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9 0(2$(: 2*!"+% 70%/"!"''*& 7+"'$% # .5"1*2 #1"6('*/#$*;* 1"5"'%< 70*/"!"' ('(-

+%8 $%'"1%$% *$%#+"'%< % %#7(0"'%< 5(#1%)- +"1.5";* 2"1(++( (/ $(5"#1/" 70"!2"1( 

%##+"!*/('%< /8<1 2(;'%&). 97"0/-" 7*+.5"'- ('(+%1%5"#$%" /-0(="'%< !+< #$*0*-

#1"& %#7(0"'%< % *$%#+"'%< 5(#1%)- +"1.5";* 2"1(++(, 7*8/*+<>?%" 70*/"#1% ('(+%8 

/+%<'%< 0(82"0( % 1"27"0(1.0- '( #$*0*#1% %#7(0"'%< % *$%#+"'%< 5(#1%) +"1.5%: 

2"1(++*/, *70"!"+%1, 7*/"0:'*#1'-" $*')"'10()%% ;(8**@0(8'-: $*27*'"'1*/ % %: 

70*6%+% / 70"!"+(: 70%/"!"''*& 7+"'$%.  70"!"+"'( 0*+, !%66.8%*''*-$%'"1%5"#$*;* 

*1'*A"'%< / 70*)"##(: *$%#+"'%< % %#7(0"'%<.  

 

#$%&'(%) *)$+,-'&&,,.-)(', ,$/)0)+123)4, 5,&$+'-)()(%) 6'&*%7 +)*8-

6%9 -)*'++,5, .':%/8)*&1 (' -)9'(%:-) /)';7%% ,;%&+)(%1, ;,*,/<= 6/):5<-

6'=(, &+,>)( % :'5%&%* ,* %&$'/)(%1 % ,;%&+)(%1 -)*'++'. #*+%6%*)+?(,= 

6)/*,= +)*86%9 -)*'++,5 15+1)*&1 ().,+?@%) *)-$)/'*8/< $+'5+)(%1 $, &/'5-

.#/. 1 4"1(++%5"#$(< 5(#1%)(, 7*$0-1(< #+*"2 7*0%#1*;* *$%#+( 1*+?%'*& h,  

;!" , 2 2 2s mr r ! h 2 sr d , 2 m mr d . 
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()(%2 & *)-$)/'*8/'-% $+'5+)(%1 ,;%&+,5. #;%&+< +)*86%9 -)*'++,5 15+12*-

&1 $,/%&*<-% % () &$,&,.(< %:,+%/,5'*? $,5)/9(,&*? -)*'++' ,* ,;%&+)(%1 % 

() $/)$1*&*5,5'*? %&$'/)(%2 -)*'++'.  

H:5)&*(, :('6%*)+?(,) ;,+%6)&*5, *),/)*%6)&;%9 % I;&$)/%-)(*'+?(<9 

/'.,* [1 – 4], $,&513)((<9 %&&+)0,5'(%2 5,&$+'-)()(%1 6'&*%7 +)*86%9 -)-

*'++,5, 5 ;,*,/<9 $/)0+'4'+&1 /10 -,0)+)= 5,&$+'-)()(%1, ,&(,5'((<9 (' 

$/)0$,+,>)(%% ,. ,$/)0)+123)= /,+% 4)*)/,4)((,= $,5)/9(,&*(,= /)';7%% 5 

,.)&$)6)(%% &/<5' *)$+,5,4, /'5(,5)&%1 .): &,5-)&*(,4, 86)*' &*)J'(,5&;,4, 

*)6)(%1, 0%JJ8:%,((,-;%()*%6)&;,4, ,*(,@)(%1 % %&$'/)(%1 +)*86)4, -)*'+-

+'. 

A 0'((,= /'.,*), ,&(,5<5'1&? (' I*%9 $/)0&*'5+)(%19, $/,5)0)- '('+%: 

$/,7)&&,5 -'&&,,.-)(' % &;,/,&*)= ,;%&+)(%1 % %&$'/)(%1 (' $/%-)/) 6'&*%-

7< -'4(%1 & 86)*,- &*)J'(,5&;,4, *)6)(%1, 5,:(%;'23)4, $/% $,5)/9(,&*(<9 

9%-%6)&;%9 % J':,5<9 $/)5/'3)(%19 5)3)&*5', $/% /':+%6(<9 *)-$)/'*8/'9 % 

0%'-)*/'9 6'&*%7<.  

K/%-)-, 6*, +)*86%= -)*'++ /'&9,08)*&1 (/%&.1) 5 I;:,*)/-%6)&;,= 9%-%-

6)&;,= /)';7%% & ,./':,5'(%)- $,/%&*,4, ,;&%0': 

( ) ( ) ( )m m o o ox oxA liq A gaz A sol# ! # $# . 

"/%*)/%= K%++%(4'-F)05,/&' 5 I*,- &+86') Pb < 1. L*, ,:('6')*, 6*, ,;%-

&)+ () ,;':<5')* 0%JJ8:%,((,4, &,$/,*%5+)(%1 05%>)(%1 ;%&+,/,0' ; :,() /)-

';7%%. 

