
 !" 536.4 

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

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

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

 

 !"#"$% &%'()(*"+,"!-*.!/(0( *",$(+-''((1+"/- .0$"!(#/%2 3-'*45 

,!4 ,!(*")-/44 ,-!-$$"$6/%2 24+43"')42 !"-)547 

 

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

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

2"10( # .5"1*2 #1"6('*/#$*>* 1"5"'%< % 1"7+*7*1"0, %8+.5"'%"2 !+< #+.5("/ 70*1"-

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

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

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

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

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

# (8*1*2 /-B" $0%1%5"#$%= 8'(5"'%& 7.1"2 7*/-B"'%< '(5(+,'*& 1"27"0(1.0- /-B" 

$0%1%5"#$%= 8'(5"'%&, /-A*0 $*1*0-= 70"!+*@"' / 0(A*1", 7*8/*+<"1 7"0"/"#1% 5(#-

1%). '( /-#*$*1"27"0(1.0'-& 0"@%2. C5"1 7(0(++"+,'-= 0"($)%& '( 7*/"0='*#1% 

5(#1%)- .2"',B("1 %'1"0/(+ 0(82"0*/ 5(#1%)-, !+< $*1*0-= /*82*@'- /-'.@!"'-

'-" 7"0"=*!- '( /-#*$*1"27"0(1.0'-& 0"@%2 1"7+*2(#**A2"'(.  

 

#$%&& [1-3] $%$'()(*&+,( (-.*$'(+/ 01&2&'3 43+5,5)&60&1$).1%575 )&0-

'56$++5586&%$, ,1()(*&+,(& .+'54(9, 501&2&'9:;(& 0&1&<523 %$ 43+5,5)&6-

0&1$).1%5& 5,(+'&%(& *$+)(=3 .7'&152$ 4 %$71&)56 45-2.<& + .*&)56 )&0'558-

6&%$ (-'.*&%(&6 +5 +)&%,$6( 01( .+'54(( Tw << Tg. >5,$-$%5, *)5 4 ?)56 +'.-

*$& 45-65@%5 +.;&+)454$%(& *&)31&< ,1()(*&+,(< -%$*&%(A ,5?BB(=(&%)54 

)&0'5- ( 6$++5586&%$, 571$%(*(4$:;(< 58'$+)( +$65015(-45'/%575 0&1&<52$ 

%$ 43+5,5)&60&1$).1%3A 1&@(6 ().i) ( 43%.@2&%%575 45+0'$6&%&%(9 ()."). C& 

581$;$'5+/ 4%(6$%(& %$ 45-65@%5+)/ 0&1&<52$ *$+)(= .7'&152$ %$ 43+5,5)&6-

0&1$).1%3& 1&@(63 )&0'56$++5586&%$ 4 <5'52%3< $-5)%5-,(+'5152%3< +6&+9< 

01( .+'54((, *)5 )&60&1$).13 7$-$ ( +)&%5, 1$4%3 Tw = Tg.  

D 2$%%5A 1$85)& $%$'()(*&+,( 501&2&'&%3 01&2&'3 43+5,5)&60&1$).1%3< 

+5+)59%(A, -%$*&%(9 %$*$'/%5A )&60&1$).13, 501&2&'9:;(< ,1()(*&+,(A 0&-

1&<52 %$ 43+5,5)&60&1$).1%5& +5+)59%(& 4 $-5)%5-,(+'5152%3< +6&+9< ,56-

%$)%5A )&60&1$).13, $ )$,@& 439+%&%5 4'(9%(9 %$ %(< 4)515A 0$1$''&'/%5A 

7&)&157&%%5A 1&$,=((. 

E-4&+)%5, *)5 %$ 054&1<%5+)( .7'&152%5A *$+)(=3 657.) 015)&,$)/ 0$1$'-

'&'/%3& ?,-5)&16(*&+,(& <(6(*&+,(& 1&$,=(( 
1

2 2

kC O CO !!" ,                

2

                              (I) 

2

22 kC O CO !!" ,                                             (II) 

+ 1$-%36( ,5%+)$%)$6( +,515+)&A <(6(*&+,(< 1&$,=(A ( )&0'5436( ?BB&,)$-

6(.  
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>'5)%5+)/ 65;%5+)( <(6(*&+,575 )&0'5432&'&%(9 %$ 054&1<%5+)( *$+)(-

=3 501&2&'9&)+9 +,515+)96( <(6(*&+,(< 1&$,=(A (I) ( (II) 05 $,)(4%56. 7$-5-

581$-%56. ,5605%&%). – ,(+'5152.: 

$ %1 1 2 2 Jch as gsq Q k Q k C&  , 

1
1 01 exp

E
k k

RT

' (& )* +
, -

, 2
2 02 exp

E
k k

RT

' (& )* +
, -

. 

D 1&-.'/)$)& 581$-54$%(9 2505'%()&'/%3< 7$-5581$-%3< 6$++ (HK2 ( HK) 

%$ 054&1<%5+)( *$+)(=3 +,515+)/ +)&B$%54+,575 )&*&%(9 %$01$4'&%$ 5) 05-

4&1<%5+)( .7'&152%5A *$+)(=3 ( && 4&'(*(%$ Us 501&2&'9&)+9 +,515+)/: <(6(-

*&+,5A 1&$,=(( 05 .7'&152. Wc: 

$ %1 2

12
J 2 J

32
s gs C as gsU W k k C& &  , 

$ %1 2 , J
1

LJ

s k gs

as a

g

k k U
C C

' (  
&  * +* +

, -
, ,

a
s k s

as

C
U U

C
& . 

