30#$ 7)+( .# ,57# %:/5%()*&#--#<





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

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

*./+012+3,45 436 372+01845 139+:,1;4,1<3: <= ><? @+56: A+B136 4 :2455 ?136 ,70A13+

?1,B 4 >43;+6 61C7:+0$  !"#$%& !' ()$* +$,)$--#)$, %$* .$*"/0#)%& 1-#!*2$%3)4/ %

DEF!GH-DI!JDKL% 6M8+2A0+ GLLI$

 G" *$  3"1 - 5)3"&%0)!$ $"36#)7"- *8"$- 92*#!&)-$$- : %;- <-#0)4%& *- 02=- >%##)-"/ $

NBO:+ 6+ 6<8,<04,% P3:,1,7, Q4,1<345 R<5S,+8B31T7+ 6+ U0+3<A5+% &41 GLLD$

 E" V$ 4",5('% '$ 6"2,7"%8+% V$W$ 6"2,7"%8+% X$ )+%(59:"%$7( +, P$  5125 -

Y5<? P39+:,1;4,1<3: 13 '8B406 N70A13+$ ?#!4--*)$,/ !' 09- @!3%$)%$ 14%*-32% DFGH-

LLLJLLL% GLLZ$

 [" '$ 4"1; - \4: 24.1272 6+0 ,B+<0+,1:8B 2];518B+3 47:3^,_73; 6+0 ?136+: 6708B

?1362<,<0+3$ A-)0/4#)'0 'B# *%$/ ,-/%30- C"#D)$-$E-/-$% )+=, G`% !DGL$

 I" U$a$b$ c43 4+%%"< - NB+ :81+38+ <= 24d13; 2<0+ ,<0T7+ =0<2 ?136 - \1C7:+0

+./+012+3,: 436 ,B+<0S 0+91:1,+6$  !"#$%& !' ?92/)4/ F!$'-#-$4- 5-#)-/% KI-L!GL!L%

GLLK$

 `" \$R$ =2$,2% '$ \+ >(,82% Y$ #$82<2%$% V$ >"<25" +, Y$ >251"<<( - \Se

34218 f+B491<70 <= ,B+ R4,+3,+6 #<A<56 N1645 W700+3, N70A13+ - Q72+01845 436

*./+012+3,45 ':/+8,:$ [IFEH% GLLI$

 K" #$&$ ?2,"3(5% f$ 6$<!",1 +, X$'$ -3(5 - \1C7:+0 '7;2+3,4,1<3 <= b136

N70A13+:$ 5!&%# +$-#,2% GLF[H-ELIJE!!% !DKZ$

 Z" '$&$ 6"2,7"%8+% V$W$ 6"2,7"%8+% W$P$ =2%%2$+% Q$  <!2$+ +, '$&$ @"1," -

*./+012+3,45 c+0:7: Q72+01845 X+:75,: <3 ,B+ c+5<81,S Y1+56 13 ,B+ b4d+ <= 4 )Se

60</<?+0 Y402 *T71//+6 ?1,B NB0++ '8B406 N70A13+:$ G?H 54) H"&& 5-#)-/ >%

KGF!H% GL!L$

 D" V$W$ 6A-:6A)=B% '$&$ 6A-:6A)=B% V$P$ 4A:# C +, X$ )B) #9

:A)D6 - G\ Q72+01845 &<6+5513; <= ,B+ g3:,+46S Y5<? 13 ,B+ '8B406 N70A13+:

&<73,+6 13 )S60</<?+0 Y402:$ .$ .(I JKKL 4!$'-#$4-% /4;+: IIJ``% GLLZ$

 !L" f$h$ 6$<!",1 +, #$&$ ?2,"3(5 - *./+012+3,: b1,B 4 \1C7:+0e'7;2+3,+6 &<6+5

b136 N70A13+$  !"#$%& !' +$-#,2 @-/!"#4-/ C-49$!&!,2% !LIF!H-[`JIE% !DZE$

 !!" '$Q$62,!(5E% '$&$ 62,<2F +, c$&$ )$<(51."F - h121,: <= ,B+ N70A13+ *i81+38S

=<0 Y0++ Y5716 Y5<?$  !"#$%& !' +$-#,2 @-/!"#4-/ C-49$!&!,2% !GEF[H-E!!% GLL!$

 !G" '$&$ 62,<2F - N1645 +3+0;S$ 14%*-3)4 ?#-//% /4;+: GDII J GD`L% GLL!$

 !E" &$j$h$ G(5%"5 - 1-#!*2$%3)4/ !' ()$* C"#D)$-/$ *40,B:843% h<36<3% :+8<36

M61,1<3% GLLZ$

GK



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

"#$% &'(')'  !"#$"* +'+' %&'$"#$" ,- .'/'0' ()!* 1 23,4- 56 7894:;< 9 =:3>?,@

9@5>;A 9 B:;A C>@D:;,'  !"# $"%&'(* EF$G1 HIJ #E*  HHH'

"#K% (' +,'! 1 LM@5>A? 65@ 9,@5<,;,@9-5@' )*))+ ,-./ )%&01234% 54!%"4%1 6%%.!"'* #NIO'

"#O% (' +,'! 1 CM, ?M@5>A,A 9,@5<,;,@9-5@' $"%&'(*  F$G1$ N J $EN* #NII'

"#I% P' +#-./!0#1* P' 2!,$ ,- C' 3415!*!#-. 1 +>Q,@:498 C@:98 65@ =9@@:,>?R-ST,

U8-,@;9-:;< V85W C>@D:;,' 789:* E1KO!JKI$*  HH '

"#!% /' 671'8$" ,- 7'9!':-!"8 1 =,? X;,@<:,? Q9@:;,? ,; Y@,-9<;, 1 Z ;5>? A, [5>,@ \

;&3<. 232%&+ =%""%1 > =?'!0" @&%.3'"%*  HHN'

"#N% &'0' 2-!"* /' ;-1*!"* &'C' +<5!) ,- 0'2' =1!.:7$ 1 ]SA@5^:;,-:4 ,;,@<S

45;_,@?:5; ?S?-,Q? 9;A 9??,??Q,;- 56 M5@:`5;-98 9;A _,@-:498 9a:? ->@D:;,? 65@ @:_,@

9;A -:A98 9TT8:49-:5;? 1 U -,4M;585<S ?-9->? @,_:,W' )228!%# $"%&'(* !OF#HG1#! E J

#!EK*  HHN'

" H% 7' 2-1"0-7",>!" ,- U' 6!"*!)$'0!81" 1 U; :;_,?-:<9-:5; 56 A:3>?,@ 65@ W9-,@

4>@@,;- ->@D:;, 9TT8:49-:5; >?:;< bV=' *".%&"3.!0"38 A09&"38 0< $"'!"%%&!"' 54!%"4%

3"# B%4/"080'(* EF$G1E$EIJE$$K*  H##'

" #% 7' 2-1"0-7",>!" ,- c' ?$$577"/! 1 =>4- =,?:<; 65@ B9-,@ b>@@,;- C>@D:;,

UTT8:49-:5;' *" C65)=D *".%&"3.!0"38 E0"<%&%"4% 0" $"%&'( 5%49&!.( 3"# E8!F3.%

E/3"'% > G&0H8%1 I *119%1 !" C65* T9<,? #JE*  HHN'

"  % L' 2.-7* &' %-.7"7 ,- P' %1@14. 1 CM, T5W,@ <,;,@9-:5; 6@5Q -:A98 4>@@,;-? DS

A9@@:,>? ->@D:;,' =%"%J3H8% $"%&'(* NF#R$G1# $ J # $K* #NNO' B5@8A .,;,W9D8,

2;,@<S b5;<@,?? .,;,W9D8, 2;,@<S* 2;,@<S 2d4:,;4S 9;A -M, 2;_:@5;Q,;-'

" E% Y' 2.'4$ 1 =,_,85TQ,;-? :; A>4-,A W9-,@ 4>@@,;- ->@D:;,?' ;&3<. 232%&* T9<,? #J#E*

 HHO'

" $% Y'P' 2.'4$ ,- )' A!@!1#4!# 1 ):Q:-9-:5;? 56 ea,A T:-4M =9@@:,>? MSA@5^:;,-:4

->@D:;,? 9;A -M, 4M988,;<, 56 _9@:9D8, T:-4M' =%"%J3H8% $"%&'(* T9<,? KJN* ?,T-,QD@,

 H#H'

" K% L' A!." ,- b' 3#7'.7 1 L:Q>89-:5; 9;A ,_98>9-:5; 56 9 ?-@9:<M-RD89A,A =9@@:,>?R-ST,

4@5?? f5W Q9@:;, ->@D:;,' *"#91.&!38 =%1%3&4/* ONF=2b2&Y2.G1NHOJN# *  H#H'

" O% b'0' A!B" 1 (T-:Q:`9-:5; 56 -M, T5W,@ 5>-T>- 6@5Q A>4-,A ->@D:;,?' G&04%%#!"'1

0< ./% *"1.!.9.!0" 0< 6%4/3"!438 $"'!"%%&1+ G3&. ) > A09&"38 0< G0J%& 3"# $"%&'(*

 #IF#G1#HIJ##I* [9;_:,@  HHE'

" I% /'&' A.))$* ,- B'0' C!."5.'8 1 U T@,8:Q:;9@S @,T5@- 5; -M, A,?:<; 9;A T,@65@R

Q9;4, 56 9 A>4-,A W:;AQ:88' .9TT5@- -,4M;:g>, #H * b588,<, 56 U,@5;9>-:4?* b@9;e,8A

cP* UT@:8 #NKO'

" !% h' 9!0#18!* &' +4$8!* P' 341/!* U' (1'14!B! ,- L' D!0!"!5$ 1 2aT,@:R

Q,;-98 ?->AS 5; W9-,@ ->@D:;, 4M9@94-,@:?-:4? 56 A9@@:,>? -ST, @>;;,@ W:-M ?-9<<,@,A

D89A, 9@@9;<,Q,;-' *" B/% K./ )1!3" *".%&"3.!0"38 E0"<%&%"4% 0" 789!# 634/!"%&( *

(4-5D,@  HHE'

" N% C' 9!0#1#-./!* L' ?!4!,. ,- L' 91'7*!/! 1 bM9@94-,@:?-:4? 56 9 M:<M8S ,d4:,;-

T@5T,88,@ -ST, ?Q988 W:;A ->@D:;, W:-M 9 A:3>?,@' =%"%J3H8% $"%&'(* E#FNG1#E$EJ

#EK$* [>:88,-  HHO'

"EH% h' EF;FG+ 1 D9F%&!438 5.9#( 0< ./% ;94. 5/32% $L%4. 0" ./% G%&<0&F3"4% 0< 3

;94.%# M%&.!438 ):!1 B!#38 B9&H!"%' &9?-,@ cYb* c;:_,@?:-S 56 Y@:-:?M b58>QD:9*

 HH!'



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

"#$% &'('  !"#$% ) *+,-.,/01234+ ,56/07 8/0 960,3+.:1.;34 <3=2 ,-0>3=64'  !"#$%& !'

()$* +$,)$--#)$, %$* .$*"/0#)%& 1-#!*2$%3)4/? $@A$1#B)#CD E #@@? $!F#'

"# % G' &'($? H' )$*$+,-$%.? *' /$0,*$.? I' 12! 6, J' 3%4,! ) K696:/LM6=, /8

. 450/-262 <3=2 ,-0>3=6 <3,5 . N.=O62 23P-460'  !"#$%& !' ()$* +$,)$--#)$, %$*

.$*"/0#)%& 1-#!*2$%3)4/? !QA@B)@ CE@#!? M.3  RRF'

"##% S' 564!+7!$%, ) +0"*- 52*#!*2$%3)6"- *7"$- 028- *752*#!&)-$$- 9 %:- ;-#0)4%&

8!"# &-/ 4!"#%$0/ 3%#)$/' H5T46 26 2/+,/0.,? U=4,3,-, V.,3/=.: W/:7,6+5=3X-6 26

(06=/>:6? KY+6M>06  RRC'

"#C% Z' 54%7$ 6, ('[' 8,77 ) *= 3ML0/962 960,3+.:1.;34 <.,601+-006=, ,-0>3=6 3=+/0L/1

0.,3=O . +5.==6::3=O 2693+6' <-$-=%>&- +$-#,2?  RA B)  #E C$? \-3=  RRR'

"#@% Z' 54%7$ 6, W' 9$:4;0.+ ) J.03=61+-006=, L/<60 O6=60.,3/= >7 23P-4601.-OM6=,62

N/.,3=O 5720/1,-0>3=64' <-$-=%>&- +$-#,2? ##ACB)QQ@EQD#? .903:  RRF'

"#Q% (' <.!=6!* ) W03=+3L:64 /8 6=60O7 6;,0.+,3/= 80/M . 8066 4,06.M >7 M6.=4 /8 <3=2

,-0>3=64' ()$* +$,)$--#)$,? D)$$@E$ Q? $!F#'

"#D% ].==64 <.!=6!* ) ]*^H 9604-4 _*^H' <+?@ABC? L.O64 CCECQ?  RR#'

"#F% *' /:'4%24*% 6, J' >'$%7?.-$0.+ ) K696:/LM6=, /8 . 5720.-:3+ +/=,0/: M6+5.1

=34M 8/0 +7+:3+ L3,+5 M.03=6 +-006=, ,-0>3=64' <-$-=%>&- +$-#,2? # ACB)QQ EQD!? .903:

 RRD'

"#!% G' @1)1A1@/B? *' CB<B)1D1? I' &)BA1 6, G' /E3A&F1A1 ) [,-27

/= 5720/27=.M3+ L608/0M.=+6 /8 K.0036-41,7L6 +0/441N/< <.,60 ,-0>3=' D"&&-0)$ !'

05-  CE+?  FA CRB)$$$!E$$ D'

"CR% G' @1)1A1@/B? *' CB<B)1D1? I' &)BA1 6, I' @1)G &B>E3 ) `;1

L603M6=,.: 4,-2364 /= . L06860.>:6 >:.26 L0/a:6 8/0 53O5 6b+36=+7 .=2 ,56 >:.26

+5.0.+,6034,3+4 /8 K.0036-41,7L6 +0/441N/< <.,60 ,-0>3=64'  CE+ )$0-#$%0)!$%& F!"#G

$%&H C-#)-/ IJ ?&")*/ -$,)$--#)$,J 5-%0 0#%$/'-#J 8!=-#J 4!3>"/0)!$J 05-#3!852/)4%&

8#!8-#0)-/? #CA B)$C!E$@Q? $!!$'

"C$% I' @$0!%4,:'.? I' &0,#$? *' C,*,0$"$ 6, H' /!74=,:'. ) c= .LL:3+.>3:3,7

/8 06+3L0/+.,3=O N/< ,-0>3=64 2696:/L62 8/0 <.96 L/<60 ,/ ,32.: L/<60 +/=96043/='

<-$-=%>&- +$-#,2? #$A B) R! E   #?  RRQ' J.03=6 `=60O7'

"C % J'd' D!*6! 6, ^'J' 5*!+? 9*H ) K-+,62 ^3=2e .̂,60 H-0>3=64 .=2 W0/L6::604

f69343,62'  !"#$%& !' K#!8"&/)!$ %$* K!=-#?  C)$$CQE$$@R?  RRF'

"C#% S' D!++%!* 6, S' I!$* ) _60,3+.: *;34 ]720/g3=6,3+ H-0>3=64 ) W0.+,3+.: .=2

cL60.,3=O `;L6036=+6 ., W/3=,6 2- &/34 ? J.=3,/>.' L-/0? L.O64 $E$Q? $!R!'

"CC% f'`'D.6+4% 6, W'&'[' J.++$#$% ) *LL:362 .60/27=.M3+4 /8 <3=2 L/<60 M.+53=64'

f.LL/0, ,6+5=3X-6? c06O/= [,.,6 h=396043,7? J.7 $!DC'

"C@% d'J' K$%!77! ) M2*#!&)-$$-/ 9 N": 0#%$/;-#/- O 4!$0#)>"0)!$ 9 &7%$%&2/- *- &7)$G

0-#%40)!$ N")*-G/0#"40"#-' H5T46 26 2/+,/0.,? U=4,3,-, V.,3/=.: W/:7,6+5=3X-6 26

(06=/>:6? c+,/>06  R$R'





Chapitre 2

H R = 2R N N = 3
C

V∞

ω
H R C N V∞ ω



λ
ω R

λ λopt

λ =
ω R

V∞

Re

Re =
UL

ν

U [m/s] L[m]
ν[m2/s]

U L

Re

Re =
V∞

ν



Re

ReC =
(ω R) C

ν
=

(V∞λ) C

ν

105 Re ReC

σ

σ =
NC

R

FL FD

α

FL FD α

FL/FD



CL/CD

V∞ W
−→ω

−→
R

−→
W =

−→
V∞ −−→ω ∧

−→
R

−→ω ∧
−→
R

W

V∞

−→ω ∧
−→
R θ

W



θ

W = V∞

√
1 + 2λ sin θ + λ2

α = arctan

(

sin θ

cos θ + λ

)

αmax = arctan

(

1
√

λ2 − 1

)

α



θ
λ

λ
λ

−→
V∞

−→
R −→ω

−→
W



 !"#$%&' () &"##'*+ +,& *-!./&0*$'11' *$2&' 3 "4' 5'&%$ "* /' %.#' /"&&$',+  !

