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%);2 '&/1)/%6,&4-//.: 16%+),%/.: >-9. ("!I), %&%(&2J.: 69 3-%(67 ,-9*)-

,&* +&,21'- 1)%2('&4 6 %&()/ -/0%(,)*. K4&5:762 ;&5LM)? 3-%(67$ 6 3-%(67 

"!I 49-6*&%429-/-, 4 3-%(/&%(6, +,&7)%%&* +),)/&%- 9-,21-. E /)%*&(,2 /- (&, 

3(& 6%%5)1&4-/62 (-'6= &;<)'( 4)1.(%2 1&4&5L/& 1-4/& 6 6/()/%64/&, /) +&5.-

3)/& 1&%(-(&3/& +&5/&0& +,)1%(-45)/62 & +,&=&12J6= 4 %6%()*)  #8 – "!I 

+,&7)%%-=. N&O(&*. 4&9/6'-)( /)&;=&16*&%(L ;&5)) 1)(-5L/&0& 69.3)/62 >6-

963)%'6= +-,-*)(,&4 #8 – "!I '-' 4 O'%+),6*)/(-5L/&* +5-/), (-' 6 4 +5-/) 

,-946(62 >696'&-*-()*-(63)%'&? *&1)56. 

 

1.  -56,/28,<.7+A<9, 255+,@0:7<2B 525.,89 ?C - #D'. # [1] +,64)-

1)/& &+6%-/6) %+&%&;- +&5.3)/62 4$%&'&()*+),-(.,/$= 3-%(67 *)(-55&4, '&-

(&,$? &'-9-5%2 3,)94$3-?/& .1&;/$* 152 6%%5)1&4-()5L%'6= 7)5)?. # 1-//&? 

%(-(L) %&1),A-(%2 ,)9.5L(-($ 6%%5)1&4-/62 6*)//& (-'6= 3-%(67. E9*),25%2 

9-,21 #8 +,6 6= 146A)/66 4 0-9&4&? %,)1). P)(&16'- 69*),)/62 9-,21- +,)1-

%(-45)/- (-'A) 4 [1]. E%%5)1&4-56%L +-,-*)(,$ "!I % +,6*)/)/6)* *)(&1&4 

>&(&%<)*'6, O5)'(,&//&? *6',&%'&+66, %'-/6,&4-/62 5-9),/$* 5.3&*. I&(&-

%<Q*'- [1, 2], %*. ,6%. 1, +&'-9-5-, 3(& &;5-'& 3-%(67 '&/1)/%6,&4-//&? 16%-

+),%/&? >-9$ ("!I) 4&',.0 146A.J)?%2 4 4&91.=) 4$%&'&()*+),-(.,/&? *)-

(-5563)%'&? 3-%(67$ 6*))( 7656/1,63)%'.: %6**)(,6:. G- >&(&0,->66 146-

A)/6) 3-%(67$ +,&6%=&16( 4/69, 4)5636/- O'%+&96766 %&%(-452)( 10
–3 
%. R6-

56/1,63)%'-2 %6**)(,62 &;5-'- "!I (%*. ,6%. 2) 1-Q( 4&9*&A/&%(L, 6%+&5L9&-

4-(L +,&7)1.,. +,)&;,-9&4-/62 C;)52 152 4&%%(-/&45)/62 ,-16-5L/&0& ,-%+,)-
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1Q//&? /- +&15&A'. "!I. S%-A1)/6) 4 O5)'(,&%(-(63)%'&* +&5) 4$2465& ,-9-

5636) 4 9-,21-= 3-%(67 "!I 4 9-46%6*&%(6 &( 6= ,-%%(&2/62 &( #8 (%*. ,6%. 3) 

!52 #8 *)16 (-'6) ,-%3Q($ +&'-9-56, 3(& +5&(/&%(L 3-%(67 4 "=4&%()" "!I +--
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/$*6 1,.06= 6%%5)1&4-()5)?, '&(&,$) +&'-9$4-:(, 3(& 3-%(67$ '&/1)/%-(-, 

,-9*),&* *)/)) 5 /*, ;$%(,& ,-%(.(, - 9-()* 6= ,&%( %65L/& 9-*)152)(%2. S%($-

4-/6) #8 %&+,&4&A1-5&%L ,)9'6*6 69*)/)/62*6 %4)(6*&%(6 (%*. ,6%. 4). "-' 
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+&%(&2//-2, L – *&52,/-2 ()+5&(- 6%+-,)/62 +,6 ()*+),-(.,) '6+)/62, k – +&-

