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"-/2;0,*+,*& @*0,/"8"-& STl['SZS^lV^SMZ& 3!0!@,<*)*<& [^YGF^YYG& 0)!#-6",& 6!& "#,13/"*+,-& /,:7&

0)!89'&!&!3>&Le&,&!(+,=*+,*&2*<0*)-2')7&/0-@-+,-&!&0!+-6&]dd&pT&O6!&!3>&]ILd&?P>&n*=*@,&6!6-23!#!&#&<,*%/8*&

 VD&"-/2!/'%*&/,1&"-/!(+,*%/"7&#&*+*)4,1&TgF]d&ObSCQ.&9*3/-+,2)!9*3/--"-,"!#')872-+P&/,:-&0)!89'&#")-/2-&
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!6&HHId&n&4-1&6!&H]kd&n&4-1>&̂ 6,-(-278"+-&2*<0*)-2')-&/0-@-+,-&2-3,*4!&0)!89'&#7+!/,&#$#8"-/&!3>&LLId&?&`]a>

Q& 6:'=/"*%& 0*)/0*327#,*& 8"-/!#*%& +-@*=7& /,1& /0!6",*#-A& /"*)/"*4!& & #73!)"7/2-+,-& "#,;"3$#&

#7/!3!-"!2!#789>&S,*32$)*&"&+,89&#&!4$@*&+,*&"-#,*)-%;&#&/#*%&/2)'32')"*&4)'0&+,2)!#789.&-&0!<,<!&2*4!&

/;&"6!@+*&6!&/-<!0!62)"7<'%;8789&/,1&0)"*<,-+&#7('89!#789>&n*/2& 2!&#7+,3&#7/!3,89&6!6-2+,89&*+2-@0,,&

2#!)"*+,-& 2-3,89& "#,;"3$#>& Q5)$6& ,89& "-@*2& #7<,*+,-& /,1& +,/3;& 5)*6+,;& <-/1& 8";/2*8"3!#;& 0)!6'32$#&

)!"3:-6'&!)-"&<-:;&#)-=@,#!5A&+-&(!6N8*&<*89-+,8"+*.&#&27<&+-&E-@1&'6*)"*+,!#;>&

Q& 2-(*@,& H& 0!)$#+-+!& /2)'32')7& ,& #:-58,#!58,& !(*8+789& ,& 0)"7/":789& #7/!3!*+*)4*278"+789& /3:-6+,3$#&

<-2*),-:$#&<,!2-%;8789>&R*/2-#,*+,*&2!&6!()"*&,@'/2)'%*&6!<,+'%;8;&!(*8+,*&3!+8*08%1&)!"#!%'&<-2*),-:$#&

*+*)4*278"+789.& 2"+>&4)!<-6"*+,*& *+*)4,,& )-8"*%&#& /2)'32')"*& "#,;"3$#&(!4-2789&#&-"!2& O)!/+;8-& *+2-@0,-&

2#!)"*+,-P.&-&+,*&0!"7/3,#-+,*&%*%&"&)*-38%,&'2@*+,-+,-&#14@-&,&#!6!)'&O<-@*%;87&(,@-+/&2@*+!#7P>

q-6'+3,& [X X̂"& ,& VbX"& /0-@-%;& /,1& (*"&#,6!8"+*4!& 0:!<,*+,-.& '@*4-%;8& 0)"7& 27<& 8-:3!#,2*%& 4-"7W3-8%,>&

g,+,!#-&0)163!5A&/0-@-+,-&3&%*/2&#7%;23!#!&#7/!3-.&-@*&%*6+!8"*5+,*&/:-(!&"-@*=7&!6&8,5+,*+,-&`La>&

