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Abstract. Heat transfer studies have been conducted for cooling systems with coatings made of natural 
materials, depending on the parameters of the detonation flame of a thermal tool and the thermophysical 
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properties of natural materials. The conditions for creation of combustion chambers, nozzles, thermal 
tools and the principles of spraying the material on the heating surface have been determined. The stud-
ies are designed to provide thermal protection of the surface of power plants by cooling them against 
destruction. Cooling systems with porous coatings of mineral media powders (quartzites, granites, 
teschenites, tuffs, marbles) had been developed, which were applied on a metal surface at temperatures 
up to (2500÷3000) 0C and flow rates up to 2500 m/s by hot flames emanating from combustion cham-
bers and nozzles. A power supply circuit for thermal tool has been developed, and the holography and 
high-speed filming method has been used in the studies. The cost impact per one thermal tool is at least 
2003300 dollars and the coolant consumption in the cooling system is drastically reduced, which has an 
environmental impact. The phenomenon of spin detonation of a flame at an oxidant excess coefficient 
of less than one has been recorded; the spraying process was intensified by 2 to 6 times. The coatings 
have shown high reliability compared to other boosted systems. The maximum specific heat flows on 
the coating are (from 2 to 15×10 6 W/m2) and the oscillation frequency is up to 200 Hz. The position of 
the flame to the impact surface (structure, braking spot, distance of the burner to the coating) is fixed 
for the melting mode and without it. The overheating range of the coating was (20÷75) K. The thermo-
dynamic characteristics of oxygen-kerosene thermal tools for generating supersonic hot detonation 
flames when sprayed in a coating made of natural materials have been established in the model and ex-
perimentally; the granulometric composition of materials has been obtained; the hydrodynamic operat-
ing modes of the burners have been selected (fuel combustion method, jet length, jet angle). The flight 
time of the particles, the optimal thickness of the coatings, the diameter of the powder, and the limiting 
compression and tensile stresses of the coating have been determined. Dependences of displacements 
for coatings under thermal influence have been obtained, which is important for diagnostics and fore-
casting of plants and prolongation of service life. 
Keywords: natural materials, coatings, burner, nozzle, combustion chamber, high-speed filming, inter-
ferometry 
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2.3. �5D47FO ?D<D>4=OE <4F5D<4?>6. �4-
F5D<4?O >5D47F>6 6O?>?=5=O <7 5EF5EF65==OE 
<<=5D4?L=OE ED54 (D<E. 5). �7GG4?<EL =4?DO65-
=<O < 45D>D<4F<< 6 >5D47F4E, ?D<G5< 6 >4G5EF65 
<EF>G=<>4 M=5D7<< <E?>?L7>64?<EL FD< <54=O5 
E?<D4?<. '45?L=O5 F5??>6O5 ?>F>>< E>EF46?O?< 
(0,25÷4,2)×106 �F/<2. �?O <EE?54>64=<O ?>>DO-
F<= <E?>?L7>64?EO <5F>4 7>?>7D4D<G5E>>= <=-
F5DD5D><5FD<<, EF5=4 ?D54EF46?5= 6 D45>F5 [6]. 
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$<E. 5. �D<D>4=O5 <4F5D<4?O 

3. $57G?LF4FO M>E?5D<<5=F4 ?> =4=5E5=<N 
?>>DOF<= =4?O?5=<5< 

�4 D<E. 6 ?>>474=4 EFDG>FGD4 EFDG<, <EF5>4-
NM5= <7 7>D5?>< D4>5F=>7> F<?4 (F5D<><=EFDG-
<5=F4). �4D57<EFD<D>64=> O6?5=<5 E?<=>6>= 45-
F>=4F<< E65DE76G>>6>= 6OE>>>F5<?5D4FGD=>= 
<=>7>D47=>= EFDG<. %FDGO ?D54=47=4G5=4 4?O 
=4=5E5=<O =4?O?5=<O ?>>DOF<O =4 <5F4??<G5-
E>GN ?>4?>6>G >D5?G4=L<<< <<=5D4?L=O<< 
ED544<< (?>D>L>< 7D4=<F4, >64DF<F4, F5L5=<F4, 
?>DD<D<F4, FGD4, <D4<>D4). $4>5? >D<7<=4?L=>= 
D>D<O, E<?L=> 674GFO=. 

�>MDD<F<5=F <75OF>4 >><E?<F5?O ³ Â 1, >><E-
?<F5?L 4>?>?=<F5?L=> ?>46>4<FEO =4 ?D57D44G 
< >F 2-E 4> 6 D47 <=F5=E<D<F<DG5F ?D>F5EE =4?O-
?5=<O G4EF<F. '4EF<FO 6 6<45 ?>D>L>4 ?>EFG-
?4NF <7 5G=>5D4, M65>F<DG5<O5 EFDG5=. 

