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

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

2 
676 «70&)/0&8)1!,-»,  !"#- 

0123455*6  78191:*;16 7< ;422*  

1:= 8 >34516 2 73 > ? 9 5 )<128*331042) ? 

3 7*8)1 8@<A15B =*: 8@<A155 =   

+>1=*8436 

9:54!() 1!3(+,+8&; &:8+1+0,!(&; #+(+%"&$1),,&4!$%&3 ,+2)1+% #!1+/+# ()2")0,!((+' 
%"&$1),,&:)*&&, 2"&#!(;!#); () 676 «70&)/0&8)1!,-». < 2)%!1! ProCAST 2009.0 $#+/!,&"+-
0)( 2"+*!$$ &:8+1+0,!(&; #+(+%"&$1),,&4!$%+' ,+2)1%& 2+ 1!3(+,+8&&, 2"&#!(;!#+' () 2"+&:-
0+/$10!.  "+0!/!() 1!#2!")15"(+-$%+"+$1(); +21&#&:)*&; 0 +=,)$1& () $1)"1+0+# %+(5$!. 62-
1&#&:&"+0)() %+($1"5%*&; ,&1(&%+0+-2&1)>?!' $&$1!#.: 0#!$1+ /053$1+"+((!8+ $1)"1+0+8+ 
%+(5$) &$2+,-:+0)( 1"!3$1+"+((&'. @#+/!,&"+0)((); #&%"+$1"5%15") $2,)0) 2+%):),) $++10!1-
$10&! "):")=+1)((+' 1!3(+,+8&& 1"!=+0)(&;#, 2"!/A;0,;!#.# % &:/!,&> 2"& #+(+%"&$1),,&-
4!$%+# ,&1-!. < /)((+' ")=+1! =., 2+,(+$1-> $#+/!,&"+0)( 2"+*!$$ &:8+1+0,!(&; #+(+%"&-
$1),,&4!$%+' ,+2)1%&. B"!=5>1$; /+2+,(&1!,-(.! ()15"(.! C%$2!"&#!(1. /,; 2+/10!"D/!(&; 
2"&8+/(+$1& "):")=+1)((+' 1!3(+,+8&&. 

)CDE.(F. GC'($: #)1!#)1&4!$%+! #+/!,&"+0)(&!, ,&1-!, ()2")0,!((); %"&$1),,&:)-
*&;, ,+2)1%), #&%"+$1"5%15"), 1!3(+,+8&;, #+(+%"&$1),,, +21&#&:)*&;, E"+(1. 

 

#$%&'% ( )*+$,)-%./ %-01-234 1-0*.-5 6*7-.&'8())34 +2(6*.$-

1$9 (:;!) 2 -%)-2)-< 7*2(%=. -. %-2$'>$)%.2* 2)&.'$))$9 %.'&5.&'3 

<*.$'(*1*. ?76-.-21$)($ 1-0*.-5 % 0-23>$))3<( @5%01&*.*A(-))3<( 

4*'*5.$'(%.(5*<(, .*5(<( 5*5 +1(.$1/)*= 0'-B)-%./ ( .$'<-%.-95-%./ 

( 8$7 +$C$5.-2 %.'&5.&'3, 0'$+%.*21=$.%= 2*,)-9 7*+*B$9. D-%1$+)$$ 

0-72-1=$. -8$%0$B(./ <-)-5'(%.*11(B$%5*= %.'&5.&'* -.1(2-5, 2--

0$'234, 7* %B$. -.%&.%.2(= 6'*)(A 7$'$), 5-.-'3$ =21=E.%= -B*6*<( 

7*'-,+$)(= <(5'-.'$F(), 2--2.-'34, 7* %B$. -0.(<*1/)-9 5'(%.*11--

6'*C(B$%5-9 -'($).*A(( <-)-5'(%.*11(B$%5-9 %.'&5.&'3 -.)-%(.$1/-

)- +$9%.2&EF(4 2 1-0*.5$ <$4*)(B$%5(4 ( .$'<(B$%5(4 )*0'=,$)(9, 

2-.'$./(4, 7* %B$. 0-23>$)(= 4*'*5.$'(%.(5 %*<-6- %01*2*. 

G-)-5'(%.*11(B$%5-9 1-0*.5-9 (1( -.1(25-9 )*732*E. (7+$1($, 

«23'-%>$$» (7 -+)-6- 7*'-+3>* ( )$ (<$EF$$ 6'*)(A 7$'$) )* 0'--

.'*21$))-9 0-2$'4)-%.(. D'( @.-< 2 <*.'(A$ <-)-5'(%.*11(B$%5-6- 

(7+$1(= (<$E.%= 251EB$)(= 0$'2(B)34 C*7 % +'&6(< 0*'*<$.'-< (1( 
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.(0-< 5'(%.*11(B$%5-9 '$>$.5( (5*'8(+3, 8-'(+3 ( +'.) ( 2.-'(B)3$ 

23+$1$)(= H'-C*73. ?)3<( %1-2*<(, <-)-5'(%.*11 ,*'-0'-B)-6- 

%01*2* )$ -.2$B*$. 51*%%(B$%5-<& -0'$+$1$)(E <-)-5'(%.*11* 5*5 

-8I$5.* % )$0'$'32)-9 5'(%.*11(B$%5-9 '$>$.5-9 [1]. 