H: 8/'5()(%1 9%-%6)&;,= /)';7%% &+)08)*, 6*, %:-)()(%) -'&&< %&9,0(<9 

;,-$,()(*,5 % $/,08;*,5 /)';7%% &51:'(<: 

1 1 1o m

o o m m ox ox

m m oxm

M t M t M

% %
&  &  
# % # % # %t

%
.                          (2) 

D;,/,&*? 4)*)/,4)((,= 9%-%6)&;,= /)';7%% $, ,;%&+%*)+2 ,$/)0)+%- ;'; 

&;,/,&*? %:-)()(%1 -'&&< ,;%&+%*)+1, /'&&6%*'((82 (' )0%(%78 /)';7%,((,= 

$,5)/9(,&*% 6'&*%7<. K/)0$,+,>%-, 6*, 9%-%6)&;'1 /)';7%1 $/,*);')* (' 

5(8*/)(()= $,5)/9(,&*% ,;&%0(,4, &+,1 6'&*%7< % &;,/,&*? 9%-%6)&;,= /)';-

7%% $, ,;%&+%*)+2 Wos $/1-, $/,$,/7%,('+?(' ;,(7)(*/'7%% ,;%&+%*)+1: 

2

1

4

o
os gs os

m

m
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r t
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%
 &  '
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,                                     (3) 
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- .

, 0
0gs g

T

T
'  ' . 

H&$,+?:81 (2) % (3) ,$/)0)+%- &;,/,&*? 9%-%6)&;,= /)';7%% $, -)*'++8 

Wm % ,;&%08 Wox, &,,*5)*&*5)((,: 

24

m m m m
m gs osC

m o o

V M
W k

r t M

' % #
 &  '

( % #
, 

24

ox ox ox ox
ox gs os

m o o

V M
W k

r t M
C

' % #
  '

( % #
,   (4) 

34

3
m mV r ( ,  / 0/ 03 34

3
ox m mV r h ( ! & r . 

H: (4) &+)08)*, 6*, ,*(,@)(%) ,.M)-' ,./':823)4,&1 ,;%&+' -)*'++' ; 

,.M)-8 -)*'++', %:/'&9,0,5'((,4, (' ,./':,5'(%) ,;%&+', /'5(, %:5)&*(,-8 

;/%*)/%2 K%++%(4'-F)05,/0&': 
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ox ox ox m
b

m m m ox

V M
P

V M

% # '
&   
% # '

. 

B*, Bm, B*: & ,;%&+%*)+?, -)*'++ % ,;%&)+ &,,*5)*&*5)((,; o# , ,  & &*)9%,-

-)*/%6)&;%) ;,IJJ%7%)(*<; 4*, 4m, 4*: – -,+1/(<) -'&&< ,;%&+%*)+1, -)*'+-

+' % &,)0%()(%1 ,;&%0(,4, &+,1, ;4/-,+?; m

m# ox#

m, mox, mo – -'&&< -)*'++', ,;&%0', 

,;%&+%*)+1, ,  & $+,*(,&*% -)*'++' % ,;&%0', m' ox' gs' & $+,*(,&*? 4':' (5,:08-

9') (' $,5)/9(,&*% 6'&*%7<1 h & *,+3%(' ,;&%0(,4, &+,1; rm – /'0%8& -)*'++%-

6)&;,4, 10/', rs – /'0%8& 6'&*%7< & ,;%&+,-; & ,*(,&%*)+?('1 -'&&,5'1 ;,(-

7)(*/'7%1 ;%&+,/,0' (' $,5)/9(,&*% 6'&*%7<1 k – ;,(&*'(*' 9%-%6)&;,= /)';-

7%%; E & I()/4%1 ';*%5'7%%1 R & 8(%5)/&'+?('1 4':,5'1 $,&*,1(('11 C & *)-$)-

/'*8/' 6'&*%7<; 

osC

gsT  – *)-$)/'*8/' 4':' (' $,5)/9(,&*% 6'&*%7<. 

 -)(?@)(%) /'0%8&' -)*'++%6)&;,4, 10/' & *)6)(%)- 5/)-)(%, ,$/)0)+1-

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

/)(%1. H&$,+?:81 (4), $,+86%- 0%JJ)/)(7%'+?(,) 8/'5()(%) 0+1 8-)(?@)(%1 

/'0%8&' -)*'++%6)&;,4, 10/': 

gsm
m os

m m

r W
kC

t
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 & 2 !+

ev

% ' '- .
, ,   / 0 ,0mr t rm b  ,               (5) 

2
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4

m
ev

evm

m
W

r t

%) * & + ,( %- .
. 

N0)&? 5)+%6%(8 Wev (':,5)- &;,/,&*?2 %&$'/)(%1, ;'; &;,/,&*? %:-)()(%1 

-'&&< -)*'++' :' &6)* %&$'/)(%1 & )0%(%7< $,5)/9(,&*% -)*'++%6)&;,4, 10/'.  

