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:$%$!#$(+-%$0!(,!=D!'%.++A+$',&.)+!.?$%!,5$!+8(,>!#(&)!:&)4>!/8(3!()0!9.0@!-+&)4!(!,.,(8!./!Q=C!3%$++-%$!3.%,+>!(+!

+5.:)!&)!;&4<!UL(P<!V%$++-%$!0(,(!/.%!,5$!W6JDI!6"!#.0$8!%$+-8,+!(,!(88!./! ,5$+$!8.'(,&.)+!:(+!+-9#&,,$0!/.%!,5$!

G&H&/,VXAC<! *)! ,5$! 3%$+$),! +,-0@>! '.#3-,(,&.)(8! %$+-8,+! (%$! '.#3(%$0!:&,5! ,5$!#$(+-%$#$),+! (,! /.-%! +,%$(#:&+$!

'%.++A+$',&.)+!()0!.)$!+3():&+$!'%.++A+$',&.)<!75$+$!'%.++A+$',&.)+!(%$!1YZ!L!"#$P>!Q1Z!L!"%#P>!U1Z!L!"&#P>!()0!

UQZ!L!"&%P!./!,5$!+3()!/.%!(88!,5%$$!$8$#$),+!./!,5$!:&)4!()0!.)$!/.%:(%0!+3()!+,(,&.)!L'()*'+,-*).P!.)!,5$!/8(3<!

75$+$!8.'(,&.)+!(%$!+5.:)!&)!;&4<!UL9P<!!!

;&4-%$+!CY!()0!CC!3%$+$),!,5$!$//$',!./!4%&0!%$/&)$#$),!.)!,5$!+-%/('$!3%$++-%$+!0$%&?$0!/%.#!,5$!6"!()0!667!

#.0$8+!(,!()!()48$A./A(,,('B!./!CD!<!*)!,5$+$!/&4-%$+!'.#3-,$0!+-%/('$!3%$++-%$+!/%.#!,5$!'.(%+$>!#$0&-#>!()0!/&)$!

4%&0!6"!+.8-,&.)+!L;&4<!CYP!()0!667!+.8-,&.)+!L;&4<!CCP!(%$!'.#3(%$0!:&,5!,5$!#$(+-%$0!+-%/('$!3%$++-%$+!(,!+,(,&.)+!

671Y>!67Q1>!67U1>! ()0!67UQ<!6-%/('$!3%$++-%$+! /%.#! ,5$!6"!#.0$8! (,!671Y!()0!67Q1!+5.:! 8&,,8$! $//$',!./!4%&0!

%$/&)$#$),<!",!,5$+$!,:.!+,(,&.)+>!#$0&-#!()0!/&)$!4%&0!+-%/('$!3%$++-%$+!(%$!(8#.+,!&0$),&'(8!()0!(4%$$!?$%@!:$88!

:&,5!,5$!#$(+-%$0!0(,(<!G.:$?$%>!/-%,5$%!.-,9.(%0>!$+3$'&(88@!(,!+,(,&.)!67UQ>!4%&0!%$+.8-,&.)!$//$',!'()!9$!'8$(%8@!

+$$)!.)!,5$!#(&)!:&)4!()0!/8(3<!6"!'.#3-,(,&.)+!#(,'5!+(,&+/(',.%&8@!:&,5!,5$!#$(+-%$#$),+!(,!67U1!.?$%!,5$!+8(,>!

/8(3>!()0!#.+,!./!,5$!#(&)!:&)4!$R'$3,!,5$!'.?$!%$4&.)<!G.:$?$%>!(,!+,(,&.)!67UQ!$?$)!/&)$!4%&0!+-%/('$!3%$++-%$+!

+5.:!3..%!(4%$$#$),!:&,5!,5$!#$(+-%$0!+-%/('$!3%$++-%$+!.?$%!#.+,!./!,5$!#(&)!:&)4!()0!/8(3!-33$%!+-%/('$<!667!