"#$ %&"#$ '%()*+ ,-&%%").&+)(* &/ .#*+0# ,# %(/$$1#2 3/) #$+ &/ 3/&0+ ,# .(0,# #* +41(0)#

")*1&0)$1# #+ 5/),# %&06&)+7 $(*+ %01$#*+1#$ $/0 "& 8)9/0# :;<; =""#$ $(*+ ,1+#0>)*1#$ #*

%0(?#+&*+ FL #+ FD ,&*$ "# 0#%@0# +&*9#*+)#" &/ .#0."# ,# 0(+&+)(*; A# .(/%"# ,)$%(*)B"#

$/0 "& +/0B)*# C&00)#/$ #$+ ,(**1 &"(0$ %&0 "& 6(0.# >(+0).# FT '%0(?#.+)(* ,# "& %(0+&*.#2

,)0)91# D#0$ "-&D&*+ ,#$ %&"#$2 ,)>)*/1# ,# "& %0(?#.+)(* ,# "& +0&E*1#2 ,)0)91# D#0$ "-&00)@0#

,#$ %&"#$7; F&*+ 3/# "& .(>%($&*+# +&*9#*+)#""# ,# "& %(0+&*.# 0#$+# $/%10)#/0# G .#""# ,#

"& +0&E*1#2 "# .(/%"# >(+#/0 $#0& +(/?(/0$ %($)+)6; C&*$ "# .&$ .(*+0&)0#2 "& 0(+&+)(* $#0&

60#)*1#; A# +0&.1 ,#$ .(>%($&*+#$ ,/ .4&>% ,# D)+#$$# 01$/"+&*+ %&0+)+)(**# "# ,(>&)*#

#* 3/&+0# H(*#$ I ,#/J H(*#$ >(+0).#$2 $)+/1#$ ,&*$ "#$ ,#>)K.#0."#$ &>(*+ #+ &D&" L #+

,#/J H(*#$ ,# 60#)*&9# &/+(/0 ,# θ = 0 #+ θ = 180 2 "G (M "#$ D#.+#/0$

−→
V∞ #+

−→
ωR $(*+

.(")*1&)0#$ '8)9/0# :;<7; A& 6(0.# .(>%"1>#*+&)0# G FT #$+ "& 6(0.# *(0>&"# FN 2 *(0>&"#

&/ .#*+0# ,# 0(+&+)(*; A& .(00#$%(*,&*.# #*+0# "#$ 6(0.#$ ,# %(0+&*.#K+0&E*1# #+ "#$ 6(0.#$

*(0>&"#K+&*9#*+)#""# #$+ ,(**1# %&0 "#$ 0#"&+)(*$ ':;NO7;











FN = FL cos α − FD sin α

FT = FL sin α − FD cos α

':;NO7

A#$ 6(0.#$ FL2 FD2 FN #+ FT %#/D#*+ P+0# #J%0)>1#$ $(/$ 6(0># &,)>#*$)(**#""# '#*

6(*.+)(* ,-/*# "(*9/#/0 #+ ,-/*# D)+#$$# ,# 01610#*.#7 %&0 "#$ .(#Q.)#*+$ $/)D&*+$ I



































CL =
FL

1

2
ρ (HR) V 2

∞

CD =
FD

1

2
ρ (HR) V 2

∞

CN =
FN

1

2
ρ (HR) V 2

∞

CT =
FT

1

2
ρ (HR) V 2

∞

':;NN7

 !"#$%&! ' A-4S,0(")#**# &S&*+ /* .(>%(0+#>#*+ .S.")3/#2 )" #$+ %($$)B"# ,-1K

D&"/#0 $()+ ,#$ .(#Q.)#*+$ )*$+&*+&*1$2 $()+ ,#$ .(#Q.)#*+$ >(S#*$ .&"./"1$ $/0

/* +(/0 /*# 6()$ "& %10)(,).)+1 ,# "-1.(/"#>#*+ 1+&B")#; T&/6 )*,).&+)(* .(*+0&)0#2

"#$ 01$/"+&+$ ,(**1$ ,&*$ "# %01$#*+ ,(./>#*+ .(*.#0*#*+ %&0 ,16&/+ "#$ D&"#/0$

>(S#**#$2 .# 3/) %#0>#+ ,-&D()0 /*# #$+)>&+)(* 9"(B&"# ,/ .(>%(0+#>#*+ ,#

"& >&.4)*#;

U* & D/ %01.1,#>>#*+ 3/# "& %#06(0>&*.# ,# "-4S,0(")#**# #$+ 6&)B"# %(/0 "#$ %#+)+#$

D&"#/0$ ,# λ G .&/$# ,/ ,1.0(.4&9# ,S*&>)3/#; V" #* #$+ ,# >P># %(/0 "#$ 6(0+#$ D&"#/0$

,# λ2 >&)$ %(/0 ,#$ 0&)$(*$ ,)W10#*+#$; T) λ &/9>#*+#2 α ,)>)*/#; U02 "& .(>%($&*+#

+&*9#*+)#""# ,# "& 6(0.# ,# %(0+&*.# ,)>)*/# &D#. α; C# %"/$2 "# 0&%%(0+ %(0+&*.#K+0&E*1#

+#*,$ D#0$ H10( 3/&*, α +#*, D#0$ H10(; =* .(*."/$)(* I

! A#$ %#06(0>&*.#$ ,# "-4S,0(")#**# $(*+ 6&)B"#$ "(0$3/# "# %&0&>@+0# ,-&D&*.# λ %0#*,

,#$ D&"#/0$ 6&)B"#$ (/ 1"#D1#$;



 !  !"! #$%&'%#( )( *+&',%+&&(-(&, (, #.$.-/,$(0 .00+'%10

 "#$ %#&''#()#$ *#)+,)%-./#$ $,.0 ,10#.(#$ *,() 2#$ 3-'#()$ &.0#)%42&-&)#$ 2# λ
5λ ≈ 1.8 − 2.567 8-.$ /# /-$9 α #$0 $(:$-%%#.0 ;)-.2 *,() *),/()#) (. )-**,)0

2# *,)0-./#<0)-=.4# -$$#> 4'#34 #0 $(:$-%%#.0 *#0&0 *,() ?(# '#$ 24/,''#%#.0$

/,.2(&$-.0 -( 24/),/@-;# .A-&#.0 *-$ '&#(7

8#(B *-)-%C0)#$ 2# +,./0&,..#%#.0 *#)%#00#.0 2# /-)-/04)&$#) '#$ *#)+,)%-./#$ 2#

'A@D2),'&#..# E

 "#  !"# $"%& '"  !()*" CM 5,( /,#:/&#.0 2# %,%#.06 #$0 24F.& #. .,)%-'&$-.0

'# %,%#.0 2# 0,)$&,.

−→
M =

−→
R ∧

−→
F -( %,D#. 2( 2&-%C0)# 2# 'A@D2),'&#..# #0 2# '-

3&0#$$# 2( G(&2#7

CM =
MZ

1

2
ρ (HH) RV 2

∞

-3#/ MZ '# /,(*'# $(&3-.0 'A-B# 2# ),0-0&,. 5I7JI6

 "#  !"# $"%& '" )($++,% " CP 9 ?(& 24F.&0 '# )-**,)0 #.0)# '- *(&$$-./# P )#<

/(#&''&# *-) 'A-)1)# 2# ),0-0&,. #0 '- *(&$$-./# /&.40&?(# 0@4,)&?(# 2# 'A4/,('#%#.0

-%,.0 -( 0)-3#)$ 2# '- $()+-/# 2( ),0,)7























CP =
P

1

2
ρ (HH) V 3

∞

P = MZω

5I7J 6

P 40-.0 2&)#/0#%#.0 '&4 K MZ #0 ω9 '# /,#:/&#.0 2# *(&$$-./# #$0 2&)#/0#%#.0 )#'&4

-( /,#:/&#.0 2# /,(*'# *-) '# *-)-%C0)# 2A-3-./# 54?(-0&,. 5I7JL667

CP = λCM 5I7JL6

"- M&;()# I7N *)4$#.0# (.# 43,'(0&,. 0D*&?(# 2( /,#:/&#.0 2# *(&$$-./# #. +,./0&,. 2(

*-)-%C0)# 2A-3-./# λ7 O(&3-.0 'A&%*,)0-./# 2#$ #P#0$ *)&%-&)#$ 52D.-%&?(#$6 *-) )-**,)0

-(B #P#0$ $#/,.2-&)#$ 53&$?(#(B69 ,. 2&$0&.;(# $() /#00# /,()1# 0),&$ )4;&,.$ QJIR7 S,() 2#$

+-&1'#$ λ9 '#$ *-'#$ $(1&$$#.0 (. 24/),/@-;# 2D.-%&?(# &.0#.$# /,.2(&$-.0 K 2#$ /@-);#$

&%*,)0-.0#$ $() /#''#$</&7 "- *#)0# 2# )#.2#%#.0 #$0 2(# -(B '-);#$ $0)(/0()#$ 3,)0&/&0-&)#$

?(& $# 240-/@#.0 2# '- $()+-/# 2#$ *-'#$ #0 ?(& $,.0 /,.3#/04#$ #. -3-'7 S,() '#$ 3-'#()$

4'#34#$ 2# λ9 '- 0)-=.4# 2# 'A-)1)#9 '- %-$$# -T,(04# #0 '- 3&$/,$&04 *)42,%&.#.09 K /-($#

2#$ +-&1'#$ -.;'#$ 2A&./&2#./#7 U.0)# '#$ 2#(B )4;&,.$ &' D - (.# >,.# 2&0# 2# 0)-.$&0&,.9

/,))#$*,.2-.0 K (. 4?(&'&1)# #.0)# '#$ #P#0$ *)&%-&)#$ #0 '#$ #P#0$ $#/,.2-&)#$7 VA#$0 2-.$

/#00# >,.# ?(# $# $&0(# '# CP ,*0&%-'7 S,() 2#$ 4,'&#..#$ 8-))&#($9 '- *'-;# 2# λ .# 24*-$$#

*-$ JW X 2-.$ '# /-$ 2#$ @D2),'&#..#$9 λ < 57





λ = 2.14



N = 3



y+ = 1



∆t ≡ 1
κω − SST

ρ = 1000kg/m3 V∞ = 2.3m/s
λ = 1 5



λopt ≈ 2 CPopt ≈ 0.41
λ

CP ≈ 0 λ ≈ 3.9

633 − 018
C 32.8mm 56.3mm

175mm 300mm
H/

σ
V∞ 2.3m/s 1.0m/s
ReC ∝ 105 ∝ 105

10 10
CPopt 0.41 λ ≈ 2 0.235 λ ≈ 1.82

CP

CPopt = 0.235 λopt ≈ 1.82
CPopt = 0.41 λopt ≈ 2.0



CM

CM

CM

θ ≈ 110
λ = 1

λ = 1

λ = 2
CM > 0

λ CM

λ
CM < 0



θ
190◦ < θ < 355◦

CM = f (θ)
80%

x y = 0 Cp

U∗

x = Vx/V∞

Cp (x, y = 0) U∗

x (x, y = 0)
Cp

x = −R
80%

x = +R

x = −R x = +R

λloc

λloc =
ωR

Vloc

Vamont > Vaval λloc−amont < λloc−aval



Cptot U∗

x



CM < 0

FX FY



[N/m]

FX FY

FX

FY

FX

FY



FX FY

FX λ λ

λ
λ

θ = 360◦

λ

λ



λ = 1.0 λ = 1.0 θ = 360

λ = 2.0 λ = 2.0 θ = 360

λ = 3.0 λ = 4.0 λ = 5.0 θ = 360

θ = 270



λ

CQ =
Vxrotor

V∞

Vxrotor

Q

Q = V∞S∞ = VxrotorSrotor = VxSx

S∞

Srotor

Sx x
Vx x

Vxrotor Srotor V∞

x

λ
λ

λ
λ

λ



FX FY

λ λ

λ

λ ≈ 2 CPopt



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

 "# $%$&'()*+ +$ ,%-'.+ /+* +0+.* 12 $+ '+(-+. '#* 3$+ '(4/),.)%$ '(4,)*+ /3 (+$/+&

-+$. -#)* 3$+ #''(%,5+ 62 /+7(#). 8.(+ *39*#$.+ '%3( +0+,.3+( 3$+ ,%-'#(#)*%$

(+:#.)7+ +$.(+ 5;/(%:)+$$+ :)<(+ +. ,#(4$4+=

2#$* ,+ ,5#').(+ >3+:>3+* '()$,)'+* +**+$.)+:* /3 ?%$,.)%$$+-+$. /@3$+ 5;/(%:)+$$+

/+ .;'+ 2#(()+3* %$. 4.4 *%)A$+3*+-+$. +B':)>34* +. -)* +$ 47)/+$,+ '#( 3$+ *)-3:#.)%$

$3-4()>3+ <)/)-+$*)%$$+::+= "+* :)-).#.)%$* /@3$+ .+::+ #''(%,5+ 62 %$. 4A#:+-+$. 4.4

*%3:)A$4+* '%3( ,+ >3) ,%$,+($+ :# '(4/),.)%$ /3 $)7+#3 #<*%:3 /+ (+$/+-+$. /@3$+ -#&

,5)$+= 2#$* :# -+*3(+ %C :+* ,%D.* .(E* 4:+74* /@3$+ -%/4:)*#.)%$ $3-4()>3+ +$ 12 $+ '+(&

-+..(#)+$. /@+0+,.3+( >3@3$ $%-<(+ :)-).4 /+ *)-3:#.)%$*F $%3* #7%$* ,5%)*) /+ '()7):4A)+(

,+..+ #''(%,5+ 62 '%3( +0+,.3+( 3$+ ,%-'#(#)*%$ (+:#.)7+ G 5;/(%:)+$$+ :)<(+H5;/(%:)+$$+

,#(4$4+ I >3) '3)**+ $%.#--+$. )$,:3(+ 3$+ 4.3/+ '#(#-4.()>3+ /+* +0+.* /+ A4%-4.()+=

J%3* '(4*+$.%$* /#$* :+ ,5#').(+ >3) *3). :+* %3.):* $3-4()>3+* +. +B'4()-+$.#3B >3+

$%3* #7%$* /47+:%''4* +.H%3 *3( :+*>3+:* $%3* #7%$* '3 $%3* #''3;+( '%3( 4.3/)+( ':3*

*'4,)K>3+-+$. :+* ,%$KA3(#.)%$* /@5;/(%:)+$$+ ,#(4$4+ #3 ,%+3( /+ $%.(+ .(#7#):=



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

 !" #$  !"# %  !"#$%&!'( (#")*!+#, -.#(, /0-*'$!,((, 1 %2, 3,*&!4%$ -, &05, 6%**!,#7 $

&'()* +* +,-.,/0.1 23).4.5. 60.4,307 8,79.*-'34:5* +* ;/*3,<7*1 =04 >??@$

 >" A$  $!"%&' % 8'-)$!7%&!'( -,7 /0-*'$!,((,7 1 %2, 3,*&!4%$ $!9*,7 '# 4%*)(),7 :

-)3,$'55,",(& -.#( "'0,( ,25)*!",(&%$ -.,77%!7 ,& -.#( "'0,( (#")*!+#, 5'#* $.);

&#-, -, $% 4%3!&%&!'($ &'()* +* +,-.,/0.1 23).4.5. 60.4,307 8,79.*-'34:5* +* ;/*3,<7*1

