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4+70.$(+)'#$0 #0"1'-$+#'(#E< 1/(F/.0#1#E< 1060#$;  

@($ +F10%'#$$ @+7)$G#E< 10. ".+G#+; ,0+501($$  

#' +"#+)0 /(')#0#$; H')*0-21+%"' 

 . >. B?0#?0("%$;, >. >. I($<+7*%+, B. >. J076$-, H. 4. &'6'@/($7?0 
 !"#$#%# #&'!"()&#!*+ "$"#,- $ #,+!).)/$0 121 34&'$!*, 34&'$!' 

The Reynolds averaged Navier-Stokes equation were applied to a numerical 

simulation of unsteady turbulent separated incompressible flows. The one-equation 

turbulence models were used. Comparison of results of calculations flow near fixed 

and oscillating airfoil was carried out. The results of calculation of Darrieus and 

Savonius rotors with different quantity and geometrical performances of blades are 

submitted. The analysis of flow field near rotors was carried out. The main stages of 

development of vortex were allocated. The influence of Reynolds numbers, tip-speed-

ratios and solidity on power characteristics of Darrieus and Savonius rotors was found. 

1.  !"#"$%" 

K"".07+)'#$0 #0"1'-$+#'(#E< 1/(F/.0#1#E< 1060#$; @($ +F10%'#$$ 

%+('F.0;, #'?05#+,+ 1('#"@+(1', .01'10.*#E< '@@'('1+), )01(+',(0,'1+) 

@(07"1').301 F+.*L+; @('%1$60"%$; $ 10+(01$60"%$; $#10(0". 2/M0"1)/01 7)' 

+"#+)#E< @+7<+7' % (0L0#$8 ?'7'6 ,$7(+7$#'5$%$: N%"@0($50#1'.*#E; $ 

10+(01$60"%$;. H'$./6L$0 (0?/.*1'1E ) 10+(01$60"%+5 @+7<+70 @+./6'81"3, 

0".$ @($50#31* 5+70.* (0'.*#+; G$7%+"1$ – /(')#0#$3 H')*0-21+%"'. J'?)$1$0 

6$".0##E< 501+7+) (0L0#$3 /(')#0#$; H')*0-21+%"', @+)EL0#$0 

FE"1(+70;"1)$3 $ +FO05' @'531$ %+5@*810(+) @+?)+.$.+ '%1$)$?$(+)'1* 

('F+1E @+ "+?7'#$8 /#$)0("'.*#E< (0L'10.0; ?'7'6 'N(+7$#'5$%$ $ $< 

@($50#0#$8 % $"".07+)'#$8 ".+G#E< 1060#$; " ('?)$1E5$ +1(E)#E5$ ?+#'5$ 

@($ +F10%'#$$ 10. ".+G#+; :+(5E. 

P"#+)#'3 @(+F.05' @+./60#$3 #0"1'-$+#'(#E< (0L0#$; /(')#0#$; H')*0-

21+%"' #0"G$5'05+; G$7%+"1$ ?'%.86'01"3 ) 1(/7#+"13< +7#+)(050##+,+ 

(0L0#$3 /(')#0#$; %+.$60"1)' 7)$G0#$3 $ /(')#0#$3 #0('?(E)#+"1$. H' 

@0()+5 N1'@0 ('?)$1$3 6$".0##E< '.,+($15+) (0L0#$3 /(')#0#$; H')*0-21+%"' 

7.3 #0"G$5'05E< 1060#$; 6'M0 $"@+.*?+)'.$"* @0(050##E0 ?')$<(0##+"1*-

:/#%-$3 1+%' [20, 9, 25]. H' +"#+)0 7'##+,+ @+7<+7' FE.+ (0L0#+ F+.*L+0 

%+.$60"1)+ @($%.'7#E< ?'7'6, #+ ('"601E @(+"1('#"1)0##E< ?'7'6 " 

$"@+.*?+)'#$05 :/#%-$; 1+%' )0"*5' ?'1(/7#$10.*#E. 

I($50#0#$0 :$?$60"%$< @0(050##E< @+?)+.301 (0L'1* 7)/50(#E0 $ 

1(0<50(#E0 ?'7'6$ @+ 07$#+5/ '.,+($15/. P"#+)#E0 5'105'1$60"%$0 @(+F.05E 

@($ (0L0#$$ /(')#0#$3 H')*0-21+%"' ")3?'#E " ('?.$6#E5 1$@+5 

7$::0(0#-$'.*#E< /(')#0#$; 7.3 ?'%+#+) "+<('#0#$3 5'""E $ %+.$60"1)' 

7)$G0#$3. J'?.$6#E0 "@+"+FE @(0+7+.0#$3 /%'?'##E< 1(/7#+"10; ")3?'#E " 

$"@+.*?+)'#$05 7.3 +@(070.0#$3 7').0#$3 "@0-$'.*#+,+ /(')#0#$3 

I/'""+#' [1, 35], /(')#0#$; 7.3 @+@(')+% [1, 13], ('?.$6#E< L1(':#E< 

:/#%-$; [22], 7+@+.#0#$05 /(')#0#$3 #0('?(E)#+"1$ #0"1'-$+#'(#E5 
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6.0#+5 [35], (0,/.3($?'-$0; 5'1($-E %+N::$-$0#1+) @($ @(+$?)+7#E< @+ 

)(050#$ [4, 8, 12, 21, 27, 28]. 

 I($ (0L0#$$ /(')#0#$; #0"G$5'05+; G$7%+"1$ ) :$?$60"%$< @0(050##E< 

@($50#3."3 501+7 5'(%0(+) $ 3600% (4>2) [10, 32, 33, 35], '.,+($15 

SIMPLE [13, 31, 40], 501+7 $"%/""1)0##+; "G$5'05+"1$ [35], ) @+".07#00 )(053 

?#'6$10.*#E; @(+,(0"" ) @+)EL0#$$ N::0%1$)#+"1$ 6$".0##E< '.,+($15+) 

7+"1$,#/1 @($ $"@+.*?+)'#$$ .+%'.*#+,+ @(07+F/".').$)'#$3 [45].  

  @+".07#$0 ,+7E 7.3 5+70.$(+)'#$3 1060#$3 #0"G$5'05+; G$7%+"1$ )"0 

6'M0 @($50#381"3 @+7<+7E, $"@+.*?/8M$0 N::0%1E "G$5'05+"1$ [34, 46]. 

I('%1$%' @($50#0#$3 /(')#0#$; "G$5'05+,+ ,'?' @+%'?E)'01 #$?%/8 

('F+1+"@+"+F#+"1* 7'##+; 5+70.$ @($ 5'.E< 6$".'< 4'<'. Q1+ ")3?'#+ " 

G0"1%+"1*8 $"<+7#E< /(')#0#$; 7.3 #$?%+"%+(+"1#E< 1060#$; )".07"1)$0 

?#'6$10.*#E< ('?.$6$; ) <'('%10(#E< )(050#'< %+#)0%1$)#+,+ @0(0#+"' $ 

('"@(+"1('#0#$3 '%/"1$60"%$< )+?5/M0#$;. B'##+0 @(0@31"1)$0 5+G01 FE1* 

@(0+7+.0#+ @($50#0#$05 @(07+F/".').$)'#$3 [34, 46].  

