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 !"Y E'&/2('B'(U )+ %8.-'(14/ 8)41-%(')* 6U % &/2/'B/& %( >##8 %,%U +&)8

(3/ ,'*4 (1&6'*/ +)& 2%0/ " ,'(3 H = 0 A*/1(&%- %(8)0.3/&/C ,3/*

-))D'*9 +&)8 %6)B/: %*4 (3/ ,'*4 '0 2)8'*9 +&)8 (3/ -/+(! ! ! ! ! ! ! =S

 !"Z ?)&8%-'7/4 4'&/2('B'(U )+ KG %*4 K[ +)& (3/ ('. 0/98/*( )+ (3/ 6-%4/

,3) '0 .)'*('*9 1.! V)-'4 -'*/0\ f = 500Hz] 4%03/4 -'*/0\ f = 4000Hz! =T

 ! # F8.-'(14/ 8)41-%(')* +)& (&%'-'*9 /49/ *)'0/: (1&61-/*( '*R), *)'0/

%*4 +)& (3/ )B/&%-- *)'0/ %( %* 3)&'7)*(%- %*9-/ )+ 270o A().C %*4 )+

278o A6)(()8C ,'(3 &/0./2( () (3/ ,'*4 4'&/2(')*: +)& 2%0/ " %*4 H = 0! ==

 ! > V;X .&/4'2(/4 6U F8'/(^0 8)4/- +)& (&%'-'*9 /49/ *)'0/: %*4 6U 0/8'O

/8.'&'2%- 8)4/- +)& (&%'-'*9 /49/ *)'0/ %*4 0/.%&%(')* *)'0/! I60/&B/&

'0 -)2%(/4 %( 100m 4),*,'*4 4'&/2(')*! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! =Y

 ! " K3'&4 )2(%B/ 6%*4 0./2(&18 )+ V;X .&/4'2(/4 6U 0/8'O/8.'&'2%-

8)4/- +)& (&%'-'*9 /49/ *)'0/ %*4 0/.%&%(')* *)'0/! V)-'4 -'*/0\ ,'(3

.'(23 /5/2(] 4%03/4 -'*/0\ ,'(3 4/+%1-( F)F )+ 4o] 0U86)-0\ 8/%01&/O

8/*(0 +&)8 M>YN! I60/&B/& '0 -)2%(/4 %( 100m 4),*,'*4 4'&/2(')*! ! =Z

 !  K3'&4 )2(%B/ 6%*4 0./2(&18 )+ V;X .&/4'2(')*0 6U X/-)14%0 M>YN

10'*9 @WL 8)4/- A&/4 -'*/C: )1& 2%-21-%(')*0 10'*9 F8'/(^0 8)4/-

A6-1/ -'*/C %*4 8/%01&/8/*(0 +&)8 M>YN! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Y>

 ! Q K3'&4 )2(%B/ 6%*4 0./2(&18 )+ V;X +)& (&%'-'*9 /49/ *)'0/ %*4 (1&O

61-/*( '*R), *)'0/! @-1/ -'*/0\ )1& .&/4'2(')*0 10'*9 F8'/(^0 8)4/-]

&/4 -'*/0\ X/-)14%0 2%-21-%(')*0 10'*9 @WL 8)4/-! ! ! ! ! ! ! ! ! ! ! Y"

Q!> [--10(&%(')* )+ (3/ '8%9/ 0)1&2/ 8)4/- ,'(3 4'&/2( %*4 &/R/2(/4 .%(30! YT



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

 !" #$%&'$(&)* )+ ,-./0&1$% 2$3/ 0/4/1(&)* 1)/51&/*( $--0)6&7$(&)*!

8)901/ ./&:.( &, ;<7= )>,/03/0 ./&:.( &, "7= $*' (./ -0)-$:$(&)*

'&,($*1/ &, ?<<7! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;;

 !@ A6$7-%/, )+ *$00)2>$*' ,-/1(097 )+ 0/%$(&3/ ,)9*' -0/,,90/ %/3/%∆L

+)0 B$C 3$0&)9, ,)901/D)>,/03/0 %)1$(&)*, $*' +)0 B>C 3$0&)9, :0)9*'

(E-/, 9,&*: (./ F/%$*EDG$H%/E 7)'/%! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;I

 ! J(7),-./0&1 $>,)0-(&)* 1)/51&/*( α +)0 (/7-/0$(90/ )+ 20Co $*'

$&0 .97&'&(E )+ 80%! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! I<

 !? K%%9,(0$(&)* )+ 1$%19%$(&)* ')7$&* +)0 LA 7/(.)'! M)0&H)*($% ,-$1&*:

&, ∆x  !" #$%&'( ) *+ ('!, '* ∆z- .%/0!" *0%1 ($ '*  & z = 02  !"

+%/+ , &'/! "'%$(&'/! '*  )/!, x- - - - - - - - - - - - - - - - - - - - - 34

5-6 7))0*&% &'/! /1 &8$ 9 (:;+%/+ , &'/! <$&8/" &/ /9& '! &8$ '!'&' )

*& %&$% "0$ &/  *'!,)$ *$,<$!& /1  9) "$ ='! %$">- - - - - - - - - - - 3?

5-@ A$) &'#$ */0!" +%$**0%$ )$#$) 1/%  </!/+/)$ */0%($ ( )(0) &$" B'&8

"'C$%$!& *& %&'!, D$)"*  !" (/<+ %$" &/ &8$  ! )E&'( ) */)0&'/!-

F/0%($ 8$',8& '* = > G<2 =9> HI<- A$($'#$% '* JII<  B E 1%/< &8$

*/0%($- K%$L0$!(E '* J5IMN2  !" ,%/0!" '* %','"- - - - - - - - - - - - 36

5-H A$) &'#$ */0!" +%$**0%$ )$#$) 1/%  </!/+/)$ */0%($ ( )(0) &$" B'&8

"'C$%$!& *& %&'!, D$)"*  !" (/<+ %$" &/ &8$  ! )E&'( ) */)0&'/!-

F/0%($ 8$',8& '* HI<2 %$($'#$% 8$',8& '* G<- K%$L0$!(E '* J5IMN2

 !" ,%/0!" '* %','"- - - - - - - - - - - - - - - - - - - - - - - - - - - - - 36

5-3 A$) &'#$ */0!" +%$**0%$ )$#$) 1/%  </!/+/)$ */0%($ ( )(0) &$" B'&8

"'C$%$!& *& %&'!, D$)"*  !" (/<+ %$" &/ &8$  ! )E&'( ) */)0&'/!-

F/0%($ 8$',8& '* = > G<2 =9> HI<- A$($'#$% '* JII<  B E 1%/< &8$

*/0%($- K%$L0$!(E '* J5IMN2  !"  ,% ** ,%/0!" '* (/!*'"$%$" B'&8

σe = 200kPa · sm−2- - - - - - - - - - - - - - - - - - - - - - - - - - - - 3@

5-4I A$) &'#$ */0!" +%$**0%$ )$#$) 1/%  </!/+/)$ */0%($ ( )(0) &$" B'&8

"'C$%$!& *& %&'!, D$)"*  !" (/<+ %$" &/ &8$  ! )E&'( ) */)0&'/!-

F/0%($ 8$',8& '* HI<2 %$($'#$% 8$',&8 '* G<- K%$L0$!(E '* J5IMN2

 !"  ,% ** ,%/0!" '* (/!*'"$%$" B'&8 σe = 200kPa · sm−2- - - - - - 3@

5-44 7))0*&% &'/! /1 &8$ &B/ <$&8/"* (/!*'"$%$" 1/% &8$ (/0+)'!, 9$&B$$!

*/0%($  !" +%/+ , &'/! </"$)*- - - - - - - - - - - - - - - - - - - - - - 3H

5-4G O %%/B 9 !" *+$(&% (/<+ %'*/!* 9$&B$$!  ! )E&'( ) */)0&'/!  !" PQ

%$*0)&* 1/% /9*$%#$%* )/( &$" 4III<  B E '! &8$ "/B!B'!" "'%$(&'/!2

 & = > G< 8$',8&  !" =9> 4I< 8$',8&- R) "$ +/*'&'/! + % <$&$% β = 0o- 33

5-4J S#$% )) FPT  *  10!(&'/! /1 8$',8&- S9*$%#$% '* 4III<  B E '! &8$

"/B!B'!" "'%$(&'/!- R) "$ +/*'&'/! + % <$&$% β = 0o- - - - - - - - - 4II

5-45 S#$% )) FPT  *  10!(&'/! /1 +%/+ , &'/! "'*& !($ ='! &8$ "/B!B'!"

"'%$(&'/!> 1/%  8$',8& /1 = > G< 8$',8&  !" =9> 4I< 8$',8&- R) "$

+/*'&'/! + % <$&$% β = 0o- - - - - - - - - - - - - - - - - - - - - - - - - 4II

5-4? U/<+ %'*/! /1 /#$% )) FPT  *  10!(&'/! /1 8$',8& 1/%  ! '<+$" !($

,%/0!" B'&8 σe = 200kPasm−2 9$&B$$!  ! )E&'( ) */)0&'/!  !" PQ

%$*0)&*- S9*$%#$% '* 4III<  B E '! &8$ "/B!B'!" "'%$(&'/!- R) "$

+/*'&'/! + % <$&$% β = 0o- - - - - - - - - - - - - - - - - - - - - - - - - 4I4



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

 !"# $%&'()*+%, %- %./)(00 123 (+ ( -4,56*%, %- ')%'(7(6*%, 8*+6(,5/ -%)

(, *&'/8(,5/ 7)%4,8 9*6: σe = 200kPasm−2 ;/69//, (,(0<6*5(0

+%046*%, (,8 2= )/+406+! >;+/)./) *+ (6 ?& :/*7:6 *, 6:/ 8%9,9*,8

8*)/56*%,! @0(8/ '%+*6*%, '()(&/6/) β = 0o! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "A?

 !"B C())%9;(,8 +'/56)4& 5%&'()*+%,+ ;/69//, (,(0<6*5(0 )/+406+ (,8 2=

)/+406+D -%) (, %;+/)./) (6 ?& :/*7:6D (,8 -%) ')%'(7(6*%, 8*+6(,5/+

%- E(F ?AA&D E;F GAA& (,8 E5F "AAA&! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "AH

 !"I J,(0<6*5(0 )/+406+ %- >J123 -)%& 8*K/)/,6 +/7&/,6+ 5%,6)*;46*%,+!

L)%4,8 *+ 5%,+*8/)/8 (+ )*7*8! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "A 

 !"M C())%9 ;(,8 +'/56)( 5%&'()*+%,+ ;/69//, (,(0<6*5(0 +%046*%, (,8

2= )/+406+ -%) %;+/)./)+ 0%5(6/8 *, "AAA& (9(< *, 6:/ 8%9,9*,8

8*)/56*%,D (6 E(F ?& :/*7:6 (,8 E;F "A& :/*7:6! >,0< 6:/ G %46/)

+/7&/,6+ %- /(5: ;0(8/ ()/ 5%,+*8/)/8 (,8 6:/ 7)%4,8 *+ )*7*8! @0(8/

'%+*6*%, '()(&/6/) β = 0o! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "A 

 !?A >./)(00 123 (+ ( -4,56*%, %- :/*7:6! >;+/)./) *+ "AAA& (9(< *, 6:/

8%9,9*,8 8*)/56*%,! >,0< 6:/ G %46/) +/7&/,6+ %- /(5: ;0(8/ ()/

5%,+*8/)/8 (,8 6:/ 7)%4,8 *+ )*7*8! @0(8/ '%+*6*%, '()(&/6/) β = 0o! "AG

 !?" >./)(00 123 (+ ( -4,56*%, %- ')%'(7(6*%, 8*+6(,5/ E*, 6:/ 8%9,9*,8

8*)/56*%,F -%) ( :/*7:6 %- E(F ?& :/*7:6 (,8 E;F "A& :/*7:6! >,0<

6:/ G %46/) +/7&/,6+ %- /(5: ;0(8/ ()/ 5%,+*8/)/8 (,8 6:/ 7)%4,8 *+

)*7*8! @0(8/ '%+*6*%, '()(&/6/) β = 0o! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "A#

 !?? "NH %56(./ ;(,8 123 +'/56)4& -%) )/5/*./)+ 0%5(6/8 *, 8%9,9*,8

8*)/56*%, (6 8*K/)/,6 8*+6(,5/+! O*,8 +'//8 *+ I&N+! 1%0*8 0*,/+P

)/+406+ 9*6: 7)%4,8 )/Q/56*%, %,0<R 8(+:/8 0*,/+P )/+406+ 9*6: 7)%4,8

)/Q/56*%, (,8 (6&%+':/)*5 (;+%)'6*%,! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "AB

 !?H >./)(00 123 5%,+*8/)*,7 8*K/)/,6 /K/56+! >;+/)./) *+ (6 "!G& :/*7:6!

S/-/)/,5/ 9*,8 +'//8 *+ I&N+! J 7)(++ 7)%4,8 *+ (++4&/8! ! ! ! ! ! ! "AI

 !? >./)(00 123 9*6: )/+'/56 6% 6:/ ')%'(7(6*%, 8*+6(,5/ *, 8%9,9*,8

8*)/56*%,D -%) 8*K/)/,6 Q4*8 )/+*+6*.*6<! @%6: 7)%4,8 )/Q/56*%, (,8

(6&%+':/)*5 (;+%)'6*%, ()/ 5%,+*8/)/8! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "AI

 !?G 123 +'/56)4& -%) 8*K/)/,6 Q4*8 )/+*+6*.*6< -%) (, %;+/)./) (6 S T

"AAA& -)%& 6:/ 9*,8 64);*,/! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "AM

 !?# U*)/56*.*6< %- %./)(00 123 -%) -)// V/08 (,8 -%) ( 7)(++0(,8 9*6: 5%,W

+*8/)(6*%, %- 7)%4,8 )/Q/56*%, (,8 (6&%+':/)/ (;+%)'6*%,! >;+/)./)

8*+6(,5/ *+ "AAA -)%& 6:/ 9*,8 64);*,/! σe = 200kPa · s ·m−2! ! ! ! "AM

 !?B U*)/56*.*6< %- (&'0*648/ &%840(6*%, +6)/,76: -%) -)// V/08 (,8 -%)

( 7)(++0(,8 9*6: 5%,+*8/)(6*%, %- 7)%4,8 )/Q/56*%, (,8 (6&%+':/)/

(;+%)'6*%,! >;+/)./) 8*+6(,5/ *+ "AAA -)%& 6:/ 9*,8 64);*,/! σe =

200kPa · s ·m−2! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ""A

 !?I J&'0*648/ &%840(6*%, +6)/,76: 9*6: )/+'/56 6% ')%'(7(6*%, 8*+6(,5/

-%) %;+/)./) 8*)/56*%, τ = 0o, 45o, 90o (,8 105o! σe = 200kPa · s ·m−2!"""
 !?M 1'/56)4& %- (&'0*648/ &%840(6*%, +6)/,76:! >;+/)./) *+ (6 "AAA&

5)%++9*,8 8*)/56*%,D σe = 200kPa · s ·m−2! ! ! ! ! ! ! ! ! ! ! ! ! ! ! """



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

 !"# $%&'()* +, (-+ ./*0& %+12(2+31 -4&)& (4& 5*62575 *30 (4& 5232575

$89 /&:&/ *)& +.1&):&0 ,+) (4& (42)0 +'(*:& '&3(&)&0 *( , ; <###=>!

?/*0& )+(*(&1 '/+'@-21&! A.1&):&) 21 *( B###5 ')+11-230 02)&'(2+3!

C%%&) /&,(D ./*0& %+12(2+3 -4&3 (4& 5*62575 $89 21 %)+07'&0E /+-&)

/&,(D ./*0& %+12(2+3 -4&3 (4& 5232575 $89 21 %)+07'&0! ! ! ! ! ! ! ! BB<

 !"B F+/+) 5*%1 +, (4& +:&)*// $89 G0?HI 23 (4& %)+%*J*(2+3 0+5*23 23

0+-3-230K ')+11-230 *30 7%-230 02)&'(2+31 )&1%&'(2:&/L! ! ! ! ! ! ! ! BB"

 !"< M*))+-.*30 $89 1%&'()* *:&)*J&0 +:&) ./*0& %+12(2+3 β 23 0+-3-230K

')+11-230 *30 7%-230 02)&'(2+31! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BB"

 !"" N42)0 +'(*:& .*30 $89 1%&'()* *:&)*J&0 +:&) ./*0& %+12(2+3 β 23

0+-3-230K ')+11-230 *30 7%-230 02)&'(2+31! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BB 

 !" A:&)*// $89 G*:&)*J&0 +:&) ./*0& %+12(2+3 βI *1 * ,73'(2+3 +, 4&2J4(

,+) *3 +.1&):&) /+'*(&0 B###5 *-*L 23 0+-3-230K ')+11-230 *30

7%-230 02)&'(2+31! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BB 

 !"O A:&)*// $89 G*:&)*J&0 +:&) ./*0& %+12(2+3 βI *1 * ,73'(2+3 +, +.1&):&)

021(*3'& 23 0+-3-230K ')+11-230 *30 7%-230 02)&'(2+31! G*I A.1&):&)

4&2J4( 21 <5E G.I +.1&):&) 4&2J4( 21 B#5! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BBO

 !"P M*))+-.*30 $89 ,+) %+23( 1+7)'& *30 &6(&30&0 1+7)'& '*/'7/*(2+31

*( 02Q&)&3( 1+7)'&R)&'&2:&) 021(*3'& 23 (4& 0+-3-230 02)&'(2+3! $+/20

/23&1D &6(&30&0 1+7)'&E 0*14&0 /23&D %+23( 1+7)'&! ! ! ! ! ! ! ! ! ! ! ! BBS

 !"S A:&)*// $89 -2(4 )&1%&'( (+ +.1&):&) 021(*3'& 23 G*I 0+-3-230 02)&'R

(2+3K G.I ')+11-230 02)&'(2+3! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BBS

 !"T H5%/2(70& 5+07/*(2+3 1()&3J(4 ,+) &6(&30&0 1+7)'& *30 %+23( 1+7)'&

'*/'7/*(2+31 *( 02Q&)&3( +.1&):&) 02)&'(2+31! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BBT

 !"U M*))+-.*30 1%&'()* '+5%*)21+31 .&(-&&3 &6(&30&0 1+7)'& *30 %+23(

1+7)'& *%%)+625*(2+3 ,+) :*)2+71 +.1&):&) /+'*(2+31! H(5+1%4&)2'

)&,)*'(2+3 *30 *.1+)%(2+3 *)& (*@&3 23(+ *''+73(! ! ! ! ! ! ! ! ! ! ! ! BBU

 ! # AH$89 -2(4 )&1%&'( (+ +.1&):&) 021(*3'& 23 G*I 0+-3-230 02)&'(2+3K

G.I ')+11-230 02)&'(2+3! A.1&):&) 4&2J4( 21 <5! H(5+1%4&)2' )&,)*'R

(2+3 *30 *.1+)%(2+3 *)& (*@&3 23(+ *''+73(! ! ! ! ! ! ! ! ! ! ! ! ! ! ! B<#

 ! B F+/+) 5*% +, ∆L 23 (4& '*/'7/*(2+3 0+5*23 ,+) G*I 0+-3-230 *30

G.I 7%-230 02)&'(2+3 -2(4 %+23( 1+7)'& *1175%(2+3! H(5+1%4&)2'

)&,)*'(2+3 *30 *.1+)%(2+3 *)& (*@&3 23(+ *''+73(! ! ! ! ! ! ! ! ! ! ! ! B<B

F!B F/+1&0 )&(7)3 -230 (733&/ *( VM$NH 8*)21N&'4! ! ! ! ! ! ! ! ! ! ! ! B"O

F!< W+(*(23J 1L1(&5 *30 (4& *&)+0L3*52' .*/*3'&! ! ! ! ! ! ! ! ! ! ! ! ! B"P

F!" H3 MHFH ##< *2),+2/ 21 5+73(&0 23 120& (4& -230 (733&/! ! ! ! ! ! ! B"P

F! $(*(2' 5&*17)&5&3(1 +, /2,( '+&X'2&3( Cl *30 0)*J '+&X'2&3( Cd ,+)

(-+ (&1( :&/+'2(2&1! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! B"S

F!O 92,( *30 0)*J '+&X'2&3(1 5&*17)&0 ,+) 0L3*52' 1(*// '*1&1 '+5%*)&0

(+ 1(*(2' '*1&! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! B"U

F!P GF+3(237&0I 92,( *30 0)*J '+&X'2&3(1 5&*17)&0 ,+) 0L3*52' 1(*//

'*1&1 '+5%*)&0 (+ 1(*(2' '*1&! F*1& OK , ; <!P =>K )*3J& +, H+H ;

0− 30o! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! B #



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

 !" #$%$&&'& ()*+$%,-).- )/ &,/0 $.1 1%$2 ()'3(,'.0- *'$-4%'1 /)% 156

.$*,( -0$&& ($-'-! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 789

 !: ;,/0 $.1 1%$2 ()'3(,'.0- /)% < 0'-0 ($-'- =,0> 0>' -$*' )-(,&&$0,).

/%'?4'.(5 / @ 9!ABCD $.1 1,E'%'.0 )-(,&&$0,). $*+&,041'-! ! ! ! ! ! ! 787



 !"# $% &'()*"

 !" #$%&&'()%*'+, +- Ncrit .'*/ )+001&2+,3',4 .',3 *5,,1$ )+,3'*'+,& 6"78! 9"

 ! :+5,3%0; $%;10 2%0%<1*10& )%$)5$%*13 =; >?@AB %,3 <1%&5013 =;

C%<05DD%<%,  ! "#$ 6" 8 %* EF) G H!77I! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9J

9!" K%0%<1*10& -+0 */1 *.+ *1&* )%&1& -0+< L1-101,)1 6"M8! ! ! ! ! ! ! ! ! IN

9! O2210 -01P51,); $'<'* 1&*'<%*'+, -+0  !9QR .',3 *50=',1 .'*/ 01-S

101,)1 T1$+)'*; +- 8m/s %* /5=! U+U '& &1* %* 4oV %,3 Re = 4 · 106! ! I7

9!9 U*<+&2/10') 2%0%<1*10& 310'T13 -0+< Q@WX -+0 /5= /1'4/* <1%,

T1$+)'*; )+001&2+,3',4 *+ )%&1& " %,3  ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! JY

Y!" Z5<=10 +- ,%00+.=%,3 )%$)5$%*'+,& 210 */'03 +)*%T1 =%,3! ! ! ! ! ! ! 7M

#!" K%0%<1*10& &1*52 -+0 */1 *1&* )%&1&! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "9M





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

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

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

,.4

b m 5!$- +2,.&

bc − 6,%3&#7)%8#,%!$ +,)9+#)%' -,. :,.+,8 7,&)$

c m :2,.&

c0 m/s ;,*%& 8<))&

e m =#.-,#$ 7!"#7*7 '2#+>%)88

f Hz =+,*8'#+ -.)?*)%+4

k m−1 =+,*8'#+ @!A) %*7B).

l Pa ;*.-!+) $#-' -,.+) C*+'*!'#,%

ly m ;<!%3@#8) '*.B*$)%+) +,..)$!'#,% $)%('2

p Pa D.)88*.) C*+'*!'#,%

pc Pa EF +,7<$)" <.)88*.)

qc = pc
√
r GF +,7<$)" <.)88*.)

u∗ m/s H.#+'#,% A)$,+#'4

u′ v′ w′ m/s I*.B*$)%+) A)$,+#'4 C*+'*!'#,%

w w0 m/s J%+,7#%( '*.B*$)%+) (*8' !%& #'8 !7<$#'*&)

z0 m ;*.-!+) .,*(2%)88

Cl Cd Cf − K#-' &.!( 8>#% -.#+'#,% +,)9+#)%'

Cn Ct − ="#!$ !%& '!%()%'#!$ -,.+) +,)9+#)%'

Cp J/Kg ·K ;<)+#L+ 2)!' ,- &.4 !#.

E∗ − H.)8%)$ #%')(.!$

H W/m2
5)!' C*"

Kc m−1 :,%A)+'#A) @!A) %*7B).

K̄c − 6,.7!$#M)& +,%A)+'#A) @!A) %*7B).

K NKx KyO m−1 I*.B*$)%+) @!A) %*7B).

Ke m−1 P!A) %*7B). +,..)8<,%&#%( ', '2) '*.B*$)%+)

#%')(.!$ $)%('2 8+!$)

K̄x K̄y − 6,.7!$#M)& '*.B*$)%+) @!A) %*7B).

L m ;<!%

Louter m I*.B*$)%+) ,*'). $)%('2 8+!$)

∆L &/ Q)$!'#A) 8,*%& <.)88*.) $)A)$

L − =#.-,#$ '.!%8-). -*%+'#,%

M − 1!+2 %*7B).

P − =7<$#'*&) ,- <.)88*.) C*+'*!'#,%

Q − ;<2).#+!$ @!A) .)C)+'#,% +,)9+#)%'



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

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

&3"/#%,

Rs m 4!)#5,) )#*&'%+, /,&2,,% ",&'"),) *!3"+, '%)

!/*,"0,"

Rd m 6,%7&1 !- )#",+& 8'&1 !- *!3%) 2'0,

Rr m 6,%7&1 !- ",9,+&,) 8'&1 !- *!3%) 2'0,

Rp − :('%, 2'0, ",9,+&#!% +!,;+#,%&

~R(R1, R2, R3) m <!3"+,=!/*,"0," 0,+&!" #% +3"",%& &#.,

~Rt m <!3"+,=!/*,"0," 0,+&!" #% ",&'"),) &#.,

RT − >'&#! !- !3&," &! #%%," &#., *+'(, !- /!3%)'"?

('?,"

S0 m 4!)#5,) )#*&'%+, /,&2,,% !/*,"0," '%) &1, !"#=

7#%

Sll dB/Hz :!2," *8,+&"3. ),%*#&? !- *3"-'+, (#-& -!"+,

Spp dB/Hz :!2," *8,+&"3. ),%*#&? !- -'" 5,() *!3%) 8",*=

*3", (,0,(

T∗ K @,.8,"'&3", *+'(,

U m/s A",, *&",'. 0,(!+#&? B C#%) *8,,)

Uc m/s D!%0,+&#0, 0,(!+#&?

Ue m/s EF&,"%'( 0,(!+#&? !- /!3%)'"? ('?,"

Z G!".'(#$,) 7"!3%) #.8,)'%+,

β rad C#%) @3"/#%, /('), 8!*#&#!% H2#%7 '%7(,I

β0 =
√
1−M2 − D!.8",**#/#(#&? -'+&!"

βc − D('3*," 8'"'.,&," -!" 2'(( 8",**3", 93+&3'&#!%

.!),(

δ∗ m J!3%)'"? ('?," )#*8('+,.,%& &1#+K%,**

δ m J!3%)'"? ('?," &1#+K%,**

θ rad <!3%) 2'0, ",9,+&#!% '%7(,

θ∗ m J!3%)'"? ('?," .!.,%&3. &1#+K%,**

ω rad/s L+!3*&#+ '%73('" -",M3,%+?

ω̃ = ωδ∗/Ue − >,)3+,) -",M3,%+?

ωe rad/s E.#**#!% -",M3,%+?

κ − N!% OP".P% +!%*&'%&

κ̄ = µ̄− K̄2
y/β

2
0 − G!%=)#.,%*#!%'( 8'"'.,&," #% L.#,&Q* .!),(

µ̄ = K̄xM/β20 − G!%=)#.,%*#!%'( 8'"'.,&," #% L.#,&Q* .!),(

µ Ns/m2
L#" )?%'.#+ 0#*+!*#&?

ν m2/s L#" K#%,.'&#+ 0#*+!*#&?

ρ0 kg/m3
L#" ),%*#&?

σe kPa · s ·
m−2

,R,+&#0, 9!2 ",*#*&#0#&?

σu m/s >!!&=.,'%=*M3'", !- &3"/3(,%& 0,(!+#&? 93+&3'=

&#!%



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

τw Pa/m2
 !"" #$%!& #'&%##

φ − (%")*+', -)'%.'+!" /%"0

φpp dB/Hz 1-%*'&!" )2 3!"" -&%##4&% 54*'4!'+).

φww dB/Hz 6 0+7%.#+).!" '4&84"%.*% #-%*'&47

χ = Uc/U − 9).:%*'+:% :%")*+', *)%;*+%.'

∆ − &!'+) 8%'3%%. 8)4.0!&, "!,%& '$+*<.%## !.0 0+#=

-"!*%7%.' '$+*<.%##

Λ m >4&84"%.*% +.'%?&!" "%.?'$ #*!"%

Π −  !<% #'&%.?'$ -!&!7%'%& 2)& 3!"" -&%##4&% 54*=

'4!'+). 7)0%"

Φ − @).=0+7%.#+).!" :%")*+', -)'%.'+!" /%"0

Φ0 −  !:% .478%& #-%*'&47 )2 +.*+0%.' ?4#' !7-"+=

'40%

(x, y, z)A (y1, y2, y3) − 1)4&*% *))&0+.!'%

(x̄, ȳ, z̄) − @)&7!"+B%0 #)4&*% *))&0+.!'%

(y′1, y
′
2, y

′
3) − 1)4&*% *))&0+.!'% !' *4&&%.' '+7%

(x1, x2, x3) − C%*%+:%& *))&0+.!'%

DE D7-"+'40% 7)04"!'+).

D)D D.?"% )2 !''!*<

DFG D0:%&#% -&%##4&% ?&!0+%.'

HIE H"!0% %"%7%.' 7)7%.'47 '$%)&,

JFG J!:)&+!'% -&%##4&% ?&!0+%.'

EK1> E).+.=K84<$): #+7+"!&+', '$)%&,

KD1FL K:%&!"" #)4.0 -&%##4&% "%:%"

1FL 1)4.0 -&%##4&% "%:%"

1 L 1)4.0 -)3%& "%:%"

>I@ >&!+"+.? %0?% .)+#%

>M@ >4&84"%.' +.5)3 .)+#%

NFG N%&) -&%##4&% ?&!0+%.'





 !"#$%& '

 !"#$%&'"($!

 !"#$"#%

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

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

 ! !4 "#$% 25'6#$& $0#7& '&(5/*2#0$7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 8

 ! !9 "#$% 25'6#$& $0#7& -&:;*$#7-7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 8

 ! !< =1&:2'5-> %#'&:2#.#2) *$% *-1/#25%& -0%5/*2#0$ ! ! ! ! ! ! ! ?

 ! !3 @0+ ,'&A5&$:) :0-10$&$2> #$,'*705$%> *$$0)*$:& 0, +#$% 25'B

6#$& $0#7& *$% ;&*/2; &C&:27 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?

 ! !8 D'01*(*2#0$ &C&:27 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  E

 ! !F G0#7& -#2#(*2#0$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  4

 !1 2*3#*4 +5 6(*%#7&#+$ 8*&9+%, 5+( 4#$% &'()#$* $+#,*

,+'(7*, .$% 6(+6.-.&#+$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  :

 !4! H&'0*:0572#: 705':& -0%&/7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  <

 !4!4 H:0572#: 1'01*(*2#0$ -0%&/7 #$ 2;& *2-071;&'& ! ! ! ! ! ! ! !  3

 !; <)=*7&#3*, .$% +'&/#$* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  >

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

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

 !"# $"$%&' ()" *$ $+,%)(,$# -%./ )!%0.1 *' ) 1!"# ,2%*!"$3 )"# ,4$" (."5$%,$#

!",. $6$(,%!()6 7.1$% 1!,4 8),!8-'!"& $9(!$"(': ;4$ "2/*$% .- 1!"# -)%/83 &!5$" ,4$

-)(, ,4), !, !8 ) (6$)" )"# %$"$1)*6$ $"$%&'3 &%.18 5$%' -)8, !" /)"' (.2",%!$83 !"

.%#$% ,. %$#2($ ,4$ %$6!)"($ ." ,%)#!,!.")6 $"$%&' 8.2%($8: ;4$ 8!<$ .- 1!"# ,2%*!"$

)68. &%.183 -%./ 6$88 ,4)" 1 MW ()7)(!,' !" =>?@3 ,. 7.5 MW ".1)#)'8: A, ,4$

$"# .- BC=D3 ,4$ )((2/26),$# ,.,)6 !"8,)66$# 1!"# 7.1$% ()7)(!,' 1)8 128.8 GW

!" ,4$ EF3 1!,4 )77%.+!/),$6' 120 GW ."84.%$ GBCH: A"# ,4$ E2%.7$)"  !"#

E"$%&' A88.(!),!." $8,!/),$8 ,4), *' $"# .- BCBC3 ,4$ ,.,)6 !"8,)66$# ()7)(!,' 1!66

!"(%$)8$8 *' 64% ,. 192.5 GW !" E2%.7$ GB=H: I%)"($ 4)8 ) ,.,)6 !"8,)66$# ()7)(!,'

.- .5$% 9285 MW ), ,4$ $"# .- BC=D3 )"# 1!"# $"$%&' )((.2",8 -.% 3.4% .- ,4$

,.,)6 $6$(,%!(!,' 7%.#2(,!." GBBH:



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

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

 !" #$%&" '"#"()*"+ ,- ) .%#+ */(,%#" $( ) .%#+ 0)(1 !)& ,""# 2$134)%#"+ 0("5

6/"#*4- ,- *!" 3"$34" 4%7%#' %# *!" #"%'!,$(!$$+8  !"(" )(" ("'/4)*%$#& ("')(+%#'

*!" "1%&&%$# 4"7"4&9 2$(("&3$#+%#' *$ *!" &$/#+ 3$."( 4"7"4 :;<=> ()+%)*"+ ,- *!"

.%#+ */(,%#"9 )#+ *!" %11%&&%$# 4"7"4&9 2$(("&3$#+%#' *$ *!" &$/#+ 3("&&/(" 4"7"4

:;?=> )* ) #"%'!,$(&@ !$/&"&8  !"(" %& )# %#*"(#)*%$#)4 &*)#+)(+ 0$( "1%&&%$# 4"7"4

1")&/("1"#*& 2)44"+ ABC DEFGG5EE9 *!)* /&"& ) 1%2($3!$#" $# ) (%'%+ 34)*0$(18

H# *!" $*!"( !)#+&9 *!"(" %& #$ %#*"(#)*%$#)4 &*)#+)(+ 0$( %11%&&%$# 4"7"4 1")5

&/("1"#*&8 A# I()#2"9 *!" #$%&" 4%1%*)*%$# +"3"#+& $# *!" ,)2J'($/#+ #$%&" 4"7"48

 !" .%#+ 0)(1 %& #$* )44$."+ *$ %#2(")&" *!" )1,%"#* #$%&" 1$(" *!)# 5 dB )* +)-5

*%1"9 )#+ 3 dB )* #%'!*9 1")&/("+ ,- LAeq9 *!" "6/%7)4"#* &$/#+ 4"7"4 KLM9 LFN8 A#

&$1" $*!"( 2$/#*(%"&9 ),&$4/*" 4%1%*& $( 2$1,%#)*%$# $0 ),&$4/*" )#+ ("4)*%7" 4%15

%*& )(" )334%"+ KLON8 I$( "P)134"9 %# Q"#1)(J9 *!" 4%1%*& )(" *-3%2)44- 42 dBA )*

6 m/s ("0"("#2" .%#+ &3""+9 )#+ 44 dBA )* 8 m/s ("0"("#2" .%#+ &3""+R %# ST9

*!" &$/#+ 3("&&/(" 4"7"4 0($1 ) .%#+ 0)(1 2)##$* "P2""+ 43 dBA $( 5 dBA ),$7"

*!" ,)2J'($/#+ #$%&" 4"7"4 )* #%'!*8  !"&" ("'/4)*%$#& %134- *!)* )# )22/()*" #$%&"

3("+%2*%$# 1$+"4 )& ."44 )& ) 2$(("2* ,)2J'($/#+ #$%&" 1")&/("1"#* )(" "&&"#*%)4

0$( *!" )33($7)4 $0 #". .%#+ 0)(1 3($U"2*&9 "&3"2%)44- #")( 3$3/4)*"+ )(")&8

 ! !1 #$%& '()*$%+ %,$-+ 2+340%$-2-

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

2!)#%2)4 #$%&"8  !" 4)*"( 2$1"& 0($1 *!" */(,%#"@& %#*"(#)4 '")(& ($*)*%#' )')%#&*

")2! $*!"( KLDN9 )#+ %* %& 1$(" #$*%2"),4" 0$( &1)44 &%W" .%#+ */(,%#"&8 X+7)#2"+

*"2!#%6/"& !"43 *$ 2$#Y#" *!" 1"2!)#%2)4 #$%&" %#&%+" *!" #)2"44" $( *$."( KO9 LDN9

*!/& 0$( ) 1$+"(# 4)('" &2)4" .%#+ */(,%#"&9 *!" #$%&" %& 1$&*4- '"#"()*"+ +/" *$

)"($+-#)1%2 %#*"()2*%$# ,"*.""# *!" )%(Z$. )#+ *!" */(,%#" ,4)+"&8

X"($+-#)1%2& #$%&" 2)# ," 2)*"'$(%W"+ %#*$ *.$ *-3"&V )%(0$%4 &"40 #$%&"9 )#+

*/(,/4"#* %#Z$. #$%&" KE9 [9 MN8 ;"40 #$%&" %& 2)/&"+ ,- %#*"()2*%$# $0 *!" */(,/4"#2"

3($+/2"+ %# *!" )%(0$%4 ,$/#+)(- 4)-"( )#+ .)J" .%*! *!" )%(0$%4 %*&"409 .!%4"

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

)%(0$%4 4")+%#' "+'"8 X%(0$%4 &"40 #$%&" 2$#&%&*& $0 &"7"()4 1"2!)#%&1&V *()%4%#' "+'"

#$%&"9 &"3)()*%$# #$%&"9 *()%4%#' "+'" ,4/#*#"&& #$%&" )#+ *%3 7$(*"P #$%&"9 )& &""#

%# I%'/(" E8E8  ()%4%#' "+'" #$%&" %& +/" *$ *!" */(,/4"#2" %#&%+" *!" ,$/#+)(-

4)-"( *!)* %& &2)**"("+ )* *!" *()%4%#' "+'"8 ;"3)()*%$# #$%&" %& '"#"()*"+ .!"# *!"

