
 !" 536.4, 622.6 

 

 !"#$%!& '.'., ()*$)$&+ ,.-., ./0 1.2., ./)3 ,.,., 14+*+5$6& '.,.  

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

$(6"!0( 1"7+*6%8%$%, 93:-5 
 

 !"#$%# % &'(!)"!%*+!,-$!# )!./0'$%# )!"%&.10 /2,#"!3$10 4'&.%5 + 

'*!.$!-6%&,!"!3$10 &(#&70 )"% "'*,%4$10 $'4',-$10 .#()#"'./"'0 

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

+%5'*& 7*0%#1*#1% '( >(0($1"0%#1%$% /0"2"''-> 8(/%#%2*#1"& 1"27"0(1.0-, !%(-

2"10( % 7+*1'*#1% 5(#1%)- 70% #(2*70*%8/*+,'-> % /-'.?!"''-> 7"0">*!(> '( /--

#*$*1"27"0(1.0'-" 0"?%2- 1"7+*2(##**@2"'( % $%'"1%$% >%2%5"#$%> 0"($)%&. A*-

$(8('*, 51* 1"27"0(1.0( % /0"2< =*0"'%<, !%(2"10 5(#1%)- 70% #(2*70*%8/*+,'*2 

7*1.>('%% 70($1%5"#$% '" 8(/%#<1 *1 '(5(+,'*& 1"27"0(1.0- 5(#1%)-. B *1+%5%" 

*1 #(2*70*%8/*+,'*=* /*#7+(2"'"'%< 70% /-'.?!"''*2 8(?%=('%% 7*#+" #(2*70*%8-

/*+,'*=* 7*1.>('%< !%(2"10 % 7+*1'*#1, 5(#1%)- 70($1%5"#$% 7"0"#1(C1 %82"-

'<1,#<.  #1(C1,#< 5(#1%)- *!%'($*/*=* !%(2"10(, '* 0(8'*& 7+*1'*#1%. ;'(+%8 

8'(5"'%& !%66.8%*''*-$%'"1%5"#$%> *1'*D"'%& 7*$(8(+ '( #*%82"0%2*#1, /$+(!*/ / 

1"7+*2(##**@2"' 5(#1%)- # *$0.?(CE%2 =(8*2 $(?!*& %8 !/.> *#'*/'-> ="1"0*="'-

'-> 0"($)%& *$%#+"'%< .=+"0*!(. 
 

 

#$%&'%( )(*%(+(, -)./01(023+4 +5(%/%1 6 *%705+.*0* )8/0.)-05+9 + :)-

/%5+9 ':$%/)&5;7 <01(+= 1 :0.0*+, 5%1*)(/9 50 )8>+/5)% 6)$+<%1(-) /08)(, 

1&%$055;7 - ?/%&;&'3+% :)&;. @ 501()93%% -/%*9 +5(%51+-5) ?/)&)$A02(19 

/08)(; ?) +11$%&)-05+2 *%705+.*)- 7+*+<%16+7 /%06=+4 /0.$+<5;7 *)&+B+-

60=+4 ':$%/)&0 1 /0.$+<5;*+ )6+1$+(%$9*+ - :0.)-)4 B0.%, 0 (06A% )8/0.)-0-

5+9 ':$%/)&5;7 <01(+= - -+&% B'$$%/%5)-, 505)(/'8)6 + 10A+ [1 – 5].  

@ .0/'8%A5)4 $+(%/0('/% - ?)1$%&5%% -/%*9 -5+*05+% +11$%&)-0(%$%4 

1*%30%(19 6 +.'<%5+2 7+*+<%16+7 ?/)=%11)- ?/+ )(5)1+(%$,5) 5+.6+7 (%*?%-

/0('/07 ~ 1000 " [6]. C/+ 1/0-5+(%$,5) 5%-;1)6+7 (%*?%/0('/07 (%?$)-;&%$%-

5+% + +./017)&)-05+% ':$%/)&5):) *0(%/+0$0 .0 1<%( 7+*+<%16+7 /%06=+4 

-5'(/+ ?)/ <01(+=; - .0-+1+*)1(+ )( +7 '&%$,5)4 ?)-%/75)1(+ *)A%( 50 ?)/9-

&)6 ?/%-;>0(, :%(%/):%55)% (%?$)-;&%$%5+% 50 ?)-%/75)1(+ <01(+=;.  

@0A5)4 .0&0<%4 (%)/%(+<%16):) +11$%&)-05+9 9-$9%(19 '<%( 1(%B05)-16):) 

(%<%5+9, 1?)1)85):) .0*%(5) -$+9(, 50 70/06(%/+1(+6+ -;1)6)(%*?%/0('/5):) 

(%?$)*011))8*%50 + 10*)?/)+.-)$,5):) ?)('705+9 ?)/+1(;7 ':$%/)&5;7 <01-

(+= ?/+ /0.$+<5;7 (%*?%/0('/07 <01(+=;[7]. 

" (06+* 70/06(%/+1(+60* )(5)19(19 ?%/+)& +5&'6=++ (-/%*9 -;7)&0 50 

6-0.+1(0=+)50/5;4 /%A+* :)/%5+9), (%*?%/0('/0 + -/%*9 :)/%5+9, 6/+(+<%16+% 

.50<%5+9 &+0*%(/0 + ?$)(5)1(+ ':$%/)&5;7 <01(+=, ?/+ 6)()/;7 ?/)+17)&+( +7 

10*)?/)+.-)$,5)% ?)('705+%.  

D.-%1(5), <() :/0B+()-;% <01(+=; - -).&'7% 6)*50(5)4 (%*?%/0('/; 

5%$,.9 ?%/%-%1(+ 50 6-0.+1(0=+)50/5;4 -;1)6)16)/)1(5)4 /%A+* (%?$)*011)-

)8*%50. !$9 (06):) ?%/%7)&0 5%)87)&+*) ?)-;1+(, -;>% 6/+(+<%16):) .50<%-

5+9 $+8) (%*?%/0('/' -).&'70, $+8) 1)&%/A05+% )6+1$+(%$9 - :0.%. "06 )(*%<0-
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$)1, - [8], - )?/%&%$%55;7 :/05+=07 +17)&5;7 ?0/0*%(/)- 1+1(%*; «<01(+=0 – 

:0.))8/0.509 1/%&0» ?%/%7)& 50 -;1)6)16)/)1(5)4 /%A+* )6+1$%5+9 &)1(+:0%(-

19 ?'(%* '-%$+<%5+9 50<0$,5)4 (%*?%/0('/; <01(+=; -;>% 6/+(+<%16):) .50-

<%5+9. J() &0%( -).*)A5)1(, 1K6)5)*+(, 50  50:/%-% 8)$,>)4 *011; :0.))8-

/0.5)4 1/%&;. 

