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Oppgavetekst
1. Varmeveksling i offshore prosessanlegg

a) Det skal gjennomføres et litteraturstudium innen varmeovergang og trykkfall ved rørstrømning
med vann/oljeblandinger. Spesielt skal metoder for bestemmelse av de fysikalske egenskapene
for dråpe/væskeemulsjoner fokuseres, samt at ulike modeller for beregning av varmeovergang og
trykkfall skal presenteres og sammenlignes. Tilgjengelige eksperimentelle data skal også
presenteres.

b) Det skal gjennomføres et litteraturstudium innen varmeovergang ved koking for laminær
strømning. Tilgjengelige data og korrelasjoner/modeller skal presenteres og diskuteres. Videre
skal innflytelsen av zeotrope blandinger på kokeprosessen diskuteres, og anbefalte modeller fra
litteraturen presenteres.

I den grad det er mulig skal anbefalinger for praktiske beregningsmetoder for varmevekslere
foretas.

2. Varmeovergang og trykktap i rørsatser

a) En komplett forsøksrigg for måling av varmeovergang og trykktap i rørsatser med/uten finnede
rør skal dimensjoneres og prossjekteres. Riggen skal baseres på luft som strømningsmedium på
utsiden av rørene. Kravspesifikasjoner utarbeides i samarbeid med instituttet. All nødvendig
instrumentering skal spesifiseres, inklusive krav til målenøyaktighet. Alle nødvendige beregninger
og tegninger skal vedlegges. Det skal utarbeides et kostnadsestimat for forsøksriggen.

b) Det skal utarbeides en datareduksjonsprosedyre for konvertering av måledata til
varmeovergangstall og trykktapskoeffisienter. I tillegg skal det utarbeides en usikkerhetsanalyse
som angir forventet målenøyaktighet i alle relevante parametre.

3. Det skal utarbeides forslag til videre arbeid.

Oppgaven gitt: 18. januar 2010
Hovedveileder: Erling Næss, EPT
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˜ T ! @!'! D-'*7)!
<! 'T! <+*(/!
E-! ! N-C*)(//!
`! ! N-++*C&=-7&.(C)-+!
`-! ! N-7;*C)%;)!)(//!
52! C_8C>!N! J(+'*C(2(&%)*)!
G! '! G%('*)*+!
G$! '! Z40+(3/%&C!0%('*)*+!
B! ! B7$(75*'*7)?.(C)-+!
BT! ! N-++*C&=-7&.(C)-+!.-+!B!
.! ! P+%C&=-7&.(C)-+!
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n0.75 ! ln R " e g ( f )1#(n / 2)[ ]# 0.40

n1.2
!

lLVm!



!Lb!

F*47-/0&?)(//*)! *+! &-'! +*>*/! *7! 3(;$*7>%>! ;(+%(6*/:! 7-*! &-'! '*0.e+*+! ()!
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!
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c1 = d1 !exp("dz !# ! $T) ! ! ! !

 

ˆ ! " #T = a2 " (Tw $ T0) !

 

m = f1 !exp(" f2 ! ˆ # ! $T) ! ! ! !

 

f1 = 2.8308 ! 4.103n +1.9327n2 !

 

d1 = 0.4230 + 0.6428n ! ! ! !
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d2 = 0.69 ! 0.1n ! ! ! ! !
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A37C)*)! $;-+! 0*))*! &C=*+! C(//*&! %7;*+&=-7&237C)*):! ->! *+! 6*&C+*;*)! %! 7*&)*!
C(2%))*/1!

JG;GV% 1*>)#.W"*.@6*?/)/%
J*0!$e4*!&)+e'7%7>&$(&)%>$*)*+!;%/!*)!&2+*0)!&)+e'7%7>&'e7&)*+!0(77*&1!Z*+!;%/!
*7)*7! -/=*7! *//*+! ;(77*)! 3)>=e+*! 0*7! C-7)%73*+/%>*! .(&*7! (;$*7>%>! (;!
2+-&*&&6*)%7>*/&*7*1!J*0!*7!;%&&!;-/3'.+(C&=-7!(;!0*7!&2+*0)*!.(&*7!;%/!237C)*)!
$;-+! %7;*+&=-7*7! &C=*+:! 7d&1! G*77*! *70+%7>*7! '*0.e+*+! ()! 6*)%7>*/&*7*! )%/!
&)+e''*7! *70+*&1! J*0! &)+e'7%7>*+! %! +e+! $(+! 0*)! 6/%))! -6&*+;*+)! *))! )-2237C)! %!
)+4CC>+(0%*7)! (CC3+()! ;*0! %7;*+&=-7&237C)*)1! Z;-+! 0*))*! 237C)*)! .-+*C-''*+!
(;$*7>*+!(;!'(7>*!2(+('*)+*1!<;!0*!.4&%C(/&C*!*>*7&C(2*7*!*+!;%&C-&%)*)*7!)%/!
0*! )-! ;k&C*7*!0*7!*>*7&C(2*7! &-'!;%&*+! &*>! d!$(! &)e+&)! *..*C)1! P/*+*! .-+&C*+*!
$(+! C-''*)! '*0! .-+&/(>! )%/! '-0*//*+! .-+! d! .-+3)&*! $;-+! %7;*+&=-7&237C)*)!
%77)+*..*+1! E(&*+)! 2d! '(7>*! *C&2*+%'*7)*//*! .-+&eC! 2d! -/=*8;(77?&)+e'7%7>*+!



!TV!

'*0! '(7>*! 3/%C*! -/=*;%&C-&%)*)*+:! C-'! <+%+(5$(C(+(7! .+*'! )%/! *7! *'2%+%&C!
'-0*//!&-'!6*C+*.)*+!;%C)%>$*)*7!(;!;%&C-&%)*)!2d!%7;*+&=-7&237C)*)1!!
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!W
" !*+!0*7!C+%)%&C*!;-/3'.+(C&=-7*7!(;!;(77!&-'!.-+d+&(C*+!%7;*+&=-7:!3HM!

->! 3'! *+! -;*+./()*$(&)%>$*)*7*! )%/! $*7$-/0&;%&! ;(77*)! ->! 6/(70%7>*7:! µ-! *+!
;%&C-&%)*)*7! )%/! -/=*7! ->! µ+! *+! /%C! L! 'A(!&! l"-(77-3! *)! (/1:! T[[X:! E+(37*+! (70!
R//'(77:!T[[Tm1!

"-(77-3:! @40(/! ->! <7>*/%! l"-(77-3! *)! (/1:! T[[Xm! $(+! >=*77-'.e+)! .-+&C7%7>! 2d!
)*'(*)1! G*)! 6/*! >=*77-'.e+)! *C&2*+%'*7)*+! '*0! -/=*8;(77?&)+e'7%7>*+! %! +e+!
$;-+! $(&)%>$*)*7! 2d! ./3%0*)! 6/*! ;(+%*+)!'*//-'!K1\! s! \!'8&1! BC&2*+%'*7)*)! 6/*!
>=*77-'.e+)!2d!0*7!'d)*7!()!*7!6/(70%7>!(;!-/=*!->!;(77:!$;-+!0*7!*7*!;(+!0*7!
C-7)%73*+/%>*!.(&*7:!6/*!-6&*+;*+)!'*7&!0*)!6/*!)%/&())!'*+!(;!0*7!&2+*0)*!.(&*71!
J*0!.-+&eC!$;-+!-/=*7!;(+!0*7!C-7)%73*+/%>*!.(&*7!6/*!0*)!%!0*))*!*C&2*+%'*7)*)!
.377*)! ()! ;*0! 5(1! \^u! %77)+(..! %7;*+&=-7*71! G*))*! +*&3/)*+)*! %! *)! )-2237C)! %!
)+4CC>+(0%*7):!&-'!;%&)!%!.%>3+!L\1!

!

1IJKL$%8&$"XNRQLI`QWOQUO$LQNKUOMO$IW^QLNeSWNRKWXOQO$Z-SMWWSK$QO$MU4\$9FF>]$

J*0!$;%/C*7!.+(C&=-7!(;!0*7!C-7)%73*+/%>*!.(&*7!%7;*+&=-7*7!&C=*+:!*+!%!$-;*0&(C!
(;$*7>%>! (;! ;%&C-&%)*)*7! )%/! -/=*71! G*))*! *+! ;%&)! %! /%>7%7>! XT1! J*0! d! ;(+%*+*!
$(&)%>$*)*7!2d!./3%0*)!6/*!0*)!-6&*+;*+)!()!%7;*+&=-7*7!&C=*+!;*0!&(''*!.+(C&=-7!
(;! 0*7! C-7)%73*+/%>*! .(&*7:! '*7! )+4CC>+(0%*7)*7! eC*+! ;*0! eC*70*! $(&)%>$*)1!
G*))*!*+!;%&)!%!.%>3+!L^1!

!



!K[!

!

JGB% ='#()">)#+'*+%
G*)! *+! *))*+! &eC! %CC*! .377*)! +*/*;(7)! /%))*+()3+! 2d! ;(+'*-;*+>(7>! %! ;(778-/=*?
*'3/&=-7*+1! G*)! *+! 0*+.-+! >+377! )%/! d! )+-! ()! 0*)! *70(! %CC*! *+! >=*77-'.e+)!'4*!
.-+&C7%7>! %77*7.-+!)*'(*)1!<//%C*;*/!*+!0*)! /%))*+()3+!)%/>=*7>*/%>!7d+!0*)!>=*/0*+!
;(+'*-;*+>(7>! .-+! %CC*?@*,)-7&C*! ./3%0*+1! J*0! ;(+'*;*C&/%7>! (;! -/=*8;(77?
6/(70%7>*+! ;%/! %CC*?@*,)-7&C*! 6/(70%7>*+8*'3/&=-7*+! C377*! -22&)d:! 7-*! &-'!
(7)40*+! ()! ;(+'*-;*+>(7>&'-0*//*+! .-+! %CC*?@*,)-7&C*! ./3%0*+! ->&d! C(7!
6*74))*&! ;*0! 6*+*>7%7>! 2d! ;(778-/=*?*'3/&=-7*+! -'! 0*! $(+! %77*$(+! %CC*?
@*,)-7&C!-22.e+&*/1!

JGD% 85.?6.W"*%
B'3/&=-7*+!-22&)d+!;*0!()!0*7!*7*!.(&*7!%!+e+*)!6/%+!0*7!C-7)%73*+/%>*:!'*7&!0*7!
(70+*! .-+0*/*+! &*>! &-'! 0+d2*+1! P-+! d! C377*! 6*+*>7*! )+4CC)(2! %! -/=*8;(77?
*'3/&=-7*+! &-'! &)+e''*+! %! +e+! ;%/! 0*)! ;k+*! 7()3+/%>! d! )+-! ()!
)+4CC)(2&6*+*>7%7>*+! .-+! &2+*0)! &)+e'7%7>! *+! *7! >-0! )%/7k+'%7>1! G*! ;(7/%>&)*!
6*+*>7%7>&'-0*//*7*! C(7! 6*74))*&:! '*7! 2+-6/*'*)! /%>>*+! %! 6*&)*''*/&*7! (;!
;%&C-&%)*)*7!2d!6/(70%7>*71!P/*+*!6*+*>7%7>&'-0*//*+!.-+!6*+*>7%7>!(;!;%&C-&%)*)!
*+! 2+*&*7)*+):! '*7! 0*)! *+! 3C/(+)! %! /%))*+()3+*7! $;%/C*7! &-'! *+! d! .-+*)+*CC*1! B)!
(77*)! (&2*C)! ;*0! )+4CC)(2! *+! %7;*+&=-7&237C)*)! &-'! -22&)d+! ;*0! *7! ;%&&!
'(&&*.+(C&=-7! ;(771! "7;*+&=-7&237C)*)! *+! &-'!;%&)! %! .%>3+! L^! %CC*! (;$*7>%>! (;!
$(&)%>$*):!'*7!*7!.37C&=-7!(;!;%&C-&%)*)*7!)%/!-/=*.(&*71!