%(&2//-2 Z&5L7*-/-. N,6 ,-9/67) *)A1. ()*+),-(.,-*6  +&,21'- 200-

300" 4(&,&? 35)/ 4 '4-1,-(/$= %'&;'-= 4$,-A)/62 (3) 4 /-M)? %6(.-766 /- 14- 

+&,21'- *)/LM) +),4&0&. N&%5) (&0& '-' ()*+),-(.,- #8 T1 &+.%(6(%2 1& 9/--

3)/62 T2 "!I &;,-9.)(%2 /)+&%,)1%(4)//& . +&4),=/&%(6 #8. H&5&1/&? 9&/&?, 

4 '&(&,&? 1-45)/6)* /-%$J)//&0& +-,- *)(-55- *&A/& +,)/);,)3L ;.1)* %36-

(-(L %5&? "!I, ()*+),-(.,- '&(&,&0& *)/LM) T1 /- 200-300". N,6 ()*+),-(.,) 

#8  +&1 P0 4 4$,-A)/66 (3) %5)1.)( +&/6*-(L 1-45)/6) /-%$J)//&0& 

+-,- *)(-55- +,6 ()*+),-(.,) +5-45)/62. #*)%(&  ;.1)( >60.,6,&4-(L , - 

+&1 4)5636/&? L %5)1.)( +&/6*-(L %.**. *&52,/$= ()+5&( 6%+-,)/62 6 +5-4-
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*-%%- *&5)'.5$ 4)J)%(4- "!I,  – '&/7)/(,-762 3-%(67, Z – '&563)%(4& 

-(&*&4 *)(-55- 4 &1/&? *&5)'.5). N,6,-4/64-2 +,-4$) 3-%(6 (3) 6 (4) 6, +,)-

/);,)0-2 '&/7)/(,-76)? +-,&4 *)(-55- 4 =&5&1/&? 9&/) "!I, +&5.36* 9-'&/ 
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 ,-4/)/6) (5) 1-Q( 4&9*&A/&%(L &7)/6(L '&/7)/(,-76: "!I, )%56 694)%-

()/ %,)1/6? ,-16.% 3-%(67 "!I. S7)/'6, +,&694)1)//$) % 6%+&5L9&4-/6)* 

4$,-A)/62 (5), 1-:( .1&45)(4&,6()5L/&) '-3)%(4)//&) %&&(4)(%(46) *)A1. 

O'%+),6*)/(-5L/$*6 6 ,-%3)(/$*6 ,)9.5L(-(-*6. 

 

2. '232-0-87.,87.24,5-7B 80@,+A E+,-./012324,5-2= 6/0>,550: : 

525.,8, ?C - #D'. N,6 &+6%-/66 +,&7)%%- (),*&O*6%%6&//&? 9-,21'6 %>),6-

3)%'&? *)(-5563)%'&? 3-%(67$ ;$5 6%+&5L9&4-/ 694)%(/$? [7, 8] *)(&1 0,--

/63/&? %>),$. D.(L O(&0& *)(&1- %&%(&6( 4 (&*, 3(& 3-%(67- &',.A-)(%2 '&/-

7)/(,63)%'&? %>),&?, /-=&12J)?%2 &( )) +&4),=/&%(6 /- ,-%%(&2/66 %,)1/)? 

156/$ %4&;&1/&0& +,&;)0- 6&/- '6%5&,&1- 6 O5)'(,&/-. N,&%(,-/%(4&, &0,-/6-

3)//&) +&4),=/&%(L: 3-%(67$ 6 0,-/63/&? %>),&?, /-9$4-)(%2 '6/)(63)%'&? 

9&/&?. \-%%(&2/6) &( 0,-/63/&? %>),$ 1& +&4),=/&%(6 3-%(67$ /-9$4-)(%2 

M6,6/&? '6/)(63)%'&? 9&/$. N,)1+&5-0-)(%2, 3(& 4/.(,6 '6/)(63)%'&? 9&/$ 

O5)'(,&/$ 6 6&/$ '6%5&,&1- 146A.(%2 ;)9 49-6*/$= %(&5'/&4)/6?, %(-5'64--

2%L 56ML % +&4),=/&%(L: 3-%(67$ 6 0,-/63/&? %>),&?. F6,6/. '6/)(63)%'&? 

