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CDE 629.7 

*.K. $L7879 

L,#*('.3 0$8.&0$-D063 .((-,+&/$",-D('.3  

)&-.",70.4,('.3 =0./,#(."," 

#.*. $L7879 

FHH )&-.*,#067 *$",#.$-&/, 5. L,#*D 

A)!2$(("$ *"#$2)%"6'()$ 6(M;%)='*$%(CD  

>%"E$!!"6 6 <$!!">2"6"* %#;; 

H((-,+=B"(1 /0="#.'$*,#06, )#&8,((6, )#&",'$BC., )#. #$%&", %,((&)-&/&5& >?99, 

)=",* )#&/,+,0.1 )#1*&5& /64.(-.",-D0&5& :'(),#.*,0"$. >$((*$"#./$,"(1 )&-063 8.'- #$%&-

"6 #$',"0&5& +/.5$",-1. L#.*,01,"(1 0,("$8.&0$#0$1 5&*&5,00&-5,",#&5,00$1 *&+,-D ",4,0.1 

)#&+='"&/ (5&#$0.1 . /&E+=7$ / >?99 / &(,(.**,"#.40&3 )&("$0&/', ( =4,"&* (#$%$"6/$0.1 

/&()-$*,0.",-1, )#&5#,/$, /&()-$*,0,0.1 . )&(-,+=BC,5& 0,("$8.&0$#0&5& . "=#%=-,0"0&5& 

5&#,0.1 "/,#+&5& "&)-./$, #$E5,#*,".E$8.. +/.5$",-1 . )&(-,+=BC,5& +/.2,0.1 E$5-=A'.. 

G '$4,("/, &(0&/0&5& #$(4,"0&5& *,"&+$ .()&-DE=,"(1 *,"&+ ?$/6+&/$ (*,"&+ '#=)067 4$(".8). 

>$E#$%&"$0$ *,"&+.'$ #$(4,"$. L#./&+1"(1 #,E=-D"$"6 4.(-,00&5& *&+,-.#&/$0.1. 

=F35:9G: HF79.: 4.(-,00&, *&+,-.#&/$0.,, *,"&+ ?$/6+&/$, %,((&)-&/&3 >?99, 

/0="#.'$*,#06, )#&8,((6, 5&#,0.,, 5$E&/$1 +.0$*.'$, +/.2,0., E$5-=A'.. 

M.Yu. Egorov  

Perm National Research Politechnic University 

D.M. Egorov 

Research institute of polymeric materials, Perm 

NUMERICAL MODELING OF THE PROCESSES  

IN THE COMBUSTION CHAMBER OF NOZZLELESS  

SOLID PROPELLANT ROCKET ENGINE 

Intrachamber investigate the processes occurring at work nozzleless SRM, through direct nu-

merical experiment. Consider the full cycle of the rocket engine. Suitable non-stationary homogeneous-

heterogeneous model of the flow of combustion products and air in the solid propellant in an axisymmet-

ric formulation of the igniter, heating, ignition and subsequent transient and turbulent combustion of 

solid fuels, followed by depressurization of the engine and the movement is a stub. The main method of 

the calculation method used by Davydov (method of large particles). The design procedure is devel-

oped. Results of numerical research are resulted. 

Keywords: numerical simulation, Davydov method, nozzleless SRM, intrachamber processes, 

combustion, gas dynamics, the movement is a stub. 
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L"$5&##)& @)3&5"')(+#"& (#.%'"/+@&'#;A =')4&$$)( ((#.%-

'"*+55"$%":&$/"1 '+$:&%) -(5-&%$- )3#)1 ", 75+(#;A ,+3+: ='" '+,-

'+*)%/& " =')&/%"')(+#"" 0DGG. F '+@/+A H%)1 ,+3+:" )='&3&5-8%-

$- )$#)(#;& '+*):"& =+'+@&%'; '+/&%#)7) 3("7+%&5-: %-7+, @+$$)-

(;1 $&/.#3#;1 '+$A)3 =')3./%)( $7)'+#"-, ('&@- '&5+/$+4"" /+@&-

'; $7)'+#"- " 3'. 