B'3/&=-7*+!C(7!$(!*7!%CC*?@*,)-7&C!-22.e+&*/:!7-*!&-'!)40*+!2d!()!'-0*//*+!.-+!
;(+'*-;*+>(7>! %! %CC*?@*,)-7&C*! '*0%3'*+! C(7! 6*74))*&! .-+! 6*+*>7%7>! 2d!
*'3/&=-7*+1!G*)!*+!&-'!6*&C+*;*)!%!C(2%))*/!X1T!%CC*!.377*)!7-*!%7.-+'(&=-7!-'!
)*'(*)!%!/%))*+()3+*71!

1IJKL$%;&$5LcXXJLMYIQWO$`SO$PMNOIJPQO$Z-SMWWSK$QO$MU4\$9FF>]$



!KL!

R% ='#()">)#+'*+%>)$%?"?5*+%
G*)!*+!%!$-;*0&(C!)-!'*C(7%&'*+!&-'!&)4+*+!;(+'*-;*+>(7>*7!;*0!C-C%7>1!G*))*!
*+! 6%0+(>*)! .+(! 6-6/*C-C%7>! ->! .+(! );37>*7! C-7;*C&=-71! E-6/*C-C%7>! *+!
C(+(C)*+%&*+)! (;! 6-6/*0(77*/&*! ;*0! 0*7! ;(+'*! ;*>>*7:! '*7&! );37>*7!
C-7;*C&=-7! *+! C(+(C)*+%&*+)! &-'! C-7;*C&=-7! ->! C-703C&=-7! >=*77-'!
;k&C*.%/'*7! ;*0! ;*>>*7! ->! .-+0('27%7>! ;*0! ;k&C*80('2?>+*7&*&7%))*)1! M)-+)!
&*))! *+! 6-6/*C-C%7>&6%0+(>*)! 0*)! 0-'%7*+*70*:!'*7! ;*0! 0('2C;(/%)*)*+! -22)%/!
T[?K[u! *+! ;(+'*-;*+>(7>*7! ;*0! C-C%7>! C-7)+-//*+)! (;! 0*7! );37>7*!
C-7;*C&=-7*71!!

G*)!*C&%&)*+*+!./*+*!6*+*>7%7>&'-0*//*+!.-+!;(+'*-;*+>(7>!;*0!C-C%7>1!G*!./*&)*!
*+! 3);%C/*)! '*0! )(7C*! 2d! C-C%7>! %! ;*+)%C(/*! +e+:! '*7! C(7! ->&d! 6*74))*&! ;*0!
6*+*>7%7>*+! 2d! $-+%&-7)(/*! +e+! -'! 0*)! >=e+*&! &'d! '-0%.%C(&=-7*+1! G*! '*&)!
C=*7)*! *+! +*/(&=-7*7*! >=-+)! C=*7)! (;! N(70/%C(+:! `$*7:! M$($! ->! Y37>-+! v!
H%7)*+)-71!A+-6/*'*)!'*0!0%&&*!'-0*//*7*!*+!()!0*!*+!3)(+6*%0*)!3)!.+(!0()(!>%))!
;*0! +*/()%;)! $e4*! F*47-/0&?)(//1! "! 0%&&*! C-++*/(&=-7*7*! *+! *7!
;(+'*-;*+>(7>&C-++*/(&=-7!.-+!*7.(&*:!)3+63/*7)!&)+e'7%7>!6*74))*)!.-+!d!C377*!
.-+3)&*! ;(+'*-;*+>(7>&C-*..%&%*7)*7! .-+! *7.(&*! ;k&C*&)+e'1! A+-6/*'*)! *+! ()!
/('%7k+*! &)+e'7%7>*+! 6*.%77*+! &*>! 3)*7.-+! 2(+('*)*+;*+0%*7*! .-+! 0%&&*!
C-++*/(&=-7*7*1!<//*!C-++*/(&=-7*7*!'d!%!2+%7&%22*)!'-0%.%&*+*&!.-+!6*+*>7%7>*+!
2d! /('%7k+*! &)+e'7%7>*+1! R70*+! *+! 7-*7! (;! 0*! '*&)! C=*7)*! C-++*/(&=-7*7*!
6*&C+*;*)!lI$(7>!*)!(/1:!T[[\m1!

RG;% E'*$35?'#.%?"##)3'.W"*%
G*77*! ;(+'*-;*+>(7>&C-++*/(&=-7*7! 3)74))*+! *7.(&*!
;(+'*-;*+>(7>&C-*..%&%*7)! .-+! ;k&C*! .-+! d! .-+3)&*! 6-6/*C-C%7>&6%0+(>*)! ->!
6%0+(>*)!.+(!C-7;*C&=-71!E*+*>7%7>&'-0*//*7!*+!>%))!(;!.e/>*70*!/%>7%7>*+c!

!

 

htp =
hTP ,NBD
hTP ,CBD
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" 
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!

!

G*7!&)e+&)*!(;!0*!)-!;*+0%*7*!;*/>*&1!$#A:@EG!*+!;(+'*-;*+>(7>&C-*..%&%*7)*7!.-+!
6-6/*C-C%7>! $;-+! 0*77*! *+! 0*7! 0-'%7*+*70*! '*C(7%&'*7:! '*7&! $#A:`EG! *+!
;(+'*-;*+>(7>&C-*..%&%*7)*7! .-+! C-7;*C&=-7! %! +*>%-7*7! $;-+! 0*7! *+!
0-'%7*+*70*1!G%&&*!)-!2(+('*)+*7*!*+!>%))!(;!

!

 

hTP ,NBD = 0.6683 !Co"0.2(1" x)0.8 f (FrL )hL +1058.0 !Bo0.7(1" x)0.8FFl ! hL ! lXKm!
!

 

hTP ,CBD = 1.136 !Co"0.9(1" x)0.8 f (FrL )hL + 667.2 !Bo0.7(1" x)0.8FFl ! hL ! lXXm!
!

$;-+!`-!->!E-!*+!$*7$-/0&;%&!C-7;*C&=-7&?!->!C-C*)(//*)1!G%&&*!*+!>%))!(;!
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Bo =
! ! q 

˙ ! ! m " hLG !

!
lX^m!

!

$;-+! 9! *+! 0('2C;(/%)*)*7:! jhh! *+! ;(+'*./3C&:! 'hh! *+! '(&&*./3C&! ->! $QY! *+!
.-+0('27%7>&;(+'*71! J(+'*-;*+>(7>&C-*..%&%*7)*7:! $Q:! .-+! *7.(&*!
;k&C*&)+e'7%7>!*+!>%))!(;!

!

 

hL =
ReL !PrL ! ( f /2)(kL /D)
1+12.7(PrL

2 / 3"1)( f /2)0.5 !
lXSm!

!

.-+!L[X!0!F*!0!L[^:!->!

!

 

hL =
(ReL!1000)PrL ( f /2)(kL /D)
1+12.7(PrL

2 / 3!1)( f /2)0.5 !
lXbm!

!

.-+!K[[[!0!F*!0!\!L[X:!$;-+!.+%C&=-7&.(C)-+*7!.!*+!>%))!(;!

!

 

f = 1.58ln(ReL ) ! 3.28[ ]!2 ! lXVm!
!

F*Q!*+!F*47-/0&)(//*)!6(&*+)!2d!()!.+(C&=-7*7!(;!;k&C*!&)+e''*+!(/*7*!%!+e+*):!->!
PP/! %! /%>7%7>! XK! ->! XX! *+! *7! C-7&)(7)! 2(+('*)*+! .-+! ;k&C*-;*+./()*7! )%/! 0*)!
(C)3*//*! ./3%0*)1! P-+! ;(77! *+! PP/! /%C! L1! "! -'+d0*+!$;-+! &)+e'7%7>*7! *+! /('%7k+:!
F*qTK[[:! *+! 6+3C*7! (;! C-++*/(&=-7*7! .-+! )3+63/*7)! &-7*! d2*7! .-+! 0%&C3&=-7!
lN(70/%C(+!(70!M)*%7C*m1!

RGB% Z2)*.%?"##)3'.W"*%
`$*7! (7)-C! ()! 6%0+(>*)! .+(! 6d0*! 6-6/*C-C%7>! ->! C-7;*C&=-7! 2d;%+C*+!
;(+'*-;*+>(7>&)(//*)!>=*77-'!$*/*!-'+d0*):!->!()!6%0+(>*7*!*+!(00%)%;*1!G*)!;%/!
&%!()!0*)!)-)(/*!;(+'*-;*+>(7>&)(//*)!*+!>%))!(;!

!

 

htofase = henfasekonveksjon + hboblekoking !

!

M*/;*!C-++*/(&=-7*7!*+!>%))!%!/%>7%7>!\[1!

 

h = E ! hc + S ! hnb ! l\[m!



!KK!

!

G*)! .e+&)*! /*00*)! 2d! $e4+*&%0*7! (;! /%>7%7>*7! +*2+*&*7)*+*+! 0*)! C-7;*C)%;*!
6%0+(>*):! $;-+! $5! *+! *7.(&*! ;(+'*-;*+>(7>&)(//! .-+! ;k&C*&)+e''*71! G*77*!
2(+('*)*+*7!*+!0*.%7*+)!&-'!

!

 

hc = 0.023 !ReL
0.8!PrL

0.4 !
kL
D !

l\Lm!

!

A(+('*)*+*7! B! lyLm! *+! C(/)! B7$(75*'*7)?.(C)-+*71! G*77*! )(+! $e40*! .-+! 0*!
$e4*+*! $(&)%>$*)*7*! &-'! .%77*+! &)*0! ;*0! )-.(&*&)+e'7%7>! *77! ;*0! +*7!
;k&C*&)+e'1!G*77*!.(C)-+*7!*+!*7!.37C&=-7!(;!Q-5C$(+)?D(+)%7*//%?2(+('*)*+*7!

!
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E = 2.35 1
Xtt

+ 0.213
! 
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0.736

!
l\Km!

!

G*)! (70+*! /*00*)! 2d! $e4+*&%0*7! (;! /%>7%7>*7! +*2+*&*7)*+*+! 6%0+(>*)! .+(!
6-6/*C-C%7>1!J(+'*-;*+>(7>&)(//*):!$76:!*+!>%))!(;!P-+&)*+?I36*+&!C-++*/(&=-7c!

!

 

hnb =
kL
0.79 !cp,L

0.45 ! "L
0.49

# 0.5 !µL
0.29 ! h fg

0.24 ! "G
0.24
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) ! *Tsat

0.24 ! *psat
0.75

!

l\Xm!

!

$;-+!-#&()! *+!0%..*+(7&*7!'*//-'!;*>>?!->!'*)7%7>&)*'2*+()3+*7! )%/! ./3%0*):! ->!
-2&()! *+! 0%..*+(7&*7! '*//-'! '*)7%7>&)+4CC*)! ;*0! ;*>>)*'2*+()3+! ->!
'*)7%7>&)+4CC*)!;*0!'*)7%7>&)*'2*+()3+1!

M! lqLm! *+! M32+*&&%-7?.(C)-+*7! &-'! %;(+*)(+! 0*)! .(C)3'! ()! 0*)! *+! )477*+*!
>+*7&*&=%C)!;*0!C-7;*C)%;!&)+e'!*77!;*0!C(+C-C%7>1!G*77*!.(C)-+*7!*+!>%))!(;!!

!

 

S = 1+ 2.53 !10"6 !Re tp
1.17[ ]"1! l\\m!

$;-+!F*)2!*+!F*47-/0&)(//*)!.-+!)-.(&*&)+e'7%7>1!G*77*!2(+('*)*+*7!*+!0*.%7*+)!
&-'!



!KX!

!

 

Re tp = ReL ! E
1.25
! l\^m!

!

