
 !" 536.46 

 !"#$%!& '. '., ()*$)$&+ ,. -., .!/!*+0 '.'., 1!%#$2&#3 4.5. 

 !"##$%& '()%*'(+,'-& .'%/"0#%1"1 %2"'% 3.3. 4"5'%$*/(, 

$(6"!0( 1"7+*6%8%$% 

 

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

+1&*,*'%23%0)'40$*-* *,"&!%$"# " &)2*30*"5+*!6$*-* 

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

9 .5"1*2 1"7+**:2"'( %8+.5"'%"2 / 0(2$(; 2*!"+% 70%/"!"''*& 7+"'$% 70*/"!"' ('(-

+%8 /+%<'%< #1"6('*/#$*=* 1"5"'%< '( 70"!"+- /-'.>!"''*=* 8(>%=('%< % .#+*/%< #(-

2*70*%8/*+,'*=* 7*1.;('%< 2"1(++%5"#$*& 5(#1%)- / /*8!.;" $*2'(1'*& 1"27"0(1.0- 

70% *:0(8*/('%% 7+*1'*=* *$#%!'*=* #+*<. ?*$(8('*, 51* #1"6('*/#$*" 1"5"'%" 8'(5%-

1"+,'* ./"+%5%/("1 /"0;'%& 70"!"+ 7* !%(2"10. 5(#1%)-, $*1*0-& *70"!"+<"1#< 1"7-

+*7*1"0<2% %8+.5"'%"2 % *=0('%5%/("1 *:+(#1, 7"0";*!*/ '( /-#*$*1"27"0(1.0'*" 

*$%#+"'%" 7.1"2 ./"+%5"'%< '(5(+,'*& 1"27"0(1.0- 5(#1%)-. @'(+%1%5"#$% *70"!"+"-

'( 2%'%2(+,'(< '(5(+,'(< 1"27"0(1.0( % #**1/"1#1/.AB%& !%(2"10 5(#1%)-, /-C" 

$*1*0*& 70% !(''-; .#+*/%<; /*82*>"1 /-'.>!"''-& 7"0";*! '( /-#*$*1"27"0(1.0-

'-& 0">%2 *$%#+"'%< 5(#1%)-. D#1('*/+"'*, 51* #1"6('*/#$*" 1"5"'%" / 8(/%#%2*#1% 

*1 8'(5"'%< '(5(+,'*& 1"27"0(1.0- 5(#1%)- 2*>"1 8'(5%1"+,'* ./"+%5%/(1, 2($#%-

2(+,'.A 1"27"0(1.0. /-#*$*1"27"0(1.0'*=* *$%#+"'%< % 1*+B%'. *$#%!( 7*#+" #(2*-

70*%8/*+,'*=* 7*1.;('%<. ?*+.5"''-" 70*6%+% $*')"'10()%& =(8*/-; $*27*'"'1*/ / 

70%/"!"''*& 7+"'$" 7*!1/"0>!(A1 $%'"1%5"#$%& 0">%2 *$%#+"'%< 70% #(2*70*%8/*+,-

'*2 7*1.;('%% 5(#1%)-. 
 

 

#$$%&'()*+,& -.(/&$$() )0$(1(2&3-&.*24.+(5( 2&-%(3*$$((63&+* -., 

)($-%*3&+&+,, , 5(.&+,, 2)&.'07 3&2*%%,8&$1,7 8*$2,/ ) -(2(1& 5*9((6.*9+(-

5( (1,$%,2&%: ,3&;2 )*<+(& 9+*8&+,& '%: 3+(5,7 -.,%(<&+,=, )1%;8*: *>.(-

1($3,8&$14; 2&7+,14, -(<*.()9.0)(6&9(-*$+($2?, >+&.5&2,14 , 7,3,8&$14; 

2&7+(%(5,;. !%: (/&+1, 9*<,5*;@&= $-($(6+($2, A.,1/,(++07 ,$1. (+*1*-

%&++07 3&2*%%,8&$1,7 8*$2,/) (8&+? )*<+( 9+*2? ,7 2&3-&.*24.4 , ).&3:, ) 

2&8&+,, 1(2(.(5( -.(,$7(',2 9*<,5*+,& [1]. B., (-.&'&%&+,, 2&3-&.*24.0 , 

).&3&+, 5(.&+,:, 7*.*12&.+07 .*93&.() 3&2*%%,8&$1,7 8*$2,/ ) -.(/&$$*7 )0-

$(1(2&3-&.*24.+(5( 2&-%(3*$$((63&+* , $*3(-.(,9)(%?+(5( -(247*+,: 48&2 

$2&A*+()$1(5( 2&8&+,: $2*+(),2?$: -.($2( +&(67(',303 [2]. C'+*1( ,948&+,& 

$)(=$2) 2*1,7 8*$2,/ 8*$2( -.()(',2$: 6&9 48&2* $2&A*+()$1(5( 2&8&+,: [3, 4]. 

D&-%(-(2&., 8*$2,/0 $ 5*9(3 3(%&14%:.+(-1(+)&12,)+03 -42&3 (-.&'&%:;2 

3,+,3*%?+0= ',*3&2. 8*$2,/0, +,<& 1(2(.(5( +&)(93(<&+ -&.&7(' +* )0$(-

1(2&3-&.*24.+(& (1,$%&+,& -42&3 -()0E&+,: && +*8*%?+(= 2&3-&.*24.0 )0E& 

+&1(2(.(5( 1.,2,8&$1(5( 9+*8&+,:.  8&2 2&-%(-(2&.? ,9%48&+,&3 -.,)(',2 1 

-(:)%&+,; )&.7+&5( -.&'&%* -( ',*3&2.4 3&2*%%,8&$1,7 8*$2,/ [2], (-.&'&-

%:;@&5( (6%*$2? )0+4<'&++07 -&.&7('() +* )0$(1(2&3-&.*24.+0= .&<,3 

(1,$%&+,:, )%,:+,& $2&A*+()$1(5( 2&8&+,: +* 1(2(.4; &@& +& '($2*2(8+( .*$-

$3(2.&+(.  

F .*6(2*7 [5-6] 60%( -(1*9*+(, 82( (6@,3 4$%(),&3 )(9+,1+()&+,: $2&A*-

+()$1(5( -(2(1* )6%,9, -()&.7+($2, (1,$%:;@&=$: 8*$2,/0 :)%:&2$: ,93&+&-
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+,& 3*$$0 5*9* ) .&94%?2*2& A*9()07 , 7,3,8&$1,7 5&2&.(5&++07 -.(/&$$(). F 

.*6(2*7 [7-8] -(%48&+0 *+*%,2,8&$1,& )0.*<&+,: '%: $1(.($2, $2&A*+()$1(5( 

2&8&+,:, 2&-%()07 , 3*$$()07 -(2(1() -., -.(2&1*+,, +* -()&.7+($2, 45%&-

.('+07 8*$2,/ -*.*%%&%?+07 , -($%&'()*2&%?+07 7,3,8&$1,7 .&*1/,=. F >2(3 

$%48*& $2&A*+()$1(& 2&8&+,& +*-.*)%&+( (2 -()&.7+($2, 8*$2,/0, 82( :)%:&2$: 

.&94%?2*2(3 (6.*9()*+,: +* -()&.7+($2, 8*$2,/0 5*9((6.*9+07 (1$,'() 45%&-

.('*. N&2(' .*$8&2* $1(.($2, $2&A*+()$1(5( 2&8&+,:, -.,)&'&++0= ) [7-8], 

3(<&2 602? ,$-(%?9()*+ '%: (-,$*+,: )0$(1(2&3-&.*24.+(5( (1,$%&+,: , 2&--

%(3*$$((63&+* 8*$2,/ 245(-%*)1,7 3&2*%%(), 2*1,7 1*1 )(%?A.*3, 3(%,6'&+, 

+* -()&.7+($2, 1(2(.07 -., (-.&'&%&++07 4$%(),:7 (6.*94;2$: 5*9((6.*9+0& 

(1$,'0.  

!%: (-,$*+,: 5(.&+,: 8*$2,/ 3&2*%%() $ (2+($,2&%?+( +,91(= 2&3-&.*24-

.(= -%*)%&+,: (*%;3,+,=, 3*5+,=) ,$-(%?94&2$: 3('&%? $2&A*+()$1(5( 2&8&-

+,:, -.,8,+(= -(:)%&+,: 1(2(.(5( :)%:&2$: )(9+,1+()&+,& '(-(%+,2&%?+07 

5*9((6.*9+07 3*$$ -*.() 3&2*%%* +* -()&.7+($2, <,'1(= 3&2*%%,8&$1(= 8*$-

2,/0. F '*%?+&=E&3 ) 5*9()(= A*9& -.(,$7(',2 (6.*9()*+,& , 1(+'&+$*/,: (1-

$,'(), $1(.($2? (6.*9()*+,: 8*$2,/ 1(2(.07 .*)+* $1(.($2, $2&A*+()$1(5( 2&-

8&+,: [9].  