>?!!$

 B" C$D$ (%&)*+"%% % &'* E*/.4-07F0G4) H43+ .5/<43* % I,H 4. H,/J)$ K0LL,/. .*-'34:5*

MNOFPQF?!R?1 M03+40 N0<,/0.,/4*) *3*/S9 /*L,/.1 OL/47 !@PQ$

 Q" C$D$ (%&)*+"%%1 K$#$ ,-"%.&-% *. N$A$ /"%#& % T43+ .533*7 L*/U,/V03-* +0.0

U,/ .'* +0//4*5) H43+ .5/<43* H4.' 30-0 ??!> <70+*)$ K0LL,/. .*-'34:5* MO6WPRF

?!B?1 M03+40 N0<,/0.,/4*) *3*/S9 /*L,/.1 =0/-' !@PP$

 X" ;$ (01)-2"01 8$ /0&$3241 Y$ (45$2"0 *. 2$ 6&0&')-2712$ % T0.*/ Y'033*7 #GF

L*/4V*3.) ,U W930V4- M.077 ,3 W0//4*5) T43+ &5/<43* C70+*)$ <'#*(%$ '= >*'5#$7!'(

%(- >'?,*1 ZX[%QQX\QQ@$

 R" ;$]$=$ 8&002"$' % &5/<43* '0E43S 4.) /,.0.43S )'0U. ./03)E*/)* ., .'* ^,H ,U .'*

-5//*3.1 L0.*3. 3 !_BX?!_1 `34.*+ M.0.*) 80.*3. ab-*1 W*-*V<*/ !@B!$

 P" M$Y$]$ /"00"20&1 I$ (29%1 ;$ A03 ($''"% *. ;$ A03 :$2* % M4V570.43S W930V4-

M.077 43 0 >W AOT& % =,+*743S M./0.*S91 A*/4c-0.4,3 03+ A074+0.4,3 H4.' 80/.4-7*

2V0S* A*7,-4V*./9 W0.0$ <'#*(%$ '= >/07!47 @'(=,*,(4,  ,*!,71 PX%!\!B1 >??P$

 _" N$ ;$2##"# % A#&!$ -, 5*)-!",(7!'((,",(& -,7 /0-*'$!,((,7 6%**!,#7 : B75,4&7

,25)*!",(&%$,7 ,& (#")*!+#,7$ WK&1 23).4.5. 60.4,307 8,79.*-'34:5* +* ;/*3,<7*1

>??X$

 @" M$ :2-11 =$ ,-2131 *. d$ ,$<$*2 % &'* L,H*/ S*3*/0.4,3 U/,V .4+07 -5//*3.) <9

+0//4*5) .5/<43*$ C,(,?%9$, D(,*E01 @Z!FQ[%!>Q> \ !>QX1 !@@R$ T,/7+ K*3*H0<7*

#3*/S9 Y,3S/*)) K*3*H0<7* #3*/S91 #3*/S9 #b-4*3-9 03+ .'* #3E4/,3V*3.$

 !?" O$ = >?@A==? *. 8$ @ABB?CDE % W930V4- ).077 % .'* -0)* ,U .'* E*/.4-07 0G4)

H43+ .5/<43*$ <'#*(%$ '=  '$%* D(,*E0 D(E!(,,*!(E1 !?_Z>[%!Q?\!QX$

 !!" T$]$ F)C01'*"G % &'* L'*3,V*3,3 ,U +930V4- ).077$ K0LL,/. .*-'34:5* _!>RQ1

6OMO &*-'34-07 =*V,/03+5V1 =0/-' !@_!$

 !>" 2$ 6&0&')-2712$ % F!(- &#*9!(, -,7!E(G F!&/ ,"5/%7!7 '( 6%**!,#7 4'(4,5& $ 8,79F

.*-'34- 23.*/30.4,307 8/*))1 >??>$

 !B" Y$ 6%1"'#"&3$ % D&#-, /0-*'-0(%"!+#, -.#(, &05, -./0-*'$!,((, 1 %2, 3,*&!4%$

5'#* $,7 4'#*%(&7 "%*!(7$ &'()* +* +,-.,/0.1 23).4.5. 60.4,307 8,79.*-'34:5* +*

;/*3,<7*1 We-*V</* >??Q$

XX



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

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

)*+,- .- ./01/2314 56,17181 9317/63: ;/:<1-0*67=8- .- >2-6/?:-4 @AAB'

"# % C'&'  &%'(!&' -1 ;'D' )'*+!# ( E-2/.<63F70 0*32301-27,170, /G ,-H-6 ,<FF-12703:

372G/7: ,-017/6, 1*2/8I* #JAK.-I2-- 36I:- /G 31130L G/2 8,- 76 3-2/.<63F70 363:<,7, /G

H-21703: 3M7, N76. 182?76-,' C3OO/21 1-0*67=8- PE9QJAK@##$4 P36.73 R3?/231/27-,

-6-2I< 2-O/214 S320* #TJ#'



Chapitre 3



C = 4.0R
α = 10

0.25 × 0.7m2

1 : 5

Re 1.75 × 105 5.00 × 105





rotor 0.175m
Cpale 0.032m
V∞ 1.8m/s 2.3m/s 2.8m/s

V∞

V∞ = 2.3m/s

V∞ = 2.3m/s

0.25 < λ < 3.0
λ



≈ 0.4m/s 0.5m

≈ 0.8m/s 1m

2 − 4m/s

rotor 0.175m
Cpale 0.032m

C 0.35m
α

V∞ 1.8m/s 2.3m/s

1.8m/s



2.3m/s α = 10◦

V∞ = 2.3m/s

2.8m/s

CP



CP

CD λ



Ntotal ≈ R
9/4

t Rt



Ntotal ≈ R2
t
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π
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 !"# =8<B  !"#$%"&'( )" *+%((,&$" &+-./%0+"( "& -%1%"+ $!&2&" "' %&2&% *!+/ *1+(%"+/(

*,/,-3'/"( )4,5,&$"6 78)/!1%"&&"( 1%9/" "' $,/.&."6

FAP =
CPopt -641/1+

CPopt *)34+
C=8 D

EFG

)/0/) /,H14)I,+ 0.623/0.414 = 1.50
-./0/1 /,H14)I,+ 2.666/0.544 = 4.90

-./0/1 +JK14)H+/L6* 1.499/0.400 = 3.75

 !"# =8:B :,$'"+/( )4,+;-"&','%!& )" *+%((,&$" *!+/ )%5"/("( $!&2;+/,'%!&(6

2+ M63*+6, =8: 41N,H+ *+N O6*+,4N P, EFG K.,4 *+N -./0Q,46L)./N L+NL1+N8 %/ H)*)+,

)/0/)R *S,L)*)N6L)./ P, -641/6Q+ 6H1*).4+ PS,/ T6-L+,4 @8< *+ 4+/P+H+/L P+ *6 H6-U)/+8 2+

-./0/+H+/L Q1/V4+ P+N O6*+,4N P+ EFG K*,N )HK.4L6/L+NR P+ *S.4P4+ P+ = W < X +**+N N./L

K*,N 1*+O1+N +/ /,H14)I,+ I,S+/ +JK14)H+/L6* C-T8 N+-L)./ =8@D8

#/+ 6,L4+ 4+H64I,+ -./-+4/+ *+N O6*+,4N P, K646HVL4+ PS6O6/-+ K.,4 *+N K.)/LN P+

T./-L).//+H+/L .KL)H6,J8 Y6/N ,/ H)*)+, )/0/)R *6 O6*+,4 P+ λopt O6,L +/O)4./ ! 6,NN)

3)+/ K.,4 *SUZP4.*)+//+ *)34+ I,+ -+**+ -641/1+8 %/ H)*)+, -./0/1R ./ 6 K+,LA[L4+ ,/ *1Q+4

P1-6*6Q+ P+ λopt O+4N !8!<

2

H6)NR N,4L.,LR ./ .3N+4O+ I,+ λopt O6,L P1N.4H6)N = K.,4

*SUZP4.*)+//+ -641/1+8 F)/N)R *+ -./0/+H+/L )/P,)L ,/ P1-6*6Q+ P, K.)/L P+ T./-L).//+H+/L

.KL)H6* O+4N P+N O6*+,4N P+ λ K*,N 1*+O1+N N) *SUZP4.*)+//+ +NL -641/1+8 G.,4 6KK,Z+4

-+LL+ 4+H64I,+R N.,*)Q/./N I,+ P+ H6/)V4+ Q1/146*+R PS6K4VN *+N P+,J H.PV*+N P+ \+4*+R

u0 = 0.33 CO)L+NN+ H.Z+//+ 6, N)**6Q+D )HK*)I,+ *S.KL)H,H P+ K,)NN6/-+ P+ *6 L,43)/+

)/NL6**1+ 6,NN) 3)+/ +/ H)*)+, )/0/) I,S+/ H)*)+, -./0/18 G64 6)**+,4NR +/ H)*)+, -./0/1R

/.,N 6O./N O, K41-1P+HH+/L I,+ CT 6,QH+/L+ +/ T./-L)./ P+ ε8 %/ PS6,L4+N L+4H+NR

P6/N -+ H)*)+,R *+ K.)/L P+ T./-L).//+H+/L .KL)H6* N+ N)L,+ K.,4 ,/ CT 3+6,-.,K K*,N

Q46/P I,+ -+*,) +/ H)*)+, )/0/)8 %L6/L P.//1 I,+ CT -4.]L 6O+- λR λopt PS,/+ -./0Q,46L)./

-641/1+ -./0/1 +NL /1-+NN6)4+H+/L N,K14)+,4 W -+*,) PS,/+ -./0Q,46L)./ -641/1+ ., *)34+

)/NL6**1+ +/ H)*)+, )/0/)8

 

 !""#$%&' ()# $#' *!$#)+' ,%&&-#' ,!&' $# .!/$#!) 012 '%&3 $#' *!$#)+' #4#536*#7#&3 5!$5)$-#' 8 $#'

5%)+/#' ,96&3#+"%$!36%& ()6 "#+7#33#&3 ,# :!56$63#+ $! *6')!$6'!36%& ;$%/!$# ,#' +-')$3!3' &# '%&3 "!' )36<

$6'-#' "%)+ $9-*!$)!36%& ,# CPmax 5!+ %& '%)=!63# -*63#+ ,# +!6'%&&#+ ')+ ,#' ()!&363-' !)3+#' ()# 5#$$#'

+-#$$#7#&3 5!$5)$-#'1





CM

CM

CM

CM

FOCC =
CMmax − CMmin

CMmoyen



CQ =
Vxrotor

V∞

λopt



y = 0

V∞



Cptot U∗

x



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

"# $ %&% '%()*&+% ,-. #. /$+%*$0. $-0(.*&. #$ 1.+2)+($*/. '. #345'+)#6.**. .& #.7

(%/$*67(.7 '. /.&&. $-0(.*&$&6)* )*& %&% $*$#57%78 9.1.*'$*&: #3$;)-& '.7 1+)<#7 '3$6#.

$ -*. 6*=-.*/. 7-+ #3.*7.(>#. '.7 .?)+&7 ,-6 73$11#6,-.*& $- 757&@(.8 "# 7.(>#. ')*/ 1.+A

&6*.*& '3%B$#-.+ /.-CA/68 D. E$>#.$- F8G +%7-(.: 1)-+ λopt: #.7 .?)+&7 ()5.*7 *-(%+6,-.7

,-$*&6<%7 7-+ #345'+)#6.**. .& 7-+ #. 757&@(. /$+%*$0.8 D3$*$#57. '. /.7 B$#.-+7 ()*&+.

,-. #3$;)-& '- /$+%*$0. *36*&+)'-6& 1$7 -* /4$+0.(.*& 7-11#%(.*&$6+. 6(1)+&$*& 1)-+

#345'+)#6.**. .* (6#6.- 6*<*68 D. /$+%*$0. $-0(.*&. '3.*B6+)* HIJ #$ 2)+/. #)*06&-'6*$#.

7-+ #345'+)#6.**. &$*'67 ,-. #$ 2)+/. &+$*7B.+7$#. *. B$+6. 1+.7,-. 1$7 '3-*. /)*<0-+$&6)*

K #3$-&+.8 L- +.0$+' '- MLN: ,-6 .7& '. #3)+'+. '. O8P: /.&&. 4$-77. '3.?)+&7 .7& $//.1&A

$>#.8 Q* (6#6.- /)*<*%: 1$+ /)*&+.: #3$;)-& '- /$+%*$0. $-0(.*&. '. 2$R)* 6(1)+&$*&. #.7

.?)+&7 7-+ #345'+)#6.**.: '3-* 2$/&.-+ P .*B6+)*8 J)&)*7: /)((. %B),-% 1+%/%'.((.*&:

,-. #.7 1+)<#7 '3$6#. /)*7&6&-$*& #. /$+%*$0. 7)*& $-776 >.$-/)-1 1#-7 7)##6/6&%7 .* (6#6.-

/)*<*%8 D.7 '67&+6>-&6)*7 /)++.71)*'$*&.7 K FX .& FY 1)-+ '6?%+.*&7 1$+$(@&+.7 '3$B$*/.

7)*& +./-.6##67 .* L**.C. D 7./&6)* D8S8

JTUQV"WTQ

9)*<*. #6>+. 9)*<*% /$+%*%. "*<*6 #6>+. "*<*6 /$+%*%.

λ = 2.0 λ = 4.0 λ = 2.0 λ = 2.0

FX 45'+)#6.**. [N ] ≈ 107 ≈ 341 ≈ 87 ≈ 116

FY 45'+)#6.**. [N ] ≈ 17 ≈ 93 ≈ 10 ≈ 12

FX 757&8 /$+%*$0.X [N ] Y ≈ 304 Y ≈ 76

FY 757&8 /$+%*$0.X [N ] Y ≈ 82 Y ≈ 16

X .?)+&7 *-(%+6,-.7 7->67 1$+ #3.*7.(>#. '.7 '.-C 1+)<#7

 !"# F8GZ  !"#$% &'()#*+',% -"'# ., -/#/(0$#, 12/3/&4, "-$*(/.5 6"(-/#/*%"& 1,% 4/%

1, #)7)#,&4,5

T* +.0$+' 7-+ #.7 /$+&.7 '.7 7&+-/&-+.7 B)+&6/6&$6+.7 '. #$ /)*<0-+$&6)* /$+%*%. .*

(6#6.- 6*<*6 [M60-+. F8OP\ ()*&+. ,-. #3%/)-#.(.*& .7& -* 1.- 1#-7 /)(1#.C. ,-. '$*7

#$ /)*<0-+$&6)* #6>+.8 D36*&.+$/&6)* '.7 7&+-/&-+.7 677-.7 '.7 1$#.7 .& '- /$+%*$0. 1.-&

]&+. K #3)+606*. '. /. 14%*)(@*.8 Q* /)(1$+$67)* K #$ M60-+. H8HO '- /4$16&+. H ,-6

/)++.71)*' K #345'+)#6.**. #6>+.: 6# 7.(>#. ,-. #$ &$6##. .& #$ 1)1-#$&6)* '.7 7&+-/&-+.7 7)6&

$*$#)0-. $- (](. 1)6*& '. 2)*/&6)**.(.*&8 D$ '6?%+.*/. ($;.-+.: 4)+(67 #36*&.+$/&6)*

'.7 7&+-/&-+.7 +)&)+A/$+%*$0. .7&: '$*7 #. /$7 /$+%*%: #$ 1+%7.*/. .* $B$# '- /.+/#. '.

+)&$&6)* '3-* 1#-7 0+$*' *)(>+. '. &)-+>6##)*78 D3.?.& '- 1$+$(@&+. '3$B$*/. .7& $*$#)0-.

K /.#-6 '. #345'+)#6.**. #6>+. Z #.7 7&+-/&-+.7 B)+&6/6&$6+.7 7. &+$*72)+(.*& .* 76##$0. $B./

#3$-0(.*&$&6)* '. λ8 T*. '.7/+61&6)* 1#-7 '%&$6##%. '.7 /$+&.7 '. B)+&6/6&% .7& '671)*6>#.

.* L**.C. "8

N)-+ /#)+. /. /4$16&+.: *)-7 1+)1)7)*7 '3-&6#67.+ #3$11+)/4. '. .̂+#. _F` 1+%7.*&%.

$-1$+$B$*& '$*7 #$ 7./&6)* F8H8 L 1$+&6+ '.7 B$#.-+7 .* (6#6.- /)*<*%: 6# .7& 1)776>#.

