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37.5, fm = 0.08, SPR = 1 0(2:1:0(3 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9"D>!# 5'/:,-,( .'010M-%.'3 04 5JINK IJK (0LL/, Q:1' 3/01 3'%.,2 .0-1%1 fm = 0.08, SPR = 1, NPR = 37.5 0(2:1:0(3 ! ! ! ! ! ! ! ! ! 9"9>!? I0. ;:,Q 3'/:,-,( .'010M-%.'3 04 5JINK IJK (0LL/, Q:1' 3/013'%.,2 .0-1 %1 fm = 0.08, SPR = 1, NPR = 37.5 0(2:1:0(3 ! ! 9"9>!F G%//B.-,33)-, ./01 Q:1' $%' ()*+,- :30B3)-4%,3 40- 3/01 5JINK(0LL/, %1 NPR = 37.5, fm = 0.08, SPR = 1 0(2:1:0(3 ! ! ! ! ! ! 9"=>!9D $,-:2:%(3 04 IJKB3/01 (0LL/, %1 Q':' 1', ,<.,-:*,(1%/ %(2 ()B*,-:%/ 2%1% Q%3 .-0+,2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9"@>!99 S<.,-:*,(1%/ %(2 ()*,-:%/ .-,33)-, 2%1% %1 0◦ *,-:2:%(E %1NPR =

37.5, SPR = 1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9"">!9= S<.,-:*,(1%/ %(2 ()*,-:%/ .-,33)-, 2%1% 40- -%(M, 04 *,-:2:%(.03:1:0(3E %1 NPR = 37.5, SPR = 1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9" 
<;



 !"# $% %!&'()" !"# $&'()*)+ ,&-.-/*0,&1 -2 $3456 670!89 +-::') ;(.& (+'(+)< (*=7'0* (+>).(-+ 0. SPR = 1, NPR = 37.5 -+<(.(-+1 ! ! ! ! ! ! ! ! ! "?@ !"? A0''7,*)11=*) -+.-=*1 0+< B-; (1-7C0& 1=*20)1 2-* 20◦ (+'(+)<(*='0* (+>).(-+ -2 670!8!9 +-::') 0. SPR = 1, NPR = 37.5-+<(.(-+1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "?D !"E F*)11=*) 0+< G0& +=CH)* ,'-.1 -2 $3456 670!89 +-::') ;(.&(+'(+)< (*='0* (+>).(-+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "?9 !" A0''7,*)11=*) 0+< 1),0*0.(-+ <)'(+)0.(-+ 0'-+/ ;0'' -2 -+(0'Mach3+-::') ;(.& (+>).(-+ 0. xj/ln = 0.9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "E8 !"@ A0''7,*)11=*) ,*-I')1 -2 xj/ln = 0.9 $3456 -+(0' +-::')1 0+<J0*(-=1 (+'(+0.(-+ 0+/')1K ϕ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "E" !"D A0''7,*)11=*) 0+< 1),0*0.(-+ <)'(+)0.(-+ 0'-+/ ;0'' -2 436 +-::');(.& =,1.*)0C (+'(+)< (+>).(-+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "EL !"9 6-+.-=* ,'-.1 -2 436 +-::') ;(.& ϕ = 60◦ =,1.*)0C (+'(+)< (+>)7.(-+ 0. xj/ln = 0.88K SPR = 1K NPR = 37.5 ! ! ! ! ! ! ! ! ! ! ! ! "EL !L8 F*)11=*) ,*-I')1 -2 ;0'' 0+< (+>).(-+ ,-*. (+ 1MCC).*M ,'0+) 2-*
xj/ln = 0.88 $3456 436 +-::') ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "E# !L" 3+.)*0.(-+ 7 ;0'' 1(<) 2-*) .)C,-*0' )J-'=.(-+ 2-* xj/ln = 0.88$3456 436 +-::') 0+< L (+'(+0.(-+ 01)1 ! ! ! ! ! ! ! ! ! ! ! ! ! "E# !LL k−ε 4=*H=')+) N(+).( )+)*/M 0+< <(11(,0.(-+ (+ 1MCC).*M ,'0+)-2 .&) 436 +-::') ϕ = 60◦ (+'(+)< (+>).(-+ 01) ! ! ! ! ! ! ! ! ! ! "EE !L# F)*2-*C0+) -)O()+.1 J)*1=1 (+'(+0.(-+ 0+/')1K  !"# $ &'()!'&**!#+ ,#- $ ./0 '&**!# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "E  !L? G0& (1-71=*20)1 ;(.& .=*H=')+)7N(+).(7)+)*/M )J-'=.(-+ -+7.-=*1 -2 .&) 436 +-::') ϕ = 30◦ (+'(+)< 1'-. (+>).(-+ 01)K NPR =

37.5, SPR = 1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "E@ !LE F)*2-*C0+) -)O()+.1 J)*1=1 (+'(+0.(-+ 0+/')1 -2 (*='0* 0+<'-. $3456 4P6 +-::') 01) 0.K SPR = 1, NPR = 37.5 ! ! ! ! ! ! "E@ !L G0& +=CH)* ,'-. 0+< -+.-=*1 (+ 1MCC).*M ,'0+) -2 436 +-::');(.& 1=,)*1-+( 1)-+<0*M .*0+1J)*1) (+>).(-+ ! ! ! ! ! ! ! ! ! ! ! "E9 !L@ F*)11=*) ,*-I')1 (+ 1MCC).*M ,'0+) -2 436 +-::') ;(.& 1-+( 0+<1=,)*1-+( 1)-+<0*M .*0+1J)*1) (+>).(-+ 01)1 0. SPR = 1, NPR =

37.5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! " 8
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 !"# $% %!&'()" !"# $%&'%()*+-% &* %-&./+)0 12+3-+( 1)-%%()- +/+13-/ %(1-)%&.4 56"4.7-34&. 4.3& + 8$9 .&::2- +3 xj/ln = 0.88, SPR = 1, NPR = 37.5 ; < !"= >4/- *&)- &?1&.-.3% 1)&/(-/ @0 %&.4 +./ %(1-)%&.4 %-&./+)03)+.%A-)%- 4.7-34&. +%-% 4.3& 1)4?+)0 8$9 .&::2- +3 xj/ln =

0.88, SPR = 1, NPR = 37.5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ; " !B< 5-)4/4&.+220 C)&(1-/ ?(2341&)3 >$8D9E F+22 %-1+)+34&. +./ 4.3-)'*+- :&.-% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ; B !B; 5-)4/4&.+220 C)&(1-/ ?(2341&)3 >$8D9E -.3)&10 12&3% /-1434.C%-1+)+34&. 4.3-)+34&. -A&2(34&. +./ /4%%41+34&.E [J/K] ! ! ! ! ! ! ; G !B" 5-)4/4&.+220 C)&(1-/ ?(2341&)3 >$8D9E BH 5+I .(?@-) 12&3% ! ; J !BB 5+I .(?@-) 12&3 +3 yz 12+.-% *)&? 3I- 4.7-34&. %-34&. 3&F+)/%3I- -K43 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;   !BG L+/4+220 C)&(1-/ ?(2341&)3 >$8D9E F+22 %-1+)+34&. +./ 4.3-)*+-:&.-% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ; M !BJ L+/4+220 -K3)+3-/ -.3)&10 12&3% F43I 2-+/4.C 4%&'%()*+- +./ A-'2&430 A-3&) %3)-+?24.-% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ; M !B N+22 1)-%%()- 1)&O2-% *&) %4.C2- +./ ?(2341&)3 )+/4+220 +./ ?-)4/'4&.+220 C)&(1-/ 4.7-34&. 4.3& 1)4?+)0 8$9 .&::2- +3 xj/ln = 0.7, SPR =

1, NPR = 450 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ; #M!; Cp(T ) *&) 60 − 500K 3-?1-)+3()- )+.C- &* &?1&.-.3% +./ +4)?4K3()- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;MBM!" µM(T ) *&) 60 − 500K 3-?1-)+3()- )+.C- &* 4.7-3+.3 %1-4-% +./+4) ?4K3()- ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;MGM!B Cp(T ) *&) P)C&. F43I ()A- O334.C 1&20.&?4+2 *(.34&.% ! ! ! ! ! ;MGM!G Q4'&2&) %I24-)-. 4?+C-% &* %-&./+)0 C+% 3)+.%A-)%- 4.7-34&. 4.3&1)4?+)0 .&::2- %(1-)%&.4 +4) R&F +3 NPR = 37.5, SPR = 1 ! ! ! ;M=M!J 5+%%4 *)+34&.% %()*+-% &* >$8D9 8$9 .&::2- +3 xj/ln = 0.88E
SPR = 1E NPR = 37.5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;#<M! >4/-F4%- y−direction A-2&430 &.3&() 12&3% +3 y/ye = 0.565, 0.913, 0.783-K3)+3-/ SxzT %24-% &* >$8D9 8$9 .&::2- ! ! ! ! ! ! ! ! ! ! ! ! ! ;#;M!M 5+I &.3&() 12&3% 4. %0??-3)0 12+.- &* >$8D9 8$9 .&::2- +3
xj/ln = 0.88E fm = 0.076E NPR = 37.5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;#;
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 !"# $% %!&'()" !" #$%%&'()**+() '(,-%)* $. /01)./,0 */3) ,4 *566).(5 ,4 3/7)()0.*),03$(5 /01).$0.* /0., 6$/0 $/( 8,9 $. -:)3 SPR = 1 $03
NPR = 37.5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;"< != #$%%&'()**+() '(,-%)* $. /01)./,0 */3) ,4 *566).(5 ,4 3/7)()0.*),03$(5 /01).$0.* /0., 6$/0 $/( 8,9 $. -:)3 fm = 0.076 $03
NPR = 37.5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;"> !;? @).,(/0A $6'%/-$./,0 B)(*+* γMg '(,3+. ($./, ,4 /01).$0. /0.C) 6$/0 8,9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;"D !;; E')/- /6'+%*) $6'%/-$./,0 B)(*+* γMg '(,3+. ($./, ,4 /01)&.$0. /0 .C) 6$/0 8,9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;"D !;< EC)6) ,4 (,F). ,6G+*./,0 C$6G)( (,** *)./,0* ! ! ! ! ! ! ! ! ;"  !;> ;H .C)(6,C)6! )I+/%/G(/+6 ,6'+.$./,0* .)6')($.+() $03 .C(+*.4,() ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;=? !;J C2H5OH − lOX ;H E')/- /6'+%*) '(,-%) ! ! ! ! ! ! ! ! ! ! ! ! ! ;=< !;D C2H5OH − lOX KC(+*. 4,() $03 .)6')($.+() '(,-%)* ! ! ! ! ! ! ;=< !;L H2 − lOX E')/- /6'+%*) $03 .)6')($.+() '(,-%)* ! ! ! ! ! ! ! ! ;=< !; C2H5OH − lOX <H&$:/ B/*,+* CPSMC .)6')($.+() '%,. ! ! ! ! ;=> !;" C2H5OH− lOX <H&$:/ B/*,+* CPSMC .)6')($.+() )B,%+./,0 $..C) $:/* $03 9$%% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;=J !;= C2H5 − OH − lOX N >H )0.(,'5 $03 .)6')($.+() )B,%+./,0* /0EOK@P KOP 0,QQ%) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;=D !<? #$%%&'()**+() '(,-%)* /0 *566).(5 '%$0) 4,( C,. $03 ,%3 C2H5OH−
lOX $*) $03 6,0,*')/) ,%3 $/( $*) /0 EOK@P KOP 0,QQ%) $.
NPR = 37.5N SPR = 1N xj/ln = 0.88, P0 = 300kPa ! ! ! ! ! ! ! ! ;=L !<; EF/0 4(/./,0 /0 *566).(5 '%$0) 4,( C,. C2H5OH − lOX $*) $03,%3 $/( $*) /0 EOK@P KOP 0,QQ%) $. NPR = 37.5N SPR = 1N
xj/ln = 0.88, P0 = 300kPa ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;=  !<< R+6)(/$% 9$%%&'()**+() 3$.$ ,4 < 4+)%&,:/3$0. $*)* /0 *566).(5'%$0) /0 EOK@P KOP 0,QQ%) $. xj/ln = 0.88, NPR = 37.5, SPR = 1 ;= S!; E$+)( *,0/ %/0) $''(,:/6$./,0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! <;"S!< O%%+*.($./,0 ,4 /0/./$%&B$%+) %/0) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! <<?S!> T,3)% 4,( 3).)(6/0/0A .C) +(B$.+() κ $. .C) 0$((,9)*. (,**&*)./,0<<;
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µ 6#"!9"+*= )'(+6%  %0#0%&'
µt  %0#0%&' #< &9*39"!(!
ν ;%(!6+&%  %0#0%&'
ρ )!(0%&' #< -9%)

,,%%%



 !"# $%&'()#
σ A/Ac  !"#$%&'$ (#)&'
σM *#, #$-. 
τ̄ij / 0$'.1% %)( %%
τ %, #( %)( %%
τw 2#..3%, #(3%)( %%
θ  $)(#. #( #$-. 
ω %" &4 1&%%&"#)&'$ (#) 
χ 5'.#( 6(#)&'$*+,-/012-
∗ 7#885
0 &$. ) '( &$&)&#. 7#.8 %
c (&)&#. ,'9 1 :'2 % )&'$; ),('#)
e '$1&)&'$ #) $'<<.  !&) ".#$ 
I &$) (6# 
j % '$1#(0 &$= )&'$
q '7 (#.. >8#$)&)0
S &% $)('"& '$1&)&'$
w '$1&)&'$% #) ), 2#..!234/ *56,78-
D 1&?8%&7&)0 ' @& $)
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 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% !""!#$% &'($)*&+,*&!') ,'% *-$!.$*&," 0!%$") $(,"1,*&!' )*1%&$)2 ,) &' 31-)$  !"℄,'% 4,)15,  ! "#$  $%℄6 7&'$ *-$ 8.)* $9:$.&0$'*," &'($)*&+,*&!') )1- ,) 4;1"$5,'% <,("&  $&℄2 *-$ .$)$,.-$.) *.&$% *! ,',"5=$ *-$ %&>$.$'* &'?$*&!' *5:$) ,'% +$@!0$*.&," :,.,0$*$.) &' !.%$. *! &'($)*&+,*$ !:*&0," 0$*-!%)  !. $'+&'$$.&'+ 1)$6A&>$.$'* *5:$) ! BCD ,) 7ECDF2 #,""@:,.,""$" !1'*$. ,'% !@G!#2 )",'*$% *1H$2*-.!,* )I$#&'+2 %1," *-.!,*2 )"!* ,'% 01"*&:!.* &'?$*&!' -,($ H$$' &'($)*&+,*$%,'% .$:!.*$% &' #!.I) ! J&$H$  !℄2 K&$")!'  ! "#$  "'℄2 L!!%H$..5 ,'% M$,0$.  "!℄2B",00  (℄2 L&'+ ,'% 3&1"&,'!  "(℄ ,'% N!=,I&  ! "#$  ")℄6 O(,"1,*&'+ *-$ ,0:"&8@,*&!'  ,*!.2 #-&- #,) %$8'$% ,) *-$ .,*&! ! *-$ $>$*&($ ):$&8 &0:1")$ ! )$!'%,.5 )*.$,0 *! *-$ ):$&8 &0:1")$ ! 1'%&)*1.H$% :.&0,.5 G!#2 4;1"$5,'% <,("&  $&℄℄2 K&$")!' ! "#$  "'℄ &'($)*&+,*$% '10H$. ! .,%&," ,'% :,.,""$" 01"*&:!.* ,..,'+$0$'*) &'*-$ .!I$* '!=="$6 C-$ )&'+"$ :!.* &'?$*&!' $9-&H&*$% , -&+-$. $>$*&($'$)) &',"" *-$ ,..,'+$0$'*) ,'% *$)*) :.$)$'*$% ,'% .$:!.*$% &' *-$ )*1%56 ;&0 ! *-$)$($.," )*1%&$) #,) ,")! *! $9,0&'$ *-$ &'?$*&!' ,'+"$ $>$* !' *-$ 7ECDF )5)@*$06 E' ,"" ! *-$02 ,' ,'+1",. &'?$*&!' .$",*&($ *! *-$ '!=="$ ,9&) ,'% 1:)*.$,0&'"&'$% :.!($% ,) *-$ 0!)* $T&$'* #&*- )!0$ %&>$.$'* !'"1)&!') ,H!1* *-$!:*&0," 1)$6 J&$H$  !℄ $(,"1,*$% .,'+$ ! &'?$*&!' ,'+"$) &' .$",*&!' *! "&'$,.@&*52 ($*!. )5)*$0 ,))$0H"5 ,'%  .$U1$'5 .$):!')$6 V:)*.$,0 ,'+"$ (,"1$ ! 
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 ! ! "#$%&'(#&( )%*(,)-% )%,- $ &./(#&-%) %-001( !"#$% &! &'$ ()+$,%$ !- %(.$ -!+$ /(&' ,) #0%&+$,1 () ()$. ()2$&(!)3 &'$+$ (%, !++$%0!).()" .$+$,%$ () ,) ,4(, &'+#%& ,#"1$)&,&(!)5 6) &'$ !&'$+ ',).3.!/)%&+$,1 !+($)&$. ()2$&(!) .$+$,%$% %(.$ -!+$ ,). 7$&!+()" 8#& ()+$,%$% &'$,4(, &'+#%&5 9!)%(.$+()" &'$%$ 0!()&% ,). !0&(1, 7$&!+()" %:%&$1 ;!!.8$++:,). <$,1$+  !"℄ 0+!0!%$. , 7,+(,8 $ !+(=$ ()2$&!+% /'(' !# . 8$ 0!%(&(!)$.,!+.()" &! &'$ )$$. ,). >("'& +$"(1$5 ?!+ &'$ =4$. ()2$&(!)3 ;!!.8$++: ,).<$,1$+  !"℄ -!#). #0%&+$,1 !+($)&$. ,)"# ,+ ()2$&(!) !- 25o ,% &'$ !0&(1, !)$#%()" &'$ ()$+&  (@#(. ()2$&,)&%5
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 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% ! "#$  !"℄ !"#$%& '&( )*'+(  !!℄ ,'-."/  ! "#$  $%℄ !+"-0%&  ! "#$  !&℄ ,%%(1"//2'&( 3"'4"/  !'℄ 5+$+  ! "#$  !(℄ '&( 6% '&( 7%%&  )*℄8 9:+0 '4*-+;'$+%& ("'2 +0/"-'$"( $% $:" +&$"/'$+%& %= >%#0 '&( :+?:"/ 4%4"&$@4 %= :+?:"/ */"00@/" ?'0$:'$ *-'2 $:" 4'A%/ /%-" +& (+B"/$+&? $:" 4'+& A"$ '&( '@?4"&$+&? $:" +&A"$'&$&'$@/'- /"'$+B" =%/"8 9:" %$:"/ "C"$ %= $:" 0"%&('/2 +&A"$+%& *%0+$+%& %4"0=/%4 $:" -%#"/ 0$'$+ */"00@/" '$ $:" &%DD-" 0$'$+%&0 -%0"/ $% $:" "E+$ "&'1-+&? $:":+?:"/ +&A"$+%& /"'$+B" =%/" F(2&'-*2 >@EG '&( $:@0 '& +&/"'0"( *"&"$/'$+%&%/ '%44%('$+%& :"+?:$8 !+"-0%&  ! "#$  !&℄ '-0% ("&%$"( $:'$ $:" /"(@$+%& %=$:" 0+(" =%/" #+-- %@/ #:"& $:" $/'" %= $:" 0:%. %& $:" &%DD-" #'-- /%00"0$:" "&$"/H-+&" %= $:" &%DD-"8 9:" "C"$0 %= $:" 'C"$"( &%DD-" >%# +& (+C"/"&$/%00H0"$+%&0 '/" '-0% '*$@/"( @0+&? $:" -'0"/ +&(@"( >@%/"0"&" 4"$:%( +&!"# '&( 9'2  )'℄8 I%&"/&+&? $:" %*$+4'- 4'00 >%# /'$" +&A"$+%& ,+&? '&(J+@-+'&%  !+℄ +&B"0$+?'$"( ' ?"%4"$/+'- 0:'*" %= $:" +&A"$%/ '0 $:" +/@-'/ /+&?'&( 0-%$ +&A"$+%& '&( +$0 "C"$ %& $:" *"/=%/4'&"08 9:" /+&? +&A"$+%& #'0 (+0H/"?'/("( +& 4"&$+%&"( +&B"0$+?'$+%& '0 +$ */%B"( $% 1" +&"K+"&$ #:+-" $:" 0-%$+&A"$+%& =%/ "/$'+& '**-+'$+%&0 0:%#"( +&/"'0" +& $:" 0+(" =%/" '&( %B"/'-- *"/H=%/4'&"08 ,+&? '&( J+@-+'&%  !+℄ %&-@("( $:'$ ?"%4"$/+'- 0:'*" %= +&A"$%/%B"/'-- :'0 A@0$ ' 4+&%/ "C"$ %& $:" L95 020$"4 *"/=%/4'&"08 L+&'--2 #+$: '&"B%-@$+%& %= $:" &@4"/+'- 4"$:%(0 +& $:" -'0$ ("'("0 &@41"/ %= +&B"0$+?'$+%&01'0"( %& $:" &@4"/+'- 0+4@-'$+%&0 '0 6% '&( 7%%&  )*℄ %/ M''/%@=  )+℄p0, T0G $%?"$:"/ #+$:$:" ?"%4"$/+ :'/'$"/+0$+0 %= $:" &%DD-" $:/%'$ '/"' Ac '&( &%DD-" "E*'&0+%& /'H
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℄8 E.  +' *,,'. # *30< *#'3 ).3 3',!>'3 +'",!'# ) $,'3'#!/. # )/' ",!/!.) ' 4)!.&0 1,"4 @'&',0  !$℄< 7+','  +'0 ),' '&)%2",) '3 !. 4",' 3' )!&8F",3!./  "  +' $,'#'. '3 ?@  +'",0<  +' 6*!3 !# )##*4'3 )# ) .".2>!#"*#).3  +' 6"7 $',4).'. < 7+!&'  +' ."55&' !# )$$,":!4) '3  " '.#*,' ). !#'. ,"$!':$).#!". 1,"4  +' !.! !)& ".3! !".# Gp0, T0H  "  +' ".3! !".# !.  +' ':! $&).'Gpe, Te, ρe...H A".#!3',!./  +'#' )##*4$ !".#<  +' ':$).#!". ). %' ,'$,'#'. '3 !. +' I"&&!', GS, hH3!)/,)4 )>)!&)%&' !. @'&',0  !$℄8 E.  +' ". ': "1 ?@ +0$" +'#!# +' 6"7 !# /">',.'3 %0  +' ". !.*! 0 '-*) !". J8?< K*&', '-*) !". "1 4" !". J8J).3 '.',/0 '-*) !". J8L8%
continuity :

dρ

ρ
+
du

u
+
dA

A
= 0 GJ8?H

Euler : u · du+ dp

p
= 0 GJ8JH

energy : h +
u2

2
= h0 = const GJ8LH;*%# ! * !./  +' >)&*'# !. )%">' M,#  7" '-*) !".< *.3',  +' !#'. ,"$! 6"7)##*4$ !".< ,'#*& # !.N  !! "#$ %&" "'&%(  )$ $*+! '%$, '% "#$ %&-$%! "/)$ ($"'&%
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 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.%
du

u

[
1− u2

(dp/dρ)