9&/$ +,6 ()*+),-(.,) 3-%(67$ A1 /-?1)* '-' 1 1 0( )l A A l0% , 01) - M6,6/- '6-

/)(63)%'&? 9&/$ +,6 ()*+),-(.,) T0 = 300 K. 
0l
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N,6 &+,)1)5)//$= .%5&462=, '&01- ,-;&(- 4$=&1- O5)'(,&/-  % *)(-5563)-

%'&? 3-%(67$ A1 ;&5LM) ,-;&($ 4$=&1- % 3-%(67 "!I A2, *)(-5563)%'-2 3-%(6-

7- *&A)( +&5.36(L &(,67-()5L/$? 9-,21 4%5)1%(46) (&0&, 3(& +&(&' &(,67--

()5L/&0& 9-,21- 69 "!I /- 3-%(67. ;&5LM) +&(&'- O5)'(,&/&4 % 3-%(67$. @-'&) 

245)/6), 4 3-%(/&%(6, /-;5:1-)(%2 +,6 O'%+),6*)/(-5L/&* 6%%5)1&4-/66 (),-

*&O*6%%6&//&? 9-,21'6 '-+)5L ,-%+5-4- *)16 6 1,.06= *)(-55&4 [7, 8]. \-;&(- 

4$=&1- O5)'(,&/- 69 ,-%+5-4- *)16 A1 = 5.5 O# [9]. \-;&(- 4$=&1- O5)'(,&/- 69 

"!I Du2O, &',.A-:J)? '-+5: ,-%+5-4- *)16 A2 = 4.9 O# [9].  

 ,-4/)/6) (),*&O*6%%6&//&? 9-,21'6 %>),63)%'&? *)(-5563)%'&? 3-%(6-

7$, &',.A)//&? "!I, 4 &;5-%(6 )) &(,67-()5L/&0& 9-,21- +,64)1)/& 4 [8]. N,6 

+&1%(-/&4') 4%)= +-,-*)(,&4 &/& +,6*)( 461 
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Y1)%L L – +&%(&2//-2 \63-,1%&/--!)M*-/-, Q  – 9-,21 #8, t – 4,)*2, e – 9--

,21 O5)'(,&/-,  – O5)'(,63)%'-2 +&%(&2//-2. N),4$? 35)/ 4 +,-4&? 3-%(6 (6) 

&+,)1)52)( +&(&' &(,67-()5L/$= 6&/&4 '6%5&,&1- 69 "!I /- +&4),=/&%(L #8 

,-16.%&* r. #(&,&) %5-0-)*&) 4 '4-1,-(/$= %'&;'-= %& 9/-'&* *6/.%, %5)1.:-

J)) +&%5) )16/67$, .36($4-)( (&,*&A)/6) +&(&'- &(,67-()5L/&0& 9-,21- 69 

"!I /- +&4),=/&%(L #8. # ,-;&() [8] +&'-9-/&, 3(& 4/.(,6 '6/)(63)%'&? 9&/$ 

&(,67-()5L/& 9-,2A)//&? 3-%(67$ %.J)%(4.)( +&()/76-5L/$? ;-,L),, &;.-

%5&45)//$? %.+),+&9676)? O5)'(,&%(-(63)%'&0& +&52 &((-5'64-/62 O5)'(,&/&4 

6 &(,67-()5L/$= 6&/&4 6 +&52 9),'-5L/&0& &(&;,-A)/62 9-,21-. !52 &(,67--

()5L/&0& 9-,21- 3-%(67$, 4)5636/- '&(&,&0& .1&45)(4&,2)( /),-4)/%(4. 

, ,)9.5L(6,.:J6* +&5)* 4/.(,6 '6/)(63)%'&? 9&/$ #8 ;.1)( 

+&5) +,6(2A)/62. # O(&* %5.3-) 4(&,&) %5-0-)*&) 4 '4-1,-(/$= %'&;'-= 4 (6) 

,-4/& /.5:. #(&,&? 35)/ 4 +,-4&? 3-%(6 .,-4/)/62 (6) &+,)1)52)( 4)5636/. 