T)('&@&##;1 0DGG – $5)9#+- %&A#":&$/+- $"$%&@+, ( /)%)')1 

)3#)('&@&##) =')%&/+&% '-3 (,+"@)$(-,+##;A #&5"#&1#;A " #&$%+-

4")#+'#;A >","/)-A"@":&$/"A =')4&$$)(. E')@& %)7), 0DGG – 

$5)9#+- =')$%'+#$%(&##+- /)#$%'./4"-, )="$+#"& 7&)@&%'"" /)%)-

')1 %+/9& ='&3$%+(5-&% $)*)1 (&$6@+ $5)9#.8 ,+3+:.. \%+ ,+3+:+ 

3)59#+ '+,'&<+%6$- $ .:&%)@ =)3("9#;A 7'+#":#;A .$5)("1, /)%)-

';&, ( $()8 ):&'&36, $+@" )='&3&5-8%$- ='" '&<&#"" '+$$@+%'"-

(+&@)1 ,+3+:". 

L"$5&##)& @)3&5"')(+#"& (#.%'"/+@&'#;A =')4&$$)( ( *&$$)-

=5)()@ 0DGG "@&&% $()" )$)*&##)$%". N+ =&'(;1 (,75-3 *&$$)=5)()1 

'+/&%#;1 3("7+%&56 -(5-&%$- *)5&& =')$%)1 /)#$%'./4"&1 ()%$.%$%(.&% 

$)=5)()1 *5)/), )3#+/) =')(&$%" (#.%'"*+55"$%":&/)& =')&/%"')(+#"& $ 

%'&*.&@)1 %):#)$%68 35- %+/)7) %"=+ 3("7+%&5- =) $.I&$%(.8I"@ ( )%-

'+$5" @&%)3"/+@ ='+/%":&$/" #&(),@)9#). \%), ( =&'(.8 ):&'&36, $(-,+-

#) $ )%$.%$%("&@ >"/$"')(+##)7) /'"%":&$/)7) $&:&#"- ( =')%):#)1 :+$-

%" /+@&'; $7)'+#"- *&$$)=5)()7) 0DGG. E+/ %+/)()7) /5+$$":&$/)7) $)-

=5+ '+/&%#)7) 3("7+%&5- ,3&$6 #&%, + ,#+:"%, #&% " (),@)9#)$%" /)''&/%#) 

'+$$:"%+%6 =+'+@&%'; =)%)/+ =')3./%)( $7)'+#"- =) ",(&$%#;@ +#+5"%"-

:&$/"@ ,+("$"@)$%-@ " 3+9& '-3. :"$5&##;A @&%)3"/. 

F ='&35+7+&@)1 '+*)%& ='&3='"#-%+ =)=;%/+ ='-@)7) :"$5&##)-

7) @)3&5"')(+#"- (#.%'"/+@&'#;A =')4&$$)( ( *&$$)=5)()@ 0DGG $ 

.:&%)@ )$)*&##)$%&1 H%)7) %"=+ '+/&%#;A 3("7+%&5&1. W.3&% '+$$@+%-

'"(+%6$- $)='-9&##+- ,+3+:+, (/58:+8I+- ( $&*-:  

– $'+*+%;(+#"& ()$=5+@&#"%&5- (FT);  

– =')7'&(, ()$=5+@&#&#"& " =)$5&3.8I&& #&$%+4")#+'#)& " %.'-

*.5&#%#)& 7)'&#"& ,+'-3+ %(&'3)7) %)=5"(+ (GG);  

– #&$%+4")#+'#)& 7)@)7&##)-7&%&')7&##)& %&:&#"& (),3.A+ " 

=')3./%)( $7)'+#"- ( /+@&'& $7)'+#"-;  

– 3("9&#"& ,+75.</" /+@&'; $7)'+#"-.  

E+93+- ", =)3,+3+: '+$$@+%'"(+&%$- () (,+"@)$(-," " '+,'&<+-

&%$- )3#)('&@&##). 
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M6$B$/<0$)'" 0(.A+$;")'/"+* 

?')4&$$ $'+*+%;(+#"- FT )="$;(+&%$- #+ )$#)(& H/$=&'"@&#%+56#)-

%&)'&%":&$/)7) =)3A)3+, ='&35)9&##)7) ( 3"$$&'%+4""
1
. ?.%&@ '&<&#"- 

)*'+%#)1 ,+3+:" (#.%'&##&1 *+55"$%"/" 35- $"$%&@; «FT – "@"%+%)' $()-

*)3#)7) )*U&@+ /+@&'; $7)'+#"- 0DGG» '+$$:"%;(+&%$- '&+56#;1 7+,)-

='"A)3 )% FT $ .:&%)@ )$)*&##)$%" 7)'&#"- ,+'-3+ ()$=5+@&#"%&56#)7) 

$)$%+(+, + "@&##) 3)7)'+#"- =')3./%)( $7)'+#"- ,+ /)'=.$)@ FT. 