R-@*27&'=723!#*&*+*)4*278"+789&XMZ&"&4)'07&0!@,!3/*2-+$#&!)-"&'+,3-@+*&89-)-32*)7/273,&0)!8*/'&/0-@-+,-&

"#,;"3$#& "('6!#-+789& #& 0)"*#-=-%;8*%& 8"158,& "& -"!2'& 0!"#-@-%;& 0)"70'/"8"-A.& =*& ,89& "+-8"*+,*& %-3!&

/3:-6+,3$#& 0)"7/":789& #7/!3!*+*)4*278"+789& ,& <-:!#)-=@,#789&<-2*),-:$#&<,!2-%;8789& ,& #7('89!#789&

(16",*&/7/2*<-278"+,*&#")-/2-A>

Tab. 1. \2)'32')7&,&#:-58,#!58,&!(*8+789&,&0)"7/":789&/3:-6+,3$#&<-2*),-:$#&<,!2-%;8789

 !"#$%& Entalpia 
tworzenia 
[kJ mol-1]

Bilans 
tlenowy
'()

 *!*+,-./0
azotu
'()Skrót nazwy Wzór chemiczny

^M Sb4T@G4 -298 +35 11

^VS Sb4SOSG2P2 -151 +26 45

bS_ S2b5TOSG2P3 -71 +13 38

 VD
N

NN

NO
2

O
2
N

NO
2

+67 -22 38

bYD

N

N

N

N NO
2

NO
2

NO
2

O
2
N +75 -22 38

CL-20
N N

N N

NN

NO
2

NO
2

O
2
N

O
2
N

NO
2

O
2
N

+420 -11 38

VbX"
N N

NN

NHNH
2

H
2
NNH +536 -79 79

[X X̂"

N

N

N

N

NH

NH

N

N

N

HN

NH

N

N

N

+883 -65 79

V^ X̂
N N

NN

NH
2
N

N N

NN

NH
2

N +1035 -73 76

X^U X̂

-

-

+

2

N N

N
N

N
N

N
N

NNNHNH
2

H
2
NNH NHNH

2

+1067 -73 82
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D?)C$'A$'2-$)%*+,*-*,$),)+0(%$8#$)'*,324)&(50A6,).#*/0-12324)

[-6-+,-&+-6&0!0)-#;&89-)-32*)7/273&*+*)4*278"+!F(-@,/278"+789&0)!89$#&3!+#*+8%!+-@+789.&0!/"'3,#-+,-&

+!#789&<-2*),-:$#&<,!2-%;8789&!)-"&,++789&N)$6*:&*+*)4,,&0!"#-@-%;&+-&6-@/"7&)!"#$%&'3:-6$#&<,!2-%;8789&

#789!6";8& +-0)"*8,#& !8"*3,#-+,!<& #/0$:8"*/+*4!& 0!@-& #-@3,>& S0>& /0*:+,*+,*& 0!2)"*(& -<*)73-B/3,*4!&

0)!4)-<'& ^)<7r/& _'2')*& T!<(-2& \7/2*<& `Ja& #7<-4-& "<+,*%/"*+,-& 3-@,()'& -32'-@+,*& /2!/!#-+789& @'E&

8"!:4!#789&OH]d&<<P&0)"7&)$#+!8"*/+7<&!8"*3,#-+7<&#")!58,*&!&]fe&*+*)4,,&#7/2)"*@,#-+789&0!8,/3$#>&

R-3:-6-&/,1&0)"7&27<.&=*&"-/2!/!#-+*&+!#*&<,!2-%;8*&<-2*),-:7&#7('89!#*&+,*&0)"78"7+,;&/,1&6!&#")!/2'&

"'=78,-&#*#+12)"+*4!&0)"*#!6'&@'E7>

Q& 0)!89!#7<& '3:-6",*& <,!2-%;87<& 8"7++,3,*<& 6*2*)<,+'%;87<& 0)163!5A& ,& *+*)4,1& #7@!2!#;& 0!8,/3'&

#& 3!+3)*2+7<& '3:-6",*&<,!2-%;87<& %*/2& 0)-8-& 4-"$#& 0)!89!#789.& "-@*=+-& !6& 89-)-32*)'& "<,-+& 8,5+,*+,-&