 

1. 8%$#.%6' !6%&,#$%7 /2,#"!3$10 4'&.%5. C/+ )6+1$%5++ ?)/+1()4 ':-

$%/)&5)4 <01(+=; - 1'7)* -).&'7% ?/)(%602( ?0/0$$%$,5;% K6.)(%/*+<%16+% 

:%(%/):%55;% /%06=++ 1 6+1$)/)&)* -).&'70: 

C+O2=CO2                                                       (I) 

2C+O2=2CO;                                                     (II) 

K5&)(%/*+<%1609 :%(%/):%5509 7+*+<%1609 /%06=+9 1 :0.))8/0.5)4 &-')6+1,2 

':$%/)&0 F 2   

C+CO2=2CO.                                                   (ILL) 

M+*+<%1609 /%06=+9 (ILL) 1'3%1(-%55) -$+9%( 50 (%?$)*011))8*%5 ':$%-

/)&5)4 <01(+=; 1 )6/'A023+* :0.)* ()$,6) ?/+ -;1)6+7 (%*?%/0('/07, <() 

)8N9159%(19 8)$,>)4 K5%/:+%4 06(+-0=++ /%06=++ + )(5)1+(%$,5) *0$)4 6)5-

=%5(/0=+%4 F 2 50 ?)-%/75)1(+ <01(+=;. 

#'**0/509 16)/)1(, 7+*+<%16):) /%0:+/)-05+9 ?)/+1()4 ':$%/)&5)4 <01-

(+=; ?) 6+1$)/)&' (*0110 6+1$)/)&0, /%0:+/'2309 .0 %&+5+=' -/%*%5+ + /01-

1<+(05509 50 %&+5+=' -5%>5%4 ?)-%/75)1(+) )?/%&%$9%(19 16)/)1(9*+ 7+*+<%-

16):) /%0:+/)-05+9 ?) 60A&)4 +. /%06=+4 (L) + (LL) 50 -5%>5%4 ?)-%/75)1(+ 

<01(+=; + 50 ?)-%/75)1(+ ?)/ -5'(/+ <01(+=;:  

! " ! " ! " ! "
, , ,O O O O OI v II v I s II s

W W W W W# $ $ $
,

,                     (1) 

! "
21,O gsI s

W k C# % O s ,        ! "
22,O gsII s

W k CO s# % ; 

! "
21, 6

v
O gsI v v

F d
W k# % OC ,     ! "

22, 6

v
O gsII v v

F d
W k# % OC . 

1
1 01 exp

E
k k

RT

& '# () *
+ ,

, 2
2 02 exp

E
k k

RT

& '# () *
+ ,

, 0
0gs g

T

T
% # % , 

2 21 2( )
6

v
O gs O s

v

F d
W k k C CO

- .# $ % $/ 01 2
. 

G&%1, ,  – 16)/)1(+ 7+*+<%16+7 /%06=+4 ?) 6+1$)/)&' (I) + 

(II) 50 -5%>5%4 ?)-%/75)1(+ <01(+=;, 6:/(*
2
1); ,  – 16)/)1(+ 7+-

*+<%16+7 /%06=+4 ?) 6+1$)/)&' (I) + (II) 50 ?)-%/75)1(+ ?)/, 6:/(*
2
1); ,  – 

6)51(05(; 16)/)1(%4 7+*+<%16+7 /%06=+4 (I) + (II) */1;  –  ?/%&K61?)-

5%5=+0$,5;% *5)A+(%$+, */1; G1, G2 – K5%/:++ 06(+-0=++, !A/*)$,; H – 1/%&599 

?) )8N%*' (%*?%/0('/0 <01(+=;, "; R – '5+-%/10$,509 :0.)-09 ?)1()95509, 

!A/(*)$,·");  – )(5)1+(%$,509 *011)-09 6)5=%5(/0=+9 6+1$)/)&0 50 ?)-

-%/75)1(+ <01(+=;; 

,( )O I sW

2O sC

,( )O II sW

,( )O I vW ,( )O II vW

01 02,   k
1k 2k

k

2O
v

C – 1/%&5%% .50<%5+% )(5)1+(%$,5)4 *011)-)4 6)5=%5-

(/0=++ 6+1$)/)&0 -5'(/+ <01(+=; - ?)/07, d – &+0*%(/ <01(+=;, *; gs%  – ?$)(-

5)1(, :0.0 50 ?)-%/75)1(+ <01(+=;, 6:/*
3
; Fv – '&%$,509 ?)-%/75)1(, ?)/, *

2
/*

3
. 
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F50$+. K61?%/+*%5(0$,5;7 &055;7 ?) /%0:+/)-05+2 ':$%/)&5;7 ()?$+- 1 

6+1$)/)&)* [9] ?)60.0$, <() +*%%( *%1() 1-9., K5%/:++ 06(+-0=++ + ?/%&K61?)-

5%5=+0$,5):) *5)A+(%$9 &$9 /0.5;7 /%06=+4: 
4

0lg 0.2 10 2i ik E(# 3 $ . 

I0 )15)-05++ +11$%&)-05+4 O. F. @'$+10, @. @. C)*%/05=%-0 *)A5) ?/+-

59(, 1$%&'23%% 1))(5)>%5+% *%A&' .50<%5+9*+ K5%/:+4 06(+-0=++ /0.5;7 /%-

06=+4: 

2

2 2

2 22

1

1.1
C O CO

C O CO

EE

E E

$ 4

$ 4

# # . 

#6)/)1(, 7+*+<%16):) ?/%-/03%5+9 ':$%/)&0 - :0.))8/0.5;% 6)*?)5%5(; 

(*0110 ':$%/)&0, /%0:+/'2309 .0 %&+5+=' -/%*%5+ + /011<+(05509 50 %&+5+=' 

-5%>5%4 ?)-%/75)1(+) 50 -5%>5%4 ?)-%/75)1(+ <01(+=; WC,s + 50 ?)-%/75)1(+ 

?)/ WC,v )?/%&%$9%(19 16)/)1(9*+ 7+*+<%16+7 /%06=+4 (I) + (II) ?) 6+1$)/)&': 

! " ! "
2

2 2

1 2, ,
2 ( 2C C

Cs O O gs O sI s II s
O O

M M
W W W k k

M M
- .# $ # $1 2 ) C% , 

! " ! " ! "
2

2 2

1 2, ,
2 2

6

vC C
Fv O O gsI v II v v

O O

F dM M
W W W k k

M M
- .# $ # $ %1 2 OC . 

G&%1, CM  
2OM  – *)$9/5;% *011; ':$%/)&0, 6+1$)/)&0, 6:/6*)$,. 

#'**0/509 16)/)1(, 7+*+<%16):) /%0:+/)-05+9 ?)/+1()4 ':$%/)&5)4 <01-

(+=; 9-$9%(19 1'**)4 16)/)1(%4 /%0:+/)-05+9 50 ?)-%/75)1(+ <01(+=; WC,s + 

-5'(/+ <01(+=; WC,v: 

! " 2

2

2 2

1 22 1
6

OC v
C Cs Cv gs O

O O

CM F d
W W W k k C

M C

- .
/ 0# $ # $ $ %
/ 01 2

s

s

.           (2) 

P06+* )8/0.)*, '*%5,>%5+% 1) -/%*%5%* &+0*%(/0 + ?$)(5)1(+ ?)/+1()4 

<01(+=; - /%.'$,(0(% /%0:+/)-05+9 1 6+1$)/)&)* -).&'70 ?/%&1(0-+* - -+&%  

2

2

1 2

2
( 2 )

gsC
O s

O C

d M
k k C

t M

%5
# ( $

5 %
,    ( 0)d t db# ,                 (3) #

! "
2

2

1 22C C
gs v O

v
O

M
k k F C

t M

5%
# ( $ %

5
,  ( 0) CbtC # # % ,            (4) %

:&% db – 50<0$,5;4 &+0*%(/ <01(+=;, *; QFb – 50<0$,509 ?$)(5)1(, <01(+=;, 

6:/*
3
. 