M$#)(#+- $"$%&@+ 3">>&'&#4"+56#;A .'+(#&#"1, )="$;(+8I"A 

=')4&$$ $'+*+%;(+#"- FT 0DGG, "@&&% $5&3.8I"1 ("3: 

 

" #<( ( (
( ( ( (

(

/.$ /.$ /.$

/.$

d
;

d

d
.

d

P R T
v s m

t V

P R T
m

t V

L M$ . +. +N O

$

!

!

 (1) 

F (1) " 3+5&& =) %&/$%. ='"#-%; $5&3.8I"& )*),#+:&#"-: P – 3+(-

5&#"&; T – %&@=&'+%.'+; V – )*U&@; Z – =5)%#)$%6; v – $/)')$%6 7)'&#"-; 

t – ('&@-; m!  – @+$$)(;1 '+$A)3 (='"A)3); R – ='"(&3&##+- 7+,)(+- =)-

$%)-##+-; s – =5)I+36 =)(&'A#)$%" 7)'&#"-. W./(&##;& "#3&/$; ./+-

,;(+8% #+ =+'+@&%'; FT ((), /+@&'; $7)'+#"- (/.$), <+</" (<). 

F;'+,"( ", =&'()7) .'+(#&#"- $"$%&@; (1) m! , =)3$%+("( &7) () 

(%)')& " '+,'&<"( =)5.:&##)& )%#)$"%&56#) v(, "@&&@ 

 
" #

/.$ /.$( (
( <

( ( /.$ /.$( ( (

dd1
.

d d

V PV P
v

R T t R T ts

' (
$ 0) *

. +. , -
 (2) 

F;'+9&#"& (2) -(5-&%$- )$#)(#;@ '+$:&%#;@ $))%#)<&#"&@, 

( /)%)')@ P( " P/.$ " "A =')",()3#;& =) ('&@&#" )='&3&5-8%$- H/$=&-

'"@&#%+56#) #+ $=&4"+56#)1 5+*)'+%)'#)1 .$%+#)(/&. 

M3#+/) %+/)1 $=)$)* )='&3&5&#"- $/)')$%" 7)'&#"- #&.3)*&#, 

%+/ /+/ 35- /+93)7) /)#/'&%#)7) FT $#+:+5+ #&)*A)3"@) =')(&$%" 

H/$=&'"@&#% =) ,+@&'. '+*):&7) 3+(5&#"-, + ,+%&@ )$.I&$%("%6 '+$:&%. 

C3)*#&& )*)*I"%6 " $(-,+%6 #+='-@.8 ,#+:&#"& $/)')$%" 7)'&#"- ,+-

'-3+ FT v( $ =+'+@&%'+@", )='&3&5-8I"@" =')4&$$ 7)'&#"- /)#/'&%-

#)7) ()$=5+@&#"%&56#)7) $)$%+(+ ( /)'=.$& FT (=5)I+368 =&'>)'+-

4"" /)'=.$+ ()$=5+@&#"%&5- – F/', =5)I+368 =)(&'A#)$%" 7)'&#"- ,+-

'-3+ FT – s( " $()*)3#;@ )*U&@)@ ( /)'=.$& FT – V(), ( ("3& 

                                                            

1 X7)')( !.].: 3"$. … /+#3. %&A#. #+./ / ?&'@. =)5"%&A#. "#-%. – ?&'@6, 1987. 
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 v( = f(F/', s(, V(). (3) 

G+/)7) ')3+ $(-,", #& (#"/+- ( $.I#)$%6 $5)9#)7) >","/)-

A"@":&$/)7) =')4&$$+ 7)'&#"-, @)9#) #+1%" ( $%+%"$%":&$/)@ =)3A)-

3&, "$=)56,.- =)5"#)@"+56#;& @)3&5", + 35- #+A)93&#"- /)H>>"4"-

&#%)( =)5"#)@+ ='"@&#"%6 %&)'"8 =5+#"')(+#"- H/$=&'"@&#%+ [1]. 

