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

a  !"#$%!&'()&') [m/s2]
aK *+%,!',!"#$%!&'(- [m/s2]

)&')

aFzg ./$01!&),!"#$%!&'(- [m/s2]
)&')

c 2+0"(+'""3!(4)5!(3 [Nm/rad]
d 6789:&')"5+'"3/'3! [Nm s]
F *0/:3 [N]
Fa ;'30(!,"50/:3 [N]
Fg </"50/:3 [N]
Fh =/""!'507:3! [N]
FK *+%,!'50/:3 [N]
Fr >/?(/%50/:3 /' ?!0 [N]

*&0,!%@!%%!'50A9:&')

Ft 2/')!'3(/%50/:3 /' ?!0 [N]
*&0,!%@!%%!'50A9:&')

FW B&88! ?!0 ./$0@(?!0- [N]
"37'?!

HG <!8("#$$!(1@!03 [MJ/m3]
Hu &'3!0!0 C!(1@!03 [MJ/kg]

i D,!0"!31&')"E!0$7%3- [−]
'("

J =/""!'307)$!(3"8+- [kgm2]
8!'3

km =/""!':/53+0 [−]
lP F%!&!%%7')! [m]
Lst "3A#$(+8!30("#$!0 [kgL/kgB]

G&:3,!?/0:

m =/""!H [kg]
mB  0!''"3+I8/""! [kg]
mFzg ./$01!&)8/""! [kg]
mth 3$!+0!3("#$! G/?&')"- [kg]

8/""!

ṁcyl =/""!'"30+8 (' ?!' [kg/s]
JK%('?!0

ṁthr =/""!'"30+8 L,!0 ?(! [kg/s]
60+""!%5%/99!

mL G&:38/""! [kg]
M 60!$8+8!'3 [Nm]
Md =+3+0?0!$8+8!'3 [Nm]
Mi (''!0!" 60!$8+8!'3 [Nm]
MR >!/53(+'"8+8!'3 [Nm]
n 60!$1/$% [min−1]
p 60&#5 [Pa]
pe !I!53(E!0 =(33!%?0&#5 [bar]
pi ('?(1(!03!0 =(33!%?0&#5 [bar]
pim B/&)0+$0?0&#5 [Pa]
pm =(33!%?0&#5 [bar]
P G!("3&') [kW]
QB 1&)!:L$03!  0!''"3+I- [J]

@708!

rdyn ?K'/8("#$!0 >!(:!'- [m]
0/?(&"

rKW *&0,!%0/?(&" [m]
rl 0!%/3(E! G&:38/""! [−]
RG "9!1(4"#$! </"5+'- [J/kgK]

"3/'3!

S J/$'M/'5!'"9(!% [ ]
t J!(3 [s]
T 2!89!0/3&0 [K]
Tim B/&)0+$03!89!0/3&0 [K]
V N+%&8!' [m3]
VG N+%&8!' <!8("#$ [m3]
VH C&,E+%&8!' ?!" )!"/83!' [m3]

=+3+0"

VL N+%&8!' G&:3 [m3]
W ;0,!(3 [J]
We !I!53(E! ;0,!(3 [J]
Wi (''!0! ;0,!(3 [J]
Wr >!(,&')"/0,!(3 [J]

   



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

α  !"##$%&%'(($)#*$%%+), [%]
∆  -.$!$)/ /0$-$! 1!23$) [−]
∆ηrV 4$!%+#* 5+!67 !$'%$ 4$!8!$))+), [−]
∆ηuV 4$!%+#* 5+!67 +)9"%%&"::$)$ [−]

4$!8!$))+),

∆ηWw 4$!%+#* 5+!67 ;')50<!:$=8$!> [−]
,'),

∆ηLw 4$!%+#* 5+!67 ?'5+),#0$67#$% [−]
η ;-!&+),#,!'5 [−]
ηe $.$&*-9$! ;-!&+),#,!'5 [−]
ηi -)5-/-$!*$! ;-!&+),#,!'5 [−]
ηm :$67')-#67$! ;-!&+),#,!'5 [−]
ηV ;-!&+),#,!'5 5$# 9"%%&"::$)$) [−]

@"*"!#

ηZW A=)50-)&$%>;-!&+),#,!'5 [−]
ηλ ?+B*9$!7<%*)-#>;-!&+),#,!'5 [−]
λ ?+B*9$!7<%*)-# [−]
λa ?+B*'+B0')5 [−]
λS C67+8#*'),$)9$!7<%*)-# [−]
ρ  -67*$ [kg/m3]
ρL  -67*$ 5$! DC'+,>E?+B* [kg/m3]
ϕ F+!8$%0-)&$% [ KW]
ω ;-)&$%,$#670-)5-,&$-* [rad/s]
ω0 G-,$)B!$H+$)/ [Hz]