�4 D<E. 7 ?D54EF46?5=O G4EF<FO 7D4=<F4, 
?>?GG5==O5 ?D< >5D45>F>5 <4EE<64 F5D<><=-
EFDG<5=F><: G> = 15 <3/G, G>5D. = 10 >7/G, $> = 
= 1,4÷1,5 ��4, d> = 4×1033 <, ³> = 0,8, &4 = 2780 �, 
W4 = 2410 </E. �?O =4?O?5=<O ?>D>L>4 =4 <5-
F4??<G5E>GN ?>4?>6>G (=5D6465NM4O EF4?L) 
G4EF<FO >F5<D4?<EL ?> >DG?=>EF<: 0,1×1033 < 
(2,9 %); 0,25×10-3 < (3,8 %); 0,5×1033 < (7,1 %). 

 
$<E. 6. �EF5G5=<5 EFDG< <7 E>??4 F5D<><=EFDG<5=F4 (E<. D<E. 3) 
4?O =4?O?5=<O: 1 3 E<?L=>5 674GF<5 D4>5?4 74 EG5F E?<=>6>= 
45F>=4F<< E65DE76G>>6>= 6OE>>>F5<?5D4FGD=>= EFDG< 

 
$<E. 7. �D4=G?><5FD<G5E><= E>EF46 «L5?GE<», ?>?GG5==O= 
?D< >5D45>F>5 �GD44=E>>7> 7D4=<F4 >5D>E<=>-><E?>D>4=>= 
7>D5?>>= 

3.1. �GF< G?D46?5=<O ?D>F5EE>< =4=5E5=<O 
=4?O?5=<O ?>>DOF<O =4 <5F4??<G5E>GN 

?>4?>6>G 
%?>E>5 E6<74=<O F>??<64. �>6<74=<5 F>?-

?<64 (>5D>E<=, 55=7<=) =4 ?D57D445 (?>>DOF<<). 
�>MDD<F<5=F <75OF>4 >><E?<F5?O ³ Â 1, E>??> 
7>D5?>< 3 G>>D>G5==>5, ?D>F5EE E6<74=<O 3 45-
F>=4F<>==O=. �D>F5EE 4>6<74=<O <>65F <=F5=-
E<D<F<D>64FLEO 4> 46GE-L5EF< D47. �><E?<F5?L 
4>546?O5FEO EFDG5= =4 ?>>DOF<5, 7>DNG55 6 EFDG5 3 
E <75OF>><. �4>E<<4?L=O5 G45?L=O5 ?>F>>< =4 
?D57D445: >F (2 4> 15)×106 �F/<2 (D<E. 8). $56<< 
=4=5E5=<O 557 >??46?5=<O ?>D>L>4. %E5<4 4>-
6<74=<O ?>EFD>5=4 E ?><>MLN =45?N45=<O 74 
?D>F5EE>< >?F<G5E><<< <5F>44<< (7>?>7D4D<O, 
?475D ��-38 < E>>D>EF=4O ><=>EN5<>4 %�%-1�). 

�?O 446?5=<O 7474 6 >4<5D5 E7>D4=<O 7>D5?>< 
0,5 ��4 G4EF>F4 >>?554=<O 446?5=<O 6 >4<5D5 
E>EF46?O5F j (500÷600) �F, 4 =4 ?>>DOF<< (?D5-
7D445) E=<645FEO 4> 200 �F. -F> ?>76>?O5F <<5FL 
=4<5>?55 <=F5=E<6=O= ?D>F5EE =4?O?5=<O ?>-
>DOF<O < 4> <<=<<G<4 E=<7<FL 6>7<>6=O= ?D>-
F5EE 57> D47DGL5=<O. 

 
$<E. 8. �5F>=4F<>==>5 4>6<74=<5 F>??<64 (>5D>E<=) =4 ?>65DE--
=>EF< ?>>DOF<O <7 ?D<D>4=>7> <4F5D<4?4 (7D4=<F4) < ?>4-
?>6>< <7 =5D6465NM5= EF4?< 
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$57G?<D>64=<5 4?<=>= EFDG< 7>D5?><, <EF5>4-
NM5= <7 E>??4. �57D47<5D=4O 4?<=4 EFDG< ÿ� = ௭௥ೌ . 
�4 <4>E<<4?L=>5 7=4G5=<5 >>MDD<F<5=F4 F5??>-
>F44G< >F EFDG< > ?>>DOF<N 4?O >4=>7> <7 D5-
6<<>6 ?D<<5< ³1 = 1000 �F/(<2�). &>744 <<55<: 