+&(&'- O5)'(,&/&4 % +&4),=/&%(6 3-%(67$, 6*):J)? ()*+),-(.,. T1. "&O>>6-

76)/( F [8]  &+,)1)52)( &%5-;5)/6) +&(&'- O5)'(,&/&4 % +&4),=/&%(6 #8 9- %3)( 

6= .+,.0&0& ,-%%)2/62 *&5)'.5-*6 -9&(-, +,6 '&(&,&* 3-%(L O5)'(,&/&4 4&9-

4,-J-)(%2 /- 3-%(67..  *)/LM)/6) ,-;&($ 4$=&1- O5)'(,&/- % +&4),=/&%(6 

3-%(67$, /)%.J)? &(,67-()5L/$? 9-,21, &+,)1)52)(%2 O>>)'(&* F&(('6 [10]. 
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(&, 3(& +&(&' 9-,21- 69 "!I /- #8 /) 9-46%6( &( 461- /&%6()5)? &(,67-()5L/&-

0& 9-,21-. P$ +,)1+&5&A656, 3(& /&%6()52*6 9-,21- 2452:(%2 6&/$ '6%5&,&1-, 

&1/-'&, 4+&5/) 4&9*&A/&, 3(& /&%6()52*6 9-,21- 2452:(%2 O5)'(,&/$.  4)56-

3)/6) %'&,&%(6 /&%6()5)? 9-,21- +,64&16( ' +,&+&,76&/-5L/&*. .*)/LM)/6: 

6= '&/7)/(,-766. N&(&' &(,67-()5L/&0& 9-,21- 69 "!I /- #8 4 O(&* %5.3-) /) 

*)/2)(%2. 
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Y-46%6*&%(L ,-4/&4)%/&0& 9-,21- #8 &( )) ()*+),-(.,$ A1 &+,)1)52)(%2 69 

.%5&462 0
dQ

dt
% . @)*+),-(.,- #8 T01, +,6 '&(&,&? )) 9-,21 ,-4)/ /.5:, &+,)1)-

52)(%2 69 .%5&462  

2 21
1 2

1 2

exp exp 2A A
FT T

kT kT

. / .
$ % $1 2 1
3 4 3

/
2
4

1

1

2/ 4

.                                      (7) 

E9 (7), 4 3-%(/&%(6, %5)1.)(, 3(& 152 '-+56 ,-%+5-4- *)16, &',.A)//&? 

"!I &'%61- *)16, T01 = 2310 K . N,6 ()*+),-(.,) *)1/&? '-+56  '-+52 

;.1)( 6*)(L &(,67-()5L/$? 9-,21, +,6 ()*+),-(.,) , %&&(4)(%(4)//&, 

+&5&A6()5L/$? 9-,21. 

1 0T T)

1 0T T@

!52 &(,67-()5L/&0& 9-,21- #8, 4)5636/- '&(&,&0& &+,)1)52)(%2 /),-4)/-

%(4&* , 9-46%6*&%(L ,-4/&4)%/&0& 9-,21- #8 &( )) ()*+),-(.,$ 

A1 &+,)1)52)(%2 4$,-A)/6)* [8] 

2

10 Q er l( (

! "
2

2

0 2 1 2
13/ 2 2

1 1 2

4U ]
ln exp

r T A A
Q kT

e FT kT kT

5 6. / . /,
% $7 81 2 1 2

3 4 3 49 :
.                        (8) 

!52 &(,67-()5L/&0& 9-,21- #8, 4)5636/- '&(&,&0& 2 2

1/ 4  9/-3)/6)* 

1A<  *&A/& +,)/);,)3L [8]. Y-46%6*&%(L 4)5636/$ ,-4/&4)%/&0& 9-,21- &( ()*-

+),-(.,$ A1 #8 6*))( 461 

Q er l@

2
1/ 2

2 2 1/

2 0 1 2 1

2

1 2 2 1

4U ]
1 exp

2

kT r FT A A re
Q

e l T kT kT l

5 65 6. /. /,7 8% $ $ 07 81 21 27 87 83 43 49 :9 :

2

1

1

.                (9) 

N&%5) (&0&, '-' ()*+),-(.,- #8 T1 &+.%(6(%2 1& 9/-3)/62 *-'%6*-5L/&? 

