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

2#)3 4&'%&# 5%3+ 677$%/)3%!& 8&3#&"#" (!,

9)3#, :;-7%&'

 !

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

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

(!" )"2&"" 0, 3*#("& 0, 4'2$'""&$'2 53"6!*'$6*+7 $' (!"

8*6-+(9 0, 4'2$'""&$'2 *( :("++"';0#6! <'$="&#$(9

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

"#$#% #& '()*



 !"#$%$&'()

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

-/('0&(+3 '*+.+&( &" %! /5(1 /.&)&(0, 5/.61 '*0' 2 0% '*+ "/,+ 0#'*/. '*+.+/4

7"08+ '/ '*+ +9'+(' +9:,&-&',! /'*+.5&"+ "'0'+3;1 '*0' .+:./3#-'&/( 0(3 :#$<

,&-0'&/( '*+.+/4 $! ='+,,+($/"-* >(&8+."&'! 5&,, (/' &(4.&()+ 0(! '*&.3 :0.'!

.&)*'" 0(3 '*0' 2 *08+ (/' :.+8&/#",! &( &'" +('&.+'! /. &( :0.' "#$%&''+3 &' 4/.

/$'0&(&() 0(! ?#0,&@-0'&/(A

BCDEFCGFDG

H0'+I A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A

J/:!.&)*'  BCDE ='+,,+($/"-* >(&8+."&'!

K,, .&)*'" .+"+.8+3A

 

Stellenbosch University  http://scholar.sun.ac.za



 !"#$%&#

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

5%3+ 677$%/)3%!& 8&3#&"#" (!, 9)3#, :;-7%&'

 !"! #$%&'

()*+&+, -./01' 2-*/)3

4*/*56*$ 789:

;< =+&1' >$+? @$A*$ ?B@ A&5*1+&@1%C D@B %++=5E?&@1+ ?@ '*1*$%?* % F%'$%1'&%1

5*+) % 1=5*$&/%C +@C=?&@1 G@$ ?)*  !""# $%&'(&') *&%+,- &1?*$1%C D@B B%+

G@=1A! ()* C%/H @G C&?*$%?=$* @1 %C?*$1%?&I* &1?*$1%C D@B 5*?)@A &1I*+?&'%J

?&@1+ G@$ ?)*  !""# $%&'(&') *&%+ E$@5E?*A ?)* +?=A<! ()$@=') % /@56&1%J

?&@1 @G ?*+?&1' %1A +&5=C%?&@1K % E@++&6C* @=?E=? @G ?)* +<+?*5 B%+ E$@A=/*A

%1A +=''*+?*A ?@ 6* %EEC&*A ?@ B%?*$ E=5E&1' %EEC&/%?&@1+! (*+?&1' E$@I&A*A

&1&?&%C 1=5*$&/%C 6@=1A%$< /@1?$@C+ ?@ '=&A* ?)* +&5=C%?&@1 ?@B%$A % /@1I*$'J

&1' %1+B*$! ()* >1%C $*+=C?+ +)@B*A % E$*C&5&1%$< C%$'* +<+?*5 ?)%?K =1A*$

/@1?$@CC*A /@1A&?&@1+K <&*CA*A 30L @G G@$/* %? % E*$&@A @G 1*%$C< 7888 +*/@1A+
@$ 0.0085W @G 5*/)%1&/%C E@B*$! MEEC<&1' ?)&+ G@$/* ?@ % )%1A E=5E /@=CA

<&*CA 3005C @G B%?*$ G@$ ?)* 1005C 1**A*A ?@ A$&I* ?)* +<+?*5! L=5*$&/%C
+&5=C%?&@1 +)@B*A % 79N *$$@$ G$@5 +?%$?=E %1A % :N $@CC&1' *$$@$ @1 ?)*

?$%1+&*1? %1%C<+&+ /@5E%$*A ?@ ?*+? $*+=C?+! O=$?)*$ $*+*%$/) B&CC 6* 1**A*A

?@ $*>1* %1A &5E$@I* ?)* ?)*@$<! M I%+? &5E$@I*5*1? B%+ +**1 &1 ?)* +/%C&1'

%6&C&?< @G ?)* ?)*@$< /@5E%$*A ?@ ?)@+* &1 C&?*$%?=$*!

  

Stellenbosch University  http://scholar.sun.ac.za



 !""#$%&$'

 !"#$##%&'( )*' +' ,-#%.!"&'*.&/# 0&11# 2'3&' .#1

,!#4*//&'( */ +' 5*1#% 6!.4

 !"#$%&&'() #* + ,-%./#$0(+/'1+&&0 2.'3%( 4%+5 6()'(% 7'5- 899&'1+5'#( :(5%($%$

*#. ;+5%. <=/9'()>?

 !"! #$%&'

()*&*+ ,-./0' 1,)'2

3)*)45)$ 6789

3):$ ;%0 ))$*<) =$>) <?))@>&4)0*&=0)A) ;A=)& %%00%4)* ')5$:&B <) 4%%B =4 C0

D%'$%0'&%0 4)*E <) *B)FG &* C0 0:4)$&)*) =FA=**&0' ;&$ >&) &0<)$0) ;A=)& ;%0 >&)

 !""# $%&'(&') *&%+ 5)F%%A! C0 H)5$)B %%0 A&<)$%<::$ ==$ %A<)$0%<&)?) ;A=)&@

4)<=>) =0>)$*=)B) ;%0 >&)  !""# $%&'(&') *&%+ *) &0<)$0) ;A=)& F$=*)**)G E)<

0% >&) *<:>&) <=) ')A)&! 3):$ ;%0 C0 B=45&0%*&) ;%0 <=)<*) )0 *&4:A%*&) ')@

5$:&B <) 4%%BG &* C0 4==0<A&B) *<)A*)A@:&<*)< ')F$=>:*))$ ?%< ;==$')*<)A &* =4

<=)')F%* <) ?=$> ;&$ >&) F=4F ;%0 ?%<)$! 3&) <=)<*$)*:A<%<) E)< %%0;%0BA&B

0:4)$&)*) '$)0* <=)*<%0>) ;)$*B%I =4 >&) *&4:A%*&) 0% C0 B=0;)$')$)0>) %0<@

?==$> <=) <) A)&! 3&) J0%A) :&<*A%) E)< ')<==0 =F C0 ;==$A=F&') '$==< *<)A*)A ?%<

=0>)$ 5)E))$>) <=)*<%0>)G 30K B$%' =F')A)?)$ E)< ==$ C0 <L>F)$B ;%0 5L0%

6777 *)B=0>)* =I 0, 0085W ;%0 4)'%0&)*) B$%'! 3&) <=)F%**&0' ;%0 E&)$>&)

B$%' =F C0 E%0>')>$)?) F=4F B%0 <=< 3004A ?%<)$ =FA)?)$ ;&$ )AB) 1004A
?%< >&) *<)A*)A ')5$:&B E)<! K:4)$&)*) *&4:A%*&) E)< ')>:& =F C0 68 M I=:< ;%0

>&) 5)'&0F:0< %I )0 C0 9 M ;)$%0>)$)0>) I=:< &0 >&) ==$'%0'* %0%A&*)! N)$>)$)

0%;=$*&0' *%A 5)0=>&' ?=$> =4 >&) <)=$&) <) ;)$IL0 )0 <) 5);=$>)$G %AE=)?)A

'$==< ;=$>)$&0' ')4%%B &* &0 <)$4) ;%0 >&) *B%%A ;%0 >&) <)=$&) &0 ;)$')ALB&0'

4)< 5)*<%%0>) A&<)$%<::$!

   

Stellenbosch University  http://scholar.sun.ac.za



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

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

,"!1&7! ,1&$ $()8 #!7/.)!# ,&7-/ )&! *&$. *-&#. !& %(##")09  ,&7-/ -"+.

!& (*+)&,-./0. 48 :&;#&) 2&' -"#!.)")0 !& "/.(# ()/ 0&")0 !1. .<!'( $"-.

,"!1 ( !()+ 27-- &2 .)!17#"(#$9 =1. 1.-% ()/ +)&,-./0. 2'&$ 4' >'"* ?('/

()/ 4' @('.- A(7!.);(*1 2&' !1."' 1.-% ()/ (/B"*. ") $()72(*!7'")0 &2 0-(##

#!'7*!7'.#9

 !

Stellenbosch University  http://scholar.sun.ac.za



 !"#$%&#'()

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

 

Stellenbosch University  http://scholar.sun.ac.za



 !"#$"#%

 !"#$%$&'() '

*+,&%$"& ''

-'&&%!.,!# '''

/',& (0 1'23%!, '4

/',& (0 5$+#!, 4'

6(7!)"#$&3%! 4''

8 9)&%(:3"&'() 8

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

 ! ! 2#%-' .* 34'.$# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

 ! !5 2#%-' 6,78.*/ 9-$0*.:,-( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

 ! !; <,%=&&> ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?

 !5 <@A-$%.B-( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! C

; <$".2%(3): $): /'&!%$&3%! =!>'!? @

5! 34'.$#* 2#%-' D&*E.%.&*( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F

5!5 2#%-' 6,78.*/ G-B.$-( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! H

5!5! D&*B-*%.&*#= I-%0&E( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! H

5!5!5 J&*KD&*B-*%.&*#= I-%0&E( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! L

5!5!; 90-'7&EM*#7.$ 2#%-' 6,78.*/ G-B.$-( ! ! ! ! ! ! ! ! ! N

5!; O-#% 9'#*(4-' #*E "=,.E "=&P ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !   

5!? O#88M G'.*>.*/ Q.'E ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  5

5!?! R*-'/M J--E( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  ;

5!?!5 I&E-==.*/ %0- O#88M G'.*>.*/ Q.'E ! ! ! ! ! ! ! ! ! ! ! !  ;

5!?!; 6'&8&(-E S(-( &4 %0- 90-&'M %& G#%- ! ! ! ! ! ! ! ! ! ! !  F

5!C T,77#'M ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  F

A B'73#$&'() 5C!(%D 8E

;! <'./.*#= G'.*>.*/ Q.'E ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  H

;!5 3((,78%.&*( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  H

>'

Stellenbosch University  http://scholar.sun.ac.za



 !"#$"#%  !!

 ! "#$%&'() *+,-+%+./(/&0. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 12

 !3 405+./65 407+)% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 12

 !3!1 8&5+ 9+,+.7(./ 407+)% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ::

 !3!: 8&5+ ;.7+,+.7+./ <.=6)(- 405+./65 407+) ! ! ! ! ! ! :>

 !? 407+) <.()$%&% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :@

 !?!1 4(%% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :@

 !?!: A+)0'&/$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :2

 !?! B)6&7 "0%&/&0. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :2

 !?!3 405+./% 0C ;.+-/&( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  D

 !?!? 405+./% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  1

 !?!E <.=)+ 0C 8&)/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  :

 !E F.+-=$ 407+) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !   

" #$%&%&'() *)+!,- .-/ 0.-12.3&1$) 45

3!1 G$%/+5 G,+'&H'(/&0. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  E

3!1!1 I,+-(/&0. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  E

3!1!: I6/,6/ B0-'+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  E

3!1! A+-%(/&)&/$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  >

3!1!3 FJ'&+.'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  >

3!1!? G(C+/$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  >

3!: I-&=&.() 9-&.K&.= L&-7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  >

3!:!1 IM%+-N(/&0.% (.7 9+%&=. O0.%&7+-(/&0.% ! ! ! ! ! ! ! ! !  @

3!:!: 9+%&=. I6/,6/% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  @

3! G'()(M&)&/$ 9-&.K&.= L&-7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  2

3! !1 9+%&=. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  2

3! !: "+-C0-5(.'+ 8+%/% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 31

3! ! IM%+-N(/&0.% (.7 9+%&=. I6/'05+% ! ! ! ! ! ! ! ! ! ! ! ! 3:

3!3 B6)) G&P+7 "-0/0/$,+ 9+%&=. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 33

3!3!1 9+%&=. <%,+'/% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 3?

3!3!: 4(/+-&()% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 3>

3!3! ;./+-.() Q0-K&.= B)6&7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 32

3!3!3 G&P&.= ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 32

6 78()$!9)-&.: ;%$< 6=

?!1 4(/+-&() G+)+'/&0. 8+%/&.= ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?1

?!1!1 Q(/+- R0)7&.= O0N+- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?1

?!1!: G+()% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ? 

?!: R(,,$ 9-&.K&.= L&-7 8+%/% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ? 

?!:!1 B)6&7 A+)0'&/$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ? 

?!:!: B-+S6+.'$ (.7 4(.&,6)(/&0. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ? 

?! G'()+ L&-7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?3

?!3 "-0/0/$,+ 8+%/&.= ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ??

?!3!1 8+%/&.= "-0'+76-+% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?E

?!3!: 8+%/&.= Q&/#06/ Q+&=#/% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ED

Stellenbosch University  http://scholar.sun.ac.za



 !"#$"#%  !!!

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

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

.!0 12334 56()7()* 8(69 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .:

.!0!0 ;<3%6(=%)'2> ?%&@>'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .:

.!0!: $,%A6%'(B2> ?%&@>'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .#

.!: CB2>% DA9%> 8(69 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ..

.!:!0 ;<3%6(=%)'2> ?%&@>'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ..

.!:!: $,%A6%'(B2> ?%&@>'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .E

.!# F()2> G6A'A'43% $%&'()* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .H

.!#!0 ;<3%6(=%)'2> ?%&@>'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .H

.!#!: $,%A6%'(B2> ?%&@>'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! E/

.!#!# ;IB(%)B(%& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! E0

1 2!%3&%%!/*4 5/*3'&%!/*% )*+

#$3/66$*+)(!/*% 17

E!0 5(&B@&&(A) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! E"

E!: JA)B>@&(A) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! EK

E!# ?%BA==%)92'(A)& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! EH

8!%( /9 #$9$.$*3$% :;

Stellenbosch University  http://scholar.sun.ac.za



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

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

 !0 12&3#./# 45,$/&'(5 -(&6%&/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7

 !7 "2- 8&'$% #./#(*6 '$5,*(9.$4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7

:&; <%5,(/$-$4 45%$8 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7

:=; >,$ 4,&-.+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7

 !? @*'%)-.5'()* ') ',$  !""# $%&'(&') *&%+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?

 !A  !""# $%&'(&') *&%+ 2(+'(*6 #)'$*'(&2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! A

0! @22.4'%&'()* )+ & ,3-%&.2(5 %&/ #./# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! B

0!0 >,$ C(*') 8,$$2 #%(*5(#2$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! D

0!7 < 4)2&% #)8$%$- #./# 8(', *) /)E(*6 #&%'4 ! ! ! ! ! ! ! ! ! ! ! ! !  F

0!? G&/#(*6 $H$5'4 )+ & #&%'(&223 I22$- 4#,$%$ ! ! ! ! ! ! ! ! ! ! ! ! ! !  0

0!A JK&/#2$ )+ #%(*5(#2$ '$4'(*6 =3 C.%%)8 ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  L

7! "%(6(*&2 =(%- %$#%$4$*'&'()* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  B

7!0 M$#%$4$*'&'()* )+ ',$ 5)*'%)2 E)2./$4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  D

7!7 N'%.5'.%&2 %$#%$4$*'&'()* )+ E&%(&=2$4 +)% ',$  !""# $%&'(&') *&%+ ! 0F

7!? O)*'%)2 E)2./$ 2)6(5 +)% 5)*4$%E&'()* )+ /)/$*'./ 5&25.2&'()*4 ! ! 0 

7!A P&%(&=2$ +)%5$4 -.$ ') ',$ 8)%Q(*6 R.(- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 07

7!L @*'$6%&'()* 52&%(I5&'()* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 0?

7!S <44./#'()*4 +)% ',$ 2(9.(- 5)*'%)2 E)2./$4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! 0A

7!B N,&#$ )+ 5)*'%)2 E)2./$ 7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 0S

7!D T)%5$4 5%$&'$- =3 ',$ $*52)4(*6 4'%.5'.%$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 0S

7! F J*$%63 R)8 (*') ',$ +$2' 5)E$%(*6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7?

7!  T(*&2 $*$%63 '%&*4+$% ',%).6, ',$ 434'$/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7A

?! 1%$2(/(*&%3 -$4(6* )+ ',$ 45&2$ /)-$2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?F

?!0 P&5../ &*- 5,$/(5&2 -&/&6$ ') 4$&2(*6 /&'$%(&2 ! ! ! ! ! ! ! ! ! ! ? 

?!7 <*6.2&% /)'()* )+ ',$ 45&2$- /)-$2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?0

?!? @22.4'%&'()* )+ #%$44.%$ (*-.5$- +)%5$ &*- &%$& %$2&'()*4,(# ! ! ! ! ! ?7

?!A "=4$%E$- R)8 #&''$%*4 (* ',$ 45&2$ /)-$2 *$5Q +)% -(H$%$*' '(2' &*62$4 ??

?!L @22.4'%&'()* )+ ',$ 2)8$% #(#$ -$4(6* 5)*4(-$%&'()* ! ! ! ! ! ! ! ! ! ! ??

?!S JK&/#2$ #%)')'3#$4 .4(*6 E&%().4 2&3).'4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?A

:&; 1)23.%$',&*$ #2.66$- R&4Q4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?A

 !

Stellenbosch University  http://scholar.sun.ac.za



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

 !" #$%&$' (')&& *+,- .'/0+%+/0 1'/((23 2%3& 4 4 4 4 4 4 4 4 4 56

547 . #.8 92%329+%( &-$*+%( ,-2 :)%(2 32&+(% 4 4 4 4 4 4 4 4 4 4 4 4 4 5;

54< =>&2, $? &/!029(23 1+12 @$'/02 &)@+%( 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5A

54BC #-20+D)' 3)0)(2 $% D$9E 0),29+)'& 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5A

54BB 8+&+%,2(9),+$% $? F$'G/92,-)%2 )?,29 D-20+D)' 2H1$&/92 4 4 4 4 4 4 4 57

64B I+DE+%( 1$,2%,+)' ,2&, $% @)9+$/& D$@29 0),29+)' 1$&&+!+'+,+2& 4 4 4 4 6J

64J K2'$D+,G 02)&/9202%, +% ,-2  !""# $%&'(&') *&%+ 4 4 4 4 4 4 4 4 4 4 65

64L M-2 0)9E+%(& +%3+D),+%( J D0 ?$9 @2'$D+,G 02)&/9202%, 4 4 4 4 4 4 4 66

645 F9$,$,G12 2H129+02%,)' &2,/1 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 66

646 M-290$D$/1'2 1')D202%, 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 6;

64; ND922% &-$, $? ,-2 O)!K+2* &2,/1 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 6A

64A #)'+!9),+$% &D),,29 ?$9 ,-2 /1129 DG'+%329 ,-290$D$/1'2 19$!2 4 4 4 6<

647 #)'+!9),+$% &D),,29 ?$9 ,-2 '$*29 DG'+%329 ,-290$D$/1'2 19$!2 4 4 4 6<

64< P%+,+)' )%('2 92&,9+D,+$% 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ;C

64BC QH129+02%,)' ')G$/, 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ;B

;4B K)9+),+$%& $? ,-2 @2'$D+,G +% ,-2 %2DE $? ,-2 &0)'' !+93 $@29 ,+02 4 4 ;5

;4J R2DE @2'$D+,G )?,29 ) ,+1 +%&,)%D2 +% ,-2 $9+(+%)' !+93 4 4 4 4 4 4 4 4 ;6

;4L .%(/')9 3+&1')D202%, ?9$0 @29,+D)' )!$/, ,-2 1+@$, 1$+%, $? ,-2

&0)'' !+93 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ;;

;45 S'/+3 @2'$D+,G *+,-+% ,-2 %2DE $? ,-2 &D)'2 0$32' !+93 4 4 4 4 4 4 4 4 ;7

;46 .%(/')9 1$&+,+$% $? ,-2 &D)'2 0$32' !+93 3/9+%( ,2&,+%( 4 4 4 4 4 4 4 ;7

;4; P%,29%)' ,20129),/92 +%3+D),+%( ,+11+%( +%&,)%D2& +% ,-2 ')9(2 19$T

,$,G12 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 AC

;4A M9)%&+2%, +%,29%)' ,20129),/92 ?9$0 *2+(-,23 ,2&,& 4 4 4 4 4 4 4 4 4 AB

;47 M9)%&+2%, :/+3 -2+(-, 1$&+,+$% +% ,-2 %/029+D)' &+0/'),+$% 4 4 4 4 4 AJ

;4< M+1 +%&,)%D2& 1')D23 $% ,-2 ,20129),/92 +%1/, ,$ ,-2 19$,$,G12

&+0/'),+$% 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 AJ
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 !" #$%& '$(&)*$+)* ,+- ./& +-$0$)12 )+3&2.4 .+4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! 56

7!" 81.&-$12 *&2&9.$+) :-+:&-.$&* ,+- *.-;9.;-12 9+(:+)&).* ! ! ! ! ! ! ! 7<

7!5 =$>&-&)9& $) (1.&-$12 :-+:&-.$&* +, ?+-@$)0 A;$' +:.$+)* ! ! ! ! ! ! 7<

B!" C12$D-1.$+) '1.1 ,+- :-+D& ./&-(+9+;:2&* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BE

F!" 8&1*;-&' A;$' 3&2+9$.4 $) ./& *912& D$-' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F5

F!5 G&*;2.* +, &H:&-$(&).12 :-++, +, 9+)9&:. ?+-@ +) ./& *(122 D$-' D4

I&*.&)D-$)@J 56"5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F 

F! K1D2& */+?$)0 -&*;2.* +, ./&+-&.$912 ?+-@ +, I&*.&)D-$)@J 56"5 ! ! ! FB

F!7 K1D2& */+?$)0 -&*;2.* +, ./&+-&.$912 *$(;21.$+) -&*;2.* +, 1 :-++, +,

9+)9&:. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! FB

F!B 8&1*;-&' A;$' 3&2+9$.4 $) ./& *912& D$-' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! FL

 !
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 !"#$%"$#

π =  !"#" $%& '$#

e = &!(") &)" )&)

* %!)"                                 +m/s2 ,

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

-.- -/012134121562718

-9 -18:210 9104;<

=>- =<;1526:?5 ><@470?5 1A -18*1

B9 B/1:1C10:6?5

0%(/%,1-#

D D2<6                                +m2
,

. .125<                                +N ,

E 9104;< 31F 26:<                         +m3/s ,

G G1;<8:                              +N·m ,

B B2<HH42<                              +Pa ,

Re D ><I810JH 84;7<2 KJ?6;<:<2L                  + ,

M M<;@<26:42<                           +

◦
- ,

x =?H@065<;<8:                           +m ,

ω D8*4062 C<015?:I                         + rad/s ,

ρ =<8H?:I                              + kg/m3
,

θ >1:6:?18 68*0<                          + rad ,

τ N/<62 H:2<HH                            +Pa ,

1, 2, 3! ! ! -18:210 C104;< ?J<8:?O56:?18               + ,

23,#'(/4$#

7 P1::1;

? Q8:<2860 ;<6H42<;<8: 12 ?8H:685< 2<@2<H<8:6:?18

Q Q8:<2860 H47H:685<

l R?S4?J

8 T<5U

1 V4:<2 ;<6H42<;<8:

@ B?C1:

: M1@

5//
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 !"#$%&

a '$$&()*"+,

1, 2, 3- - - '$*+&$.  $.%/, 0#,1)21  ".%,
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 !"#$%& '

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

 !" #$%&'()*%#'$ *'+"&, - ,.-// ,"*%#'$ '0 1-*23&')$( #$0'&.-%#'$ #$%' %!"

