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-%&(#-,., ),234' %!-!' /,(,10#$%5 #., $#6+*,78%-,+*% 

 
6-#$(7-/("1#8 90"!9*+*:"'%" * /+%8'%% '".#1*&5%/*#1% /%;0"/*<* $*+,)(, /*7'%-

$(=>"& '( ?1(9" @*02%0*/('%8 "<* 8!0(, '( *#*A"''*#1% 9"0"'*#( %2 «9(##%/'*&» 90%-
2"#%. B"0"!$* '(A+=!("2-" / *A+(#1% 9"0";*!'-; 5%#"+ C"&'*+,!#( *1$+*'"'%8 *1 
.'%/"0#(+,'*<* 7($*'( 9"0"'*#(, .!*/+"1/*0%1"+,'* *9%#-/(=>"<* ?1*1 90*)"## / 9"-
0";*!'*& *A+(#1% !/%:"'%8, %++=#10%0.=1#8 0"7.+,1(1(2% ?$#9"0%2"'1(+,'-; '(-
A+=!"'%& $*'/"$1%/'*<* 9"0"'*#( «9(##%/'*&» !%#9"0#'*& 90%2"#% '( ?1*2 .5(#1$".  
 
 

9-#0#$%#. #$%&'()'*+,- .'/0.1- , 2&'3),04(3,- ,.)4&4( 3 2&$54(('6 

3$.743),7.$8$ 6'(($24&4.$(', $($94..$ 3 24&4.$(/ 84)4&$84..1: (;,(24&(.1:) 

(,()46 )404.,<6, ( 3$.54.)&,&$7'..$- %'7,:&4..$()=*, (7<%'., 7 0'().$(),, ( 

2$,(3$6 , &'%&'9$)3$- >.4&8$- , &4(/&($(94&48'*+,: )4:.$?$8,- , 2$9/@;'4) 

3 /8?/9?4..$6/ ,((?4;$7'.,* 2$;$9.1: )404.,-. A($914 .';4@;1 2&, >)$6 

7$%?'8'*)(< .' ,(2$?=%$7'.,4 )4: (7$-()7 /2$&<;$04..1: 7,:&471: ()&/3)/&, 

3$)$&14 7.$(<) $(.$7.$- 73?'; 7 )/&9/?4.).1- 24&4.$( , 6$8/) (?/@,)= (&4;-

()7$6 /2&'7?4.,< )404.,46 , )42?$6'(($$964.$6 7 2$)$34. B), ($$9&'@4.,< 

;4?'*) 8,;&$;,.'6,04(3,4 )404.,<, ($;4&@'+,4 ?$3'?=.14 7,:&4714 ()&/3)/-

&1 7 C$&64 7,:&47$8$ 3$?=5', 2&,7?43')4?=.16 $9D43)$6 ,((?4;$7'.,<. 

E$.1 2&$()&'.()74..$- ?$3'?,%'5,, %'7,:&4..$(),, 7$%.,3'*+,4 2&, ('-

6$$&8'.,%'5,, .42&4&17.$8$ 2$)$3' 3 ;,(3&4).$6/ 7,:&47$6/ 3$?=5/, 7$ 6.$-

8$6 $9/(?'7?,7'*) 2&47'?,&/*+44 7?,<.,4 )/&9/?4.).$- ;,CC/%,, .' 2$74-

;4.,4 24&4.$(,6$- (/9()'.5,, 7 2&$54((': )42?$- , 6'(($$964.'. F40= ,;4), 

2&4@;4 7(48$, $9 $($91: $9?'()<: 7,:&47$8$ 3$?=5' - «')6$(C4&4» , «<;&4». 

"'3 2$3'%'.$ 7 &'9$)': [1 – 4], $., 6$8/) 91)= ,(2$?=%$7'.1 7 3'04()74 )&'.(-

2$&).$8$ (&4;()7' ;?< 24&4.$(' 7%74G4..1: ;,(24&(.1: 2&,64(4-. 

H,()46'),04(3,4 ?'9$&')$&.14 , .')/&.14 ,((?4;$7'.,< 24&4.$(' «2'(-

(,7.$-» ;,(24&(.$- 2&,64(, 7,:&4716, 3$?=5'6, 2$%7$?,?, 2$?/0,)= 7'@-

.14 &4%/?=)')1, $).$(<+,4(< 3 >CC43),7.$(), ,: )&'.(2$&),&$73, [3, 4].  

:;<%# /(#0+*'-2#$%5 % +6*3 /(,;2#"=. #,:&47$4 3$?=5$ 7 (7$46 &'%7,-

),, 2&$:$;,) )&, >)'2': C$&6,&$7'.,4 )$&$,;'?=.$8$ 7,:&< ,% .4()'5,$.'&-

.$- ,62/?=(.$- ()&/,, 719&'(17'46$- 7 $3&/@'*+/* (&4;/, >)'2 «37'%,'7)$-

6$;4?=.$8$» &'%7,),< ( 2$;$9.16 2&4$9&'%$7'.,46 ($9()74..1: 3,.46'),04-

(3,: :'&'3)4&,(),3 (>)'2 «'7)$6$;4?=.$8$» ;7,@4.,< 2$ I/8$75$7/) , >)'2 %'-

)/:'.,< 7,:&<, %'74&G'*+48$(< .4 )$?=3$ 2$)4&4- 2$()/2')4?=.$- (3$&$(),, 

.$ ,, ($9()74..$, &'(2';$6 ('6$8$ 7,:&<. J' 3'@;$6 ,% >),: >)'2$7 2$74;4.,4 

7,:&47$8$ 3$?=5', ' $($94..$, 48$ 7.4G.4- , 7./)&4..4- $9?'()4-, $:7'04..1: 

7,:&4716 ;7,@4.,46, ,644) $($94..$(), 8,;&$;,.'6,04(3$8$ 7,:&47$8$ )404-

.,<, 3$)$&14 $9/(?'7?,7'*) ,%64.4.,4 :'&'3)4&.1: 2'&'64)&$7 , :'&'3)4& 
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;7,@4.,< 3$?=5' .' 7(46 >)'24 48$ (/+4()7$7'.,<. 