()*+),-(.,$ %.J)%(4&4-/62 "!I T2, "!I &;,-9.)(%2 /)+&%,)1%(4)//& . +&-

4),=/&%(6 3-%(67$. # .,-4/)/66 (9) 4 O(&* %5.3-) 4*)%(& A2 ;.1)( >60.,6,&-

4-(L A1.  

# (&* %5.3-), '&01- ()*+),-(.,- 3-%(67$ ;&5LM) ()*+),-(.,$ ,-4/&4)%-

/&0& /.5)4&0& 9-,21- , (),*&O*6%%6&//$? (&' % 3-%(67$ +,)4&%=&16( 

+&(&' &(,67-()5L/&0& 9-,21- 69 "!I /- 3-%(67.. N,6 (-'&* .%5&466 3-%(67- 

;.1)( 9-,2A-(L%2  +&5&A6()5L/&. \-;&(- 4$=&1- O5)'(,&/- % +&4),=/&%(6 3-%-

(67$ .4)56364-)(%2 /- 4)5636/. ,-;&($ '.5&/&4%'&0& +&52 )) +&5&A6()5L/&0& 

9-,21- 

1 0T T@

1 0A 4Qe r< % >? .  ,-4/)/6) (),*&O*6%%6&//&? 9-,21'6 #8 4 &;5-%(6 )) 

+&5&A6()5L/&0& 9-,21- 6*))( 461  [8] 

2 2 2 21 2
1 2

1 0 1

4 exp 4 exp
4

dQ A Qe A
r FAT r AT

dt kT rkT kT

5 6 .
% > , $ $ $ > , $17 8>? 3 49 : 2

/
2         (10) 

 %5&46) 9-,21&4&0& ,-4/&4)%62 #8 % "!I &+,)1)52)(%2 69 (10) ,-4)/%(4&* 

0dQ dt % . Y-46%6*&%(L ,-4/&4)%/&0& +&5&A6()5L/&0& 9-,21- #8 &(  )) ()*+)-

,-(.,$  6*))( 461 1T

! "
2

0 1 2 1
1 2

2 2 1

4
ln exp

r FT A A
Q kT

e T kT kT

5 6. / . /> , ?
% $7 81 2 1 2

3 4 3 49 :
                    (11) 
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N,6 +&/6A)/66 ()*+),-(.,$ #8 1& 9/-3)/62  0,-/67- &;,-9&4-/62 "!I 

/-=&16(%2 . +&4),=/&%(6 #8. # 4$,-A)/66 (11) 4 O(&* %5.3-) 4*)%(& A2 ;.1)( 

>60.,6,&4-(L A1.  

  
  

8#9. 6 M$#9"0%2"'1(+,'(6 ;(/%#%2*#1, 

;(06!( 5(#1%)- 2*+%<!"'( *1 "F 1"2-

9"0(1.0-. 

8#9. 5 M$#9"0%2"'1(+,'(6 ;(/%#%2*#1, 

;(06!( 5(#1%)- /*+,:0(2( *1 "F 1"2-

9"0(1.0-. 

2T

E%+&5L9&4-/6) .%5&462 9-,21&4&0& ,-4/&4)%62 #8 % "!I  +,)1+&5-0-)( 

&7)/'. ;569&%(6 9/-3)/62 '&/7)/(,-766 6&/&4 '6%5&,&1- 4 "!I, 4 /)69&(),-

*63)%'6= .%5&462=, ' )Q ,-%3Q(/&*. ,-4/&4)%/&*. 9/-3)/6:. D .3Q(&* 1-//$= 

,-;&($ [11] /-?1Q* %'&,&%(L 69*)/)/62 '&/7)/(,-766 6&/&4 '6%5&,&1- 4 "!I  

! "
2 2

2

"!I "!I 2 2

"!I 2 2 2 "!I "!I

4U
exp ^U O O

dn r
n AT A kT r n n

dt e
$% $ $ A .       (12) 

Y1)%L  6  %&&(4)(%(4)//& '&/7)/(,-762 6 %,)1/6? ,-16.% 3-%(67 "!I, "!In "!Ir

2

2

28

o

T

m

B
>

2o

OA %  – %,)1/22 %'&,&%(L 6&/- '6%5&,&1-, &+,)1)52)*-2 +,6 ()*+),-(.,) 

,  – )0& *-%%-. D()+)/L 6&/69-766 "!I ^, &+,)1)52)(%2 .,-4/)/6)* D-=- 

[10]  