&45?<F4 1. �46<E<<>EFL ÿ ÿÿൗ >F ÿത ÿ ÿÿൗ  0,8 1 0,7 0,4 0,3 ÿത 0 10÷30 40 50 60 
 

�?O $>.E. = 1 ��4, z = (0÷0,16) <, & = 
= (3000÷850) 0%, ÿEF.7  = 3000 0% 3 F5<?5D4FGD4 F>D-
<>65=<O (=4 ?>>DOF<<), t? = 300 0% 3 F5<?5D4FGD4 
6 >>=F5 E6>5>4=>= EFDG<, ÿ௔ = 3×1033 < (D44<GE 
EFDG< =4 ED575 E>??4), ÿE = 10×1033 < (D44<GE 
EFDG<). 

�7 F45?. 1 E?54G5F, GF> ?> 4?<=5 GG4EF>4 «5>-
G5>» EFDG< F5??>>5<5= G<5=LL45FEO, ?>E>>?L>G 
?>7D4=<G=O= E?>= 7474 =5GEF>=G<6O=, ?D><EE>-
4<F G4EF<G=O= >FDO6 57> >F ?>65DE=>EF< =47D5-
64 6 D57G?LF4F5 D57>>7> >>?554=<O 446?5=<O 6 
?>F>>5 74 6>?=>= ?D< 6EFD5G5 EFDG< E ?>>DOF<5< 
MF<< GG4EF>><. '<5=LL45FEO E>>D>EFL < F5<?5-
D4FGD4 7474 ?> 4?<=5 z. 
$57G?<D>64=<5 G7?>< =4>?>=4 EFDG< > ?>>DOF<N.  

&45?<F4 2. �46<E<<>EFL ÿ ÿÿÿÿൗ  >F ÿത ÿ ÿÿÿÿൗ  1 1,1 1 0,8 0,5 0,35 0,3 0,25 
³, 7D44. 90 80 3 75 60 50 30 20 10 0 

 
� F45?. 2 ?D<=OF>: ÿଽ଴బ = 1000 �F/(<2�); ÿEF.7  = 

= 3000 0%; t? = 300 0%; $z = 1 ��4. 
%4D4>F5D<EF<>< F5D<><=EFDG<5=F>6 < ?4D4-

<5FDO =4?O?O5<OE ?>D>L>>6 <<=5D4?L=OE ED54. 
�46<E<<>EF< F5??>6OE =47DG7>> 4?O 5EF5EF65=-
=>= <<=5D4?L=>= ED54O (7D4=<F), ?D54EF46?5=O 
=4 D<E. 9.  

 
$<E. 9. �D545?L=O5 >5?4EF< F5??>6OE =47DG7>> 4?O ?>>DOF<O 
<7 7D4=<F4 

�?O 6D5<5=< ?>?5F4 G4EF<F 7D4=<F=>7> ?>-
D>L>4 Ç = 9×1032 E F>?M<=4 ?>>DOF<= =4E>4<-
?<EL 6 <=F5D64?5 3 · = (0,2÷0,5)×1033 <, 4<4<5FD 
?>D>L>4 3 d = (20÷100)×1036 <. �D545?L=O5 
=4?DO65=<O D4EFO65=<O, ��4, E>>F65FEF65==> 
4?O ?>>DOF<= <7 >64DF4, 7D4=<F4 < F5L5=<F4 E>-
EF46?O?<: 4; 21; 8. 

3.2. $57G?<D>64=<5 <>M=>EFLN < 6<4>< 7>-
D5?>>. �?O >5D>E<=>-><E?>D>4=OE 7>D5?>> F5D-
<><=EFDG<5=F4 <<55< E?54GNM<5 E4D4>F5D<-
EF<><: D4EE>4 ><E?>D>44 G> 4?O 446?5=<O $> = 
= 1,2÷1,5 ��4, <3/G 3 15÷18; D4EE>4 >5D>E<=4 G>5D. 
4?O 446?5=<O $> = 1,3÷1,5 ��4, >7/G 3 10÷12; 
>D<F<G5E><= 4<4<5FD E>??4 d>, 1033 < 3 4÷5; 
4<4<5FD >4<5DO E7>D4=<O d>.E., 1033 < 3 14. �47>-
4<=4<<G5E><5 ?4D4<5FDO EFDG= =4 6OE>45 <7 
E>??4 E6545=O 6 F45?. 3. 