R)!.+(!0*!>%))*!/%>7%7>*7*!%!C-++*/(&=-7*7:!;%/!0*)!C-7;*C)%;*!6%0+(>*)!)%/!0*)!)-)(/*!
;(+'*-;*+>(7>&)(//*)!eC*!'*0!eC*70*!0('2C;(/%)*)1!G*))*!'*0.e+*+!()!6%0+(>*)!
.+(! 6-6/*C-C%7>! (;)(+1! `$*7&!'*)-0*! ;%/! ;k+*! *7! %)*+()%;! 2+-&*&&:! %! ->!'*0! ()!
;*>>)*'2*+()3+*7! &-'! +*>*/! *+! 3C=*7)! l@k&&:! T[[V:! @k&&:! LVbV:! E*=(7! (70!
N+(3&:!T[[Km1!

RGD% &2'2.%?"##)3'.W"*%
"! /%C$*)! '*0! `$*7&! '*)-0*! %7C/30*+)*! M$($! )-! '*C(7%&'*+:! 6-6/*C-C%7>! ->!
C-7;*C)%;!C-C%7>1!P-+&C=*//*7!/%>>*+!%!()!;*0!d!6*74))*!M$($&!C-++*/(&=-7!6*74))*&!
0*7!&)e+&)*!(;!0*! )-!'*C(7%&'*7*1!P-+!d!6*74))*!0*77*!'*)-0*7!'d! .e+&)!0*7!
0%'*7&=-7&/e&*!2(+('*)*+*7!@!6*+*>7*&1!G*7!*+!.-+!(//*!;*+0%*+!(;!P+-30*?)(//*)!
>%))!(;!

!

 

N = C0 ! l\Sm!
!

$;-+!`-!*+!>%))!(;! /%>7%7>!X\1!U'!@!y!L:!6/%+!;*+0%*7*! .-+!$76!->!$5!6*+*>7*)! .+(
!$*7$-/0&;%&!/%>7%7>!\b:!\V!->!^[:!$;-+!0*7!$e4*&)*!;*+0%*7!6/%+!6*74))*)!&-'!0*)!
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&)+e'7%7>&d27%7>!%!2/()*71!N!*+!>%))!(;!`-//(+&!/%>7%7>!

!

 

K = C !
1" #
# 2

!
lbVm!

!

$;-+!`!*+!/%C!L!lD*$)(:!LVSSm1!#+4CC)(2*)!-;*+!2/()*7*!*+!>%))!(;!

!

 

p = K !
1
2
! u2
!

lV[m!

!

R)! .+(! 0*77*! /%>7%7>*7! C(7! 0*)! &**&! ()! )+4CC)(2*)! *+! &)*+C)! (;$*7>%>! (;!
$(&)%>$*)*71!Z(&)%>$*)*7!;%/!;k+*!&)e+&)!;*0!%77/e2*)!(;!0%..3&-+*7:!->!'%7&)!;*0!
3)/e2*)1! P-+! d! +*03&*+*! )+4CC)(2*)! >=*77-'! 0%..3&-+*7! *+! 0*)! 0*+.-+! ;(/>)! d!
2/(&&*+*!*7!2/()*!'*0!/(;!N?;*+0%!;*0!%77/e2*)!->!eC*!N?;*+0%*7!.-+!0*!)-!7*&)*!
2/()*7*1!J*+0%*7*!.-+!2/()*7*!*+!>%))!%!)(6*//*7!S1!

3UMOQ$ +<^QLYI$ % $ 2bcYQ$k`l$ ALQYYQ$k`l$
L! [1\! [1^S! [1KLT\! [1KLT\!
T! L! [1^T! [1S^! [1X!
K! X1\! [1KS! L1T! [1\!

5M[QUU$=&$5LcXXOMRNXSQTTINIQWOQL$TSL$YITTKNSLRUMOQL$

G*)!*+!;(/>)!d!6*74))*!2/()*+!&-'!&)d+!7-+'(/)!2d!&)+e'7%7>&+*)7%7>*7:!&/%C!&-'!
;%&)!%!.%>3+!TS1!

!

!

!

!

!

!

!

%
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!\S!

TG;G;% Q).2%
%! %! )(6*//!S!&%*+!7-*!-'!$;-+!'4*!(;!2/()*7!&-'!*+!d2*7)!(+*(/! %! .-+$-/0!)%/!0*)!
)-)(/*!&)+e'7%7>&(+*(/*)!%!0%..3&-+*71!G*)!.-+)*//*+!(//%C*;*/!%CC*!7-*!-'!$;-+0(7!
2/()*7!&*+!3)1!#%0/%>*+*!%!0*))*!C(2%))*/*)!*+!0*)!&(>)!()!0*)!&C(/!6*74))*&!&dC(/)*!
|>(3f*! &5+**7&z1!D*&$! *+! *)!'d/! &-'! &%*+! 7-*! -'! (7)(//! d27%7>*+! %! 2/()*7! 2*+!
)-''*! lT\1X! ''m1! "! /%))*+()3+*7! *+! 0*)! %CC*! .377*)! 7-*! -'! $;-+0(7! '*&$!
6*+*>7*&:!'*7!0*)!*+!.377*)!'*)-0*!.-+!3)+*>7%7>!(;!.-+$-/0*)!'*//-'!'*&$!->!
0%('*)*+!2d!&)d/)+d0!&-'!6*74))*&!)%/!d!;*;*!2/()*7!&(''*71!G*))*! .-+$-/0*)!*+!
>%))!(;!&*7)*+(;&)(70*7!'*//-'!&)d/)+d0*7*!0*/)!2d!0%('*)*+!(;!&)d/)+d01!!

!

!

!

!

!

!

!

!

!

!

P-+$-/0*)!'*//-'!'*&$!->!0%('*)*+!2d!&)d/)+d0!*+!>%))!(;!%rlDG?LmT8DGT1!R)!.+(!
0*!;*+0%*7*!&-'!*+!>%))!%!)(6*//!S:!*+!DG!>%))!%!)(6*//!b1!

% $ *!$
[1^S! \1\[!
[1^T! X1S^!
[1KS! T1\\!

5M[QUU$E&$1SLPSUY$`QUUS`$`QNP$SJ$NOaUOLaYYIM`QOQLZAMWXQLVILQ]$

@d+! 0*)! ;(/>)! )4CC*/&*! 2d! &)d/)+d0:! C(7! '*&$?;*+0%*7! .-+! 2/()*7*! 6*+*>7*&!
lE(7C*+,%+*m1!

TG;GB% K3'..)#5*+%'>%@3'/)#%
G*)!*+!%!3)>(7>&237C)*)!e7&C*/%>!d!2/(&&*+*!2/()*+!$;-+!;%7C*/*7!2d!&)+e'7%7>*7!
*70+*+! &*>! 2/3)&*/%>1! U'! 0*)! %CC*! *+! 7-*! d2*7/4&! 2/(&&! $;-+! 0*)! 6e+! 2/(&&*+*&!
2/()*+:! *+! +*>*/*7! ()! 2/()*7*! &C(/! 2/(&&*+*&! '*0! /%C)! '*//-'+-'! lD*$)(! (70!
E+(0&$(,:!LVSVm1!!

"!0*))*!)%/.*//*)!*+!0*)!;(/>)!d!2/(&&*+*!*7!2/()*!;*0!%77/e2*)!->!*7!;*0!3)/e2*)!2d!
>+377! (;! 0*7! 2/3)&*/%>*! *70+%7>*7! %! ;%7C*/1! G*)! &C(/! ->&d! 2/(&&*+*&! *7! 2/()*! %!
'%0)*7!(;!0%..3&-+*71!A/(&&*+%7>*7!(;!2/()*7*!*+!;%&)!%!.%>3+!TV1!

1IJKL$9E&$6ONWIOO$M^$JMKfQ$NdLQQW$ZAMWXQLVILQ]$



!\b!

%

%

%

%
!

!

!

!

G*)! *+! ;%C)%>! d! '*+C*! &*>! ()! 0%..3&-+*7! 'd! >d! .+(! *)! &%+C3/k+)! +e+! )%/! *7!
+*C)(7>3/k+!.-+':!7-*!&-'!'*0.e+*+!()!%77/e2*)!2d!0%..3&-+*7!'d!$(!*7!>/%0*7*!
-;*+>(7>!.+(!&%+C3/k+!)%/!+*C)(7>3/k+!.-+'1!

V% &)/*5*+.?'(()#%
G*)!*+!;(/>)!d!6*74))*!*)!)-')!C(''*+!'*0!0%'*7&=-7*7*!&-'!*+!/%&)*)!%!)(6*//!V1!
Y+377*7!)%/!()!C(''*+*)!*+!)-')!*+!()!2/()*7*!%!0%..3&-+*7!%!)*-+%*7!&C(/!0*'2*!
)3+63/*7&*7!%!&)-+!7-C!>+(01!

!I`QWNeSW$ 'QLYI$ "WPQO$
Ze40*! LT[[! ''!
E+*00*! \[[! ''!
Q*7>0*! \[[! ''!

5M[QUU$D&$!I`QWNeSWQL$Ra$NQOWIWJNXM``QL$$

N(''*+*)!*+!&())!)%/!d!;k+*!\[[!''!/(7>)!&/%C!()!0*)!'3/%>>=e+!2/(&&*+%7>!(;!./*+*!
2/()*+!.-+!>+*7&*&=%C)C-7)+-//!-'!0*)!&C3//*!;%&*!&*>!()!2/()*7*!&-'!*+!2/(&&*+)!%!
0%..3&-+*7!%CC*!*+!)%/&)+*CC*/%>1!

U'!2/()*7*!%!0%..3&-+*7!%CC*!*+!)%/&)+*CC*/%>*!.-+!$e4!7-C!+*03C&=-7!%!)3+63/*7&:!
C(7!*7!/e&7%7>!;k+*!d!&*))*!%77!*7!&dC(/)!|$-7*45-'6z!%!C(''*+*)1!`*//*/*7>0*7!
%!0*77*!*7$*)*7!*+!(76*.(/)!d!;k+*!^?b!>(7>*+!0%('*)*+*7!(;!5*//*71!`*//*7*!*+!
&-'!+*>*/!$*C&(>-7(/*:!->!*7!|$-7*45-'6z!(;! %'2+*>7*+)!2(2%+!*+!(76*.(/)! .-+!
&'d!;%70)377*/*+!lD*$)(!(70!E+(0&$(,:!LVSVm1!

1IJKL$9D&$3UMNNQLIWJ$M^$RUMOQL$I$YITTKNSL$



!\V!

^% E"*/#'?.W"*%
B7! C-7)+(C&=-7&*7$*)! eC*+! >=*77-'&7%))&$(&)%>$*)*7! )%/! ./3%0*)1! G*7! ;%/! ->&d!
+*03&*+*! ./3C)*+*70*! $(&)%>$*)&;(+%(&=-7*+1! G*)! *+! %! &('+d0! '*0! %7&)%)3))*)!
6*&)*')! ()! /*7>0*7! 2d! C-7)+(C&=-7&*7$*)*7! &C(/! ;k+*! L!'*)*+:! (+*(/.-+$-/0*)!
'*//-'! %77?!->!3)/e2!&C(/!;k+*!K:!->!6+*00*7!&C(/!;k+*!\[[!''!;*0! %77/e2*)1!
G*)!*+!(+*(/.-+$-/0*)!)%/!C-7)+(C&=-7&*7$*)*7!&-'!*+!&)4+*70*!.-+!(+*(/.-+$-/0*)!
)%/!0%..3&-+*71!J*>>2+-.%/*7!*+!;%C)%>!.-+!()!+%C)%>!*..*C)!&C(/!-227d&1!P37C&=-7*7!
&-'! %! /%))*+()3+*7! *+! 6*&C+*;*)! &-'! 0*&%>7&)(70(+0*7:! *+! *)! .*')*-+0*7&!
2-/47-'! 3)(+6*%0*)! (;! E*//! ->!D*)$(! lE+(&&(+0:! T[[K:! E*//! (70!D*$)(:! LVbbm1!
G*77*!C3+;*7!*+!>%))!(;!