-,."+#& /,. 0123!+/,4#,

IJGC I4? J$'%*-:$ G),-)$ @"5$%

IKL I59')6$5 K"!H+$ L")*!"%

M-* ?",-&"($!'*"! D;$!*N O "5$! PE

LIQ L")*!"% I!$' Q$*0"!&

 R  -!$6* R)S$6*-")

 RTT  -.$!$)*-'%

 UG  $#-,) "B GV($!-:$)#

 UWL  "+8%$ U9$!7$'5 L':#7'B*#

GLX G),-)$ L")*!"% X)-*

TTK T'#* T"+!-$! K!')#B"!:'*-")

T/, T'7!/$+,

1Y1PY1Z 1$*!-$8$Y1$*!-$8$$-),'),#0$%%$Y

1$*!-$8$'+#,'),#0$%%$

WT@ W$-3[%:>?+B*:'##$):$##$!

F;  "+8%$ U9$!7$'5 L':#7'B*#

@TM\O @'## T!'6*-") M+!)$5 \O]

UK U8$!$! K"*(+)&*

C; C$-*$)0$%%$

K1 R K+!8"67'!,$5 1'#"%-)$  -!$6*

R)S$6*-")

4 R 4$!$-)  $+*#67$! R),$)-$+!$

4F@ 4$!8!$))+),#&!'B*:'#67-)$

4C@ 4$7-6%$ C-:+%'*-") @"5$%

44K 4'!-'8%$ 4'%9$ K-:-),
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 !"#$%"&'#(

 !" #!$%&'(!)* +'( ,!-+ !* ."* &"(/("* 0'+1/"+*("* '&, 2"1(3)&&", 4!&5,$!(("& !* ."1

6'+1/"%7"*(2!-8&%*7 "('9&!"1(: ;%571%*. ."1 1'<!." '*,("!7"*."* =)$<&">!(?( ."1

#@,("$" 2%1." ,!" %*'9.!*79'1A %$ .!" B*(2!-8&%*7,/"!( 7"1!*7 /% +'&("* 9/2:

2"!("1 /% 3"18C1/"*: D$$"1 ">'8("1 2"1."*." E"1"-+*%*7,$)."&&" "1$F7&!-+"* .!"

/%*"+$"*." G"1,-+!"9%*7 .", B*(2!-8&%*7,,-+2"1<%*8(",A 2"7 3)* ."1 '%52?*.!H

7"* %*. 8),("*!*("*,!3"* I1)()(@<"*<+'," $!( =)$<)*"*("*(",(, %*. B*(2!-8&%*H

7"* '* 1"'&"* #@,("$"*A !* J!-+(%*7 ."1 51C+"* =)*,(1%8(!)*,<+',": K"9"* ."1

#!$%&'(!)* "!*/"&*"1 L"!&,@,("$" 2!" ."$ M'.%*7,2"-+,"&A ."1 G"191"**%*7A ."$

=C+&,@,("$A 3"1,-+!"."*"1 N"+18F1<"1,@,("$"A ."$ L1!"9,(1'*7 9!, +!* /% 6'+1H

/"%7.@*'$!8A 7"2!**( .!" O",'$(5'+1/"%7,!$%&'(!)* !* 4!*9&!-8 '%5 6'+19'18"!(,HA

G"191'%-+,H %*. B$!,,!)*,)<(!$!"1%*7 /%*"+$"*. '* E"."%(%*7:  '1%*("1 3"1H

,("+( $'* .!" =)<<"&%*7 "!*", 6'+1.@*'$!8$)."&&,A 2"&-+", B17"9*!,," /%$ 6'+1H

3"1+'&("* '%5 ."1 #(1'P" )."1 /% ."Q*!"1("* 6'+1/@8&"* &!"5"1(A $!( N)()1H %*.

L1!"9,(1'*7$)."&&"* /%1  '1,("&&%*7 3)* B*"17!"RC,,"* %*. ."1"* S"-+,"&2!18%*H

7"*: ;99!&.%*7 T:T /"!7( .!" ,-+"$'(!,-+"  '1,("&&%*7 "!*", ,)&-+"* O",'$(5'+1H

/"%7$)."&&, $!( #-+2"1<%*8( '%5 ."* ;*(1!"9,,(1'*7: B9"*,) '97"9!&."( ,!*. .!"