401+7 $"%/""1)0##+; "G$5'05+"1$ @(07"1').301 "+F+; ('?/5#E; 

%+5@(+5$"" 50G7/ /%'?'##E5$ )EL0 @+7<+7'5$. 2 +7#+; "1+(+#E, ?' "601 

7+F').0#$3 % /(')#0#$8 #0('?(E)#+"1$ @(+$?)+7#+; 7').0#$3 @+ )(050#$ 

$"<+7#'3 "$"105' /(')#0#$; @($)+7$1"3 % 07$#+5/ 1$@/. Q1+ @+?)+.301 

#'@(35/8 "+,.'"+)'1* @+.3 7').0#$3 $ "%+(+"1$ #' +7#+5 )(050##+5 ".+0.  

 EF+( 5+70.$ 1/(F/.0#1#+"1$ 7.3 ('"601' +1(E)#E< 1060#$; "+"1').301 

+170.*#/8 @(+F.05/. H0"5+1(3 #' "/M0"1)0##E; @(+,(0"" ) 5+70.$(+)'#$$ 

1/(F/.0#1#+"1$ %(/@#E5$ (LES) $ +1"+07$#0##E5$ (DES) )$<(35$, @(35E5 

6$".0##E5 5+70.$(+)'#$05 (DNS), @($ (0L0#$$ @('%1$60"%$< ?'7'6 L$(+%+ 

$"@+.*?/81"3 1+.*%+ 5+70.$ #' +"#+)0 +"(07#0##E< @+ J0;#+.*7"/ /(')#0#$; 

H')*0-21+%"' (RANS). I($ ?'5E%'#$$ RANS $"@+.*?/81"3 '.,0F('$60"%$0, 

+7#+- $ 7)/<@'('501($60"%$0 5+70.$ 1/(F/.0#1#+; )3?%+"1$. R+.*L/8 

@+@/.3(#+"1* @+./6$.' +7#+@'('501($60"%'3 5+70.* 2@'.'(1'->..5'('"', 

705+#"1($(/8M'3 ('?/5#E; %+5@(+5$"" 50G7/ )E6$".$10.*#E5$ ?'1('1'5$ $ 

1+6#+"1*8 @+./6'05E< (0?/.*1'1+). 

   7'##+; ('F+10 7.3 $"".07+)'#$3 #0"1'-$+#'(#E< 1/(F/.0#1#E< +1(E)#E< 

1060#$; @($50#381"3 +"(07#0##E0 @+ J0;#+.*7"/ /(')#0#$3 H')*0-21+%"'.  

 

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

 "+)5!*, %&'6!,!$7. B.3 +@$"'#$3 #0"1'-$+#'(#E< 1/(F/.0#1#E< +1(E)#E< 

#0"G$5'05E< 1060#$; )+"@+.*?/05"3 +"(07#0##E5$ @+ J0;#+.*7"/ 

/(')#0#$35$ H')*0-21+%"' #0"G$5'05+; G$7%+"1$ 
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,70 ix , 1,2i !  – 70%'(1+)E0 %++(7$#'1E; t  – )(053; iu  – 70%'(1+)E 

"+"1').38M$0 )0%1+(' "(07#0; "%+(+"1$; p  – 7').0#$0; $  $ t$  –  5+.0%/.3(#E; 

$ 1/(F/.0#1#E; %+N::$-$0#1E %$#05'1$60"%+; )3?%+"1$. 
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 8)5,.$&)6'!$, #%&9%.,!#!)"#$. B.3 ?'5E%'#$3 +"(07#0##E< @+ 

J0;#+.*7"/ /(')#0#$; H')*0-21+%"' $"@+.*?/81"3 7$::0(0#-$'.*#E0 

+7#+@'('501($60"%$0 5+70.$ Spalart-Allmaras [49], SARC [48, 50] $ SALSA [44], 

%+1+(E0 ('?('F+1'#E 7.3 ?'7'6 )#0L#0; 7+?)/%+)+; 'N(+7$#'5$%$.  

 1':'.;!*, $ /&'!$:!*, %".)6$7.   %'60"1)0 #'6'.*#E< /".+)$; ?'7')'.$"* 

@'('501(E #0)+?5/M0##+,+ @+1+%' )+ )"0; ('"601#+; +F.'"1$. H' )#0L#0; 

,('#$-0 @($50#3.$"* #0+1('G'8M$0 ,('#$6#E0 /".+)$3. H' @+)0(<#+"1$ 

1)0(7+,+ 10.' "1')$.+"* /".+)$0 @($.$@'#$3. 

 

3. .%(/"$$01 */2'3%)4 

2$"105' $"<+7#E< /(')#0#$; (1)-(2), ?'5%#/1'3 7$::0(0#-$'.*#+; 5+70.*8 

1/(F/.0#1#+"1$, ?'@$"E)'.'"* +1#+"$10.*#+ @(+$?)+.*#+; %($)+.$#0;#+; 

"$"105E %++(7$#'1. 2+,.'"+)'#$0 @+.0; 7').0#$3 $ "%+(+"1$ +"/M0"1).3.+"* " 

@+5+M*8 501+7' $"%/""1)0##+; "G$5'05+"1$, 5+7$:$-$(+)'##+,+ 7.3 ('"601' 

#0"1'-$+#'(#E< ?'7'6 [41, 42]. B.3 "+?7'#$3 7$"%(01#+,+ '#'.+,' $"<+7#E< 

/(')#0#$; )+%(/, 10. ".+G#+; ,0+501($$ ) %'60"1)0 F'?+)E< $"@+.*?+)'.$"* 

(0,/.3(#E0 "01%$.   #0+7#+")3?#E< +F.'"13< @($50#3.$"* 5#+,+F.+6#E0 

)E6$".$10.*#E0 10<#+.+,$$, ) %+1+(E< ('?50(#+"1* +170.*#E< 

@0(0"0%'8M$<"3 "01+% (F.+%+)) #0 ")3?'#' 50G7/ "+F+;. S'%+; @+7<+7 @+?)+.$. 

)E('F+1'1* 07$#/8 501+7+.+,$8 ('"601' 1060#$; )3?%+; G$7%+"1$ )+%(/, 10. 

".+G#+; ,0+501($60"%+; :+(5E. 

2$"105' $"<+7#E< /(')#0#$; $#10,($(+)'.'"* 6$".0##+ " $"@+.*?+)'#$05 

501+7' %+#1(+.*#+,+ +FO05'. B.3 %+#)0%1$)#E< @+1+%+) $"@+.*?+)'.'"* 

@(+1$)+@+1+6#'3 '@@(+%"$5'-$3, +"#+)'##'3 #' "<050 P. Roe [41] 1(01*0,+ 

@+(37%' 1+6#+"1$.   5+70.3< 1/(F/.0#1#+"1$ 7.3 '@@(+%"$5'-$$ %+#)0%1$)#E< 

".','05E< @($50#3.'"* "<05' TVD " +,('#$6$10.05 @+1+%+) ISNAS 1(01*0,+ 

@+(37%' [41]. I(+$?)+7#E0 ) )3?%$< 6.0#'< '@@(+%"$5$(+)'.$"* -0#1('.*#+-

('?#+"1#+; "<05+; )1+(+,+ @+(37%'. 