+.8-,&.)+!L;&4<!CCP!0&+38(@!()!&)'%$(+$0!+$)+&,&?&,@!,.!4%&0!%$+.8-,&.)!(,!(88!/.-%!+,(,&.)+>!+3$'&/&'(88@!.)!,5$!/8(3<!!667!

+-%/('$!3%$++-%$+!.)!,5$!-33$%!+-%/('$!(%$!4$)$%(88@!8.:$%!,5()!,5$!#$(+-%$0!0(,(>!%$+-8,&)4!&)!8.:$%!8&/,!(+!+$$)!&)!

;&4<!D<!"!,%$)0!'.##.)!,.!9.,5!,5$!6"!()0!667!#.0$8+!&+!,5(,!,5$!0&//$%$)'$!9$,:$$)!#$0&-#!()0!/&)$!4%&0!+-%/('$!

3%$++-%$+! &+! 4$)$%(88@! #-'5! +#(88$%! ,5()! ,5$! 0&//$%$)'$! 9$,:$$)! ,5$! '.(%+$! ()0! #$0&-#! 4%&0! +-%/('$! 3%$++-%$+!

$?$%@:5$%$! $R'$3,! (,! 67UQ<!",! +,(,&.)! 67UQ>! '.#3-,$0! +-%/('$! 3%$++-%$+! /%.#! ,5$!#$0&-#! ()0! /&)$! 4%&0+! 0&//$%!

+&4)&/&'(),8@!/.%!9.,5!#.0$8+>!&)0&'(,&)4!,5$!)$$0!/.%!/-%,5$%!%$/&)$#$),!./!,5$!,&3!%$4&.)!./!,5$!#(&)!:&)4!()0!,5$!

/8(3<!!

;&4-%$+!CE!()0!CD!0&+38(@!,5$!4%&0!%$/&)$#$),!$//$',!.)!,5$!6"!()0!667!+-%/('$!3%$++-%$+!(,!()!()48$A./A(,,('B!./!

EQ!<!6"!%$+-8,+!0&+38(@!+&#&8(%!4%&0!%$+.8-,&.)!+$)+&,&?&,&$+!()0!'.%%$8(,&.)!:&,5!,5$!#$(+-%$0!0(,(!(+!,5.+$!.9+$%?$0!

/.%! ()! ()48$A./A(,,('B!./! CD!<! *,! &+! $?&0$),! /%.#!;&4<! CD! ,5(,! ,5$! +-%/('$!3%$++-%$+! /%.#!667! +.8-,&.)+! (,! +,(,&.)+!

671Y! ()0! 67Q1! 0&+38(@! (! 5&45$%! 0$4%$$! ./! 4%&0A'.)?$%4$)'$! (+! :$88! (+! (4%$$#$),! :&,5! ,5$! #$(+-%$0! 0(,(! (+!

'.#3(%$0!,.!,5$!+(#$!(,!()48$A./A(,,('B!CD!<!75&+!&+!(8+.!%$/8$',$0!&)!;&4<!DL9P>!:5$%$!(4%$$#$),!./!,5$!667!#.0$8!

8&/,!'.$//&'&$),!:&,5!,5$!#$(+-%$0!0(,(!(,!(!EQ!!()48$A./A(,,('B!&+!#-'5!9$,,$%!,5()!,5(,!(,!8.:$%!()48$+A./A(,,('B<!

"!0&%$',!'.#3(%&+.)!./!/&)$!4%&0!6"!()0!667!+.8-,&.)+!:&,5!,5$!:&)0!,-))$8!#$(+-%$#$),+!&+!#(0$!&)!;&4<!C=<!

75$!/&4-%$!+5.:+!+-%/('$!3%$++-%$+!(,!+,(,&.)+!671Y!()0!67UQ!/.%!()48$+A./A(,,('B!F!>!CD!>!EC!>!EQ!>!()0!D=!<!6"!
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1!

#.0$2! +-%/('$! 3%$++-%$+! (%$! 4$)$%(225! &)! '2.+$%! (4%$$#$),!6&,7! ,7$!#$(+-%$#$),+8!9.6$:$%;! <.,7!#.0$2+! 3..%25!