2!-+(!7"* L"!&,@,("$" 6'+1"1$)."&& ,)2!" .!" #(1"-8"*H 9/2: 6'+1/@8&%,."Q*!(!)*:

;99!&.%*7 T:TU #-+"$' O",'$(5'+1/"%7,!$%&'(!)*,$)."&& VTW

 !" #)5(2'1" G#N X "+!-&" !!$%&'(!)*")."&Y !,( "!* O",'$(5'+1/"%7,!$%&'(!)*,H

<1)71'$$ ."1 6!1$' ;GM M!,( O$94: D* "1,("1 M!*!" 9"8'**( .%1-+ I1C5,('*.("-+H

T
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3) 2)!' )! !-) :.0() 5)(2';("' .#/ <&3=)') 7)(*)!')(# - ! >!+0'# - ? '*!+"9

,# - -)2.3')( @ '(!)A22'(. -2B2')3) # $ $)() C)(A! $# - 7#3 D.0(7)#-E F!)(/G(

".  .#/ )! ) #3/. -()!+0) H.,)'') . )!-) 2 ) '*!+"),') I!3#,.'!& 2=(&-(.33) 

7#(G+"-)-(!J) *)($) E ?! *)!')()( D.+0A)()!+06 ! $)3 $!) D!(3. 3!' ,. -K;0(!-)(

?(/.0(# - =# "') ".  6 !2' $!) %&'&(.==,!".'!& 6 2&*&0, ! D&(3 5& L.2!2".,!9

A(!)(# - .3 H(G/2'. $6 .,2 .#+0 $!) @ =.22# - $)2 %&'&(2 . $.2 D.0(7)#-E

CI% A)$!) ' 2!+0 )! )( 2'(!"' 3&$#,.() I'(#"'#( $!) )2 )(31-,!+0'6 )! 7), ) L.9

2!23&$),,) $#(+0 "&3=,)M)() 7# )(2)'7) E I& !2' )2 A)!2=!),2*)!2) 31-,!+0 . 2'),9
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,.#/ # $ %&'&(()!A# -6 T#(A&,.$)( 2.3' Q*!2+0) "G0,# - A!2 0! 7# FBA(!$2B29
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9)1:-'405%( ;(1-2$%&-(" 1!44-(" ')& <(.0"")"* 1=('0>15%(& ?$-(" ')& ,!+(440(&)"*

+(1 ,0"0 @!!=(&1 0"  A, +0("("8 ,0-%042( +0(1(1 ,!+(441 B$"" (0"( +0&(B-(C 7(&*4(0D

5%("+( E7$4)0(&)"* +(& A06)4$-0!"1*3-( 1-$-->"+("C .!+)&5% E"-.05B4)"*1/(+$&2

$)2*('(0*- )"+ +$&$)2 2!4*("+( E&.(0-(&)"*(" 3/(&=&32- .(&+(" BF""("8

G(-'-("+405% 1!44 +0( ?0=4!6$&/(0- +(" H(.(01 40(2(&"C +$11 (0"( IJ0"(D#$%&7(&%$4D

-("1$==40B$-0!" 60-  A, =&0"'0=0(44 6$5%/$& 01-8 ?$') 1!44(" "(/(" +(& K"$4L1(

+(& ?$&1-(44)"*1*("$)0*B(0- ')& #$%&+L"$60B (0"( ?&(%6!6("-1-()(&)"*C +0( B!"D

B&(-( E0".0&B)"*(" :M)07$4("- +(" E@ND#)"B-0!"(" +(1 &($4(" #$%&'()*1 +$&1-(44-C

("-.05B(4- )"+ +(&(" &($401-015%( K)1.0&B)"* $)2 +$1 AL1-(6 3/(&=&32- .(&+("8
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+$41 06 A5%)//(-&0(/ +(1 ,!-!&1 )"+ 0"7(&1C +(& ;0=I)- +0( 15%"(44( Q35B23%&)"*

+(1 <$1=(+$41 $)2 +0( R)444$*( $)1 +(& H(15%4()"0*)"*8 K"%$"+ +0(1(& G$1-.(5%1(4D

6$"F7(& .)&+(" +0( &($4 *(6(11("(" ES(B-( +(& #$%&'()*/(15%4()"0*)"* 60- +("

106)40(&-(" E&*(/"011(" 7(&*405%("8
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+0( +0( *&)"+4(*("+(" H!15%DU!62!&-2)"B-0!"(" /(0"%$4-(-8 X#3& .(0-(&( K".("D

+)"*(" BF""(" +0(1( N"-(&1-&)B-)&(" "$5% H(40(/(" +)&5% $44*(6(0"( !+(& $)5%



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

 !"#$"%%" &'()*$+("( ,-. '(*". /0$"1%$/0 *" 2"3"%'(3 "$( 4*#"  '5 *$*'$".* 6".1"(78

9$*0$%," 1" :;<=9+1"%% 6'.1" 1". >". '/0 "$(". ?@$("=&A0.B".0A%*"( A5 *$C=

C'(3 A(0A(1 1". ," *3"%"3*"( 9A(DB". '(*".(+CC"(7 E'./0 1$" 3"3"5"(" FA.AC"=

*".4G'$BA%"(# 1" 9+1"%% #'. ."A%"( H<I B+( J+ /0 )+((*"( EA*"( *4(1" *.A( =

,".$".* 6".1"( 'C 1$" H.3"5($  " #' BA%$1$"."(7 K'C +5L")*$B"( 9"  1A*"(B".3%"$/0

6'.1" 1A $( 1". &$.CA :>M !A.A%%"% #' >N9 "(*6$/)"%*" NO *"C E2P>H 0".A(=

3"#+3"(Q 6"%/0" "$( G'A(*$R#$"."(1" J"'.*"$%'(3  /0"CA #' B". /0$"1"( *"( &A0.=

B".0A%*"( ).$*".$"( %$",".*7

 !" #$%&'$ ()* +,-./0'*&),1

P( "$("C A' ,-0.%$/0"( S.'(1%A3"(*"$% 6$.1 1$" E."0C+C"(*"(* *"0'(3 $C 9+*+.