)#'4" $0 )**)2J %& 4)('"9 )#+ *!" Z$. &"3)()*"& #")( *()%4%#' "+'" $0 *!" &/2*%$#

&%+"8  !" &"3)()*%$# ("'%$# *!"# 1$7"& /3&*(")1 .!%4" *!"(" )(" 7$(*"P )33")(%#'

)#+ '($.%#'9 )#+ *!"# Y#)44- &!"++%#' $\8 A0 *!" &*)44 )#'4" %& (")2!"+9 *!" Z$.

&"3)()*%$# %& 7%$4"#* )#+ +""3 &*)44 #$%&" %& '"#"()*"+ KEN8 X ,4/#* *()%4%#' "+'"

2)/&"& 7$(*"P &!"++%#'9 .!%2! 2)/&"& ) #)(($.,)#+ ()+%)*%$# 2)44"+ *()%4%#' "+'"

,4/#*#"&& #$%&"8  %3 7$(*"P #$%&" !)& ) &%1%4)( 1"2!)#%&19 %* %& 2)/&"+ ,- *!"

7$(*"P &!"++%#' #")( *!" *%3 $0 ) ,4)+"8 I$( ) 1$+"(# 1"').)**5&%W"+ .%#+ */(,%#"9



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

 ! "# $!%&' %& (&("##) *!+%$" '* ,)  -"%#%$. '*.' $!%&' /012 3'-#'+"$&  ! "#$ /41

5"6' &5!7$ (&%$. +%8-!95!$' "--") +'"&(-'+'$ &  5" :!- "$ !,&'-6'- 8#!&'  !  5'

 (-,%$' !$  5' .-!($*; +!& !:  5' $!%&' %& 9-!*(8'* ,)  5' !( '- 9"- !:  5' ,#"*'&

*(-%$.  5' *!7$7"-* 9"- !:  5' -'6!#( %!$; "& &''$ %$ <%.(-' =242 >(-,(#'$ %$?

@!7 $!%&' +%.5 ,'8!+' *!+%$"$ *'9'$*%$. !$ " +!&95'-%8  (-,(#'$8' 8!$*% %!$&2

<%.(-' =2=A B%-:!%# &'#: $!%&'A  -"%#%$. '*.' $!%&'; &'9"-" %!$ $!%&';  -"%#%$. '*.'

,#($ $'&& $!%&';  %9 6!- 'C $!%&' /=12

<%.(-' =24A D!%&' &!(-8' *%& -%,( %!$ %$  5' -! !- 9#"$' !: " +!*'-$ #"-.' 7%$*  (-?

,%$'; +'"&(-'* ",!( !$' -! !- *%"+' '- (97%$* :-!+  5'  (-,%$'2 >"E'$ :-!+ /412



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

 ! !" #$%&'()*+ ,-(%&'-.-'/ 01, 0*$2-'),% *3,)20'-31

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

*0)1" !" 2!3%&( 456 7)& . 8569 1!"# $%&'!"(5  0(" +:)$$(# !" #;</ $0(

+(.= )7 $0( *+(,$&%- !* .&)%"# >??@A5 9)::(& ."# B(#(&*(" 0.C( (*$!-.$(# $0(

*)%"# +)1(& :(C(: *+(,$&%- (-!$$(# 'D :.&3(& 1!"# $%&'!"(* '.*(# )" . :.&3(

*($ )7 -(.*%&(-("$* E !" #$%&'( )" *+,-* .+/. .+( *0(1.'&2 3(4(3 $51'(/*(* -$.+

$51'(/*$5% -$56 .&'7$5( *$8(9 (*0(1$/33: /. 3,- ;'(<&(51:" =$56 .&'7$5( 5,$*( $* /3*,

6$'(1.$,5/39 *(( #$%&'( )">" ?+( 6$'(1.$4$.: ;(/.&'( ,; / -$56 .&'7$5( $* 1/&*(6 7:

.+( 6$0,3( 5/.&'( ,; .+( -$56 .&'7$5( 5,$*( *,&'1(" @(/*&'(2(5.* /56 0'(6$1.$,5*

*+,- .+/. .+( *,&56 0'(**&'( 3(4(3 ABCDE ,; -$56 .&'7$5( 5,$*( $* *.',5%(' $5 .+(

-$56 6$'(1.$,5 .+/5 $5 .+( 1',**-$56 -$56 6$'(1.$,5"

?+( 2,*. /55,:$5% ;(/.&'( ,; -$56 .&'7$5( 5,$*( $* 7(3$(4(6 ., 7( .+( /203$.&6(

2,6&3/.$,5 AF@E GH9 I!" J. $* / 0+(5,2(5,5 '(3/.(6 ., .+( 73/6( ',./.$,59 /56

1/&*(6 7: .+( K,003(' (L(1. /56 .+( ;/1. .+/. .+( '(3/.$4( *,&'1( /56 ,7*('4('

3,1/.$,5* /'( 4/':$5% 6&'$5% .+( ',./.$,5" C'(6$1.$,5* ,; .+$* F@ *+,- .+/. $5 .+(

1',**-$56 6$'(1.$,59 .+( F@ *.'(5%.+ '(/1+(* 2/M$2&29 &0 ., ;(- 6N*O -+$3( .+(

2$5$2&2 $* '(/1+(6 $5 .+( -$56 6$'(1.$,5 GPQ!" ?+$* 0+(5,2(5,5 7(1,2(* -(/R('

$; .+( ,7*('4(' $* ;&'.+(' ;',2 .+( -$56 .&'7$5(" S,-(4('9 $5 / '(1(5. '(0,'. 7:

T(5(-/73( UV GI!9 .+('( /'( 2(/*&'(2(5.* *+,-$5% .+/. (4(5 /. 3,5% 6$*./51(9

*.',5% F@ 1/5 7( '(1,'6(6 $5 .+( 6,-5-$56 6$'(1.$,5" J5 .+( */2( '(0,'.9 .+(:

6(W5( .+( ;,'2(' /203$.&6( 2,6&3/.$,5 /* X5,'2/3 /203$.&6( 2,6&3/.$,5X9 .+(

3/.(' /* X(5+/51(6 /203$.&6( 2,6&3/.$,5X9 /56 *&%%(*. .+/. .+('( 2$%+. 7( .-,

6$L('(5. 2(1+/5$*2* .+/. 1/&*( .+(*( .-, 6$L('(5. .:0(* ,; /203$.&6( 2,6&3/.$,5"

F 2(/*&'(6 .$2( +$*.,': ,; *,&56 0'(**&'( 3(4(3 *((5 $5 #$%&'( )"I *+,-* .+(

0+(5,2(5,5 ,; (5+/51(6 /203$.&6( 2,6&3/.$,5 ;,' /5 &0-$56 '(1($4('" #,'

5,'2/3 /203$.&6( 2,6&3/.$,59 .+( 2(1+/5$*2 $* 6$'(1.$4$.: /56 K,003(' (L(1.O ;,'

(5+/51(6 /203$.&6( 2,6&3/.$,59 .+('( /'( 2/5: /**&20.$,5* '/$*(6 7: 6$L('(5.

'(*(/'1+('*" F 1,22,5 0,$5. ,; 4$(- $* .+/. $. $* 1/&*(6 7: .+( *.',5% -$56 *+(/'

/56 .+( 1+/5%( ,; F,F /. 3(/6$5% (6%( ,; .+( 73/6(* 6&'$5% ',./.$,5" S,-(4('9

&0 ., 6/.(9 .+('( $* 5, 1,203(.( /56 1,54$51$5% .+(,': ., (M03/$5 .+$* .:0( ,;

/203$.&6( 2,6&3/.$,5"
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$!'(-, 0/'() ! 2!%!3+.'& !22%+:'*!$'+( +7 $1- F-.*1+.$G -;0!$'+( ABBD8 9$ '/ (+$

.'*'$-, $+ ! .!"-%-, !$*+/21-%- AHBD !(, -I-&$/ +7 !$*+/21-%'& $0%30.-(&- &!( 3-

$!=-( '($+ !&&+0($ ABJD8 >1- ?K *-$1+, '/ .'*'$-, $+ %-.!$'5-." /*!.. 2%+2!)!$'+(

!().-/ !%+0(, $1- /+0%&-8 <-5-%!. !0$1+%/ 1!5- !22.'-, '$ $+ 4'(, $0%3'(- (+'/-

!//0*'() $1- 4'(, $0%3'(- '/ ! 2+'($ /+0%&- ABL6 BMD8 <+0(, 2%+2!)!$'+( &!( !./+ 3-

*+,-.-, 3" NKK '( +%,-% $+ !&&0%!$-." !&&+0($ 7+% !$*+/21-%'& O0&$0!$'+(/8 >1-

NKK/ &!( 3- /+.5-, 0/'() 1')1 +%,-% PQ>Q /&1-*-/6 !/ ,+(- 3" R+$$S  ! "#$ ABTD +%

'( KQP R+,-U<!7!%' AJVD8 >1- NKK *-$1+, %-;0'%-/ *+%- '($-(/'5- &+*20$!$'+(/

&+*2!%-, $+ $1- ?K *-$1+,8

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

>1- 2%+*'/'() 70$0%- +7 $1- 4'(, $0%3'(- '(,0/$%" !(, '$/ (+'/- &+(&-%( -(&+0%!)-

0/ $+ ,-5-.+2 ! 21"/'&!.."#3!/-, (+'/- 2%-,'&$'+( *+,-. $1!$ !&&+0($/ 7+% .+() %!()-

2%+2!)!$'+( '( $1- !$*+/21-%- 4'$1 /!$'/7"'() !&&0%!&" !(, -W&'-(&"8 E7$-% /$0,"#

'() $1- -:'/$'() *+,-./6 4- &1++/- E*'-$X/ !(!."$'&!. *+,-. 4'$1 ?K *-$1+, 7+%

$1'/ 20%2+/-8 Y+%- /2-&'Z&!.."6 4- 4'..[

• '(5-/$')!$- $1- 5!.','$" +7 E*'-$X/ *+,-. !)!'(/$ *-!/0%-*-($/\

• !22." $1- *+,-. $+ ! 70.. /'G- %+$!$'() 4'(, $0%3'(-\

• -/$'*!$- $1- /+0(, 2%-//0%- .-5-. !$ (-!% Z-., !(, /$0," $1- 2%+2-%$'-/ +7
!*2.'$0,- *+,0.!$'+( !(, ,'%-&$'5'$"6 '(&.0,'() 4'(, /1-!% !(, !$*+/21-%'&

$0%30.-(&- -I-&$/\

• &+02.- $1- /+0%&- *+,-. $+ $1- 2%+2!)!$'+( *+,-.\

• -:!*'(- $1- /+0(, 2%-//0%- .-5-. !$ 7!% Z-., !(, $1- -I-&$/ +7 2%+2!)!$'+( '(
$1- !$*+/21-%-8

>1- $1-/'/ '/ +%)!('G-, !/ 7+..+4/8 9( R1!2$-% ]6 E*'-$X/ !(!."$'&!. *+,-./ 7+%

$%!'.'() -,)- (+'/- !(, $0%30.-($ '(O+4 (+'/- !%- ,-/&%'3-, '( ,-$!'.8 K:$-(/'+(/ !(,

'*2%+5-*-($/ +7 $1- *+,-./ !%- !./+ /1+4(8 >1- *+,-. '/ $1-( 5!.',!$-, !)!'(/$

/+0(, 2%-//0%- .-5-. *-!/0%-*-($/ 4'$1 Z:-, !'%7+'./8 9( R1!2$-% H6 $1- +%')'(!.

*+,-. '/ !,!2$-, $+ ! %+$!$'() 3.!,-6 3" &+(/',-%'() $1- Q+22.-% -I-&$ !(, &++%#

,'(!$- $%!(/7+%*!$'+(8 Y+('(#^30=1+5 /'*'.!%'$" $1-+%" '/ 0/-, $+ 2%-,'&$ 4'(,

2%+Z.-/ !(, $0%30.-(&- 2!%!*-$-%/ '( $1- !$*+/21-%'& /0%7!&- .!"-%8 >1- 2%-,'&#

$'+(/ !%- Z%/$ &+*2!%-, 4'$1 *-!/0%-*-($/ 7+% ! &+(/$!($ 4'(, 2%+Z.-6 $1-( 4'$1

&!%-70.." &1+/-( !$*+/21-%'& &+(,'$'+(/8 9( R1!2$-% C6 ! 2%+2!)!$'+( *+,-. 3!/-,
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&'$ 0"-/*$/1 : !+)-0* !0 &!/ %$'0%$+"*6$0 &'$ 3*6$! *! :#&%"$' ;1





 !"#$%& '

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

-#+'(./-!"0 /'"&# '* - 12#( -"+*'")
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 ! "#$% &#'(")*+ ,) (*)%)!" '!- .'/$-'") 01$)"2% "#)3*4 53* ' 67)- '$*53$/8  !

9)&"$3! :8;+ 01$)"2% 13-)/ 53* "*'$/$!< )-<) !3$%) $% -)*$.)-8 =#) -$>&?/" ('*"

35 "#) 13-)/ $% "3 )%"$1'") "#) ,'// (*)%%?*) @?&"?'"$3! %()&"*?18 A) ?%) '!

'-.)*%) (*)%%?*) <*'-$)!" 13-)/ "#'" 4$)/-% <33- (*)-$&"$3!% '<'$!%" ,$!- "?!!)/

1)'%?*)1)!"%8 =#) "?*B?/)!" $!@3, !3$%) 13-)/ $% (*)%)!")- $! 9)&"$3! :8:8 A)

"'C) $!"3 '&&3?!" "#) )D)&" 35 '$*53$/ "#$&C!)%% 3! "#) !3$%) *'-$'"$3!+ '!- .'/$-'")

"#) 13-)/ '<'$!%" 1)'%?*)1)!"%8

 !" #$%&'() '*&+,- .+, ',/%0%12 &32& 1+%)&

&'('( )$*+,-#+!" !. /0+$#1% 0!2$3 .!* #*-+3+"4 $24$ "!+%$

01$)"2% 13-)/ $% B'%)- 3! /$!)'*$E)- '&3?%"$& "#)3*4 B4 '%%?1$!< ' %1'// ()*"?*F

B'"$3! 3! "#) '&3?%"$& 6)/- GH;I8 =#) "?*B?/)!&) &3!.)&")- B4 "#) 1)'! @3, $%

'%%?1)- "3 B) 25*3E)!2+ "#'" $% "3 %'4 "#) "?*B?/)!&) (*3()*"$)% -3!2" &#'!<) -?*$!<

"#) &3!.)&"$3!8 =#) %?*5'&) $% &3!%$-)*)- '% ' *$<$-+ "#$! (/'") ,$"# !3 "#$&C!)%%8

=#) 13-)/ -).)/3(1)!" &3!%$%"% 35 1'$!/4 J %")(%K

;8 &'/&?/'"$3! 35 %?*5'&) (*)%%?*) @?&"?'"$3! $!-?&)- B4 "#) "?*B?/)!" ()*"?*B'F
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 ! "#$%&'(  ) *+,'&-. +/0'1 2/( $'(/034$+,5 4/,.'

 ! "#"$%&'() (* *+, -#." /,#00$,# 1$%&$+&'() $0')2 31(4%056'..'+7058+49')20

+%($0&'% +)+.(2:;

<! (=&+')')2 &># 0&+&'0&'% /(4#, 0/#%&,+. "#)0'&: (* 0($)" /,#00$,# .#?#. +& *+,

-#."!

@># 7("#. '0 .+&#, #A&#)"#" =: B(2#, +)" C(,#+$ DEFG HIJ =: %()0'"#,')2 + 0#%()"

(,"#, '&#,+&'() +& .#+"')2 #"2#!

64075'0 .7(2$5' %('..7(' 875&7$&,/4

K('0# '0 2#)#,+&#" 4>#) ')%(7')2 &$,=$.#)%# #)%($)&#,0 + 0(.'" 0$,*+%#G 7(,# 0/#%'*5

'%+..:G &># +',*('. ') &>'0 %+0#! @># /,(=.#7 '0 0>(4) ') -2$,#  !I! @># +',*('. '0

%()0'"#,#" +0 + 1+& /.+&# 4'&> L#,( +)2.# (* +&&+%9! M& '0 /.+%#" ') &># z = 0

/.+)#G &># &,+'.')2 #"2# '0 +.'2)#" 4'&> : +A'0G &>#,#*(,# &># /.+&# '0 .(%+&#" =#&4##)

−2b ≤ x ≤ 0 ') &># %>(,"54'0# "',#%&'()G b =#')2 &># >+.*5%>(," .#)2&>G b = c/2!

@># 0/+) L '0 %()0'"#,#" +0 + .+,2# =$& -)'&# )$7=#,!

3'2$,#  !IN <O 2#(7#&,: *(, &,+'.')2 #"2# )('0#! 6# %()0'"#, +) (=.'P$# 2$0& 4'&>

%>(,"54'0# 4+?#)$7=#, Kx +)" 0/+)54'0# 4+?#)$7=#, Ky!

6# %()0'"#, + 2#)#,+. <O 2$0& %+0#! @># "#,'?+&'() 0&+,&0 *,(7 &># %()?#%&'?#

.')#+, 4+?# #P$+&'()G ') &#,70 (* /,#00$,# 1$%&$+&'() p(x, t) = P (x, y, z)eiωtN

D2p

Dt2
− c20∇2p = 0. Q !IR

4>#,# c0 '0 &># 0($)" 0/##" ') +',! @># &(&+. "#,'?+&'?# ') x "',#%&'() ,#+"0

D

Dt
=

∂

∂t
+ U

∂

∂x
G 0( &># 0#%()" (,"#, "#,'?+&'?# %+) =# 4,'&&#) +0N

D2

Dt2
=

∂2

∂t2
+ 2U

∂

∂x

∂

∂t
+ U2 ∂

2

∂x2
. Q ! R

@># #P$+&'() Q !IR &>#,#*(,# =#%(7#0N
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(

∂2p

∂x2
+
∂2p

∂y2
+
∂2p

∂z2

)

− 1

c20

(

∂2p

∂t2
+ 2U

∂2p

∂x∂t
+ U2 ∂

2p

∂x2

)

= 0,  !"#$

%&'(& ()* +, -,.-/)*'0,1 )23

β20
∂2p

∂x2
+
∂2p

∂y2
+
∂2p

∂z2
− 2

U

c20

∂2p

∂x∂t
− 1

c20

∂2p

∂t2
= 0,  !"4$

%'5& β0 =
√
1−M2

" 6&, '*('1,*5 /725 %-'55,* '* 5&, 8.7-',- 1.9)'* '23

pin = Pin e
i(ωt−Kcx−Kyy),  !":$

%&,-, Kc = ω/Uc '2 5&, 57-+7;,*(, (.*<,(5,1 %)<,*79+,- '* 5&, (&.-1=%'2, 1'=

-,(5'.* )*1 Ky '2 5&, 2>)*=%'2, 57-+7;,*(, %)<,*79+,-" 6&, (.*<,(5'<, <,;.('5?

'2 Uc = χU %&,-, χ '2 ) (.,@(',*5A 727);;? ;,22 5&)* B" 6&, >-,227-, C7(57)5'.*

D,;1 p '2 '9>.2,1 +? pin %'5& %)<, ;'E, +,&)<'.-2A 5&)5 '2A p %';; &)<, ) >,-'.1'(

(.9>.*,*5 %'5& 5&, 2)9, F-,G7,*(? ωA )*1 5&, 2)9, %)<, *79+,- '* 2>)*=%'2,

1'-,(5'.* Ky" H5 '2 *.5 5&, ()2, F.- (&.-1=%'2, 1'-,(5'.* %)<,*79+,-A +,()72, '*

5&'2 1'-,(5'.*A 5&, D,;1 '2 );2. 9.1'D,1 +? 5&, F-,, 25-,)9 U " 6&,-,F.-, 5&, 2.;75'.*

%, 2,,E F.- p ()* +, %-'55,* '* 5&, F.-93

p(x, t) = P (x, z)eiωte−iAxe−iKyy.  !"I$

J7+25'575'*/ p '*5. KG7)5'.*  !"4$A 5&, (.*<,(5'<, %)<, ,G7)5'.* +,(.9,23

β20
∂2P

∂x2
+
∂2P

∂z2
−2i

(

β20A+
U

c20
ω

)

∂P

∂x
+

(

ω2

c20
− β20A2 −

2U

c20
Aω −K2

y

)

P = 0.  !"L$

6&, (.,@(',*5 .F 5&, '9)/'*)-? 5,-9 2&.7;1 +, 0,-.A 5&)5 '2 β20A+
U

c20
ω = 0A 5&72

%, D*1 5&, ,M>-,22'.* F.- A )23

A = −kM
β20

,  !"N$

%&,-, k = ω/c0 '2 5&, )(.725'( %)<, *79+,-" 6&, >-,227-, C7(57)5'.* D,;1 5&)5

%, )-, 5-?'*/ 5. 2.;<, ()* +, %-'55,* )23

p(x, t) = P (x, z)eiωteikM/β2
0
xe−iKyy.  !"O$

P.*2,G7,*5;?A ,G7)5'.*  !"L$ '2 2'9>;'D,1 )23

β20
∂2P

∂x2
+

(

k2

β20
−K2

y

)

P +
∂2P

∂z2
= 0.  !"BQ$

HF %, '*5-.17(, *.*=1'9,*2'.*); <)-')+;,23

x̄ = x
b , ȳ = β0

y
b , z̄ = β0

z
b ,

K̄c = bKc, K̄y = bKy, k̄ = bk,



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

 !"  #$% !%!&"'()!$'%! # !)* + , ()-),$ µ̄ = K̄cM/β20  !" κ̄2 = µ̄2 − K̄2
y/β

2
0 -%

( .) )/0 -'%! 123456 (%,) 7%!7'$)8 *) 9! ##: 9!"  ;)#(<%#-= )/0 -'%!  $>

∂2P

∂x̄2
+
∂2P

∂z̄2
+ κ̄2P = 0. 123446

?% $%#@) )/0 -'%! 1234468 *) !))" -% 9!"  ++,%+,' -) A%0!" ,: 7%!"'-'%!$3 B)

9,$-  $$0() -<) +# -) '$ $)('&'!9!'-) *'-<  -, '#'!C )"C)  #'C!)" *'-< y  D'$8  !"

-<) #) "'!C )"C) '$  - −∞3 ?<) +# -) '$ 7%!$'"),)"  $ ,'C'"8 () !'!C -<) @)#%7'-:

C, "')!- !%,( # -% -<) $0,E 7) '$ =),%8 -<'$ C'@)$>

∂P

∂z̄
= 0, x̄ < 0. 123426

F)7%!"8  - -, '#'!C )"C)8 G0-- 7%!"'-'%! ,)/0',)$ -<) -%- # +,)$$0,) -% A) =),%8

() !'!C8 -<) '!"07)" +,)$$0,) p (0$- A) 7 !7)#)" A: -<) '!7'")!- +,)$$0,) pin8 $%

*) < @) p+ pin = 0 E%, z = 0  !" x̄ ≥ 03 ?<'$ C'@)$>

p(x, y, 0, t) = −pin(x, y, 0, t) = −Pin · e−iKcxe−iKyyeiωt

= P (x, 0) · e
i kM
β2
0

x
e−iKyyeiωt x̄ ≥ 0. 1234H6

?<0$ *) %A- '! E%,  0!'- C0$- 1Pin = 16>

P (x, 0) = −e−iKcxe
−i kM

β2
0

x
x̄ ≥ 0. 1234I6

J/0 -'%! 1234468 -%C)-<), *'-< A%0!" ,: 7%!"'-'%!$ 123426  !" 1234I6 E%,(  

F7<* ,=$7<'#"K$ +,%A#)(8 *<%$) $%#0-'%! 7 ! A) )D+,)$$)"  ! #:-'7 ##:3 L)+)!"'!C

%! -<) $'C! %E κ̄28 )/0 -'%! 123446 < $ "'M),)!- +,%+),-')$ -<0$ "'M),)!- $%#0-'%!$>

46 'E κ̄2 > 08 -<) )/0 -'%! '$ <:+),A%#'78  !" -<) C0$- '$ 7 ##)" $0+),&7,'-'7 #N 26 'E

κ̄2 < 08 -<) )/0 -'%! '$ )##'+-'78  !" -<) C0$- '$ 7 ##)" $0A&7,'-'7 #N H6 'E κ̄2 = 08 -<)

C0$- '$ 7,'-'7 #3

O%C),  !" P%,) 0 QIRS C'@) ")- '#)" $%#0-'%!$ E%, $0+),&  !" $0A&7,'-'7 # 7 $)$ E%,

p3 T%, -<) $0+),&7,'-'7 # 7 $)8 -<) $%#0-'%! '$ %A- '!)" E,%( F7<* ,=$7<'#"K$ +,%A#)(>

P (x̄, 0) = − 1

π

∫ ∞

0

√

−x̄
ξ
· e
−iκ̄(ξ−x̄)

ξ − x̄ · e
−iK̄cξ(

1

χ
+M2

β2
0

)
dξ

= −e
iκ̄x̄

π
·
∫ ∞

0

√

−x̄
ξ

e−iξ(K̄c/χ+κ̄+Mµ̄)

ξ − x̄ dξ. 1234R6

?<) '!-)C, -'%! '$ 7 #70# -)"  $>

∫ ∞

0

√

x̄

ξ

e−iBξ

ξ − x̄ dξ = πe−iBx

[

1− eiπ/4

π

∫ −Bx̄

0

e−it√
t
dt

]

,
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 !"#$% &'&( )**#+,$-,!./ .0 +.#$1% 2%!/" 1./3%1,%4 25 ,6% !/1!4%/, "#+,+'

7!,6 B = K̄c/χ+ κ̄+Mµ̄' 8% $%1."/!9% ,6-,(

E∗(x) =

∫ x

0

e−it√
2πt

dt = C1(x)− iS1(x), :&';<=

76%$% C1 -/4 S1 -$%  $%+/%* !/,%"$-*+' >6%/ 7% .2,-!/ ?$%++#$% @#1,#-,!./ -+(

P (x̄, 0) = e−ix̄K̄c/χf(x̄). :&';A=

76%$% f(x̄) = [(1 + i)E∗(−Bx̄)− 1] !+ ,6% 1.B?*%C -B?*!,#4% .0 ,6% +.#$1% 4!+,$!D

2#,!./' E!/1% !/ $%-*!,5 ,6% ?*-,% !+ /., +%B!D!/F/!,%G 2#, 7!,6 - F/!,% 16.$4 *%/",6

c = 2bG ,6% F$+, 2.#/4-$5 1./4!,!./ :HI' :&';&== !+ /. *./"%$ 0#*F**%4 0.$ x < −2b
:.$ x̄ < −2=' >6%$%0.$% !, !+ /%1%++-$5 ,. ?%$0.$B - &/4 !,%$-,!./G 1.$$%+?./4D

!/" ,. ,6% *%-4!/" %4"% 2-1JD+1-,,%$!/"' >6!+ &/4 !,%$-,!./ !+ !B?.$,-/, 76%/ ,6%

16.$4 !+ +B-** 1.B?-$%4 ,. ,6% -1.#+,!1 7-3%*%/",6G -/4 1-/ "%/%$-**5 2% /%"*%1,%4

0.$ 7!/4 ,#$2!/% /.!+%G -+ +6.7/ !/  !"#$%+ K -/4 < .0 LMKN' O.$% 4%,-!*+ ./ ,6%

2-1JD+1-,,%$!/" 1.$$%1,!./ -$% "!3%/ !/ P??%/4!C P'

5/,67&03 1+%)& 8/0890/'%+1)

)/4#1%4 ?$%++#$% F%*4 !+ /.7 *!/J%4 ,. ,6% 0-$ F%*4 +.#/4 ?$%++#$% *%3%*' 8% -++#B%

,6% .2+%$3%$ 1..$4!/-,% !+ (x1, x2, x3)G ,6% +.#$1% 1..$4!/-,% !+ (y1, y2, y3) -, $%,-$4%4

,!B%G -/4 -, 1#$$%/, ,!B%G ,6% +.#$1% 1..$4!/-,% !+ (y′1, y
′
2, y

′
3)' >6% B.3%B%/, .0 ,6%

+.#$1% !+ 1-#+%4 25 ,6% 1./3%1,!3% %Q%1, .0 ,6% 0$%% +,$%-BG -+ +6.7/ !/ F"#$% &'&'

P11.$4!/" ,.  @.71+D8!**!-B+DR-7J!/"+ P/-*."5G ,6% +.#/4 $-4!-,!./ -, 0-$ F%*4

4#% ,. - 4!?.*% +.#$1% :- ?.!/, 0.$1%= 0.$ -/ #/2.#/4%4 B%4!#B 1-/ 2% %C?$%++%4

-+ LMSN(

dp′(~xi, t) =
~Rt

4πc0R2s
·
[

∂ ~F

∂t

]

, :&';T=

76%$% ,6% ,%$B !/+!4% [ ] !+ %3-*#-,%4 -, $%,-$4%4 ,!B%' >. .2,-!/ ,6% -1.#+,!1

?$%++#$% -, ,6% $%1%!3%$G 7% !/,%"$-,% %I#-,!./ :&';T= .3%$ ,6% @-, ?*-,% +#$0-1% SG



 ! "#$%&'(  ) *+,'&-. +/0'1 2/( $'(/034$+,5 4/,.'

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

p̃(~xi, ω) =
1

2π

∫

S

R3
4πc0R2s

∫ ∞

∞

[

∂l(~y, t′)

∂t′

]

t−Rt/c0

e−iωt dtdS

=

∫

S

iωR3
4πc0R2s

1

2π

∫ ∞

−∞

l(~y, t)

dt
e−iω(t+Rt/c0) dtdS

=

∫

S

iωR3
4πc0R2s

l̃(~y, ω)e−iωRt/c0 dS, 123456

7*+$+ dS = dy1 · dy28  !" Ri =
√
xi − yi8 i = 1, 2, 33 9+ (-%# +(.* %):+ #* # #*+

.; #+ )% !'# /'!%)"+$+" %+()<)!=!)#+  !>('$+  # #*)% %# ?+3 @'#+  ;%' #* # l̃(~y, ω) )%

#*+ ,'-$)+$ #$ !%&'$( '& l(~y, t)8 #*+ ;)&# &'$/+ "-+ #' #*+ .$+%%-$+ A-(. '! #*+ .; #+

%-$& /+8  !" )# )% )"+!#)/ ; #' #*+ .$+%%-$+ B-/#- #)'! p (+!#)'!+" )! #*+ .$+C)'-%

%+/#)'!0

d~F = l(y1, y2, t)dSy~e3 = p(y1, y2, t)dSy~e3, 1232D6

 !"

~F * % '!;> #*+ ~e3 /'(.'!+!#3 E*+ "+$)C #)'! &$'( $+# $"+" #)(+ t′ #' #*+

/-$$+!# #)(+ t F>  %%-()!? l(~y, t) = l0(~y)e
iωt

)% #*-%

[

∂l(~y, t′)

∂t′

]

t−Rt
c0

=
∂l0(~y)e

iω(t−Rt
c0
)

∂t

dt

dt′
= iωl0(~y)e

iωte
−iωRt

c0 = iωl(~y, t)e
−iωRt

c0 .

123246

~Rt )% #*+ .'%)#)'! C+/#'$ F+#7++! #*+ $+# $"+" %'-$/+ ;'/ #)'!  !" #*+ 'F%+$C+$8

 !" Rs )%  ('")=+" ")%# !/+ "+=!+"  %0

R2s = R21 + β20(R
2
2 +R23) = (x1 − y1)2 + β20((x2 − y2)2 + (x3 − y3)2). 123226

G)!/+ y′1 = y1 + U Rt

c0
7)#*

Rt

c0
#*+ .$'. ? #)'! #)(+8 7+ / ! +H.$+%%

~Rt  %0

(

x1 − y1 − U
Rt
c0

)2

+ (x2 − y2)2 + (x3 − y3)2 = R2t . 1232I6

9+ #*+! %';C+ #*)% %+/'!" '$"+$ +J- #)'! &'$ Rt  !" ?+#0

Rt =
−M |x1 − y1|+

√

(x1 − y1)2 + β20 [(x2 − y2)2 + (x3 − y3)2]
β20

= (Rs −MR1)/β
2
0 . 1232K6

L& 7+ &-$#*+$  %%-(+ #* # #*+ 'F%+$C+$ )%  # & $ =+;"8 #* # )% x1 ≫ y18 x2 ≫ y28  !"

!'#+ y3 = 0 '! #*+  )$&'); %-$& /+8 7+ / !  ..$'H)( #+ Rs  %0

R2s = (x1 − y1)2 + β20
[

(x2 − y2)2 + (x3 − y3)2
]

= [x21 + β20(x
2
2 + x23)]

[

1 +
y21 − 2x1y1 + β20y

2
2 − 2β20x2y2

x21 + β20(x
2
2 + x23)

]

≃ S20

[

1− 2(x1y1 + β20x2y2)

S20

]

, 1232M6
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 !"# S0 =
√

x21 + β20(x
2
2 + x23) !"#$%

Rs ≃ S0

(

1− 2(x1y1 + β20x2y2)

S20

)

1

2

≃ S0

(

1− x1y1 + β20x2y2
S20

)

&!'()*+ ,-.'/$0*/1. &2 231

45 6, 6+07, P (ȳ1, ȳ2) = f(ȳ1)e
−i(K̄xȳ1+K̄y ȳ2)

8 607" K̄x = ω/U = χK̄c8 7", +'90':

70*/ 0/7,;+') <,=*>,$%

p̃(~xi, ω) =
−iωx3
4πc0S20

b2
∫ 0

−2

∫ L/2b

−L/2b
f(ȳ1)e

−i(K̄xȳ1+K̄y ȳ2)

·e
−i k

β2
0

[S0−
x1ȳ1+β2

0
x2ȳ2

S0
b−M(x1−bȳ1)]

dȳ1dȳ2. &2 2?1

!* *<7'0/ 7"0$ ,-.+,$$0*/8 6, #$,9 @A#'70*/ &2 231 5*+ 7", ."'$,8 '/9 Rs ≃ S0 5*+

7", '>.)07#9, !", 0/7,;+') =*/=,+/0/; ȳ2 0$

b

∫ L/2b

−L/2b
e−iK̄y ȳ2e

−i k

β2
0

·(−
β2
0
x2b

S0
)ȳ2

dȳ2 = L sinc

{

L

2b

(

K̄y − k̄
x2
S0

)}

, &2 2B1

6",+, sinc(x) = sin(x)/x '/9 7"0$ ),'9$ 7*

p̃(~xi, ω) =
−iωLx3b
4πc0S20

sinc

[

L

c
(K̄y − k̄x2/S0)

]

·e
−i k

β2
0

(S0−Mx1)
∫ 0

−2
f(ȳ1)e

−iȳ1[K̄x−µ(x1/S0−M)] dȳ1. &2 2C1

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

!", .*6,+ $.,=7+') 9,/$07( *5 7", 5'+:D,)9 $*#/9 '7 5+,A#,/=( ω 0$ 7", +,$#)7$ *5 '))

7", EF ;#$7$ 45 6, '$$#>, 7", 7#+<#),/=, 0$ G5+*H,/G 6"0), =*/I,=7,9 <( 7", >,'/

J*6 0/$09, 7", <*#/9'+( )'(,+8 7",/ 7", ="*+9:60$, 6'I, /#><,+ 5*+ 7"0$ 5+,A#,/=(

0$ $,),=7,9 <( Kx = Kc = ω/Uc 6",+, Uc 0$ 7", =*/I,=7,9 I,)*=07( '/9 Kc 0$ 7",

=*/I,=7,9 6'I, /#><,+ !"#$ 7", J#=7#'70/; 6')) .+,$$#+, D,)9 ='/ <, ,-.+,$$,9

'$

P (~xi, ω) =
1

Uc

∫ ∞

−∞
g

(

x1,
ω

Uc
,Ky

)

A0

(

ω

Uc
,Ky

)

e−iKyx2 dKy, &2 EK1

6",+, g 0$ ' 7+'/$5,+ 5#/=70*/ 7"'7 =*//,=7$ 7", 0/=09,/7 .+,$$#+, .,+7#+<'70*/ pin *5

'>.)07#9, A0 7* 7", .+,$$#+, D,)9 P  45 6, '$$#>, 7", $#+5'=, .+,$$#+, J#=7#'70*/

='#$,9 <( 7", 7#+<#),/=, 7* <, ' $7'70*/'+( +'/9*> .+*=,$$8 7",/ 6, ='/ '/')(H,

P (~xi, ω) $7'70$70='))( !", .*6,+ $.,=7+') 9,/$07( <,76,,/ 2 .*0/7$ */ 7", '0+5*0)

$#+5'=, ~y '/9 ~y′ 0$ 9,D/,9 '$

SPP =
1

Uc

∫ ∞

−∞
g(y1,

ω

Uc
,Ky) g

∗(y′1,
ω

Uc
,Ky)e

−iKyηΠ0

(

ω

Uc
,Ky

)

dKy, &2 EL1
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 !"#" η = y2 − y′2$ Π0 %& '!"  ()"*+,-"# &."/'#+, 01 '!" %*/%2"*' 3+&' (,.4%'+2"

A0$ (*2 %& "&'%,('"2 -5 6/!4%*7"# (*2 8,%"' 9:;< (&

Π0

(

ω

Uc
, K̄y

)

=
Uc
π
Φpp(ω)ly(ω,Ky), =;>?;@

 %'! Φpp '!" &+#1(/" .#"&&+#" A+/'+('%0* &."/'#+,$ (*2 ly '!" &.(*B %&" /0##"4('%0*

4"*3'!> C0#/0& 9:?< .#0.0&"2 ( ,02"4 '!(' /0**"/'& '!%& /0##"4('%0* 4"*3'! '0 '!"