#$%&)-0(%$,5), &$9 )6)5<0(%$,5):) )?/%&%$%5+9 16)/)1(+ +.*%5%5+9 &+0-

*%(/0 + ?$)(5)1(+ ':$%/)&5)4 <01(+=; 5%)87)&+*) 504(+ 6)5=%5(/0=++ 6+-

1$)/)&0 50 ?)-%/75)1(+ <01(+=; + -5'(/+ ?)/.  

 

2. 9#:#$%# *'3'4% +$/."#$$#; 3%<</*%%. R0&+0$,5)% /01?/%&%$%5+% ?) 

)8N%*' <01(+=; )(5)1+(%$,5)4 6)5=%5(/0=++ 6+1$)/)&0 504&%* +. /%>%5+9 

.0&0<+ &+BB'.++ ?/+ 50$+<++ 7+*+<%16+7 /%06=+4 (I) + (II) -5'(/+ <01(+=;: 
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2

2

2

1 22

1
( )

O

V gs V gs O

C
r D F k k C

r r r

5& '5
0% ( $ % #) *5 5+ ,

                      (5) 

22

0

4 0
O

V

r

C
r D

r
#

5
6 #

5
,     ! "

2 2 ,O sC r r CO s# # . 

R%>%5+% .0&0<+ (5) +*%%( -+& 

! "
2 2

,

v

ss
O O s

v

r
sh Se

rr
C r C

r shSe

& '
) *
+# ,                                    (6) 

! "2

1 2v s

v

V

F r k k
Se

D

$
# , 

:&% r, rs –  /0&+0$,509 6))/&+50(0 + /0&+'1 -5%>5%4 ?)-%/75)1(+ <01(+=;, *; 

Dv – 6)KBB+=+%5( -5'(/%55%4 &+BB'.++ 6+1$)/)&0 -5'(/+ ?)/, *
2
/1. 

#/%&5%% .50<%5+% 6)5=%5(/0=++ 6+1$)/)&0 - )8N%*% ?)/ 504&%* +. '1$)-

-+9 ?)$5):) /%0:+/)-05+9 6+1$)/)&0, 6)()/;4 ?/)5+65'$ -5'(/, <01(+=;: 

! " ! " 2

21 2, ,

0

( )
6

S

O v
O O V gs gs OI v II v V

r

C F d
W W D k k C

r
(

5
$ # ( % # $ %

5
. 

D1?)$,.'9 (6), ?)$'<+* 

2 2

1 2

6

( )

v
O O s

v
v

k
C C

k k F d
#

$
,  !2

1v
v v v

D
k Se cthSe

d
"# (               (7) 

:&% kv – KBB%6(+-509 6)51(05(0 -5'(/%55%:) /%0:+/)-05+9; */1. 

P06+* )8/0.)*, 6)5=%5(/0=+9 6+1$)/)&0 - 1%/%&+5% ?)/ <01(+=; )?/%&%-

$9%(19 6)5=%5(/0=+%4 6+1$)/)&0 50 ?)-%/75)1(+ <01(+=; + '&%$,5)4 ?)-%/7-

5)1(,2 ?)/. #'**0/509 16)/)1(, 7+*+<%16):) ?/%-/03%5+9 ?)/+1()4 ':$%/)&-

5)4 <01(+=; - :0.))8/0.5;% 6)*?)5%5(;, 1 '<%()* (2) + (7), ?/+*%( -+&: 

! "
2

2

1 2

1 2

2 1C v
C g

O

M k
W k k

M k k

& '
# $ $ %) *$+ ,

s O sC .                         (8) 

 

3. 9#:#$%# *'3'4% ('&&!- % .#),!!=(#$' )!"%&.!; 4'&.%51 & 2'*!(. @ 

/%.'$,(0(% 7+*+<%16+7 ?/%-/03%5+4 50 ?)-%/75)1(+ <01(+=; ?/+ ?)9-$%5++ 

:0.)- F  + F 2 + +1<%.5)-%5++ )6+1$+(%$9  2 -).5+60%( 1(%B05)-16)% (%<%5+%, 

6)()/)% 50?/0-$%5) - &055)* 1$'<0% )( ?)-%/75)1(+ <01(+=;.  

# '<%()* 1(%B05)-16):) (%<%5+9 ?)$5;4 *011)-;4 ?)()6 0.)(0 (5%4(/0$,-

5):) 6)*?)5%5(0) /0-%5 5'$2: 

2

2 24 4N
N N g g r N

C
I r D r U C

r
0

5
# 6 % ( 6 % #

5
,                           (9)  

0
0g g

T

T7
% # % ,     ! "1

2
gT T T7 8# $ , 

:&% g%  – 1/%&599 ?$)(5)1(, :0.0 -5'(/+ ?/+-%&%55)4 ?$%56+, 6:/*
3
; Tg – (%*?%-

/0('/0 :0.0 -&0$+ )( <01(+=;, ". 
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S011)-;4 ?)()6 6+1$)/)&0 <%/%. $28'2 1B%/+<%16'2 ?)-%/75)1(, - ?/%-

&%$07 ?/+-%&%55)4 ?$%56+ /0-%5 1'**0/5)4 16)/)1(+ 7+*+<%16):) /%0:+/)-0-

5+9 ?)/+1()4 ':$%/)&5)4 <01(+=; ?) 6+1$)/)&' WO 50 -1%4 ?)-%/75)1(+ <01-

(+=;: 
24O s OI r W# 6 , 

! "2

2 2 2

2 2 2

1 2

1 2

4 4 4 1
O v

O O g g r O s gs

C k
O sI r D r U C r k k C

r k

5 & '
# 6 % ( 6 % # 6 $ $ %) *5 $+ ,k

.      (10) 

F50$):+<5) &$9 *011)-;7 ?)()6)- &-')6+1+ + )6+1+ ':$%/)&0 
2F I  + F I  

.0?+>%*  

2 2

2 2 2

2

2 2 2

1

1 2

4 4 4
CO CO v

CO CO g g r CO s g O s

O

C M k
2

1I r D r U C r k C
r M k k

5 & '
# ( 6 % $ 6 % # 6 $ %) *5 $+ ,

, (11) 

2

2

2 2 2

2

1 2

2
4 4 4CO CO v

CO CO g g r CO s g O s

O

C M k
1I r D r U C r k C

r M k k

& '5
# ( 6 % $ 6 % # 6 $ %) *5 $+ ,

. (12)  

G&%1, Ur – 16)/)1(, 1(%B05)-16):) (%<%5+9 50 ?)-%/75)1(+ /0&+'10 r, */1; 

, ,
2OD

2COD COD , – 6)KBB+=+%5(; &+BB'.++ 6+1$)/)&0, ':$%6+1$):) :0.0, 

)6+1$0 ':$%/)&0 + 0.)(0 - :0.%, *
2
/1. 