>.,+($15 (0L0#$3 /(')#0#$; F'?$(/01"3 #' 1(0<".+;#+; #03)#+; "<050 " 

@+7E10('-$35$ @+ @"0)7+)(050#$ )1+(+,+ @+(37%' 1+6#+"1$ @+ :$?$60"%+5/ 

)(050#$. 

 

4.  "3%5%+*6%7 % )"()%3'!*$%" 83'23*44$'-4")'#%-"(+'2' '9"(8"-"$%7  

2+)(050##E0 1(0F+)'#$3 % 7+"1+)0(#+"1$ @+./6'05E< 6$".0##E< 

(0?/.*1'1+) $ #'70G#+"1$ @(+,('55#+-501+7$60"%+,+ +F0"@060#$3 1(0F/81 

1M'10.*#+,+ 10"1$(+)'#$3 $ )0($:$%'-$$ ('?('F+1'##+,+ %+5@.0%"' @(+,('55. 

:0"1$(+)'#$0 ('?('F+1'##+; 501+7$%$, '.,+($15+) $ %+5@.0%"' @(+,('55 

)E@+.#0#+ #' ?'7'6'< + ('?)$1$$ 1060#$3 ) %)'7('1#+; %')0(#0 $ +F10%'#$$ 

#0@+7)$G#+,+ -$.$#7(' #0"G$5'05+; G$7%+"1*8 [14]. 

I+./60#E "1(/%1/(' "1'-$+#'(#+,+ $ #0"1'-$+#'(#+,+ .'5$#'(#+,+ 1060#$3 

) ".070 ?' -$.$#7(+5, %+N::$-$0#1E .+F+)+,+ "+@(+1$).0#$3, @+7O05#+; "$.E 

$ 6$".' 21(/<'.3. I+%'?'#+, 61+ @($ 6$".'< J0;#+.*7"' Re 54  +F10%'#$0 

-$.$#7(' @(+$"<+7$1 F0? +1(E)' @+1+%'. A)0.$60#$0 6$".' J0;#+.*7"' 

@($)+7$1 % )+?#$%#+)0#$8 $ ('?)$1$8 +1(E)' @+1+%' +1 @+)0(<#+"1$ -$.$#7('. 

I($ 6$".'< J0;#+.*7"' Re 455  (0'.$?/01"3 "1'-$+#'(#E; (0G$5 +F10%'#$3, 

%+1+(E; <'('%10($?/01"3 #'.$6$05 ) F.$G#05 ".070 7)/< "$5501($6#E< 
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)$<(0;. PF10%'#$0 -$.$#7(' @($ Re 456  "+@(+)+G7'01"3 +F('?+)'#$05 

)$<(0)+; 7+(+G%$ C'(5'#' " 6$".+5 21(/<'.3, ?')$"3M$5 +1 6$".' J0;#+.*7"' 

(($". 1). J0?/.*1'1E $"".07+)'#$; <+(+L+ "+,.'"/81"3 " $?)0"1#E5$ 

('"601#E5$ $ N%"@0($50#1'.*#E5$ 7'##E5$. 

') 

9) 

 
6) 

 
/) 

<$". 1. =)!#%&* >'6$+&,!!)"#$ (&$ )9#,4'!$$ ?$.$!5&' ( Re 200! ) 5.7 -)-,!#)6 

6&,-,!$: ') 0t ! ; 9) 2t ! ; 6) 4t ! ; /) 6t !  

 

5. ;9(<=#"$%" 3",</>)*)'! 3*(-")'! 

H' F'?0 ('?('F+1'##+,+ @(+,('55#+-501+7$60"%+,+ +F0"@060#$3 )E@+.#0#+ 

6$".0##+0 5+70.$(+)'#$0 #0"1'-$+#'(#E< 1/(F/.0#1#E< +1(E)#E< 1060#$; 

@($ +F10%'#$$ )('M'8M0,+"3 -$.$#7(' [16], 7+%($1$60"%+5 $ ?'%($1$60"%+5 

+F10%'#$$ #0@+7)$G#+,+ $ %+.0F.8M0,+"3 @(+:$.0; [17], (+1+(+) )0(1$%'.*#+-

+"0)E< )01(+',(0,'1+) B'(*0 $ 2')+#$/"' [18, 19]. 

 

5.1. ?*4%$*3$'" '9)"+*$%" !3*@*A@"2'(7 6%/%$#3* (B55"+) C*2$<(*) 

I'('501(E ?'7'6$ )EF('#E 1'%$5$, @($ %+1+(E< 1060#$0 FE.+ .'5$#'(#E5. 

J0?/.*1'1E ('"601+) @+%'?'.$, 61+ )('M0#$0 @($)+7$1 % /"%+(0#$8 1060#$3 #' 

+7#+; "1+(+#0 -$.$#7(' $ ?'507.0#$8 #' 7(/,+; ) ?')$"$5+"1$ +1 )0.$6$#E 7  

(+1#+L0#$0 .$#0;#+; "%+(+"1$ )('M0#$3 @+)0(<#+"1$ -$.$#7(' % "%+(+"1$ 

#0)+?5/M0##+,+ @+1+%'). I(+:$.$ "%+(+"1$ @+%'?'#E #' ($". 3. T$.$#7( 

)('M'01"3 @(+1$) <+7' 6'"+)+; "1(0.%$. 

 
')        9)       6)  

<$". 2. @&)A$.$ "4)&)"#$ (&$ )9#,4'!$$ 4&%/)6)/) ?$.$!5&' ( Re 100! ) 6 >'6$"$-)"#$ 

)# .$!,0!)0 "4)&)"#$ ()6,&+!)"#$: ') 7 = 0; 9) 7 = 1.0; 6) 7 = 2.0 

C+#1/(E ?')$<(0##+"1$ 7.3 ('?.$6#E< ?#'60#$; 7  ) 5+50#1 )(050#$, 

"++1)01"1)/8M$; 5$#$5/5/ @+7O05#+; "$.E @($ Re 100! , @+%'?'#E #' ($". 3. 
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2 (+"1+5 "%+(+"1$ )('M0#$3 )$<($ ) ".070, "+L07L$0 " )0(<#0; "1+(+#E 

-$.$#7(', "1'#+)31"3 F+.00 %(/@#E5$, 605 )$<($, %+1+(E0 "<+731 " 

@(+1$)+@+.+G#+; "1+(+#E (($". 3 9). I($ 2.07 8  #'F.87'01"3 #'.$6$0 7)/< 

"1'-$+#'(#E< )$<(0;, @($"+07$#0##E< % -$.$#7(/ (($". 3 6).  ('M0#$0 

-$.$#7(' @($)+7$1 % )+?#$%#+)0#$8 @+@0(06#+; "$.E, )0.$6$#' $ ?#'% 

%+1+(+; ?')$"$1 +1 ?#'60#$; 7. 

 
')        9)       6) 

<$". 3. =)!#%&* >'6$+&,!!)"#$ (&$ )9#,4'!$$ 4&%/)6)/) ?$.$!5&' ( Re 100! )  

6 >'6$"$-)"#$ )# .$!,0!)0 "4)&)"#$ ()6,&+!)"#$: ') 7 = 0; 9) 7 = 1.0; 6) 7 =  2.0 

 

5.2. D'+3%)%-"(+'" % ,*+3%)%-"(+'" '9)"+*$%" 83'5%/7 NACA 4412 

)<39</"$)$04 8')'+'4. 