F'((6$)&,6 $;,. ,% (2$($9$7 C$&6,&$7'.,< 7,:&47$8$ 3$?=5', (3'@46, 7 

&4%/?=)')4 ,62/?=(.$8$ ,()404.,< ()&/, 04&4% 3&/8$7$4 $)74&(),4 7 ()4.34 [5]. 

7./)&4..,4 2&,0,.1 9/;/) (2$($9()7$7')=, 7$ 6.$8,: (?/0'<:, ('6$$&8'.,%'-

5,, )'3$8$ .42&4&17.$8$ 2$)4.5,'?=.$8$ )404.,< 3 )404.,* ( ?$3'?=.$- 3$.-

54.)&'5,4- %'7,:&4..$(), 7 C$&64 )$&$,;'?=.$8$ 7,:&47$8$ 3$?=5'. 

M,;&$;,.'6,04(3,- &4@,6 .42&4&17.$8$ ()&/-.$8$ )404.,<, :'&'3)4&,-

%/461- 0,(?$6 F4-.$?=;(' Re j  = !
–1

UjDa (8;4 ! – 3,.46'),04(3'< 7<%3$()= $3-

&/@'*+4- (&4;1, jU  – (3$&$()= ,()404.,< ()&/, ,% ($2?' ;,'64)&$6 Da), 7$ 

6.$8$6 $2&4;4?<4) )'3 @4 , &4@,6 ;7,@4.,< (C$&6,&$7'7G4-(< ?$3'?=.$- 

7,:&47$- ()&/3)/&1 – ;,(3&4).$8$ )$&$,;'?=.$8$ 7,:&47$8$ )404.,<, 0'+4 .'-

%17'46$8$ 7,:&4716 3$?=5$6. N(?, 0,(?$ F4-.$?=;(' Re0 = !
-1

U0D0 (U0 – .'-

0'?=.'< (3$&$()= 7,:&47$8$ 3$?=5', D0 – .'0'?=.1- ;,'64)& 3$?=5'), :'&'3)4-

&,%/*+48$ &4@,6 ;7,@4.,< (C$&6,&$7'7G48$(< 7,:&47$8$ 3$?=5', .4 2&471-

G'4) Re0 " 1000, 2&,.<)$ (0,)')=, 0)$ 48$ ;7,@4.,4 2&$,(:$;,) 7 ?'6,.'&.$6 

&4@,64. H 2&471G4.,46 0,(?$6 F4-.$?=;(' %.'04.,- Re0 # 3000 ;7,@4.,4 24-

&4:$;,) 7 $9?'()= )/&9/?4.).$8$ &4@,6'. # ;,'2'%$.4 %.'04.,- :'&'3)4&.1: 

0,(4? F4-.$?=;(' 1000 " Re0 " 3000 .':$;,)(< $9?'()= 24&4:$;.1: 8,;&$;,.'-

6,04(3,: &4@,6$7 ;7,@4.,< 7,:&47$8$ 3$?=5'.  

HC$&6,&$7'7G,4(< 7,:&4714 3$?=5' 7 &4%/?=)')4 (?/0'-.1: .'0'?=.1: 

7$%6/+4.,- (0'+4 7(48$ 7 %'7,(,6$(), $) /(?$7,- C$&6,&$7'.,< ,, .4($6.4.-

.$, 9?'8$;'&< &4@,6/ ;7,@4.,<) 917'*) /()$-0,716,, , .4/()$-0,716,. O4&-

714 ,% .,: 6$8/) ;7,8')=(< 3'3 7 ?'6,.'&.$6 &4@,64, )'3 , 7 )/&9/?4.).$6, 

;?,)4?=.$4 7&46< ($:&'.<< .'0'?=./* )$&$$9&'%./* C$&6/ (&,(. 1).  

>(%8%$= /,(,10#$%5 $#6+*,78%-,+*% 50(' -%&(#-,., ),234'. M$7$&< 

$ 2$&$@;4.,, .4/()$-0,7$(), 7,:&47$8$ 3$?=5', 3'3 $(.$7.$- 2&,0,.4, 71%1-

7'*+4- $)3?$.4.,< $) /.,74&('?=.$8$ %'3$.' 24&4.$(' «2'((,7.$-» 2&,64(, 

[3] , (2$($9()7/*+4-, 3&$64 >)$8$, %')/:'.,* 2$()/2')4?=.$8$ ;7,@4.,< 

3$?=5' 2$; ;4-()7,46 7$%.,3'*+,: 7$%6/+4.,- )404.,< 7 <;&4 7,:&<, (?4;/4) 

 

 
*+,. 1. 6*72*:'-" @*02- /*72.>"'%8 <0('%)- )%+%'!0%5"#$*<* /%;08 (?+"2"'1 8!0( 

/%;0"/*<* $*+,)( # *!'*0*!'*& 7(/%;0"''*#1,= $/r = const): %7<%A'(8 2*!( (m = 1, 0%#. 
1(), A*5$**A0(7'(8 2*!( (m = 0, 0%#. 1A), A"##"+"/#$%" 2*!- % %7*+%0*/(''(8 2*!( (m 
= 2, 0%#. 1/). 
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%'64),)= (?4;/*+44. 