2ND

D1?)$,.'%* '1$)-+% ?)1()951(-0 &0-$%5+9 - $28)4 ()<6% ?/)1(/051(-0 -)-

6/': <01(+=;, <() K6-+-0$%5(5) 
2 2 2

1 F F NC C C C$ $ $ # . C/%&?)$)A+*, <() 

6)KBB+=+%5(; &+BB'.++ 6)*?)5%5()- :0.)-)4 1*%1+ ?/06(+<%16+ /0-5;  

2 2 2g O CO COD D D D DN# # # # . 

P06+* )8/0.)*, +. (9) – (12) ?)$'<+*, <() *011)-09 16)/)1(, 1(%B05)-16):) 

(%<%5+9 50 ?)-%/75)1(+ <01(+=; )?/%&%$9%(19 16)/)1(,2 7+*+<%16):) ?/%-/0-

3%5+9 ?)/+1()4 ':$%/)&5)4 <01(+=; - :0.))8/0.5;% 6)*?)5%5(;  

! "
2 2 2 2

2

1 2

1 2

2 1C v
F CO O N gs O s

O

M k
I I I I k k C

M k k

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

, 

2 24 4 4 2

g r s gs s sr U r U r W6 % # 6 % # 6 C                              (13) 

P%?$)-)4 ?)()6 <%/%. $28'2 ?)-%/75)1(, /0&+'10 r - ?/%&%$07 ?/+-%&%5-

5)4 ?$%56+ 1-9.05 1) 16)/)1(,2 1(%B05)-16):) (%<%5+9: 

2 24 4 4
g 2

g g g r g g

T
Q r r U c T r

r
s gq

5
# ( 6 9 $ 6 % # 6

5
 ,                      (14) 

0.75

.0

0

g g

T

T
7

& '
9 # 9 ) *

+ ,
, 

:&% Tg – (%*?%/0('/0 :0.0 50 /011()95++ r  )( =%5(/0 <01(+=;, "; Tg – 6)KBB+=+-

%5( (%?$)?/)-)&5)1(+ :0.0, @(/(*·"), qg – ?$)(5)1(, (%?$)-):) ?)()60 50 ?)-

-%/75)1(+ <01(+=;, @(/(*
2
·") . 

D1?)$,.'9 ?)$'<%55)% -;/0A%5+% &$9 16)/)1(+ 1(%B05)-16):) ?)()60, 

*)A5) +. (9) – (14) - )83%* -+&% ?)$'<+(, ?/)B+$+ 6)5=%5(/0=+4 :0.))8/0.-

5;7 6)*?)5%5()- + (%*?%/0('/; :0.0 -5'(/+ ?/+-%&%55)4 ?$%56+: 
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exp exp
2 2

exp exp
2 2

s
g gs i is

g gs i is
f s

Nu Nu

T T C C

Nu NuT T C C8 8

& ' & '( : ( ( :) * )( ( + , +# #
( ( & ' &

*
,
'( : ( ( :) * )

+ , +
*
,

O O

.             (15) 

C)&1(05)-60 (13) - (9) + /%>%5+% ?)$'<%55)4 .0&0<+ (15) )(5)1+(%$,5) 

6)5=%5(/0=++ 6+1$)/)&0 1 ?/%&%$,5;*+ '1$)-+9*+  

2 2
( )O sC r r C# # s 2 2

( )O fC r r C + 8# #  

&0%( '/0-5%5+% &$9 )?/%&%$%5+9 6)5=%5(/0=++ 6+1$)/)&0 50 ?)-%/75)1(+ ':$%-

/)&5)4 <01(+=;:  

! " ! "
2 2

1 1 expO s O sC C 8$ ; # $ ; (: ,                               (16) 

2

1 2

1 2

2C

O

M k k

M k k

$
; #

$
, 

s gs s gs

s

g g g

U U d

D Nu

% %
: # #

<% %
, 

2

2

1 2

1 2

2
1

gsC v
s  s

O g

M k k k
C

M k k

% & '$
: # $) *< % $+ ,

. 

G&%1, s:  – 8%./0.*%/509 16)/)1(, 1(%B05)-16):) (%<%5+9, U – 6)KBB+=+%5( 

*011)?%/%5)10 6+1$)/)&0 - :0.%.  

!$9 ?/06(+<%16+ -0A5;7 .50<%5+4 &+0*%(/)- + (%*?%/0('/ ':$%/)&5;7 

<01(+= -%$+<+50 8%./0.*%/5)4 16)/)1(+ 1(%B05)-16):) (%<%5+9 Vs <<1. C)K()-

*', +1?)$,.'9 K() '1$)-+%, +. (16) 6)5=%5(/0=+9 6+1$)/)&0 50 ?)-%/75)1(+ <01-

(+=; ?/%&1(0-+*  606 

2 2

1 2( )

g

O s O

g sk v gs

C C
k k U k

8

<%
#

<% $ $ $ $ %
 +$+ 

2 2

1 2

1

1
8#
$ $ $ $O s O

s s sv

C C
Se Se Se Sesf

, 

! "
2

2

1 2

1 2

2 1C v
sk O

O

M k
U k k

M k k
C 8

& '
# $ $) *$+ ,

, 

1

1

gs

s

g

k
Se

%
#
<%

, 
2

2

gs

s

g

k
Se

%
#
<%

, 
v gs

sv

g

k
Se

%
#
<%

, 
sk gs

sf

g

U
Se

%
#
<%

. 

G&%1, Us$  – 16)/)1(, 1(%B05)-16):) (%<%5+9 50 ?)-%/75)1(+ ':$%/)&5)4 

<01(+=; ?/+ ?/)(%605++ 7+*+<%16+7 /%06=+4 - 6+5%(+<%16)4 )8$01(+. E+1$0 

#%*%5)-0 Ses1, Ses2, Sesv, Sesf )?/%&%$92( /)$, 60A&)4 +. /%06=++ 50 ?)-%/75)-

1(+, -5'(/+?)/+1():) /%0:+/)-05+9 + 1(%B05)-16):) (%<%5+9 ?) )(5)>%5+2 6 

*011)?%/%5)1' )6+1$+(%$9 6 ?)-%/75)1(+ <01(+=;. 

C$)(5)1(, (%?$)-):) ?)()60 50 ?)-%/75)1(+ <01(+=; qg 507)&+* ?)1$% 

?)&1(05)-6+ (15) - (14), 1 '<%()* (13): 

! "g g s gq T T U cs gT7# = ( $ % ,      
9

= # g Nu

d
, 

:&% =  – 6)KBB+=+%5( (%?$))8*%50 <01(+=; 1 :0.)*, @(/(*
2
·"). 

 

4. >%$'(%6' %*(#$#$%7 .#()#"'./"1 4'&.%51 &! +"#(#$#(. D.*%5%5+% 

1/%&5%4 ?) -1%*' )8N%*' (%*?%/0('/; ?)/+1()4 ':$%/)&5)4 <01(+=; )?/%&%$9-

%(19 (%?$)-;&%$%5+%* ?/+ ?/)(%605++ 7+*+<%16+7 /%06=+4, (%?$))8*%5)* 

<01(+=; 1 :0.)* + 1(%560*+ /%06=+)55)4 '1(05)-6+: 
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6

C C
ch g w

c d T
q q q

t

% 5
# ( (

5
,         ,         (17) ( 0) bT t T# #

7#8. 1. B0"2"''-" 8(/%#%2*#1% 1"27"0(1.0- % !%(2"10( 7*0%#1*& .=+"0*!'*& 5(#1%)-:  

db =505 2$2, HgI=Tw=1400 K, 
2OC 8  = 0.23, Tb = 300 K 70% 

Fv= 2·10
4
 2

-1
(#7+*D'(<), Fv= 3·10

7
 2

–1
(7.'$1%0). * – J$#7"0%2"'1 [10]. 