RE.+ )E@+.#0#+ "(')#0#$0 (0?/.*1'1+) ('"601+) +F10%'#$3 @(+:$.3 

NACA 4412 @($ 6$".0 6Re 1.64 10! 9  " $"@+.*?+)'#$05 5+70.0; 1/(F/.0#1#+"1$ 

SA, SARC $ SALSA. 

A"1'#+).0#+, 61+ 7.3 7+%($1$60"%+,+ (0G$5' +F10%'#$3 @(+:$.3 (".'FE; 

+1(E) – 12:) )EF+( 5+70.$ 1/(F/.0#1#+"1$ #0 +%'?E)'01 "/M0"1)0##+,+ 

).$3#$3 #' (0?/.*1'1E ('"601+). 

H' ?'%($1$60"%+5 (0G$50 +F10%'#$3 @(+:$.3 (5'""$)#E; +1(E) – 18:) 
#'$F+.*L$0 ('?50(E +1(E)#+; ?+#E #'F.87'81"3 @($ $"@+.*?+)'#$$ 5+70.$ 

1/(F/.0#1#+"1$ SALSA (($". 4). 4+70.* 1/(F/.0#1#+"1$ SA ,0#0($(/01 F+.00 

#'@+.#0##E; @(+:$.* 1/(F/.0#1#+; )3?%+"1$ ) @+,('#$6#+5 ".+0 @+ "(')#0#$8 

" 5+70.35$ SARC $ SALSA (($". 5). K"@+.*?+)'#$0 5+70.$ SARC @($)+7$1 % 

#0?#'6$10.*#+5/ /./6L0#$8 @+./6'05E< (0?/.*1'1+) @+ "(')#0#$8 " SA. 

4+70.* 1/(F/.0#1#+"1$ SALSA ./6L0, 605 SA $ SARC @0(07'01 

#0"1'-$+#'(#/8 7)/50(#/8 "1(/%1/(/ 1060#$3 " ('?)$1E5 +1(E)+5 @+1+%'. 

J'"@(070.0#$0 %+N::$-$0#1' 7').0#$3 @+ @+)0(<#+"1$ @(+:$.3 7.3 /,.+) 

'1'%$ 12: $ 18: @($)070#E #' ($". 6. B+ /,.' '1'%$ 12: #'F.87'01"3 <+(+L00 
"+)@'70#$0 (0?/.*1'1+) @+ )"05 $"".07/05E5 5+70.35 1/(F/.0#1#+"1$ " 

N%"@0($50#1'.*#E5$ 7'##E5$. I($ /,.'< '1'%$, F+.*L$< 12:, @($50#0#$0 
5+70.$ SALSA @($)+7$1 % ?'501#+5/ /./6L0#$8 @+./6'05E< (0?/.*1'1+). 

B+ /,.' '1'%$ 12: (0?/.*1'1E, @+./60##E0 " $"@+.*?+)'#$05 5+70.0; 

1/(F/.0#1#+"1$ SA, SARC $ SALSA, 7.3 %+N::$-$0#1+) @+7O05#+; "$.E $ 

.+F+)+,+ "+@(+1$).0#$3 F.$?%$ 50G7/ "+F+; $ <+(+L+ "+)@'7'81 " 

N%"@0($50#1'.*#E5$ 7'##E5$ (($". 7). K"@+.*?+)'#$0 5+70.$ 1/(F/.0#1#+"1$ 

SALSA @($)+7$1 % "/M0"1)0##+5/ /./6L0#$8 @+./6'05E< (0?/.*1'1+) ) 

"(')#0#$$ " 5+70.35$ SA $ SARC @($ ?'%($1$60"%+5 (0G$50 +F10%'#$3. 
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') 

9) 

6) 

 
') 

 
9) 

 
6) 

<$". 4. B$!$$ #)4', ()"#&),!!*, () 
-/!)6,!!)-% ().C "4)&)"#,0 (&$ %/., '#'4$ 

18:: ') SA; 9) SARC; 6) SALSA 

<$". 5.  >)().)"* #%&9%.,!#!)0 67>4)"#$ 

(&$ %/., '#'4$ 18::  
') SA; 9) SARC; 6) SALSA 

 
')       9) 

<$". 6. <'"(&,5,.,!$, 4)DAA$?$,!#' 5'6.,!$7 () ()6,&+!)"#$ (&)A$.7 NACA 4412  

5.7 &'>.$:!*+ %/.)6 '#'4$: ') 12:; 9) 18: 

   
')       9) 

<$". 7. E'6$"$-)"#; 4)DAA$?$,!#)6 ()5F,-!)0 "$.* (') $ .)9)6)/) ")(&)#$6.,!$7 (9)  
)# %/.' '#'4$ 5.7 (&)A$.7 NACA 4412 

5.3. ;9)"+*$%" '(6%//%3<A@"2' 83'5%/7 NACA 0015.  

J'"601E +F10%'#$3 +"-$..$(/8M0,+ @(+:$.3 NACA 0015 @(+)070#E @($ 

6$".0 J0;#+.*7"' 6Re 1.95 10! 9  7.3 1(0< (0G$5+) +F10%'#$3: ') ".'FE; +1(E)' 
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@+1+%', "++1)01"1)/8M$; "(07#05/ /,./ '1'%$ 0 47 !  ; F) 7+%($1$60"%+0 

+F10%'#$0 @(+:$.3 (('?)$1E; +1(E)), "++1)01"1)/8M00 0 117 !  ; 

)) ?'%($1$60"%+0 +F10%'#$0 @(+:$.3 (5'""$)#E; +1(E)), "++1)01"1)/8M00  

0 157 !  . 4,#+)0##E; /,+. '1'%$ %(E.' +@(070.3."3 @+ ?'%+#/ 

" # " #0 1 sint t7 7 7 ;! * . >5@.$1/7' %+.0F'#$; "+"1').3.' 1 4.27 !  , ' 

F0?('?50(#'3 6'"1+1' / 2 0.1k c V; <! ! . P"#+)#+0 1060#$0 ) "./6'0 

7+%($1$60"%+,+ +F10%'#$3 @(+:$.3 %(E.' @($ #'.$6$$ ('?)$1+,+ +1(E)' @+1+%' 

( 0 117 :! ) "1'-$+#'(#+0, +1(E)#'3 ?+#' #0 @(0)EL'01 @+.+)$#E 7.$#E @(+:$.3, 

#'F.87'81"3 +170.*#E0 %+.0F'#$3 ) ".070 $ ) 6'"1$ +1(E)#+; ?+#E. 

U')$"$5+"1$ %+N::$-$0#1+) @+7O05#+; "$.E $ .+F+)+,+ "+@(+1$).0#$3 

@(+:$.3 +1 /,.' '1'%$ @($ ,'(5+#$60"%$< %+.0F'#$3< @(07"1').0#E #' ($". 8. 