O&4@;4 7(48$, (C$&6,&$7'7G44(< ,% .42&4&17.$8$ 2$)4.5,'?=.$8$ 2$)$3' 

;,(3&4).$4 7,:&47$4 3$?=5$ 2&4;()'7?<4) ($9$- .4&'7.$74(./* ;,((,2'),7-

./* (,()46/. N(?, ,(:$;,)= ( 2$%,5,- /()$-0,7$(), 2$ I<2/.$7/, )$ )'3'< 

(,()46' ()'.$7,)(< .4/()$-0,7$- 7 (?/0'4 .'&'()'*+48$ $)3?$.4.,< 3'3$--

?,9$ :'&'3)4&,(),3, $) (7$48$ %.'04.,< 7 2$?$@4.,, &'7.$74(,< 2&, ?*91: 

6'?1: 7$%6/+4.,<:. N4 &'%7,),4 7 &4%/?=)')4 ('6$$&8'.,%'5,, 6$@4) 2&,74(-

), 3 /()'.$7?4.,* ('6$($8?'($7'..1: ;7,@4.,-, 2&, 3$)$&1: 2$()/2?4.,4 

>.4&8,, ,% 7.4G.48$ ,()$0.,3' 3$624.(,&/4)(< ;,((,2'),7.16, 2$)4&<6,. 

J'9?*;'46'< 7 >3(24&,64.)': 2$)4&< /()$-0,7$(), 7,:&471: 3$?45 [6], 

($2&$7$@;'46'< ,%64.4.,46 )$&$$9&'%.$- C$&61 7,:&<, 7$%6$@.', 7$$9+4 

8$7$&<, 7 ?*9$6 8,;&$;,.'6,04(3$6 &4@,64, $;.'3$ 0'+4 7(48$ $.' .'9?*;'-

*)(< 7 24&4:$;.$6. O&, >)$6 7 24&4:$;.$6 &4@,64 ;7,@4.,< .4/()$-0,7$()= 

7,:&471: 3$?45 2&$<7?<4)(< 7 ;7/: 7,;':. # $9$,: (?/0'<: ,%.'0'?=.$ 7$%.,-

3'*) 7.4G.4 /()$-0,714 3$?=5', .$ 24&4()&$-3' 7./)&4..48$ )404.,< 2&,7$-

;,) 7 $;.$6 (?/0'4 3 ,: «3/71&3'.,*» .' .43$)$&$6 >)'24 ;7,@4.,<, 2$;'7?<< 

($ 7&464.46 >)$) 2&$54(( 71&'9$)3$- /()$-0,7$8$ )404.,< , /()'.$7?4.,46 

.$7$- ()'9,?=.$- 7./)&4..4- ()&/3)/&1, ' 7 ;&/8$6 - 3 ;,CC/%.$6/ &'%61),*.  

J42&$;$?@,)4?=.$4 (/+4()7$7'.,4 «;,CC/%.1:» 7,:&471: 3$?45 (7<%'.$ 

( )46, 0)$ /()$-0,7'< 7./)&4..<< ()&/3)/&' / .,: .4 /(247'4) /()'.$7,)=(<, 

2$(3$?=3/ 2/?=('5,, (3$&$(), .4 2$;'7?<*)(<, ' .'&'()'*), 0)$ , (2$($9()7/-

4) ;,CC/%.$6/ &'%61),* 7,:&47$- ()&/3)/&1. F'%/644)(<, 3$.743),7.1- 24-

&4.$( $(/+4()7?<4)(< ?*916, 7,;'6, $9&'%$7'7G,:(< 7,:&471: ()&/3)/& 7 

C$&64 3$?45, .$ 48$ (,()46'),04(3,4 %'3$.$64&.$(), /;'4)(< /()'.$7,)= ?,G= 

;?< /()$-0,71: 7,:&471: 3$?45, 3 3$)$&16 7(4 @4 (?4;/4) $).4(), «3/71&-

3'*+,4(<» 3$?=5', 2$(3$?=3/ 2$(?4 /()'.$7?4.,< /()$-0,7$- 7./)&4..4- 

()&/3)/&1 2$(?4;/*+,- >)'2 ,: ;7,@4.,< 2$;0,.<4)(< %'3$.$64&.$()<6, 

(7$-()74..16 ()'9,?=.16 7,:&4716 3$?=5'6.  

!7,@4.,4 7,:&47$8$ 3$?=5', 3'3 /@4 $)640'?$(= &'.=G4, ($2&$7$@;'4)(< 

2$)4&4- 24&4.$(,6$- 2&,64(, 7 48$ 8,;&$;,.'6,04(3,- (?4;. O&,046, 7.'0'?4 

,% 48$ $9D46' /.$(,)(< 0'()= 2&,64(,, .':$;<+'<(< 7 «')6$(C4&4», ' .' >CC43-

),7.$()= 24&4.$(' >)$- 2&,64(, 7?,<4) &4@,6 ;7,@4.,< 7,:&47$8$ 3$?=5'. 

