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

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

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

5',%4!6$%7!)&'0' 8$%(!")%4!4-

0 12342/5 *6+ 6/*162/+* 3427 //! /5"0* 8924*:!

0!9*; 1 !33!4!+ 3/ 1:22<*< 662=2 /92;

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

'&$! /$)&$#/%$"#)5 *'"+&##! / #"%&'-&$#)%" ."$#)',.+// !**!-

'!)! *#&%2""6/6&$$"7" #1"3.

# $%&'()*(( +,(-. */ $,()$,0.10.2 #(,2*(3/-&3%4% $,%-56-

'(**%4% ,(40%*/ + $,%07+%)&1+( 2'%,0)/ 3/'0. */08%'96(( ,/&$,%-

&1,/*(*0( $%':;0'0 &:60'30 30$.<(4% &'%. ("=), 3%*&1,:3>00

#?@@4/':,400 (A%&&0.), B0,-5 «CD11*(,» (E(,-/*0.) 0 FG «C('/,:&-

3/'0H» (C('/,:&9).

" %&*%+*5- )%&1%0*&1+/- )/**52 /$$/,/1%+ %1*%&.1: +5&%30(

&3%,%&10 1($'%- 0 -/&&%%8-(*/ -(I): &:60'9*5- /4(*1%- 0 ;/&10>/-

-0; +%7-%I*%&19 %8-(*/ 8%'960- 3%'0;(&1+%- 1($'/ -(I): B/7/-0

0 %&:<(&1+'(*0( *($,(,5+*%4% 3,:$*%1%**/I*%4% $,%07+%)&1+/ [1]. 

G)*/3%, 3,%-( $,0+()(**52 )%&1%0*&1+, $,0 +58%,( ,/>0%*/'9-

*%4% &$%&%8/ &:630 0 3%*&1,:3>00 &:60'9*%4% /$$/,/1/ *(-/'%+/I-

*:D ,%'9 04,/(1 0*1(*&0+*%&19 %&:<(&1+'.(-%4% $,%>(&&/, 2/,/31(,0-

7:D</.&., 3 $,0-(,:, &J(-%- +'/40 0'0 +52%)/ $,%):31/ & ()0*0>5

%8J(-/ $&(+)%%I0I(**%4% &'%..

F,0 %$,()('(*00 %8J(-/ &'%. 0 -/1(,0/'/, */2%).<(4%&. + K1%-

%8J(-(, )'. $,%>(&&/ &:630 2'%,0)/ 3/'0., & :;(1%- -(1%)030, $,0+(-

)(**%H + ,/8%1( [2], ,/&&-/1,0+/'0&9 &'():D<0( %&*%+*5( $/,/-(1,5:

&,()*0H ,/7-(, ;/&10> 0,4 --; $,%07+%)01('9*%&19 /$$/,/1/ $% +'/I-

*%-: (0&2%)*%-:) $,%):31: 150 1/;; 07-(*(*0( +'/I*%&10 -/1(,0/'/ %1

5,4 )% 0,3 %. # 2%)( ,/&;(1/ %$,()('(*5 %&*%+*5( 40),%)0*/-0;(&30(

0 1($'%+5( $%3/7/1('0 $,%>(&&/, / 1/3I( *(%82%)0-5H ,/&2%) &:60'9-

*%4% /4(*1/ (L), ,/+*5H 17,76 34/&.

?/ %&*%+/*00 :,/+*(*0. 1($'%%8-(*/ [3] %$,()('.(1&. *(%82%-

)0-%( +,(-. &:630 2'%,0)/ 3/'0. )'. $,%-56'(**52 :&'%+0H:
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# 3/;(&1+( &:60'9*%4% /4(*1/ $,0*.1 +%7):2, $,()+/,01('9*% */-

4,(15H + 3/'%,0B(,(. # +5,/I(*00 (1) $/,/-(1,5 :)('9*/. 1($'%(-3%&19

&:60'9*%4% /4(*1/ (c&./), $'%1*%&19 -/1(,0/'/ & :;(1%- (4% 3%*(;*%H

+'/I*%&10 (LV), &,()*.. 1(-$(,/1:,/ &:60'9*%4% /4(*1/ + /$$/,/1( (t0), 

1(-$(,/1:,/ &:60'9*%4% /4(*1/ */ +52%)( 07 /$$/,/1/ (t3), 3%*>(*1,/>0.

1+(,)%4% -/1(,0/'/ (µ3%*>), )0&$(,&*%&19 -/1(,0/'/ ( S ), &,()*.. )+0I:-

</. &0'/ $,%>(&&/ (Ot) %)*%7*/;*% %$,()('.D1&. 07 */;/'9*52 :&'%+0H

$,%>(&&/, / 3%KBB0>0(*1 1($'%%1)/;0 (N) .+'.(1&. B:*3>0(H %1 %1*%&0-

1('9*%H &3%,%&10 B/7 ( %1*P ) + &:60'9*%- /$$/,/1(, +5,/I(**%H ;(,(7

&3%,%&19 &:60'9*%4% /4(*1/ ( 4P ) 0 &3%,%&19 ;/&10> -/1(,0/'/ ( ;P ):

;4%1* PPP −= .  (2) 

E,/*0>(H &:<(&1+%+/*0. $&(+)%%I0I(**%4% &'%. .+'.(1&. &3%-

,%&19 +01/*0. ( +01P ) %)0*%;*%H ;/&10>5 [3]. F,0 )/**52 ,/&;(1/2 $,0-

*0-/(- 4 +01P P= .