]
+
dA

A
= 0  !"#$

c2 = (
∂p

∂ρ
)S =

dp

dρ
 !"%$&'( )'&**+ ,-./*01'2 1' 3/'(&4-'0&* Hugoniot -5/&016' !"7 08&0 8&,&0-,1:-6'01'/-.; .0-&(+; 1'<1.1(; (1<&,1&'0 &'( '6'=,-&01'2 ./>-,.6'1 ?6@"

du

u

(
1− u2

(c2)

)
+
dA

A
= 0  !"A$

du

u

(
1−M2

)
+
dA

A
= 0  !"7$B8-.- -5/&016'. '--( 06 C- ./>>*-4-'0-( C+ & 08-,46(+'&41 ,-*&016'" D/>>6.=1'2 & >-,3-0*+ &*6,1&* 2&.; -'-,2+ -5/&016' 4&+ C- @,100-' &.E

CpT +
u2

2
= CpT0 = const  !"F$

⇒ u2 + 2CpT = const, 2CpT =
2

γ − 1
c2  !"G$

u2 +
2

γ − 1
c2 = const  !"HI$@108 ,-./*01'2 Saint−V enant -5/&016' !"HI" J6,(1'2 06 08- K6**1-,  s, h$ 2&.08-,46(+'&41 (1.0,1C/016' 10 1. >6..1C*- 06 &*/*&0- ?6@ >,6>-,01-. 36, -&8'6::*- .-016'; A(x)" L108 08- M'6@' ,101&* .-016' &,-& Ac &'( >-,3-0*+ &*6,=1&* 2&. &../4>016'. 10 1. >6..1C*- 06 (-(/- >,6>-,01-. ,-*&016' 1' &'+ '6::*- ,6...-016' &6,(1'2 06 08- 3/'(&4-'0&*; Saint− V enant &'( Hugoniot -5/&016'."
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 !"! #$%&'(()*+% -./ 01223) 4)&%50 604 7)+81+(60)
T

T0
=

(
1 +

γ − 1

2
M2

)
−1  !"##$

p

p0
=

(
1 +

γ − 1

2
M2

)
−

γ

γ−1  !"#!$
ρ

ρ0
=

(
1 +

γ − 1

2
M2

)
−

1
γ−1  !"#%$

A

Ac

=
1

M

[(
2

γ + 1

)(
1 +

γ − 1

2
M2

)] γ+1
2(γ−1)  !"#&$

u =
√

2(h0 − h)
h=0,vaccum−−−−−−−→ u∗ =

√
2h0 =

√
2

γ − 1
c0  !"#'$() *)+,-./+)0.*)12 34+*56 7)-+5 34+ 03+1-6 0313+ 1007/83.*)9 1 )*::2+ /100 ;*<513+ 1) >+ 127213+- 70.)? 34+ *)3.)7.36 +@713.*) A*5 5.3.12  345*13$ )*::2+0+3.*) ¯̇mq9 !"#B" C127213+- .-+12 5.3.12 /100 ;*< 513+ 04*72- >+ 34+) *55+3+-<.34 34+ -.0415?+ *+D.+)3 Cd 5+85+0+)3.)? 1 /100 ;*< -+E.13.*) A5*/ 34+ .-+1210+ 1*5-.)? 3* 34+ ?10 85*8+53.+09 368+ *A >*7)-156 216+5 1)- 0418+ *A 34+345*13"

¯̇mq =
C∗(γ)√
CpT0

p0Ac, where :  !"#B$
C∗(γ) =

γ√
γ − 1

(
γ + 1

2

)
−

γ+1
2(γ−1)

, ṁq = Cd
¯̇mq  !"#F$

 !"!# $%&(&%)*+, +- )./ -+0/1 %)*,2 +, %, %3*1455/)0*$67 ,+88&/G.34 1) 1007/83.*) 3413 34+ ;7.- -*+0 )*3 41E+ <+.?43 1)- 34+ /*3.*) .0 03+1-6.3 .0 8*00.>2+ 3* -+H)+ 34+ >121)+ >+3<++) 34+ /*/+)37/ ;7I A*5+0 *A 34+ ;7.-
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 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% !" #$% #%!&'(! )%#(+ ~P #$ # +%,+%&%!#& #$% (!# # -(+%& %.%+#%" /0 #$% 12'"(!  3(&% &2+- % (S)4
∫∫

(S)

[
~P + (ρ~u.~n) ~u

]
dS = 0, or : 564789

∫∫

(S)

~DdS = 0, ~D = ~P + (ρ~u.~n) ~u 5647:9;'#$ "0! 3,0< ~D< "%=!%"  &  ! '!#%>+ !# (- #$% -(+% / 3 !% +%3 #'(!< '# '&"'+%#30 "%"2# /3% #$ # 12. (- #$% "0! 3,0 )%#(+ #$+(2>$ #$% 3(&%" &2+- % '&?%+(4 @,,3'%" #( #$% !(??3%  &% A$%+% -(+%&  #'!> (! #$% %.#%+! 3 &'"% (- #$%!(??3% A 33 (S2) 5"+ >9 A'#$ B(B%!#2B 12. #%+B '! #$ #  &% &%# #( ?%+(< '# '&,(&&'/3% #( "%+')% "0! 3,0 12. +%3 #'(!&  &C
~R = −

[∫∫

(S1)

~DdS +

∫∫

(S2)

~DdS

] 5646D9
∫∫

(S1)

~DdS = −
∫∫

(S2)

~PdS = −~R 564679A$%+% '# '& ,(&&'/3% #(  ++')% #( (!32&'(! #$ #  +%&23# !# (-  %+("0! B' -(+%&'& %E2 3 #( #$% (,,(&'#% 12. (- #$% "0! 3,0 )%#(+ #$+(2>$  &2++(2!"'!> &2+- %4@,,3'%" #( #$% 7F #$%(+%#' 3 !(??3% -(+ '"% 3  &% A$%!  ,#'(! "+ > '& ?%+(< (+!(??3% ) 22B (,%+ #'(! '# '& ,(&&'/3% #( "%=!% '!#+'!&' (+ ) 22B #$+2&#  &C
F ∗

e = −
(∫∫

(Se)

~DdS

)
· ~x =

∫∫

(Ae)

[
~P + (ρ~u.~n)~u

]
dS 564669G(+ #$% !(??3%  #B(&,$%+' (,%+ #'(!< #$%  ,#'(! "+ > %.'&#&  !" '# B 0 /%(!&'"%+%"  &  #%!&'(! )%#(+ (+  B/'%!# ,+%&&2+% -(+%  #'!> (! #$% !(??3%&2+- %4 @,,3'%" #( #$% 7F !(??3% 1(A ,+%&&2+% -(+%& (! #$% %.#%+! 3 &2+- % !%3 % $ (#$%+ "2% #(  .'&0BB%#+' &$ ,% 3% )'!> (!30 #$% ,+%&&2+% -(+%  #'!(!  %.'# &%#'(!4 H$% (!)%!#'(! 3 (+ >+(&& !(??3% #$+2&# '& #$%! "%=!%"  &  -(+% (,,(&'#% #( #$% +%&23# !# '! #$% !(??3% %.'# &%#'(!4
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 !"! #$%&'(()*+% -./ 01223) 4)&%50 604 7)+81+(60)
F ∗

e =

∫∫

(Ae)

[
~P + (ρ~u.~n) ~u

]
dS −

∫∫

(AI)

~PdS  !"!#$
1Dsolution−−−−−−→ Fex = [ρeu

2
e + (pe − pa)]Ae  !"!%$&' ()*+ ,)- +(./01 234(*63 ()2.+( 7823 *+ 3649.4(3/ 4( ()3 3:*( +3(*8' 87 ()3;4*' 4:*+0;;3(2* +.<32+8'* '8==93 ;8/39+ 4'/ 4( ()3 *'>3(*8' <82( 8' ()3/*632?3'( '8==93 +3(*8' *' ()3 y /*23(*8'" @.2743 *'(3?249+ 87 ()3 <23++.23 4'/6*+8.+ 7823+ 8' ()3 '8==93 A499+ 423 ()3' 49.94(3/ 782 ()3 +*/3 7823 3649.4(*8'"

 !" #$%&%!'()!'*+ ,-$% '%$+ !$/ -$%!' 01-(2'+ !$/ 3!1!&+1%,&% -401+,,%-$ 5!)+,  6" #/+!' -$&-*1 01-2'+ 3!1!&+1%,&%,B*?.23 !"CD @)3;3 87 E3()8/ 87 )424(32*+(*+ <283/.23 F0 G.28A 4'/ H8IJ;4'  !"℄
erseus 94.')32 4'/ 482/*'? (8 ()3 A*'/J(.''39

!U



 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% !"#$% &!'(#&!)!%*" +% ,#)#*+*#-%". /+"# %-11,! 2+&+)!*!&" +&! $#3!% #%*4! 5+6,! 7.8.5+6,! 7.89 :-%#+, :;< %-11,!  !"#$% 2+&+)!*!&"=+&+)!*!&" >+,(!"*4&-+* &+ #(" rth = 9.89 · 10−3m #3!&$!%* "!*#-% ,!%$*4 L = 10.11rth = 100 · 10−3m!?2+%"#-% &+*#- σ = Ae/Ath = 4.094+,@ -%#+, +%$,! κ = 5.8o-%#+, ,-"" @+*-& 1+cos κ
2

= 0.9974!?#* A+4 %()6!& Me = 3. !"#$%! %-11,! 2&!""(&! &+*#- NPRD = 37:-%#+, %-11,! B#*4 *4! ")+,, 4+,@;-%# +%$,! B+" "!,!*! 2&-3# #%$ + 3!&C,-B ,-"" @+*-& +3!&+$! *- 0.9977 -@ *4! # !+, %-11,! *4&("*.7.  !"#%&'()*('%+),-#&-"! %./0122'&!/ ,)3 #-44+'5-  !"#$% + 5D: %-11,!E +,(,+*#-% -@ +% # !+, 2&-F,! 6+"! -% *4! *4&!!; #)!%"#-%+, )!*4- -@ 4+&+*!&#"*#" B+" ("! +" #* )+C 6! @-(% #% G(;&-B +% H-I)+%  !"℄. J" *4! #%#*#+,#1+*#-% 3+,(!"E "*+$%+*#-% 2&!""(&! +% *!)2!&+*(&! -@ p0 = 300kPa +% T0 = 247K B!&! ("! +-& #%$ *- *4!B#% ;*(%%!, -% #*#-%". 54! *4&-+* (&3+*(&! B+" +#)! *- 6! 3!&C ")--*4+% -%*#%(+, B#*4 *4! "(6"-%# +% "(2!&"-%# (&3+*(&! &+ ## !'(+, *- *4!
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 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% !"#$ %&'(  )* !+,-.//$01, *34 5677#$ 8$-,95 :!1!/$0$1-;!1!/$0$1- <!#=$-0>16!0 1!8,=- rth = 10 · 10−3m8,?$19$50 -$0,65 #$590> L = 15rth = 15.075 · 10−3m$+:!5-,65 1!0,6 σ = Ae/Ath = 30.25$+,0 @!> 5=/"$1 Me
qn =

1

2
ρ∞u∞ J%&%KL >$ B1$$ -01$!/ :!1!/$0$1- ,5 0>,- -0=8. !1$ 0!M$5 B61 0>$ 5677#$ $+,0& N6D$?$1F0>$ 5677#$ /68$#- =-$8 ,5 0>,- -0=8. !1$ 560 ,8$!# 8$ O!?!# 5677#$- D,0> =5,B61/?$#6,0. :16E#$ 65 0>$ $+,0 "=0 D,0> 0>$ ?!1,!"#$ 65$& P5 !618!5$ D,0> 0>,- B1$$-01$!/ ?!#=$- !1$ 8$E5$8 B61 0>$ $+,0 :610,65 0>!0 D!- "$0D$$5 Q&R !58 Q&S 6B 0>$$+,0 1!8,=- D,0> 0>$ :1$--=1$ 658,0,65- /!0>,59 !/",$50 !58 8$-,95$8 J!8!:30!0,65L 65$-&  >$1$B61$F 0>$ q38$:$58$50 6$T,$50 ?!#=$- ->6=#8 "$ 1$9!18$8 !-! 561/!#,7$8 6$T,$50& U1$$ -01$!/ 658,0,65- !1$ 8$560$8 ,5 0>$ *>!:0$1 '&V!-, !$168.5!/,- 6$T,$50 ,- 0>$ 6$T,$50 6B :1$--=1$ D>,> B61 6/3:1$--,"#$ -=:$1-65, C6D ,- -#,9>0#. /68,E$8 06 !6=50 0>$ 6/:1$--,",#,0. !58!5 "$ 8$E5$8 !618,59 06 4$#$1.  !"℄(
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 !"!#$%&'()( *%+%,-.-+(
cP =

2

γ ·M2
∞

(
p

p∞
− 1

)  !"!#$%&' ()&'* +(+,-.'+/-(+01-2', 3*'//4*' 5014' )&0) 0+ 7' 4/', -/ )&' 3*'//4*'+(+,-.'+/-(+01-2', 78 )&' *'9'*'+) )()01 &0.7'* 3*'//4*' P0 :&-& :0/ ;'3)(+/)0+) -+ )&-/ /)4,8" c∗P = (p/P0)<,,-)-(+0118= -+ '50140)-+> )&' 3*'//4*' 0+, /'30*0)-(+ 2(+' )&' /;-+ 9*-)-(+('?-'+) Cf 0+ 7' ,'@+',"
Cf =

τw
qn
, (* &'*' 01)'*+0)-5'18A C∗

f =
τw
P0

 !"!B$:&'*' )&' :011C/&'0*C/)*'// -/A
τw = µ

(
∂utan
∂dn

)

dn=0

 !"!D$:-)& utan 0+, dn *'3*'/'+)-+> )&' 5'1(-)8 30*011'1 )( )&' :011 0+, )&' +(*.01,-/)0+' )( )&' @*/) '11" E-+' )&' +(221' :011 -/ +() F0) 74) &->&18 ,'5-0)',=0) '0& (.34)0)-(+ 3(-+) >'(.')*- )*0+/9(*.0)-(+ +'',/ )( 7' 3'*9(*.', )('50140)' )&' :011 /&'0* /)*'//" G8 ,'+()-+> )&' :011 0+, )&' @*/) '11 5014' :-)&0+ -+,'H w 0+,  /-.31-@', )*0+/9(*.0)-(+ -/ :*-))'+ 0/A
tanα =

yw(i+1) − yw(i)

xw(i+1) − xw(i)

0+, yl1 = yw(i) − y1(i)

dn =

√√√√ (yw(i) − y1(i))2

1 + (
yw(i+1)−yw(i)

xw(i+1)−xw(i)
)2

 !"!I$G8 ,'@+-+> )&' .-+-.01 +(*.01 ,-/)0+' -) -/ 3(//-71' )&'+ )( '50140)' 0 .(,414/(9 )&' :011 /&'0* /)*'// 9(*. )&' +(+C,-.'+/-(+01 :011 ,-/)0+' 9(* 0 :011C7(4+,',F(: :&-& 0+ 7' ,'@+', -+ )&' 9(11(:-+> :08A
y+ =

√
‖τw‖
ρ

ρ

µ
dn  !"JK$%&' >1(701 9(*' 'H'*)', (+ )&' +(221' :011 0+ 7' ,'@+', 0/ 0 /4*90' -+)'>*01
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 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% ! "#$ %&$''(&$ )*+ ,-' (' ! &$' )"-*/  * "#$ 0)11 )'2
Fw = q ·

∮ ∮
cPdS −

∮ ∮
τwdS 3456789-:-1)&1;< : :$*" &$)"$+ =; "#-' ! &$ )& (*+ "#$ z>)?-'< ! & "#$   &+-*)"$';'"$: %1)$+ )" "#$ "#& )" $*"$&< )* =$ +$@*$+ )'2

Mwz = q ·
∮ ∮

cP · xdS −
∮ ∮

τw · xdS 345648A#$ 0)11 ! &$  $B-$*" -' "#$*2
CFw =

Fw

Dp0
345668C#$&$< Dp0 -' "#$ +;*)1%; D(?  ! "#$ %&-:)&; E$"5 F*$ )* * "$ "#)" '(# )+$@*$+ ! &$ )*+  $B-$*"' + $' * "  *'-+$&  *"&-=("- *'  ! "#$ %&-:)&; )*+'$ *+)&; E$" : :$*"(:'5

 !#$%&'( )$*!+)#$ ,!'-#'.&$! ,&'&.!+!'/0A G()*"-!; /1 =)1 $H$"'  ! "#$ '$ *+)&; -*E$"- * -* "#$ '(%$&' *- * II1$'$,$&)1 )++-"- *)1 %)&):$"$&' )&$ +$@*$+5 A#$ ,$" &-*/  & %$)#-*/ )*/1$ δ -'+$@*$+ )'2
δ = arctan

[
Fy

Fx

]
= tan−1

[∑
fY +

∑
(ṁu)y∑

fX +
∑

(ṁu)x

] 3456J8&$%&$'$*"-*/ "#$ &)"-  ! "#$ %&$''(&$ ! &$' )*+ "#$ : :$*"(: D(?$' -* y )*+
x +-&$"- *'5 K 0$,$&< "#-' %)&):$"$& *$$+' " =$  (%1$+ 0-"# "#$ %$&! &:)*$ $B-$*"' -*  &+$& "  &&$"1; $,)1()"$  *"&-=("- *'  ! "#$ '$ *+)&; -*E$"- *5L&$,- ('1; '-:%1$ +$@*$+ ,$" &-*/ )*+ /1 =)1 ):%1-@)"- * !)" &' =; M-$=$  !℄<NO(1$; )*+ L),1-  #$℄ )*+ P(#'$  !%℄ &$%&$'$*"-*/ Q"#$ &)"-  ! "#$ $H$"-,$ -:>%(1'$  ! "#$ '$ *+)&; '"&$): " "#$ (*+-'"(&=$+ '%$-@ -:%(1'$  ! "#$ %&-:)&;'"&$):Q )&$ '1-/#"1; : +-@$+ "  &&$'% *+ =$""$& " "#$ %&$,- ('1; +$@*$+ ,$>" &-*/ )*/1$5 A#$&$! &$< "#$ ,$" &-*/ )*+ /1 =)1 ):%1-@)"- * !)" &' )&$2
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 !"#$%&"# ()*+#&!, )- %.+ /0123 &! "! "4&5$((+%6& 378 !)99#+
CAV =

arctan Fy

Fx(
ṁj

ṁ

)
· 100

 !"#$%
CAI =

I∗sp
Isp0

=

√
F 2
x+F 2

y

ṁ0+ṁj

F0

ṁ0

 !"#&%'() *+,'-+) ./*+ '12,34'-3/( /+53+(-6
CAF =

√
F 2
x + F 2

y

F0
 !"#7%89/:+;)+4(+) 2+*./*1'(+ *3-+*3' 3< 2*+<+(-+) 3( -=+ >*'2=< '() -'9,+< ?3-= /*;*+<2/()3(> (/(;)31+(<3/(',3@+) A(3-< '< BCDE FCD 1'<<;G/?;*'-+ *'-3/<E 2*+<;<A*+ *'-3/<  p/P0%E 2*+<<A*+ /+53+(- cP '() -=+ (/(;)31+(<3/(',3@+) <2'+ /;/*)3('-+<  x/ln, x/Dj% '() -=+ -+12/*', <',+<" !" #$%&'()%& +,-.&)$/ ,0 (1. 23456 )$ %$ %78)9'++.(:) 68; $,<<&. HI=+ '(',J-3', 9,A(- 9/)J 1/)+, 9J F2'3) '() KAL/<L3 /(<-3-A-+< ' 9'<3< /.'( ')/2-+) 1/)+, A<+) -/ </,:+ +MA'-3/(< ./* 2+(+-*'-3/( =+3>=- '() <+2'*'-3/()3<-'(+" N*3-+*3' 2*/2/<+) 9J -=+ )3O+*+(- 'A-=/*< '< 3( P3,,3>  ! "#$  !"℄E F=+-@'() P3,,3>  !!℄ '() Q*++(  $%℄ '*+ A<+) -/ /12,+1+(- -=+ 9,A(- 9/)J 1/)+, +R2*+<;<3/(< ./* '( 'R3<J11+-*3 /(3', (/@@,+ '<+E '< 3( S''*/A.  &'℄" I=+ <+2'*'-3/(2/3(- '() 2+(+-*'-3/( =+3>=- 2'*'1+-+* 1'J 9+ +:',A'-+) .*/1 -=+ 1/1+(-A1+MA'-3/(< '() 2*+<<A*+ *+,'-3/(< /. -=+ <+,+-+) .*++ <=/L <+2'*'-3/(  TFF% *3;-+*3'" I=+ !U <=+1+ /. -=+ -*'(<:+*<+ 3(V+-3/( 9,A(- 9/)J 1/)+, 3< )+23-+)3( T3>A*+ !"W" I=+ 2+(+-*'-3/( =+3>=- h 3< ./A() .*/1 -=+ 1/1+(-A1 9','(+'22,3+) -/ -=+ /(-*/, :/,A1+ 3( -=+ x )3*+-3/(" N/(-*/, :/,A1+ )+23-+) 3(T3>A*+ !"W )+4(+< -=+ 3(-+*.'+ 9+-?++( -=+ ?',, '() -=+ 1'3( '() 3(V+-+) G/?3( -=+ <J11+-*J 2,'(+" I=+ 9','(+ *+,'-3/( 312,3+< -='- (+- 2*+<<A*+ ./*+E /*  !"# !$ %&# '(#)#*%#+ ,!(- .) /+/'%#+ .*0 #11/"2 3&'!4*2 5".6/*!7.2 /*+ 9/:! !"#℄2  !"# $# %&'()*!+,-/  ;2<2= >;?@;A
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 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% !"#$ "&'(# )( &*+ )(&!), -),./+ 0).( "!1 2.!3"+ '2 +4.", &) &*+ /)/+(&./ )35.' ,+"-'(# &*+  )/"'(6 72 8!)8)2+ 01 98"' "( :.;)2;' &*+ "88!)<'/"&')()3 &*'2 '(&+!3"+ '2 /) +,,+ "2 " 4."!&+! 28*+!+ )3 !" '.2 h 3),,)=+ 01 &*+ *",3)8+( 1,'( +!6

>'#.!+ ?6@A 9'/8,'B+ 2*+/+ )3 &*+ &!"(2-+!2+ '(C+&')( '(&) &*+ 2.8+!2)(' !)22D5)=E& '2 8)22'0,+ &)  +)/8)2+ &*+ 0","(+ +4."&')( )3 8!+22.!+ 3)!+2 &*"& "& )(&*+ )(&!), -),./+ 0).( "!1 ='&* &*+ /)/+(&./ !"&+6 F)/+(&./ !"&+ &*!).#*
ABC 0).( "!1 '2 G+!) "2 () /"22 +<*"(#+ '2 "22./+ 0+&=++( 8!'/"!1 "( 2+)( "!1 C+&26 ∫