?) =)5"#)@"+56#)1 ,+("$"@)$%" %"=+ (3) ( '+*)%& )='&3&5-&%$- 

7+,)='"A)3 )% FT ( /+@&'. $7)'+#"- 0DGG. 

L(.A+$;")")'" ' ,(6")'" 1$6*#$ /0"6#(,( /(A+'0$ 

M="$+#"& =')4&$$+ #&$%+4")#+'#)7) =')7'&(+, ()$=5+@&#&#"- 

" =)$5&3.8I&7) #&$%+4")#+'#)7) " %.'*.5&#%#)7) 7)'&#"- ,+'-3+ GG 

*+,"'.&%$- #+ @)3&5" !&'9+#)(+ – D.*)("4/)7) $ .:&%)@ (5"-#"- 7+-

,)()1 >+,; #+ =')4&$$ 7)'&#"- ( /)#3&#$"')(+##)1 >+,& (k->+,&) [2]. W.-

3&@ '+$$@+%'"(+%6 GG /+/ %(&'3)& %&5), / /)%)')@. ='"@&#"@; ",-

(&$%#;& .'+(#&#"- %&=5)=')()3#)$%" " A"@":&$/)1 /"#&%"/". D5- 

.3)*$%(+ *.3&@ '+$$@+%'"(+%6 H%" .'+(#&#"- ( $"$%&@& /))'3"#+%, 

$(-,+##)1 $ =)(&'A#)$%68 7)'&#"-, #+='+("( )$6 )% =)(&'A#)$%" ( GG. 

T:"%+&@, :%) '&+/4"" ( k->+,& .3)(5&%()'-8% ,+/)#. O''&#".$+. G)73+ 

( ='&3=)5)9&#"" «0»-@&'#)$%" =)'-3/+ A"@":&$/"A '&+/4"1 3+##+- 

$"$%&@+ .'+(#&#"1, )="$;(+8I+- =')4&$$, "@&&% ("3 

 

" #

" #

2

2
;

,

k k k k
k k k k

k k k

k k k

k

T T T Q
v T

t y y c

v T
t y

/ / /
$ P 0 0 Q

/ / /

/F /F
$ 0Q

/ /

 (4) 

73& " #
0

exp .k
k k k

k

E
T Z

R T

' (
Q $ +) *

, -
 

F (4) ='"#-%; $5&3.8I"& )*),#+:&#"-: c – .3&56#+- %&=5)&@-

/)$%6; E – H#&'7"- +/%"(+4""; Q – %&=5)()1 H>>&/% '&+/4""; R0 – 

.#"(&'$+56#+- 7+,)(+- =)$%)-##+-; y – /))'3"#+%+; Z – ='&3H/$=)-

#&#%; V – 75.*"#+ ='&('+I&#"- %)=5"(+; _ – /)H>>"4"&#% %&@=&'+-

%.')=')()3#)$%". 

D) ()$=5+@&#&#"- ( (4) #&)*A)3"@) =)5)9"%6 vk = 0. C$5)("& 7)-

'&#"- ='"#"@+&%$- ( ("3& Vs = 1 (s – =)(&'A#)$%6 7)'&#"-). \%) 9& .$-

5)("& (;*"'+&%$- " ( /+:&$%(& .$5)("- ()$=5+@&#&#"-. 
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T"$%&@+ 3">>&'&#4"+56#;A .'+(#&#"1 (4), $ .:&%)@ ,+@;-

/+8I"A $))%#)<&#"1 [2], "#%&7'"')(+5+$6 :"$5&##) /)#&:#)-'+,-

#)$%#;@ ($&%):#;@) @&%)3)@. F '+$:&%+A "$=)56,)(+5"$6 -(#;& 

" #&-(#;& $A&@; +==')/$"@+4"" =&'()7) " (%)')7) =)'-3/+ %):#)-

$%". D5- '+,'&<&#"- #&-(#;A /)#&:#)-'+,#)$%#;A $))%#)<&#"1 

='"@&#-5$- @&%)3 =')7)#/". 