KOlP&2789&4-"$#&#&@'W*&0!68"-/&/2)"-:'> Q&0)"70-63'&0)!89!#789&'3:-6$#&<,!2-%;8789&#73!)"7/2'%;8789&

3!+#*+8%!+-@+*&0)!897&+,2)!8*@'@!"!#*&,&+,2)!4@,8*)7+!#*&/"8"72*<&<!=@,#!58,&2-3278"+!F*3/0@!-2-87%+789&

(7:7&<!+/2)'-@+*.&#7<-4-%;8*&#,*@!!/!(!#*%&!(/:'4,&6",-:-&"&@-2&CC&#!%+7&5#,-2!#*%>&T*89;&89-)-32*)7/278"+;&

2789& 3!+/2)'38%,& (7:!& !4)!<+*& "'=78,*& <-/7& :-6'+3'& 0)!89!#*4!& 0!68"-/& 3-=6*4!& /2)"-:'& ,& 8*89-& 2-&

#&6-@/"7<&8,;4'&%*/2&-32'-@+-&0!68"-/&3!+/2)'!#-+,-&3@-/78"+789&'3:-6$#&<,!2-%;8789&#73!)"7/2'%;8789&

3!+#*+8%!+-@+*&0)!897&+,2)!8*@'@!"!#*&,&+,2)!4@,8*)7+!#*>&

^+-@,"!#-+7<&#&@-2-89&cd&,&Id>2789&DD&#>&)!"#,;"-+,*<&3!+/2)'387%+7<&0!"#-@-%;87<&+-&#")!/2&0)163!58,&

#7@!2!#*%&0!8,/3$#&(7:&'3:-6&<,!2-%;87&"&6!6-23!#7<&:-6'+3,*<&0)!89!#7<.&2"#>&:-6'+3,*<&#16)'%;87<&

O-+4>&T?&X*44,09'4/&?9*'SC#F*+2&XT\P&̀ f.ja>&U:$#+7<&*@*<*+2*<&!6)$=+,-%;87<&'3:-6&<,!2-%;87&"&:-6'+3,*<&

#16)'%;87<&!6&3@-/78"+*4!&'3:-6'&<,!2-%;8*4!&(7:&6!6-23!#7&0)!89!#7&:-6'+*3&#16)'%;87&O<*89-+,8"+,*&

"#,;"-+7&"&0!8,/3,*<P.&32$)*4!&"-6-+,*<&(7:!&'3/"2-:2!#-+,*&o&#&#7+,3'&%*4!&/0-@-+,-&o&,++*4!&%-3!58,!#!F