∑
ρ
−→
U
−→
U−→n dA =

∫
∑
−p−→n dA H?6IJK

∫

AB

−p−→n dA+

∫

CD

−p−→x dA =

∫

CD

ρ
−→
U
−→
U−→x dA H?6I@KL*+ (+& 3)!+ "&'(# )( &*+ )(&!), -),./+ '( <D '!+&')( /"1 0+ 2+8"!"&+ )(8!+22.!+ 3)!+ "&'(# )( &*+ .8='( 2+&')( )3 &*+ '(&+!3"+ ∫

AB
−p−→n dA = Fx1

−→x"( &*+ 3)!+2 "& &*+ +<'& )3 )(&!), -),./+$ ∫
CD

−p−→x dA = Fx2
−→x 6 M*',+ ",)(#

CD 0).( "!1 −→
U = u−→x $ &*+(

∑
Fx =

∫

CD

ρu2ds = Fx1 + Fx2 H?6NOK=*+!+$ Fx1 )!  !"# '2  +B(+ "2 "( '(&+#!", )3 &*+ 8!+22.!+ 3)!+ )-+! &*+ 28*+!'",
IN



 !"! #$%&'()%& +,-.&)$/ ,0 %$ %1)2'++.(3) 456 $,77&. 89:;4 !"#$&' $((")*+,$-&. /0 -1& 2&3-)4+$4 5$36
Fx1 =

∫

A

dFx1 =

∫ π
2

0

p cos θdA 789:;< )5=&. #)" -1& "$.+! h -1+ +4-&>"$-+)4 >+=& 6
Fx1 =

πh2

2

(
p0 +

1

2
q0Cpmax

) 789:8<?1&"&' Cpmax + -1& ("&  !"& )&@+&4- )""& ()4.+4> -) -1& -1& ,$*+,!, $4>5&
θ' π/2' /&-3&&4 -1& +4+.&4- ("&  !"& #)"& .+"&-+)4 $4. -1& 4)",$5 -) -1& 3$559A- $4 /& $5 ) "&("& &4-&. +4 "&5$-+)4 -) -1& -)-$5 ("&  !"& P01 /&1+4. $ 4)",$5 1)B  -$4.+4> +4 -1& ,$+4 C)3 31+1 + 1$"$-&"+D&. /0 -1& =$5!& )# ("&  !"&
p0' E$1 4!,/&" M0 $4. .04$,+ ("&  !"& q0 /&#)"& -1&  &($"$-+)49

Cpmax =
P01 − p0
1
2
ρ0u

2
0

789:F<
P01

P0
=

[
(γ + 1)2M2

0

4γM2
0 − 2(γ − 1)

]γ/(γ−1) [
1− γ + 2γM2

0

γ + 1

] 789::<
Fx2 "&("& &4- *G),()4&4- )# -1& "& !5-$4- #)"& $-+4> $- -1& &*+- )# -1& )4-")5=)5!,& +4-&"#$&9 H1& &*+-  &-+)4 + .&I4&. $ $  &,+G+"!5$" ")  G &-+)43+-1 $4 $"&$ Ai $4. 3+-1 $ )""& ()4.+4> &*+-  &-+)4 ("&  !"& pi 31+1 ,$0 /&&J!$5+D&. -) -1& $,/+&4- ("&  !"& #)" -1& $.$(-&. "&>+,& )4.+-+)4 9

Fx2 = −piAi = −pi
π

2
h2 789:K<H1+ 5&$. -) -1& &*("&  +)4 )# -1& *G),()4&4- 4&- #)"&6

∑
Fx = πh

(
p0 − pi

2
+

1

4
q0Cpmax

) 789:L<A4-&"+)" )# -1& )4-")5 =)5!,& +4-&"#$& + .&I4&. /0 -1&  &)4.$"0 +4M&-$4-9N$ + ;O + &4-")(+ C)3 "&5$-+)4 >+=& -1& ,),&4-!, &*("&  +)4 #)" -1&  )4+$550+4M&-&. -"$4 =&" &  &)4.$"0 C)36
∫
ρv2ds = ṁjVj 789:P<

FK



 ! "#$%&'&(&)* +,' +,+(*$-.+( +//0&+.% !"#"$ ṁj %"&'(") (!" *+)) ,' #+(" '- (!" .&/"(+&( +&% Vj ,' 1"2'.(34 56#(!"#.)"&(#'7. (#+&)-'#*+(.'&) 8.1"9
ṁjVj = 2CdAjγjP0j

(
2

γj − 1

) 1
γj−1

·


 1

γ2j − 1


1−

(
pj
P0j

)γj−1

γj






1
2 :;4<=> !"#"$ Cd .) + %.)!+#8" '"?."&( +&% Aj #"7#")"&() +#"+ '- (!" .&/"('# %"@&"%A3 .() %.+*"("# Dj4 B#"))6#" ("#*) #"7#")"&( + ('(+2 7#"))6#" '- (!" )"'&%+#3/"($ P0j +&% 7#"))6#" +( (!" "C.( '- '&(#'2 1'26*"$ pj 4 5.&+223$ A3 #"72+.&8'##")7'&%.&8 ("#*) .& (!" DE4 ;4<F .( .) 7')).A2" (' %"#.1" +& "C7#")).'& -'# (!"7"&"(#+(.'& !".8!( hj4

hj = Dj

√√√√√√√
CdγjP0j

(
2

γj−1

) 1
γj−1

√√√√ 1
γ2
j−1

(
1−

(
pj
P0j

)γj−1

γj

)

(p0 − pi) +
q0Cpmax

2

:;4<G>H ' "*7.#.+2 5II #.("#.+$ +%+7("% (' '&.+2 &'JJ2")$ +#" '&).%"#"% .& +&+K23(.+2 +))+3 (' %"("#*.&" 6&L&' & 7#"))6#" 1+#.+A2")4 H!" I!.22.&8  !"℄ #.("#.'&A+)"% '& (!" '2% ,' "C7"#.*"&() '&%6("%  .(! + '&.+2 +&% + (#6&+("%.%"+2 &'JJ2" 8.1") (!" 7#"))6#" #"2+(.'& -'# )67"#)'&. &'JJ2" -#"" )"7+#+(.'& +)9
psep
P0

= k1

(
P0

pa

)k2 :;4MF> !"#"$ k1 = 0.541 +&% k2 = −0.136 %"&'(" "*7.#.+223 -'6&% '"?."&() -'#'&.+2 NO &'JJ2") +&%  !"#" P0$ psep +&% pa %"&'(" #")7"(.1"23 )(+8&+(.'&7#"))6#" '- (!" '&'*.&8 ,' +!"+% '- (!" )"7+#+(.'&$ (!"  +22 7#"))6#" '- (!".&.7."&( )"7+#+(.'& 7'.&( +&% +*A."&( 7#"))6#" +( (!" &'JJ2" "C.(4 H!.) #"2+(.'&+& A" 7+.#"%  .(! (!" 5II #.("#.'& A3 P#""&  !$℄  !.! 8.1") (!" Q+! &6*A"##+(.' (!#'68! (!" )"7+#+(.'& )!'L4 H!"M0 %"&'(") Q+! &6*A"# '- +& '&'*.&8)67"#)'&. ,' A"-'#" (!" )"7+#+(.'& +&% M1 Q+! &6*A"# A"!.&% (!" )!'L4
M1

M0

= 0.78 :;4MR>H!" 72+("+6 7#"))6#" #.)" .& (!" )"7+#+("% #"8.'& .) "1+26+("% '##")7'&%.&823 ('
ST



 !"! #$%&'()%& +,-.&)$/ ,0 %$ %1)2'++.(3) 456 $,77&. 89:;4 !" #"$%&"# '!%))%*+  !"℄ $% "$%,* -,$ ,*%.) 20o !.)-/.*+)" 01 *,22)"3 .*# -,$
γ = 1.2 .3 . -4* %,* ,- .* %*$".3%*+ 5.! *467"$8

P0

pp
= 0.582

(
1 +

γ − 1

2
M2

0

)
−0.1197 γ

γ−1 9:;<:=

>%+4$" :;?@8 '!"6" ,-  !" 3"A.$. %,* .),*+3%#" *,22)" B.))C!" 3"A.$. "# $"+%,* %*  !" *,22)" *""#3  , 7" #")%*". "# %* ,$#"$  , ,$$" )D.AA$,E%6. " 3%#" -,$" "F" ,*  !" *,22)" B.))G >%+4$" :;?@; '"A.$. %,* )%*"G#")%6% %*+  !" 3"A.$. %,* .$". 4A3 $".6 ,-  !" %*H" ,$ .),*+  !" *,22)" B.)) %3#" "$6%*"# ,*3%#"$%*+  !" I%))%+  !",$" %.) 6,#") 74%) -,$  !" "3 %6. %,* ,- .#" .!"# 3!,J B.&" B!%! -,$63 .$,4*# 3A!"$%.) .*# D)%*#$%.) *,3"# 7,#%"3I%))%+  "$℄; C!" .)4). %,* ,-  !%3 )%*" .,$#%*+  , I%))%+  "$℄G *""33% . "3 .3 .*%*A4 G  !" &.)4" ,- 3"A.$. %,* #%3 .*" ls 4A3 $".6 ,-  !" %*H" %,* A,$ .),*+  !"3 .+*. %,* )%*"; C!" 3"A.$. %,* #%3 .*" %3 "&.)4. "# .- "$ 3,)&%*+  !" A"*" $. %,*!"%+! ,-  !" K4%#% ,73 .)" .*.),+4"3  , L4J,3J%  $"℄; M*  !%3 % "$. %&" A$,"33G,*3 .* A). ".4 A$"334$" #"#4"# -$,6 . 3"A.$. %,* $% "$%,* %3 .AA)%"# .),*+  !"
ls B!%)"  !" A$"334$" +$.#%"* %3 % "$. "# -,$  !" .$". 7" B""* ls .*# 3"A.$. %,*)%*" .),*+  !" *,22)" B.)); C!%3 +$.#%"* &.$%"3 . ".! % "$. %,* A,%* xk -$,6 !" A). ".4 A$"334$" pp  ,  !" A$"334$" ,- .* %3"* $,A% 4*#%3 4$7"# *,22)" K,BGB!%)" .  !" .73%33. P (xk) -,)),B3 . A,B"$ ).B #%3 $%74 %,*;

NO





 !"#$%& '()#%&*+%,$"- "##&."! ",0 $%1$%,2*&.,+%,$
 !" #$%& '(*+*&, !" "#$"%&'"()* +"%" $"%,-%'". /) )!" 0123450627 863 $9/),-%' : !#$#%#&'()* +&*)%,&*-)./0!-#' 1 234&*')0# 5&,0)$)6#&'; -( )!" )"*) <"(! +!&! !/*<""( <>&9)? "@>&$$". /(. /%%/(A". /%->(. )!" *>$"%*-(&B!C$"%*-(& )"*) ,/&9&)C7D5 E <C /F(-+9".A". />)!-%* -, )!&* *)>.CG

8&A>%" HGIJ K&(.4)>(("9 )"*) *")&-(* !/99 -, 863 $9/),-%' &( 01234506277D5 E? $%"L&->*9C / -()&(>->*4-$"%/)&-( M/! N +&(.4)>(("9 :3EO; &* ("+9C
HP



 ! "#$"%&'"()*+ *$$%,*-. !" # # $%&'()&'* "+,! '-*)(".**!% #&00&)#"!) 1&2 # *&33%! "! "($!*45 64!#"0& ,4!2- #-2 - &%%!"!)7 )2-!) #*) %!#*!) 12&0 "4! &-% #*) ,#2"-%! $!1&2!-" - &0,2!  !) "-%% 30MPa #*)  "&2!) -* 320l 2! !28&-25 92-!) #*) &-%(12!!&0,2!  !) #-2 -*  !"#$ %&'& (#$)&"+, &0,2!  &2 - "4!*  .,,%-!) 8-# 8mm)-#0!"!2 ,-,!%-*! "& "4! ,2!  .2! 2!:.%#"-&*  "#"-&* #*) #1"!2 "4! 0#-* 8#%8! "& "4!2#)-#% ;&'  ,%-""!25 <2&0 "4!2!7  -= 10mm 2#)-#%%+ )- "2-$."!) ".$! #2! 1!!)-*: # "-%%-*: 4#0$!2 '-"4 300kPa &%) )2+ #-25 >"-%%-*: 4#0$!2 #*)  .,!2 &*- *&33%!#2! 0&.*"!) &* "4! 1&2! $#%#*!7 '4-4 - )! 2-$!) 4!2!#1"!25 64! !* !0$%!- ,%#!) -* "4! "! "  !"-&* &1 "4! ?9@6A '-*)(".**!% '4-4 - )!,2!  .2-3!)8-# "'& ,2-0#2+ 345kW MPRr ,.0, -*4!2-"!) 12&0 "4! ,2!8-&. B>ACD  !".,5E.""!2;+ "+,! 8#%8! $!1&2! "4! &%%!"&2 0#-*"#-* #*) &*"2&% "4! "! "( !"-&*,2!  .2!5 64! &,!2#"-&* #22#*:!0!*" - #% & -%%. "2#"!) -* <-:.2! F5C5
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 !"! #$%& '(*+*&, !"#$ %&'( )*$+!,-./ 1#$ .2 345 67-/89,://$# ;$,-./ 4$;-</ *!+!=$,$+;.=*+$;;.+ > +$;$+?.-+ preservoir = 30000kPa @ Vreservoir = 320l*+$;;:+$ +$<:#!,.+ > A.B ;*#-,,$+ pregulated = 1200kPa @ 6× 10mm ,:"$;;,-##-/< C!="$+ Dchamber = 160mm,Lchamber = 200mm;$./8!+1 ;,-##-/< C!="$+ Dchamber = 60mm,Lchamber = 80mm,$;, ;$,-./ Dtest = 1200mm,Ltest = 1700mm
MPRr *:=*; Pwpump = 345kW .,!# *+$;;:+$; !/8 ,$=*$+!,:+$; B$+$ =$!;:+$8 !, !## A.B +$<:#!,$8 *.-/,;!/8 -/ ,C$ ".,C ;,-##-/< C!="$+; !/8 -/ ,C$ ,$;, ;$,-./&  C$+=..:*#$; .2 ,1*$9D !+$ /.=-/!##1 !#-"+!,$8 ,. ,C$ ?!#:$ +!/<$ .2 3.7−1643.3K B-,C ,C$ *+$-;-./.2 E&'D@ BC-#$ ,C$  !"#$% &'() *+$;;:+$ ,+!/;8:$+; -/ ,C$ ;,-##-/< C!="$+;B$+$ =$!;:+-/< -/ ,C$ +!/<$ .2 100 ,. 600kPa B-,C ,C$ *+$-;-./ .2 1kPa !/8 -/,C$ ,$;, ;$,-./ .2 0 ,. 100kPa B-,C ,C$ *+$-;-./ .2 0.1kPa&  C$ =!;;9A.B9+!,$.2 ,C$ ;$./8!+1 A.B B!; -/-,-!##1 =$!;:+$8 ?-! Bronkhorstr FB9GEE A.B =$,$+B-,C ,C$ ,$=*$+!,:+$ !/8 *+$;;:+$ =$!;:+$=$/,; !, ,C$ A.B =$,$+ ;$,-./&

F-<:+$ %&%( 345 6 ,$;, ;$,-./ !H:-;-,-./ ;-,$ C$ .#8 A.B ,$;,; B$+$ *$+2.+=$8 B-,C /. *+$C$!,-/< .2 ,C$ =!-/ .+ ,C$ ;$9./8!+1 A.B& 6.B$?$+@ ,$;, ;$,-./ $#$=$/,; !/8 ;:**#1 *-*$#-/$; B$+$ /., ,C$+9
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 ! "#$"%&'"()*+ *$$%,*-. !"#$ %&'( )*+ , -$./0 !$12345!67 2537.725-9.!:5!.725 2537.725- ;6"7$5. !53 <1$$ -.1$!6 2537.725-
P0 = 300kPa pa = 8kPa
T0 = 260÷ 243K Ta = 290K
ρ0 = 4.26kg/m3 ρa = 0.098kg/m3

NPRD = 37 Ue = 574.73m/s
Ath/Ae = 0.236 ρe = 0.3142kg/m3

Me = 3
Re/m = 2.7729 · 107/m627-2#!.$3 !##2=75: .>$ .>$162253/.725 25 .>$ =!##-&  >7- >!- 1$-/#.$3 75! .2.!# .$60$1!./1$ ?!17!.725 =7.> -.$!34 3$!4 3/175: .>$ .$-. <126 260K .2

243K& ;<21$6$5.725$3 .2.!# .$60$1!./1$ 1!5:$ 47$#3- ! -.!.7 .$60$1!./1$ !..>$ $@7. -$.725 2< A!> % 52BB#$- "$.=$$5 94K !53 87K&  >$-$ ?!#/$- !1$ -.7##!"2?$ .>$ !71 75707$5. "27#75: 0275. <2/53 !. Tb = 78.6K !53 $?$5 =7.> .>$1!5:$ !. "$#2= Tc = 132.6K 01$--/1$ 1!5:$ =$1$ -7:57C!5.#4 "$#2= .>$ 17.7!#01$--/1$ 2< pc = 3.771MPa& A21$ 3$.!7# $#!"21!.725 2< .>$ D2= 2537.725- !53:!- -0$7$ 0120$1.7$- 7- :7?$5 75 E>!0.$1 F >$ 6!75 D2= .2.!# 01$--/1$ 2< P0 = 300kPa =!- 6!75.!75$3 <21 ! 25-73$1!"#$.$-. .76$ 2< ∼ 96sG =>7> =!- -/H7$5. 1$:!1375: .>$ 01$--/1$- !53 <21$- 3!.!!I/7-7.725& !" #$%&'(%(')* +,- %.%&/0'0 >$ D2= ?7-/!#7B!.725 =!- /-$3 .2 I/!#7.!.7?$#4 !5!#4B$ !53 73$5.7<4 .>$ D2=-.1/./1$- .>!. <216 !. .>$ 52BB#$ $@7.& A252>126!.7 !53 2#21 JK->#7$1$5.$>57I/$- =$1$ /-$3 3$0$5375: 25 .>$ !-$G .>$ :!- 0120$1.7$- !53 .>$ !76$3 $<K<$.& L176!14 25-.1/.$3G .>$ 6252>126!.7 JK->#7$1$5 26017-$- 2< ! >!#2:$5#7:>. -2/1$ MN!60 O,*P 7##/675!.75: .>12/:> ! -#7. !53 ! #$5- /53$1 8deg 75K73$5. ! 300mm 37!6$.$1 0!1!"2#7 M.$#$-207P 671121& L!1!"2#7 671121 1$D$.-! 0!1!##$# 2##76!.$3 #7:>. "$!6 .>12/:> .>$ 0>2.2:1!0>7 I/!#7.4 :#!-- =7532=-2< .>$ =753K./55$# .$-. -$.725 .2 .>$ 73$5.7!# 671121 25 .>$ 2002-7.$ -73$& Q126.>$ 3$2##76!.75: 0!1!"2#7 671121G #7:>. 7- 1$D$.$3 ?7! 0#!5!1 671121 !53 !. .>$
R'



 !"! #$%&'(%(')* +,- %.%&/0'0 !#$ %!&'( # )*#+% +#,!+ -./- &) %$#-.0 1*- #2!3'( ! 3( $&/*( &) +-/3$#(-. 4&## 5'- #.63)(-+7 3((&'/ #%%+!8&2#(-$9 *#$ ! (*- $&/*(7 :&/3+- ;0<0 =) # .&)(!+(-.>-#2  !3)-) &2%-+ -($97 (*- +#,!+ -./- 3() *#$ ! (*-  !3)-. $&/*( +-4-#$&'/#'. -2%*#)&,&'/ (*- .-')&(9 /+#.&-'( #?-(-. $&/*( +#9)0 @-*&'. (*- 3((-+ !'(*- )#2- %*!(!/+#%*& 2!3'(&'/ +#&$ # !$$-(&'/ $-') A#) )-( (! %+!6-( (*- $&/*(&2#/- .&+-($9 !'(! (*- #2-+# )-')!+0 1*- Canonr BCD EFG A#) 3)-. #) #%+&2#+9 #2-+#7 A*&$- (*- Princeton Intrumentsr HIJK=L M A#) # )-!'.#+9#2-+# #>$- (! %-+ !+2  #)( #N3&)&(&!')0

:&/3+- ;0<O D*-2- ! (*- .-)&/'-. #'. &')(#$$-. PJ)*$&-+-':!+ (*- .&?-+-'( /#) &'6-(&!' -8%-+&2-'()7 # !$!+ )*$&-+-' A#) 3)-. #) A-$$0@&J!$!+ )*$&-+-' A#) )-( >9 #..&'/ (*- >&J!$!+ 5$(-+ # (-+ (*- )$&(  !3)&'/ (*-$&/*( #'. (A! %#+#$$-$ 3((-+) !' (*- !%%!)&(- )&.- #( (*-  !#$ %!&'(01*- #2-+# A#) !''-(-. (! (*- #N3&)&(&!' !2%3(-+ #'. !'(+!$$-. 4&#(*- Q&'R&-A )! (A#+-0 1*- (-2%!+#$ &2#/- #N3&)&(&!' A#) )9'*+!'&,-. A&(*(*- LabV iewr )! (A#+- &' !+.-+ (! !2%#+- A&(* (*- N3#'(&(#(&4- .#(#0 1*-&2#/-) *#4- >--' %!)(J(+-#(-. 4&# Matlabr I2#/- H+!-))&'/ 1!!$>!8  !+ (*-N3#)&JN3#'(&(#(&4- 2-#)3+-2-'() ! (*- -8&( K#* '32>-+ 3)&'/ (*- )*#+% !'-&'  +!'( ! (*- -8&( S!A !+  !+ (*- #'/3$#+ 4#$3- ! (*- !>)-+4-. S!A .-S-(&!'0
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 ! "#$"%&'"()*+ *$$%,*-. ! "#$%&'&$&'() *'$+%,-&'- !" #$#%#&' ()&*#+()&$%#%&%#," &$&'-*#* ./ %!" *!'#"1"$ #2&3"* 4&* .)5'"6 4#%!%!" &$&'-%#&' &$6 %!" #$#%#&''- .7%&#$"6 $)2"1#&' 1"*)'%* #$ .16"1 %. 5'&$ &$6 %.6"*#3$ 6#&3$.*%# %..'* 6"5'.-2"$%8  !" 6#&3$.*%#* .$*#*%"6 ./ %!" %!1"" 2&9.131.)5* ./ 2"&*)1"2"$%*: ;8 51#2&1-< *".$6&1- &$6 &27#"$% *%&3$&%#.$ ,&')"*<=8 5&1#"%&' 51"**)1" 2"&*)1"2"$%* &$6 >8 /.1" 7&'&$" 2"&*)1"2"$%*8?%&3$&%#.$ 51"**)1"* &$6 %"25"1&%)1"* 4"1" 2"&*)1"6 4#%! &'#71&%"6Baumer @AB 51"**)1" %1&$*6)"1* &$6 %-5"+K %!"12..)5'"*8 C$#%#&''-< *%&3$&%#.$ 51"*+*)1" &% %!" "D#% 4&* 2"&*)1"6 ,#& E#%.% %)7" 5'&"6 #$ %!" "$%"1 ./ %!" "D!&)*%"6*)5"1*.$# 9"% #$ .16"1 %. .25&1" %!" ,&')"* 4#%! %!" .$" *!.F &$3'"* 2"&+*)1"2"$%* ./ %!" $.GG'" "D#% H&! $)27"18 I66#%#.$&''-< .$ %!" *".$6&1- J.4*)55'- '#$" & J.4 2"%"1 4&* 5'&"6 %. 2.$#%.1 %!" *".$6&1- #$9"%#.$ 2&** J.41&%"8