J* %-2'$<$))-< @.*0$ '*72(.(= 0'-<3>1$))-%.( 0'-A$%% 0'-(7-

2-+%.2* -.1(2-5 1-0*.-5 :;! *2.-<*.(7('-2*). #*7'*8-.*)3 ( &%0$>-

)- (%0-1/7&E.%= .$4)-1-6(( 0- (76-.-21$)(E C-'<3, $$ %8-'5$ ( '*7-

8-'5$, &%.*)-25$ %.$',)$9. K+)*5- 2-7)(5*$. <*%%* 0'-81$<, %2=7*)-

)34 (<$))- % 5*B$%.2-< -.1(2-5, -0'$+$1=$<3< 0'*2(1/)3< &B$.-< 

7*5-)-<$')-%.$9 (4 C-'<('-2*)(=. ?7&B$)($ 21(=)(= '*71(B)34 .$4-

)-1-6(B$%5(4 C*5.-'-2, * .*5,$ %2-9%.2 <*.$'(*1-2 ( 2 5-)$B)-< %B$-

.$ %-2$'>$)%.2-2*)($ .$4)-1-6(( 0-1&B$)(= 1-0*.-5 23%-5-6- 5*B$-

%.2* -8&%1*21(2*$. )$-84-+(<-%./ <-+$1('-2*)(= 0'-A$%%* 1(./=. 

L +*))-9 '*8-.$ <-+$1('-2*)($ .$01-C(7(B$%5(4 0'-A$%%-2 0'-2--

+(.%= 2 0*5$.$ ProCAST 2009.0.  

D*5$. ProCAST 0-72-1=$. 0'-2-+(./ '*%B$.3 2%$4 C(7(B$%5(4 

0'-A$%%-2 0'( (76-.-21$)(( -.1(2-5: .$B$)($ 0-.-5* '*%01*2* (2 %*-

<-< 0-1)-< %--.2$.%.2(( &'*2)$)(=< .$B$)(= J*2/$–M.-5%*), '*%B$. 

.$01-(71&B$)(= 2 0'-A$%%$ 5'(%.*11(7*A(( 6'&003 -.1(2-5 ()*0'(-

<$', 2 0$B( N'(+,<$)* % (%0-1/7-2*)($< %-2'$<$))34 <$.-+-2 «B(%-

.-9 '*+(*A(( %$'-6- .$1*», %$.-B)34 <$.-+-2 % &B$.-< -.'*,$)(=, 

7*.$)$)(= ( '*%B$.-2 «C*5.-'-2 2(+(<-%.(»), 1E834 +'&6(4 2(+-2 

0$'$)-%* .$01*, 5'(%.*11(7*A(( % 23+$1$)($< %5'3.-9 .$01-.3 @)-

.*1/0(9)3< <$.-+-< % &B$.-< 7*+*2*$<-6- %0$5.'* 23+$1$)(= .2$'+-9 

C*73 [2].  

L +*))-9 '*8-.$ 23+$1=E.%= %1$+&EF($ A$1(: 

– O(%1$))-$ <-+$1('-2*)($ 0'-A$%%* (76-.-21$)(= 1-0*.5( .&'-

8()3 – 0'-6'$2* C-'< ( 5'(%.*11(7*A(( -.1(25(. 

– D'-2$+$)($ @5%0$'(<$).-2 0- -0'$+$1$)(E %2-9%.2 ().$'-

<$.*11(+)-6- %01*2* +1= <-)-5'(%.*11(B$%5-6- 1(./= .&'8())34 

1-0*.-5. 

– ;$<0$'*.&')--%5-'-%.)*= -0.(<(7*A(= 0'-A$%%* 5'(%.*11(-

7*A((. 

– G-+$1('-2*)($ <(5'-%.'&5.&'3 %01*2* % (%0-1/7-2*)($< %.--

4*%.(B$%5(4 <$.-+-2 *)*1(7*. 

– K0.(<(7*A(= 5-)%.'&5A(( 1(.$9)-6- 81-5*. 
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1.  !"#$%"& '&(%)*)+"" ",+)')-*&%". *)!$'/" 

!1= 0-1&B$)(= 1-0*.-5 :;! (7 ,*'-0'-B)34 %01*2-2 (%0-1/7&-

$.%= .$4)-1-6(= )*0'*21$))-9 5'(%.*11(7*A(( (J"). P-0*.5( 0-1&B*-

E. 2 2*5&&<)-9 &%.*)-25$ 8$7 ,(+5-<$.*11(B$%5-6- -41*+(.$1=. D'(-

<$)=$.%= <$.-+ N'(+,<$)*. D- @.-<& <$.-+& J" -%&F$%.21=$.%= 0&-

.$< 0$'$<$F$)(= 5$'*<(B$%5-9 C-'<3 % ,*'-0'-B)3< '*%01*2-< 

(7 7-)3 )*6'$2* 2 7-)& -41*,+$)(=. G$.-+ 0'$+0-1*6*$. -.2-+ .$01--

2-6- 0-.-5* -. 0-2$'4)-%.( 23+2(6*$<34 1(.$9)34 C-'< 2 -5'&,*E-

F&E %'$+& 0&.$< '*+(*A(-))-6- -41*,+$)(= ('(%. 1). "'(.$'(=<( 

0'*2(1/)- 238'*))34 0*'*<$.'-2 .$4)-1-6(B$%5-6- 0'-A$%%* =21=E.-

%= <*5'-%.'&5.&'*, <(5'-%.'&5.&'* ( &'-2$)/ <$4*)(B$%5(4 %2-9%.2 

-.1(2-5. 

