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CDE 623.5 

*.K. $L7879, '.K. >.8N:179 

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 >%) !%'<';C6'())  

'%;)22$%)@!="B" 6C!;%$2' 

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

"6/$0.1 $#".--,#.3('&5& /6("#,-$. >$((*$"#./$,"(1 (&)#12,00$1 )&("$0&/'$ E$+$4., /'-B-

4$BC$1 / (,%1 E$2.5$0., . 5&#,0., )&#&7&/&5& E$#1+$, ",4,0., /&E+=7$ . )#&+='"&/ (5&#$0.1 / 

'$*&#, . ("/&-, &#=+.1, +/.2,0., (0$#1+$, #$%&"= +=-D0&5& "&#*&E$. !(&%&, /0.*$0., =+,-1-

,"(1 /-.10.B 0$ /0="#.%$--.(".4,('.3 )#&8,(( E$E&#$ *,2+= (",0'$*. '$0$-$ ("/&-$ . /,+=-

C,5& )&1('$ (0$#1+$. L#./&+1"(1 #,E=-D"$"6 4.(-,00&5& *&+,-.#&/$0.1. >,E=-D"$"6 7&#&A& 

(&5-$(=B"(1 ( +$006*. 0$"=#067 .()6"$0.3. 

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

("#,-, 5&#,0., )&#&7&/&5& E$#1+$, 5$E&/$1 +.0$*.'$, +/.2,0., (0$#1+$, +=-D063 "&#*&E. 

M.Yu. Egorov, A.Yu. Parfenov 

Perm National Research Politechnic University 

D.M. Egorov 

Research institute of polymeric materials, Perm 

NUMERICAL RESEARCH OF DYNAMICS  

IN THE COMBUSTION CHAMBER OF PROCESSES  

AT OPERATION OF AN ARTILLERY SHOT 

In offered work by realization of direct computing experiment the process of operation of an artil-

lery shot is investigated. Adjoint problem is considered, including: ignition and burning of a gunpowder 

charge, flow of air and products of combustion in chamber and trunk of the cannon, movement of a 

shell, work of a blew brake. The special attention is given to influence on interchamber process of a 

backlash between walls of the channel of a trunk and guiding belt of a shell. The results of numerical 

modeling are presented. The results are well match to the full-scale tests data. 

Keywords: numerical simulation, Davydov method, artillery shot, burning of a gunpowder 

charge, gas dynamics, movement of a shell, blew brake. 
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?)(;<&#"& *)&()7) @)7.I&$%(+ #+='-@.8 $(-,+#) $ )=%"@",+-

4"&1 3"#+@"/" (#.%'"/+@&'#)7) =')4&$$+ " $)(&'<&#$%()(+#"&@ /)#-

$%'./4"" +'%"55&'"1$/)1 $"$%&@; (( %)@ :"$5& " $%()56#)1 && :+$%"). 

?'"@&#&#"& @)3">"4"')(+##;A =)')A)( (;$)/)1 H#&'7&%"/", 

#)(;A /)#$%'./4"1 ,+'-3)( " $A&@ /)@=)#)(/" +'%"55&'"1$/)7) (;-

$%'&5+ =)(;<+&% *)&()& @)7.I&$%() " )3#)('&@&##) $.I&$%(&##) .$-

5)9#-&% '+*)%)$=)$)*#)$%6 +'%"55&'"1$/)1 $"$%&@;. F;$)/+- %&@=&-

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

'+#"- ,+ $:&% ()5#)(;A H>>&/%)(, *)56<"A =&'&=+3)( 3+(5&#"- " "#%&#-

$"(#)7) .$/)'&#"- $#+'-3+, + %+/9& H'),")##;& H>>&/%;, (),#"/+8I"& 

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

$%&#/)1 /+#+5+ $%()5+, )%'"4+%&56#) $/+,;(+8%$- #+ 9"(.:&$%" $%()5+. 

F#)$"% $()1 )%'"4+%&56#;1 (/5+3 " @&A+#":&$/)& (),3&1$%("& #+ /+#+5 

$%()5+ (&3.I&7) =)-$/+ $#+'-3+. F$5&3$%("& :&7) .(&5":"(+&%$- (#.%-

'&##"1 3"+@&%' $%()5+, + $5&3)(+%&56#), .(&5":"(+&%$- ,+,)' @&93. 