 !" #$% &'(()* +,-. -/!&01*/0* /*-!&34)!/0)'- ,&5*-,'&  6" #$% &'(()* +,-. -/!&01*/0* ,/47)!/ 0'&, ,&5*-,'&K#3)1" >8LM NIA 6"*#3$"6 51"**)1" 2"&*)1"2"$% 2&5
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 ! ! "#$%&'&$&'() *+, $%$-./'/ ! !" #$%&'($) *%'++,%'+ !" #$%&' "( #)& %*+,&#*- %+&''.+& /&*'.+&/&0#' !&+& 1&',20&1 *01 .'&1 "0 #)&#&'# 0"33-& /"1&-'4 * /,0,*#.+& %+&''.+& #+*0'1.&+ %+"6&' *01 %+&''.+& #*%'7 8##)& ,09&#,"0 ',1& "( #)& 0"33-& '$//&#+$ %-*0& (*'# %+&''.+& #+*0'1.&+' Kuliter:;<=>?@ !&+& .'&1 #" *%#.+& '&%*+*#,"0 *01 &A&0#.*- .0'#&*1$ 6&)*A,".+ ,0#)& '&%*+*#,"0 3"0&7 B.+#)&+/"+&4 #)&$ !&+& *-'" .'&1 *# #)& -*#&+*- -,/,#' "( #)&)"+'&')"& A"+#&C 3"0& *01 ',1& "( #)& ,09&#,"0 %"+#7 811,#,"0*--$4 %+&''.+& #*%'!&+& "00&#&1 #" #)& Scanivalver DE;=@@F /,0,*#.+& %+&''.+& '*00&+ %-*&1.01&+ #)& #&'#' 0"33-&' *01 A,* */%-,G&+ #" #)& "/%.#&+7 H+"2+*/ ,0 I -*02.*2&JK*6L,&!M !*' !+,##&0 #" +&2,'#&+ *01 #" #+*0'-*#& A"-#*2&' #" %+&''.+& A*-.&' *'* +*! 1*#* .01&+ 8kHz '*/%-& +*#& *01 *' * @>>> '*/%-& ).0N' *A&+*2&1 1*#*&A&+$ 0.25s7

B,2.+& O7?P ;8Q 1&',20 "( *C,*- %+&''.+& %+"6&' -"*#,"0'R0 "+1&+ #" *%#.+& &S&#' *# #)& 0"33-& !*--4 %+&''.+& #*%' *01 %+&''.+& #+*0'1.=&+' !&+& %"',#,"0&1 *-"02 #)& 0"33-& !*-- /&+,1,*0'7 8"+1,02 #" #)& *0*-$#,*-*01 0./&+,*- +&'.-#'4 #)&'& /&+,1,*0 -,0&' *+& (".01 *# 13deg4 20deg4 304 36deg4
454 60deg4 75deg *01 90deg ')&/*#,*--$ 1&%,#&1 ,0 B,2.+& O7T7 R0 #)& *C,*- *01-*#&+*- 1,+&#,"0'4 %+&''.+& %+"6&' *+& 1,'#+,6.#&1 ,0 #)& /*00&+ #" )*A& * '*#,'=(*#"+$ +&'"-.#,"0 ,' #)& *S&#&1 '&%*+*#&1 *01 A"+#&C 3"0&' !),-& (&!&+ %+"6&'%-*&1 ,0 *0 .0*S&#&1 0"33-& %"+#,"0 /*$ 6& '.%&+,/%"'&1 ("+ '.U,&0# 0./6&+
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 ! "#$"%&'"()*+ *$$%,*-. ! "#$%&'#"#() * +()%, Kuliter *'#%%&'# *' -#% ! ' +'&/$' +(0#)+ ( 123 ( 45

6+7&'# 8,9: 1235+;,<< ( 44/# =+)> +(%)$//#? *$'+#)$/ *'#%%&'# )  /%4/# =#'# @&%> " &()#?, 1>+% =$A  ! " &()+(7 #($-/#% >+7> !'#B&#(A *'#%%&'#$B&+%+)+ (, C =#D#'E ?&# ) $ D#'A >+7> F#A( /?% (&"-#'E Re/m ∼ 2.8 · 107/m
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 ! ! "#$%&'&$&'() *+, $%$-./'/
Bosh − Rexrothr  !"$"%&'()) )'"*( +(,!"&-) .!%/"*(* /(!0 '%1  !"$"%& )2..%!$ %! ,3",' ,&* !,*",' '%,*) 1"$4 &%5"&,'  !"$"%& %(6"(&$ "& $4( !,&-( % µs =

0.001 − 0.0027 84( 5%/"&-  !,5() ,!( %&&($(* $% $4( %&( )"*( % $4( HBMr9:;  %!( $!,&)*2(!) 14"'( $4( %$4(! )"*( % $4(  %!(<$!,&)*2(!) 1,) ,$$,4(*$% $4( )$,$"  !,5( =3(* $% $4( $()$ )($"%& )2..%!$7

 !" #$%&$ '( !))*+,-. /*)012 34 56* 437*,!-!2*  ," %&# 2399-* 4:--. *;:0<<*/ !2/ +3:25*/ 3256* 437* ,!-!2*>"-2!( ?7@A B%CC'(<4,5+(! %& $4(  %!(<+,',&( )0)$(581% $0.() % HBMr 9:;  %!( $!,&)*2(!) 1(!( 2)(*D 1"$4 $4( &%5"&,' !,&-(% 0−200N ,&* % 0−20N 7 9"&( $4( )0)$(5 1,) .!('%,*(* 1"$4 $4( 5,)) % $()$5%*(' $4,$ 1,) ∼ 13.6kg "& y *"!($"%&D $1% )055($!",''0 .',(* HBMr 9:<:EE $!,&)*2(!) 1(!( 2)(* $% )2..%!$ $4( 5,)) ,&* $% .!%/"*( , '%1  !"$"%& !,$"%5(,)2!(5(&$7 F& $4( &%&<.!('%,*(* ,3",' x *"!($"%& %&( HBMr 9:<:EE  %!($!,&)*2(!) ") 2)(*  %! $4(  %!( 5(,)2!(5(&$) 14"4 1(!( 5,3"5,''0 !(,4"&-2. $% 157N 7 F& $4( ',$(!,'D z *"!($"%&D , HBMr 9:<:E $!,&)*2(! ") 2)(* $%5(,)2!( $4( (/(&$2,' ,)055($!" '%,*) %& $4( &%CC'( ',$(!,' )"*()784( HBMr 9:; ") , 9<)4,.(*  %!( $!,&)*2(! $4,$ 2)() , )$!,"& -,2-($(4&%'%-0 $% 5(,)2!(  %!( "&*2(* *"',$,$"%&) ,&* "$ ,& .!%/"*(  %!( *,$,1"$4 $4( ,2!,0 % 0.02 !(',$(* $% $4(  2'' !,&-( % $4( $!,&)*2(!7 HBMr9:<:EE  ,$%!0 ,'"+!,$"%& 0"('*) , $%$,' (!!%! % 0.58N  %! 150N % 5(,)2!(* %!(D 0.56N  %! 20N % 5(,)2!(*  %!( ,&* 0.66N  %! 5N % 5(,)2!(*  %!(7 84( %!( $!,&)*2(!) ,!( %&&($(* $% $4( HBMr G;H::E ,5.'"=(!) "&!(,)"&- $4(/%'$,-( )"-&,' +( %!( $4( NIr 9IJF<KKHE  ,)$ ,L2")"$"%& ,!*)7 I%&)"*(!"&- $4(
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 ! "#$"%&'"()*+ *$$%,*-.!"#$%&'() !* (+% *!,% -.$./% 0)0(%"1 . $.-!,.(!,) .$'-,.('!/ 2.0 !/34(%3!/ (+% 0%#.,.(% %$%"%/(0 ./3 2'(+ . *4$$) "!4/(%3 (%0( 0)0(%"56+% y 0'3% *!,% 2+'+ 2.0 ,./7'/7 .,!4/3 20N 2.0 "%.04,%3 2'(+ ./ .-0!8$4(% %,,!, !* ±0.764N 2+'$% (+% .&'.$ (+,40( *!,% '/ x 3',%('!/ 2.0 "%.04,%32'(+ !/% (,./034%,0 +.3 ./ .-0!$4(% %,,!, !* ±1.176N 5 9%/%,.$$)1 . ,.2 *!,%3.(. 2.0 .:4',%3 '/ ;.-<'%2 .( 8000Hz 0."#$'/7 ,.(% 2+'+ #,!='3%3 0.('0*.8(!,) ,%0!$4('!/ *!, #!0(#,!%00 ./.$)0'0 ./3 .=%,.7'/75 >'"4$(./%!40$) 2'(+ (+%,.2 3.(. ?$%1 ./ .=%,.7%3 2.0 0(!,%3 !/ 2000Hz 3.(. +4/@0 !, .( %.+ 0.25s5AB4,(+%, 3%(.'$0 !/ (+% 3%0'7/ ./3 .$'-,.('!/ !* (+% *!,% -.$./% .,% 7'=%/ '/C##%/3'& C5DE5 !" #$%&'()&*+,- +&.+ */00-& )/1&-.
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∂ρ
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∂

∂xj
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∂

∂t
(ρu0) +

∂

∂xj
[ρuiuj + pδij − τji] = 0 @548A

∂
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∂

∂ xj
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)
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δij @54GAH#$ #$)"I=/J7 9&F$! <1 B,/(&$(K. *)>7 )!% "#$ ,(($.;,!%&!9 L()!%"* !/-<$(M!)*&N$ "#$ .$"?
qj = −λ ∂ T
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= −Cp

µ
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∂ T
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Cpµ

λ
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, e = CV T @54QA",")* $!$(91? e0 = e +
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∂ρ̄

∂t
+

∂

∂xj
[ρ̄ũi] = 0  !"#$%

∂

∂t
(ρ̄ũi) +

∂

∂xj

[
ρ̄ũiũj + p̄δij + ρ u′′i u

′′

j − τji
]
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∂

∂ t
(ρ̄ẽ0) +

∂

∂ xj

[
ρ̄ũj ẽ0 + ũj p̄+ u′′jp+ ρ u′′je

′′

0 q̄j − uiτij
]
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ẽ0 = ẽ+
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Pk = τ̄ turbij

∂ui
∂xj

= −ρ u′′i u′′j
∂ui
∂xj

= µtS
2 ()*++,-. / µt / 0/ 1 2%1 %. %"/3"$ 2% &/  445 671&17%5 9&4 $ 4 #1

µt = ρ Cµ
k2

ε
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S =
√
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(
∂2ui
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fµ = exp
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µ
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ε
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ω =

ε

(Cµk)
123456
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k3/2

ε
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C∗

2ε = C2ε +
Cµη

3(1− η/η0)

1 + βη3
1234O6,)%"%; η = Sk/ε +&. &%, $9*!"% 9%L-%& * D+$!%*0

Cµ = 0.0845, σk = σε = 0.7194, Cε1 = 1.42, Cε2 = 1.68, η0 = 4.38, β = 0.012+,'$. )/%  01&2,/  !#℄ k − ω2 #$%&'8& .-K%"%&%  9  )% k − ε :9.%$*; -& k − ω2 :9.%$  )% *%9&. %J!+ -9& .%/&%* )% *C%-/ .-**-C+ -9& "+ )%"  )+&  )% .-**-C+ -9& "+ %  9 .% %":-&%  )% *+$% 9F !"#!$%&%3 P* .%&9 %. -& Q-$9I +&. >!#%*-&  !$℄; ω :+G #% "%(+".%. +* + F"%?J!%&G )+"+ %"-* - 9F  )%  !"#!$%&% .%+G !&.%" - * *%$F?-& %"+ -9&3 E)-* +&#% F!" )%" .%D%$9C%. -& ω +* + :%+& *J!+"% D9" -- G 9F  )% %&%"(G 9& +-&-&( %.?.-%* 9"; +* .%&9 %.; ω -*  )% >RS H! !+ -&( D9" -- G 9" T%&* "9C)GT .%/&%. #GQ-$9I  !%℄ +* + "+ % 9F .-**-C+ -9& C%" !&- 9F  !"#!$%&% =-&% - %&%"(G; UJ323453
VO



 ! "#$%&'()* +'$#*),'-"+ %".'&-"$%", !"# $%&'()*+"%, %$ +-%./0(*+"%, +(&1()/,/ '%3/) -*# ",+/,3/3 *# * '%&/ %'.4)"*,+ +%-*&3# +!/ *35/&#/ 4&/##(&/ 6&*3"/,+ ",3(/3 #/4*&*+"%, 7%-#8  &*,#4%&+/0(*+"%,# *&/ +!/,9
ρ
∂k

∂t
+

∂

∂xj

[
ρkuj − (µ+ σ∗µt)

∂k

∂xj

]
= Pk − β∗ρkω − ρ Dk :;8<=>

ρ
∂ω2

∂t
+

∂

∂xj

[
ρω2uj − (µ+ σµt)

∂ω2

∂xj

]
= α

ω2

k
Pk −

[
β + 2σ

∂l

∂xj

∂l

∂xj

]
ρω3 + ρE

µt = ρ
k

ω
:;8<?>-"+! )%#(&/ 4*&*'/+/&# *#9

α = 10/9, β = 3/20, β∗ = 9/100, σ = σ∗1/2 and l =
√
k/ω@,"+"*) +(&1()/,/ %,3"+"%,# 6"5/, *+ +!/ ",)/+ *,3 %(+)/+ 1%(,3*&"/# -/&/ ",+!/ $%&' %$ '","'*) +(&1()/,+ &*+/ :/#+"'*+/3 $&%' µt = 0.1µ> *,3 +(&1()/,+)/,6+! ", &/)*+"%, +% &/$/&/,+ !A3&*()" 3"*'/+/& :lt ≤ 0.7 ·γF

µ *,3 Pr 5*)(/# -*# (#/3 $%& +!/ ","+"*)"J*+"%, *#/#8 I%,#"3/&/3 <K 4&%1)/'#*&/ '%3/)/3 +!/, -"+! * $())A 3/5/)%4/3 4%)A,%'"*) +/'4/&*+(&/ $(,+"%, 3/.4/,3/,"/# *%&3",6 +% +!/ I!/'L",.@@ M+! %&3/& 4%)A,%'"*) #+*,3*&38 N%&
O=



 !"#$%'( )$%* '+* ,-!+*'$. -+*%/%-+0 !"#  $#&# ' $!()*!"&+( !,-#, & ./,01#, ,#-/#- 2) / &*3 + /,4# 500#- ./*60&!* .!, +  $#&5+(() 0# 0#- 0#"$#,+0/,# ,+*3#7 81# # 01#,"!-)*+"& -+0++* 2# .!/*- &* 9#""!*  ! "#$  !"℄ !"#%& %'( )"*+ !"#℄ ,!#+(-  ! "#$ !"$℄ %'(,. /. 01%*- !"%℄. )-("-( 23#4"5%&+3'* 23# 43'3*6-+- (#78%+# %5"5%&+3'* +'960− 500K:&-46-#%&"#- #%';- %#- ;+<-' %*=>'%57&+%557 23#4"5%&-( 5%4+'%# <+*3*+&7 [kg/(m · s)] :
µ = µ(T ) = C0 + C1T + C2T

2 + C3T
3>'%57&+%5 3'("&+<+&7 [W/(m ·K)] :

λ = λ(T ) = C0 + C1T + C2T
2 + C3T

3?6-+@ 1-%& %6%+&7 "'(-# 3'*&%'& 6#-**"#- [J/(kg ·K)] :

Cp = Cp(T ) = C0 + C1T + C2T
2 + C3T

3 + C4T
4 + C5T

5

CV (T ) = Rg − Cp(T ), γ =
Cp(T )

CV (T )
9A.BC:D3 #-("- &1- 346"&%&+3'%5 3*&* 32 &1- +'+&+%5+E%&+3' 4"5&+*6-+-* %*-* 4+F&"#-G%* #-;%#(-( %* % 43'38*6-+- G+&1 6%#%4-&-#* (-#+<-( %3#(+'; &3 &1- 435%#2#%&+3'* 32 -%1 *6-+- +' &1- 4+F&"#-. H-&%+5-( -5%I3#%&+3' 32 617*+%5 43(-5*%'( *6-+-* -J-&* +* ;+<-' +' 01%6&-# K. !" #$%&'(*+ ,'(- *.- /0$.-*'1 0.-(2(0.3L#+4%#7 4-*1+'; &335 "*-( +' &1- #-63#&-( *&"(7 G%* >M?N?r O>,!PD C.A.QG1+5- !-#&+'r % &'( G%* "*-( 23# %' %F+*744-&#+ &G38(+4-'*+3'%5 %66#3F+84%&+3'. D1- CPSRC 3(- +* I%*-( 3' &1- &1#--8(+4-'*+3'%5 23#4"5%&+3'* 32M%<+-#8?&3S-* -T"%&+3'* %'( &1"* &1-#- +* '3 CH 65%'%# 63**+I+5+&7 I"& +& %' I-%1+-<-( I7 4+'+4%5 %';"5%# <%5"- *5+- 32 %' %F+*744-&#+ 346"&%&+3' (34%+'.P' &1+* *&"(7 &1- #-<35<+'; %';5- 23# &1- CH8%F+ '"4-#+%5 %66#3F+4%&+3' G%* 2◦.D1- CH8%F+ %5"5%&+3'* *-#<-( %* +'+&+%5+E%&+3' %*-* 23# &1- 2"55 BH *+4"5%&+3'*.BH '"4-#+%5 ;#+(* G-#- I"+5& +' &1#-- 5-<-5 32 T"%5+&7 23# 180circ 3# 1%528BH (384%+'= 3%#*- 9U4+55+3' #-2-#-'& -5-4-'&*: @'- 9C4+55+3' #-2-#-'& -5-4-'&*: %'(<-#7 @'- 9B.V4+55+3' #-2-#-'& -5-4-'&*:. >2&-# %1+-<+'; % 3'<-#;-'- 32 &1-43'+&3#-( <%5"-* '"4-#+%5 #-*"5&* G-#- *744-&#+E-( %'( +'1-#+&-( &3 &1- 2"55 
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 ! "#$%&'()* +'$#*),'-"+ %".'&-"$%",
360◦

 !" #$% &'(()* +,-. /)'- ,&0*-,'& !- 223  4" #$% &'(()* +,-. ,56)!5 ,&0*-,'& !- 223A'2$,+ B3CE F!,"&) ',$)&, ,!.. .+%'!( !/ %-+ *'1+,2+(% <G? (!@@)+ *!"&'(<-+ =82,'* /!, ',$)&, &(* .)!% '(D+%'!( &.+. &,+ 2'1+( '( A'2$,+ B3C H&I
JK



 !"! #$%&'() !" #$%& '()*(,-.(/01 23$)4!- -!/(, $43!" '0 -) *'45/("  4'"-!6 ,4 ,7( (89*('-:(!, / ,(), :4"(/ ),-//-!6 7 :$(' (8-,1 ;7( (8,('-4' "4: -! )('.("  )  !-!,(':("- ,( "4: -! $(,<((! ,7( !4==/( (8-,  !" ,7( 43,(' $43!" '-()  !" ,4):44,7/0 -!,'4"3( (8* !"-!6 !4==/( >4< -!,4 ,7( 43,/(, )-:3/ ,-!6 -!, ?( 4@,7( <-!"9,3!!(/ "-A3)('1 B-:(!)-4!) 4@ ,7( (8,('-4' "4: -! <('(C DE !4==/( (8-,"- :(,(') #14×De% -! "4<!),'( : "-'(,-4!  !" #2×De% -! 3*),'( : "-'(,-4!&<7-/( ,7( 43,(' 4' @ '5(/" "- :(,(' 4@ ,7( (8,('-4' "4: -! < ) 12×De1; $/( E1DC F43!" '0 4!"-,-4!)G ' :(,(') H!/(, 2(4!" '0 H!/(, I3,/(,H!*3,C ps, P0, T0 psj , P0j, T0j pas, Pa, TaJ(/4-,0 *'45/(C ~vtan = 0 ~vtan = 0 ~vtan = 0;3'$3/(!( /(!6,7C lt ≤ 0.7Di lt ≤ 0.7Dj lt ≤ 0.7Do;3'$3/(!( ' ,( (. /3 ,(" :-! (. /3 ,(" :-! (. /3 ,(" :-!;7)( $43!" '-()  '(  /)4 "(!4,(" -! ,7( )0::(,'0 '4))9)(,-4! :()7 4@ ,7( <74/(4:*3, ,-4! / "4: -! -! K-63'( E1L1
X

Y

Z

 !" #$%%&'($ (*++,+&'-*.  /" 01 -+* 2-&3K-63'( E1LC M4:*3, ,-4! / "4: -! <-,7 /-),(" $43!" '0 4!"-,-4!);7( )(4!" '0 -!/(, < ) "()-6!("  4'"-!6 ,4 ,7( (8*('-:(!, / )(4!" '0 ),-//9-!6 7 :$(' (8-,1 N(@('(!, 4!563' ,-4! 7 "  )(4!" '0 )4!- -!O(,-4! !4': /,4 ,7( *'-: '0 !4==/(  8-)1 ;7('(@4'(& ,7( )(4!" '0 !4==/( ,7'4 , 0/-!"(' < )
PQ



 ! "#$%&'()* +'$#*),'-"+ %".'&-"$%", !"#$% % "&#'$(& "& )'**+ ,-++ .'#/0)( - % .'#/ %  ++012'0%-+ 2&-1 '. "& 0)34 "0') 1'#"6 7,'  !1 #0/ )"-+ 2 ')%-#8 0)4 "'#2 , # /'% + % ,0"& - /-11 %9+': -#'$)% "& 0)4 "0') 1'#"; - 0#$+-# -)% 2+'" 2&-1 % -2 2&',) 0) <0($# =6>6
X