F '*++(= .*6(2& ,$$%&'()*+( )%,:+,& $2&A*+()$1(5( -(2(1* +* -.&'&%0 

)0$(1(2&3-&.*24.+(5( 2&-%(3*$$((63&+* , (1,$%&+,: 3&2*%%,8&$1(= 8*$2,/0 

$ (6.*9()*+,&3 2)&.'(5( -%(2+(5( (1,$%* -., 48&2& 2&-%((63&+* ,9%48&+,&3 $ 

7(%('+03, $2&+1*3,, 1(2(.0& (1.4<*;2 5*9 ,, +*7(':@4;$: ) +&3, 8*$2,/4. 

J*'*8&= .*6(20 $2*%( ,$$%&'()*+,& +&4$2(=8,)07 $2*/,(+*.+07 $($2(:+,=, 

1(2(.0& (-.&'&%:;2$: ',*3&2.(3 8*$2,/0, 2(%@,+(= (1$,'* , 1)*9,$2*/,(-

+*.+(= 2&3-&.*24.(= 8*$2,/0. !(-(%+,2&%?+(= 9*'*8&= $2*%( ,$$%&'()*+,& 

).&3&++07 9*),$,3($2&= 2&3-&.*24.0, 2(%@,+0 (1$,'* -., .*9%,8+07 +*-

8*%?+07 2&3-&.*24.*7 8*$2,/0  ) )(9'47& 1(3+*2+(= 2&3-&.*24.0.  

  

8*&')$*+,) 5)9)." " 2%'*9 0%:%$"#. !%: (-,$*+,: 1,+&2,1, 7,3,8&-

$1(= .&*1/,, (6.*9()*+,: (1$,'*, -%(2+( -(1.0)*;@&5( -()&.7+($2? 3&2*%-

%,8&$1(= 8*$2,/0 (.,$.1), 4.*)+&+,& 7,3,8&$1(= .&*1/,, -.&'$2*),3 ) ),'&: 

o o m m ox oxA A A! " ! # ! . 

J'&$? oA , mA , oxA  $ (1,$%,2&%?, 3&2*%% , (1,$&%, $((2)&2$2)&++(; o! , m! , 

 $ $2&7,(3&2.,8&$1,& 1(>AA,/,&+20.  ox!
K*$$3(2.,3 $%48*= (6.*9()*+,: (1$,'+(5( $%(:, '%: 1(2(.(5( 1.,2&.,= 

B,%%,+5*-L&')(.$* 6(%?E& &',+,/0 , 3&+?E& ')47 (Pb = 1.78). I1(.($2? 7,-

3,8&$1(= .&*1/,, -( 5*9((6.*9+(34 (1,$%,2&%; (6.*2+( -.(-(./,(+*%?+* 

2(%@,+& (1$,'* , -.:3( -.(-(./,(+*%?+* 1(+/&+2.*/,, (1,$%,2&%: [2]:  
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D(%@,+* (1$,'+(5( $%(: , ',*3&2. 8*$2,/0 .*$242 $( ).&3&+&3 $(5%*$+( 

4.*)+&+,:3: 

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

, -
2

2 1
gsm m v

B O s

o o m

d M D
P

t M h
C

%. !
# $

. ! %
,              , -0 bd t d# # ,                    (2) 
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2
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2

gsm m v
B O s

o o m

h M d D
P

t M hd h

& ' %. !
# $ "( )

( ). ! %$* +
C ,       , -0h t hb# #

d

,                (3) 

5'& Dv $ 1(>AA,/,&+2 ',AA49,, ,(+() 3&2*%%* 8&.&9 (1$,'+0= $%(=, 3
2
/$; %gs $ 

-%(2+($2? 5*9* ()(9'47*) +* -()&.7+($2, 8*$2,/0, 15/3
3/ h $ 2(%@,+* (1$,'+(5( 

$%(:, 3; d – ',*3&2. 8*$2,/0 $ (1,$%(3, 3; $ (2+($,2&%?+*: 3*$$()*: 1(+-

/&+2.*/,: 1,$%(.('* +* -()&.7+($2, 8*$2,/0/ E $ >+&.5,: *12,)*/,,0 
!<13(%?/ R $ 4+,)&.$*%?+*: 5*9()*: -($2(:++*:0 !<1(3(%? ")/ E $ 2&3-&.*24.* 

8*$2,/00 "; Tgs – 2&3-&.*24.* 5*9* +* -()&.7+($2, 8*$2,/0, "; %g0 – -%(2+($2? 

)(9'47* -.,  2&3-&.*24.& T0, 15/3
3
, db, hb – +*8*%?+0& ',*3&2. 8*$2,/0 , 2(%-

@,+* (1,$%*.  

2O sC

!%: 2(+1,7 (1$,'+07 $%(&) ( h 22 ) 4.*)+&+,& (3) -.&(6.*94&2$: 1 ),'4 

2

gsm m v
B O s

o o m

h M D
P C

t M h

%. !
#

. ! %
. 

B('&%,) &5( +* (2) -(%48*&3 $):9? 3&<'4 ',*3&2.(3 3&2*%%,8&$1(= 8*$2,-

/0 , 2(%@,+(= (1$,'+(= -%&+1, ) -.(/&$$& (1,$%&+,::  

, -1
2 B

b b

B

P
d d h h

P

$
# " $ . 

B()&.7+($2+*: 1(+/&+2.*/,: 5*9((6.*9+(5( (1,$%,2&%: (-.&'&%:&2$: 3*$-

$(-&.&+($(3 &5( 1 -()&.7+($2, 8*$2,/0. C6.*9()*+,& 1(+'&+$,.()*++07 (1$,-

'() ) .&94%?2*2& ,$8&9+()&+,: 3*$$0 5*9((6.*9+(5( 1,$%(.('* -.,)(',2 1 )(9-
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+,1+()&+,; ) 5*9()(= A*9& )6%,9, -()&.7+($2, 8*$2,/0 $2&A*+()$1(5( 2&8&-

+,:. O2( 2&8&+,& )$&= 5*9((6.*9+(= 3*$$0 5*9* +*-.*)%&+( 1 -()&.7+($2, (1,$-

%:;@&=$: 3&2*%%,8&$1(= 8*$2,/&. B., >2(3 1(3-&+$,.4&2$: ',AA49,(++0= 

-(2(1 ,+&.2+(5( )&@&$2)*, +*-.*)%&++(5( (2 -()&.7+($2, (1,$%:;@&=$: 3&-

2*%%,8&$1(= 8*$2,/0.  

I433* (2+($,2&%?+07 1(+/&+2.*/,= 5*9((6.*9+07 )&@&$2) ) %;6(= 2(81& 

-.,)&'&++(= -%&+1, .*)+* &',+,/&, * -(%+(& '*)%&+,& ($2*&2$: -($2(:++03.  

!,*3&2. -.,)&'&++(= -%&+1, df 48,20)*&2 )%,:+,& &$2&$2)&++(= , )0+4<-

'&++(= 1(+)&1/,, +* 2&-%()0& , 3*$$()0& -(2(1, 

, -2fd d Nu Nu# 3 $ , 

d
Nu

D

4
# , 

g gc

5
4 #
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g g
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#
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 ,   gD a# , 
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7
#
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, g ga Pr! # ,  

, -0 00.18g gc c T T8# " $ ,   0
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J'&$?  5, P – 1(>AA,/,&+20 2&-%(- , 3*$$((63&+* 8*$2,/0 $ 5*9()(= $.&'(=; 7 

– (2+($,2&%?+*: $1(.($2? '),<&+,:, 3/$; g!  – 1,+&3*2,8&$1*: ):91($2? (1.4-

<*;@&= $.&'0, 3
2
/c; gc – 4'&%?+*: 2&-%(&31($2? )(9'47*, !</(15 "); g% , g6 , ag 

,D $ -%(2+($2? 5*9* (1(%( 8*$2,/0, 1(>AA,/,&+20 2&-%(-.()('+($2,, 2&3-&.*-

24.(-.()('+($2, 5*9* , ',AA49,, (1,$%,2&%: ) 5*9&; 0g% , 0g6 , 0gc  – $((2)&2$2-

)4;@,& )&%,8,+0, )9:20& -., 2&3-&.*24.& ; 
0T T8  $ 7*.*12&.+*: 2&3-&.*24.*, 

-., 1(2(.(= (-.&'&%:;2$: $)(=$2)* 5*9*. 