,@!58,!#*4!&)!"3:-6'&8,5+,*+,-&4-"$#&#&@'W*.&0!#!6'%;8*4!&#")!/2&0)163!58,&#7@!2!#*%&0!8,/3'>&

M)-8*&+-6&0)!89-<,&!&0)"*"+-8"*+,'&+-&:-6'+3,&#16)'%;8*&3!+8*+2)!#-:7&/,1&#&27<&8"-/,*&#!3$:&<-2*),-:$#&

!& )!(!8"*%& +-"#,*&hb[ & O-+4>&V*?C'>,9/'B3?0,09'R&F*#'??!K*44&0F#B& F& 0)!897&!&(-)6"!&6'=*%& /"7(3!58,&

/0-@-+,-.& #& 32$)789& 4:$#+7<& /3:-6+,3,*<& '2@*+,-%;87<& (7:& 3)'/";87&<-2*),-:& #7('89!#7& O+0>& !32!4*+P.&

0-@,#*<& F& (!)-+& 3#-/'& 6*3-976)!6*3-(!)!#*4!.& +-2!<,-/2& +,2)!8*@'@!"-& "& 4@,3!@*<& 0!@,*27@*+!#7<&

/2-+!#,:-&4:$#+7&/3:-6+,3&@*0,/"8"->&

M)"73:-6!#7.&0!)$#+-#8"7&!()-"&"<,-+&O#&8"-/,*P&8,5+,*+,-&4-"$#&0)!89!#789&#&0)"*/2)"*+,&"-0!8,/3!#*%&

@'E7&6@-&3@-/78"+*4!&'3:-6'&<,!2-%;8*4!&O@,+,-&8,;4:-P&!)-"&6@-&'3:-6'&<,!2-%;8*4!&"&:-6'+3,*<&#16)'%;87<&

O@,+,-& 0)"*)7#-+-P& "-0)*"*+2!#-+!& +-& )7/>& L>& X-3,& !()-"& "<,-+& 8,5+,*+,-&#& @'W*& 0!"#-@-& +-& "#,13/"*+,*&

0)163!58,&#7@!2!#*%&0!8,/3'&%-3!&3!+/*3#*+8%-&"#,13/"*+,-&,<0'@/'&8,5+,*+,-&4-"$#&0)!89!#789&O#,13/"-&

0!#,*)"89+,-&0!6&3)"7#;&8,5+,*+,-&KOtPP>

t [ms]
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

p [MPa]

0

50

100

150

200

250
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350

układ klasyczny

układ z ład. wędrującym (A)

Rys. 3.  !"#$%!& !"#&'()*+&,#-./-+!./&+&012$&1"3(41&567&89:
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;-4-<=$&$>$"?!&@-A=(&1)!%"(B&+&1"3(4)C$&@C-?(DE.!@&)&+F4#1DE.(&"-@-#E&,#-./-+E&G(='H&S$%&'() *'+$%)

,-.)S/0"$12&767I&8J:H& &1"3(4)C$&?!@&G#!%H&KIL&,-4-<=C$&D("&+&1"3(4)C$&)&3(41="C$@&+F4#1DE.!@L&%,(0(=C$&

4-4(?"-+$'-& 3(41="1& ,#-./-+$'-& G#*+=C$A& ?!,1& MNOPI& )-%?(D$& )(C=C.D-+(=$& +?$4!L& '4!& ,-.C%"& +#()&

)&,-#1%)(DE.E&%CF&)&=C@&+F4#1DE.E&"-@-#E&,#-./-+E&G,#)$%?#)$Q&,-@CF4)!&?3-"C$@&R&C&,-.C%"C$@&KI&)=(D4)C$&

%CF&+&-"#$S0-=!@&@C$D%.1&+&012$H

Rys. 4. T"3(4&@C-?(DE.!&)&+F4#1DE.E&"-@-#E&,#-./-+E&G%./$@(?&C4$-+!IU&VI&$0$@$=?&)(,3-=-+!W&XI&)(%(4=C.)!&

3(41=$"&@C-?(DE.!W&RI&#1./-@!&?3-"W&KI&,-.C%"W&JI&4-4(?"-+!&,#-./-+!&3(41=$"&@C-?(DE.!