Y

Z

 !" #$%'(!% $)*+,$-) .-%,  /" 0(-, $)*+,$-) .-%,<0($# =6>; ?)4 "0') 1'#" 1#'@+ 2 -" "& )'**+ ,-++ !"!# $%&' (&)) *%+,-./A1 0-+ -"" )"0') 0) / 2&0)( )  %2 "' 9 1-0% "' "& 9'$)%-#83+-8 # (#0% 20) 0"# 1# 2 )"2 "& /'2" #0"0-+ *') 0) "& 1# 2 ) '. -) -%B #2 1# 22$# (#-%0 )"-)% 2&': # C "0')26 7&0#"8  ++2 )'#/-+ "' "& ,-++ 02 % %0-" % "' "& 9'$)%-#8+-8 # ,& # "& @#2"  ++ & 0(&" -)% 9'$)%-#8 +-8 # (#',"& % 1 )% ') "& /'% +D/ 2& E$-+0"8 -)% % 20# % y+ B-+$ 6<'# "&  ++2 '$" '. FGD (#-%0)( 2& / 2 , # -11+0 % "' 2/''"& $1 "#-)20"0')9 ",  ) FG -)% "&  )"#-+ & !-(')-+ '# 6 ?) ( ) #-+D ",' (#-%0)( 2& / 2, # $2 %D - 2$ 220B #-"0' 2& / HE6 =6>> -)%  !1') )"0-+ 2& / HE6 =6>=6
rgrad =

lcell(i+1)

lcell(i)
I=6>>J

rgrad = exp (Ledge/n(hx − 1/2) I=6>=J,& # hx -)% n -# "& (#-%0)( 1-#-/ " # -)% "& )$/9 # '.  ++2 -" "&  %( 6
K=



 !"! #$%&'()
XZ

 !"#$% &'&( )* +, !-.%,!0- 10$, 20-% 03 ,4% 5!6%$"%-, 7%,!0- 89: -022;% 7<=>=%,$<?#=%$!+; "$!5 +-5 @0#-5+$< 5%,+!;7 30$ ,4$%% A#+;!,< ;%6%;7 03 3#;; BC =%74%5$%3%$%-%5 =05%;7 +$% "!6%- !- 8+@;% &'D' :0$$%710-5!-" y+ 1$0E;%7 +;0-" ,4%-022;% F+;; 03 %+4 "$!5 +7% +$% 1;0,,%5 !-  !"#$% &'G' 84% E-% "$!5 H <!%;5%5
y+ 6+;#%7 @%;0F I' )0,4 0+$7%$ "$!57 7,!;; 4+6% ,4% +%1,+@;% y+ $+-"% F!,4
y+ = 1.5 +-5 D'I +, ,4% !-.%,!0- 7%,!0-'8+@;% &'D( ?#=%$!+; "$!57 03 89: -022;% F!,4 !-.%,!0- +, xj/ln = 0.88J+$+=%,%$7 K$!5 H K$!5 ) K$!5 :?0' 03 %;;7 L'LDMNOP B'QPMNOP D'OOMNOP !""#$ %!&'()*

Ln×Dn × Circum 330× 180× 270 240× 130× 200 210× 90× 140
y+ $+-"% O'D&>O'QD I'D&>&'QL I'QD>L'OG)* E$7,>%;;>4%!"4, 0.8µm 5.0µm 8.7µm)* 5%1,4 ;%6%; 30 cells 30 cells 22 cells)* "$0F,4 $+,% 1.20 1.17 1.13+),$.!/ %!&'()*
Ln×Dn × Circum 52× 50× 80 35× 42× 72 30× 34× 68

PG
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 !"#$% &'() y+ *+ 360◦ ,-. /0112% 3%+!0/ 56 "$!7 80$ 5 2%9%23 08 :%3; <#*2!+= ! "#$%&')* +%,+'-. )//&0)1-/ "%/%$*2> +;% /#:%$!*2 ?$0%7#$% 0/3!3+%7 08 !/!+!*2 2◦@32!% *A!3=::%+$! 0:@?#+*+!0/ 08 !/9!3!7 */7 9!3!7 /0/@9%+0$%7 /0112%> +;%/ +;% *A!@B6 $%3#2+3 *$%?$0C%+%7 +0 56 *3%' 180◦ 56 :07%2 $%3#2+3 D%$% !/;%$!+%7 8$0: +;% 0*$3%$ +0+;% E/%$ :%3;%7 :07%23 */7 +0 +;% 8#22 360◦ :07%2'
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Grid C 180 

referent case inviscid, viscid

Interpolated

 

 

all cases 

 

results 

inheritance

End 

Results B 

Grid B 180 

(viscid) 

End  

Results A 

Grid A 180  

(viscid) 

 

2D!axi 
computation

Result A

End

Grid A 360 

(viscid) 

Result B

End

Grid B 360 

(viscid) 

 !"#$% &'F) G#:%$!*2 0:?#+*+!0/3 ?$0%33 *2"0$!+;:
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∼ 0.1 :+%0%". +1 1!" 2"#- /"3$&&$&3 '> '=(01+1$'&% +&. 1!"& '&%"01$2",- !+&3". 1'
CFL = 0.25 1!#'03!'01 1!" =+$& $1"#+1$2" (#'"%%8H"%$."% 1!" #"%0,1% '&2"#3"&"< + /+%$ 3#$.;'&2"#3"&" !"I$&3 :+% +,%' '&;.01". '& 1!" /"3$&&$&38 D11"&1$'& :+% (+$. 1' 1!" :+,,;(#"%%0#" .$%1#$/01$'&% $&1!" %-=="1#- (,+&" ."($1". $& J$30#" K8L +&. 1' 1!" (#'.0". >'#"%8 E'#=+,;$A". (#"%%0#" >'#" '"M$"&1 "@"#1". '& 1!" +@$%-=="1#$ &'AA," :+,, :+% 0%".+&. 1!" .+1+ $% 1+/0,+1". $&  +/," K8N8 +/," K8NO 5#"%%0#" >'#" '"M$"&1 >'# +@$%-=="1#$ &'&;2"1'#". &'AA,"P#$. %"G0"&" E'8 '> ",,% CFpx F$Q"#"&" 1' fRich.4'+#%" 2.00E + 06 0.22465 −2.482%C"*&". 3.96E + 06 0.22804 −1.011%J$&" 7.72E + 06 0.22798 −1.037%

fRichardson 0.23037 !" C$!+#.%'&  !"℄ "@1#+(',+1$'& ='.$*". /- C'+!"  !$℄ :+% 0%". '& + .$2"#3"&1('#1$'& '> 1!" +@$%-=="1#$ '&$+, &'AA," :+,,8 R& 1!$% %$=(," +%"< :+,, $&+@$%-=="1#- $% %1#+$3!1 0&."# '&%1+&1 +&3," +&. (#"%%0#" $% $&1"3#+1". +,'&31!" :+,, :$1! '#1!;2"1'# −→x 8 R& 1!$% +%" Fpx $% ."*&". +%O
Fpx =

∮
p · −→x dA SK8NTU+&. '##"%('&.$&3 >'#" '"M$"&1 +% 1!" #+1$' '> 1!$% >'#" +&. 1!" (#$=+#-B"1 ='="&10=8 R& 1!" &'&;2"1'#". &'AA," +@$%-=="1#$ +%"< 2+,0"% '/1+$&".&0="#$+,,- +&. 2$+ C$!+#.%'& G0+%$;"@+1 "@1#+(',+1$'& :"#" $& + 2"#- 3''.+3#""="&18 C$!+#.%'& "@1#+(',+1$'& $% /+%". '& + %"#$"% '> .$%#"1$A+1$'& "##'#<
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2nd injection
port

 !"#$% &'() *$%++#$% -%.!%/0 10 02% 3144 -5 +677%0$6 841/% 5-$ 02% "!9%/ "$!:+%;#%/%+<DEk = fk − fexact= 1/: !0 6!%4:%: 1+ %>8%0%: 1 9%$6 +7144 :!?%$%/%' @2% +7144:!?%$%/%+ A%03%%/ 02% "$!: +%;#%/%+ 14+- -7% 5$-7 02% 510 0210 144 02$%% "$!:;#14!06 4%9%4+ 3%$% -5 02% +17% -$:%$ 1/: 02%$%5-$% 1 4%1$ :!+0!/0!-/ A%03%%/02%7 !+ /-0 %7821+!B%:' C!21$:+-/ %>0$18-410!-/ -/ 1 5#44 DE 1+% 3!02 0$1/+F9%$+% !/G%0!-/ 1/: +0$-/" +2-H !/0%$10!-/+ !+ 1 7-$% :!.#40 0- A% 12!%9%: A#0!0 1/ A% $%14!+0!1446 -/:#0%: -/ 1 I10 8410% 1+%' J/ 02!+ +!784% 1+%K CFpx:%9!10!-/ 5-$ %>0$18-410%: 914#% 31+ !/+!"/!L1/0 5-$ "$!:FM 1/: "$!:FNK 32!4% 1+4!"2046 41$"%$ :%9!10!-/ !+ :%/-0%: 5-$ 02% "$!:FO 1+%' M44 02% /#7%$!14 5-$%7%1+#$%7%/0 :!?%$%/%+ 3%$% A%4-3 02% %$$-$ 71$"!/ -5 02% %>8%$!7%/014 5-$%FA141/%' @2% c
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grid A − RNG k−ε

Injection
port

 !"#$% &'() *$%++#$% -%.!%/0 01% 2344 -5 +677%0$6 843/% 5-$ 01% 9 0#$:#4%/%7-;%4+/%"30!<% %=%0+ 21!1 3$% %43:-$30%; 8$%<!-#+46 3/; 21!1 3/ :% 5-#/; !/ 3 43$"%/#7:%$ -5 8#:4!30!-/+> 01% 30#34 8%$5-$73/% -5 01%+% 0#$:#4%/% 7-;%4+ 43$"%46;%8%/;+ -/ 01% 0%1/-4-"!34 !784%7%/030!-/ !/+!;% 01% "!<%/ ? @ -;%' A/ 01%3+% -5 ?*BC? ? @ -;%> !/0%"$30!-/ -5 01% +03/;3$; D-/%+ 3/; E3#/;%$  !"℄
k− ε 7-;%4 !+ 5#446 3-784!+1%; 3/; 01% -;% 8%$5-$7+ #/%F8%0%;46 2%44 #+!/"01!+ 7-;%4 21!1 38%3$+ 0- %F%%; 01% 4!7!030!-/+ +03/;3$;46 G#-0%; !/ 3<3!43:4%4!0%$30#$%' H/ 01% -01%$ 13/;> !784%7%/030!-/ -5 I!4-F 3/; J#:%+!/  !$℄ k − ω℄ k− ε 7-;%4> 21!1 ?*BC? !/0%"$30!-/ !+ !/ 01% -/"-!/";%<%4-87%/0> 388%3$+ 0- 8%$5-$7 -/+!;%$3:46 :%00%$' U+0!730%; NE 01!R/%++3/; +#8%$+-/! M-2 %=%0+ 3$% 2%44 31!%<%;' P1% 8$%++#$% 8$-V4% -5 BAPQ? /-KK4%3+% 388%3$+ 4%++ +7--01%; 013/ 01% -/% -5 01% +03/;3$; k − ε 3/; 2!01 +-7%-<%$%+0!730!-/ -5 01% ;%0317%/0 8-!/0' W-2%<%$> 01% 8430%3# 8$%++#$% <34#% 3/;01% 8$%++#$% 8%3R +%37 0- :% !/ 3 :%00%$ 3"$%7%/0 2!01 01% %F8%$!7%/034 ;303
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◦5),0'! 6478 9(-:)%!+ *1(; &(3$' +)$,'$-* (/ #1! '!,03$' $%+ <$1 =$33>'!?!#)(% /(' $% )%)+!%# (:3)@0! *1(; =$A! $# M1 = 2.6 )% &(3$' &3$%!91$'$#!')*#) B(%!* (/ #1! CDEF9 %(BB3! =)#1 #'$%*A!'*! )% !#)(% $# xj/ln =

∆ϕD $%+ −∆ϕD4D% 5),0'!647I$JP *1(; &(3$' I:3$; 1!$'# 0'A!JIOGJ '!&'!*!%#* #1! )%)+!%# &3$>%$' *1(; =$A! I9GJ )% $% $&&'(R)-$#!+ 0%)/('- GS ?(=T!3+ =)#1 $% (%(-)%,
M = 2.6 ?(=4 5(' #1! )%)#)$33. !A$30$#!+ %!,$#)A! +!?!#)(% −∆ϕD = 11.5◦ )# )*&(**):3! #( '!&'!*!%# #1! *#$#! IUJ =)#1 '!?!#!+ I9UJ *1(; $%+ (''!*&(%+)%,:30! 1!$'# 0'A! IOUJ4 D% #1)* )+!$3)B!+ $*! IOUJ )%#!'*!#* #1! ϕD = 0 $R)* $#&()%# IVJ )330*#'$#)%, $ %(%>'!$3)*#) '!,03$' '!?!#)(% $*! #1$# %!A!' 1$&&!%* /('$% $R)*.--!#') %(BB3!4 W)#1 $% )%'!$*! (/ +!?!#)(% $%,3!P I9GJ (''!*&(%+*#( #1! *#'(%,!' *1(; *(30#)(%* $%+ #10*P IOUJ +(!*%X# )%#!'*!#* H>$R)*4 O!%!P#1! '!?!#)(% &()%# $%%(# !R)*# (% #1! =$33 $%. 3(%,!'4 D% ('+!' #( *$#)*/. #1!

Y7



 !"! "#$ %#&')*+# ,+-) ,+.*)*+#
 !" #$%& '$&(  )" *++&, +!,- .,/0- '$&( !"#$% &'() *+, -$./0 1!02 02% 3#4!0%r 5$67%8 26#8!9"8 -!80$!7#0!69 /6$ :6;;4%*<! xj/ln = 0.984!5 76#9-.$= 69-!0!69 1% .9 -%?9% . 0$!54% 56!90 @AB 12!2 %C!80 7%01%%9 @DB.9- @EB !9  !"#$% &'F@7BG .469" 1!02 02% H.2 -!8I @*DB' !"!" #$%&'('%'()* +*%,$-*+*&',A2% %C5%$!J%90.4 J6-%48 1%$% J6#90%- 69 02% /6$% 7.4.9%G J%.8#$!9" 02% /6$%6J569%908 !9 .44 02$%% 85.0!.4 -!$%0!698 .9- .--!0!69.44= 02% 96;;4% *<!K'( 1.8%L#!55%- 1!02 %4%M%9 3#4!0%r /.80 5$%88#$% 5$67%8' A2% N*O<KPQ 3#4!0%r 5$67%81%$% R#82 J6#90%- 1!02 02% 2%.- -!.J%0%$ 6/ 1.72mm .9- -!80$!7#0%- .469"02% 8=JJ%0$= 1.44 4!9% .9- .469" 8%4%0%- J%$!-!.98 !9 6$-%$ 06 2.$.0%$!;% !86<5$%88#$% 4!9%8 .9- .50#$% 02% !9!5!%90 -%0.2J%90 .9- 8%5.$.0!69 ;69% 8!;%' A2%%C5%$!J%90.4 -.0. !8 .9.4=;%- 06"%02%$ 1!02 02% 9#J%$!.4 $%8#408 .9- 5$%8%90%-!9 1.44<5$%88#$% "$.528 .9- 0.74%8' A2% 5$%88#$% -.0. !8 969-!J%98!69.4!;%- 7=02% 2.J7%$ 060.4 5$%88#$% .8 02!8 M.4#% 1.8 6980.90 -#$!9" 02% 0%808' :#J%$<!.44= 670.!9%- 1.44 5$%88#$% -.0. /6$ #55%$ .9- 461%$ 8=JJ%0$= 1.44 76#9-.$=!8 "!M%9 !9  !"#$% &'SK 06"%02%$ 1!02 02% 2.$.0%$!80! ;69%8' +/0%$ 02% !9!5!<%90 8%5.$.0!69 56!90G 02%$% !8 . 80%%5 5$%88#$% "$6102 !9 02% Region (1) 12!2%9-8 1!02 02% 5$%88#$% R.00%9!9" 6$ 54.0%.# 5$%88#$% "6M%$9%- 7= 02% 5$!J.$=#580$%.J M6$0%C !9 Region (2)' +/0%$ 02% 54.0%.# ;69%G .9- . 8J.44%$ -%8%907%01%%9 TUV .9- WUVG 02% 5$%88#$% $.5!-4= !9$%.8%8 06 02% 5$%88#$% 5%.I M.4#%!9 Region (3)G -6J!9.0%- 7= 02% 8%69-.$= #580$%.J M6$0%C' +/0%$ $%.2!9" 02%J.C!J#J 5%.IG !0 80%%54= -%.=8 1!02 . 80.!$.8%<82.5%- 8%69-.$= 5%.I .#8%-7= 02% !90%$/%$%9%8 .0 02% %-"% 6/ 02% 8%69-.$= !9X%0!69 56$0' ,61980$%.J 6/

Y(



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

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

 -" .!0 &$+1 2310 )1'(!4$35() !"#$% &'()* xj/ln = 0.7 ,-% -.//%0$. 12,3%
4)



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

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−6

−4

−2

0

2

4

6
x 10

−3

x/l
n

C
f*

1− C.i x
j
/l

n
=0.7

2− C.i x
j
/l

n
=0.9

J.07 J.09

 !"#$% &'(() *+!, -$!/!0, 1!2/$!3#/!0, -0$ 4 %56%$!7%,/89:,#7%$!89 /%2/ 82%2
xj/ln = 0.7 8,1 xj/ln = 0.9/;% !,<%/!0, 60$/= 8-/%$ 29!";/ 6$%22#$% $!2% 1#% /0 8, !,<%/!0, 60$/ /$8!9!," %1"%=/;%$% !2 8 >!1%9? 1!2/$!3#/%1 90> 6$%22#$% @0,% !, Region (4) ' A%8+ 3#/ 98$"%6$%22#$% ;#76 !2 902!," /;% @0,% 0- Regionxj/ln = 0.7= "$%8/9? 1!2/#$32 /;% H0> !,2!1% /;% $0+%/,0@@9% 8J%/!," /;% 0769%/% H0> /;8/ 6822%2 /;$0#"; /;% ,0@@9% $022D2%/!0,'G;!2 "%,%$8/%2 /;% %J%/2 82 /;% ,0@@9% 6$%22#$% 9022 8,1 811!/!0,89 $%6%$#22!0,2!, 2!1% 90812 1!2/$!3#/!0, 0, /;% ,0@@9% >899= 0$$%260,1!," /0 /;% 690/2 1%6!/%1!,  !"#$% &'(M' G;%2% %J%/2 $%1#% /;% ,0@@9% 8,1 L%/0$!," 6%$-0$78,%2 >;!;8$% 2;0>, /;$0#"; /;% -0$%2 690/2 8,1 /839%2= 8,1 78? "%,%$8/% 18,"%$0#2 H0>#,2/%81!,%22'N? F,1!," 8 ,0$789 1!2/8,% /0 /;% >899 dn 82 1%,0/%1 !, O;86/%$ 4 !/ >826022!39% /0 %L89#8/% >899 2;%8$ 2/$%22= τw >;!; !2 /;%, $8/!0,89!@%1 3? /;% /0D/89 ;873%$ 6$%22#$% L89#% 8,1 "!L%, 82 8, 89/%$,8/!L% 2+!, -$!/!0, 0%P!%,/

Q(



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

−5 −4 −3 −2 −1 0 1 2 3 4
−6

−4

−2

0

2

4

6
x 10

−3

x*/d
j

C
f*

1− C−i.x
j
/l

n
=0.7

2− C−i.x
j
/l

n
=0.9

J

 !"#$% &'()* C∗

f $%%,-$./!0%1 -2 -3% .#4!/!.$5 22$1!,.-% 656-%7 .- !,8%-!2, 92!,-.,1 ,2,:1!7%,6!2,./!0%1 ;5 dj
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S)



 !"! "#$ %#&')*+# ,+-) ,+.*)*+#
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 !"#$% &'()* +,!- .$!0!1- 2!30$!4#0!1-35 $%%-0$67!8%2 01 09% 6#:!7!6$; 11$2!-60%3;30%<0!1- -1887% $133=3%0!1- >$1?7%3' @!<%-3!1-7%33 A67#%3 1. 09% 3%>6$60!1- !-!>!%-0>1!-0 6-2 09% >760%6# !- 3%>6$60!1- 6$% %A67#60%2 .$1< 09% B677 39%6$ 30$%33 6-2>$%33#$% 2!30$!4#0!1- !-  !"#$% &'(C 6-2 >$%3%-0%2 !- D647%  !"! #$ &' () *(+,&(-)  !". /0&1&$)123$2 -)'4$0 &'5 61*6)1$2)3 *7 3)*'5&18 2'9)$2*' '*::-) 1)+42*' /&3) Djy0;<℄ δBL;>>℄ hj ;>>℄ x∗sep/dj x∗p/dj

xj/ln = 0.70 10.254 1.88 4.86 +?! " +"!@@
xj/ln = 0.75 10.28 1.96 4.97 +?! @ +?!AB
xj/ln = 0.80 10.25 2.04 5.19 +?!C? +?!"B
xj/ln = 0.90 10.23 2.116 5.492 +?!B@ +?!D 
xj/ln = 0.95 10.25 2.24 5.406 +D!A +?!EE
∗NPR = 37, SPR = 1, ṁ0 = 223.2g/s, fm = 0.0833)1F)5 2' G24H1)  !"E $0&$ I&0 523J 0)240$ 23 >2'2>&--8 0&'4)5 2' 1)4&15 $*$0) 52K)1)'$ 2'9)$2*' 6*32$2*'3 &-*'4 $0) '*::-)! ,0) 1&$2* ()$L))' Mach 523J0)240$ &'5 3)6&1&$2*' 523$&') L&3 7*H'5 $* () ()$L))' D &'5 E 7*1 $0) 42F)' &3)3*7 $H1(H-)'$ (*H'5&18+-&8)1 L020 L)-- *11)36*'53 $* $0) 61)F2*H3-8 523H33)5&'&-8$2&- >*5)-! M)18 3>&-- F&12&$2*' *>)3 71*> $0) 52K)1)'$ '*::-) 3)$2*'

BD



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

xj/ln0.7 -/ xj/ln = 0.95 .,6 6/%2,E- 0.1% -0% !,F#@%,% /, -0% %1/8#-!/, 0.,"% /: -0% "8/>.8 2!6% 1%-/$ :/$% .,6 .,"8%' A0% 2%/,6/75/,%,- /: -0% "8/>.8 2!6% :/$%= -0.- !2 $/22@F/< !,-%$.-!/, :/$% %B5$%22%6.2 -0% <.88 2!6% :/$%= $%5$%2%,-2 -0% :/$%@/75/,%,- -0.- !2 7/2-8? .C%-%6 >?-0% !,3%-!/, 5/2!-!/,'A0!2 !2 -0%, :#$-0%$ %1.8#.-%6 #2!," -0% %B5%$!7%,-.8 -//82 .2 -0% <.88@5$%22#$%.,6 -0% :/$%@>.8.,% 7%.2#$%7%,-2' G, %B.758% /: .H#!2!-!/, -!7% 0!2-/$?
 !" #$%&&'$% (!)!  *" +,$%& (!)! !"#$% &'(&* IB5%$!7%,-.8 -%75/$.8 $.< 6.-. .H#!2!-!/, 0!2-/$?/: -0% -%2- /,6!-!/, .,6 :/$% >.8.,% 7%.2#$%7%,-2 !2 6%5!-%6 1!. -%75/$.8"$.502 !,  !"#$% &'(&' G:-%$ !,!-!.8 10s /: -0% <!,6@-#,,%8 /5%$.-!/, 2-.>!8!;@