$%&#/+@" /+#+5+ $%()5+ " (&3.I&7) =)-$/+ $#+'-3+. \%) $#"9+&% *+55"-

$%":&$/.8 H>>&/%"(#)$%6 +'%"55&'"1$/)7) (;$%'&5+ ($#"9+&%$- 3.56#+- 

$/)')$%6 – )$#)(#+- A+'+/%&'"$%"/+ (;$%'&5+) [1, 2]. 

T =)(;<&#"&@ *)&()7) @)7.I&$%(+ ,#+:"%&56#) .(&5":"(+&%$- 

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

I&1 A+'+/%&'"$%"/)1 +'%"55&'"1$/)1 $"$%&@;. E)@=&#$"')(+%6 )%-

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

+@)'%",+%)')(, #+='"@&' 3.56#;A %)'@),)( $ (;$)/"@ /)H>>"4"&#-

%)@ H>>&/%"(#)$%". 

D.56#;1 %)'@), – .$%')1$%()-/)@=&#$+%)', ='&3#+,#+:&##)& 35- 

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

=)')A)()7) ,+'-3+, (;A)3-I"A ", $%()5+ +'%"55&'"1$/)7) )'.3"- ='" 

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

?'"#4"= 3&1$%("- 3.56#)7) %)'@),+ $)$%)"% ( ",@&#&#"" #+='+(5&#"- 

" (&5":"#; $/)')$%" 3("9&#"- :+$%" =)')A)(;A 7+,)(, "$%&/+8I"A ", 

/+#+5+ $%()5+ =)$5& (;5&%+ $#+'-3+ ($/)')$%6 3("9&#"- =)')A)(;A 

7+,)( ( 3.56#)@ %)'@),& @)9&% 3)$%"7+%6 ~2000–3000 @/$). ?'"@&#&-

#"& 3.56#)7) %)'@),+ #+ =)5&(;A )'.3"-A =),()5-&% $3&5+%6 "A 5&7:&, 

$)A'+#"( ='" H%)@ "A @)I#)$%6. N+ *')#&%&A#"/& – $)/'+%"%6 35"#. )%-

/+%+, :%) 3+&% (),@)9#)$%6 (="$+%6 *)5&& @)I#.8 +'%"55&'"1$/.8 $"$-

%&@. ( *+<#8 @&#6<"A 7+*+'"%)(. T ='"@&#&#"&@ 3.56#)7) %)'@),+ $(--

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

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

" ='. E')@& %)7), 3.56#;1 %)'@), 3&5+&% )%/+% @&#&& ')(#;@, ",-,+ :&7), 

#+='"@&', #+ $)('&@&##;A %+#/)(;A 75+3/)$%()56#;A =.</+A )% #&7) 

)%/+,+5"$6 ( =)56,. *)56<&1 %):#)$%" $%'&56*;. 

\/$=&'"@&#%+56#;& "$$5&3)(+#"- =')4&$$+ $'+*+%;(+#"- +'%"5-

5&'"1$/)7) (;$%'&5+ (+9#;, " "A, /)#&:#), #.9#) =')()3"%6. M3#+/) 

)#" #& 3+8% %'&*.&@)7) )*U&@+ "#>)'@+4"". ?'" H/$=&'"@&#%+56#)@ 

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

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

() ($&1 "$$5&3.&@)1 )*5+$%". E')@& %)7), 58*)1 >",":&$/"1 H/$=&'"-

@&#% %'&*.&% ,#+:"%&56#;A '&$.'$#;A " >"#+#$)(;A ,+%'+% " )*;:#) 

#&)=&'+%"(&# ('+$%-#.% () ('&@&#"). ?)H%)@. ( 3+##)@ $5.:+& 35- 

75.*)/)7) " ($&$%)')##&7) "$$5&3)(+#"- &$%&$%(&##) ='"(5&:&#"& @&-

%)3)( @+%&@+%":&$/)7) @)3&5"')(+#"- [4–9], ( =&'(.8 ):&'&36 @&%)-

3)( =)$%+#)(/" (;:"$5"%&56#)7) H/$=&'"@&#%+, /+/ #+"*)5&& %):#;A " 

#+3&9#;A '+$:&%#;A @&%)3)( [6, 8]. T)=)$%+(5-- '+$:&%#.8 " H/$=&-

'"@&#%+56#.8 "#>)'@+4"8, @)9#) $ @"#"@+56#;@" ,+%'+%+@" '&-

<"%6 =)$%+(5&##.8 ,+3+:., ( 3+##)@ $5.:+& – 3&%+56#) ",.:"%6 3"#+-

@"/. (#.%'"/+@&'#;A =')4&$$)( ='" $'+*+%;(+#"" +'%"55&'"1$/)7) 

(;$%'&5+, " )=%"@","')(+%6 /)#$%'./4"8 +'%"55&'"1$/"A $"$%&@. 