Y=$#'C(& '()1& ,-+%?(DE.$'-& )$& %,(0(DE.$'-& %CF& 4-4(?"-+$'-& 3(41="1& ,#-./-+$'-& ,#)!%,C$%)(& ,-.C%"& D1A&

,-#1%)(DE.!& %CF& +& 012$& )& -"#$S0-=E& ,#F4"-S.CEH& Z<C$& ,#)$4%?(+C-=$& +!A$D& C4$$& 1"3(4*+&@C-?(DE.!./& =C$&

+!%)3!& D$4=("&,-)(&@-4$0$&<(4(+.)$& C& (=(0C)!& ?$-#$?!.)=$&'3*+=C$&)$&+)'0F41&=(&"-=C$.)=-SB&4-"3(4=$D&

%!=./#-=C)(.DC&,#-.$%1&)(,3-=1&3(41="1&+F4#1DE.$'-H&

 %,-@=C(=!&+&,1=".C$&X&=-+!&@(?$#C(3&+!<1./-+!&6[\X]&-#()&C==$&@(?$#C(3!&+!<1./-+$&=-+$D&'$=$#(.DC&

GD("&=,H&̂ N5)L&O5_5)L&̂ __5L&5_`_5I&)&4-4(?"C$@&?$#@-,0(%?!.)=$'-&0$,C%).)(&@-'E&+&,#)!%)3-S.C&?+-#)!B&

=-+E&'$=$#(.D$&@(?$#C(3*+&@C-?(DE.!./&?)+H&,#-./*+&+(#%?+-+!./&G#!%H&JIH

'# +# 3#

Rys. 5.  ;#)!"3(4!& %?#1"?1#!& ,#-./*+& +(#%?+-+!./U& (I& 1"3(4& +(#%?+& +& ,#-./1& +(#%?+-+!@U& +(#%?+(&

)$+=F?#)=(&G%)(#(I&a&-&@(3$D&%)!<"-S.C&%,(0(=C(W&+(#%?+(&+$+=F?#)=(&G.)(#=(I&a&-&41A$D&%)!<"-S.C&

%,(0(=C(W&<I&#1#"(&+(#%?+-+(W&.I&"#EA$"&+(#%?+-+!

;#-./!&+(#%?+-+$L&=C$)(0$A=C$&-4&"%)?(3?1&)C(#=(&,#-./-+$'-L&+!#*A=C(DE&%CF&C%?=C$=C$@&+(#%?+&G+$+=F?#)=$D&

C& )$+=F?#)=$DI& %"3(4(DE.!./& %CF& )&,#-./*+&-& #*A=$D& %)!<"-S.C& %,(0(=C(& G#!%H& JIH& (#%?+(&)$+=F?#)=(& G0(45)