:&%  – '&%$,509 (%?$)%*6)1(, <01(+=;; Cc C% – ?$)(5)1(, <01(+=;; Tb – 50<0$,-

509 (%*?%/0('/0 <01(+=;; t – -/%*9.  

C$)(5)1(, 7+*+<%16):) (%?$)-;&%$%5+9 qch - /%.'$,(0(% ?)-%/75)1(5):) + 

-5'(/%55%:) /%0:+/)-05+9 )?/%&%$9%(19 (%?$)-;*+ KBB%6(0*+ + 16)/)1(9*+ 

7+*+<%16+7 /%06=+4 50 ?)-%/75)1(+ + - )8N%*% <01(+=;: 

! " ! " ! " ! "
2 2 21 2 1 2

, , ,
ch O O O O2 ,I s II s I v

q Q W Q W Q W Q W# $ $ $
II v

,  

! "
21 1 2 2

1 2

1 v
ch gs O s

k
q Q k Q k C

k k

& '
# $ $ %) *$+ ,

 

:&% Q1, Q2 – (%?$)-;% KBB%6(; 7+*+<%16+7 /%06=+4 (L) + (LL), /011<+(055;% 50 

%&+5+=' *011; 6+1$)/)&0. 

C$)(5)1(, (%?$))8*%50 +.$'<%5+%* <01(+=; 1) 1(%560*+ qw )?/%&%$9%(19 

1):$015) .06)50* "+/7:)B0 + #(%B050-W)$,=*050: 
4 4( )w wq T# > ? (T , 

:&% X – 6)KBB+=+%5( <%/5)(;, Tw – (%*?%/0('/0 1(%5)6, ". 

P06+* )8/0.)*, '/0-5%5+9 (3), (4), (17) ?).-)$92( ?/)050$+.+/)-0(, -$+9-

5+% 50<0$,5)4 (%*?%/0('/; ?)/+1()4 ':$%/)&5)4 <01(+=; 50 70/06(%/+1(+6+ 

-;1)6)(%*?%/0('/5):) (%?$)*011))8*%50 1 )6/'A023+* :0.)*. 

 

5. ?$',%* +,%7$%7 $'4',-$!; .#()#"'./"1 4'&.%51. R011*)(/+* )&+-

5)<5'2 ?)/+1('2 ':$%/)&5'2 <01(+='. R01<%(; ?/)-)&+$+1, &$9 6)610 05(/0-

=+(0 *0/6+ FY ?/+ 1$%&'23+7 ?0/0*%(/07: Q1 = 12.343 S!A/6:H2, Q2 = 6.844 

S!A/6:H2; E1 = 140030 !A/*)$,; Dv =7.5·10
–8

 *
2
/1. C)1()955;%: Qg0 = 0.277 

6:/*
3
; 0g9  = 8.19·10

-2
 @(/(*·"), T0 = 1273 ". I0 ?/+*%5+*)1(, +1?)$,.'%*)4 *)-

&%$+ + -.9(;7 ?0/0*%(/)- '60.;-0%( '&)-$%(-)/+(%$,5)% 1):$01)-05+% K61?%-

/+*%5(0$,5;7 + (%)/%(+<%16+7 -/%*%55;7 .0-+1+*)1(%4 (%*?%/0('/; ':$%-

/)&5)4 <01(+=; /0.*%/)* 505 *6* (/+1. 1). 
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7#8. 2. B0"2"''-" 8(/%#%2*#1% 1"27"0(1.0-, !%(2"10(, /0"2"''*& 70*%8/*!'*& 

1"27"0(1.0-, 7+*1'*#1% 7*0%#1*& .=+"0*!'*& 5(#1%)-:  

db=100 2$2, HgI=Tw=1400 K, Fv=  3·10
7
 2

–1
; 

2OC  = 0.23 8

1.– Tb = 300 K, 2.– Tb = 1000 K, 3.– Tb = 1400 K, 4.– Tb = 2000 K. 

I0 /+1. 2. +.)8/0A%5; -/%*%55;% .0-+1+*)1(+ (%*?%/0('/;, &+0*%(/0, 

?/)+.-)&5)4 (%*?%/0('/; + ?$)(5)1(+ ?)/+1()4 <01(+=; ?/+ /0.5;7 %% 50-

<0$,5;7 (%*?%/0('/07. !$+(%$,5)1(, 50<0$,5)4 1(0&++, 6):&0 (%*?%/0('/0 <01-

(+=; ?)-;>0%(19 + &)1(+:0%( 6-0.+1(0=+)50/5):) .50<%5+9 (-/%*%5509 ?/)+.-

-)&509 (%*?%/0('/; <01(+=; 8$+.60 6 5'$2), )?/%&%$9$01, 606 ?%/+)& +5&'6-

=++ tind.  *%5,>%5+% &+0*%(/0 + ?$)(5)1(+ <01(+=; - ?/)=%11% :)/%5+9 ?/+-)-

&+$) 6 *%&$%55)*' /)1(' 6-0.+1(0=+)50/5)4 (%*?%/0('/; :)/%5+9. @) -/%*9 

?/)(%605+9 -;1)6)(%*?%/0('/5)4 1(0&++ -%$+<+50 -/%*%55)4 ?/)+.-)&5)4 

(%*?%/0('/; 8$+.60 6 5'$2. #$%&)-0(%$,5), &$9 )?/%&%$%5+9 (%*?%/0('/; :)-

/%5+9 <01(+=; *)A5) ?/+*%5+(, 1(0=+)50/5'2 .0&0<' (%?$)?/)-)&5)1(+.  

C/+ &)1(+A%5++ +7 6/+(+<%16+7 .50<%5+4 de + %e 501('?0$) /%.6)% '*%5,-

>%5+% (%*?%/0('/; <01(+=;. P06+* )8/0.)*, ?/)+17)&+$) 10*)?/)+.-)$,5)% 

?)('705+% ?)/+1()4 ':$%/)&5)4 <01(+=;. !$+(%$,5)1(, 1(0&++ )( 50<0$0 6-0-

.+1(0=+)50/5):) -;1)6)(%*?%/0('/5):) )6+1$%5+9 &) *)*%5(0 10*)?/)+.-)$,-

5):) ?)('705+9 )?/%&%$9$01, 606 -/%*9 :)/%5+9 tbur. G0 *)*%5( 10*)?/)+.-)$,-
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5):) ?)('705+9 ((. #) 1<+(0$)1, &)1(+A%5+% *+5+*'*0 50 -/%*%55)4 ?/)+.-)&-

5)4 (%*?%/0('/;. 