 5)+%6)(%) *,+3%(< ,;&%0(,4, &+,1 ,$/)0)+1)*&1 &;,/,&*?2 ('/'&*'(%1 

,;&%0' 5 $/,7)&&) ,;%&+)(%1, ;,*,/'1 5 &5,2 ,6)/)0? :'5%&%* ,* &;,/,&*% 

8-)(?@)(%1 /'0%8&' -)*'++%6)&;,4, 10/'. H&$,+?:81 (4) % (6), $,+86%-: 

/ 0 / 0 / 0

2 2

2 2

1
1 1

gs m m ev
ox os

ox B mm m

h r r W
kC

t Pr h r h r h

) *) * ) *'% + , 2 ! & ! &+ , + ,
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2
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m

r

!
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/ 00 bh t h  . 
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#
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M
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#
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#
 – -'&&,5<) &*)9%,-)*/%6)&;%) ;,IJJ%7%)(*<; , 

 – ('6'+?(<) /':-)/ -)*'++%6)&;,4, 10/' 6'&*%7< % *,+3%(' ,;%&+'.  !+1 

,*(,&%*)+?(, *,(;%9 $+)(,; h << rm 8/'5()(%) (6) :('6%*)+?(, 8$/,3')*&1  

mbr

bh

gs

ox os

ox

h
kC

t

'%
 2

% '
,   / 00 bh t h  . 

A+%1(%) )&*)&*5)((,= % 5<(8>0)((,= ;,(5);7%% (' *)$+,-'&&,,.-)( 6'&-

*%7< 86%*<5')*&1 $/%5)0)((,= $+)(;,=, ,*(,&%*)+?('1 *,+3%(' ;,*,/,= 

8-)(?@')*&1 & /,&*,- ,*(,&%*)+?(,= &;,/,&*% 05%>)(%1 4':,5,= J':< 

2

2

f s

s

r r

r Nu

&
3   

&
.                                            (7) 
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"/%*)/%= O8&&)+?*' Nu 15+1)*&1 J8(;7%)= ,* 6%&)+ E)=(,+?0&' Re % 

K/'(0*+1 Pr:  
1 2 1/ 32 0.6Re PrNu  ! ,  

Re 0.5
g

d
Gr

4
 !
#

, 
3

2

0
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g

T Tgd
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T

&
 
#

, Pr
g

g

g gc

5
#  

'
,  / 00 00.18g gc c T T6 ! & , 

0
0g g

T
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'  ' ,  0

0
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g g
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T

6
) *

5  5 + ,
- .

,     
g

g

g g

D
c

5
 

'
,  

2

gs gT T
T

7
6

!
 , 

4 – ,*(,&%*)+?('1 &;,/,&*? 05%>)(%1, -/&; g#  – ;%()-'*%6)&;'1 51:;,&*? ,;-

/8>'23)= &/)0<, -
2
/c, cg – 80)+?('1 *)$+,)-;,&*? 5,:089', !>/(;48"), g' , g5 , 

gD  & $+,*(,&*?, ;,IJJ%7%)(*< *)$+,$/,5,0(,&*% 4':' % 0%JJ8:%% ,;%&+%*)+1 

5 4':); T  & 9'/';*)/('1 *)-$)/'*8/', $/% ;,*,/,= ,$/)0)+12*&1 &5,=&*5' 4':'. 6

D%+' */)(%1, 0)=&*5823'1 $/% 05%>)(%% (' 6'&*%78 &, &*,/,(< 4':', :'-

5%&%* ,* $,15+)(%1 %+% %&6):(,5)(%1 4':,5<9 -'&& (' )) $,5)/9(,&*%. G&+% 4'-

:,5<) -'&&< $,15+12*&1 (' $,5)/9(,&*% 6'&*%7< 5 /):8+?*'*) $'/,,./':,5'-

(%1, *, &%+' */)(%1 8-)(?@')*&1. A &+86') >) ,;%&+)(%1 +)*86%9 -)*'++,5 4'-

:,,./':(<= ,;%&+%*)+?, &,)0%(11&? & -)*'++,-, $/)5/'3')*&1 5 $,/%&*<= *5)/-

0<= ,;&%0, *.). $/,%&9,0%* 8-)(?@)(%) -'&&< 4':,,./':(,4, ;,-$,()(*' % ;'; 

&+)0&*5%) 5,:(%;(,5)(%) &*)J'(,5&;,4, *)6)(%1, ;,*,/,) &$,&,.&*58)* $)/)-

(,&8 ,;%&+%*)+1 ; $,5)/9(,&*% 6'&*%7< % 85)+%6%5')* ;,IJJ%7%)(* +,.,5,4, 

&,$/,*%5+)(%1 6'&*%7<. K/% $'0)(%% /'&$+'5+)((,= 6'&*%7< +)*86)4, -)*'++' 

&;,/,&*? 05%>)(%1 ,*(,&%*)+?(, 4':' ,$/)0)+1)*&1 &,4+'&(, 8/'5()(%2: 

/ 02 21
1

2

s gs

D m g

g

Ud
m mg C r h

dt

) *'4
 & ! ( ! ' 4+ ,+ ,9'- .

,  / 00 bt   4 , 4

/ 0/ 033 34

3
m m ox m mm r r h: ; ( ' ! ' ! &

< =
r ,   2 / 324 1

1 Re
Re 6

DC
) * !+ ,
- .