J)



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

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

 ," 23(*!4( 1!%%5)*(66$*( /!'! !"#$% &'()* +#,!-% .$/0%1 -%2./$3, 43-3 36#!1!-!/7 8!1-/$9
:&



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"# $%& '()*(+)& $&,$ -($( . !-/. .(, ∼ 50s0 1%& 2/3& +()(!& 5&(,*3&5&!$,.&3& (6* 3&- ,7!%3/!/*,)7 . $% $%& 83&,,*3& -($(0 9(. -($( 23/5 $%& Kuliter83&,,*3& 83/+&, .&3& 3&/3-&- . $% (! (6* , $ /! 3($& /2 8000Hz0 :-- $ /!())7#$%& -($( .(, ('&3("&- /! 2000 ,(58)& %*!;, (!- 3&/3-&- &'&37 0.25s

? "*3& @0AKL M())=83&,,*3& -($( ($ $%& ,755&$37 .())  !N&$ /! , -& 3&&!$3() O&-$/ $%& (*> ) (37 //3- !($& ,7,$&5 ($  !N&$ /! 8/ !$ (!- !/!=- 5&!, /!() O&- +7
dj G*5&3 () (!- &>8&3 5&!$() .()) 83&,,*3& -($( 83&,&!$&-  ! ? "*3& @0AK ,%/.,,($ ,2($/37 ,&8(3($ /! - ,$(!& &'()*($ /!0 D! $%& "3(8% (),/ (88&(3, ( ,) "%$/'&3&,$ 5($ /! /2 $%& !*5&3 () -($(  !, -& $%& ,&8(3($ /! O/!& .% % (! +&(, "!&- $/ $%& (2/3&5&!$ /!&- &>8&3 5&!$() /!- $ /!, +*$ (),/ $/ $%& ) 5 $($ /!,/2 $%& *,&- !*5&3 () 5/-&)01%& ,755&$37 8)(!& 3/$($&- (3/*!- !/OO)& (> , 2/3 ,&3 &, /2 (O 5*$% (!=")&,# ψ = [0◦, 25◦, 38◦, 60◦, 90◦]# -&P!&- $%& 83/+ !" 5&3 - (!,# *,&- $/ -&$&$ $%&

QB



 !"! "#$ %#&')*+# ,+-) ,+.*)*+# !"##$%&'#()&*(+, ,+ #"+, )#-+"+ &*(. /0-#"&'#( +, +(% (1'#"&+, %+ + 3#"# +$41&"#% 5*"  !# )#,# #% "#5#"#( *(&+, (*66,# +)# 3& ! &(7# &*( + xj/ln = 0.9.81'#"&+, +(% #0-#"&'#( +, %+ + 3#"# *()&) #( +"*1(%  !# (*66,# +0&) +(% &(

9&:1"# ;.<=> ?+,,$-"#))1"# -"*@,#) + )#,# #% (*66,# '#"&%&+()A %# # &*( *5  !#)#-+"+ &*( ,&(#> 1 99K 0◦(symmetry)A 2 99K 25◦A 3 99K 38◦A 4 99K 60◦ +(%
5 99K 90◦. B1"C#) "#5#"  * (1'#"&+, )&'1,+ &*() +(% )&:()  * #0-#"&'#( )+,, )# &*( -,+(#) 3& ! )*'# *C#" *" 1(%#" #) &'+ &*( &( 5#3 -*&( ) D1 :#(#"+,,E !#E 3#"# &()&%#  !# '#+)1"#'#( 1(#" +&( E ,#C#,. F"#)#( #% %+ + &( 9&:1"# ;.<=&(%&+ #%  !+ '+0&'1' )#-+"+ &*( #0 #(%) 5"*' 0◦ 1-) "#+' *5 )#*(%+"E -*"  * ),&:! ,E *C#"  !# 90◦ ,*)#  *  !# (*66,# #0& . G!# 3+,,$-"#))1"# &()&%#  !#)#-+"+ &*( ) #+%E %#+E) 5"*'  !# )E''# "EA 0◦  *  !# ,+ #"+, )&%#A HI◦.9*,,*3&(:  !# -"#))1"# %+ + +(+,E)&)A  !# 5*"#$D+,+(# '#+)1"#'#( ) %+ + +"#-"#)#( #% &( G+D,# ;.J 5*"  !# J #0-#"&'#( +, *(&+,  #) (*66,# +)#). G!# (* #)!*1,% D# '+%#  !+  !# #0-#"&'#( +, (*66,# 3& ! &(7# &*( + xj/ln = 0.7 !+%
16% ,+":#" &(7# &*( -*" A Kdj = 6.4mm &() #+% *5 dj = 5.85mmL.G!#)# %+ + +"#  !#( *1-,#% 3& !  !# (1'#"&+,,E #C+,1+ #% 5*"#) &( G+D,# ;.M+(% -"#)#( #% +,*(: 3& !  !# -#"5*"'+(# *#N&#( ). /+! *'-*(#( *5  !# (# C# *" 5*"# &) #C+,1+ #% )#-+"+ #,E +(%  !#( +) + "#)1, +( . O# *"&(: +(:,# +(%+'-,&@+ &*( 5+ *") +"# +,1,+ #% +*"%&(:  *  !# 5*"'1,+ &*() -"#)#( #% &(B!+- #" J. P:"##'#( *5 5*"# '#+)1"#'#( ) 3+) )+ &)5+ *"E 3& ! )*'# )'+,,#"1(%#"#) &'+ &*( *5 +0&+, +(% *C#"#) &'+ &*( *5 C#" &+, 5*"# *'-*(#( ). P)+,"#+%E '#( &*(#%A xj/ln = 0.7 +)# 3+) %&Q#"#( %1#  * %&Q#"#( &(7# *" )&6#.

=R



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"#$ %&'( )*+$,-.$/0!# 12,$ 4!0! 12, 2/-!# /255#$ 67 89 !:$:;!#<$:=!:$ 9>-&xj/ln = 0.7 9>-&xj/ln = 0.9

ṁj/ṁ0 0.096 0.082
Fy, [N ] '&? ?@&A
Fx, [N ] ?B? ?'C&@
δ 0.88◦ 8.2◦

∗NPR = 37, SPR = 1, ṁ0 = 223.2g/s, Fx0 = 127N !"#$ %&B( D<.$,-!# 12,$ 4!0! 12, 2/-!# /255#$ 67 89 !:$:;!#=!:$ xj/ln = 0.7 xj/ln = 0.75 xj/ln = 0.8 xj/ln = 0.9 xj/ln = 0.95

ṁj/ṁ0 0.083 0.083 0.083 0.083 0.083
Fwy, [N ] >@&EA E&E?B F&BE@ @&FC @
Fjy, [N ] G&G? G&G?A G&G' G&GA G&GA∑
Fy, [N ] ?&@C G&G'C ?F&'B ?@&F? ?C&GA∑
Fx, [N ] ?B?&'B ?''&AA ?'G&B ?'C&C ?'C&F

δ 0.82◦ 4.6◦ 7.15◦ 8.27◦ 8◦

Isp, [s] %%&BAA %?&CG %A&GF %A&'AF %A&B
∗NPR = 37, SPR = 1, ṁ0 = 223.2g/s, Fx0 = 126.41N, I0sp = 57.77s !"#$"%&'! $!)*!'+,-
CAV E&? E&%%A E&@F? E&GCF E&GFB
CAF ?&EBC E&GC ?&EB ?&E?C ?&E?@
CAI E&G%@ E&@GF E&G%? E&GBG E&GAH2I$;$,J -/ 0K-: ,-0-!# !:$ 0K$ .!-/ "2I :K2L ,$M$0-2/ 2<,: I-0K ! ,$!0>0!K.$/0 !0 42I/:0,$!. :-4$ !/4 0K$,$12,$ -/N$0!/0 M<* !/4 /!0<,!# ,$!0-;$12,$ 42$:/O0 K!;$ ! :-P/-Q!/0 -/M<$/$ 2/ 0K$ I!## 12,$J IK-K -: /$P!0-;$ -/0K-: !:$&  K$ y>4-,$0-2/ /$0 12,$ $*$,0$4 2/ 0K$ /255#$ I!## 21 0K-: /255#$ -:!/$#$4 "R 0K$ /$P!0-;$ 2.+2/$/0 2,-P-/!0-/P 1,2. 0K$ :$2/4!,R M2I 4$M$>0-2/ 0K,2<PK 0K$ ,$M$0$4 :K2L& S2:-0-;$ 4$M$0-2/ -: 1<,0K$, 4$0$,-2,!0$4 4<$02 ! 2/:$T<$/0-!# :$+!,!0-2/ 52/$ 2/ 0K$ 2++2:-0$ /255#$ I!## :-4$ !/4 ! #!,P$:<0-2/ 52/$ !10 21 0K$ :$2/4!,R -/N$0-2/ +2,0&

@@



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

 !"#$% &'()* +%-.$!/" 0/1 2.$% 0345!60-!./ 20-.$7 87' /./91!3%/7!./05 !/:%9-!./ 4.7!-!./;<% /%=- !/:%-.$ 7-0-!./ 0- xj/ln = 0.75 $%4$%7%/- -<% 5!3!-!/" 07% 0- ><!< ?.>7<.@ $%A%-7 2$.3 -<% .44.7!-% >055 7!1% 0- -<% /.BB5% %=!-' ;<!7 0C%-7 057. -<%0=!05 2.$% 07 -<% $%A%-%1 7<.@ 0/1 1!7./-!/#!-D 5!%7 0- -<% %=!- /.BB5% 5!4 >!-<-<% >055 2.$% $%0<!/" E !/ -<!7 07%' F.5%5D /0-#$05 $%0-!8% 2.$% ./-$!?#-!/"-<% $%7#5-0/- 7!1% 2.$% !/ -<!7 07%'  $.3 -<!7 !/:%-0/- 4.!/- -.>0$17 -<% %=!-G>055 7!1% 2.$% 7-%01!5D !/$%07%7 #/-!5 -<% 507- !/:%-!./ 07%G xj/ln = 0.95 ><%$%0 75!"<- 1%0D !7 1%/.-%1'H/  !"#$% &'()G 8%-.$!/" 0/1 2.$% 0345!60-!./ 20-.$7 0$% "!8%/ 2.$ -<% -%7-%1!/:%-.$ 4.7!-!./ ./ -<% ./!05 -%7- /.BB5%' I7 !- 0/ ?% ./5#1%1 2$.3 -<%"$04<G 0/ .4-!305 !/:%-!./ 4.7!-!./ 2.$ -<% "!8%/ 07% 5!%7 0$.#/1 xj/ln = 0.9805#%' !"!# $%&')*+ ,*-.).*% */-'+01).*%- 1%2 +'31+4-J#05!-0-!8% 0/05D7!7 0- -<% ?%"!//!/" .2 -<!7 7%-!./ !/-$.1#%1 -<% A#!1 1D/03!74$.?5%3 .2 -<% 7%./10$D -$0/78%$7% !/:%-!./ !/-. 0 7#4%$7./! ./!05 /.BB5%'H/ -<% 7<5!%$%/ 6"#$%7 4$.40"0-!./ .2 -<% ?.> 7<.@ 0/1 $%.34$%77!./ .2 -<%#/1%$%=40/1%1 7%./10$D :%- 45#3% 0$% 0440$%/-' H/ -<%7% 6"#$%7 -<%$% !7 05%0$ 1!7-!/-!./ ?%->%%/ %=4%$!3%/-05 07% >!-< !/:%-!./ 0- xj/ln = 0.7 0/10- xj/ln = 0.9' ;<% 6$7- ./% <08!/" 011!-!./05 %C%-7 .2 -<% 7<.@ $%A%-!./0/1 $%0--0<3%/- 057. 044%0$7 >!-< <!"<5D !$$%"#50$ A.> %=!-!/" -<% /.BB5% >!-<-<% 7!"/!60/- 40$- .2 -<% A.> 3!=!/" .#$$!/" !/7!1% -<% /.BB5% ><!< !7 057.
K)



ach36 5.8◦ .(#&, (.;;,! D&- 8.)( F!%D!!( xj/ln = 0.75 &( xj/ln =

0.765 &% D'#' %'! D&,, 8.+! #- 8.)( %. F! ∼ach3 .(#&, (.;;,! *. !,- &% D'#' ."%#*&, ".-#%#.( D&- 8.)( #( %'!(.;;,! -!%#.(- ,.-! %. %'! (.;;,! !5#%3 ='#- D&- :)-%#>! #( %'! &(&,7-#- %'+.)4'%'! "'7-#&, *!'&(#-*- %'&% %&C! ",&! &( M)&(%#>! *!&-)+!*!(%-  &%&3 H.+%'#- (.;;,! %7"! &( 4#9!( #(:!%.+  !-#4(  !,#9!+#(4 fm = 0.08 )( !+ SPR = 1"!+%#(!(% %'+)-% 9!%.+#(4 &(4,!- .8 δ = 8◦ .+ CAV ∼ 1 &+! 8.)( 3 H)+%'!+6 E.D !E!%#.( &( #(:!%.+ ".-#%#.(- &+! &(&,7;! 8.+ %'! '#4'!+ !5"&(-#.( (.;;,!-3='! '#4'!+ !5#% Mach ()*F!+ (.;;,! D#,, (.+*&,,7 '&9! & ,&+4!+ +.--/-!%#.(-#;! &( & '#4'!+ *.*!(%)* E.D %'&% (!! - %. F!  !E!%! 3 N7 !5&*#(#(4 %'!#-!(%+."# -)"!+-.(# E.D &( ",&(&+ .F,#M)! -'.C6 #% #- .(9!(#!(% %. ",.% %'!E.D  !E!%#.( )+9! &- & 8)(%#.( .8 %'! )"-%+!&* E.D 0&' ()*F!+6 0J3
KO



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

 !"#$% &'()* +!,!- .%/%-!12 32"4% ϕDmax 32. 1$$%5612.!2" 738 32"4% 91$$32"% 19 #65-$%3, !2!.%2- 7: ;34#%5<%12. -1 21==4% %>6325!12 $3-!1? @% 32 3451 .%21-% 3 6%#4!3$ 32. !2-$!25!%A%- 19 -8% 21==4% @344 6$1B4%' C2 -8% #$$%2- 5-#.D 5%;%$34 21==4% 6$1B4%5 3$%125!.%$%.' E3,%4D? 12!34 32. -$#23-%. !.%34 12-1#$ FGCHI 21==4% ,1.%45 3$%.%5!"2%. 32. ,32#93-#$%. 91$ -8% %>6%$!,%2-5 32. 3451 5#661$-%. !2 2#,%$!J34 5!,#43-!125 -8$1#"81#- -8!5 5-#.D' K..!-!12344D? -8% L31  !"℄ -8$#5- 16-!,!=%.12-1#$ FGMHI 21==4%5 32. L31  !$℄
U:



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"!# $%&'(%) *+,,-. /&,&*0 (*1 23456 !"#$%&!' ()* +",&+-+ ./00&1#* 2/3 4*2*(&/! ()6/-') ()* .#"!"6 0)/7 "0 "8-!(&/! /8 "! -.0(6*"+ 9") !-+1*6 &! :&'-6* ;<=>? &( "! 1* !/(&*4 ()"(
ϕDmax -6@* )"0 " +",&+-+ #&+1 6"(* -!(&#M1 ≃

 !" Me = 3, C − i.0.9  #" Me = 5, C − i.0.8:&'-6* ;<=KL M6*00-6* /!(/-6 .#/(0 8/6 &!@&0&4 !-+*6&"##$ 0&+-#"(*4 "0*0 /8
α = 5.8◦ HGBIJ /!&"# !/%%#*0? [Pa]

N=



◦4 C1'!$ "@*$!##+", #!B2!,! !,&# =+'( )5)( &+#:6 '(! #!",&)$0 */2@! &"=,#'$!)@ &!<!'+", #')$'#6 =(+( +# 1"//"=!& 0 '(!  "= #(": +,+&!,! (),;!4 C' '(+# */)!6 ) '$+*/! *"+,' ),  ! &!3'!'!& "$+;+,)'+,; 1$"@ '(! +,'!$)'+", "1 '(! @)+,  "= #(": ),& '(! #!",&)$0*/2@!  )$$!/ #(": =)%! ),& 5)( &+#:4 A(! 1"$! &)') "1 ),)/0-!& '!#' )#!#A) /! D4EF G"$! &)') "1 HIAJK ",+)/ ,"--/! +,%+#+& ,2@!$+)/ )/2/)'+",#K)#! FjyLM℄ FwyL@@℄ ∑
FyLM℄ ∑

FxLM℄ δ,◦

Me = 3, xj/ln = 0.9 9.935 8.436 18.371 OPQ4POR S4TQ
Me = 5, xj/ln = 0.9 10.24 10.595 20.835 OEQ4SUQ V4QO
Me = 5, xj/ln = 0.8 10.165 10.557 20.722 OES4VRU V4QR
Me = 5, xj/lnxj/ln = 0.9 '"

xj/ln = 0.8 &"!# ,"' +,<2!,! '(! *!$1"$@),! +, '!$@# "1 *$"&2!& 1"$!#6 =+'(), ",/0 +,#+;,+Y),'/0 #@)// +,$!)#! "1 δ 1"$ xj/ln = 0.8 )#!6 =(+/! xj/ln = 0.7)#! 1)//#  !/"= '(! $!<!'+", ",&+'+", /+@+'4G2$'(!$@"$!6 +, '(! 2$$!,' !?*!$+@!,')/ ),& ,2@!$+)/ #'2&06 '(! ",+)/
QR



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

 !" #$%&!( )!* + %$,,(-.&/* &%0-/&$% !/ xj/ln = 0.9
 1" 23# )!* +45+ %$,,(-.&/* &%0-/&$% !/ xj/ln = 0.88

 " 23# )!* 6478 %$,,(-.&/* &%0-/&$% !/ xj/lnṁ0 = 236g/sC
Me = 3.23C Ae/Ath = 5.29 +.7 ln = 68mm' 9%3.7+$@ 4$+.5A%$5% !.N%4!3. E+512+%7 +4 xj/ln = 0.88 E!4- !$#2+$ 53.! 4-$3+4 36 Aj = 26.4mm2 E-!- #.7%$
SPR = 1, T0j = 255K 3.7!4!3.5 7%2!A%$%7 mj ∼ 18.15g/s +.7 Fj0 ∼ 9.6N ' ;3+.+2@>% 4-% %8%4 36 4-% 1$!/+$@ .3>>2% 7%5!". #.7%$ 5+/% 3.7!4!3.5 +.7 E!4-4-% 5+/% 3.A%$"%.4 5%4!3. +.7 53.! 4-$3+4C ;:=Mach & .3>>2% !5 7%5!".%7 +.7.#/%$!+22@ 4%54%7' Mach .#/0%$ 12345 !. 5@//%4$@ 12+.% 36 9:;<= .3>>2%5 +$%7%1!4%7 !.  !"#$% &'((' :. 4-%5% 12345C !4 !5 305%$A+02% 4-+4 4-% 5!>% 36 1$!/+$@F3E 7%F%4!3. +.7 +/3#.4 36 4-% 5%3.7+$@ N%4 12#/% !.E+$7 6327!." A+$!%5CE-!- !5 1$!/+$!2@ +#5%7 0@ 4-% 7!8%$%.4 #154$%+/ F3E 3.7!4!3.5 43 E-!- 4-%5%3.7+$@ N%4 !5 %J135%7' ;-% !.F#%.% 3. 9:;<= 36 4-% F3E 3.7!4!3.5 +4 4-%.3>>2% !.N%4!3. 5%4!3. +. 0% 305%$A%7 4-$3#"- 4-% 3/13.%.45 36 4-% "230+2

LO



 !"! #$%&'$( )*++,- .-/%0) '). 1(2- !"# $#&'( )#& *'(#+ !) &,# *'--'.!)/ 01))#(234 Fjy =
∮
ρv2jy · dAj +

∮
(pje − pj)dAj+  #')" 51(& '* &,#  #')"1(6 7#& &,(8 &#981&!') ! 1:#&#" ;6 &,# 5(#  8(# 1& 01!) )'<<-# j= #&!')4 >'$!)/ !)=7#&!') &' &,# -'.#( 5(#  8(#  #&!') &'.1(" &,# )'<<-# #?!& .!--  -!/,&-618/0#)& &,! *'(# '05')#)& 51(&4 @'.#$#(+ !& #:#& !) '051(# &' &,#A'. 0'0#)&80 ! (1&,#( 0!)'(4B4 Fwy+ 1 "#C)#" !) D,15&#( B+ (#5(# #)& 1 .1--  !"# *'(# '( 1 *'(# &,1&'(!/!)1&# *('0 &,# ('  =A'. !)&#(1&!') 4 E) 1 $! '8 A'.+ #  #)&!1- 51(&'* &,! *'(# ! 1 *8)&!') '* &,# 5(#  8(# "! ;1-1)# !05' #" ') 1) 1?=! 600#&(! )'<<-# .1--+ .,!-# 1  01--#( 51(& '0# *('0 &,# $! '8 #:#& 4F'("!)/ &' &,# 1*'(# "! 8  #" A'. "#A#&!') = 85 &(#10 >1, )80;#((#-1&!')+ !& 1) ;# 1  80#" &,1& &,# A'. .!-- "#A#& 0'(# 1& ,!/,#( >1,)80;#(  #&!') 4G4 (Fjy + Fwy)/

∑
Fx+ &,# (1&!' '* &,#  !"# &' 1?!1- /-';1- *'(#+ /!$#) 1 1) !# $+ ! 1:#&#" ;6 &,# !)(#1 # '*  !"# *'(# '05')#)& &'.1(" &,#)'<<-# #?!& ;8& 1- ' ;6 &,# !)(#1 # '* &,# 1?!1- &,(8 &4E& ,1 ;##)  ##) &,1& $#&'(!)/ 1)/-#+ δk − ε

PO



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

 !" #$%&'() *$ &!+*!,,) -.%&!%-+ 0,*-01 J/K  2" 34&24,-$- 5*$-%* -$-&6) '$%'4& (,'%07*%8 +*00*(!%*'$ '$%'4& ,*$-01 m2/s2,m2/s3 !"#$% &'()* +,-$./0 1,2 -#$3#4%,- /$.2#-!., .,-.#$ /4.-6 7.$ 819 ) :;<
xj/ln = 0.88 ,.==4%6!>#41-!.,6 $%6#4-6' ;,  !"#$% &'()? !- 1, 3% ,.-!%2 -91- >.6- .7 -9% -#$3#4%,%/$.2#-!., !6 .,%,-$1-%2 !,6!2% -9% 6%/1$1-!., =.,%? 1- $.66@A.B 69%1$ !,-%$@71% 1,2 2.B,6-$%1> .7 -9% 6%.,21$0 /4#>% 819 2!6C' :9% 4.,"%$ -#$3#4%,-:134% &'&* D%.,21$0 !,E%-!., 1,2 6%/1$1-!., =.,% 21-1<16% Djy0FG℄ δBLF>>℄ hj F>>℄ x∗sep/dj