9!:"#;! 1. B+%<'%" '(5(+,'*& 1"27"0(1.0- '( 7"0%*! %'!.$)%% 7+*1'*& %  

7*0%#1*& .=+"0*!'*& 5(#1%)- db = 100 2$2, HgI=Tw=1400 K, 

 Fv=  3·10
7
 2

–1
; 

2OC 8  = 0.23,  Tb = 300 K.  

tind, *c 
Tb, K C)/+1(09 C)/+1(09 

C$)(509 
Fv = 2·10

4
 *

–1 Fv = 3·10
7
 *

–1 
300 94.7 90.0 69.4 

1000 80.6 76.0 55.6 

1400 60.7 56.4 43.7 

2000 36.4 35.1 29.2 

 
9!:"#;! 2. B+%<'%"  !"#$%!$%# &' (')$#('*+&,- %.( ."'%,", # /".(0 1!".-
&#0, )"#%#2.$)#. 3&'2.&#0 4#'(.%"' #  *!%&!$%# de # 5e  ,1*."!4&!6 2'$%#78 

 db = 100 ()(, 9g:=Tw=1400 K, Fv=  3·10
7
 (

–1
;   = 0.23,  Tb = 300 K. 

2OC

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

 "# *&))+, -$(!.#',, /!0*& 1!"#$%&' 2&$%#3& $&4!1"!#5.!(6)! 17"7,!*#% 

$ )#5/!- )& .+$!/!%7417"&%-")+8 "79#4 !/#$(7)#' # .+$!/!$/!"!$%)!8 "7-

9#4 %71(!4&$$!!:47)&, )&2&(6)&' %7417"&%-"& !/&5+.&7% 5)&2#%7(6)!7 .(#'-

)#7 )& .7(#2#)- 17"#!*& #)*-/3## (%&:(. 1) # )75)&2#%7(6)!7 )& ,&"&/%7"#$%#-

/# .+$!/!%7417"&%-")!8 $%&*## ("#$. 2). ;7(#2#)& 17"#!*& #)*-/3## 4!)!-

%!))!, 1"&/%#27$/# (#)78)!, -47)6<&7%$' $ "!$%!4 )&2&(6)!8 %7417"&%-"+. 

=7&0#"!.&)#7 . 1!"&, 1!)#9&7% 17"#!* #)*-/3## 1"#:(#5#%7(6)! . 1!(%!-

"& "&5& 1"# .+$!/!8 1!"#$%!$%# 2&$%#3+ (3·10
7
 4

–1
) # 1"&/%#27$/# )7 .(#'7% – 

1"# )#5/!8 (2·10
4
 4

–1
).  

>& ."74' #)*-/3## *#&47%" # 1(!%)!$%6 2&$%#3+ !$%&?%$' 1"&/%#27$/# 

)7#547))+4#.  !@%!4- .+$!/!%7417"&%-")+7 1"!37$$+ )& 1!.7",)!$%# 2&$%#-

3+ 1! !/!)2&)## 17"#!*& #)*-/3## 1"!%7/&?% )75&.#$#4! !% 1"7*+$%!"##, 2%! 

!%!:"&9&7%$' . )7#547))+, %7417"&%-"7 # ."747)# 0!"7)#'. A&4!1"!#5.!(6-

)!7 1!%-,&)#7 -0(7"!*)!8 2&$%#3+ (%. .) 1"!#$,!*#% .$(7*$%.#7 *!$%#97)#' 

*#&47%"& # 1(!%)!$%# 2&$%#3+ /"#%#27$/#, 5)&27)#8. B& )&2&(6)!8 $%&*##, 

/!0*& 1(!%)!$%6 2&$%#3+ 5& $27% "7&/3#8 .)-%"# 1!" 2&$%#3+ 5)&2#%7(6)! )7 

-47)6<#(&$6, /.&*"&% *#&47%"& 2&$%#3+ #547)'7%$' 1"&/%#27$/# 1! (#)78)!4- 

5&/!)-.  

A/!"!$%6 #547)7)#' *#&47%"& # 1(!%)!$%# 2&$%#3+ 17"7* 4!47)%!4 1!%--

,&)#' 5&47%)! .!5"&$%&7%. C%! $.'5&)! $ !:"&%)!8 5&.#$#4!$%6? $/!"!$%# #5-

47)7)#' *#&47%"& (1(!%)!$%#) !% 1(!%)!$%# (*#&47%"&) 2&$%#3+ ($4. (3) # (4)).  

D&"&/%7"#$%#/# $&4!1"!#5.!(6)!0! 1!%-,&)#' (%. .) . $(-2&7 $&4!1"!#5-

.!(6)+, 17"7,!*!. $(&:! 5&.#$'% !% 1!"#$%!$%# !:"&53& 1"# )75)&2#%7(6)+, 

 
Fv = 2·10

4
 4

–1 Fv = 3·10
7
 4

–1 
Tm, K 2472 2473 2504 

tbur, 4c 145 143 139 

de, 4/4 17.9 17.9 14.7 

E7, /0/4
3
 1440 1411 633 

 88 



 
 !". 3. ;'3!/8. 3'/#$#(!$%# %.( ."'%,"8 # 4#<<,3#!&&!-)#&.%#2.$)#= !%&!>.&#6 !% 

4#'(.%"' 2'$%#78  "# db =100 ()(, 9g:=Tw=1400 K, Fv=  3·10
7
 (

-1
; =0.23 

2OC  

1) Se; 2) Ses1; 3) Ses2; 4) Sesf; 5) Sesv. 
 

5)&27)#', -*7(6)!8 1!.7",)!$%# 1!" (%&:(. 2).  "# 5)&27)#',  4
–1

 

*#&47%" # 1(!%)!$%6 2&$%#3+ $%&)!.'%$' $-F7$%.7))! 47)6<7 5)&27)#8, $!!%-

.7%$%.-?F#7 1(!%)!8 2&$%#37.  

42 10vF ! "

B& "#$. 3. 1"7*$%&.(7)+ G&5!.+7 *#&0"&44+ . .#*7 5&.#$#4!$%78 %7417"&-

%-"+ # *#GG-5#!))!-/#)7%#27$/!0! !%)!<7)#' !% *#&47%"&. A -47)6<7)#74 

*#&47%"& 2&$%#3+ )& $%&*## .+$!/!%7417"&%-")!0! !/#$(7)#' %7417"&%-"& 

2&$%#3+ 47*(7))! 4!)!%!))! -.7(#2#.&7%$', &  !:F77 2#$(! A747)!.& -47)6-

<&7%$'. A&4!1"!#5.!(6)!7 1!%-,&)#7 2&$%#3+ 1"!#$,!*#% 1"&/%#27$/# . /#)7-

%#27$/!4 "79#47 (Se < 0.25), & )7 . *#GG-5#!))!4, /&/ @%! -%.7"9*&7%$' . $17-

3#&(6)!8 (#%7"&%-"7. 

 "# 1!(-27))+, .+$!/#, %7417"&%-"&, !:"&5!.&)#7 !/$#*& -0(7"!*& ?@ # 

*#!/$#*& CO2  )& 1!.7",)!$%# 2&$%#3+ #*7% $ $!#547"#4+4# $/!"!$%'4#. H:-

F77 %71(!.+*7(7)#7 )& 1!.7",)!$%# 2&$%#3+ . "79#47 .+$!/!%7417"&%-")!0! 