!

 

f (X ') = !10(X ')3 +15(X ')4 + 6(X ')5[ ](Hinn ! Hut ) + Hi ! lVLm!
!

$;-+!Z%77!->!Z-!*+!$*7$-/0&;%&!$e40*7!%77!->!3)!(;!C-7)+(C&=-7&*7$*)*7!'d/)!.+(!
&*7)*+/%7=*7:!->!gh!*+!>%))!(;!!

!

 

X '= X
L !

lVTm!

!

Q!*+!/*7>0*7!(;!C-7)+(C&=-7*7:!->!g!*+!*)!237C)!2d!9?(C&*71!M%0*7!(+*(/.-+$-/0*)!
&C(/! ;k+*! /%C!K! ->!6+*00*7!;*0! %77/e2*)! &C(/! ;k+*!\[[!'':!'*0.e+*+!0*))*! ()!
$e40*7!.+(!&*7)*+/%7=*7!2d!%77/e2*)!6/%+![1^!'*)*+1!Q%>7%7>!VL!>%+!;*>>C-7)3+*7!
&-'!;%&)!%!.%>3+!K[1!

!

?[:S!
?[:^!
?[:\!
?[:X!
?[:K!
?[:T!
?[:L!
[!

[:L!
[:T!
[:K!
[:X!
[:\!
[:^!
[:S!

[! [:T! [:X! [:^! [:b! L!2
bc
Y
Q$
k`
l$

#QWJYQ$k`l$

1IJKL$7F&$+SWOLMXNeSWNQWPQO$NQOO$TLM$NIYQW$



!^[!

M*))! -;*7.+(! &C(/! C-7)+(C&=-7*7! $(! *7! /%7*k+! 2+-.%/! &/%C! ()! 3)/e2*)! )%/2(&&*&!
%77/e2*)!2d! )*&)&*C&=-7*71!Z*+! *+! %77/e2*)!\[[!''!6+*0)! ->!3)/e2*)! &C(/! ;k+*!
XX[!''1!!G*))*!*+!;%&)!%!.%>3+!KL1!

!
1IJKL$7%&$+SWOLMXNeSWNQWPQO$NQOO$S^QWTLM$

!

?[:K!

?[:T!

?[:L!

[!

[:L!

[:T!

[:K!

[! [:T! [:X! [:^! [:b! L!

A
LQ
Y
Y
Q$
k`
l$

#QWJYQ$k`l$



!^L!

`% 7)./.)?.W"*%
"! 0*))*! )%/.*//*)! &C(/! )*&)&*C&=-7*7! &-'! *+! ;%&)! %! .%>3+! KT! 6*74))*&1! #-! (;! 0%&&*!
*7$*)*7*!*+!C-6/*)!&(''*7!)%/!*7!*7$*)1!

!

!

!

"77/e2*)!2d!'(7)*/&%0*7!(;! )*&)&*C&=-7*7!*+!X\b!9!XX[!'':!->! /*7>0*7!*+!XbL!
''! l;*0/*>>! Em1! Fe+&()&*7! 6*&)d+! (;! X! ;*+)%C(/*! +*CC*+! '*0! -;(/*! +e+:! $;-+!
+*C)(7>3/k+*! .%77*+! *+! 2/(&&*+)! 2d! 3)&%0*71! Fe+*7*! /%>>*+! 2d! );*+&! (;!
&)+e'7%7>&+*)7%7>*7!)%/!/3.)*71!

D*0%3'*)! &-'!&C(/!6*74))*&!2d!C=e/*&%0*7!6*&)d+!(;!S[!,)u!;(77:!->!K[!,)u!
>/4C-/1!Jk&C*7!&)+e''*+!%77!2d!6377*7!(;!;(+'*;*C&/*+*7:!->!&)+e''*+!.+*'!
->! )%/6(C*! %! +e+*7*! $*/)! )%/! )-22*71! Ad! )-22*7! &)+e''*+! 0*7! -;*+! %! 0*7! (70+*!
*7$*)*7!->!&)+e''*+! .+*'!->! )%/6(C*! %! +e+*7*! .+*'!)%/!3)/e2*)! %!6377*71!Y/4C-/!
6*74))*&!%!6/(70%7>*7!.-+!d!377>d!C-++-&=-71!

1IJKL$79&$5QNONQXNeSW$



!^T!

G*)! *+! &-'! &(>)! )%0/%>*+*! ;%C)%>! ()! )*'2*+()3+*7! 2d! 6/(70%7>*7! /%>>*+! -;*+!
03>>237C)&)*'2*+()3+*7!)%/!/3.)*7!&-'!&)+e''*+!2d!'(7)*/&%0*71!Ad!0*7!'d)*7!
;%/!C-70*7&(&=-7!2d!3)&%0*7!(;!+e+*7*!377>d&:!%!->!'*0!()!/3.)*7!&-'!&)+e''*+!
2d!'(7)*/&%0*7!*+!$*7)*)!.+(!3)&%0*7!->!$(+!'*&)!&(77&47/%>!*7!;%&&!/3.).3C)%>$*)1!

Ad!'(7)*/&%0*7!%!)*&)&*C&=-7*7!*+!'(C&%'(/!'(&&*&)+e'!&-'!;%.)*7*!C(7!/*;*+*!
2d! 5(1! T1\!C>8&1!@e0;*70%>!'(&&*&)+e'!(;!>/4C-/!6*+*>7*&!3)! .+(! ()! /3.)*7! &C(/!
C=e/*&!.+(!T[[°`!)%/!L[[°`1!U;*+.e+)!*..*C)!%!)*&)&*C&=-7*7!*+!>%))!(;!

!

 

˙ Q = ˙ m !cp (Tinn " Tut ) ! lVKm!
!

J(+'*C(2(&%)*)*7:!52:!.-+!/3.)!*+!)%/7k+'*)!L!C_8C>!N!lD-+(7!(70!M$(2%+-:!T[[Xm1!
P-+!'(C&%'(/)%/.*//*):!'*0!*7!'(&&*&)+e'!(;!/3.)!2d!T1\!C>8&:!'*0.e+*+!0*))*!*7!
-;*+.e+)!*..*C)!2d!!

 

˙ Q max = 2.5 !1(200 "100) = 250kW !

P-+! ()! 0*77*! '*7>0*7! *..*C)! &C(/! 6/%! -;*+.e+):! 'd! '(&&*&)+e''*7! (;!
;(778>/4C-/!;k+*!/%C!

 

˙ m v / g,max =
250

3.84 ! (90 " 50)
#1.60

kg
s
!

7d+!;(+'*C(2(&%)*)*7!)%/!;(778>/4C-/?6/(70%7>*7!*+!K1bX!C_8C>!N!l;*0/*>>!`m:!->!
)*'2*+()3+*7!2d!6/(70%7>*7!&C(/!eC*!.+(!\[°`!)%/!V[°`!>=*77-'!)*&)&*C&=-7*71!!

G*7! /(;*&)*! '(&&*&)+e''*7! (;! ;(778>/4C-/! *+! ;*0! /(;*&)! '*7>0*! /3.)! %!
)*&)&*C&=-7*71! G*7! /(;*&)*! '(&&*&)+e''*7! '*0! /3.)! &*))*&! )%/! [1T! C>8&1! J*0!
7*0C=e/%7>!.+(!T[[°`!)%/!L[[°`:!'*0.e+*+!0*))*!*7!-;*+.e+)!*..*C)!2d!

!

 

˙ Q min = 0.2 !1(200 "100) = 20kW !

D(&&*&)+e''*7!(;!;(778>/4C-/!6/%+!0(!

 

˙ m v / g,min =
20

3.84 ! (90 " 85)
#1kg

s !
Y=*77-'!;(+'*;*C&/*+*7!*+!0*)!;%C)%>!()!*7!>-0!>+(0!(;!)3+63/*7&!-227d&1!G*)!*+!
0*+.-+! &())! ()! )*'2*+()3+0%..*+(7&*7! 2d! ;(778>/4C-/?6/(70%7>*7! &C(/! ;k+*! 2d!
\°`! ;*0! /(;*&)! '(&&*&)+e'! (;! /3.)1! G*))*! .-+! ()! )%/&)+*CC*/%>! $(&)%>$*)! &C(/!
-227d&:!&/%C!()!F*47-/0&)(//*)!6/%+!$e4*&)!'3/%>1!

"!&('+d0!'*0!%7&)%)3))*)!*+!0*)!6*&)*')!()!F*47-/0&)(//*)!&C(/!;k+*!-;*+!L[[[[!
2d! C=e/*&%0*71!G*))*! .-+! d! ;k+*! &%CC*+! 2d! ()! )3+63/*7&*7! %! &)+e'7%7>*7! *+! .3//)!
3);%C/*)1!J*0!6*+*>7%7>!(;!F*47-/0&)(//!*+!;*+0%*7*!&-'!6/*!6*74))*)!>%))!%!)(6*//!
L[1!

!



!^K!

!

3MLM`QOQL$ 'QLYI$
Z40+(3/%&C!0%('*)*+! TL!''!
<7)(//!+e+!2*+!2(&&!%!)*&)&*C&=-7! T!
Y=*77-'&7%))/%>!;%&C-&%)*)!;(778>/4C-/! [1b[!5A!

5M[QUU$%F&$'QLYIQL$TSL$[QLQJWIWJ$M^$)QcWSUYNOMUU
$

J*+0%*7! .-+! $40+(3/%&C! 0%('*)*+! *+! >%))! (;! %7&)%)3))*)1! F*47-/0&)(//*)! 6(&*+)! 2d!
'(&&*&)+e'!->!$40+(3/%&C!0%('*)*+!*+!>%))!(;!/%>7%7>!VX1!

!

 

Re =
4 ! ˙ m 

" ! dh !N !µ !
lVXm!

!

$;-+!@!*+!(7)(//!+e+!2*+!+e+2(&&1!F*47-/0&)(//*)!.-+!'(C&%'(/!'(&&*&)+e'!6/%+!0(!

 

Remax =
4 !1.6

" !0.021!2 !0.80 !10#3
$ 60600!

->!.-+!0*7!'%7&)*!'(&&*&)+e''*7!6/%+!F*47-/0&)(//*)!

 

Remin =
4 !1

" !0.021!2 !0.80 !10#3
$ 38000 !

M-'!;%&)!*+!6*>>*!;*+0%*7*!-;*+!L[[[[:!7-*!&-'!;%&*+!()!C+(;*)!*+!-22.4/)1!

P-+! d! 377>d! .-+&)4++*/&*+! ;*0! 3)/e2*)! (;! )*&)&*C&=-7*7:! *+! 0*)! %! &('+d0! '*0!
%7&)%)3))*)!6*&)*')!()!0*)!6e+!;k+*!K?\!>(7>*+!0%('*)*+*7!(;!+e+*)!'*0!+*))!+e+!
7*0&)+e'&! )*&)&*C&=-7*71! A/3)&*/%>*! 6*70! 7*0&)+e'&! )*&)&*C&=-7*7! C(7! &C(2*!
|3+-/%>$*)*+z!%77*!%!)*&)&*C&=-7*7!&-'!C(7!>%!.*%/!%!'d/*0()(1!

;a% ='**X+3I?"3F/'*?%
P/3%0*)!&-'!&)+e''*+!2d!+e+&%0*7!(;!)*&)&*C&=-7*7!/(>+*&!%!*7!)(7C1!U22&)+e'&!
0*77*! &)d+! 0*)! *7! +*>3/*+%7>&;*7)%/! &-'! +*>3/*+*+! '*7>0*! ./3%0! 3)! .+(! $;%/C*!
0+%.)&6*)%7>*/&*+! &-'! &C(/! -227d&1! @*0&)+e'&! )(7C*7! &C(/! 0*)! 2/(&&*+*&! *7!
23'2*!.-+!d!0+%;*!C=e/*'*0%*)!>=*77-'!C+*)&*71!!"!&('+d0!'*0!%7&)%)3))*)!*+!0*)!
6*&)*')!()!)(7C*7!&C(/!+-''*!5(1!L[[!/%)*+1!