P$1(0$* #')$;'%$ 0 %$;"6" .,(6$)'* B"..(A+(0(,( !5QQ 

D5- @+%&@+%":&$/)7) )="$+#"- =')4&$$+ %&:&#"- ( /+@&'& $7)'+-

#"- 0DGG *.3&@ "$=)56,)(+%6 =)3A)3; @&A+#"/" $=5)<#;A @#)7)-

>+,#;A $'&3 [2–4]. F),3.A ( /+@&'& $7)'+#"-, 7+,))*'+,#;& =')3./%; 

$7)'+#"- ()$=5+@&#"%&56#)7) $)$%+(+ " ,+'-3+ GG #+,)(&@ =&'()1 >+-

,)1. !&5/)3"$=&'$#;& :+$%"4; ( =')3./%+A $7)'+#"- ,+'-3+ GG ()/"-

$&5 +58@"#"-) – (%)')1 >+,)1. !&5/)3"$=&'$#;& :+$%"4; ( =')3./%+A 

$7)'+#"- ()$=5+@&#"%&56#)7) $)$%+(+ ()/"$&5 @+7#"-) #+,)(&@ %'&%6&1 

>+,)1. ?&'(.8, (%)'.8 " %'&%68 >+,; *.3&@ $:"%+%6 7)@)7&##)-

7&%&')7&##)1 $@&$68 $) $()"@" %&@=&'+%.'+@" " $/)')$%-@" 3("9&-

#"-. F %+/)1 $"$%&@& /+93+- >+,+ ,+#"@+&% :+$%6 )*U&@+ $@&$": 

1 2 3, , .J RJ RJ  D("9&#"& "A '+$$@+%'"(+&%$- /+/ 3("9&#"& (,+"@)=')#"-

/+8I"A " (,+"@)3&1$%(.8I"A $'&3. 

?)5#+- #&$%+4")#+'#+- $"$%&@+ ("A'&(;A 3">>&'&#4"+56#;A 

.'+(#&#"1 7+,)()1 3"#+@"/" 35- )$&$"@@&%'":#)7) (4"5"#3'":&$/+- 

$"$%&@+ /))'3"#+%) 7)@)7&##)-7&%&')7&##)7) =)%)/+ ( /+@&'& $7)'+#"- 

0DGG ,+="<&%$- ( ("3&: 

– .'+(#&#"- #&'+,';(#)$%" ($)A'+#&#"- @+$$;) 
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– .'+(#&#"- $)A'+#&#"- "@=.56$+ =) )$-@ /))'3"#+% 

" # " #

" # " #

1 1 12 13

1 1 1 1 ( (

1 1 12 13

1 1 1 1 ( (

div ;

div ;

r r rw gw r g
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– .'+(#&#"- $)A'+#&#"- (#.%'&##&1 .3&56#)1 H#&'7"" 

 

" # " #

" # " #
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2 2 2 2

3 3 13 13
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  (7) 

– .'+(#&#"- $)A'+#&#"- =)5#)1 .3&56#)1 H#&'7"" $@&$" 

 

" # " # " # " # " #

" # " # " # " #

" # " #
1

o

3 31 1 2 2

1 1 1 2 2 2

3 3 3 1 2 2 3 3

1

2 ( ( 3 (

div div

div div div div
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D5- ,+@;/+#"- $"$%&@; 3">>&'&#4"+56#;A .'+(#&#"1 (5)–(8) 

*.3&@ "$=)56,)(+%6 .'+(#&#"& $)$%)-#"- ( ("3& 

 " #
2

" 1
1 1 "

1

1
1 .

2 1

W
P k E
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' (
$ + . +) * + ., -

 (9) 
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F (5)–(9) ='"#-%; $5&3.8I"& )*),#+:&#"-: a – /)()58@; cp – %&-

=5)&@/)$%6 ='" =)$%)-##)@ 3+(5&#""; E – =)5#+- .3&56#+- H#&'7"-; 

J – (#.%'&##-- .3&56#+- H#&'7"-; G – '+$A)3#)-='"A)3#;1 /)@=5&/$; 

k – =)/+,+%&56 +3"+*+%;; q – >.#/4"- %&=5)()7) @&9>+,#)7) (,+"@)-

3&1$%("-; v, w – =')&/4"" (&/%)'+ $/)')$%" =) )$" 0R,0Z; W – @)3.56 

(&/%)'+ $/)')$%"; W – (&/%)' $/)')$%"; r, z – /))'3"#+%; (3)56 )$" 

0R,0Z; µ – 3"#+@":&$/+- (-,/)$%6; ` – %&=5)=')()3#)$%6; a – >.#/4"- 

$"5)()7) @&9>+,#)7) (,+"@)3&1$%("-. T"@()5;: g – 7+,; k – /)#(&/-

%"(#;1; l – 5.:"$%;1; l) – 5.:"$%;1 )*U&@#;1; p – :+$%"4;; w – ,+'-3 

GG; ( – ()$=5+@&#"%&56; " – "$%"##)& ,#+:&#"&. 