 

 

 

 

 

 

 

#(%. 1. M4$<* J" <$.-+-< N'(+,<$)*:  

1 – )*6'$2*.$1/; 2 – 5$'*<(B$%5*= C-'<*;  

3 – ,(+5(9 '*%01*2; 4 – C'-). 5'(%.*1-

1(7*A((; 5 – .2$'+39 %01*2 

 

2. 01)-&2&%"& 3/#!&1"4&%')- !) )!1&2&*&%"5  

#-)6#'- #!*$-$ 

PE8-$ B(%1$))-$ <-+$1('-2*)($ 1(.$9)34 0'-A$%%-2 )$2-7-

<-,)- 0'( -.%&.%.2(( +*))34 0- .$01-C(7(B$%5(< %2-9%.2*< %01*2*. 

Q$1/E @5%0$'(<$).-2 =21=$.%= -0'$+$1$)($ .$<0$'*.&' %-1(+&% ( 1(-

52(+&%, .$<0$'*.&')34 7*2(%(<-%.$9 .$01-0'-2-+)-%.(, 01-.)-%.(, 

&+$1/)-9 .$01-$<5-%.( ( +-1( %-+$',*)(= .2$'+-9 C*73 2 ().$'2*1$ 

.$<0$'*.&' 5'(%.*11(7*A((. K0'$+$1$)($ %2-9%.2 0'-2-+(.%= <$.-+*-

<( +(CC$'$)A(*1/)-9 %5*)('&EF$9 5*1-'(<$.'(( ( 1*7$')-9 

2%03>5( )* %$'.(C(A('-2*))34 0'(8-'*4. 
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3. 0)#'$%)-/$ ,$2$7" %$!1$-*&%%)6 /1"#'$**",$8""  

?%%1$+&$<*= -41*,+*$<*= 1-0*.5* =21=$.%= %1-,)3< 6$-<$.'(-

B$%5(< -8I$5.-<, 0-@.-<& 0'( 0'-2$+$)(( '*%B$.-2 %+$1*)3 %1$+&E-

F($ &0'-F$)(=: 

– J$ 0'-2-+(.%= '*%B$. 7*1(25( '*%01*2* 2 1(.$9)3$ C-'<3 

(.$<0$'*.&'* 2 <$.*11$ 0-%1$ 7*1(25( 23'*2)(2*$.%= 2 %--.2$.%.2(( 

% 0$'2-)*B*1/)3<( .$01-23<( 0-1=<( )* 5$'*<(B$%5-9 C-'<$). 

– L 0'-A$%%$ '*%B$.* )$ &B(.32*E.%= 5-)2$5.(2)3$ 0-.-5( 2 )$-

7*5'(%.*11(7-2*2>$<%= %01*2$ (.$01-<*%%-0$'$)-% 2 .-)5-%.$))34 

-.1(25*4 )$7)*B(.$1$)). 

L '*%B$.)&E -81*%./ 24-+=.: %.*1/)-9 5-'0&% 2*5&&<)-9 5*<$'3, 

0$B/ 0-+-6'$2* C-'<, +*1$$ DDR (%.*1/)-9 5-'0&%, 6'*C(.-23$ 01(.3 

( 2-91-B)39 &.$01(.$1/), +2$ 1(.$9)3$ C-'<3 % 23'*2)(2*EF$9 5$-

'*<(5-9 SK , -.1(25( % +2&4%.-'-))(< %.*'.-23< 5-)&%-<, 5$'*<(-

B$%5(<( %.$',)=<( ( 7*.'*25*<(, 8-5-23$ ( .-'A$23$ 6'*C(.-23$ )*-

6'$2*.$1(, .$01-7*F(.)3$ @5'*)3. 

4. 9$'&4$'"7&#/$. !)#'$%)-/$ ,$2$7" '&!*)!1)-)2%)#'"  

!1= -0(%*)(= 0'-A$%%-2 .$01--8<$)* 2 ProCAST (%0-1/7&$.%= 

-+)-C*7)39 0-+4-+ – &'*2)$)(= %-4'*)$)(= @)$'6(( 7*0(%32*E.%= 

+1= 2%$9 -81*%.( 2 A$1-<, %-+$',*F$9 5*5 ,(+5&E, .*5 ( .2$'+&E C*-

73. L @.-< %1&B*$ 0-1-,$)($ 6'*)(A3 '*7+$1* -0'$+$1=$.%= 0- (7-1(-

)(=< .$<0$'*.&' %-1(+&% ( 1(52(+&%, * 23+$1$)($ .$01-.3 5'(%.*11(-

7*A(( &B(.32*$.%= *2.-<*.(B$%5(. L -+)-C*7)-< 0-+4-+$ -83B)- 

0'$+0-1*6*$.%=, B.- %&F$%.2&$. C&)5A(-)*1/)*= 7*2(%(<-%./ 5-1(B$-

%.2* .2$'+-9 C*73 (2 0'-A$).)-< %--.)->$)(() -. .$<0$'*.&'3. T.-6- 

0'$+0-1-,$)(= +-%.*.-B)-, B.-83 -0(%32*./ <*5'-4*'*5.$'(%.(5( 

0'-A$%%*, )*0'(<$' .$<0$'*.&')-$ 0-1$. 