>5 6&1& .2$'&%(9 5) 054&1<%5+)( *$+)(=3 +,515+)/ +)&B$%54+,575 )&*&%(9 

.834$&) 581$)%5 015051=(5%$'/%5 ,4$21$). 1$++)59%(9: 
2

2
( ) s

s

r
U r U

r
& . 

H)&B$%54+,(A 05)5, .4&'(*(4$&) %/:)5%54+,(& )&0'505)&1( 4 1&-.'/)$)& 

)&0'5586&%$ *$+)(=3 + 7$-56: 

$ % $ %1

2
g g s gs gq T T U c T T& . )  /  g ,  

g

g g

Nu
c

d

0
. & 1 / & ,  0

0gs g

T

T

' (/ & / * +
, -

,  0
0

2
g g

g

T

T T

' (
/ & / * +* + , -

, 

0

02

n

g

g g

T T

T

 ' (
0 & 0 * +

, -
,     $ %0g g gc c T T&  2 ) . 

M&0'505)&1( (-'.*&%(&6 , +)&%,$6 1&$,=(5%%5A .+)$%54,( 501&2&'9:)+9 

-$,5%$6( "(1<75B$ ( H)&B$%$-N5'/=6$%$: 
4 4( )w wq T T& 34 ) . 

 1$4%&%(& 2'9 (-6&%&%(9 )&60&1$).13 *$+)(=3 + )&*&%(&6 41&6&%( 2'9 

+'.*$9 1Bi  (6&&) 4(2: 55
1
J

6
eff

T
c d q

t

6
&

6
,             ( 0) bT t T& & ,                          (1) 

72& qeff ?BB&,)(4%$9 0'5)%5+)/ )&0'5432&'&%(9, )&0'505)&1/, 0'5)%5+)/ 65;-

%5+)( <(6(*&+,575 )&0'5432&'&%(9: 

eff ch hq q q&  , h gq q qw&  . 

O2&+/ Bi – ,1()&1(A N(5, ,  – )&0'543& ?BB&,)3 0&145A ( 4)515A 1&-

$,=((, 1$++*()$%%3& %$ 1 ,('571$66 $,)(4%575 ,5605%&%)$ (,(+'5152$) 4 

!@/,7K2; D1, D2 – ?%&17(( $,)(4$=(( 0&145A ( 4)515A 1&$,=(( 4 !@/65'/, k1 , k2 

– ,5%+)$%)3 <(6(*&+,(< 1&$,=(A 4 6/+, k01, k02 – 0&1&2?,+05%&%=($'/%3& 6%5-

1Q 2Q
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@()&'( 4 6/+, R – .%(4&1+$'/%$9 7$-54$9 05+)59%%$9 4 !@/(65'/·"), Eas, C$ – 

,5%=&%)1$=(9 ,(+'5152$ %$ 054&1<%5+)( *$+)(=3 ( 4 7$-545A B$-& 42$'( 5) 

*$+)(=3; ,  – 0'5)%5+)/ 7$-$ 42$'( ( %$ 054&1<%5+)( *$+)(=3 4 ,7/6
3
, gJ gsJ gc – 

.2&'/%$9 )&0'5&6,5+)/ 7$-$ 4 !@/(,7·"), – ,5?BB(=(&%) )&0'5015452%5+)( 

7$-$ 4 D)/(6·"),  – 0'5)%5+)/ *$+)(=3 4 ,7/6
3
, c – .2&'/%$9 )&0'5&6,5+)/ *$+-

)(=3 4 !@/(,7·"), 2 – )&60&1$).1%3A ,5?BB(=(&%) )&0'5&6,5+)( 7$-$ 4 

!@/(,77"2
),  – ,5?BB(=(&%) )&0'5586&%$ 4 D)/(6

2
·"), – ,5?BB(=(&%) 6$++5-

586&%$ 4 6/+,  – ,5?BB(=(&%) *&1%5)3 *$+)(=3, P – 05+)59%%$9 H)&B$%$-

N5'/=6$%$ 4 D)/(6
2
·"

4
), d – 2($6&)1 *$+)(=3 4 6, 

gQ

J

R L

S

gT  – )&60&1$).1$ 7$-$ 4 ",  

– )&60&1$).1$ +)&%5, 4 ", t – 41&69 4 +, Nu – ,1()&1(A C.++&'/)$. 

wT

>1&2+)$4(6 .+'54(& +)$=(5%$1%5+)( 0effq &  (- (1) 4 4(2&: 

$ % $ % $ %

$ %

1

1 1 2 2 1 2

1

k

,

J 1 J ( )

1
J ,

2

a gs g g

s k g a gs w

Q k Q k C Se k T T

U c C Se q

)
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  ) ) )

) &

1

Se

)  1 0

gsc 
 

72& 
$ %s1 2 ,t k gs gU r c

Se &
k k  

.
. 

K)+:2$ %&)1.2%5 05'.*()/ ,4$21$)%5& .1$4%&%(& 5)%5+()&'/%5 *(+'$ Se: 

1 1 1
0

1 1
g st

Se

wAA A
Se Se Se

) ) ) &
  

' (
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, -

2 0

   

('( 
2

w gA Se A A) 7  & , 

72&                  
$ %$ %
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1 2 ,

1 1 2 2

J

J

g gs s k gT)
gA ,  

$ %
$ %

4 4

gs a

c k k U T

Q k Q k C

  

 
&

1 1

SP

2 2 J

w

w

gs a

T T
A

Q k Q k C
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&

 
, 

$ %
$ %

,

1 1 2 2

J1

2 J

s k gs g g

st

as gs

U c T T
A

Q k Q k C

 
&

 
, $ %1

1
2

g w stA A A A) )& ) . 