I433*.+0= -(2(1 1,$%(.('* ',AA49,&= , $2&A*+()$1,3 2&8&+,&3 8&.&9 

-.(,9)(%?+4; -()&.7+($2? .*',4$* r, %&<*@4; )+42., -.,)&'&++(= -%&+1,, 

.*)&+ $1(.($2, .&*1/,, -( (1,$%,2&%;: 

2

2 2 2 2

2 24 4
O v

O O g g O s gs O s

C D 24 s oI r D U C r C r W
r h

.& '
# : % " % # : % # :( ).* +

.       (4) 

I433*.+0= -(2(1 ,+&.2+(5( )&@&$2)* +* -()&.7+($2, 8*$2,/0 , )+42., 

-.,)&'&++(= -%&+1, .*)&+ +4%;: 

2

2 2

24 0
N

N N g g N

C
I r D U C

r

.&
# : $ % $ % #( .* +

2

'
) .                         (5) 

B.&'-(%(<,3, 82( 1(>AA,/,&+20 ',AA49,, *9(2* , 1,$%(.('* -.*12,8&-

$1, .*)+0 , -
2 2O ND D D# #

 

. F08,2*: (5) ,9 (4) , 48,20)*:, 82( ) %;6(= 2(81& 

5*9()(= A*90 )0-(%+:&2$: 1 -(%48,3, 82( 3*$$()*: $1(.($2? $2&A*-

+()$1(5( 2&8&+,: (-.&'&%:&2$: $1(.($2?; 7,3,8&$1(= .&*1/,, -( (1,$%,2&%; 

, +*7(',2$: ,9 .*9+($2&= 3*$$()07 -(2(1() 1,$%(.('* , *9(2*: 

2 2O NC C" # , 

2 2

2 24 4 4O N g s s gs s

2

oI I r U r U r$ # : % # : % # : W .                         (6) 
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C6@&& )0.*<&+,& '%: -.(A,%&= 1(+/&+2.*/,= 5*9((6.*9+07 1(3-(+&+2() 

, -.(A,%: 2&3-&.*24.0 5*9* )'(%? -.,)&'&++(= -%&+1, 

exp exp
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+*7(',2$: ,9 .&E&+,: (4) , (5), ,$-(%?94: (6), * 2*1<& ,9 $((2)&2$2)4;@&5( )0-

.*<&+,: '%: 2&-%()(5( -(2(1* gQ  ) 5*9()(= A*9& 

2 24 4 4
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g g g g g

T
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# $ : 6 " : % # :
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 -., 5.*+,8+07 4$%(),:7 +* -()&.7+($2, 8*$2,/0 , -.,)&'&++(= -%&+1,: 

( 2)i isC r d C# # ,   ( 2)i fC r d Ci9# # , 

( 2)g gsT r d T# # ,   ( 2)g f gT r d T 9# # . 

 J'&$? ;s – 6&9.*93&.+*: $1(.($2? $2&A*+()$1(5( 2&8&+,:, P – 1(>AA,/,&+2 

3*$$(-&.&+($* (1,$%,2&%:. 

"(+/&+2.*/,, +* -()&.7+($2, 8*$2,/0 *9(2* , 1,$%(.('* (1*1 $%&'$2),& 

) -42&3 ,+2&5.,.()*+,: (5) ) -.&'&%*7 -.,)&'&++(= -%&+1, (-.&-

'&%:;2$: ,9 $((2+(E&+,=  
2 2

1O s N sC C" #

2 2
expN s N sC C 9# ; ,                                               (8) 

, -
2 2

1 1 expO s O sC C 9# $ $ ; .                                         (9) 

F&%,8,+*  :)%:&2$: A4+1/,&= (2 1(+/&+2.*/,, 1,$%(.('* +* -()&.7+(-

$2,. !%: $%48*: 3*%($2, 6&9.*93&.+(= $1(.($2, $2&A*+()$1(5( 2&8&+,: 
s;

s;  

( <<1), (5.*+,8,)*:$? ')43: 8%&+*3, .*9%(<&+,: >1$-(+&+20 ) (9), -(%48,3, 

82( -()&.7+($2+*: 1(+/&+2.*/,: 1,$%(.('*  $):9*+* $ 1(+/&+2.*/,&= ) 5*-

9()(= $.&'&  -($.&'$2)(3 ',AA49,(++(-1,+&2,8&$1(5( (2+(E&+,: (8,$%* 

I&3&+()* Se) ) ),'&:  
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B., -.(2&1*+,, .&*1/,, ) 1,+&2,8&$1(= (6%*$2, (Se << 1) ,9 (10) $%&'4&2 

. !%: ',AA49,(++(= (6%*$2, (Se >> 1) ,3&&3 
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B%(2+($2? 3(@+($2, 7,3,8&$1(5( 2&-%()0'&%&+,: +* -()&.7+($2, 8*$2,-

/0, ,$-(%?94:  (1) , (10), (-.&'&%:&2$: )0.*<&+,&3 

, -, -
2 2

1

o o o gs ,Q 1 1h
ch O s ch k O

D
q Q W Q C q Se C

h

$

9# # # " $ ,              (12) 

2, o gsQ
h

ch k O

D
q Q C

h
9# .  

B%(2+($2? 2&-%()(5( -(2(1* +* -()&.7+($2, 8*$2,/0, 1(2(.0= 7*.*12&.,-

94&2 2&-%((63&+ $ 5*9(3, $ 48&2(3 $2&A*+()$1(5( 2&8&+,: (-.&'&%:&2$: )0.*-

<&+,&3 

g

g g g gs

s

T
q c

r

.
# $6 $ %

. s gsU T . 

#$-(%?94: (7) , -.&'-(%(<,) gsT T#  , Lu = 1 (8,$%( R?;,$*), '%: $%48*: 

3*%($2, 6&9.*93&.+(= $1(.($2, $2&A*+()$1(5( -(2(1* s 1; 22  -%(2+($2? 2&-%(-

)(5( -(2(1* +* -()&.7+($2, 8*$2,/0 $ 48&2(3 $2&A*+()$1(5( 2&8&+,: -.,6%,-

<&++( (-,$0)*&2$: )0.*<&+,&3: 

, - , - , -, -
2

1

1 1g g s gs g g g g sk gs g Oq T T U c T c T T U c T Se C
$

9 8 9 8# 5 $ $ % # 4% $ $ % " $ 9 . (13) 

D&3-&.*24.* '),<4@&=$: 3&2*%%,8&$1(= 8*$2,/0 ,93&+:&2$: $( ).&3&+&3 

$(5%*$+( 4.*)+&+,; 

6
c c eff ch h

d T
c q q

t

.
% # # $

.
q ,             

b( 0)T t T# #  ,           (14) 

3 3
2

1 1 1c c m m ox ox

h h
c c c

d d

2< =& ' & '% # % $ " % $ $> ?( ) ( )
* + * +> ?@ A

,  h g wq q q" , #

, -4 4

wq T T# BC $ w .                                          (15) 

J'&$? Q* $ 2&-%()(= >AA&12 .&*1/,,, .*$$8,2*++0= +* &',+,/4 3*$$0 (1,$%,-

2&%:0 !<115 C2,  – +*8*%?+*: 2&3-&.*24.* 8*$2,/0, "; bT gq ,  – -%(2+($2, -(-

2(1* 2&-%((63&+* $ 5*9(3 3(%&14%:.+(-1(+)&12,)+03 -42&3 , $( $2&+1*3, ,9-

%48&+,&3, F2/3
2
; ,  $ 4'&%?+0& 2&-%(&31($2, 3&2*%%* , (1$,'*, !</(15·"), 

B $ $2&-&+? 8&.+(20 8*$2,/0, -(1.02(= (1,$%(3; C $ -($2(:++*: I2&A*+*–

L(%?/3*+*, F2/(3
2
"

4
);  $ 2&3-&.*24.* $2&+(1 .&*1/,(++(= 4$2*+()1,, ".  

wq

mc oxc

wT

 .*)+&+,& (14) 9*-,$*+( ) -.&'-(%(<&+,, (2$42$2),: 5.*',&+2* 2&3-&.*-

24.0 )+42., 8*$2,/0, 2*1 1*1 1(>AA,/,&+2 2&-%(-.()('+($2, 8*$2,/0 9+*8,-

2&%?+( 6(%?E& 1(>AA,/,&+2* 2&-%(-.()('+($2, )(9'47* (Bi <<1). 

I1(.($2? -*'&+,: 3&2*%%,8&$1(= 8*$2,/0 ) 5*9((6.*9+(3 (1,$%,2&%& (--

.&'&%:&2$: ,9 4.*)+&+,: '),<&+,:   

, -
2 2

3 3

3
1

4

s gs g

g m m ox m

U d
g

t d d d

& '% % 7.7
# $ D "( )( ). 4% % " % $* +

3
( 0)t,    b7 # # 7 ,        (16) 

3

24 4

Re Re
D # " , 
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5'&  – +*8*%?+*: $1(.($2? 8*$2,/0, 3/$; S – 1(>AA,/,&+2 %(6()(5( $(-.(-

2,)%&+,: 8*$2,/0 ) ,+2&.)*%& 1<Re<400. 
b7

 

1#2. 2. F%(=0(22- 9"2"'*/( !+< 2"1(++%5"#$*& 5(#1%)- / ;*+*!'*2 /*8!.;", Tg 

=Tw=293K 70% 8(>%=('%% (() 2d/Nu = 100 2$2, h = 0.1 2$2, Nu = 2, G = 0 2/# % 

7*1.;('%< (:) 2d/Nu = 94.2 2$2, h = 15.8 2$2, Nu = 2.4, G = 0.41 2/#. 