$""( 0'& %!" 4&'5"*% 0'//'6"( 17 %!" '15"*%#+", '0 %!" &","-&*!8 9'//'6#$3

%!#, *!-4%"& -&" %!" /#%"&-%)&" &"+#"6 6!#*! 4/-*", %!" &","-&*! #$ *'$%":%;

%!" %!"'&7 6!#*! .-2", %!" &","-&*! )$#<)"; %!" ":4"&#."$%,; %!" &",)/%, -$(

"$(#$3 6#%! - (#,*),,#'$; *'$*/),#'$ -$( &"*'.."$(-%#'$8

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

 !" &","-&*! *'$()*%"( #$ %!#, %!",#, ,%"., 0&'. - *)&#',#%7 '0 %!" '4"&-%#'$

'0 %!"  !""# $%&'(&') *&%+ -, 6"// -, - 1&'-("& 4&'1/".8 =)" %' %!" /-&3"&

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

#$>)"$*"( %!" #$%"$%#'$ '0 %!" &","-&*! $""(, %' 1" (#,*),,"(8  !"," -&"-, -&"

6-%"& #$ ?0&#*-; !'6 %!-% 6-%"& #, 4).4"( -$( 6!-% #% #, *',%#$3 %!" *'$%#$"$%

#$ 1'%! %#." -, 6"// -, "$"&378 @% #, 1"/#"+"( %!-% %!"," #$>)"$*#$3 0-*%'&, 6#//

!"/4 4/-*" %!" &","-&*! #$%' - ("A$"( *-%"3'&7 &-%!"& %!-$ %&7#$3 %' A% #$%'

-$ -/%"&$-%#+" "$"&37 ,)1B*-%"3'&78

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

C-%"& #, - +-/)-1/" &",')&*" -// -&')$( %!" 6'&/(8 @% #, ",%#.-%"( %!-% 3/'1-//7;

%&#//#'$, '0 /#%&", '0 6-%"& -&" ),"( 4"& 7"-& 6!#/" '$/7 10% '0 %!#, #, ),"( 0'&

!'." )," -$( 70% #, ),"( 0'& -3&#*)/%)&" -$( %!" &".-#$#$3 20% 1"#$3 ),"(

17 #$(),%&7 DC#$4"$$7; EFFGH8

 !" -&"- #$ 0'*), 6-, ,4"*#A*-//7; 1)% $'% /#.#%"( %'; I)1BI-!-&-$ ?0&#*- -,

6-%"& #$ %!"," 4-&%, #, - ,*-&*" *'..'(#%78 C'.-$ #$ I)1BI-!-&-$ ?0&#*- 6#//

,4"$( '$ -+"&-3" 40 1#//#'$ !')&, 4"& 7"-& *'//"*%#$3 6-%"&; %!#, -.')$% '0 %#."
!-, 1""$ "<)-%"( %' %!" 4&'()*%#+" !')&, '0 %!" "$%#&" 6'&20'&*" '0 9&-$*";

JK=L DEFFGH %!#, "*'$'.#* 4'%"$%#-/ 4&'()*%#+#%7 %!-% #, /',% #, #.."$,"8

@% 6-, ,%-%"( #$ %!" I%-%" '0 C'&/( L'4)/-%#'$ #$ 2009 %!-% '+"& 341 .#//#'$
4"'4/" #$ ?0&#*- (' $'% !-+" -**",, %' */"-$ 6-%"& DM$3"/.-$; EFFGH8 @% !-,

-/,' 1""$ ",%#.-%"( %!-% -44&':#.-%"/7 !-/0 '0 -// !',4#%-/ 1"(, #$ ?0&#*- -&"

A//"( 6#%! 4-%#"$%, 6#%! 6-%"& &"/-%"( #//$",,", ,)*! -, 1#/!-&N#- '& *!'/"&-8

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

O)&&"$% 6-%"& 4).4#$3 %"*!$#<)", *-$ 1" (#+#("( #$%' %6' *-%"3'&#",; "/"*%&#B

*-//7 '4"&-%"( -$( .-$)-//7 '4"&-%"(8  !" )," '0 "-*! %"*!$#<)" #, 3"'3&-4!B
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!"#$%& '(')  !"#$ #%& %&'(!$')*+& ,!% (-"()$. /0& "#1!%)/2 !, 3,%)4#5'

6#/&%7 8)4/-%& #9#)+#*+& !$ /0& :%&&$ ;%!'' 6&*')/&< 6667.4)$/7!%.

)4#+ #' 6&++ #' &4!$!")4#++2 =&(&$=#$/7 >, )/ )' 4!'/ &?&4/)9& #$= ,&#')*+& #

.&$&%#/!% #$= &+&4/%)4#+ (-"( 4!-+= *& -'&= !% #+/&%$#/)9&+2 # "#$-#+ "#$$&%

'-40 #' # 0#$= (-"(7

@')$. #+/&%$#/)9& &$&%.2 /0&%& #%& !(/)!$' '-40 #' 6)$=")++' #$= (0!/!A

9!+/#)4'< B8CD7  )$=")++' 0#9& *&&$ -'&= )$ E!-/0&%$ 3,%)4# 6)/0 .%&#/ &?&4/

)$ /0& #.%)4-+/-%#+ '&4/!% ,!% "#$2 2&#%'< /0& &9)=&$4& !, 60)40 *&)$. /0& 9&%2

"#$2 6)$=")++' 9)')*+& !$ ,#%"' /0%!-.0!-/ E!-/0 3,%)4#7 3.%)4-+/-%#+ #4/)9A

)/2 -'&' #((%!F)"#/&+2 70% !, #++ ,%&'0 6#/&%< #' (%&9)!-'+2 "&$/)!$&=7  0)+&
# 6)$=")++ )' 4#(#*+& !, (-"()$. 6#/&% ,%!" =&(/0' !, -( /! 100"< /0& =!6$A
,#++ )' )$ /0& %&+)#$4& !$ 6)$= #' 6&++ #' /0& 0).0 4#()/!+ 4!'/7 80!/!9!+/#)4'

!$ /0& !/0&% 0#$= 0#9& *&&$ -'&= )$ G.2(/ )$ !%=&% /! (%!9)=& &+&4/%)4)/2

,!% (-"()$. 6#/&%< *2 4!-(+)$. # 8C #%%#2 /! /0& '/#$=#%= 6#/&% (-"('<

(%&9)!-'+2 (!6&%&= *2 =)&'&+ .&$&%#/!%'< (%&=!")$#$/+2 )$ E!-/0  &'/ G.2(/7

H9&% /0& +!$. /&%" /0& 8C "&/0!= (%!9&= /! *& ,#% 40&#(&% #/ $2 (&% (-"()$.
6#//< #+"!'/ 10 /)"&' +&'' /0#$ /0& =)&'&+ .&$&%#/!%' BI#0"!-=  &+ J#/0&%<
KLLMD7 N!6&9&%< /0&%& #%& +#%.& )$)/)#+ 4#()/#+ 4!'/' )$9!+9&= )$ '&//)$. -( #$=

"#$#.)$. # 8C #%%#2 4!%%&4/+2 60)40 4#$ 0#"(&% #$ &4!$!")4#++2 )""#/-%&

/0)%= 6!%+= 4!-$/%27

I!'/ 4!""!$+2 -'&= "&/0!=' ,!% (-"()$. 6#/&% )$ %-%#+ 3,%)4# #%& )$

"#1!%)/2< "#$-#+ !$&'7 O0&'& )$4+-=& 9&%/)4#+ =)'(+#4&"&$/ 0#$= (-"('< /0&

"!'/ 4!""!$< #' 6&++ #' )$9&$/)9& /&40$)P-&' '-40 #' /0& 40)+=%&$5' %!-$=

#*!-/ (-"(< Q$!6$ #' /0& (+#2 (-"(7 O0)' (-"( -'&' /0& &$&%.2 !, 40)+=%&$

(+#2)$. !$ /0& %!-$= #*!-/ /! =%)9& # 4!$9&$/)!$#+ *!%&0!+& (-"( )$ !%=&% /!

(-"( #$= '/!%& -( /! 2500 +)/%&' !, 6#/&%< B8+#2(-"(< KLRKD7 O0)' 0#' *&&$
'&&$ *2 '!"& #' -$4!$'/)/-/)!$#+ ), )$/&$=&= /! *& %-$ )$ %&"!/& #%&#' 60&%&

"#+$-/%)/)!$ )' %),&7 3((+)4#/)!$' )$ '40!!+' 60&%& /0&%& )' # +#%.& '!-%4& !,
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!"#$%& '()*  !"#$%&$ '()*&"+,( -,"./"&0 1 !"#$%&$0 23425

$!"#,6. (),!-/*6 (7%!- 76!# 8* (76',-*/*-9 :6 7/-*/ +7 -*&76'+/"+* )7; +),'

67<*! '#'+*& ;7/='0 " $,(+%/* )"' 8**6 -7;6!7"-*- >/7& +)* (7&$"6,*' ;*8',+*

"6- ("6 8* '**6 "' ?.%/* 4929

@*+)7-' $/*<,7%'!# %'*- ,6 ),'+7/#0 "' ;*!! "' +7-"#0 "/* +)* A/(),&*-*'

'(/*; "6- +)* ')"-%>9 B)* A/(),&*-*' '(/*; ,' %'*- +7 -/,<* ;"+*/ %$ " '(/*;9

:+ ("6 8* 7$*/"+*- &"6%"!!# "' ;*!! "' $7;*/*- 8# " &7+7/9 B)* ;"+*/ ,' 7>+*6

$%&$*- " ')7/+ -,'+"6(* 7%+ 7> " /,<*/ 7/ -"& ,6+7 ("6"!' '7 ,+ ("6 +/"<*! "

-,'+"6(* +7 ;)*/* +)*/* ,' " ./*"+*/ 6**- >7/ ;"+*/9

B)* ')"-%> ,' "6 "6(,*6+ &*+)7- 7> /*-%(,6. !"87%/ ,6$%+ 8# 7C'*++,6. +)*

&"'' 7> ;"+*/ ;,+) " (7%6+*/;*,.)+ &"'' "' '**6 ,6 ?.%/* 49D89 B)* ')"-%>

%'*' ',&$!* &"'' 8"!"6(,6. +7 "!!7; +)* ;"+*/ +7 8* !,>+*- 8# " )%&"6 ;,+)

!*'' *C7/+ +)"6 $%!!,6. +)* ;"+*/ -,/*(+!# %$;"/-'9 E,=* +)* A/(),&*-*' '(/*;0

+)* ')"-%> ;"' &",6!# %'*- >7/ " '&"!! !,>+,6. -,'+"6(*9

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

!"#$%& '( * A/(),&*-*' '(/*;0 F6(#(!7$"*-," G/,+"66,(" 123435 "6- +)*

')"-%>0 H6,IJ"''*! A./,(%!+%/"! 123435

B)*/* "/* &"6# &*+)7-' %'*- +7 $%&$ ;"+*/ +)"+ /*K%,/* '7&* >7/& 7>

)%&"6 ,6$%+9 B)* $/78!*& ;,+) +)* !"/.* "&7%6+ 7> )%&"6 ,6$%+ ,' 67+ 76!#

("6 ,+ 8* ,6(76','+*6+0 8%+ ,+ "!'7 ;,!! /*-%(* "!+*/6"+,<* *(767&,( ,&$/7<*I

&*6+' "' &%() +,&* ,' '+,!! 6**-*- +7 (7!!*(+ ;"+*/9 L%&"6 ,6$%+ ,' "!'7 <*/#
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 !"#$% &' #()*" !+ ('(),%- ./()(+!)( &# 0!1$2 3( 1"(+1$ #! /45( 4' 4$#()'4#&5(

#! #/( *4'14$ *(#/!2" &' !)2() #! 4 61&)( 04#() (4"&$%-

 ! !" #$%&''(

7# &" 8()#&'('# &'  1))('# (',&'(()&', 8)4 #& ( #! (98$!)( 4$#()'4#&5( *(#/!2" !+

('(),% 1"4,( 4" 0($$ 4" &#:" ,('()4#&!'- 7# 04" 0&#/ #/&" !1#$!!; &' *&'2 #/4#

#/&" 8)!<( # 04" "#4)#(2- =&#/ #/(  1))('# "#4#( !+ )('(043$( 4'2 "1"#4&'43$(

('(),% 1"4,(> (5(' 4 "*4$$ 4*!1'# !+ ('(),%  !'#)&31#&!'  !1$2 3( !+ 54$1(-

./( 4$#()'4#&5( #/4# &" 3(&', 8)!8!"(2 &" 4 04#() 81*8&', *( /4'&"* 4##4 /(2

#! 4' 41#!'!*!1" /(4# (',&'(- ./&" *(#/!2 0!1$2 4&* #! 84""&5($% 81*8

04#() 0&#/ $&##$( #! '! /1*4' &'81#-

./&" #/("&" &'5("#&,4#(" #/(  4843&$&#&(" !+ 4 /(4# (',&'( !+ #/&" 2("&,' 4'2

(98$!)(" 4 2("&,' #/(!)% #!  )(4#( "1 / 4' 4884)4#1" &' #/( +1#1)(- ./( /(4#

(',&'( &' 61("#&!' &" #/(  !""# $%&'(&') *&%+> &# &" '!0  !**!'$% *42(

4'2 "!$2 4" 4 '!5($#% #!%- ./&" "*4$$ " 4$( /(4# (',&'(> #&8" &'#! 4 ,$4""

!+ 04#() 1'#&$ &#  4' '! $!',() 3)(4; #/( 04#():" "1)+4 (- ./( )(4"!' 3(&',

&" #/( /(4# &'81#> !) )4#/() (9#)4 #&!'> &" #/( #(*8()4#1)( 2&?()(' (  )(4#(2

+)!* (548!)4#&', 04#() !? #/( 188() "8/()(> #/( /(42- ./(  !""# $%&'(&')

*&%+  4' 3( "((' &' @,1)( A-B "/!0&', #/( +($# !' #/( /(42 0/()( #/( 04#()

(548!)4#&!' #4;(" 8$4 ( +4 &$&#4#&', #/( )(*!54$ !+ /(4#-

C($#  !5()(2 /(42

D( ;

E!##!*

=4#() "!1) (

!"#$%& '( ) 7'#)!21 #&!' #! #/(  !""# $%&'(&') *&%+

./( &'#()'4$ "84 ( !+ #/( /(4# (',&'( &" 84)#&4$$% (54 14#(2> &# &" #/()(+!)(

@$$(2 0&#/ 4 $4),() 614'#&#% !+ 548!1) )($(4"(2 +)!* #/( 0!);&', F1&2 "#&$$ &'

$&61&2 8/4"(- ./( 0!);&', F1&2 &" *!"#  !**!'$% G& /$!)!*(#/4'( 21( #! &#"

3!&$&', 8!&'# !+ HI-B

◦
J 4# !'( 4#*!"8/()(- =&#/ #/( &'#()'4$ 8)(""1)( $!0()(2>

#/( 3!&$&', 8!&'# &" 4$"! $!0()(2- ./( $!0()(2 #(*8()4#1)( &' #/( /(42 +)!* #/(

(548!)4#(2 04#() #/()(+!)( %&($2" 4 )($4#&5($% $4),( 548!1) 8)(""1)( 2&?()(' (

4 )!"" #/( $&61&2 "(84)4#&', #/( 548!1) "( #&!'"> #/( 188() 4'2 $!0() "8/()("-

./&" 8)(""1)( 2&?()(' ( &" 0/4# 2)&5(" #/( *!5(*('# !+ #/( F1&2 &'"&2( #/(

Stellenbosch University  http://scholar.sun.ac.za



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

 !"# !$%&$!' ( !$ !$)*% +),-&$% .*&/ &0 &$ # !  !"/ )1 # ! 2&,/3 # ! 040#!5

+&66  "7! " 5!8 "$&8"6 &52"6"$8! "$/ +&66 #&9' : ! #&99&$% 5"-!0 # ! #*2! &$

# ! 6)+!, 09 !,! 2,!"- # ! 0*,1"8! )1 # ! 6&;*&/ "$/ " 2*226! 5"-!0 &#0 +"4

*9 # ! #*2! "66)+&$% 6&;*&/ #) .)+ 2"8- #) # ! 6)+!, 09 !,!' : ! 9,)8!00 # !$

,!0!#0 "$/ ,!9!"#0 &#0!613 9,)7&/!/ +"#!, 8)$#&$*!0 #) !7"9),"#!/ 1,)5 # ! 1!6#'

<# +"0 )20!,7!/ # "# # ! #)4 +"0 8"9"26! )1 6&1#&$% " 05"66 )2=!8# "##"8 !/

#) &#0 6)+!, !$/ 0&5&6", #) # "# &$ >%*,! ?'@' A1#!, /!8&/&$% # "# # !,! +"0

9)00&2&6&#4 1), " 05"66 !$!,%4 %"&$3 # &0 9)00&2&6&#4 $!!/!/ #) 2! &$7!0#&%"#!/'

B&1#!/ (!&% #

!"#$%& '( )  !""# $%&'(&') *&%+ 6&1#&$% 9)#!$#&"6

C*! #) # ! 1"8# # "# # !  !"# !$%&$! +),-0 *0&$% +"#!, !7"9),"#&)$3 &#  "0
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$0"($'" "0$7)($/.)+ ($/"36 :+ 2008 ./ 1$3 ("%)(,", /!$/ 80% )9 1$/"( .+ <9(.%$
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A4&1 +4& ,81O, &1&#72 .$ -, +4& @Q@ L FF 04*17 17  + 5#$! - <8 ' +$ %*"$8#3

+4& ,$-&1$ ' %*-%&  , $"&1&' *1' +4& "#&,,8#&  1 %$-8!& F ( --  10#&*,&: ;4&
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(. 2  2' &%##', ;7!6)7 4)#5.,; &2),;'3< . 4!%7$ )73! 6' )$:.3'$  ! ,! 
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! 2'# $.3)$:), );' 5', .!,'$ 6/ A7BC)$$)$ .3  2' ,''$ 8!# '7'& #.&. / ),$

) &!, #!7 3/3 '5  ! !"'#) '  2' :)7:'3< )7 2!%;2  2' '7'& #.&)7 ,''$3 4.77 6'
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"#'33%#' $#!" .3 'L%) '$ %3.,;  2' ;)3 ),$ ,!  2' 7.L%.$< 5)P.,;  2' :!.$

8#)& .!, .5"!# ), 0 12' #'5).,.,; 5!5', %5 "#'33%#' 7!33 ),$  2' 8#.& .!,)7

"#'33%#' 7!33'3 )#' ,! 7.,P'$0 Q)&2 !8  2'3'  '#53 6'&!5'3 .,&#')3.,;7/ $.-B

&%7  ! &)7&%7) ' )3  2' :'7!&. / 8!# &)7&%7) .,;  2' 5!5', %5 4.77 :)#/ 4. 2

)&&!#$),&'  !  2' @!4 ")  '#, ),$ );).,  2' :!.$ 8#)& .!,0 12' 8#.& .!,)7

"#'33%#' 7!33 .3 )73! #'7) '$  !  2' :'7!&. / ),$  2'#'8!#' 2)3  2' 3)5' #'7) .!,

 !  2' :!.$ 8#)& .!, )3  2' 5!5', %5 7!330

R 2'# ., '#'3 .,; #'3')#&2 4. 2.,  2' @%.$3 ?'7$ &!,$%& '$ 6/ S.77.),  ! "#$

GHIJHK ., !  2' '>'& 3 !8 @%.$3 ., ) 2)78 ?77'$ 3"2'#'0 12.3 4)3 !8 ")# .&%7)#

., '#'3  !  2' #'3')#&2 $%'  !  2' 3"2'#.&)7 32)"'3 !8  2' %"&&' ()*+,*+- .*)/0

12' #'3')#&2 8!&%3'3 5).,7/ !,  2' .5")& $/,)5.&3 !8 ) @%.$ ?77'$ 3"2'#'<

2!4':'# . 7!!P3 ., !  2' 7!33 !8 ','#;/ $%'  !  2' '>'& 3 !8 37!32.,; .,3.$'

2!77!4 3"2'#'30

T/ $#!"".,; ) ")# .)77/ ?77'$ 2!77!4 3"2'#' 8#!5 #'3 S.77.), 5')3%#'$

 2' #'6!%,$ 6/  )P.,; "2! !3 !8  2' @%.$U3 5!:'5', 0 12' #'3%7 3  !  2'3'
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 !" #$% &'( ) *" + ') # ( ,#-) #( + ' #%$& ,& ."'$%/% 0** .1 , (") # $&

.#+ # '. 2 ' ') %,!$%/%  & #23 '#,&(1 # 1#.% ') (") # '. ') *$4/$+5 6) 

").'.( ',7 & .1 ') 8/$+ /($&2 , )$2) ("  + -,% #, %,+ $' ".(($9* 1.# ') 

,/').#( '. -,*-/*,' ') : *.-$'3 .1 ') 8/$+ ;$')$& ') (") # 5

<' ;,( 1./&+ '),' ') %,!$%/% ,%./&' .1 %.% &'/% '#,&(1 # .--/## +

;) & ') (") # ;,( 0** + '. 30%5 6) 9$22 (' 8.; 1 ,'/# '),' * ,+ '.