O$4(+(65+)/ 2(BB.-(5%%5-,(%&)(*&+,575 5)%5T&%(9 5) +)$=(5%$1%5A 

)&60&1$).13 *$+)(=3 01&2+)$4(6 4 4(2&: 

$ %2 21
g wA A)

w

Se A
A

& 8 A ,                                     (2) 

gAD&'(*(%3 , wA  ( stA  501&2&'9:) 15'/ 1$-'(*%3< 6&<$%(-654 )&0'558-

6&%$ *$+)(=3 + 5,1.@$:;(6( )&'$6( ()&0'5586&% + 5,1.@$:;(6 7$-56 65'&-

,.'91%5-,5%4&,)(4%36 0.)&6, )&0'5586&% (-'.*&%(&6 +5 +)&%,$6( ( )&0'558-

6&% -$ +*&) +)&B$%54+,575 )&*&%(9) 05 5)%5T&%(: , <(6(*&+,56. )&0'5432&-

'&%(:. 

H .*&)56 +)&B$%54+,575 )&*&%(9, (+05'/-.9 (2), -$4(+(65+)/ 2($6&)1$ *$+-

)(=3 .7'&152$ 5) && +)$=(5%$1%5A )&60&1$).13, 50(+34$:;.: ,1()(*&+,(& ( 

.+)5A*(43& 1&@(63 )&0'56$++5586&%$, 01&2+)$4(6 4 4(2&: 
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$ % $ %2 2
1 1 2 2

Q

J

g

as gs

g

g w

Nu T T
d

Q k Q k C A A A A

)
&

 8 )
.                         (3) 

"1()(*&+,(& 0$1$6&)13, <$1$,)&1(-.:;(& 0&1&<523 + %(-,5- %$ 43+5,5-

)&60&1$).1%3& 1&@(63 )&0'56$++5586&%$, 501&2&'9:)+9 +(+)&65A: 

0

0

eff

eff

q

q

T

&9
:
;6

<:
6=

,                                                      (4) 

O%$, 1$4&%+)4$ 4 (4) <$1$,)&1(-.&) ,1()(*&+,(A 0&1&<52 %$ 43+5,5)&60&-

1$).1%3A 1&@(6 5,(+'&%(9 %&-$4(+(65 5) %$*$'/%5A )&60&1$).13 Tb (+$65-

015(-45'/%5& 45+0'$6&%&%(&), -%$, 85'/T& 501&2&'9&) 4'(9%(& Tb %$ (-6&%&-

%(& ,1()(*&+,(< 0$1$6&)154, 4 *$+)%5+)( 2($6&)1 *$+)(=3 (43%.@2&%%5& 45+-

0'$6&%&%(&). E-6&%&%(& 2($6&)1$ *$+)(=3 4 +)$=(5%$1%56 +5+)59%(( 01(45-

2() , (-6&%&%(: && +)$=(5%$1%5A )&60&1$).13. !'9 +5<1$%&%(9 .+'54(9 +)$-

=(5%$1%5+)( %&58<52(65, *)583 4305'%9'5+/ 1$4&%+)45: 

 0
eff effq q

T d
T d

6 6
6  6 &

6 6
      ('(      

eff

eff

q Td

T q d

6 66
& )

6 6 6
.                  (5) 

U)5 2$&) 45-65@%5+)/ 01( (-.*&%(( ,1()(*&+,(< 0&1&<5254 %$ 43+5,5)&6-

0&1$).1%3& 1&@(63 5,(+'&%(9 $%$'(-(154$)/ .+'54(9 05)&1( +)$=(5%$1%5+)( 

0.)&6 (++'&254$%(9 -$4(+(65+)( 2($6&)1$ *$+)(=3 5) && +)$=(5%$1%5A )&60&-

1$).13.  

C$ 1(+.1 01&2+)$4'&%3 -$4(+(65+)( +)$=(5%$1%5A )&60&1$).13 *$+)(=3 5) 

&& 2($6&)1$ 4 %$71&)56 45-2.<& 1$-'(*%5A )&60&1$).13.  

>1( $%$'(-& (+05'/-54$'(+/ +'&2.:;(& )&0'5,(%&)(*&+,(& ( )&0'5B(-(-

*&+,(& 05+)59%%3&: E1 = 140030 !@/65'/, E2 = 154000 !@/65'/, k01 = 6.5 7 10
4
 

6/c, k02 = 13 7 10
4
 6/c, Q1 = 12.343 7 10

6
 !@/,7K2, Q1 = 6.8447 10

6
 !@/,7K2, R = 8.31 

!@/(65'/7"), T0 = 273 ", 0g0 = 0.244 710
–2

 D)/(67"), /g0 = 1.293 ,7/6
3
, cg0 = 1005 

!@/(,77"), E( = 0.23, 2 = 0.195 !@/(,77"2
), 3 = 0.8, 4 = 5.67 7 10

–8
 D)/(6

2
·"

4
), n = 

0.75.  