 .*)+&+,:  (2), (3), (14), (16) -(9)(%:;2 -.(*+*%,9,.()*2? )%,:+,& $2&A*-

+()$1(5( 2&8&+,: +* 4$%(),: )0+4<'&++(5( 9*<,5*+,:, 7*.*12&.,$2,1, )0$(-

1(2&3-&.*24.+(5( (1,$%&+,: , $*3(-.(,9)(%?+(5( -(247*+,: '),<4@&=$: 3&-

2*%%,8&$1(= 8*$2,/0. 

 

;$)!"5 &')7"*$)0$1/ 0%:%$"<. F 1*8&$2)& -.&'3&2* ,$$%&'()*+,: 60%, 

)06.*+0 8*$2,/0 <&%&9*, .&*5,.4;@,& $ 1,$%(.('(3 )(9'47* $(5%*$+( 4.*)-

+&+,; 2Fe+O2E2FeO. C6.*9()*+,& $2*.E,7 (1,$%() +& .*$$3*2.,)*&2$:, )),-

'4 2(5( 82( -., 2&3-&.*24.*7 T > 843K (1*%,+* $($2(,2 -.&,34@&$2)&++( ,9 

-%(2+(5( (1$,'* <&%&9* FeO (Pb = 1.78) [10]. B., .*$8&2*7 ,$-(%?9()*%,$? $%&-

'4;@,& '*++0&: H = 124343 !</3(%?, Dv0 = 0.118 3
2
/c, Q* = 16.5·10

6
 !<115C2, B 

= 0.89, #m = 448 !</(15 "), %m = 7874 15/3
3
, cox = 695 !</(15 "), %ox = 5700 15/3

3
, 

6g0 = 0.0244 F2/(3 "), Qg0 = 1.293 15/3
3
, cg0 = 1005 !</(15 "), T0 = 273 ", 

2OC 9= 

0.23, Pr = 0.7. 

K*$$3(2.,3 ',*5.*330 I&3&+()* '%: 3&2*%%,8&$1(= 8*$2,/0 '%: $%48*: 

9*<,5*+,:. D(81* * (.,$. 2*) $((2)&2$2)4&2 +,91(2&3-&.*24.+(34 4$2(=8,)(34 

$2*/,(+*.+(34 $($2(:+,;: -., %;607 3*%07 ,93&+&+,:7 2&3-&.*24.0 8*$2,-

/0 )6%,9, >2(= 2(81, (+* $2.&3,2$: 1 $)(&34 $2*/,(+*.+(34 9+*8&+,; (qeff = 0, 

.qeff / .T < 0). D(81* i* :)%:&2$: +&4$2(=8,)03 $2*/,(+*.+03 $($2(:+,&3 (qeff = 

0, .qeff / .T > 0), , $((2)&2$2)4&2 1.,2,8&$1(34 9+*8&+,; +*8*%?+(= 2&3-&.*24-

.0 8*$2,/0. B., +*8*%?+07 2&3-&.*24.*7 +,<& >2(= )&%,8,+0 2&3-&.*24.* 

8*$2,/0 460)*&2 (qeff < 0) '( 2&7 -(., -(1* +& +*$24-,2 +,91(2&3-&.*24.+0= 

.&<,3 (1,$%&+,: (2(81* o). B., +*8*%?+07 2&3-&.*24.*7 8*$2,/0 )0E& 1.,2,-

8&$1(5( 9+*8&+,: Tb,i (+* -&.&7(',2 +* )0$(1(2&3-&.*24.+0= .&<,3 (1,$%&+,: 

(qeff > 0). B., (1,$%&+,, 8*$2,/0 2(%@,+* (1$,'+(5( $%(: 3(<&2 9*3&2+( )(9-
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.*$2,, 82( (2.*9,2$: +* ',*5.*33*7 I&3&+()* (.,$. 26). B., 2*1,7 2(%@,+*7 

(1$,'+(5( $%(: 8*$2,/*, (6%*'*;@*: )0$(1(= 2&3-&.*24.(=, +*8,+*&2 -(24-

7*2? , -&.&7(',2 +* &',+$2)&++( )(93(<+0= +,91(2&3-&.*24.+0= 4$2(=8,)0= 

$2*/,(+*.+0= .&<,3 (1,$%&+,: (2(81* *).  

1#2. 3. I(/%#%2*#1% #1()%*'(0'-;  8'(5"'%& (() 1*+B%'- *$%#+( 70% 2d/Nu = 100 2$2 % 

(:) !%(2"10( 5(#1%)- 70% h = 0.1 2$2 *1 #1()%*'(0'*& 1"27"0(1.0- 70% Tg = Tw = 293 K, 

: 1 – Ust F 0, qw F 0, 2 – Ust  = 0, qw F 0, 3 –Usf F 0, qw =0. 
2OC 0.239 #

#$$%&'4&3 )$& $2*/,(+*.+0& .&<,30 (1,$%&+,: ) ),'& 9*),$,3($2, 2(%-

@,+0 (1$,'+(5( $%(: (2 $2*/,(+*.+(= 2&3-&.*24.0, -.,3&+,) 4$%(),& $2*-

/,(+*.+($2, ( ) 0effq T #  , ,$-(%?94: 4.*)+&+,& (12), (13), (15): 

, - , - , - , -
2 2

4 4

,

1 1
PQ Q TU

1 1 1 1
ch k g g g sk gs g w

O O

q c T T U c T
Se C Se C

8

9 9

# $ $ " $
" $ " $

T T , 

,%, $ 48&2(3 (11) 

, -
2o gs

PQ
Q

PQ 1 Q
Z

gh
O

v
g O

D
Q C

Dh C
h

 

 gs

!
" #

  

$ %
$ %

$
2

4 4

gs

 !
 ! ! "#

 ! 1 !
Z

gh %g g g O g
v

g O gs

D
c T T C c T T T

Dh C
h

 &

 

! # # " #
" #

w .     (17) 

$%&'()*+ ,-( .%/0* 12%+3(3*4 (17) 3% +()*.*31 5%2%60(23,7, 5*8*.(/6,7, 

0(9),+:'()(3*4 + '*;;1&*,33,< ,-)%/0* 
2o g ! OQ C   3(021'3, 9,)1.*0= &%+*-

/*8,/0= 0,)>*3: /),4 ,6/*'% ,0 /0%?*,3%23,< 0(89(2%012: .%/0*?:  

2

0

,

! 1
1 exp

!

gsv st
O

g w d g

d D B E
h C

Nu D B B RT
 

' (" '! ) # " ) #* + ** +" , -, -

(
+ ,                   (18) 

$ %
2

g g

g

o O

c T T
B

Q C  

#
! , 

$ %
2

4 4

,

"#

 !

w

w d

o O g

T T
B

Q C  

#
! , 

g

st

o

c T
B

Q

&! . 
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@% 2*/. 3% 92*+('(3: &%+*/*8,/0* 0,)>*3: ,6/*'3,7, /),4 ,0 /0%?*,3%2-

3,< 0(89(2%012: 92* 6,83%03:5 0(89(2%012%5 7%&% * /0(3,6 (18). $(%)*&%?*4 

+:/,6,0(89(2%0123,7, ,6*/)(3*4 +,&8,A3% 0,)=6, + ,92('()(33,8 *30(2+%)( 

3%.%)=3:5 0,)>*3 ,6/*'3,< 9)(36* [2, 3]. B2* 3%.%)=3:5 &3%.(3*45 0,)>*3: 

,6%)*3:  (he – +(25344 72%3*?% +:31A'(33,7, &%A*7%3*4 9, 0,)>*3( 

,6*/)% ')4 '%33,7, 2%&8(2% .%/0*?:) &%A*7%3*( .%/0*?: 8,A3, ,/1>(/0+*0= 

910(8 1+()*.(3*4 (( 3%.%)=3,< 0(89(2%012: ', &3%.(3*<, )(A%>*5 +:C( /,,0-

+(0/0+1D>(7, &3%.(3*4 3% 62*+,< hi (Tb). E8(33, F0, &3%.(3*( 3%.%)=3,< 0(8-

9(2%012: 4+)4(0/4 62*0*.(/6*8 * + &%+*/*8,/0* ,0 3%.%)=3,< 0,)>*3: ,6/*'-

3,7, /),4 ( ) .%/0*?: 100 868 8,A(0 92*3*8%0= &3%.(3*4 +:C( 1045G (/ 

1.(0,8 /0(;%3,+/6,7, 0(.(3*4) *)* +:C( 1055G (-(& 1.(0% /0(;%3,+/6,7, 0(-

.(3*4). H)4 .%/0*? -,)=C(7, 2%&8(2% 62*0*.(/6,( &3%.(3*( 3%.%)=3,< 0(89(-

2%012: 8,A(0 -:0= 8(3=C(: 3%92*8(2, ')4 .%/0*?: '*%8(02,8 1000 868, /,,0-

+(0/0+(33,, 900G * 910 G. 