+,%" &$&2 ;,( ') + -./"*$&2 .1 ') 8/$+ %,(( 1#.% ') %,(( .1 ') (") # 

$& ') 1.#%,'$.& .1 ,& $&' #&,* => '? .1 ;,' #5 6)$( "#$&-$"* ),( 9  & ($%"*3

().;& $& 02/# @5A5 6)$( * + '. ,& $&' # ('$&2 %.% &'/% '#,&(1 # ,&,*3($(

9 ';  & ') ';. %,(( ( ,&+ ') (/##./&+$&25 <' ;,( 1./&+ '),' ') %.% &'/%

'#,&(1 # ;,( &.' -,"'/# + -.## -'*3 +/ '. ') /( .1 ') %,!$%/% : *.-$'3

1.# ') 8/$+ > ' ,&+ , */%" + 8/$+ %,(( ;) # ') ,: #,2 : *.-$'3 ()./*+

),: 9  & /( +5 6)$( $&1.#%,'$.& ;,( &.' ,:,$*,9* '. ') ,/').#( ,' ') '$% 

.1 "/9*$-,'$.& ,&+ ;,( ,-4/$# + ')#./2) +$# -'  B%,$* -.&',-'5

"#$%&' !()* C.#%,'$.& .1 , ;,' # > ' $& , 1,**$&2 (") # # (/*'$&2 $& +,%"$&2

,D -'(E ,+,"' + 1#.% F$**$,&  ! "#$ G@HI@J5 6) (") # ;$** 1,** 1#.% (','$.&,#3E

* 1'E ') & 1.#% , -,:$'3 .& $%",-' ().;& $& ') %$++* ') & , > ' ;$** 1.#%

;) & ') -,:$'3 $( #,"$+*3 0** +5 6)$( > 'E ,-'$&2 $& ') ."".($' +$# -'$.& '.

') (") # K( %.: % &' -# ,' ( ') *,#2 +,%"$&2 1.#- 5

C/#') # ') "#$&-$"* ( .1 ) ,' ,&+ %,(( '#,&(1 # $&:.*: + $& ') # ( ,#-)

# %,$& + : #3 ($%"* ,&+ -.&-$( E ') %,>.#$'3 .1 ') $&1.#%,'$.& &.' ),:$&2

-),&2 + .: # # - &' 3 ,#(5 C.# ')$( # ,(.&E .& 7&.;* +2 " #',$&$&2 '. 9,($-

) ,' ,&+ %,(( '#,&(1 # $' $( # -.%% &+ + '),' ') # ,+ # *..7 ,' L &2 * %

M),>,# G@HIHJE N ,' ,&+ O,(( 6#,&(1 # C/&+,% &',*( ,&+ P""*$-,'$.&(5

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

6) # $( *$''* # ( ,#-) ,:,$*,9* .& ') "#$&-$"* .1 ') &"''( )*+,-+,. /+*0

9/' ;),' $( ,:,$*,9* ;$** 9 *..7 + ,' $& ')$( ( -'$.&5 6)$( ;$** ) *" * ,+ ') 

# ,+ # $&'. ;),' ;$** 9 +.& ;$') ') &"''( )*+,-+,. /+*0 $& ') # %,$&+ #

.1 ') "#.> -'5
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 !"!# $%&'() *&&+,

 !" "#"$%& '($ )!" *$+#,+#% -+$* +. ./001+"* -& )!" "230($3)+(# (' 43)"$ (5 )!"

!"3* (' )!" -+$*6  !" 37(/#) (' "#"$%&8 '$(7 )!" 13)"#) !"3) (' 230(/$+.3)+(#8

!3. -""# 9!3$39)"$+."* -"'($"6 :310! ;($"#< 9319/13)"* )!3) )!" 73.. =(4 $3)"

(' 43)"$ "230($3)+#% '$(7 )!" '"1) +. 300$(>+73)"1& 0.9 %?! */$+#% (0"$3)+(# ($
300$(>+73)"1& 22 @ 0"$ 9&91" (' AB ."9(#*.8 0.55C8 D;($"#<8 EBBFG6 H0"$3)+#%
3) 3 )"70"$3)/$" (' EI

◦
J ;($"#< '/$)!"$ .)3)". )!3) +# ($*"$ )( $3+." )!"8

913+7"*8 271 (' 1+K/+* +#.+*" )!" .&.)"7 (#1& 347C (' "#"$%& 43. #""*"*

*/" )( )!" 13)"#) !"3) (' 230(/$+.3)+(# (' )!" L+9!1($(7")!3#" /."* +#.+*" )!"

.&.)"76

 !" )"70"$3)/$" 39$(.. )!"  !""# $%&'(&') *&%+ 43. 7"3./$"* -& ;($"#<

DEBBFG /.+#% .73118 %13.. "#930./13)"* )!"$7+.)($. 4+)! 3 1(4 ">9+)3)+(# 2(1)3%"

)( $"*/9" )!" 9!3#9" (' +#*/9"* $".+.)+2" !"3)+#%6 M+. 7"3./$"7"#). .!(4"*

)!3) )!"$" 43. 3 N

◦
J *+5"$"#9" +# .)"3*& .)3)" (0"$3)+#% 9(#*+)+(#. /#*"$

.+7+13$ )".) ./$$(/#*+#%.6  !" 1(4"$ -/1- ">0"$+"#9"* 3 )"70"$3)/$" (' ≈

21.3 ◦
J 3#* )!" /00"$ -/1- 3 )"70"$3)/$" (' ≈ 18.3 ◦

J6 ;($"#< *(". 0(+#) (/)

)!3) +# "39! 9&91" )!" )"70"$3)/$" (' )!" /00"$ -/1- $+.". -& ≈ 0.3 ◦
J 3#* )!"

1(4"$ -/1- -& 300$(>+73)"1& )!" .37" 37(/#)6  !" /00"$ )"70"$3)/$" $+."

43. $"13)"* )( )!" )"70"$3)/$" (' )!" 43)"$ )!3) )!" !"3* *+0. +#)( 3#* +# )!"

1(4"$ -/1- +) 43. */" )( )!" 7(7"#)3$& +#9$"3." +# 0$"../$" '$(7 )!" $30+*

$")/$# =(4 (' )!" 4($,+#% =/+*6  !" /00"$ 3#* 1(4"$ )"70"$3)/$" $3#%" 4"$"

)!"$"'($" 3..(9+3)"* )( )!" 4") 3#* *$& -/1- )"70"$3)/$". +# )!+. .)/*&6

 !"! -.+&//0%( 12& 3455) 6'0%70%( 80'+

 !"$" 3$" 2"$& '"4 030"$. (# )!" 7(*"11+#% (' )!"  !""# $%&'(&') *&%+8 )!"

73O($+)& (' 0$"2+(/. 4($, *(#" (# )!" .&.)"7 43. ">0"$+7"#)31 7"3./$"7"#)

3#* 3#31&.+.6 M(4"2"$8 3 030"$ 4$+))"# -& PQR7"< ,- !./ DEBBN0G *(". 3))"70)

)( 7(*"1 )!" )!"($&6

 !" J13/.+/.SJ130"&$(# "K/3)+(# 43. /."* -& PQR7"< ,- !./ DEBBN0G )(

7(*"1 )!" .&.)"7 3#* &+"1*"* 3 %((* $"0$"."#)3)+(# (' )!" .7311 .931" ($+%+#31

 !""# $%&'(&') *&%+6 T .!($) *".9$+0)+(# (' )!"+$ 4($, 3#* )!"($& 4+11 -"

9(2"$"* '($ 9(703$+.(# )( )!" .)/*& 9(2"$"* +# )!" #">) 9!30)"$6 U+$.)1&8 )!"

J13/.+/.SJ130"&$(# "K/3)+(# *".9$+-". )!" )"70"$3)/$" 9!3#%" 39$(.. 3 1+K/+*

9(#)$(1 2(1/7" 3.V

∆T =
∆P

B

C!"$" ∆P +. )!" 0$"../$" *+5"$"#9" +# 3 )+7" .)"0 3#* 93# -" %+2"# 3. ρg∆z
4!"$" ∆z +. )!" 2"$)+931 *+.0139"7"#) +# 3. 3 $"./1) (' )!" 0$"../$" *+5"$"#9"
39$(.. )!" 9(#)$(1 2(1/7"6  !" 9(#.)3#) *"#(7+#3)($ W8 93# -" ">03#*"* '($

7($" *")3+1V

B =
∆hlPl(TR)

RT 2
R
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 !"#" ∆hl $% &!" "'"#() *+ ,-.*/#$%-&$*' -& 0*'%&-'& .#"%%/#" +*# &!" 1$2/$3

-'3 Pl(TR) $% &!" ,-.*/# .#"%%/#" -& &!" -45$"'& *# #**4 &"4."#-&/#"6 TR7 R
$% &!" /'$,"#%-1 (-% 0*'%&-'&7 8!" 0*'%&-'& B "2/-&"% &* -' -14*%& 0*'%&-'&
,-1/" *+ 2.07± 0.01 +*# -' -45$"'& &"4."#-&/#" *+ 22.5± 0.1 ◦

97 8!" ,-.*/#

.#"%%/#" *+ &!" 5$#3 $% &!"' 0-10/1-&"3 /%$'( &!" 4*3$:"3 91-/%$/%;91-.")#*'

"2/-&$*' -% +*11*<%6

Pl(TR) = P0 e

[

−
∆hl

R

(

Tl − TR

TRTl

)]

=-,$'( -11 &!" $'+*#4-&$*' '""3"36 /%$'( &!" !"$(!& *+ &!" 5$#3 -% ∆z -'3
&!" 0*'%&-'& > <!$0! $% '*< 0-10/1-&"36 &!" &"4."#-&/#" 3#*. <-% +*/'37 8!"

&"4."#-&/#" 3$?"#"'0" 0-10/1-&"3 <-% 0.266 ± 0.005 ◦
9 5"&<""' &!" &*. -'3

5*&&*4 %.!"#"%7 8!" -/&!*# 3*"% -34$& &!-& &!" 0**1$'( "?"0&% 4*3"11"3 <"#"

'-$," -'3 0*/13 !-," 5""' #",$%"37 =*<","# &!" #"%"-#0! 0*'&$'/"3 <$&! &!"%"

-%%/4.&$*'% -'3 ("&% -00/#-&" #"%/1&% *+ &!" -'(/1-# 4*,"4"'& *+ &!"  !""#

$%&'(&') *&%+7

@' - %"0*'3 .-."#6 ABC4"D ,- !./ EFGGH!I 0!-'("3 &!" "'"#() %*/#0" +#*4

#"4*,$'( !"-& *? &!" &*. *+ &!" %)%&"4 &* &!" $'./& *+ &!"#4-1 "'"#() -& &!"

5*&&*4 *+ &!" %)%&"47 =*<","#6 &!"$# 4*3"11$'( .#$'0$.1"% #"4-$' &!" %-4"7

8!" 5$#3 <-% "J."#$4"'&"3 *' <$&! &!" 1*<"# 5/15 .-$'&"3 51-0K -'3 &!"'

"J.*%"3 &* 0*'&#*11"3 &!"#4-1 #-3$-&$*'7

ABC4"D ,- !./ EFGGH0I ($,"% - %-&$%+-0&*#) 5#"-K3*<' *+ &!" 4*3"11$'(

4"&!*3% /%"3 $' *#3"# &* 3"&"#4$'" &!" .*%$&$*' *+ &!" !"-& "'($'"7 8!"

"J."#$4"'&% 0*'3/0&"3 5) L*#"'D EFGGMI *'1) $',*1,"3 4"-%/#$'( &!" .*%$&$*'

*+ &!" 3#$'K$'( 5$#3 #-&!"# &!-' 0-10/1-&$'( $&7 ABC4"D ,- !./ EFGGH0I 4-K"% /%"

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

."'3/1/47 8!" #"-%*' <!) $& $% 4*3"11"3 -% - ."'3/1/4 $% &!-& &!" N/$3

<$&!$' &!" %)%&"4 4*,"% $'3"."'3"'&1)6 -1&"#$'( &!" 4-%%"% +*# &!" ."'3/1/4%

4*4"'& *+ $'"#&$-7

8!" "2/-&$*' +*# &!" 4*&$*' *+ &!" %)%&"4 <-% 0-10/1-&"3 /%$'( &!" .-#-11"1

-J$% &!"*#"4 <!$0! 3"%0#$5"% &!" $'"#&$- "?"0&% *+ -' *5O"0& %$&/-&"3 -<-) +#*4

&!" 0"'&"# *+ #*&-&$*'7 8!" 3$%&-'0" 5"&<""' &!" 0"'&"# *+ 4-%% *+ - 0*'&#*1

,*1/4" -'3 &!" 0"'&"# *+ #*&-&$*' $% K'*<' -% &!" #-3$/% *+ ()#-&$*'7 8!"

("'"#$0 +*#4/1- 0-' 5" %""' -%P

I =
∑

Ii +miG
2
i

 !"#" Ii $% &!" 4*4"'& *+ $'"#&$- *+ &!" i
th
0*'&#*1 ,*1/4"6 m &!" 4-%%

-'3 G &!" #-3$/% *+ ()#-&$*'7 8!" $'"#&$- <-% 0-10/1-&"3 +*# "-0! .-#& *+
&!" %)%&"4% %&#/0&/#" -% <"11 -% &!" ,-#$-51" "1"4"'&% <!$0! <*/13 %!$+& <!"'

&!" N/$3 4*,"3 +#*4 *'" 0*'&#*1 ,*1/4" &* -'*&!"#7 8!" #"%/1& *+ &!"%"
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 !" #"!$%&'( )%"" *+ (,&)' *+"&) *-%+./0 1,+ 2&2+'$ &3 %'+-$%!4

I(z) = I0 +

{[

VI − zπ

(

di
2

)2]

ρI −mH
I (z)

}(

L

2

)2

+ zπρI

(

di
2

)2[
1

12
z2 +

(

L

2
−

z

2

)2]

+mH
I (z)

(

L

2

)2

5,+-+ I0 %( $,+ 2&2+'$ &3 %'+-$%!6 7+8+"&9+7 %' $,+ (!2+ 2!''+- *#$ 3&-

$,+ ($-# $#-!"  &29&'+'$( (# , !( $,+ :"!((0 1,%( 2&2+'$ &3 %'+-$%! )%"" '&$

 ,!':+ )%$, $%2+ !'7 $,+-+3&-+  !' *+ "#29+7 $&:+$,+- !( &'+ 8!-%!*"+0 1,+

8!-%!*"+( !-+ V 3&- $,+ 8&"#2+6 z 3&- $,+ .#%7 ,+%:,$ %' $,+ *%-7 !'7 L 3&- $,+

"+':$, &3 $,+ *%-70 1,+ (#*( -%9$( !-+ i 3&- %'$+-'!" (9+ %; !""/ 3&- 7%!2+$+-(

!'7 I 3&- %'$+-'!" (9+ %; !""/ 3&- $,+ .#%70 1,+ (#9+-( -%9$ H 7+'&$+( 3&- $,+

,+!7 &3 $,+ (/($+20 <&) *-%+./ $,+ (#2 &3 $,+ 2&2+'$( !(  !" #"!$+7 */

=>?2+@  ! "#$ ABCCD%E4

M(z) =M0 −

{[

VI − zπ

(

di
2

)2]

ρI −mH
I (z)

}

L

2
g sin θ

− ρI

[

zπ

(

di
2

)2]
1

2
(L− z)g sin θ +mH

I (z)
L

2
g sin θ

1,+ 8!-%!*"+( !-+ $,+ (!2+ )%$, M0 !( $,+ '&'F ,!':%': 2!((+( 2&2+'$

+G+ $6 %0+0 $,+ :"!(( !'7 $,+ 8!-%!*"+ 2!((+( 2&2+'$ +G+ $( !77+7 $& %$0 H-&2

$,+(+ $)&  !" #"!$%&'( $,+ !#$,&-( $,+'  !" #"!$+7 $,+ !':"+ &3 $,+ *%-7 !$ !

(9+ %; $%2+ ($+9 */ #(%': *!(% !':#"!- 2&2+'$#2 9-%' %9"+(0 1,+ !':#"!-

!  +"+-!$%&' !$ ! (9+ %; $%2+ %( :%8+' */4

α =

∑

M(z)
∑

I(z)

I'7 3-&2 $,%( $,+ !#$,&-(  &'7# $+7 ! 3&-)!-7 2!- ,%': $%2+ ($+9 2+$,&7

$&  !" #"!$+ $,+ !':"+ !3$+- ;-($  !" #"!$%': $,+ %'$+-2+7%!$+ !':#"!- 8+"& %$/

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

ω(t+∆t) = ω(t) + α∆t

θ(t+∆t) = θ(t) + ω(t+∆t)∆t

1,%( 2+$,&7 %( J'&)' !( $,+ K#"+-FL-&2+- !":&-%$,20 M(%': ! (#N %+'$"/

(2!"" $%2+ ($+96 =>?2+@  ! "#$ ABCCD"E )+-+ $,+' !*"+ $& !  #-!$+"/ -+9"% !$+

$,+ 2&$%&' &3 $,+ (2!""6 &-%:%'!" &"''( )*+,-+,. /+*00 1,+ $%99%': 9,+'&2+'!

&3 $,+ (/($+26 ),+' %$ -+(+$( %$(+"36 )!( 3&- +7 '&$ 2&7+""+76 */ (+$$%': $,+

!':#"!- 8+"& %$/ $& @+-& !'7 2&8%': $,+ .#%7 *! J $& !' &*(+-8+7 9&%'$0 1,%(

)!( (+"+ $+7 !( ,!"3 )!/ 7&)' $,+ '+ J !( (++' $,-&#:, &*(+-8!$%&' &3 $,+

:"!(( *%-70
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 !"#$% &'()  !"#$%& '( $)*+,*$%& -&.-*+/ "0"$-&0 ()'# 1')2 0'+& 34 56))'1

789::;

 !"!# $%&'&()* +()( &, -.) /.)&%0 -& 12-)

<'- #"+4 6.&. '-=&) -="+ " +'>&%-4 -'4 =">& 3&&+ 0&.,)*3&0 *+ %*-&)"-6)& -=6.

(")? @')&+A 7BCC:; .-"-&. -="- D? ? ? *- 1". +&>&) ,'+,&*>&0 ". "+ &+&)/4 ,'+>&)E

.*'+ 0&>*,&F "+0 *-. -=&)#'04+"#*, *+&G,*&+,*&. '+%4 #"2& *-. $&)(')#"+,&

". "+ &!H6*.*-&%4 .*#$%& -'4 "%% -=& #')& *#$)&..*>&?I? JKL#&A  ! "#$ 7BCCM"

"+0 BCCM3; 0'&. +'- .6//&.- " 6.& (') -=& =&"- &+/*+& .4.-&#?

N6- *( '+& %''2. (6)-=&) 3",2 "- )&.&"),= ,'+06,-&0 34 56))'1 789::; '+

" #')& '$*+*'+ 3".&0 $"$&)F =& =". (") #')& .6//&.-*'+.? 56))'1 3".&. =*.

")/6#&+- '+ ='1 -=& %"&&' ()*+,*+- .*)/ *. " -'4 "+0 1". 0&.*/+&0 -' 3&

'+&? O& "00. -="- *+ ')0&) (') -=& $)*+,*$%& -' 3& *#$)'>&0F 3&--&) #&-='0. '(

&+&)/4 -)"+.(&) +&&0 -' 3& *#$%&#&+-&0 (') *+.-"+,& " 3&--&)F #')& ,'+06,-*>&

#"-&)*"% '-=&) -="+ /%"..? P- 1". "%.' .6//&.-&0 -="- -=& .6)(",& ")&". (')

-=& -1' =&"- &!,="+/&). 3& *+,)&".&0F .*#*%") -' -=& $)*+,*$%&. '( " )"0*"-')?

56))'1 "%.' ,'+06,-&0 &!$&)*#&+-. *+ ')0&) -' 0&-&)#*+& -=& $'..*3*%*-4 '(

.,"%*+/ 6$ .6,= " 0&>*,& 1*-= .$&,*Q, *+-&)&.- *+ %'1 1"-&) %*(- .,&+")*'.?

R=& .,"%*+/ &!$&)*#&+-. *+,%60&0 " )&/6%") +'>&%-4 -'4 1*-= " #"2& .=*(-

.,''$ *+>'%>*+/ " .-)"1 1*-= " S"--&+&0 '$&+ &+0 .-)"$$&0 -' -=& 3*)0?  ",=

-*#& -=& .4.-&# -*$.F -=& .-)"1 -)"+.(&). " 0)'$%&-. '( 1"-&) ()'# -=& %'1&) -"+2

-' -=& 6$$&) -"+2? R=& "#'6+- '( 1"-&) -="- 1". -)"+.(&))&0 *+ =*. &!$&)*#&+-.

1". "$$)'!*#"-&%4 8 /)"#? R=*. ,"+ 3& .&&+ *+ $)*+,*$%& *+ Q/6)& B?T?

 !" #$%%&'(

P+ .6##")4 *- ,'6%0 3& ."*0 -="- 1=*%& %*#*-&0 &!$&)*#&+-"% 1')2 "+0 "--&#$-.

-' #'0&% -=& 3*)0 1&)& ('6+0F -=&)& ")& #"+4 ")&". %&(- (') &!$%')"-*'+? R=&.&

")&". *+,%60& -=& 3&--&) #'0&%%*+/ '( -=& S6*0 S'1 *+ -=& .4.-&# ". 1&%% ".