2T m

3
2 2

2

2 2

2

^ 2 2U
exp

1 ^

e

BCD

m kT A

n h k

.. /% 11 2$ 3 4 3 4
2

T

/
$ 2 ,                               (13) 

01) me – *-%%- O5)'(,&/-, h – +&%(&2//-2 N5-/'-. N),4$? 35)/ 4 +,-4&? 3-%(6 

.,-4/)/62 (12) +,)1%(-452)( %&;&? .4)563)/6) '&/7)/(,-766 6&/&4 '6%5&,&1- 

9- %3Q( (),*&O5)'(,&//&? O*6%%66 % 3-%(67$ "!I, 4(&,&? 35)/ – %'&,&%(L ,)-

'&*;6/-766 6&/&4 '6%5&,&1-, 01) C &+,)1)52)(%2 4$,-A)/6)* (13). E/()0,6-

,&4-/6) .,-4/)/62 (12) % .3Q(&* (&0&, 3(& 4 /-3-5L/$? *&*)/( 4,)*)/6 t = 0 

'&/7)/(,-762 6&/&4 '6%5&,&1- 
2O

n $ =0 +&94&52)( 4 24/&* 461) /-?(6 9-46%6-

*&%(L '&/7)/(,-766 6&/&4 '6%5&,&1- 4 "!I &( 4,)*)/6 

!
22

2

2
22
"!I "!I

2

4
exp 1 exp OO

O

AT A
n r

e kT
$

. / "n t5 6% $ $ $C> A1 29 :A 3 4
                  (14) 

E9 4$,-A)/62 (14) %5)1.)(, 3(& 4,)*2 ,)5-'%-766 .%(-/&45)/62 '&/7)/-

(,-766 6&/&4  2 4 "!I ! "
2

1
2

"!I "!I_ ^U Or n
$
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8#9. 7 M$#9"0%2"'1(+,'(6 ;(/%#%-

2*#1, ;(06!( 5(#1%)- 2"!% *1 "F 

1"29"0(1.0-. 7.'$1%0 – 0(#5F1-

'(6 ;(/%#%2*#1,. 

8#9.8 $#9"0%2"'1(+,'(6 ;(/%#%-

2*#1, ;(06!( 5(#1%)- 1('1(+( 

*1 "F 1"29"0(1.0-. 7.'$1%0 – 

0(#5F1'(6 ;(/%#%2*#1,. 

M

# .%5&462= /-M)0& O'%+),6*)/(- ", /*, *
-3 6 

. `%56 /&%6()52*6 &(,67-()5L/&0& 9-,21- 4 "!I 2452:(%2 O5)'(,&-

/$, (& 4 .,-4/)/62= (12), (14) 6 4 4$,-A)/66 152 4,)*)/6 ,)5-'%-766 N ;.1)( 

>60.,6,&4-(L 4*)%(& 

2 ~ 2000T ~ 10r 17

"!I ~ 10n

-3 -40 -10 c_~1

2OA  %,)1/22 %'&,&%(L O5)'(,&/&4 eA , - 4*)%(& 
2O

n $  %&&(-

4)(%(4)//& '&/7)/(,-762 O5)'(,&/&4 . # O(&* %5.3-) . #)5636/- 

N 9/-36()5L/& *)/LM) 4,)*)/6 /-=&A1)/62 4$%&'&()*+),-(.,/&? *)(-5563)-

%'&? 3-%(67$ 4 69*),6()5L/&* '&/1)/%-(&,) (O(& 4,)*2 +&,21'- %)'./1$). 

",&*) (&0&, ()*+ &=5-A1)/62 #8 

en -50 - -610 c_~1

3~ 10A t< <  "/%. @-'6* &;,-9&*, 9- 4,)*2 ,)-

5-'%-766 '&/7)/(,-766 6&/&4 '6%5&,&1- N ()*+),-(.,- #8 +,-'(63)%'6 /) *)-

/2)(%2. K(& 1-Q( 4&9*&A/&%(L 6%+&5L9&4-(L ,-4/&4)%/&) 9/-3)/6) '&/7)/(,--

766  2
-
 4 6%%5)1&4-/66 '6/)(6'6 (),*&O*6%%6&//&? 9-,21'6 4$%&'&()*+),--

(.,/$= *)(-5563)%'6= 3-%(67, &',.AQ//$= "!I. 