;;% ='#()>)?.3)#%?WH3).I./)(%
Jk&C*7! &-'! &)+e''*+! %! &4&)*'*)! *+! *7! 6/(70%7>! (;! ;(77! ->! >/4C-/1! G*77*!
;k&C*7! &C(/! C=e/*&! 7*0! ;*0! $=*/2! (;! .*+&C;(771! G*)! *+! ;(/>)! d! 6*74))*! *7!
2/()*;(+'*;*C&/*+! .-+! 0*77*! -22>(;*71! J(+'*;*C&/*+*7! *+! 0*&%>7*)! 3)! .+(!
'(C&%'(/!'*7>0*!;(778>/4C-/!&-'!*+!7e0;*70%>!%!&4&)*'*)1!!

G%&&*!6*+*>7%7>*7*!;%&*+!()!2/()*;(+'*;*C&/*+*7!'d!0*&%>7*&!'*0!*7!'%7%'3'!
->!'(C&%'3'!'(&&*&)+e'!2d!$*7$-/0&;%&!L!C>8&!->!T!C>8&1!#+4CC*)!2d!%77/e2*)!
(;!;(+'*;*C&/*+*7!*+! %!&('+d0!'*0! %7&)%)3))*)!&())! )%/!d!;k+*!-;*+!T!6(+!&/%C!()!



!^X!

)+4CC)(2! >=*77-'! 2/()*;(+'*;*C&/*+:! )*&)&*C&=-7! ->! +e+(++(7>*'*7)! 6/%+! )())!
$e40*!.-+1!M2*&%.%C(&=-7*7*!.-+!2/()*;(+'*;*C&/*+*7!*+!>%))!%!)(6*//!LL1!

!

3MLM`QOQL$ 'MWW@JUcXSU$ 1QLNX^MWW$
#%//())!)+4CC)(2!}6(+~! [1\! [1\!
"77/e2&)*'2*+()3+!}°`~! V[! L[!
R)/e2&)*'2*+()3+!}°`~! \[! S[!
D(&&*&)+e'!}C>8&~! T! L1T!
J(+'*C(2(&%)*)!}C_8C>!N~! K1bX! X1LS!

5M[QUU$%%&$'QLYIQL$TSL$YI`QWNeSWQLIWJ$M^$RUMOQ^ML`Q^QXNUQL$

"77?!->!3)/e2&)*'2*+()3+!2d!.*+&C;(77&&%0*7!(;!2/()*;(+'*;*C&/*+*7!6/*!&())!)%/!
$*7$-/0&;%&!L[°`!->!S[°`:!7-*!&-'!+*&3/)*+*+!%!*7!'(&&*&)+e'!(;!.*+&C;(77!2d!
5(1!L1T!C>8&!;*0!'(C&%'(/*!6*)%7>*/&*+1!!

G*&%>7*)!(;!;(+'*;*C&/*+*7!*+!>=-+)!(;!</.(!Q(;(/!3)!.+(!0*!&2*&%.%C(&=-7*7!&-'!
*+! >%))! -;*+1! J(+'*;*C&/*+*7! *+! 0*&%>7*)! 3)! .+(! '(C&%'(/6*)%7>*/&*7*! .-+!
2+-&*&&*71!G%'*7&=-7*7*!2d!;(+'*;*C&/*+*7!*+!;%&)!%!.%>3+!KK:!(70+*!0()(!*+!>%))!%!
;*0/*>>!`1!!

1IJKL$77&$!I`QWNeSWQL$Ra$RUMOQ^ML`Q^QXNUQL$



!^\!

;B% K6(@)%5%?WH3).I./)()/%
G*)! 'd! 2/(&&*+*&! *7! 23'2*! %! C=e/*&4&)*'*)! .-+! d! C377*! 0+%;*! ;(778>/4C-/?
6/(70%7>*7! >=*77-'! C=e/*C+*)&*71! D(C&%'(/! &)+e'7%7>! (;! ;(778>/4C-/! *+!
6*+*>7*)!)%/!d!;k+*!5(1!L1^!C>8&1!J(778>/4C-/?6/(70%7>*7!$(+!*7!)*))$*)!2d!L[TL!
C>8'K! l;*0/*>>! `m:! 7-*! &-'! *+! )%/7k+'*)! /%C)! )*))$*)*7! .-+! +*7)! ;(771! G*7!
.-+*&/d))*!23'2*7!*+!0*+.-+!*7!;(7723'2*1!A3'2*7!*+!(;!)42*!#A!X[?Lb[8T!<?
P?<! FRRB! ->! $(+! *7! C(2(&%)*)! 2d! LT[! /8'%7:! 7-*! &-'! )%/&;(+*+! 5(1! T! C>8&1!
A3'2*C(+(C)*+%&)%CC!*+!;%&)!%!.%>3+!KX1!G()(6/(0!.-+!23'2*7!*+!>%))!%!;*0/*>>!G1!

!!

1IJKL$7>&$3K`RQXMLMXOQLINOIXX$



!^^!

;D% YH#%5%?WH3).I./)()/%
"! &('+d0! '*0! %7&)%)3))*)! *+! 0*)! 6*&)*')! ()! $(&)%>$*)*7! %! +e+*7*! %CC*! &C(/!
-;*+&C+%0*! L'8&1! J*0! '(C&%'(/! '(&&*&)+e'! 2d! T! C>8&! C(7! +e+0%('*)*+*7!
6*+*>7*&1!G*))*!*+!*7! /%)*7!-;*+*&)%'*+%7>!3)! .+(!0*7!6*+*>7*0*!;*+0%*7!2d!L1^!
C>8&1!#*))$*)*7!2d!;(778>/4C-/?6/(70%7>*7!*+!L[TL!C>8'K!l;*0/*>>!`m1!

 

2 kg
s

1021 kg
m3

= 0.00196m
3

s
!

J*0! L! '8&! ;%/! 0*))*! )%/&;(+*! *)! );*+&7%))(+*(/! 2d! [1[[LV^! 'T1! G%('*)*+*7! 2d!
+e+*7*!&-'!&C(/!6*74))*&!%!C=e/*&4&)*'*)!'d!0*+.-+!;k+*!5(1!\[!''1!P-+!d!377>d!
;(+'*)(2! 2d! )+(7&2-+)&)+*C7%7>*7*! )%/! ./30%*)! '*//-'! C-'2-7*7)*+:! C(7! 0*)!
;k+*!$*7&%C)&'*&&%>!d!%&-/*+*!+e+*7*!2d!3)&%0*71!!

;DG;% M>)#+'*+%/53%?"(@"*)*/)#%
G*!3/%C*!C-'2-7*7)*7*!%!C=e/*&4&)*'*)!$(+!3/%C*!0%('*)+*!2d!%77?!->!3)/e21!G*)!
;%/!0*+.-+!;k+*!7e0;*70%>!d!/(>*!-;*+>(7>*+!.+(!+e+*7*!2d!\[!''!)%/!0*!3/%C*!%77?!
->!3)/e2*7*1!

;DG;G;% 7)./.)?.W"*%
"77?!->!3)/e2!2d!)*&)&*C&=-7*7!$(+!0%('*)*+!2d!KK1S!''1!G*)!'d!0*+.-+!/(>*&!)-!
-;*+>(7>*+!.+(!\[!''!7*0!)%/!KK1S!''1!R)!.+(!)*C7%&C!)*>7%7>!l;*0/*>>!Em!&*+!0*)!
3)!)%/!()!+e+*7*!'d!.*&)*&!)%/!)*&)&*C&=-7*7!'*0!./*7&*2(C7%7>*+!->!6-/)*+1!

;DG;GB% K3'/)>'#()>)?.3)#%
"77?!->!3)/e2! .-+!;(778>/4C-/?6/(70%7>*7!*+!$*7$-/0&;%&!MX!->!MK!&-'!*+!;%&)! %!
.%>3+!KK1!G*)!'d!/(>*&!-;*+>(7>!.+(!\[!''!+e+!)%/!0*77*!C-6/%7>*71!!

;DG;GD% K6(@)%
Fe+)%/&/3)7%7>*7!2d!23'2*7!&C(/!;k+*!X[!''1!G*)!'d!0*+.-+!-+07*&!*7!-;*+>(7>!
.+(!\[!''!+e+!)%/!X[!''1!Fe+*7*!2d!%77?!->!3)/e2!.*&)*&!'*0!./*7&*2(C7%7>*+!->!
6-/)*+1!

;DGB% =)*/53%
G*)!'d! %7&)(//*+*&!*7!;*7)%/!-22&)+e'&!;(778>/4C-/)(7C*71!G*77*!;*7)%/*7!&C(/!
$(! &-'! -22>(;*! d! =3&)*+*! '*7>0*7! ;(778>/4C-/! &-'! &)+e''*+! >=*77-'!
C=e/*&4&)*'*)1!!

!

!

!



!^S!

;J% 1*./#6()*/)#5*+%
G*)!*+!;*/0%>!;%C)%>!()!6d0*!)*'2*+()3+!->!)+4CC!C(7!-;*+;dC*&!;*0!./*+*!237C)*+!
2d!.-+&eC&+%>>*71!M(')%0%>!'d!'(&&*&)+e''*7!(;!;(778>/4C-/!2d!C=e/*&%0*7!(;!
)*&)&*C&=-7*7!C-7)+-//*+*&1!A/(&&*+%7>!(;!%7&)+3'*7)*+!*+!>%))!%!.%>3+!K\1!

G*!3/%C*!237C)*7*!%!.%>3+!KX!*+!

Lc!!!!!!!!!!!!!!A)L[[?&*7&-+! Vc!!!GA?5*//*! L\c!D(&&*&)+e'&'d/*+!
Tc!!!!!!!!!!!!!!#+4CC)+(7&'%))*+! L[c!#*&)&*C&=-7! L^c!J(778>/4C-/?)(7C!
Kc!!!!!!!!!!!!!!GA?5*//*! LLc!A)L[[?&*7&-+! LSc!F*>3/*+%7>&;*7)%/!
Xc!!!!!!!!!!!!!!E/*70*2/()*! LTc!A)L[[?&*7&-+! Lbc!A)L[[?&*7&-+!
\:^!->!Sc!A/()*+!.-+!>+*7&*&=%C)C-7)+-//! LKc!A/()*;(+'*;*C&/*+! !
bc!!!!!!!!!!!!!!A)L[[?&*7&-+! LXc!A3'2*! !
!

;JG;% 7)(@)#'/6#%
G*)! *C&%&)*+*+! %! $-;*0&(C! )-! )42*+!'d/*+*! .-+! )*'2*+()3+1! G*))*! *+! %7&)+3'*7)!
'*0!*7)*7!)*+'-*/*'*7)!*//*+!'-)&)(70*/*'*7)1!

;JG;G;% 7)#(")3)()*/%
Dd/*+*7!6*&)d+!(;! )-!'*)(//)+d0*+!(;!3/%C*!'()*+%(/*+1!G*! )-! )+d0*7*!>*7*+*+*+!
&2*77%7>! &-'! *7! .e/>*! (;! )*'2*+()3+.-+&C=*//1! G*)! .%77*&! '(7>*! .-+&C=*//%>*!
C-'6%7(&=-7*+!(;!'*)(//*+!.-+!0*!)-!)+d0*7*1!M-'!*7!C-7&*C;*7&!(;!0*))*!*+!0*)!
3)(6*%0*)!*7!&)(70(+01!G*77*!*+!;%&)!%!)(6*//!LT1!

!

!

!

!