'3.7&6(.+ '3-*. 1$+& #. CP '. #$ &-+>6*. #6>+. 1+67. .* (6#6.- 6*<*6 .& '3$-&+. 1$+& #3$11)+&

'- /$+%*$0.8 J)-7 -&6#67)*7 #.7 +%7-#&$&7 677-7 '.7 /$#/-#7 *-(%+6,-.7 [.& %B.*&-.##.(.*&

'.7 .77$67\8 9.7 '.+*6.+7 1+.**.*& .* /)(1&. #$ B67/)76&%: #$ &-+>-#.*/. .& #$ 1+%7.*/. '-

+)&)+8

D. E$>#.$- F8! 6*'6,-.: 1)-+ #345'+)#6.**. #6>+.: '.7 B$#.-+7 /)++60%.7 K 1$+&6+ '. ε8
D.7 /$#/-#7 '. #345'+)#6.**. #6>+. .* (6#6.- 6*<*6 1+%7.*&.*& .*/)+. -* 1.&6& /)*<*.(.*&



λ = 1.5 λ = 1.5 θ = 360

λ = 2.0 λ = 2.0 θ = 360

λ = 2.5 λ = 3.0 θ = 360



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

"#$%&'$( )*+,( -%.%($ %)/)% 01)& .1 &%-$.1+%*) )$-2,%'$( (&+ () 31%+ $) -%.%($ -*%)&

4*)/)25 (+ &*)+ 0*)4 261.(-()+ 4*,,%62(&7 8) 4*(94%()+ 0( #$%&&1)4( &%-%.1%,( : 4(.$% %&&$

0( .1 4*,,(4+%*) 0$ -%.%($ 4*)/)2 (&+ +,*$;2 4( '$% %)0%'$( .1 4*<2,()4( 0(& 1##,*4<(&

&$%;%(&7 =1 4*,,(4+%*) 0(& ;1.($,& %&&$(& 0(& (>#2,%()4(& 0*))( $) CP 0( .?*,0,( 0( !7@@A

4( '$% (&+ () 144*,0 1;(4 .(& (>#2,%()4(& 0( B<%*)* C@D () -%.%($ %)/)%A '$% 1))*)4()+ $)

CP 0( !7@EF7 =(& &*$,4(& 0( .?241,+ "1++()0$5 ()+,( .(& ;1.($,& )$-2,%'$(& @G "4*-#,%&(&

0*)4 ()+,( !7E!H (+ !7EEF5 (+ 4(++( ;1.($, (>#2,%-()+1.( 4*,,%62( 0( !7@EF *)+ 2+2 1)1.I&2(&

01)& .1 #,(-%J,( &(4+%*) 0( 4( 4<1#%+,(7

K*,,(4+%*)& #*$, .?<I0,*.%())( .%L,( MN !

OP8MQRSTB

CPmax−234546

= CPmax−2377896

(1 − ε)2

ε = Ap/Ac

R)3*7 CPmax−234546

ε CPmax−2377896

T8UA λ = 2.0A +$))(. !7FVV !7@F !7E!H

T8UA λ = 2.0A %)/)% !7V V !7 ! !7EEF

OWXA λ = 2.25A +$))(. !7V!! !7@F !7@@F

 !"# V7YZ  !""#$%&!' (# CP )!*" +,-.("!+&#''# +&/"#0

X*$, 2;1.$(, .?1##*,+ 0$ 41,2)16( () -%.%($ %)/)%A )*$& 31%&*)& 1##(. : .1 -2+<*0(

;%&1)+ : 4*,,%6(, .1 3*,4( 0( +,1[)2( 0( 4( 0(,)%(, () -%.%($ 4*)/)27 X*$, .1 +$,L%)( 41,2)2(

0( ,232,()4( 01)& .(& 0($> -%.%($>A .( Q1L.(1$ V7\ .%&+( .(& ;1.($,& 0(& '$1)+%+2& ,2.1+%;(&

1$ 41,2)16(7 X,24%&*)& '$( 4(..(& 0$ 41& %)/)% &*)+ %&&$(& 0$ 41.4$. 4*-#.(+7 =( CD 0$ 41&

4*)/)2 1 2+2 41.4$.2 () $+%.%&1)+ .1 ,(.1+%*) "V7F57 G1)& 4(++( 2'$1+%*)A uc (+ .1 3*,4( 0(

+,1[)2( 0$ 41,2)16( FD:234546

&*)+ .(& 0*))2(& 0?()+,2(7 T*$& 4*)&+1+*)& '$( .(& ;1.($,&

0( CD &*)+ &%-%.1%,(& 0?$)( 4*)/6$,1+%*) : .?1$+,( ] .?(,,($, (&+ 0?();%,*)   ^7 R. &(-L.(

,1%&*))1L.( 0?10-(++,( '$( .1 -2+<*0( #,*#*&2( #*$, .?(&+%-1+%*) 0( CD : #1,+%, 0(&

0*))2(& () -%.%($ 4*)/)2 (&+ 144(#+1L.(7

K*)/)2 R)/)%

FX 41,2)16( "@ #,*/.&5 CTD E!V _H

FD #,*/. CTD  F@ EY

uc C`D  7Y\_  

V∞ C-a&D @7E @7E

C C-D !7EF !7EF

H C-D !7 _F !7 _F

CD C`D !7@H!_ ('7 "V7F5 !7@EVF ('7 "V7H5

FD #,*/. 4*,,%62 CTD ('7 "V7_5 V@ EY

CS C`D ('7 "V7Y5 !7VY !7HF

FAP C`D  7VY  7HF

FAP 41.4$. 4*-#.(+ C`D `  7F

 !"# V7\Z  !""#$%&!' (# CP  !"# $%&'(#!$)*++* ,-#.+.*/



 !"#$%&' () *$+,-"%$./ 0' -1!20&.-$'//'  "&3/3' 4 '55'%* 0' 6-. "7'  ! 

" #$%&'% () CD *+&',-. '/ *+& #0++'1/* (2-3$/)*% /$ 3$/*)% (* /2*40%& (* &%$56-* 7)' +2*89

*%:*%$'& +)% /* :$%-6$;* *6 ,'/'*) '6<6'= >*/06 /* ,0(?/* #%0#0+- #0)% 60&%* :$+ (2-&)(*.

:*&&* @0%:* *+& (2*63'%06 ABC= D//* *+& :06@0%,* $3*: /$ &%$56-* () :$%-6$;* '++)* () :$/:)/

*6 ,'/'*) '6<6' 7)' *+& (* EFC= D6<6. 60)+ :$/:)/06+ CS *& /* FAP G #$%&'% (* /2*40%&

(* &%$56-* *+&',- *& (* /$ @0%:* (* &%$56-* (* /$ &)%1'6* /'1%* #%'+* *6 ,'/'*) '6<6'. 7)'

*+& (* FH C= I* J"K *+&',- G #$%&'% (*+ (066-*+ :06<6-+ *+& (*  =AF L '/ *+& :06@0%,* G

:*/)' :$/:)/- *6 ,'/'*) '6<6'. 7)' *+& (*  =M!= K0)% :* :$+ #%-:'+. /$ ,-&N0(* (* :0%%*:&'06

#%0#0+-* *+& #$%&':)/'?%*,*6& 1'*6 $($#&-* #0)% -3$/)*% /2$##0%& () :$%-6$;* *6 ,'/'*)

'6<6'= O0)&*@0'+. '/ +*,1/* ',#0%&$6& (* @$'%* /2*8*%:':* +)% (2$)&%*+ :06<;)%$&'06+ (* @$P06

G 3$/'(*% ($3$6&$;* /$ ,-&N0(*=

"Q6 (* +2$4%$6:N'% (-<6'&'3*,*6& (* /2*4*& (* 1/0:$;* R*& (*+ :0%%*:&'06+ #0+&-%'*)%*+S.

'/ *+& 6-:*++$'%* (2-/$%;'% /* (0,$'6*. 7)2'/ +0'& 6),-%'7)* 0) *8#-%',*6&$/= "'6+'. /*+ :$/9

:)/+ #%-+*6&-+ #$% /$ +)'&* 06& -&- %-$/'+-+ *6 ,'/'*) '6<6'= T/ +*%$'& '6&-%*++$6& (* &*+&*%

-;$/*,*6& /*+ NU(%0/'*66*+ ($6+ (*+ :06<;)%$&'06+ 0)3*%&*+ #%0:N*+ () %-*/=

 !"#$% &'(%

 I*+ *8#-%'*6:*+ ,*6-*+ ($6+ /* &)66*/ NU(%0(U6$,'7)* @0)%6'++*6& (*+ 3$/*)%+ ()

:0*Q:'*6& (* #)'++$6:* 7)' #*%,*&&*6& (* 3$/'(*% /*+ +',)/$&'06+ 6),-%'7)*+ ,'+*+

*6 #/$:*= I$ 3$/'($&'06 62*+& :*#*6($6& #$+ *6&'?%*,*6& 7)$6&'&$&'3* ($6+ /$ ,*+)%*

0V /*+ +',)/$&'06+ BW :06()'+*6& G )6* +)%*+&',$&'06 +U+&-,$&'7)* () :0*Q:'*6& (*

#)'++$6:*=

 "3$6& ,X,* (2-3$/)*% /2$##0%& () :$%-6$;* +)% /$ #*%@0%,$6:* (* /2NU(%0/'*66*. '/

*+& ',#0%&$6& (* #%*6(%* *6 :0,#&* /2*4*& (* 1/0:$;* 0) (* :06<6*,*6& $++0:'-

G /$ %-$/'+$&'06 (2*8#-%'*6:*+ ($6+ )6* 3*'6* NU(%0(U6$,'7)* R0) $)8 +',)/$&'06+

6),-%'7)*+ %*#%0()'+$6& :*&&* ;-0,-&%'* (* 3*'6*S=

 I2*4*& (* 1/0:$;* $ &%0'+ :06+-7)*6:*+ ,$Y*)%*+= K%',0. /$ #*%@0%,$6:* (* /$ ,$9

:N'6* +* 30'& @0%&*,*6& $);,*6&-*. ,X,* +' /* :06<6*,*6& *+& #*&'&= >*:)6(0. ($6+

/* :$+ (* /2NU(%0/'*66* :$%-6-*. /* #0'6& (* @06:&'066*,*6& 0#&',$/ *+& &%$6+/$&- 3*%+

(*+ 3$/*)%+ #/)+ -/*3-*+ () #$%$,?&%* (2$3$6:*= O*%&'0. /* &)1* (* :0)%$6& R(06: /*

(-1'&S &%$3*%+$6& /$ ,$:N'6* :06<6-* *+& #/)+ ;%$6( 7)* :*/)' &%$3*%+$6& +06 N0,09

/0;)* *6 ,'/'*) '6<6'=

 I* +U+&?,* :$%-6- *+& #/)+ #*%@0%,$6& 7)* /* +U+&?,* /'1%*. 7)* /206 &%$3$'//* *6

,'/'*) '6<6' 0) :06<6-=

 I2$Y0)& () :$%-6$;* (','6)* /*+ Z):&)$&'06+ () :0*Q:'*6& (* :0)#/*= I*+ #$/*+

&%$3$'//*6& #/)+ *6 $,06& 7)2*6 $3$/ *6 :0,#$%$'+06 G /2NU(%0/'*66* /'1%*= I$ %0+$:*

() CM #0)% )6* #$/* (*3'*6& &%'/01-* *& :*//* (* /2NU(%0/'*66* N*8$/01-*=

 I2'6:/)+'06 () :$%-6$;* 6* +)%:N$%;* #$+ ($3$6&$;* /* +U+&?,* *6 ,'/'*) '6<6'= D6

%*3$6:N*. /*+ *40%&+ +)1'++*6& )6* @0%&* $);,*6&$&'06 *6 ,'/'*) :06<6-=

 I2$##%0:N* ;/01$/* #0)% /$ :0%%*:&'06 (* /2*4*& (* 1/0:$;* (066* (*+ %-+)/&$&+ '69

&-%*++$6&+ #0)% /$ :06<;)%$&'06 /'1%*= W$6+ /* :$+ :$%-6-. )6* $)&%* $##%0:N* *+&

#%0#0+-*. 7)' :06+'+&* G :0%%';*% /$ @0%:* (* &%$56-* +)% /* :$%-6$;*= [*&&* $##%0:N*



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

#$%& ' ()*+,& -./0'1%)* -) 2'3$# 4$**)45) 1.'(($*5 -% 4'*/#'6) 7 ('*5,* -)& -$##/)&

)# +,1,)% 4$#8#/9

:) (*$4;',# )5 -)*#,)* 4;'(,5*) -% +/+$,*) 0' <5*) 4$#&'4*/ 7 1./5%-) -)& ('*'+=5*)&

6/$+/5*,>%)& -% &?&5=+) -) 4'*/#'6) '8# -) -/5)*+,#)* >%)1& 4;$,@ ()*+)55)#5 -) +'@A

,+,&)* 1' ()*2$*+'#4) -) 1.;?-*$1,)##) 4'*/#/)9 B8# -./0,5)* -) -)0$,* */'1,&)* -)& 4$*A

*)45,$#& +,1,)% 4$#8#/ C +,1,)% ,#8#, -$#5 #$%& '0$#& 0% >%.)11)& &$#5 -/1,4'5)& ($%* 1)&

&?&5=+)& 4'*/#/&D #$%& )E)45%)*$#& 4)55) '#'1?&) ('*'+/5*,>%) )# *',&$##'#5 )# +,1,)%

,#8#,9



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

 !" #$%$  !"#$%&& '$ '()*+( () *$+$#$ ,#-./+#- , -../012)034 35 +04(26 *37(4)87

-1)82)36 90:1 %;(36< )3 =.(4 >;244(/ ?/3@$ A2..36) )(1;40B8( A(.36) C3 =DE+

FFGHIJK& D40L(6:0)< 35 =M536N& FJJK$

 F" '$ 0/1!& *$ 21/!3! () O$ 2"4"5/ , %;( .3@(6 P(4(62)034 5637 )0N2/ 1866(4): Q<

N2660(8: )86Q04($  !"!#$%&! '"!()*& GR!STU,!FTF V !FTW& !GGH$ X36/N A(4(@2Q/(

E4(6P< >34P6(:: A(4(@2Q/( E4(6P<& E4(6P< EY10(41< 24N );( E4L06347(4)$

 Z" -$ 6+378)5) 9!)& [$ :";+#)$& %$ 6)/7(+ () >$ <+##!3+ , C87(6012/ 24N

(M.(607(4)2/ 242/<:0: 35 2 92660(8:S)<.( 163:: \3@ @2)(6 )86Q04( 04 Q26( 24N :;638N(N

134]P862)034:$ +,-. /01 2*3456783 5" 1*9($8&7: ;$:.7"!(* $"9 2*6-!36 & !F& FJ!J$

 T" *$^$ =+(#+ , X04N %86Q04( X2//S_/31`2P( a(65367241( >366(1)034:$ <58("$& 5=

>(548&675" $"9 >5#!(& FHRHU,!Z!bV!ZF!& FJ!J$

!JZ





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

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

 !"#$%&'() *% &% &+,-('.% %/' *!,012(".%. 2, -%.)".0,3&% *4 /5/'60% *% &,.13,7% %3

,3,25/,3' *!,4'.%/ 71"01'.(%/ %' &"3874.,'("3/ 94% &%22%/ *4 &,.13,7% *% .1)1.%3&%: ;

&%''% 83< "3 -.1/%3'% '"4' *!,#".* 2!%3/%0#2% *%/ -,.,06'.%/ 71"01'.(94%/ *4 &,.13,7%

94( /"3' (0-2(941/ *,3/ /"3 &"0-".'%0%3': =3/4('%< 43% /53'+6/% *%/ .1/42','/ *% 2!1'4*%

-,.,01'.(94% %3 0(2(%4 (383( %/' )"4.3(% > *,3/ &%''% 1'4*% -,.,01'.(94%< 2%/ %?%'/ *%/

*(?1.%3'/ -,.,06'.%/ 71"01'.(94%/ -.1&1*%00%3' (*%3'(81/ /"3' ,3,25/1/ *% ),@"3 *1&"4A

-21%: B(3,2%0%3' 43% *(/&4//("3 /4. 2% '%0-/ *% &,2&42 ,//"&(1 ,4C *(?1.%3'/ &,/ '.,('1/

3"4/ ".(%3'%., D%./ 2, .%&+%.&+% *!43% /'.,'17(% *% &,2&42 /(0-2(81% 94( -4(//% -%.0%''.%

*,3/ 43% ,--2(&,'("3 )4'4.% 2!"-'(0(/,'("3 *4 /5/'60% *% &,.13,7%:

 !" #$%$&'(%)* +,-&,(%./0)* 1-23.(.-22$2( 4$ 5)%6-%7

&$21) 30 1$%,2$+)

 % &"0-".'%0%3' *% 2!1&"42%0%3' ,4 /%(3 *% 2, 0,&+(3% %/' &"3*('("331 -,. 2, 71"01'.(%

*% 2!+5*."2(%33%< 2, D,2%4. *4 -,.,06'.% *!,D,3&% λ %' 2%/ &,.,&'1.(/'(94%/ 71"01'.(94%/ *4
&,.13,7% E*183('("3 71"01'.(94% *%/ -."82/ %' -"/('("33%0%3' *% &%/ -."82/ -,. .,--".'

,4 &%3'.% *% ."','("3 *4 ."'".F: G3 .1&,-('42% &(A*%//"4/ 2, 2(/'% *% &%/ -,.,06'.%/ ED"(.