N,6 6%%5)1&4-/66 (),*&O*6%%66 % 3-%(67 4&5L>,-*- L1 = 5 O# [8] (%*. ,6%. 

5), ;$5& 4$2%/)/&, 3(& "!I, &',.A-:J-2 3-%(67., ',&*) &'%61- WO2, % L2 = 

4.9 O# [8], %&1),A6( &'%61 WO3, 6*):J6? ,-;&(. 4$=&1- L2 = 6.15 O#, - (-'A) 

&'%61-: WO2.72; WO2.9; WO2.96 [12]. Y/-3)/6) ,-;&($ 4$=&1- 152 O(6= 4)J)%(4 4 

%+,-4&3/&? 56(),-(.,) /) +,64&16(%2, +&O(&*. .3)%(L 6= 4562/6) /- 69.3-)-

*$? (),*&O*6%%6&//$? +,&7)%% /) +,)1%(-452)(%2 4&9*&A/$*.  

!52 3-%(67 *&56;1)/- L1 = 4.3 O# (%*. ,6%. 6) ;$5& 4$245)/&, 3(& "!I 

',&*) &'%61- P&S3 L2= 4.25 O# [9] %&1),A6( &'%61 P&S2, +&56*),/$) '&*+&-

/)/($ (P&S3)n, 01) n = 2-5, - (-'A) &'%61$ P&4S4, P&17S47, P&5S14, P&8S23, 

P&9S26 [12].  

N,&4)%(6 %,-4/6()5L/$? -/-569 O'%+),6*)/(-5L/&0& 6 ,-%3Q(/$= 9/-3)-

/6? 9-,21- 152 #8 4&5L>,-*- 6 *&56;1)/- +& +,636/) %5&A/&0& %&%(-4- "!I 

/) +,)1%(-452)(%2 4&9*&A/$*. 

G- ,6%.7 +,)1%(-45)/$ O'%+),6*)/(-5L/$) (3),/$) +,2*&.0&5L/6'6) 6 

,-%3)(/$) (%+5&M/-2 56/62) 9-46%6*&%(6 ,-4/&4)%/&0& 9-,21- /- %>),63)%'&? 

3-%(67) *)16 r = 117 *'* &( )) ()*+),-(.,$, +&5.3)//$) 69 4$,-A)/6? (7), (8), 

(9). D5)1.)( &(*)(6(L, 3(& +,6 1&%(6A)/66 ()*+),-(.,$ #8 *)16 ()*+),-(.,$ 
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',6%(-5569-766 A1 = 1356 " , '-+52 ,-%+5-4- *)16 +,)4,-J-)(%2 4 3-%(67. 

(4Q,1&0& *)(-55-. \-;&(- 4$=&1- L1 = 4.4 O# [9] 4 O(&* %5.3-) *)/LM) ,-;&($ 

4$=&1- % 3-%(67 "!I, +&O(&*. +,&6%=&16( +),)9-,21'- 6 #8 +,6&;,)(-)( +&-

5&A6()5L/$? 9-,21, &+,)1)52)*$? 4$,-A)/6)* (11) G- ,6%.8 +,)1%(-45)/$ 

-/-5&063/$) 9-46%6*&%(6 (3),/$) +,2*&.0&5L/6'6 – O'%+),6*)/(-5L/$) 9/--

3)/62 9-,21-, -++,&'%6*6,&4-//$) 05-1'&? ',64&?, 5&*-//-2 56/62 – ,-%3)(-

/$) 9/-3)/62) 152 %>),63)%'&? 3-%(67$ (-/(-5- % r = 185 *'*. \-;&(- 4$=&1- % 

+&4),=/&%(6 *)(-55- A1 = 4.13 O#[9]. "&/1)/%6,&4-//-2 16%+),%/-2 >-9- +& 

+,)1+&5&A)/6: %&%(&6( 69 /-6;&5)) %(-;65L/&0& &'%61- @-2S5, 6*):J)0& ,--

;&(. 4$=&1- L2 = 4.65 O# [9]. N,)1)5L/-2 *-'%6*-5L/-2 ()*+),-(.,- %.J)%(4&-

4-/62 "!I &+,)1)525-%L 4)5636/&? A2 = 1743 " (()*+),-(.,- +5-45)/62 &'%6-

1- % ,-95&A)/6)*). # 1-//&* %5.3-) ,-;&(- 4$=&1- % +&4),=/&%(6 *)(-5563)-

%'&? 3-%(67$ *)/LM) ,-;&($ 4$=&1- % 3-%(67$ "!I. K(& %+&%&;%(4.)( /-'&+-

5)/6: /- 3-%(67) (-/(-5- +&5&A6()5L/&0& 9-,21-, 3(& +&1(4),A1-)(%2 O'%+)-

,6*)/(-5L/&. 