B)$G0#$0 @+ %($)E5 #'@(').0#+ @+ 6'"+)+; "1(0.%0 (($". 8). J0?/.*1'1E, 

@+./60##E0 " $"@+.*?+)'#$05 5+70.$ 1/(F/.0#1#+"1$ SALSA, 

/7+).01)+($10.*#+ "+)@'7'81 " N%"@0($50#1'.*#E5$ 7'##E5$. 
 

 
')           9) 

<$". 8. E'6$"$-)"#$ 4)DAA$?$,!#)6 ()5F,-!)0 "$.* (') $ .)9)6)/) ")(&)#$6.,!$7 (9) )# 

%/.)6)/) ().)G,!$7 (&)A$.7 4&*.' ( 0 117 :! ) 

 - -)5,.; SA (!'"#)7H'7 &'9)#');  - -)5,.; SALSA (!'"#)7H'7 &'9)#');  

= - D4"(,&$-,!# ("#'#$:,"4$0 (&)A$.;) [47]; I - D4"(,&$-,!# (4).,9.CH$0"7 

(&)A$.;) [38]; > - -)5,.; Baldwin-Barth (&'":,# [30]); J- -)5,.; Wilcox k ;+  (&'":,# 

[30]); K - -)5,.; SA (&'":,# [30]); ? - -)5,.; SALSA (&'":,# [30]) 

 

21(/%1/(' 1060#$3 @($ ?'%($1$60"%+5 +F10%'#$$ @(+:$.3 $ #'.$6$$ 

5'""$)#+,+ +1(E)' @+1+%' ( 0 157 :! ) <'('%10($?/01"3 3(%+ )E('G0##E5$ 

#0"1'-$+#'(#E5$ 3).0#$35$ (($". 9). P1(E) @+1+%' ?'(+G7'01"3 #' 

@+7)01(0##+; "1+(+#0 )F.$?$ #+"$%' @(+:$.3, ('"@'7'3"* ?'105 #' "$"105/ 

)$<(0; " ('?.$6#E5$ "%+(+"135$ 7)$G0#$3. 

J'?('F+1'##'3 501+7$%' )+"@(+$?)+7$1 "1(/%1/(/ #0"1'-$+#'(#+,+ 

+1(E)#+,+ +F10%'#$3 +"-$..$(/8M0,+ @(+:$.3 NACA 0015. I+%'?'#+ 

@(0$5/M0"1)+ 5+70.$ 1/(F/.0#1#+"1$ SALSA @+ "(')#0#$8 " 5+70.35$ SA, 

SARC @($ ('"6010 1060#$; " ('?)$1E5 7)/50(#E5 #0"1'-$+#'(#E5 +1(E)+5 

@+1+%'. 
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') 

 
 

9) 

 
6) 

 
/) 

<$". 9. =)!#%&* >'6$+&,!!)"#$, ().%:,!!*, () -)5,.$ #%&9%.,!#!)"#$ SALSA: 

') 19: @ ; 9) 19: A ; 6) 17: A ; /) 14: A  (@ - (&)A$.; 56$G,#"7 66,&+, A - (&)A$.; 56$G,#"7 

6!$>) 

 

5.4. E')'30 !"3)%+*/>$'-'("!0F !")3'<()*$'!'+ 

J'?('F+1%' $ /"+)0(L0#"1)+)'#$0 '.*10(#'1$)#E< $"1+6#$%+) N#0(,$$ 

3).301"3 '%1/'.*#+; @(+F.05+; 7.3 N#0(,01$%$ A%('$#E. C +7#+5/ $? 

@0("@0%1$)#E< #'@(').0#$; (0L0#$3 7'##+; @(+F.05E +1#+"$1"3 

)01(+N#0(,01$%'. R+.*L+0 ('"@(+"1('#0#$0 ) 5$(0 @+./6$.$ 7)/<- $ 

1(0<.+@'"1#E0 ,+($?+#1'.*#+-+"0)E0 (VP) )01(+N#0(,01$60"%$0 /"1'#+)%$ 

( QA) @(+@0..0(#+,+ 1$@'. Q1+ ")3?'#+ " )E"+%$5 %+N::$-$0#1+5 

$"@+.*?+)'#$3 N#0(,$$ )01('. R.$?%$5$ ?#'60#$35$ %+N::$-$0#1' 5+M#+"1$ $? 

)0(1$%'.*#+-+"0)E< ( P)  QA +F.'7'81 1+.*%+ (+1+(E B'(*0. 

I+)EL0#$0 5+M#+"1$  QA $ /)0.$60#$0 %+N::$-$0#1' $"@+.*?+)'#$3 

N#0(,$$ )01(' 70.'01 ?'7'6/ )EF+(' ('-$+#'.*#+; 'N(+7$#'5$60"%+; :+(5E 

(+1+(' )0"*5' '%1/'.*#+;.  07/M/8 (+.* ) ('F+10  QA $,('81 #0"1'-$+#'(#E0 

'N(+7$#'5$60"%$0 @(+-0""E, @+N1+5/ +"#+)#E5 #'@(').0#$05 $"".07+)'#$; 

7+.G#' FE1* ('?('F+1%' #+)E< /#$)0("'.*#E< 501+7+) ('"601' #0"1'-$+#'(#E< 

@(+-0""+) @($ +F10%'#$$ @+1+%+5 (+1+(+) )01(+',(0,'1+). 

K?)0"1#E0 501+7$%$ +@(070.0#$3 'N(+7$#'5$60"%$< $ N#0(,01$60"%$< 

<'('%10($"1$% (+1+(+)  QA +"#+)'#E #' N%"@0($50#1'.*#E< 7'##E<, 

$5@/.*"#+; $ )$<(0)+; 10+($3<, 6$".0##+5 (0L0#$$ /(')#0#$3 @+10#-$'.' [5, 

11, 39]. P#$ $"@+.*?/81 +@(070.0##E0 7+@/M0#$3 @($ @+"1'#+)%0 ?'7'6$ 

(%)'?$"1'-$+#'(#+"1* @+1+%', +1"/1"1)$0 /601' )3?%+-#0)3?%+,+ )?'$5+70;"1)$3 

$ 1.7.). V.')#E5$ 1(/7#+"135$ ) ('"6010 #0"1'-$+#'(#E< @(+-0""+) @($ 

+F10%'#$$ (+1+(+)  P  QA 3).381"3 N::0%1E 7$#'5$60"%+,+ "(E)' @+1+%'. B+ 

#'"1+3M0,+ )(050#$ #$ +7#' $? $?)0"1#E< /@(+M0##E< 5+70.0; #0 7')'.' 

)+?5+G#+"1$ '70%)'1#+ ('""6$1'1* 'N(+7$#'5$60"%$0 <'('%10($"1$%$ (+1+(+) ) 

"./6'0 7$#'5$60"%+,+ "(E)' @+1+%'. 