3%$0&',!,7$!#$(+-%$0!0(,(!(,!=>?@!)$(%!6&)4!,&3;!(,!2$(+,!.)!,7$!4%&0!-+$0!/.%!,7$!3%$+$),!'.#3-,(,&.)+8!>7&+!,%$)0!

7(+!(2+.!<$$)!.<+$%:$0! &)! +&#&2(%! +,-0&$+! $#32.5&)4!0&//$%$),! '.#3-,(,&.)(2!#$,7.0+!()0!4%&0+
A
8!>7$!==>!#.0$2!

5&$20+!(!+,(22$0!+.2-,&.)!(,!()!()42$B./B(,,('C!./!DE!;!%$+-2,&)4!&)!(!2(%4$!-)0$%B3%$0&',&.)!./!-33$%!+-%/('$!3%$++-%$+!

()0!2&/,8!>7&+!'7(%(',$%&+,&'!./!==>!+.2-,&.)!&+!:&:&025!+$$)!&)!F&48!GA!,7(,!+7.6+!,7$!+-%/('$!3%$++-%$!'.),.-%!32.,+;!

+-%/('$!+,%$(#2&)$+;!()0!+,%$(#2&)$+! &)!(!+,%$(#6&+$!32()$;!0$%&:$0!/%.#!="!()0!==>!/&)$!4%&0!+.2-,&.)+8!>7$!="!

+.2-,&.)!&)0&'(,$+!(,,('7$0!/2.6!.:$%!#.+,!./!,7$!-33$%!+-%/('$;!67$%$(+!,7$!==>!+.2-,&.)!&)0&'(,$+!(!2(%4$!%$4&.)!./!

+$3(%(,$0!/2.6!.)!,7$!#(&)!6&)4!()0!&)!,7$!+,%$(#6&+$!32()$8!!!!!!!

F&4-%$!G1!$H(#&)$+!,7$!+3()6&+$!+-%/('$!3%$++-%$+!(,!.)$!+,(,&.)!I/2(3/60+3()J!.)!,7$!/2(38!>7$!/&4-%$!'.#3(%$+!

="!()0!==>!'.#3-,$0!3%$++-%$+!6&,7!,7$!#$(+-%$#$),+!(,!()42$+B./B(,,('C!./!1!;!GD!;!KG!;!K@!;!()0!DE!8!=.2-,&.)+!

/%.#!,7$!="!#.0$2!(%$!&)!<$,,$%!(4%$$#$),!6&,7!,7$!#$(+-%$0!0(,(!(,!,7&+!+,(,&.)!(+!6$228!>7$!="!#.0$2!(,!()!()42$B

./B(,,('C!./!1!!&+!/.-)0!,.!<$!&)!$H'$22$),!(4%$$#$),!(22!(2.)4!,7$!+3()8!",!.,7$%!()42$+B./B(,,('C;!,7$!="!+.2-,&.)+!

4$)$%(225!'.#3(%$!:$%5!6$22!&)<.(%0!./!+3()!2.'(,&.)!L!M!B@N8!>7$!%$4&.)!.-,<.(%0!./!L!M!B@N!&+!'2.+$!,.!,7$!6&)4!

,&3;! 67&'7! 7(+! <$$)! .<+$%:$0! ,.! <$! (! '7(22$)4&)4! %$4&.)! /.%! ,7$! '.#3-,(,&.)(2! 4%&0+! ()0! #.0$2+! (332&$0! &)! ,7$!

3%$+$),!+,-058!O)0-2(,&.)+!./!,7$!#$(+-%$0!3%$++-%$+!(%$!0-$!,.!&),$%/$%$)'$!$//$',+!/%.#!,7$!+2(,!()0!/2(3!<%('C$,+
A
8!