17,2%0%3' B(74.% H:IF J

  % '5-% *% -."82 4'(2(/1:

  , -"/('("3 ,C(,2% *4 &%3'.% *% ."','("3 *% 2!+5*."2(%33% -,. .,--".' ,4 #".* *!,'A

',94% *4 &,.13,7% EaF:

  % .,--".' %3'.% 2% *(,06'.% *4 ."'". %' 2, &".*% *4 -."82 *4 &,.13,7% EK/CF:

  !,372% *!(3&(*%3&% *4 -."82 EαF:

  !%3'.%)%. EeF %3'.% 2, -,2% %' 2% &,.13,7%< 94( *1-%3* *4 *(,06'.% *% 2, '4.#(3%<

%' *% 2, *(/',3&% D%.'(&,2% EbF %3'.% 2% #".* *!,'',94% *4 &,.13,7% %' 2% &%3'.% *%

."','("3:

ILH



x/C = 0 x/C = 1



e = 11.8mm

CP /CPmax

x/C = 0
CPmax

λopt = 2.0



CP = 0.407 CP = 0.414
CM

CM



α C

CL

CD

CD CL α

α
α λ

C = 4.0R
C = 4.0R

C
α λ

C = 2.5R, 3R, 4R, 5R, 6R



α

CP α



λ = 2.0
α λ = 2.0

λ = 2.0
αopt

αopt = 30◦

CPmax (α = 30◦) = 0.728 CPmax (α = 18◦) = 0.662

CP λopt = 2.0

α = 18◦ α = 30◦



θ = 120◦ θ = 160◦

CM

CM

∆p∗

∆p∗max

∆∗

p

λopt = 2.0 α = 18◦ α = 30◦

Cp

x/C ≈ 0.85

CD CL α
λopt = 2.0 α ≈ 22◦ CD CL

CP < CP

α ≈ 22◦ CD

CL



CD

CL α = 18◦

α ≈ 30◦

CP CD CL



CD CL

CD

CL

CL

CL CD

CD

CL



CP (λ)

CP (C) λ

λ
CP



λ = 2.0 λ = 3.0 C = 4.0R
CD CL

FX

CD = f (FX/C) CD

4.0R CL

CP

C = 4.0R

CP CD CL

C = 3.0R
C = 4.0R C = 5.0R

C = 6.0R



C = 3.0R C = 4.0R

C = 5.0R C = 6.0R



t = f (α)

t = f (C)

α C



 !"#$%&' () *%&"%+,$'* -."/+0$1&"%$12 -3 *4*%5/' -'  "&+2",' '% /1-50'* *$/#0$6$+*  !

CP−th =
P

1

2
ρApV 3

a

=
(pp1 − pp2) ApVp

1

2
ρApV 3

a

=

[

1 −
(

V0

Va

)2
]

1

2

(

1 +
V0

Va

)

(1 + CS) "#$ %

&'()

Ap * +(),-./ 01 2.,.2

Vp * '-,(++( 0( 345).13(6(/, &1 ).3

V0 * '-,(++( 0( 345).13(6(/, 0&/+ 3( +-33&7( &'&3

Va * '-,(++( 0( 345).13(6(/, &6./,

(, CS ≡
FX )&25/&7(

FX 2.,.2

"#$8%

.9 FX )&25/&7( 05:(/0 0( 34&/73( α (, 0( 3& ).20( C$

;1-+<1( 3( 2(/0(6(/, 01 +=+,>6( 05:(/0 0(+ :&2&6>,2(+ 75.65,2-<1(+ 01 )&25/&7(?

&@/ 0( +-6:3-@(2 3( 6.0>3(? /.1+ &33./+ (++&=(2 0( 05,(26-/(2 A1+<14B <1(3 :.-/, 3( ).6C

:.2,(6(/, 01 +=+,>6( D 2.,.2 E )&25/&7( F :(1, G,2( (+,-65 (/ 1,-3-+&/, 0(+ -/H.26&,-./+

.I,(/1(+ D 1/( H.-+ :.12 ,.1,(+ F :.12 3( 2.,.2 3-I2( <1- +(2&-(/, &3.2+ -/A(),5(+ 0&/+

0(+ +-613&,-./+ "+,&,-.//&-2(+% 045).13(6(/,+ (/ :25+(/)( 01 )&25/&7($ J3 (+, )3&-2 <141/(

,(33( 056&2)K( /( :.122& :&+ :(26(,,2( 1/( (+,-6&,-./ @/( 0(+ :(2H.26&/)(+ 041/ +=+,>6(

)&25/5 L 34.IA(),-H '-+5 (+, 0( 05,(26-/(2 +4-3 (+, :.++-I3( 04.I,(/-2 &-/+- 1/( (+,-6&,-./ <1&3C

-,&,-'( 0(+ :(2H.26&/)(+ 0( 0-+:.+-,-H+ )&25/5+ <1- 2(+:(),( 3& K-52&2)K-( 0( :(2H.26&/)(+

.I,(/1( B 34&-0( 0(+ ).M,(1+(+ +-613&,-./+ ).6:3>,(+ :25)50(66(/, :25+(/,5(+$ ;1-+<1(

/.1+ &'./+ .I+(2'5 <1( 3(+ ).(N)-(/,+ 0( :.2,&/)( (, 0( ,2&O/5( &++.)-5+ &1 )&25/&7( "(/

:25+(/)( 01 2.,.2% :(26(,,&-(/, 0( :250-2(? <1&3-,&,-'(6(/,? 345'.31,-./ 01 ).(N)-(/, 0(

:1-++&/)( 041/( 6&)K-/(? /.1+ &33./+ 0./) /.1+ -/,52(++(2 :31+ :25)-+56(/, B 3& :250-)C

,-./ 0(+ ).(N)-(/,+ 0( ,2&O/5( (, 0( :.2,&/)( 041/ )&25/&7( +(13 (/ -/)31&/, ".1 /./%

0(+ -/H.26&,-./+ 73.I&3(+ "0( ,=:( :(2,(+ 0( )K&27(% :(26(,,&/, 0( 6.053-+(2 0( H&P./

+-6:3( 34-/Q1(/)( 01 2.,.2$ R.,2( I1, -)- (+, I-(/ 0( 05,(26-/(2 +- )(+ )&3)13+ H.2,(6(/,

+-6:3-@5+ :(1'(/, G,2( 1,-3(+ :.12 )3&++(2 (/ :2(6->2( &/&3=+( 0-S52(/,(+ 75.65,2-(+ 0(

)&25/&7( L 0(+ +-613&,-./+ ).6:3>,(+ ")&3)13+ -/+,&,-.//&-2(+ 01 .1 0(+ 0-+:.+-,-H+ )&25/5+

+53(),-.//5+ ).66( 3(+ :31+ -/,52(++&/,+ +12 3& I&+( 0( )(,,( &/&3=+( :253-6-/&-2(% +(2&-(/,

I-(/ +M2 25&3-+5(+ 0&/+ 1/ +()./0 ,(6:+ :.12 05,(26-/(2 <1&/,-,&,-'(6(/, 3(+ ).(N)-(/,+

0( :1-++&/)( &++.)-5+ &1T 75.65,2-(+ 2(,(/1(+$

U )(,,( @/? ,2.-+ 6.0>3(+ 8V ./, 5,5 ,(+,5+$ W( :2(6-(2 6.0>3( /( :2(/0 (/ ).6:,(

<1( 3( )&25/&7( L -3 /4= & :&+ 0( 2.,.2 ")H$ X-712( #$ Y&%$ Z/ &,,(/0 I-(/ +M2 1/( :250-)C

,-./ :(1 @&I3( 0( )(,,( &::2.)K($ V&/+ 3(+ 0(1T &1,2(+ 6.0>3(+? 3( 2.,.2 (+, 2(6:3&)5

2(+:(),-'(6(/, :&2 1/( :(2,( 0( )K&27( &1 0(6-C0-+<1( &6./, "X-712( #$ YI% .1 :&2 0(1T

:(2,(+ 0( )K&27( "X-712( #$ Y)%? -6:.+&/, &-/+- 1/( 25+-+,&/)( B 345).13(6(/,$ W& :(2,( 0(

)K&27( (+, &2,-@)-(33(6(/, -/,2.01-,( (/ H&-++&/, &::(3 B 1/ 6-3-(1 :.2(1T ":.2.1+ A16:%?

<1- 2(:2.01-, 3& 0-+)./,-/1-,5 75/525( :&2 3( 2.,.2? &::3-<15 +12 1/( +(),-./ +:5)-@<1( [8\$

](,,( ,()K/-<1( & 34&'&/,&7( 0( 0-++.)-(2 34&/&3=+( 0(+ 05,&-3+ 01 2.,.2 (, 0( H.12/-2 3&

3-6-,( +1:52-(12( 0( )( <141/ 2.,.2 -05&3 :(1, (T,2&-2($ ^/ (S(,? -3 (+, :.++-I3( 0( )&:C

,12(2 345/(27-( (T,2&-,( (, 0( 2(:25+(/,(2 34-/,(2&),-./ :2-6&-2( 0( 3& 0-+)./,-/1-,5 &'()

345).13(6(/, &1 ,2&'(2+ (, &1,.12 01 )&25/&7($



∆p
λopt = 2.0

∆p x = −R
∆p

35 000

CD

α

Erreur = 100
CD − CD

CD

CD



α C = 4.0R

CD

CL CLmax

α

αopt = 18◦

αopt = 18◦ αopt = 24◦

αopt = 30◦



CL



CL

2

α
CD CL

CLmax

CL

α = 18◦

α = 30◦ CD

α = 18◦

CL

α = 18◦

α = 30◦

CD

CL

α = 30◦



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

#$% &'()#$% %*&+#*,-% $./*%01-% .$ %'.2 +0% $. &$%34$ ($ 5'34.*4 ($% 4-+'.%$% $6072$% $.

7$ 83* 7'.7$4.$ #$% /0#$34% ($% +040&)24$% 1-'&-24*83$% (3 +4',# '+2*&0#9 :$+$.(0.2 *#%

+$3/$.2 ;24$ +$42*.$.2% +'34 4-(3*4$ #$ 7<'*6 ($% 70.(*(02% +'%%*=#$% 0/0.2 ($ 4-0#*%$4 ($%

70#73#% 7'&+#$2%9 >,. (?0/'*4 3.$ 7$42*23($ 7'.7$4.0.2 7$% 7'.7#3%*'.%@ *# 503(40*2 -#041*4

#?-23($ A 3.$ 10&&$ (?0.1#$% (?*.7*($.7$ +#3% #041$ $2 A (?0324$% +4',#% ($ 704-.01$9 B0.%

#$ 70% ($ #0 ('3=#$ (*%7'.2*.3*2-@ #$% +$42$% ($ 7<041$ '.2 -2- 4$1#-$% A CDE $. 0&'.2 $2

!DE $. 0/0#9 F# $%2 +'%%*=#$ 83$ 7$ ('%01$ *.G3$.7$ #$% 4-%3#202%9 H.$ 0.0#I%$ +#3% -2$.(3$

%34 7$ ('&0*.$ +'3440*2 03%%* ;24$ *.2-4$%%0.2$9 H.$ 5'*% #?-23($ 7'&+#-2-$@ %* #$ &'()#$ $%2

/0#*(-@ *# %$40*2 $./*%01$0=#$ (?-20=#*4 3.$ &-2<'($ +4'+4$ (?'+2*&*%02*'. ($ #0 1-'&-24*$

(3 704-.01$9

 !"#$% &'(%

 J$% +040&)24$% 1-'&-24*83$% 7'.(*2*'..0.2 #0 +$45'4&0.7$ (3 704-.01$ %'.2 K #$

2I+$ ($ +4',#@ #0 #'.13$34 ($ 7'4($@ #?0.1#$ (?*.7*($.7$@ #0 +'%*2*'. 06*0#$ (3 4'2'4

(0.% #$ 704-.01$ $2 #?$.24$5$49

 B$36 -23($% +040&-24*83$% '.2 -2- 4-0#*%-$% K #?3.$ +'34 #?'3/$4234$ (3 704-.01$

(0.% #$ 70% ($ ($36 2I+$% ($ +4',#@ LMMJLNO"!D $2 NPJ Q #?0324$ +'34 #0 #'.13$34

($ 7'4($ (0.% #$ 70(4$ ($ #?<I(4'#*$..$ 704-.-$ ($ 4-5-4$.7$9 J$% 0324$% +040&)24$%

4$%2$.2 ,6$%9

 J0 +'%*2*'. '+2*&0#$ (3 4'2'4 (0.% #$ 704-.01$ %$ 24'3/$ 03 7'#9

 M04&* #$% +4',#% ($ #0 50&*##$ R>:> 2$%2-% +'34 #$% +0#$% ($ #?<I(4'#*$..$@ #$

S &$*##$34 T 4$%2$ #$ +4',# R>:> DD C9 >3 .*/$03 (3 4$.($&$.2@ *# .?I 0 +0% ($

(*U-4$.7$ $.24$ 3. +4',# +4'V$2- $2 .'. +4'V$2-9

 J?-23($ +040&-24*83$ ($ α 0 &'.24- 83$ 7<083$ +4',# +'%%)($ %'. 0.1#$ (?'3/$4234$

'+2*&0# K αopt LMMJLNO"!D = 18◦ $2 αopt NPJ = 30◦9 J$ +4',# NPJ A WD! (?*.7*($.7$

$%2 +#3% +$45'4&0.2 83$ #$ LMMJLNO"!D A  C!9

 J?-23($ +040&-24*83$ +04 40++'42 A #0 #'.13$34 ($ 7'4($ 0 ('..- 3.$ 7'4($ '+2*&0#$

-10#$ A " 5'*% #$ 40I'. (3 4'2'49

 J$ 5'.72*'..$&$.2 (3 704-.01$ (-+$.( ($% /0#$34% ($% 7'$X7*$.2% ($ +'420.7$ $2

($ 240Y.-$9 J$ S &$*##$34 T 704-.01$ %$40 7$#3* 0I0.2 #$ +#3% 140.( CD 20.2 83$

#?-7'3#$&$.2 .?$%2 +0% (-7'##- Z7<32$ '3 +$42$ ($ CL[9

 J$% -23($% +040&-24*83$% %'.2 24)% -6*1$0.2$% $. 2$&+% ($ 70#73#9 F# $%2 .-7$%%0*4$

($ 24'3/$4 ($% &'()#$% %*&+#*,-% ,0=#$% %* 3.$ '+2*&*%02*'. $%2 $./*%01-$9 > 7$2

$U$2 24'*% &'()#$% '.2 -2- 2$%2-%@ #?3. +4$..0.2 7'&+2$ 83$ (3 704-.01$@ #$% ($36

0324$% *.24'(3*%0.2 3. $2 ($36 (*%7'.2*.3*2-% +'34 %*&3#$4 #$ 4'2'49 J$ +#3% 0($8302

%$&=#$ 7$#3* A ($36 +$42$% ($ 7<041$9

 J$% &'()#$% %*&+#*,-% .$ ('..$.2 +0% ($% 4-%3#202% $6072%@ $. 7'&+040*%'. 036

70#73#% 7'&+#$2%9 :$+$.(0.2@ *#% %'.2 ($% '32*#% +$42*.$.2% +'34 7$4.$4 #0 \'.$ ($%

+040&)24$% '+2*&0369



 !"#$%&' () *%&"%+,$'* -."/+0$1&"%$12 -3 *4*%5/' -'  "&+2",' '% /1-50'* *$/#0$6$+* !"