"1()(*&+,(& 0$1$6&)13 ,5?BB(=(&%)54 )&0'5- ( 6$++5586&%$, <$1$,)&1(-

-.:;(& +$65015(-45'/%3& 0&1&<523 %$ 43+5,5)&60&1$).1%.: +)$2(: 5,(+'&-

%(9, 501&2&'9:)+9 .+'54(96( (i1): 

0
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6
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6
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6
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6
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2
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6
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>1&2&'/%3& 43+5,5)&60&1$).1%3& +5+)59%(9 )&0'56$++5586&%$ (Te, de) 

501&2&'9:)+9 .+'54(96(: 
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E-6&%&%(& 4%&T%(< 0$1$6&)154 )$,(<, %$01(6&1, ,$, )&60&1$).1$ 7$-$ 

()&60&1$).1$ +)&%5,) ('( ,5%=&%)1$=(9 $,)(4%575 ,5605%&%)$ (5,(+'()&'9), 

01(452() , (-6&%&%(: ,1()(*&+,(< 0$1$6&)154, 501&2&'9:;(& 58'$+)/ +$65-

015(-45'/%3< 0&1&<5254 + %(-,5- %$ 43+5,5)&60&1$).1%3& 1&@(63 )&0'56$+-

+5586&%$. 

>1( 43+5,(< )&60&1$).1$< 7$-$ ( +)&%5, (1(+ 1$) 01( ,5%=&%)1$=(( ,(+'5-

152$ E$ = 0.23 +.;&+)4.&) )5'/,5 52(% 94%5 431$@&%%3A 01&2&' 43+5,5)&60&-

1$).1%575 +5+)59%(9 (). "1). H$65015(-45'/%5 ().&. %&-$4(+(65 5) %$*$'/%5A 

)&60&1$).13) 45+0'$6&%9:)+9 )5'/,5 )& *$+)(=3, 1$-6&13 ,5)513< 85'/T& di1. 

F$+)(=3, 1$-6&13 ,5)513< 01(%$2'&@$) (%)&14$'. $ %1 1,e id d  0&1&<529) %$ 43-

+5,5)&60&1$).1%3A 1&@(6 )&0'56$++5586&%$ )5'/,5 01( .4&'(*&%(( (< %$-

*$'/%5A )&60&1$).13 43T& )&60&1$).13, +55)4&)+)4.:;&A ,1(45A, +5&2(-

%9:;&A ,1()(*&+,(& )5*,( (). i1 ( "1). F$+)(=3 85'/T(< 2($6&)154  

01( .6&%/T&%(( (< 1$-6&1$ (5,(+'&%(& 015(+<52() 01( ':85A )&60&1$).1&) 

0'$4%5 0&1&<529) (- %(-,5)&60&1$).1%575 %$ 43+5,5)&60&1$).1%3A 1&@(6 )&-

0'56$++5586&%$.  

1id d>>

>1( .6&%/T&%(( )&60&1$).1 7$-$ ( +)&%5, 015(+<52() .4&'(*&%(&  ,1()(-

*&+,(< -%$*&%(A 2($6&)1$  ( , ( 01( %&,5)5156 -%$*&%(( 015(+<52() 43-

15@2&%(& ,1()(*&+,(< .+'54(A, +55)4&)+)4.:;(< 45+0'$6&%&%(: (1(+. 2$, 

).?2). >1( 2$'/%&AT&6 05%(@&%(( )&60&1$).13 7$-$, +.;&+)4.:) 24$ 01&2&'$ 

43+5,5)&60&1$).1%5A +)$2(( 05 2($6&)1. *$+)(=3 (,5?BB(=(&%)$6 )&0'5- ( 

6$++5586&%$) (1(+.18). F$+)(=3 + 1$-6&1$6( 

1id 1ed

$ %1 2,e ed d d@  657.) 45+0'$6&%()/-

+9 01( 0543T&%(( %$*$'/%5A )&60&1$).13 *$+)(=3 43T& -%$*&%(9 )&60&1$).-

13, +55)4&)+)4.:;&A %(@%&A *$+)( ,1(45A, +5&2(%9:;&A )5*,( &1 ( &2. D3%.-

@2&%%36 45+0'$6&%&%(&6 %$-54&6 015=&++ 0&1&<52$ %$ 43+5,5)&60&1$).1%3A 

1&@(6 )&0'56$++5586&%$ 4 1&-.'/)$)& 0&145%$*$'/%575 %$71&4$ <(6(*&+,( 

.#/.1  F(/%#%2*#1, #1()%*'(0'*& 1"27"0(1.0- 5(#1%)- *1 "" !%(2"10( 70%  

 % T T .   – G$#7"0%2"'1(+,'-" !(''-"[4].  ––– – !/" 

0"($)%%. - - - – *!'( 0"($)%<. 

1400g wT T K& & 1125g w K& &
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1&$7(1.:;&A +(+)&63 (*$+)(=3) 25 )&60&1$).13 43T& ,1()(*&+,575 -%$*&%(9. 

H 2$'/%&AT(6 .6&%/T&%(&6 )&60&1$).13 7$-$ 58'$+)/ 43%.@2&%%575 45+0'$-

6&%&%(9 .6&%/T$&)+9 ( 01( %&,5)5156 -%$*&%(( )&60&1$).13 7$-$ 4315@2$&)-

+9 (1(+.2$, )5*,$ L). H'&254$)&'/%5, +.;&+)4.&) 6(%(6$'/%$9 )&60&1$).1$ 45--

2.<$ (). L), 01( ,5)515A 45-65@%5 43%.@2&%%5& 45+0'$6&%&%(& *$+)(= .7'&15-

2$.  