A0 )"40/%'5 (&D

ly(ω,Ky) =
ω/(bcUc)

K2
y + ω2/(bcUc)2

. =;>??@

 %'! bc ( /0*&'(*' '!(' &!0+42 -" ,"(&+#"2 "E."#%,"*'(445> F* '!" ,%2B&.(* .4(*"$

'!" /0##"4('%0* 4"*3'! #"2+/"& '0 '!" /4(&&%/(4 #"&+4'D

ly(ω) =
bcUc
ω

. =;>?G@

H0 ")"#$ %' %& *""2"2 '0 *0'" '!(' +&" 01 C0#/0& ,02"4 (' 40 1#"I+"*/5 #(*3"

%& 4%,%'"2$ ,0#" %*)"&'%3('%0*& 0* '!" ,02"4 (#" 2"&%#"2 10# 40 1#"I+"*/5 *0%&"

&'+25> J!" .0 "# &."/'#(4 2"*&%'5 01 1(# K"42 &0+*2 %& '!"* 0-'(%*"2 1#0, LI> =;>;M@

(*2 =;>?N@ (&D

Spp(~x, ω) =

(

ωLx3
4πc0S20

)2 c

2π

∫ ∞

−∞
Φpp(ω)

sinc2
{

L

c
(K̄y − k̄x2/S0)

} ∣

∣

∣

∣

L

(

ω

Uc
, K̄y

)∣

∣

∣

∣

2

ly(ω,Ky) dK̄y,=;>?O@

 !"#" L %& '!" (%#10%4 '#(*&1"# 1+*/'%0* =%*'"3#(4 10#, 01 g@> LI+('%0* =;>?O@ %&

(* "E(/' &04+'%0* '!(' #"I+%#"& '!" %*'"3#('%0* 0)"# (44 y2 2%#"/'%0*  ()"*+,-"#&>

H0 ")"#$ ( &%,.4%K/('%0* /(* -" ,(2" -5 &'+25%*3 '!" .#0."#'5 01 '!" sinc(x)

1+*/'%0*> F1 L/b %& 4(#3"$ sinc2(x) /(* -" (..#0E%,('"2 -5 ( P"4'( 1+*/'%0*D

sinc2
{

L

2b
(K̄2 − k̄

x2
S0

)

}

≃ 2πb

L
δ(K̄2 − k̄

x2
S0

). =;>?:@

J!%& ,"(*& 10# "(/! 1#"I+"*/5 ω$ '!"#" %& 0*45 0*" .#%)%4"3"2 0-4%I+" 3+&' K̄y = k̄ x2S0

 %44 "Q/%"*'45 #(2%('" '0 '!" 1(# K"42$ '!"#"10#" '!" "E(/' &04+'%0* #"2+/"& '0 (

&%,.4%K"2 &04+'%0*D

Spp(~x, ω) =

(

ωcx3
4πc0S20

)2 L

2

∣

∣

∣

∣

L

(

ω

Uc
,
k̄x2
S0

)∣

∣

∣

∣

2

Φpp(ω)ly

(

ω, k̄
x2
S0

)

. =;>?R@

P"#%)('%0* 01 '#(*&1"# 1+*/'%0* L %& 3%)"* -5 S03"# (*2 T0#"(+ 9GO< 10# &+."#B

/#%'%/(4 (*2 &+-B/#%'%/(4 /(&"& #"&."/'%)"45> U0# &+."#B/#%'%/(4 /(&"

L = L1 + L2 =

∫ 0

−2
[f1(ȳ1) + f2(ȳ1)] e

−iCx̄ dx̄, =;>?V@



 !"! #$%&'() '*&+,- .+, ',/%0%12 &32& 1+%)&  4

 !"#" f2(ȳ2) $%##"&'%()& *% *!" +",)-(. ")." $%##"$*-%( *"#/ P20 1%# *!" 2#&* %#)"#

*"#/3  " !,4"5

L1 = −
e2iC

iC

{

(1 + i)e−2iC
√

B

B − CE
∗[2(B − C)]− (1 + i)E∗(2B) + 1

}

, 67089:

 !"#" C = K̄c − µ̄(x1/S0 − M)0 ;& "<'+,-(") => ?%."# ,() @%#",A BCDE3 *!-&

"<'#"&&-%( -($+A)"& *!" -($-)"(* '#"&&A#" FA/' $%##"$*-%( '#%'%&") => ;/-"* BGCE0

H<'#"&&-%(& I%# L2 ,() I%# &A=J$#-*-$,+ .A&*& ,#" .-4"( -( ;''"()-< ;0

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

 !"! !" 56%)'%12 $+3&0) .+, 7/00 8,&))9,& :9;'9/'%+1

;/-"*K& /%)"+ A&"& ,-#I%-+ #"&'%(&" IA($*-%(& *% $%(("$* *!" &A#I,$" '#"&&A#"

LA$*A,*-%( &'"$*#A/ *% *!" ,$%A&*-$ '#"&&A#" FA/' ,* , I,# 2"+) '%-(*0 ; M">

"+"/"(* I%# "&*-/,*-(. *!" I,# 2"+) NOP ,$$A#,*"+> -& *% "&*-/,*" $%##"$*+> *!"

&A#I,$" '#"&&A#" LA$*A,*-%( &'"$*#A/0 N-($" *!"  ,++ '#"&&A#" LA$*A,*-%( -&

$!,#,$*"#-Q") &*,*-&*-$,++>3 -* -& A&A,++> "<'#"&&") -( *!" I%#/ %I '% "# &'"$*#,+

)"(&-*> IA($*-%(& -( *!" I#"RA"($> )%/,-( BGDE0

<9$&,%;/0 $+3&0) ;( ,$$A#,*" "&*-/,*-%( %I  ,++ '#"&&A#" LA$*A,*-%( &'"$*#A/

$,( =" %=*,-(")  -*! )-#"$* (A/"#-$,+ &-/A+,*-%( 6STN: %# +,#." "))> &-/A+,*-%(

6PHN:0 U% "4"# *!"&" $%/'A*,*-%(& ,#" #",++> *-/" $%(&A/-(. ,() ,#" +-/-*") *%

#"+,*-4"+> &/,++ ?">(%+)& (A/="#&0 ; +"&& $%/'A*,*-%(,+ "<'"(&-4" /"*!%) -& *%

'"#I%#/ ?">(%+)& ;4"#,.") T,4-"#JN*%M"& N-/A+,*-%( 6?;TN:  -*! , *A#=A+"($"

/%)"+0

#1/0-'%;/0 $+3&0) .+, =&,+ 8,&))9,& 2,/3%&1' ;(%*!"# *"$!(-RA" I%# %=*,-(J

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

"<*"(&-4" L% /",&A#"/"(*&3 ,() *#>-(. *% 2() ,''#%'#-,*" &$,+-(. ',#,/"*"#& *%

/,M" ,++ *!" (%#/,+-Q") &'"$*#,+ $A#4"& $%++,'&" *%."*!"#0 N$,+-(. ',#,/"*"#& $,(

=" -(("# ,()W%# %A*"# 4,#-,=+"& %I *!" =%A(),#> +,>"#0 V(("# 4,#-,=+"& $%##"&'%() *%

*!" #".-%(  !"#" *!" 4"+%$-*> -& , IA($*-%( %I 4-&$%&-*> ,()  ,++ &!",# &*#"&&3  !-+"

%A*"# 4,#-,=+"& $%##"&'%() *% *!" #".-%(  !"#" *!" 4"+%$-*> )"'"()& %( *!" "<*"#(,+

4"+%$-*> ,() *!" =%A(),#> +,>"# *!-$M("&& δ0 V( ;/-"*K& %#-.-(,+ ','"# I%# *#,-+-(.

")." (%-&" BCXE3 !" &A.."&*") ,( "/'-#-$,+ I%#/A+, =,&") %( *!" Y-++/,#*! ,() ?%%&K

"<'"#-/"(*,+ ),*,3 => &$,+-(.  -*! , &-(.+" %A*"# 4,#-,=+" δ∗5

Φpp(ω)

ρ0δ∗U3
e

= 2 · 10−5F (ω̃)
2

, 670CZ:

 !"#"

F (ω̃) = (1 + ω̃ + 0.217ω̃2 + 0.00562ω̃4)−1, 670CX:
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 !"# ω̃ = ωδ∗/Ue "#$ %$&'($& )%$*'$+(,- δ
∗
"#$ &!./01($2$+" "#!(3+$.. 1+& Ue

"#$ $4"$%+10 5$06(!",7 8!+($ "#$ .2100 .(10$. !+ "#$ 96'+&1%, 01,$% 1%$ +6"  $00

%$/%$.$+"$& 9, "#!. 6'"$% 51%!190$- :2!$";. 26&$0 &6$. +6" <!5$ 1 <66& (6001/.$ !+ "#$

#!<# )%$*'$+(, %1+<$7 =1"$%- >66&, ?@@A 1""%!9'"$& "#$ #!<# )%$*'$+(, &!.(%$/1+(!$.

6) :2!$";. .!+<0$ /1%12$"$% 26&$0 "6 "#$ B$,+60&. +'29$% $C$("- 1+& "#'. /%6/6.$&

1+ !2/%65$& 26&$0 "#1" "13$. !+"6 1((6'+" "#!. $C$(" 9, '.!+< 2!4$& D!++$% 1+&

6'"$%E 51%!190$.F

Φpp(ω)Ue
τ2wδ

=
c2(ωδ/Ue)

2

[(ωδ/Ue)0.75 + c1]3.7 + [c3(ωδ/Ue)7]
, DG7HGE

 #$%$ τw = µ(dUe/dy) !. "#$  100 .#$1% ."%$..- 1+& "#$ (6+."1+". c1- c2 1+& c3 1%$

.'<<$."$& "6 9$ I7J- K7I 1+& 1.1R−0.57T %$./$("!5$0,-  !"# RT = (δ/Ue)/(ν/u
2
∗) "#$

%1"!6 6) "#$ 6'"$% "6 !++$% 96'+&1%, 01,$% "!2$ .(10$.- ν "#$ 1!% 3!+$21"!( 5!.(6.!",-

1+& u∗ "#$ )%!("!6+ 5$06(!",7

*06'(.' %('..7(' 8($0,'4& +/0'1 L6+.!&$%!+< "#$ 1//0!(1"!6+ 6) :2!$";.

26&$0 6+ 1 %$10 .!M$  !+& "'%9!+$- !" !. /%$)$%190$ "6 '.$ 1 .(10!+< )6%2'01 )6%

"#$  100 /%$..'%$ N'("'1"!6+ ./$("%'2 )6% !". $O(!$+(,7 P6 $5$%- 96"# :2!$";. 6+$

/1%12$"$% 26&$0 1+& >66&,;. 26&$0 1%$ )6% 1 M$%6 /%$..'%$ <%1&!$+" DQR>E N6 

(6+&!"!6+- "#1" !. "6 .1, )6% 1 /01" /01"$  !"# 1 )'00, &$5$06/$& 96'+&1%, 01,$%7 S"

!. +6" %$10!."!( )6% 1+ 1!%)6!0  #$%$ 1+ 1&5$%.$ /%$..'%$ <%1&!$+" D:R>E !. 69.$%5$&

9$)6%$ "#$ "%1!0!+< $&<$7 T6 "13$ !+"6 1((6'+" "#!. $C$("- B6M$+9$%<  ! "#$ ?@UA /%6V

/6.$& 1 26%$ (62/0$4 26&$0 91.$& 6+ >66&,;. 26&$0 1+& 51%!6'. $4/$%!2$+"10 1+&

+'2$%!(10 &1"17 S+ "#!. :R>  100 /%$..'%$ ./$("%'2 26&$0- " 6 +$ /1%12$"$%. 1%$

!+"%6&'($&F ∆ 1+& βc7 ∆ = δ/δ∗ !. "#$ %1"!6 9$" $$+ 96'+&1%, 01,$% "#!(3+$.. δ 1+&

&!./01($2$+" "#!(3+$.. δ∗- 1+& βc !. 1+ !+&!(1"6% )6% "#$ .'%)1($ /%$..'%$ <%1&!$+"7

T#$+ Φpp .(10$. 1.

Φpp(ω)Ue
τ2maxδ

∗ =

[

2.82∆2(6.13∆−0.75 + F1)
A1

] [

4.2 ·
(

Π
∆

)]

ω̃2

[4.76ω̃0.75 + F1]A1 + [8c3ω̃]A2
,  !"#$%

&'()( *'( +,-. /,),+(*()0 12 *'( +13(4 ,)( 56789

• *'( &,:( 0*)(.;*' /,),+(*() Π = 0.8(βc + 0.5)3/4<

• *'( =4,>0() /,),+(*() βc =
θ∗

τw
dp
dx *',* ?1+/,)(0 /)(00>)( 21)?(0 1. *'( @1>.3A

,)B 4,B() *1 *'( &,44 0'(,) 21)?(0<

• *'( ),*-1 12 @1>.3,)B 4,B() *'-?:.(00 *1 3-0/4,?(+(.* *'-?:.(00 ∆ = δ/δ∗<

&-*' θ∗ *'( +1+(.*>+ *'-?:.(00< τmax *'( +,C-+>+ 0'(,) 0*)(00 ,41.; *'( .1)+,4

3-)(?*-1.< ,.3

dp
dx *'( /)(00>)( ;),3-(.*" D. ,33-*-1.< A1< A2 ,.3 F1 ,)( (+/-)-?,4
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APG model

ZPG model

 !"#$% &'() *+$,-.!/%0 1-.. 2$%33#$% 32%45$#, 6+$ 789 ,+0%. -:0 9++0;<3 =89

,+0%. 6+$ βc = 0'

4+%>4!%:53 "!?%: @;)

A1 = 3.7 + 1.5βc, A&'BBC

A2 = min(3, 19/
√

RT ) + 7, A&'BDC

F1 = 4.76

(

1.4

∆

)0.75

[0.375A1 − 1]. A&'BEC

F+,2-$%0 5+ 9++0;<3 ,+0%.G 5H% 2$+2+3%0 789 ,+0%. #3%3 δ∗ !:35%-0 +6 δG τw
!3 $%2.-4%0 @; τmaxG 1H!4H !3 5H% ,-I!,#, 3H%-$ 35$%33 !: 5H% :+$,-. 0!$%45!+: +6

5H% -!$6+!. 3#$6-4%' J-K% 35$%:"5H 2-$-,%5%$ Π 4-: @% ,%-3#$%0 @; %I2%$!,%:5G

H+1%?%$G L+/%:@%$" MENO 4!5%0 -: %,2!$!4-. 6+$,#.- 5H-5 $%.-5%3 Π -:0 βc -3)

Π = 0.8(βc + 0.5)3/4.
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?-.!0-5!+:3' 7.. 5H% :%4%33-$; !:2#5 2-$-,%5%$3 4-: @% 4-.4#.-5%0 @; #3!:" F T

5++.3' U%$%G V WXR A?%$3!+: E'YEC !3 #3%0' βc !3 5H% K%; 2-$-,%5%$ 6+$ 5H!3 ,+0%.
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H% H-3 4+..%45%0'
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G,H ∆ ∈ [2 8]: GDH βc ∈ [0 4]:

<63$.( =:>I J(',-6!." !+ ,%-(."( /.(""$.( /,.,0(#(." 65 KLM 0!%(4:

N!#( #',# !#'(. 2,44 /.(""$.( F$*#$,#6!5 0!%(4" (96"#1 "$*' ," #'(  NOPJ4,7(

0!%(4: Q!0( .(*(5# "#$%6(" ',-( "'!25 #',# #$.D$4(5*( ,56"!#.!/& ()(*#" 5((% #!

D( 65*4$%(% #! 60/.!-( #'( 0!%(4 ,**$.,*& R@=1 SAT: ;5 #'6" 0!%68(%  NOPJ4,7(

0!%(41 #'( #$.D$4(5*( 65#(5"6#& ,5% 65#(3.,4 4(53#'P"*,4( ,.( ,44!2(% #! D( %6)(.(5#

65 #'( #'.(( !.#'!3!5,4 %6.(*#6!5":

)*7*)*) 8$($,'&(-6 /&914 30( :0951$(4 2$4'( ('2$&'1 &'(,/ 9/-5; <=>?@

U<O;V 6" ,5 65#(.,*#6-( /.!3.,0 +!. #'( ,5,4&"6" !+ 6"!4,#(% ,6.+!64" 65 65*!0P

/.(""6D4( /!#(5#6,4 F!2":  '( 3(!0(#.& !+ #'( ,6.+!64 6" %6-6%(% 65#! /6(*(26"(

"#.,63'# 465( /,5(4" 26#' ,""!*6,#(% -!.#(9 "'((#" RSWT: K44 65/$# /,.,0(#(." ,5%
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!&")& !"@. /)$+ "% $ "($& !"!%& *%!&" :/% )( "% "?) /)$+!&8 )+8)5 ,G "?) "#(D#/)&"

!&")& !"@ ! &%" 7)&"!%&)+ )P*/!:!"/@K +)G$#/" =$/#) Ncrit = 9 ! # )+5 ,& QLR,OK
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δ = θ∗
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+ δ∗, -153>.

;?)() Hk = δ∗/θ∗ ! "?) S!&)7$"!:  ?$*) G$:"%(5 V) :$&&%" ) "!7$") τmax G(%7

QLR,OK  % ;) $  #7) τmax = τw !& "?) G%//%;!&8K ;!"? τw = 1
2ρU
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/01234 (5.6 7809 :;4<:049= Cf >;3 ?0@4349= Ncrit A!B24C5 $;$ D 4o !9? Re = 4 · 106
>;3 !BB :!C4C5 7;B0? B094C6 C2:=0;9 C0?4CE ?!CF4? B094C6 G34CC234 C0?4C5
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461&!@ %,# $03$630%&'!)  / %,# 057#$% 10%&' &5 56C$&#!%3D 301@#+ &% &5 #:7#$%#4 %,0%
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OD!%1 K(TMB 7 :7012$ 2: 2 02D%8 :$2D 15% :701 1571 15% .5>8!0799> $%79!R7<9% 23%=

8!/%/ ,+W !8 /%X3%/ :2$ .28!1!@% :$%Y#%30!%8 239>B 73/ 7 :7012$ 2: 2π !8 7002#31%/

:2$ !3 %6.$%88!3" $%8#918 !3 1%$D8 2: :$%Y#%30> f $715%$ 1573 15% 0!$0#97$ :$%Y#%30> ω'

Z3 H$22I8 73/ J2/"823F8 42$IB 7 NOPO ))(& 7!$:2!9 2: 052$/ 0.61m 73/ 8.73

0.46m !8 .970%/ !3 73 73%052!0 Y#!%1=C24 :70!9!1>' ?5% 1%81 @%920!1> !8 S['VD;8' O
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 !"#$% &'((\7] 02D.7$%8 15% 8#$:70% .$%88#$% C#01#71!23 8.%01$#D :2$ O,E 73/

G,E D2/%98 12 15% D%78#$%D%318 71 15% 9781 8%382$' Z3  !"#$% &'((\<]B 15% 02D=

.7$!823 :2$ +,- !8 .$%8%31%/ :2$ 15% 87D% %6.%$!D%3179 8%11!3"8' ^!0$2.523%8 7$%

.970%/ !3 15% D!/=8.73 1.2m 7<2@% 15% 1$7!9!3" %/"%' ?5% O,E D2/%9 %A%01!@%9>

!30$%78%8 15% 8#$:70% .$%88#$% 8.%01$#D 9%@%98 71 :$%Y#%30!%8 <%924 V IJRB 15#8 15%

+,- 8.%01$#DB 73/ 15% .$%/!01%/ $%8#918 7$% 0928%$ 12 15% D%78#$%D%318'

Q7D$#RR7D73  ! "#$ K(&M 57@% .%$:2$D%/ 8#$:70% .$%88#$% D%78#$%D%318 23 73

78>DD%1$!0 NOPO 643=418 7!$:2!9 2: 052$/ S) 0D 23 <215 .$%88#$% 73/ 8#01!23 8!/%8
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 !"  !"

#$%&'( )*++, -./01'$2.3 !(45((3 678 /.9(:; 8..9<=2 >78 /.9(: 139 /(12&'(?

/(342 @.' 1 A6-6BB+) 1$'@.$:*  1" C1:: 0'(22&'( 20(D4'&/ D./01'$2.3E  !" #1' F(:9

G7H D./01'$2.3*

AoA = 0o AoA = 3o

δ∗(mm) θ∗(mm) δ∗(mm) θ∗(mm)

IJ0* K*LK )*MM M*L+ N*OM

P#QRH K*B N*+ S*+ N*L

T1!:( )*), U.&391'< :1<(' 01'1/(4('2 D1:D&:14(9 !< P#QRH 139 /(12&'(9 !< V1/?

'&WW1/13  ! "#$ X+)Y 14 JZD [ B*MMO*

5\$D\ 0('/$42 &2 4. 24&9< 4\( 20(D4'&/ .3 !.4\ 2$9(2 .@ 4\( 1$'@.$:* T\( $3].5

^(:.D$4< $2 K)/Z2 139 4\( 6.6 $2 0o* T\( !.&391'< :1<(' 9$20:1D(/(34 4\$D_3(22

δ∗ 139 /./(34&/ 4\$D_3(22 θ∗ D1:D&:14(9 !< P#QRH 1'( D./01'(9 4. /(12&'(9

^1:&(2 $3 T1!:( )*)  2&D4$.3 2$9( .3:<"*

#$%&'( )*+) 2\.52 4\( 0'(22&'( D.(`D$(34 139 2_$3 @'$D4$.3 D.(`D$(34 .3

4\( 1$'@.$: 2&'@1D( 14 W('. 6.6* U.4\ 0:.42 2\.5 4\14 4\( 19^('2( 0'(22&'( .3:<

100(1'2 .3 4\( 2&D4$.3 2$9( 5\$:( .3 4\( 0'(22&'( 2$9(; 1 @1^.'$4( 0'(22&'( %'19$(34

$2 .!2('^(9* T\$2 /1_(2 4\( 100:$D14$.3 .@ 678 /.9(: .3 4\( 0'(22&'( 2$9(

a&(24$.31!:(* b('( 5( 5$:: .3:< 100:< 4\( 678 /.9(: .3 4\( 2&D4$.3 2$9(; 139

8..9<=2 >78 /.9(: 5$:: !( &2(9 @.' 4\( 0'(22&'( 2$9(*

622.D$14(9 51:: 0'(22&'( 20(D4'1 1'( 0:.44(9 $3 #$%&'( )*+N 1"* Q3 4\( 2&D4$.3

2$9(; 4\( 0'(9$D4$.32 1'( /&D\ D:.2(' 4. 4\( /(12&'(/(342 &2$3% 4\( 678 /.9(:

D./01'(9 4. 4\( >78 /.9(:; 1:4\.&%\ 4\( :(^(:2 1'( 24$:: :.5(' 4\13 4\( /(12&'(9

.3(2* #$%&'( )*+N !" D./01'(2 4\( G7H 20(D4'&/ 0'(9$D4$.32 4. 4\( /(12&'(/(342*

c2$3% 4\( 678 /.9(: .3 4\( 2&D4$.3 2$9( 139 4\( 8..9<=2 >78 /.9(: .3 4\( 0'(2?

2&'( 2$9(; 1 !(44(' 1%'((/(34 $2 @.&39 1:4\.&%\ 4\( 0'(9$D4$.32 24$:: &39('(24$/14(
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 !"  !"

#$%&'( )*+,-  ." /.00 1'(22&'( 21(34'. 56 47( 2&34$56 2$8(  !0.39 0$6(2" .68 56

47( 1'(22&'( 2$8(  '(8 0$6(2" :(.2&'(8 !; <.:'&==.:.6  ! "#$ >+)?  2;:!502" .68

1'(8$34(8 !; @AB  250$8 0$6(2" .68 CAB :58(02  8.27(8 0$6(2" :58(02*  !" D7$'8

534.E( !.68 21(34'. 5F F.'GH(08 IAJ* I;:!502- :(.2&'(:(642K !0.39 0$6(- @AB

:58(0 .110$(8 56 2&34$56 2$8(L .68 B558;M2 CAB :58(0 56 1'(22&'( 2$8(K !0&( 0$6(-

CAB :58(0*
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)*7*8*) 9:; 60,%$(-/05 <-&# /',-=',%-(-6$2 ,01'2

 !"#$%&'# (#)%*+#(#$"% ,&"- ./0/ 1123 )&+45&6 )+# 7#+45+(#8 9: ;+55<%=

>57# )$8 ?)+@56&$& A2B C;>? +#75+"D= 7+5'&8&$E *% "-# 75%%&9&6&": 54 ')6&8)"&$E

/(&#"F% (58#6 45+ "+)&6&$E #8E# $5&%#G H-#: 7+575%#8 ) %#(&I#(7&+&@)6 (58#6

9)%#8 5$ "-#%# (#)%*+#(#$"% ,&"- J!#8 ./0/ 1123 )&+45&6%G H-*% "-#&+ (58#6

+#K*&+#% ()$: 8&+#@" 95*$8)+: 6):#+ 7)+)(#"#+% )% &$7*"= %*@- )% 95*$8)+: 6):#+

"-&@<$#%% δ∗= (5(#$"*( "-&@<$#%% θ∗G H-# )&+45&6% -)'# ')+&5*% @-5+8 6#$E"-%=

0.1016m, 0.1524m, 0.2286m, 0.3048mG H-# %7)$ &% 0.46m= %5 5$6: "-# )&+45&6%

,&"- @-5+8% 54 0.1016m, 0.1524m 4*6J66 "-# 6)+E# )%7#@" +)"&5 @+&"#+&)G H#%"#8 )$I

E6#% 54 )"")@< C/5/D )+# 4+5( 0o "5 12.6oG ;5*$8)+: 6):#+ 7)+)(#"#+ (#)%*+#(#$"%

)+# ()8# )" 1GLM (( 4+5( "-# "+)&6&$E #8E#G /&+45&6% )+# "#%"#8 ,&"- "+&77#8 )$8

*$I"+&77#8 %*+4)@#%G N5+ "+&77#8 @)%#%= "-# 95*$8)+: 6):#+ "+)$%&"&5$ 4+5( 6)(&$)+

"5 "*+9*6#$@# ,)% )@-&#'#8 9: ) +)$85( 8&%"+&9*"&5$ 54 E+&" &$ %"+&7% 4+5( "-#

6#)8&$E #8E# "5 20% @-5+8O ,-&6# 45+ *$I"+&77#8 @)%#%= "-# %*+4)@#% ,#+# %(55"-

)$8 @6#)$= )$8 4+## "+)$%&"&5$ ,)% #!7#@"#8G H-&% "+)$%&"&5$ 65@)"&5$ &% +#)6&P#8 9:

@-)$E&$E "-# xtr ')6*# &$ QNRST= )% #!76)&$#8 &$ U#@"&5$ 3G2G3G3G H#%" '#65@&"&#%

)" 4+## %"+#)( ,#+# *7 "5 V2GW(X%= @5++#%75$8&$E "5 ) ?)@- $*(9#+% *7 "5 1G31Y=

)$8 ) Z#:$568% $*(9#+% *7 "5 1.5 · 106 45+ "-# 6)+E#%" @-5+8G

S$ "-&% ;>? +#75+"= #(7&+&@)6 #!7+#%%&5$% 45+ δ, δ∗, θ∗ 45+ ) ./0/ 1123 )&+45&6

,&"- %-)+7 "+)&6&$E #8E# )+# E&'#$ 45+ 95"- "+&77#8 )$8 *$I"+&77#8 @)%#%= )$8 45+

95"- %&8#%G /66 "-# #!7+#%%&5$% )+# 59")&$#8 9)%#8 5$ "-# #!7#+&(#$")6 +#%*6"% CU##

N&E*+#% LIY &$ "-# +#75+"DG QNRST +#%*6"% 45+ δ∗ )$8 θ∗= )$8 #%"&()"&5$ 54 δ 4+5(

 K*)"&5$ C3GMVD )+# @5(7)+#8 ,&"- "-# #(7&+&@)6 @*+'#% &$ N&E*+# 3G2MG [# @)$ %##

"-)" "-# 95*$8)+: 6):#+ "-&@<$#%%#% 54 "-# "+&77#8 @)%# J" 9#""#+ ,&"- "-# #(7&+&@)6

@*+'#% "-)$ "-5%# 54 "-# *$I"+&77#8 @)%#G H-&% (): 9# 9#@)*%# 45+ *$I"+&77#8 @)%#%=

#%7#@&)66: )" 65, Z#:$568%= "-# 95*$8)+: 6):#+ +#()&$% 6)(&$)+ "&66 "+)&6&$E #8E#=

)$8 "-*% &" &% "-&@<#+ "-)$ "-# "+&77#8 @)%# ,&"- "-# %)(# Z#:$568%G H-# +#%*6"% 45+

6)+E#+ @-5+8% J" 9#""#+ "-)$ "-5%# 45+ %()66#+ @-5+8%= 9#@)*%# &" -)% 6)+E#+ Z#:$568%

$*(9#+ 45+ "-# %)(# '#65@&":G H-# @)%# ,&"- 0.1524m @-5+8 J"% "-# 9#%" )(5$E )66

@-5+8% 45+ 95"- δ∗ )$8 θ∗G ;5*$8)+: 6):#+ "-&@<$#%% δ &% &$ E558 )E+##(#$" &$ "-#

Z#:$568% +)$E# ,-#+# δ∗ )$8 θ∗ )+# ,#66 J""#8= ,-&@- (#)$% #!7+#%%&5$ C3GMVD @)$

9# *%#8 "5 @)6@*6)"#8 δG

;5*$8)+: 6):#+ 7)+)(#"#+% )% ) 4*$@"&5$ 54 /5/ )+# 765""#8 &$ N&E*+# 3G2\G

R$6: "-# "+&77#8 @)%# )+# %-5,$ 45+ &$]5, '#65@&"&#% 54 W^GL(X% )$8 V2GW(X%G H-#

J""&$E &% 9#""#+ 45+ 7+#%%*+# %&8# "-)$ %*@"&5$ %&8#G H-&% (): 9# 8*# "5 "-# 4)@"

"-)" 5$ "-# %*@"&5$ %&8#= "-#+# &% ) +&%< 54 ]5, 8#")@-(#$"G _$8#+ "-&% %&"*)"&5$=

QNRST @)$$5" 7+5'&8# @5++#@" +#%*6"%G N5+ "-# 7+#%%*+# %&8#= "-# 95*$8)+: 6):#+ &%

6#%% 6&<#6: "5 8#")@-= "-*% QNRST +#%*6"% )+# (5+# +#6&)96#G

N5+ "-# U>T (#)%*+#(#$"%= ) (&@+57-5$# &% 76)@#8 1.22m ),): 4+5( "-# )&+45&6

"+)&6&$E #8E# &$ "-# (&8I%7)$G N+## %"+#)( '#65@&": &% 71.3m/s 45+ )66 "-# @)%#%G
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 !" U = 71.3 m/s  !" U = 39.6 m/s

#$%&'( )*+,- ./012'$3/4 /5 δ∗6 δ 247 θ∗ 8298&92:(7 !; <#=>? 5/' :'$11(7 823(3 2:

@2'$/&3 A/A* B;0!/9 3C21(3 2'( 8/43$3:(4: D$:C #$%&'( )*+E* F01:; 3;0!/93 2'( 5/'

3&8:$/4 3$7(6 247 G99(7 3;0!/93 2'( 5/' 1'(33&'( 3$7(* ?(5: 8/9&04 8/43$3:3 G%&'(3

D$:C 5'(( 3:'(20 @(9/8$:; U = 71.3 m/s6 '$%C: 8/9&04 8/43$3:3 G%&'(3 D$:C 5'((

3:'(20 @(9/8$:; U = 39.6 m/s* B&!38'$1:$/4 0 3:2473 5/' :C( 8/''(31/47$4% :('03

2: 0o A/A*
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 !"#$%" &'( )*'(+ '& 0.1524m ,(! "*'-. -/%* 0,(/'#" 1'1" /. 2/3#(! 45675 8,(9!("

,(! (!"#$%" &(': ;<8 "!:/=!:>/(/),$ :'+!$? $/.!" ,(! (!"#$%" &(': 1:/!%@" :'+!$A

-/%* B''+C@" D<B :'+!$ E$!&% )'$#:.F ,.+ %*! 1<B :'+!$ E(/3*% )'$#:.F (!">!)=

%/0!$C5 2'( , G1H1 II64 ,/(&'/$A ,+0!("! >(!""#(! 3(,+/!.% ,>>!,(" '. J'%* "/+! '&

%*! %(,/$/.3 !+3!A %*#" B''+C@" :'+!$ #.+!(!"%/:,%! %*! (!"#$%"5 1<B :'+!$ 3/0!"

(!$,%/0!$C 3''+ (!"#$%"A !">!)/,$$C /. %*! $'-!( &(!K#!.)C (,.3!A J#% '0!( !"%/:,%!"

%*! L<M ,% */3*!( &(!K#!.)/!"5 N'-!0!(A #"/.3 1<B :'+!$A -! ),. ),>%#(! %*! >*!=

.':!.'. %*,% OPG /" +':/.,.% '. %*! "#)%/'. "/+!A ,.+ %*! $!0!$ /" >('>'(%/'.,$ %'

%*! +/">$,)!:!.% %*/)9.!""A -*/$! %*! ">!)%(#: >!,9 &(!K#!.)C /" /.0!("!$C >('>'(=

%/'.,$ %' %*! +/">$,)!:!.% %*/)9.!""A ," :!.%/'.!+ JC ;(''9" ,.+ N'+3"'. QR6S5 2'(

1'1 3(!,%!( %*,. ,>>('T/:,%!$C 5oA "!>,(,%/'. .'/"! J!)':! +':/.,.% ,))'(+/.3

%' ;<8 :'+!$5 L!>,(,%/'. .'/"! /" .'% ,))'#.%!+ &'( /. '#( :'+!$A -*/)* :/3*%

#.+!(!"%/:,%! %*! L<M ,% */3* 1'15

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

 ! !" #$%&'()&*+ *, -.&$)/0 .*1$2 ,*% )3%432$+) &+5*6 +*&0$

U*!. , %#(J#$!.% 3#"% !.)'#.%!(" ,. ,/(&'/$ E'( , >$,%!FA %*/" V#)%#,%/.3 3#"% -/$$

),#"! , V#)%#,%/.3 $/&% E'( V#)%#,%/.3 >(!""#(!F '. %*! ,/(&'/$ "#(&,)!A -*/)* /.

%#(.A $!,+ %' %*! 3!.!(,%/'. '& "'#.+5 1:/!%@" ,.,$C%/),$ :'+!$ &'( %#(J#$!.% /.V'-

.'/"! QWIS -," >('>'"!+ J!&'(! %(,/$/.3 !+3! .'/"! QW6S5 O*! >(')!+#(! /" "/:/$,(

," &'( %(,/$/.3 !+3! .'/"!5 2/("%A %*! >(!""#(! V#)%#,%/'. '. %*! ,/(&'/$ "#(&,)! +#!