eh h.

h . eh

 
 !". 4.  !"#$#%&$'( )*#'#+,$)&-& ./!+,/#0 a) '&12#/3 &)$#4! # 5) 4#!%,'*!, &6*,4,-

1072#, "3/894,//3: 6,*,;&4 /! "3$&)&$)&*&$'/&: *,9#% &)#$1,/#0, &' /!+!1(/&: 

',%6,*!'8*3 6*# Tg = Tw = 293 K, C

I:2%A(3*( (18) ,92('()4(0 &%+*/*8,/0= 62*0*.(/6,7, &3%.(3*4 3%.%)=3,< 

0,)>*3: ,6/*'3,7, /),4 92* +:31A'(33,8 &%A*7%3** ,0 (( 3%.%)=3,< 0(89(-

2%012: (2*/.4%): 

$ %
$ %
$ %

$ %
$ % $ % 2

0

,

! 1
1 exp

!

gs b st bv
i O

b g b w d b g b b

T B Td D E
h C

Nu D T T B T B T RT
 

' (" ' (
! ) # " )* + ** +" , -, -

# + .     (19) 

E&8(3(3*( 0,)>*3: ,6/*'3,7, /),4 92*+,'*0 6 *&8(3(3*D /0%?*,3%23,< 

0(89(2%012:, 92*.(8 ')4 /,52%3(3*4 /0%?*,3%23,/0* ',)A3, +:9,)340=/4 1/-

),+*(: 

0
eff effq q

dT dh
T h

/ /
" !

/ /
 *)* 

eff

eff

q Tdh

dT q h

/ /
! #

/ /
. 

2O 0.23 : 1, 3 – Ust 0 0; 2, 4 – Ust  = 0; !

!) 1, 2 – db = 100 %)%; 3, 4– db = 1000 %)%, 5) 1, 2 – hb = 0.1 %)%; 3, 4– hb = 1 %)%. 
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I 62*0*.(/6,< 0,.6( # (8%6/*818 3% &%+*/*8,/0* h(Tst)) +:9,)34D0/4 1/-

),+*4 qeff = 0, 0
e

h

T

/
!

/
 * 

2

2
0

e

h

T

/
.

/
. J,7'%, */9,)=&14  

1

11
0

1

ch sk gs g
eff

q U c T
q Se

h h

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

Se/ "
, 

')4 F0,< 0,.6* /92%+(')*+: 1/),+*4 K(8(3,+% qeff = 0, 0
eff

e

q

T

/
!

/
 * 

2

2
0

eff

e

q

T

/
.

/
, 

.0, /,,0+(0/0+1(0 6)%//*.(/6,81 1/),+*D 9,015%3*4. 

H)4 0,.6* &%A*7%3*4 i*, 9,8*8, 0
effq

T

/
2

/
 * 0

effq

h

/
.

/
, +:9,)34(0/4 1/),+*( 

0
i

h

T

/
2

/
.                                                            (20) 

K 2,/0,8 3%.%)=3,< 0,)>*3:, 6%6 +*'3, *& (20), 1+()*.*+%(0/4 62*0*.(-

/6,( &3%.(3*( 3%.%)=3,< 0(89(2%012:, .0, + ,/3,+3,8 ,92('()4(0/4 F6/9,3(3-

0,< + (19). E8(33, 1+()*.(3*( 0(89(2%012: / 2,/0,8 3%.%)=3,< 0,)>*3: ,6-

/*'% + 62*0*.(/6*5 0,.6%5 92*+,'*0 6 2,/01 ,03,/*0()=3,< 2,)* /0(;%3,+/6,-

7, 0(.(3*4 (Bsf), 0(9),,-8(3% / 7%&,8 (Bg), 0(9),9,0(2= *&)1.(3*(8 (Bw). I)*4-

3*( /0(;%3,+/6,7, 0(.(3*4 /2%+3*0()=3, 8%), (Bsf < 0.1). L'3%6, ,3, /1>(/0-

+(33, 1+()*.*+%(0 *30(2+%) 0,)>*3 ,6*/)% .%/0*?, 6,0,2:5 8,A3, 9(2(+(/0* 

3% +:/,6,0(89(2%0123,3,( ,6*/)(3*( 910(8 9,'340*4 3%.%)=3,< 0(89(2%012:. 

L/3,+3,< +6)%' +3,/*0 0(9),,-8(3 / 7%&,8 (Bg > 0.2). L03,/*0()=3%4 2,)= *&-

)1.(3*4 ',+,)=3, /*)=3, &%+*/*0 ,0 0(89(2%012:, * 1A( 92* 0,)>*3%5 ,6*/)% 

+ 3(/6,)=6, 8*62,8(02,+ *5 +6)%' + ,->*( 0(9),9,0(2* /1>(/0+(33: (Bw,d > 

0.1). K 2,/0,8 '*%8(02% .%/0*?: *5 +6)%' /0%3,+*0=/4 (>( -,)(( /1>(/0+(3-

3:8. M.(0 /0(;%3,+/6,7, 0(.(3*4 92*+,'*0 6 /1>(/0+(33,81 9,3*A(3*D ,--

)%/0* &%A*7%3*4 9, 3%.%)=3,< 0,)>*3( ,6*/)%, % 0(9),)9,0(2= *&)1.(3*(8 – 6 

/1>(/0+(33,81 1+()*.(3*D (2*/. 3%). J%6, .0, *5 1.(0 3(,-5,'*8 ')4 ,92('(-

)(3*4 62*0*.(/6*5 1/),+*< &%A*7%3*4 .%/0*? / 3%.%)=3,< 0,)>*3,< ,6*/)% 

-,)=C( 1 868. 

$%&'()*+ ,-( .%/0* 12%+3(3*4 (18) 3% +()*.*31 5%2%60(23,7, 5*8*.(/6,7, 

0(9),+:'()(3*4 + 6*3(0*.(/6,< ,-)%/0* 
2, !ch k o O g sq Q kC  !  3(021'3, 9,)1.*0= 

6+%'2%03,( 12%+3(3*( ,03,/*0()=3, 6*3(0*6,-'*;;1&*,33,7, ,03,C(3*4: 

$ %
2

2

,2 1
g g

g w k

gs gs

B A B C
k k

 

' (31 31
0O# " #* +* +1 1, -

! . 

L->(( 2(C(3*( 9,)1.(33,7, 12%+3(3*4 92('/0%+*8 + +*'( &%+*/*8,/0* 

'*%8(02% .%/0*?: ,0 /0%?*,3%23,< 0(89(2%012: .%/0*?:: 

$ %
$ %2

2

2
0

,

!
exp

! (1 )

g gg

o O v gs
g w k O

c T TD Nu E
d h

Q C D RTA A B B C  

# '! ) ) ) *
, -4 # #

(
+ ,        (21) 
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$ %$ %
2 ,1 1

2

1
g O w k stA B C B B ! # # # " ,        

$ %

2

4 4

,

"#

!

w

w k
v

o O

T T
B

D
Q C

h
 

#
!

g s

. 

I /)1.%( 5,),'3,7, +,&'15% ')4 .%/0*? (2*/. 3-, (21)), 2%&8(2: 6,0,2:5 

)(A%0 + *30(2+%)( $ %1 2,e ed d , /1>(/0+1(0 +,&8,A3,/0= +:/,6,0(89(2%0123,7, 

,6*/)(3*4. G%A',81 '*%8(021 *& F0,< ,-)%/0* /,,0+(0/0+1(0 ,'3, 62*0*.(/6,( 

&3%.(3*( 3%.%)=3,< 0(89(2%012: .%/0*?:, 92* -(/6,3(.3, 8%),8 1+()*.(3** 

6,0,2,< 3%-)D'%(0/4 +:/,6,0(89(2%0123:< 2(A*8 ,6*/)(3*4, % 92* 18(3=C(-

3** – 3*&6,0(89(2%0123:<. H)4 2%&8(2,+ .%/0*? 8(3=C*5 &% dm (m – 0,.6% 8*-

3*818% 3% &%+*/*8,/0* /0%?*,3%23,< 0(89(2%012: .%/0*?: ,0 '*%8(02%) 62*-

0*.(/6*( &3%.(3*4 '*%8(02% .%/0*?: 92* +:31A'(33,8 &%A*7%3** ,0 (( 3%-

.%)=3,< 0(89(2%012: ,92('()4D0/4 +:2%A(3*(8 

$ %
$ %

$ %
$ % $ % $ % $ %$ %2

2

2
0

,

N
exp

! (1 )

b gg b

i

o O v gs b b
b b g b w k b O

T TT Nu E
d h

Q C D T RTA T A T B T B T C 
 

# '
! ) ) ) *

, -" # #

(
+ . (22) 

I -,)=C(< /0(9(3* -)%7,'%24 F6/9,3(30(, 62*0*.(/6,( &3%.(3*( 0(89(2%-

012: 1+()*.*+%(0/4 / 18(3=C(3*(8 '*%8(02%, .0, /+4&%3, / ,03,/*0()=3:8 

1+()*.(3*(8 0(9),9,0(2= / 7%&,8. B,F0,81 ')4 &%A*7%3*4 .%/0*?: 3(,-5,'*8, 

9,+:/*0= (( 3%.%)=31D 0(89(2%0121 (2*/. 4-). 