A(')#0#$3 H')*0-21+%"' 3).381"3 +7#+; $? #'$F+.00 @+.#E< 

5'105'1$60"%$< 5+70.0; 50<'#$%$ G$7%+"1$ $ ,'?'. I($50#0#$0 $< "+)50"1#+ " 

7$::0(0#-$'.*#+; 5+70.*8 1/(F/.0#1#+"1$, /(')#0#$05 7$#'5$%$ (+1+(' 

@+?)+.301 $"".07+)'1* +"+F0##+"1$ #0"1'-$+#'(#+,+ +F10%'#$3, "1(/%1/(/ @+.3 

"%+(+"10;, 7$#'5$60"%$; "(E) @+1+%', @(+-0""E :+(5$(+)'#$3 $ ('"@'7' 
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)$<(0; )+%(/, "'5+,+ (+1+(', ' 1'%G0 ) ".070 ?' )01(+',(0,'1+5. P7#$5 $? 

#'$F+.00 @0("@0%1$)#E< #'@(').0#$; ('"601' 'N(+7$#'5$60"%$< $ 

N#0(,01$60"%$< <'('%10($"1$% (+1+('  QA 3).301"3 "+)50"1#+0 6$".0##+0 

(0L0#$0 /(')#0#$; 7$#'5$%$ )3?%+; #0"G$5'05+; G$7%+"1$ $ 1)0(7+,+ 10.'. 

J'""5'1($5 +(1+,+#'.*#E0 (+1+(E B'(*0 $ 2')+#$/"', .+@'"1$ %+1+(E< 

$5081 7.$#/, 5#+,+%('1#+ @(0)EL'8M/8 <+(7/ (($". 10).   1'%+5 "./6'0 

5+G#+ @(0#0F(06* %+#-0)E5$ N::0%1'5$ #' .+@'"13< $ )+"@+.*?+)'1*"3 

,$@+10?+; + @.+"%+@'('..0.*#+; "1(/%1/(0 1060#$;. S'%$5 +F('?+5, ?'7'6' 

+F10%'#$3  P  QA 7+@/"%'01 7)/50(#/8 @+"1'#+)%/ ) @.+"%+"1$, 

@0(@0#7$%/.3(#+; +"$ )('M0#$3 (+1+('. J+1+(E B'(*0 $ 2')+#$/"' @+.','05 

'F"+.81#+ 1)0(7E5$. I+"%+.*%/ 7.3 5'%"$5'.*#E< "%+(+"10; )01(' $ ?#'60#$; 

%+N::$-$0#1' FE"1(+<+7#+"1$ .+%'.*#E0 6$".' 4'<' #$?%$0 ( 0.3M 5 ), @+.0 

1060#$3 @($#31+ #0"G$5'05E5. 

A(')#0#$0 )('M0#$3 (+1+(' )0(1$%'.*#+-+"0)+; /"1'#+)%$ +1#+"$10.*#+ 

#0@+7)$G#+; +"$ $5001 ".07/8M$; )$7 

z ld fr

d
I Q Q Q

dt

;
! + + ,          

,70 zI  – 5+50#1 $#0(-$$ (+1+('; ;  – /,.+)'3 "%+(+"1* )('M0#$3; Q  – 

%(/13M$; 5+50#1, +F/".+).0##E; 70;"1)$05 @+1+%' #' .+@'"1$  QA; ldQ  – 

5+50#1 @+.0?#+; #',(/?%$, @($.+G0##E; % )'./ N.0%1(+,0#0('1+('; frQ  – 

(0?/.*1$(/8M$; 5+50#1 1(0#$3 ) N.0%1(+50<'#$60"%+; "$"1050 )01(+',(0,'1'. 

') 9) 

<$". 10. <'":,#!*, "+,-* 5.7 &)#)&)6 L'&;, (') $ M'6)!$%"' (9) 

 

<)#)& L'&;,. H$G0 @(07"1').0#E (0?/.*1'1E 6$".0##+,+ 5+70.$(+)'#$3 

+F10%'#$3 )('M'8M0;"3 +7$#+6#+; .+@'"1$, ' 1'%G0 (+1+(' B'(*0 " 7)/53 $ 

1(053 .+@'"135$. 

W$".0##+0 5+70.$(+)'#$0 +F10%'#$3 )('M'8M0;"3 .+@'"1$ @(+)070#+ @($ 

('?.$6#E< %+N::$-$0#1'< FE"1(+<+7#+"1$ B . I+ %+N::$-$0#1/ 

1'#,0#-$'.*#+; "$.E @($ 1 2.5B !  #'F.87'01"3 L$(+%$; ('?F(+" 

N%"@0($50#1'.*#E< $ ('"601#E< 7'##E< (($". 11). J0?/.*1'1E #'"1+3M0; 

('F+1E ./6L0 "+,.'"/81"3 " $?)0"1#E5$ N%"@0($50#1'.*#E5$ 7'##E5$, 605 

('"601E 7(/,$< ')1+(+), +"+F0##+ ) #')01(0##+; 6'"1$ 1('0%1+($$ .+@'"1$. 

P"#+)#+; %(/13M$; 5+50#1 "+?7'01"3 #' #')01(0##+5 /6'"1%0 1('0%1+($$ 

.+@'"1$ (($". 12). >#'.$? (0?/.*1'1+) ('"601+) @+%'?'., 61+ @+1+%, @(+<+73 

60(0? #')01(0##E; /6'"1+% 1('0%1+($$ .+@'"1$, 10(301 6'"1* ")+0; 
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%$#01$60"%+; N#0(,$$. K50##+ @+N1+5/ %+N::$-$0#1 %(/13M0,+ 5+50#1' 

.+@'"1$ F+.*L0 #' N1+5 /6'"1%0, 605 #' @+7)01(0##+5. H' @+7)01(0##+5 

/6'"1%0 1('0%1+($$ +# 5$#$5'.*#E; ( 1 2.5B ! , 2 5.0B ! ), $.$ )++FM0 

+1($-'10.*#E; ( 3 7.5B ! ). 

 

<$". 11.  >-,!,!$, 4)DAA$?$,!#' 

#'!/,!?$'.;!)0 "$.* .)('"#$ TC  )# 

%/.)6)/) ().)G,!$7 &)#)&' C   

--- - &'":,# [37]; I,+ - D4"(,&$-,!# [37]; 

> -&'":,# [39];  N -!'"#)7H'7 &'9)#' 

 
<$". 12.  >-,!,!$, !,)"&,5!,!!*+ 

4)DAA$?$,!#)6 4&%#7H,/) -)-,!#' QC   

)# %/.)6)/) ().)G,!$7 &)#)&' C   

5.7 &'>.$:!*+ 4)DAA$?$,!#)6 

9*"#&)+)5!)"#$ B  
 

B.3 $..8"1('-$$ +"+F0##+"10; +F10%'#$3 (+1+(' B'(*0 FE.$ )EF('#E 

,0+501($60"%$0 @'('501(E $ %+N::$-$0#1 FE"1(+<+7#+"1$, "++1)01"1)/8M$0 

N%"@0($50#1'.*#+; ('F+10 G. Brochier [29] (($". 13). H' ($". 13 9 %(+50 

"1'#7'(1#+; )$?/'.$?'-$$ )$<(0; 7+F').0#E "@.+L#E0 $ @(0(E)$"1E0 .$#$$, ' 

1'%G0 +170.*#E0 1+6%$ 7.3 1+,+, 61+FE "1$.* $#10(@(01'-$$ ('"601#E< 7'##E< 

"++1)01"1)+)'. "1$.8 )$?/'.$?'-$$ N%"@0($50#1'.*#E< 7'##E< ('F+1E 

G. Brochier [29]. I($)070#' (0%+#"1(/%-$3 "1(/%1/(E 1060#$3 @($ ('F+10 7)/<- 

$ 1(0<.+@'"1#+,+ (+1+(+) B'(*0 7.3 %+N::$-$0#1' FE"1(+<+7#+"1$ 2.14B !  #' 

+"#+)0 #'1/(#+,+ (') $ )E6$".$10.*#+,+ (9) N%"@0($50#1+) (($". 14). B.3 

#',.37#+"1$ +"1').0#E )$<($ 5'%"$5'.*#+; $#10#"$)#+"1$.  E70.0#E "1'7$$ 

?'(+G70#$3, ('?)$1$3 $ "(E)' )$<(0; @($ ('?.$6#E< @+.+G0#$3< .+@'"1$ #' 

1('0%1+($$. 