N"9& =) %&/$%. $%+%6" "$=)56,.8%$- $5&3.8I"& )*),#+:&#"-: a – 

/)()58@ 7+,+; c – .3&56#+- %&=5)&@/)$%6; E – H#&'7"- +/%"(+4"", =)5-

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

(#.%'&##-- .3&56#+- H#&'7"-; k – =)/+,+%&56 +3"+*+%;; m – @+$$+; P – 

3+(5&#"&; Q – %&=5)()1 H>>&/% '&+/4""; q – =5)%#)$%6 %&=5)()7) =)-

%)/+; R – 7+,)(+- =)$%)-##+-, %-7)()& .$"5"&; s – =5)I+36; T – %&@=&-

'+%.'+; t – ('&@-; v – $/)')$%6 7)'&#"- =)')A+, $/)')$%6 (3)56 )$" 0R; 

W – (&/%)' $/)')$%"; w – $/)')$%6 (3)56 )$" 0Z; y – /))'3"#+%+ (3)56 

)$" 0Y; Z – ='&3H/$=)#&#%; J  – /)H>>"4"&#% %&=5))%3+:", 3)5- )*U&-

@+, ,+#"@+&@+- 7+,)()1 >+,)1 $@&$"; V – )%#)$"%&56#+- (&$)(+- 3)5- 

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

4"&#% %&@=&'+%.')=')()3#)$%"; ` – /)H>>"4"&#% %&=5)=')()3#)$%"; µ – 

/)H>>"4"&#% 3"#+@":&$/)1 (-,/)$%"; Z – =5)%#)$%6. G+/9& "$=)56,.8%$- 

$5&3.8I"& =)3$%'):#;& " #+3$%'):#;& $"@()5;: b – ()$=5+@&#"%&56; 

c – $#+'-3; e – H/("(+5&#%#)& ,#+:&#"&; g – 7+,; k – =)')A (k->+,+); p – :+$-

%"4;, =+'+@&%', ,+("$-I"1 )% 3+(5&#"-; s – =)(&'A#)$%6 7)'&#"-; u – 
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=+'+@&%', ,+("$-I"1 )% $/)')$%"; w – =)')A)()1 ,+'-3; "$ – "$%"##)& 

,#+:&#"&; * – $=&4"+56#)& ,#+:&#"&; 0 – #+:+56#)& .$5)("&, $%+4")-

#+'#)& ,#+:&#"&; 1 – =&'(+- >+,+ 7)@)7&##)-7&%&')7&##)1 $@&$"; 2 – 

(%)'+- >+,+ 7)@)7&##)-7&%&')7&##)1 $@&$". 

U'1'2".%$* ;(#"+@ 

N+ '"$. 1 ",)*'+9&#+ )*I+- ='"#4"="+56#+- /)@=)#)():#+- 

$A&@+ $%()56#)1 :+$%" +'%"55&'"1$/)7) )'.3"-. 

 

0"$. 1. M*I+- ='"#4"="+56#+- /)@=)#)():#+- $A&@+ +'%"55&'"1$/)7) )'.3"-:  

/+@)'+, $%()5, =)')A)()1 ,+'-3, $#+'-3, 3.56#;1 %)'@),; A " B – %):/" >"/$+4""  

'+$:&%#;A =+'+@&%')( 

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

()$=5+@&#"%&5-, ='" ,+9"7+#"" /)%)')1 ="')=+%')#)@ =)')A)()1 ,+-

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

I&$%(5-&%$- ( #&$%+4")#+'#)@ " %.'*.5&#%#)@ '&9"@&. B,-,+ )%$.%$%-

("- =)5#)1 7&'@&%":#)$%" @&93. ,+$#+'-3#;@ " ='&3$#+'-3#;@ =')-

$%'+#$%(+@" =')3./%; $7)'+#"- =)')A)()7) ,+'-3+ =')$+:"(+8%$- 

( ='&3$#+'-3#)& =')$%'+#$%(). ?'" 3)$%"9&#"" =)')A)(;@" 7+,+@" 