-=& =&"- -)"+.(&)? P- 1'6%0 "%.' *+,%60& %''2*+/ "- "%-&)+"-*>& #&-='0. '(

"$$%4*+/ -=& ."#& $)*+,*$%& 6+0&) 0*U&)&+- "$$%*,"-*'+. *+ ')0&) -' /&- #')&

#"+"/&"3%& &+&)/4 '6- '( -=& .4.-&#?
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 !"#$%& '

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

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

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

1)"2"-%/ #5#'(, "# +)17(- *1.- "-'1 "'# #",&/(#' 01), '1 +4"/* 4& %- 1&()%'"1-%/

4-*()#'%-*"-2 10 "'# .1)7"-2# 01) '!( )(%*()6

8")#'/59 '!()( ."// +( % *(#$)"&'"1- 10 '!( 1)"2"-%/ !(%' (-2"-( %-* '!( +%#(

'!(1)5 10 !1. "' .1)7#6  !( %##4,&'"1-# '!%' .()( *((,(* -($(##%)5 "- 1)*()

'1 #",&/"05 '!( ,1*(/ %)( /"#'(*6 8)1, '!( %##4,&'"1-# "' "# '!(- &1##"+/( '1

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

*":"*(* "-'1 "'# &)"-$"&/( &%)'# ."'! '!( #",4/%'"1- (;&/%"-(* %# '!( '!(1)5

)(/(:%-' '1 (%$! #($'"1- "# *(:(/1&(*6

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

<# #'%'(*9 '!( $1-$(&' +("-2 4#(* .%# '%7(- 0)1, % -1:(/'5 '156  !( '15 .%#

#(/($'(* '1 #",4/%'( 01) :%)"14# )(%#1-#6  !( 2/%## %//1.# 01) (%#5 :"(."-2 10

'!( "-'()-%/ .1)7"-2# 10 '!( (-$/1#(* #5#'(,9 '!( &)"-$"&/( .1)7#9 '!( #5#'(,

"# %:%"/%+/( %-* "' !%# +((- #",4/%'(* +(01)( +5 =>?,(@ ,- !./ ABCCD0E %# .(//

%# %- 4-*()2)%*4%'( AF6 G1#'(-+)"-7E .1)7"-2 4-*() '!( %4'!1) "- 20126 <
*",(-#"1-/(## )(&)(#(-'%'"1- 10 '!( 1)"2"-%/ '15 $%- +( #((- "- 324)( D6H %-*

%// '!( %##4,&'"1-# /"#'(* "- '!( -(;' #($'"1- )(/%'( '1 '!"# 324)(6

 !. /001234%5'0

I- 1)*() '1 #",&/"05 '!( &)1+/(, "-'1 #1,('!"-2 4-*()#'%-*%+/( .!"/( #'"//

,%"-'%"-"-2 %- %$$4)%'( )(&)(#(-'%'"1- 10 '!( &)1+/(,9 :%)"14# %##4,&'"1-#

.()( ,%*(6  !(#( %##4,&'"1-# %)( +(/"(:(* '1 #",&/"05 '!( $%/$4/%'"1-# *"0J

3$4/'5 ."'! '!( /(%#' %,14-' 10 ())1)# $1,&%)(* '1 )(%/"'56 < 0(. 10 '!(

%##4,&'"1-# $%- +( #((- :"#4%//5 "- 324)( D6B .!(- $1,&%)(* '1 324)( D6H6

8"24)( D6B %/#1 #!1.# '!( )%-2( 10 ,1'"1- 10 '!( !(%' (-2"-( #('4&6  !( #('4&

,1:(# 0)1, %- 4&)"2!' &1#"'"1- '!)142! '!( %-2/(* &1#"'"1- +(01)( )(#(''"-2

"'#(/06

I- 324)( D6B '!( .1)7"-2 K4"* "# $1-'%"-(* "- $1-')1/ :1/4,(# H '1 L6 I' "#

+(/"(:(*9 %-* .%# #((-9 '!%' "- '!( #,%//  !""# $%&'(&') *&%+ '!"# %##4,&'"1-

.1)7# .(//9 !1.(:() 1-$( '!( #4)0%$( %)(% +($1,(# /%)2() "- )(/%'"1- '1 '!(

K4"* :1/4,(9 #1 '1 *1 "'# (M($'#6 I' "# (;&($'(* '1 !%:( % /%)2() (M($' "- /%)2()

*"%,('() #5#'(,#6 </'!142!9 '!( )(#4/'# 1+'%"-(* "- #",4/%'"1- +('.((- )"2"*

 !
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3

2

1

4

6
6

3

2

1
4

1

6

3
2

1 4

5

θ

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

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

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

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

78/#! 91:1 2+! $&#/,&/#! )% &+! )&+!# +'%4 5(-- 6!!" &+! $"+!#(,'- $+'"!$ )* &+!

;(#4 (% )#4!# &) ;!$& ,'"&/#! &+! #)&'&()%'- 0).!0!%&1 <$ &+!$! &5) 0)4!-$

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

($ &+! $'0!1 2+($ 4(=!#!%,! ;!&5!!% &+! "+?$(,'- $&#/,&/#! #!"#!$!%&'&()% '%4

&+! '4'"&!4 -(3/(4 #!"#!$!%&'&()% ,'% ;! $!!% (% 78/#! 9191

@(8/#! 919 '-$) '(0$ &) ,-'#(*? 0'%? )* &+! .'#(';-!$ &+'& 5(-- ;! /$!4

5(&+(% &+! ,'-,/-'&()%$ &) *)--)51 2+! 4(0!%$()%$ /$!4 *)# &+! 0)4!-> 5!#!

'-&!#!4 *#)0 &+! )#(8(%'-  !""# $%&'(&') *&%+ &) 6!!" &+! $(0/-'&()% #!$/-&$

,)0"'#'&(.! &) ' 6%)5% $&'%4'#4 '$ 0)4!--!4 ;? ABC0!D ,- !./ E:FF90G '%4

H!$&!%;#(%6 E:FI:G1 2+! 4(0!%$()%$ /$!4 &) 0)4!- &+! )#(8(%'- ;(#4 ,'% ;!

$!!% (% &';-! 91I1 H%,! &+($ $0'-- )#(8(%'- ;(#4 ($ /%4!#$&))4> -'#8!# 0)4!-$

,'% ;! 0'%/*',&/#!4 '%4 &!$&!4 (% )#4!# &) ;!&&!# /%4!#$&'%4 '%4 &!$& &+($

&+!)#?1

 !1 203+./43 205+)%

2+! 0)0!%&/0 0)4!-$ $/0 &+! !=!,&$ )* !',+ ,)%&#)- .)-/0! &)5'#4$ &+!

,)%$!#.'&()% )* 0)0!%&/0 &+#)/8+)/& &+! !%&(#! $?$&!01 2+! ,)%$!#.'&()% )*
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L
b

dob
L

L
n

L
p

L
t

dot

don

L
b

dob

L

L
n

L
p

L
t

dot

don

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

*&%+

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

!0' )6)!'17 80' .'&,$+!+') ,- !0' +*!'"*%& 2,"4+*9 5#+3 %"' *''3'3 !, 4*,2

!0' !+1' +! 2+&& !%4' !, 3+)(&%$' % .,&#1' ,- &+:#+3 20+$0 2+&& /' #)'3 %) %

"'("')'*!%!+,* ,- !0' ';$+'*$6 ,- !0' )6)!'17 80' %*9#&%" .'&,$+!6 +) %&),

*''3'3 +* ,"3'" !, $%&$#&%!' !0' %*9&' %! 20+$0 !0' )6)!'1 +) (,)+!+,*'37 80+)

%*9&' +) !0'* % 1'%)#"' ,- !0' (",<+1+!6 !, "')'!!+*9 !0' $6$&'7

80' 1,1'*!#1 $,*!"+/#!+,* $%* /' )(&+! +*!, !2, 1,3'&)= % !+1' 3'('*>

3%*! %*3 % !+1' +*3'('*3'*! 1,3'&7 80' !+1' 3'('*3%*! 1,3'& 2+&& $,*)+)!

,- !0' 2,"4+*9 5#+3) &+*'%" 1,1'*!#1 $0%"%$!'"+)!+$)7 80' !+1' +*3'('*3'*!

1,3'& $,*)+)!) ,- %&& *,*>$0%*9+*9 1%))') )#$0 %) !0' &+:#+3) '*$&,)+*9 )!"#$>

+,-.' ()/*  +?' 3+1'*)+,*) -," !0' ,"+9+*%& *,.'&!6 !,6

@')$"+(!+,*  61/,&  +?' AmmB

C'$4 8#/' D'*9!0 D EEF

C'$4 G#!'" @+%1'!'" don H

C'$4 I**'" @+%1'!'" din J

8,( G#!'" @+%1'!'" dot KF

8,( I**'" @+%1'!'" dit KL

M,!!,1 G#!'" @+%1'!'" dob NE

M,!!,1 I**'" @+%1'!'" dib NO
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 !"#$ %&  '(# )*&&#&+  ,# *-./# 01  ,# &2& #( 3'// 4,*-.# 5!#  0  ,# 6!'5&

)0&' '0- *-5  ,# 7*/*-4# 01  ,# & "!4 !"#$ 8,# (*&& 01  ,# #-4/0&'-. & "!4 !"#

50#& -0 4,*-.# 3' ,  '(#+  ,# (*&& 01 /'9!'5 '-  ,# 40- "0/ :0/!(# 3' ,'- ' 

50#&+ ,#-4#  ,# &)/' 01  ,# 4*/4!/* '0-&$

;*4, 40- "0/ :0/!(# 10"  ,#  '(# 5#)#-5*- (05#/ 3'// ,*:# * /'-#*" (0<

(#- !( *-*/2&'& 40-5!4 #5 0- ' 5!#  0  ,# 0"'.'-*/ 0-# 5'(#-&'0-*/ 603

*&&!() '0-$ ="0(  ,# /'-#*" (0(#- !( 4*/4!/* '0-&  ,#+ -03 >-03-+ :#/04<

' 2 !)5* #&  ,# 6!'5& )0&' '0- *-5 ' '& )0&&'7/#  0 5# #"('-#  ,# -#3 (0(#- 

01 '-#" '*$ 80 4/*"'12  ,# 40()! * '0-*/ )"07/#(& *- 0! /'-# 01 4*/4!/* '0-&

)#"10"(#5  0 #*4, 40- "0/ :0/!(# 3'// 7"'#62 7# 5#&4"'7#5$

;*4, 40- "0/ :0/!(# ,*& * -!(7#" 01 10"4#& *4 '-. 0- ' $ 8,#&# 10"4#&

40- "'7! #  03*"5&  ,# 40-&#":* '0- 01 /'-#*" (0(#- !( 3' ,'-  ,# &2& #($

8,# 10"4#& 4*- 7# /'& #5 *& 10//03&? 1"'4 '0-*/ 10"4#&+ 10"4#& "#&!/ '-. 1"0( (*&&

6!@ '- 0 *& 3#// *& 0! 01  ,# 40- "0/ :0/!(#+ ."*:' * '0-*/ 10"4#+ &!"1*4# 10"4#&

"#&!/ '-. 1"0( )"#&&!"#$ 8,# *))/'4* '0- 01  ,#&# 10"4#& 0- 0 * 40- "0/ :0/!(#

4*- 7# &##- '- A.!"# B$C$ ;*4, :*"'*7/# 3'// .#  ,# "#&)#4 ':# &!7&4"') 3' ,'-

 ,# 4 /'9!'5 40- "0/ :0/!(#& 40-4#"-#5+  ,'& '& * & *-5*"5 *4"0&& *// #9!* '0-&$

∆z

(ṁv)in (PA)in

(PA)out(ṁv)out

mg τAz

"#$%&' ()*+ D0- "0/ :0/!(# /0.'4 10" 40-&#":* '0- 01 (0(#- !( 4*/4!/* '0-&

8,# '-' '*/ 40-&#":* '0- 01 (0(#- !( 4*- 7# &##- '- #9!* '0- B$E 10" *

40- "0/ :0/!(# &'('/*"  0  ,* '- A.!"# B$C$

∆mv

∆t
= [(ṁv)in − (ṁv)out] + [(PA)in − (PA)out]−mg cos θ − τAz FB$EG
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 !"# $%& '!" (#)*+(& ,%,"#'*, "(-! .(&' %$ '!" /0/'", #""1/ ( ,%,"#'

%$ 2#"&'2(3  !" ,%,"#'/ %$ 2#"&'2( $%& '!" ,%1"+ 42++ 5" $%&,*+('"1 */2#) '!"

.(&(++"+ (62/ '!"%&",3 7+'"&#('28" ,"'!%1/ 4"&" 2#2'2(++0 2#8"/'2)('"19 !%4"8"&

'!" &"/*+'/ %$ '!"/" ,"'!%1/ 121 #%' ,('-! '!(' %$ :;<,"=  ! "#$ >?@@A%B '!*/

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

C#%4# ,%,"#'/ %$ 2#"&'2( (#1 '!" "D"-'/ %$ '!" &(12*/ %$ )0&('2%#9 >E&(2)"9

?@@FB3  !" )"#"&2- $%&,*+( -(# 5" /""# (/9

I =
∑

Ii +miG
2
i >A3?B

G!"&" Ii 2/ '!" ,%,"#' %$ 2#"&'2( $%& '!" ith -%#'&%+ 8%+*,"9 m '!" ,(//

(#1 G 2/ '!" &(12*/ %$ )0&('2%#3  !" &(12*/ %$ )0&('2%# 2/ '!" +"#)'! $&%, '!"

-"#'"& %$ ,(// %$ '!" -%#'&%+ 8%+*," '% '!" .%2#' %$ &%'('2%#9 2# '!2/ -(/" '!"

.28%' .%2#' %$ '!" /0/'",3

 !" ,%,"#' %$ 2#"&'2( $%& '!" '2," 2#1"."#1"#' ,%1"+ 42++ 5" &".&"/"#'"1

(/ I◦ (#1 I(y) 42++ &".&"/"#' '!" '2," 1"."#1(#' ,%1"+9 (/ 2' 2# '*&# 1"."#1/
%# y9 '!" H*21 .%/2'2%# %8"& '2,"3 I' 2/ #%4 .%//25+" '% !(8" ( -+%/"& +%%C 2#'%
'!" '4% ,%,"#'*, ,%1"+/ /'(&'2#) 42'! '!" '2," 1"."#1(#' ,%1"+3

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

 !" '2," 1"."#1(#' ,%1"+ 2/ &"+('"1 '% '!" 2#'"&#(+ 4%&C2#) H*213  !" "D"-'/

%$ '!" H*21/ .%/2'2%# %# '!" ,%,"#' %$ 2#"&'2( #""1 '% 5" -(.'*&"13  !"

,(##"& 2# 4!2-! '!" ,%1"+ 4(/ (D"-'"1 42++ 5" 1"/-&25"1 42'!2# '!" /"-'2%#

50 +%%C2#) (' '!" (#)*+(& ,%,"#'*, (/ 4"++ (/ '!" +2#"(& H*21 ,%,"#'*,3

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

 !" (#)*+(& ,%,"#'*, ,%1"+ &"$"&/ '% '!" &%'('2%# %$ '!" /0/'", 1*" '% '!"

.%/2'2%# %$ '!" H*213  !" (#)*+(& ,%,"#'*, 42++ 5" $%&,*+('"1 */2#) '!"

,%,"#'/ -&"('"1 50 '!" .%/2'2%# %$ '!" H*21 (#1 (' '!2/ /'()"9 '!" ,%'2%#

%$ '!" +2J*21 42++ #%' !(8" (# "D"-'3  !" /+%/!2#) "D"-'/ '!"&"$%&" #%' 5"

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

'% '!" -%,.+"62'2"/ $%*#1 2# &"/"(&-! 50 E2++2(#  ! "#$ >?@K?B (#1 5"+2"8"1 '%

5" 5"0%#1 '!" /-%." %$ '!" &"/"(&-!3

L2)*&" A3M +(0/ %*' '!" $%&-"/9 &"/*+'2#) $&%, '!" ,(// %$ '!" 2#'"&#(+ +2J*219

4!2-! !(8" (# 2#H*"#-" %# '!" ,%1"+3 N(-! $%&-" !(/ '!" /*5/-&2.' %$ 2'/

-%#'&%+ 8%+*," (/ 4"++ (/ (# %."# %& -+%/"1 +%-('2#) -2&-+"3 L%&-"/ +%-('"1 42'!

%."# -2&-+"/ 2#12-('" '!(' '!"2& .%/2'2%# 42++ 8(&0 42'! &"/."-' '% '!" H*21/

.%/2'2%# (+%#) '!" (62/ ,(&C"1 y3 I# '!2/ -(/"9 '!" $%&-" F3 2/ ,(&C"1 (/ (

/'('2%#(&0 $%&-" 42'! ( /%+21 -2&-+" (/ 2' 42++ #%' ,%8"3 F3 2/ '!" $%&-" %$ '!"

+2J*21 4!2-! 2/ (+4(0/ 5"+%4 '!" #"-C (#1 1%"/#O' +"(8" '!" +%4"& /.!"&"3

 !" ,%,"#'/ %$ 2#"&'2( -(# '!"# 5" -(+-*+('"1 50 "6.(#12#) "J*('2%# A3?

'% 2#-+*1" (++ M +2J*21 -%#'&%+ 8%+*,"/3  !2/ -(# 5" /""# (/P

I(y) = (I2 +m2G
2
2) + (I3 +m3G

2
3) + (I4 +m4G

2
4) + (I5 +m5G

2
5) >A3AB
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θ

F4t

F5

F4b
F2

F3

y

"#$%&' !()*  !"#!$%& '(")&* +,& -( -.& /("0#12 3,#+4 !* -.& 3,#+ 5(6&* ,7

-.& 7#7&* -.&1 -.& '(")& /#%% 5(6& /#-. #-

8- #* #57("-!1- -( 5&1-#(1 -.!- !- -.#* *-!2& #1 -.& '("5,%!-#(1 !1 !**,57-#(1

.!* -( $& 5!+& !* -( -.& %,57&+ !1!%9*#* (' -.& %#:,#+; <* 5&1-#(1&+ #1 -.&

*-",)-,"!% "&7"&*&1-!-#(14 -.& %#:,#+ #* 5(+&%%&+ !* $&#12 #1 )9%#1+"#)!% )(1=

-!#1&"* (1%9 +,"#12 -.& %#1&!" !1!%9*#* (' -.& %#:,#+4 -.&"&'("&4 -.& 5(5&1-,5

(' -.& %#:,#+ #* )!%),%!-&+ ,*#12 -.& *.!7&* (' -.& )(1-!#1&" #- #* #14 #1#-#!%%9

!* ! 7!"-#!%%9 >%%&+ *7.&"&; ?,& -( -.#* !**,57-#(14 -.& &:,!-#(1 '(" -.& 5!**

5(5&1- (' #1&"-#! (' ! 7!"-#!%%9 >%%&+ *7.&"& >"*- 1&&+* -( $& +&6&%(7&+;

@.& 5(5&1- (' #1&"-#! '(" ! ',%% *(%#+ *7.&"& #* 5!+& ,7 $9 #1-&2"!-#12 -.&

5!** &A&)-* (' >1#-& +#*0* -."(,2. -.& /.(%& *7.&"&; @.#* /#%% "&*,%- #1 -.&

'(%%(/#12 &:,!-#(1 '(" ! *5!%% *&)-#(1 (' -.& *7.&"&4 1(-#12 -.!- -.& ).!12#12

5!** #* "&7"&*&1-&+ !* 3!- +#*0* (' >1#-& -.#)01&** #1 ("+&" -( $& #1-&2"!-&+;

dI =
1

2
y2dm =

1

2
y2ρπy2dz

B.#). )!1 $& *#57%#>&+ $9 C(#1#12 )(55(1 6!"#!$%&*D

I =
1

2
ρπ

∫

y4dz

E&)!,*& -.& &:,!-#(1 #* '(" ! *7.&"&4 '"(5 F9-.!2("!*4 y2 = r2 − z2 #1 -.#*
)!*&4 -.& "!+#,* #* 2#6&1 $9 -.& "!+#,* (' -.& *7.&"&4 G;

I =
1

2
ρπ

∫ R

−R

(R2
− z2)2dz

8- #* (1%9 +&*#"!$%& -( .!6& -.& 5(5&1- (' #1&"-#! '(" -.& 5!** -.!- #* *-#%% #1

-.& *7.&"&; @.&"&'("& -.& ,77&" !1+ %(/&" %#5#-*4 #1*-&!+ (' $&#12 '"(5 −R
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 ! R "#$$ %& '(!) −R  #$$ −R + h "*&(& h #+  *& *&#,* !'  *& $#-.#/ + #$$ #0

 *& +1*&(&2 3*#+ 450 %& +&&0 #0 6,.(& 7282

R

−R

−R + h

h

"#$%&' ()*+ 90 &,(5 #!0 4$5(#645 #!0 /#5,(5)

:04&  *& #0 &,(5 #!0 "5+ 4!)1$& &/;  *& (&+.$ + $!!< 5+ '!$$!"+=

I =
1

24
ρπ

[

3R5
− 12R4h+ 24R3h2

− 8R2h3 + 3(−R + h)5
]

>72?@

A-.5 #!0 72? "5+  *&0 .+&/  ! 45$4.$5 &  *& )!)&0 !' #0&( #5 !'  *&  ! 5$

B.#/ #0  *& %!  !) +1*&(& 50/  *& B.#/  *5 #+ #0  *&  !1 +1*&(&; !04& # 

(&54*&+ # 2 9 #+ (&1(&+&0 &/ 5+  *& '!$$!"#0, '!(  *& %!  !) 50/  *&  !1 +1*&(&+

(&+1&4 #C&$D=

Ib =
1

24
ρlπ

[

3

(

dib
2

)5

− 12

(

dib
2

)4

+ 24

(

dib
2

)3

(y3 + y2)
2
−

8

(

dib
2

)2

(y3 + y2)
3 + 3(−

(

dib
2

)

+ (y3 + y2))
5

]

>72E5@

It =
1

24
ρlπ

[

3

(

dit
2

)5

− 12

(

dit

2

)4

yh + 24

(

dit
2

)3

y2h − 8

(

dit
2

)2

y3h+

3(−

(

dit
2

)

+ yh)
5

] >72E%@

3*&(&'!(&; 5 +*!( &-.5 #!0 '!(  *&  ! 5$ C5(D#0, )!)&0 !' #0&( #5 '!(  *&

 !1 &$&)&0 +;  *& %!  !) &$&)&0 + 5+ "&$$ 5+  *& 0&4< 450 %& +.))5(#+&/ 5+=

I = It +Gt + Ib +Gb + Ineck +Gneck >728@

F*&(&  *& )!)&0 !' #0&( #5 '!(  *& 0&4< #+ +#)1$D  *& )!)&0 !' #0&( #5 '!(

5 4D$#0/(#45$ )5++ !( 5 .0#'!() +$&0/&( (!/; "*#4* "#$$ (&+.$ #0 5 )!)&0 !'

#0&( #5 5+ '!$$!"+=

Gneck =mneckl
2
c

Ineck =
1

12
ml2
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 !"#$%& '( )*+,-"$*./ $!%.&0  !