F;'+9&#"- ( (5)–(9) 35- ='"A)3#;A /)@=5&/$)(, >.#/4"1 $"5)-

()7) " %&=5)()7) @&9>+,#)7) (,+"@)3&1$%("-, + %+/9& "$=)56,.&@;& ( 

'+$:&%+A 3)=)5#"%&56#;& $))%#)<&#"- =)3')*#) ",5)9&#; ( [2, 3]. 

T"$%&@+ 3">>&'&#4"+56#;A .'+(#&#"1 (5)–(9) $ ,+@;/+8I"@" 

$))%#)<&#"-@" "#%&7'"')(+5+$6 :"$5&##) @&%)3)@ D+(;3)(+ (@&%)-

3)@ /'.=#;A :+$%"4), A)')<) $&*- ,+'&/)@&#3)(+(<"@ ='" '&<&#"" 

@#)7"A #&5"#&1#;A ,+3+: @&A+#"/" $=5)<#;A $'&3 [2, 3, 5]. F '+$:&-

%+A "$=)56,)(+5+$6 -(#+- =+'+@&%'":&$/+- (%'" =+'+@&%'+) =)5#)$%68 

/)#$&'(+%"(#+- /)#&:#)-'+,#)$%#+- $A&@+ @&%)3+. ?'"@&#-5+$6 '+(-

#)@&'#+- )'%)7)#+56#+- '+$:&%#+- $&%/+. N+ #&'&7.5-'#;A (#& $)(=+-

3+8I"A $ '+$:&%#)1 $&%/)1) 7'+#"4+A '+$:&%#)1 )*5+$%" "$=)56,)(+5-

$- +==+'+% 3')*#;A -:&&/. 

50'O")'" 1$,+=7%' %$;"6< .,(6$)'* 

W.3&@ "$A)3"%6 ", $5&3.8I&1 @)3&5" 3("9&#"- ,+75.</" *&$-

$)=5)()7) 0DGG. N+ #+:+56#;1 @)@&#% ('&@&#" /+@&'+ $7)'+#"- '+-

/&%#)7) 3("7+%&5- 7&'@&%":#) ,+/';%+ ,+75.</)1. K+75.</+ #&=)3-

("9#+. ?'" $'+*+%;(+#"" FT " ()$=5+@&#&#"" =)(&'A#)$%" 7)'&#"- 

,+'-3+ GG 3+(5&#"& ( /+@&'& $7)'+#"- 0DGG =)$%&=&##) (),'+$%+&%. 

F @)@&#%, /)73+ 3+(5&#"& =')3./%)( $7)'+#"- ( '+1)#& 3#+ ,+75.</" 

3)$%"7+&% #&/)%)')7) /'"%":&$/)7) ,#+:&#"- (3+(5&#"- $%'+7"(+#"-), 

,+75.</+ #+:"#+&% $()& 3("9&#"&. ?'" $%'+7"(+#"" " ( =')4&$$& 3("9&-

#"- ,+75.</+ $)A'+#-&% $()8 >)'@. (#& '+,'.<+&%$- #+ :+$%") " @+$$.. 

G'+&/%)'"- 3("9&#"- ,+75.</" $)(=+3+&% $ )$68 $"@@&%'"" '+/&%#)7) 

3("7+%&5- " )%/5)#&#"1 ( '+3"+56#)@ #+='+(5&#"" #& "@&&%. 

D("9&#"& ,+75.</" 0DGG )="$;(+&%$- .'+(#&#"&@ 
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0 0

d
d d .

d

l r
z zs s

l rz
z z z

w
m P s P s

t
$ +5 5   (10) 

F (10) ='"#-%; 3)=)5#"%&56#;& )*),#+:&#"-: l

zP +  3+(5&#"& #+ 

(#.%'&##&1 =)(&'A#)$%" ,+75.</"; r

zP +  3+(5&#"& #+ (#&<#&1 =)(&'A-

#)$%" ,+75.</"; s + =5)I+36 =)(&'A#)$%" ,+75.</". 