!(CC$'$)A(*1/)-$ &'*2)$)($ )$%.*A(-)*')-9 7*+*B( )$1()$9-

)-9 .$01-0'-2-+)-%.( (<$$. 2(+ 

( ) ( , ) 0,
H T

k T q x t
T t

  
! "# # " $
  

 (1) 

6+$    ( )T! $ ! "  01-.)-%./ (5-)%.*).* (1( C&)5A(= .$<0$'*.&'3); 

( )k k T$ "  5-@CC(A($). .$01-0'-2-+)-%.( (5-)%.*).* (1( C&)5-

A(= .$<0$'*.&'3); 
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H "  @).*1/0(= (C&)5A(= .$<0$'*.&'3), 5-.-'*= 251EB*$. 2 %$8= 

@CC$5.3 -. &+$1/)-9 .$01-$<5-%.( ( %5'3.-9 .$01-.3, ..$. 2 -8F$< 

%1&B*$ )$1()$9)*= C&)5A(= 

0

( ) ( ) (1 ( )),

T

p sH T c T dT L f T$ % "&  (2) 

6+$    ( )pc T "  &+$1/)*= .$01-$<5-%./; 

L "  %5'3.*= .$01-.* 5'(%.*11(7*A((; 

(T)sf "  5-@CC(A($). %-+$',*)(= .2$'+-9 C'*5A((; 

T "  .$<0$'*.&'*; 

t "  2'$<=, 

x y z

   
# $ % % "

   
 -0$'*.-' :*<(1/.-)* 2 +$5*'.-234 5--'+()*-

.*4; 

( , )q x t "  0'-%.'*)%.2$))39, (7<$)=EF(9%= -8I$<)39 (%.-B)(5 

.$01*, 7*2(%=F(9 -. 2'$<$)(. 

D-%5-1/5& <*.$'(*13 C-'<3 +1= 1(./=, 0$B( 0-+-6'$2* C-'< ( 

-8-1-B5( )$ (%03.32*E. C*7-234 0$'$4-+-2 2 .$B$)($ 2%$6- 2'$<$)( 

'*%B$.*, ..$. 0$'$B(%1$))3$ 5-)%.'&5A(( -%.*E.%= .2$'+3<(, @).*1/-

0(E <-,)- 0'$+%.*2(./ 2 2(+$ 

0

( ) ( ) .

T

pH T c T dT$ &  (3) 

? .-6+* &'*2)$)($ (1) +1= @.(4 .$1 %.*)-2(.%= +(CC$'$)A(*1/)3< 

&'*2)$)($< )$%.*A(-)*')-9 7*+*B( 1()$9)-9 .$01-0'-2-+)-%.( 

( ) ( ) ( , ) 0.p

T
c T k T q x t

t

 
! "# # " $

 
 (4) 

J*B*1/)3$ &%1-2(= 

0( ,0) ( ),T x T x$  (5) 

..$. 5*,+-<& <*.$'(*1& 2 )*B*1/)39 <-<$). 2'$<$)( %--.2$.%.2&$. 

%2-$ 7)*B$)($ )*B*1/)-9 .$<0$'*.&'3. 

 %1-2($ '*2$)%.2* .$01-234 0-.-5-2 )* 6'*)(A$ '*7+$1* «C-'-

<*–-.1(25*» 

1 1 1 2 2 2( ) ( ) ,k T T n k T T n# ' $ # '  1 2 ,n n$ "  )* ,c(  (6) 

6+$ 1( )k T  ( 2 ( )k T  – 5-@CC(A($).3 .$01-0'-2-+)-%.( <*.$'(*1-2, (7 

5-.-'34 230-1)$)3 C-'<* ( -.1(25* %--.2$.%.2$))-, 
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1T  ( 2T  – .$<0$'*.&'3 C-'<3 ( -.1(25( %--.2$.%.2$))- 2 .-B5$ 

)* 6'*)(A$ '*7+$1* «C-'<*–-.1(25*», 

1n  ( 2n  – 2)$>)($ )-'<*1( 5 0-2$'4)-%.=< C-'<3 ( -.1(25( %--

-.2$.%.2$))- )* 6'*)(A$ '*7+$1* «C-'<*--.1(25*»; 

c( "  0-2$'4)-%./ 5-).*5.*. 

:'*)(B)3$ &%1-2(= 

( )nk T n q t" # ' $  )* 1,(  (7) 

6+$    n "  )-'<*1/ 5 0-2$'4)-%.(; 

( )nq t "  .$01-2-9 0-.-5, 0'-4-+=F(9 B$'$7 6'*)(A& 1,(  5-.-'*= 

=21=$.%= B*%./E 6'*)(A3 '*%B$.)-9 -81*%.(. !1= $6- 0-+%B$.* (%0-1/-

7&$.%= '*+(*A(-))*= <-+$1/ C*5.-'* 2(+(<-%.(. 

;*5(< -8'*7-<, +1= '*%B$.)-9 -81*%.( -.1(25( %0'*2$+1(23 

C-'<&13 (1), (2), (5), (6) ( (7). !1= '*%B$.)34 -81*%.$9 C-'<3 +1= 1(-

./=, 0$B( 0-+-6'$2* C-'<3 ( -8-1-B5( %0'*2$+1(23 C-'<&13 (4), (3), 

(5), (6) ( (7). 