1IJKL$78&$-WNOLK`QWOQLIWJ$SJ$PS^QYXS`RSWQWOQL$



!^b!

5cRQ$ 5Q`RQLMOKLS`LaYQ$k°Gl$
E! T[!!s!!LbT[!
B! ?TS[!!s!!VL[!
_! ?TL[!!s!!LT[[!
N! ?TS[!!s!!LKS[!
@! ?TS[!!s!!LK[[!
F! ?\[!!s!!LS^[!
M! ?\[!!s!!LS^[!
#! ?TS[!s!!X[[!

5M[QUU$%9&$,OMWYMLYQL$TSL$OQL`SQUQ`QWO$Z3IdS5QdPWSUSJc]$

;JG;GB% Q"/./'*$.)3)()*/%
"! *7C*/)*! '()*+%(/*+! ;%/! ;(+%(&=-7*+! %! )*'2*+()3+! *70+*! 0*7! */*C)+%&C*!
'-)&)(70*7! %! '()*+%(/*)1! G*))*! >=*/0*+! 6/(7)! (77*)! 2/()%7(:! &-'! *+! 0*)! '*&)!
6+3C)*!'()*+%(/*)!.-+!0*77*!(7;*70*/&*71!!

G%&&*!'d/*+*7*!6/%+!C(/)!A)L[[?.e/*+*1!G*!$(+!$e4!7e4(C)%>$*):!->!*+!&)(6%/*!-;*+!
)%01! "! ->!'*0! ()! 0*))*! *+! 0*7!'*&)! 7e4(C)%>*!'d/*+*7:! .-+*&/d&! 0*77*! )42*7! )%/!
.-+&eC&+%>>*71!

;JG;GD% K3'..)#5*+%'>%/)(@)#'/6#5*./#6()*/%
Pe+&)*!'d/*237C)! .-+! )*'2*+()3+!&C(/!2/(&&*+*&!-22&)+e'&!6/*70*2/()*71!G*))*!
*+! ;%C)%>! .-+! d! C377*! 6*+*>7*! )*))$*)*7! )%/! /3.)*7:! &/%C! ()! 0*7! +%C)%>*!
'(&&*&)+e''*7! C(7! 6*+*>7*&1! G*)! *+! .-+*&/d))! d! 6*74))*! A)L[[?.e/*+*1!
Fe+0%('*)*+*7! *+! 2d! 0*))*! 237C)*)! &d! &)-+! ()! 0*)! %CC*! *+! .(+*! .-+! ()!
;*>>)*'2*+()3+*7! %77;%+C*+! 2d! 'd/*+*&3/)()*)1! Dd/*237C)*)! C(7! 0*+.-+!
2/(&&*+*&!'%0)!%!+e+*):!&-'!;%&)!%!.%>3+!K^1!

!

!

!

!

!

!

!

!

U22&)+e'&!->!7*0&)+e'&!)*&)&*C&=-7*7!&C(/!0*)!->&d!2/(&&*+*&!)*'2*+()3+.e/*+*1!
G*))*! .-+! d! C377*!'d/*! )*'2*+()3+0%..*+(7&*7:! ->! 0*+'*0! (;>%))! *..*C)1! G*)! *+!
->&d! $*+! ;(/>)! d! 6*74))*! A)L[[?.e/*+*1! U22&)+e'&! )*&)&*C&=-7*7! C(7!
)*'2*+()3+&*7&-+*7! 2/(&&*+*&! 2d! C-7)+(C&=-7&*7$*)*71! @*0&)+e'&! '-7)*+*&!
&*7&-+*7!2d!+e+*)1!G*7!.-+*&/d))*!A)L[[?.e/*+*7!.-+!/3.)&%0*7!!*+!*7!A)L[[!#UAH?
L! '*0! %77&)%CC&/*7>0*! T[[! ''1! G*77*! )42*7! .e/*+! C(7! 6*74))*&! .-+! (//*! )+*!
/-C(&=-7*+!2d!/3.)&%0*71!G()(6/(0!.-+!.e/*+*7!*+!>%))!%!;*0/*>>!B1!

1IJKL$7;&$3UMNNQLIWJ$M^$3O%FF<TbUQL$



!^V!

"!C=e/*&4&)*'*)!)%/!)*&)&*C&=-7*7!'d!0*)!->&d!2/(&&*+*&!)*'2*+()3+.e/*+*1!Z*+!*+!
0*)! ->&d! 7e0;*70%>! d! 2/(&&*+*! .e/*+*! 6d0*! -22&)+e'&! ->! 7*0&)+e'&!
)*&)&*C&=-7*7! .-+! d! C377*! 'd/*! )*'2*+()3+0%..*+(7&*71! Z*+! ;%/! +e+0%('*)*+*7!
;k+*!&d! /%)*7!()!;*>>)*'2*+()3+*7! %!+e+*)!;%/!C377*!2d;%+C*!'d/*C-/6*71!G*)!*+!
0*+.-+! .-+*&/d))!d!'d/*! )*'2*+()3+*7! %!*)!+e+6*70!&-'!;%&)! %! .%>3+!KS1!Ad!0*77*!
'd)*7!;%/!'d/*C-/6*7!6/%!&d!/(7>!()!;*>>)*'2*+()3+*7!%CC*!2d;%+C*+!'d/%7>*71!

!

!

!

%

%

%
P-+!0*77*!(7;*70*/&*7!.-+*&/d&!0*)!*7!!A)L[[!DE#!KT^[!'*0!%77&)%CC&/*7>0*!2d!
\[!''!l;*0/*>>!Pm1!G*77*!C(7!/*;*+*&!(;!O,+*?_-$7&*7!<M1!

;JGB% 7#I??(S3)#)%
J*0! 6/*70*2/()*7! 2/(&&*+*&! *7! )+4CC'd/*+! ->! *7! GA?5*//*1! #+4CC'd/*+*7!
2/(&&*+*&!2d!-22&)+e'&&%0*7:!->!6*74))*&! .-+!d!C377*!(7&/d! )*))$*)*7!(;! /3.)*7!
'*0! &)e+&)! '3/%>! 7e4(C)%>$*):! '*7&! GA?5*//*7! 'd/*+! )+4CC.(//*)! -;*+!
6/*70*2/()*7!&/%C!()!'(&&*&)+e''*7!C(7!6*+*>7*&!3)!.+(!/%>7%7>!b[1!P-+!'d/%7>!
(;!0*)!&)()%&C*!)+4CC*)!-22&)+e'&!6/*70*&C%;*7!.-+*&/d&!*7!)+4CC)+(7&'%))*+!&-'!
$(+! 'd/*-'+d0*! [?L1^! 6(+! (6&-/3))! )+4CC1! #+(7&'%))*+*7! C(7! /*;*+*&! (;! "ND!
"7&)+3)*C!<M:!*+!2+-03&*+)!(;!#*5&%&!->!*+!(;!)42*7!#*5&%&!KTS^!l;*0/*>>!Ym1!J*0!
6-++%7>!(;!'d/*237C)*+!&C(/!0*)!0+%//*&!V[°! +*))!2d!+e+*)1!J*0!>=*77-')+*>7%7>!
(;!+e+;*>>*7!2d! %77&%0*7!'d!0*)! &**&! )%/! ()!0*)! %CC*!*+!'*)(//&2-7!->! /%>7*70*!
;*0!%77&%0*71!E-++*$3//*)!&C(/!;k+*!&%+C3/k+)1!G*))*!*+!%!$*7$-/0!)%/!"MU!\L^S?T1!!

G*7! .-+*&/d))*! GA?5*//*7! .-+! 6+3C! -;*+! 6/*70*2/()*7! C(7! /*;*+*&! (;! O,+*?
_-$7&*7!<M:!->!*+!(;!)42*7!M%)+(7&!A!GM!"""!&-'!*+!2+-03&*+)!(;!M%*'*7&1!G*77*!
5*//*7!C(7!=3&)*+*&!)%/!e7&C*)!'d/*-'+d0*1!G*)!(76*.(/*&!()!'d/*-'+d0*!=3&)*+*&!
)%/![?\[[[!A(1!M*/;!-'!C+(;*)!*+!()! )+4CC)(2*)! %CC*!&C(/!-;*+&)%>*!K[[[!A(!-;*+!
6/*70*2/()*7:!*+!0*)!;%C)%>!()!5*//*7!%CC*!>d+!%!'*)7%7>!-'!)+4CC)(2*)!&C3//*!;k+*!
/%))!$e4*+*1!G()(6/(0!.-+!GA?5*//*7!*+!>%))!%!;*0/*>>!Z1!

G*)!'d!->&d!2/(&&*+*&!*7!GA?5*//*!-;*+!)*&)&*C&=-7*7!.-+!d!-;*+;dC*!)+4CC)(2*)1!
G*)! .-+*&/d&! ()! 0*77*! 5*//*7! &C(/! ;k+*! (;! &(''*! )42*! &-'! 0*7! -;*+!
6/*70*&C%;*71!G*77*!5*//*7!=3&)*+*&!->&d!.-+!'d/*-'+d0*)![?\[[[!A(1!

;JGBG;% K3'..)#5*+%'>%/#I??(S3)#)%
GA?5*//*7! &-'! &C(/! '-7)*+*&! ;*0! 6/*70*2/()*7! 2/(&&*+*&! 2d! ./*7&*2(C7%7>*7:!
T\1X!''! %! &*7)*+(;&)(70! .+(!6/*70*2/()*7! %!$*7$-/0! )%/! "MU!\L^S?T! l&*!C(2%))*/!
\1Tm1!Y+377*7!)%/!()!'d/%7>!2d!./*7&*2(C7%7>*7*!&C(/!6*74))*&:!*+!()!6/*70*&C%;*7!

1IJKL$7=&$3UMNNQLIWJ$M^$3O%FF<TbUQL$I$XebUQXLQON$



!S[!

&C(/! C377*! &C%.)*&! 3)! ;*0! .-+! &)-+)! )+4CC.(//1! #+4CC)+(7&'%))*+*7! &-'! &C(/!
6*74))*&!)%/!d!(7&/d!)*))$*)*7!2d!/3.)*7!2/(&&*+*&!-22&)+e'&!6/*70*2/()*71!!

GA?5*//*7!&-'!&C(/!6*74))*&!-;*+!)*&)&*C&=-7*7!*+!(;!&(''*!)42*!&-'!0*7!-;*+!
6/*70*&C%;*71! Dd/*237C)*7*! .-+! )+4CC! '-7)*+*&! -22&)+e'&! )*&)&*C&=-7*7! ;*0!
3)/e2*)!(;!C-7)+(C&=-7&*7$*)*7:!->!7*0&)+e'&!)*&)&*C&=-7*7!+*))!;*0!3)/e2*)1!

;JGD% Q)*+$)(S3)#%
G*)! *+! 7e0;*70%>! d! '-7)*+*! *7! ;-/3'&)+e'&'d/*+! 7*0&)+e'&! ;(778>/4C-/?
)(7C*7! .-+! d! C-7)+-//*+*! '*7>0*7! &-'! &)+e''*+! %77! 2d! )*&)&*C&=-7*71!
D*7>0*'d/*+*7!&-'!.-+*&/d&!.-+!.-+&eC&+%>>*7!*+!2+-03&*+)!(;!M%*'*7&:!->!*+!(;!
)42*7!D<Y!\L[[!H!A@X[1!Dd/*+*7!C(7!/*;*+*&!(;!O,+*?_-$7&*7!<M1!G*)!;%/!;k+*!
7e0;*70%>! d! /(>*! *7! C-6/%7>! '*//-'! +e+*7*! &-'! .e+*+! C=e/*'*0%3'*)! ->!
'*7>0*'d/*+*71!G*))*!*+!%//3&)+*+)!%!.%>3+!Kb1!

!

%

%

%

%

%

%

"!.%>3+!Kb!*+!0L!r!X['':!->!0T!r!\[''1!