&45?<F4 3. �47>4<=4<<G5E><5 ?4D4<5FDO EFDG= =4 6O-
E>45 <7 E>??4 

³ $> = 1,5 ��4 
 &4, � W4, </E 

0,7 2670 2420 
0,8 2780 2410 
0,9 2830 2400 
1 2810 2320 
 

�4 D<E. 10 ?>>474=4 F5E=<>4 < F5E=>?>7<O D4-
5>FO F5D<><=EFDG<5=F4 E d> = (4÷5)×1033 <, d>.E. = 
= 14×1033 < E 7D4=<F=>= ?>65DE=>EFLN 6>745=-
EF6<O. �<4=4 EFDG>FGD4 D4>5?4, D44<GE D4EF5>4-
=<O EFDG< (?OF=> F>D<>65=<O), D4EEF>O=<O >F ED5-
74 E>??4 (6OE>4=>= G4EF<) 7>D5?>< 4> ?>>DOF<O.  

 
$<E. 10. �>?>65=<5 45F>=4F<>==>7> E65DE76G>>6>7> D4>5?4  

�F6>4 >E?4644NM5= 6>4O >F ?>65DE=>EF< 
6>745=EF6<O 6 6<45 EFDG= ?D><76>4<FEO ?> F5E-
=>?>7<G5E><< E>>5D465=<O< =4=5E5=<O 74M<F-
=>7> ?>>DOF<O. �4M<F=O= M>D4= ?D54=47=4G5= 
4?O ?D54>ED4=5=<O D45>G57>->?5D4F>D4 F5D<>-
<=FEDG<5=F4. '45?L=O5 F5??>6O5 ?>F>>< q =4 
?>65DE=>EF< ?>>DOF<O E>EF46?O?< (5÷12) ��F/<2 
4?O r = 0 < l = (4÷12)×1032 <; (2÷5) ��F/<2 4?O 
r = 4×1032 < < l = (4÷12)×1032 <.  
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$4E?D545?5=<5 q (r): 
q (r) = qmax. × exp (31000 × r2), �F/<2. 

�?O 5>?55 <>M=>= 7>D5?>< E d>. = 6×1033 <, 
d>.E. = 18×1033 <: G> 4?O $> = 1,8 ��4, <3/G 3 
30÷55; G>5D. 4?O $>. = (1,832) ��4, >7/G 3 14÷18, 
<<55< q (r = 0) = (6÷13) ��F/<2. 

�5?<G<=G F5??>6OE ?>F>>>6 q <>6=> G<5=L-
L<FL =4 ?>DO4>> ?D< ?5D5E>45 =4 4DG7>= 6<4 7>-
D5?>>: 55=7>(>5D>E<=>)-6>74GL=O5. &4><5 7>D5?>< 
?D<<5=ONFEO 4?O =4=5E5=<O =4?O?5=<O ?>>DO-
F<= <<=5D4?L=>= ED54O E <5=LL<< 7=4G5=<5< 
>D5?>EF<, G5< G >64DF4 <?< 7D4=<F4, =4?D<<5D 
F5L5=<F4, ?>DD<D<F4 <?< <D4<>D4. 

�?O E>744=<O ?>>DOF<= <7 5EF5EF65==OE < <E-
>GEEF65==OE <<=5D4?L=OE ED54 (6G?>4=<G5E><5 
?D>4G>FO <765D65=<O, 7>?O < L?4>< ?D><OL?5=-
=OE ?D54?D<OF<= 6 <5F4??GD7<< < =4 M?5>FD>-
EF4=F<OE, FGDO) ?D<<5=O?EO <5F>4 ??46?5=<O. 
�E?>?L7>64?EO 5>?55 <>M=O= F5D<><=EFDG<5=F 
E> E46>5==>= 7>D5?>>= E d>. = 5×1033 < (D<E. 11). 

 
$<E. 11. �>M=O= F5D<><=EFDG<5=F E> E46>5==>= 7>D5?>>= 
E d>. = 5×1035 < 4?O E>744=<O ?>>DOF<= <7 6O7><E < ?>D<EFOE 
(· = 30 %) ?D<D>4=OE <4F5D<4?>6 (?D>4G>FO <765D65=<O 6G?-
>4=>6, 7>?4, L?4>, FGD) <5F>4>< ??46?5=<O 

�EE?54>64==O5 F5??>F5E=<G5E><5 E4D4>F5D<-
EF<>< ?>>DOF<= <7 ?D<D>4=>7> <4F5D<4?4 >F=>-
EOFEO > 6OE>>><=F5=E<6=O< E<EF5<4< >E?4645-
=<O. %D46=5=<5 ?>>47O645F =4 ?D5<<GM5EF64 E 
><?5=<5< 6 >5N5<5 [13, 16321], F>=><E ??5=>4E 
[15] < 6 F5??>6OE FDG54E [10312]. 