.#/.2 F(/%#%2*#1% $0%1%5"#$%= 8'(5"'%& () 1"27"0(1.0- >(8( % A) 1"27"-

0(1.0 .>+"0*!'-= 5(#1%)- *1 "" !%(2"10( 70% Tg = Tw, Ca = 0.23. 

–––––––––– – !/" 7(0(++"+,'-" 0"($)%%, 

– – – – – – – – *!'( 0"($)%<.  

H'&2.&) 581$)()/ 4%(6$%(&, *)5 .*&) 4)515A ?,-5)&16(*&+,5A 0$1$''&'/-

%5A 1&$,=(( %$ 054&1<%5+)( *$+)(=3 .7'&152$ .4&'(*(4$&) 58'$+)/ 45+0'$6&-

%&%(9 05 2($6&)1. (1(+. 1$) ( .6&%/T$&) 58'$+)/ 43%.@2&%%575 45+0'$6&%&%(9 

(1(+. 18).  6&%/T&%(& 58'$+)( 43%.@2&%%575 45+0'$6&%&%(9 +49-$%5 + .4&'(-

*&%(&6 15'( 6$++50&1&%5+$ 01( 4,':*&%(( 4)515A 1&$,=(( ( 01&58'$2$%(&6 

01( 85'/T(< )&60&1$).1$< 1&$,=(( + 85'/T&A ?%&17(&A $,)(4$=(( (1&$,=(9 25 

5,+(2$ .7'&152$) (, +'&254$)&'/%5, + 6&%/T(6 )&0'5436 ?BB&,)56. M$,(6 58-

1$-56, ,1()(*&+,5& -%$*&%(& )&60&1$).13 5,1.@$:;(< )&' TgL 01( .*&)& 0$-

1$''&'/%3< 1&$,=(A 85'/T&, *&6 01( .*&)& 4+&75 '(T/ 52%5A 1&$,=((. 

M$,(6 581$-56, 05'.*&%$ 58'$+)/ -%$*&%(A 2($6&)154 ( %$*$'/%3< )&60&-

1$).1 *$+)(=3, 01(4529;(< , 45-%(,%54&%(: 43+5,5)&60&1$).1%3< 1&@(654 

5,(+'&%(9 4 01&24$1()&'/%5 %$71&)56 45-2.<& (1(+.3). C$ 581$)%5A -$4(+(65-

+)( ,1()(*&+,5A %$*$'/%5A )&60&1$).13 5) 2($6&)1$ *$+)(=3 (1(+. 3) 65@&) 

%$8':2$&)+9 6(%(6.6 (). m), ,5)513A 1$-2&'9&) 4+: 58'$+)/ ,1()(*&+,(< 2($-

6&)154 %$ 24&: 58'$+)( 6$'3< ( 85'/T(< 2($6&)154. 

!'9 6$'3< 2($6&)154 (85'/T(< ,5?BB(=(&%)54 )&0'5- ( 6$++5586&%$) 

+45A+)4&%%5 .6&%/T&%(& ,1()(*&+,575 -%$*&%(9 %$*$'/%5A )&60&1$).13 + .4&-

'(*&%(&6 2($6&)1$. U)5 +49-$%5, + )&6, *)5 + .4&'(*&%(&6 2($6&)1$ .6&%/T$-

:)+9 )&0'505)&1( + 7$-56. >1( ?)56 <(6(*&+,$9 1&$,=(9 501&2&'9&)+9 ,(%&)(-
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,5A 1&$,=(( ( 01$,)(*&+,( %& -$4(+() 5) 1$-6&1$ *$+)(=3. D (3) )$,(6 *$+)(-

=$6 +55)4&)+)4.&) -%$, “+”. >5?)56. +49-/ 6&@2. 2($6&)156 ( ,1()(*&+,(6 

-%$*&%(&6 %$*$'/%5A )&60&1$).13 *$+)(=3 4 ?)56 +'.*$& 65@%5 50(+$)/ -$4(-

+(65+)/::  

Q
R L J

g

g g

Nu
c

d
& &

$ %
,  

$ %2 2
1 1 2 2

Q

J

g b g

i

a a as gs
g w

Nu T T
d

Q k Q k C A A A A
A

)
&

  )
. (6) 

!'9 85'/T(< 1$-6&154 *$+)(= (6$'3< ,5?BB(=(&%)54 )&0'5- ( 6$++5586&-

%$) 45-1$+)$:) )&0'505)&1( %$ (-'.*&%(& 05 +1$4%&%(: + )&0'5586&%56 65'&-

,.'91%5-,5%4&,)(4%36 0.)&6. >5?)56. 2'9 85'/T(< 2($6&)154 *$+)(= 2'9 && 

45+0'$6&%&%(9 %&58<52(65 052%9)/ && %$*$'/%.: )&60&1$).1.. N5'/T(6 2($-

6&)1$6 *$+)(= 4 (3) +55)4&)+)4.&) -%$, “–” ( ,1()(*&+,5& -%$*&%(& %$*$'/%5A 

)&60&1$).13 *$+)(=3 501&2&'9&)+9 (- -$4(+(65+)(: 

$ % $ %
$ %

2 2

1 1 2 2

4 4

1 2 ,

Q

SP

g w
g a a a

i

g s k b w

A A A ANu Q k Q k C
d

c k k U T T
A

 ) 
&

  )
.                   (7) 

!'9 501&2&'&%(9 58'$+)( (-6&%&%(9 ,1()(*&+,(< 2($6&)154 ( -%$*&%(A 

%$*$'/%3< )&60&1$).1 *$+)(= 2'9 2$%%5A )&60&1$).13 45-2.<$ 65@%5 45+05'/-

-54$)/+9 -$4(+(65+)96( %$ 1(+.2. 