, 

40) Us – &;,/,&*? &*)J'(,5&;,4, *)6)(%1, :('; «+» $)/)0 ;,*,/,= 8;':<5')* (' 

)) ('$/'5+)(%) ; $,5)/9(,&*% 6'&*%7<. 

!+1 ,$/)0)+)(%1 &;,/,&*% &*)J'(,5&;,4, *)6)(%1 (),.9,0%-, &,5-)&*(, 

/'&&-,*/)*? -'&&,$)/)(,& 5&)9 4':,,./':(<9 ;,-$,()(*,5 5 4':). K/% 5<&,;%9 

*)-$)/'*8/'9 :' &6)* %&$'/)(%1 -)*'++' 5 ,;/8>'23)- 4':) &,0)/>'*&1 */% 4'-

:,,./':(<9 ;,-$,()(*': ':,*, ;%&+,/,0 % $'/< -)*'++', ;,IJJ%7%)(*< 0%JJ8-

:%% ;,*,/<9 $/';*%6)&;% /'5(< 

O N mD D D Dg   . 

D;,/,&*? &*)J'(,5&;,4, *)6)(%1 *';,5', 6*, 5 +2.,= *,6;) 4':,,./':(,= 

&/)0< $+,*(,&*? $,*,;' %()/*(,4, ;,-$,()(*' /'5(' (8+2 % ,.3)) 0'5+)(%) % 

;,(7)(*/'7%1 ,&*'2*&1 $,&*,1((<-%:  

iP p con  > st      %    1N O mC C C! !  . 
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K+,*(,&*% -'&&,5<9 $,*,;,5 4':,,./':(<9 ;,-$,()(*,5 (' $,5)/9(,&*% 

6'&*%7< ,$/)0)+%- %: /'5)(&*5' $+,*(,&*)= -'&&,5<9 $,*,;,5 ;,-$,()(*,5 % 

%9 &;,/,&*)= $,*/).+)(%1 %+% 5,:(%;(,5)(%1: 

0
s

s

N
N N g g N r

r

C
j D U C

r

%
 & ' & '  

%
.                                        (8) 

s

s

O
O O g g O r

r

C
Osj D U C

r

%
 ! ' ! '  

%
W .                                      (9) 

s

s

m
m m g g m r

r

C
evj D U C

r

%
 & ' & '  

%
W

g

                                       (10) 

H&$,+?:81 8&+,5%1  % O N mD D D D   1N O mC C C! !  , %: (8) – (10) $,-

+86%-, 6*, &;,/,&*? &*)J'(,5&;,4, *)6)(%1 ,$/)0)+1)*&1 &;,/,&*1-% ,;%&+)-

(%1 % %&$'/)(%1 -'4(%1:  

ms
O m N s gs Os ev ev

m

W
j j j U W W W& &  '  &  &

2
.                             (11) 

!+1 ,$/)0)+)(%1 ;,(7)(*/'7%= 4':,,./':(<9 ;,-$,()(*,5 (' $,5)/9(,&*% 

-)*'++%6)&;,4, 10/' % &;,/,&*% %&$'/)(%1 % 6*,.<, *';%- ,./':,-, ,;,(6'-

*)+?(, ,$/)0)+%*? &;,/,&*? &*)J'(,5&;,4, *)6)(%1,  8/'5()(%1 0%JJ8:%% % ()-

/':/<5(,&*% 0+1 4':,5,= J':< $/)0&*'5%- 5 5%0): 

2 2iC

 r r

) *% %
'  & '+ ,% %- .

i
g

C
r D r U

r

%
%g

is i

,                                  (12) 

( )i sC r r C  ,     ( )i fC r r C 7   

2 2

g s s gsr U r U'  ' .                                              (13)  

K/,J%+% ;,(7)(*/'7%= 4':,5<9 ;,-$,()(*,5 ('9,01*&1 %: /)@)(%1 (12) % 

(13) 5 5%0) :'5%&%-,&*% .):/':-)/(,= ;,(7)(*/'7%% P-4, ;,-$,()(*' 4':,5,= 

&-)&% ,* /'0%'+?(,= ;,,/0%('*<: 

exp exp
2 2

exp exp
2 2

7

) * ) *? & ?+ , +& - . -@   
& ) * )

,
.
*? & ?+ , +

- . -

s

i is

i is ,
.

f s

Nu Nu

C C

Nu NuC C
,                           (14)  

s gs s

g

U r

r

'
?  

9'
, 

s gs

s

g

U '
?  

9'
, 

2

g

s

D Nu

r
9  . 

D 86)*,- (9) % (11) .):/':-)/(82 &;,/,&*? &*)J'(,5&;,4, *)6)(%1 $/)0-

&*'5%- 5 5%0): 

,O s ev ev
s Os

g g

W W W
SeC

&
?   &

9' 9'
, 

gs

g

k
Se

'
 
9'

,                      (15) 

40) Se – 6%&+, D)-)(,5', %+% 0%JJ8:%,((,-;%()*%6)&;,) ,*(,@)(%). 

K,0&*'5+11 (14) 5 (8), $,+86%- 8/'5()(%) 0+1 ,$/)0)+)(%1 $,5)/9(,&*(,= 

;,(7)(*/'7%% ':,*': 
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exp
0

exp 1

Ns N s
Ns g s

s

C C
j 7& ?