!/#$(7)#' :!(77 274 . 8 "&5 1"7.+<&7% %71(!.+*7(7)#7 .)-%"# 2&$%#3+. I!-

1!()#%7(6)!7 #$$(7*!.&)#7 ."747))+, 5&.#$#4!$%78 ("#$. 2) 1!/&5&(!, 2%!  

2#$(! A747)!.& Sev )& 1"!%'97)## .$70! 1"!37$$& #547)'7%$' !% 10
4
 *! 10 (1"# 

4
–1

). C%! 1!5.!('7% 1"7*$%&.#%6 /!)$%&)%- .)-%"7))70! "7&0#"!.&)#' 

kv . .#*7: 

42 10vF ! "

# $1 2v v Vk F D k k% & , 

2%! !5)&2&7% 77 !% "&547"& 2&$%#3+. ; @%!4 $(-2&7, 1!(65-'$6 47%!*!4, 1"7*-

(!97))+4 . [8], !1"7*7(#4 4&/$#4&(6)-? %7417"&%-"- 0!"7)#' 1!"#$%!8 -0-

(7"!*)!8 2&$%#3+ #5 .+"&97)#': 

# $ # $
# $

2

2

4 41 1 2 2
max1 2

max

1 2

1 1 2 2

1 2

1

1

1

v
gs O s

w

g

v v

k
Q k Q k C

T Tk k
T T

k k k k
Q k Q k

k k

' () *
& & + , -. / 01 2&3 4 , -5 & 2

, -& & ) *
& &, -. /&, -3 46 7

. 
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 !". 4. A".(.&&8. 3'/#$#(!$%# %.( ."'%,"8, 4#'(.%"', /".(.&&!6  "!#3/!4&!6 

%.( ."'%,"8,  *!%&!$%#  !"#$%!6 ,1*."!4&!6 2'$%#78:  

db=100 ()(, 9g:=Tw=300 K, Fv=  3·10
7
 (

-1
; 

J5-5& !%)!$#%7(6)! 4&(!0! ./(&*& . !:F77 %71(!.+*7(7)#7 "7&0#"!.&)#' 

.)-%"# 2&$%#3+, %7417"&%-"& 1!"#$%!8 2&$%#3+ -.7(#2#.&7%$' )& 30 K 1! $"&.-

)7)#? $ 1(!%)!8 2&$%#378.  

 !$(7 $&4!1"!#5.!(6)!0! 1!%-,&)#' #5-5& .+$!/!8 /.&5#$%&3#!)&")!8 

%7417"&%-"+ (:(#5/!8 / %7417"&%-"7 )&0"7%!0! 0&5&) $/!"!$%6 #547)7)#' *#&-

47%"& # 1(!%)!$%# !$%&?%$' *!.!(6)! $-F7$%.7))+4# ("#$. 2). L0(7"!*)&' 2&$-

%#3& 1"!*!(9&7% !/#$('%6$'. M7 *#&47%" # 1(!%)!$%6 $%"74'%$' / )-(?. 

N)&(#5 ."747))+, 5&.#$#4!$%78 %7417"&%-"+, *#&47%"& # 1(!%)!$%# 1!-

"#$%!8 -0(7"!*)!8 2&$%#3+ 1"# "&5(#2)+, /!)37)%"&3#', /#$(!"!*& . 0&57 1!-

/&5&(, 2%! -0(7"!*)&' 2&$%#3& . $47$# /!4)&%)!8 %7417"&%-"+ $&4!1"!#5.!(6-

)! )7 4!97% 17"78%# )& .+$!/!%7417"&%-")+7 "79#4+ !/#$(7)#'. I(' %&/!0! 

17"7,!*& )7!:,!*#4! 1!.+$#%6 )&2&(6)-? %7417"&%-"- 2&$%#3+ .+<7 /"#%#-

27$/!0! 5)&27)#' ("#$. 4), /!%!"!7 5&.#$#% !% 1!"#$%!$%# -0(7"!*)!8 2&$%#3+. 

 "# $"&.)#%7(6)! )7:!(6<#, 5)&27)#', -*7(6)!8 1!.7",)!$%# 1!" /"#%#27-

$/!7 5)&27)#7 )&2&(6)!8 %7417"&%-"+ 2&$%#3+ 1"&/%#27$/# )7 !%(#2&7%$' !% 

$!!%.7%$%.-?F70! 5)&27)#' 1(!%)!8 -0(7"!*)!8 2&$%#3+.  "# .+$!/#, 5)&-

2OC =0.50,  

1.– Tb = 1400 K, 2.– Tb = 1410 K, 3.– Tb = 2000 K. 
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#$%&!'$ 3. A*#0&#. &'2'*+&!6 %.( ."'%,"8 2'$%#78 &'  ."#!4 #&4,)-

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

'(.%"' #  *!%&!$%# de # 5e  ,1*."!4&!6 2'$%#78 "'3*#2&!6  !"#$%!$%# db 

= 100 ()(, 9g:=Tw=300 K, C  = 0.50. 
2O  

 Tb, K 
Fv, 4

–1 

 1410 1650 2000 

3·10
7
 54.2 29.4 23.0 

tind, 4$ 
2·10

4
 – 37.4 24.6 

3·10
7
 3055 3055 3055 

Tmax, K 
2·10

4
 – 3031 3031 

3·10
7
 53 57 64 

tbur, 4$ 
2·10

4
 – 56 61 

3·10
7
 7.86 7.86 7.99 

de, 4/4  
2·10

4
 – 8.61 8.61 

3·10
7
 726 772 794 

E7, /0/4
3
 

2·10
4
 – 1417 1418 

27)#', 1!"#$%!$%# 1!)#97)#7 /"#%#27$/!0! 5)&27)#' )&2&(6)!8 %7417"&%-"+ 

2&$%#3+ 5)&2#%7(6)!. B&1"#47", *(' *.-, 1!"#$%+, -0(7"!*)+, 2&$%#3 $ 

-*7(6)!8 1!.7",)!$%6? 1!" 2·10
4
 # 3·10

7
 4

–1
 !%(#2#7 /"#%#27$/#, 5)&27)#8 )&-

2&(6)!8 %7417"&%-"+ $!$%&.('7% :!(6<7 200 K. 

 
 !". 5. ;'3!/8. 3'/#$#(!$%# %.( ."'%,"8 # 4#<<,3#!&&!-)#&.%#2.$)#= !%&!>.-

&#6 !% 4#'(.%"' 2'$%#78  "# db=100 ()(, 9g:=Tw=300 K, Fv= 3· 10
7
 (

–1
; 

=0.50; 1) Se; 2)Ses1, 3) Ses2; 4) Sesf; 5) Sesv. 
2OC  

 

K&/ # . $(-2&7 $&4!1"!#5.!(6)+, 17"7,!*!. )& .+$!/!%7417"&%-")+8 "7-

9#4, 1"# .+)-9*7))!4 17"7,!*7 4&/$#4&(6)&' %7417"&%-"& 0!"7)#', *#&47%" 

2&$%#3+ 1"# 1!%-,&)## )7 5&.#$#% !% )&2&(6)!8 %7417"&%-"+ 2&$%#3+ (%&:(. 