H)4 -,)=C*5 .%/0*?, )(A%>*5 + *30(2+%)( dm < d < de2, ,/3,+31D 2,)= + 

92(940/0+** &%A*7%3*4 ,0:72:+%D0 0(9),9,0(2* *&)1.(3*(8, ')4 6,0,2:5 &%-

+*/*8,/0= 62*0*.(/6,7, &3%.(3*4 '*%8(02% .%/0*?: 92* +:31A'(33,8 &%A*7%-

3** ,0 (( 3%.%)=3,< 0(89(2%012: *8((0 +*' 

$ % $ %
$ % $ % $ % $ %$ %

$ %
2

2

2

2

,

4 4

(1 )

!
1 "#

b b g b w k b O
O

i o b g b

O b w

A T A T B T B T CC
d Nu Q D T T

C T T

 
 

 

" # #' (
! ) ) )* +* +# #, -

. (23) 

H)4 0%6*5 .%/0*? 1+()*.(3*( '*%8(02% 92*+,'*0 6 ,03,/*0()=3,81 2,/01 

0(9),9,0(2= *&)1.(3*(8 9, /2%+3(3*D / 0(9),9,0(248* / 7%&,8 8,)(61)423,-

6,3+(60*+3:8 910(8. E8(33, 1.(0 0(9),9,0(2= *&)1.(3*(8 92*+,'*0 6 9,4+-

)(3*D +(253(7, 92('()% +:/,6,0(89(2%0123,7, ,6*/)(3*4 9, '*%8(021 (2*/. 

3-). I 0,A( +2(84 6 ('*3*?( 9,+(253,/0* .%/0*?: 92*3,/*0=/4 8(3=C( 6*/),-

2,'%. O0, 92*+,'*0 6 18(3=C(3*D 5*8*.(/6,7, 0(9),+:'()(3*4. B,F0,81 ')4 

&%A*7%3*4 .%/0*?: -,)=C,7, '*%8(02% (dm < d < de2)  3(,-5,'*8, 9,'340= 3%-

.%)=31D 0(89(2%0121 .%/0*?: (2*/. 4-). 

I)*43*(8 /0(;%3,+/6,7, 0(.(3*4 3% 62*0*.(/6,( &3%.(3*( 3%.%)=3,< 0(8-

9(2%012: + C*2,6,8 '*%9%&,3( 2%&8(2,+ 8()6*5 .%/0*? A()(&% 8,A3, 92(3(--

2(.= (2*/. 3-, 2*/.4-). E& 2*/. 3- 8,A3, /'()%0= +:+,', .0, ')4 .%/0*? A()(&% 

,0 10 ', 1000 868 / 3%.%)=3,< 0,)>*3,< ,6*/)% + 0.1 868 2%&8(2,8 62*0*.(-

/6,( &3%.(3*( 3%.%)=3,< 0(89(2%012: )(A*0 + 92('()%5 900 – 1300 G. H)4 .%/-

0*? 0(5 A( 2%&8(2,+, 3, / 0,)>*3,< ,6*/3,7, 9,62:0*4 + 1 868, &3%.(3*( 3%-

.%)=3,< 0(89(2%012: )(A*0 + *30(2+%)( 1100 – 1900 G. 

P3%)*& 2,)* 8%//,9(2(3,/% + 0,.6%5, /,,0+(0/0+1D>*5 62*0*.(/6*8 &3%-

.(3*48 3%.%)=3,< 0(89(2%012:, 9,6%&%), .0, +()*.*3% .*/)% K(8(3,+% ')4 
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.%/0*? 2%&8(2%8* 10 – 1000 868 / 3%.%)=3,< 0,)>*3,< 0.1 868, 3%5,'*0/4 + 

92('()%5 0.26 – 0.36, % ')4 .%/0*? / 0,)>*3,< ,6*/)% 1 868 – 0.43 – 0.73. J%6,( 

1+()*.(3*( .*/)% K(8(3,+% + 62*0*.(/6*5 0,.6%5 / 2,/0,8 0,)>*3: /+4&%3, / 

1+()*.(3*(8 62*0*.(/6,7, &3%.(3*4 3%.%)=3,< 0(89(2%012: .%/0*?:. 

 !". 5.  !"#$#%&$'( 6*,4,1(/3; ./!+,/#: (!) ',%6,*!'8*3 # (5) 4#!%,'*!, &6*,4,107-

2#; "3/894,//3, 6,*,;&43 /! "3$&)&',%6,*!'8*/3, *,9#%3 &)#$1,/#0, &' )&/<,/-

'*!<## &)#$1#',10 6*# Tg = Tw = 293 K:  

1, 3 – Ust 0 0; 2, 4 – Ust  = 0;  1, 2 – hb = 0.1 %)%; 3, 4 – hb = 1 %)%. 

I ,-)%/0* -,)=C*5 2%&8(2,+ .%/0*? (dm < d < de2) +)*43*( /0(;%3,+/6,7, 

0(.(3*4 3% 62*0*.(/6,( &3%.(3*( 3%.%)=3,< 0(89(2%012: &3%.*0()=3,. H)4 

F0,< ,-)%/0* 2%&8(2,+ '*;;1&*,33,-6*3(0*.(/6,( ,03,C(3*( + 62*0*.(/6*5 

0,.6%5 Se > 1, .0, 7,+,2*0 , +%A3,< 2,)* 8%//,9(2(3,/% 6*/),2,'% 6 9,+(253,-

/0*. K0(;%3,+/6,( 0(.(3*( /9,/,-/0+1(0 ',9,)3*0()=3,81 92*0,61 6*/),2,'% 

6 ('*3*?( 9,+(253,/0* .%/0*?: * 18(3=C(3*D 0(9),,0'%.* ,0 .%/0*?:. O0, 

92*+,'*0 6 9,3*A(3*D ')4 '%33,7, '*%8(02% 62*0*.(/6,7, &3%.(3*4 3%.%)=-

3,< 0(89(2%012:, % 0%6A( 6 1+()*.(3*D ', 1.5 2%& 62*0*.(/6,7, '*%8(02% de2 , 

,92('()4D>(7, +(253*< 92('() 9, '*%8(021 ,-)%/0* +:31A'(33,7, &%A*7%3*4 

8(0%))*.(/6,< .%/0*?: + +,&'15( 6,83%03,< 0(89(2%012:.  

H)4 62*0*.(/6,< 0,.6* m 9,8*8, 1/),+*< qeff = 0 * /qeff //T > 0 /92%+(')*-

+, * 1/),+*( 8*3*818% 3% &%+*/*8,/0* 62*0*.(/6,7, &3%.(3*4 3%.%)=3,< 0(8-

9(2%012: ,0 '*%8(02% .%/0*?: 0T d/ / ! . E/9,)=&14 1/),+*( /0%?*,3%23,/0* 

qeff = 0 ')4 62*0*.(/6*5 0,.(6 + +*'( 

0
eff effq q

T d
T d

/ /
/ " / !

/ /
 *)* 

eff effq qT

d d T

/ //
! # )

/ / /
, 

')4 0,.6* m /92%+(')*+, 1/),+*( 0effq d/ / ! , 92*8(3*+ 6,0,2,( 9,)1.(3, /,-

,03,C(3*( 8(A'1 0(9),+:8* 9,0,6%8* * '*;;1&*,33,-6*3(0*.(/6*8 ,03,C(-

3*(8:   

$ %
$ % $

24 4
1

g g bm g

O m

bm w

c T T
Se C

T T

 1 3 #
! #

56 #
% .                                 (24) 

 112 



H*%8(02 .%/0*?:, /,,0+(0/0+1D>*< 0,.6( m, *& (25) ,92('()4(0/4 + &%+*-

/*8,/0* ,0 8*3*8%)=3,7, 62*0*.(/6,7, &3%.(3*4 3%.%)=3,< 0(89(2%012: + +*-

'(: 

$ %
$ %$ %

2

4 4 1

g gs bm gg

m

gs bm w O m

kc T TD
d Nu

k T T C

 1 #1
! ) )

1 56 # #
.                         (25) 

K '217,< /0,2,3: + 0,.6( 8*3*818% m /5,'40/4 '+( &%+*/*8,/0* '*%8(02% 

,0 62*0*.(/6,< 3%.%)=3,< 0(89(2%012: .%/0*?: ,0 (( '*%8(02% (22) * (23), .0, 

/,,0+(0/0+1(0 2%+(3/0+1 31)D 9,'6,2(33,7, +:2%A(3*4 + (21). J%6*8 ,-2%&,8, 

1/),+*(, 5%2%60(2*&1D>(( 0,.61 8*3*818% 3% &%+*/*8,/0* 62*0*.(/6,7, '*%-

8(02% .%/0*?: ,0 3%.%)=3,< 0(89(2%012:, *8((0 +*': 

$ %$ % $ %
2 2

2

, ,1 1 4 1sf g O w k g w k OB B C B B B C  " # # # ! #  *)* $ %
2 ,1 1g O w kB C B B # " ! " sf . 