=3%,%&19 +01/*0. ;/&10> %$,()('.(1&. 07 0*1(,$%'.>0%**%H B%,-

-:'5, )(H&1+01('9*%H )'. +&(2 ,(I0-%+ )+0I(*0. 4/7%+%4% $%1%3/ [4]: 

+01

Ar
Re

18 0,61 Ar
=

+
,  (3) 

!'. ;/&10> 2'%,0)/ 3/'0. &% &,()*0- ,/7-(,%- 0,4 --, &3%,%&19

+01/*0. &%&1/+'.(1 2,925 -/&.

@&2%). 07 1%4%, ;1% $,%-56'(**5( &:60'30 $&(+)%%I0I(**%4%

&'%. ,/8%1/D1 & ;/&10>/-0 ,/7-(,%- 0,03–7 -- 0 $%,%7*%&19D &'%.

0,55–0,75 [3] 07 :,/+*(*0. [5] 

4 4
3%*>

;

P L
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V

= − ⋅ ⋅ ,  (4) 

%$,()('.(- 7*/;(*0. &3%,%&10 ;/&10> -/1(,0/'/ + &'%(, 3%1%,5( &%&1/-

+.1 0,0045–0,0081 -/&. R%4)/ &,()*.. %1*%&01('9*/. &3%,%&19 4/7%+%4%

$%1%3/ %1*P = 2,919 -/&, / 7*/;(*0( %1*%&01('9*%4% 3,01(,0. A(H*%'9)&/

%1*Re 23,742.=

#('0;0*: 3,01(,0. ?:&&('91/ & :;(1%- %1*Re -%I*% %$,()('019

$% +5,/I(*0D S.F. =%3%'9&3%4% [6] 



0,67

%1*Nu 2 0,16 Re= + ⋅ .  (5) 

A(6/. &%+-(&1*% :,/+*(*0. (5) 0 (1), & :;(1%- +&(2 1(2*%'%40;(-

&302 $/,/-(1,%+ ,/&&-/1,0+/(-%4% $,%>(&&/ &:630 2'%,0)/ 3/'0., %$-

,()('.(- $,%)%'I01('9*%&19 $,%>(&&/, 3%1%,/. &%&1/+01 0,46 &.

G8J(- $&(+)%%I0I(**%4% &'%. -/1(,0/'/, & :;(1%- (4% +5&%15

( ) 0 $'%</)0 /$$/,/1/ (S),

( )&' ;

4 4

P M 0,037
L P

L
V  S= ⋅ = ⋅ ⋅ =

⋅
-

3
.  (6) 

G8J(- -/1(,0/'/, */2%).<(4%&. + /$$/,/1(, %$,()('.(-5H 07

B/310;(&3%H */4,:730 */ /$$/,/1 (G3) 0 *(%82%)0-%4% +,(-(*0 $,%>(&-

&/ (M), &%&1/+01

3
- M 0,009

L
V

G
V = ⋅ = -

3
.  (7) 

R/30- %8,/7%-, /*/'070,:. +5,/I(*0. (6) 0 (7), -%I*% &)('/19

+5+%) % *073%H 0*1(*&0+*%&10 ,(/'9*%4% $,%>(&&/ 0 *(&%+(,6(*&1+(

$,%-56'(**52 &:60'%3 $&(+)%%I0I(**%4% &'%., + 3%1%,52 %8J(-

&'%. 0 -/1(,0/'/ + *(- + &%1*0 ,/7 $,(+56/D1 $%':;(**5( 7*/;(*0..

# ,(7:'91/1( -*%4%3,/1*% :-(*9601&. 0 0*1(*&0+*%&19 $,%>(&&/, +5-

,/I(**/. %1*%6(*0(- 3%'0;(&1+/ +5&:6(**%4% $,%):31/ 3 B/310;(-

&3%-: %8J(-: $&(+)%%I0I(**%4% &'%..

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

1. T/8,%)&30H =.=. E0),%)0*/-03/ 0 1($'%%8-(* + $&(+)%%I0-

I(**%- (30$.<(-) &'%(. – U.; V.: E%&K*(,4%07)/1, 1963. – 488 &.

2. A%-/*3%+ F.E., A/63%+&3/. ?.C. =:63/ +% +7+(6(**%- &%&1%.-

*00. – 3-( 07)., $(,(,/8. 0 )%$. – V.: W0-0., 1979. – 272 &.

3.F'/*%+&30H S.?.,U:61/(+ #.@., '9.*%+ #.U. =:63/ )0&$(,&*52

-/1(,0/'%+ + 20-0;(&3%H $,%-56'(**%&10. – U.:W0-0., 1979. – 288 &.

4. SK,%+ U.X., R%)(& G.U. E0),/+'0;(&30( 0 1($'%+5( %&*%+5 ,/-

8%15 /$$/,/1%+ &% &1/>0%*/,*5- 0 30$.<0- &'%(-. – V.: W0-0., 1968. 

5. A/7:-%+ @.U. F*(+-%- 0 40),%1,/*&$%,1 + 20-0;(&3%H $,%-

-56'(**%&10 (F,%>(&&5 0 /$$/,/15 20-0;(&3%H 1(2*%'%400). – U.:

W0-0., 1979. – 248 &.

6. =%3%'9&30H S.F., R0-%B((+/ Y.S. @&&'()%+/*0( 4%,(*0. */1:-

,/'9*%4% 1%$'0+/. – U.: E%&K*(,4%07)/1, 1958. 
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