TICm3− i.xj/ln = 0.735 9.654 1.5233 4.988 @('IJJ
TICm3− i.xj/ln = 0.882 9.604 1.707 5.551 @('(KL
TICm3− i.xj/ln = 0.941 9.597 1.725 5.810 @(')M(
∗NPR(TICm3) = 37.5, SPR = 1, ṁ0 = 236.2g/s, fm = 0.0762

TICm5− i.xj/ln = 0.60 9.668 3.441 9.318 @ J'KJ
TICm5− i.xj/ln = 0.70 9.633 4.456 10.537 @&'((N
TICm5− i.xj/ln = 0.80 9.643 4.687 11.386 @&'NLK
∗NPR(TICm5) = 448, SPR = 1, ṁ0 = 236.2g/s, fm = 0.0762OP 6%/1$1-!., =.,% !6 7.44.B%2 30 -9% 6%/1$1-!., 69.C B1Q% 1,2 .>/$%66!.,71, -91- !,-$.2#% 1 >1!, 3.B 69.C 1,2 B9!9 !,2#!," 1 9!"9 /$%66#$% ., -9%B!,2B1$2 6%.,21$0 /4#>% 6!2%' :9!6 7#$-9%$ $%6#4-6 !, -9% 716- 2%A%-!," .7 -9%

NK
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 !"#$% &'(&* +,!- .$!0!1- !- 2344%0$3 567-% 1. 89: Mach & -1<<6% 7-= =!>%$%-0(-= !-?%0!1- 512!0!1-2A766 2B%7$C20$%22 =707 56100%= !- 2344%0$3 567-% .1$ 89: D7B ; 7-= D7B &-1<<6%2 7$% "!E%- 72 7 2,!- .$!0!1- 1%F!%-02 !-  !"#$%2 &'() 7-= &'(&' +%57$70!1-51!-02G !=%-0!H%= !- 5$%2%-0%= 5$1H6%2 70 <%$1 $122!-"G 7$% 1$$%251-=!-" 01 0B%
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 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"#$#!# &" ' ('#$ )#*#+ &! "&$  !,#+ &! -&. + &!. /+ 0&1#$ -$#..2$# .#+ &!.34#!#5  + /! 6# "/ $07 !&+ #) +'/+ ) .+/!#. 6#+1##! +'# -$&80#. &" ) 9#$#!+ !,#+ &! /.#. .0 ('+07 )#$#/.# /. +'#7 /--$&/' x:/; .3<!/0&(&2.07 +& +'# .#-/$/+ &! 0#!(+'5  !+#$/+ &! &$ 1/00 . )# "&$# &=-&!#!+5
Fwyy:) $#+ &! /+  !,#+ &! -&$+5 1' '  . )#8!#) /. / >/22=+'$2.+ "&$# /!) +/620/+#)  ! ?/60# F3F3 ?'# .#-/$/+ &! ) .+/!# /!) -#!#+$/+ &!'# ('+ "&00&1 +'# -&. + ># +$#!) 1 +'  !,#+ &! -&. + &! !( +&1/$). +'# !&BB0# #; +3?/60# F3GH I&$#. /!) =&=#!+. -$&6#. )/+/A/.# FjyJK℄ FwyJK℄ ∑

FyJK℄ ∑
FxJK℄ Mzw[N ·m]

∑
j+w

Mzjw?@A Mach = 3.23H
xj/ln = 0.735 9.337 7.042 16.379 MNG3OO P3NQG P3QMPR
xj/ln = 0.882 9.341 7.134 16.475 MNG3RM P3SRQ P3TTO
xj/ln = 0.941 9.372 6.532 15.904 MNF3QN P3SPR M3PPQ
∗NPR = 37.5, SPR = 1, ṁ0 = 236.2g/s, F0 = 134.05N, I0sp = 57.88s?@A Mach = 5.14H
xj/ln = 0.60 9.231 7.916 17.147 MFG3PR M3NTS N3PPM
xj/ln = 0.70 9.34 9.057 18.397 MFF3SS M3SSR N3POQ
xj/ln = 0.80 9.387 9.092 18.479 MFG3MF M3SQM N3MRS
∗NPR = 450, SPR = 1, ṁ0 = 236.2g/s, F0 = 152.7N, I0sp = 65.96sI2$+'#$=&$#5 "&$# /!) +&$U2# )/+/ /$# +/620/+#)  ! ?/60# F3G /!) &$$#.-&!): !( -#$"&$=/!# $ +#$ /  ! ?/60# F3O3 ?'#.# )/+/  !) /+# +'/+ +'#  !,#+ &! -&:. + &! ) .-0/#=#!+ "&$ +'# ' ('#$ Mach F !&BB0# )&#. !&+  =-/+ !( . (! 8/!+07

TQ



 !"! #$%&'$( )*++,- .-/%0) '). 1(2- !"#$ %&'( )$*+,*-!.$ ,$01$.234!3$ δ[◦] CAV CAF CAI 54 Mach = 3.23(
xj/ln = 0.735 6.83 0.896 6&78' 7&9%:
xj/ln = 0.882 6.89 0.904 6&78: 7&9%8
xj/ln = 0.941 6.68 0.876 6&786 7&9:; 54 Mach = 5.14(
xj/ln = 0.60 6.27 7&;8< 6&78; 7&9%%
xj/ln = 0.70 6.74 0.884 6&78= 7&9%<
xj/ln = 0.80 6.75 0.886 6&7< 7&9%'

z !L13 13 +,@.B !3 ! ,-C,.$.2 ,+ 2I$ J!##
99



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"# $%&# ()" *+# &#(*!,# $%&# %$  #%)"(&- !).#*!%)/ 0(*1&(22-3 +!4+#& *%&51#,(21# (&# %6*(!)#" 7!*+ *+# $%&# (*!)4 %,#& ( 2%)4#& $%&#8(&9/

:;;



 !"! #$%&'$( )*++,- .-/%0) '). 1(2- !"!# $%&'()*+, (*.'/ +*001' /2&') ! "##$%$&! %& $!'(%&* +&,$%$&! "!# +*$-"*. !&//0( (1+"!,$&! *"%$&2 (3(%, &4 %5(,+($6 *&7(% !&//0( +*&60(, "*( "!"0./(# ", 8(009 :"-(0.2 %5( #( ;"<"0 &!%&=*+*&<$#(, "! $#("0 >&8 (1+"!,$&! 8$%5&=% ,5&7 #$,&!%$!=$%$(, $!,$#( %5( !&/?/0(2 85$5 #$3(*, %& %5( !&//0(, 8$%5 $!%(*!"0 ,5&7 %5"% -". "##$%$&!"00. "3(%@ ABC "!# 0("# %& %5( -=0%$+0( ,5&7 $!%(*"%$&!,9  ! %5( D$<(! &!$"0 %(,% !&/?/0(, 8$%5 %5( ,-"00 5"04?&!$"0 "!D0( E5.8◦F2 %5( 8("7 &-+*(,,$&! 8"<(, #& !&%"3(% ,%*&!D ,5&7 *(D$&! &4 %5( -"$! G&8 ,5&79 H&8(<(*2 %5(. -$D5% ,0$D5%0.#$,+0"( %5( ,(+"*"%$&! +&$!% $! %5( ",( 85(*( %5( $!%(*!"0 8"<( (!#, "% %5($!#=(# ,(+"*"%$&! +&$!%9  !%(*!"0 ,5&7 8"<(,2 "*( $!%*$!,$ &!,(I=(!( &4 %5(

 !" #$% &'(()*  +" #,% &'(()*J$D=*( K9LMN Mach
PQP



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

 !" #$% &'(()* &'&+,*.'/*0 '1*/!.2'& !.',*/*31!&42'& /*526*  7" #$% &'(()* ,*.'/*0 '1*/!.2'& !. !0!1.*0/*526* !"#$% &'()* Mach℄' 2=% 6=0G !+1%$81!0+ 0? 6%.8$8E1!0+> !+1%$+8/ 8+9 8.E6=0G6 81 1$!./% .0!+1 B!// %<%+1#8//7 /%89 10 1=% #+61%897$%61$!1%9 6=0G 6%.8$81!0+ 8+9 %<%+1#8//7 10 1=% 98+"%$0#6 /0896 81 1=% +055/%B8//'A+M%1!0+ 0? 1=% 6%0+98$7 H0B !+10 1=% 234 +055/%> /%896 10 1=% %8$/7 H0B 6%.8E$81!0+ 8+9 8..%8$8+% 0? 1=% -0B 6=0G' 2=% !+<%61!"81!0+ %,.=86!6 B86 ?0#6%90+ 1=% 898.1%9 H0B 0+9!1!0+6> B=%$% +0 8.E8. 6=0G .811%$+ 8+9 6%.8$81!0+!+6!9% 1=% +055/% 8+ -% %D.%1%9' 2=% -86! =8$81%$!61!6 0? 1=% 234 +055/%,09%/6 8$% "!<%+ !+ 4=8.1%$ (> 28-/% ('N'A+  !"#$% &'()I-J 1$8+6<%$6% 60+! !+M%1!0+ !+10 234 +055/% !6 .$%6%+1%9 <!8@8= 0+10#$ ./01' O#% 10 1=% 9!P%$%+1 8D!8/ H0B $%"!0+6> -0B 6=0G .$0Q/%
RS(



 !"! #$%&'$( )*++,- .-/%0) '). 1(2- !"" #$$%#& #' # '"!()*"+ ,%-!#*%,. /#0%"+1 *)% 23 ')35 $&3$#(#*%' #&3'' *)%* 3 0#!6 &%(!36'1 )#&#*%&!7%, 2+ *)% "#&(% ,!8%&%6% !6 *)% 93 %:$#6'!36.;6&%#'%, <#) 6=02%& 3> *)% =$'*&%#0 93  !"" +!%", # '*&36(%& ')35 '3"=*!36!6 # &%'$36'% *3 *)% '#0% 2"35#(%.

 !" #$% &'(()*  +" #,% &'(()*?!(=&% @.ABC Mach 6=02%& $"3*1'*&%#0' #6, )#&#*%&!'*! ')35 736%' !6 6377"%'+00%*&+ $"#6%D2'%&-!6( *)% $"#6#& 32"!E=% ')35 $3"#& !6 ?!(=&% @.FG1 (!-%6 >3& <#) &%9%*!36$)%630%636 3> =$'*&%#0 93 3> M1 = 6.7 #6, ,3 6'*&%#0 M1 = 5.5 3&!(!6#*H!6( #* ϕD = 25◦′J. L*&36( 23 ')35 $&3$#(#*%' *)&3=() *)% $%&!$)%&#" 93 !6&%(!36 IFJ. L)35H')35 !6*%&#*!36 3=&' 2%* %%6 *)% ,3 6 #&, $&3$#(#*!6(23 ')35 #6, '!,% #&, $&3$#(#*!6( !6*%&6#" ')35. M)!' !6*%&#*!36 &%'="*' !60%&(!6( 3> !6*%&6#" ')35 !6*3 # '*&36(%& 23 ')35  )!) #>*%& #&,' $&3$#(#*%'
QGF
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 !"#$% &'()* +,-/ 0-12$ 3!2"$24 5-$ 6$!01% 0-!76 26 200$-8!426%3 01272$ 9,-/!76%$26!-7 -5 -$% :-; <=>?'@ 273 ϕD = 25◦6,$-#", 6,% -$% :-; !7 $%"!-7 ABC' D"2!7E 2 F%$G ;%2/ $%:%6%3 9,-/ ;2F%9-#$9 9,-/ H%,!73 AT”C 0-!76E 9%$F!7" 6- 23I#96 F%1-!6G 3!$%6!-79 -5 6,% :-;H%,!73 6,% H-;J!76%$721 9,-/ ;2F%9' K%6;%%7 6,% 9#H9-7! $%"!-79 H%,!73 6,%9,-/ !76%$26!-79E 2 91!0 9#$52%A1!7%9C 27 H% 52!$1G !3%76!L%3 21-7" ;,!, 6,%0$%99#$% !9 -796276 273 F%1-!6G 3!$%6!-79 2$% 02$211%1'M7 6,% !76%$26!-7 N-7% H%,!73 AOCE 2 026,;2G !76%$52% !7 9,20% -5 2 F!$6#21 7-NN1%!9 5-$4%3 5-$ 290!$26!-7 -5 -40$%99%3 :#!3 5$-4 6,% 9%02$26!-7 N-7% H-#73%3HG 6,% -40$%99!-7 ;2F%9E 6,% H-; 9,-/ 273 6,% 9%-732$G 01#4% H2$$%1 9,-/'P,% 9#H9-7! $%"!-79 H%,!73 6,% 96$-7" H-; 9,-/ 273 9,-/ !76%$26!-79E !40-9%2 ,!",%$ 0$%99#$% -7 6,% ;!73;2$3 9!3% -5 2 9%-732$G 01#4%'P,% 7-NN1% ;211 !9 7-$4211G 3%9!"7%3 !7 2 9#, 4277%$ 6- 211-; 7-NN1% %80279!-7273 29 4#, 29 0-99!H1% %Q%6!F%1G 2%1%$26% 6,% :-; 6-;2$39 6,% 24H!%76 -73!J6!-79' P,%$%5-$% 6,% ;211J0$%99#$% 4-7-6-7!211G 3%$%29%9 5$-4 6,% ,!", 0$%99#$%26 6,% 6,$-26 6-;2$39 6,% 1-; 0$%99#$% 26 6,% 7-NN1% %8!6 ;,!, $%0$%9%769 2 52JF-$2H1% 0$%99#$% "$23!%76 6- 6,% -7-4!7" 9#0%$9-7! :-;' PRS 0$-L1%3 7-NN1%$%9#169 219- !7 27 216%$%3 ;211J0$%99#$% 0$-L1% 26 6,% !7:%6!-7 0-!76 1-9% 6- 6,%6,$-26 9%02$26!7" 6,% ,!",%$ 0$%99#$% F21#%9 1-9% 6- 6,% 7-NN1% %8!6' P,!9 42/%96,% 4%76!-7%3 7-NN1% 4-$% 0$-7% 6- 6,% 9%02$26!-79 !40-9%3 HG 27 23F%$9% 0$%9J9#$% "$23!%76'M5 !6 !9 9#00-9%3 6,26 9%02$26!-7 3#% 6- 2 9%-732$G !7I%6!-7 -$ 27 -F%$%8027J9!-7 -#$9 1-9% 6- 6,% 7-NN1% %8!6E !6 27 H% 3%3#%3 6,26 27 23F%$9% 0$%99#$%
=)B
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 !"#$% &'()* +,--./$%00#$% /$12-%0 31$ 4!5%$%67 8,: & $1;%7 61<<-% 7=/%0"$,4!%67 >!-- 1#$ !6 7:,7 $%"!16' ?1>%@%$A %@%6 >!7: 1#$$%6% 13 7:% ,4@%$0%/$%00#$% "$,4!%67 7:% B,!6 C1> >!-- 07!-- ,%-%$,7% ,64 167$!D#7% 71 7:% 61<<-%7:$#07' E:%$%31$%A 7:% $%"!16 13 7:% C1> 4%%-%$,7!16 !0 %6-10%4 !6 7:% 0B,--<16% 6%,$ 7:% >,-- -10% 71 7:% 61<<-% %F!7 >:!-% 7:% -,$"% B,G1$!7= 13 7:% C1> !007!-- %F/,64!6"' ?,@!6" 7:!0 !6 B!64A H,1  !"℄ /$1/10%4 ,6 ,-7%$6,7!@% !6 4%0!"6 137:% /$!6!/,- 61<<-% !6 1$4%$ 71 !B/$1@% 7:% 0%164,$= !6G%7!16 7:$#07 @%71$!6"/%$31$B,6%0 >!7:1#7 -110!6" 7:% 7:$#07 %I!%6=' J,B%-=A !607%,4 #0!6" 7:% 3,.@1$,D-% >,--./$%00#$% "$,4!%67 >:!: !0 , :,$,7%$!07! 13 ,-- $1;%7 61<<-%0A H,1/$1/10%4 7:% B14!2,7!16 13 7:% 1671#$ 71 D% 3,@1$,D-% 71 ,6 ,4@%$0% /$%00#$%"$,4!%67 KLMNO !6 7:% $%"!160 -10% 71 7:% 61<<-% %F!7' E:% H,1  !"℄ LMN 61<.<-% 1671#$ >,0 4%0!"6%4 ,1$4!6" 71 ?1<,;!  ! "#$  $%℄A ,0 , 16!,- 61<<-% >!7:
α = 12◦ :,-3.16! ,6"-% >:!: B,;%0 7$,60!7!16 71 7:% LMN ,-#-,7%4 1671#$-10% 71 7:% %F!7A %64!6" >!7: , 2◦ /$12-% %F!7 ,6"-%' LMN 12 − 2◦ 61<<-% ,-01!6-#4%0 ,6 !67%$6,- 0:1; >:!: !0 !6!7!,7%4 ,7 7:% !6C%7!16 /1!67 13 16!,- 71LMN 1671#$ 7$,60!7!16 -10% 71 7:% 61<<-% %F!7A 4%/!7%4 !6  !"#$%&'(PK,O' Q7 ,6D% 1D0%$@%4 7:,7 ,7 LMN 61<<-%A , @!$7#,- C1> 61<<-% 7:,7 !0 31$B%4 !6 $%"!16.P:,0 , 6,$$1>A 07%%/ ,64 1B/-%F /$12-% 4#% 71 , 0:1$7 -%6"7: ,64 @!!6!7= 13 7:%>,-- 0%/,$,7!16 ,64 7:% !67%$6,- 0:1;' M$%00#$% /$12-%0 !6  !"#$% &'(( 4%/!77:% 7$,60@%$0% !6G%7!16 ,7 xj/ln ∼ 0.85 !671 %F,B!6%4 Mach & $1;%7 61<<-%7=/%0' Q7 ,6 D% 4%4#%4 3$1B 7:% /$%0%67%4 /$12-%0 7:,7 7:% 0%/,$,7!16 1#$0,7 ,//$1F!B,7%-= 7:% 0,B% 4!07,6% 3$1B 7:% 0%164,$= /1$7 31$ ,-- 7:$%% 7%07%4

)R&
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 !" #$% &'(()* &'&+,*.'/*0  1" #$% &'(()* ,*.'/*0 !"#$% &'()* +,. /#01%$ 23456 47 5.% Mach & 89: /4;;3% !/ 5.% 6<00%5$<23,/%

 !"#$% &'((* =,33>2$%66#$% 2$4?3%6 74$ Mach
GOP



 !"! #$%&'$( )*++,- .-/%0) '). 1(2- !"# $%&! ' ()"##*)" ("'+ ,$&- '% '!/('%0$% #"!%1')0 ("'+ ,-$- '##*/2$% 30 1"($&# &-" #"!%1')0 (3*/" 4'))"3 #-!+ $%&")'&$!% ,$&- &-" ,'33 '%1 '%$%&")%'3 #-!+5 6% )!##2#"&$!% (3!&# $% 7$ *)" 859: $& $# (!##$43" &! &)'" ;!)&"<


OPQ



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"#$ %&'( )*+$,-!# ,$/*#0 1!0! 23, 1-4$,$50 67 89 53::#$ 0;<$/=!#>!/$  79 53::#$  ?9 53::#$ @AB 53::#$
xj/ln 0.8 0.85 0.88
hj C D++℄ FF&G'H FF&HFI FJ&H'I
NPR I%J %JJ %JJ
Fx0C D)℄ F%K&L F%F&GH FIM&L
Fwy, [N ] M&JMK '&M' M&KLI
Fjy, [N ] M&G'L M&IFK M&KK∑
Fy, [N ] F'&ILM F'&GMK F'&IMI∑
Fx, [N ] F%%&K% F%G&HI F%F&'K

δ 6.77◦ 6.79◦ 6.95◦

∗P0 = 300kPa, SPR = 1, ṁ0 = 236.2g/s, fm = 0.076 !"#$"%&'! $!)*!'+,-
CAV J&''F J&'MG J&MF%
CAF F&JKI F&JJ' F&JJ'
CAI J&M%K J&MGL J&MGH !"!" #$%&'() *+ ,'-%&'. +*//0$ 1$)-2+ $3$575 0N-/ /$0-35C $4$0/ 32 0N$ +!-5 53::#$ 1$/-O5 N!,!0$,-/0-/ 35 0N$ 67 89/;/0$+ !,$ !5!#;:$1&  N$ $4$0 32 0N$ $P<!5/-35 ,!0-3 3, Q!N 5*+"$, -/ O-=$535 0N$ $P!+<#$ 32 35-!# !51 Q39 1$/-O5$1 Mach G !51 Mach % 0,*5!0$1R-1$!#R3503*,$1 53::#$/& 70 S!/ 23*51 0N!0 -5,$!/$ 32 0N$ $P<!5/-35 35#; /#-ON0#;N!5O$/ 0N$ =$03,-5O !<!"-#-0-$/&  N$ ,3//RT3S -50$,!0-35 3, S!## /-1$ 23,$-5,$!/$/ S-0N 0N$ -5,$!/$ 32 0N$ +!-5 U$0 T3S =$#3-0;C SN-#$ 0N$ ,$!0-=$ 23,$ 320N$ /$351!,; U$0 -5,$!/$/ S-0N 0N$ +!-5 53::#$ /$0-35 <,$//*,$ 1$,$!/$&  N$<3/-0-35 32 0N$ /$351!,; -5U$0-35 <3,0 -/C !/ <,$=-3*/#; 1-/*//$1C $4$0-=$ -50N$ ,$O-35/ #3/$ 03 0N$ 53::#$ $P-0C S-0N ,$+!,V 0N!0 23, N-ON$, Q!N 53::#$/1$<$51-5O 35 0N$ 3<$,!0-35 !51 35WO*,!0-35 -/ <3//-"#$ 03 /#-ON0#; !#0$, 0N-/<3/-0-35 -5S!,1/& X3S$=$,C 23,$/ $P$,0$1 35 0N$ 53::#$ S!## #3/$ 03 0N$ 53::#$$P-0 S-## !0 3=$, 0N$ #35O$, +3+$50 !,+ -5,$!/-5O 0N$ z 03,Y*$&Z*,0N$, 03 $P<!5/-35 ,!0-3C 53::#$ 3503*, 0;<$ S!/ 0$/0$1 !#/3& 70 S!/ 23*510N!0 -50$,5!# /N3V 53::#$/ -5#*1$ !11-0-35!# $4$0 35 0N$ /$<!,!0-35 SN-N !5
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 !"! #$%&'$( )*++,- .-/%0) '). 1(2- ! " #!$%!& '( )*! $!+'"( ", )*! -.'( #*"0 '()!$,.! .(& '( )*! 12 #!3.$.)'"(4"(!5 6-"7() ", "()$' 7)'"( ", )*!#! !8!)# &!3!(&# "( )*! #'4! ", )*! "$!.(& 3!$'3*!$.9 :"; .(& )*!'$ '()!(#')< "$ )*! -.'( :"; -"-!()7-5 =*! >."  !"℄-"&'?.)'"( ", )*! -.'( ("449! "()"7$ &!#'+( ;.#  $'!:< !%.97.)!& .(& )!#)!& '()*! (7-!$'.9 #'-79.)'"(#5 =*! +.'( '( ;.99@#'&! ,"$! '# $!+'#)!$!& 7#'(+ )*! 6AB("449! "()"7$C *";!%!$ )*! '(#). '9')'!# )*.) -'+*) "7$ ;')* )*'# "()"7$ .(&:"; "%!$!D3.(#'"( "$ >EE ;!$! (") #'-79.)!&5 F(.#-7* )*! 6AB -"&'?.)'"( '#'-39!-!()!& "( )*! #-.99 !(& #!)'"(C ') #*"79& (") .8!) 9.$+!9< +9" .9 #). '9')<", )*! #<#)!-5
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 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !" #$%&'(%*+$ ,+-.&/0 1 2'*3('4 ($0 5&+$0('4,+- +$0*%*+$5 !"#$#% &'! ()&$*+, )(-$&$(# (. &'! -!(#0+12 $#3!&$(# )(1&4 &'! )1$*+12 +#0-!(#0+12 5(6 (#0$&$(#- !7!& $- $#8!-&$%+&!0 (# &'! -!,!&!0 !9)!1$*!#&+, :;<#(==,! *(0!,> :'! !9)!1$*!#&+, :;< #(==,! *(0!, 6+- !?@$))!0 6$&' &'! AB@,$&!r .+-& )1!--@1! )1(C!- *+$#,2 ,@-&!1!0 *!1$0$(#+,,2 +& &'! -2**!&12 ),+#!$# 8$$#$&2 (. &'! -!(#0+12 $#3!&$(# )(1& 6'$' 6!1! *!+-@1$#% +& &'! 8000Hz +D?@$-$&$(# 1+&!> :( (*),!&! &'! )1!--@1! *+)-4 + EF '+##!, G+#$8+,8!r HI<FFJ)1!--@1! -+##!1 6+- @-!0 @#0!1 500Hz -+##$#% 1+&!> G2#'1(#(@-,2 6$&' &'!+8!1+%! )+1$!&+, )1!--@1! 0+&+4 HD&2)! -',$!1!# )'(&(%1+)'2 6+- &+K!# (# !8!12
0.25s 6$&' 1/6000s (. !9)(-@1! &$*!>:'! #@*!1$+, -',$!1!# $- !8+,@+&!0 .1(* !9&1+&!0 #@*!1$+, 1!-@,&- +- + 0!#-$&2%1+0$!#&L