 !"#" l $% &!" '"()&! *+ &!" #*, -(, lc $% &!" ,$%&-(." &* &!" ."(&"# *+ #*&-&$*(/
01#&!"#2 &!" ,$%&-(."% &* &!" ."(&"# *+ #*&-&$*( 3$'' 4" &-5"( +#*6 &!" ."(&#"

*+ &!" .*(&#*' 7*'16" -& -(8 %9".$:. 6*6"(& $( &$6"/ ;% &!$% ."(&"# 3$''

.!-()" 3$&! &$6"2 $& ("",% &* 4" $(.'1,", $( &!" &$6" ,"9"(,"(& %".&$*( *+ &!$%

.!-9&"#/ <*3 &!-& &!" $("#&$- $% -7-$'-4'"2 &!" '$("-# 6*6"(&16 *+ &!" =1$,

.-( 4" ,$%.1%%",/

"#$#%# &'()*+, -./*0 1*+23( 4'52+6/5

; '$("-# 6*6"(&16 -(-'8%$% $% ("",", +*# "-.! .*(&#*' 7*'16"/ >( *#,"# &*

"?9-(, *( "@1-&$*( A/B ,$%.1%%", $( &!" 9#"C-64'" *+ &!$% .!-9&"#2 -( "?-69'"

*+ &!" '$("-# 6*6"(&16 3$'' 4" .*7"#", !"#"/

0$)1#" A/D %!*3% &!" -%%169&$*(% &!-& !-7" 4""( 6-," *+ &!" .*(&#*' 7*'C

16" %!-9"% 3!$'" .-'.1'-&$() &!" '$("-# 6*6"(&16 $( &!" 4*&&*6 *+ &!" %8%C

&"6/ E!"%" .*(&#*' 7*'16"% -#" -)-$( '-4"''", +#*6 1 1(&$' 62 !*3"7"# $( &!$%
.-%" .*(&#*' 7*'16" 5 !-% (*& 4""( .#"-&", 8"&2 ,1" &* &!" F-)#-()$-( 6"&!*,
*+ .*(&#*' 7*'16" %"&19/ ;% .*(&#*' 7*'16" 4 )#*3% -(, %9$''% $(&* &!" &*9
%9!"#"2 &!"( *('8 3$'' .*(&#*' 7*'16" 5 4" .#"-&",/ E!"%" .*(&#*' 7*'16"% 3$''
4" 4"&&"# ,"%.#$4", -% -(, 3!"( &!"8 -#" #"+"#"(.", $( .-'.1'-&$*(%/

3

2

1

4

6

-*,/(2 "#78 ;%%169&$*(% +*# &!" '$@1$, .*(&#*' 7*'16"%

;% %&-&",2 &!" .*(&"(&% *+ .*(&#*' 7*'16" 1 -(, 62 -#" -%%16", &* 4"
%-&1#-&", 7-9*1#/ ;% &!" 6-%% *+ &!" 7-9*1# 3-% ,""6", &* 4" 7"#8 %6-''2 &!"

6*6"(&16 *+ &!" 7-9*1# 3-% $)(*#",/ G1" &* &!$% -%%169&$*(2 &!" ,"#$7-&$*(

3$'' 4")$( 3$&! &!" %".*(, .*(&#*' 7*'16" 3!$.! 3$'' 4" 1%", -% -( "?-69'"
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 !"#$%& '( )*+,-"$*./ $!%.&0  !

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

%'("&* .!."( 1. .!-"% 4!* +!( *!% 0!%1." 5 +&( 6" ,""( &, 4!%%!7,8

∆m2v

∆t
=[(ṁv)in − (ṁv)out] + [(PA)in − (PA)out]

+m2g cos θ − τA2z

9:2;<

3)', "=1& '!( ',  )" ,1. !4 &%%  )" 4!*+",> ,)!7( '( ?/1*" :2@ "&*%'"*>  )& 

7'%% "A"+  )" %'=1'- 7' )'(  )" ,$"+'?"- +!( *!% 0!%1.",2 B +!(,', , !4  )"

.&,, C1#> ,1*4&+" 4!*+", &, & *",1% !4 & $*",,1*" -'A"*"(+"> .&,, 4!*+", &(-

?(&%%D  )" &0"*&/"- 4*'+ '!(&% 4!*+" !(  )" 7&%%, !4 & +!( *!% 0!%1."2 E1"  !

 )" +!(,"*0& '!( !4 .!."( 1. "=1& '!(>  )" ,1. !4  )"," 4!*+", "=1&%  )"

+)&(/" '( .&,, 6D 0"%!+' D !0"*  )"  '." $"*'!- &, '( "=1& '!( :2;2

E1"  !  )" !(" -'."(,'!(&% C!7 &,,1.$ '!(> ' +&( 6" , & "-  )&  )"

0!%1." !4  )" C1'- %"&0'(/ & +!( *!% 0!%1." 7'%% "=1&%  )" 0!%1." !4 C1'-

"( "*'(/  )" ,16,"=1"( +!( *!% 0!%1."2 3)', 7'%% 6"  )" +&," 4!* &%%  )"

+!( *!% 0!%1.", '( "*4&+", "#+"$ '(/ 7)"( ' ', 4*!. %'=1'-  ! 0&$!1*2 3)',

."&(,  )&  )" 0!%1." C!7 *& "> -"(! "- &, F ',  )" ,&." 4!* &%%  )" +!( *!%

0!%1.",2

v2A2 = v3A3 = G [m3/s]

3)" 0!%1." C!7 *& " F> +&(  )"( 6" ,16, ' 1 "- '( !  )" .&,, C!7 *& "

4*!. "=1& '!( :2;  ! ,'.$%'4D ' 2

ṁ2 = ρlv2A2 = ρlG 9:2G<

3! +&%+1%& "  )" C1'- 0"%!+' D '( & +!( *!% 0!%1.">  )" 0!%1." C!7 *& " ',

-'0'-"- 6D  )" ,$"+'?+ +!( *!% 0!%1.", &*"&2 3)', 0"%!+' D 7'%% 6"  )" 0"%!+' D

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

 )', +&,">  )" &0"*&/" 0"%!+' D !4  )" "( '*" +!( *!% 0!%1." ', (""-"- &(- 7'%%

6"  )" &0"*&/" 6" 7""(  )" '(%" &(-  )" !1 %" 0"%!+' D2 H!* +!( *!% 0!%1."

5  )"*" ', (! .&,, C!7 *& " 4*!.  )" 0&$!1*  !  )" %'=1'- %"&0'(/  )" '(%" 

0"%!+' D  ! 6" I"*!2 3)" 0"%!+' D 4!* +!( *!% 0!%1." 2 ', /'0"( &, 4!%%!7,8

v2 =
vin + vout

2
vin ≈ 0

v2 =
G

2A3(t)

J! "  )" &*"& ', /'0"( &, & 41(+ '!( !4  '." -1"  ! ' , &% "*& '!( !0"*  '."

4*!.  )"  '% $!,' '!(2 3)', 0"%!+' D .&D 6" 1,"- '( !*-"*  ! +&%+1%& "  )"

,1*4&+" 4*'+ '!( 7)'+) ', & ,"+!(- !*-"* 41(+ '!( !4  )" 0"%!+' D2 K=1& '!( :2LL

*"$*","( ,  )" %'("&* .!."( 1.  )& 7'%% '(+%1-" !(%D  )" +!( *!% 0!%1.",

4*!.  )" 2nd>  !  )" 5 th
+!( *!% 0!%1.",2

∆

∆t

∑

i miG
∑

i Ai

= P1A2−P6A4+

(

1
∑

i Ai in

−
1

∑

i Ai out

)

ρG2
−

∑

i

mg cos θ−
∑

i

τ iAi

9:2LL<
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 !"#$%& '( )*+,-"$*./ $!%.&0  !

 !"# $%

 !"# "&'

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

3*.) "- '), ."%'/"! 0"!&1,4 *%5 '), *44&1+'$"%4 ')*' #,/, 1*5, #$')

/,6*/5 '" '), !$%,*/ 1"1,%'&1 "- '), 7&$5 #$!! 8/$,79 8, 5$4.&44,5: ;"%'/"!

0"!&1, < $4 *% *%%&!&4 5&, '" '), *44&1+'$"% ')*' '), 4+),/$.*! 4)*+,4 1*9

8, *++/"=$1*',5 *4 .9!$%5/$.*! "%,4 -/"1 >6&/, 2:<? '), $%!,' *%5 "&'!,' */,*4

*/, '), 4*1,: @),4, 4&/-*.,4 */, 4$1+!9 '), */,* "- '), .9!$%5,/4 ,=.!&5$%6

'), */,* "- '), +$+, ')*' /&%4 ')/"&6) $':

A2 = π
d2ib
4

− π
d2on
4

A2:B<C

;"%'/"! 0"!&1, 2 $4 '),% *++/"=$1*',5 *4 * .$/.&!*/ 5$4D: @), $%!,' '" ')$4

5$4D $4 '), 4*1, */,* *4 '), "&'!,' -/"1 ."%'/"! 0"!&1, <: @), ./"44 4,.'$"% .*%

8, 4,,% $% >6&/, 2:E: @), 7"# #$')$% '), ."%'/"! 0"!&1, )*4 8,,% "84,/0,5 '"

8, *' * 0,/9 !"# 0,!".$'9? '),/,-"/, *%9 '&/8&!,%., #$')$% '), ."%'/"! 0"!&1,

#*4 %,6!,.',5: ;"%'/"! 0"!&1, F $4 * 4$1+!, .9!$%5,/:

 !"!# $%&' ()*'+')*'), -)./012 34&'),/& 34*'0

@), '$1, $%5,+,%5,%' 1"1,%'&1 ."%'/$8&'$"% $4 -/"1 '), +)94$.*! ,%.!"4&/,

-"/ '), !$G&$5? "/$6$%*!!9 6!*44? *%5 *!! %"%H.)*%6$%6 1*44,4: @),4, ."1+"%,%'4

,I,.'4 #$!! /,1*$% '), 4*1, 5&, '" %" 1"0$%6 ."1+"%,%'4 "/ .)*%6, "- 1*44

"0,/ '$1,: @), /,+/,4,%'*'$0, -"/.,4 -"/ '), 1*44,4 *44".$*',5 '" '), ,%.!"4&/,

.*% 8, 4,,% $% >6&/, 2:J:

θ

Fnt

Ft

Fnb
Fb

"#$%&' (),+  "/.,4 ./,*',5 89 '), ,%.!"4$%6 4'/&.'&/,

@), ,I,.'4 "- '),4, -"/.,4 */, -*/ ,*4$,/ '" *%*!94, 5&, '" '),/, 8,$%6 %"

.)*%6, $% 1*44 "%!9 * .)*%6, $% +"4$'$"%: K4$%6 '), +*/*!!,! *=$4 '),"/,1?

,G&*'$"% 2:<? '), 1"1,%' "- $%,/'$* -"/ '), 6!*44 $4 -"&%5 $% '), 4*1, 1*%%,/
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 ! "#$ %&' ()*+), ' $()'$- .&)! /)(( 0' 1 ,' +2 #" %&' 3#4%$)0+%)45 )4'$%) #" %&'

%/# !2&'$'!  4, %&' 36()4,$)3 ( %+0' 3#44'3%)45 %&' %/# !2&'$'!- .&' )4'$%) #"

%&' & % / ! )54#$', &#/'7'$ )%! 1 !! / ! (+12', %# %& % #" %&' +22'$ !2&'$'-

.&' 0' 8 / ! 1#,'((',  !  36()4,'$ 2$#%$+,)45 "$#1 %&' +22'$ !2&'$'- .&'

)4'$%) "#$ %&' !2&'$' 3 4 0' !''4 0'(#/9

Isphere =
2

3
mr2 :;-<;=

.&' 3#12('%' )4'$%) /)(( 0' +!)45 %&' ,)>'$'43'! 0'%/''4 %&' #+%'$ $ ,)+!

#" %&' 1 %'$) (  4, %&' )44'$ $ ,)+!- .&' )4'$%) #" %&' 36()4,'$? #$ 4'38? / !

% 8'4  !  36()4,$)3 ( &#((#/ $#, $#% %)45  0#+% )%! '4,  % %&' 2)7#% 2#)4%- @6

0$' 8)45 %&' 4'38 +2 )4%# %/# 2 $%!? 0#%& 2)7#%)45  $#+4, )%! 2)7#% 2#)4%? %&'

"#((#/)45 '*+ %)#4 / ! +!', "#$ ')%&'$ !),'9

Ineck =
1

2
mr2 +

1

3
ml2 :;-<A=

B&'$' r )! %&' $ ,)+! #" %&' 36()4,'$ 1 %'$) (  4, l )! %&' ('45%& #" %&' 2)2'

 / 6 "$#1 %&' 2)7#% 2#)4%- @6 3#10)4)45 %&' $'!2'3%)7' )4'$%) 3 (3+( %)#4!

%&' "#((#/)45 '*+ %)#4 $'2$'!'4%! %&' 3#12('%' !6!%'19

I◦ =
2

3
mgb

(

dob
2

)2

+mgb

(

L− doh − Lp −
dob
2

)2

+
2

3
mgh

(

doh
2

)2

+mgh

(

Lp +
doh
2

)2

+
1

2
mgbn

(

don
2

)2

+
1

3
mgbn

(

Ln − Lp

)2

+
1

2
mgtn

(

don
2

)2

+
1

3
mgtnL

2
p +mbeakL

2
b

:;-<C=

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

3#10)4 %)#4 /)%& %&' 1#1'4% #" )4'$%) "#$ %&' %)1' ,'2'4,'4% '*+ %)#4? I(y)-
D#%' #43'  5 )4 %& % %&' 1 !! #" %&' & %  4, %&' / %'$', /)38  $' )43(+,',

)4 %&' 7 $) 0(' mgh-

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

.&)! !'3%)#4 % 8'!  ,''2'$ (##8  % %&' '('1'4%! /&)3& 3#12$)!' %&' 1#,E

'((', !6!%'1  4, &#/ %&'6 /'$' 3&#!'4 %# 0' 1#,'((',- F% /)((  (!# 3#7'$ %&'

1'%&#, +!', )4 #$,'$ %# 3 (3+( %' ' 3& #" %&' !2'3)G3 7 $) 0('! )4 %&' !6!%'1

4+1'$)3 ((6  4, 3 +%)#4! % 8'4 )4 !)1+( %)45 %&' !6!%'1- H 3& '('1'4% & !

0''4 & 4,(', )4 )4,)7),+ ( !'3%)#4! "#$ 1 !!? 7'(#3)%6? I+), 2#!)%)#4? )4'$%) ?

1#1'4%!  4, %&'  45(' #" %&' !6!%'1-

 !"!# $%&&

.&' 1 !!'! )4 %&' !6!%'1 3#4!)!% #" ')%&'$ %&' !%$+3%+$ ( 1 !!? )4 %&' G$!%

)4!% 43' 5( !!? #$ %&' 1 !! #" %&' /#$8)45 I+),? J)3&(#$#E1'%& 4'- .&' !%$+3E

%+$ ( 1 !!'! /)(( 4#% 3& 45' )4 %&' $+44)45 #" %&' !6!%'1  4, %&'$'"#$' %&'
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 !"#$%& '( )*+,-"$*./ $!%.&0  !

 !""#" $!% &# $!'$('!)#* +%$#, ("-%. )/# 0+'( # +1  !)#2-!' !%* -)" *#%"-)34

5/#  !"" +1 )/# 6+27-%. 8(-* 6-)/-% ! $+%)2+' 0+'( # 6-'' $/!%.# 6-)/ )- #

!%* %##*" )+ &# $!'$('!)#* !$$+2*-%.'34

5/#  !""#" 1+2 )/# 6+27-%. 8(-* 6-'' &# (9*!)#* !) #!$/ )- # ")#9 +1 )/#

"- ('!)-+% ("-%. )/# #:(!)-+%;

mt+∆t = mt +∆t(ṁin − ṁout)

</#2# )/#  !"" 8+6 2!)# -% +2 +() +1 !" "3")# 6-'' &# $!'$('!)#* ("-%. )/#

0+'( # 8+6 2!)#, G, !" "##% -% )/# 1+''+6-%. #:(!)-+%;

ṁ = ρlG

5/#2#1+2# )/#  !"" -% #!$/ $+%)2+' 0+'( # 6-'' &# 2#92#"#%)#* -% .#%#2!' 1+2 

&3 #:(!)-+% =4>? !" "##% /#2#;

mt+∆t = mt +∆t∆ṁ @=4>?A

B% $+%)2+' 0+'( # =, ṁin = ṁout "+ )/#2# -" %+ $/!%.# -%  !""4 C%$# !

$+%)2+' 0+'( # -" 1('', ṁin 6-'' )/#% !'"+ #:(!' )/#  !"" 8+6-%. +() +1 )/#

$+%)2+' 0+'( # !%* "+  !-%)!-%  !"" $+%"#20!)-+%4

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

5/# 0#'+$-)3 +1 )/# "3")# -" %##*#* -% )/# "- ('!)-+% -% +2*#2 )+ 2#'!)# &!$7

)+ #D9#2- #%)!'  +*#'" !" 6#'' !" $!'$('!)# )/# 8(-*" $/!%.# -% 9+"-)-+%4 5/#

0#'+$-)3 +1 )/# 8(-* -% )/# %#$7 -" !% #!"3 0!2-!&'# )+  #!"(2# -% )/# +2-.-%!'

.'!"" E2-%7-%. F-2* !%* )/#2#1+2# -) %##*" )+ &# $!'$('!)#* -% )/# %( #2-$!'

 +*#''-%. +1 )/# "3")# )+ $+ 9!2# )/# 2#"(')"4

G2+ )/# '-%#!2  + #%)( #:(!)-+%" -) -" 9+""-&'# )+ *#)#2 -%# )/# 0+'(H

 #)2-$ 8+6 2!)#, G4 I%+6-%. )/# $2+"" "#$)-+% +1 )/# %#$7 )/# 92+$#"" -" #!"34
B% +2*#2 )+ $!'$('!)# )/# %#$7 0#'+$-)3, )/# 8(D, G, -" .-0#% !";

G = vneckA4

!%* )/#2#1+2#, )/# 0#'+$-)3 -% )/# %#$7 -" "- 9'3;

vneck =
G

A4

 !"! ,&-). /'0)*)'1

5/# 8(-*" 9+"-)-+% 6-)/-% )/#  +*#' -" #!"-'3 $!'$('!)#* !%* $!% &# *+%# -%

0!2-+(" 6!3"4 5/# (9*!)#*  !"" $!% &# ("#* -% +2*#2 )+ $!'$('!)# )/# /#-./)

)/2+(./ )/# *#%"-)3 !%* )/#2#1+2# )/# #D9#$)#* 0+'( #"4 J')#2%!)-0#'3 )/#

9+"-)-+% $!% &# $!'$('!)#* ("-%. )/# 0#'+$-)3 +2 0+'( #)2-$ 8+6 2!)#4 G+2 )/-"

Stellenbosch University  http://scholar.sun.ac.za



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

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

&*+( /+4+//+, %-%!( & &*+ .'$#"+&/!0 "+&*', % % 0*+05 !( '/,+/ &' +( #/+

0'( +/.%&!'( '4 "%  &*/'#-* &*+ 0%$0#$%&!'( %(, 0'(.+/-+(0+ '4 /+ #$& 6

7( '/,+/ &' 0%$0#$%&+ &*+ *+!-*& # !(- &*+ .+$'0!&8) &*+ 4'$$'2!(- +9:$!0!&

"+&*', ! %::/':/!%&+ 4'/ &*+ 1#!, :' !&!'( !( &*+ (+056

yt+∆t = yt +∆t
G

A
;<6=>?

@*+/+ A ! &*+ 0/'   +0&!'( &*/'#-* &*+ .'$#"+ '4 &*+  :+0!A0 .+$'0!&8 '4

!(&+/+ &6 B*! 0%$0#$%&!'( ! "%,+ +% !+/ ,#+ &' &*+ %  #":&!'( '4 08$!(,/!0%$

0'(&/'$ .'$#"+ 6

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

B*+ "'"+(& '4 !(+/&!% 2!$$ 0'( ! & '4 &2' :%/& C

I = I◦ + I(y) ;<6=D?

E 3'&* &*+ &!"+ ,+:+(,%(& %(, &*+ &!"+ !(,+:+(,+(& "',+$ "'"+(& '4

!(+/&!% *%.+ 3++( 4'/"#$%&+, +%/$!+/) &*+8 2!$$ F# & 3+ 0'"3!(+, 4'/ 0'":$+&!'(6

B*+ + 2!$$ ('& 3+ 0%$0#$%&+, +9:$!0!&$8 3#& 2!$$ 3+ 0%$0#$%&+, # !(- &*+ 0#//+(&

&!"+  &+: :/':+/&!+ '4 %$$ &*+ .%/!%3$+ %(, +G#%&+, %& &*+  &%/& '4 +%0* &!"+

 &+: 2!&* &*+ :/+.!'# &!"+  &+: .%$#+ 6 B*! ! %  #"!(- &*+ 0*%(-+ !( +%0*

.%/!%3$+ &' 3+  "%$$ +('#-* &' %$$'2 &*+ +//'/ 3+&2++( &2' %,F%0+(& &!"+ 

 &+: &' 3+ (+-$!-!3$+6

I =
2

3
mgb

(

dob
2

)2

+mgb

(

L− Lt − Lp −
dob
2

)2

+
2

3
mgh

(

doh
2

)2

+

mgh

(

Lp +
doh
2

)2

+
1

2
mgbn

(

don
2

)2

+
1

3
mgbn(Ln − Lp)

2 +
1

2
mgtn

(

don
2

)2

+

1

3
mgtnL

2
p +mbeakL

2
b +

(

1

12
πρllnbs

[

3

((

dib
2

)4

−

(

don
2

)4)

+

l2nbs

((

dib
2

)2

−

(

don
2

)2)]

+m2(Ln − Lp − lnbs)
2

)

+

(

2

5
m3r

2+

m3(L− Lt + Ln − 2Lp)
2

)

+

(

1

12
m4y

2 +m4

(

Ln − Lp −
y

2

)2)

+

(

2

5
m5r

2 +m5

(

yh
2

+ Lp

)2)

;<6=H?

IG#%&!'( <6=H  ++" .+/8 0'":$+9 3#& ! !( 4%0& % $%/-+  #""%&!'( '4 .+/8

 !":$+ "'"+(& '4 !(+/&!% 0%$0#$%&+, +%/$!+/ %(, /+:/+ +(&+, !( +G#%&!'( <6=<

%(, <6=J6
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 !"#$%& '( )*+,-"$*./ $!%.&0  !