A3'%17'4)(<, $;.'3$, 0)$ (64.' 8,;&$;,.'6,04(3$8$ &4@,6' )404.,< – .4 

4;,.()74..'< 2&,0,.' .'9?*;'46$- %'7,(,6$(),. #'@./* &$?= 7 >)$6 ,8&'4) 

)'3@4 ()&$4.,4 7./)&4..4- $9?'(), 7,:&47$8$ 3$?=5', ).4. 48$ «')6$(C4&'» , 

«<;&$». O&,046, %'6404.' 3$&&4?<5,< &4%/?=)')$7, (7<%'..1: ( 6'(($24&4.$-

($6 ,% $9?'(), 2&47'?,&/*+4- ?$3'?,%'5,, 2&,64(, , ()&/3)/&$- >)$- $9?'(-

), [7]. !&/8,6, (?$7'6, –>CC43),7.$()= 24&4.$(' , ,%64.4.,4 &'%64&$7 7,;,-

6$- 0'(), «<;&'» (:$@, 7 (:$@,: )$03': )&'43)$&,, 7,:&47$8$ 3$?=5'. 

O&,0,.$- 2$&$@;4.,< .4/()$-0,7$(), 7,:&471: 3$?45, 3'3 2$3'%'.$ 7 [8], 

<7?<*)(< ,: ($9()74..14 3$?49'.,<, 9$?=G'< 0'()= 3$)$&1: 2&, /04)4 «&'%6'-

%17'.,<» (;,CC/%,,) <;&' 7,:&< )4&<4) /()$-0,7$()=. O&,046 /)74&@;'4)(<, 

0)$ >CC43) 2$)4&, /()$-0,7$(), $2&4;4?<4)(< %.'3$6 >.4&8,, 3$?49'.,- 7 

;7/: 71;4?4..1: 3?'((': 3$?49'.,- – 6$;': ( 2$?$@,)4?=.$- >.4&8,4- , 6$-
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                                                                                                                  A 

*+,. 2. D(01%'( !"@*02()%% 
9*/"0;'*#1% 8!0( # *!'*/0"-
2"''-2 !"&#1/%"2 A*5$**A-
0(7'*& % %7<%A'*& !"@*02()%%. 

 

*+,. 3. E0*8/+"'%" !"&#1/%8 A*5-
$**A0(7'*& % %7<%A'*& !"@*02()%% 
'( 8!0" /#9+-/(=>"<* /%;0"/*<* 

$*+,)(.  

;': ( $)&,5')4?=.$- >.4&8,4-. O$3'%'.$, 0)$ ,64..$ 6$;1 ( 2$?$@,)4?=.$- 

>.4&8,4- )4&<*) /()$-0,7$()= 2&, ;,CC/%,, %'7,:&4..$(), <;&'. 

F4G4.,4 ;?< ($9()74..1: 3$?49'.,- , $2&4;4?4.,4 C$&61 7$%6/+4..$- 

2$74&:.$(), <;&' 7,:&47$8$ 3$?=5' (&,(. 2) 2$?/04.$ 7 [8] , ,(2$?=%$7'.$ 7 .'-

()$<+4- &'9$)4 ;?< ,??*()&'5,, ($72';4.,< /3'%'..1: C$&6 ( 7$%.,3'*+,6, 

C,8/&'6, 7,;,6$8$ <;&', 2$?/04..$8$ 7 >3(24&,64.)': ( %';16?4..16, 7,:-

&4716, 3$?=5'6, [9] (&,(. 3).  

J' &,(. 2(, 2A, 2/ , 2< 2$3'%'.' 9$03$$9&'%.'< ()$<0'< 6$;' (l = 0, n = %1, i 

= & 1), 2&, 3$)$&$- 9$03$$9&'%.'< ;4C$&6'5,, 2$74&:.$(), ($2&$7$@;'4)(< 

,%8,9.$-, (;7,./)$- 2$ C'%4 .' '/2.  

J' &,(. 3 2&,74;4.1 C$)$8&'C,, 7,:&471: 3$?45 )42?$7$- 2&,&$;1. A;.$ 

,% .,: &'(2&$()&'.<4)(< 7 .47$%6/+4..$- (&4;4 7 $9?'(), 24&4:$;.$8$ &4@,6' 

(&,(. 3.(, 2$(?4 $)&17' 8,;&$;,.'6,04(3$8$ (?4;', Re0 = 1.55(10
3
), ' 7)$&$4 

(&,(. 3.A, Re0 ) 5(10
5
), 2$;.,6'<(= 7 (7$9$;.$- ')6$(C4&4 2$; ;4-()7,46 (,? 

2?'7/04(),, (.$(,)(< 7 8$&,%$.)'?=.$6 .'2&'7?4.,, (,?$- 9$3$7$8$ 74)&'. 