G-+$1('-2*)($ 0'-A$%%* 1(./= 0'-2-+(.%= 0-@.*0)-. D$'239 

@.*0 – 0'-6'$2 C-'<. #$7&1/.*.-< =21=$.%= -0'$+$1$)($ )*B*1/)-6- 

'*%0'$+$1$)(= .$<0$'*.&'3 2- 2%$4 @1$<$).*4, &B*%.2&EF(4 2 '*+(*-

A(-))-< .$01--8<$)$. L 5*B$%.2$ 6'*)(B)34 &%1-2(9, -8$%0$B(2*E-

F(4 0-%.&01$)($ .$01* 2 DDR, (%0-1/7&E.%= &%1-2(= 0-%.-=))-9 

.$<0$'*.&'3 )*6'$2*.$1$9. #$>*$.%= 7*+*B* 1&B(%.-6- .$01--8<$)*. 

 %1-2(= .$01-0$'$+*B( <$,+& 5$'*<(5-9 SK  ( 5$'*<(5-9 C-'<3 

%B(.*E.%= (+$*1/)3<(. L.-'-9 @.*0 – 5'(%.*11(7*A(= %01*2* 2 0'--

A$%%$ 23+2(,$)(= C-'<. K%)-2)3< '$7&1/.*.-< '*%B$.-2 =21=$.%= -0-

'$+$1$)($ .$01-2-6- %-%.-=)(= C-'<3 ( -.1(2-5, * .*5,$ -0'$+$1$)($ 

0-1-,$)(=, %5-'-%.( 0$'$<$F$)(=, 23%-.3 ( 5'(2(7)3 C'-).* 5'(-

%.*11(7*A(( 2 7*2(%(<-%.( -. 2'$<$)(. L 5*B$%.2$ )*B*1/)34 .$01--

234 &%1-2(9 (%0-1/7&E.%= .$<0$'*.&')3$ 0-1=, 0-1&B$))3$ )* 0$'-

2-< @.*0$. M5-'-%./ 23+2(,$)(= C-'< (7 )*6'$2*.$1/)-6- &71* 0'(-

)(<*$.%= 0-%.-=))-9 ( '*2)-9 3 <</<(). 

L '$7&1/.*.$ 23=%)(1-%/, B.- 2 0'-A$%%$ 0'-.=,5( -.1(25( 

C'-). 5'(%.*11(7*A(( )*4-+(.%= )* &'-2)$ )(,)$9 0-2$'4)-%.( .$0-

1-7*F(.)-6- @5'*)*. L3%-.* C'-).* -.)-%(.$1/)- )$8-1/>*=, <*5%(-

<*1/)3$ 7)*B$)(= +-%.(6*E.%= 0'( 0'-4-,+$)(( 0-1-5. K+)*5- )*-

81E+*E.%= 7)*B(.$1/)3$ (%5'(21$)(= (7-.$'< 1(52(+&% ( %-1(+&% 

2 -81*%.( )* %.*'.-2-< 5-)&%$ ( )* 0-15*4 1-0*.5( ('(%. 2).  
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2'$<=: 1143 % 2'$<=: 1476 % 2'$<=: 1815 % 2'$<=: 2297 % 

 
2'$<=: 2415% 2'$<=: 2508% 2'$<=: 2826% 2'$<=: 3331% 

#(%. 2. R'-). 5'(%.*11(7*A(( )* -.1(25$ 2 0'-A$%%$ 23+2(,$)(= (7 DDR  

(%$'39 – *8%-1E.)- .2$'+39 %01*2, 5'*%)39 – *8%-1E.)- ,(+5(9)  

L30&51-%./ (1( 2-6)&.-%./ C'-).*, $6- )$'*2)-<$')-%./ 2 0'--

+-1/)-< ( 0-0$'$B)-< )*0'*21$)(=4, '*7'32)-%./ <-6&. 0'(2$%.( 

5 -8'*7-2*)(E +$C$5.-2 %.'&5.&'3, B.- )$0'($<1$<-. J$-84-+(<* '$-

6&1('-25* %5-'-%.( 5'(%.*11(7*A((. 

5. :&4!&1$';1%)-#/)1)#'%$. )!'"4",$8". !1)8&##$  

/1"#'$**",$8""  

;'$8&$.%= 0-+-8'*./ .*5&E %5-'-%./ 0'-.=,5( -.1(25(, B.-83 

C'-). 5'(%.*11(7*A(( 831 <*5'-%5-0(B$%5( 01-%5(<, ..$. B.-83 $6- 

5'(2(7)* 831* <()(<*1/)-9. D-%5-1/5& 2 -81*%.( 2$'4)$9 ( )(,)$9 

0-1-5 0'-A$%% 5'(%.*11(7*A(( )$+-%.*.-B)- (7&B$) ( 0'-.$5*$. )$-

0'$+%5*7&$<-, 5'-<$ .-6-, C'-). '*7'32*$.%= ( -A$)5* $6- 5'(2(7)3 

&%1-,)=$.%=, .- )* +*))-< @.*0$ 0'$+%.*21=$.%= 2-7<-,)3< ( .$4)--

1-6(B$%5( -0'*2+*))3< 0'-2-+(./ -0.(<(7*A(E .-1/5- )* %.*'.-2-< 

5-)&%$. M.*'.-239 5-)&% ((1( %.*'.-2-$ -%)-2*)($) =21=$.%= -%)-2-

)3< @1$<$).-< 1(.)(5-2--0(.*EF(4 %(%.$<, $6- )*7)*B$)($ – -8$%-

0$B(./ 0-1&B$)($ <-)-5'(%.*11(B$%5-9 %.'&5.&'3. O(%1$))*= -0.(-
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<(7*A(= %5-'-%.( 2$+$.%= <$.-+-< 6'*+($).)-6- %0&%5* % 0-%.-=)-

)3< >*6-<.  