'(1 1"  "( :' 6$.)'(3 A', 1"( :(*.$"5  *.A(3 ".A.5"$*"*7 E"C ,+%3* 1$" J" /0."$=

5'(3 3.'(1%"3"(1". 9+*+. *"'".'(3  *.')*'."( 5$ 0$( #' 1"( T+C,+.*,'()*$+("(7

P( 1". P *#' *A(1 A(A%O " 6".1"( 1$" *0"C"( !"#$R /0"( I(*". '/0'(3"( 1$" $C K'=

3" 1". E$!%+CA.5"$* 1'./03",-0.* 6'.1"( A' ,-0.%$/0 1A.3"%"3*7 E$" 6"$*."$/0"(1"

J"1"'*'(3 1". &A0.B".0A%*"( A!!%$)A*$+( 6$.1 5" /0.$"5"( 'C 1A.A' 1$" 9+*$=

BA*$+( '(1 1$" F+*"(*$A%" 1$" ". F.+L")*A.5"$* A5#'%"$*"(7 H$(" I(*". '/0'(3 1".

B".6"(1"*"( U".)#"'3" A' N$C'%A*$+( '(1 >". '/0 ".CD3%$/0* "$(" )+()."*" F.+=

L")*1"R($*$+( $()%' $B" K$"% "*#'(37

E$" ,+%3"(1"( TA!$*"% 5",A  "(  $/0 )+()."* C$* 1". :' ,-0.'(3 '(1 1"( H.3"5($ =

 "( 1". :.5"$*7 EA#' #40%"( 1$" A' ,-0.%$/0" J" /0."$5'(3 1" ".A.5"$*"*"( 9+1"%% 

:;<  +6$" 1$" H.%4'*".'(3 1". >+.3"0"( 6"$ " 5"$ 1". N$C'%A*$+( '(1 1"( "V!"=

.$C"(*"%%"( >". '/0"( A', 1". ;" * *."/)"7 E$" :(+.1('(3 $ * )"$(" 6"3 A% /0.+=

(+%+3$ /0" :5,+%3" #' 1"'*"(Q 1A 1$" " ;"$%5"."$/0" $C K'3" 1" F.+L")* !A.A%%"%

B+( *A**"( 3"3A(3"(  $(17

E$" A5 /0%$"W"(1" K' ACC"(,A  '(3 .")A!$*'%$".* 1$" I(*". '/0'(3"( '(1 H(*6$/)=

%'(3"( '(1 A(A%O $".* 1A 2" '%*A* 1". E$!%+CA.5"$*7 E$" 6$/0*$3 *"( H.)"((*($  "

6".1"( 5" /0.$"5"( '(1 1$"("( 1". H.A.5"$*'(3 .$/0*'(3 6"$ "(1". K')'(,* !".=

 !")*$B"(7

H$(#"%(" "(* /0"$1"(1" ;"$%5"."$/0" 6".1"( 1A5"$ 6$"1".0+%*Q $( ,+.* /0."$*"(1".

N!"#$R#$".'(3 A( 1$" )+()."*" F.+5%"C *"%%'(3Q A',3".+%%*7

K'. 3.A!0$ /0"( >".A( /0A'%$/0'(3 6'.1"( "$(#"%(" :55$%1'(3"( 1"C R.C"($(*".=

("( &'(1' 1". :>M "(*(+CC"(7 E$" "  $(1 ($/0* "V!%$#$* .","."(#$".*7



 !"#$%&'()$

 !" #$% &'( )"(*+,"-.!/-./(0"%+',1". &"( 2'+%3"-/( ".1(*+"!&".&" 4%56" ("!1".(

&"( 7.1%!"8( !(1 &'(  %"+9:9".1;  '( "<"=1!0" >:1:%9:9".1 Md 8"(1!991 -.1"%

?!.8"3-/ &"% 4"('91$8"%("13-./ i -.& .'*+ 783-/ &"% @8"%1%'/-./(0"%,-(1" &!"
7.1%!"8(=%'#1 Fa;

Fa =
Md · i

rdyn
· η AB;CD

 '%!. 8"(*+%"!81 rdyn &". &E.'9!(*+". F"!#".%'&!-( -.& η &". G!%=-./(/%'& &"%
H%'#1$8"%1%'/-./ &"% .'*+ ):(*+ IBJ #$% K-"%,!"/".&" >:1:%". !9 )"%"!*+ 0:.