%' /.)':/.3 3#"%" /" +!%!(:/.!+5 O*/" /" #"#,$$C +'.! /. %*! 2'#(/!( +':,/. JC

+!)':>'"/.3 %*! /.)':/.3 3#"%" /. -,0! .#:J!("5 O*!. ,)'#"%/) ,.,$'3C /" ,>>$/!+

%' 'J%,/. %*! &,( X!$+ >(!""#(! V#)%#,%/'.5 O*! $,"% "%!> )'."/"%" '& ),$)#$,%/.3 %*!

>'-!( ">!)%(,$ +!."/%C '& &,( X!$+ >(!""#(! V#)%#,%/'."A %' 3!% %*! L<M ">!)%(#: ,%

&,( X!$+5

617.8%7 (.+-98% :+%((.+% 2.8&.9&$*1

1" &'( %(,/$/.3 !+3! .'/"!A -! X("% ,""#:! , V,% >$,%! -/%* , "!:/=/.X./%! )*'(+5

1. /$$#"%(,%/'. '& %*! )'.X3#(,%/'. /" "*'-. /. 2/3#(! 456R5 O*! $!,+/.3 !+3! /"

,$/3.!+ -/%* y ,T/"A V'- /" /. x +/(!)%/'.A ,.+ z /" %*! +/(!)%/'. .'(:,$ %' %*! >$,%!

"#(&,)!5 Y.)':/.3 %#(J#$!.)! /" )'.0!)%!+ JC %*! :!,. V'- U 5 U! ,""#:! %*,%

+#(/.3 %*! )'.0!)%/'.A %#(J#$!.)! >('>!(%/!" +' .'% )*,.3! E&('Z!. %#(J#$!.)!F5 Y&

-! +!)':>'"! %*! %#(J#$!.% 3#"% /. %*! 2'#(/!( +':,/.A -! ),. !T>(!"" %*! 3#"% /.

&'(:

w = w0e
i(ωt−Kxx−Kyy), E45W[F

-*!(! Kx ,.+ Ky ,(! %*! )*'(+=-/"! ,.+ ">,.=-/"! -,0!.#:J!( (!">!)%/0!$C5 O*!

0!$')/%C >'%!.%/,$ X!$+ φ /:>'"!+ JC w -/%* /" %*!.

φ(x, y, z, t) = ϕ(x, z)eiωte
kM

β2
0

ix
e−iKyy. E45\IF
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 !""!#$%& '() *$+$",- .-!/)01-) ,* 2!- '-,$"$%& )0&) %!$*)3 #) !4',$% '() 56

7)"+(!"'8 )91,'$!% $% ')-+ !2 φ ,*:

∂2ϕ

∂x̄2
+
∂2ϕ

∂z̄2
+ κ̄2ϕ = 0, ;<=>?@

#()-) κ̄ (,* '() *,+) )A.-)**$!% ,* $% B)/'$!% <=?=?3 -).",/$%& Kc 4C Kx= D() +,$%

')-+ !2 $%01/)0 *1-2,/) .-)**1-) $* "$%E)0 #$'( '() F)"!/$'C .!')%'$," φ3 '(1* $' /,%

4) /,"/1",')0 ,2')- *!"F$%& )91,'$!% ;<=>?@ 2!- φ:

p1(x, y, 0, t) = ρ0w0U
e−iπ/4

√

π(β20 κ̄+Kxb)x̄
ei(ωt+(K̄xM2/β2

0
−κ̄)x̄−Kyy). ;<=><@

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

'-,$"$%& )0&) %!$*)@ $* &$F)% $% G..)%0$A G

U

 $&1-) <=?H: 56 &)!+)'-C 2!- '1-41")%' $%I!# %!$*)=

67+89%0: ;+%((.+% 2.<&.7&$*1 <70<.07&$*1

D() $%01/)0 .-)**1-) J)"0 0$*'-$41'$!% $* "$%E)0 '! '() 2,- J)"0 *!1%0 .-)**1-) ")F)"=

G//!-0$%& '! )91,'$!% ;<=?K@3 '() $%')&-,')0 *1-2,/) .-)**1-) $* #-$'')% ,*:

p̃(~x, ω) =

∫

iωR3
4πc0R2s

l̃(~y, t)e−iωRt/c0 dSy. ;<=>5@

D() $%/!+$%& $%/$0)%' '1-41")%/) /!%*$0)-$%& '() /!%F)/'$F) F)"!/$'C /,% 4) #-$'')%

$% #,F) %1+4)- 2!-+ ,*:

w(y1, y2, t) = ˆ̂w(Kx,Ky)e
i[−iKx(y1−Ut)−Kyy2], ;<=>L@

#()-)

ˆ̂w(Kx,Ky) $* '() <6 *.,'$,"  !1-$)- '-,%*2!-+ !2 w(y1, y2, t)= D() "!/," "$2'

2!-/) $* )91," '! '() .-)**1-) M1+.3 '(1* $' /,% 4) )A.-)**)0 ,*:



  !"#$%&' () *+,&%-. +/0&1 2/' #&'/034#+,5 4/,.&

l′(y1, y2, t) = ∆P (y1, y2, t) = 2πρ0Uw(y1, y2, t)g(y1, y2, t)

= 2πρ0U ˆ̂w(Kx,Ky)g(y1,Kx,Ky)e
i[−Kx(y1−Ut)−Kyy2],

 !"##$

%&'(' g(y1,Kx,Ky) )* +&' ,)(-.)/ +(,0*-'( -102+).0 -.( +1(31/'0+ )04.% 0.)*'5 /)06)07

+&' )02)8'0+ +1(31/'0+ 71*+* ,08 +&' -,( 9'/8 ,2.1*+)2 :('**1('" ;&' <=1,+).0  !"##$

7)>'* +&' /)-+ -.(2' 81' +. , *)07/' )02)8'0+ 71*+" ?@ )0+'7(,+)07 .>'( ,// %,>'

01A3'(*5 %' 7'+ +&' +.+,/ /)-+ -.(2' ,+ +&' :.)0+ (y1, y2)B

l(y1, y2, t) =

∞
∫∫

−∞

l′(y1, y2, t)dKx dKy

= 2πρ0U

∞
∫∫

−∞

ˆ̂w(Kx,Ky)g(y1,Kx,Ky)e
i[−Kx(y1−Ut)−Kyy2]dKx dKy.

 !"#C$

;&' +)A' 8.A,)0 D.1()'( +(,0*-.(A .- <=1,+).0  !"#C$ /',8* +.B

l̃(~y, ω) = 2πρ0

∞
∫ ∫

−∞

ˆ̂w(Kx,Ky)g(y1,Kx,Ky)e
−iKyy2

(

U

2π

∫ ∞

−∞
ei(KxU−ω)tdt

)

dKx dKy.

 !"#$%

&''()*+, -*./0 12+03*4+5

∫ ∞

−∞
ei(KxU−ω)tdt =

2π

U
δ(KxU − ω),  !"#6%

78 0/+ 9*:'(*1) 8;2/3*4+  !"#$% /95

l̃(~y, ω) = 2πρ0

∫ ∞

−∞

ˆ̂w
(ω

U
,Ky

)

g
(

y1,
ω

U
,Ky

)

e−iKyy2dKy.  !"#<%

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

=8 3>8+ *+3.4?208 3>8 0.499 '478. 9'803./ ?8+9*3)  0.499@AB-% *+ 93/3*93*0/(

C/.*/D(89 Sll 14. 3>8 (40/( (*13 /95

Sll(~y, ~y
′, ω)

= (2πρ0)
2

∫∫

ˆ̂w(
ω

U
,Ky) ˆ̂w

∗(
ω

U
,K ′

y)g(y1,
ω

U
,Ky)g

∗(y′1,
ω

U
,K ′

y)e
−i(Kyy2−Kyy′2)dKydK

′
y.

 !"EF%
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ˆ̂w
(ω

U
,Ky

)

ˆ̂w∗
(ω

U
,K ′

y

)

= Uδ(Ky −K ′
y)Φww

(ω

U
,Ky

)

, 859:;<

0%"+" Φww (& #%" 5 #!+=!*"-)" "-"+,. &>")#+!?9 @$0 (-#+$A!)(-, "B!'#($- 859:;<

(-#$ 859:C<2 0" ,"# #%" )+$&&DEF '&7

Sll(~y, ~y
′, ω) = (2πρ0)

2U

∫ ∞

−∞
Φww

(ω

U
,Ky

)

g
(

y1,
ω

U
,Ky

)

g∗
(

y′1,
ω

U
,K ′

y

)

e−iKy(y2−y′2)dKy.

859:5<

G")'** "B!'#($- 859HI< /$+ #%" ')$!&#() >+"&&!+" '# /'+ J"*A2 0" )'- A"+(1" #%" /'+

J"*A EF '& 34I67

Spp(~x, ω) = p̃ · p̃∗ =
∫∫

(

ωR3
4πc0R2s

)2

Sll(~y, ~y
′, ω)e−iω(Rt−R′

t)/c0dSydSy′

=

(

ρ0ωR3
2c0R2s

)2

U

∫∫

e−iω(Rt−R′

t)/c0

∫ ∞

−∞
Φww

(ω

U
,Ky

)

g
(

y1,
ω

U
,Ky

)

g∗
(

y′1,
ω

U
,K ′

y

)

e−iKy(y2−y′2)dKydSydSy
′.

859:I<

K%" A(&#'-)" Rt ="#0""- #%" +"#'+A"A &$!+)" *$)'#($- '-A #%" $=&"+1"+ (& A"J-"A

=. LB!'#($- 8595M<2 #%!& #%" #"+? Rt −R′t )'- =" '>>+$N(?'#"A '&7

Rt −R′t =
Rs −Mx(x1 − y1)

β20
− R′s −Mx(x1 − y′1)

β20

≈ (y′1 − y1)(x1 − S0Mx) + β20x2(y
′
2 − y2)

β20S0
. 859:M<

F!=&#(#!#(-, (# (-#$ "B!'#($- 859:I<2 '-A !&(-, #%" &'?" ,"$?"#+() '>>+$N(?'D

#($-& '& (- F")#($- 59;9;2 0" ,"#7

Spp(~x, ω) =

(

ρ0ωx3
2c0S20

)2

U

∫∫

e
− iω

c0S0β
2
0

(y′
1
−y1)(x1−S0Mx)+β2

0
x2(y′2−y2)·

∫ ∞

−∞
Φww(

ω

U
,Ky)g(y1,Kx,Ky)g

∗(y′1,Kx,K
′
y)e

−iKy(y2−y′2)dKydSydSy
′,

859:H<

0%"+" dSy = dy1dy2 '-A dSy
′ = dy′1dy

′
29  "#'(*"A )'*)!*'#($-& )'- =" /$!-A (- 34I2

4M69 K%" /'+ J"*A FEO Spp (& J-'**. "N>+"&&"A =. #%" '(+/$(* #+'-&/"+ /!-)#($- /$+

#!+=!*"-# (-P$0 -$(&" L 7

Spp(~x, ω) =

(

ρ0ωcx3
2c0S20

)2

U

∫ ∞

−∞
Φww(

ω

U
,Ky)L

2
(

x1,
ω

U
,Ky

)

&(-)

2

[

L

2

(

kx2
S0

−Ky

)]

dKy.

859::<
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 ! "#$ %&'$(" )%"*+ L/c *& ,%)-$ $.+/-#0 1$ (%. $2')$&& "#$ sinc2(x) !/.("*+. 34 %

5$,"% !/.("*+.0 %.6 "#$. "#$ 785 +! "/)3/,$." *.9+1 .+*&$ %" !%) :$,6 *& )$6/($6 %&

Spp(~x, ω) =

(

ρ0ωcx3
2c0S20

)2

πU
L

2
Φww

(

ω

U
,
kx2
S0

) ∣

∣

∣

∣

L (x1,
ω

U
,
kx2
S0

)

∣

∣

∣

∣

2

. ;<=>?@

A+) "#$ &/'$)B()*"*(%, (%&$0 "#$ $2')$&&*+. !+) "#$ :)&"B+)6$) "$)C +! "#$ %*)!+*,

")%.&!$) !/.("*+. *& 1)*""$. %&D

L1(~xi,Kx,Ky) =
1

π

√

2

(β20 κ̄+ K̄x) ·Θ1
E∗[2Θ1]e

iΘ2 . ;<=>E@

F& *. "#$ ")%*,*.- $6-$ .+*&$ C+6$,0 1$ .$-,$(" "#$ &$(+.6B+)6$) 3%(GB&(%""$)*.-

(+))$("*+. 3$(%/&$ *" *& &C%,, !+) "#$ (#+)6 %.6 !)$H/$.(*$& (+.&*6$)$6 *. "#$ &"/64=

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

F''$.6*2 F=

705 89(,95 /%'6&(:, 30( -/0&(0%-6 &:(;:2'56'

Φww "#%" %''$%)& *. JH/%"*+. ;<=>?@ *& "#$ <5 $.$)-4 &'$(")/C +! I$)"*(%, I$,+(*"4

9/("/%"*+. !+) *&+")+'*( "/)3/,$.($= K$ /&$6 "#$ L+. MN)CN. &'$(")/C C+6$,0

"#/& "#$ &'$(")/C *& -*I$. *. "#$ !+)CD

Φww(Kx,Ky) =
4

9π

σ̄2u
K2
e

K̂2
x + K̂2

y

(1 + K̂2
x + K̂2

y )
7/3

, ;<=>O@

1#$)$ K̂ = K/Ke %.6 Ke =
√
π
Λ

Γ(5/6)
Γ(1/3) ≃ 0.747/Λ0 1*"# Λ "#$ "/)3/,$.($ *."$-)%,

,$.-"# &(%,$0 %.6 σu *& "#$ )++"BC$%.B&H/%)$ +! "/)3/,$." I$,+(*"4 9/("/%"*+.&=

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

 . "#$ )$'+)" +! 7%"$)&+. %.6 FC*$" PQRS0 *" *& +3&$)I$6 "#%" !+) "#$ "/)3/,$." *.B

9+1 .+*&$0 "#$)$ *& % -)$%" 6*&()$'%.(4 3$"1$$. "#$ C$%&/)$6 !%) :$,6 87T %.6

"#$ ')$6*("*+.= U#*& 6*&()$'%.(4 3$(+C$& ,%)-$) %" #*-# !)$H/$.(4 %.6 ,+1 V%(#

./C3$)= U#$4 %"")*3/"$ "#*& 6*&()$'%.(4 "+ "#$ !%(" "#%" "#$ "#*(G.$&& +! "#$ %*)!+*,

*& .+" "%G$. *."+ %((+/." 34 "#$ C+6$, ;3$(%/&$ +! "#$ "#*. 9%" ',%"$ %&&/C'"*+.@=

W$($.",40 5$I$.'+)" PQXS0 W+-$) %.6 V+)$%/ P?YS &#+1$6 "#%" "/)3/,$." *.9+1 .+*&$

*& %,C+&" *.6$'$.6$." +! F+F !+) % &4CC$")*( %*)!+*, &/(# %& % ZF[F \\Q< ')+:,$=

]+1$I$)0 *" *& &/3^$(" "+ "#$ %*)!+*, "#*(G.$&&0 $&'$(*%,,4 !+) "#$ *.(+C*.- "/)3/B

,$.($ 1*"# $664 &*_$ "#%" *& (+C'%)%3,$ 1*"# "#$ %*)!+*, "#*(G.$&&= U#$ "#*(G.$&&

+! % %*)!+*, "$.6& "+ )$6/($ "#$ "/)3/,$." *.9+1 .+*&$ ,$I$,= K$ ')+'+&$ #$)$ %.

$C'*)*(%, (+))$("*+. 3%&$6 +. "#$ 6%"% &#+1. *. A*-/)$ > +! W+-$) %.6 V+)$%/`&

'/3,*(%"*+. P?YS= U#$ )$6/("*+. ,$I$, *. 6a 6/$ "+ %*)!+*, "#*(G.$&& *& (%,(/,%"$6 34

,*.$%) *."$)'+,%"*+. 3%&$6 +. "#$&$ 6%"%D

SPLR(dB) = 9/50 · (e/c)/(e/c)ref · f/U · (Λ/c)ref/(Λ/c), ;<=?\@
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D%41/$=  ! "#$ >(?@' HI1%$!0%4=3 2$% 1%$5/$0%C !4 2 J!4C =#44%; 2= 2 <2.B 4#0K%$

/5 9'9L' 7 K!1;242$ $%.=24"#;2$ "$!C !3 1;2.%C !4 =B% ./4=$2.=!/4 12$= /5 =B% =#44%;'

AB% =#$K#;%4.% 1$/1%$=E 0%23#$%0%4=3 ./4M$0 2 D/4 NO$0O4 31%.=$#0 JB/3% ;/4G

"!=#C!42; !4=%"$2; ;%4"=B !3 82mmP 24C =#$K#;%4.% C%43!=E !3 3.9% 2= Q/J D%;/.!=E

/5 30m/s' AB% 0!.$/1B/4% !3 1;2.%C 1.8m 2K/D% =B% ;%2C!4" %C"% /5 =B% 2!$5/!; !4

=B% 0!CG3124 1;24% 5/$ =B% 4/!3% 0%23#$%0%4=' AB% 3124 /5 =B% =%3=%C 6787 99(:

2!$5/!; !3 1.83mP 24C =B% .B/$C !3 0.61m'  !"#$% &'() 3B/J3 =B2= 70!%=R3 0/C%; /D%$G

%3=!02=%3 =B% 0%23#$%C +,-' S!=B =B!.T4%33 ./$$%.=!/4' AB% $%3#;=3 2$% ;!==;% K%==%$

./012$!4" =/ =B% 0%23#$%0%4=3P B/J%D%$P =B% /D%$%3=!02=!/4 !3 3=!;; #1 =/ (9CU' S%
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E!%D *0 46-/"!/" 26% 8*8' K2 !. /%%3%3 2* ,*!/2 *#2 26-2 D6%/ 26% -J!-1 !/3#42!*/

0-42*$ I%4*+%. 1-$"%$ 26-/ -,,$*J!+-2%1H L':C -/ %+,!$!4-1 4*$$%42!*/ 0*$ !/3#42!*/

0-42*$. .6*#13 I% -,,1!%3 >MMA' N% 3!3 /*2 -,,1H 26!. 4*$$%42!*/C -126*#"6 !2 D*#13

I% /%%3%3 0*$ 26% 2!, .%"+%/2'

N% 4*+,-$%3 *#$ OPQ $%.#12. D!26 26% $%.#12. *0  8FR E%$.!*/ S'?G 26-2 !.

3%E%1*,%3 IH 7TPU ;7-2!*/-1 T%/%D-I1% %/%$"H 1-I*$-2*$H=' 8. .%%/ !/  !"#$% &':C

26% 8*8 ,$%3!42!*/. -$% .!+!1-$ %J4%,2 41*.% 2* 26% 2!,' 81.*C  !"#$% &'9 .6*D.

26-2  8FR ,$%3!42. - +*$% $%-1!.2!4 -J!-1 !/3#42!*/ 0-42*$ 26-2 $%+-!/. 41*.% 2* L'G

-1*/" +*.2 *0 26% I1-3% .%"+%/2.'

R* -,,1H OPQ 26%*$H */ - D!/3 2#$I!/%C !2 !. /%4%..-$H 2* 6-E% 26% V/*D1%3"%

*0 26% I1-3% 2D!.2' W*D%E%$C 26!. !/0*$+-2!*/ !. #.#-11H /*2 -E-!1-I1% 0*$ 4*++%$4!-1

D!/3 2#$I!/%.C .* OPQ 26%*$H D!11 /*2 I% -,,1!%3 6%$%-02%$' K/.2%-3C 26% *,2!+-1

8*8 !. .%2 -. - 4*/.2-/2 -1*/" - I1-3% 4*$$%.,*/3!/" 2* 26% E-1#% D6%$% Cl/Cd
$%-46%. 26% +-J!+#+ -. D% .-D 0$*+  !"#$%. &': -/3 &'@'

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

8%*-

F461!/V%$ -/3 8+!%2 >9GA -,,1!%3 8+!%2X. +*3%1 2* - 6%1!4*,2%$ $*2*$ 2* ,$%3!42 26%

/*!.% "%/%$-2!*/' K/ 26!. .%42!*/C 26% ,$%,-$-2!*/ D*$V 0*$ -,,1H!/" 8+!%2X. +*3%1
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 !"#$% &'() *+",% -. /00/12 /,-+" 03% 4,/5% -. 03% 678 9!+5 0#$4!+% 1/,1#,/0%5

4: ;<7 03%-$:' ;,/12 5/=3 ,!+%) !+5#1%5 >%,-1!0: != +-0 1-+=!5%$%5 ?a = a′ = 0@A

1-,-$ ,!+%) !+5#1%5 >%,-1!0: != 1-+=!5%$%5B /+5 1-,-$= 1-$$%=C-+5= 0- 5!D%$%+0 C$-E,%

=%10!-+= /= =3-9+ !+  !"#$% &'6A $%5 ,!+%) !+5#1%5 >%,-1!0: != 1-+=!5%$%5 /+5 C$%5!10%5

4:  *FG' G!C ,-== ./10-$ != 1-+=!5%$%5'
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 !"#$% &'6) Cl/Cd .-$ /,, 03% 4,/5% =%10!-+= H%+0!-+%5 !+ IJ6K'
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 !"#$% &'() *+!,- ,./ ,."#-,$ !./#01!2. 3,012$4 0,-0#-,1%/ 56 2#$ 789 02/% :5-,0;

-!.%4<= ,./ ,+!,- !./#01!2. 3,012$ 0,-0#-,1%/ 56  *>? :$%/ -!.%< 32$ , @9A B!./

1#$5!.%'

A!./ 4C%%/ ,1 D212$ 4C%%/

E#5 E%!"E1 :FG4< :$CF<

0,4% H ( H&

0,4% I J HK

?,5-% &'H) L,$,F%1%$4 32$ 1E% 1B2 1%41 0,4%4 3$2F D%3%$%.0% MHJN'

2. , 3#-- 4!O% B!./ 1#$5!.% !4 /%1,!-%/= !.0-#/!." 1E% -!F!1,1!2. 2. 1E% 3$%P#%.06

$,."% 23 >0E-!.;%$ ,./ *F!%1Q4 ,CC$2,0E BE%. 02.4!/%$!." 1E% $21,1!." F21!2.= 1E%

022$/!.,1% 1$,.43%$ 5%1B%%. 42#$0% ,./ 254%$R%$= 1E% 5-,/% /!R!4!2. C$!.0!C-%4= %10'

?E% B!./ 1#$5!.% !4 , I'&9A >!%F%.4 >A? I'&ST& B!./ 1#$5!.%= B!1E , 12B%$

E%!"E1 23 80m= ,./ 1E$%% K@7 5-,/%4 23 -%."1E K@F 1E,1 E,R% 02.1$2--,5-% C!10E

,."-%' ?E% 0E2$/ -%."1E !4 &'@F ,1 1E% $221 23 1E% 5-,/% ,./ U'JF ,1 1E% 1!C=

,./ B% ,44#F% , -!.%,$ R,$!,1!2. 3$2F $221 12 1!C' *-- 1E%4% /,1, !. ,//!1!2. 12

1E% 42#./ C2B%$ -%R%- F%,4#$%F%.14 ,$% 32#./ !. D%3%$%.0% MHJN' *4 32$ 1E% ,!$32!-

4%01!2.= B% 0E224% , V*W* (&SKH@ ,!$32!-= 5%0,#4% !1 !4 , 02FF2. ,!$32!- #4%/ 32$

, F2/%$. B!./ 1#$5!.% MXTN= ,./ !1 E,4 R!4#,--6 , 4!F!-,$ 4E,C% ,4 7K@ C$2Y-% MJUN'

* /%3,#-1 *2* 23 4o !4 0E24%.= ,4 1E% F,+!F#F Cl/Cd R,-#% !4 ,1 ,. *2* 23 4o 32$

Re = 4 · 106 !.  !"#$% &'X' ?B2 0,4%4 F%.1!2.%/ !. D%3%$%.0% MHJN ,$% 4#FF,$!O%/
!. ?,5-% &'H ,./ 41#/!%/ E%$%,31%$'

?2 ,CC-6 *F!%1Q4 F2/%- 12 , $21,1!." 5-,/%= B% Y$41 /!R!/% 1E% & 5-,/%4 !.12

4%"F%.14= 1E%. Z [\] !4 #4%/ 12 0,-0#-,1% 1E% 52#./,$6 -,6%$ $%-,1%/ C,$,F%1%$4'

\. 1E!4 41%C= 5-,/% 1B!41= 5-,/% C24!1!2. ,$% 1,;%. !.12 ,002#.1' *31%$ 022$/!.,1%

1$,.432$F= B% ,CC-6 *F!%1Q4 F2/%- 2. %,0E 4%"F%.1= 12 0,-0#-,1% 1E% .2!4% "%.%$,1%/
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 ! "#$% &"'(")*+ ,-../"0 1#$*-0 2& *#3") 2)*- #$$-4)* 2) *%2& &*".+ 52)#//!6 7"

."01-0( /-'#02*%( &4((#*2-) -8"0 #// &"'(")*&6 *- - *#2) *%" *-*#/ 9:; 1-0 *%2&

&."$2<$ - &"08"0 .-&2*2-)6 #)= &."$2<$ 10">4")$!+ ,"*#2/"= "?./#)#*2-)& #0" '28") 2)

*%" 1-//-72)' &"$*2-)&+
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52'40" @+AB Cl/Cd #& # 14)$*2-) -1 C-C 1-0 # DCEC F@GHIJ #201-2/ #* Re = 4 · 106+

 ! !" #$%$&'&$()* (+ ,-./$)012 ')3 4%$1&5* '662('-. +(2 ' 2(&'&$)7

8/'31

;-7&-) KLIM &%-7"= *%#* *%" "N"$* -1 0-*#*2)' (-*2-) 2& 7"#3 21 *%" 0#*2- -1 &-40$"

#)'4/#0 10">4")$! *- 0-*#*2)' &.""= 2& %2'% O*%#* 2&6 ω/Ω >> 1P+ 92)$" 1-0 # 72)=

*40 2)"6 *%" 0-*-0 &.""= 2& # 1"7 0#=2#)& ."0 &"$-)=6 7%2/" *%" 10">4")$2"& -1 2)*"0"&*

#0" *!.2$#//! '0"#*"0 *%#) 100Hz6 *%" "N"$* -1 0-*#*2-) 2& 7"#3+ Q) *%2& $#&"6 7"

$#) ="&$02 " *%" 0-*#*2)' (-*2-)  ! # &"02"& -1 *0#)&/#*2-)& -8"0 #) 2)<)2*"&2(#/

=2&*#)$"6 #& .0-.-&"=  ! 9$%/2)3"0 #)= C(2"* KFRM+ S/#)="#4 #)= T-&".% KIFM 8#/2G

=#*"= 9$%/2)3"0 #)= C(2"* ("*%-=  ! $-(.#02)' 2* 72*% #) #)#/!*2$#/ (-="/ *%#*

*0"#*& *%" 0-*#*2)' "N"$* "?#$*/!6 &"" 52'40" @+L+ U%" "?#$* 0"&4/*& #0" - *#2)"=

4&2)' 51-7$& V2//2#(& #)= W#732)'& O5VWP ">4#*2-) 1-0 # 0-*#*2)' =2.-/" &-40$"

*- $#/$4/#*" *%" &401#$" .0"&&40" X4$*4#*2-)6 7%2/" *%" 1#0 <"/= )-2&" 2& $#/$4/#*"=

4&2)' C(2"*Y& #201-2/ *0#)&1"0 14)$*2-)+ E-(.#02)' *%" *7- $#/$4/#*2-)&6 # =-(#2) -1

8#/2=2*!  #&"= -) *%" 10">4")$! 0#)'" 2& 1-4)=+ U%" /-7 10">4")$! /2(2* 2& .0-.-&"=

#&B

flow =
c0

2πr̄ sin θlow
, O@+HP

#)= *%" %2'% 10">4")$! /2(2* 2&B

fhigh ≃
3UxR

0.57
T

2πδ
, O@+JP



 ! "#$%&'( )* +,-.' %('/-0&-,1 2,( $ 2344 .-5' 6-1/ &3(7-1' -1 2('' 8'4/

δ  !" RT fhigh(Hz)

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

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

+,-./ !"'0 1&&/2 32/45/678 .%9%$ /:$%9,$%;6 3;2 '"!<= >%6? $52-%6/ >%$@ 2/3/2/67/

A/.;7%$8 ;3 8m/s ,$ @5-" B;B %: :/$ ,$ 4oC ,6? Re = 4 · 106"

>@/2/ r̄ %: $@/ ?%:$,67/ -/$>//6 2;$;2 7/6$/2 $; $@/ :/D9/6$C θlow %: $@/ ,6D./ -/$>//6

$@/ @;2%E;6$,. .%6/ ,6? $@/ .%6/ 7;66/7$%6D $@/ @5- ,6? $@/ ;-:/2A/2C Ux %: $@/ 7@;2?F

>%:/ G;> A/.;7%$8C RT %: $@/ 2,$%; ;3 ;5$/2F$;F%66/2 $%9/:7,./ H,.:; 5:/? %6 BIJ >,..

&2/::52/ G57$5,$%;6 9;?/. %6 K/7$%;6 '"("'L ,6? δ %: $@/ -;56?,28 .,8/2 $@%7M6/::"

(a) (b)

N%D52/ !"*0 O..5:$2,$%;6 ;3 /P,7$ 2;$;2 9;$%;6 ,6? ,&&2;P%9,$/? 2/7$%.%6/,2 9;F

$%;6 Q(RS" H,L TP,7$ N=U -,:/? 9;?/.V H-L 2/7$,6D5.,2 9;$%;6 ,&&2;P%9,$%;6"

N2;9 T45,$%;6 H!")LC $@/ @%D@/:$ .;> .%9%$ ;7752: >@/6 $@/ ?%:$,67/ r̄ %: $@/

:9,../:$C $@,$ %:C $@/ 2;;$ :/D9/6$C ;$@/2 :/D9/6$: >%.. @,A/ .;>/2 .;> .%9%$:" N;2 $@%:

&,2$%75.,2 '"! <= >%6? $52-%6/C $@/ ?%:$,67/ -/$>//6 $@/ W2:$ :/D9/6$ 7/6$/2 $; $@/

2;$;2 %: 6mC $@5: $@/ .;> 32/45/678 .%9%$: ,2/ 15Hz ,6? 113Hz 3;2 ;-:/2A/2: .;7,$/?

2/:&/7$%A/.8 100 ,6? 1000m %6 $@/ ?;>6>%6? ?%2/7$%;6" +@/ 5&&/2 32/45/678 .%9%$

%672/,:/: >%$@ X/86;.?: 659-/2" +@/ ,A/2,D/ X/86;.?: 659-/2 %: ,2;56? 4 · 106
3;2 $@/ 9;?/. >%6? $52-%6/C ,6? $@/ -;56?,28 .,8/2 2/.,$/? &,2,9/$/2: ,2/ D%A/6

%6 +,-./ !"' 3;2 $@/ 2;;$ ,6? $%& :/7$%;6:C ,: >/.. ,: $@/ 32/45/678 .%9%$: /:$%9,$/?

-8 T45,$%;6 H!" L" Y,.75.,$%;6: ,2/ ?;6/ >%$@ ZN[O\" =/ 7,6 :// 3;2 $@/ 2;;$

:/D9/6$C $@/ .%9%$,$%;6 %: 45%$/ .;>C @;>/A/2C :%67/ 9;:$ ;3 $@/ :;56? %: &2;?57/?

6/,2 $@/ $%& 2/D%;6 Q!SC >/ >%.. 7,.75.,$/ ;52 :&/7$2, 56$%. 5 kHz %6 $@/ 3;..;>%6D"

 ! !" #$$%&'()&*+ )* ( ,*)()&+- .%(/01 2*$$%0, 030')4 .%(/0 /&5&6

7&*+ (+/ '**,/&+()0 ),(+780,

 !""#$% $&$'(

B.$@;5D@ $@/ 2;$,$%6D /]/7$ %: >/,M 3;2 , >%6? $52-%6/C %$ 7,6 -/ %9&;2$,6$ 3;2 ,

@/.%7;&$/2 2;$;2" K7@.%6M/2 ,6? B9%/$ QR'S %6$2;?57/? ,6 /P&2/::%;6 3;2 $@/ ^;&&./2

3,7$;2 $; $,M/ %6$; ,77;56$ $@/ 2/7$%.%6/,2 9;$%;6 ;3 $@/ :;527/" +@/ ^;&&./2 3,7$;2



 ! ! "##$%&'(%)* )+ ",%-(./ ,)0-$ () ' 1! 23 4%*0 (567%*- 89

 !"#$!% $&! '(%! )! * !+,!-./ ω $' $&! !01%%1'- * !+,!-./ ωe #$ $&! %', .! 2345 6478

9% %&':- (/ ;.&"1-<! #-= 901!$ 2347 #-= ;1-#/'<'  ! "#$ 26475 $&! 1-%$#-$#-!',%

>;? #$ $&! '(%! )! *' #- #@10,$&#" ("#=! A'%1$1'- β 1% B1)!- (/ C

Spp(x̄0, ω, β) =
ωe
ω
S′pp(x̄, ωe, β), DE83F

:&! ! x̄0 #-= x̄ .'  !%A'-=  !%A!.$1)!"/ $' $&! '(%! )! .'' =1-#$!% 1- $&! &,(

#-= ("#=! .'' =1-#$! %/%$!0%5 #-= S′pp(x̄, ωe, β) 1% B1)!- (/ $&! G+,#$1'- D48EHF

#-= D483HF8 I&!/ #"%' =! 1)!= #- !JA !%%1'- *' $&! #@10,$&#""/ #)! #B!= %A!.$ ,0C

Spp(x̄0, ω) =
1

2π

∫ 2π

0

ωe
ω
Spp(x̄0, ω, β)dβ =

1

2π

∫ 2π

0

(ωe
ω

)2
S′pp(x̄, ωe)dβ. DE8HF

:$'0- 0%;%/%)*

9-'$&! 1%%,!  !"#$!= $' ("#=!  '$#$1'- 1% $&#$ $&! K': 1% -'$ ,-1*' 0 #"'-B $&! %A#-5

:1$& 1-.'01-B )!"'.1$/ %$ '-B"/ 1-. !#%1-B * '0  ''$ $' $1A5 #-= 1$% .&' = )# /1-B

* '0  ''$ $' $1A8 I' (!$$! =!%. 1(! $&!%! %A#-:1%!L)# /1-B .'-=1$1'-%5 1$ 1% =!%1 != $'

=1)1=! $&! ("#=! 1-$' %&' $ %!B0!-$% ' %$ 1A%8 M* $&! %A#-L:1%! $, (,"!-.! .'  !"#$1'-

"!-B$& ly 1% %0#""! $&#- $&! %!B0!-$ %A#-5 :! .#- #%%,0! $&#$ .#".,"#$!= *# N!"=

A':! %A!.$ ,0 =!-%1$/ '* ;>O (!$:!!- %!B0!-$% # ! ,-.'  !"#$!=8 9% #  !%,"$5

$&! ')! #"" -'1%!  #=1#$!= (/ $&! ("#=! 1% $&! "'B# 1$&01. %,0 '* $&! .'-$ 1(,$1'-%

* '0 #"" ("#=! %!B0!-$%8 P! !5 ly 1% 0'=!"!= (/ Q' .'% 0'=!"5 $&#$ %,BB!%$% $&!