\-%3)($, +,&4)1)//$) % 6%+&5L9&4-/6)* .,-4/)/6? (11) +&'-9$4-:(, 3(& 

+,6 5:;$= ()*+),-(.,-= 9-,21 3-%(67$ (-/(-5- +&5&A6()5L/$?. !52 ()*+),--

(.,$ 3-%(67$  9-46%6*&%(L )) ,-4/&4)%/&0& 9-,21- &( ()*+),-(.,$ A1 

+,-'(63)%'6 56/)?/-2.  
1T T@ 2

 

?9:0@9.  36($4-2 */&0&+-,-*)(,63/&%(L ,-%%*-(,64-)*&? 9-1-36 %&&(-

/&M)/6) *)A1. O'%+),6*)/(-5L/$*6 6 ,-%3)(/$*6 ,)9.5L(-(-*6 *&A/& %36-

(-(L .1&45)(4&,6()5L/$*. " +,636/-*, &;.%5-4564-:J6* /)(&3/&%(6 ,-%3)-

(&4, /)&;=&16*& &(/)%(6 %5)1.:J6): 152 (),*&O*6%%6&//&? +&%(&2//&?  *)-

(-5563)%'6= 3-%(67 6 "!I 6%+&5L9&4-5&%L &1/& 6 (& A) 9/-3)/6) 61.2 10A % ,  

C/(*
2
 "

2
) (4 %+,-4&3/&? 56(),-(.,) %&&(4)(%(4.:J6= 1-//$= /)(); "!I (-/(--

5- ',&*) &'%61- @-2S5 %&1),A6( &'%61$ @-S2 6 @-S , 9/-3)/62 ,-;&( 4$=&1- % 

'&(&,$= 4 %+,-4&3/&? 56(),-(.,) /) .1-5&%L /-?(6, +&O(&*. /) +,)1%(-465&%L 

4&9*&A/&%(6 .3)%(L 6= 4562/6) /- 6%%5)1.)*$? +,&7)%%; 4$;&, M6,6/$ '6/)-

(63)%'&? 9&/$, >60.,6,.:J)? 4 .,-4/)/66 (6), .%5&4)/.  
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Lyalin L.A., Semenov K.I., Kalinchak V.V., Shvech A.I., Kopit N.Kh. 

Electrophysics parameters of high-temperature metal particles 
 

 

SUMMARY 

New experimental data were obtained on the system “high temperature particle – the con-

densed disperse phase”– on the particles density in the last, on the electric charge of high 

temperature particle. A model describing electro-, heat- and mass transfer processes between 

the particle surface, condensed disperse phase and environment was presented.It was shown 

that present model predictions were in good agreement with the experimental data.  
 

 

 

 

 !"#$  .%., &'('$)* +.,., +-"#$.-/ 0.0., 1*'2 %.,., +)345 6.7.
 

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

B=F BGHI 

;<3.=-0> 0%&> 3)8?3.'/30@-9A0> <-0> ?.% 8'8@3/# &'8%)%@3/?3.-@#.0- B-8@'0)- – 

)%0<308%&-0- <'8?3.80- C-D-, ?.% )%0(30@.-(>E B-8@'0%) %8@-00A%E , 8@%8%&0% 393)@-

.'B0%F% D-.G<# &'8%)%@3/?3.-@#.0%E B-8@'0)'. H.3<8@-&930- /%<39A, I% %?'8#J ?.%-

(38' @3?9%-, /-8%- > 393)@.%?3.30%8# />= ?%&3.$03K B-8@'0)', )%0<308%&-0%K <'8?3.-

80%K C-D%K > 0-&)%9'70>/ 83.3<%&'I3/. H%)-D-0- D-<%&>9A0- &><?%&><0>8@A /%<39A0'$ 

?.3<8@-&930A 3)8?3.'/30@-9A0'/ <-0'/. 
 

 159