C'+(#&#"& 3("9&#"- ,+75.</" *&$$)=5)()7) 0DGG '+,'&<+&%$- 

:"$5&##) /)#&:#)-'+,#)$%#;@ @&%)3)@ \15&'+ [6]. 

!"1=+@/$/< 6$.2"/(0 

?'"(&3&@ #&/)%)';& '&,.56%+%; :"$5&##)7) '+$:&%+ =')4&$$+ 

$'+*+%;(+#"- *&$$)=5)()7) 0DGG. ?'"#4"="+56#+- /)@=)#)():#+- 

$A&@+ '+/&%#)7) 3("7+%&5- =)/+,+#+ #+ '"$. 1. 

 

0"$. 1. ?'"#4"="+56#+- /)@=)#)():#+- $A&@+ *&$$)=5)()7) 0DGG: 1 – /)'=.$;  

2 – ,+'-3 GG; 3 – FT; 4 – ,+75.</+; 0, 1, 2, /', + – %):/" >"/$+4"" =+'+@&%')( 

F '+$:&%+A *;5" ='"#-%; $5&3.8I"& <+7" "#%&7'"')(+#"-: =) 

/))'3"#+%+@ – br = bz = 1,0·10
–3

 @, =) ('&@&#" – bt = 2,0·10
–7

 $. N&=)-

$'&3$%(&##) ( )*5+$%" "#%&7'"')(+#"- '+,@&I+&%$- )% ~44 000 3) 

~120 000 '+$:&%#;A -:&&/ (( ,+("$"@)$%" )% (&5":"#; $7)'&(<&7) $()-

3+ ,+'-3+ GG). M3"# <+7 "#%&7'"')(+#"- =) ('&@&#" '&+5",.&%$- '+*)-

:&1 $%+#4"&1 (=')4&$$)' AMD Phenom II X4 965BE, @+%&'"#$/+- =5+%+ 

GA–MA790GPT–UD3H, )=&'+%"(#+- =+@-%6 DDR3 1333MHz 4Gb) ,+ 

~0,07 $ =')4&$$)'#)7) ('&@&#". 

N+ '"$. 2 ='&3$%+(5&#) ",@&#&#"& '+$:&%#)1 /)#>"7.'+4"" /+-

@&'; $7)'+#"- '+/&%#)7) 3("7+%&5- =) @&'& (;7)'+#"- ,+'-3+ GG. E+-

93+- >"/$"')(+##+- /)#>"7.'+4"- =')$:"%;(+5+$6 )%3&56#). 0&,.56-

%+%; $&'"" =)$5&3)(+%&56#;A '+$:&%)( «$<"(+5"$6». N+ '"$. 3–6 
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='&3$%+(5&#) ",@&#&#"& () ('&@&#" ( >"/$"')(+##;A %):/+A /+@&'; 

$7)'+#"- ($@. '"$. 1) 3+(5&#"-, $/)')$%" 7+,)()1 >+,; =)%)/+ =')3./%)( 

$7)'+#"-, '+$A)3+ " %-7" *&$$)=5)()7) 0DGG. N+ '"$. 7–9 =)/+,+#) '+$-

='&3&5&#"& 3+(5&#"-, %&@=&'+%.'; " )$&()1 $)$%+(5-8I&1 $/)')$%" 

7+,)()1 >+,; =')3./%)( $7)'+#"- =) /+@&'& $7)'+#"- *&$$)=5)()7) 

0DGG ( >"/$"')(+##;& @)@&#%; ('&@&#". 0&,.56%+%; '+$:&%)( A)')-

<) $)75+$.8%$- $ 3+##;@" #+%.'#;A H/$=&'"@&#%)( =) )%'+*)%/& 

0DGG. 