#$%.,3.$74.,4 9$03$$9&'%.$- ;4C$&6'5,, <;&' 7,:&47$8$ 3$?=5', $)04)?,7$ 

2&$<7?<*+4-(< .' C$)$8&'C,<:, 2$;$9.$ ,%$9&'@4..$- .' &,(. 2.( , 2./, ($-

2&$7$@;'4)(< %'64).$- ,%8,9.$- ;4C$&6'5,4- (C$)$ A &,(. 3), 3'3 (?4;()7,4 
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/2&/8$(), ?*9$8$ %'7,:&4..$8$ )404.,<. J' C$)$ 3.A $9&'+'4) .' (49< 7.,6'-

.,4 9$?44 ,.)4.(,7.$4 2&$<7?4.,4 2$)4&= 2&,64(, ,% <;&' 7,:&47$8$ 3$?=5' 7 

$9?'(), 9$03$$9&'%.$- ;4C$&6'5,,. N(?, (/;,)=, ,(:$;< ,% )$8$. P)$ 2$;$9.$-

8$ 7,;' ;4C$&6'5,< .'9?*;'4)(< 3'3 7 24&4:$;.$6 (Re0 = 1,55(10
3
), )'3 , )/&-

9/?4.).$6 (Re0 ) 5(10
5) 
&4@,6': ;7,@4.,< 7,:&47$8$ 3$?=5', 44 2&$<7?4.,4 .$-

(,) /.,74&('?=.1- :'&'3)4&. 

 

 
 

*+,. 4. (@*1* 1, 2, 3). 6*72.>"'%" 9*/"0;'*#1% 8!0( 9*! !"&#1/%"2 #*A#1/"'-
'-; $*+"A('%& /%;0"/*<* $*+,)( 90% !/%:"'%% / *A+(#1% 9"0";*!'*<* <%!0*!%-
'(2%5"#$*<* 0":%2( [10] / 0(7'-" 2*2"'1- /0"2"'%: 1 – 0.85 #; 2 – 1.35 #; 3 – 
3.05 #  

 

                                   
1                                         2                                            3 

*+,. 5. C(#5"1'-" @*02- /*72.>"'%8 <0('%)- 8!0( /%;0"/*<* $*+,)( 90% %7<%A-
'*& 2*!" (l = 0, n = 2, j = 0), #**1/"1#1/.=>%" %72"'"'%82 @*02- "<* 9*/"0;-

'*#1% '( @*1* 1, 2 % 3 (0%#. 4). 

"'3 9/;4) 2$3'%'.$, 7$%.,3'*+,4 7$%6/+4.,< 8&'.,51 7,:&47$8$ <;&' 

)$&$,;'?=.$8$ 7,:&<, ($2&$7$@;'4614 «&'%6'%17'.,46» %'7,:&4..$(), ,%-%' 

>CC43)$7 ;,CC/%,, 7 &4'?=.$- @,;3$(), ($($94..$ %'64).14 .' C$)$ 1 &,(. 4), 

72$?.4 6$8/) <7,)=(< 2&,0,.$- $($94..$()4- 3$.743),7.$8$ 6'(($24&4.$(' 

2&, ;7,@4.,, 7,:&47$8$ 3$?=5' 7 $9?'(), 24&4:$;.1: 8,;&$;,.'6,04(3,: &4-

@,6$7. F'%7,),4 @4 )/&9/?4.).$(), 2&, 6.$@4()74..$- .4/()$-0,7$(), 3$?4-

9'.,- 7,:&47$8$ 3$?=5' , $($94..$(), ,: 2&$()&'.()74..$- ()&/3)/&1 <7?<4)-

(< (?4;()7,46 .4?,.4-.$8$ &'%7,),< ,64..$ >),: 2&$54(($7 (&,(.5). 

92%5$%# -,!$%)'?<#7 $#6+*,78%-,+*% 50(' $' /#(#$,+ /(%"#+%. # 

$9+46 (?/0'4, 2&, $(/+4()7?4.,, 3$.743),7.$8$ 24&4.$(' 7,:&4716 3$?=5$6, 

3$?,04()7$ «2'((,7.$-» 2&,64(, m(*), $()'*+4-(< 7 48$ «)&'.(2$&).$6» $9D-

464 ( 2&$-;4..16 &'(()$<.,46 *, 6$@.$ $2,(')= 71&'@4.,46 

+ , + ,- . + , + ,0 0exp , ,m m t t L t D* / 01* * /                             (1) 

' >CC43),7.$()= 24&4.$(' .' 3'@;$6 ,% /0'()3$7 N, &'%?,0'*+,:(< /(?$7,<6, 

2$74;4.,< «<;&'», :'&'3)4&,%$7')= «)&'.(2$&).16» 3$>CC,5,4.)$6 [11] 

+ ,
+ ,

+ , + ,- .
1

exp , , , 1.0N

m m

N

m
N b N N N I II III b

m 0

*
2 / / ( 01 (* / 3          (2) 

8;4 mN(*) – 6'((' «2'((,7.$-» 2&,64(,, $()'*+4-(< 7 $9D464 7,:&47$8$ 3$?=-

5' 3 3$.5/ N-8$ /0'()3'; m0 – .'0'?=.'< 6'((' «2&,64(,» 7 3$?=54; D0 , L(t) – 

.'0'?=.1- ;,'64)& 7,:&47$8$ 3$?=5' , 2&$-;4..$4 ,6 &'(()$<.,4. 
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K.'?,% >3(24&,64.)$7 2$ 24&4.$(/ «2'((,7.$-» ;,(24&(.$- 2&,64(, 7,:-

&4716, 3$?=5'6, 2$%7$?,? 71<7,)= .43$)$&14 :'&'3)4&.14 $($94..$(), 7 ,(-

(?4;$7'..$6 ;,'2'%$.4 0,(4? F4-.$?=;(' 2&, 8.80·10
2 
< Re0 < 8.35·10

4
. 