3). ; %!97 ."74' 1(!%)!$%6 2&$%#3+ 1!$(7 1!%-,&)#' # ."74' 0!"7)#' $(&:! 

-.7(#2#.&?%$' $ "!$%!4 )&2&(6)!8 %7417"&%-"+. O71(!.+*7(7)#7 .)-%"# 1!" 

)& 1!"'*!/ 47)6<7 274 )& 1!.7",)!$%# 2&$%#3+; ./(&* 5& $27% 17".!8 # .%!"!8 

"7&/3#8 $!#547"#4 ("#$. 5).  

>&.#$#4!$%6 17"#!*& #)*-/3## !% )&2&(6)!8 %7417"&%-"+ 2&$%#3+ #477% 

)7/!%!"+7 !$!:7))!$%#: 1) "75/!7 1&*7)#7 17"#!*& #)*-/3## c "!$%!4 )&-
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2&(6)!8 %7417"&%-"+ .:(#5# /"#%#27$/!0! 5)&27)#'; 2) 1"&/%#27$/# (#)78)!7 

-47)6<7)#7 17"#!*& #)*-/3## 1"# :!(6<#, )&2&(6)+, %7417"&%-"&, 2&$%#3+.  

  
 !". 6  A".(.&&8. 3'/#$#(!$%# %.( ."'%,"8 2'$%#78, )!&7.&%"'7## )#$*!-

"!4' &'  !/."=&!$%#, 4#'(.%"' #  *!%&!$%# 2'$%#78  "# Tw: = Tg = 293 K, 

= 0.23; Fv= 3· 10
7
 (

–1
: 1 – db = 100 ()(, 2 – db = 150 ()(. 

2 ,OC  

B& "#$. 6 1"7*$%&.(7)+ ."747))+7 5&.#$#4!$%# %7417"&%-"+, *#&47%"&, 

1(!%)!$%# -0(7"!*)+, 2&$%#3 "&5(#2)+, )&2&(6)+, *#&47%"!.. B75&.#$#4! !% 

)&2&(6)!0! *#&47%"& $&4!1"!#5.!(6)!7 1!%-,&)#7 2&$%#3+ 1"!#$,!*#% 1"# 

!*#)&/!.!4 /"#%#27$/!4 *#&47%"7, !*)&/!, 1"# "&5(#2)!8 1(!%)!$%#.  

O&/#4 !:"&5!4, 1!/&5&)!, 2%! . $(-2&7 $&4!1"!#5.!(6)!0! 17"7,!*& )& .+-

$!/!%7417"&%-")+8 "79#4 !/#$(7)#' (.!$1(&47)7)#') 1!"#$%!8 -0(7"!*)!8 

2&$%#3+ )&2&(6)&' %7417"&%-"& 2&$%#3+ 1"&/%#27$/# )7 !/&5+.&7% .(#')#7 )& 

%7417"&%-"- # ."74' 0!"7)#'.  !$(7 $&4!1"!#5.!(6)!0! 1!%-,&)#' . @%!4 $(--

2&7, $/!"!$%# #547)7)#' *#&47%"& # 1(!%)!$%# 2&$%#3+ 5)&2#%7(6)+ (#5-5& .+-

$!/!8 /.&5#$%&3#!)&")!8 %7417"&%-"+) # .$/!"7 2&$%#3& 1"&/%#27$/# 1!()!-

$%6? #5"&$,!*-7%$'. ; $(-2&7 .+)-9*7))!0! 5&9#0&)#' 2&$%#3+ . ,!(!*)!8 

/#$(!"!*)!-.!5*-<)!8 $"7*7 1!$(7 $&4!1"!#5.!(6)!0! 1!%-,&)#' *#&47%" # 

1(!%)!$%6 2&$%#3+ 17"7$%&?% #547)'%6$'. P&$%#3+ 1!(-2&?%$' !*#)&/!.!0! 

"&547"& $ "&5(#2)!8 1(!%)!$%6?, 5&.#$'F78 !% )&2&(6)!8 %7417"&%-"+ # *#&-

47%"&. 
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Porous carbonic particles burning and spontaneous extinction in nitrogen-

oxygen mixtures at different initial temperatures 

 
SUMMARY 

Different porosity carbonic particle initial temperature influence on time-temperature de-

pendence characteristics, diameter and particle density in spontaneous and stimulated high 
temperature heat-mass exchange and chemical reaction kinetics transitions is analyzed. In case 

of spontaneous ignition on initial temperature induction period dependence four areas with dif-

ferent slops can be defined. It is shown that diameter; burning temperature and time during 

spontaneous extinction almost don’t depend from particle initial temperature. In contrast to 

spontaneous inflammation during stimulated ignition after spontaneous extinction, particle’s 

diameter and density stop to change. Diffusion-kinetic ratio values analysis showed two main 

heterogeneous carbonic oxidation reactions commensurability contribution in particle’s heat-

mass exchange with ambient gas.  

 
 

 

 

 

($&)*+$, -.-., ./0*/*,1 2.3., 456 2.7., 4589 2.2., 2:101;*<, -.-.  

'($)**+ ) ,%-(.)/0*# 1(2%,%**+ 1($&.%"!3 .&2/#4#.!3 5%,"!*(6 .  

%7("*(-6!,*#.!3 ,&-)8%3 1$! $)7*!3 1(5%"6(.!3 "#-1#$%"&$%3 

 
NBHONVWX 

E&'*T3,U%+$0 / *#/  !2'%)!/!V %.( ."'%,"#  !",/'%!V /,1*.7./!V 2'$%#&)# "T3&!V 

 !",/'%!$%T &' ='"')%."#$%#)# 2'$!/#= 3'*.J&!$%.6 %.( ."'%,"#, 4T'(.%", T 1,$-
%#&# 2'$%#&)#  "# $'(!/T*+&#= T /#(,>.&#=  .".=!4'= &' /#$!)!%.( ."'%,"&T ".J#-

(# %. *!('$!!P(T&, T )T&.%#)# =T(T2&#= ".')7T6. O!)'3'&!, W! %.( ."'%,"' T 2'$ 1!-

"T&&0, 4T'(.%" 2'$%#&)#  "# $'(!/T*+&!(,  !1'$'&&T  "')%#2&! &. 3'*.J'%+ /T4  !-

2'%)!/!V %.( ."'%,"# 2'$%#&)#. N' /T4(T&, /T4 $'(!/T*+&!1! 3'6('&&0  "# /#(,>.&!-

(, 3' '*.&&T 4T'(.%" T 1,$%#&' 2'$%#&)#  T$*0 $'(!/T*+&!1!  !1'$'&&0  .".$%'-%+ 
3(T&-/'%#$0. K'*#>'-%+$0 2'$%#&)# !4&')!/!1! 4T'(.%",, '*. "T3&!V 1,$%#&#. E&'*T3 

3&'2.&+ 4#<,3T6&!-)T&.%#2&#= /T4&!>.&+  !)'3'/ &' $,(T"&T$%+ /&.$)T/ / %. *!('$!!P-

(T& 2'$%#&)# 3 &'/)!*#>&T( 1'3!( )!J&!V 3 4/!= !$&!/&#= 1.%."!1.&&#= ".')7T6 !)#$-

*.&&0 /,1*.7-. 

 
 

 

 
 

 

 94 