 !"!" #$%&'()

 !" #$#"%&' ()** +" ,-*,.*-&"/ .')%0 ')#1*" 2$3," +-*-%,"'4 M = Fd4 (!"3"
&!" /)'&-%," &$ &!" 1)5$& 1$)%&4 d4 ()** 5-36 ()&! &!" -%0*" $2 &!" '6'&"#4 θ7
8"*$( )' &!" #$#"%& "9.-&)$% 2$3 &!" '&3.,&.3-* "*"#"%&' $2 &!" '"&.1:

Mo =Ft

(

Lp +
doh
2

)

sin θ + Ftn
Lp

2
sin θ − Fbn

(

Ln − Lp

2

)

sin θ

− Fb

(

L− Lp − doh −
dob

2

)

sin θ

;<7=>?

@-,! $2 &!" 2$3,"' 23$# &!" #-'' $2 &!" &$1 '1!"3"4 +$&&$# '1!"3" -%/ &!"

A$)%)%0 B%",CD -3" &!"% 0)5"% +6:

Ft =
4

3
π

(

doh − dih
2

)3

ρgg

Fb =
4

3
π

(

dob − dib
2

)3

ρgg

Fbn =
π

4
(don − din)

2(Ln − Lp)ρgg

Ftn =
π

4
(don − din)

2Lpρgg

E%/ ,-*,.*-&)%0 &!" &!),C%"'' $2 &!" !$.')%0 #-&"3)-* )% $3/"3 &$ ,-*,.*-&"

)&' #-'' 23$# )&' /"%')&64 ρg7 F$%&)%.)%0 )% &!" '-#" #-%%"34 &!" #$#"%& 2$3
&!" *)9.)/ ,$%&3$* 5$*.#"' ,-% +" '!$(%7 G$3 &!" ,-'" $2 &!" H.)/'4 &!" ,$%&3$*

5$*.#"' $2 1 .%&)* 6 ()** +" .'"/ -0-)%4 (!"3" 2 .%&)* 5 -3" *)9.)/ I**"/ ,$%&3$*
5$*.#"'7 E' &!" ')#.*-&)$% &!"$36 #-C"' .'" $2 &!" #-''"' )% "-,! '",&)$% )&

)' "-')"3 &$ /)'1*-6 &!" #$#"%& )% &"3#' $2 &!" #-''"'7

M(y) =m5g(Lp +
yh
2
) sin θ −m2g(Ln − Lp −

y2
2
) sin θ−

m3g

(

Ln − Lp +

(

L− Lt − Ln

2

))

sin θ−

m4g(
y

2
+ Ln − y − Lp) sin θ

;<7==?

E%/ &!"% &!" I%-* #$#"%& 2$3 &!" '6'&"# )' ')#1*6 - '.# $2 &!" &($

#$#"%&':

M = Mo +M(y) ;<7=<?

G.3&!"34 &!"3" )' - #$#"%& ,$%&3)+.&)%0 -' - 3"&-3/)%0 2$3," $3 23),&)$%-*

2$3,"7  !"'" #$#"%&' -3" /." &$ ()%/-0" *$''"' (!),! $,,.3 -' - 3"'.*& $2 &!"

'()%0)%0 #$&)$% $2 &!" +)3/7  !" &($ 2$3,"' -3" 2$3 &!" &$1 -%/ &!" +$&&$#

'1!"3"' -' &!" 23),&)$% $% &!" %",C (-' )0%$3"/7  !)' 23),&)$% (-' ,-*,.*-&"/

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

%.#+"3':

CD = 24/Re ;<7=K?
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 !"#$%& '( )*+,-"$*./ $!%.&0  !

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

789:9;< =&(! (!" 0"4+/&(2 1"&#' ωL< =!"-" > &% (!" 4"#'(! (+ (!" -+(*(&+# ?+&#(
,-+@ (!" /"#("- +, (!" %?!"-" *#. ω &% (!" /*4/$4*(". *#'$4*- 0"4+/&(2 ,+- *

?*-(&/$4*- (&@" %("?A  !&% -"%$4(% &# *# ")$*(&+# ,+- (!" .-*' ,+-/" %""# &#

")$*(&+# BA8CA

FD = 12νωπD 7BA8C;

D# (!&% @*##"- &( &% ?+%%&14" (+ /-"*(" *# *..". @+@"#( (+ (!" ")$*(&+#

(!*( =&44 (*E" &# (!" "F"/(% +, (!" -+(*(&+# +, (!" 1&-.A G% (!" 1+((+@ %?!"-"

*#. (!" (+? %?!"-" *-" #+( (!" %*@" %&H"< (!" "F"/(% ,-+@ "*/! =&44 1" .&F"-"#(

*% ="44 *% &# +??+%&(" .&-"/(&+#%A I"%$4(&#' &# * @+@"#( (!*( =&44 *4=*2% =+-E

&# (!" /+--"/( .&-"/(< ,+- * ?+%&(&0" ω (!" "F"/(% *-" #"'*(&0" *#. 0&/" 0"-%*A

 !&% =&44 -"%$4( &# (!" ,+44+=&#' @+@"#(J

Mwindage = F bottom
D Lbottom + F top

D Ltop
7BA8K;

G L#*4 @+@"#( &% (!"# *..". (+ *//+$#( ,+- (!" ,-&/(&+#*4 ,+-/" +# (!"

?&0+( 1"*-&#'A  !&% ,-&/(&+#*4 ,+-/" &% * ,*/(+- +, (!" *#'$4*- 0"4+/&(2 *#. /*#

1" ."%/-&1". *%J

Mfric = Cω 7BA8M;

N!"-" 3 &% (!" -+(*(&+#*4 ,-&/(&+# /+"O/&"#( +, (!" 1"*-&#'%A D# (!&% @*##"- &(

&% ?+%%&14" (+ /*4/$4*(" (!" -"%$4(% (+ (!" @+@"#( ")$*(&+# +, (!" "#(&-" %2%("@

*#. ")$*(&+# BA8B 1"/+@"%J

M = Mo +M(y)−Mwindage −Mfric 7BA8P;

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

 !" *#'4" +, (!" %2%("@ &% &@?+-(*#( *% &( &% #"".". (+ ."("-@&#" (!" ?-+Q&@&(2

+, (!" %2%("@ (+ -"%"((&#' &(%"4,A D# +-."- (+ /*4/$4*(" (!" *#'4"< (!" @+@"#(

+, &#"-(&* *% ="44 *% (!" @+@"#( &% #"".". *//+-.&#' (+ ")$*(&+# BA8R 1"4+=A

 !"-",+-"< *% (!" @+@"#( +, &#"-(&* *#. (!" @+@"#( +, (!" %2%("@ !*% 1""#

,+-@$4*(". 1",+-"< &( &% %&@?42 * @*(("- +, %$1%(&($(&+# &# +-."- (+ ."("-@&#"

(!" *#'4" +, (!" %2%("@A

∑

M = Iθ̈ 7BA8R;

S#/" (!" @+@"#( +, &#"-(&* *#. (!" @+@"#(% *-" %$1%(&($(". (!"# (!"

")$*(&+# ,+- (!" -*(" +, /!*#'" +, (!" *#'$4*- ?+%&(&+# /*# 1" '&0"# 12 (!"

,+44+=&#' ")$*(&+#J

θ̈ =
Mo +M(y)−Mwindage −Mfric

I◦ + I(y)
7BAB9;

T+= (!*( (!" *#'$4*- *//"4"-*(&+# &% E#+=< (!" *#'$4*- 0"4+/&(2 /*# 1"

,+$#. 12 .&%/-"(&H&#' ")$*(&+# BAB9A

ωt+∆t = ωt +∆tθ̈ 7BAB:;
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 !"#$%& '( )*+,-"$*./ $!%.&0   

 !" #$%&'(%)*%(+ $,-!. &'( ,/)( 0%-!1-02( .*-!. / ,&(0 #$%&'(%3

θt+∆t = θt +∆tω 456578

9'-, )(&'*" -, :!*;! /, &'( <$2(%=>%/)(% )(&'*" /!" /22*;, #*% / ,-)=

02-,&-1 &-)( )/%1'-!. ,*2$&-*!6 9'(%(#*%( /& &'-, 0*-!&+ &'( /!.2( -, :!*;! #*%

&'( ,-)$2/&-*! &'(*%?6 @!1( &'( /!.2( -, :!*;!+ &'( %()/-!-!. A/%-/B2(, *#

&'( ,?,&() 1/! B( 1/21$2/&(" $,-!. &'( $0"/&(" 0*,-&-*! #*% &'( #*22*;-!. &-)(

,&(06

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

C& ;/, /,,$)(" &'/& &'( &()0(%/&$%( *# &'( A/0*$% ;*$2" '/A( "%*00(" &* &'/&

*# /00%*D-)/&(2? &'( ;/22 $!"(% &'( ;(& )/&(%-/2 1*A(%-!.+ -!-&-/22? /,,$)("

&* B( &'( ;(& B$2B &()0(%/&$%(6 E$%&'(% -!A(,&-./&-*! /!" / B(&&(% &'(%)/2

)*"(2 *# &'( '(/& &%/!,#(% ;-&'-! &'( '(/& (D1'/!.( /%(/+ 1*!12$"(" &'/& &'(

'(/& &%/!,#(% 1/! B( )*"(22(" &'%*$.' / ,-)02( (!(%.? B/2/!1( #*% &'-, ,&/.(

*# -!A(,&-./&-*!6

 ,-)02-F(" (!(%.? B/2/!1( ;/, 1'*,(! "$( &* &'( #/1& &'/& )*"(22-!. /

A/0*$% /!" -&, 0/%(!& 2-G$-" -!&(%/1&-*! ;-&'-! / 0/%&-/2 A/1$$) -, ,*)(&'-!.

A(%? $!-G$( /!" -!&(%(,&-!. %(,(/%1' *! -&, *;!6 9'( /&&()0&, &* /11$%/&(2?

,-)$2/&( ,$1' /! -!&(%/1&-*! ;(%( &-)( 1*!,$)-!.+ $!,&/B2( /!" &'( %(,$2&, "-"

!*& ,'*; / 2/%.( "(A-/&-*! #%*) / ,-)02-F(" A(%,-*!+ B(&;((! 5 /!" H 0(%1(!&

A/%-/!1(6

9'( (D&(%-*% (I(1&, *! &'( ,?,&() /%( /22 ,-)02( '(/& &%/!,#(% 0%*B2(), *#

%/"-/&-*!+ 1*!A(1&-*! /!" (A/0*%/&-*!6 9'( &*0 ,0'(%(, #(2& 1*A(%-!. ;/, &'(!

B%*:(! $0 -!&* &'( %(,0(1&-A( '(/& &%/!,#(% (2()(!&, /!" &'-, 1/! B( ,((! -!

F.$%( 56JK6

9'( /)*$!& *# (!(%.? &'/& -, -!0$& -!&* &'( ,?,&() ;-22 B( .-A(! B? &'(

#*22*;-!. (G$/&-*!3

Q̇in = Q̇rad + Q̇conv + Q̇evap 456558

9'( %/"-/&-*! /!" &'( 1*!A(1&-*! ;-22 &%/!,)-& -!&* &'( B*"? "$( &* &'( '-.'(%

,$%%*$!"-!. &()0(%/&$%(, ;'-2( &'( (A/0*%/&-*! ;-22 %()*A( &'( (!(%.? /;/?6

9'( %/&( /& ;'-1' &'-, (!(%.? ;-22 B( &%/!,0*%&(" -, .-A(! B? &'( (G$/&-*!,

B(2*;3

Q̇rad =
Tf−Tsurr

Rrad
4565L8

Q̇conv =
Tf−Tair

Rconv
4565M8

Q̇evap = −ṁwaterhfg 4565N8

9'(,( (G$/&-*!, 1/! B( #$%&'(% (D02/-!(" B? 2**:-!. /& &'( &'(%)/2 %(,-,=

&/!1( *# (/1' *# &'( (2()(!&,+ ,&/%&-!. ;-&' &'( %/"-/&-*!6

Rrad =
1

ǫσA(T 2
f + T 2

surr)(Tf + Tsurr)
+

dfelt
2

kA
4565H8
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Q̇conv

Q̇rad

Q̇evap

Tf

ǫ
σ

Rconv =
1

haAf

+
dfelt
2

kA

ha

ha =
Nukf
Lc

kf Lc

Ra =
gβ(Tf−T∞)Lc3

να

Nu = 2 + 0.589Ra0.25

[1+( 0.469
Pr

)
9
16 ]

hfg

Dab = 1.87× 10−10 T
2.072
air

Tatm

Sc = ν
Dab
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Gr = g(ρ∞−ρs)Lc3

ρavgν2

ρs = ρas + ρvs

ρ∞ = ρa∞ + ρv∞

Sh = 0.59(GrSc)0.25

hmass =
ShDab

Lc

ṁair = hmassAf (ρvs − ρv∞)

Q̇condense = ṁhgf

Q̇conv

Q̇rad

Q̇evap

TfTg

Q̇cond

Tc

Q̇condensation

hgf
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 !"#$%& '

(&)$)$*#% +%,-./ "/0 1"/23"4$2&%

 !"# $!%&'() !"*!+"*!'# (+(,(-'# #(+($'(. /0) .(#"*- /)0, "-"'"%+ 01#()2%'"0-#3

-0-4'($!-"$%+ (5&()",(-'%'"0- %# 6(++ %# #",7+%'"0- "- '!( (%)+8 &!%#(# 0/

)(#(%)$! '0 1( $0-#".()(. /0) '!( $0,&+('( .(#"*- '!(0)89  !( "-/0),%'"0-

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

&)0$((."-* &!%#(# 0/ &)0'0'8&"-* %-. "- '(#'"-*9  !)(( +%807'# 6"++ 1( $02()(.3

'!%' 0/ '!( 0)"*"-%+ '083 '!( #$%+( '(#'"-* %-. % +%)*( #$%+( &)0'0'8&(9

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

 !(  !""# $%&'(&') *&%+ !%# -0' 1((- 7#(. "- %-8 0'!() %&&+"$%'"0- 0'!()

'!%- %# % '089  !( %", 0/ '!"# #'7.8 "# '0 +00: %' % .(#"*- '!(0)8 '0 ;7%-'"/8

'!( &0##"1"+"'8 0/ &7,&"-* 6%'() 7#"-* '!( !(%' (-*"-( &)"-$"&+(9  0 .0 #03

$()'%"- .(#"*- $)"'()"% -((.(. '0 1( ,('9  !(#( $)"'()"% %)( #(' 18 +00:"-* %'

'!( .(#")(. 07'$0,(# %# 6(++ %# /)0, '!( (5&($'(. '!(0)('"$%+ &0##"1"+"'"(# 0/

#7$! % #8#'(,9

 !( #&($"<$%'"0-# /0) '!( .(#"*- 6"++ 1( "- '(),# 0/ 0&()%'"0-3 07'&7'3 7#4

%1"+"'83 (=$"(-$8 %-. #%/('89  !( /0++06"-* #714#($'"0-# %", '0 1(''() ;7%-'"/8

'!( *0%+# /0) (%$! %#&($' 0/ '!( .(#"*-9

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

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

%# %7'0-0,07# %# &0##"1+(9  !( .(#"*- #!07+. %", '0 ,"-","#( %++ ,%"-'(-%-$(

%)(%# %# 6(++ %# -((.# /0) !7,%- "-'()%$'"0-9 > #($0-. %#&($' 0/ 0&()%'"0-

$0-#".()(. #&($"<$%++8 /0) '!( &)0'0'8&( 6%# '!( )(#(''"-* %-. '!( )(46(''"-*

0/ '!( !(%.9 ?- 0).() '0 $0-')0+ '!( %,07-' 0/ 6%'() '!%' "# %..(. '0 '!(

!(%.3 %# % #",&+( ')%$: 0- '!( (-()*8 "-&7'3 '!( 20+7,( 0/ 6%'() %..(. '0 '!(

#8#'(, ,7#' 1( ,0-"'0)(.9  !( 1(''() '!( ,(%#7)(,(-' 0/ '!( (-()*8 "-&7'

'0 '!( #8#'(,3 '!( 1(''() '!( (=$"(-$8 ,%8 1( $%+$7+%'(.9

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

># &%)' 0/ '!( +"'()%'7)( #'7.8 6%# 0- '!( ,%--() "- 6!"$! 6%'() "# &7,&(.3

% )(%+"#'"$ *0%+ -((.(. '0 1( #(' /0) '!( %,07-' 0/ 6%'() '0 1( &7,&(. 18

% .(#")(.3 !(%' (-*"-( .)"2(- &7,&9 @)0, '!( $%'%+0*7(# 0/ A",&+( B7,&

C0,&%-8 DEFGHI '!(") !%-. 0&()%'(. &7,& )(;7")(# % /0)$( 0/ JK L 0- %

HF $, ,0,(-' %), '0 &7,& 6%'() /)0, % .(&'! 0/ MF ,('()#9  !"# '8&( 0/

 !
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 !"#$%& '( #&)$)$*#% +%,-./ "/+ 0"/12" $1&%  !

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

%1(&034 51#* %3!( &/ &-%!-% /&0$( '(()* %& +( ,- '%#6()4

7 /&0$( 8#"" +(  ))() %& %1( .&.('%-. (,- %#&' &/ %1( *%0-$%-0( #' &0)(0

%&  ""&8 /&0 %1( &-%!-% /&0$(4 51( /&0$( %1 % 8#"" +( .&)(""() 8#"" +(  #.() %&

+(  !!0&9#. %("3 : ;#"&20 .*4 <&-0 ;#"&20 .* (,- %(* %&  !!0&9#. %("3 := >

 ') 8#%1 %1( -*( &/  " 02(0 .&.('%  0. $&-") %1(' !&8(0  1 ') !-.!4

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

5&  ""&8 /&0 /-%-0( %(*%#'2? %1( )(*#2' .-*% +( @(0* %#"(4 51( *3*%(. '(()*

%& +( ( *#"3 )0 #'() &' +&%1 (')* %&  ""&8 /&0  $1 '2( #' %1( 8&0;#'2 A-#)4

51( )#*% '$( +(%8((' %1( -!!(0  ') "&8(0 +-"+* .-*% +(  )B-*% +"(  * %&& %1(

)(!%1 81#$1 %1( !#!( !0&%0-)(* #'%& %1( 8&0;#'2 A-#) 8#%1#' %1( "&8(0 *!1(0(4

 !"! -./*%0/,

CD$#('$3 #' )(*#2'? +&%1 .($1 '#$ ""3  ') ($&'&.#$ ""3 8 * $&'*#)(0()  %

"('2%1  * %1( *&"-%#&' 1 ) %& !&%('%# ""3 +( "&8 $&*% 81#"( . #'% #'#'2 2&&)

&!(0 %#'2 !0&!(0%#(*4 51(0(/&0( #' &0)(0 %& .#'#.#*( %1(  .&-'% &/ . '-/ $E

%-0#'2  * 8(""  * $&*% #% 8 * )(%(0.#'() %1 % *% ') 0)  ') *#.!"#6() ! 0%* 1 )

%& +( -*()  * / 0  * !&**#+"(4

 !"!1 2(3%),

51( #'%(')()  0( &/ -*( /&0 %1( /-"" *$ "( .&)(" 8&-") +(  0-0 "  0( 81#$1

1 * "#%%"(  $$(** %& 0-''#'2 8 %(04 F/  '  0( #* #' *-$1  !&*#%#&'? #% #* )&-+%/-"

%1 % %1( * .(  0( 8#"" 1 @( ( *3  $$(** %& .()#$ " $ 0(4 51(*( 0-0 "  0( * . 3

 "*& / "" 8#%1#' *('*#%#@( ' %-0 " ('@#0&'.('%*? $&'$(0'* &@(0 $&'% .#' %#&'

1 ) %& +( $&@(0()  * 8(""4 F' &0)(0 %& +(*% .#%#2 %( +&%1 0#*;* &/ *!#"" 2( #'%&

%1( ('@#0&'.('%  ') 1( "%1 0#*;* /0&. 1-. ' $&'% $%? %1( 8&0;#'2 A-#)  *

8(""  * #%* $ *#'2 '(() %& +( $ 0(/-""3 *("($%()4

5& ('*-0( %1 % '& $1(.#$ " 0( $%#&' &$$-00() +(%8((' %1( $ *#'2  ') %1(

A-#)? %1( $&.+#' %#&' 1 ) %& +( $ 0(/-""3 *("($%()4 51( !0&!&*() *3*%(. #*

 "*&  2 * -')(0 !0(**-0( 8#%1#'  $"&*() *3*%(.? %1(0(/&0( 60*% &0)(0 !0(**-0(

@(**("  ' "3*#* 8 * $&')-$%() #' &0)(0 %& )(%(0.#'( %1( * /(%3 &/ %1( &!(0 %#'2

!&#'% &/ %1( *3*%(.4

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

51( %&3 +#0) 1 * %1( " 02(*%  .&-'% &/ %(*%#'2 #'/&0. %#&'  @ #" +"(  * #% #* %1(

&'"3  !! 0 %-* -*() !0(@#&-*"3 #' /&0.-" %#'2 %1(&0#(* &' %1#* 1( % !-.! !0#'E

$#!"( #' "#%(0 %-0(4 G&8(@(0  * &'"3 &'( A-#) A&8 %1(&03 1 ) +((' !0(*('%()

+(/&0( %1#* 0(*( 0$1 #% 8 * +("#(@() %& +( $0-$# " %& "&&;  %  '  "%(0' %#@(4
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 !"#$%& '( #&)$)$*#% +%,-./ "/+ 0"/12" $1&%  !