;JGDG;% K3'..)#5*+%'>%()*+$)(S3)#%
G*)! *+! ;%C)%>! ()! ;-/3'&)+e'&'d/*+*7! (//)%0! *+! $*/)! .4/)! '*0! ;k&C*1! D%7%'3'!
/*7>0*!'*0!+*))!+e+!-22&)+e'&!'d/*+*7!'d!;k+*!\!>(7>*+!0%('*)*+*7!(;!+e+*):!
->!7*0&)+e'&!&C(/!/*7>0*7!'*0!+*))!+e+!;k+*!'%7%'3'!K!>(7>*+!0%('*)*+*7!(;!
+e+*)1!<;&)(70*7!*+!'d/)!.+(!&*7)+3'!(;!'d/*+*71!G*))*!*+!;%&)!%!.%>3+!KV1!

!

!

!

!

!

!

!

<70+*!&2*&%.%C(&=-7*+!.-+!;-/3'&)+e'&'d/*+*7!*+!>%))!%!;*0/*>>!"1!

1IJKL$7E&$5IURMNNIWJ$`QWJYQ`aUQL$
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!SL!

;JGJ% 753?"-35*+%'>%5*./#6()*/)#%
<//*! %7&)+3'*7)*7*! 'd! C-6/*&! -22! '-)! *)! 0()(&4&)*'! &/%C! ()! 'd/*0()(! C(7!
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%7&%)3))*)! *7! 3&%CC*+$*)! 2d!±[1LN:! 7d+! .e/*+*7! *+! C(/%6+*+)1! G*)! &)()%&C*! )+4CC*)!
-22&)+e'&! 6/*70*&C%;*7! &C(/! 'd/*&! '*0! *7! )+4CC)+(7&'%))*+1! R&%CC*+$*)*7! %!
0*))*!'d/*%7&)+3'*7)*)!*+!>%))!(;!0()(6/(0*):![1\u1!G*!6*+*>7*0*!3&%CC*+$*)*7*!
.-+!6*+*>7%7>!(;!)*))$*)&3&%CC*+$*)*7!*+!>%))!%!)(6*//!L\1!

3MLM`QOQL$ 6NIXXQLPQO$
#+4CC! [1[[\!

#*'2*+()3+! [1[[[TL!
Y(&&C-7&)(7)! [1[[^\!

5M[QUU$%8&$6NIXXQLPQON^QLYIQL$TSL$[QLQJWIWJ$M^$KNIXXQLPQO$I$OQOOPQO$

!

R&%CC*+$*)*7!%!)*))$*)!*+!0*+'*0!>%))!(;!

!
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!

G*!3/%C*!3&%CC*+$*)*7*! .-+!6*+*>7%7>!(;!3&%CC*+$*)!;*0!'d/%7>!(;!'(&&*&)+e'!
2d!/3.)&%0*7!*+!>%))!%!)(6*//!L^1!

Lm!P-+!$*7$-/0&;%&!/(;!->!$e4!'(&&*&)+e'!/3.)!

3MLM`QOQL$ 6OOLcXX$ 6NIXXQLPQO$ZUIOQW$[UQWYQ@NOSL$[UQWYQ]$
#(2&C-*..%&%*7)! 5`8`! [1[[\!?![1[[S\Lm!

BC&2(7&=-7&.(C)-+! 5(8(! [1[[[^b!?![1[[LLLm!
Fe+0%('*)*+! 5G8G! [1[[L^!
E/*70*d27%7>! 5080! [1[[L!?![1[[[^XLm!
#+4CC)(2! 5-28-2! [1[[\!
#*))$*)! 5&8&! [1[[bT!

5M[QUU$%;&$6NIXXQLPQON^QLYIQL$TSL$[QLQJWIWJ$M^$KNIXXQLPQO$I$`MNNQNOLb`$UKTO$

!



!b[!

J*0! 0%&&*! 6*)%7>*/&*7*! ;%/! 3&%CC*+$*)*7! ;*0! '(&&*&)+e'! 2d! [1T?[1^! C>8&!
l6/*70*d27%7>! LXX! ''m! ;k+*! [1^bu:! ->! ;*0! [1^?T1\! C>8&! l6/*70*d27%7>! TK\!
''m!;%/!3&%CC*+$*)*7!;k+*![1V[u1!!!

,OLb`WIWJNLMOQ$^MWW@JUcXSU$

F()*7! (;! ;(778>/4C-/! &-'! &)+e''*+! 2d! +e+&%0*7! (;! )*&)&*C&=-7*7! &C(/! 'd/*&!
'*0!*7!;-/3'&)+e'&'d/*+1!J-/3'&)+e'&'d/*+*7!*+!(;!)42*7!D<Y!\L[[!H!->!*+!
2+-03&*+)!(;!M%*'*7&1!R&%CC*+$*)*7!*+!(;!/*;*+(70e+!-22/4&)!d!;k+*![1\u1!

'ML`QXMRMNIOQO$UKTO$SJ$^MWW@JUcXSU$

J(+'*C(2(&%)*)*7! )%/! /3.)! ->! ;(778>/4C-/?6/(70%7>*7! *+! $*$-/0;%&! L! ->! K1bX!
C_8C>!N1! G*)! *+! .-+! 6d0*! /3.)*7! ->! ;(778>/4C-/?6/(70%7>*7! &())! *7! 3&%CC*+$*)! %!
;(+'*C(2(&%)*)*7! 2d! ±[1[T! C_8C>!N1! G*))*! *+! >=-+)! 2d! >+377/(>! (;! ()!
/3.).3C)%>$*)*7! C(7! ;(+%*+*:! ->! ()! 6/(70%7>&.-+$-/0*)! %! ;(778>/4C-/?6/(70%7>*7!
C(7!(;;%C*!7-*!.+(!0*)!6*&)*')*!6/(70%7>&.-+$-/0*)!2d!K[u!>/4C-/!->!S[u!;(771!

5SOMU$KNIXXQLPQO$I$S^QLTbLO$QTTQXO$

R)!.+(!0*!6*+*>7*0*!3&%CC*+$*)*7*:!C(7!3&%CC*+$*)*7!%!-;*+.e+)!*..*C)!6*+*>7*&1!
G*!3/%C*!3&%CC*+$*)*7*!*+!>%))!%!)(6*//!LS1!

3MLM`QOQL$ 6NIXXQLPQO$ "WPQO$
D(&&*&)+e'!/3.)! [1T?[1^!C>8&c![1^b!

[1^?T1\!C>8&c![1V[!
u!

J(+'*C(2(&%)*)!/3.)! ±[1[T!! C_8C>!N!
#*'2*+()3+!/3.)!%77! [1L! N!
#*'2*+()3+!/3.)!3)! [1L! N!

D(&&*&)+e'!;(778>/4C-/! [1\! u!
J(+'*C(2(&%)*)!;(778>/4C-/! [1[T! C_8C>!N!
#*'2*+()3+!;(778>/4C-/!%77! [1L! N!
#*'2*+()3+!;(778>/4C-/!3)! [1L! N!
5M[QUU$%=&$6NIXXQLPQON^QLYIQL$TSL$[QLQJWIWJ$M^$KNIXXQLPQO$I$S^QLTbLO$QTTQXO$

R&%CC*+$*)*7! %!-;*+.e+)!*..*C)!*+!6*+*>7*)!3)! .+(!'%7&)*!->! &)e+&)*!'(&&*&)+e'!
/3.)1!J*0!d!6*74))*!3&%CC*+$*)*7*!&-'!;%&)!%!)(6*//!LS:!;%/!3&%CC*+$*)*7!%!-;*+.e+)!
*..*C)!;k+*!L1b[u!->!L1LSu!;*0!$*7$-/0&;%&!'%7&)*!->!&)e+&)*!'(&&*&)+e'!/3.)1!
]+&(C*7! )%/! ()! 3&%CC*+$*)*7! *+! &)e+&)! ;*0! '%7&)*! '(&&*&)+e'! /3.):! *+! ()!
)*'2*+()3+0%..*+(7&*7! 2d! C=e/*'*0%3'*)! *+! '4*! '%70+*! *77! ;*0! &)e+&)*!
'(&&*&)+e'!/3.)1!

;TG;GD% b.5??)#2)/%5%3"+'#5/5(5.?%(5$$)3/)(@)#'/6#$544)#'*.)%
G*)! *+! (7)())! ()! /->(+%)'%&C! '%00*/)*'2*+()3+0%..*+(7&*! ;*0! 6*+*>7%7>! (;!
3&%CC*+$*)*7! %! ;(+'*-;*+>(7>&)(//*):! *+! *7! >-0! (7)(>*/&*! &*/;! -'!
;(+'*;*C&/*+*7! %CC*! *+! *7! '-)&)+e'&;(+'*;*C&/*+1! G*))*! *+! >=-+)! '*0!
6(C>+377! %! *C&2*+%'*7)*+! 3).e+)! (;! B+/%7>! @k&&! &-'! ;%&)*! ()! (;;%C*)! '*//-'!
'*)-0*7! '*0! /->(+%)'%&C! '%00*/)*'2*+()3+0%..*+(7&*! ->! @#R?'*)-0*7! ;(+!
7*>/%&=*+6(+:! ->! ()! /->(+%)'%&C! '%00*/)*'2*+()3+! 0*+.-+! *+! *7! >-0! )%/7k+'%7>!
l@k&&:!T[[Sm1!G*7!/->(+%)'%&C*!'%00*/)*'2*+()3+0%..*+(7&*7!*+!>%))!(;!



!bL!

!

 

!TLMTD =
Tluft ,inn " Tv / g,ut( ) " Tluft,ut " Tv / g,inn( )

ln
Tluft ,inn " Tv / g,ut
Tluft ,ut " Tv / g,inn
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!

lL[Sm!

!

P-+! d! 6*+*>7*! 3&%CC*+$*)*7! %! 0*77*! 2(+('*)*+*7! *+! $;*+! *7C*/)!
'%00*/)*'2*+()3+0%..*+(7&*7!6*+*>7*)!'*0!;(+%(&=-7!%!$;*+!*7C*/)! )*'2*+()3+1!
R&%CC*+$*)*7! %! )*'2*+()3+! *+! >%))! (;! %7&)+3'*7)*+%7>*7:! ->! 3))+4CC*)! .-+!
6*+*>7%7>!*+!>%))!370*+1!

!
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!

R&%CC*+$*)*7! %!*7!C(/%6+*+)!A)L[[?.e/*+!C(/%6+*+)!*+!>%))!(;! %7&)%)3))*)! )%/! d!;k+*!
±[1L!N1!

R)! .+(! /%>7%7>*7!-;*+!*+!3&%CC*+$*)*7! %! /->(+%)'%&C!'%00*/)*'2*+()3+0%..*+(7&*!
6*+*>7*)! )%/! d! ;k+*! [1KXu! ->! [1LXu! .-+! $*7$-/0&;%&! /(;*&)*! ->! $e4*&)*!
'(&&*&)+e'!(;!/3.)1!

;TG;GJ% b.5??)#2)/%5%/"/'3/%>'#()">)#+'*+./'33%
G*)!)-)(/*!;(+'*-;*+>(7>&)(//*)!*+!>%))!&-'!R!%! /%>7%7>!V\1!Ad!&(''*!'d)*!&-'!
0*!(70+*!2(+('*)+*7*!*+!3&%CC*+$*)*7!$*+!>%))!(;!

!
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!

$;-+!3&%CC*+$*)&2(+('*)+*7*!&-'!%77>d+!*+!6*+*>7*)!%!0*!.-+*&)d*70*!C(2%)/*7*1!
A(+('*)+*7*!*+!>%))!%!)(6*//!Lb1!!

Lm!P-+!$*7$-/0&;%&!$e4!->!/(;!'(&&*&)+e'!/3.)1!

3MLM`QOQL$ 6NIXXQLPQO$
5i8i! [1[LLS!s![1[Lb[Lm!
5<8<! [1[[bL!