0

0,2

0,4

0,6

0,8

1

1 10 100 L(t)/D0

m(t)/m 0

Re=880

Re=4110

Re=1350

 
*+,. 6. F0('#9*01'(8 ?@@"$1%/'*#1, /%;0"/*<* $*+,)( m(t)/m0 / *A+(#1% 

+(2%'(0'*<* (Re = 880), 9"0";*!'*<* (Re = 1350) % #+(A*1.0A.+"'1'*<* (Re 

= 4110) 0":%2*/ !/%:"'%8 '( .5(#1$" 3 "*" 12 

 

F'%?,0,< 7 (3$&$(), ;,CC/%,, 2&,64(, ,% «')6$(C4&1» , ,% «<;&'» 2&, 

3$.743),7.$6 24&4.$(4 7,:&4716 3$?=5$6 72$?.4 $9D<(.,61. # «')6$(C4&4» 

)/&9/?4.).$()= (2$($9()7/4) (&17/ %'7,:&4..$(), , /.$(/ 44 7 8,;&$;,.'6,-

04(3,- (?4;, ' 7 «<;&4» 7,:&< 2&$,(:$;,) 2$;'7?4.,4 )/&9/?4.).1: 2/?=('5,- 

[12]. !&/8$4 ;4?$ – '.$6'?,< 7 ,.)4.(,7.$(), 2$)4&= 7 24&4:$;.$6 &4@,64, 

$($94..$ .' /0'()34 5 < L(t)/D0 < 12, 8;4 2&,74;4..$4 $9D<(.4.,4 .42&,46?46$. 

"'3 7,;.$ ,% &,(. 6 .' .,@.4- 8&'.,54 ;,'2'%$.' 8.85·10
2 

< Re0 < 1.85·10
3
, 

8;4 2&$54((1 24&4.$(' «2'((,7.$-» 2&,64(, ,% $9?'()4- 44 ?$3'?,%'5,, $2&4-

;4?<*)(< 7 $(.$7.$6 6$?43/?<&.$- 7<%3$()=* , ;,CC/%,4-, )&'.(2$&).'< >C-

C43),7.$()= ?'6,.'&.1: 7,:&471: 3$?45 .' .'0'?=.$6 /0'()34 %'64).$ 71G4, 

046 / 3$?45, ;7,@/+,:(< 7 24&4:$;.$6 , (?'9$)/&9/?4.).$6 &4@,64. #$%.,3-

.$74.,4 .4/()$-0,7$(), 7./)&4..48$ )404.,< 7 3$?=54 7 >)$- $9?'(), 2&'3),-

04(3, .4 .'9?*;'4)(<. 

J' 74&:.4- @4 8&'.,54 ;,'2'%$.' (Re0 > 4.0·10
4
), 8;4 2&$,(:$;,) %'&$@;4-

.,4 )/&9/?4.).$8$ &4@,6', )/&9/?4.).'< ;,CC/%,< ()'.$7,)(< 2&47'?,&/*-

+4- , (2$($9()7/4) ,.)4.(,7.$6/ 71(12'.,* 24&4.$(,6$- 2&,64(, ,% $9D46' 

7,:&47$8$ 3$?=5' 7 8,;&$;,.'6,04(3,- (?4;. #$%6$@.$4 2$&$@;4.,4 .4/()$--

0,7$(), <;&' 2$;'7?<4)(< 48$ ?'6,.'&,%'5,4- [11]. B)$ (.,@'4) 2$)4&, 2&,64-

(, ,% <;&', 7 )$ 7&46<, 3'3 /.$( 2&,64(, ,% «')6$(C4&1» 7,:&< ,;4) ( 9$?=G$-, 

.$ 2$()$<..$- ,.)4.(,7.$()=*, $ 046 (7,;4)4?=()7/4) :$; %'7,(,6$(), )&'.(-

2$&).$- >CC43),7.$(), .' &,(. 6 ;?< &4@,6' Re0 = 4140.  

A($91- ,.)4&4( 2&4;()'7?<4) $9?'()= 24&4:$;.$8$ (2.00·10
3 

< R40< 

2.55·10
3
) &4@,6'. J' .'0'?=.$6 >)'24 ;7,@4.,< 7,:&47$8$ 3$?=5' (N = I), 3$8;' 

)$?=3$ .'0,.'4)(< &'%7,),4 2&$54((' %'&$@;4.,< .4/()$-0,7$(), <;&', 24&4.$( 
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2&,64(, 2&$,(:$;,) )'3 @4, 3'3 , 2&, ?'6,.'&.$6 ;7,@4.,, (.'0'?=.1- /0'-