L '$7&1/.*.$ 0'-+$1*))-9 0'-A$+&'3 &+*1-%/ &<$)/>(./ 5'(2(7)& 

C'-).* )* %.*'.-2-< 5-)&%$ ('(%. 3), .$0$'/ -)* %-%.*21=$. 0'(<$')- 1 <<, 

5'-<$ .-6-, 0-+-8'*) %5-'-%.)-9 '$,(< 23+2(,$)(= C-'<3 ('(%. 4). 

 
#(%. 3. U*2(%(<-%./ 5'(2(7)3 C'-).* 5'(%.*11(7*A(( -. 2'$<$)( 

 
#(%. 4. M5-'-%.)-9 '$,(< 23+2(,$)(= C-'<3 

6. 9)2&*"1)-$%"& 4"/1)#'1;/';1< *)!$'/"  

L$+$.%= % 0'(<$)$)($< %.-4*%.(B$%5(4 <$.-+-2 *)*1(7*, 2 -%)--

2$ 5-.-'34 <$.-+ 51$.-B)34 *2.-<*.-2.  B(.32*E.%= 5()$.(5* 

( 0'$+0-B.(.$1/)-$ )*0'*21$)($ '-%.* +$)+'(.-2. #*%0'$+$1$)($ A$)-

.'-2 5'(%.*11(7*A(( 2 '*%01*2$ <$.*11* -0(%32*$.%= 7*5-)-< :*&%%*. 

G-+$1('-2*)($ C-'<('-2*)(= <(5'-%.'&5.&'3 1-0*.5( % +2&4%.--

'-))(< %.*'.-23< 5-)&%-< 23=2(1- )*'&>$)($ <-)-5'(%.*1/)-%.( 

-.1(25( ('(%. 5). J* %.*'.-2-< -%)-2*)(( 7*'-,+*$.%= 2.-'-$ 7$')-, 

* )* )(,)$9 0-15$ 1-0*.5( (7-7* '$75-6- &<$)/>$)(= .-1F()3 5$'*-

<(5( SK  (, %1$+-2*.$1/)-, &2$1(B(2>$6-%= .$01--.2-+* -8'*7&E.%= 

0*'*7(.)3$ 7$')*, B*%./ 5-.-'34 0'-'*%.*$. +*1$$ 2 0$'-. 
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#*7'*8-.*))*= .$4)-1-6(= 0'-A$%%* 5'(%.*11(7*A(( 1-0*.5( )$ 

&+-21$.2-'=$. .'$8-2*)(=< 5 5*B$%.2& -.1(25(. 

 

t = 900 % t = 1400 % t = 2300 % 

t = 2650 % t = 3300 % t = 3750 % 

#(%. 5. R-'<('-2*)($ <(5'-%.'&5.&'3 1-0*.5( % +2&4%.-'-))(< 5-)&%-< 0-%1$ 

.$<0$'*.&')--%5-'-%.)-9 -0.(<(7*A(( (A2$. %--.2$.%.2&$. &61& <$,+&  

)*0'*21$)($< '-%.* 5'(%.*11* ( )*0'*21$)($< 5'(%.*11(7*A(() 

7.  !'"4",$8". /)%#'1;/8"" *"'%"/)-)-!"'$5=&6  

#"#'&4< *)!$'/"  

N31- 0'$+1-,$)- (7<$)(./ 5-)%.'&5A(E 1(.)(5-2--0(.*EF$9 

%(%.$<3 1-0*.5(: 2<$%.- +2&4%.-'-))$6- %.*'.-2-6- 5-)&%* (%0-1/7-2*./ 

.'V4%.-'-))(9. T.* <$.-+(5* -8$%0$B(2*$. 8-1$$ '*2)-<$')-$ 0'-4-,-

+$)($ C'-).* 0- %.*'.-2-<& -%)-2*)(E ( 0-72-1=$. 0$'$+*2*./ ":K .'V< 

%.-'-)*< )(,)$9 (0- '*%0-1-,$)(E 0'( 7*1(25$) 0-15( 1-0*.5(. !1= 
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@.-6- +-0-1)(.$1/)- (%0-1/7&E.%= 5'(%.*11-2-+3, 230-1)$))3$ 2 2(+$ 

0$'$<3B$5 0- 24-+)-9 ( 234-+)-9 %.-'-)*< 0-1-5 1-0*.5(. L +*))-< 

2*'(*).$ 23'*2)(2*EF*= 5$'*<(5* SK  0'$+%.*21=$. %-8-9 5-)%.'&5-

A(E % 0-%.-=))3< 0- 23%-.$ %$B$)($<. "'(%.*11(7*A(= 1-0*.5( -%&F$-

%.21=$.%= 0'( 2$'.(5*1/)-< 0$'$<$F$)(( C-'<3 B$'$7 )$0-+2(,)39 

@5'*) % -.2$'%.($<, %--.2$.%.2&EF(< 5-).&'& 5$'*<(5( SK .  