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

$()& 3("9&#"& $#+'-3. X7) (&3.I"1 =)-$)/ =)$%&=&##) ('&,+&%$- ( #+-

'&,; $%()5+, " $#+'-3 ( '&9"@& $/)569&#"- (A)3"% ( $%()5. K+ $:&% "#-

%&#$"(#)7) #+/)=5&#"- =')3./%)( $7)'+#"-, =)$%.=+8I"A $ =)(&'A#)-

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

'-3#)@ =')$%'+#$%(& 7&#&'"'.8%$- #&$%+4")#+'#;& /)5&*+#"- 3+(5&-

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

#+'+$%+8I&7) 3+(5&#"-, $#+'-3 =')3)59+&% $()& 3("9&#"& =) $%()5. +'-

%"55&'"1$/)7) )'.3"-. T) ('&@&#&@ #&$%+4")#+'#)$%6 =')4&$$+ 7)'&#"- 

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

3+8%$-. G+/9& =)$%&=&##) =) 35"#& =)')A)()7) ,+'-3+ (;7)'+&% 7)'-I"1 

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

$ 3.56#;@ %)'@),)@. D.56#;1 %)'@),, '+,()'+:"(+- =)%)/ =')3./%)( 

$7)'+#"-, 7&#&'"'.&% )%'"4+%&56#.8 '&+/%"(#.8 $"5., /)%)'+- $#"9+&% 

"5" =)5#)$%68 "$/58:+&% $"5. )%/+%+ +'%"55&'"1$/)7) )'.3"-. 
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R$O',$)'" ' ,(6")'" A(6(H(0(,( 1$6*#$ 

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

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

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

()1 >+,; #+ =')4&$$ 7)'&#"- ( /)#3&#$"')(+##)1 >+,& (k->+,&) [4, 5]. 

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

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

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

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

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

5&%()'-8% ,+/)#. O''&#".$+. G)73+ ( ='&3=)5)9&#"" «0»-@&'#)$%" 

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

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

/ /

  (1) 

73& " #
0

exp .k
k k k

k

E
T Z

R T

' (
Q $ +) *

, -
 D) ()$=5+@&#&#"- 0.kv $  

M*I&='"#-%)7) .$5)("- ()$=5+@&#&#"- #+ 3+##;1 @)@&#% #& 

$.I&$%(.&%. F /5+$$":&$/"A '+*)%+A .$5)("& 7)'&#"- ='"#"@+&%$- ( 

("3& 1.s TF $ F $  ?'" 3"$=&'7"')(+#"" * 1F ? . \%) 9& .$5)("& (;*&'&@ 

" ( /+:&$%(& .$5)("- ()$=5+@&#&#"-. 

D) ()$=5+@&#&#"- #+:+56#;& " 7'+#":#;& .$5)("- 35- $"$%&@; 

(1) "@&8% $5&3.8I"1 ("3: 

 " #
0

0

0,      0,      ,      0;

0,      0,     ,      ;

0,      ,      ,      0.

k k

k
k g s

k

k k

t y T T

T
t y T T

y

t y T T

K T

$ U $ F $

/
U $ +S $ J + F ? F

/

U $ V $ F $

  (2) 

?)$5& ()$=5+@&#&#"- $"$%&@. .'+(#&#"1 (1) #&)*A)3"@) '&<+%6 

$)(@&$%#) $ .'+(#&#"-@", )="$;(+8I"@" =')4&$$ 7)'&#"- :&'&, =+-

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

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

0

,      0,      ,      ,

1
;

,      ,      ,      0,

k k s s

k
k s ps k k k s k k

k k

k k

t t y T T

T
q c c v T a v p

y

t t y T T

W T

W

8 $ $ F $ F

' (/
+S $ + + . + + .) */ ., -

8 $ V $ F $

 (3) 

73&  sq +  =5)%#)$%6 %&=5)()7) =)%)/+ #+ =)(&'A#)$%6 =)')A+ $) $%)')-

#; 7+,)()1 >+,;. 

M$#)(#;@ #+,#+:&#"&@ .'+(#&#"1 7+,)()1 >+,; ,)#; 7)'&#"- 

=)')A+ -(5-&%$- '&+5",+4"- $(-," @&93. =+'+@&%'+@" )$'&3#&##)7) 

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

A+. D5- )='&3&5&#"- H%)1 $(-," ()$=)56,.&@$- /'"%&'"+56#;@" $))%-

#)<&#"-@" ( '+@/+A =)3A)3+ S&#.+'+ – 0)*"1-'+ – E+'+/),)(+. T)-

75+$#) "@ =)5#+- =5)%#)$%6 %&=5)()7) =)%)/+ #+ =)(&'A#)$%6 =)')A+ 

$/5+3;(+&%$- ", 3(.A $)$%+(5-8I"A: =5)%#)$%" %&=5)()7) =)%)/+, ,+("-

$-I&1 )% 3+(5&#"- ,pq  " =5)%#)$%" %&=5)()7) =)%)/+ ,uq  )*.$5)(5&##)1 

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

 s p uq q q$ 0 .  (4) 

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

/+8I"A $))%#)<&#"1 [4], "#%&7'"')(+5+$6 :"$5&##) /)#&:#)-'+,#)$%-

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

$A&@; +==')/$"@+4"" =&'()7) " (%)')7) =)'-3/+ %):#)$%". D5- '+,'&-

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

=')7)#/". 