 9' ?  
? &

,  

/)@)(%) ;,*,/,4, $/)0&*'5%- 5 5%0)   

expNs N sC C 7 ? .                                           (16) 

A</'>)(%) (16) $/% 5<$,+()(%% 8&+,5%1 $,&*,1(&*5' ,.3)= ;,(7)(*/'-

7%% 1 % ,*&8*&*5%1 $'/,5 50'+% ,* 6'&*%7< &5)0)- ; 5</'>)(%2 

0+1 ,$/)0)+)(%1 ;,(7)(*/'7%% ,;%&+%*)+1 (;%&+,/,0') (' $,5)/9(,&*% 6'&*%-

7<: 

O N mC C C! !  

/ 01 1 ex7 p & & &Os ms O sC C C ? .                                  (17) 

!+1 ,$/)0)+)(%1 &;,/,&*% %&$'/)(%1 -'4(%1 $,0&*'5%- /'0%'+?(82 :'5%-

&%-,&*? ;,(7)(*/'7%% -'4(%1 (14) 5 5</'>)(%1 0+1 -'&&,5,4, $,*,;' (10), 6*, 

$,:5,+%* ('=*% 5</'>)(%) 0+1 &;,/,&*% %&$'/)(%1 -'4(%1 & $,5)/9(,&*%  6'&-

*%7<: 

exp 1

s
ev g ms

s

W C
?

 9'
? &

.                                           (18) 

",(7)(*/'7%2 $'/,5 -'4(%1 (' $,5)/9(,&*% 6'&*%7< ,$/)0)+%- &,4+'&(, 

8/'5()(%2 "+'8:%8&'-"+'$)=/,(': 

1 1
expm

ms

g boil

M L
C

M R T T

) *) *
 &+ ,+ ,+ ,- .- .

. 

D%&*)-' 8/'5()(%= (15), (17) % (18) $,:5,+1)* ,$/)0)+%*? &;,/,&*? &*)J'-

(,5&;,4, *)6)(%1 ?s, ;,(7)(*/'7%2 ;%&+,/,0' (' $,5)/9(,&*% COs % &;,/,&*? 

%&$'/)(%1 Wev, ;'; J8(;7%% 0%'-)*/' % *)-$)/'*8/< 6'&*%7<, ;,*,/<) 59,01* 

5 Se % Cms.  
E'&&-,*/%- ,$/)0)+)((,) $/%.+%>)(%) 0+1 ('9,>0)(%1 ;,(7)(*/'7%% ;%-

&+,/,0' % &;,/,&*% %&$'/)(%1. !+1 '('+%*%6)&;,4, $,+86)(%1 /)@)(%1 5 (18), 

$,+,>%- , 6*, &$/'5)0+%5, 0+1 2

s s sexp 1 / 2?  ! ? ! ? 1s? AA . A /):8+?*'*), %&-

$,+?:81 (15) % $/%.+%>)(%) / 0 1
1 2 1 2s s

&
! ? B & ?  $,+86%-, 6*, 

1
1

2
ev g ms Os mW C SeC f

) * 9' &+ ,
- .

,                                   (19) 

40) 
1

1
2

m msf C ! . 

E'&;+'0<5'1 I;&$,()(*8 5 (17) 5 /10 % ,4/'(%6%5'1&? *,+?;, 058-1 6+)('-

-%, $,+86%-, %&$,+?:81 (15): 

/ 01 1 1 ev
Os ms O Os

g

W
C C C SeC7

) *
 & & & ! &+ ,+ ,9'- .

= 

= / 0 1
1 1 1

2
ms O Os ms m ms m OsC C SeC C f C f SeC7

) *& & & ! & !+ ,
- .

. 

#*&20' ()*/80(, ,$/)0)+%*? ;,(7)(*/'7%2 ,;%&+%*)+1 (' $,5)/9(,&*% 

6'&*%7<: 
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/ 0 / 0

/ 0

/ 0
/ 0 / 0/ 0

2 2

2

1 0.5 0.51 1

1 1 1 1 0.5 0.51 1 1
2

O ms ms msO ms m ms m

Os

O ms
O ms m

C C C CC C f C f
C

Se C C CSe C C f

77

7
7

& & !& & &
  

) * ! & ! !! & !+ ,
- .

ms

, 

%, &+)0,5'*)+?(,, &;,/,&*? ,;%&+)(%1 -)*'++' Wm: 

/ 0 / 0

/ 0

1 1

1
1 1 1

2

O ms m ms

ms m gs

O ms

C C f C f
W k

Se C C f

7

7

& & &
 2 '

) *! & !+ ,
- .

m

m

.                               (20) 

A ;'6)&*5) $)/5,4, $/%.+%>)(%1, *.;. <<1, 5</'>)(%) 0+1 ;,(7)(-

*/'7%% ;%&+,/,0' Cos % &;,/,&*% ,;%&+)(%1 +)*86)4, -)*'++' (20) $/%-)* 5%0: 

20.5 msC

/ 0
/ 0
1

1 1

O m

Os

O

C C
C

Se C

7

7

&
 

! &
s ,                

/ 0
/ 0
1

1 1

O ms

ms m gs

O

C C
W k

Se C

7

7

&
 2 '

! &
. 