G-+$1('-2*)($ 0'-2-+(.%= 0- *)*1-6(B)-9 %4$<$: 2)*B*1$ '$-

>*$.%= 7*+*B* )*6'$2* DDR ( )*4-+=.%= .$<0$'*.&')3$ 0-1= )* 2%$9 

'*%B$.)-9 -81*%.( 0-%1$ 234-+* )* %.*A(-)*', 7*.$<, 0'()(<*= )*9-

+$))-$ '*%0'$+$1$)($ .$<0$'*.&' 7* )*B*1/)-$ %-%.-=)($, '$>*$.%= 

7*+*B* 5'(%.*11(7*A(( -.1(25( 1-0*.5( 0'( 23+2(,$)(( 5$'*<(B$-

%5-9 C-'<3 % '*%01*2-< <$.*11* (7 6-'=B$9 7-)3 2 4-1-+)&E % 0-%.--

=))-9 %5-'-%./E. J* '(%. 6 0'$+%.*21$) C'-). 5'(%.*11(7*A(( 2 .$B$-

)($ 2'$<$)(. L3%-.* C'-).* +1= 1-0*.5( % .'$4%.-'-))(< 5-)&%-< 

<$)/>$, B$< +1= 0'$+3+&F$6- 2*'(*).* 1-0*.5(, -%-8$))- 2 -81*%.( 
 

 
t = 1742 %                                      t = 2236 %                                  t = 2606 %  

 
t = 2807 %                               t = 3124 %                                     t = 3656 % 

#(%. 6. R'-). 5'(%.*11(7*A(( )* -.1(25$ % .'$4%.-'-))(< 5-)&%-< 2 0'-A$%%$  

23+2(,$)(= (7 DDR (%$'39 – *8%-1E.)- .2$'+39 %01*2, 5'*%)39 – *8%-1E.)-  

,(+5(9) 
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2$'4)$9 ( )(,)$9 0-1-5. W6- 5'(2(7)* 2 +*))-< 2*'(*).$ 1-0*.5( 

<$)/>$. J*81E+*$.%= )$8-1/>-$ (%5'(21$)($ C'-).* +- )(,)$9 0-1-

5(, 2 A$1-< ,$ C'-). -.)-%(.$1/)- 01-%5(9 ( 0$'0$)+(5&1=')39 )*-

0'*21$)(E .$01--.2-+*. N1*6-+*'= )*51-))-<& '*%0-1-,$)(E 1-0*.-

5( 5'(%.*11(7*A(= )* 0-15*4 0'-4-+(. 0-%.$0$))-, )*B()*=%/ %- %.--

'-)3 24-+)-9 ( 7*5*)B(2*=%/ %- %.-'-)3 234-+)-9 5'-<5( 0$'* 1--

0*.5(. 

G-+$1('-2*)($ <(5'-%.'&5.&'3 0-5*7*1- %--.2$.%.2($ '*7'*8--

.*))-9 .$4)-1-6(( .'$8-2*)(=<, 0'$+I=21=$<3< 5 (7+$1(E 0'( 1(./$. 

?7 +$%=.( 7$'$), 7*'-+(2>(4%= 2 %$B$)(( )* &'-2)$ 7*.'*25(, 0-%1$ 

0'-4-,+$)(= 5'(%.*11--.8-')(5* -%.*$.%= .-1/5- -+)- % -'($).*A(-

$9 270. 

 

  

t = 850 % t = 1440 % t = 2300 % 

 

t = 2700 % t = 3300 % t = 3750 % 

#(%. 7. K8'*7-2*)($ <(5'-%.'&5.&'3 2 0'-A$%%$ 5'(%.*11(7*A(( 1-0*.5(  

% .'$4%.-'-))(< %.*'.-23< 5-)&%-< (A2$. %--.2$.%.2&$. &61& <$,+& )*0'*21$)($<  

'-%.* 5'(%.*11* ( )*0'*21$)($< 5'(%.*11(7*A(() 
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>$/*57&%"&  

N31* (7&B$)* .$4)-1-6(= (76-.-21$)(= <-)-5'(%.*11(B$%5(4 1--

0*.-5 <$.-+-< )*0'*21$))-9 5'(%.*11(7*A((, 0'(<$)=$<*= )* KXK 

«X2(*+2(6*.$1/». 

L 4-+$ (%%1$+-2*)(9 831- -8)*'&,$)-, B.- )$5-''$5.)3$ %2-9-

%.2* <*.$'(*1-2 7)*B(.$1/)- 21(=E. )* '$7&1/.*.3 B(%1$))-6- '*%B$-

.*. D-@.-<& 831( 0'-2$+$)3 @5%0$'(<$).3 0- -0'$+$1$)(E .$01-C(-

7(B$%5(4 %2-9%.2 ().$'<$.*11(+)-6- %01*2* +1= <-)-5'(%.*11(B$%5--

6- 1(./= .&'8())34 1-0*.-5. J*9+$)3 .$<0$'*.&')3$ 7*2(%(<-%.(  

.$01-0'-2-+)-%.(, 01-.)-%.(, &+$1/)-9 .$01-$<5-%.(, %-+$',*)(= 

.2$'+-9 C*73, * .*5,$ .$<0$'*.&'3 1(52(+&% ( %-1(+&% %01*2*. 