 !"#"$%#" &!" '(%)" %$ &!" "*)"#+,"-&' (%-./(&". %- &!" &%0 1+#. 2"#" 3+,4
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/1&(2  4)3$" )!"%',-,/$+"18  !" )!"%',-,/$+" $+*-"'"() ,( )!" 1")/$ -*(

<" 1""( &( @2/%" A8A 6!"%" BC *(. DC ."(,)" )!" 1/%0*-" *(. )!" &()"%(*+ $%,<"

)!"%',-,/$+"1 %"1$"-)&9"+38

DC

DE

BC

BF

BE

-./)&#  0 1  !"%',-,/$+" $+*-"'"() ,( )!" $%,),)3$" 1")/$8 D,&()"%1 +*4

<"++". 6&)! B ."(,)" 1/%0*-" )!"%',-,/$+"1 *(. D 0,% )!" &()"%(*+ $%,<"18

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

+*)" )!" !"*) )%*(10"% *(. ',%" 1$"-&@-*++3 )!" '*11 )%*(10"% ,0 )!" 6*)"% 0%,'

)!" /$$"% -3+&(."% 1/%0*-"8  !" ("-7 )"'$"%*)/%" 6*1 '"*1/%". ), "(1/%" )!*)

)!" *11/'$)&,( )!*) )!" !"*) )%*(10"% ), *(. 0%,' )!" ("-7 &1 ("2+&2&<+" 0,% )!"
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"#$%&'  ()*  !"##$ %&'( ') (&# *+,-.#/ %#(01 %&'/.$2 ,'(& (&# 3.%0+4 5.%14+6

+$5 (&# 7#+%0"#7#$( ,4'!8 5.+2"+7

%.704+(.'$9 :&# .$(#"$+4 1"',#% 7#+%0"#5 (#71#"+(0"# +( + 5.%(+$!# ') ;< !7

)"'7 (&# /+44 (' +((#71( (' $#2+(# (&# /+44 (#71#"+(0"# #=#!(% '$ (&# 3+1'0"

(#71#"+(0"# "#+5.$29

:&"## #>("+ (#71#"+(0"#% /#"# 7#+%0"#5 .$ '"5#" (' 5#(#"7.$# (&# %0$

#>1'%#5 5"6 ,04, (#71#"+(0"# +$5 (&# +3#"+2# /+% (+8#$ ,#(/##$ (&#79 ?44

') (&# (#71#"+(0"#% /#"# !+1(0"#5 +$5 5.%14+6#5 /&.4# %.704(+$#'0%46 ,#.$2

4'22#5 0%.$2 *+,-.#/ @A;B9 :&.% 5+(+ !'045 ,# "#+5 .$ "#+4C(.7# .$ '"5#"

(' $'(# +$6 .$(#"#%(.$2 3+".+(.'$% +% /#44 +% 7'$.('" (&# %6%(#7 #$%0".$2 %+)#

'1#"+(.$2 !'$5.(.'$%9 :&# 3.%0+4 5.%14+6 +% /#44 +% (&# 7#+%0"#7#$( ,4'!8

5.+2"+7 !+$ ,# %##$ .$ D20"# <9E9

+,-#.&,/#01

:' 5#(#"7.$# (&# #""'" ,#(/##$ (&# (&#"7'!'014# "#+5.$2 +$5 (&# +!(0+4 (#7C

1#"+(0"# (&# (&#"7'!'014#% $##5#5 (' ,# !+4.,"+(#59 F&#$ (&# "#4+(.'$%&.1
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"#$%&  '()  !"#$%!&#'( )!&! *'% +%'$, &-,%.'/'0+",12 34 !() 35 !%, &-,

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

9,& +'#(& :,*,%,(/, 3,.+,%!&0%, 34 35

;< ;=>5 ;<>; ;<>;

?@ ;5>4 ?@>; ?@>A

?< ?=>54B ?< ?<

> > > > > > > > > > > >

<< << << <<

$,&6,,( &-, &-,%.'/'0+", %,!)#(C !() &-, !/&0!" &,.+,%!&0%, #1 D('6(2 &-,1,

%,!)#(C1 /!( $, /'%%,/&,) &' ! $,&&,% ,1&#.!&, 7!"0,> 3-#1 7!"0, #1 &-,( 01,)

#( &-, 1#.0"!&#'( '* &-, 181&,. !1 6,"" !1 6-,( !(!"81#(C &-, ,E/#,(/#,1 '* &-,

+%'&'&8+, 1,&0+>

F!/- '* &-, &-,%.'/'0+",1 -!) &' $, /!"#$%!&,) 6#&- %,1+,/& &' &-, D('6(

1&!()!%) '* ! /!"#$%!&,) +"!&#(0. %,1#1&'%> 3-, &-,%.'/'0+",1 !1 6,"" !1 &-,

+"!&#(0. %,1#1&'% 6,%, -,!&,) 0+ &' 7!%#'01 1,& +'#(& &,.+,%!&0%,1> G-,(

&-, &,.+,%!&0%,1 %,!/-,) ,H0#"#$%#0. !& &-, 1,& +'#(&2 &-, +"!&#(0. %,1#1&'%1

%,1#1&!(/, 6!1 %,!) *%'. ! G-,!&1&'(, $%#)C, !() &-, &,.+,%!&0%, %,!)#(C

&!D,( *%'. I!$J#,6>

K1#(C ! L"0D, 5;=? L#,") M,&%'"'C8 0(#&2 &-, +%'$, &-,%.'/'0+",1 /'0")

$, ,!1#"8 /!"#$%!&,)> 3-, /!"#$%!&,) +%'$,1 6,%, &-,( 01,) #( '%),% &' /!"#$%!&,

&-, ",11 ,11,(&#!" 6#%, &' 6#%, &-,%.'/'0+",1> 3-, &,.+,%!&0%,1 '* &-, /!"#$%!N

&#'( %!(C, /'7,%1 &-, ,O+,/&,) &,.+,%!&0%, %!(C, '("8> 3-#1 .,!(& &-!& &-,

/!"#$%!&#'( 6,(& *%'. 15 ◦
 &' 55 ◦

 !() &-, #(#&#!" )!&! /!( $, +!%&#!""8 1,,(

#( &!$", <>; !1 &-,%, #1 ! "!%C, !.'0(& '* )!&!> 3-#1 )!&! 6!1 &-,( .!(#+N

0"!&,) #( '%),% &' P() &-, ),7#!&#'( '* ,!/- '* &-, +'#(&1 *%'. &-, %,*,%,(/,

&,.+,%!&0%, !() ! /!"#$%!&#'( /0%7, 6!1 +"'&&,)>

K1#(C &-#1 #(*'%.!&#'( #& 6!1 &-,( +'11#$", &' /!"#$%!&, &-, &-,%.'/'0+",1

01#(C ! 1#.+", ,%%'% !(!"81#1 !() &-, %,10"&1 /!( $, 1,,( #( &-, PC0%, <>B !()

<>4> 3-, /'%%,/&,) 7!"0,1 *'% &-, 0++,% /8"#(),% +%'$, !%, !//0%!&, &' ±0.27 ◦
 >

3-#1 #1 ! "!%C, ),7#!&#'(2 -'6,7,% /'(1#),%#(C &-!& &-, 3 &8+, &-,%.'/'0+",1

!%, '("8 !//0%!&, &' ± 0.5 ◦
 &-, /'%%,/&,) ),7#!&#'( *!""1 6#&-#( ! %,!1'(!$",

C!+> L'% &-, "'6,% /8"#(),% +%'$,2 &-, &,.+,%!&0%, #1 6#&-#( ± 0.26 ◦
 2 !C!#(

6#&-#( %,!1'(!$", %!(C,> Q& #1 #.+'%&!(& &' ('&, &-!& &-, &,.+,%!&0%, %,!)#(C1

6-#/- C!7, &-, "!%C,1& ,%%'%2 6,%, !& -#C-,% &,.+,%!&0%,1> R,/!01, '* &-#1

,%%'%2 /!%, 6!1 &!D,( 6-,( "''D#(C !& )!&! *%'. -#C-,% &,.+,%!&0%,1 #( &-,

%,10"&1 !(!"81#1>

S(/, &-, +%'$,1 -!) $,,( /!"#$%!&,) #& 6!1 +'11#$", &' /!"#$%!&, &-, 10%*!/,

.'0(& &-,%.'/'0+",1 01#(C &-, '#" $!&- !() &-, !"%,!)8 /!"#$%!&,) &-,%.'N

/'0+",1> K1#(C &-#1 .,&-') #& 6!1 +'11#$", &' C,& &-, ,%%'% '* &-, 10%*!/,

&-,%.'/'0+",1 !() /'%%,/& &-, 7!"0, !1 6,""> T0, &' &-, (!&0%, '* &-, .!(N

0*!/&0%#(C '* &-, 10%*!/, &-,%.'/'0+",12 &-, /!"#$%!&#'( +%'/,11 -!) &' &!D,

+"!/, #( !( '#" $!&-> K1#(C &-, 1!., .,&-')1 !1 +%,7#'01"8 .,(&#'(,) #& 6!1
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 !""#$%& '! ()%#$*)'& '+& ",*-)(& '+&*.!(!, %&" '! /#'+#0 ±0.3 ◦
1 !- '+&  *!$&"

%&)2#03 ≈ 0.5 ◦
1 &**!* /+#(+ /)" 4&&.&4 )" )((& ')$%&5

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

6" '+&  *!'!'7 & /)" 4&"#30&4 '! ! &*)'& /#'+ /&#3+'"8 '+& '&"'#03 /#'+!,'

/&#3+'" /)" %#.#'&4 '! $)%)0(#03 '+& "&', '! *,0 -*&&%75 9+#" #02!%2&4 )%'&*#03

.)""&"  %)(&4 !0 '+& ,  &* "&('#!0 )" /&%% )" (+)03#03 '+& $)%)0(&  !#0'5 :0

!*4&* '! '&"' '+#"8 '+& "&', /)" 0!' *&"'*)#0&4 )04 )%%!/&4 '! '# #0 ) *&2&*"&

4#*&('#!05

9+& ").&  *!(&4,*&" /&*& -!%%!/&4 )" -!* '+& /&#3+'&4 '&"'" /#'+ '+& 4)')

$&#03 %!33&4 )" '+& "7"'&. ! &*)'&" #0 !*4&* '! ,04&*"')04 ! &*)'#03 (!04#;

'#!0"5 9+&"& (!04#'#!0" (!,%4 '+&0 $& -&4 #0'! '+& 0,.&*#()% "#.,%)'#!0 "!

'+)' '+& "&', (!,%4 $& "#.,%)'&4 -!* -,*'+&* 4&"#30 )" /&%% )" (!0(& ' '&"'"5

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

:0 !*4&* '! "#.,%)'& '+&  !""#$%& &0&*37 &<'*)('#!0 '!  ,. /)'&*8 '+& "7"'&.

/)" '&"'&4 ,"#03 )44&4 /&#3+'"5 9+& /&#3+'" /&*& )44&4 '! '+& %!/&* (7%#04&*

!- '+& "&', '! "#.,%)'& ) %#-'#03 -!*(& !0(& '+& "&', '# "5 9+& "&', /)"

'+&0 +&%4 )' " &(#=( )03%&" !- '+&') )" ()0 $& "&&0 #0 =3,*& >5?5 9+& )03%&

/)" @& ' $&'/&&0 30◦ )04 45◦ #0 !*4&* '! )%%!/ -!* '+& AB (. "'*!@& 0&(&"")*7

'! ! &*)'& ) .)0,)% +)04  ,. /+#%& *&4,(#03 '+&  *&"",*& +&)4 4,& '! '+&

2&*'#()% +&#3+' '+& %#C,#4 /!,%4 +)2& '! '*)2&%5

θ

"#$%&' ()*+ :0#'#)% )03%& *&"'*#('#!0 '+&')5 9! .)#0')#0 "')'#!0)*7  )*'" )04

)2!#4 "%!"+#03 !- )44&4 /&#3+'" '+& "&', /)" @& ' )' )0 )03%& '+&') ,0'#% #'

'#  &4 -,*'+&*5

9+& .)"" '+)' /)" %#-'&4 /)" 2)*#)$%& #0 !*4&* '! =0& ',0& '+& "7"'&.5 6

$,(@&' !- /)'&* /)" "&%&('&4 #0 !*4&* '! "#.,%)'& '+#" .)""5 1!0'*!%%#03 '+&
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 !"#$% !& '()%* +, )-% .#/0%)1 )-% $(22 .%+,3 "+&)%4 /!#"4 .% $%(2#*%45 6-%

$(22 '(2 $%(2#*%4 #2+,3 ( 27*+,3 2/("% (,4 ,!)%4 4#*+,3 )%2)+,35

8(9

8.9

8/9

849

8%9

"#$%&' ()!*+ :;7%*+$%,)(" "(<!#)5 (9 =%()-%* 7*!!& 2-%")%* &!* 4()( "!33+,3

%>#+7$%,)5 .9 ?(22 (44%4 )! .!))!$ 2%/)+!,5 /9 @%)(+,+,3 2)*(7 )! 7*% %,)

! %* *!)()+!,5 49 @%)(+,+,3 2)*(7 )! $(+,)(+, (,3"% )-%)(5 %9 =%))%4 -%(4 !&

%;7%*+$%,)5

6-% )%$7%*()#*% '(2 "!33%4 )-*!#3- .!)- )%2) 7%*+!421 '+)- (,4 '+)-!#)

'%+3-)25 6-% )%$7%*()#*% $%(2#*%$%,)2 (//!#,)%4 &!* )-% +,2)(,/%2 '-%, )-%

2<2)%$ )+77%4 (,4 *%2%) +)2%"&5 6-+2 '(2 ,!)%4 4#% )! )-% "!'%* )%$7%*()#*%

4+A%*%,/% (2 ( *%2#") !& )-% )'!  (7!#* /!,)*!"  !"#$%2 $+;+,3 (&)%* )+77+,35

6-% *%2%) )+72 /(, .% 2%%, 4#% )! )-% 2$("" +,/*%(2%2 +,  (7!#* )%$7%*()#*%

4#% )!  (7!#* &*!$ )-% )!7 (,4 )-% .!))!$ $+;+,3 !,/% )-% 2<2)%$ *%2%)25

6-% )+$% .%)'%%, )-% )%$7%*()#*%  (*+()+!,2 /(, .% 2%%, (2 )-% 7%*+!4 !& %(/-

/</"%5
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 !"#$%& '

(%)*+$) ",- ./)%&0"$12,)

 !"#$%" &'(!)!* +,%-,. %-," &-/0%!) /)! 1)'2 3'%- !40!),2!.%/$ /" +!$$ /" %-!5

')!%,&/$ %!"%,.67 8-!"! )!"#$%" &'.","% '1 %-! 2!/"#)!* /.* '3"!)(!* (/$#!" /.*

"!$!&%!* (/$#!" 1)'2 %-! &'$$/3')/%,(! "%#*9 &'.*#&%!* 39 /. #.*!)6)/*#/%!

"%#*!.%7 :/&- "!&%,'. +,$$ $''; /% %-! (/$#!" 2!/"#)!* /" +!$$ /" %-! %-!'5

)!%,&/$ )!"#$%" &)!/%!* 1)'2 %-! .#2!),&/$ ",2#$/%,'. 1')2#$/%!* ,. &-/0%!) <7

8-! )!"#$%" /)! 0)!"!.%!* %'6!%-!) /.* /$$'+ 1') ,.,%,/$ &'20/),"'."= -'+!(!)

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

%-'#6-%" '. %-! >.*,.6"7

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

8-," "!&%,'. &'(!)" %-! )!"#$%" "0!&,>& %' %-! "2/$$ "&/$! 3,)*7 8-! (!$'&,%9 '1

%-! ?#,* %)/(!$$,.6 #0 %-! .!&;= %-! '"&,$$/%,'. 0!),'* /.* ",@! /.* %!"%" '.

%-! 0)''1 '1 &'.&!0% /)! %/3#$/%!*7 8-!"! (/$#!" /)! %-!. )!0$,&/%!* #",.6 %-!

%-!')!%,&/$ ",2#$/%,'. /.* 0)!"!.%!* /" ",20$9 /" 0'"",3$! %' 3#,$* %'+/)*" %-!

%-!')!%,&/$ (/$,*/%,'.7

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

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

8-! 2!/"#)!* (/$#!" '1 %-! .!&; (!$'&,%9 &'(!),.6 A &2 *,"%/.&!" &/. 3! "!!.

,. %/3$! B7A7 8-! (/$#!" /)! /**!* #0 /.* "-'+ %-! >./$ /(!)/6! (!$'&,%9

2!/"#)!2!.% 0!) &9&$!7 8-!"! (/$#!" -!$0 %' "!)(! /" / 0-!.'2!.'$'6,&/$

&'.%)'$ 6#,*! ,. %-! &'.(!)6!.&! '1 %-! %-!')!%,&/$ 2'*!$7

."/(! 0123 C!/"#)!* %,2! ,. "!&'.*" '(!) D )'#.*" 1') !/&- 1 &2 ,.%!)(/$

)!"#$%,.6 ,. %-! ?#,* (!$'&,%9 ,. m/s

C!/"#)!2!.% E A F < G D

A 12.4 11.4 12.5 13.4 A<7D

F AA7D AF7H AF7G A< A<7G

< H7B AI7J AF7< A<7J AG

G AA7F AA7K AF7G A<7B A<7B

L(!)/6! (!$'&,%9M 1.78e−3 1.71e−3 1.6e−3 1.47e−3 1.47e−3

04
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 !"#$%& '( &%)*+$) ",- ./)%&0"$1.,)  !

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

35 6!"%!-3*+-17 89:8

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

#/ 0.3342 58 184 36.8

#0 0.6865 58 200 40

#. 1.0425 58 207 41.4

#1 2.2267 55 212 42.4

#1 + #. 3.2692 51 254 50.8

#2 5.1486 51 271 54.2

#2 + #1 7.3753 47 187 37.4

*+,,- ,- .,/0&12 3&45%24

;- %.3$! <=8 %2! *!"#$%" &' %!"%" /&-4#/%!4 35 %2! .""+"%.-% #-4!*>*.4#.%!7

6!"%!-3*+-17 /.- 3! "!!-= ?2! %.3$! "2&0" %2! @.*+&#" ,.""!" &' "%.-4.*4

,!%*+/ 3&$%" 02+/2 0!*! .%%./2!4 %& %2! $&0!* 3#$3 &' %2! 3+*4 .-4 %2!- $+'%!4=

?2! 2!+>2% %2.% %2! 3&$% 0." $+'%!4 ." 0!$$ ." %2! %+,! %.1!- .-4 %2! 0.%!*

!@.)&*.%!4 '*&, %2! #))!* ")2!*! 0!*! ,!."#*!4= A&%+-> %2.% %2! !()!*+,!-B

%.$ /&-4+%+&-" '&* %2! )*!@+&#" *!"#$%" 0!*! . 0!% 3#$3 %!,)!*.%#*! &' 15.5 ◦
C

.-4 . 4*5 3#$3 %!,)!*.%#*! &' 19.5 ◦
C=

6407%%#27,/ *&+7,8

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

"%*+/% !()!*+,!-%.$ /&-4+%+&-"7 2&0!@!* +% 0." &3"!*@!4 %2*&#>2&#% +-%!*./%+&-

0+%2 %2! 3+*4= ?2! )!*+&4 0." ,!."#*!4 #"+-> . "%&) 0.%/27 %.1+-> %2! %+,!

3!%0!!- %+)" .-4 -&%+-> .,3+!-% /&-4+%+&-"=

?2! @.$#! '&* %2! &"/+$$.%+&- )!*+&4 &' %2! "!%#) @.*+!4 4#! %& %2! )&"+%+&- &'

%2! )+@&% )&+-% ." 0!$$ ." %2! %!,)!*.%#*!= ;% 0." &3"!*@!4 %2.% %2! &"/+$$.%+&-

)!*+&4 0+%2 &)!*.%+-> /&-4+%+&-" &' 8D

◦
C7 . *!$.%+@! 2#,+4+%5 &' E9F .-4 .

)+@&% $!->%27 Lp7 &' <D ,, .% 38± 3 "!/&-4"=

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

?2! %2!&*!%+/.$ ,&4!$ 0." "+,#$.%!4 #"+-> G.%$.3

 

89:9 +- &*4!* %& .))$5

%2! !H#.%+&-" "%.%!4 +- /2.)%!* E= I -#,!*+/.$ +-%!>*.%+&- %+,! "%!) &' 2 ·

10−6
"!/&-4" 0." #"!4 .-4 '&#-4 %& 3! ",.$$ !-&#>2 %& .@&+4 .$+."+-> &' %2!

*!"#$%" ." 0!$$ ." .$$&0 '&* . /&-@!*>+-> .-"0!*= ?2! .,3+!-% .-4 0!% 3#$3

%!,)!*.%#*!" 0!*! 8J

◦
C .-4 8K

◦
C *!")!/%+@!$5=

9&%,072:

L"+-> %2! -#,!*+/.$ %2!&*5 '&*,#$.%!4 +- /2.)%!* E .))$+!4 %2*&#>2 %2! -#B

,!*+/.$ ,&4!$ "+,#$.%+&- %2! @!$&/+%5 0." 4!%!*,+-!4= M%.*%+-> 0+%2 %2! !(B
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 !"#$%& '( &%)*+$) ",- ./)%&0"$1.,)  !

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

)4('&!+ '%+ .', /!!%  (*&&!+ #% &-* 5"' .,6

7.! 8",& 5"' .0 854"! 96:0 '#$, &* ,.*- &.! .#5.(2 !""'&#) "!')&#*% *; &.!

1!(*)#&2 &* &.! 1'"#*4, )*%+#&#*%, *1!" &#$! -#&.#% ' )2)(!6 7.! ,!)*%+ 5"' .0

854"! 96<0 ,.*-, &.! "!')&#*% *; &.! 1!(*)#&2 ';&!" ' &# #%,&'%)! ', #& +"',&#)'((2

, !!+, 4 &* !=4'(#,! &.! %!-(2 4%/'('%)!+ ;*")!,6 7.#, -', '(,* ,!!% &."*45.

*/,!"1'&#*%,6 >, &.! ?4#+ )"!'&!, ' ('"5!  "!,,4"! -'1!0 #& *,)#(('&!, &."*45.

&.! -*"@#%5 ?4#+ 4%&#( #& #, +'$ !+ *4& *; &.! ,2,&!$6
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Linear trend

"#$%&'  ()* A'"#'&#*%, *; &.! 1!(*)#&2 #% &.! %!)@ *; &.! ,$'(( /#"+ *1!" &#$!

B4! &* %*& 4,#%5 &.! !%!"52 !=4'&#*% #% &.! ?4#+ ?*- ;*"$4('&#*% '%+

%* C!2%*(+, '1!"'5#%50 &.! ?*- "!$'#%, .#5.(2 !""'&#) ', ,!!% #% &.! 854"!,6

7.!"!;*"! #& #, *; /!,& 4,! &* (**@ '& &.! '1!"'5! 1!(*)#&2 *" &.! &"!%+ *; &.!