�D545?L=O5 >5?4EF< F5??>6OE =47DG7>> 4?O 
5EF5EF65==OE <<=5D4?L=OE ED54, =5 <<5NM<E 
>??46?5=<O ?>65DE=>EF<, 4?O F5L5=<F=OE, 7D4-
=<F=OE < >64DF56OE ?>>DOF<= <<5NF E?54GN-
M<5 7=4G5=<O: qF5L. = (1,8÷4)×106 �F/<2, q7D. = 
= (4÷6,2)×106 �F/<2 < q>6. = (6,2÷15)×106 �F/<2. 
�<4?47>= ?5D57D564 ?>65DE=>EF< ?>>DOF<O < =4-
EOM5==>7> ?4D4 =4E>4<?EO 6 ?D545?4E (20÷75) �. 

4. $57G?LF4FO ?> 7>?>7D4D<G5E><<  
<=F5DD5D>7D4<<4< 45D>D<4F<= 6 ?>>DOF<OE 

$57G?LF4FO =4<< ?D<6>4OFEO 6 D45>Fe [24]. 
� 44==>= D45>F5 D4EE<>FD<< <=F5DD5D5=F<>==O5 
>4DF<=O ?>D<EFOE ?>>DOF<= =4 D<E. 12, 13, 14, 
6O?>?=5==OE <7 FGD4, 7D4=<F4 < <D4<>D4. 

�=F5DD5D>7D4<<O ?>76>?<?< >5=4DG6<FL =4 
?>65DE=>EF< ?>>DOF<= FD5M<=O, =5 ?D>E<4FD<-
645<O5 6<7G4?L=>, 4 F4>65 >DG?=O5 6>?NG5=<O, 
6 >5?4EF< >>F>DOE ?<=<< D46=OE 45D>D<4F<= 
<<5?< <7?><O. � 4>?>?=5=<< E D>F>G?DG7>EFLN 
?D>6>4<FEO 4=4?>7<O E 7?G5<==O<< ?D>F5EE4<<. 
�=4=<5 74>>=4 D4E?D545?5=<O 45D>D<4F<= 6 ?>-
>DOF<< ?>76>?O5F G<5=LL<FL 65D>OF=>EFL 6>7-
=<>=>65=<O D47DGL<F5?L=OE FD5M<=. �D44<5=F 
?5D5<5M5=<= 65?<G<=O 45D>D<4F<= 4?O >4=>7> 
F5??>6>7> <EF>G=<>4 <<55F =4<5>?LL55 7=4G5=<5 
6 >5?4EF< =47D564F5?O D44<GE>< 4> 10×1033 < 
< 6>7D4EF45F E G65?<G5=<5< Ç. 

%>EF>O=<5 ?>65DE=>EF< G5D57 >464O5 6 E5>G=4, F5??>6>= ?>F>> - 15 �F (q = 2,1×106 �F/<2) 

Ç = 6 E5>G=4 Ç = 12 E5>G=4 Ç = 18 E5>G=4 Ç = 24 E5>G=4 Ç = 30 E5>G=4 

     

Ç = 36 E5>G=4 Ç = 42 E5>G=4 Ç = 48 E5>G=4 Ç = 54 E5>G=4 Ç = 60 E5>G=4 

     

$<E. 12. �>?>7D4D<G5E><5 <=F5DD5D>7D4<<O ?>>DOF<O <7 FGD4 
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%>EF>O=<5 ?>65DE=>EF< G5D57 >464O5 6 E5>G=4, F5??>6>= ?>F>> - 7 �F (q = 1×106 �F/<2) 

Ç = 6 E5>G=4 Ç = 12 E5>G=4 Ç = 18 E5>G=4 Ç = 24 E5>G=4 Ç = 30 E5>G=4 

    

Ç = 36 E5>G=4 Ç = 42 E5>G=4 Ç = 48 E5>G=4 Ç = 54 E5>G=4 Ç = 60 E5>G=4 

    

$<E. 13. �>?>7D4D<G5E><5 <=F5DD5D>7D4<<O ?>>DOF<O <7 7D4=<F4 

%>EF>O=<5 ?>65DE=>EF< G5D57 >464O5 6 E5>G=4, F5??>6>= ?>F>> - 7 �F (q = 1×106 �F/<2) 

Ç = 6 E5>G=4 Ç = 12 E5>G=4 Ç = 18 E5>G=4 Ç = 24 E5>G=4 Ç = 30 E5>G=4 

   

Ç = 36 E5>G=4 Ç = 42 E5>G=4 Ç = 48 E5>G=4 Ç = 54 E5>G=4 Ç = 60 E5>G=4 

   