  -0.+5 %'(1$#' 1060#$3 )F.$?$ (+1+(' B'(*0 <'('%10($?/01"3 

"/M0"1)0##E5$ #0"1'-$+#'(#E5$ 3).0#$35$. C #$5 +1#+"31"3: 7$#'5$60"%$; 

"(E) @+1+%', +F('?+)'#$0 ".+G#+; "$"105E )$<(0;, @+)EL0#$0 /(+)#3 

1/(F/.0#1#+"1$ ) ?'10#0##+; +F.'"1$, )?'$5+70;"1)$0 )$<(0; ('?.$6#E< 

('?50(+), "%+(+"10; 7)$G0#$3 $ $#10#"$)#+"1$ " @+7)$G#E5$ @+)0(<#+"135$ 

(+1+(+). I+./60##'3 %'(1$#' 1060#$3 <+(+L+ "+,.'"/01"3 " $508M$5$"3 

N%"@0($50#1'.*#E5$ 7'##E5$ [29]. 

A"1'#+).0#+ ).$3#$0 6$"0. J0;#+.*7"', %+N::$-$0#1+) FE"1(+<+7#+"1$ $ 

?'@+.#0#$3 #' N#0(,01$60"%$0 <'('%10($"1$%$ (+1+(' B'(*0 (($". 15, 16). 

I+%'?'#+, 61+ (+"1 6$".' J0;#+.*7"' @($)+7$1 % /)0.$60#$8 ?#'60#$; 

%+N::$-$0#1' 5+M#+"1$ (($". 15, 16). I($ /50#*L0#$$ %+N::$-$0#1' 

?'@+.#0#$3 (+1+(' B'(*0 %+N::$-$0#1 5+M#+"1$ "1'#+)$1"3 50#00 

6/)"1)$10.*#E5 % $?50#0#$8 %+N::$-$0#1' FE"1(+<+7#+"1$. 
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')          ')     

  
9)          9)    

<$". 13. O$>%'.$>'?$7 #,:,!$7 (&$ &'9)#, 
56%+.)('"#!)/) &)#)&' L'&;, 5.7 

4)DAA$?$,!#' 9*"#&)+)5!)"#$ 2.14B !  

!' )"!)6, !'#%&!)/) (') $ 

6*:$".$#,.;!)/) (9) D4"(,&$-,!#)6 

<$". 14. <,4)!"#&%4?$7 "#&%4#%&* #,:,!$7 
(&$ &'9)#, 56%+.)('"#!)/) &)#)&' L'&;, 

5.7 4)DAA$?$,!#' 9*"#&)+)5!)"#$ 

2.14B !  !' )"!)6, !'#%&!)/) (') $ 

6*:$".$#,.;!)/) (9) D4"(,&$-,!#)6 

 
<$". 15. E'6$"$-)"#; )"&,5!,!!)/) 

4)DAA$?$,!#' -)H!)"#$ &)#)&' L'&;, )# 
4)DAA$?$,!#' 9*"#&)+)5!)"#$ 5.7 

&'>.$:!*+ :$",. <,0!).;5"' ( 0.67D ! )  

<$". 16. E'6$"$-)"#; )"&,5!,!!)/) 

4)DAA$?$,!#' -)H!)"#$ &)#)&' L'&;, )# 
4)DAA$?$,!#' 9*"#&)+)5!)"#$ 5.7 

&'>.$:!*+ 4)DAA$?$,!#)6 >'().!,!$7  

<)#)& M'6)!$%"'. I($ 6$".0##+5 5+70.$(+)'#$$ +F10%'#$$ 7)/<- $ 

1(0<.+@'"1#E< (+1+(+) 2')+#$/"' )E@+.#0#E 1($ 1$@' )E6$".$10.*#E< 

N%"@0($50#1+). I0()E; 1$@ – )E6$".$10.*#E0 N%"@0($50#1E 7.3 #0@+7)$G#+,+ 

(+1+(' 2')+#$/"', %+1+(E; :$%"$(+)'."3 @($ ('?.$6#E< /,.'< +1#+"$10.*#+ 

#'F0,'8M0,+ @+1+%' " L',+5 10C :> ! . B.3 F+.*L$#"1)' /,.+)E< @+.+G0#$; 
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(+1+(' 2')+#$/"' +"(07#0##E; @+ )(050#$ %+N::$-$0#1 %(/13M0,+ 5+50#1' 

@+.+G$10.*#E;. 

 1+(+; 1$@ – )E6$".$10.*#E0 N%"@0($50#1E @($ :$%"$(+)'##+5 

%+N::$-$0#10 FE"1(+<+7#+"1$ (+1+('. C+N::$-$0#1E %(/13M0,+ 5+50#1' $ 

5+M#+"1$ 7)/<- $ 1(0<.+@'"1#+,+ (+1+(' 2')+#$/"' +@(070.3.$"* +"(07#0#$05 

?' +7$# @+.#E; +F+(+1.  ('M0#$0 (+1+(' @($ 1.4B !  <'('%10($?/01"3 

%)'?$"1'-$+#'(#E5 (0G$5+5 +F10%'#$3.  E70.0#E +"#+)#E0 "1'7$$ 

:+(5$(+)'#$3 )$<(0)+; "1(/%1/(E @($ )('M0#$$ (+1+(' (($". 17, 18). 

I0($+7$6#+"1* ) "1(/%1/(0 1060#$3 )+%(/, (+1+(' #'F.87'01"3 60(0? 180:  $ 

120:  7.3 7)/<.+@'"1#+,+ $ 1(0<.+@'"1#+,+ "++1)01"1)0##+.  $?/'.$?'-$3 

+F10%'#$3 )E@+.#0#' " @+5+M*8 %+#1/(+) ?')$<(0##+"1$. P@(070.0#E 

?')$"$5+"1$ %+N::$-$0#1+) %(/13M0,+ 5+50#1' $ 5+M#+"1$ +1 %+N::$-$0#1' 

FE"1(+<+7#+"1$. A 7)/<.+@'"1#+,+ (+1+(' ?#'60#$3 N#0(,01$60"%$< 

<'('%10($"1$% )EL0, 605 / 1(0<.+@'"1#+,+ (($". 19). I+./60##E0 (0?/.*1'1E 

/7+).01)+($10.*#+ "+,.'"/81"3 " $?)0"1#E5$ N%"@0($50#1'.*#E5$ 7'##E5$ 

[26]. 