5-#QD#G8-#QD#G! [1[[LX!s![1[[KXLm!
5M[QUU$%E&$6NIXXQLPQO$I$OSOMUO$^ML`QS^QLJMWJNOMUU$



!bT!

R)! .+(! 0*! 6*+*>7*0*! ;*+0%*7*! %! )(6*//! LS! *+! 3&%CC*+$*)*7! %! )-)(/)!
;(+'*-;*+>(7>&)(//!6*+*>7*)!)%/!d!;k+*!T1L\u!->!L1^Ku!.-+!$*7$-/0&;%&!/(;*&)*!
->!$e4*&)*!'(&&*&)+e'1!

;TG;GR% b.5??)#2)/%5%I/#)%>'#()">)#+'*+./'33%
G*)!4)+*!;(+'*-;*+>(7>&)(//*)!C(7!6*+*>7*&!;*0!6+3C!(;!/%>7%7>!V^1!R)!.+(!0*77*!
/%>7%7>*7! *+! 0*! .(C)-+*7*! &-'! %77>d+! %! 0*7! )-)(/*! 3&%CC*+$*)*7! .-+!
;(+'*-;*+>(7>&)(//*)!2d!/3.)&%0*7!>%))!%!)(6*//!LV1!

Lm! ->! Tmc! J*+0%*+! 6*+*>7*)! 3)! .+(! $*7$-/0&;%&! /%>7%7>! V\! ->! VS! .-+! /(;*&)*! ->! $e4*&)*!
'(&&*&)+e'!/3.)!!

3MLM`QOQL$ 'QLYI$ 6NIXXQLPQO$
R! 5(1!T[!s!Lb[Lm! T1L\!s!L1^K!u!
F.:4! [! [1[[[[\!
C,! \[! [1[T!
$%! 5(1!^\[[!?L[[[[Tm! [1L!
F.:%! [! [1[[[[\!

5M[QUU$%D&$6NIXXQLPQO$I$cOLQ$^ML`QS^QLJMWJNOMUU$

E*/*>>&'-)&)(70*7! *+! %! 3)>(7>&237C)*)! .-+;*7)*)! d! ;k+*! /%C! [1!G*)! *+! (//%C*;*/!
;(/>)!d!)(!'*0!*7!3&%CC*+$*)!2d![1[[[[\!.-+!0*77*!2(+('*)*+*71!R&%CC*+$*)*7!%!
%70+*! ;(+'*-;*+>(7>&)(//! *+! &())! )%/! L[u1! G*))*! *+! *)! .-+73.)%>! *&)%'()! %! .e/>*!
0-C)-+(;$(70/%7>*7! )%/! B+/%7>! @k&&! l@k&&:! T[[Sm1! R)! .+(! 0%&&*! ;*+0%*7*! *+!
3&%CC*+$*)*7!%!4)+*!;(+'*-;*+>(7>&)(//!6*+*>7*)!)%/!d!;k+*!T1LSu!->!T1T[u!.-+!
$*7$-/0&;%&! /(;! ->! $e4! '(&&*&)+e'! (;! /3.)1! J*0! d! 3)*/3CC*! 3&%CC*+$*)*7! %!
6*/*>>&'-)&)(70*7! ;%/! 3&%CC*+$*)*7! %! 4)+*! ;(+'*-;*+>(7>&)(//! ;k+*! T1L^u! ->!
L1^Vu!.-+!$*7$-/0&;%&!/(;*&)*!->!$e4*&)*!'(&&*&)+e'!(;!/3.)1!

R)! .+(! /%>7%7>! V^! C(7! 0*)! &**&! ()! 0*! ;%C)%>&)*! 6%0+(>&4)*+7*! )%/! 0*)! 4)+*!
;(+'*-;*+>(7>&)(//*)! *+! 6*/*>>&'-)&)(70*7*:! F.:4! ->! F.:%:! )-)(/)!
;(+'*-;*+>(7>&)(//:!R:!->!0*)!%70+*!;(+'*-;*+>(7>&)(//*)!$%1!

;TGB% b.5??)#2)/%5%/#I??/'@%
R&%CC*+$*)*7! %! 'd/)! )+4CC)(2! C(7! 6*+*>7*&! '*0! 3)>(7>&237C)! %! /%>7%7>! L[T1!
B3/*+)(//*)!*+!*7!2(+('*)*+!&-'!6*74))*&!;*0!(7(/4&*+!0*+!)+4CC)(2*)!*+!*7!;%C)%>!
.(C)-+1! P-+! d! 6*+*>7*! 3&%CC*+$*)*7! %! B3/*+)(//*)! 'd! 3&%CC*+$*)*7! %! 0*! 3/%C*!
2(+('*)+*7*! &-'! %77>d+! %! B3/*+)(//*)! 6*+*>7*&1! G*7! )-)(/*! 3&%CC*+$*)*7! %!
B3/*+)(//*)!*+!>%))!(;!/%>7%7>*7!370*+!l@k&&:!T[[Sm1!

!
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P7*)!*+!0*)!)+(7>*&)*!(+*(/)!%!;(+'*;*C&/*+*7!&-'!/3.)*7!&)+e''*+!>=*77-'1!



!bK!

;TGBG;% b.5??)#2)/%5%/#I??/'@%
R&%CC*+$*)*7!%!'d/*%7&)+3'*7)*)!&-'!*+!&())!-;*+!)*&)&*C&=-7*7!*+![1[S\u1!G*)!
(7)(&! ()! 0*))*! *+! 3&%CC*+$*)*7! ;*0! .3//! &5(/*1! G*)! *+! .-+*&/d))! ()! GA?5*//*7! &C(/!
C(/%6+*+*&!.-+!*)!'d/*-'+d0*!.+(![!s!\[[[!A(1!R)!.+(!0*))*!;%/!3&%CC*+$*)*7!;k+*!
±K1S\!A(1!G*)!*+! %!&('+d0!'*0!%7&)%)3))*)!6*&)*')!()! /(;)!->!$e4)!)+4CC)(2!-;*+!
)*&)&*C&=-7*7! *+! $*7$-/0&;%&! L[[! ->! L\[[! A(! ;*0! $*7$-/0&;%&! /(;! ->! $e4!
'(&&*&)+e'! (;! /3.)1! R&%CC*+$*)*7! %! )+4CC)(2:! 5-28-2! *+! 0*+'*0! [1[KS\! ->!
[1[[T\!.-+!$*7$-/0&;%&!/(;!->!$e4!'(&&*&)+e'!/3.)1!

;TGBGB%b.5??)#2)/%5%/)//2)/%"+%('..)./#H(%
R&%CC*+$*)*7! %! )*))$*)!->!'(&&*&)+e'! .-+! /3.)! *+!6*+*>7*)! )%0/%>*+*! %! -22>(;*71!
R&%CC*+$*)*7! %! )*))$*)! *+! 6*+*>7*)! )%/! d! ;k+*! [1[[bT:! ->! 3&%CC*+$*)*7! %!
'(&&*&)+e'!*+![1^bu!->![1V[u!.-+!$*7$-/0&;%&!/(;!->!$e4!'(&&*&)+e'!(;!/3.)1!

;TGBGD% b.5??)#2)/%5%/#'*+)./)%'#)'3%
G*)!)+(7>*&)*!(+*(/*)!%!;(+'*;*C&/*+*7!*+!%!&('+d0!'*0!%7&)%)3))*)!>%))!(;!(+*(/)!
'*//-'!.%77*7*!%!)-!+e+1!Fe+*7*!/%>>*+!2d!);*+&!(;!&)+e'7%7>&+*)7%7>*7!.-+!/3.)*7:!
->!!.%>3+!XT!;%&*+!P7*)!&*))!.+(!/3.)*7&!&)+e'7%7>&+*)7%7>1!

!

!

!

!

!

!

!

!

!

!

!

!

!

G*! 3/%C*! 0%'*7&=-7*7*! &-'! %77>d+! %! P7*)! '*0! )%/$e+*70*! 3&%CC*+$*)! *+! >%))! %!
)(6*//!LK! )%0/%>*+*! %!-2>(;*71!R)! .+(!(;&)(70!'*//-'!+e+*7*:!$e40*!(;! .%77*+!->!
0%('*)*+!2d!+e+:!*+!0*7!7-'%7*//*!;*+0%*7! .-+!P7*)!6*+*>7*)! )%/! d!;k+*!K^!''T1!
R&%CC*+$*)*7! %! P7*)! *+! .377*)! ;*0! d! ;(+%*+*! $e40*7! ->! 6+*00*! 2d! .%77*7*:!
&*7)*+(;&)(70! '*//-'! .%77*+! ->! 0%('*)*+! 2d! +e+1! 5P7*)8P7*)! 6/*! 6*+*>7*)! )%/! d!
;k+*!X1[Vu1!

1IJKL$>9&$-UUKNOLMNeSW$M^$1WQO$



!bX!

;TGBGJ% b.5??)#2)/%5%963)#/'33%
R)! .+(! 0*! 6*+*>7*0*! 3&%CC*+$*)*7*! C(7! 3&%CC*+$*)*7! %! B3/*+)(//*)! 6*+*>7*&1!
R&%CC*+$*)&;*+0%*7*!*+!>%))!%!)(6*//!T[1!

Lm!P-+!$*7$-/0&;%&!/(;!->!$e4!'(&&*&)+e'!(;!/3.)!

3MLM`QOQL$ 'QLYI$
5-28-2! [1[KS\!s![1[[T\Lm!
5&8&! [1[[bT!
5'8'! [1[[^b!s![1[[V[Lm!

5P7*)8P7*)! [1[X[V!
5M[QUU$9F&$6NIXXQLPQON^QLYIQL$TSL$[QLQJWIWJ$M^$KNIXXQLPQO$I$"KUQLOMUUQO$

R)! .+(! 0%&&*! ;*+0%*7*! *+! 3&%CC*+$*)*7! %! B3/*+)(//*)! 6*+*>7*)! )%/! d! ;k+*! Su! ->!
\1VSu!.-+!$*7$-/0&;%&!/(;!->!$e4!'(&&*&)+e'1!



!b\!

;V% E"./*'$.)./5('/%
N-&)7(0*7! .-+! -22.e+%7>! (;! .-+&eC&+%>>*7! ;%/! ;k+*! *7! .37C&=-7! (;! $;%/C*!
'()*+%(/*+! &-'! 6*74))*&! )%/! C-7&)+3C&=-7! (;! *7$*)*+:! %77C=e2! (;!
$-;*0C-'2-7*7)*+:! (+6*%0&)%'*+! ->! %7&)+3'*7)*+%7>1! G*)! *+! (7)())! ()! +%>>*7!
C-7&)+3*+*&! ;*0! @#@R:! ->! 0*+.-+! *+! C37! 0%+*C)*C-&)7(0*+! )())! '*0! %!
*&)%'*+%7>*71!G*)!*+!0*+.-+!%CC*!)())!$e40*!.-+!C-&)7(0*+!)%/!'()*+%(/*+!&-'!&C(/!
)%/! .-+!d!C-7&)+3*+*!0%..3&-+:!&*)7%7>&C(''*+:!C-7)+(C&=-7:!;(778>/4C-/?)(7C!->!
(70+*! C-'2-7*7)*+! &-'! C(7! C-7&)+3*+*&! ;*0! @#@R1! G*)! *+! %CC*! %77$*7)*)!
%7.-+'(&=-7! -'! C-&)7(0! )%/! +e+:! +e+6*70! ->! -;*+>(7>*+:! &d! 0*))*! *&)%'()*)! *+!
(7&/d))1!

;VG;% E"./*'$%5*./#6()*/)#5*+%
R70*+! .e/>*+! *7! /%&)*! -;*+! $;%/C*! %7&)+3'*7)*+! &-'! )+*7>&:! ->! *)! .-+&/(>! )%/!
/*;*+(70e+1!

;VG;G;% 7)(@)#'/6#4H3)#)%
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