F): 86)*' %&$'/)(%1 -)*'++' &;,/,&*? &*)J'(,5&;,4, *)6)(%1 ,$/)0)+1)*&1 

*,+?;, &;,/,&*?2 ,;%&+)(%1 -)*'++' ( s ox g OsW SeC?  9'  ). A I*,- &+86') 5<-

/'>)(%) (17) $/%-)* 5%0  

/ 01 1 exOs O sC C 7 p&  & ? . 

K,&+) /':+,>)(%1 I;&$,()(*< $,+86%- 5</'>)(%1 0+1 ;,(7)(*/'7%% ;%-

&+,/,0' (' $,5)/9(,&*% % &;,/,&*% ,;%&+)(%1 -)*'++' .): 86)*' %&$'/)(%1 +)-

*86)4, -)*'++': 

/ 0
1

1 1
Os O

O

C C
Se C

7
7

 
! &

,      
/ 00

1

1 1
ms m gs O

O

W k C
Se C

7
7

 2 '
! &

.  (21) 

A &+86') ,*&8*&*5%1 ,;%&+)(%1 &;,/,&*? &*)J'(,5&;,4, *)6)(%1 ,$/)0)+1-

)*&1 *,+?;, +%@? &;,/,&*?2 %&$'/)(%1 +)*86)4, -)*'++' ( s ev gW?  & 9' ). A 

I*,- &+86') /)@)(%) (17) & 86)*,- (9) 5 $/)0)+'9 $/%5)0)((,= $+)(;% $/%5)0)* 

; ;+'&&%6)&;,-8 5</'>)(%2 0+1 &;,/,&*% %&$'/)(%1: 

0

1
ln

1
ev g

ms

W
C

) *
 9' + ,&- .

 

%+% $/% -'+,&*% ;,(7)(*/'7%% $'/,5 -)*'++' 5.+%:% $,5)/9(,&*% 6'&*%7< 

0 1
2

ms
ev g ms

C
W C

)B 9' !+
- .

*
, .                                        (22) 

A *'.+%7'9 1,2 $/%5)0)(< :('6)(%1 &;,/,&*% ,;%&+)(%1 % &;,/,&*% %&$'-

/)(%1 -'4(%1, /'&&6%*'((<) $, $,+86)((<- J,/-8+'- (19) – (22) $/% /':+%6-

(<9 0%'-)*/'9 % *)-$)/'*8/'9 6'&*%7<. H9 '('+%: &5%0)*)+?&*58)* , &83)&*-

5)((,- 5:'%-,5+%1(%% $/,7)&&,5 %&$'/)(%1 % ,;%&+)(%1 (' $,5)/9(,&*% /'&-

$+'5+)((,= 6'&*%7< +)*86)4, -)*'++'. K/%&8*&*5%) ;%&+,/,0' % $'/,5 -'4(%1 

5.+%:% $,5)/9(,&*% 6'&*%7< 8-)(?@')* &;,/,&*? %&$'/)(%1 % &;,/,&*? 9%-%-

6)&;,= /)';7%%, &,,*5)*&*5)((,.  

E'&6)* $/%5,0%+&1 $/% &+)0823%9 0'((<9: Q, = 1, Qm
 
= 2, D = 189500 

!>/-,+?, L = 132720 !>/-,+?, k0 = 0.86810
9
 -/c, R = 8.31 !>/(-,+?·"), 'g0 = 

1.293 ;4/-
3
, cg0 = 1005 !>/(;4·"), 5g0 = 0.0248A*/(-8"), T0 = 273 ", Tg7 = 293 K, 

Tboil = 1381 K, EO7 = 0.23, Nu = 2. 
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!+1 0'((<9 *)-$)/'*8/ % 0%'-)*/,5 6'&*%7 5)+%6%(' s 1? AA  (*'.+. 3), 6*, 

$,:5,+1)* %&$,+?:,5'*? $/% 0'+?()=@)- '('+%:) 5</'>)(%1 (19) – (22).  

3!4"#5! 1. E$*0*#1, *$%#+"'%< 5(#1%)- 2(;'%< 70% .5"1" % '".5"1"  

%#7(0"'%< 70%  = 0.23. OC 7

d = 30 -;- d = 300 -;- d = 3000 -;- 

Wms, 10
-3 

;4/(-
2
&) 

Wms0, 10
-3 

Wms, 10
-3 

Wms0, 10
-3 

Wms, 10
-3 

Wms0, 10
-3 T, K 

;4/(-
2
&) ;4/(-

2
&) ;4/(-

2
&) ;4/(-

2
&) ;4/(-

2
&) 

923 2.132 2.138 2.100 2.105 1.821 1.827 

1023 20.96 21.27 18.27 18.55 7.991 8.144 

1123 122.5 129.8 65.30 70.03 11.51 12.50 

1223 393.2 466.5 95.07 118.44 11.08 14.00 

 

3!4"#5! 2. E$*0*#1, %#7(0"'%< 5(#1%)- 2(;'%< 70% .5"1" % '" .5"1" 

*$%#+"'%< 70%  = 0.23. OC 7

d = 30 -;- d = 300 -;- d = 3000 -;- 

Wev, 10
-3 

;4/(-
2
&) 