η = 0, 91 . . . 0, 95 ,!"/1;  !"  !<"%".3 '-( 7.1%!"8(=%'#1 Fa -.& &"% L-99" &"%

2'+%M!&"%(1'.&(=%N#1" FW #$+%". 3-% )"(*+,"-.!/-./ aFzg &"( 2'+%3"-/"( 9!1 &"%
>'((" mFzg;

aFzg =
Fa − FW

km ·mFzg

AB;BD

 "% >'((".#'=1:% km "%#'((1 &!" (*+"!.8'%" O"%/%56"%-./ &"% 2'+%3"-/9'((" &-%*+
&!"  %"+9'((". AFN&"%P L*+M-./%'&P H-%8",M",," -(M;D IBJ;

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

Q9 "!." F"/",-./ &"(  %"+9:9".1( 3- 0"%M!%=,!*+".P 9$((". &!" /%-.&,"/".&".

R-('99".+N./" &"%  %"+9:9".18!,&-./ !9 >:1:% 8"='..1 ("!.; )"! &"9 !. &"%

0:%,!"/".&". 7%8"!1 '.',E(!"%1". 7//%"/'1 +'.&",1 "( (!*+ -9 "!.". S11:9:1:%P "!T

." O"%8%"..-./(=%'#19'(*+!." .'*+ O!"%1'=1U%!.3!U; O"%8%"..-./(=%'#19'(*+!.".

(!.& U"%  "V.!1!:. >'(*+!.".P 8"! &".". &-%*+ &!" O"%8%"..-./ "!."( 3$.&#N+!T

/". W-#1TH%'#1(1:<T4"9!(*+"( *+"9!(*+" !. 9"*+'.!(*+" ?."%/!" -9/"("131 M!%&

IXJ;  '( S11:TY%!.3!U 8"('/1P &'(( &!"(" ?."%/!"-9("13-./ &-%*+ 3E=,!(*+"P !.."%"

O"%8%"..-./P "!./","!1"1 &-%*+ 2%"9&3$.&-./ "%#:,/1;  "% -.1"%(-*+1" >:1:% !(1 "!.

)".3!.'//%"/'1 9!1 78/'(1-%8:,'&"% -.& !.."%"% 4"9!(*+8!,&-./Z "% M!%& +:9:/".

8"! (15*+!:9"1%!(*+"9 W-#10"%+N,1.!( 8"1%!"8".;

[



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

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

 !" #$%&'("#"&'"& )%*+,,"&-.&#" /"$'"& !& 01$, 21& 3"&&#$45"& '"* ,161$!7

*8-"& 9$:"!6*;$1<"** '"=&!"$6>  !" &+8-?1(#"&'"& @"$("!6%&#"& '!"&"& '"$ A"*6!,7

,%&# '"$ B!&C%**;+$+,"6"$ %&' *1,!6 '"$ D"#"(%&#*1;6!1&"& '"* E161$,1,"&6*>

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

 !" '!*F1&6!&%!"$(!8-" G"$:$"&&%&# !&&"$-+(: '"* A$"&&$+%,"* :"! 2"$.&'"$(!8-",

G1(%,"& $"*%(6!"$6 !& "!&", )H(!&'"$7 1'"$ I+*'$%8F2"$(+%? J*!"-" 9::> K>LM

9::!('%&# K>LN I+*'$%8F2"$(+%? O:"$ 3%$:"(/!&F"( JP+,+-+7DQM

0O$ '!" 6"8-&!*8-" 9$:"!6 !*6 '!" R&'"$%&# '"*  $%8F* p :"<1#"& +%? '!" R&'"$%&#
'"* G1(%,"&* V 21& S&6"$"**">  !"*"$ G"$(+%? O:"$ "!& 9$:"!6**;!"( F+&& !& "!&",

p7V 7 !+#$+,, J*!"-" 9::> K>KM '+$#"*6"((6 /"$'"&> TKU



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

 !!"#$%&' ()(* p+V +,"-'.-// 012

,"3 45/ 63.#-%7 $3. 8%.43 3"&'39:;#5993&3 <#=:;3 3.'"!> $"3 ?-9-.!3"> 5$3. "&&3.3

 .!3"> Wi@ $"3 $%.:; $3& AB#"&$3.$.%:C -& $3. 85#!3&5!3.D=:;3 43..":;>3>3  .!3">)

63.#=%7> $"3 8%.43 "/ E;.F3"'3.9"&& 3.'"!> 9":; 3"&3 G59">"43  .!3">) ,39 H3">3.3&

I".$ $"3 3J3C>"43  .!3"> We $3K&"3.>) ,-!3" ;-&$3#> 39 9":; %/ $"3 "&&3.3  .!3">

Wi &-:;  !F%' $3. L3"!%&'9-.!3"> Wr %&$ 95/"> %/ $"3  .!3"> $"3 -/ 8%.!3#I3#+

#3&-%9'-&' F%. 63.7M'%&' 9>3;>)