S(01$; 1$@ )E6$".$10.*#E< N%"@0($50#1+) – (0L0#$0 ")3?'##+; ?'7'6$ 

7$#'5$%$ $ 'N(+7$#'5$%$ 1(0<.+@'"1#+,+ (+1+(' 2')+#$/"'. I(+'#'.$?$(+)'#' 

%'(1$#' 1060#$3 )+%(/, (+1+(', @($)070#E ?')$"$5+"1$ %+N::$-$0#1+) 

.+F+)+,+ "+@(+1$).0#$3, @+7O05#+; "$.E $ %(/13M0,+ 5+50#1', ' 1'%G0 

/,.+)+; "%+(+"1$ )('M0#$3 +1 )(050#$ (($". 20). 

J'"601 @(+)+7$."3 ) 1($ N1'@'. T0.*8 @0()+,+ N1'@' ( 0 7t ! E ) FE.+ 

@+./60#$0 @0($+7$60"%+,+ 1060#$3, @+ "1(/%1/(0 @+<+G0,+ #' 7+(+G%/ 

C'(5'#'. H' )1+(+5 ( 7 13t ! E ) $ 1(01*05 ( 13 23t ! E ) N1'@'< "+)50"1#+ " 

'N(+7$#'5$60"%+; ?'7'60; (0L'.+"* /(')#0#$0 )('M0#$3 (+1+(' 2')+#$/"'. 2 

5+50#1' )(050#$ 7t !  (+1+( +")+F+G7'01"3 $ )('M'01"3 @+7 70;"1)$05 

#'F0,'8M0,+ @+1+%' )01('. 

 ('M0#$0 (+1+(' @($)+7$1 % /)0.$60#$8 $#10#"$)#+"1$ )$<(0;. W'"1+1' 

"<+7' )$<(0; +@(070.301"3 "%+(+"1*8 #'F0,'8M0,+ @+1+%', <'('%10(#E5$ 

('?50('5$ $ 6'"1+1+; )('M0#$3 "'5+,+ (+1+('. 

H' 1(01*05 N1'@0, ) 5+50#1 )(050#$ 13t ! , % (+1+(/ 2')+#$/"' 

@($%.'7E)'01"3 5+50#1 #',(/?%$. I(+$"<+7$1 "1'F$.$?'-$3 /,.+)+; "%+(+"1$ 

)('M0#$3 (+1+(' (+1#+"$10.*#+ "(07#0,+ ?#'60#$3 2.8; ! ), ' 1'%G0 )+?#$%'81 

F.$?%$0 % @0($+7$60"%$5, %+.0F'#$3 %+N::$-$0#1+) .+F+)+,+ "+@(+1$).0#$3, 

@+7O05#+; "$.E $ %(/13M0,+ 5+50#1' (($". 20). 
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')          ') 

    
9)          9) 

    
6)          6) 

    
/)          /) 

   
5)          5) 

<$". 17. =)!#%&* >'6$+&,!!)"#$ 6)>., 

()56$G!)/) ( 1.4B ! ) 56%+.)('"#!)/) 

&)#)&' M'6)!$%"': ') 0C :! ; 9) 45C :! ; 

6) 90C :! ; /) 135C :! ; 5) 180C :!  

<$". 18. =)!#%&* >'6$+&,!!)"#$ 6)>., 

()56$G!)/) ( 1.4B ! ) #&,+.)('"#!)/) 

&)#)&' M'6)!$%"': ') 0C :! ; 9) 30C :! ; 

6) 60C :! ; /) 90C :! ; 5) 120C :!  
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')          9) 

<$". 19. E'6$"$-)"#; )"&,5!,!!)/) >' )5$! )9)&)# 4)DAA$?$,!#' -)H!)"#$ PC  )# 

4)DAA$?$,!#' 9*"#&)+)5!)"#$ B  56%+-(') $ #&,+.)('"#!)/) (9) &)#)&' M'6)!$%"' 

 >, K - D4"(,&$-,!# B. Blackwell ( 5Re 4.32 10! 9 , 5Re 8.64 10! 9 ); 

J, P - !'"#)7H'7 &'9)#' ( 5Re 4.32 10! 9 , 5Re 8.64 10! 9 ) 

 
 

<$". 20.  >-,!,!$, !,)"&,5!,!!*+ 4)DAA$?$,!#)6 .)9)6)/) ")(&)#$6.,!$7 DC , 

()5F,-!)0 "$.* LC , 4&%#7H,/) -)-,!#' QC  $ %/.)6)0 "4)&)"#$ 6&'H,!$7 ;  

#&,+.)('"#!)/) &)#)&' M'6)!$%"' )# 6&,-,!$ t  $ %/.)6)/) ().)G,!$7 &)#)&' C  

 

6.  0!'#0 

B.3 6$".0##+,+ 5+70.$(+)'#$3 #0"1'-$+#'(#E< 1/(F/.0#1#E< +1(E)#E< 

#0"G$5'05E< 1060#$; @($50#381"3 +"(07#0##E0 @+ J0;#+.*7"/ /(')#0#$3 

H')*0-21+%"'. J0'.$?'-$3 $"@+.*?/05+,+ @+7<+7' )E@+.#0#' " @+5+M*8 

('?('F+1'##+,+ @(+,('55#+-501+7$60"%+,+ +F0"@060#$3 6$".0##+,+ (0L0#$3 

/(')#0#$; H')*0-21+%"' #0"G$5'05+; G$7%+"1$ ) @(+$?)+.*#E< 

#0+(1+,+#'.*#E< %++(7$#'1'< #' @+7)$G#E< "01%'<.  E@+.#0#+ 10"1$(+)'#$0 

@(+,('55#+-501+7$60"%+,+ +F0"@060#$3. I(+)070#+ "(')#0#$0 (0?/.*1'1+) 

('"601+) 1/(F/.0#1#+,+ +F10%'#$3 #0@+7)$G#+,+ $ %+.0F.8M0,+"3 @(+:$.0;. 

I(07"1').0#E (0?/.*1'1E ('"601' (+1+(+) B'(*0 $ 2')+#$/"' " ('?.$6#E5 

%+.$60"1)+5 $ ,0+501($60"%$5$ <'('%10($"1$%'5$ .+@'"10;.   (0?/.*1'10 

@(+)070##E< $"".07+)'#$; )E@+.#0# '#'.$? @+.3 1060#$3 )+%(/, (+1+(+) 

)01(+',(0,'1+).  E70.0#E +"#+)#E0 "1'7$$ :+(5$(+)'#$3 )$<(0)+; "1(/%1/(E. 

 3?%$0 $ 7$#'5$60"%$0 N::0%1E $,('81 +"#+)#/8 (+.* ) ('F+10 (+1+(' B'(*0, 
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5'%"$5'.*#E; %(/13M$; 5+50#1 "+?7'01"3 #' #')01(0##+5 /6'"1%0 1('0%1+($$ 

.+@'"1$. A"1'#+).0#+ ).$3#$0 6$".' J0;#+.*7"', %+N::$-$0#1+) 

FE"1(+<+7#+"1$ $ ?'@+.#0#$3 #' N#0(,01$60"%$0 <'('%10($"1$%$ 

)01(+',(0,'1+).  
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