E/9,)=&14 2%&),A(3*( 
2 2O O1 C 1 C 2 # 7 #  , 92*-)*A(33, 9,)1.(3, +:-

2%A(3*( ')4 ,92('()(3*4 + 0,.6( m 62*0*.(/6*5 &3%.(3*< 6,3?(302%?** ,6*/-

)*0()4 + &%+*/*8,/0* ,0 8*3*8%)=3,7, 62*0*.(/6,7, &3%.(3*4 3%.%)=3,< 0(8-

9(2%012:: 

$ %$ %
$ %$ %

2

2
4 4

4 4

( )

( )
1 ( ) ( )

2

g gs bm g bm w

O m

g bm g

o gs g gs bm g g gs bm g bm w

o

kc T T T T
C

c T T
Q k kc T T kc T T T T

Q

1 # " 56 #
!

"' (
1 " " 1 # 1 # " 56 #* +
, -

 

*)*                               

$ %

$ %2

2
4 4

4 4

1
( )

1
( ) ( )

bm w

g gs bm g

O m

bm wo g

g bm g g gs bm g

T T

kc T T

C
T TQ c T

c T T kc T T

&

' (56 #
* +"
* +1 #
, -!

56 #"
" "

# 1 #

.   

Q(& 1.(0% /0(;%3,+/6,7, 0(.(3*4 1/),+*(, 5%2%60(2*&1D>(( 0,.61 8*3*-

818% 3% &%+*/*8,/0* 62*0*.(/6,7, '*%8(02% .%/0*?: ,0 3%.%)=3,< 0(89(2%01-

2:, *8((0 +*': 

$ %2, ,1 4g w k g w kB B B# # ! B  *)* , 1g w kB B" ! . 

I F0,8 /)1.%( +:2%A(3*4 ')4 62*0*.(/6*5 &3%.(3*< 6,3?(302%?*< ,6*/-

)*0()4 * '*%8(02% .%/0*?: ,0 92('()=3,< 3%.%)=3,< 0(89(2%012: Tmb 92*810 

+*':  

$ %
$ %4 4

g gs bm gg

m

gs bm w

kc T TD
d Nu

k T T

 1 ) #1
! ) )

1 56 #
,                               (26) 

$ %$ %
2

2
4 4( )g gs bm g bm w

O m

o gs

kc T T T T
C

Q k

 1 # " 56 #
!

1
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*)*                          
$ %

2

2
4 4

( )
1

( )

bm wg bm g

O m

o g gs bm

T Tc T T
C

Q kc T T

 

 

' (56 ## * +! ) "
* +1 #
, -g

. 

P3%)*& (25) * (26) 9,6%&:+%(0, .0, '*%8(02 .%/0*?: + 0,.6( m ',+,)=3, 

/*)=3, &%+*/*0 ,0 0(89(2%012:. K 18(3=C(3*(8 92('()=3,< 3%.%)=3,< 0(89(-

2%012: .%/0*?: '*%8(02 +,&2%/0%(0 /,7)%/3, $ %exp 2md E RT . 

K 18(3=C(3*(8 6,3?(302%?** 6*/),2,'% + ,621A%D>(8 7%&( (1+()*.(3*-

(8 0,)>*3: ,6*/)%) ,-)%/0= +:31A'(33,7, &%A*7%3*4 9, '*%8(021 8(0%))*.(-

/6*5 .%/0*? /1A%(0/4 * 92* 3(6,0,2,8 &3%.(3** 6,3?(302%?** 6*/),2,'% 

(0,)>*3: ,6*/)%) &%A*7%3*( .%/0*? )D-:5 2%&8(2,+ / )D-,< 3%.%)=3,< 0(8-

9(2%012,< /0%3,+*0=/4 3(+,&8,A3:8 (2*/.5%).  

K0(;%3,+/6,( 0(.(3*(, 6,0,2,( /9,/,-/0+1(0 &%A*7%3*D .%/0*?:, 92*+,-

'*0 6 18(3=C(3*D 8*3*8%)=3,7, 62*0*.(/6,7, &3%.(3*4 3%.%)=3,< 0(89(2%-

012: Tbm 3% 2 – 4% 92* ',/0%0,.3, +:/,6*5 6,3?(302%?*45 ,6*/)*0()4 (2*/. 

5%).  

I 0,A( +2(84 ',9,)3*0()=3:< 9,'+,' 6*/),2,'% 6 9,+(253,/0* .%/0*?: 

/0(;%3,+/6*8 0(.(3*(8 /6%&:+%(0/4 3% +,&2%/0%3** 92('()=3,7, '*%8(02% .%/-

0*?: dm ', 1.5 – 2 2%& (2*/. 5-). J%6*8 ,-2%&,8, 1.(0 /0(;%3,+/6,7, 0(.(3*4 3(-

,-5,'*8 92* %3%)*&( 1/),+*< +:31A'(33,7, &%A*7%3*4 8(0%))*.(/6*5 .%/0*? 

+ %&,03,-6*/),2,'3:5 /8(/45 6,83%03,< 0(89(2%012:. 

 

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

)1.(33:( &%+*/*8,/0* 62*0*.(/6*5 &3%.(3*< 0,)>*3: ,6/*'% * '*%8(02% .%/-

0*?: ,0 3%.%)=3,< 0(89(2%012: .%/0*?: 9,&+,)4D0 92('/6%&:+%0= 9,+('(3*( 

0,)>*3: ,6*/)%, 0(89(2%012: * '*%8(02% .%/0*?: /, +2(8(3(8. B2* 92(+:C(-

3** 3%.%)=3,< 0(89(2%012: .%/0*?: 62*0*.(/6,7, &3%.(3*4 &% /.(0 5*8*.(-

/6,7, 0(9),+:'()(3*4 (( 0(89(2%012% 3%.*3%(0 1+()*.*+%0=/4 * 3%-)D'%(0/4 

*30(3/*+3:< 2,/0 ,6/*'3,7, /),4 (2*/. 6%, -). $,/0 ,6/*'3,7, /),4 92*+,'*0 6 

9,3*A(3*D /6,2,/0* 0(9),+:'()(3*4 * /, +2(8(3(8 0(89(2%012% .%/0*?: ',/-

0*7%(0 8%6/*8%)=3,7, &3%.(3*4 (0. M). B2* '%)=3(<C(8 18(3=C(3** 0(89(2%-

012: &% /.(0 0(9),,-8(3% / 5,),'3:8 7%&,8, /6,2,/0= 2,/0% ,6/*'3,7, /),4, 

6%6 * 3%.%)=3,8 1.%/06(, ,/0%(0/4 ',/0%0,.3, +:/,6,< (', 200 868//) (2*/. 6b). 

B2*  3(6,0,2:5 62*0*.(/6*5 &3%.(3*45 0(89(2%012:, '*%8(02% * 0,)>*3: ,6-

/*'% (0. ") ',/0%0,.3, -:/02, 8(34(0/4 /6,2,/0= 2,/0% ,6*/)% (8(3=C( 20 

868//). J.(. 92,*/5,'*0 /%8,92,*&+,)=3,( 9,015%3*(. E8(33, ', F0,7, 8,8(3-

0% 92,',)A%(0/4 +:/,6,0(89(2%0123%4 /0%'*4. B2*-)*A(33, ,6,3.%3*( F0,< 

/0%'** 8,A3, ,5%2%60(2*&,+%0= 1/),+*(8 8*3*818% 3% +2(8(33,< &%+*/*8,-

/0* F;;(60*+3,< 9),03,/0* 0(9),+:'()(3*4 (2*/. 6+) 

, ,0, 0, 0eff eff t eff ttq q q8 88. ! 2 . 