Wev0, 10
-3 

Wev, 10
-3 

;4/(-
2
&) 

Wev0, 10
-3 

Wev, 10
-3 

;4/(-
2
&) 

Wev0, 10
-3 T, K 

;4/(-
2
&) ;4/(-

2
&) ;4/(-

2
&) 

923 7.391 7.393 0.737 0.739 0.072 0.074 

1023 42.37 42.47 4.16 4.25 0.386 0.425 

1123 180.2 182.6 16.96 18.26 1.60 1.83 

1223 621.4 648.1 58.37 64.81 5.73 6.48 

 

3!4"#5! 3. E$*0*#1, #1"6('*/#$*;* 1"5"'%< % !%66.8%*''*-$%'"1%5"#$*" 

*1'*A"'%" 70% 0(8+%5'-: 1"27"0(1.0(: % !%(2"10(: 5(#1%)- %  = 0.23. OC 7

d = 30 -;- d = 300 -;- d = 3000 -;- 
T, K 

Rsf Se Rsf Se Rsf Se 

LJJ);* 5:'%-,5+%1(%1 $/,7)&&,5 ,;%&+)(%1 % %&$'/)(%1 .,+)) &83)&*-

5)((<= $/% :('6%*)+?(,= 5)+%6%() 0%JJ8:%,((,-;%()*%6)&;,4, ,*(,@)(%1, 

:'-)*(, ('.+20')-<= $/% 5<&,;%9 *)-$)/'*8/'9 0+1 6'&*%7 .,+?@%9 /':-)/,5 

(/%&. 2', 2.).  >) $/% :('6)(%19 0%JJ8:%,((,-;%()*%6)&;,4, ,*(,@)(%1 5<@) 

Se > 0.2 (*'.+. 3) :('6)(%1 &;,/,&*)= %&$'/)(%1 % ,;%&+)(%1 :' &6)* ,;%&+)(%1 

% %&$'/)(%1, &,,*5)*&*5)((,,  8-)(?@'2*&1 .,+)) 6)- (' 1%. K/% I*,- &83)-

&*5)((, 5,:/'&*')* &;,/,&*? &*)J'(,5&;,4, *)6)(%1 ( 0.01s? C ) (*'.+.3). O' $,-

923 –2.2·10
–3

 2.2·10
–3

 2.4·10
–3

 0.022 0.04 0.22 

1023 –9.9·10
–3

 0.021 0.027 0.215 0.17 2.15 

1123 –0.033 0.136 0.088 1.36 0.204 13.6 

1223 –0.118 0.63 0.016 6.30 0.056 63.0 

 

3!4"#5! 4. F*')"'10()%% $%#+*0*!( % 7(0*/ 2"1(++( '( 7*/"0:'*#1% 5(#1%)- 

70% 0(8+%5'-: 1"27"0(1.0(: % !%(2"10(: 5(#1%)- %  = 0.23 . OC 7

d = 30 -;- d = 300 -;- d = 3000 -;- 
T, K 

EOs, % Ems, % EOs, % Ems, % EOs, % Ems, % 

923 22.90 0.27 22.55 0.27 19.56 0.27 

1023 22.30 1.46 19.43 1.46 8.50 1.46 

1123 19.66 5.88 10.48 5.88 1.85 5.88 

1223 13.06 18.81 3.16 18.81 0.37 18.81 
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5)/9(,&*% 6'&*%7< :'-)*(, 8-)(?@')*&1 ;,(7)(*/'7%1 ;%&+,/,0' % &*'(,5%*&1 

&83)&*5)((,= ;,(7)(*/'7%1 $'/,5 +)*86%9 -)*'++,5 (*'.+. 4).  

 
G%#. 2 H(/%#%2*#1% #$*0*#1% %#7(0"'%< (() % *$%#+"'%< (@) +"1.5";* 2"1(++( *1 0(82"0( 

5(#1%)- # .5"1*2 (#7+*A'(<, 7* (19) % (20)) % @"8 .5"1( (7.'$1%0, 7* (22) % (21)), #**1-

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

1)   = 923 !, 2)   = 1023 !, 3)   = 1123 !, 4)   =1223 !. 

  

 !"#$#%& '#(()*#+%%+-,#%!-#$!.,+/+ +-%+0!%#1 +23!'!"1!- ,#%!-#$!-

.,#4 #"# '#(()*#+%%54 3!6#7 +,#."!%#1 $&.-#85 "!-)$!/+ 7!-&""&. 93# %#*-

,#: -!72!3&-)3&: # 7&"5: '#&7!-3&:, ,+/'& Se << 1 (,#%!-#$!.,#4 3!6#7), 

);!"#$!%#! '#&7!-3& $&.-#85 ; 10 3&* (+- 10 '+ 100 7,7) ."&<+ ;"#1!- %& .,+-

3+.-= +,#."!%#1. 9+ 7!3! );!"#$!%#1 -!72!3&-)35 # '#&7!-3& 3!6#7 23+-!,&-

%#1 3!&,8## +,#."!%#1 .7!>&!-.1 c ,#%!-#$!.,+4 ; '#(()*#+%%)? +<"&.-=. 