Wi =

∮

p · dV We = Wi −Wr N()OP

,%.:; Q"&7M;.%&' $39 R">>3#$.%:C9 N9"3;3  !!) ()(P I".$ 3"&3 S%-#">->"43 T3>.-:;+

>%&' $39 R5>5.9 %&-!;=&'"' 45/ U%!45#%/3& VH /V'#":;) H"3 !3" $3.  .!3"> I".$

-%:; ;"3. FI"9:;3& "&&3.3/ %&$ 3J3C>"43/ R">>3#$.%:C %&>3.9:;"3$3&) ,3. "&&3.3

R">>3#$.%:C pi C-&& -#9 9G3F"K9:;3 "&&3.3  .!3"> !39:;."3!3& I3.$3& 0O2*

pi =
Wi

VH

pe =
We

VH

N()WP

H=;.3&$ $3. "&&3.3 R">>3#$.%:C pi 9":; -%9 $3/ "&$"F"3.>3& AB#"&$3.$.%:C 3.'"!>@

I".$ $3. 3J3C>"43 R">>3#$.%:C pe 95I"3 $"3 3J3C>"43  .!3"> We -%9 $3/ 8%.!3#I3#+

#3&$.3;/5/3&> Md 3..3:;&3>)



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

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

 !"# $%" &"%'()*+ P ,-** $"# .)'-//"*0-*+ 12%'30"* 4%(("5$#)3, )*$ 6#"0/78

/"*( 0"#+"5"%("( 2"#$"*9 6":*%"#( -5' ;#!"%( <#7 ."%( 2%#$ +"'30#%"!"*=

P = i · n ·W oder P = i · n · pm · VH >?9@A

!129

P = M · ω >?9BA

6-' C#7$),( -)' $"# ;#!"%( W "%*"' ;#!"%(''<%"5' )*$ $"# 47(7#$#"01-05 n /)''
)/ $%" D7*'(-*(" i 9 9 9 ;#!"%(''<%"5" <#7 ."%( >i = 0, 5 9 9 9 EF# G8H-,(847(7#"*I i = 1
9 9 9 EF# ?8H-,(847(7#"*A "#2"%("#( 2"#$"*9 J5"%30)*+ ?9B !"'30#"%!( $%" &"%'()*+ P
F!"# 6#"0/7/"*( M )*$ K%*,"5+"'302%*$%+,"%( ω9 ;)30 0%"# ,-** 2%"$"# 12%8
'30"* %*$%1%"#("# )*$ "L",(%M"# &"%'()*+ )*("#'30%"$"* 2"#$"* >J59 ?9@ )*$ ?9B 70*"

N*$%1"'I pm 9 9 94%(("5$#)3, -55+"/"%*A9

O7/%( ,-** *)* $"# "L",(%M" 4%(("5$#)3, /%(

pe =
Md · 2π

VH · i
>?9PA

!"'(%//( 2"#$"*9 Q/+","0#( ,-** $-' %*$%1%"#(" 47/"*( Mi F!"# $"* %**"#"*

4%(("5$#)3, pi !"'30#%"!"* 2"#$"*9 RF# G8H-,(847(7#"*=

Mi =
pi · VH

4π
>?9SA

."*/%&'#'*0(

T*('30"%$"*$ EF# $%" U)-5%(V( $"' 47(7#' %'( $"# K%#,)*+'+#-$ ηI $-' W"#0V5(*%' -)'
X)(1"* )*$ ;)E2-*$I $-0"# $%" +"27**"*" ;#!"%( W !"17+"* -)E $%" 1)+"EF0#("

Y#"**'(7L"*"#+%" QB9 6"# %**"#" K%#,)*+'+#-$ ηi

ηi =
Wi

QB

>?9ZA

!"#"30*"( '%30 V[)%M-5"*( 1)/ "L",(%M"* K%#,)*+'+#-$ ηe9 6"# .)'-//"*0-*+ %'(
$)#30 $"* /"30-*%'30"* K%#,)*+'+#-$ ηm +"+"!"*=

ηe = ηi · ηm mit ηm =
We

Wi

>?9\]A

6%" Y#"**'(7L"*"#+%" QB "#+%!( '%30 -)' $"# 1)+"EF0#("* 4-''" -* Y#"**'(7L mB

)*$ $"''"* ^"%12"#( HU=

QB = mB ·HU >?9\\A



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

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

 !" #!$%$!&&'&()*+,+$!& "), -"! "& -!& ./0"&-!$ !"&(!%$123,!  $!&&),+4!&!$("!