!"! #$%&'()*%+,-./0123,

P$+-2,+!/.%!(!4$)$%&'!7&47B2&/,!Q"="!>%(3$R.&0(2!6&)4!'.)/&4-%(,&.)!.<,(&)$0!-+&)4!,7$!>$,%O==!/2.6!()(25+&+!

+5+,$#!(%$!3%$+$),$08!>7$!'.)/&4-%(,&.)!6(+!,7$!/.'-+!./!,7$!G
+,
!"*""!9&47BS&/,!T%$0&',&.)!,6.B0(5!6.%C+7.3!7$20!

&)!U-)$!KNGN8!V%&0!'.):$%4$)'$!()0!,-%<-2$)'$!#.0$2!+$)+&,&:&,5!./!,7$!)-#$%&'(2!%$+-2,+!(%$!$H(#&)$0!-+&)4!,7$!="!

()0!==>!,-%<-2$)'$!#.0$2+8!W.#3-,$0!2.)4&,-0&)(2!/.%'$+!()0!#.#$),!(+!6$22!(+!+-%/('$!3%$++-%$+!(%$!'.#3(%$0!

6&,7!'.%%$+3.)0&)4!6&)0!,-))$2!#$(+-%$#$),+8!!

S&/,! ()0! 0%(4! :(2-$+! /%.#! ,7$! ="! #.0$2! '.#3(%$! X-&,$! 6$22! 6&,7! ,7$! #$(+-%$0! 0(,(! -3! ,.! #(H&#-#! 2&/,!

'.)0&,&.)8!9.6$:$%;!3&,'7&)4!#.#$),!(<+.2-,$!:(2-$+!/%.#!,7$!="!#.0$2!(%$!+.#$67(,! 2.6$%! ,7()! ,7$!#$(+-%$0!

:(2-$+8!==>!+.2-,&.)+! +7.6! 2.6$%!:(2-$+!./! 2&/,;! 0%(4;! ()0!3&,'7&)4!#.#$),! I(<+.2-,$!:(2-$+J! (+! '.#3(%$0! ,.! ,7$!

#$(+-%$0!0(,(;!+3$'&/&'(225!(,!()42$+B./B(,,('C!2.6$%!,7()!K@Y8!>7$!==>!#.0$2!3%$0&',+!,7$!.)+$,!./!+,(22$0!/2.6!(,!(!

2.6$%!()42$B./B(,,('C!,7()!,7$!="!#.0$2!()0!6&)0!,-))$2!#$(+-%$#$),+8!!!

*,!&+!.<+$%:$0!,7(,!,7$!(''-%('5!./!,7$!'.#3-,$0!+-%/('$!3%$++-%$!0$4%(0$+!'2.+$%!,.!,7$!6&)4!,&3!%$4&.)8!=-%/('$!

3%$++-%$+!(,!?@Z!+3()!(%$!+-<+,(),&(225!-)0$%B3%$0&',$0!.:$%!#.+,!./! ,7$!#(&)!6&)4!()0!$),&%$!/2(3!+$',&.)+8!>7&+!

,%$)0!&+!'.##.)!,.!<.,7!,-%<-2$)'$!#.0$2+8!*,!&+!+-%#&+$0!,7(,!(!#-'7!/&)$%!4%&0!&)!,7$!6&)4!,&3!%$4&.)!#(5!&#3%.:$!

,7$!(''-%('5!<5!<$,,$%!%$+.2:&)4!,7$!6&)4!,&3!:.%,$H8!!

4&2%$5'.)+/.%63,

>7$!/&%+,!,6.!(-,7.%+!6.-20!2&C$!,.!('C).62$04$!,7$!Q"="!=-<+.)&'!F&H$0![&)4!T%.\$',!/.%!/-)0&)4!+-33.%,!./!,7&+!$//.%,!"

-.7.1.%&.3,
G
=2.,)&'C;! U8! T8;! 9()).);! U8! "8;! ()0! W7(//&);! ]8;! ^_:$%:&$6! ./! ,7$! F&%+,! "*""! WF`! 9&47! S&/,! T%$0&',&.)! [.%C+7.3!