$<E. 14. �>?>7D4D<G5E><5 <=F5DD5D>7D4<<O ?>>DOF<O <7 <D4<>D4 

� E?GG45 FD5E >4=>6D5<5==> 45=EF6GNM<E 
<EF>G=<>>6 F5??4 (E<. D<E. 12314), >464O= <7 =<E 
E>7445F =5746<E<<>5 ?>?5 ?5D5<5M5=<=, >>F>D>5 
E D>EF>< 6D5<5=< =47D564 t ?D<6>4<F > EG?5D?>-
7<F<< =4 ?>65DE=>EF< ?>>DOF<O (E<. D<E. 15316). 

 
$<E. 15. �46<E<<>EFL ?5D5<5M5=<= ?> ??>E>>EF< F5=FD>6 FD5E 
F5??>6OE <EF>G=<>>6 [(y = 0): I 3 t = 15 E; II 3 t = 25 E; III 3 
t = 30 E; G7>? 3 380 55» ] ?>65DE=>EF< ?>>DOF<O <7 FGD4 4?O D47-
?<G=>7> q (E<. D<E. 12) 

 

 
$<E. 16. �46<E<<>EFL ?5D5<5M5=<= ?> ??>E>>EF<, ?4D4??5?L-
=>= ??>E>>EF< F5=FD>6 F5??>6OE <EF>G=<>>6 [(y = 6×1033 <], 
?>65DE=>EF< ?>>DOF<O <7 FGD4 4?O D47?<G=>7> q (E<. D<E. 12) 
(>EF4?L=O5 >5>7=4G5=<O E<. =4 D<E. 15) 

�EE?54>64=<5 <<55F ?D4>F<G5E>>5 7=4G5=<5 
4?O 4<47=>EF<>< < ?D>7=>7<D>64=<O M=5D7>GEF4-
=>6>> < ?D>4?5=<O <E D5EGDE4 D45>FO.  
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5. �>45?L 674<<>45=EF6<O >E5E<<<5FD<G=>= 
E65DE76G>>6>= 45F>=4F<>==>= EFDG< 747>6 

F5D<><=FEDG<5=F4 ?> =>D<4?< E ?>65DE=>EFLN 
>4?<??OD=>-?>D<EF>7> ?>>DOF<O 

$4EE<>FD<< 674<<>45=EF6<5 E65DE76G>>6>= 
EFDG< F5D<><=EFDG<5=F4 E ?D57D44>= 6 7>=5 F>D-
<>65=<O (>>D5EF=>EFL >D<F<G5E>>= F>G><). %FDGO 
D4E?>?>65=4 >DF>7>=4?L=> (?5D?5=4<>G?OD=>) 
> ?>65DE=>EF< ?>>DOF<O. 

�4?<L5< 4?O «EF4=44DF=OE GE?>6<=» GD46=5-
=<5 F5??>?5D544G< [29] 6 ?4<<=4D=>< ?>7D4=<G-
=>< E?>5 ?D< ?D>4>?L=>< >5F5>4=<< ??4EF<=O 

Nux = K1ඥRex:Pr3 , (1) 

745 Rex = W>× x
¿
 , W> = W0. 

�>>4?L=4O F5??>?5D544G4 ?D< ?D>4>?L=>< >5-
F5>4=<< ??4EF<=O 6 FGD5G?5=F=>< ?>7D4=<G=>< 
E?>5 [30] 

Nux = K2×Rex
0,8×Pr0,43, (2) 

745 TEF. = const; 105 < Rex < 107. 
� D>D<G?5 (1) K1 = 0,323; 6 D>D<G?5 (2) K2 = 

= 0,0296. 
&5??>D<7<G5E><5 E6>=EF64 7474 ?D<=<<4NFEO 

?D< ED54=5= F5<?5D4FGD5 <564G T> < TEF.; G4M5 
6 <>45?OE 74 >?D545?ONMGN F5<?5D4FGDG 6O5<-
D45FEO F5<?5D4FGD4 =56>7<GM5==>7> ?>F>>4 T>, 
?<5> TEF.; Pr = ¿

³
 3 >D<F5D<= �D4=4F?O; Nux 3 

G<E?> �GEE5?LF4 

Nux = ³x×
x
»

. 

�5D5?<L5< G<E?> Nux < >D<F5D<= Rex 6 5>?55 
G4>5=>= D>D<5 4?O 4=4?<74. 

�D<F5D<= $5==>?L4E4 

Rex = Ã0×W0×x
¿x

. 

'<E?> �GEE5?LF4: 

Nux = q(x)×x
»x×(TaEF 3 TEF)

. 