?*- "'&! #% *"+!" &* +!&!"$#%! &.! /!.'1#*4" *; &.! ?4#+6

+&,,- ,- .,/0'12 3'4%524

7'/(! 96D ,.*-, &.! &.!*"!&#)'( "!,4(&, ').#!1!+ /2 E!,&!%/"#%@ F<G:<H6 7.!

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

&.! !I !"#$!%&'(  "**; *; )*%)! & &!,&#%56 7'/(! 96J ,.*-, &.!*"!&#)'( "!,4(&,

;*" D #%,&'%)!, *; &.! &!,&, )*%+4)&!+ *% &.! ,$'(( ,)'(! /#"+ ',  '"& *;  "**;

*; )*%)! & &!,&#%56

6/$%57& 8'05#/72#,/

7.! '%54('" +!)(#%'&#*% *; &.! /#"+ -', $!',4"!+ ;"*$ K!"* '& &.! 1!"&#)'( '%+

π
2
"'+#'%, '& &.! .*"#K*%&'( ;"*$ &.!  #1*&  *#%& *; &.! ,2,&!$6 7.! "!,4(&,

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

%1'4'.0$ 5'1-6 .%(" (!" *01 $014"1 32""-3 5"*%1" 3"(($'.4 50&/ (% 0221%7'80("$)

1.8 · 10−3m · s−1

+,-.'  (/*  05$" 3!%9'.4 1"3,$(3 %* (!"%1"('&0$ 9%1/ %* :"3(".51'./6 ;<=;

>,( ?033 @4A Lp @88A tcycle(s)
?B 0.3342 58 44.2205
?C 0.6865 58 44.4179
?D 1.0425 58 45.3894
?E 2.2267 55 44.4459

?E + ?D 3.2692 51 42.6754
?F 5.1486 51 45.5873

?F + ?E 7.3753 47 33.6238

+,-.'  (0*  05$" 3!%9'.4 1"3,$(3 %* (!"%1"('&0$ 3'8,$0('%. 1"3,$(3 %* 0 21%%*

%* &%.&"2(

>,( 3'8,$0("- ?033 @4A Lp @88A tcycle @3A G11%1 @HA

?B 0.3342 58 39.38 −11
?E 2.2267 55 45.3 +2
?F 5.1486 51 48.3 +6
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 !" #$%"&'( )#*(+ ",-"&)."* %/ 0!" &"%1+ %  #  !"%" %).1+( )#*% 2(* $" %""* )*

341&" 5/6/
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!"#$%&  '() 7*41+(& 8)%-+(2"."* 9&#. '"& )2(+ ($#1  !" -)'# -#)* #9  !"

%.(++ $)&8

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

0!" %2(+" .#8"+ #9  !" #&)4)*(+ $)&8 :(% 2&"( "8 )* #&8"&  #  "%  !" ";"2 %

#9 %2(+" #* #-"&( )#*/ 7% ) :(% *#  # $" ",-"2 "8< (*8  !"* #$%"&'"8 *# 

$"<  !(  !" 8)&"2 %2(+" .#8"+ :#1+8 *# $" (* "=2)"* %>% ".< '"&> 9":

",-"&)."* (+  "% % :"&" *"2"%%(&>/ 0!"&"9#&"<  !" ",-"&)."* (+ :#&? :(% %#+"+>

 # 4( !"& '(+)8( )#* )*9#&.( )#* 9#&  !"  !"#&" )2(+ % 18>/

0!" ",-"&)."* (+ &"%1+ % :)++ $" 2#'"&)*4  !" '"+#2) > ."(%1&"8<  !"  )." ) 

 (?"% 9#&  !" @1)8  # &"(2!  !" 1--"& %-!"&" (% :"++ (%  !" 4"*"&(+ (*41+(& (2A

 )#* #9  !" $)&8/ 0!"%" '(+1"% :"&"  !"* +#(8"8 )* #  !"  !"#&" )2(+ %).1+( )#*

(*8 8)%-+(>"8 )*  !"  !"#&" )2(+ %"2 )#*/

 !"!# $%&'()*'+,-. /'01.,0

!*$"+ ,&*-."/0

B*  ($+" 5/C  !" %1. #9  !" ."(%1&"8  )."% 9#&  !" :#&?)*4 @1)8  # 2#'"&  !"

8)% (*2" #9 D 2. :) !)*  !" -)-" %"2 )#* E#)*)*4  !" +#:"& (*8 1--"& %-!"&"%

#9  !" %" 1-/ 0!"  ($+" &"@"2 %  !" &"%1+ % ( (  ".-"&( 1&" #9 DC

◦
F (*8 (

!1.)8) > #9 40%/ B* (88) )#*  !"  # (+  )." 9#&  !" @1)8  #  &('"+  !" 0.382m
9&#.  !" $#  #.  #  !"  #- #9  !" -)-" :(% &"-"( "8+> ."(%1&"8 ( DCD %"2#*8%

#'"& 0.382m 1*8"&  !" %(."  "% 2#*8) )#*%/
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"#$%&  '()  !"#$%!& '()! (* #!+,*&# -,% . %,$*&# ,/!% !"+0 2 +) (*'!%/"1
%!#$1'(*2 (* '0! 3$(& /!1,+('4 (* m/s

 !"#$%!)!*' 5 6 7 8 9 .

6 12.9 13.0 12.7 13.3 68:.

7 68:7 67:; 67:< 68:7 68:9

8 68:7 68:8 67:; 68:. 68:;

9 68:. 68:8 68:6 68:= 68:.

>/!%"2! /!1,+('4? 1.51E−3 1.52E−3 1.55E−3 1.49E−3 1.47E−3

"*+ ,-.%&

@0! '(A "*21! ,% %!#!' A,(*' ,- '0! #+"1! B(%& C"# -"% #)"11!% '0"* '0! ,%(2(*"1

B(%&: @0! #4#'!) C"# ,B#!%/!& ', %!#!' ('#!1- "' "AA%,D()"'!14 45◦: @0(#
"*21! C"# )!"#$%!& -%,) '0! /!%'(+"1: E4 /"%4(*2 '0! A(/,' A,(*' "*& 0!*+!

'0! "),$*' ,- 1(F$(& *!!&!& "B,/! '0! A(/,' A,(*' ', 2!*!%"'! "* $*#'"B1!

),&!1G '0! "*2$1"% A,#('(,* ,- '0! %!#!' /"%(!& 2%!"'14: H,C!/!%G '0! %!#!' C"#

+,*#(#'!*'14 &%(/!* B4 '0! B%!"+0 ,- '0! 1,C!% *!+I -%,) '0! 1(F$(& (* '0! 1,C!%

#A0!%! "*& *,' B4 '0! -,%+! #',A ,% 0,%(J,*'"1 A,#('(,*: @0!%!-,%!G "++,%&(*214G

'0! '(A "*21! /"%(!& B!'C!!* 98 "*& .= &!2%!!#:

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

@0! '0!,%!'(+"1 ),&!1 C"# #()$1"'!& $#(*2  "'1"B

 

7K6K (* ,%&!% ', "AA14

'0! !F$"'(,*# #'"'!& (* +0"A'!% 8: > *$)!%(+"1 (*'!2%"'(,* '()! #'!A ,- 2 ·

10−6
#!+,*&# C"# $#!& "*& -,$*& ', B! #)"11 !*,$20 ', "/,(& "1("#(*2 ,- '0!

%!#$1'# "# C!11 "# "11,C -,% " +,*/!%2(*2 "*#C!%: @0! ")B(!*' "*& C!' B$1B

'!)A!%"'$%!# C!%! 7L

◦
M "*& 79

◦
M %!#A!+'(/!14:

/%0*1 2&%34*56

@0! 3$(& /!1,+('4 ,- '0! 1"%2! #+"1! ),&!1 C"# 1"%2!14 !N!+'!& B4 '0! -%(+'(,*

"+'(*2 ,* '0! 1(F$(& C0(1! %(#(*2 '0%,$20 '0! A(A!: @0(# "1%!"&4 (*&(+"'!# '0"'

'0! "N!+'# ,- +"A(11"%4 "+'(,* A1"4 " 1"%2!% %,1! (* '0! #)"11!% ),&!1 "*& +"*

%(20'14 B! *!21!+'!& -%,) +"1+$1"'(*2 '0!#! #+"1! ),&!1 %!#$1'#:

@0! 3$(& /!1,+('4 (# -"% ),%! !%%"'(+ "# +"* B! #!!* (* O2$%! =:9 "*& '0(# (#

B!1(!/!& ', B! "# " %!#$1' ,- '0! 1"%2!% /"A,$% /,1$)!# *,' +,,1(*2 "# F$(+I14

"# (* '0! #)"11!% ),&!1: P"+0 '(A (*#'"*+! (# +1!"% -%,) '0! +0"*2! (* /!1,+('4

"# '0! ),&!1 '(A# "*& '0! !N!+' ,- 2%"/('4 C(11 B! 1!##!*!&:

"*+ ,-.%&

@0! '(A "*21! +"* B! #!!* (* O2$%! =:. "# )!"#$%!& -%,) '0! /!%'(+"1 A,#('(,*

,- '0! B(%&G A,#('(/! ',C"%&# '0! '(AA!& A,#('(,*: Q' )$#' "1#, B! *,'!& '0"'

'0! #()$1"'(,* A(+I# $A ,* '0! A0!*,)!*" C0(+0 C"# ,B#!%/!& ,* '0! ,%(2(*"1
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"#$%&'  (+* 5-6"!14 7'0#)#'- '/ ),& 0(1!& 2'$&! 3#4$ $"4#-6 )&0)#-6

 !""# $%&'(&') *&%+8 ),1) '/ 1 2'2&-)"2 (*(!&9 :) (1- 3& 0&&- ),1) ),&

0*0)&2;0 2'2&-)"2 $&(4&10&08 %#0#3!& $"& )' ),& 0)&1$* #-(4&10& #- ),& )#7

1-6!& 10 2'4& <"#$ #0 -&&$&$ #- ),& "77&4 07,&4& )' '%&4('2& ),& 4#6,)#-6

/'4(& 1-$ )#7 ),& 3#4$9 =-(& 1 !146&4 )#7 )1.&0 7!1(&8 ),& /'!!'+#-6 #-0)1-(&

+#!! 4&>"#4& !&00 <"#$ )' )#7 $"& )' ),& !146&4 2'2&-)"2 '/ ),& 0*0)&2 3&(1"0&

'/ 0+#-6#-6 31(. /4'2 1 7'0#)#'- (!'0&4 )' ,'4#?'-)1!9
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 !" #$%&' ()*+*+,-. /.0+$%1

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

*.)$ 5616  !" ,+,*"7 2%, *!"$ ,.70&%*"- 0,.$8 9%*&%3

 

:;<; *) ,"(=" %, %

#$%& =%&.-%*.)$ )> *!" *!")("*./%& ,.70&%*.)$6 ?, $) @0.- ="&)/.*+ /)0&- 3"

7"%,0("- *!" *"7'"(%*0(", 2"(" 0,"- .$ )(-"( *) -(.=" *!" ,.70&%*.)$ %, 2"&&

%, 3+ !"%* *(%$,>"( 7"*!)-, %, .$ '("=.)0, 7)-"&,6

 !"!# $%&'()*'+,-. /'01.,0

 !" "A'"(.7"$*%& (",0&*, %(" *%B"$ >()7 *!" )0*'0* #&" "A')(*"- >()7 C%3D."2

0,.$8 *!" E%*.)$%& F$,*(07"$* -%*% %/G0.,.*.)$ !%(-2%(" 7"$*.)$ .$ /!%'*"( 56

 !"," (",0&*, 2"(" *!"$ 7%$.'0&%*"- .$*) =%(.)0, )0*'0*, *) -"*"(7.$" *!"

)0*/)7" )> *!" "A'"(.7"$* %$- *!" '),,.3&" "A'%$,.)$ )> *!"  !""# $%&'(&')

*&%+ -",.8$6

H> .$*"(",* .$ *!" #$%& "A'"(.7"$*%& (",0&*, 2%, *!" %3.&.*+ *) 7"%,0(" *!"

.$*"($%& *"7'"(%*0(" )> *!" =%')0( %, 2"&& %, *!" "A*"($%& *"7'"(%*0(",6 F*

2%, %&,) '),,.3&" *) -"="&)' =%(.)0, *",*, )$ *!" '!+,./%& 7)-"& .$ )(-"( *)

3"**"( ("'(","$* *!" "I/."$/+ )> *!" ,+,*"7 -0" *) %//0(%*"&+ B$)2.$8 *!"

"$"(8+ .$'0* .$*) *!" ,+,*"76  !"," (",0&*, 2.&& 3" '(","$*"- 3"&)2 %$- *!"$

-.,/0,,"- .$ *!" >)&&)2.$8 /!%'*"(6

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

 !" .$*"($%& *"7'"(%*0(" 2%, 7"%,0("- *!()08! *!" "A'"(.7"$*%& '()/",,6

? *)*%& )> J /!%$$"&, 2"(" 7"%,0("- -0(.$8 <K "A'"(.7"$*%& ,"*40',6 E)*"

*!%* )$&+ *!" .$>)(7%*.)$ 2!./! 2%, 0,">0& *) *!" -.,/0,,.)$ 2%, ,"&"/*"- >()7

*!"," (",0&*, *) ("-0/" *!" %7)0$* )> ("-0$-%$* .$>)(7%*.)$ 2.*!.$ *!" ("')(*6

 !"," (",0&*, 2.&& 3" ,!)2$ .$ *!" #80(", *) >)&&)2 >)( *!" =%(.)0, *",* ,/"$%(.),6

"#0$0'( )%/$/ 10$23,$ 1%042$0#4

L.80(" M6M ,!)2, *!" =%(.%*.)$, .$ *!" *)' 30&3 %$- 3)**)7 30&3 .$*"($%& *"74

'"(%*0(",N -0(.$8 "A'"(.7"$*%*.)$6  !" *",*.$8 %="(%8"- %73."$* /)$-.*.)$,

-0(.$8 *!"," *",*, 2"(" % 2"* 30&3 *"7'"(%*0(" %="(%8" )> 21.9 ◦
O %$- % -(+

30&3 *"7'"(%*0(" %="(%8" )> 26.5 ◦
O6

F* ., /&"%( >()7 *!" #80(" *!%* *!"(" %(" -"#$.*" .$,*%$/", 2!"(" *!"(" %("

7.$)( 3&.', .$ *!" *"7'"(%*0(" *("$-6  !"," 3&.', !%=" 3""$ &.$B"- *) *!"

*.''.$8 .$,*%$/", $)*"- -0(.$8 "A'"(.7"$*%*.)$6  !" .$/("%," .$ *!" 0''"(

30&3 *"7'"(%*0(" ., *!"(">)(" %, % (",0&* )> *!" 2%(7 =%')0( "$*"(.$8 *!" !"%-

*) "G0%&.," *!" '(",,0(", -0(.$8 % ("3%&%$/.$86  !" *.7" .$ 3"*2""$ "%/! )>

*!" ("3%&%$/.$8 ,*%8", 2%, >%( ,!)(*"(N !)2"="(N .* 70,* 3" $)*"- *!%* =.,0%&

.$,'"/*.)$ ,!)2"- *!%* "%/! *.' )$&+ !%- % (%$8" )> 7)="7"$* )> %''()A.7%*"&+

15− 20 -"8("", >()7 *!" 3%&%$/"- )( (",*.$8 '),.*.)$6
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"#$%&' ()(*  !"#$!%& "#'(#$%")$# *!+*,%"*!- "*((*!- *!."%!,#. *! "/# &%$-#

($0"0"1(#

+'#$,-'. /'0-0

 ! 0$+#$ "0 .*')&%"# "/# 20$,# $#3)*$#+ "0 0(#$%"# % /%!+ 4%"#$ ()'(5 % '%..

4%. (&%,#+ 0! "/# .#")( %. ./04! *! 6-)$# 789: 02 ,/%("#$ 78 ;/# '%.. /%+ %

4#*-/" 02 < =-5 %(($0>*'%"#&1 < &*"#$. 02 4%"#$8

 " *. %-%*! ,&#%$ "/%" "/# '*!0$ ?&*(. *! "/# "#'(#$%")$# 02 "/# 4#*-/"#+

"#.". 4#$# %. % $#.)&" 02 "/# 4%$'#$ @%(0)$ "/%" *. $#&#%.#+ +)$*!- %! #3)%&*A

.%"*0!8

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

 ! 0$+#$ "0 6!%&&1 @%&*+%"# "/# !)'#$*,%& .*')&%"*0! "/# #>(#$*'#!"%& $#.)&".

4#$# ).#+ %. % -)*+#8  " 4%. +#.*$#+ "/%" )!+#$ .*'*&%$ ,0!+*"*0!.5 "/# !)A

'#$*,%& .*')&%"*0! 40)&+ '%",/ "/# #>(#$*'#!"%& $#.)&". 4*"/*! %! %,,#("%?&#

#$$0$ ?%!+8

/,'&123 4#1%32-#56 75.'3

B. "/# #>(#$*'#!"%& $#.)&". +*+ !0" %&&04 20$ #>%," '#%.)$#'#!". 02 "/# C)*+

@#&0,*"15 "/# "/#0$#"*,%& .*')&%"*0! 0! *"D. 04! 4*&& &#%@# "00 '%!1 )!=!04!.8

B. % ?#." %(($0>*'%"*0! *" 4%. +#"#$'*!#+ "/%" *! 0$+#$ "0 .*')&%"#+ "/#

#!"*$# .0&%$ *!C)> #!@*$0!'#!" %!+ %&& "/# '#,/%!*,%& (/#!0'#!% 40)&+ $#.)&"

*! "00 '%!1 %++*"*0!%& )!=!04!. 0@#$ %!+ %?0@# "/# ($#@*0). "40 .#,"*0!. 02

.*')&%"*0!8  ! 0$+#$ "0 ?#." .*'(&*21 "/# .*")%"*0!5 "/# "*'# "%=#! ?#"4##! "*(
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"#$%&' () *  !"#$%&#' %#'&!#"( '&)*&!"'+!& ,!-) .&%/0'&1 '&$'$

%#$'"#2&$ "$ .&(( "$ '0& "3&!"/& ")4%&#' '&)*&!"'+!& 2-#1%'%-#$ .&!& +$&15

6# '0%$ ."78 '0& '0&!)"( )-1&( 2"# $'%(( 4& $%)+("'&1 "#1 '0& '%)& 4&'.&&#

'%**%#/ %#$'"#2&$ 2"# 4& +$&1 '- 4&$' 1&'&!)%#& '0& 3"(%1%'7 -, '0& !&$+('$5

 0&!&,-!&8 +$%#/ '0& "3&!"/& .&' "#1 1!7 4+(4 '&)*&!"'+!&$ -, 21.9 ◦
9 "#1

26.5 ◦
9 !&$*&2'%3&(78 '0& :+%1 *-$%'%-# .%'0%# '0& #&2; 2"# 4& $&&# %# </+!& =5>5

 0& '%)& '";&# 4&'.&&# '%**%#/ %#$'"#2&$ %$ "4-+' ?=@@ $&2-#1$ 2-)*"!&1 '-

"**!-A%)"'&(7 ?B@@ $&2-#1$ '";&# ,!-) &A*&!%)&#'"( 1"'"8 '0%$ (&"3&$ "# &!!-!

-, C@D5

+,'&-./ 012%3 456'/

E$%#/ )&"$+!&1 1"'" (-//&1 1+!%#/ &A*&!%)&#'"'%-#8 '0& 3"*-+! '&)*&!"'+!&

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

."$ 2-#1+2'&1 ,-! '.- !&"$-#$8 <!$'(7 '- !&)-3& 1-+4' ,!-) "$$+)*'%-#$ )"1&

%# '0& '0&!)"( )-1&($ "#1 $&2-#1(7 '- 20&2; '0& 3"(%1%'7 -, '0& "$$+)*'%-#$

)"1& %# '0& )&20"#%2"( )-1&(5  0& !&$+('$ '- '0%$ $%)+("'%-# "!& 4&$' $&&# %#

</+!& =5F5  0& $*%;&$ %#1%2"'& '0& '%**%#/ %#$'"#2&$ -, '0& $%)+("'%-#5

 !"!" #$%&'(%&')
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I+$ *+$14,- $@3 $%3' 3,% &$  4510#$2 &' ,22 %" , +$,* ,&!01& %" !$-$3* #$
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*+,* *+$1$ ,1$ /,1 "1$,*$1 ", %! *0 &$ 4,2$  % *+$ 4$3+,% 3,- 4,% 5.-,* 0% 0/
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5.45!= .! %" *+$ !*,%2,12 3,*,-0".$! ,#, -,&-$ ,* *+$ * 4$= , /013$ 0/ 7JP
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 3

Stellenbosch University  http://scholar.sun.ac.za



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

&% -11%.)"$*-.+  !

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

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

-!3/(5 #1 )., 1/1,7 8&1)#'/(5 1$#5  !" #+/(5 89: *!%,+ *&( 2, ,;)',-,$<

)'/*=< &+ ",$$ &+ )/-, *!(+#-/(5 &(% ',6#/', &( ,;)',-,$< >(, -,+. &(% & )"!

1.&+,  !" +!$3,'7 ?.,',@!',4 )., *!-2/(&)/!( !@ & 3,'< $!" 8!#'&() (#-2,'

&(% ./5. *!-1$,;/)/,+ /( )., *!-1$,),  #/% -!%,$$/(54 &( &3,'&5, 2,)",,( ).,

)"! ,;)',-,+ &$$!",% @!' )., +/-1$, &(&$<+/+7

 "#"$"% &'()*'+,)-.(/ '(0 1234-.54(,',.6(

?.'!#5. )., ,;1,'/-,()&)/!( &(% -&(#@&*)#'/(5 !@ -#$)/1$, 1'!)!)<1,+4 & $!)

"&+ $,&'() &2!#) )., )'&%, !A !@ -&),'/&$ +,$,*)/!(7 ?., #+, !@ &$#-/(/#-
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*&+, .,&) *!(%#*)/!( &+ ",$$ &+ )., 2,+) *&+, @!' -&),'/&$ &**,1)&2/$/)<7 ?.,

',+#$)+ !@ )./+ "&+ &( ,;*,1)/!(&$$< .,&3< %,+/5( &(% )., 2,(,>)+ !@ & 5!!%

).,'-&$ /(,')/& @!' )., +<+),-7
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