P$1(0$* #')$;'%$ A6(&"..$ /"2")'* 

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

5& +'%"55&'"1$/)7) )'.3"- *.3&@ "$=)56,)(+%6 =)3A)3; @&A+#"/" 

$=5)<#;A @#)7)>+,#;A $'&3 [4, 5, 8, 9]. 

J)@)7&##.8 $@&$6 (),3.A+, =')3./%)( $7)'+#"- #+(&$/" ()$=5+-

@&#"%&5- " =)')A)()7) ,+'-3+ *.3&@ $:"%+%6 =&'()1 >+,)1. N&$7)'&(-

<.8 :+$%6 =)')A)()7) ,+'-3+ – (%)')1 >+,)1. ?&'(.8 " (%)'.8 >+,; 

*.3&@ $:"%+%6 7)@)7&##)-7&%&')7&##)1 $@&$68 $) $()"@" %&@=&'+%.-

'+@" " $/)')$%-@" 3("9&#"-. F %+/)1 $"$%&@& /+93+- >+,+ ,+#"@+&% 

:+$%6 )*U&@+ $@&$". D("9&#"& "A '+$$@+%'"(+&%$- /+/ 3("9&#"& (,+"-

@)=')#"/+8I"A " (,+"@)3&1$%(.8I"A $'&3. 
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T =')$%'+#$%(&##)1 %):/" ,'&#"- *.3&@ ",.:+%6 =')4&$$ %&:&#"- 

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

%+/9& '+$$@+%'"(+%6 7+,))*'+,#;& =')3./%; $7)'+#"- /+/ "3&+56#;1 

=)5#)$%68 =')'&+7"')(+(<"1 7+,. G&=5)(;@" =)%&'-@" ( $%&#/" /+-

@)';, $%()5+, $#+'-3+ " 3.56#)7) %)'@),+ ='&#&*'&7+&@. F%)'+- >+,+ 

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

:&#"-). T"5)(;@ " %&=5)(;@ @&9>+,#;@ (,+"@)3&1$%("&@ %+/9& ='&-

#&*'&7+&@. 

T .:&%)@ =&'&:"$5&##;A (;<& 3)=.I&#"1 =)5#+- #&$%+4")#+'-

#+- $"$%&@+ ("A'&(;A 3">>&'&#4"+56#;A .'+(#&#"1 7+,)()1 3"#+@"-

/" 35- 7)@)7&##)-7&%&')7&##)7) =)%)/+ ( /+@)'&, $%()5& " 3.56#)@ 

%)'@),& +'%"55&'"1$/)7) )'.3"- ,+="<&%$- ( ("3&: 

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

 

" #

" #

" # " #

" # " #

1

1

1

1

1

1 1

div ;

div ;

;

div ;

, , ;

div ;

, ;

g

g gb w

p

p pb

g p

g

g gb gb w w

eb b w w

p

G G
t

G
t

G G
t

a

G G
t

k c

/.
0 . $ 0

/
/.

0 . $
/

. $ . 0.

/ . E
0 . E $ E 0E

/
E $ I S

/ . X
0 . X $ X 0X

/
X $

W

W

W

W

  (5) 

2 ;b wG G
t

/.
$ + +

/
 

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

 

" # " #

" # " #

1 1

1 1 1

1 1

1 1 1

div 0;

div 0;

v P
v

t r

w P
w

t z

/ . /
0 . 0J $

/ /
/ . /

0 . 0J $
/ /

W

W

  (6) 

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

1 1 1 1div div ,eb b w w

E
E P J G J G

t

/ .
0 . 0 J $ 0

/
W W   (7) 

73& 35- 4"5"#3'":&$/)1 $"$%&@; /))'3"#+% 

" # " # " # " #
" # " # " #

1 1

1 1 1 1 1 1 1 1

1
div ,      , , , , , , ;

, ;    , , ;    , .

i g

p

r v w
v w E P

r r z

i g p a k c

/ Y / Y
Y $ 0 Y $ . R. E R. X R. R. R. RJ

/ /

$ E $ I RS R X $ R

W
 

D5- ,+@;/+#"- $"$%&@; 3">>&'&#4"+56#;A .'+(#&#"1 (5)–(7) 

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

 " #
2

"$ 1
1 1 "$

1

1
1 .