$4EEG<F45< F5<?5D4FGDG TaEF. 
TaEF. = Tr>, �, (3) 

745 Tr> 3 F5<?5D4FGD4 6>EEF4=>6?5=<O, D46=4O:  

Tr> = T>
,  + r×

W>
2

2Cp>
,  �; (4) 

T>
,  3 F5D<>4<=4<<G5E>4O F5<?5D4FGD4 =56>7<G-

M5==>7> ?>F>>4 (MF> F4>4O F5<?5D4FGD4, >>F>-

DGN ?>>474? 5O F5D<><5FD, ?5D5<5M4NM<=EO 
6<5EF5 E ?>F>>>< E >4<=4>>6>= E =<< E>>D>-
EFLN). �?O Pr = 1 

T0> = T>
,  + r×

W>
2

2Cp>
, �, (5) 

TaEF. 3 F5<?5D4FGD4 E4<>7> ?>>DOF<O <?< 44<454F-
=4O F5<?5D4FGD4 EF5=><. �D< Pr < 1, TaEF. < T0>. 

�>MDD<F<5=F 6>EEF4=>6?5=<O 

r = TaEF. 3 T>
,

T0> 3 T>
, . (6) 

�?O ?4<<=4D=OE E?>56 r r = :Pr. (7) 
&5D<>4<=4<<G5E>4O F5<?5D4FGD4 T>

,  D46=4 

T>
,  = ³>

2

K×R
, �. (8) 

&5<?5D4FGD4 F>D<>65=<O: 

T0> = T>× ቈ1+
(K 3 1)

2 ×M>
2 ቉ , �. (9) 

&5<?5D4FGD4 6>EEF4=>6?5=<O D46=4: 

Tr> = T>× ቈ1 + r×
(K 3 1)

2 ×M>
2 ቉ , �, (10) 

745 K = Cp
CÓ

. 

5.1. $4EG5F G45?L=OE F5??>6OE ?>F>>>6 qEF. 
&5??>6>= ?>F>> ><O645<>7> 6OE>>>E>>D>EF=O< 
?>F>>>< 7474, >?D545?O5FEO >4> 

qEF. = ³×(TaEF. 3 TEF.), �F/<2. (11) 
�E?< Pr b 1, F> 

TaEF. = Tr>, (12) 
< qEF = ³×(Tr> 3 TEF.), �F/<2. 

�E?< Pr = 1, F> 
TaEF. = T0>, (13) 

< qEF. = ³×(T0> 3 TEF.), �F/<2. 
�?O 45F>=4F<>==>7> E65DE76G>>6>7> D4>5?4 

M>E?5D<<5=FO =4<< ?D>6>4<?<EL E ?D<<5=5=<5< 
<<>D>=4E44>< 4?O <7<5D5=<O ?>?=>7> < EF4F<G5-
E>>7> 446?5=<= < 44FG<>4 F5??>6>7> ?>F>>4 4?O 
<7<5D5=<O q(x), ³x, Mx < Ã0W0 6 D4EF5>4NM5=EO 
EFDG5. 

'<E?4 �4E4 M = Wa

³
 = 2,3. 

%F5?5=L =5D4EG5F=>EF< <EF5G5=<O (E<. D<E. 17) 
na = Pe

Pb
 = 0,8. 
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�F=>L5=<5 
446?5=<= %FDG>FGD4 E65DE76G>>6>= EFDG< 

Pe

Pb
 = 0,4 

 

Pe

Pb
 = 0,6 

 

Pe

Pb
 = 0,8 

 

Pe

Pb
 = 1,5 

 

$<E. 17. �D>F5EE <EF5G5=<O E65DE76G>>6>= EFDG< <7 E>??4 F5D-
<><=EFDG<5=F4 ?D< D47?<G=OE 446?5=<OE 

'<E?> Re4 D4EEG<FO64?>EL ?> ?4D4<5FD4< 74-
74 =4 ED575 E>??4 (<=45>E «4») 

Re4 = Wa×da

¿a
, 

745 Re = 1×106; l � = l
da

 = 3. 
� >>D5EF=>EFOE >D<F<G5E>>= F>G>< (=4 ?>>DO-

F<<) ?D54?>?4745FEO ?4<<=4D=O= D56<< F5G5-
=<O, F4> >4> G<E?> Rex =5 6OE>>>5 < 45=EF6G5F 
>FD<F4F5?L=O= 7D44<5=F 446?5=<O. �4=4>> G<E-
?> Nux E>7?4E=> M>E?5D<<5=FG 6 (5÷6) D47 6OL5, 
G5< 445F ?4<<=4D=4O F5>D<O (D>D<G?4 (1)). �>7-
<>6=>, ?D>O6?O5FEO 45F>=4F<>==O= MDD5>F ?D>-
=<>=>65=<O 6 ?4<<=4D=O= ?>7D4=<G=O= E?>= 
FGD5G?5=F=OE ?G?LE4F<= <7 6=5L=57> F5G5=<O. 
�D< Rex g 4×105 F>G>< D4E?>?474NFEO =<65 ?<-
=<< E>7?4E=> D>D<G?5 (2), F.5. 74>>=4 FGD5G-
?5=F=>7> F5??>>5<5=4 4?O 4>76G>>6OE F5G5=<=.  