.'  !"#$1'- "!-B$& =!. !#%!% :1$& 1-. !#%1-B * !+,!-./C

ly(ω) =
bcUc
ω

, DE86F

:&! ! bc 1% # .'-%$#-$ =!$! 01-!= (/ !JA! 10!-$C 48R #..' =1-B $' 901!$ 2SR75

1.6 − 1.7 =!A!-=1-B '- $&! 1-K': )!"'.1$/ *' T ''<% #-= P'=B%'- 2HR75 #-= 1.47

*'""':1-B U'@!-(! B  ! "#$ 23H78 ;101"# "/5 )# 1',% )#",!% '* $&! .'-)!.$1'- )!"'.1$/

Uc &#)! (!!- A 'A'%!=C Uc = 0.8U #..' =1-B $' 901!$ 2SR75 ' Uc = 0.7U *'""':1-B

U'@!-(! B  ! "#$ 23H78 ?IV %$,=1!% 26E5 6S7 %,BB!%$ # )# 1#$1'- '* Uc :1$& * !+,!-./C

Uc = 0.7U *' * !+,!-.1!% ,A $' 1000Hz5 $&!- =!. !#%!% $' Uc = 0.4U #$ 2 kHz5

#-=  !0#1-% .'-%$#-$ #$ &1B&! * !+,!-.1!%8 M- $&1% :' <5 :! .&''%! bc = 1.47 #-=

Uc = 0.7U 8

T!%1=!% $&! %A#-L:1%! .'  !"#$1'- "!-B$& ly "101$#$1'- '- $&! %!B0!-$ "!-B$&5

$&! ! 1% #"%' #-'$&!  !+,1 !0!-$ $' 0!!$5 $&#$ 1% $&! "# B! #%A!.$  #$1' #%%,0A$1'-

1- 901!$W% 0'=!"8 U'B! #-= X' !#, 23R7 %,BB!%$ $&#$ *' #- #1 *'1" :1$& #%A!.$

 #$1' B !#$! $&#- E5 $&! %10A"1N!= *' 0,"#$1'-% .#- (! ,%!= :1$&',$ "'%1-B #.., #./8

I&,% :! <!!A # .'-%$#-$ #%A!.$  #$1' '* E5 #-= $&! ("#=! 1% #..' =1-B"/ =1)1=!= 1-$' 6

%!B0!-$%5 #% %&':- 1- Y1B, ! E8Z8 I' .#".,"#$! $&! "# B!%$ .'  !"#$1'- "!-B$&5 :&1.&

.'  !%A'-=% $' $&! %&' $!%$ ("#=! %A#-5 :! #%%,0! # :1-= )!"'.1$/ U = 10m/s5 #

 '$' %A!!= '* 2 rad/s5 #-= # "':! * !+,!-./ "101$ '* 50Hz8 9..' =1-B $' Q' .'%

0'=!"5 $&!  #$1' '* .'  !"#$1'- "!-B$& $' %A#- 1% %&':- 1- Y1B, ! E8R[8 \! .#- %!!

$&#$ #"'-B $&! ("#=!5 $&!  #$1' 1% "!%% $&#- R5 1$ 1% $' %#/5 :&!- =1)1=1-B ("#=! $&1%
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 !"# $%& '()$&()! *+ ,-!./ ),& '*((&0!$)*. 0&.1$% 2&).1 0&,, $%!. ,-!. ), +30400&56 7%3,

). $%& +*00* ).1 '!0'30!$)*.,# &!'% 20!5&  )00 2& $(&!$&5 !, 8 3.'*((&0!$&5 ,&19&.$,#

!.5 $%& $*$!0 :;<  )00 2& '!0'30!$&5 !, $%& 0*1!()$%9 ,399!$)*. *+ 8× 3 ,&19&.$,6
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=)13(& >6?@ A0!5& 5)B),)*.  %)0& C&&-).1 ! '*.,$!.$ !,-&'$ (!$)* *+ >6

0 5 10 15 20 25 30 35 40 45 50
0

0.1

0.2

0.3

0.4

Distance to rotor center (m)

l y/L

=)13(& >6DE@ F!$)* 2&$ &&. ,-!./ ),& '*((&0!$)*. 0&.1$% !.5 $%& ,-!. !0*.1 ! 20!5&6

",,(/-1$&' &($1.2'(

G. H9)&$I, 9*5&0# $%& '**(5).!$& ), 2!,&5 *. $%& -0!$& J,*3('& '**(5).!$&K6 =*( !

 ).5 $3(2).& 20!5&# &!'% ,&19&.$ %!, ! 5)L&(&.$ *()&.$!$)*. !.5 -%",)'!0 -*,)$)*.

53& $* 20!5& $ ),$# 20!5& &M$&.,)*. !.5 20!5& -)$'%# &$' J,&& $%& ()1%$ 413(& ).

=)13(& >6?K6 7%3, )$ ), .&'&,,!(" $* $(!.,+&( $%& *2,&(B&( '**(5).!$& $* $%& ,*3('&

'**(5).!$&# $%!$ ),# '!0'30!$& *2,&(B&( -*,)$)*.  )$% (&,-&'$ $* &!'% ,&19&.$ J,*3('&K6

7* 5* $%),#  & 4(,$ .&&5 $* C.* %* $%& *()&.$!$)*. *+ $%& ,&19&.$, !(& 9*5)4&5

53& $* B!()*3, !.10&, J,&& =)13(& >6DDK6

• N).1 !.10& β@ $%& !.10& 2&$ &&. B&($)'!0 !M), !.5 $%& 20!5& !M),O

• A0!5& $ ),$ θtwist !.5 -)$'% θpitch@ $%& !.10& 2&$ &&. '%*(50).& !.5 (*$*( -0!.&6

7%& -(*'&,, ), )003,$(!$&5 ). =)13(& >6DD6 N& ,$!($  )$% $%& 1(*3.5 '**(5).!$&,#

 %&(& $%& *()1). ), !$  ).5 $3(2).& %32# x ), '(*,,/ ).5 5)(&'$)*.# y ), B&($)'!0

5)(&'$)*.# z ),  ).5 5)(&'$)*.6 G. $%), '**(5).!$& ,",$&9# $%& (&'&)B&( 0*'!$)*. ),
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 !"#$% &'(() *++#,-$.-!/0 /1 $%+.-!2% .0"+% 3#$!0" 4//$3!0.-% -$.0,1%$'

~OR = (xo, yo, zo)5 6!-7 O !, -7% 4%0-%$ /1 -7% $/-/$5 R -7% $%4%!2%$ 8/,!-!/0' 9/6

-/ -$.0,1%$ -7% "$/#03 4//$3!0.-%, -/ -7% /0% :.,%3 /0 :+.3% 8/,!-!/0 β5 ,%%  !";

#$% &'(( <.=5 6% $/-.-% -7% "$/#03 4//$3!0.-%, .:/#- -7% z;.>!, :? .0 .0"+% π − β'
@7% -$.0,1%$ A.-$!> !,)

M1 =





− cosβ sinβ 0

− sinβ − cosβ 0

0 0 1





'

@6!,- .03 8!-47 .0"+%, 2.$? 6!-7 ,%"A%0- .+/0" . :+.3%5 :%4.#,% %.47 ,%"A%0-

%04/#0-%$, . 3!B%$%0- $/-.-!0" 2%+/4!-?5 -7#, .3C#,-!0" -6!,- .03 8!-47 .0"+%, %0,#$%

. 3%,!$%3 D/D .- +%.3!0" %3"%' @7!, 4//$3!0.-% -$.0,1%$ !, -/ A.E% ,#$% -7% ,?,-%A

7., -7% ,.A% 4//$3!0.-% ., DA!%-F, A/3%+ $%G#!$%, <>;.>!, .+/0" 47/$3 .03 ?;.>!,

.+/0" ,8.0=' @7#,5 6% 0%%3 -/ $/-.-% -7% <xM1, zM1= 8+.0% .$/#03 yM1 .>!, :? .0

.0"+% /1 θtwist + θpitch5 ,%%  !"#$% &'(( <:=' @7% -$.0,1%$ A.-$!> !,)

M2 =





cos(θtwist + θpitch) 0 − sin(θtwist + θpitch)

0 1 0

sin(θtwist + θpitch) 0 cos(θtwist + θpitch)





'

D1-%$ -7%,% -$.0,1/$A.-!/0,5 -7% $%4%!2%$ !, !0 -7% +/4.+ ,%"A%0- ,?,-%A5 -7.- !,

-/ ,.?5 !0 . ,?,-%A 67%$% -7% /$!"!0 !, !0 -7% 7#:5 xM2 !, !0 +/4.+ H/6 3!$%4-!/05 yM2

!, !0 ,8.0;6!,% 3!$%4-!/0 .03 zM2 !, -7% 0/$A.+ -/ -7% .!$1/!+ ,#$1.4%' @7% +.,- ,-%8

!, . 4//$3!0.-% -$.0,+.-!/0 :? . 2.+#% /1 dn = OSn5 n = 1..8 -/ -7% +/4.+ ,%"A%0-5

-7.- !,5 -/ A/2% -7% /$!"!0 /1 -7% xyzM2 ,?,-%A 1$/A -7% 7#: -/ -7% +/4.+ ,%"A%0-

4%0-%$' @7#, -7% /:,%$2%$ 4//$3!0.-% !0 -7% I0.+ ,?,-%A !,)
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 ! "!#$!%&!' &(! )"#$! *!&+!!" &(! +,"' ',-!%&,." )"' -.&.- )/,0 12)+ )"#$!3

)"' &(! )"#$! *!&+!!" &(! *$)'! )"' &(! -.&.- 4$)"! 1%."! )"#$!35 *!%)60! +! '."7&

()8! 4-!%,0! ,"9.-:)&,." )*.6& &(!0! )"#$!0;

 ! ! "#$%&'()*+, #-*.-/)0,) 102 3+02 &()1* $%2)/+04

<.","=>*6?(.8 @,:,$)-,&2 A(!.-2 1<>@A3 ,0 60!' &. 0&6'2 &(! ,"B6!"%! .9 )&:.=

04(!-,% &6-*6$!"%! )"' +,"' 0(!)- ." +,"' &6-*,"! ".,0!; A(,0 &(!.-2 )44$,!0 &.

&(! )&:.04(!-,% 06-9)%! $)2!-5 +(!-! 06-9)%! B6/!0 )-! -!$)&,8!$2 %."0&)"&5 )"' ,0

8)$,' .8!- ) B)& )"' (.:.#!"!.60 #-.6"' CDE5 DF5 DGH; A(! :)," 4)-):!&!-0 .9 &(!

:.'!$ )-! &(! 9-,%&,." 8!$.%,&2 u∗ )"' &(! 0!"0,*$! (!)& B6/ H5 .- !I6,8)$!"&$2 &(!

&!:4!-)&6-! 0%)$! T∗; u∗ ,0 '!J"!' )0K

u∗ = [( ¯u′w′)2 + ( ¯v′w′)2]1/2,  !"#$

%&'(' u′) v′ *+, w′ *(' -&' -&('' -.(/.0'+1' 2'0314-5 13673+'+-8" 9&' (33-:6'*+:

8;.*(' 3< -.(/.0'+1' 2'0314-5 =.1-.*-43+ σu *+, -.(/.0'+1' 3.-'( 0'+>-& 81*0' Louter
1*+ /' 1*01.0*-', %4-& >42'+ H *+, u∗ <3( * 1'(-*4+ &'4>&- *113(,4+> -3 ?&'4+'- @ABC"

9&' 8-*/404-5 3< -&' *-6387&'(' 48 -&'+ ,'81(4/', /5 -&' D/.E&32 0'+>-& L∗
>42'+ /5 @AF) ABCG

L∗ = T̄ u2∗/(κgT∗) = −
ρ0CpT̄ u

3
∗

κgH
,  !"HI$

%4-& T̄ -&' 73-'+-4*0 -'67'(*-.(') κ = 0.41 -&' 23+ JK(6K+ 13+8-*+-) g -&' >(*24-5

*11'0'(*-43+) *+, Cp -&' 87'14L1 &'*- 3< ,(5 *4(" M3( 3(,4+*(5 1*01.0*-43+8) * 2*0.'

3< Cp = 1.0kJ/Kg ·K 48 '+3.>&" 9&' *-6387&'(' 48 .+8-*/0' %&'+ L∗ < 0  H > 0$

*+, 8-*/0' %&'+ L∗ > 0  H < 0$" N&'+ -&' 8&'*( 7(3,.1-43+ 3< -.(/.0'+1' 48 6.1&

0*(>'( -&*+ -&' /.35*+- 7(3,.1-43+) -&' *-6387&'(' 48 1*00', +'.-(*0 *+, 1/L∗ ≈ 0

 H ≈ 0$"

9&' 6'*+ 2'0314-5 7(3L0' *8 * <.+1-43+ 3< &'4>&- z 1*+ -&'+ /' 3/-*4+', .84+>

84640*(4-5 ('0*-43+8 @!F) AFCG

U(z) =
u∗
κ

[

ln

(

z

z0

)

− ψu
]

,  !"HH$

%&'(' z0 48 -&' 8.(<*1' (3.>&+'88 0'+>-& *+, -&' <.+1-43+8 ψu ,'7'+, 3+ -&'

8-*/404-5 3< -&' *-6387&'('" O+ +'.-(*0 13+,4-43+8) ψu = 0 *+, -&' 10*8841*0

03>*(4-&641 7(3L0' 48 3/-*4+'," 9&'8' 2'0314-5 7(3L0'8 *(' 836'-46'8 1*00',

P.84+>'(:Q5'( 7(3L0'8) &'(' %' .8' * 804>&-05 63,4L', 2'(843+ 3< -&'8' 7(3L0'8

>42'+ 4+ R'<'('+1' @!FC" S84+> TDU9) 4- 48 *083 73884/0' -3 7(',41- -.(/.0'+1'

7*(*6'-'(8 -&*- 2*(5 %4-& &'4>&- -3 ('7('8'+- -&' 4+&363>'+'4-5 3< -&' *-6387&'(41

/3.+,*(5 0*5'(8" 9&' 23+ JK(6K+ 87'1-(.6 3< V;.*-43+  W"X#$ 48 8-400 .8',) /.-

%4-& &'4>&-:,'7'+,'+- 8-*+,*(, ,'24*-43+ 3< -.(/.0'+- 2'0314-5 =.1-.*-43+8 σu *+,

4+-'>(*0 0'+>-& 81*0' Λ"
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 !"# $% U(80&) = 6m/s

H(W/m2) u∗(m/s) L∗(m)

'$( ()*+ *,-

( (),. /01

2( ()2* '$34

 !"# *% U(80&) = 8m/s

H(W/m2) u∗(m/s) L∗(m)

'*- (),4 *((

'$( ()23 +(-

( ()2+ /01

2( ()-, ',24

*(( ()-4 '+*

5!67# ,),% 89&:";<#=>? ;!=!&#9#=" @#=>A#@ 1=:& BCD5 1:= <E6 <#>F<9 &#!0 A#7:?'

>9G ?:==#";:0@>0F 9: ?!"#" $ !0@ *)

D>0?# @#9!>7#@ ;!=!&#9#=" ?:0?#=0>0F 9<# !9&:";<#=>? ?:0@>9>:0" @E=>0F 9<#

H>0@ 9E=6>0# 0:>"# &#!"E=#&#09" !=# 0:9 &#09>:0#@ >0 I#1#=#0?# J$4KL H# ?<::"#

=#!7>"9>? ;!=!&#9#=" 1:E0@ >0 9<# 7>9#=!9E=#) 5<# <#!9 MEN H 9G;>?!77G A!=>#" :A#=

9<# =!0F# −50OP&2
9: 3((OP&

2
@E=>0F ! @>E=0!7 ?G?7# J4-K) Q:77:H>0F C"9!"<#A

!0@ O>7":0 J44KL H# "#7#?9 ! A!7E# :1 *((OP&

2
1:= &:"97G "E00G ?:0@>9>:0"L !0@

2(OP&

2
1:= &:"97G ?7:E@G ?:0@>9>:0") Q:= "9!67# ?:0@>9>:0"L 9G;>?!77G :??E==>0F

!9 0>F<9L A!7E#" :1 −10OP&2
!0@ −25OP&2

!=# ?<:"#0 1:= H) 5<#0 H# @#@E?#

9<# 1=>?9>:0 A#7:?>9G 1=:& RSE!9>:0 T,)$$U ": 9<!9 9<# &#!0 A#7:?>9G !9 <E6 <#>F<9

>" 3&P" 1:= ?!"# $ := 4&P" 1:= ?!"# *) 5<# =#"E79" !=# "E&&!=>V#@ >0 5!67# ,),)

I#"E79" 1:= H = −25OP&2
!0@ *((OP&

2
!=# 0:9 "<:H0 1:= ?!"# $ 6#?!E"#

9<#G G>#7@ |L∗| < 50&L !0@ >9 >" F#0#=!77G !@&>99#@ 9<!9 BCD5 >" :07G A!7>@ 1:=

|z/L∗| < 1− 2 J43K) W#9 E" 0:9# 9<!9 1:= H = 200OP&2
!0@ U(80&) = 8m/sL 9<#

A!7>@>9G :1 BCD5 &>F<9 6# SE#"9>:0!67# 1:= 9<# <>F<#"9 ;!=9 :1 9<# =:9:=)

5<# @>X#=#09 ;:"">67# H>0@ ;=:Y7#" !=# ;7:99#@ >0 Q>FE=# ,)$* 1:= ?!"#" $ !0@

*) 5<# H>0@ "<#!= >" ?7#!=7G "9=:0F#= >0 "9!67# ?:0@>9>:0" ?:&;!=#@ 9: 0#E9=!7

:= E0"9!67# ?:0@>9>:0") Q:= ?!"# *L 9<# H>0@ ";##@ >0?=#!"#" 1=:& 3)* 9: +)-&P"

6#9H##0 9<# 6:99:& !0@ 9:; ;!=9" :1 9<# =:9:= 1:= H = −25OP&2
L H<>7# >9 =#&!>0"

?7:"# 9: 4&P" 1:= E0"9!67# ?:0@>9>:0") 5<# 9E=6E7#0?# ;!=!&#9#=" σu !0@ Λ !=#

;7:99#@ 1:= ?!"# * >0 Q>FE=# ,)$,) Z">0F #N;=#"">:0" F>A#0 6G  <#>0#9 J4.KL σu >"

>0@#;#0@#09 :1 <#>F<9 >0 0#E9=!7 !0@ E0"9!67# ?:0@>9>:0"L H<>7# >9 >0?=#!"#" H>9<

<#>F<9 >0 "9!67# ?:0@>9>:0") 5<# >09#F=!7 7#0F9< "?!7# !7H!G" >0?=#!"#" H>9< <#>F<9L

6E9 >0 ! &E?< SE>?[#= H!G >0 "9!67# !9&:";<#=#") 5<# 9E=6E7#0?# 7#A#7 F>A#0 6G

A:0 \]=&]0 ";#?9=E& H>77 9<E" 6# ! ?:&6>0!9>:0 :1 9<#"# 9H: #X#?9"L !" 9<>" 7#A#7

>0?=#!"#" H>9< >0?=#!">0F σu 6E @#?=#!"#" H>9< >0?=#!">0F Λ)
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 !" #$%&'(% )*+ +,%-&%%,.*%

 !"#$%& !'(#)& *'+ $,+-,)#.$ "./'0 .'"&# 1.( $+1")".2 #(2# .'"&# 1+# 133)"#( $' 1

45678 9"#!#.& 456:;6 0".( $,+-".#5 <+#("=$"'.& 1+# #>3)1".#( ". (#$1") ". $?"&

&#=$"'.5 @'!31+"&'.& 0"$? !#1&,+#!#.$& *+'! A#*#+#.=# BCDE *'+ 1 ='.&$1.$ 0".(

3+'F)# 1.( .' $,+-,)#.=# 1+# 2"G#. ". 9#=$"'. 65H5CI '.)J $+1")".2 #(2# .'"&# "&

".=),(#( ". $?1$ =1&#5 K$ "& *'))'0#( -J $?# 3+#("=$"'. +#&,)$& 0"$? 1$!'&3?#+"=

='.("$"'.& '-$1".#( -J 7L9M $?#'+J *'+ $,+-,)#.$ "./'0 .'"&# 1.( $+1")".2 #(2#

.'"&# ". 9#=$"'. 65H545  $ $?# #.(N ". 9#=$"'. 65H56N  !"#$%& !'(#) "& ='!31+#( 0"$?

O<7 &#!":#!3"+"=1) !'(#)N 1.( $?# "./,#.=# '* &#31+1$"'. .'"&# "& #!3?1&"P#(5

 !"!# $%&'()& *+, - .+/&)-/) 01/2 &3%%2 -/2 /+ -)4+&35%,1. )',6

7'(%/.%

 !"!1!1 23,4+ .-()5$ 6)*+ 7.8$4 %7$-(4) )*+ -.97)4,%.* 8,(3 $:7$4,;

9$*(%

 &&,!".2 *+## F#)( ='.("$"'.&N $?# &',.( 3'0#+ )#G#) SWL "& =1)=,)1$#( -J SWL =

SPL+10 log10(4πR
2)N 0"$? R $?# ("&$1.=# *+'! $?# +'$'+ $' $?# '-&#+G#+5 M?# 98Q

3+#("=$"'.& 1+# ='!31+#( $' $?# !#1&,+#!#.$& ". F2,+#& 65CH 1.( 65CR *'+ $?# $0'

=1&#& (#&=+"-#( ". M1-)# 65C5 M?# '-&#+G#+ "& )'=1$#( '. $?# 2+',.( 100! ('0.0".(N

1.( $?# &3#=$+1 1+# 1P"!,$?1))J 1G#+12#( 1& 2"G#. -J ST,1$"'. U65VW5 X&".2 $?#

 <Y !'(#) '. $?# &,=$"'. &"(#N $?# 3+#("=$"'.& 12+## 0#)) 1$ ?"2? *+#T,#.="#&N

1-'G# 4ZZ[P *'+ =1&# C 1.( CZZZ[P *'+ =1&# 45 \'+ -'$? =1&#&N $+1")".2 #(2# .'"&# "&

('!".1$#( -J $?# &,=$"'. &"(# ='.$+"-,$"'. 1$ )'0#+ *+#T,#.="#&N 1.( -J $?# 3+#&&,+#

&"(# ='.$+"-,$"'. 1$ ?"2?#+ *+#T,#.="#&5 X&".2 $?# ]<Y !'(#) '. $?# &,=$"'. &"(#N

$?# 3+#("=$"'.& 1+# ,3 $' CZ (O )'0#+ ='!31+#( $' $?#  <Y !'(#) 3+#("=$"'.&N 1.(

1+# )'0#+ $?1. !#1&,+#!#.$& 'G#+ $?# 0?')# *+#T,#.=J +1.2#5  $ )'0 *+#T,#.="#&N

-'$? !'(#) 3+#("=$"'.& ,.(#+#&$"!1$# $?# !#1&,+#!#.$&N 0?"=? =1. -# 1$$+"-,$#(

$' $?# *1=$ $?1$ '$?#+ .'"&# !#=?1."&!& ('!".1$# 1$ )'0 *+#T,#.=J5

 !"!1!< =,4$-(,5,(> )*+ )97',(&+$ 9.+&')(,.* .? %.&*+ 74$%%&4$ '$5$'

M?# ?'+"P'.$1) ("+#=$"G"$J '* 'G#+1)) 9<Q "& 3)'$$#( ". F2,+# 65C^U1W *'+ =1&#& C 1.( 45

M?# !1>"!,! )#G#)& 1+# '-$1".#( ,30".( 1.( ('0.0".(N 0?")# $?# !"."!,! )#G#)&

1+# *',.( =+'&&0".(N 0?"=? "& ". 12+##!#.$ 0"$? F#)( !#1&,+#!#.$& =)'&# $' 1 0".(

$,+-".# B6E5 M?"& &?13# =1. -# #>3)1".#( -J $?# ("+#=$"G"$J '* $+1")".2 #(2# .'"&#N

='!".2 *+'! $?# 1&&,!3$"'. '* ("3')# ("&$+"-,$"'. ".  !"#$%&5 M?"& ("+#=$"G"$J "&

(#$#+!".#( -J $?# '+"#.$1$"'. '* $?# -)1(#5

 !3)"$,(# !'(,)1$"'. U?#+# "$ +#*#+& $' $?# .'+!1) 1!3)"$,(# !'(,)1$"'.W "&

=1,&#( -J $?# $?# .'"&# &',+=# ("+#=$"G"$J '. $?# +'$1$".2 -)1(#&N 1.( ?1& 1 *+#T,#.=J

'* C_6 $?# -)1(# +'$1$".2 *+#T,#.=J *'+ 1 6:-)1(#( 0".( $,+-".#5 9,-$+1=$".2 $?#

!#1. 9<Q *+'! $?# 9<Q 1$ -)1(# 1P"!,$?1) 3'&"$"'. βN 0# =1. G"&,1)"P#  7 ".

\"2,+# 65CV *'+ '-&#+G#+& ". ('0.0".( 1.( =+'&&0".( ("+#=$"'.5 M?#  7 "& 1)!'&$

"(#.$"=1) *'+ =1&#& C 1.( 45 M?# G1+"1$"'.& 1+# &!1)) ". $?# ('0.0".( ("+#=$"'.N 1.(
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 !"#  $%& ' ($%)*+) '+ )#& "%$,,-'+. $/,&%0&%,1 2& .&3+& )#& 45 ,)%&+6)# *,

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

($,')'$+ β1 ?#& 45 ,)%&+6)# ', *((%$8' *)&9@ A .BC4D "%$,,-'+. *+. 9&,, )#*+

E1F .BC4D .$-+-'+.1 G'6!%& F1HIC/D ,#$-, )#& .'%&")'0')@ $: 45 ,)%&+6)# :$% "*,&, H

*+. J1 =*%6& 0*9!&, $: 45 ,)%&+6)#K $: !( )$ HE .BC4DK *%& :$!+. '+ )#& 0'"'+')@ $:

)#& "%$,,-'+. .'%&")'$+,K -#&%& )#&  '+' ! $0&%*99 ;<= 0*9!&, *%& :$!+. *""$%.'+6

)$ G'6!%& F1HIC*D1 ?#&,& (%&.'")'$+, *%& '+ 6$$. L!*9')*)'0& *6%&& &+) -')# 3&9.
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C,$9'. 9'+&,D .'%&")'$+, :$% "*,&, H *+. J1 ?#& $/,&%0&% ', HEE *-*@ :%$ )#& -'+.

)!%/'+&K *+. 45 ', $/)*'+&. /@ ,!/)%*")'+6 )#&  &*+ ;<= :%$ ;<=CβD1

 !"!# $%&'()& *+), *+-. &,%/0 /-. /)12&3,%0+4 )'05'(%-4%

)*9*:*; <='0& ,2 6-1/ .#'$( ,1 6-1/ &3(7-1' &($-4-1> '/>' 1,-.'

?#& +$',& %*.'*)&. /@ * -'+. )!%/'+& .&(&+., $+ -'+. (%$39& C-'+. ,(&&.K -'+.

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

/@ * /9*.& ,&6 &+)1 4, *+ &8* (9&K )#& 0*%'*)'$+ $: 4$4 $0&% )#& %$)$% (9*+& .!& )$

-'+. ,#&*% ', (9$))&. '+ G'6!%& F1HR :$% "*,& J -')# H = −252S 2
1 ?#&  *8' ! 

4$4 0*%'*)'$+ $0&% $+& %$)*)'$+ ', *((%$8' *)&9@ ±1.5o :$% )#& )'( ,&6 &+)1 4, *
%&,!9)K )#& )!%/!9&+) /$!+.*%@ 9*@&% (*%* &)&%, 0*%@ -')# /9*.& *>' !)#*9 ($,')'$+

β1 G$% '+,)*+"&K G'6!%& F1HT ,#$-, )#& 0*%'*)'$+ $: )#& .',(9*"& &+) )#'"U+&,, δ∗s
$+ )#& ,!")'$+ ,'.& :$% )#& .'7&%&+) -'+. (%$39&, "$%%&,($+.'+6 )$ "*,& J1 ?#&

/$!+.*%@ 9*@&% )#'"U+&,, $: )#& )'( ,&6 &+) .&"%&*,&, :%$ β = 0K -#&%& )#& /9*.&

', ($'+)'+6 !( )$ β = 180oK -#&%& )#& /9*.& ', ($'+)'+6 .$-+1 ?#', .&"%&*,& ',

 $,) ,'6+'3"*+) :$% )#& ,)*/9& *) $,(#&%& -')# H = −252S 2
1 ?#&,& "#*+6&, '+

/$!+.*%@ 9*@&% (*%* &)&%, "*!,& * ,'6+'3"*+) "#*+6& '+ )#& -*99 (%&,,!%& ,(&")%*

(9$))&. '+ G'6!%& F1JE *, * :!+")'$+ $: β1 ?#& ,(&")%*9 (&*U ,#':), )$ #'6#&%

:%&L!&+"@ -#&+ )#& /9*.& 6$&, :%$ )$( )$ .$-+ ($,')'$+,K "$%%&,($+.'+6 )$ *

.&"%&*,& $: 4$4 :%$ 5.2o )$ 2.5o1 ?#&,& ,(&")%*9 0*%'*)'$+, .!& )$ -'+. ,#&*% *%&

'+ 6$$. *6%&& &+) -')# ,!%:*"& (%&,,!%&  &*,!%& &+), (&%:$% &. '+ )#& :%* &-$%U
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 ! "#$ %&'&()* +, -$." ! , / 01213/, 014$ 5167 "8,916$ :;<=> +3 ""$7 16 ?1@8,$ ABC;B

D#10 01@61E./6" $F$."  ! 5167 0#$/,  6 "#$ $21001 6 017$ 10 28.# 3$00 +, 6 86.$7

 6 "#$ ,$.$1G$, 017$> /0 ./6 9$ 0$$6 16 "#$ 0 867 + 5$, 3$G$3 0+$.",/  ! ?1@8,$ ABCC

./3.83/"$7 /" / ,$.$1G$, ;HH2 7 565167B *6 "#$ 08."1 6 017$> / SWL 16.,$/0$

10  90$,G$7 /" #1@# !,$I8$6.1$0>  ! /++, J12/"$3K ; 7LM&N /" C OP4 /67 A 7LM&N

/" Q OP4B P 5$G$,> "#10 16.,$/0$ 10 6 "  90$,G$7  6 "#$ +,$008,$ 017$> /67 016.$

+,$008,$ 017$ 3$G$30 7 216/"$ /9 G$ C OP4 "#$ 2/J1282 16.,$/0$ 78$ " 5167 0#$/,

10  63K HBQ 7LM&N /" C OP4  6 "#$ " "/3 D(' 0+$.",82B

D#$ !/." "#/" 3$G$3 G/,1/"1 60 78$ " 5167 0#$/, /,$ 3$00 +, 6 86.$7  6 "#$

,$.$1G$, 017$ M?1@8,$ ABCCN . 2+/,$7 " "#$ $21001 6 017$ M?1@8,$ ABCHN 2/K 9$

$J+3/16$7 9K "#$ !/." "#/" "#$ A 93/7$0 /67 /33 "#$ 93/7$ 0$@2$6"0 /,$ . 6017$,$7

" ./3.83/"$ "#$ /4128"#/33KR/G$,/@$7 0+$.",/  ! ?1@8,$ ABCC> "#80 G/,1/"1 60 78$ " 

5167 0#$/, "$67 " 9$ /G$,/@$7  8"B S$ 280" O$$+ 16 2167 "#/" 0", 6@$, 5167

0#$/, "#/6 "# 0$ +,$71."$7 9K T*UD 808/33K $J10" 16 ,$/31"K> 9$./80$ 16 +,/."1.$ "#$

"$,,/16 21@#" 6 " 9$ V/" /67 # 2 @$6$ 80 M" + @,/+#K $F$."0N> /67 9$./80$  "#$,

0 8,.$0  ! 16# 2 @$6$1"1$0 08.# /0 3/,@$R0./3$ "8,983$6.$  , 5/O$0  !  "#$, "8,916$0

21@#" 9$ +,$0$6" :WX> XH> ;<=B

)*9*:*: ;<'0& ,2 $&=,.%#'(-0 &3(734'10' ,1 6-1/ &3(7-1' &3(734'1& -1>

?,6 1,-.'

&21$"Y0 2 7$3 ! , "8,983$6" 16V 5 6 10$ 71,$."3K 7$+$670  6 "#$ "8,983$6.$ 0+$.R

",82 Φww> /0 0$$6 16 (I8/"1 6 MCBZ<NB [" 10 2 7$3$7 8016@ / G 6 \],2]6 0+$.",82

51"# "8,983$6.$ +/,/2$"$,0 σu /67 Λ 7$+$6716@  6 #$1@#"  , $I81G/3$6"3K  6 "#$

93/7$ /4128"#/3 + 01"1 6 βB ?1@8,$ ABCA 0# 50 # 5 "#$ "8,983$6.$ 0+$.",82 G/,1$0

51"# β ! , "#$ "1+ 0$@2$6" /" ;HHP4B D#$ 2/J1282 0+$.",/3 3$G$30 /,$ ! 867 ! ,

"#$ 860"/93$ /"2 0+#$,$ 51"# H = 200S^2

2
78,16@ "#$ 5# 3$ , "/"1 6> 5#1.# ./6

9$ $J+3/16$7 9K "#$ ,$3/"1G$3K #1@# G/38$  ! σu /67 3 5 G/38$  ! "#$ "8,983$6" 3$6@"#

0./3$ Λ ! , "#10 ./0$> /0 0$$6 16 ?1@8,$ AB;AB D#$ 0/2$ ",$670 /,$  90$,G$7 ! ,  "#$,

!,$I8$6.1$0B

?1@8,$ ABCQ 0# 50 "#$ /4128"#/33KR/G$,/@$7 SWL 0+$.",/ ./3.83/"$7 /" / ,$.$1G$,

;HH2 7 565167 /00 .1/"$7 51"# "#$ 0/2$ /"2 0+#$,1. . 671"1 60B &0 1" . 837 9$

! ,$0$$6 !, 2 ?1@8,$ ABCA> "#$ 2/J1282 3$G$30 /,$  9"/16$7 ! , H = 200S^2

2
/67

"#$ 2161282 3$G$30 ! , H = 0 /67 H = 40S^2

2
B D#$ 71F$,$6.$0 /,$ 01@61E./6">

51"# 8+ " C 7LM&N  ! 71F$,$6.$ 9$"5$$6 "#$ G/,1 80 /"2 0+#$,1. . 671"1 60B _$"

80 6 "$ "#/" "#$ 3$/716@ $7@$ "#1.O6$00 . ,,$."1 6 +,$0$6"$7 16 U$."1 6 CBCBC #/0 /

6$@31@193$ $F$."  6 "#$ E6/3 ,$083"0B [67$$7> 16"$@,/3 3$6@"# 0./3$0 Λ /,$ 28.# 3/,@$,

"#/6 "#$ 93/7$ .# ,7 c> "#80 Λ/c 16 (I8/"1 6 CB<H 10 3/,@$ /67 SPLR 10 02/33> 51"#

/ 2/J1282 ,$78."1 6  ! HBA 7L  9"/16$7 ! , "#$ ,  " 0$@2$6"B &@/16> /0 /3,$/7K

2$6"1 6$7 +,$G1 803K ! , ",/1316@ $7@$ 6 10$> 5$ 280" O$$+ 16 2167 "#/" 0", 6@$,

"8,983$6" G/,1/"1 60 "#/6 "# 0$ +,$71."$7 9K T*UD 2/K $J10" 16 ,$/31"K> $0+$.1/33K

5#$6 / 5167 "8,916$ #/++$60 " 9$ 16 "#$ 5/O$  ! /6 "#$, "8,916$ :;<> XH=B
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 !"#$% &'()* +,!$- ./012% 314- 56%/0$#7 .8 SWL 8.$ 0#$3#9%40 !4:.; 4.!5% 14- 8.$

0,% 21$!.#5 107.56,%$!/ /.4-!0!.45 /.$$%56.4-!4" 0. /15% ('

 !"!0! 1.23,*$+ $4$-( .* .5$6)'' %.&*+ 7.8$6 '$5$'

+,% 0.019 SWL 56%/0$1 !4/9#-!4" 3.0, 0$1!9!4" %-"% 4.!5% 14- 0#$3#9%40 !4:.;

4.!5% 1$% /.761$%- 0. 7%15#$%7%405 .8 <%8%$%4/% =>?@ !4  !"#$%5 &'(A 14- &'(B

8.$ /15%5 > 14- (' C% /.45!-%$ ,%$% 1 4%#0$19 107.56,%$% DH = 0EF ;,!/, 7%145

0,% 0#$3#9%40 !4:.; 4.!5% 9%2%95 1$% $%910!2%9G 9.; 1//.$-!4" 0.  !"#$% &'()' H0

166%1$5 0,10 0#$3#9%40 !4:.; 4.!5% !5 -.7!4140 10 9.; 8$%I#%4/!%5F #6 0. &JJ 0.