!&,)23!"-!&- 56$ -!& 7",,!0-$'28 '&- -1) 9$!3*+*!&,: ;<=

.'$  !$!23&'&( -"!)!$ >&!$("! ?"$- -!$ @!*")233!"A?!$, HG -!B&"!$,: >$ "), -"!C

D!&"(! >&!$("! mB ·HUE -"! *", 1m
3
F$")2301-'&( C %!A+(!& 1'5 -!& G'H!&A'),1&-

C "& -!& ./0"&-!$ !"&(!%$123, ?!$-!& 81&&:  !" (!*")231&)1'(!&-!& 7+,+$!& ?"$-

-!$ @!*")233!"A?!$, 1'5 1m3
@!*")23 VGE %!" 0'5,1&)1'(!&-!& 7+,+$!& 1'5 1m

3

I'5, VL %!A+(!&: ;<=

9!$ @!*")233!"A?!$, HG 56$ 0'5,1&)1'(!&-! J-"$!8,!"&)K$",A!&-!L 7+,+$!&M

HG =
mB ·HU

VL

JN:<NL

*",

VL =
mL

ρL
und mL = λ · LSt ·mB JN:<OL

mL : : : I'5,*1))!E ρL : : : I'5,-"23,! %!A+(!& 1'5 -!& G'H!&A'),1&-E mB : : :  $!&&C

),+4*1))!E λ : : : I'5,P!$3Q0,&")E LSt : : : R,S23"+*!,$")23!$ I'5,%!-1$5:

91$1') 5+0(,M

HG =
ρL ·HU

λ · LSt

JN:<TL

+,-*.,-(./0

9!$ I'5,1'5?1&- "), !"& 71H 56$ -"! -!* 7+,+$ A'(!563$,! F$")2301-'&( ;O=: F6$

7+,+$!& *", "&&!$!$ @!*")23%"0-'&( "), -"!) -"! F$")2301-'&( 1& I'5, mL %!A+(!&

1'5 -"! ,3!+$!,")23! I1-'&()*1))! D! G$%!",))K"!0 mth:

λa =
mL

mth

JN:<UL

9"! ,3!+$!,")23! F$")2301-'&( mth !&,)K$"23, -!$ F600'&( -!) (!+*!,$")23!& V'%P+C

0'*!&) %!" W*(!%'&()A'),1&-: F6$ 1'5(!01-!&! 7+,+$!& 81&& 1'23 -!$ ,3!$*+-/C

&1*")23! .'),1&- &123 -!* #!$-"23,!$ 10)  !A'()A'),1&- 3!$1&(!A+(!& ?!$-!&:

X%!$ -"! @0!"23'&(!& N:<<E N:<NE N:<O '&- N:<U 0Q)), )"23 &'& -"! A'(!563$,!  $!&&C

),+4!&!$("! QB -!B&"!$!& 10)M

QB = λa · VH ·HG JN:<YL

7", -!& @0!"23'&(!& N:T '&- N:Z !$("%, )"23 -!$ "&-"A"!$,! 7",,!0-$'28 pi A'M

pi = λa ·HG · ηi JN:<[L

F6$ -1) !4!8,"P! 7+,+$*+*!&, !$("%, )"23 &123 >"&)!,A!& -!$ @0!"23'&(!& N:\ '&-

N:<]M

Md = λa ·HG · ηi · ηm ·

VH

4π
JN:<\L



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

 !" #!#!$!%!& '()(* "+) ,-+ .*!/&(&!%) -0+( -$/1%#"# 2(% 34005%#6 7!&"+8/ 5%,

9"*:5%#+#*-,;

.!* "%%!*! 9"*:5%#+#*-, ηi <-++) -5+#!/!%, 2(& 9"*:5%#+#*-, ,!+ 2(00:(&&!%!%

'()(*+ ηV !"%! ="!0>-/0 -% ?"%>!02!*05+)!% >5+-&&!%; @5 ,!% 9"8/)"#+)!% >1/0!%
,"! A&+!)>5%#+2!*05+)! ∆ηuV6 ,"! =!*$*!%%5%#+2!*05+)! ∆ηrV6 ,"! 9-%,B1*&!2!*C
05+)! ∆ηWw +(B"! ,"! D-,5%#+B!8/+!02!*05+)! ∆ηLW; E00#!&!"%! @5+-&&!%/1%#!
B!*,!% "%  !>5# -5< ,"! @4%,B"%:!02!*+)!005%# "% F-G")!0 H;I;I C  !!"%J5++5%# ,!+

.*!/&(&!%)+ C #*($ -%#!+8/%"))!%6 <4* !"%! -5+<4/*0"8/!  !+8/*!"$5%# +!" -5< ,"!