&4><< >5D47><, 4?O «EF4=44DF=OE GE?>-
6<=» F5??>>5<5=4 K1 = 0,323 < K2 = 0,0296. � 
E?GG45 45F>=4F<>==>= E65DE76G>>6>= 6>?=O, 
<<55< 4?O Rex < 4×105, K1

'  = (5÷6)×K1 < 4?O 
106 g Rex g 4×105, K2

'  = 0,95×K2. 

6. �O6>4O 
� 44==>= D45>F5 =4 >E=>65 ?D>45?4==OE D4-

5>F [6, 8, 24] 4>F5=F 5O? E45?4= =4 ?D<D>4=O5 
<4F5D<4?O < <E ?D<<5=5=<5 4?O =4=5E5=<O ?>-
>DOF<= =4 M?5<5=FO M=5D7>>5>DG4>64=<O. �E=>6-
=O5 6O6>4O ?> ?D>45?4==>= D45>F5 E?54GNM<5: 

1. �>>474=> =4 <=F5DD5D>7D4<<4E, GF> 746<-
E<<>EF< ?5D5<5M5=<= 4?O ?>D<EFOE ?>>DOF<= 

?D< F5??>6OE =47DG7>4E ?>?57=O 4?O ?D>7=>7<-
D>64=<O >5>DG4>64=<O (E>??4 < >4<5DO E7>D4=<O). 

2. %<EF5<4 >E?4645=<O E>45D6<F ?>>DOF<5 
<7 ?D<D>4=>7> <4F5D<4?4, E>744==>5 6OE>>>F5<-
?5D4FGD=O<< EFDGO<<, >>F>DO5 ?D5?OFEF6GNF 
D47DGL5=<N >5>DG4>64=<O, < ?>45<D45FEO 6 74-
6<E<<>EF< >F 6<44 <4F5D<4?4 ?>>DOF<O < ?>-
65DE=>EF< ?>4?>6><. 

3. �=F5DD5D>7D4<<O ?>>47O64NF >>=F5=FD4-
F<N 45D>D<4F<= 6 ?>>DOF<< ?D< F5??>6OE 
=47DG7>4E 6 M>E?5D<<5=F5 4> 2,1×106 �F/<2.  

4. �4?<??OD=>-?>D<EF4O E<EF5<4 >E?4645=<O 
?>>474?4 6OE>>GN MDD5>F<6=>EFL 6??>FL 4> >D<-
F<G5E>>7> E>EF>O=<O <5F4??4 >4<5D E7>D4=<O 
< E>?5? (1×106 �F/<2).  

5. �>EFD>5=4 <>45?L 674<<>45=EF6<O >E5E<<-
<5FD<G=>= E65DE76G>>6>= 45F>=4F<>==>= EFDG< 
747>6 F5D<><=FEDG<5=F4 ?> =>D<4?< > ?>>DOF<N. 

6. �>MDD<F<5=FO F5??>>F44G< E>7?4E=> M>E-
?5D<<5=FG 6 (5&6) D47 6OL5, G5< 445F ?4<<=4D-
=4O F5>D<O < =4 =5E>>?L>> ?D>F5=F>6 =<65, G5< 
4?O 74>>=4 FGD5G?5=F=>7> F5??>>5<5=4.  

7. �?D545?5=4 EF5?5=L =5D4EG5F=>EF< <EF5G5-
=<O 4?O D47?<G=OE 446?5=<=. 

8. $47D45>F4==O5 ?>65DE=>EF< 6 6<45 ?>>DO-
F<= < E5FG4FOE EFDG>FGD 44NF ?>?>6<F5?L=O= 
MDD5>F 74 EG5F ?D5<<GM5EF64 E>6<5EF=OE F5E-
=>?>7<= <E <77>F>6?5=<O, D4EL<D5=<5< >F6>4<-
<OE F5??>6OE =47DG7>> < G?D46?5=<O E>EF>O=<-
5< ?>>DOF<=. 
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