2 1

W
P k E

a

' (
$ + . +) * + ., -

  (8) 

F;'+9&#"- ( (5)–(7) 35- ='"A)3#;A /)@=5&/$)(, >.#/4"1 $"5)-

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

'+$:&%+A 3)=)5#"%&56#;& $))%#)<&#"- =)3')*#) ",5)9&#; ( [4, 8]. 

T"$%&@+ 3">>&'&#4"+56#;A .'+(#&#"1 (5)–(7) $ ,+@;/+8I"@" 

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

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

@#)7"A #&5"#&1#;A ,+3+: @&A+#"/" $=5)<#;A $'&3 [4, 6–9]. F '+$:&-

%+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")'" .)$6*#$ 

?)$%.=+%&56#)& 3("9&#"& $#+'-3+ )="$;(+&%$- .'+(#&#"&@ ((%)-

')1 ,+/)# N68%)#+) 

 
c c

$
=' c

0 0

d
d d .

d

s s

=

w
m P s P s F

t
$ + +5 5   (9) 

F (9) 3+(5&#"& =')3./%)( $7)'+#"- ,+ $#+'-3)@ P  " =&'&3 $#+'-3)@ 

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

$/)1 ,+3+:". 
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0&+/4"8 =')3)56#)1 $"5; $)=')%"(5&#"- (&3.I&7) =)-$/+ $#+-

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

",5)9&##)1 ( [5]. 

C'+(#&#"& 3("9&#"- $#+'-3+ (9) "#%&7'"'.&%$- :"$5&##) @&%)-

3)@ \15&'+ =) -(#)1 /)#&:#)-'+,#)$%#)1 $A&@&. 

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

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

+'%"55&'"1$/)7) (;$%'&5+ ( $%()5& )'.3"- $'&3#&7) /+5"*'+. E)@=)-

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

3&%+5","')(+#+ /)#$%'./4"- 3.56#)7) %)'@),+. F /+:&$%(& )$#)(#)7) 

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

')A. N+(&$/+ ()$=5+@&#"%&5- – 3;@#;1 '.9&1#;1 =)')A. T'+*+%;(+-

#"& +'%"55&'"1$/)7) (;$%'&5+ '+$$@+%'"(+&%$- ='" #)'@+56#)1 %&@-

=&'+%.'& 0 293ET $ . 

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

/))'3"#+%+@ – 30,4 10 @r z +H $ H $ > , =) ('&@&#" – " # 70,5...1,0 10 ct +H $ >  

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

'-3+). N&=)$'&3$%(&##) ( )*5+$%" "#%&7'"')(+#"- '+,@&I+&%$- 

~4400 000 '+$:&%#;A -:&&/. M3"# <+7 "#%&7'"')(+#"- =) ('&@&#" '&+-

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

%&'"#$/+- =5+%+ GA–MA790GPT–UD3H, )=&'+%"(#+- =+@-%6 DDR3 

1333MHz 4Gb) ,+ ~0,5 $ =')4&$$)'#)7) ('&@&#". 

 

0"$. 2. D.56#;1 %)'@), " &7) /)@=)#)():#+- $A&@+:  

A " B – %):/" >"/$+4"" '+$:&%#;A =+'+@&%')( 
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N+ '"$. 3–6 =)/+,+#) ",@&#&#"& () ('&@&#" '-3+ )$#)(#;A '+$:&%-

#;A =+'+@&%')( =')4&$$+ $'+*+%;(+#"- +'%"55&'"1$/)7) (;$%'&5+ $ .:&-

%)@ #+5":"- ,+,)'+ @&93. $%&#/+@" /+#+5+ $%()5+ " (&3.I&7) =)-$/+ 

$#+'-3+. F&5":"#+ ,+,)'+ ( $+@)1 .,/)1 &7) :+$%" 30,59 10+H $ > @. T/)-

')$%6 $#+'-3+ #+ $'&,& 3.56#)7) %)'@),+ 531,5cv $  @/$. !+/$"@+56#)& 

3+(5&#"& #+ 3#& /+@)'; 125,1kP $  !?+. N+ '"$. 5 $)=)$%+(5-8%$- 3+#-

#;&, =)5.:&##;& =) (;<&)="$+##)1 @&%)3"/& '+$:&%+, $ 3+##;@" [10]. 