AJJKLF ;,!9% 0$1!9!4" %-"% 4.!5% !5 -.7!4140 10 ,!",%$ 8$%I#%4/!%5' +,% 1"$%%7%40

3%0;%%4 6$%-!/0!.45 14- 7%15#$%7%405 !5 4.; I#!0% 510!581/0.$G 19.4" 0,% ;,.9%

8$%I#%4/G 314-'  .$ /15% >F 9%0 #5 4.0% 0,10 6$%-!/0!.45 59!",09G .2%$%50!710% 0,%

7%15#$%7%405 10 9.; 8$%I#%4/GF ;,!/, 7!",0 !4-!/10% 0,10 0,% 0#$3#9%40 !4:.;

4.!5% 4%%-5 5.7% !76$.2%7%405 10 0,%5% 8$%I#%4/!%5 14-M.$ 0,10 0,% 107.56,%$!/

0#$3#9%4/% 61$17%0%$5 1$% 4.0 ;%99 7.-%9%-'  .$ /15% (F 0,% %N6%$!7%4019 56%/0$19

6%1O 1$.#4- )JJKL !5 4.0 /160#$%- 3G 0,% 7.-%9F ;,!/, 71G 3% -#% 0. 5.7% .0,%$

4.!5% 5.#$/%5 5#/, 15 5%61$10!.4M50199 4.!5%'

+,% ,.$!L.4019 -!$%/0!2!0!%5 .8 .2%$199 PQR 14- .8 ST 50$%4"0, 1$% 69.00%- !4

 !"#$% &'(U 14-  !"#$% &'(? 8.$ 1 4%#0$19 107.56,%$% DH = 0E 14- 8.$ /15% (

DU(807) = 8m/sE' <%5#905 1$% "!2%4 8.$ 0$1!9!4" %-"% 4.!5% .49GF 0#$3#9%40 !4:.;

4.!5% .49G 14- 8.$ 0,% 0.019 4.!5%' H0 166%1$5 0,10 0,% 71N!71 .8 .2%$199 PQR 8.$

0,% & /#$2%5 1$% 8.#4- #6;!4- 14- -.;4;!4-F 14- 0,% 7!4!71 1$% 8.#4- /$.55;!4-

D90o ± 2o 14- 270o ± 2oE' S5 19$%1-G 5%%4 !4 P%/0!.4 &')'>F 0,% ST 50$%4"0, !5

57199%$ 0,14 > -V !4 0,% #6;!4- 14- -.;4;!4- -!$%/0!.45F 14- !5 71N!7#7 /9.5%

0. 0,% /$.55;!4- -!$%/0!.4F 10 59!",09G -!W%$%40 -!$%/0!.45 8.$ 0,% 0,$%% /#$2%5' +,%

ST 50$%4"0, $%1/,%5 1 71N!7#7 .8 >J -V 1 9!009% #6;!4- 8.$ 0$1!9!4" %-"% 4.!5%F .8

X -V 1 9!009% -.;4;!4- 8.$ 0#$3#9%40 !4:.; 4.!5%F 14- .8 .49G ) -V %N1/09G /$.55;!4-

8.$ 0,% 0.019 4.!5%'
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)*" /!!.,'(&)" +5+)"8 !6 )*" 9%&,"0 &+ +*!:( '( ;'71." <=>?=  *" 9%&," '+ $!'()'(7
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12/ 30$ .9% 0:%$1-- 20!4% 1. 12 90$!;02.1- 12"-% 03 270o <.0,= 12/ 03 278o <60..0+=

8!.9 $%4,%>. .0 .9% 8!2/ /!$%>.!025 30$ >14% ? 12/ H = 0'

 !$4.5 *+!%.@4 ,$%/!>.!024 1$% >0+,1$%/ 8!.9 .9% 02%4 6A BCD +0/%- #4!2"

.9% 60#2/1$A -1A%$ ,1$1+%.%$4 >1->#-1.%/ 8!.9 E FGH 30$ .9% 41+% I*J* K&LMNO

1!$30!-' P%31#-. *0* !4 4o 30$ 1-- >14%45 12/ ,!.>9 12"-% !4 144#+%/ .0 6% ;%$0'

 $0+  !"#$% &'&N5 8% >12 4%% 30$ 60.9 >14%4 .91. .9% 4%,1$1.!02 20!4% <QI= !4 20.

2%"-!"!6-% %:%2 .90#"9 .9% *0* !4 4+1--' R9% 4%,1$1.!02 20!4% ,%1S 1,,%1$4 1.

1$0#2/ 500− 600Hz' T!.9 >024!/%$1.!02 03 QI5 30$ >14% N5 .9% .0.1- QCH <RUI V

QI= !4 1 -!..-% 9!"9%$ .912 .9% +%14#$%+%2.4W 89!-% 30$ >14% ?5 .9% .0.1- QCH !4 4.!--
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 !"#$% &'&() *+!$, -./01% 203, 45%./$#6 -7 89: 7-$ /$0!;!3" %,"% 3-!4% 03, /#$<

2#;%3/ !3=-> 3-!4%' ?;#% ;!3%4) -#$ 5$%,!./!-34 #4!3" @6!%/A4 6-,%;B $%, ;!3%4)

:%;-#,04 .0;.#;0/!-34 #4!3" ?CD 6-,%;'

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

@6!%/A4 6-,%; 7-$ /$0!;!3" %,"% 3-!4% 03, /#$2#;%3/ !3=-> 3-!4% 0$% 055;!%, -3 0

7#;; 4!E% F'&D9 >!3, /#$2!3%' 9% /--G !3/- 0..-#3/ $-/0/!-3 03, H-55;%$ %I%./4

#4!3" 8.+;!3G%$ 03, @6!%/ 055$-0.+J 03, 4+->%, !/ !4 10;!, 7-$ /+% 7$%K#%3.L $03"%

-7 !3/%$%4/'  !$4/ 10;!,0/!-34 0$% 5%$7-$6%, >!/+ 4!65;% .04%4 >+%$% /+% >!3, 45%%,

!4 .-34/03/ 03, 3- /#$2#;%3/ !3=-> 3-!4% !4 .-34!,%$%,' D-,%; 5$%,!./!-34 0$%

.-650$%, /- $%4#;/4 7$-6 /+% ;!/%$0/#$% 7-$ 0 M&6<,!06%/%$ F'&D9 >!3, /#$2!3%'

*+% 4-#3, 5->%$ ;%1%; 5$%,!./!-34 0$% !3 "--, 0"$%%6%3/ >!/+ 6%04#$%6%3/4 0/

+!"+ 7$%K#%3.!%4 >+%3 /+% @CN 6-,%; !4 #4%,J 2#/ #3,%$%4/!60/% /+%6 0/ ;->

7$%K#%3.!%4' *+% 5$%,!./!-34 -7 ,!$%./!1!/L 03, 065;!/#,% 6-,#;0/!-3 0$% 0;4- !3

0"$%%6%3/ >!/+ $%4#;/4 7$-6 /+% ;!/%$0/#$% 7-$ 03 -24%$1%$ .;-4% /- 0 >!3, /#$2!3%J

>!/+ 60O!6#6 8C: 03, 6!3!6#6 @D 4/$%3"/+ ,->3>!3, 03, #5>!3,J >+!;%

6!3!6#6 8C: 03, 60O!6#6 @D 4/$%3"/+ 0$% 7-#3, !3 .$-44>!3, ,!$%./!-34'

*+%3 >% /--G !3/- 0..-#3/ >!3, 4+%0$ 03, /#$2#;%3.% %I%./4 #4!3" /+%

D-3!3<P2#G+-1 4!6!;0$!/L /+%-$L /+0/ !4 10;!, !3 /+% 0/6-45+%$!. 4#$70.% ;0L%$

-1%$ =0/ 03, +-6-"%3%-#4 "$-#3,' P3 /+% -3% +03,J >% 4+->%, /+0/ >!3, 4+%0$

.0#4%4 10$!0/!-34 -7 03";% -7 0//0.G /+0/ 0$% ;0$"%4/ !3 4/02;% .-3,!/!-34 Q/L5!.0;;L

0/ 3!"+/R' @;/+-#"+ /+% 03";% -7 0//0.G 10$!0/!-34 ,#% /- >!3, 4+%0$ 5$-,#.% 0

4!"3!S.03/ .+03"% !3 /+% >0;; 5$%44#$% 45%./$0 0/ 4-6% 2;0,% 4%"6%3/4J /+% !3.$%04%

!3 /+% /$0!;!3" %,"% 3-!4% 45%./$0 0/ /+% 70$ S%;, $%.%!1%$ !4 0;6-4/ 3%";!"!2;%' P3 /+%

-/+%$ +03,J /#$2#;%3/ !3=-> 3-!4% ,-%4 10$L 4!"3!S.03/;L ,%5%3,!3" -3 0/6-45+%$!.

.-3,!/!-34' 9+%3 2-/+ 6%.+03!464 0$% .-34!,%$%,J 89: 45%./$0 0$% !3 6#.+

2%//%$ 0"$%%6%3/ >!/+ 6%04#$%6%3/4J >!/+ /#$2#;%3/ !3=-> 3-!4% ,-6!30/!3" 0/
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pc = S

(

exp(ikRd)

Rd
+Q

exp(ikRr)

Rr

)

,  !"#$

%&'( S '() *+,-&'./) 01 '() 20+,-)3 ,4)55.4) pc6 '()7 &' 2*7 8) 5(0%7 '(*' '()

4)-*'&9) 50.7/ ,4)55.4) -)9)- ∆L (*5 '() 104+ :;<=>

∆L = 10 log10
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∣
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∣
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%()4) Rd *7/ Rr *4) '() /&5'*72)5 01 '() /&4)2' *7/ 4)@)2')/ ,*'( 4)5,)2'&9)-A6 Q &5

'() 5,()4&2*-B%*9) 4)@)2'&07 20)C2&)7'6 *7/ pFF = S exp(ikRd)/Rd &5 '() 14))BD)-/

,4)55.4)" Q &5 /)D7)/ *5 :;<=>

Q = 1− 2
k

Z

Rr
exp(ikRr)

∫ ∞

0
exp(−qk

Z
)
exp(ik

√

r2 + (zr + zs + iq)2)
√

r2 + (zr + zs + iq)2
dq,  !";$

%&'( Z '() 704+*-&E)/ F40.7/ &+,)/*72)6 *7/ zr *7/ zs '() 4)2)&9)4 *7/ 50.42)

()&F('5 4)5,)2'&9)-A" G7 ,4*2'&2)6 &1 %) (*9) Rr ≫ zr + zs6 '()7 HI.*'&07  !";$ 2*7

8) 5&+,-&D)/ *5 :J?6 ;<=>

Q = Rp + (1−Rp)F (d),  !"!$

%()4) Rp &5 '() ,-*7)B%*9) 4)@)2'&07 20)C2&)7' F&9)7 8A>

Rp =
Z cos(θ)− 1

Z cos(θ) + 1
,  !"<$

θ &5 '() 4)@)2'&07 *7F-) *5 5(0%7 &7 K&F.4) !"#6 *7/ F (d) &5 '() 80.7/*4A -055 1*2'04

F&9)7 8A>

F (d) = 1 + id
√
π exp(−d2) erfc(−id),  !"L$

%&'( d '() 7.+)4&2*- /&5'*72) /)D7)/ *5>

d =

√

ikRr
2

(

1

Z
+ cos(θ)

)
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9*-&/*')/ &7 K&F.4) !"?" O() 50.42) ()&F(' &5 PQ+6 085)49)4 ()&F(' &5 ?+6 *7/ '()

,40,*F*'&07 /&5'*72) &5 <QQ+6 '(.5 Rr = 500m ≫ zr + zs = 80m" R40.7/ &5
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4%!"4. !2 =>;? /@2%$7%$ 4%!"4. !2 (;? +0- .4% 3$/3+"+.!/0 -!2.+05% !2 A>>;'

./ .4% -!$%5. 6+7% +. .4% $%5%!7%$ -%3%0-!0" /0 .4% +5/#2.!5 6+7%,%0".4 +0- .4%

-!2.+05% /1 Rd +0- Rr' B4%0 .4% -!$%5. +0- $%8%5.%- 6+7% +$% /#. /1 34+2%? +0

!0.%$1%$%05% -!3 !2 3$%2%0. !0 .4% 23%5.$#;'

C:+;3,%2 /1 ∆L 1/$ + $%5%!7%$ ,/5+.%- +. (; 4%!"4.? D>>>; +6+E 1$/; .4%

2/#$5% +$% 24/60 !0  !"#$% &'F' G0 H+I? F 2/#$5% 4%!"4.2 +$% 5/02!-%$%- 1/$ + .E3!5+,

"$+22,+0- "$/#0-' B% 5+0 2%% .4+. .4% 0#;@%$ /1 !0.%$1%$%05% -!32 !05$%+2%2 6!.4

2/#$5% 4%!"4.' G0 H@I? .4% 2/#$5% 4%!"4. !2 J:%- +. =>;? +0- "$/#0-2 6!.4 7+$!/#2

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

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

30%$,&)"!*#  4,$!&0*$- *, '/" 0$ 0)" '*,,*& 0*5" &!$#",, '/!*-6 0)" ( 5" &!$& 6 7

0*$-2 8-"!69 +$,, +" ', 0$  '"#!" ," $1 0)"  %&+*0/'" $1 0)" ( 5"2 :)" ,0!"-60) $1

 4,$!&0*$- '"&"-', $- 1!";/"-#9< 0"%&"! 0/!"  -' 0)" )/%*'*09 $1 0)"  0%$,&)"!"2

=1 (" *-#+/'"  ,% ++ *% 6*- !9 0"!% iki *- 0)" ( 5" -/%4"! k< 0)" #$%&+">  #$/,0*#

&!",,/!" 4"#$%",?

pa = S
eikr

r
e−kir. @A2BC

:)" 1 #0$! ">&(−kir) !"&!","-0, 0)" ">&$-"-0* + '"#!" ," $1 0)"  %&+*0/'" (*0)

'*,0 -#" r DEFG2 =1 (" /," ">&!",,*$- kc = k + iki 0$ !"&+ #" k *- 8;/ 0*$- @A2HC< ("

) 5"?

pa = S

[

eikRd · e−kiRd

Rd
+Q

eikRr · e−kiRr

Rr

]

. @A2IC

=1 ("  ,,/%" Rr ≃ Rd< 0)"- 0)" '"#!" ,*-6 #$%&$-"-0 ekiRd ≃ ekiRr
< (" ) 5"?

pa ≃ e−ikRdS

[

eikRd
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+Q

eikRr

Rr

]

= e−ikRdpc. @A2HJC
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 7" #$%&'()* +, (%3!'.-% #89 ∆L ,+( -!(.+)/

'2$%/ +, 1(+)45: /+)(&% 0%.10' ./ ;<*6

 !"#$% &'() *+,-./%0 12 3,$$145,36 0.%78$#- 12 $%/,8!9% 01#36 .$%00#$% /%9%/ ∆L

21$ :,; 9,$!1#0 01#$7%<150%$9%$ /17,8!130 ,36 21$ :5; 9,$!1#0 "$1#36 8=.%0 #0!3" 8>%

?%/,3=<@,A/%= -16%/'

*+.$%00%6 !3 6@ 07,/%B 4% >,9% C(DE)

SPL = SWL− 10 log10(4πR
2
d)− αRd +∆L, :&'FF;

4>%$% SWL − 10 log10(4πR
2
d) 71$$%0.1360 81 8>% SPL !3 8>% 2$%% G%/6B ,36 α !0

7,//%6 8>% ,8-10.>%$!7 ,501$.8!13 71%H7!%38 :!3 6@I-;' J8 7,3 5% %08!-,8%6 5= 8>%

J38%$3,8!13,/ K8,36,$6 JKL MNF(<F)FMM( 4!8> 8>% !321$-,8!13 12 8%-.%$,8#$% ,36

,!$ >#-!6!8= C(DE' O8-10.>%$!7 ,501$.8!13 !0 -1$% .$131#37%6 ,8 >!"> 2$%P#%37=

$,3"%B ,36 21$ /13"%$ 01#$7%<$%7%!9%$ 6!08,37%' O3 %+,-./% 12 ,501$.8!13 71%H7!%38

,0 , 2#378!13 12 2$%P#%37= !0 0>143 !3  !"#$% &'&B 4!8> 8%-.%$,8#$% 12 20Co ,36

,!$ >#-!6!8= 12 QR S' T18% 8>,8 4% 61 318 !37/#6% 8>% ,501$.8!13 6#% 81 7/1#60'

@,#61!3  ! "#$ CMNE 0>14%6 8>,8 8>% 7/1#6 ,501$.8!13 7,3 5% 0%9%$,/ 1$6%$0 12

-,"3!8#6% "$%,8%$ 8>,3 08,36,$6 ,501$.8!13'

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

1'0'6+/+'-4 $.0'451+%+

 !"!"!4 56768(1&9 6::7(*&/6,&(- () ,;$ <$1/;(1,= $>?6,&(-

U% 08,$8 4!8> V? W%/->1/8A %P#,8!13 $%6#7%6 2$1- 8>% (? %P#,8!13 5= ,+!,/ 0=-<

-%8$= ,00#-.8!13 C(DB MXE)

[

∂2

∂x2
+

(

∂

∂z2
+ k2

)]

qc = 0, :&'FV;

4>%$% qc = pc
√
x /!3Y0 8>% P#,38!8= qc ,36 8>% 71-./%+ .$%00#$% pc' x !0 ,/13"

8>% .$1.,",8!13 6!$%78!13B ,36 z ,/13" 8>% 9%$8!7,/ 6!$%78!13' Z>% 4,9%3#-5%$ k !0
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 !"#$% &'&( )*+,-./%$!0 12-,$.*!,3 0,%40!%3* α 5,$ *%+.%$1*#$% ,5 20Co 136 1!$

/#+!6!*7 ,5 80%'

188,9%6 *, :1$7 9!*/ z *, 100,#3* 5,$ -,#36 -.%%6 :%$*!018 "$16!%3*-' ;% -,+%*!+%-

9$!*% k2 = k2an
2
<=>?@ 9/%$% n = c0/c(z) !- */% !36%A ,5 $%5$10*!,3 136 ka !- 1

$%5%$%30% :18#% ,5 k@ ,$ 1 :18#% 1* */% "$,#36 -#$510% <BC@ =D?' E5 9% 6%F3% */%

,.%$1*,$ Hc 1-(

Hc =

(

∂

∂z2
+ k2

)

, G&'HBI

*/%3 JK#1*!,3 G&'HLI 2%0,+%-(

(

∂

∂x
+ i

√

Hc

)(

∂

∂x
− i

√

Hc

)

qc = 0. G&'H&I

M%$% 9% 0,3-!6%$ ,387 */% ,#*",!3" 91:%@ */#-(

(

∂

∂x
− i

√

Hc

)

qc = 0. G&'HCI

;% 6%F3%

s =
1

k2a

(

∂2

∂z2
+ k2

)

− 1, G&'HNI

*/#-

√

Hc = ka

√

1

k2a

(

∂2

∂z2
+ k2

)

− 1 + 1 = ka
√
s+ 1. G&'HDI

O#2-*!*#*!3" !* !3*, JK#1*!,3 G&'HCI@ 9% /1:%(

∂qc
∂x

= ika
√
1 + sqc. G&'H>I

;% -%%P -,8#*!,3- ,5 qc !3 */% 5,$+(

qc(x, z) = ψ(x, z) exp(ikax), G&'H=I
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 ! "#$%"&&'(! )*+,-./ 01" "#$(!"!0'23 0"%4 %"$%"&"!0& 2 $32!" 526" (&7'3320'(!/ 51'71

62%'"& 4871 92&0"% 012! ψ(x, z)+ :8;&0'080'!< "#$%"&&'(! )*+,-. '!0( =>820'(! )*+,?./

5" (;02'!@

∂ψ

∂x
= ika

(√
1 + s− 1

)

ψ. )*+AB.

 9 5" 2$$%(#'420" 01" &>82%"C%((0 ($"%20(% ;D 01" ,&0 (%E"% F2D3(% "#$2!&'(!@

√
1 + s ≃ 1 + s/2, )*+A,.

5" 126"@

∂ψ

∂x
=

1

2
ikasψ =

i

2ka

[

∂2

∂2z
+ (k2 − k2a)

]

ψ. )*+AA.

=>820'(! )*+AA. '& 7233"E 01" !2%%(5C2!<3" $2%2;(3'7 ">820'(!/ ;"728&" '0 '& 2778%20"

(!3D 20 &4233 "3"620'(! 2!<3"& )2;(80 10o.+ G 4(%" 2778%20" "#$%"&&'(! '& $%($(&"E

;D H'3;"%0 2!E I1'0" J--K 8&'!< 2 L2EM ),/,. 2$$%(#'420'(!@

√
1 + s ≃ 1 + 3

4s

1 + 1
4s
. )*+AN.

I'01 01'& 2$$%(#'420'(!/ 2 7(%%"&$(!E'!< 5'E"C2!<3" $2%2;(3'7 ">820'(! )IGL=.

'& 5%'00"! 2&@

(1 +
1

4
s)
∂ψ

∂x
=

1

2
ikasψ.  !"#!$

%&'( )*+,)(('-. '( .-/ 012'3 4+ 5- 1. )2)015'-. 1.62) -7 30− 40o 89:;"

<'64,) !"=> ?224(5,15'-. -7 @12@4215'-. 3-A1'. 7-, BC A)5&-3" D-,'E-.512 (+1@'.6

'( ∆x 1.3 0),5'@12 (+1@'.6 '( ∆z" F,-4.3 (4,71@) '( 15 z = 0G 1.3 +,-+1615'-.

3',)@5'-. '( 12-.6 x"

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

H @12@4215'-. 3-A1'. '( '224(5,15)3 '. <'64,) !"=" I1,,-/J1.62) 1.3 /'3)J1.62)

+1,1K-2'@ )L415'-.( @1. K) (-20)3 .4A),'@122M KM 1++,-*'A15'.6 5&) +1,5'12 3'N),J

).5'12 5),A( ∂ψ/∂x 1.3 ∂2ψ/∂z2 /'5& 1++,-+,'15) .4A),'@12 (@&)A)( 899;" O) @1.
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 !"# $%! %&! '(  )#"('*+! ,( (-)+$. !/0(%$)' 123445 (67

∂ψ

∂x
= αp

∂2ψ

∂z2
+ βpψ, 123485

#$%& αp = 1/2i/ka ('9 βp = 1/2i(k2 − k2a)/ka3 :; %&! 4'9 ) 9! 9$<! !'%$(+ %! =

∂2ψ/∂z2 $6 (,, )>$=(%!9 -? .!'% (+ 9$<! !'%$(+ ;) =0+( (6 @AAB7

(
∂2ψ

∂z2
)zj =

ψj+1 − 2ψj + ψj−1
(∆z)2

, 1234C5

#&! ! zj = j∆z  !, !6!'%6 %&! D! %$.(+ * $9 #$%& %&! * $9 $'9!> j − 1, j, j + 1 !%.3

E&!' %&! F/0(%$)' 123485 .(' -! # $%%!' $' =(% $> ;) = (67

∂

∂x
~ψ = (γT +D)~ψ, 1234G5

#$%&

~ψ $6 %&! D! %$.(+ * $9 D!.%) H T ('9 D ( ! =(% $> *$D!' $' @AAB3 E&! $'%!* (%$)'

); F/0(%$)' 1234G5 ; )= x %) x+∆x $' %&! , ),(*(%$)' 9$ !.%$)' *$D!67

~ψ(x+∆x)− ~ψ(x) = (γT +D)

∫ x+∆x

x

~ψ dx. 1234I5

E&! J ('K L$.&)+6)' (,, )>$=(%$)' $6 ')# 06!9 %)  !,+(.! %&! $'%!* (+ $' F/0("

%$)' 1234I5 -? [~ψ(x+∆x) + ~ψ(x)]∆x/23 E&06 F/0(%$)' 1234I5 -!.)=!67

Mb
~ψ(x+∆x) =Ma

~ψ(x), 1234A5

#&! ! Ma ('9 Mb ( ! *$D!' (6 @AAB

Ma = 1 +
1

2
∆x(γT +D)

Mb = 1− 1

2
∆x(γT +D). 123MN5

O) #$9!"('*+! ,( (-)+$. !/0(%$)' 123425H ( 6$=$+( ;) = (6 !>, !66$)' 1234A5 .(' -!

;)0'9 @AABH #$%&7

Ma = 1 +
1

2
∆x(γT +D) +

γT +D

2ika

Mb = 1− 1

2
∆x(γT +D) +

γT +D

2ika
. 123MP5

E&$6 =!%&)9 $6 .(++!9 %&! J ('K"L$.&)+6)' QF 1JLQF5 =!%&)93 :% $6 4'9 ) 9! 

(..0 (%! ('9 $=,+$.$% 6$'.! ( % $9$(*)'(+ =(% $> '!!96 %) -! $'D! %!9 (% !(.& 6%!,3

:; &$*&! !+!D(%$)' ('*+!6 ( ! '!!9!9 $' %&! .(+.0+(%$)'H $% $6 ,)66$-+! %) 06! %&!

R,+$%"6%!, Q(9S =!%&)9 ); ) 9! nH $'% )90.!9 -? J)++$'6 @PNNB ('9 9!%($+!9 -?

T (*'( @AIB3 :' %&!  !6% ); %&$6 J&(,%! H )'+? %&! #$9!"('*+! ,( (-)+$. !/0(%$)'

#$++ -! .)'6$9! !93 :% #$++ 6$=,+? -!  !;!  !9 %) (6 QF3
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 !"!"!3 4(5-0678 9(-0&,&(-+ (- ,:$ .7(5-0 6-0 (- ,:$ ,(;

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

∂pc
∂z
|z=0 + ikaBpc = 0, 345678

9#$&$ B = 1/Z 91"# Z "#$ !'&:,;1<$) 1:=$),!-$5 >#$ *,:$ &$;,"1'!*#1= #';)* +'&

ψ "''. "#(* 9$ #,?$ ∂ψ
∂z ," #'&1<'!",; *"$= n∆x 9&1""$! ,*2

∂ψ

∂z
|z=0(n∆x) + ikaBψ(n∆x) = 0, n = 1, 2, 3... 345668

@ *$-'!) '&)$& ,==&'A1:,"1'! +'& ψ 1* =&$+$&,/;$ +'& 91)$B,!%;$ =,&,/';1- $C(,B

"1'!5 @ D-"1'(* ='1!" ψ0(n∆x) ," z = −∆z 1* 1!"&')(-$) +'& , 7!) '&)$& -$!"$&$)
*-#$:$5 >#$ $A=&$**1'! 1* %1?$! 1! EFGH ,*2

ψ2 − ψ0
2∆z

+ ikaBψ1 = 0, 345648

9#1-# %1?$* "#$ ?,;($ '+ ψ05 >#1* :')1D$* "#$ D&*" ;1!$ '+ :,"&1A %1?$! 1!

IC(,"1'! 3456J85

K'& "#$ (==$& ;1:1" '+ "#$ %&1). ,! ,&"1D-1,; ,/*'&/1!% ;,0$& 1* ,==;1$) "' ,?'1)

"#$ /,-L &$M$-"1'! '+ "#$ *'(!) 9,?$*5 >#$ 9,0 "' ,)) "#1* ;,0$& 1* "' ),:= "#$

9,?$ !(:/$& k /0 ,))1!% ,! 1:,%1!,&0 "$&:5 >#$&$ 1* !' (!1C($ +'&: +'& "#1*

1:,%1!,&0 "$&: EFFH5 N! "#1* *"()0. 9$ (*$ "#$ $A=&$**1'! %1?$! 1! "#$ +'&:2

exp

[

− 1

Cα

(

z − zα
zmax − z

)2
]

, 3456O8

91"# Cα , -'$P-1$!" )$"$&:1!$) $:=1&1-,;;0. zα "#$ *",&"1!% #$1%#" '+ "#$ ,/*'&/1!%

;,0$& ,!) zmax "#$ :,A1:(: #$1%#" '+ "#$ -,;-(;,"1'! )':,1!5

 !"!"! <,67,&-. =$10+

>-618,&961 +,67,$7+

>#$ =,&,/';1- $C(,"1'! ," *"$= xj+1 1* *';?$) 91"# "#$ L!'9! ?,;($* '+ ψ(xj)5 >#(*

1!1"1,; ?,;($* '+ ψ(x0) "#," &$=&$*$!" , :'!'=';$ *'(&-$ ,&$ &$C(1&$)5 Q'9$?$&. "#$

$A,-" $A=&$**1'! +'& :'!'=';$ *'(&-$ 1* !'" *(1",/;$ /$-,(*$2

J5 1" )1?$&%$* ," "#$ *'(&-$R

75 1" &,)1,"$* $!$&%0 ," ;,&%$ $;$?,"1'! ,!%;$* 3,!%;$* /$"9$$! "#$ #'&1<'!",;

)1&$-"1'! ,!) "#$ 9,?$ =&'=,%,"1'! )1&$-"1'!8 "#," ,&$ '("*1)$ "#$ &,!%$ 9#$&$

"#$ SI :$"#') 1* ,--(&,"$ E6OH5



 ! "#$%&'( !) *+,- &.(/+,' ,0+1' %(0%$2$&+0, 03'( $ 40,2 -+1&$,5'

 !"# $ #%$&'$( )$"## *"+,&'-+ '# "#./ *-0 &!. #&$0&'+1 2.(/ *-0 +$00-34$+1(. %$0$5-(',

.6"$&'-+ 7898: ;;<=

qc(0, z) =
√

ika exp(−
1

2
k2az

2). >?@ABC

D# *-0 &!. 3'/.4$+1(. %$0$5-(', .6"$&'-+: $ !'1!.0 -0/.0 #&$0&'+1 2.(/ '# %0.*.00./@

 !. .E%0.##'-+ '# 1'F.+ '+ 7AG< $#=

qc(0, z) =
√

ika(A0 +A2k
2
az

2) exp(−k
2
az

2

3
), >?@AHC

3'&! A0 = 1.3717: A2 = −0.3701@

6.7'(+5$4 1&$(&'(1

D+-&!.0 3$I &- 2+/ &!. #&$0&'+1 2.(/ '# ,$((./ &!. 5$,J4%0-%$1$&'-+ K.&!-/: 20#&

%0-%-#./ 5I L-(('+# $+/ M.#&3--/ 789N<@  !. '/.$ '# >#.. O'1"0. ?@BC

8@ &- ,$(,"($&. &!. $+$(I&',$( #&$0&.0 >'+'&'$( #&$0&.0C $& $ ,.0&$'+ /'#&$+,. *0-K

&!. #-"0,. *-0 $ !-K-1.+.-"# $&K-#%!.0. "#'+1 DK'.&P# #-"0,. K-/.(Q

N@ 5$,J4%0-%$1$&. &!. #&$0&.0 5I RS K.&!-/ &'(( &!. #-"0,. &- -5&$'+ &!. P#-"0,.4

#&$0&.0PQ >T-&. &!$& '& 0.6"'0.# #-K. K-/'2,$&'-+ -* #'1+# *-0 "#'+1 &!. RS

K.&!-/ '+ $ 5$,J3$0/# %0-%$1$&'-+ /'0.,&'-+C

A@ &- *-03$0/ %0-%$1$&. &!. P#-"0,.4#&$0&.0P "#'+1 ,($##', RS K.&!-/ *-0 $+ '+4

!-K-1.+.-"# $&K-#%!.0.@  !'# K.&!-/ ,$+ 5. "#./ 3!.+ &!. #-"0,. '# +-& $

K-+-%-(. >K-0. ,-K%(.E /'0.,&'F'&IC@

U& '# +.././ &- +-&. &!$& /"0'+1 5$,J4%0-%$1$&'-+: &!. 10-"+/ '# $(3$I# ,!-#.+

$# 0'1'/: &- K$'+&$'+ $ #&$5(. ,$(,"($&'-+@  - F$('/$&. &!'# $%%0-$,!: &!. 0.($&'F.

#-"+/ %0.##"0. (.F.( ∆L *-0 $ K-+-%-(. #-"0,. '# ,$(,"($&./ 3'&! &!. N+/ -0/.0

$+$(I&',$( #&$0&.0 1'F.+ 5I S6"$&'-+ >?@AHC $+/ 3'&! &!. 5$,J4%0-%$1$&'-+ K.&!-/@

U& '# ,-K%$0./ &- &!. $+$(I&',$( #-("&'-+ 1'F.+ 5I S6"$&'-+ ?@N '+ O'1"0.# ?@H &- ?@89

'+ &!. F.0&',$( $+/ !-0'V-+&$( /'0.,&'-+#: $+/ *-0 0'1'/ $+/ 'K%./$+,. 10-"+/#@ O-0

&!. 5$,J4%0-%$1$&'-+ ,$#.: &!. '+'&'$( #&$0&.0 '# #.& 899K $3$I *0-K &!. #-"0,.