D")!*-)5* 2!*B"!+!% KL"+8/"%#!* !) -0; MNOP;

 !"! #$%&$' ('$)*+*$,-.$'&%/0

."! "& 2(*-%#!#-%#!%!% F-G")!0 !*-*$!")!)!% Q!*0!")5%#!% $!+8/*!"$!% !"% &"))0!*!+

.*!/&(&!%); 9"! -$!* !"%#-%#+ !*B1/%) *!+50)"!*) ,"! E*$!") !"%!+ Q5$:(0$!%&(C

)(*+ -5+ !"%!& +)-*: 2-*""!*!%,!% @R0"%,!*,*58:; E5+ ,"!+!& .*58:2!*0-5< 01++) +"8/

,!* 7-+:*-<)2!*0-5<6 -0+( ,"! 2(& 7-+,*58: /!**4/*!%,! F*-<) -& F(0$!% !**!8/%!%;

."! E5<#-$! ,!+ F5*$!0)*"!$+ "+) !+6 ,"! -5+ ,!* 7-+:*-<) *!+50)"!*!%,! (+>"00"!*!%,!

F(0$!%$!B!#5%# "% !"%! S()-)"(%+$!B!#5%# >5 B-%,!0%; .->5 &4++!% %!$!% ,!5)C

0"8/!% =!*05+)!% !"%"#! ?"%+8/*1%:5%#!% "% F-5< #!%(&&!% B!*,!%; A%)!* -%,!*!&

!%)+)!/!% ,5*8/ ,"! 5%)!*+8/"!,0"8/!%  !B!#5%#+<(*&!% ,!* !"%>!0%!%  -5)!"0! *(C

)"!*!%,! 5%, (+>"00"!*!%,! '-++!%:*1<)! ,"! ,!* 7-+:*-<) 4$!*0-#!*) +"%,;

E5+ ,!% #!(&!)*"+8/!% =!*/10)%"++!% ,!+ F5*$!0)*"!$+ !*#"$) +"8/ ,"! F(0$!%$!B!C

#5%#6 ,"! %-8/ S!"/!%$"0,5%# 5%, >B!"<-8/!* E$0!")5%# >5* F(0$!%$!+8/0!5%"#5%#

aK <(*&50"!*) B"*,; T"! *!G*1+!%)"!*) ,"! -5+ ,!% (+>"00"!*!%,!% '-++!% *!+50)"!*!%,!%
F*1<)!;

aK = rKW · ω2
· (cosϕ+ λS · cos 2ϕ) KH;NUP

rKW ; ; ; F5*$!0*-,"5+6 ω ; ; ;9"%:!0#!+8/B"%,"#:!")6 ϕ ; ; ; F5*$!0B"%:!06 λS ; ; ; T8/5$C

+)-%#!%2!*/10)%"+ &") λS = rKW

lP
6 lP ; ; ; L0!5!001%#!; ."! S!"/!%$"0,5%# B5*,! %-8/

,!& >B!")!% 70"!, -$#!$*(8/!%;

.-*-5+ B"*, !*+"8/)0"8/6 ,-++ -$/1%#"# 2(& T8/5$+)-%#!%2!*/10)%"+ λS6 ,"! /-*&(C

%"+8/!  !B!#5%# ,5*8/ T)V*#0"!,!* /V/!*!* W*,%5%# $!!"%J5++) B"*, MIO;

 !"!#$%"&'!'($"

."! -5+ 7-+:*-<) Fg 5%, '-++!%:*1<)!% Fh *!+50)"!*!%,! F(0$!%:*-<) FK B"*, 4$!*

,"! T8/5$+)-%#! -% ,"! *()"!*!%,! F5*$!0B!00! B!")!*#!0!")!)6 B( +"! -$/1%#"# 2(&

F5*$!0B"%:!0 "% !"%!% *-,"-0!% E%)!"0 Fr 5%, !"%!% )-%#!%)"-0!% E%)!"0 Ft -5<#!C

)!"0) B"*,; ."! X-%#!%)"-0:*-<) Ft +(*#) <4* ,-+6 "% S"8/)5%# 5%, E&G0")5,!6 +)-*:
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(%,(4"( 8',, #%" <'+-"4/"#"+28 pim -%:%((%, 4#%" '+( #%: '8)+%11%, M%2/%,.%")

#%( $, #%, >C1$,#%" '0A$%N%,#%, 3'((%,()"4:%( ṁcyl !0%" #$% '11-%:%$,% O'(-1%$E
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1

2
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1

2
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2
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2 =
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-&5

J∗ = J1 + J∗

2 = J1 +
J2
i2
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ϕ∗
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4 = ϕ4 · i 9:;:=
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1

2
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2 =
1

2
· c∗2 · (ϕ

∗

4 − ϕ∗

3)
2

9:;N=
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c∗2 =
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9:;Q=
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∗

2

c1 + c∗2
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i2 · c1 + c2
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  ()+'## 40 @)'"9$++5'* -$" ./;+)'*8$&1!+9$'" ,/$& -)$  46:%5'*":!&!6$9$&=
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