#$ %&'()$*+ ,-.'/01$ .1$' '$ %$2*3$2 '/.43+2$ 5(3 .44&2+$ (* 6'7.32.8$ ,(2 7$ '&)9

4&2+$)$*+ %( '.26*.8$: #$, 4.2.)0+2$, 86&)6+235($, '&*%3+3&**.*+ 7. 4$2;&2).*'$ %(

'.26*.8$ &*+ 6+6 )3, $* 613%$*'$: <$, 6+(%$, 4.2.)6+235($, &*+ .3%6 = %6>*32 7$ '.26*.8$

&4+3).7 4.2)3 (*$ 8.))$ %$ 42&>7,? .*87$, %-3*'3%$*'$ $+ 7&*8($(2, %$ '&2%$:





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

 !" #$  !"# %  !"#$%&!'( (#")*!+#, -.#(, /0-*'$!,((, 1 %2, 3,*&!4%$ -, &05, 6%**!,#7$

&'()* +* +,-.,/0.1 23).4.5. 60.4,307 8,79.*-'34:5* +* ;/*3,<7*1 =04 >??@$

 >" =$#$ $%&&'()*1 A$=$B$ +%##"*1 C$#$ ,-"&( *. D$E$ +%.%/ % D -,FG0/4),3 <*H

.I**3 JKL )4F570.4,3) 03+ *MG*/4F*3.) N,/ G/*+4-.43O .'* N0/ I0P* ,N ',/4Q,3.07 0M4)

.4+07 .5/<43*)$ 8*'4,,-!(97 ': &/, ;&/ <#*'5,%( =%3, %(- >!-%$ <(,*90 ?'(:,*,(4,@

A557%$%@  B,-,(1 >??@$

 R" S$ 01&% % E'/,5+) N,/ 0*/,O*3*/0.,/$ CDCC@ EF&/ C,*'75%4,  4!,(4,7 G,,&!(91 !@TU$

 V" W$X$ 2'&3" *. C$ 4%5%6(3%( % #3'03-43O .'* 8*/N,/F03-* ,N 0 Y*/.4-07 DM4) A43+

&5/<43* Z)43O 0 E4FG7* Y0/40<7* 84.-' E9).*F$ =!(- <(9!(,,*!(91 ![\V]%!^T_!@[1

!@@!$

 [" `$ 7.-%1 &$ 2%&%(68%*'1 D$ 9%36&%'1 X$  :" *. =$ 0*)6" % L*a*7,GF*3. ,N

0 )'/,5+*+ I43+ .5/<43* I4.' 0 b03O*+ +4c5)*/$ H'#*(%$ ': =!(- <(9!(,,*!(9 %(-

D(-#7&*!%$ C,*'-0(%"!471 @U\[]%[>V_[R@1 F04 >??^$

 U" ;$ ;'"1<"& % 8/43-4G7*) ,N *3*/O9 *M./0-.4,3 N/,F 0 N/** )./*0F <9 F*03) ,N I43+

.5/<43*)$ =!(- <(9!(,,*!(91 T%!![_!>U1 !@^R$

 T" `$ = 2 , =9>1 D$ ?>;>2 @ 1 X$ 72>, *. X$ = 2AB7>C$0 % #MG*/H

4F*3.07 ).5+4*) ,3 0 G/*N*/0<7* <70+* G/,d7* N,/ '4O' *e-4*3-9 03+ .'* <70+* -'0/H

0-.*/4).4-) ,N L0//4*5)H.9G* -/,))Hb,I I0.*/ .5/<43*)$ H G< !(&,*(%&!'(%$ I'#*(%$J

 ,*!,7 K@ L$#!-7 ,(9!(,,*!(9@ /,%& &*%(7:,*@ 5'B,*@ 4'"M#7&!'(@ &/,*"'5/07!4%$ 5*'5N

,*&!,71 RV\>]%!V@_![U1 !@@!$

 ^" =$B$ @"&<" *. A$=$ D&"(5 E&F % L5-.*+ A43+fA0.*/ &5/<43*) 03+ 8/,G*77*/)

g*a4)4.*+$ H'#*(%$ ': 8*'5#$7!'( %(- 8'B,*1 >V%!!VU_!![?1 >??^$

!>T





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

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

45( 6(.!)" 7 +%1,(/'!' ,!. &!'8/'%+)*!. -! ,+ %+*#()! !) &!'%!""+)" -! -1&+..!' &/5'

,! */!9*(!)" -! &5(..+)*! ,+ ,(%("! -! :!"; -! <=>?@ +""'(A51! +5B '/"/'. ,(A'!.C  D/AE

F!*"(8 .&1*(G45! -!. "'+6+5B '1+,(.1. + 1"1 -! */)"'(A5!' 7 ,D+)+,0.! -5 8/)*"(/))!%!)"

-D5) .0."$%! -! *+'1)+2! &/5' -!. #0-'/,(!))!. 7 +B! 6!'"(*+, -! "0&! H+''(!5.C I!""!

*/)"'(A5"(/) .D!." +'"(*5,1! +5"/5' -! "'/(. +B!. &'()*(&+5B J

 I/%&'!)-'! ,D(%&+*" -5 *+'1)+2! .5' ,+ &!'8/'%+)*! -! ,D#0-'/,(!))! +G) -! "'/56!'

5)! !B&,(*+"(/) &#0.(45! 7 ./) &'()*(&! -! 8/)*"(/))!%!)"C

 K6+,5!' ,+ &!'8/'%+)*! -!. */)G25'+"(/). *+'1)1!. &+' '+&&/'" +5B */)G25'+"(/).

,(A'!. 7 ,D+(-! -! *+,*5,. LMNO ?HC

 P!""'! !) 16(-!)*! ,!. *#/(B -! &+'+%$"'!. 21/%1"'(45!. &!'%!""+)" -D+%1,(/'!' ,+

&!'8/'%+)*! -5 *+'1)+2!C

N/5. +6/). */%%!)*1 -+). ,! -/*5%!)" 7 -/))!' 5)! 6(.(/) 2,/A+,! .5' ,!. -(8E

81'!)". ./,5"(/). -D#0-'/,(!))!.3 ,(A'!. /5 *+'1)1!. &/5' !).5("! &+..!' !) '!65! ,!. "'+6+5B

Q)5%1'(45!. !" !B&1'(%!)"+5BR */)*!')+)" &,5. &+'"(*5,($'!%!)" ,!. #0-'/,(!))!. *+'1)1!.C

I! "'+6+(, A(A,(/2'+&#(45! + %(. !) 16(-!)*! 45!3 */)"'+('!%!)" 7 ,D#0-'/,(!))! ,(A'!3 &!5

-D()8/'%+"(/). ./)" -(.&/)(A,!. .5' ,!. #0-'/,(!))!. *+'1)1!.C HD+5"'! &+'"3 ,+ ,(""1'+"5'!

%+)45! -! '181'!)*!. !) 1"5-!. .5' ,!. #0-'/,(!))!. -! "0&! H+''(!5. *+'1)1!.C I!&!)E

-+)"3 (, + 1"1 &/..(A,! -D(-!)"(G!' 45!,45!. "#1/'(!. .5' ,! &'()*(&! -! 8/)*"(/))!%!)" -5

*+'1)+2! &'/&/.1!. &+' -(S1'!)". +5"!5'.C N/5. '!*!)./). &'()*(&+,!%!)" -!5B (-1!. J

,D5)! 45( '!,(! ,+ &!'8/'%+)*! -5 *+'1)+2! +5B 8/'*!. -! &/'"+)*! !" ,D+5"'! 45( ()-(45!

45! ,!. 8/'*!. -! "'+T)1! .5' ,! *+'1)+2! */)-("(/))!)" +5..( ,!. &!'8/'%+)*!. -5 .0."$%!C

U) %/-$,! .(%&,(G1 %/)/E-(%!).(/))!, &!'%!""+)" -! 8+('! 5)! &'!%($'! !."(%+"(/) -!

,+ &!'8/'%+)*! -5 '/"/' *+'1)1 + 12+,!%!)" 1"1 ()"'/-5("C

 D+&&'/*#! "#1/'(45! -5 &'()*(&! -! 8/)*"(/))!%!)" -D5)! #0-'/,(!))! -! "0&! H+'E

'(!5. ,(A'! !" ,D+&&/'" */%&,1%!)"+('! -! '1.5,"+". -! .(%5,+"(/) LMNO ?H .5' ,+ %+45!""!

ME<V !) %(,(!5 ()G)( /)" %/)"'1 ,+ */%&,!B("1 #0-'/-0)+%(45! -! *!. %+*#()!. *0*,(45!.C

 ! */5&,! %/"!5' !." /A"!)5 &+' -1*/%&/.("(/) -!. !S/'". -! &/'"+)*! !" -! "'+T)1! -+).

,! '!&$'! "+)2!)"(!, +5 *!'*,! -! '/"+"(/)C  D+)+,0.! -! ,D16/,5"(/) -! *! */5&,! %/"!5' +

%(. !) 16(-!)*! -!. ;/)!. %/"'(*!. !" -! 8'!()+2!C  !. 6+'(+"(/). -! ,+ 6("!..! -D+""+45! +5

*/5'. -! ,+ '/"+"(/) ()-5(.!)" ,D+&&+'("(/) -5 -1*'/*#+2! -0)+%(45! .5' ,!. &+,!.C W/5'

5)! 21/%1"'(! -D#0-'/,(!))! -/))1!3 ,+ &!'8/'%+)*! -1&!)- 8/'"!%!)" -5 &+'+%$"'! -D+E

6+)*! λC  + */5'A! -5 */!9*(!)" -! &5(..+)*! -(."()25! "'/(. '12(%!. 45( -1&!)-!)" -!
*! &+'+%$"'! -D+6+)*!C W/5' -! 8+(A,!. λ Q'12(/) -D!S!". &'(%+('!.R !" -!. λ 1,!61. Q'12(/)

<?X



 !"  !"#$%&'!"& () *(+&*(#)',(&
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.4,0-(4%( #,+( 0% '5++%0 12#.*#2+,6-D5% #5 8KLM7 8%( )1*-H #%( 3,.,6N'.%( +564.-D5%(

%' %H34.-6%+',5H *+' ,-+(- 4'4 O5('-?4(7 8, )*+?A5.,'-*+ 0-;.% #% .494.%+)% %(' 0, 6,D5%''%
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(,66%+' 0,.A% 3*5. #%( '%63( #% ),0)50 D5- +% (*-%+' 3,( .4#1-;-'*-.%(/ %' ($,335-%+' (5.
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.%(3%)',+' 0$%+(%6;0% #%( ).-'N.%( .4),3-'504( )-:#%((5(C 6*+'.%+' D5% 0$12#.*0-%++% ),.4+4%

%(' 305( 3%.9*.6,+'% D5% 0$12#.*0-%++% 0-;.% %' 3%.6%''%+' (5.'*5' #% D5,+'-?%. )% A,-+ #%
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3*5. 0, 6,)1-+% )*630N'% 1%H,0*;4%7 8% 3*-+' #% 9*+)'-*++%6%+' *3'-6,0 (% (-'5% %+)*.%
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"# *+&5" IMWM UU Z0 Q' 2# ?3, 2&'2#+'# "# +#'%#-#'.B ," '6F / */$ %# %,=(+#'2# #'.+#
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W#% 7.2<E*V 3 I2),-. :B)).-/ FB)G,-.8 =/(%3 >4

WK% 7.28-2,E 3 R*G.)/ 1*)(*- >-,M.)8,/'3 >4

WT% 7/),-6)2' 3 FL. 5-6,-..),-6 ]B8,-.88 _5]`3 >4

WW% 7V2-/B)G,-.8 3 7V2-/B)G,-.8 =/(%3 >4

W!% F1= /B)G,-. 3 F,(2E 1.-.)2/,*- =/(%3 >4

W$% FL)*;/*- FB)G,-. 3 FL)*;/*- 5-.)6' 7.)M,0.83 >4

W@% F,(2E <.-0. 3 ]EB. 5-.)6' D-/.)-2/,*-2E3 ]:3 :2-2(2

WC% F,(2E 7/).29 1.-.)2/*) 3 F,(2E &'()2BE,0 1.-.)2/*)8 =/(% _F&1=`3 >4

!"% F,(2E 7/).29 3 Q ? :*-8BE/3 >4 _F,(2E 7/).29 FB)G,-.`

! % F,(.E 3 7IN &'()*M,8,*-3 >4

!#% F*02)(* 3 F.29V*)+ F.0L-*E*6'3 H=

!K% F)2-8M.);.EE* 1.)92-'

!T% F'8*- FB)G,-. 3 ?B8/)2E,2



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

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

!!# $%/3'(4/+5 67--'8' 97%&7%1 97%&7% $0

!:# $%/3'(4/+5 7; <(/+/4= 67->?@/*1 6*%*&*

!A# 67--'8' 7; ,%8/%''(/%81 $%/3'(4/+5 7; <>'%74 B/('41 B(8'%+/%*

!C# D'E*(+?'%+ 7; F'.=# *%& F*%># ,%8#1 $%/3'(4/+5 7; F*%/+7@*1 6*%*&*

:G# $%/3'(4/+5 7; 27>+=*?E+7%1 $0

: # $EE4*-* $%/3'(4/+51 2)'&'%

:H# I'(+/.*- BJ/4 K/%8 6*? L>(@/%'1 ,&/%@>(8= $%/3'(4/+51 $0

:M# INIB6, 1I7(+'J O5&(7 ,%'(85 996 P B%% B(@7(1 FN1 $2B

:Q# R*%J/*%8 I'(+/.*- L>(@/%' O*(@/% ,%8/%''(/%8 $%/3'(4/+5 SO,$T1 6=/%*

:"# R/-& R*+'( U7)'(1 6*%*&*

:!# RUN L>(@/%'V R*+'( U7)'( N%&>4+(/'41 W7()*5





Annexe G

V∞

S∞

V
S
Vw

Sw

V∞ Vw

Vw < V∞



 !"

S∞ V∞ = S V = Sw Vw #$% &

'( )*+,- .- /+(012- FD 3-4/ 5/+- 26(742- 8 3(+/9+ .4 :97(1 .- ;4(1/9/2 .- <*46-<-1/ =

ρ V S (V∞ − Vw) = FD #$%>&

'( 349??(1,- 3-+.4- 3(+ 7- @49.- -?/ =

P = D V = ρ V 2S (V∞ − Vw) #$%A&

'( 349??(1,- +2,432+2- 3(+ 7( <(,B91- 1- 3-4/ 5/+- ;4C41- )+(,/9*1 #(4 <9-4D 2E(7-

8  & .- 7( 349??(1,- 3-+.4-% F*<<- ,-//- 349??(1,- -?/ 2E(7- 8 7( 6(+9(/9*1 .C21-+E9-

,912/9;4- .- 7( <(??- .C2,*47-<-1/ /+(6-+?(1/ 7- +*/*+ 3(+ ?-,*1.-G *1 3-4/ 2,+9+- =

P = ρ V S

(

V 2
∞
− V 2

w

2

)

#$%"&

H1 2E(7(1/ 7-? 349??(1,-? .*112-? 3(+ 7-? 2;4(/9*1? #$%A& -/ #$%"&G 7( 69/-??- (4 ?-91

.4 +*/*+ (33(+(0/ ,*<<- 2/(1/ 7( <*I-11- (+9/B<2/9;4- .-? 69/-??-? 8 7C(<*1/ -/ 8 7C(6(7 =

V =
V∞ + Vw

2
#$%J&

K1 -1 .2.49/ =

Vw = 2V − V ∞ #$%!&

H1 +(33*+/(1/ 7( 6(7-4+ .- 7( 69/-??- Vw .(1? 7C2;4(/9*1 #$%>& *1 *:/9-1/ 7C-D3+-??9*1

.- 7( /+(012- =

FD = 2ρ SVD (V∞ − Vw) #$%L&

K1 3-4/ .2M19+ > ,*-N,9-1/? .- /+(012-G 7C41 )*1.2 ?4+ 7( 69/-??- .(1? 7( <(,B91-

#2;4(/9*1 #$%O&& -/ 7C(4/+- )*1.2 ?4+ 7( 69/-??- .- 7C2,*47-<-1/ (<*1/ #2;4(/9*1 #$%P&& =



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

CDD =
FD

1

2
ρ SV 2

#$%&'

CD =
FD

1

2
ρ SV 2

∞

#$%('

)* +,-.-/0*, .0 12.0,-3* #$%4'5 .2/ 62+7 83298-2*,/ 62 ,10:*;2 <2+=2*, />27<1-?21 @+>2*

A3*8,-3* 62/ =-,2//2/ B

CDD = 4

(

V∞

V
− 1

)

#$% C'

CD = CDD
V 2

V 2
∞

#$%  '

D3??2 <3+1 .2/ 83298-2*,/ 62 ,10:*;25 3* <2+, 6;E*-1 62+7 <010?F,12/ 6>0=0*825 .>+*

-*,21*2 #;@+0,-3* #$% G'' 2, .>0+,12 <HI/-@+2 #;@+0,-3* #$% J'' B

λ =
ω R

V
#$% G'

λ0 =
ω R

V∞

#$% J'

K. 2/, <3//-L.2 ?0-*,2*0*, 6>-*,136+-12 .0 *3,-3* 6>-*,21A;12*82 a @+- ,106+-, .0 6-?-*+M

,-3* 62 .0 =-,2//2 60*/ .0 ?08H-*2 <01 10<<31, N .0 =-,2//2 62 .>;83+.2?2*, 0?3*, B

V

V∞

=
λ0

λ
= (1 − a) #$% O'

)* 12;81-=0*, .2 83298-2*, 62 ,10:*;2 2* A3*8,-3* 62 a 3* 3L,-2*, B

CD = 4

(

λ0

λ

) (

1 −
λ0

λ

)

#$% "'

3+

CD = 4a (1 − a) #$% !'



 !!