"#'+1 &!. $+$(I&',$( #-("&'-+ -* S6"$&'-+ ?@N@ U+ &!. F.0&',$( /'0.,&'-+: 3. ,$+

#.. &!$& &!. &3- #&$0&.0# 1'F. 0.($&'F.(I ,(-#. 0.#"(&# ,-K%$0./ &- &!. $+$(I&',$(

#-("&'-+ "+&'( $0-"+/ N99K !.'1!&@ U+ &!. !-0'V-+&$( /'0.,&'-+: $*&.0 $5-"& 8G9K

%0-%$1$&'-+ /'#&$+,.: &!. 5$,J4%0-%$1$&'-+ K.&!-/ 1'F.# #('1!&(I 5.&&.0 0.#"(&#: 5"&

&!. &3- #&$0&.0# 0.K$'+ '+ 1--/ $10..K.+& 3'&! &!. $+$(I&',$( #-("&'-+@  !. 5$,J4

%0-%$1$&'-+ K.&!-/ 0.K$'+# $,,"0$&. 3'&! $+ 'K%./$+,. 10-"+/ .F.+ &!-"1! $

0'1'/ 10-"+/ '# "#./ /"0'+1 &!. 5$,J4%0-%$1$&'-+ %!$#.@
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 !"#$% &'() *++#,-$.-!/0 /1 -2% 3.4567$/7.".-!/0 8%-2/9 -/ /3-.!0 -2% !0!-!.+ ,-.$-%$

9#% -/ . ,!0"+% ,%"8%0- /1 . 3+.9% :!0 $%9;'

 !" #$%&'()* $+ ,()- .%/0()1 2$%/31 4$-1' ,(.5

&6/60$'(3 17%6.($) 3$-1

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

<% ,-#9!%9 -=/ =.>, -/ 4/#7+% -2% ?8!%-@, ,/#$4% 8/9%+ -/ -2% AB 4/9%' C2%

D$,- /0% !, -/ 4.+4#+.-% -2% ,-.$-!0" D%+9 1$/8 -2% =2/+% =!09 -#$3!0% .- "%/8%-$!4

0%.$ D%+9 :->7!4.++> EFF8;G -2%0 7$/7.".-% !- -/ -2% 1.$ D%+9 :,%%  !"#$% &'EE

:.;;' C2!, =.> !, $.-2%$ 1.,- -/ 9/G ,!04% =% 0%%9 -/ 7%$1/$8 /0+> /0% AB

4.+4#+.-!/0 7%$ 1$%H#%04>' I/=%J%$ -2!, 8%-2/9 +%.9, -/ %$$/$, 3%4.#,% !- .,,#8%,

72.,% 4/$$%+.-!/0, 3%-=%%0 ,%"8%0-,G =2!42 !, !0 4/0-$.9!4-!/0 =!-2 -2% 8/9%+

7$%,%0-%9 !0 K2.7-%$ L' C2% M09 =.> !, -/ #,% -2% 3.4567$/7.".-!/0 -%420!H#%

%N7+.!0%9 3%1/$% 1/$ %.42 ,%"8%0- /1 %.42 3+.9% :,%%  !"#$% &'EE :3;;' O0% AB

4.+4#+.-!/0 !, 7%$1/$8%9 1/$ %.42 ,%"8%0- !09!J!9#.++>G -2%0 .++ 4/0-$!3#-!/0, .$%

,#88%9 #7 .- -2% $%4%!J%$ +/4.-!/0' C2!, 8.5%, -2% 4/87+%-% 4.+4#+.-!/0 H#!-%

4/87#-.-!/0.++> !0-%0,!J%' ?+,/G %.42 AB 4.+4#+.-!/0 !, 7%$1/$8%9 !0 . ,+!"2-+>

9!P%$%0- -=/69!8%0,!/0.+ 7+.0%G -2#, !- !, ,-$!4-+> %N.4- /0+> .- -2% 42/,%0 /3,%$J%$

+/4.-!/0'

C/ 4/#7+% -2% AB 8%-2/9 -/ ?8!%-@, ,/#$4% 8/9%+G !- !, %,,%0-!.+ -/ D09 -2%

,-.$-!0" D%+9'  /$ -2% ,7%4!D4 .77+!4.-!/0 /1 =!09 -#$3!0% 0/!,% 7$/7.".-!/0G =%

!0-%09 -/ #,% $%,#+-, /1 Spp 1$/8 ?8!%-@, 8/9%+ -/ 9%9#4% -2% ,-.$-%$ D%+9 qc' *- !,

7/,,!3+% -/ /3-.!0 -2% 8."0!-#9% /1 -2!, MQ J.$!.3+% qc .,)

qc = pc
√
x =

√

Spp ·
√
x. :&'LR;
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 !" #$%&'( )* +,- .(/0.*1

 !"#$% &'() *%+,-!.% /0#12 3$%//#$% +%.%+ 40$ , 501030+% /0#$6% 6,+6#+,-%2 7!-8

2!9%$%1- /-,$-!1" :%+2/ ,12 6053,$%2 -0 -8% ,1,+;-!6,+ /0+#-!01' <0#$6% 8%!"8- !/

=,> ?5@ =A> BC5' *%6%!.%$ !/ DCC5 ,7,; 4$05 -8% /0#$6%'  $%E#%16; !/ D&CFG@ ,12

"$0#12 !/ $!"!2'
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 !"#$% &'B) *%+,-!.% /0#12 3$%//#$% +%.%+ 40$ , 501030+% /0#$6% 6,+6#+,-%2 7!-8

2!9%$%1- /-,$-!1" :%+2/ ,12 6053,$%2 -0 -8% ,1,+;-!6,+ /0+#-!01' <0#$6% 8%!"8- !/

BC5@ $%6%!.%$ 8%!"8- !/ ?5'  $%E#%16; !/ D&CFG@ ,12 "$0#12 !/ $!"!2'



 !"! #$%&'()* $+ ,()- .%/0()1 2$%/31 4$-1' ,(.5 &6/60$'(3 17%6.($)

3$-1 89

�20 �10 0 10
0

50

100

150

200

250

300

350

400

�L (dB)

z
 (

m
)

Analytical

Salomons 2nd order

Back�propagation

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

�10 �5 0 5

5

10

15

20

25

30

35

40

45

�L (dB)

z
 (

m
)

Analytical

Salomons 2nd order

Back�propagation

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

 !"#$% &'() *%+,-!.% /0#12 3$%//#$% +%.%+ 40$ , 501030+% /0#$6% 6,+6#+,-%2 7!-8

2!9%$%1- /-,$-!1" :%+2/ ,12 6053,$%2 -0 -8% ,1,+;-!6,+ /0+#-!01' <0#$6% 8%!"8- !/

=,> ?5@ =A> BC5' *%6%!.%$ !/ DCC5 ,7,; 4$05 -8% /0#$6%'  $%E#%16; !/ D&CFG@ ,12

, "$,// "$0#12 !/ 601/!2%$%2 7!-8 σe = 200kPa · sm−2'
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 !"#$% &'HC) *%+,-!.% /0#12 3$%//#$% +%.%+ 40$ , 501030+% /0#$6% 6,+6#+,-%2 7!-8

2!9%$%1- /-,$-!1" :%+2/ ,12 6053,$%2 -0 -8% ,1,+;-!6,+ /0+#-!01' <0#$6% 8%!"8- !/

BC5@ $%6%!.%$ 8%!"-8 !/ ?5'  $%E#%16; !/ D&CFG@ ,12 , "$,// "$0#12 !/ 601/!2%$%2

7!-8 σe = 200kPa · sm−2'
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ObserverSource at

geometry

near field

Propagation by PE method

wind

turbine

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

wind

turbine Propagation of each

segment by PE method

Observer

Source at the wind tubine

after back-propagation

 0" #$( )* +!%+,%!-.'$ 1'2 (!+3 4(56($-/

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

,/#$6% .05 7$/7.".-!/0 4/5%+,'

92!$5 /6-.:% 8.05 6%0;

-$.+ 1$%<#%06= >?@A

(BB (CD (EB CBB CDB F(D &BB

G#48%$ /1 0.$$/3 8.05

6.+6#+.-!/0,

( ( ( C C F &

92!$5 /6-.:% 8.05 6%0;

-$.+ 1$%<#%06= >?@A

DBB EFB HBB (BBB (CDB (EBB CBBB

G#48%$ /1 0.$$/3 8.05

6.+6#+.-!/0,

& & D D D E E

9.8+% &'() G#48%$ /1 0.$$/38.05 6.+6#+.-!/0, 7%$ -2!$5 /6-.:% 8.05'

I% .,,#4% -2% ,/#$6%, .+/0" -2% 8+.5%, .$% #06/$$%+.-%5J 2/3%:%$J 3% 0%%5 -/

.66/#0- 1/$ -2% "%/4%-$!6 72.,% 5!K%$%06%, 5#% -/ -2% 5!K%$%06%, /1 %.62 ,%"4%0-;

$%6%!:%$ 5!,-.06% Rstr' 9/ $%6/:%$ -2!, 72.,% !01/$4.-!/0J 3% !0-$/5#6% . 6/$$%6-!/0

-%$4 8= 4#+-!7+=!0" -2% CL 6/47+%M ,-.$-!0" N%+5 qc 8= e
ikRstr

' 92%0 -2% 6/$$%6-%5

qc 3!-2 -2% 72.,% !01/$4.-!/0 1/$ %.62 ,%"4%0- !, 8.6O;7$/7.".-%5 -/ -2% 3!05 -#$;

8!0%'  !0.++= .++ -2% ,/#$6%, .$% 7$/7.".-%5 1/$3.$5 #,!0" 6+.,,!6.+ PQ 4%-2/5 -/ .0

/8,%$:%$J .05 -2% $%6%!:%5 -/-.+ RPS !, ,!47+= -2% ,#4 /1 .++ -2% 6/0-$!8#-!/0,' I%

4#,- %472.,!@% -2.- ,!06% 1/$ %.62 ,%"4%0-J -2% 7$/7.".-!/0 5!,-.06% .05 5!$%6-!/0

.$% 5!K%$%0-J -2!, 4%-2/5 !, ,-$!6-+= :.+!5 /0+= .- /0% $%6%!:%$ +/6.-!/0' ?/3%:%$J 3%

3!++ ,2/3 !0 -2% 1/++/3!0" -2.- !- $%4.!0, .66#$.-% /:%$ . +.$"% $.0"% /1 5!,-.06%,'

*0 -2% 1/++/3!0" ,%6-!/0,J .++ -2% PQ 6.+6#+.-!/0, .$% 5/0% 1/$ &T 1$%<#%06!%,

>,%% 9.8+% &'(A !0 /$5%$ -/ /8-.!0 -2% (UF /6-.:% 8.05 ,7%6-$#4 8%-3%%0 (BB?@

.05 CBBB?@' 92% ,!@% /1 -2% 5/4.!0 !, 1000m .+/0" M .05 500m .+/0" @J 3!-2

∆x = ∆z ≃ λ/10'

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

2*-3+3*7, %)2*,05313

92% PQ 4%-2/5 6/#7+%5 3!-2 V4!%-W, 4/5%+ !, :.+!5.-%5 3!-2 .0.+=-!6.+ 4/5%+ !0

-2!, ,%6-!/0' 92% 8.6O;7$/7.".-!/0 5!,-.06% !, ,%- ., (BB4 1/$ .++ 6.,%,' X.+!5.-!/0,

.$% N$,- 5/0% 1/$ F -!7 ,%"4%0-, #05%$ 2/4/"%0%/#, .-4/,72%$!6 6/05!-!/0 1/$ $!"!5
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 !" #$%&" !'& ()*+!", )&,%&'-#.&/01  !" -2&! 3*) -2& 42*/& 4#!" -+)5#!& 4#-2

)#(#" ()*+!"6

 !"!9!: ;6'(-6.($)2 ,(.5 " .(& 21*41).2 6*6()2. 6)6'<.(36' 4$-1'

=$4$*1)1$%2 6.4$2&51/1 ,(.5 /(*(- */$%)-

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

% ) $&-&) β = 0o !"#$%$& '$" ()#*" %+ ,'%$-%$& .,/#0*+1 20'.$* %+ 0%&%* 3σe =

∞41 5$ 6%&.0" 7189 -:" $#00'/ (#$* +,";-0# #0" ;'!,#0"* <'0 #$ '(+"0="0 #-

3#4 9 ! #$* 3(4 8> ! :"%&:-1 5$ ('-: ;#+"+ -:" ,0',#&#-%'$ *%+-#$;"+ #0" 8>>> !

<0'! -:" /%$* -.0(%$" %$ -:" *'/$/%$* *%0";-%'$1 ?:" @A 0"+.)-+ ;#,-.0" /")) -:"

%$-"0<"0"$;" *%,+ <'0 -:" /:')" <0"B."$;C 0#$&" ;'$+%*"0"* #)-:'.&: -:" !#&$%-.*"

%+ )"++ -:#$ -:" #$#)C-%;#) +').-%'$ *." -' $.!"0%;#) "00'0+1 D!#)) '="0E,0"*%;-%'$+

;#$ #)+' (" '(+"0="* <'0 ;"0-#%$ <0"B."$;%"+ (.- -:"C 0"!#%$ )'/ 38 E 9 *F41
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 $" #$%&'(&' !) 01+ ,&-.,)/

6%&.0" 7189G H#00'/ (#$* +,";-0# ;'!,#0%+'$+ ("-/""$ #$#)C-%;#) +').-%'$ #$* @A

0"+.)-+ <'0 '(+"0="0+ )';#-"* 8>>> ! #/#C %$ -:" *'/$/%$* *%0";-%'$ #- 3#4 9 !

:"%&:- #$* 3(4 8> ! :"%&:-1 F)#*" ,'+%-%'$ ,#0#!"-"0 β = 0o1

6%&.0"+ 718I #$* 7187 +:'/ -:" '="0#)) D@J 3KLD@J4 #+ # <.$;-%'$ '< 0";"%="0

:"%&:- #$* '< ,0',#&#-%'$ *%+-#$;" 0"+,";-%=")C1 6'0 ('-: *%0";-%'$+ -:"0" #0"

#('.- 8 *F '="0"+-%!#-%'$ (C @A 0"+.)-+1 5$ -:" :'0%M'$-#) *%0";-%'$ 0"+.)-+ <'0

'(+"0="0+ #- -/' *%N"0"$- :"%&:-+ #0" +:'/$1 O:"$ -:" ,0',#&#-%'$ *%+-#$;"

%+ )#0&"0 -:#$ -:" (#;PE,0',#&#-%'$ *%+-#$;" -:" ,0"*%;-"* KLD@J <'))'/+ -:"

#$#)C-%;#) 0"+.)-+ /%-: #$ '="0"+-%!#-%'$ )"++ -:#$ 8 *F1 6%&.0" 7187 +:'/+ -:#- @A

0"+.)-+ #0" =#)%* <'0 # )#0&" 0#$&" '< *%+-#$;"+ ("-/""$ 9>> ! #$* 8>>> !1
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 !"#$% &'(&* +,%$-.. /01 -2 - 3#456!74 73 @$7@-"-6!74 >!26-45% A!4 68% >7<4<!4> >!B

$%56!74C 37$ - 8%!"86 73 A-C D; 8%!"86 -4> A9C (:; 8%!"86' ?.->% @72!6!74 @-$-;%6%$

β = 0o'
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 !"#$% &'()* +,-./$!0,1 ,2 ,3%$/44 567 /0 / 2#189!,1 ,2 :%!":9 2,$ /1 !-.%;/18%

"$,#1; <!9: σe = 200kPasm−2 =%9<%%1 /1/4>9!8/4 0,4#9!,1 /1; 6? $%0#490' @=A

0%$3%$ !0 (BBB- /</> !1 9:% ;,<1<!1; ;!$%89!,1' C4/;% .,0!9!,1 ./$/-%9%$ β = 0o'

:$4$*1)1$%2 6.4$2&51/1 ,(.5 6) (4&1-6)31 */$%)-

D/4!;/9!,10 <!9: /1 !-.%;/18% "$,#1; /$% 0:,<1 !1 9:!0 0%89!,1 8,10!;%$!1" /"/!1

E 9!. 0%"-%190 /1; =4/;% .,0!9!,1 β = 0o' F:% "$,#1; 9>.% !0 "$/004/1; <!9:

σe = 200 kPa ·sm−2'  !"#$% &'() 0:,<0 9:% @G567 .$%;!89%; => 9:% /1/4>9!8/4 /1;
6? -,;%40 /0 / 2#189!,1 ,2 9:% $%8%!3%$ :%!":9 /9 / .$,./"/9!,1 ;!09/18% R = 1000m'

F:% %$$,$ =%9<%%1 9:% 9<, -,;%40 !0 /$,#1; B')A( ;C' H1  !"#$% &'(IJ @G567 !0

.4,99%; /"/!109 .$,./"/9!,1 ;!09/18% 2,$ /1 ,=0%$3%$ /9 K- :%!":9' H9 !0 84%/$4> 0%%1

9:/9 <:%1 9:% .$,./"/9!,1 ;!09/18% !18$%/0%0J 9:% %$$,$0 =%9<%%1 /1/4>9!8/4 $%0#490

/1; 6? $%0#490 ;%8$%/0%' F:% 1/$$,<=/1; 0.%89$/ .4,99%; !1  !"#$% &'(L %M.4/!1

9:!0 9$%1; /1; 0:,< 9:/9 %3%1 /9 KBB- /1; )BB-J 6? .$%;!89!,10 $%-/!1 N#!9%

/88#$/9%'
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 !"#$% &'()* +,-./$!0,1 ,2 ,3%$/44 567 /0 / 2#189!,1 ,2 .$,./"/9!,1 :!09/18% 2,$ /1

!-.%:/18% "$,#1: ;!9< σe = 200kPasm−2 =%9;%%1 /1/4>9!8/4 0,4#9!,1 /1: 6? $%@

0#490' A=0%$3%$ !0 /9 B- <%!"<9 !1 9<% :,;1;!1: :!$%89!,1' C4/:% .,0!9!,1 ./$/-%9%$

β = 0o'

 !"!#!# $%&'(%)'*+, -*. )/0 1/*&0 1'+( )2.3'+0 *40. % .'5'( 5.*2+(

6*',0 .%('%)'*+ %&*+5 % 3&%(0

 !%4: -%/0#$%-%190 0<,; 9</9 -,09 ,2 ;!1: 9#$=!1% 1,!0% !0 "%1%$/9%: 1%/$ 9<%

9!. ./$9 ,2 / =4/:% DEF' G<!0 !0 =%8/#0% 1%/$ 9<% $,,9 $%"!,1H 9<% $%4/9!3% 3%4,8!9>

-%9 => 9<% =4/:% !0 3%$> 0-/44' I<%1 :,!1" 9<% .$,./"/9!,1 8/48#4/9!,10H %/8<

0,#$8% !0 .$,./"/9%: 0%./$/9%4> !1 ,$:%$ 9, -/!19/!1 9<% .</0% !12,$-/9!,1' G<!0

-/J%0 9<% ;<,4% 8/48#4/9!,1 3%$> <%/3> ,1 / 6+' A1% 8/48#4/9!,1 ,3%$ 9<% ;<,4%

2$%K#%18> $/1"% 9/J%0 /=,#9 E <,#$0' G<#0 9<% 8/48#4/9!,1 ;!9< /44 B& 0%"-%190 2,$

/ 8,-.4%9% =4/:% $,9/9!,1 L(M =4/:% .,0!9!,10N /4,1" ,1% .$,./"/9!,1 :!$%89!,1 ;!44

9/J% /..$,O!-/9%4> PBM <,#$0 LEM :/>0N' Q1 ,$:%$ 9, $%:#8% 9<% 8/48#4/9!,1 9!-%H

9<% 8,19$!=#9!,1 ,2 %/8< 0%"-%19 9, 9<% 9,9/4 567 !0 09#:!%: #0!1" 9<% /1/4>9!8/4

-,:%4' G<% $%0#490 /$% 0<,;1 !1  !"#$% &'(R' I% 8/1 0%% 9</9 9<% $%0#490 ;!9< ,14>

9<% 4/09 S 0%"-%190 /$% $%/44> 84,0% 9, 9<% 2#44 $%0#490 L;!9< M'(@M'B :C :!T%$%18%N'

G<#0 /44 9<% $%0#490 0<,;1 =%4,; /$% 8/48#4/9%: ;!9< 9<% S ,#9%$ 0%"-%190 ,14>'

 !"#$% &'(U 0<,;0 9<% 8,-./$!0,10 ,2 1/$$,; =/1: 0.%89$#- 2,$ / $%8%!3%$

4,8/9%: (MMM- /;/> :,;1;!1:H /9 L/N B- <%!"<9 /1: L=N (M- <%!"<9' I<%1 9<%

,=0%$3%$ !0 /9 B- <%!"<9H / -/O!-#- ,3%$%09!-/9!,1 ,2 ( :C !0 ,=0%$3%: !1 9<% 4,;

2$%K#%18> $/1"% L=%9;%%1 (MMVW 9, RMMVWNH ;<!4% 2,$ /1 ,=0%$3%$ /9 (M- <%!"<9H

9<% /"$%%-%19 !0 K#!9% 0/9!02>!1" ,3%$ 9<% ;<,4% 2$%K#%18> $/1"% 8,10!:%$%:'

 !"#$% &'BM 0<,;0 9<% AX567 8/48#4/9%: ;!9< /1/4>9!8/4 /1: 6? -,:%40 /0 /

2#189!,1 ,2 <%!"<9' X0 !1  !"#$% &'(E #0!1" 9<% E 9!. 0%"-%190H /1 ,3%$%09!-/9!,1 ,2
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 !"#$% &'()* +,$$-./,01 23%45$#6 4-63,$!2-02 /%5.%%0 ,0,785!4,7 $%2#752 ,01 9:

$%2#752; <-$ ,0 -/2%$=%$ ,5 >6 ?%!"?5; ,01 <-$ 3$-3,",5!-0 1!25,04%2 -< @,A >BB6;

@/A CBB6 ,01 @4A (BBB6'
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 ;" #$%&!'' ()* !+ ! ,-./012. 2, <&2<!4!012.

81+0!./% ,2& ! &%/%1$%& !0 =7 3%1430:

 !"#$% &'()* +,-./0!1-. $%2#.02 34 5+678 4$39 :!;%$%,0 2%"9%,02 13,0$!<#0!3,2'

=$3#,: !2 13,2!:%$%: -2 $!"!:'
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 !" #!$%&'%& () *+, -%./-)0

 !"#$% &'()* +,$$-. /,01 23%45$, 4-63,$!2-02 /%5.%%0 ,0,785!4,7 2-7#5!-0 ,01 9:

$%2#752 ;-$ -/2%$<%$2 7-4,5%1 !0 (===6 ,.,8 !0 5>% 1-.0.!01 1!$%45!-0? ,5 @,A B6

>%!">5 ,01 @/A (=6 >%!">5' C078 5>% D -#5%$ 2%"6%052 -; %,4> /7,1% ,$% 4-02!1%$%1

,01 5>% "$-#01 !2 $!"!1' E7,1% 3-2!5!-0 3,$,6%5%$ β = 0o'
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 !"#$% &'()* +,%$-.. /01 -2 - 3#456!74 73 8%!"86' +92%$,%$ !2 :))); -<-= !4 68%

>7<4<!4> >!$%56!74' +4.= 68% ? 7#6%$ 2%";%462 73 %-58 9.->% -$% 5742!>%$%> -4>

68% "$7#4> !2 $!"!>' @.->% A72!6!74 A-$-;%6%$ β = 0o'

: >@ !2 792%$,%> 37$ -.. 8%!"862' B4  !"#$% &'(:C 68% +D/01 !2 A.766%> -2 - 3#456!74

73 A$7A-"-6!74 >!26-45% 37$ 6<7 792%$,%$ 8%!"862' E8% 7,%$%26!;-6!74 -6 :))); 37$

68% 6<7 792%$,%$ 8%!"862 !2 2;-..%$ 68-4 : >@' E8!2 !2 !4 -"$%%;%46 <!68 68% 2A%56$-

A.766%> !4  !"#$% &':F'

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

 ! !" #$%&' () *+(,-. +%/%&'0(- 1-. 1'2(345%+0& 163(+4'0(-

D2 %GA.-!4%> 9%37$%C 27#4> <-,% !2 $%H%56%> <8%4 !;A%-58!4" - "$7#4> 2#$3-5%'

E8% !;;!22!74 .%,%. ;%-2#$%> -6 - $%5%!,%$ !2 >!I%$%46 68-4 68-6 ;%-2#$%> !4 3$%%

J%.> >#% 67 68% !4H#%45% 73 68% $%H%56%> <-,% 5746$!9#6!74' B4 68!2 2%56!74C %I%562

73 "$7#4> $%H%56!74 -4> -6;72A8%$!5 -927$A6!74 74 68% /01 2A%56$#;C -;A.!6#>%

;7>#.-6!74 -4> 68% >!$%56!,!6= -$% 26#>!%> #2!4" 68% -4-.=6!5-. ;7>%. <!68 -

#4!37$; <!4> A$7J.% 73 K;L2' /!45% - #4!37$; <!4> A$7J.% !2 #2%>C 74.= 6$-!.!4"

%>"% 47!2% !2 5742!>%$%>' M%5%!,%$ !2 .75-6%> -6 :'?; 8%!"86 -97,% "$7#4> 37$ -..

>!26-45%2C -!$ 6%;A%$-6#$% !2 2%6 -6 20oC -4> 68% 8#;!>!6= -6 80%'

 !"#$% &'(( 287<2 68% $%2#.62 73 /01 2A%56$#; 37$ & $%5%!,%$2 .75-6%> -6 >!I%$%46

>!26-45%2 !4 68% >7<4<!4> >!$%56!74 <!68 5742!>%$-6!74 73 "$7#4> $%H%56!74 74.=
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 !"#$% &'()* +,%$-.. /01 -2 - 3#456!74 73 8$78-"-6!74 9!26-45% :!4 6;% 97<4<!49

9!$%56!74= 37$ - ;%!";6 73 :-= (> ;%!";6 -49 :?= )@> ;%!";6' +4.A 6;% B 7#6%$

2%">%462 73 %-5; ?.-9% -$% 5742!9%$%9 -49 6;% "$7#49 !2 $!"!9' C.-9% 872!6!74

8-$->%6%$ β = 0o'

:27.!9 .!4%=D -49 6;% "$7#49 $%E%56!74 -49 -6>728;%$!5 -?27$86!74 :9-2;%9 .!4%='

F 6A8!5-. "$-22 "$7#49 <!6; σe = 200kPa · s · m−2 !2 -22#>%9' G;% $%2#.62 -$%

6;% 2#> 73 -.. 6;% 2%">%46 5746$!?#6!742D 6;#2 6;% !46%$3%$%45% 9!82 -$% >#5; .%22

8$747#45%9 -2 37$ 74.A 74% 2%">%46 !4  !"#$% &'H' I7<%,%$D !6 !2 26!.. 5.%-$ 6;-6

6;%2% .%22 8$747#45%9 !46%$3%$%45% 9!82 -$% 2;!36%9 3$7> -$7#49 J@IK 37$ R = 100m

67 H@@IK 37$ R = 1000m' G;!2 2;!36 !2 9#% 67 6;% 3-56 6;-6 <;%4 6;% 7?2%$,%$ !2

3#$6;%$D 6;% .%4"6; 9!L%$%45% ?%6<%%4 6;% 9!$%56 <-,% 8-6; -49 $%E%56%9 <-,% 8-6;

!2 2>-..%$D 6;#2 6;% 9%26$#56!,% !46%$3%$%45% 755#$2 -6 - 2>-..%$ <-,%.%4"6;D >%-4!4"

;!";%$ <-,% 3$%M#%45A' G;% 9-2;%9 .!4%2 2;7< 6;-6 6;% -6>728;%$!5 -?27$86!74 !2

>7$% 8$747#45%9 -6 ;!";%$ 3$%M#%45A -49 -6 - .74"%$ 8$78-"-6!74 9!26-45%'

 !"#$% &'(H 2;7<2 6;% +F/01 -2 - 3#456!74 8$78-"-6!74 9!26-45%D 5742!9%$!4"

:-= 74.A "$7#49 $%E%56!74D :?= 74.A -6>728;%$!5 -?27$86!74D :5= 6;% 6<7 %L%562'

N$7#49 $%E%56!74 !45$%-2%2 6;% 7,%$-.. /01 37$ -.. 9!26-45%2D 9#% 67 6;% $%E%56%9

<-,% 5746$!?#6!742D <;!.% -6>728;%$!5 -?27$86!74 ;-2 - >747674!5 9%5$%-2!4"

%L%56 74 6;% 7,%$-.. /01' O7>?!4!4" 6;% %L%562D <;%4 6;% 7?2%$,%$ !2 5.72% 67 6;%

<!49 6#$?!4%D "$7#49 $%E%56!74 8.-A2 6;% >-!4 $7.%D -49 6;% !>>!22!74 .%,%. !2

;!";%$ 6;-4 !4 6;% 3$%% P%.9Q <;!.% <;%4 6;% 7?2%$,%$ !2 3-$ 3$7> 6;% <!49 6#$?!4%D

!>>!22!74 .%,%. !2 .7<%$ 6;-4 !4 6;% 3$%% P%.9 ?%5-#2% 6;% -6>728;%$!5 -?27$86!74

!2 97>!4-46'

 !"#$% &'(& 2;7<2 6;-6 - >7$% $!"!9 "$7#49 :<!6; ;!";%$ σe ,-.#%= .%-92 67 -

.7<%$ 7,%$-.. /01 -6 R S )@@@>D <;!5; 2%%>2 -6 P$26 57#46%$ !46#!6!,%' G7 %T8.-!4

6;!2 8;%47>%474D <% 8.76 6;% 6;!$9 756-,% ?-49 28%56$#> 37$ 6;% 2->% σe ,-.#%2

-6 R S )@@@> !4  !"#$% &'(BD -49 57$$%28749!4" $%.-6!,% 27#49 8$%22#$% .%,%. 37$

- 87!46 27#$5% -6 J@> ;%!";6 !2 -.$%-9A 2;7<4  !"#$% &'H:?=' U% 5-4 2%% 5.%-$.A
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 !"#$% &'(() *+, -./01% 2034 567 89%./$#: ;-$ $%.%!1%$8 <-.0/%4 !3 4-=3=!34 4!>

$%./!-3 0/ 4!?%$%3/ 4!8/03.%8' @!34 89%%4 !8 A:+8' 5-<!4 <!3%8) $%8#</8 =!/B "$-#34

$%C%./!-3 -3<DE 408B%4 <!3%8) $%8#</8 =!/B "$-#34 $%C%./!-3 034 0/:-89B%$!. 028-$9>

/!-3'

/B0/ ;-$ 0 :-$% $!"!4 "$-#34F /B% G$8/ !3/%$;%$%3.% 4!9 -..#$8 0/ B!"B%$ ;$%H#%3.DF

=B!.B /%348 /- $%4#.% /B% /-/0< 567 :-$% 8!"3!G.03/<D =B%3 8#::!3" #9 0<< /B%

;$%H#%3.D 20348'

 !"#$%8 &'(I> &'(J 8B-= /B% %?%./ -; "$-#34 $%C%./!-3 034 0/:-89B%$!. 028-$9>

/!-3 -3 /B% 4!$%./!1!/!%8 -; 567 034 0:9<!/#4% :-4#<0/!-3 8/$%3"/B' K28%$1%$ !8 0/

*LLL: 0=0D ;$-: /B% =!34 /#$2!3%' M3 0"$%%:%3/ =!/B /B% $%8#</8 -;  !"#$% &'(&F 0/

/B!8 4!8/03.% !3 /B% 4-=3=!34 4!$%./!-3F /B% -1%$0<< 567 =!/B "$-#34 $%C%./!-3 034

0/:-89B%$!. 028-$9/!-3 !8 0$-#34 N 4O <-=%$ /B03 /B0/ -; ;$%% G%<4'  -$ -/B%$ -2>

8%$1%$ 4!$%./!-38F /B% 8!:!<0$ $%4#./!-3 -3 /B% -1%$0<< 567 4#% /- "$-#34 $%C%./!-3

034 0/:-89B%$% 028-$9/!-3 0$% 0<8- -28%$1%4' K3 /B% -/B%$ B034F ;-$ 0:9<!/#4%

:-4#<0/!-3F /B% "$-#34 $%C%./!-3 034 0/:-89B%$!. 028-$9/!-3 9<0D 3- 8!"3!G.03/

$-<% ;-$ 0<< 4!$%./!-38 τ '

PB% 0:9<!/#4% :-4#<0/!-3 8/$%3"/B ;-$ τ = 0o, 45o, 90oF 034 105o 08 0 ;#3./!-3

-; 8-#$.%>$%.%!1%$ 4!8/03.% !8 8B-=3 !3  !"#$% &'(A' M/ !8 8%%3 /B0/ =B%3 8-#34 !8

9$-90"0/!3" 0<-3" 4-=3=!34 4!$%./!-38 Q0o 034 45oRF /B% 8/$%3"/B -; 0:9<!/#4%

:-4#<0/!-3 !3.$%08%8 =!/B !3.$%08!3" 4!8/03.% 2#/ $%:0!38 <-=%$ /B03 * 4OE =B!<%

!3 /B% .$-88=!34 4!$%./!-38 Q90o 034 105oRF /B% 8/$%3"/B /%348 /- 4%.$%08% =!/B

!3.$%08!3" 4!8/03.%'

P- "0!3 0 <!//<% :-$% #34%$8/034!3" -3 /B% !3.$%08% -; 0:9<!/#4% :-4#<0/!-3

8/$%3"/B =B%3 .-38!4%$!3" "$-#34 $%C%./!-3 034 0/:-89B%$!. 028-$9/!-3F 0 89%.>

/$#: -; 0:9<!/#4% :-4#<0/!-3 8/$%3"/B !8 9<-//%4 !3  !"#$% &'(S ;-$ 0 $%.%!1%$ 0/

*LLL: !3 /B% .$-88=!34 4!$%./!-3' M/ 8B-=8 <0$"% ;$%H#%3.D 10$!0/!-38 =B%3 "$-#34

$%C%./!-3 034 0/:-89B%$!. 028-$9/!-3 0$% /0T%3 !3/- 0..-#3/F =B!<% ;-$ 0 ;$%% G%<4F
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 +" #$%&!'' ()* +,-./0%&/-1 8,5; 1&,2-0

&%4%+5/,- !-0 !59,.:;%&/+ !8.,&:5/,-7

 !"#$% &'()* +,%$-.. /01 2345!6%$!4" 6!7%$%48 %7%285' +95%$,%$ !5 -8 :';< =%!"=8'

>%?%$%42% @!46 5A%%6 !5 B<C5' D "$-55 "$3#46 !5 -55#<%6'
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 !"#$% &'(&* +,%$-.. /01 @!8= $%5A%28 83 8=% A$3A-"-8!34 6!58-42% !4 63@4@!46

6!$%28!34E ?3$ 6!7%$%48 F#!6 $%5!58!,!8G' H38= "$3#46 $%F%28!34 -46 -8<35A=%$!2

-953$A8!34 -$% 2345!6%$%6'
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 !"#$% &'(C* D!$%01!9!1: 43 49%$;EE +,- 34$ 3$%% F%E5 ;75 34$ ; "$;..E;75 B!1A 047.!5G

%$;1!47 43 "$4#75 $%8%01!47 ;75 ;124./A%$% ;<.4$/1!47' H<.%$9%$ 5!.1;70% !. ?@@@

3$42 1A% B!75 1#$<!7%' σe = 200kPa · s ·m−2'
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 !"#$% &'()* +!$%,-!.!-/ 01 2345!-#6% 306#52-!07 8-$%7"-9 10$ 1$%% :%56 276 10$ 2

"$2885276 ;!-9 ,078!6%$2-!07 01 "$0#76 $%<%,-!07 276 2-30849%$% 2=80$4-!07' >=?

8%$.%$ 6!8-27,% !8 @AAA 1$03 -9% ;!76 -#$=!7%' σe = 200kPa · s ·m−2'

-9% 84%,-$#3 !8 B#!-% 8300-9' C1 ;% 10,#8 07 -9% -9!$6 0,-2.% =276 (AAADEF =/

500G!7" 2- -9% 84%,-$2 01 -9% =526% 408!-!078 -92- 4$06#,% 32H!3#3 276 3!7!3#3

IJK !7  !"#$% &'LAF -9% ,2#8% 01 -9% @A 6M 2345!-#6% 306#52-!07 4%2G !8 8%%7 -0

=% -9% "$0#76 !7-%$1%$%7,% 6!4 2- -9!8 1$%B#%7,/' C- !8 7%,%882$/ -0 70-!,% -92- 10$

6!N%$%7- 1$%B#%7,!%8F -9% =526% 408!-!078 10$ 32H!3#3 276 3!7!3#3 IJK 2$% 70-

7%,%882$!5/ -9% 823%F -9#8 -9% 0.%$255 2345!-#6% 306#52-!07 8-$%7"-9 !8 70- 8!345/

-9% 50"2$!-93 8#332-!07 01 -9% 84%,-$#3 !7  !"#$% &'(O'

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

C7 -9!8 42$-F ;% ,078!6%$ -9% 4$042"2-!07 #76%$ !79030"%7%0#8 2-30849%$%

,076!-!078' P!76 89%2$ 276 2-30849%$!, -#$=#5%7,% 2$% ,078!6%$%6 !7 -9% 80#$,%

306%58 28 %H452!7%6 !7 Q924-%$ LF 276 075/ $%1$2,-!07 %N%,-8 6#% -0 ;!76 89%2$

2$% !7,5#6%6 !7 -9% 4$042"2-!07 306%5' R-30849%$!, 2=80$4-!07 !8 7%"5%,-%6

9%$%F 25-90#"9 !- ,0#56 =% !7,5#6%6 28 !7 -9% 2725/-!,25 306%5' S9% ;!76 4$0:5%

;!-9 $%1%$%7,% .%50,!-/ U = 8m/s 276 9%2- <#H H = −25W/m2
2$% ,908%7

10$ -9% ,25,#52-!078' S9% %N%,-!.% ;!76 84%%6 4$0:5% !8 #8%6 10$ JT ,25,#52-!07*

ceff (z) = c(z)+U(z)·cos τ F ;!-9 c(z) -9% 80#76 84%%6F U(z) -9% .%$-!,25 ;!76 4$0:5%

276 τ -9% "$0#76 2E!3#-925 27"5%' U0-% -92- ;% !"70$% -9% -%34%$2-#$% .2$!2-!07F

-9#8 c(z) = c0' S9% %N%,- 01 .%$-!,25 -%34%$2-#$% "$26!%7-8 ;28 8%%7 -0 =% 83255 !7

-9% JT ,25,#52-!078 01 Q0--V  ! "#$ W@ALX' Y$288 "$0#76 ;!-9 σe = 200kPa · sm−2 !8
288#3%6' S9% !7!-!25 8-2$-%$ ,25,#52-%6 =/ R3!%-Z8 306%5 !8 8%- 2- @AA3 2;2/ 1$03

-9% ;!76 -#$=!7%' M0-9 -$2!5!7" %6"% 70!8% 276 -#$=#5%7- !7<0; 70!8% 2$% ,078!6%$%6'
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 !"#$% &'()* +,-.!/#0% ,10#.2/!13 4/$%3"/5 6!/5 $%4-%7/ /1 -$1-2"2/!13 0!4/237%

81$ 194%$:%$ 0!$%7/!13 τ = 0o, 45o, 90o 230 105o' σe = 200kPa · s ·m−2'
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 !"#$% &'(;* <-%7/$#, 18 2,-.!/#0% ,10#.2/!13 4/$%3"/5' =94%$:%$ !4 2/ >???,

7$1446!30 0!$%7/!13@ σe = 200kPa · s ·m−2'
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 !"#$% &'()* +,%-.$/ 01 .20 34/5% ,06!.!076 28%$% .8% 9/:!9#9 /75 .8% 9!7!9#9

+;< 4%=%4 /$% 036%$=%5 10$ .8% .8!$5 0-./=% -%7.%$%5 /. 1 > ?)))@A' B4/5% $0./.%6

-40-C2!6%' D36%$=%$ !6 /. E)))9 -$0662!75 5!$%-.!07' F,,%$ 4%1.* 34/5% ,06!.!07

28%7 .8% 9/:!9#9 +;< !6 ,$05#-%5G 402%$ 4%1.* 34/5% ,06!.!07 28%7 .8% 9!7!9#9

+;< !6 ,$05#-%5'

H% I$6. ,40. !7  !"#$% &'(E .8% -040$ 9/, !7 50272!75J -$0662!75 /75 #,2!75

5!$%-.!076' K0.% .8/. !7 .8% -$0662!75 5!$%-.!07 .8% /.906,8%$% !6 8090"%7%0#6

Lcos τ = 0M' N%9%93%$ /460 .8/. !7 .8!6 5!$%-.!07J .8% +H< !6 69/44%$ .8/7 !7

50272!75 /75 #,2!75 5!$%-.!076 /6 68027 !7  !"#$%6 ('EO L/M /75 ('?P !7 Q8/,.%$

(' R7 .8% #,2!75 5!$%-.!07J 28%7 .8% ,$0,/"/.!07 5!6./7-% !6 4/$"%$ .8/7 /$0#75

P))9J / 68/502 A07% !6 -4%/$4S 6%%7' T8% 8%!"8. 01 .8% 68/502 A07% !7-$%/6%6 /407"

2!.8 ,$0,/"/.!07 5!6./7-%'

H% .8%7 400C /. .8% 7/$$023/75 /75 .8% .8!$5 0-./=% 3/75 6,%-.$#9 68027

!7  !"#$%6 &'(? /75 &'((' T8% $%6#4.6 /$% /=%$/"%5 0=%$ 07% -09,4%.% 34/5%

$0./.!07' T8% 036%$=%$ !6 /. U)) /75 E)))9 /2/S 1$09 .8% 2!75 .#$3!7%J /.