@% +:/,6,0(89(2%0123,< /0%'** 3% /6,2,/0= 5*8*.(/6,< 2(%6?** /1>(/0-

+(33,( +)*43*( ,6%&:+%(0 '*;;1&*4 6*/),2,'% + 7%&,+,< ;%&( ( ) * 

/0(;%3,+/6,( 0(.(3*( ( 0 ). B,/)( /%8,92,*&+,)=3,7, 9,015%3*4 8%//,-

9(2(3,/,8 6*/),2,'% 6 9,+(253,/0* &% /.(0 '*;;1&** * /0(;%3,+/6*8 0(.(3*-

0.1MSe 2
.0s9 2 1
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(8 8,A3, 92(3(-2(.= ( < 0.1, eSe 1s9  ). J(89(2%012% 18(3=C%(0/4 9,.0* 6%6 

')4 *3(203,< .%/0*?: * 0,)>*3% ,6*/)% ,.(3= 8(')(33, 2%/0(0 9, 9%2%-,)*.(-

/6,81 &%6,31.  

 
 !". 6. =1#0/#, $',>!/&"$)&-& ',+,/#0 /! "*,%,//3, .!"#$#%&$'# T(!); h (5); qeff("); :(-); 

410 4"#982,:$0 +!$'#<3 9,1,.! db = 100%)%, hb = 0.1%)%, :b = 0 %/$, Tg = Tw = 293 K: 

1 – Tb = 1500 K, Us00, 2 – Tb = 1500 K, Us = 0, 3 – Tb = 1000 K. 

B2* 3%.%)=3,< 0(89(2%012( .%/0*?: 8(3=C( 3(6,0,2,7, 62*0*.(/6,7, 

&3%.(3*4 (( 0(89(2%012% 8,3,0,33, 18(3=C%(0/4, + 2(&1)=0%0( .%/0*?% +('(0 

/(-4 92%60*.(/6* 6%6 *3(203%4 ( 0dh dt ; , ) (2*/. 6b).  0Se;
K0(;%3,+/6,( 0(.(3*( /9,/,-/0+1(0 '*;;1&** 6*/),2,'% 6 9,+(253,/0* 

.%/0*?: * 18(3=C%(0 0(9),,0'%.1 ,0 3((. O0, 92*+,'*0 6 /2%+3*0()=3,81 1+(-

)*.(3*D 0(89(2%012: 7,2(3*4, * 6%6 /)('/0+*(, /6,2,/0* ,6*/)(3*4. I2(84 

+:/,6,0(89(2%0123,7, ,6*/)(3*4 1+()*.*+%(0/4, % 9,015%3*( 92,*/5,'*0 92* 

-,)=C(< 0,)>*3( ,6/*'3,7, /),4 he.  

R(8 -)*A( 3%.%)=3%4 0(89(2%012% .%/0*?: 6 62*0*.(/6,81 &3%.(3*D, 0(8 

8(3=C( +)*43*( /0(;%3,+/6,7, 0(.(3*4 3% 5%2%60(2*/0*6* +:/,6,0(89(2%012-

3,7, 0(9),8%//,,-8(3% .%/0*?: / 5,),'3:8 7%&,8.  

K 2,/0,8 3%.%)=3,7, '*%8(02% .%/0*?: 5*8*.(/6,( 0(9),+:'()(3*( * 0(9-

),9,0(2* *&-&% 0(9),,-8(3% / 7%&,8 18(3=C%D0/4, .0, * /6%&:+%(0/4 3% 9,3*-

A(3** 0(89(2%012: 7,2(3*4 * /6,2,/0* ,6*/)(3*4 dh dt . Q,)=C%4 0(9),+%4 
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*3(2?*4 ')4 .%/0*? / -,)=C*8 2%&8(2,8 92*+,'*0 6 2,/01 +2(8(3* +:/,6,0(8-

9(2%0123,< /0%'**. O0, 92*+,'*0 6 1+()*.(3*D 0,)>*3: ,6/*'% 9,/)( 9,015%-

3*4.  

  
 !". 7. ?*&>#1# )&/<,/'*!<#: )&%6&/,/' -!.&"&: $*,43 " *!.1#+/3, %&%,/'3 "*,%,/# 

6*# Tg = Tw = 293 K, C

S3%.(3*4 +2(8(3* * 0(89(2%012: 7,2(3*4 ')4 .%/0*? 5%2%60(23,7, 2%&8(2% 

;2*6?*,33:5 /0%)=3:5 */62 100 868 3%5,'40/4 + /,7)%/** / 9,)1.(33:8* 

F6/9(2*8(30%)=3, '%33:8* 50 – 60 8/ * 1870 G [11]. 

K6,2,/0= ,03,/*0()=3,7, '+*A(3*4 .%/0*?: + 7%&,+,< /2('( +, +2(84 +:-

/,6,0(89(2%0123,7, ,6*/)(3*4 / 1.(0,8 /0(;%3,+/6,7, 0(.(3*4 8(34(0/4 3(-

&3%.*0()=3, (2*/. 67) * ,3% 92%60*.(/6* 3( /6%&:+%(0/4 3% &3%.(3*45 6,3?(3-

02%?*< 6,89,3(30,+ 7%&,+,< /2(': 3% 9,+(253,/0* .%/0*?:.  

 5!+6)/) 1+$7"$,!'7)8 1)*/+!+2' ) '&+,' -!) (%*+1+,"#-"!',.!$+# 

+1)*/"$)). G%6 /)('1(0 *& (8) * (9) 6,3?(302%?*4 )D-,7, 7%&,+,7, 6,89,3(30% 

3% 9,+(253,/0* .%/0*?: &%+*/*0 ,0 +()*.*3: s9 , 4+)4D>(</4 9,),A*0()=3,< 

+()*.*3,<. I*' 92,;*)4 (7) 0%6A( ,92('()4(0/4 +()*.*3,< -(&2%&8(23,< /6,-

2,/0* /0(;%3,+/6,7, 9,0,6% s9  * ,03,C(3*4 '*%8(02,+ 92*+('(33,< 9)(36* * 

.%/0*?: fd d . L3* 4+)4D0/4 ;136?*48* ,0 0(89(2%012: * ,03,/*0()=3,< 

/6,2,/0* '+*A(3*4 .%/0*?:. 

I 3%.%)=3:< 8,8(30 +2(8(3* (2*/.7, 62*+%4 1) +-)*&* .%/0*?: *&-&% ',-

+,)=3, +:/,6,< 3%.%)=3,< 0(89(2%012: 6,3?(302%?*4 %&,0% * 6*/),2,'% 3% 

9,+(253,/0* .%/0*?: /1>(/0+(33, ,0)*.%D0/4 ,0 /,,0+(0/0+1D>*5 &3%.(3*< 

6,3?(302%?*< +'%)* , .%/0*?:.  

B, 8(2( +:/,6,0(89(2%0123,7, ,6*/)(3*4 0(89(2%012% .%/0*?: 2%/0(0 * 

',/0*7%(0 8%6/*8%)=3,7, &3%.(3*4. S3%.*0()=3%4 0,)>*3% ,6*/)% 92*+,'*0 6 

2
0.23O  ! ,C

2
0.77N  ! : 

1) t = 0 %c ('. b): T = 1500 K, d = 100 %)%, h = 0.1%)%,  

: = 0 %/c, Us = 1.22 %/$, 9s = 0.27; 
2) t = 39 %$ ('. M): @ = 2208 A, d = 106.8 %)%, h = 8.7 %)%,  

: = 0.26 %/$, Us = 1.48 %/$, 9s = 0.18; 
3) t = 85 %$ ('. e): @ = 1617 A, d = 111.3 %)%, h = 15.8 %)%, 

: = 0.41 %/$, Us = 0.15 %/$, 9s = 0.03. 
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,->(81 18(3=C(3*D +()*.*3: -(&2%&8(23,< /6,2,/0* /0(;%3,+/6,7, 0(.(3*4, 

* 6%6 2(&1)=0%0, 6 18(3=C(3*D 2%&3*?: 8(A'1 6,3?(302%?*48* 7%&,,-2%&3:5 
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Kalinchak V.V., Chernenco A.S., Zakharov V.V., Rachinskiy B.E. 

Stefan’s flow effect on metal particles high-temperature oxidation and spon-

taneous extinction characteristics 
 

SUMMARY 

Analysis of Stefan’s flow effect on limits of forced ignition and conditions of spontaneous ex-

tinction of metal particle in room temperature air during dense oxide bed formation is given 

in scope of reduced film model, taking into account radiation heat-mass exchange. It is shown 

that Stefan’s flow considerably increases the upper limit on particle diameter that is deter-

mined with radiation heat loss and limits high-temperature oxidation transition region by 

means of particle initial temperature increase. Diameter of particle and corresponding mini-

mum initial temperature, that determines the possibility of high-temperature oxidation mode 

stimulated transition, are analytically evaluated.  It’s ascertained that Stefan’s flow, depend-

ing on particle initial temperature, may considerably increase the maximal temperature of 

high-temperature oxidation and oxide thickness after spontaneous extinction. Reduced film 

derived concentration profiles of gaseous components determine particle spontaneous extinc-

tion kinetic oxidation mode.  
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