"#$%&'( )*( &*)$+,-.( /0123 *+ /01435 )$ %6,(($.7* &876%8&8* 9*:,*.+ ;

P = 2ρ SV 2 (V∞ − V ) /01 <3

=*( 7-*>7,*.+( 9* %6,(($.7* ?$(8( (6& )$ :,+*((* 9$.( )* &-+-& /8@6$+,-. /01 A33 *+

B-.98 (6& )$ :,+*((* $C-.+ /8@6$+,-. /01 D33 (#87&,:*.+ ;

CPcol =
P

1

2
ρ SV 3

/01 A3

CP =
P

1

2
ρ SV 3

∞

/01 D3

E. B-.7+,-. 96 B$7+*6& 9#,.+*&B8&*.7* )* 7-*>7,*.+ 9* %6,(($.7* %*&96* %$& )* F6,9*

9*:,*.+ ;

CP = 4a (1 − a)2
/01GH3

=*( 7-6&?*( %-&+8*( (6& )*( I,J6&*( 01G *+ 01K %*&C*++*.+ 9* 7-C%&*.9&* )#,.F6*.7*

96 B$7+*6& 9#,.+*&B8&*.7* (6& )*( 7-*>7,*.+( 9* %6,(($.7* *+ 9* +&$L.8*1 M.* :$)*6& 9*

a >
1

2
.#*(+ %$( %NO(,@6* %6,(@6#*))* *.+&$L.* 6.* :,+*((* *. $:$) Vw .8J$+,:*1 CD *(+

C$P,C6C *+ :$6+  )-&(@6* Vw = 01
Q) (* +&-6:* @6* )* (O(+'C* 9#8@6$+,-.( .#*(+ %$( B*&C8 7$& ,) .#*P,(+* %$( 9#8@6$+,-.

%-6& )#,.7-..6* 7*.+&$)* 96 %&-?)'C* @6* 7-.(+,+6* a1 =#$(+67* 9* )$ +N8-&,* 9* R*+S *(+

9* 7N-,(,& 6.* :$)*6& 9* a @6, C$P,C,(* CP T +-6+* $6+&* :$)*6& 9* a .* %*6+ @6* 7-.96,&*

U 6.* %6,(($.7* %*&96*1 "* 7*++* B$V-. )* B-.7+,-..*C*.+ 9#6.* C$7N,.* ,98$)*5 71WUW91

7*))* @6, %-6&&$,+ &876%8&*& )#,.+8J&$),+8 9* )#8.*&J,*5 &*(+* 98X.,1 Q) *P,(+* 9*6P %-,.+( %-6&

)*(@6*)(

dCP

da
= 05 U ($:-,& a = 1

3
*+ a = 11 Y* 9*&.,*& %-,.+ .#$ %$( 9* (*.( %NO(,@6* 7$&

,) ,C%),@6* V = 0 *+ Vw = −V∞1 =$ :$)*6& C$P,C$)* 9* )$ %6,(($.7* *(+ 9-.7 -?+*.6*

%-6& 6. B$7+*6& 9#,.+*&B8&*.7* 9*

1

3
5 7* @6, 7-.96,+ U 6. &$%%-&+ 9* :,+*((*( V = 2V∞

3
9#-Z

Vw = V∞
3
1 =$ %6,(($.7* C$P,C$)* *(+ ;

Pmax =
16

27

(

1

2
ρ S V 3

∞

)

/01G 3

Y*++* &*)$+,-. 7-.(+,+6* )$ ),C,+* 9* R*+S1 E))* C-.+&* @6* )#8.*&J,* C$P,C$)* @6* )#-.

%*6+ &876%8&*& .* %*6+ 98%$((*&

16

27
9* )#8.*&J,* @6, +&$:*&(*&$,+ )* &-+-& *. (-. $?(*.7*1







Annexe H

λ = 1.0

λ = 1.0



 !"  !"! λ = 1.0

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

   ! θ ! "# 6

# 7.,8')9%2,918' (2 )1**&:. &2 ;<=

"

> ?8%0@ A&% B )9%2,92%.) &**8':@.) ,8'9%&%89&C

91D.)5

# E.) )9%2,92%.) )3&01',1).'9 .9 )8'9 A%8F.9@.) )2% *. ,.%,*. (. %89&918'5

 "# ! θ ! $$ 6

# E. )1**&:. ,800.',. G )3@A&1))1%5

# E3@A&1))1)).0.'9 .)9 A*2) D1)14*. (2 ,89@ 1'9%&(8)5

# E. )1**&:. )3@9&*. D.%) *. ;<H

#

5

 θ ≈ $$ 6

# E. )1**&:. G *31'9%&(8) &99.1'9 *. ;<H5

# E. )1**&:. ,800.',. G ). 9%&')?8%0.% A82% (.D.'1% 2' D8%9.I J K L21 982%'. (&')

*. ).') &'91-8%&1%.5

 $$ ! θ ! %"" 6

# E. !"#$%&  :%&'(19 (. A*2) .' A*2) .9 ,800.',. G ). (@9&,-.% A.2 G A.2 (2 ;<H

Jθ ≈ 72!K5
# E. (@9&,-.0.'9 :@'M%. 2' &29%. !"#$%& ' ,8'9%&%89&91? J).') -8%&1%.K &2 ;<H

,89@ 1'9%&(8)5 N* )3@9&*. D.%) *. ;<= .9 :%8))195

 θ ≈ %"" 6

# E. !"#$%&  ). (@9&,-. ,80A*M9.0.'9 (2 ;<H (. *& A&*.5

# E. !"#$%& ' )3@9&*. )2% 9829 *31'9%&(8)5

 θ ≈ %"$ 6

# O'. '82D.**. )9%2,92%. J!"#$%& ( K 982%'&'9 (&') *. ).') &'91-8%&1%. ). :@'M%. &2

;<H ,89@ .I9%&(8)5

# O'. &29%. )9%2,92%. J!"#$%& )K 982%'&'9 (&') *. ).') -8%&1%. .)9 :@'@%@. &2 ;<=

,89@ 1'9%&(8)5

 %"$ ! θ ! %$  6

# E. !"#$%& ( )3&:%&'(19 .9 &)A1%. *. !"#$%& ' D.%) *. ;<H5

# E. !"#$%&  ). (@A*&,. D.%) *3&D&* (2 ,89@ 1'9@%1.2% &2 %898%5

 θ ≈ %$  6

# E. !"#$%& ( ,800.',. G ). (@9&,-.% (2 ;<H .9 .)9 4&*&P@ D.%) *3&D&* A&% *3@C

,82*.0.'95

 %$  ! θ ! %&  6

# E. !"#$%& ( ,8'91'2. G :%&'(1% .9 G ). (@9&,-.%5

# E. !"#$%& ) @D8*2. &2 ;<=5

 θ ≈ %&  6

# E. !"#$%& ' ). (@9&,-. (2 !"#$%& ( A%M) (. *& 01C,8%(. (. *& A&*. ,89@ 1'9%&(8)

.9 ). ,80A&,9. D.%) *. ;<=5

 

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

!

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



 !!"#" $% & '(") *+'(,&,( ,'") -" ./$0-'+.,"!!" .,1'"  234 "! 5,.,"6 ,!7,!,  ! 

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

  !" # θ #  $% /

0 1'  !"#$% ' '+2'(!,,' ,)"#*'(('3'+# ('  !"#$% (4 $52'(!,,'  !+ '6#"53*#5 )% 789

2'" (:'6#")$! '# &!33'+&' ;  ' $5#)&<'".

 θ ≈  $% /

0 1'  !"#$% (  ' $5#)&<' $% 789.

0 1'  !"#$% ' =%* ' # )% 789 $% &!#5 '6#")$! &!+#*+%' ; >#"' )##)&<5.

  $% # θ # & % /

0 1'  !"#$% ' &!+#*+%' ; >#"' )##)&<5 )% 789.

0 1'  !"#$% (  %*# (' $5,()&'3'+# $%  !"#$% ' 2'" (:)2)( ? *(  !+# )$-)&'+# .

0 1'  !"#$% ) '#  !"#$% & &!+#*+%'+# &!((5 . 1'  !"#$% & +'  :' # ,) '+&!"' &!3@

,(A#'3'+# $5#)&<5.

 & % # θ # &'" /

0 1'  !"#$% & ' # B)()C5 $% 78D 2'" (' 789 E )+  :)##)&<'" ; ()  %"F)&' '6#")$! G

,!%" C "'#"!%2'" ('  !"#$% ' =%* &!+#*+%' ; >#"' )##)&<5 )% 789.

0 1'  !"#$% & ) %+' F!"3' $' H)33' '# '+#"I*+' ('  !"#$% ( $)+  !+ '6#"53*#5.

 θ ≈ &'" /

0 1) ,)(' "'+&!+#"' (' (I&<'" $' J)"3)+ E '+ )+#*<!")*"'G.

 &'" # θ # &(% /

0 1'  !"#$% '  ' #")+ F!"3' '+  *(()K' '# %+ (I&<'" ' # '+2!C5 $'  )  #"%&#%"'

,"*+&*,)(' ; θ ≈ 266!.
0 1'  !"#$% &  :)##)&<' ; ()  %"F)&' *+#")$! .

0 L'" θ ≈ 266!4 %+' +!%2'(('  #"%&#%"' 2!"#*&*#)*"' E !"#$% * G )+#*<!")*"'  ' K5+A"'

,"A $' () 3*@&!"$' '6#")$! 4 =%* ' # '+#!%"5' ,)" ('  !"#$% &. M'  !"#$% * 52!(%'

'#  :5#)(' 2'" (' 789.

 θ ≈ &(% /

0 1)  #"%&#%"' * &!%,' ('  !"#$% & '+ $'%6 ? %+' ,)"#*' "' #' )##)&<5' )% 78D '#

(:)%#"' ' # #")+ ,!"#5' '+ )2)( ,)" (:5&!%('3'+#.

 &(% # θ # )&% /

0 1'  !"#$% * )##'*+# (' 7894  ' F% *!++' )2'& ()  #"%&#%"' ' '#  ' #")+ F!"3' '+

 *(()K' ; ,)"#*" $' θ ≈ 306!.
0 1'  !"#$% &  :5#)(' 2'" (' 789 &!((5 ; ()  %"F)&' '6#")$! .

 )&% # θ # )%" /

0 1I&<'"  %&&'  *F $'  #"%&#%"' '+* '# &.



λ = 1.0

θ = 0 θ = 42 θ = 66

θ = 72 θ = 144 θ = 146

θ = 160 θ = 180 θ = 196

θ = 216 θ = 250 θ = 266

θ = 276 θ = 306 θ = 360

λ = 1.0



λ = 2.0

λ = 2.0

λ = 1.0

θ = 0

θ = 180
θ θ

θ

θ



λ = 2.0

θ ≈

θ

θ ≈

θ

θ = 0 θ = 58 θ = 130

θ = 188 θ = 200 θ = 224

θ = 298 θ = 320 θ = 360

λ = 2.0



Annexe I

α = 10

λ = 1.5

λ = 1.5



 !"  !"! λ = 1.5

  !"!#$% #

$ %&'()&('*+ ,-'&.).&/.'*+ /++*0 1'/23*+4 3* 5/ &/.55* 3* 5/ 6/5* 7-( 65(+ *2 /,/5 3(

)*')5* 3* '-&/&.-284 9(. -2& :&: 5;)<:*+ /( )-('+ 3* 5/ '-&/&.-2=

$ >'/23+ 5;)<*'+ 3* ?/'@/2 .++(+ 3* 5A/'B'*=

$ C2&*'/)&.-2 *2&'* 5*+ +&'()&('*+ .++(*+ 3*+ 6/5*+ *& 3*+ )/':2/1*+=

$ D*+ +&'()&('*+ 3( )/':2/1* +(6:'.*(' &-('2*2& 3/2+ 5* +*2+ .2,*'+* E )*55*+ 3(

)/':2/1* .2F:'.*('=

 0
◦ < θ < 54

◦
#

$ G*)-2+&'()&.-2 3( +.55/1* E 6/'&.' 3( HIJ

"

=

 &' ( θ ( )' #
$ D* +.55/1* +A:6/.++.& 3( )-&: .2&'/3-+ 3* 5/ 6/5*=

$ D;)<*'+ :,*2&(*5+ 3* 6*&.&*+ +&'()&('*+ 3( B-(& 3( +.55/1*=

 θ ≈ )' #

$ K2 ,-'&*L 7 8 )-@@*2)* E +* 1:2:'*' /( HIM

#

4 &-('2/2& 3/2+ 5* +*2+ /2&.<-'/.'*=

N/' '/66-'& E 5A<O3'-5.*22* 5.B'* *2 @.5.*( .2P2. 7λ = 1.084 )* !"#$%&  /66/'/Q&

/,*) (2 '*&/'3 3A*2,.'-2 RS!=

 )' ( θ ( *++ #

$ D* !"#$%&  +* 3:,*5-66* &'T+ '/6.3*@*2& *& )-@@*2)* E +* 3:&/)<*' 6*( E 6*(

3( HIM 7θ ≈ 100!8=
$ D* 3:&/)<*@*2& 1:2T'* (2 /(&'* !"#$%& ' )-2&'/'-&/&.F 7+*2+ <-'/.'*8 /( HIM

)-&: .2&'/3-+= C5 +A:&/5* ,*'+ 5* HIJ *& 1'-++.&=

 θ ≈ *++ #

$ D* !"#$%&  +* 3:&/)<* )-@65T&*@*2& 3( HIM *& '*+&* /&&'/6: *2&'* 5*+ 3*(L

B-(&+ 3( !"#$%& ' +-'&/2& 3( HIM *& 3( HIJ4 9(. 6'*23 &-(& 5A.2&'/3-+ 3* 5/

6/5*=

 *++ ( θ ( *), #

$ D* !"#$%&  +(.& 5/ &'/U*)&-.'* 3* 5/ 6/5* 3( )-&: .2&:'.*(' /( )*')5* 3* '-&/&.-2=

$ D* B-(& 3( !"#$%& ' +-'&/2& 3( HIM +* 3.++.6* 6*( E 6*( U(+9(AE +/ 3.+6/'.&.-2=

 θ ≈ *), #

$ K2* 2-(,*55* +&'()&('* 7!"#$%& ( 8 +* 1:2T'* /( HIM )-&: *L&'/3-+=

 *), ( θ ( *-' #

$ D* !"#$%& ( )-@@*2)* E +* 3:&/)<*' 3( HIM *& 1'/23.&=

 θ ≈ *-' #

$ K2 2-(,*/( ,-'&*L 7)8 +* F-'@* /( HIJ )-&: *L&'/3-+=

 *-' ( θ ( .*. #

$ D* !"#$%& ' +* 3.++.6* U(+9(AE 3.+6/'/Q&'*=

$ D*+ !"#$%& ( *& !"#$%& ) 1'/23.++*2& *& )* 3*'2.*' )-@@*2)* E +* 3:&/)<*' 3(

HIJ=

 

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

!

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



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

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

.3$014-5$6

 θ ≈  !  7

" #$  !"#$% & $+ .$  !"#$% ' %$ 8,%')//$/+ &, 9:;6

  !  " θ "  #$ 7

" #$  !"#$% &(' $+ ) %)/+ &%1'*<% .& %+*,-+,*$ '%%,$ (, -&*</&2$ '/8<*'$,*6

 θ ≈  #$ 7

" #$  !"#$% &(' $+ ) %$ (<+&-5$/+ -)01.=+$0$/+ ($ .& 1&.$6

" #& 1&.$ 1$*-,+$ .3,/ ($% .>-5$*% ($ ?&*0&/ '%%, ($ .3&*@*$6

  #$ " θ "  %& 7

" #$ %'..&2$ -)00$/-$ A %$ 8)*0$* A 1&*+'* (, 9:;6

" #$ .>-5$* ($ ?&*0&/ %$ 0<.&/2$ &, %'..&2$ (, -)+< $B+*&()% ($ .& 1&.$66

 θ ≈  %& 7

" C/ D)*+$B E* F %$ 8)*0$ A 0'G$/D$*2,*$ (, -)+< $B+*&()% ($ .& 1&.$6

  %& " θ " '#$ 7

" #$  !"#$% * 1*)D)H,$ ($% .>-5$*% %,--$%%'8% ($ .,' 040$ $+ (, %'..&2$6

" I,B 1*)B'0'+<% (, -&*</&2$ %,1<*'$,*J .$% .>-5$*% '%%,% (,  !"#$% * '/+$*&2'%%$/+

&D$- .$% %+*,-+,*$% (, -&*</&2$6



 !"  !"! λ = 1.5

 !" θ = 0  #" θ = 54 

 $" θ = 84  %" θ = 166 

 &" θ = 180  '" θ = 194 

 (" θ = 212  )" θ = 260 

 *" θ = 294  +" θ = 360 

 !"# #$%&  !"#$% &$ '("#)*)#+ ),%#!,#!,,+$%- λ = 1.5-



λ = 2.0

λ = 2.0

λ = 1.5

θ

θ ≈

θ

θ ≈



 !"  !"! λ = 2.0

  !" # θ #  $% #

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

 θ ≈  $% #

$ 0. 1+23&4- 5- *+2(&6 7&' 8 '& 5)(439& 3+1:,;(&1&.( 5- <=>/

  $% # θ # " ! #

$ %4 '(2-3(-2& 5)(439)& & '& 1),4.?& @ ,4 '(2-3(-2& &' (4.5A' B-& ,& 2&'(& 5-

 !"#$% & B-A 2&'(& 3+,,) 4- <=> '& 5):,43& ,& ,+.? 5& ,C&6(245+' D-'B-C4- <=E/

 θ ≈ " ! #

$ %4 '(2-3(-2& 7&'(&8 '& 5)(439& 5- <=E &( &'( 45*&3()& &. 4*4, :42 ,C)3+-,&1&.(/

 " ! # θ # "%" #

$ %4 '(2-3(-2& 7&'(&8 &'( 4':A2)& :42 ,4 '(2-3(-2& 5- 342).4?& A.F)2A&-2/

 θ ≈ "%" #

$ %& 7 !"#$% &8 '& (24.'F+21& &. 'A,,4?& 4- <=E/

 "%" # θ # "!& #

$ %& 'A,,4?& '& 5)*&,+::& 4*&3 ,4 2+(4(A+. 5& ,4 :4,&/ =&' '(2-3(-2&' 3+.(242+(4(A*&'

'+.( )*&.(-&,,&1&.( ,439)&'/

$ %4 :4,& :&23-(& ,&' ,439G2' 5& H4214./



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

 !" θ = 0  #" θ = 90 

 $" θ = 154  %" θ = 162 

 &" θ = 174  '" θ = 216 

 (" θ = 242  )" θ = 360 

 !"# "#$%  !"#$% &$ '("#)*)#+ ),%#!,#!,,+$%- λ = 2.0-



λ = 3.0

λ = 3.0

λ = 3.0 θ =

λ = 3.0



Annexe J



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

 !!" #$%&'

x #$%&'()* y #$%&'()* x +,%&'()* y +,%&'()*

 -...... .-...... .-..../. .-.. 0!.