 

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

kv +   

>+/%":&$/+- $/)')$%6 7)'&#"-; c

kv +  $%+4")#+'#+- $/)')$%6 7)'&#"-; 27, 36 –  

'+$:&%#;& %):/" =) 35"#& =)')A)()7) ,+'-3+ 

G-7)()& .$"5"& ($@. '"$. 6) '+$$:"%;(+5)$6 =) $5&3.8I&1 ,+("-

$"@)$%": 

 " # " #0d ,      .
s

R w w s P P$ . 0E E $ +5  (10) 

K#+/ =+'+@&%'+ c ( (10) )='&3&5-&%$- ,#+/)@ $/)')$%" (3)56 )$" 

$%()5+ w. 

E)H>>"4"&#% H>>&/%"(#)$%" 3.56#)7) %)'@),+ )='&3&5-5$- =) 

>)'@.5& 

 3.% 13.% 23.% 33.% 43.% 53.%

H>

c%

R R R R R R
k

R

0 0 0 0 0
$ . (11) 
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F (11) ='"#-%; $5&3.8I"& )*),#+:&#"-: $%R +  #+ $'&,& $%()5+ 

(*&, 3.56#)7) %)'@),+ – DG); 3.%R +  #+ %)'4&()@ $'&,& DG; 13.%R +  #+ 

$'&,& =&'()1 /+@&'; DG; 23.%R +  #+ $'&,& (%)')1 /+@&'; DG; 33.%R +  #+ 

$'&,& %'&%6&1 /+@&'; DG; 43.%R +  #+ $'&,& :&%(&'%)1 /+@&'; DG; 53.%R +  

#+ $'&,& =-%)1 /+@&'; DG. 

 
0"$. 4. B,@&#&#"& () ('&@&#" 3+(5&#"-: /P +  #+ 3#& /+@)';; c#P +   

=)3 $#+'-3)@; 13.%/ +  ( =&'()1 /+@&'& DG; 53.%/ + ( =-%)1 /+@&'& DG 

 

0"$. 5. B,@&#&#"& () ('&@&#" $/)')$%" 3("9&#"- $#+'-3+ 

(%):/+@" )%@&:&#; 3+##;& [10]) 
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0"$. 6. B,@&#&#"& () ('&@&#" %-7)()7) .$"5"-: $%R +  #+ $'&,& $%()5+; 3.%R +   

#+ %)'4&()@ $'&,& DG; 13.%R +  #+ $'&,& =&'()1 /+@&'; DG; 23.%R +  #+ $'&,&  

(%)')1 /+@&'; DG; 33.%R +  #+ $'&,& %'&%6&1 /+@&'; DG; 43.%R +  #+ $'&,&  

:&%(&'%)1 /+@&'; DG; 53.%R +  #+ $'&,& =-%)1 /+@&'; DG 

N+ '"$. 7–10 =)/+,+#) =')$%'+#$%(&##)& '+$='&3&5&#"& '-3+ 7+-

,)3"#+@":&$/"A =+'+@&%')( ='" =')A)93&#"" $#+'-3)@ 3.56#)7) 

%)'@),+ ( >"/$"')(+##;1 @)@&#% ('&@&#". 

?')4&$$ =')7'&(+, ,+9"7+#"- " 7)'&#"- =)')A)()7) ,+'-3+ 

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

'&+5",.&%$- :&'&, ~0,5 @$. ?)5#)$%68 ,+'-3 ()$=5+@&#-&%$- ,+ ~2,0 @$. 

2+/%":&$/+- $/)')$%6 7)'&#"- =)')A+ $.I&$%(&##) ='&(;<+&% $%+-

4")#+'#.8 $/)')$%6 7)'&#"-, =)5.:&##.8 =) ,+("$"@)$%" ("3+ 

0k kv v P$ . J&#&'"'.&%$- %.'*.5&#%#;1 '&9"@ 7)'&#"- =)')A)()7) 

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

=)(&'A#)$%" 7)'&#"-. ?)5#)& (;7)'+#"& =)')A)()7) ,+'-3+ '&+5"-

,.&%$- ,+ ~14,5 @$. 

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

3+ ( ,+$#+'-3#)@, ='&3$#+'-3#)@ =')$%'+#$%(+A " 3.56#)@ %)'@),& 

('"$. 4, 6, 7–10) "@&&% -'/) (;'+9&##;1 #&$%+4")#+'#;1 " $.I&$%-

(&##) #&5"#&1#;1 ("A'&()1 A+'+/%&'. M$)*) $5&3.&% (;3&5"%6 ,)#. 