()$3 3&,7$- Re0 = 1350 .' &,(. 6). E')46, .' /0'()34 24&4:$;' (N = II), 2&$,(:$-

;,) &4%3$4 ,%64.4.,4 ,.)4.(,7.$(), 2$)4&= 2&,64(,, 71%7'..$4 (64.$- &4@,-

6' )404.,< 2&, /()'.$7?4.,, $;.$8$ ,% /2$6,.'7G,:(< &'.44 7,;$7 .4/()$--

0,7$(), <;&' 7,:&47$8$ 3$?=5'. O&,046, $ :$;4 24&4()&$-3, )404.,< 7 <;&4 

7,:&47$8$ 3$?=5', 7?,<*+48$ .' ,.)4.(,7.$(), 2$)4&= 2&,64(,, 8$7$&,) :'-

&'3)4& 2$74;4.,< 3$>CC,5,4.)' )&'.(2$&).$- >CC43),7.$(), – $. &4%3$ (.,-

@'4)(< $) %.'04.,-, :'&'3)4&.1: ;?< ?'6,.'&.$8$ &4@,6' ;$ 74?,0,., (7$-()-

74..1: 24&4.$(/ 7 )/&9/?4.).$6 &4@,64 ;7,@4.,<. "$?,04()7$ 2&,64(,, ($-

:&'.<*+4-(< 7 $9D464 7,:&47$8$ 3$?=5' .' >)$6 >)'24 ;7,@4.,< $2,(17'4)(< 

6$;,C,5,&$7'..16 71&'@4.,46, 3$)$&$4, ( /04)$6 0/7()7,)4?=.$(), 3$>CC,-

5,4.)' 1 3 8,;&$;,.'6,04(3$6/ &4@,6/ ;7,@4.,< (1 = 4(Re0)), 2$%7$?<4) .' 

$(.$74 >3(24&,64.)'?=.1: ;'..1: 2&4;()'7,)= %'7,(,6$()= (1) 7 24&4:$;.$- 

$9?'(), ( ) 7 7,;4  3 3

01.0 10 Re 3.0 10( " " (

0

0,25

0,5

0,75

1

0 10 20 30 40 50

L(t)/D0

m(t)/m0

Re=880

Re=1350

Re=4110

 !"!#$% & '()*+% (Re=4270)

,$-"&./+% (Re=900)

 
*+,. 7. G(/%#%2*#1, «10('#9*01'*&» ?@@"$1%/'*#1% /%;0"/*<* 

$*+,)( *1 90*&!"''*<* %2 0(##1*8'%8 (!(+,'*#1% !*#1(/$%)  

+ , + ,- .1 3

0 0exp 1.04Re ,m m t0* / 0 *                              (3) 

K.'?,% >3(24&,64.)$7 [3, 10, 11, 13] 2$ 24&4.$(/ «2'((,7.$-» 2&,64(, 

7,:&4716, 3$?=5'6, 2$%7$?,? 71<7,)= .43$)$&14 $)?,0,< 7 2$74;4.,, 3$>C-

C,5,4.)' «)&'.(2$&).$-» >CC43),7.$(),, 71%7'..14 &'%?,0.16, /(?$7,<6, 

4Q 2$)4&= 2&, ;7,@4.,, 7 &'%.1: 8,;&$;,.'6,04(3,: &4@,6':. O$74;4.,4 3$-

>CC,5,4.)' «)&'.(2$&).$-» >CC43),7.$(), 7,:&47$8$ 3$?=5' /3'%17'4) .' )$, 

0)$ (/+4()7/*) /0'()3, )&'43)$&,, ( &'%?,0'*+4-(< ,.)4.(,7.$()=* 2$)4&= 

2&,64(, (&,(. 7).  

# $9?'(), I, 4(?, (/;,)= 2$ 3$?,04()7/ 2&,64(,, $()'*+4-(< 7 )&'.(2$&)-

.$6 $9D464 7,:&47$8$ 3$?=5', ,.)4.(,7.$()= 2$)4&= dm/dt .' .'0'?=.$6 /0'()-

34 ;7,@4.,< (* " 12) %'64).$ 2&471G'4) >)/ :'&'3)4&,(),3/ .' /0'()34 12 " * " 

25. B)$ 72$?.4 $9D<(.,6$, :$)< 91 /@4 )46, 0)$ 24&71- /0'()$3, .' 3$)$&$6 

2&$,(:$;,) C$&6,&$7'.,4 «')6$(C4&1» , /()$-0,7$8$ «<;&'» 7,:&47$8$ 3$?=-

5', /()'.'7?,7'4) :'&'3)4& 7./)&4..48$ )404.,< 7 $9D464 7,:&< , ,4&'&:,* 
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7$%6$@.1: 2/?=('5,- (3$&$(),, .'&'()'*+,: 7 «')6$(C4&4» , 2$;'7?<461: 7 

<;&4 7,:&<. B)$, 4()4()74..$, 74;4) 3 .'9?*;'46$6/ 71(12'.,* ,% «')6$(C4-

&1» 7,:&47$8$ 3$?=5' 0'(),5 2&,64(,, .4 2$2'7G,: 7 C$&6,&/*+44(< «<;&$».  

 

           
%                                                           - 

*+,. 8. C"7.+,1(1 (8() !"&#1/%8 %7<%A'*& % A*5$**A0(7'*& !"@*02()%% (8A) '( 

7($+=5%1"+,'*2 ?1(9" #.>"#1/*/('%8 /%;0"/*<* $*+,)( [9] 

R'3, .' /0'()34 0 "*" 6 (N = I), 8;4 2$)4&, 24&4.$(,6$- 2&,64(, 2&$,(:$-

;<) 7 $(.$7.$6 ,% «')6$(C4&1» 7,:&47$8$ 3$?=5'. L: ,.)4.(,7.$()= .,@4, 046 

.' /0'()34 6 " * " 12 (N = II), 8;4 $(.$7.14 2$)4&, 71%7'.1 24&4()&$-3$- 

7./)&4..48$ )404.,< 7 &4%/?=)')4 3$.3/&,&/*+,: 2&$54(($7 2$;'7?4.,< 74-

;/+,: 2/?=('5,$..1: 6$; , 71&'9$)3$- .$7$8$ /()$-0,7$8$ )404.,< 7 «<;&4». 