.-1123 . .-.. 2". .-...//. 4.-.. .5.

.-1!21 . .-..250. .-.. .0. 4.-../12.

.-15055. .-. "! . .-.. 23. 4.-..35 .

.-13"!1. .-.0"35. .-..0"0. 4.-..5/ .

.-1/015. .-./"!0. .-..0!5. 4.-..!./.

.-1.2"/. .-."3/5. .-..//3. 4.-..!5 .

.-!53/1. .-.3232. .-../!1. 4.-..1/ .

.-!"./!. .-.2!".. .-.."30. 4.-..1!".

.-!. 1". .-.!.5!. .-..30". 4.-. ./".

.-52.22. .-.1/"1. .-..2.". 4.-. .!0.

.-5 5 0. .- .2/.. .-..5!2. 4.-.  21.

.-25 1/. .-  !1". .-..11". 4.-. 0"1.

.-20321. .- / .!. .-. /3". 4.-. /3".

.-35!12. .- "0/!. .-.03 2. 4.-. 3"3.

.-3/001. .- 303 . .-.""11. 4.-. 312.

.-"!2 1. .- 2  .. .-.5.0". 4.-. "  .

.-""  /. .- 2551. .- ..13. 4.-..1!0.

.-/153". .- 50 /. .- /503. 4.-../ 5.

.-/33"1. .- 5/2.. .- 51/!. .-..323.

.-/ "51. .- 50 0. .-00521. .-. 31/.

.-053"1. .- 2510. .-0! 11. .-.02/5.

.-0/550. .- 2 05. .-/" "!. .-./321.

.-0. 5 . .- 303/. .-"."2!. .-."05 .

.- 25!". .- "0. . .-"213!. .-."5.0.

.- /2"0. .- 011!. .-3/"22. .-."1. .

.- .552. .-  221. .-31!1 . .-."!1 .

.-.!0 0. .- .0".. .-22  !. .-."25/.

.-.315 . .-.!5/1. .-50.00. .-."0!0.

.-.".5 . .-.5 12. .-553  . .-./550.

.-.0305. .-.32"/. .-!03 5. .-./ 1..

.-. /"3. .-."  2. .-!21!0. .-.035..

.-..3/ . .-.023". .-1.!3.. .-. 13..

.-...!2. .-. /.3. .-1".!0. .-. /2".

.-..../. .-.. 0!. .-122"0. .-..!"0.

.-..../. .-.. 0!. .-1!"11. .-.."  .

.-...//. 4.-.. .5. .-1120". .-..  0.

.-.. .0. 4.-../12.  -...... .-......

 !"# 6-07  !!"!##$%& '$!($)*+,-%& "- .*!/0 1223145678 9 :!*"% -#+);+*% <=!-*:% >

?+*@!+0 A#B%&)+';)+!# C;);D;&%EF





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

 !""#$%&'

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

*+,,,,,, ,+,,,,,, -,+,,,,,. ,+,,,/,0

,+1102.3 ,+,,2*45 ,+,,,*5, -,+,,0,*2

,+1.5304 ,+,*343* ,+,,*,5, -,+,,/203

,+140523 ,+,*1121 ,+,,0,10 -,+,,1215

,+1/,/3* ,+,3/4*. ,+,,/34* -,+,**410

,+152*40 ,+,0050* ,+,*,*14 -,+,*03,1

,+13//50 ,+,5,53/ ,+,*54,/ -,+,*5*0,

,+1,5.., ,+,54401 ,+,*1.0/ -,+,*540.

,+..,*/4 ,+,22351 ,+,3243. -,+,*2*3.

,+.20*2* ,+,/34.* ,+,03/,0 -,+,*205,

,+.352.1 ,+,4,*4, ,+,5,4.5 -,+,*20/0

,+412*0, ,+,443.2 ,+,2,452 -,+,*2*24

,+4/2301 ,+,.5,0, ,+,/0*/, -,+,*5/5.

,+4023,5 ,+,1,031 ,+,4..13 -,+,*043/

,+4,2*5. ,+,1/*0* ,+,1./.* -,+,*33/0

,+/42,4, ,+*,*5*, ,+*3353* -,+,*,*31

,+/55... ,+*,/*/. ,+*51,0/ -,+,,43,2

,+/*55/4 ,+**,531 ,+*44/*3 -,+,,0533

,+2.0/2/ ,+**535* ,+3,41** ,+,,**53

,+2230,5 ,+**4/43 ,+3014,4 ,+,,/32*

,+23,0*5 ,+*3,.** ,+3432,, ,+,**//2

,+5.4/14 ,+*3042, ,+0,2423 ,+,*43,2

,+525/,2 ,+*3/2/2 ,+00.10, ,+,334,5

,+53*004 ,+*3131, ,+04*43/ ,+,3.,0,

,+0..032 ,+*0*.11 ,+5,5,0. ,+,00,.1

,+02/,21 ,+*0531/ ,+502.54 ,+,0441.

,+032,/* ,+*0/001 ,+5/4*/0 ,+,53,.1

,+312./1 ,+*04.5. ,+51.,0* ,+,521,*

,+3/..3* ,+*0./,4 ,+23.515 ,+,51*.0

,+350.*/ ,+*0.5*. ,+22./*/ ,+,2*.1.

,+33,510 ,+*04*/. ,+2..550 ,+,25,**

,+*1.2*4 ,+*05.*. ,+/*.,34 ,+,22511

,+*44//* ,+*0*020 ,+/545,3 ,+,2/001

,+*24443 ,+*3/443 ,+/4//*/ ,+,2/2*/

,+*0.445 ,+*3*,15 ,+4,2/.4 ,+,2/,*.

,+*3,/2. ,+**50/5 ,+405/0/ ,+,25.01

,+*,054. ,+*,//25 ,+4/050. ,+,2314/

,+,.4054 ,+,1.*,/ ,+413,51 ,+,2,503

,+,435/, ,+,..1// ,+.3,05, ,+,543*.

,+,21,/2 ,+,4121/ ,+.5.,42 ,+,5004,

,+,5404/ ,+,4,01. ,+.45.02 ,+,0.15/

,+,045/1 ,+,/*4,3 ,+1,,,** ,+,05,/,

,+,31321 ,+,20//* ,+1331*. ,+,3..2/

,+,3325. ,+,5/3.* ,+150,/5 ,+,305/0

,+,*4*,0 ,+,012,/ ,+1/,023 ,+,*4125

,+,*34,* ,+,00344 ,+142,,* ,+,*3045

,+,,1*20 ,+,3420. ,+1.405* ,+,,/.,3

,+,,/0*5 ,+,33302 *+,,,,,, ,+,,,,,,

,+,,5,4/ ,+,*40*2 6 6

,+,,30/2 ,+,*3434 6 6

,+,,**3. ,+,,.503 6 6

,+,,,00. ,+,,5014 6 6

-,+,,,,,. ,+,,,/,0 6 6

 !"# #$%&  !!"!##$%& '$!($)*+,-%& "- .*!/0 123345678 9 :!*"% -#+);+*% <1!-*:% =
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Annexe K





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

2034)%/%3 .!"#)0"&'%/-$&3

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

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

  '()#*#/,'$ 1!, 1/,"*/6."/'$, &#*"-,/!$$!, $.(-*/4.!, 1. &'!7&/!$" 1! &'.)+! )'.*

.$! )#+! !" )'.* +89:1*'+/!$$! !$ (/+/!. &'$;$- !" /$;$/5

  '()#*#/,'$ 1!, 1/,"*/6."/'$, &#*"-,/!$$!, $.(-*/4.!, 1!, !3'*", ,.* +89:1*'+/!$$!

!" ,.* +!, )*';+, 1. &#*-$#<! !$ (/+/!. &'$;$- !" /$;$/5

=>?



F
X

F
X

F
Y

F
Y



 !!"#" $% &'()'*+"("!+ ," $-./,*'$0"!!" & *1!1"% *123$+ +2 &'()$1("!+ 0*"2  ! 

"#$%&'()**) '(+%) ,('()- .&*/*0 1 2340%(,)*56'

λ = 1.0 λ = 2.0 λ = 3.0

FX [N ] FY [N ] FX [N ] FY [N ] FX [N ] FY [N ]

,63   78 9 :;8<  :!8<= !;899  9<8=  7!8!9

,(* ;:8: >9 8<: ?;8!< >;:8; ?;8 : >:!89?

,&#)**) @;8 ! >!8@: !;8?? ;98;9  7 8? :78?9

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

λ = 1.0 λ = 2.0 λ = 3.0

FX [N ] FY [N ] FX [N ] FY [N ] FX [N ] FY [N ]

,63  ;789:  =8;7  978=! @78@9  <?899  778=;

,(* : 8! ><@8== 9<899 >;@8<7 9<89 >:?89<

,&#)**) @!87< >;?8 9  7=8 7  =8<=  ;?897 ;!8@<

"#$%&'()**) .6%0*0) ,('()- .&*/*0 1 2340%(,)*56'

λ = 1.0 λ = 2.0 λ = 3.0

FX [N ] FY [N ] FX [N ] FY [N ] FX [N ] FY [N ]

,63  < 89@ ?<899 ;; 8;:  @=89 ;::8=  !:8?!

,(* =<89< >!;8 :  7;8@= >?=8?  ?=8=< >:?8@7

,&#)**)   !87: >:8??  @ 87? :<8?=  =!8?? 978 7

"#$%&'()**) .6%0*0) ,('()- .&*/*0 1 A-,0%(B-)

λ = 1.0 λ = 2.0 λ = 3.0 λ = 4.0

FX [N ] FY [N ] FX [N ] FY [N ] FX [N ] FY [N ] FX [N ] FY [N ]

,63 ;?98<9 =98< :@<89= !:8?? :;;8<?  !!8?: ?778;= ;=:8!=

,(* @78!< >  :87@   ?8@7 > 7 87; ;:78:! >978!? ;=@8: >;;8:<

,&#)**)  9:8:= > =8 : ;;78@ >;=8;? ;<!8?! 9 8!; :?78== !:87<

2C&%5D D-% ') D#D5E,) .6%)*6F)G

λ = 1.0 λ = 2.0 λ = 3.0 λ = 4.0

FX D#D58 .6%0*6F) [N ]  <78<7 ;?<8 ? ;==8@: :7:8=<

FY D#D58 .6%0*6F) [N ]  98 = 98<? >?=87? ><;8==

G )C&%5D *-,0%(B-)D D-+(D 46% 'H)*D),+') $)D $)-3 4%&/'D

 !"# I8 J  !"#$% &'()#*+', ,$ ,-.)#*(,&$/0 %'# 01234#"0*,&&, ,$ 0, %3%$5(, 6/#)&/7,

4/&% 0, 4"(/*&, 4' $'&&,0 234#"43&/(*+',8







FX FY

FX FY
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 !"#$!

 !""! "#$%! %&'(%)*'" +,(% -! ),+*! +!% .(!*/'!% *!(012!-,3-!% ,1 %!'( +1 4*0/*,55!

6789:;< +1 -,30*,"0'*! =:>?@ A1' )0(%'%"! B +.2!-044!* 1( )0()!4" +&#C+*0-'!((! +!

"C4! D,**'!1%E =&#C+*0-'!((! 4!1" F"*! .A1'4.! +&1( +'%40%'"'G ,44!-. ),*.(,/! ,H( +!

"*,(%G0*5!* 1(! 40*"'0( 4-1% /*,(+! +! -&.(!*/'! )'(."'A1! )0("!(1! +,(% -! )01*,(" +&!,1

!( .-!)"*')'".E =!% "*,2,1I 4*.%!(".% %! %0(" G0),-'%.% %1* )!% %C%"$5!% +! ),*.(,/!@ ,1"01*

+! "*0'% ,I!% J -&!I4-'),"'0( +1 4*'()'4! +! G0()"'0((!5!(" #C+*0+C(,5'A1! +1 ),*.(,/!@

-, A1,("'H),"'0( +!% 4!*G0*5,()!% +! -&#C+*0-'!((! ),*.(.! !" -, 5'%! !( .2'+!()! +!%

/*,(+!1*% /.05."*'A1!% )-.% +1 ),*.(,/! 4!*5!"",(" +&,5.-'0*!* 01 +&04"'5'%!* -, 4!*K

G0*5,()! +1 %C%"$5!E <01"!% -!% ."1+!% 0(" .". *.,-'%.!% B -&,'+! +!% ),-)1-% 87L; MD !"

+!% +0((.!% !I4.*'5!(",-!% 5'%!% B +'%40%'"'0( !"@ )054,*.!% ,1I *.%1-","% 03"!(1% 401*

1(! #C+*0-'!((! (0(K),*.(.!E

%&'" ()*" + #C+*0-'!((! B ,I! 2!*"'),-@ +'%40%'"'G +! ),*.(,/!@ %'51-,"'0(% (15.*'A1!%

87L; MD

7'(&*+4"#  !"#$%+% /8 9&*3+4"#  1+% :"3&* ;'**&!3 <'*=+!&% >,'+??&- @+3.

" ;."!!&##+!6 A&2+4&

,-"'./('

<#! /!(!*,- )0("!I" 0G "#! 4*!%!(" "#!%'% '% *!(!N,3-! !(!*/'!% N'"#'( "#! 6789:;<

4*0/*,5 '('"',-'O!+ ," =:>? -,30*,"0*C@ N#')# )0(%'%"% '( +!2!-04'(/ , D,**'!1%K"C4!

N,"!* )1**!(" "1*3'(! PQ <RE <#! Q< ),( 3! !A1'44!+ N'"# , )#,((!--'(/ +!2')! N#')#

,--0N% "*,(%G0*5'(/ , 3'//!* ,501(" 0G "#! S'(!"') !(!*/C )0(",'(!+ '( "#! T0N%"*!,5

'("0 !-!)"*')'"CE <#! 4*!%!(" N0*S '% G0)1%!+ 0( "#! )#,((!--'(/ +!2')!%E ;"1+'!% )0()!*(

"#*!! 5,'( "04')% J "#! !I4-,(,"'0( 0G "#! )#,((!--'(/ +!2')! #C+*0+C(,5') G1()"'0('(/@

"#! !2,-1,"'0( 0G "#! 4!*G0*5,()! 0G "#! %#*01+!+ Q < ,(+ "#! *!2!,-'(/ 0G "#! %C%"!5

/!05!"*'),- 4,*,5!"!*% N#')# ,--0N '"% '54*02!5!(" 0* 04"'5'%,"'0(E 7-- %"1+'!% #,2!

3!!( ),**'!+ 01" 3C MD 87L; ),-)1-,"'0(% ,(+ ,2,'-,3-! !I4!*'5!(",- +,",@ ,(+ #,2!

3!!( )054,*!+ "0 3,*! Q< *!%1-"%E

0123&.4" + 2!*"'),- ,I'% N,"!* )1**!(" "1*3'(!@ )#,((!--'(/ +!2')!@ 87L; MD (15!*'),-
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