I*):&,$0J;a!"*""!T(3$%!KNGGB@1K8!
K
U.7)+.);!T8!S8;!U.)$+;!b8!]8;!()0!](0+.);!]8!`8;!^cH3$%&#$),(2!*):$+,&4(,&.)!./!(!=&#32&/&$0!D`!9&47!S&/,!W.)/&4-%(,&.)!&)!

=-33.%,!./!WF`!d(2&0(,&.);a!"*""BKNNNBEKGe8!
D
]'V&)2$5;!W8!f8;! U$)C&)+;!S8!Q8;![(,+.);!P8!`8;! ()0!f$%,$2%-0;!";gDB`!9&47BS&/,!F2.6!T75+&'+!cH3$%&#$),! h!>%()+&,&.)!

Measurements," AIAA paper 2005-5148. 
E
W7(//&);!]8!=8!()0!T&%R(0$7;!=8;!^O)+,%-',-%$0!Q(:&$%B=,.C$+!9&47BS&/,!W.#3-,(,&.)+!.)!(!>%(3$R.&0(2![&)4;a!"*""!T(3$%!

KNNABAN@E8!
A
P-#+$5;!W8! S8;! S.)4;!]8;! =,-$:$%;!P8!"8;! ()0![(5#();! >8!P8;! ^=-##(%5! ./! ,7$! F&%+,!"*""!WF`!9&47!S&/,! T%$0&',&.)!

[.%C+7.3a;!"*""!T(3$%!KNGGB?D?8!
1
F%&)C;!Q8!>8;!T&%R(0$7;!=8!i8;!T(%&C7;!T8!W8;!T()05(;!]8!U8;!()0!f7(,;!]8!b8;!^>7$!Q"="!,$,%(7$0%(2!-)+,%-',-%$0!+./,6(%$!

+5+,$#!I>$,%O==J;a!#$%"&%'()*+,-.*/"0(+')*/;!d.28!GNE;!Q.8!GNEN;!KNNN;!338!E?GBE??8!
e
T()05(;!]8! U8;!F%&)C;!Q8!>8;!"<0.2B9(#&0;!b8!=8;!=(#(%$7;! U8!"8;! ()0!>(/,;! U8!P8;! ^c)7()'$#$),+! ,.!>$,%O==! /.%!Q"="!

W.)+,$22(,&.)!T%.4%(#;a!"*""!T(3$%!KNGGBGGGG8!
@
P$5$+;! `8! "8;! V&%&#(\&;! =8! =8;! T()05(;! ]8! U8;! ()0! "<0.2B9(#&0;! b8! =8;! ^W.#3-,(,&.)+! ./! 9&47BS&/,! [&)4Bf.05!

W.)/&4-%(,&.)!.)!O)+,%-',-%$0!V%&0+!-+&)4!1Bω!#.0$2+;a!"*""!T(3$%!KNGGB@1@8!
?
W(#3<$22;!P8!S8;!^c//&'&$),!d&+'.-+!`$+&4)!./!P$(2&+,&'!"&%'%(/,!W.)/&4-%(,&.)!I*):&,$0J;a!"*""!T(3$%!G??@BKAD?8!
GN
S.7)$%;!P8!()0!T(%&C7;!T8;!^>7%$$B0&#$)+&.)(2!4%&0!4$)$%(,&.)!<5!,7$!(0:()'&)4!/%.),!#$,7.0;a!2),%')*,-()*/"0(+')*/"3('"

4+5%'-.*/"6%,$(78"-)"9/+-78;a!d.28!@;!*++-$!GN;!G?@@;!338!GGDABGGE?8!
GG
T&%R(0$7;!=8!i8;!^>7%$$B0&#$)+&.)(2!-)+,%-',-%$0!:&+'.-+!4%&0+!<5!,7$!(0:()'&)4!2(5$%!#$,7.0;a!&2&&"0(+')*/;!d.28!DD;!Q.8!