  *&;#.#7+.-# +- 3&*7!3& $&.-#8 .-!(&%+;.,+! -!$!%#! %&23&;"!%+ 2+-

3&*%+7). @"1 <+"=0#: $&.-#8 (<+"=0! 300 7,7) .,+3+.-= :#7#$!.,+4 3!&,8## 

2+ ,#."+3+'), 23+-!,&?>&1 ; '#(()*#+%%+4 +<"&.-#, 23!;50&!- .,+3+.-= #.-

2&3!%#1 7&/%#1. A-!(&%+;.,+! -!$!%#! %&23&;"!%+ , 2+;!3:%+.-# $&.-#85, 

23#%+.#- '+2+"%#-!"=%5! 7&..5 ,#."+3+'& # 7!0&!- 2&3&7 7&/%#1 '#(()%'#-

3+;&-= +- 2+;!3:%+.-#. B%+ .2+.+<.-;)!- +,#."!%#? "!-)$!/+ 7!-&""& # 23!-

21-.-;)!- !/+ #.2&3!%#?.  

@"1 7&"5: $&.-#8 (2+31',& 30 7,7) :#7#$!.,&1 3!&,8#1 23+-!,&!- ; ,#%!-

-#$!.,+4 +<"&.-# # !! .,+3+.-= 7!%=0! .,+3+.-# #.2&3!%#1.   C-+7 .")$&! 

.-!(&%+;.,+! -!$!%#! %&23&;"!%+ +- 2+;!3:%+.-#, +-%+.#- +- 2+;!3:%+.-# /&-

*++<3&*%5! 7&..5, ; -+7 $#."! 2&35 7&/%#1 # ,#."+3+'. 9+C-+7) +%+ # *&7!'-

"1!- 23+8!.. +,#."!%#1 "!-)$!/+ 7!-&""& # 23!21-.-;)!- !/+ #.2&3!%#?. 

D&,#7 +<3&*+7, +.%+;5;&1.= %& +23!'!"1?>!4 3+"# 2+;!3:%+.-%+4 3!&,-

8## ; +,#."!%## 7&/%#1, 2+")$!%5 ;53&6!%#1, 2+*;+"#;0#! 23+&%&"#*#3+;&-= 

;*&#7+;"#1%#! 23+8!..+; +,#."!%#1 # #.2&3!%#1 7&/%#1. 9+,&*&%+, $-+ 23# 

-!72!3&-)3&: $&.-#85 ;50! -!72!3&-)35 2"&;"!%#1 7&/%#1 .-!(&%+;.,+! -!-

$!%#! %&23&;"!%+ "#<+ +- 2+;!3:%+.-# '"1 7!",#: (2+31',& 30 7,7) "#<+ , 2+-

;!3:%+.-# $&.-#85 '"1 ,3)2%5: (;50! 300 7,7) $&.-#8.   
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 !"#$%!& '.'., ()*$)$&+ ,.-., .!%/$01&/2 3.4. 

'()*+!,)("- ,.%/0),1+!,& ,!()2)"#01#$%"&$3!4 1$)5#(-, 

)2!(+#336 - ,!1%$),&,%336 7%("!3)2 +#"87!4 0#"%+-, 
 

IJBDIKLM 

/ )9E;9F E($%'G H),#%$%4(I H'G#;, J 1)9F1#944BE -6%K94G#-2;(I 6%@GI H)(#%$%4,: 
949'GJ ;G4%6,;, (;,-'%44B G #,H9)(#1#944B @9-6,4;, '%6L@(3( E%69'1 (49 H),;'9$G E9-

34GL). /H%)=% (6),E94G 949'G6,@4G #,)9J, $'B =#,$;(-6%: #,H9)(#1#944B G (;,-'%44B 

@9-6,4;, '%6L@(3( E%69'1, M( $(J#('BL62 H)(#%-6, 949'GJ #H',#1 )(JEG)1 G 6%EH%-

)961), 49 =#,$;(-6G #,H9)(#1#944B G (;,-'%44B @9-6,4(; '%6L@,F E%69'G#, #,J49@,6, 

H(#%)F4%#G ;(4N%46)9NGI 39J(H($GD4,F ;(EH(4%46G# G IF H)(KG'G # E%?9F H),#%$%4(I H'G-
#;,. /,J49@%49 )('2 $,K1JG:4(-;G4%6,@4(3( #G$4(=%44B # H)(N%-9F (;,-'%44B G #,H9)(-

#1#944B.  

 

 

Kalinchak V.V., Chernenko A.S., Rachinsky B.5. 

 

Volatile metals’ particles high temperate oxidation and evaporation 

 processes interaction singularities 

 
SUMMARY 

In terms of reduced film model the volatile metal particle (magnesium as a subject of in-

vestigation) oxidation kinetics and evaporation analysis was carried out with Stefan flow ac-

count. For the first time  evaporation and oxidation rates were obtained analytically, this en-

abled  the analysis of size and temperature influence on  volatile metal particle evaporation 

and oxidation rates, evaluation of gaseous components surface concentrations and their pro-

files along reduced  film. Diffusion-kinetic ratio effect on oxidation and evaporation processes 

was determined. 
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