?9 8%!"8.J !7 50272!75J -$0662!75 /75 #,2!75 5!$%-.!076' H% 70.% .8/. .8%

I$6. !7.%$1%$%7-% 5!, 68!1.6 / 4!..4% /407" 2!.8 .8% ,$0,/"/.!07 /7"4%' T8% ,%/C

1$%V#%7-S !6 70. .8% 6/9% 10$ .8% ( 6,%-.$/' R7 .8% #,2!75 5!$%-.!07J 28%7 .8%

036%$=%$ !6 /. E)))9 /2/S 1$09 .8% 2!75 .#$3!7%J .8% 6,%-.$/4 4%=%4 !6 $%/44S

69/44 -09,/$%5 .0 .8% 0.8%$ .20G .8!6 !6 5#% .0 .8% 1/-. .8/. .8% 036%$=%$ !6 !7

.8% /-0#6.!- 68/502 A07%J 10$9%5 3S .8% $%1$/-.!07 01 60#75 2/=%6 5#$!7" .8%

,$0,/"/.!07' D7 .8% 0.8%$ 8/75J .8% 036%$=%$ /. U))9 !6 70. !7 .8% /-0#6.!- 68/502

A07%J /75 .8% 8!"8%6. 6,%-.$/4 4%=%46 /$% 10#75 !7 .8% #,2!75 5!$%-.!07 /30=% U))@A'

 !"#$% &'(& 68026 .8% DW+;< /6 / 1#7-.!07 01 8%!"8. 10$ $%-%!=%$6 /. E)))9

5!6./7-% !7 5!X%$%7. 5!$%-.!076' N%/44S -406% .0 .8% "$0#75J !7 .8% #,2!75 5!$%-.!07J

.8% $%-%!=%5 +;< !6 .8% 402%6.J 5#% .0 .8% 68/502 A07% %X%-.' W407" 2!.8 .8% !7-$%/6%
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 !" #$%&%'&( (')*+,'$&-

 ." /)$00%'&( (')*+,'$&-

 +" 12%'&( (')*+,'$&-

 !"#$% &'()* +,-,$ ./01 ,2 34% ,5%$/-- 678 9:;<= !> 34% 0$,0/"/3!,> :,./!> !>

:,?>?!>:@ A$,11?!>: />: #0?!>: :!$%A3!,>1 $%10%A3!5%-B'
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 !" #$%&'(&' !) * + ,--. / + 0.1

 $" #$%&'(&' !) * + 2---. / + 0.1

 !"#$% &'()* +,$$-./,01 234 56%78$, ,9%$,"%1 -9%$ /:,1% 6-5!8!-0 β !0 1-.0.!01;

7$-55.!01 ,01 #6.!01 1!$%78!-05'
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 $" #$%&'(&' !) * + 2---. / + 0.1

 !"#$% &'(() *+!$, -./01% 203, 456 78%./$0 01%$0"%, -1%$ 290,% 8-7!/!-3 β !3

,-:3:!3,; .$-77:!3, 03, #8:!3, ,!$%./!-37'

-< +%!"+/; /+% 456 !3 /+% #8:!3, ,!$%./!-3 !3.$%07%7 :+!9% $%=0!3!3" 0$-#3, > ,?

9%77 /+03 /+0/ !3 /+% ,-:3:!3, ,!$%./!-3 /!99 0$-#3, (@= +%!"+/' A3 /+% .$-77:!3,

,!$%./!-3; /+% 456 !7 0$-#3, &BC ,? 9-:%$ /+03 !3 /+% -/+%$ ,!$%./!-37' *+!7 !7 !3

0"$%%=%3/ :!/+ /+% 456 ,!$%./!1!/D 89-/ 7+-:3 !3 E+08/%$ ('  !"#$% &'(@ 7+-:7 /+%

FG456 07 0 <#3./!-3 -< 8$-80"0/!-3 ,!7/03.% <-$ 0 $%.%!1%$ 0/ H= +%!"+/ 03, >I=

+%!"+/' A3 "%3%$09; !3 099 ( ,!$%./!-37; /+% 456 ,%.$%07%7 :!/+ !3.$%07!3" ,!7/03.%'

G =-$% $08!, ,%.$%07% !7 -27%$1%, !3 /+% #8:!3, ,!$%./!-3 <-$ 03 -27%$1%$ +%!"+/

-< H= :+%3 /+% ,!7/03.% !7 "$%0/%$ /+03 JII= ,#% /- /+% 7+0,-: K-3% %L%./' *+%
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<% (*'/&$!() $! =#&'"(, >+ "#( 1#.,) .- & ,(&/ &$,-.$/ $% !." %(2$;$!3!$"( -., "#(

/(&)$!4 ()4(+ "#0% "#( 6.0!)&,? 1.!)$"$.! &% $! @A9 B>9C>D $% !. /.!4(, -0/3//() -.,

x < −2b B., x̄ < −2D9 < 1.,,(1"$.! "(,2 .! $!)01() ',(%%0,( -., x < −2b $% 4$5(!

6? E.4(, &!) F.,(&0 GHIJK

P2(x, 0) ≃ (1 + i)e−4iκ̄

2
√
π(1/χ− 1)K̄c

1−Θ2

√

K̄c/χ+Mµ̄+ κ̄
ei(Mµ̄−κ̄)x̄

·
{

i[K̄c +Mµ̄− κ̄]{F (x̄)}c +
(

∂{F (x̄)}
∂x̄

c)}

, B<9CD

8$"#

Θ =

√

K̄x +Mµ̄+ κ̄

K̄c +Mµ̄+ κ̄
, {F (x̄)} = e2iκ̄(x̄+2){1− (1 + i)E∗[2κ̄(x̄+ 2)]}, B<9>D

&!) {−}c %"&!)% -., "#&" "#( "(,2 $!%$)( "#( 6,&1L("% #&% ". 6( 1.,,(1"() 6? &

-&1"., ε = (1 + 1
4µ̄)

−1/2
9

:#( 1.,,(%'.!)$!4 &$,-.$/ ",&!%-(, -0!1"$.! -., "#( ",&$/$!4 ()4( !.$%( >!) .,)(,

1.,,(1"$.! "(,2 $%K

L2 ≃ H
{

[e4iκ̄(1− (1 + i)E∗(4κ̄))]c − e2iD + i[D + K̄c +Mµ̄− κ̄]G
}

, B<9MD

8$"#

C = K̄c − µ̄(x1/S0 −M), D = κ̄− µ̄x1/S0, H =
(1 + i)e−4iκ̄(1−Θ2

1)

2
√
π(1/χ− 1)K̄c

√
B

B<9HD
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#0(%/92 0-'%6

G = (1 + ε)ei(2κ̄+D)
sin(D − 2κ̄)

D − 2κ̄
+ (1− ε)ei−2κ̄+D sin(D + 2κ̄)

D + 2κ̄

= +
(1 + ε)(1− i)
2(D − 2κ̄)

e4iκ̄E∗[4κ̄]− (1− ε)(1 + i)

2(D + 2κ̄)
e−4iκ̄E∗[4κ̄]

= +
e2iD

2

√

2κ̄

D
E∗(2D)

[

(1− ε)(1 + i)

2(D + 2κ̄)
− (1 + ε)(1− i)

2(D − 2κ̄)

]
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P ′1(x, 0) = −e−iK̄cx̄/χ{1− Φo[(−i{K̄c/χ+Mµ̄− iκ̄′}x̄)1/2]},  !"<$

P ′2(x, 0) ≃ 1 + i

2
√
π(1/χ− 1)K̄c

· 1−Θ′2
√

K̄c/χ+Mm̄u− iκ̄′
ei(Mm̄u−iκ̄′)x̄

[

i
{

K̄c +Mµ̄− iκ̄′
}

F ′(x̄) +
∂F ′(x̄)

∂x̄

]

,  !"M$
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√

√

√

√

(

K̄y

β

2

− µ̄2
)

, Θ′ =

√

K̄x +Mµ̄− iκ̄′
K̄c +Mµ̄− iκ̄′ ,

Φo(
√
ix) =

√
xeiπ/4E ∗ (x), F ′(x̄) = 1− erfc(

√

2κ̄′(x̄+ 2)),

'1(4( erfc(x) ,2 )1( /.5>7(5(-)*4? /.5>7(N (44.4 &0-/),.-"
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L
′ = L

′
1 + L

′
2

=

∫ 0

−2
[f ′1(ȳ1) + f ′2(ȳ1)]e

−iCx̄ dx̄,  !"O$

'1(4(

L
′
1 = −

e2iC

iC

{

e−2iC

√

A′1
µ̄x1/S0 − iκ̄′

Φo
√

2i(µ̄x1/S0 − iκ̄′)− Φo
√

2iA′1 + 1

}
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L
′
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e−2iD
′

D′
H ′{A′[e2iD′(1−erfc(

√
4κ̄′))−1]

+
√
2κ̄′

(

K̄c + µ̄(M − x1/S0)
) Φo
√
−2iD′
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A′1 = K̄x + µ̄M − iκ̄′, A′ = K̄c + µ̄M − iκ̄′

H ′ =
(1 + i)(1−Θ′21 )
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√
π(1/χ− 1)K̄c

√
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p2(x, y, 0, t) =
ρ0w0U

√

2π(K̄x + β2)
e
i
[

(M2 k̄

β2
−κ)x̄−π/4+ωt−Kyy

]

[1− (1 + i)E∗ (2κ̄(2− x̄))] ,
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L2(~xi,Kx,Ky) ≃ eiΘ2

Θ1π
√

2π(K̄1 + β2κ̄)
{i(1− e−2iΘ1)

+(1− i)
[

E∗(4κ̄)−
√

2κ̄

Θ3
e−i2Θ1 E∗(2Θ3)

]

},  !"#9%

I03* Θ1 = κ̄− µ̄x1/S0< Θ2 = µ̄(M − x1/S0)− π/4 &'( Θ3 = κ̄+ µ̄x1/S0"

 !4  +)-&+0 *)5'3-$) -.'%*+&' -&) *.)/.0$'* +'1&2 '&+3$

2+*6 3./7%)+*+%50 8.3*3

J1/ ,24K7/0307&5 ;2,3,< &0/:105 3/&',:+/ :2'7301', :1/ 3*+ #,3 1/(+/ &'( 8'( 1/(+/

0'(27+( ./+,,2/+ >2732&301' 3+/= &/+ I/033+' &, EF9< FLGH

L
′
1(~xi,Kx,Ky) =

1

π

√

2

(β2κ̄′ + K̄1) ·Θ1
E ∗ [2Θ′1]eiΘ2

 !"#L%

&'(

L2(~xi,Kx,Ky) ≃ eiΘ2

Θ1π
√

2π(K̄1 + β2κ̄′)
{i(1− e−2iΘ′

1 − erf(
√
−4κ̄′))

−2e−i2Θ
′

1

1 + i

√

κ̄′

Θ′3
Φo(2iΘ′3)},  !"#M%



 !"

#$$%&'() #* +%,-&' -.'%. ,-..%,/(-& /%.0 1&' 2345,.(/(,16 732/2 8-.

#0(%/92 0-'%6

 !"# Θ′1 = iκ̄′ − µ̄x1/S0$ Θ3 = iκ̄′ + µ̄x1/S0%



 !!"#$%& '

 !"#"$%&'()!* +#,#-./#01 0)2!/1

 !" #$%& '$($)*+*(, -. #-&%&/01234-5 ,%)%6$(%+7 +4*/

-(7

 !"#"$%&'()!* +#,#-./#01 0)2!/1 3 %456 72+8/#&2+ ,2." ."7 0'/&'-2"0 9./0+ !:

;#"7 +9227 ."7 02,92/.0'/2 #" 0)2 +'/:.82 -.12/ .+ . :'"80#!" !: 0)2 7#,2"+#!"-2++

)2#<)0 9./.,202/ LMO =>?@AB 5)2 ,.#" .++',90#!"+ ."7 -#,#0.0#!"+ ./2 =CDAE

•  %45 .99-#2+ #" 0)2 .0,!+9)2/#8 +'/:.82 -.12/F #" ;)#8) +'/:.82 G'H2+ ./2 /2-$
.0#*2-1 8!"+0."0E 0)#+ -.12/ 8." &2 I??, 0)#8( '"72/ '"+0.&-2 8!"7#0#!"+F &'0

,.1 &2 8!"+#72/.&-1 0)#""2/ '"72/ *2/1 +0.&-2 8!"7#0#!"+ 3)#<)-1 #"02/,#002"0

0'/&'-2"826J

• 0)2 +'/:.82 ,'+0 &2 G.0 ."7 )!,!<2"2!'+E :208) 2K280+F ,!'"0.#"!'+ !/
8!.+0.- 2"*#/!",2"0+ ./2 "!0 72+8/#&27J

• ;#"7 0'/"#"< ;#0) )2#<)0+ ."7 -!;$-2*2-+ #"*2/+#!"+ 38)."<2+ #" 0)2 +#<"+ !:
0)2 </.7#2"0+6 ./2 "!0 .88!'"027 :!/J

•  %45 #+ *.-#7 #" ." 2"+2,&-2$.*2/.<2 +2"+2B
5)2  !"#"$%&'()!* -2"<0) +8.-2 LMO #+ 72L"27 .+ =CDF M@AE

LMO = − θu3∗

κg(w′θ′)s
, 3NB>6

;)2/2 θ̄ #+ 0)2 ,2." 9./0 !: 0)2 02,92/.0'/2 9!02"0#.-F u∗ #+ 0)2 :/#80#!" *2-!8#01

72L"27 &1 0)2 M 8!,9!"2"0+ !: 0'/&'-2"0 *2-!8#01 G'80'.0#!" u′, v′, w′ .+E

u2∗ =
[

(u′w′)s
2
+ (v′w′)s

2
]1/2

, 3NBI6

κ #+ 0)2 *!" OP/,." 8!"+0."0F g #+ 0)2 </.*#01 .882-2/.0#!"F ."7 L".--1 w′θ′ #+ 0)2

*2/0#8.- (#"2,.0#8 )2.0 G'HF ;#0) 0)2 +'&+8/#90#!" Q+Q +0."7#"< :!/ 0)2 *.-'2 2*.-'.027

!" 0)2 </!'"7B 5)2 )2.0 G'H w′θ′ #+ .-+! . ,2.+'/2 !: .0,!+9)2/#8 +0.&#-#01F 0)'+

L−1MO 8." &2 +22" .+ ." #"72H !: .0,!+9)2/#8 +0.&#-#01B 5)2 .0,!+9)2/2 #+ 8.--27

+0.&-2 #: L−1MO > 0J '"+0.&-2 #+ L−1MO < 0 ."7 "2'0/.- #: L−1MO ≃ 0B R" 9/.80#82F

 %45 #+ 8!"+#72/ *.-#7 :!/ −2 < z/LMO < 1 =>?SAB %"2 8." .-+! 2H9/2++ LMO .+

. :'"80#!" !: 0)2 +2"+#&-2 )2.0 G'H H = ρ0Cpw
′T ′ .+E

LMO = −ρ0Cpθ̄u
3
∗

κgH
, 3NBM6

;#0) Cp 0)2 7/1 .#/ )2.0 8.9.8#01F ."7 '+'.--1 Cp = 1004J/Kg/KB



 !" #$$%&'() *+ ,-&(&./0123-4 5(6(789(:; :3%-9;

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

•  !"#$"% &'() *%+%"* %!+% !"+% ,-. H = 200− 600 W/m2
/$ 0+#123"+%!"1 4+5*

+$4 −100W/m2
/$ 67"+1 $#8%!*9

• :*%+*!";  ! "#$ &'') *-88"*% %!+% 0/1 *-<<"1 3"+%!"1 +% <#47+%#%-4"*= H #*

>"%3""$ −50W/m2
+$4 600W/m2

? @/1" *A"6#B6+775= 0/1 </*%75 *-$$5 4+5=

H = 200W/m2
+$4 0/1 67/-45 4+5= H = 40W/m2

?

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

C!" *#<#7+1#%5 1"7+%#/$* 5#"74 %!" 0/77/3#$8 4#<"$*#/$7"** 3#$4 *A""4 +$4 %"<A"1+2

%-1" 4"1#;+%#;"* &DE(= DEF)G

φw =
κz

u∗

dū

dz
, φt =

κz

u∗

dθ̄

dz
. HI?JK

C!"$ %!" I-*#$"12L5"1 1"7+%#/$* +1" 8#;"$ +* &MN)G

φw =

{

(1− 16z/LMO)
−1/4

0/1 L−1MO < 0 H-$*%+>7" +%</*A!"1"K,

(1 + 5z/LMO) 0/1 L−1MO > 0 H$"-%1+7 +$4 *%+>7" +%</*A!"1"K,

HI?NK

+$4

φt =

{

(1− 16z/LMO)
−1/2

0/1 L−1MO < 0 H-$*%+>7" +%</*A!"1"K,

(1 + 5z/LMO) 0/1 L−1MO > 0 H$"-%1+7 +$4 *%+>7" +%</*A!"1"K,

HI?FK

I5 #$%"81+%#$8 "O-+%#/$* HI?JK 01/< !"#8!% z0 %/ +$ +1>#%1+15 !"#8!% z= -*#$8 "O-+2

%#/$* HI?NK +$4 HI?FK= %!" <"+$ 3#$4 *A""4 +$4 %"<A"1+%-1" A1/B7"* 6+$ >" />2

%+#$"4G

ū(z) =
u∗
κ

[

ln

(

z

z0

)

− ψw
]

, HI?(+K

θ̄(z) = θ0 +
θ∗
κ

[

ln

(

z

z0

)

− ψt
]

, HI?(>K

3#%! θ0 %!" %"<A"1+%-1" +% !"#8!% z0 +$4 θ∗ = −(w′θ′)s/u∗? P/1 +$ -$*%+>7" +%</2
*A!"1"G

ψw = 2 ln

(

1 + x

2

)

+ ln

(

1 + x2

2

)

− 2 arctanx+
π

2
, HI?'+K

ψt = 2 ln

(

1 + x2

2

)

, HI?'>K

3#%! x = (1− 16z/LMO)
1/4
? P/1 + *%+>7" +%</*A!"1" HL−1MO > 0K= 3!#7" z/LMO ≤

0.5 &MN)G

ψw = ψt = −5z/LMO, HI?QK



 !"! #$%&'()*+,- $.+/.0*1-* %&2*0,13 4""

 !"#$ z/LMO > 0.5%

ψw = ψt = −7 ln (z/LMO)−
4.25

z/LMO
+

0.5

(z/LMO)2
− 0.852. &'()*+

,-.$ .!/. .!$ $012$33"-43 -5 φw /46 φt /2$ 7/3$6 -4 $01$2"8$4./# 9/81/":43; 3#":!.#<

6"=$2$4. $012$33"-43 $0"3. "4 .!$ #".$2/.>2$(

 !" #$%&'()*+,- $.+/.0*1-* %&2*0,13

?4 .!"3 3.>6<;  $ 5-9>3 -4 @$#-9".< A>9.>/."-43 .!/. /2$ 2$B>"2$6 "4 .!$ .>27>#$4.

"4A- 4-"3$ 8-6$#( C#.!->:! .$81$2/.>2$ A>9.>/."-43 9/4 1#/< / 2-#$ -4 /9->3."9

39/..$2"4: 6>2"4:  /@$ 12-1/:/."-4; D!$"4$. EFGH 1-"4.3 .!/. .!$ @$#-9".< A>9.>/I

."-43 #/2:$#< 6-8"4/.$  !"#$ .!$ .$81$2/.>2$ A>9.>/."-43 9->#6 -4#< 9-4.2"7>.$ 5-2

@$2< #-  "463(

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

J46$2 >43./7#$ 9-46"."-43 &LMO ≤ 0+; D!$"4$. EFGH :"@$3 .!$ 5-##- "4: $81"2"9/#

2$#/."-43!"1 5-2 .!$  "46 @/2"/49$ %

σ2u(z, u∗, FT ) = u2∗

[

α1 +
1

|LMO|
(α2zi + α3z)

]2/3

, &'())+

 ".! zi .!$ 8"0$6 #/<$2 !$":!. &3$. .- )***8+; α1 = 5.2; α2 = 0.52; α3 = 0

"4 .!$ 3>25/9$ #/<$2 &z ≤ 0.1zi+ /46 FT = ¯(w′θ′)s ( K!$3$ @/#>$3 L. M"#3-4N3

2$3>#.3 E)*FH -5 σ2u = 3.0u2∗ 5-2 1>2$#< 3!$/2I62"@$4 .>27>#$49$ &4$>.2/# 9-46"."-43+;

/46 σ2u = 0.35w′2 5-2 1>2$ 7>-</49< .>27>#$49$(

J46$2 3./7#$ 9-46"."-43 &LMO > 0+; .!$ $81"2"9/# 2$#/."-43!"1 :"@$4 7<

D!$"4$. EFGH 5-2 .!$  "46 @/2"/49$ "3%

σ2u(z, u∗, FT ) = u∗2

[

1.73 + 3.3

(

z

L∗

)0.5
]2

.  !"#$%

!&'( )*+,)--.&/- 0.)12 σ2u = 3.0u∗2 3()/ L∗ →∞  /)4',51 6&/2.'.&/-%"

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

7() &4'), -651) ./ '() 8&/ 9:,;:/ ;&2)1 .- <.8)/ =0 >?@AB

Louter(z, u∗, FT ) =

(

1.91
σ2u(z, u∗, FT )

C2
u(z, u∗, FT )

)3/2

,  !"#C%

3.'( C2
u '() -',46'4,) +5,5;)'), &D ;&;)/'4; E46'45'.&/- +5,5;)',.F)2 5- D&11&3-B

C2
u(z, u∗, FT ) =

u2∗
z2/3

fu

( z

L

)

,  !"#G%



 !" #$$%&'() *+ ,-&(&./0123-4 5(6(789(:; :3%-9;

 !"#

fu(ξ) = 3.9

(

1− ξ
1− 7ξ

− ξ
)2/3

, ξ ≤ 0, $%&'()*

fu(ξ) = 3.9 (1 + 5ξ)2/3 , ξ > 0, $%&'(+*

 !"# ξ = z/LMO& ,!-./0 1'234 .")"5. "#)" Louter = 1.8 z 6/7 8975-: .#5)7;<7!=50

"97+9-50>5? )0< Louter = 0.23 zi 6/7 8975 +9/:)0>: "97+9-50>5&



 !!"#$%& '

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

 ! "#$%# &" '&($) &*% +%,*-!.'+' "/ '&-00 !".'%1 - 2.!$ &(!!%0 %34%#.+%!& .' $%'.5!%$

&" +%-'(#% 6"&* '&-&., '&-00 -!$ $)!-+.,' '&-007  ! &*% 4#%0.+.!-#) +%-'(#%+%!&'

4#%'%!&%$ *%#%1 "!0) &*% /"#,% ,"%8,.%!&' -#% #%,"#$%$7 9(#/-,% 4#%''(#% +%-'(#%:

+%!&' -#% 40-!!%$ .! &*% !%-# /(&(#% &" '&($) &*% "!'%& -!$ &*% $%;%0"4+%!& "/ &*%

'&-00< &*%) 2.00 !"& 6% .!,0($%$ .! &*.' -44%!$.37

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

=%-'(#%+%!&' -#% 4%#/"#+%$ .! &*% ,0"'%$ #%&(#! 2.!$ &(!!%0 -& >?9@A B-#.'@%,*

C'%% D.5(#% E7FG7 @*% &%'& '%,&."! .' HI ,+ 3 HI ,+1 .!'.$% 2*.,* -! -.#/".0 .' 40-,%$

&*-& ,-! 6% &(#!%$ ('.!5 - #"&-&.!5 ')'&%+ .!,0($.!5 -! -%#"$)!-+., 6-0-!,% C'%%

D.5(#% E7JG7 @*% -%#"$)!-+., 6-0-!,% .' -60% &" +%-'(#% &*% 0./& -!$ $#-5 /"#,%'

-& - #%0-&.;%0) *.5* '-+40.!5 #-&%7 @*% -.#/".0 .' - ?AEA KKJH "/ '4-! HF ,+ -!$

,*"#$ FL7I ,+ C'%% D.5(#% E7MG7

D.5(#% E7FN E0"'%$ #%&(#! 2.!$ &(!!%0 -& >?9@A B-#.'@%,*7

D"# &*% '&-&., '&-00 +%-'(#+%!&'1 &*% O"2 ;%0",.&.%' CPG -#% FJ7Q+R' -!$

JI7L+R'1 ,"##%'4"!$.!5 &" ,*"#$ 6-'%$ S%)!"0$' !(+6%#' "/ 1.4 · 105 -!$ 2.8 · 105
#%'4%,&.;%0)7 D"# &*% $)!-+., '&-00 +%-'(#%+%!&'1 &*% O"2 ;%0",.&) .' -#"(!$ FJ7I

T

FM+R'1 &*% "',.00-&."! /#%U(%!,.%' -#% /#"+ K7FVW &" J7LVW1 ,"##%'4"!$.!5 &" #%:

$(,%$ /#%U(%!,.%' Cω̃ = πfc/UG "/ K7KKH &" K7F7



 !" #$$%&'() *+ ,-&./(0 12.33 /%.145%/%&21

 !"#$% &'() *+,-,!." /0/,%1 -.2 ,3% -%$+20.-1!4 5-6-.4%'

 !"#$% &'7) 8. 98&8 ::(; -!$<+!6 !/ 1+#.,%2 !. /!2% ,3% =!.2 ,#..%6'



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

 !

 !" # $ %&'()*+

 ," # $ &-'.)*+

"#$%&' ()*+ ,-.-#/ 0'.1%&'0'2-1 34 5#4- /3'6/#'2- Cl .27 7&.$ /3'6/#'2- Cd 43& -83

-'1- 9'53/#-#'1)

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

,-.-#/ 0'.1%&'0'2-1 .&' 732' :; 9.&;#2$ -!' <3< α 1-'= :; 1-'=> 4&30 0o -3 18o)

?!' 5#4- .27 7&.$ /3'6/#'2- Cl> Cd 43& -!' -83 -'1- 9'53/#-#'1 .&' =53--'7 #2 "#$@

%&' ()*) A!'2 <3< #1 #2/&'.1'7> -!' 5#4- /3'6/#'2- 4355381 -!' -!#2 .#&43#5 -!'3&;

BCl = 2παC 43& 10.55 .2$5'1 34 .--./D) ,-.-#/ 1-.55 3//%&1 .&3%27 17 − 18o 43& E

F GH)I 0J1> .27 .&3%27 21.5 − 22o 43& E F HK)L 0J1) ?!'2 -!' .2$5' 34 .--./D #1

7'/&'.1'7 1-'= :; 1-'= .27 -!' M38 &'.--./!'1 :'-8''2 11− 12o 43& E F GH)I 0J1>

.27 :'-8''2 13 − 14o 43& E F HK)L 0J1) ?!#1 #55%1-&.-'1 -!' =!'230'232 34 M38

!;1-'&'1#1 NGGOP)

 !1 #$%&'(% )* 230+.,- %(+'' .$+%&/$.$0(%

Q%&#2$ -!' 7;2.0#/ 1-.55 0'.1%&'0'2-1> -!' M38 9'53/#-; #1 /.&'4%55; 1'- -!' 1.0' .1

43& -!' 1-.-#/ 1-.55 8#-! -!' -'1- 9'53/#-; 34 12.8m/s) R38'9'&> . 9.&#.-#32 :'-8''2

12.5− 13 m/s #1 3:1'&9'7 7%&#2$ -!' 31/#55.-#32 34 -!' .#&43#5) ?!' -'1-'7 /.1'1 .&'

/32S$%&'7 .1 1!382 #2 ?.:5' ()G) ?!' &'1%5-1 .&' .9'&.$'7 39'& GO /;/5'1 43& .55

-!' /.1'1T 43& /30=.&#132> -!' 1-.-#/ &'1%5-1 .&' .513 =53--'7 .1 1!382 #2 "#$%&' ()K>

130' /30032 1#0#5.&#-#'1 .&' 3:1'&9'7+

G) <- 538 31/#55.-#32 4&'U%'2/;> :'43&' &'./!#2$ -!' 1-.55 .2$5'> Cl 34 7;2.0#/ /.1'

#1 10.55'& -!.2 -!.- 34 1-.-#/ /.1') ?!' 7#V'&'2/'1 7'/&'.1' 8#-! -!' #2/&'.1'

34 -!' 31/#55.-#32 4&'U%'2/;T

H) Cl #2/&'.1'1 8#-! #2/&'.1#2$ <3< 43& .55 /.1'1 -#55 .&3%27 12o> -!'2 #1 &'0.#21

/321-.2- '1='/#.55; 43& -!' 538 31/#55.-#2$ 4&'U%'2/; /.1'1T

W) Q%&#2$ -!' 7;2.0#/ 1-.55> Cl 7&3=1 &.=#75;> .27 .- -!' 1.0' -#0'> Cd #2/&'.1'1

. 5#--5'T



 !" #$$%&'() *+ ,-&./(0 12.33 /%.145%/%&21

 !

"#$% U(m/s) &$'())#*(+, -.%/0%,'1 2345 &$'())#*(+, #67)(*08% 2

o
5 9#,:% +- ;+; 2

o
5

< 12.5− 13 =>< α(t) = 15o + 15 sin(ωt) = ? @=

A 12.5− 13 =>@ α(t) = 15o + 15 sin(ωt) = ? @=

@ 12.5− 13 =>B α(t) = 15o + 15 sin(ωt) = ? @=

C 12.5− 13 <>@ α(t) = 15o + 15 sin(ωt) = ? @=

D 12.5− 13 A>B α(t) = 15o + 15 sin(ωt) = ? @=

B 12.5− 13 =>@ α(t) = 15o + 10 sin(ωt) D ? AD

E#F)% "><G H#.#6%*%.$ $%*07 -+. *!% *%$* '#$%$>

C> E!% .%#**#'!6%,* ($ ')%#.)1 '#7*0.%8 -+. )+I +$'())#*(+, -.%/0%,'1 '#$%$ 2%>:>

'#$%$ < #,8 A5> "+67#.%8 *+ *!% $*#*(' '#$%J I% '#, $%% *!#* *!% .%#**#'!6%,*

($ 8%)#1%8 80% *+ *!% +$'())#*(+,K

D> L0% *+ *!% .+*#*(,: 6+*+. '#7#'(*1J I!%, *!% +$'())#*(+, -.%/0%,'1 ($ *++ )#.:%

2-+. '#$% D5J *!% 8%$(.%8 ;+; .#,:% '#,,+* F% .%#'!%8J $+ *!% .%$0)*$ -+. '#$% D

($ ,+* *.0$*I+.*!1 #,8 *!0$ ($ ,+* 7)+**%8>

H#.#))%) '+67#.($+,$ -+. Cl #,8 Cd -+. '#$%$ <?C #.% $!+I, (, M(:0.% ">N> E!%

*%$* '#$% D ($ ,+* (,')08%8 -+. *!% .%#$+, 6%,*(+,%8 #F+O%> M.+6 *!% Cl '+67#.?

($+, 2M(:0.% ">N>#5J *!% 8%)#1 +- *!% P+I $%7#.#*(+, #,8 .%#**#'!6%,* 80% *+ *!%

+$'())#*(+, -.%/0%,'1 ($ ')%#. $%%,> ;* ;+; Q 30oJ -+. #)) *!% '#$%$J Cl O#)0% 8.+7$

*+ #.+0,8 =>C> E!% $#6% 7!%,+6%,+, ($ #)$+ +F$%.O%8 -+. Cd 7)+*G #* ;+; Q 30oJ

Cd O#)0% ($ #.+0,8 <><D?<>AD>

;, +*!%. *%$* '#$% I(*! +$'())#*(+, -.%/0%,'1 f = 0.3HzJ ;+; .#,:% F%*I%%,

5o− 25o ($ #)$+ 7%.-+.6%8 *+ '+67#.% I(*! '#$% A 2$%% M(:0.% ">R5> S% '#, $%% *!#*

81,#6('$ $*#)) #,:)% ($ (,P0%,'%8 F1 *!% +$'())#*(+, .#,:%> E!% .%$0)*$ $!+I *!#* #

I(8%. +$'())#*(,: .#,:% 8%)#1$ *!% P+I $%7#.#*(+,K #* *!% $#6% *(6%J (* #)$+ 8%)#1$

*!% .%#**#'!6%,*>



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

 !

 !" #!$% &' ( ) *+& ,-' .!/0% 1( 212 ) 0− 30o+

 3" #!$% 4' ( ) *+5 ,-' .!/0% 1( 212 ) 0− 30o+

 6" #!$% 5' ( ) *+7 ,-' .!/0% 1( 212 ) 0− 30o+

 8" #!$% 9' ( ) &+5 ,-' .!/0% 1( 212 ) 5− 25o+

"#$%&' ()*+ ,#-. /01 1&/$ 23'42#'0.5 6'/5%&'1 -3& 170/6#2 5./88 2/5'5 2369/&'1 .3

5./.#2 2/5')



 !" #$$%&'() *+ ,-&./(0 12.33 /%.145%/%&21

 !"#$% &'() *&+,-!,#%./ 0!1- 2,. .$2" 3+%43!%,-5 6%25#$%. 1+$ .7,26!3 5-288 325%5
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Résumé : L'objectif de ce travail est de 
modéliser les sources et la propagation 
atmosphérique du bruit généré par les éoliennes 
afin de mieux comprendre les caractéristiques 
de ce bruit à grande distance et d'aider les 
fabricants d'éoliennes et les développeurs de
parc à respecter la réglementation. En couplant 
des modèles physiques de source 
aéroacoustique et de propagation, nous sommes 
capables de prédire les spectres de bruit, ainsi 
que la directivité et les modulations d'amplitude 
associées, pour différentes co
atmosphériques. Le modèle analytique d'Amiet 
est choisi pour prédire le bruit d'impact de 
turbulence et le bruit de bord de fuite, en 
considérant plusieurs améliorations par rapport 
à la théorie initiale. Ces modèles sont validés 
par comparaison avec des mesures de la 
littérature en soufflerie avec des profils fixes.
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Abstract :  The purpose of this work is to 
model wind turbine noise sources and 
propagation in the atmosphere in order to better 
understand the characteristics of wind turbine 
noise at long range and to help wind turbine 
manufacturers and wind farm developers meet 
the noise regulations. By coupling physically
based aeroacoustic source and propagation 
models, we are able to predict wind turbine 
noise spectra, directivity and amplitude 
modulation in various atmospheric conditions.
Amiet's analytical model is chosen to predict 
turbulent inflow noise and trailing edge noise, 
considering several improvements to t
original theory. The two models are validated 
against several wind tunnel experiments from 
the literature using fixed airfoils.  
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L'objectif de ce travail est de 
modéliser les sources et la propagation 
atmosphérique du bruit généré par les éoliennes 
afin de mieux comprendre les caractéristiques 
de ce bruit à grande distance et d'aider les 
fabricants d'éoliennes et les développeurs de 
parc à respecter la réglementation. En couplant 
des modèles physiques de source 
aéroacoustique et de propagation, nous sommes 
capables de prédire les spectres de bruit, ainsi 
que la directivité et les modulations d'amplitude 
associées, pour différentes conditions 

Le modèle analytique d'Amiet 
est choisi pour prédire le bruit d'impact de 
turbulence et le bruit de bord de fuite, en 
considérant plusieurs améliorations par rapport 

Ces modèles sont validés 
vec des mesures de la 

littérature en soufflerie avec des profils fixes. 

Le modèle d'Amiet est ensuite appliqué à une 
éolienne complète pour prédire le bruit émis en 
champ proche. L'effet de la rotation des pales et 
l'effet Doppler sont pris en compte. On 
d'abord des profils de vent constant sans 
turbulence, puis l'effet du cisaillement du vent 
et de la turbulence atmosphérique sont inclus à 
l'aide de la théorie de la similitude de Monin
Obukhov. De bons accords sont obtenus avec 
des mesures sur site éolien lorsque l'on 
considère à la fois les bruits de bord de fuite et 
d'impact de turbulence. On propose finalement 
une méthode pour coupler le modèle de source à 
un code d'équation parabolique 
en compte les effets de sol et de 
atmosphérique. En fonction de la direction de 
propagation, les niveaux de bruit varient car 
l'effet de sol est influencé par les gradients de 
vent et car une zone d'ombre est présente dan
la direction opposée au vent. 
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The purpose of this work is to 
model wind turbine noise sources and 

sphere in order to better 
understand the characteristics of wind turbine 
noise at long range and to help wind turbine 
manufacturers and wind farm developers meet 
the noise regulations. By coupling physically-
based aeroacoustic source and propagation 

, we are able to predict wind turbine 
noise spectra, directivity and amplitude 
modulation in various atmospheric conditions. 
Amiet's analytical model is chosen to predict 
turbulent inflow noise and trailing edge noise, 
considering several improvements to the 

The two models are validated 
against several wind tunnel experiments from 

Amiet's model is then applied on a full
wind turbine to predict the noise emission level 
in the near field. Doppler effect and blade 
rotation are taken into account. Cases with 
constant wind profiles and no turbulence are 
used first, then wind shear and atmospheric 
turbulence effects obtained from Monin
Obukhov similarity theory are included. Good 
agreements against field measurements are 
found when both turbulent inflow noise and 
trailing edge noise are considered. 
propose a method to couple the source model to 
a parabolic equation code to take into account
ground and atmospheric refraction effects. 
Depending on the propagation direction, noise 
levels vary because the ground effect is 
influenced by wind shear and a shadow zone is 
present upwind. 
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