 7'&152%3& *$+)(=3, ,$, 4(2%5 (- 1(+. 2$, %& 45+0'$6&%9:)+9 4 45-2.<& 

,56%$)%5A )&60&1$).13 01( ':85A %$*$'/%5A )&60&1$).1& *$+)(=3. K+)$4'99 

)&60&1$).1. 7$-545A +1&23 05+)59%%5A ( .4&'(*(4$9 ,5%=&%)1$=(: ,(+'5152$ 

4 %&6, 65@%5 258()/+9 45+0'$6&%&%(9 .7'&152%3< *$+)(= 501&2&'&%%3< 1$--

.#/. 4 F(/%#%2*#1, #1()%*'(0'*& 1"27"0(-
1.0- 5(#1%)- *1 "" !%(2"10( 70% 

293g wT T K& & , E( = 0.45. 

 ––– – !/" 0"($)%%. - - - – *!'( 0"($)%<. 

 

.#/ 3. F(/%#%2*#1, !%(2"10( *1 $0%-
1%5"#$*>* 8'(5"'%< '(5(+,'*& 1"27"-
0(1.0- 70% 70*1"$('%% '( 7*/"0='*-
#1% 5(#1%)- !/.= 7(0(++"+,'-= 0"($-

)%& / /*8!.=" 1) T T  % 1400g w K& &

1125g w K& &2) T T . 
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6&154. C$ 1(+ 4 01&2+)$4'&%3 -$4(+(65+)( +)$=(5%$1%5A )&60&1$).13 5) 2($-

6&)1$ .7'&152%5A *$+)(=3 4 <5'52%56 7$-& 01( 5)%5+()&'/%5A 6$++545A ,5%-

=&%)1$=(( $,)(4%575 ,5605%&%)$ (,(+'5152$) 4 7$-& 0.45.  4&'(*&%(& ,5%=&%-

)1$=(( 43T& ,1()(*&+,575 -%$*&%(9 01(452() , 0594'&%(: 58'$+)( 43%.@-

2&%%575 45+0'$6&%&%(9, T(1(%$ ,5)515A 05 2($6&)1. .6&%/T$&)+9 01( .*&)& 

0$1$''&'/%3< 1&$,=(A. 

.#/. 5  A+(#1, >%#1"0"8%#'-= 0"@%2*/ 7* !%(2"10. % '(5(+,'*& 1"27"0(-
1.0" / 8(/%#%2*#1% *1 $*')"'10()%% $%#+*0*!( / >(8" 70% Tg = Tw=293H. 
–––––––––– – !/" 7(0(++"+,'-" 0"($)%%, 

– – – – – – – – *!'( 0"($)%<.  

C$ 1(+. 5$,8 05,$-$%5 4'(9%(& ,5%=&%)1$=(( ,(+'5152$ 4 7$-545A B$-& 

,56%$)%5A )&60&1$).13 %$ ,1()(*&+,(& -%$*&%(9 2($6&)154 )&60&1$).1 .7'&-

152%3< *$+)(=, ).&. 58'$+)/ 43%.@2&%%575 45+0'$6&%&%(9. C$ -$4(+(65+)( 

,5%=&%)1$=(( ,(+'5152$ 5) ,1()(*&+,575 2($6&)1$ %$8':2$&)+9 6(%(6.6, ,5-

)513A 65@%5 58V9+%()/ )$,. >5 6&1& .4&'(*&%(9 2($6&)1$ *$+)(=3 .6&%/T$-

&)+9 )&0'55)2$*$ , 7$-., 05?)56. 45+0'$6&%&%(& 45-65@%5 01( 6&%/T(< %$71&-

4$< <(6(*&+,5A 1&$,=((, (, +'&254$)&'/%5, 01( 6&%/T&A ,5%=&%)1$=(( ,(+'5-

152$. >5 6&1& 2$'/%&AT&75 .4&'(*&%(9 1$-6&1$ *$+)(=3 45-1$+)$:) )&0'505-

)&1( %$ (-'.*&%(&. >5?)56. 2'9 45+0'$6&%&%(9 %&58<52(65 0543+()/ ,5%=&%-

)1$=(: ,(+'5152$ 4 7$-545A B$-&.  

H.;&+)4.&) 6(%(6$'/%5& -%$*&%(& ,5%=&%)1$=(( , %(@& ,5)515A %&-

45-65@%5 45+0'$6&%&%(& *$+)(= .7'&152$ 01( ':85A %$*$'/%5A )&60&1$).1& 

*$+)(=3. O$2$4$9 ,5%=&%)1$=(: ,(+'5152$, 501&2&'9&)+9 58'$+)/ 2($6&)154 

(1(+. 5$) (, +'&254$)&'/%5, 58'$+)/ %$*$'/%3< )&60&1$).1 *$+)(= (1(+. 5b), 25 

,5)513< %&58<52(65 1$-571&)/ *$+)(=3 2'9 (< 45+0'$6&%&%(9.  