 

 

0"$. 2. B,@&#&#"& '+$:&%#)1 /)#>"7.'+4"" /+@&'; $7)'+#"- 

'+/&%#)7) 3("7+%&5- =) @&'& (;7)'+#"- ,+'-3+ GG 

 

 

0"$. 3. B,@&#&#"& 3+(5&#"- () ('&@&#" ( >"/$"')(+##;A  

%):/+A /+@&'; $7)'+#"- 
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0"$. 4. B,@&#&#"& )$&()1 $/)')$%" 7+,)()1 >+,; () ('&@&#" 

( >"/$"')(+##;A %):/+A /+@&'; $7)'+#"- 

 

 

0"$. 5. B,@&#&#"& '+$A)3+ =')3./%)( $7)'+#"- GG () ('&@&#" 

( >"/$"')(+##;A $&:&#"-A /+@&'; $7)'+#"- 
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0"$. 6. B,@&#&#"& %-7" 0DGG () ('&@&#" 

 

 

- 

 

4 

 

( 

0"$. 7. 0+$='&3&5&#"& 3+(5&#"- ( /+@&'& $7)'+#"- ( >"/$"')(+##;&  

@)@&#%; ('&@&#": - – t = 0,008 c; 4 – t = 0,984 c; ( – t = 2,928 c 
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- 

 
4 

 

( 

0"$. 8. 0+$='&3&5&#"& %&@=&'+%.'; 7+,)()1 >+,; ( /+@&'& $7)'+#"- 

( >"/$"')(+##;& @)@&#%; ('&@&#": - – t = 0,008 c; 4 – t = 0,984 c; ( – t = 2,928 c 

 

- 

 

4 

 

( 

0"$. 9. 0+$='&3&5&#"& )$&()1 $/)')$%" 7+,)()1 >+,; ( /+@&'& $7)'+#"- 

( >"/$"')(+##;& @)@&#%; ('&@&#": - – t = 0,008 c; 4 – t = 0,984 c; ( – t = 2,928 c 
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R$%+82")'" 

0+,'+*)%+##+- >","/)-@+%&@+%":&$/+- @)3&56 " $),3+##;1 #+ && 

*+,& =')7'+@@#;1 /)@=5&/$ =),()5-8% =')()3"%6 3&%+56#)& /)@-

=5&/$#)& "$$5&3)(+#"& #&5"#&1#;A " #&$%+4")#+'#;A (#.%'"/+@&'-

#;A =')4&$$)( ='" $'+*+%;(+#"" *&$$)=5)()7) 0DGG, + %+/9& /5+$$"-

:&$/)7) 0DGG ($ $)=5)@). ?)5.:&##+- '+$:&%#+- "#>)'@+4"- @)9&% 

*;%6 .$=&<#) "$=)56,)(+#+ ='" =')&/%"')(+#"" " )%'+*)%/& #)(;A 

)*'+,4)( '+/&%#)1 %&A#"/" #+ GG $ (;$)/"@" H#&'7)@+$$)(;@" A+'+/-

%&'"$%"/+@". 

E'B+'(,6$F'2".%': .A'.(% 

1. T="'"3)#)( O.O. ?5+#"')(+#"& H/$=&'"@&#%+ ='" "$$5&3)(+-

#"" %&A#)5)7":&$/"A =')4&$$)(. – !.: !+<"#)$%')&#"&, 1981. – 184 $. 

2. D+(;3)( ].!., X7)')( !.]. L"$5&##)& @)3&5"')(+#"& #&$%+-

4")#+'#;A =&'&A)3#;A =')4&$$)( ( +/%"(#;A " '&+/%"(#;A 3("7+%&-

5-A. – !.: NO?N 02, 1999. – 272 $. 

3. D+(;3)( ].!., D+(;3)(+ B.!., X7)')( !.]. T)(&'<&#$%()-

(+#"& " )=%"@",+4"- +("+4")##;A " '+/&%#;A 3("7+%&5&1 $ .:&%)@ #&-

5"#&1#;A #&$%+4")#+'#;A 7+,)3"#+@":&$/"A H>>&/%)(. – !.: NO?N 

02, 2002. – 303 $. 

4. N"7@+%.5"# 0.B. M$#)(; @&A+#"/" 7&%&')7&##;A $'&3. – !.: 

N+./+, 1978. – 336 $. 

5. D+(;3)( ].!. E'.=#;A :+$%"4 @&%)3 // !+%&@+%":&$/+- H#-

4"/5)=&3"-. – !.: T)(&%$/+- H#4"/5)=&3"-, 1982. – G. 3. – T. 125–129. 

6. E)'# J., E)'# G. T='+():#"/ =) @+%&@+%"/&. – T?*.: S+#6, 

2008. – 832 $. 
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