G;!G??1;!338!EDBE?8!
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23
4&%5(0$67!89!:97!;"0<()'$0!-)+,%-',-%$0!=%&0!=$)$%(,&.)! /.%!'.#>?$@!($%.0A)(#&'!(>>?&'(,&.)+7B!!"!!#$%&'()*7!C.?9!DE7!

F.9!G7!3H2H7!>>9!IHDJI2G9!!!
2K
8(#(%$67! L97! ;M%&0N..?O! "! 8-%/('$! P.0$?&)=! ()0! M%&0! M$)$%(,&.)! N..?7B! 4%.'$$0&)=+! ./! ,6$! Q.%R+6.>! .)! 8-%/('$!

P.0$?&)=7!M%&0!M$)$%(,&.)7!()0!S$?(,$0!*++-$+!&)!TUV!8.?-,&.)+7!F"8"!T4JK3I27!IJ22!P(A7!2IIG9!
2D
U%&)R7!F9!N97!;W>X&)0!+'6$#$!/.%!+.?<&)=!,6$!Y-?$%!$Z-(,&.)+!.)!-)+,%-',-%$0!,$,%(6$0%(?!#$+6$+7B!!"!!#$%&'()*7!C.?9!KH7!

F.9!27!2II37!>>9!1HJ119!!
2G
U%&)R7!F9!N97!;N$,%(6$0%(?!-)+,%-',-%$0!F(<&$%J8,.R$+!#$,6.0!/.%!,-%[-?$),!/?.X+7B!!"!!#$%&'()*7!C.?9!K\7!F.9!227!2IIE7!

>>9!2I1GJ2IE39!!!
2\
4()0A(7!P9L97!U%&)R7!F9N97!"[0.?J](#&07!^9897!()0!T6-)=7!L9L97!;S$'$),!$)6()'$#$),+!,.!W8PKV!-)+,%-',-%$0!/?.X!+.?<$%!

/.%!-)+,$(0A!/?.X+7B!"*""!4(>$%!3HHDJG3H27!"-=-+,!2\J2I!3HHD9!
21
U%&)R7!F9N97!_.)6(-+7!V9`97!C(,+(7!C9F97!_(-$%7!89a9897!N&)$,,&7!"9U97!;"!_.-)0(%A!T.)0&,&.)!/.%!8&#-?(,&.)!./!U?.X!b<$%!

4.%.-+!8-%/('$+7B!$%&'()*#%+#!,'-')+.7!C.?9!DH7!F.9!D7!L-?AJ"-=-+,!3HHK7!>>9!\I3J\IE9!
2E
8>(?(%,!497!()0!"??#(%(+!89!"97!;b)$JYZ-(,&.)!N-%[-?$)'$!P.0$?!/.%!"$%.0A)(#&'!U?.X+7B!"*""!4(>$%!I3JHDKI7!L()-(%A!

2II39!
2I
P$),$%7! U9S97! ;*#>%.<$0! NX.JYZ-(,&.)! RJ.#$=(! N-%[-?$)'$! P.0$?+! /.%! "$%.0A)(#&'! U?.X+7B! F"8"! NPJ2HKI1G7!

b',.[$%!2II39!
3H
"[0.?J](#&07!^9!897!U%&)R7!F9!N97!V$$%$7!^9!"97!()0!4()0A(7!P9!L97!;4%.>-?+&.)!8&#-?(,&.)+!W+&)=!"0<()'$0!N-%[-?$)'$!

P.0$?+!X&,6!,6$!W)+,%-',-%$0JM%&0!TUV!N..?7!N$,%W887B!"*""!4(>$%!3HHDJH12D7!L()-(%A!3HHD9!
32
4()0A(7! P9L97! U%&)R7! F9N97! ()0! F.('R7! S9Q97! ;b<$%+$,J=%&0! #.<&)=! [.0A! '(>([&?&,A! &)! ,6$! W8PKV! -)+,%-',-%$0! /?.X!

+.?<$%7B!"*""!4(>$%!3HHGJG22E9!
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