, ca LC

 *&) 0$1$''&'/%3< 1&$,=(A .4&'(*(4$&) +,515+)/ (-1$+<5254$%(9 ,(+'5-

152$ 4 7&)&157&%%5A <(6(*&+,5A 1&$,=((. M&6 +$636 45-1$+)$&) 15'/ 6$++50&-

1&%5+$ ,(+'5152$ , 054&1<%5+)( 1&$,=((, ,5%=&%)1$=(9 ,5)51575 %$ 054&1<%5-

+)( 65@&) -%$*()&'/%5 5)'(*$)/+9 5) ,5%=&%)1$=(( 4 +1&2&. >543+()/ ,5%=&%-

)1$=(: %$ 054&1<%5+)( 65@%5 '(85 .4&'(*&%(&6 ,5%=&%)1$=(( 4 +1&2&, '(85 

 54  



05%(@&%(&6 )&60&1$).13 *$+)(=3. >5?)56. .*&) 0$1$''&'/%3< 1&$,=(A 01(-

452() , .4&'(*&%(: ,1()(*&+,(< -%$*&%(A ,5%=&%)1$=(A ,(+'5152$ ( .6&%/-

T&%(A ,1()(*&+,(< -%$*&%(A %$*$'/%3< )&60&1$).1 01( 43%.@2&%%56 45+-

0'$6&%&%((. 

!505'%()&'/%3A 1$+*&) 2(BB.-(5%%5-,(%&)(*&+,575 5)%5T&%(9 4 ?)(< 

)5*,$< (1(+. 5) 05,$-$', *)5 *(+'5 1< Se < 4, *)5 .,$-34$&) %$ 0&1&<52%.: 58-

'$+)/ 015)&,$%(9 <(6(*&+,(< 1&$,=(A. D 01&2&'/%5A )5*,& L *(+'5 Se 8'(-,5 , 

3. H .4&'(*&%(&6 ,5%=&%)1$=(( 4 +'.*$& 015)&,$%(9 52%5A <(6(*&+,5A 1&$,-

=(( -%$*&%(9 Se 65%5)5%%5 .834$:), $ 4 +'.*$& 015)&,$%(9 24.< 0$1$''&'/%3< 

1&$,=(A – See2, 4 5)'(*(& 5) See1 45-1$+)$&). 

 H 15+)56 ,5%=&%)1$=(( 5,(+'()&'9 58'$+)/ 43%.@2&%%575 45+0'$6&%&%(9 

45-1$+)$&). K2%$,5 2$@& 4 *(+)56 ,(+'5152& %&45-65@&% +$65015(-45'/%3A 

0&1&<52 *$+)(=3 %$ 43+5,5)&60&1$).1%5& +5+)59%(& )&0'56$++5586&%$. 

D ,$*&+)4& 01(6&1$ (+05'/-54$%(9 05'.*&%%3< $%$'()(*&+,(< ( 71$B(*&-

+,(< -$4(+(65+)&A 1$++65)1(6 (-6&%&%(& )&60&1$).13 ( 2($6&)1$ 0'5)%3< 

.7'&152%3< *$+)(= + 1$-'(*%5A %$*$'/%5A )&60&1$).15A 4 ,(+'5152%5-$-5)%5A 

+6&+( (E(  = 0.5) ,56%$)%5A )&60&1$).13.  

 6&%/T&%(& 2($6&)1$ .7'&152%5A *$+)(=3 +5 41&6&%&6 501&2&'(6 +5-

7'$+%5 .1$4%&%(: 

$ %
2

1 22 2
gsC

as

O

d M
C k k

t M

/6
& )  

6 /
,   ( 0)d t db& .                     (8) &

H546&+)%5& 1&T&%(& (1) ( (8) 05-45'9&) 05'.*()/ 0.)&6 (+,':*&%(9 41&-

6&%( ( 43851$ 2'9 ,$@2575 (%)&14$'$ 41&6&%( 2($6&)1$ ( )&60&1$).13 *$+)(-

=3 B$-543& -$4(+(65+)( )&60&1$).13 *$+)(=3 5) && 2($6&)1$. W+'( *$+)(=$  

.#/. 6 F(/%#%2*#1, 1"27"0(1.0- 5(#1%)- *1 "" !%(2"10( / $%#+*-
0*!'*-(8*1'*& #2"#% (E( = 0.5) $*2'(1'*& 1"27"0(1.0- 70% 70*1"-
$('%% !/.= 7(0(++"+,'-= 0"($)%& !+< #+.5(<: 

1) db = 100 2$2;  Tb = 1750 K;  2) db = 200 2$2;  Tb = 1540 K; 

3)  db = 400 2$2;  Tb = 2400 K. 
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(1(+.6., ,1(4$9 1 ( 3) (6&&) %$*$'/%.: )&60&1$).1. 43T& ,1()(*&+,575 -%$*&-

%(9 (2$@& 43T& 6$,+(6$'/%5A )&60&1$).13 751&%(9), )5 25 656&%)$ 05).<$%(9 

5%$ 015<52() *&1&- +)$=(5%$1%3& +5+)59%(9, +55)4&)+)4.:;(& 43+5,5)&60&1$-

).1%56. 1&@(6. 5,(+'&%(9. >1( 751&%(( 4 <5'52%5A $-5)%5-,(+'5152%5A +6&-

+(, .7'&152%3& *$+)(=3 4&2.) +&89 0&1&2 05).<$%(&6 01$,)(*&+,( 52(%$,545. 

