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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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:65:%52

I = 0.16 (ReDH)−1/8
SQ2HT

6.(:

ReDH =
V∞ DH

ν
5( ,#*$"( )( U(V,#5)& 6&&#:+9 6% )+6*4'"( <V)"6%5+B%( SQ2E6T

DH =
4&(:'+#,

89"+*4'"(

5( )+6*4'"( <V)"6%5+B%( SQ2E$T
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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
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CMmax − CMmin
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CQ =
Vxrotor

V∞

λopt



y = 0
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 !  !"! #$%&'()*++* ,-&.+.* *+ /)()*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  !"# $%&'(#!$)*++* ,-#.+.*/
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*%:*%$'& +)% /* :$%-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:*=
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*+& ',#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+
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:N'6* +* 30'& @0%&*,*6& $);,*6&-*. ,X,* +' /* :06<6*,*6& *+& #*&'&= >*:)6(0. ($6+
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() CM #0)% )6* #$/* (*3'*6& &%'/01-* *& :*//* (* /2NU(%0/'*66* N*8$/01-*=
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#$%&%'( (%)*+#,-.%(/ 0$12#.*0-%++% 3.4(%+'% 5+ .%+#%6%+' 64#-*).%7 8%( 6%-00%5.%( 3%.9*.:
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(*+' -+(','-*++,-.%( %' ;-#-6%+(-*++%0( U,?+ #% 3%.6%''.% 5+% 4'5#% 3,.,64'.-D5% (5X:
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%# 2&+%#B "6/'>"# %6,'2,%#'2#B "/ *&$,.,&' /),/"# %3 +&.&+ %/'$ "# 2/+('/># #. "6#'.+#C#+0 P#3)
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%# "69F%+&",#''# 2/+('(# %# +(C(+#'2#0 1#$ /3.+#$ */+/-G.+#$ &'. (.( -/,'.#'3$ 5)#$0 1/
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"# +/F&' %3 +&.&+0 1# C&'2.,&''#-#'. %3 2/+('/># %(*#'% %#$ 4/"#3+$ %#$ 2&#K2,#'.$ %#
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#$% &'()*$% %+&,*+-.% ($/01+$23 430$ 1&.*+'0.% (12% 52$ ,$0%,$63+/$ (7.318*+%%$&$23
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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.  -...... .-......
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 !"  !"! #$%&'( )*""+,$-(

 !""#$%&'

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
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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

=>?
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X

F
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F
Y
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 !!"#" $% &'()'*+"("!+ ," $-./,*'$0"!!" & *1!1"% *123$+ +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' $'&&,0 234#"43&/(*+',8
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 !"#$!
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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!*'),-

%'51-,"'0(%