L 0*5$.$ ProCAST 2009.0 831 %<-+$1('-2*) 0'-A$%% (76-.-21$-

)(= <-)-5'(%.*11(B$%5-9 1-0*.5( 0- .$4)-1-6((, 0'(<$)=$<-9 )* 

0'-(72-+%.2$. D-%5-1/5& )* @.*0$ <-+$1('-2*)(= )*0'*21$))-9 5'(-

%.*11(7*A(( 831- 23=21$)- (%5'(21$)($ .$<0$'*.&')-6- C'-).* )* 

-.1(25$ 2 ().$'2*1$ .$<0$'*.&' %-1(+&% – 1(52(+&%, 0'(2-+=F$$ 

5 &4&+>$)(E <(5'-- ( <*5'-%.'&5.&'3 1-0*.5( ( -8'*7-2*)(E +$C$5-

.-2, 831- 0'()=.- '$>$)($ -0.(<(7('-2*./ %5-'-%./ 5'(%.*11(7*A(( 

2 -81*%.( )* %.*'.-2-< 5-)&%$.  

;$<0$'*.&')--%5-'-%.)*= -0.(<(7*A(= 0-72-1(1* %&F$%.2$))- 

&<$)/>(./ 5'(2(7)& C'-).*, 2 %'$+)$< -. 5 << +- 0,1 <<, .$< %*<3< 

&<$)/>(2 <$,+$)+'(.)3$ '*%%.-=)(= ( &1&B>(2 <(5'-%.'&5.&'&. 

K+)*5- <*5'-%.'&5.&'* 1-0*.5( )$ %--.2$.%.2-2*1* .'$8-2*)(=< .$4-

)-1-6(( <-)-5'(%.*1/)-6- 1(./=: )* )(,)$9 0-15$ 1-0*.5( (7-7* )$-

'*2)-<$')-6- -41*,+$)(= -8'*7-2*1(%/ 0*'*7(.)3$ 7$')*, 5-.-'3$ 

0'-'*%.*1( +*1$$ 2 0$'-.  

N31- 0'$+1-,$)- (7<$)(./ 5-)%.'&5A(E 1(.)(5-2--0(.*EF$9 

%(%.$<3: 2<$%.- +2&4%.-'-))$6- %.*'.-2-6- 5-)&%* (%0-1/7-2*./ .'$4-

%.-'-))(9. L @.-< %1&B*$ 81*6-+*'= 0-%.-=))-9 0- %$B$)(E 5$'*<(B$-

%5-9 C-'<$ )$ .'$8&$.%= 0-+2(,)39 .$01-7*F(.)39 @5'*). ;$01--.-

2-+ 2 -81*%.( 0-1-5 %.*)-2(.%= 8-1$$ '*2)-<$')3< 7* %B$. 01*2)-6- 

(7<$)$)(= .-1F()3 5$'*<(5( SK .  

G-+$1('-2*)($ <(5'-%.'&5.&'3 %01*2* 2 <-+&1$ CAFE, -%)--

2*))-6- )* %.-4*%.(B$%5(4 <$.-+*4 *)*1(7*, 0-5*7*1- %--.2$.%.2($ 

'*7'*8-.*))-9 .$4)-1-6(( .'$8-2*)(=<, 0'$+I=21=$<3< 5 (7+$1(E 

0'( <-)-5'(%.*11(B$%5-< 1(./$. G-)-%.'&5.&'* +-%.(6*$.%= 2 -8-(4 
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2*'(*).*4 <-+$1$9 1-0*.5(: % 5'(%.*11-2-+*<( ( 8$7 )(4. M1$+-2*-

.$1/)-, -. (4 (%0-1/7-2*)(= <-,)- -.5*7*./%=.  

;'$8&E.%= +-0-1)(.$1/)3$ )*.&')3$ @5%0$'(<$).3 +1= 0-+-

.2$',+$)(= 0'(6-+)-%.( '*7'*8-.*))-9 .$4)-1-6((. 

?"@*")+1$A"7&#/"6 #!"#)/ 

1. "*81-2 W.J. P(.3$ 1-0*.5( 6*7-.&'8())34 +2(6*.$1$9 (%01*-

23, .$4)-1-6(=, 0-5'3.(=). – G.: G?M?M, 2001. – 632 %. 

2. ProCAST User’s Manual & Technical Reference. (Based on Pro-

CAST Version 2008.0) Copyright © 2008 by ESI Group. 
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NUMERICAL OPTIMIZATION THE PROCESS  

OF MANUFACTURING SINGLE-CRYSTAL TURBIN BLADE 

The technology of manufacturing single-crystal blades by directional solidification used at OJSC 
“Aviadvigatel” is studied. The process of manufacturing blades based on the production technology is 
modeled in ProCAST 2009.0. Temperature and speed optimization is held at the starting cone. The 
design of gating-feeding system is optimized. Simulated microstructure of the alloy showed the corre-
spondence of the technology to the requirements. The process of manufacturing single-crystal blades 
has been completely modeled in this paper. Additional experiments are required to confirm the suitabil-
ity of the technology. 

Keywords: mathematical modeling, simulation, cast, directional solidification, turbine blade, mi-
crostructure, technology, single-crystal, optimization, front. 