+-%.&.6)%'"$)4-"$%)('/$%I&./(#("?$#!)1D$&%CF&&)=(.)=C$&@=C$D%)E&%)!<"-S.CE&%,(0(=C(&+&%?-%1="1&4-&+(#%?+!&

+$+=F?#)=$D&G(='H&7'0")+-%.&.6)%'"$)&..$%)('/$%IH

b(%?-%-+(=C$&,#-./*+&+(#%?+-+!./&,-)+(0(&=(&-?#)!@(=C$&C==$'-&D("-S.C-+-&G+&%?-%1="1&4-&#-)+CE)(=C(&

)& )(%?-%-+(=C$@& ,#-./*+& "-=+$=.D-=(0=!./I& #-)"3(41& .CS=C$=C(& '()*+& ,#-./-+!./& +& ,#)$%?#)$=C&

)(,-.C%"-+$DH& P-)"3(4& ?$=& D$%?& D("-S.C-+-& ?-A%(@!& )& -<#()$@& )@C(=& .CS=C$=C(& +& 1"3(4)C$& 567& G#!%H& RI&

C&,-)+(0(&=(&+)#-%?&,#F4"-S.C&+!0-?-+$D&,-.C%"*+&+&"0(%!.)=!@&1"3(4)C$&@C-?(DE.!@H& &-4#*A=C$=C1&D$4=("&

-4&1"3(41&576L&)(%?-%-+(=C$&,#-./1&+(#%?+-+$'-&=C$&,-.CE'(&)(&%-<E&A(4=!./&)@C(=&)(#*+=-&+&"-=%?#1".DC&

%(@$D&(@1=C.DCL&D("&C&1"3(41&@C-?(DE.$'-H&

 )#-%?&,#F4"-S.C&+!0-?-+$D&,-.C%"*+&+&+!=C"1&&,-+CF"%)$=C(&+(#?-S.C&C@,10%1&.CS=C$=C(&'()*+&,#-./-+!./&

+&012$&=C$&D$%?&?!0"-&$>$"?$@&,-0$,%)$=C(&./(#("?$#!%?!"&$=$#'$?!.)=-\<(0C%?!.)=!./&@(?$#C(3*+&@C-?(DE.!./H&

 !=C"(&#*+=C$A&)&@-4!2"(.DC&%,-%-<1&C./&)(,3-=1H&Z4)+C$#.C$40$=C$@&?$'-&,#-.$%1&%E&1"3(4!&@C-?(DE.$&?!,1&

Y56&G(='H&E($3"%4t*$%1'(8 *$1&3'()6-.)0/0"$1IH

 &1"3(4)C$& ?!@&G#!%H&9I&)(,3-=& 3(41="1&@C-?(DE.$'-& D$%?& C=C.D-+(=!&)(&,-S#$4=C.?+$@&'$=$#(?-#(&,0()@!L&
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(& @(?$#C(3& @C-?(DE.!& D$%?& "(?(0C)-+(=!& )(#*+=-& ,#)$)& ,0()@F& D("& C& ?!,-+$& ,#-.$%!& +!@C(=!& .C$,3(&

G,#)$+-4)$=C$L&,#)$D@-+(=C$L&,#-@C$=C-+(=C$IH

Rys. 6. c-=.$,.D(& C4$-+(& 1"3(41& @C-?(DE.$'-& ?!,1& Y56U& VI& ("1@10(?-#& ,-4%?(+-+!W& XI& ("1@10(?-#&

4-4(?"-+!W&RI&1"3(4& >-#@1DE.!& C@,10%W&KI&,#)$3E.)=C"&)(,3-=1W&JI&=(<*D&)&)(,3-=$@&,0()@-+!@W&

9I&@(?$#C(3&@C-?(DE.!W&dI&,$=$?#(?-#&C&%(<-?

T"3(4!&Y56&=(#-4)C3!&%CF&)&"-=.$,.DC&$0$"?#-?$#@C.)=$'-&1"3(41&@C-?(DE.$'-&G(='H&E($3"%4T*$%1'()6-.2)9:I&

#-)+CD(=$'-&+&0(?(./&e]H&ff&+C$"1&,#)$)&T7_L&gC$@.!&C&h#(=.DFH& ,#(+4)C$&1"3(4!&?$&,-)+(0(3!&-%CE'(B&

41A$&$=$#'C$&+!0-?-+$&,-.C%"*+L&(0$&+!@('(3!&4-%?(#.)$=C(&)=(.)=C$&+CF"%)!./&C0-S.C&$=$#'CCH&;#)!"3(4-+-&

+!%?#)$0$=C$& )& 01>!&"(0C<#1&V]J&@@&,-.C%"1&-&@(%C$& X& "'& )& ,#F4"-S.CE&+!0-?-+E&-"H& XK]]&@& %-1& G$=$#'C(&

-&+(#?-S.C&JLK&ijI&+!@('(3-&4-%?(#.)$=C(&-"H&R]&ij&$=$#'CC&$0$"?#!.)=$D&8d:H&

T"3(4!&Y56&=C$&+!@('(DE&4-%?(#.)$=C(& ?("&41A!./& C0-S.C&$=$#'CC& $0$"?#!.)=$DH& !%?#)$0$=C$&)& 01>!&"(0C<#1&

VX]&@@&,-.C%"1&-&@(%C$&eLK&"'&)&,#F4"-S.CE&+!0-?-+E&,-=(4&Ve]]&@&%-1&G$=$#'C(&-&+(#?-S.C&VKLV&ijI&+!@('(&

4-%?(#.)$=C(&-"-3-&V]]&"j&$=$#'CC&$0$"?#!.)=$DH& &,#)!,(4"1&)(%?-%-+(=C(&(@1=C.DC&)&,#-./$@&-&-<=CA-=$D&

+#(A0C+-S.C& G[ZM_I& )(%?-%-+(=C$& )(,3-=1& ,0()@-+$'-& ,-)+(0(& =C$& ?!0"-& %"1?$.)=C$D& )(C=C.D-+(B& ,#-.$%&

)(,3-=1& ?$'-& @(?$#C(31& @C-?(DE.$'-& 8e:L& (0$& #*+=C$A& ,#)!.)!=C(& %CF& 4-& 1)!%"C+(=C(& +CF"%)!./& ,#F4"-S.C&
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