O$ 64&4 ;7,@4.,< 3$?=5' 7 $9?'(), 25 " * " 35 (N = III) 2$0), 7(< 2&,64(= 

/@4 %':7'04.' /()$-0,716 7./)&4..,6 )404.,46 (C$&6,&$7'7G48$(< «<;&'», 

8;4 2/?=('5,, (3$&$(), (,?=.$ 2$;'7?4.1. L.)4.(,7.$()= 2$)4&= dm/dt 7 >)$- 

$9?'(),, 4(?, (/;,)= 2$ 2$74;4.,* 3$>CC,5,4.)' «)&'.(2$&).$-» >CC43),7-

.$(), 2(*), %'64).$ /64.=G'4)(<, ).3. $()')3, 2&,64(, ?$3'?,%$7'.1 7 2?$).$-

(3&/04..$6 «<;&4», ;,CC/%,< ,% 3$)$&$8$ 2&,8?/G4.' .'()/2,7G4- «?'6,.'-

&,%'5,4-» 48$ ()&/3)/&1. J43$)$&$4 3$?,04()7$ 2&,64(,, $3&/@'*+4- «<;&$», 

7(4 4+4 ($2&$7$@;'4) 48$, $;.'3$ %'64).$8$ 2$71G4.,< 2$)4&= 71%7')= .4 6$-

@4). A9 >)$6 (7,;4)4?=()7/4) , ,%64.4.,4 74?,0,.1 3$>CC,5,4.)' 1 2$ (&'7-

.4.,* ( 48$ 74?,0,.$- .' /0'()34 ,.)4.(,7.1: 2$)4&= 7 $9?'(), II . 

J' >)'24 * # 35 (N = IV), 3$)$&1- ($$)74)()7/4) 2$)4&4 7,:&4716 3$?=5$6 

2$()/2')4?=.$- (3$&$(), , 2&$8&4((,&/*+4- ()';,, &'%&/G4.,< 7,:&<, 2$)4&, 

2&,64(, ,% )&'.(2$&).$8$ $9D46' 7,:&< (.$7' 7$%&'()'*). A;.'3$ >)$ 7$%&'(-

)'.,4 .$(,) 2?$:$ 7$(2&$,%7$;,61- :'&'3)4& ,%-%' .4?,.4-.$(), 2&$54((' 

&'%&/G4.,< <;&' 7,:&47$8$ 3$?=5' .'&'()'*+4- '%,6/)'?=.$- .4/()$-0,7$-

()=* , ;4-()7,46 ;4-()7,4 ,%8,9.$- , 9$03$$9&'%.$- ;4C$&6'5,, (&,(. 8). 

F$() .4/()$-0,7$(), .' <;&4 7,:&47$8$ 3$?=5' 2&$7$5,&/4) )'3 @4 , &$() 

.4/()$-0,7$(), 7./)&4..48$ )404.,<: «?'6,.'&,%'5,<» <;&' ,(04%'4), /()/2'< 

64()$ /(,?,7'*+4-(< )/&9/?4.).$- ;,CC/%,,. B)$, 4()4()74..$, ,.)4.(,C,-

5,&/4) 2&$54(( 2$)4&= 2&,64(,, $3$.0')4?=.$ &'%&/G'< )&'.(2$&).1- $9D46. 

@')2?8#$%#. J'9?*;'4614 7 $9?'(), 24&4:$;.$8$ &4@,6' ;7,@4.,< $)-

3?$.4.,< $) /.,74&('?=.$8$ %'3$.' 24&4.$(' «2'((,7.$-» 2&,64(, [2] 2&, 

)&'.(2$&),&$734 44 7,:&4716 3$?=5$6 72$?.4 $9D<(.,61 2$&$@;4.,46 .4/(-

)$-0,7$(), <;&' [8], (/+4()74..$ ,%64.<*+4- ()&/3)/&/ 7./)&4..48$ )404.,< 

7 .46 , 2&,7$;<+4- 3 «73?*04.,*» ;$2$?.,)4?=.1: 64:'.,%6$7 ,.)4.(,C,-
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3'5,, 2$)4&= ,% )&'.(2$&).$8$ $9D46'. O&,7?43'4614 $9D<(.4.,< 72$?.4 6$-

8/) $3'%')=(< .4 4;,.()74..$- 2&,0,.$- >3(24&,64.)'?=.$ $9.'&/@4..1: $($-

94..$()4- 24&4.$(' 2&,64(, 7 24&4:$;.$6 &4@,64, $;.'3$ &4%/?=)')1 (,()4-

6'),04(3,: .'9?*;4.,- /;'0.$ ($8?'(/*)(< ( /04)$6 7?,<.,< .' 3$.743),7-

.1- 6'(($24&4.$( 64:'.,%6' 2$&$@;4.,< .4/()$-0,7$(), <;&' 7,:&47$8$ 

3$?=5' 7 2&,.<)$- 6$;4?,. 
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Stroutchayev A.I. 

Convective mass transfer characteristics change on a vortex 

ring motion due to instability generation  

 
SUMMARY 

The assumptions were formulated about effect of vortex ring instability arising on the“core” 
formation  stage on the «passive» admixture  transfer peculiarities. Often observed deviations 
from the universal law at intermediate Reynolds numbers were illustrated by the experimental 
study   results of convective mass transfer of dispersed "passive" admixture. 
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