,+,)'+ @&93. $#+'-3)@ " $%()5)@, + %+/9& ,)#. ( *5",5&9+I&@ =')-

$%'+#$%(& )/)5) $#+'-3+. K3&$6 '&+5",.8%$- ,#+:"%&56#;& =&'&=+3; 

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

:"& ,+,)'+ $#"9+&% 3.56#.8 $/)')$%6 #+ 4 % " ="/)()& 3+(5&#"& ( /+-
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@)'& #+ 8,5 %. K#+:"%&56#;& =&'&=+3; 3+(5&#"- " 7"=&',(./)()& %&-

:&#"& %+/9& '&+5",.8%$- #&=)$'&3$%(&##) ( 3.56#)@ %)'@),&.  

 

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

 

0"$. 8. 0+$='&3&5&#"& %&@=&'+%.'; 7+,+ (T, E) 

 

0"$. 9. 0+$='&3&5&#"& )$&()1 $/)')$%"  

%&:&#"- 7+,+ (w, @/$) 
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0"$. 10. 0+$='&3&5&#"& '+3"+56#)1 $/)')$%"  

%&:&#"- 7+,+ (v, @/$) 

?-%"/+@&'#+- /)#$%'./4"- 3.56#)7) %)'@),+ #+7'.9+&%$- 3+(5&-

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

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

(. $'&,+ 3.56#)7) %)'@),+). T'&3#&& '+$='&3&5&#"& $/)')$%#)7) =)%)/+ 

" %&@=&'+%.'; =) )*U&@. ($&A /+@&' 3.56#)7) %)'@),+ ='" (;5&%& $#+-

'-3+ ", 3.56#)7) %)'@),+ ='"@&'#) )3"#+/)()&. N+5":"& ,+,)'+ @&93. 

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

3.56#)7) %)'@),+. E)H>>"4"&#% H>>&/%"(#)$%" 3.56#)7) %)'@),+ '+$-

$@)%'&##)1 /)#$%'./4"", '+$$:"%+##;1 =) (11), ='" (;5&%& $#+'-3+ ", 

$%()5+ )'.3"- H> 0,27k $ + . 

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

1. F#.%'&##-- *+55"$%"/+ +'%"55&'"1$/)7) " $%'&5/)()7) )'.9"- / 

=)3 '&3. W.F. M'5)(+; ^NBB "#>)'@+4"". – !., 1975. – 148 $. 

2. F#.%'&##-- *+55"$%"/+ +'%"55&'"1$/"A $"$%&@ " #&/)%)';& 

,+3+:" #&$%+4")#+'#)7) %&=5))*@&#+ ( "A .,5+A / =)3 '&3. W.F. M'5)(+; 

^NBB "#>)'@+4"". – !., 1978. – 136 $. 

3. T+@)15)( E.B. !)'$/)1 $5)(+'6. – !.; S.: J)$. ()&#.-@)'. ",3-() 

NEF!2 TTT0, 1941. 

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

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

5-A. – !.: NO?N 02, 1999. – 272 $. 

5. 0.$-/ B.J., C<+/)( F.!. F#.%'"/+@&'#;& 7&%&')7&##;& =')4&$$; 

( $%()56#;A $"$%&@+A. – X/+%&'"#*.'7: B,3-() C'M 0ON, 2001. – 259 $. 
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6. D+(;3)( ].!. E'.=#;A :+$%"4 @&%)3 // !+%&@+%":&$/+- H#-

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

7. W&5)4&'/)($/"1 M.!., D+(;3)( ].!. !&%)3 /'.=#;A :+$%"4 

( 7+,)()1 3"#+@"/&. F;:"$5"%&56#;1 H/$=&'"@&#%. – !.: N+./+, 

1982. – 392 $. 

8. L"$5&##)& "$$5&3)(+#"& +/%.+56#;A =')*5&@ @+<"#)$%')&#"- 

" @&A+#"/" $=5)<#;A " $;=.:"A $'&3 @&%)3)@ /'.=#;A :+$%"4 / 

].!. D+(;3)(, B.!. D+(;3)(+, !.]. X7)')(, O.!. S"=+#)( [" 3'.]. – 

G. 1–5. – !.: NO?N 02, 1995. – 1658 $. 

9. 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 $. 

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

$)( ='" $'+*+%;(+#"" +'%"55&'"1$/)7) (;$%'&5+: NGM / ?&'@. #+4. 

"$$5&3. =)5"%&A#. .#-%; KOM TEW MOM «!)%)("5"A"#$/"& ,+()3;». – 

?&'@6, 2011. – 64 $. 
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