M$,(6 581$-56, 05,$-$%5, *)5 45+0'$6&%&%(& .7'&152%3< *$+)(= 4 %$71&-

)56 45-2.<& ( 4 $-5)%5-,(+'5152%3< +6&+9< ,56%$)%5A )&60&1$).13 45-65@%5 

)5'/,5 2'9 501&2&'&%%5A 58'$+)( 1$-6&154 *$+)(=. >1&2&'/%3& -%$*&%(9 2($-

6&)154, 501&2&'9:;(& ?). 58'$+)/, -$4(+9) 5) +(+)&6%3< 0$1$6&)154 ( +<&63 

5,(+'&%(9. >5'.*&%%3& -$4(+(65+)( 657.) 83)/ 05'&-%3 01( 05'.*&%(( .7'&-

152%3< *$+)(= 501&2&'&%%3< 52(%$,543< 1$-6&154.  

 

 

84*"!-*.!-: 

1. H(+%'5($ I.I. D'(9%(& (-'.*&%(9 %$ ,1()(*&+,(& 1&@(63 )&0'5- ( 6$++558-

6&%$ 01( 0$1$''&'/%3< 1&$,=(9< %$ 054&1<%5+)( *$+)(=3 // X(-(,$ 751&%(9 

( 4-134$. – 1994. – M.30, Y4. – H.63-74. 

2. H(+%'5($ I.I., J"0'"'$* ?.E.,  0+*/#$(< E.K., H*7-1 9.9. G%$'()(*&+,5& 

501&2&'&%(& 24.< 01&2&'54 7&)&157&%%575 45+0'$6&%&%(9 *$+)(= .7'&152$ ( 

6&)$''54 // X(-(,$ $?152(+0&1+%3< +(+)&6. – 2004. – M. 41. – H. 177. 

3. F*+*1$* ?.9., H+<5$* :.?. "1()(*&+,(& .+'54(9 4 7&)&157&%%3< +(+)&6$< + 

0$1$''&'/%36( 1&$,=(96(. – X(-(,$ 751&%(9 ( 4-134$. – 1979. – M.15, Y 3. 

– H.3-10. 

4. K+%543 01$,)(*&+,5A )&51(( 751&%(9:  *&8%5& 05+58(& 2'9 4.-54 // I.I. 

;*2"0(')"/, H.4.?0"6,"/, L.M. ?=2"!*/ % !0., 052 1&2$,=(&A I.I. ;*2"0('-

)"/(. – Z., U%&175$)56(-2$), 1986. – 312+. 
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;0*/*!%1,#< #.2N#'%& ('(+N8 8(+"@'*#1"& #1()N*'(0'%= 1"27"0(1.0 ON+,'*P /.>-
+")"/*P 5(#1%'$% /N! PP !N(2"10. N 5(#*/%= 8(+"@'*#1"& 1"27"0(1.0% N !N(2"10. 8 .0(-
=./(''<2 #1"6('*/#$*P 1"5NP N 1"7+*/10(1 /%70*2N'Q/(''<2 !+< /%7(!$N/ 70*1N$(''< 
'( 7*/"0='N 5(#1%'$% *!'NRP (A* !/*= 7(0(+"+,'%= =N2N5'%= 0"($)N&. ?'(+N1%5'* 0*8>+<-
'.1N 2"@N /%#*$*1"27"0(1.0'%= #1('N/ 70% #(2*/N+,'%= N /%2.B"'%= 7"0"=*!(= '( /%-
#*$*1"27"0(1.0'N 0"@%2% 1"7+*2(#**A2N'. N $N'"1%$% =N2N5'%= 0"($)N&, 70%5*2. /"0-
='< 2"@( /%8'(5(R1,#< 1"7+*/10(1(2% /%70*2N'Q/(''<2. ;N!/%O"''< 1"27"0(1.0% 
7*/N10< (A* /2N#1. $%#'Q / #.2NBN 8 (8*1*2 /%O" 8( $0%1%5'N 8'(5"''< B+<=*2 7N!/%-
O"''< 7*5(1$*/*P 1"27"0(1.0% /%O" 8( $0%1%5'N 8'(5"''<, /%AN0 <$%= 8(70*7*'*/('%& 
/ 0*A*1N, !*8/*+<R 7"0"/"#1% 5(#1%'$. '( /%#*$*1"27"0(1.0'%& 0"@%2. I0(=./(''< 
7(0(+"+,'%= 0"($)N& '( 7*/"0='N 5(#1%'$% 82"'B.R N'1"0/(+ 0*82N0N/ 5(#1%'$%, !+< 
<$%= 2*@+%/N /%2.B"'N 7"0"=*!% '( /%#*$*1"27"0(1.0'%& 0"@%2 1"7+*2(#**A2N'..  
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Kalinchak V.V., Chernenko A.S. 

 
Limits of high temperature heat-mass transfer of carbon particle with parallel chemical 

reaction 

 
SUMMARY  

Analysis of carbon particle steady-state temperature of  diameter, the particle temperature 
and diameter histories with account of Stefan flow and radiation heat losses  was carried out 
in case of one or two parallel chemical reactions on the surface. High temperature state limits 
in spontaneous and forced transition to high temperature mode of heat-mass transfer and 
chemical reaction kinetics were considered analytically. Upper limit was determined with ra-
diation heat losses account. The particle could be turned to high temperature mode by ambi-
ent gas temperature rise as well as by oxygen concentration augmenting.  In case of two par-
allel surface reactions the range of particle diameters which permitted forced transition to 
high temperature heat transfer mode decreased.  
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