∇ρ =
(
∂ρ

∂x

)
−→
i +

(
∂ρ

∂y

)
−→
j +

(
∂ρ

∂z

)−→
k MN>OP;# &'! %$8!# -',$!1!# &6( .!+&@1!- +1! '+1+&!1$-&$ (*)+1$#% &( &'! (#$+,#(==,!Q R$1-&4 &'! @)-&1!+* 5(6 (. &'! :;< #(==,! $- #(& .@,,2 !9)+#0!0 &( &'!)+1+,,!,4 &'@- &'! 5(6 -)!!0 $- 8+1$+C,! .1(* &'! !#&!1 &(6+10- &'! #(==,! 6+,,>G!(#0,24 &'!1! +1! #( 6!+K (*)1!--$(# 6+8!- #(1*+,,2 (C-!18+C,! $# &'! (#$+,#(==,!> I&'!1 &'+# &'$-4 &'! +-! (. &'! :;< #(==,! 6$&' -$#%,! *!1$0$(#+, -!D(#0+12 $#3!&$(# +& xj/ln = 0.882 $- ?@$&! -$*$,+1 +- &'! -!(#0+12 $#3!&$(# $#&((#$+, #(==,! +& xj/ln = 0.9> J(&'4 )1$*+12 +#0 -!(#0+12 3!& ),@*!- +#0 &'!C(6 -'(K !9$& &'! #(==,! 6$&'(@& $*)$#%$#% &'! $#&!1#+, 6+,, 6'$,! &'! *+3(1-'(K $#&!1+&$(#- +#0 *$9$#% (@1 $# &'! !9&!1$(1 0(*+$#> ;& $- +,-( 0!&!&+C,!(# C(&' $*+%!- $# R$%@1! N>EN4 &'+& 0(6#-&1!+* (. &'! $#3!&$(# )(1& ,(-! &(&'! 6+,,4 &'! 5(6 $- 0!!,!1+&!0 6$&' -(*! 1!$1@,+&$(# (@11$#% +& &'! #(=D=,! ,$) +#0 &'$- -*+,, )(1&$(# (. &'! 3!& (#&$#@!- +- + .1!! -!)+1+&!0 5(6> ;#R$%@1! N>ES &() MxzP 8$!6 -',$!1!# $*+%!- +1! )1!-!#&!0> :'! K$0#!2 8(1&$!-(. &'! -!(#0+12 ),@*! +#0 '(1-!-'(! 8(1&!9 +1! 0!&!&+C,! $# &'$- "%@1!> G((#+.&!1 #(==,! !9$& &'!$1 $#&!1+&$(# (**!#!-4 $#$&$+&$#% &'! -'(K $#&!1+&$(# +#0+.&!16+10- &'! !7!&$8! *$9$#% 0(6#-&1!+*> !#-$&2 %1+0$!#&- $# &'! !9)!1$*!#&+, -',$!1!# )'(&(%1+)'- +1! -@)!1)(-!0 ,+&D
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 !"! #$%&'(%*+$ ,+-.&/0 ($0 1'*2('3 4 5&+$0('3 ,+- +$0*%*+$5

 !" #$%&'()&*+!, -./1,(&'&* %12+23'!%1

 4" 56)&'(!, /1,(&'&* !"#$% &'(&) xy*+,-.% /!%0 12 345 xj/ln = 0.88 64375 .188,% 9;,!%$%. /!9#-,*!8-<!1. -< =>?@(A'&B 6>?@C%$-,,D -.E +$1F%<%E 1. <;% 9!E%B xy 1$ <1+B xz +,-.%9' 4.  !"#$% &'(A - <;$%%*E!G%.9!1.-, .#G%$!-, 9;,!%$%. !9 "!/%. -.9 -. !91*9#$2-% +,1< E%+!<!." <;%-H1/% +$1F%<%E 2%-<#$%9 !. - (I E1G-!.' >$%/!1#9,D E!9#99%E 64375 $199*J10
CCC



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

 !" #$%&'()&*+!, -./1,(&'&* %12+23'!%1

 4" 56)&'(!, /1,(&'&* !"#$% &'()* xz+,-./% 0!%1 23 456 xj/ln = 0.88 75486 /299-% :<-!%$%/ 0!:#.-+!9.=!2/ .= >?@A(B'&C 7?@AD3%.=#$%: .: =<% #,:=$%.E :%,.$.=!2/C $%!$#-.=!2/C F%G%=!2/ =<$2#"< =<% :<2H./F :<2H !/=%$.=!2/ ./ I% .-:2 !F%/=!J%F 2/ =<% :<-!%$%/ + F%/:!=K "$.F!%/=:J"#$%:' 4<% :%2/F.$K ,-#E% .3=%$ J$:= :%L#%/% ./F M.< F!:HC $%=.!/: . <%E!+
DDN



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

 !"#$% &'()* (+ ,#-%$!/0 120!%$%, 34 52% 678 5%15 ,3990%:0!,;$!/0 12/<% =!52 5$/!0!," 3$ >!;,%: ?3$5!%1 52/5 !,!5!/5!," -!@!," =2!25/>%1 <0/% 3, 52% !,5%$4/%'

 !" yz #$%'# ()*+ ,-' #'.!)!,%*/ ,*0!)1# ,-''2%,  3" 42%, .$!/' *( ,-' 567 /*88$' !"#$% &'(A* 678 xj/ln  !""#$ %!&$#Mach  '%($) *#!+ , & *)$--')$ #$.$# ! +!')#0 $-1 203')$ 45678 )!--9-$+0! *#, $- ,)$ 30.$ :)!% ' ,;$+$& +! +<$ $=0+ )!--9-$+0! >0+< ?,<  '%($) *#!+- , & *)$--')$ #$.$# ! +!')-5 1 -#0$- !: 2039
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 !"! #$%&'(%*+$ ,+-.&/0 ($0 1'*2('3 4 5&+$0('3 ,+- +$0*%*+$5 !"$ %& '$(() *+ ,-$ .""$+, &,./0 &$!+/%"0 1"$&&."$ "%,2!3 SPR = P0j

<26."$ =)>?7 J%(( 1"$&&."$ /2&,"2;.,2!+ %, 2+B$,2!+ &2/$ ! % &055$,"0 1(%+$ !" KLMN>O)= %+/ "%+6$ ! PLM3 (2+$& "$1"$&$+,2+6 +.5$"2%( &25.(%,2!+& %+/&05;!(& $41$"25$+,%( /%,%Q+%(0,2%((0 /$,$"52+$/ &$1%"%,2!+ %+/ 1(%,$%. 1"$&&."$& ;0 ,-$ 5$,-!/ /$A&"2;$/ 2+ P$((%5  ! "#$  !"℄  !" !+2%( +!99($&3 %"$ $:%(.%,$/ %+/ !++$,$/ :2%P-5.R$"  $$℄  $"℄ 1"$&&."$ .":$ E,,2+6) *, %+ ;$ +!,2$/ ,-%, %+%(0,2%((0 /$A,$"52+$/ 1(%,$%. 1"$&&."$ :%(.$ !51(2$& :$"0 '$(( '2,- ,-$ $41$"25$+,%( %+/+.5$"2%( E+/2+6&) S!'$:$"3 ,-$"$ 2& &!5$ &(26-, %;$""%,2!+ ! ,-$ &$1%"%,2!+1"$&&."$ :%(.$& ,-%, %+ ;$ %&&26+$/ ,! ,-$ ;!.+/%"0A(%0$" -%"%,$" ! ,-$ !+A2%( %+/ 8*T +!99($ !+,!."&)Q, ,-$ &055$,"0 1(%+$ +!99($ '%((3 ,-$ $41$"25$+,%( /%,% '%& 1"25%"2(0 %A@.2"$/ :2% C.&- 5!.+,$/ U.(2,$r 1"!;$& '-2- '$"$ (.&,$"$/ ;$,'$$+ ,-$ &$1%"%A,2!+ %+/ 2+B$,2!+ 1!2+,) V.,&2/$ ! ,-$ &055$,"0 1(%+$3 ,-$ /2F$"$+,2%( 1"$&&."$
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 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

 !"#$% &'()* +,-./0!-. 2-..34$%55#$% 6!50$!7#0!8, -0 !,9%0!8, 5!6% 8: - 5/;;%0$/4.-,% :8$ <=>?@A'& -,6 $-,"% 8: B=>* 1− 0.667, 2− 0.833, 3− 1, 4− 1.167;%-5#$%;%,0 C!- B-,!C-.C%r DEF3GGH @G I-,,%. 2-5 !;4.%;%,0%6 8, 0I% @G
0.6mm 6!-;%0%$ 4$%55#$% 0-45' JI% 4$%55#$% 0-45 2%$% 6!50$!7#0%6 -.8," ;%$!63!8,-. 2-.. .!,%5 :8$ 0I% 5%C%$-. %,0$-. -,".%5 [8◦, 17◦, 30◦, 45◦, 60◦, 75◦, 90◦] -,68;7!,%6 2!0I K#.!0%r 4$87%5 8, $!0!-. 5%4-$-0!8, 5%0!8,5' B!;!.-$./ 2!0I 0I%2-.. 5I%-$ 50$%55 6-0- 2% -, 875%$C%L %,.-$"%;%,0 8: -.. 5%0!8,5 !, 5%4-$-0!8,M8,% 2!0I 0I% 5%8,6-$/ !,9%0!8,3$-0% !,$%-5% -5 =NO "8C%$,%6 4.-0%-#34$%55#$%5%0!8, -,6 BNO 68;!,-0%6 4$%55#$% 4%-P' Q, -66!0!8, 08 0I% 4$!,!4-. 4$%55#$%4%-PL 0I% 50$#0#$% -,6 5!M% 8: 0I% 5%8,6-$/ 4%-P -$% -44-$%,0 2I!I !5 -#5%67/ 0I% 5%8,6-$/ !,9%0-,0 !,0%$:%$%,% 2!0I 0I% #450$%-; 5%4-$-0!8, M8,%' RS34%$!;%,05 2%$% 8,6#0%6 :8$ B=>?T)'UUAL )'V@@L WL W'WUA℄ 8,6!0!8,5 -,6 4.800%608"%0I%$ 2!0I 0I% 4$8Y.%5 %C-.#-0%6 :$8; ,#;%$!-. 5!;#.-0!8,5' Q0 -, 7% 8735%$C%6 0I-0 %S4%$!;%,05 -,6 k−ε ,#;%$!-. 0#$7#.%,% ;86%. 4$%6!0%6 C%$/32%..0I% 5%4-$-0!8, 48!,05' Z82%C%$L 0I%$% 2%$% 58;% 8C%$%50!;-0!8, !, 4$%55#$% $!5%-,6 4.-0%-# $%"!8, -,6 #,6%$%50!;-0!8, -0 .82 4$%55#$% 5%";%,05 7%:8$% 0I% 4$%535#$% 4%-P' JI!5 !,6!-0%5 0I-0 5!M% 8: 0I% 50$#0#$%5 !, 0I% 5%4-$-0!8, M8,% ;-/C-$/ 7%02%%, 0I% ,#;%$!-. -,6 %S4%$!;%,0-. 6-0-' JI!5 6!5$%4-,!%5 ;-/ 7%0$-%6 7-P 08 0I% %S4%$!;%,0-. -,6 ,#;%$!-. #,%$0-!,0!%5' JI% Y$50 8,% -,7% !6%,0!Y%6 !, 0I% :-0 0I-0 K#.!0%r 4$87%5 2%$% [#5I ;8#,0%6 08 0I% ,8MM.%2-..' JI%$%:8$%L 1.72mm 6!-;%0%$ [-0 I%-6 ;-/ I-C% - 6!50#$7-,% %\%0 8, 0I%78#,6-$/ .-/%$ -,6 0I% 5%4-$-0%6 [82' B%8,6./L 0I% !,,%$ 4$%55#$% 4$87%5 2%$%
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±1.49kPa) 4'+' 4&# #%+!! &$1%&8!$5 6'$ $@;1$(+0$)%&! A,!+%$ 1("8$# *&%& &($ %',# 1($#$)%$* 4+%' "(($#1")*+)2 $(("( 8&(#5B+)&!!. #"0$ "/ %'$ *+#($1&)+$# &($ &!#" *,$ %" %'$ &11!+$* ),0$(+&! 0"*$!3&)* :)"4) !+0+%&%+")# "/ %'$ ,#$* k − ε 0"*$! +) $#%+0&%+)2 %'$ ($*+8!$ #+C$#3+)#+*$ %'$ #,1$(#")+ #$1&(&%$* 8",)*&(.;!&.$(#5

B+2,($ >5DEF G&!! 1($##,($ *+#%(+8,%+") &% 0$(+*+")&! 1"#+%+")# &(",)* )"CC!$ &@+#&%F 1−0◦; 2−8◦; 3−17◦; 4−30◦; 5−45◦; 6−60◦; 7−75◦and 8−90◦5 /"( HIJKLM5>&)* NIJKEO !+)$# ($1($#$)%+)2 ),0$(+&! #+0,!&%+")# &)* #+2)# $@1$(+0$)%&! *&%& !""#" $%"& ' ()*+,!&- ,"+%./*!& ' 0%.+2%*2! 3"!&&)"! ,%3&46'$ #0&!! 1($##,($ %&1# *+#%(+8,%$* &!")2 %'$ 0$(+*+")&! !+)$# 4$($ 1!&$* /("0%'$ 8"%' #+*$# "/ %'$ #.00$%(. 1!&)$ +) "(*$( %" 1($-$)% #+2)+P&)% &#.00$%(+$#5Q# 0%.+2%*2! *&%& 4$($ #.)'(")",#!. ($"(*$* &!")2 4+%' %'$ ()*+,! 1($##,($*&%& &% 500Hz &9,+#+%+") (&%$3 %'$ E<> *&%& ',):# 4$($ &-$(&2$* ") $-$(. 0.25s56'$ *+7$($)%+&! *&%& 4&# "!!$%$* &!")2 4+%' %'$ ($/$($)% R&08+$)%S 1($##,($ &)*4$($ -$(. 4$!! P%%$* 4+%' #"0$ #0&!!$( "#+!!&%+")#5 T$/"($ &11!.+)2 &(+%'0$%+0$&) &)* 0"*$ &-$(&2+)2 /,)%+")# *&%& 4&# P!%$($* /"( 0+##;0$&#,($* 1"+)%#5
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 !"#$% &'()* +,-- .$%//#$% 0!/1$!2#1!34 ,1 5%$!0!34,- .3/!1!34/ ,$3#40 4366-% ,7!/,1* 1−0◦; 2−8◦; 3−17◦; 4−30◦; 5−45◦; 6−60◦; 7−75◦and 8−90◦r
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 !"! #$%&'(%*+$ ,+-.&/0 ($0 1'*2('3 4 5&+$0('3 ,+- +$0*%*+$5 ! "#$ %$&'(" )*+!"& *, "#$ &-..$"%+0((- )(0$1 )%$&&'%$ "0)&2 ($," 0!1 %+3#",%*. "#$ &-..$"%- )(0!$ 0" xj/ln = 0.72 4$%- &(+3#" 1+5$%$!$ *, 0))%*6+.0"$(-
∼ 0.9kPa +& 1$"$"$1 +! 7*"# 89: "$&" 0&$&; <#+& .0- 7$ $6)(0+!$1 7- 0 4$%-&.0(( .+&0(+3!.$!" *, "#$ +!=$"+*! )*%" #*($ 0!1 "#$ !*>>($ ?0(( ?#+# 0(&* 0!7$ *7&$%4$1 +! "#$ &#(+$%$! )#*"*3%0)# +! @+3'%$ A;BAC0D 0!1 +! "#$ (0"$%0( ,*%$*.)*!$!" .$0&'%$.$!"& C∆Fz ≃ 0.85D; <#$ ,*%$& 0"+!3 ')*! "#$ !*>>($ 0%$!*%.0((- .$0&'%$1 0" &"0"+ *!1+"+*!& ?+"#*'" "#$ E*?2 "#$! ?+"# *!(- )%+!+)0(E*? 0!1 *! "#$ $!1 ?+"# &$*!10%- +!=$"+*!; <#$ ,*%$ 10"0 ?0& 0F'+%$1 &-!G#%*!*'&(- ?+"# "#$ H'(+"$& )%$&&'%$ )%*7$ ?+"# 8000Hz &0.)($ %0"$ 0!1 "#$!04$%03$1 *! IJJJ &0.)($& 10"0 #'!K&; <#$ &+1$ 0!1 (0"$%0( ,*%$ *.)*!$!"&20%$ ,*'!1 0& 0 1+5$%$!$ 7$"?$$! .$0&'%$.$!"& ?+"# +!=$"+*! 0!1 .$0&'%$.$!"&?+"#*'" +!=$"+*!2 ∆Fy = Fyj − Fy0 ?#+($ "#$ 06+0( ,*%$ +& ,*'!1 0& 0 1+5$%$!$7$"?$$! "#$ E*? *!1+"+*!& 0!1 "#$ &"0"+ *!1+"+*!& +! 0 )'.) 40''.$1 ?+!1G"'!!$( "$&" &$"+*!2 ∆Fx = Fx0 − Fst; L& 0 0'&$ *, !*" #$0"$1 )%+.0%- 0!1&$*!10%- E*? "#$ "$.)$%0"'%$ ?0& *!&"0!"(- 1$0-+!3 1'%+!3 "#$ "$&"&;  " ?0&%0!3+!3 ,%*. 274K 0" 7$3+!!+!3 "* 241K 0" "#$ $!1 *, "#$ $6)$%+.$!"; <#$#0!3$ *, "$.)$%0"'%$ 1+%$"(- +.)0"& "#$ 0!0(->$1 .0&&GE*?G%0"$2 "#$%$,*%$2"#$ 04$%03$ )*+!" 10"0 0%$ 3+4$! "*3$"#$% ?+"# *%%$&)*!1+!3 "$.)$%0"'%$ 04G$%03$1 *! "#$ &0.$ &0.)($ 10"0 #'!K&;  ! "#$ %+"+0(2 &$*!10%- +!=$"+*!2.$0&'%+!3 %$3+*! "$.)$%0"'%$ ?0& +! "#$ %0!3$ 260K ∼ 248K "#'&2 T0 = 255K?0& &$($"$1 ,*% "#$ %$,$%$!" *!$ 0!1 +.)*&$1 +! !'.$%+0( &+.'(0"+*!&; <#$ $6G)$%+.$!"0((- 0!1 !'.$%+0((- *(($"$1 ,*%$ 10"0 0%$ "07'(0"$1 "*3$"#$% ?+"# "#$E*? *!1+"+*!& +! <07($& A;M 0!1 A;NJ;<07($ A;MO P6)$%+.$!"0( E*? *!1+"+*!& 0!1 ,*%$& 10"0

SPR = Pj0/P0 T0, [K]
∑
Fy, [N ]

∑
Fx, [N ] ∆Fz , [N ] δ, [◦]

SPR = 0.5 252 7.49 NBA GJ;BI B;NQ
SPR = 0.667 249.9 10.8 NBR;M GJ;IM R;AQ
SPR = 0.833 252.4 12.37 NBS;JS GJ;I A;IJ
SPR = 1.00 257.6 16.17 NBS;N J;JQ S;TQ
SPR = 1.167 263.74 18.9 NBT;T J;BN T;QI
∗NPR = 37.5, Tj0 ≈ 283 ∼ 279K, T0 = 270K,F0 = 135.84N

NNM



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"#$ %&'() *+,$-.!# 012 134.5.136 !34 71-$6 4!5!
SPR = Pj0/P0 ṁj/ṁ0 Fjy, N Fwy, N

∑
Fy, N

∑
Fx, N δ,◦

SPR = 0.1 0.008 0.672 1.202 '&898 ':;&<88 (&8'
SPR = 0.333 0.025 2.936 3.15 =&(8= ':;&=89 <&%8
SPR = 0.5 0.038 4.57 4 8&%> ':%&(<8 :&=:
SPR = 0.667 0.051 6.158 5.031 ''&'89 ':%&=' ;&>'=
SPR = 0.833 0.063 7.755 6.033 ':&>88 ':%&9(= %&8
SPR = 1.00 0.076 9.341 7.134 '=&;>% ':=&<' =&89
SPR = 1.167 0.089 10.976 8.17 '9&';= ':=&;> >&98=
SPR = 1.333 0.102 12.577 9.173 <'&>% ':=&>;% 9&(:>
SPR = 1.667 0.127 15.792 11.116 <=&9(8 ':>&:<; ''&(8
∗NPR = 37.5, T0 = 255K, Tj0 = 280K, ṁ0 = 236.2g/s, F0 = 134.05N

 ?$ !@-$$,$35 "$52$$3 5?$ $AB$-.,$35!# !34 5?$ 3+,$-.!# 71-$ ,$!6+-$C,$356 .6 $A$##$35& D12$E$-F 5?$-$ !-$ 61,$ E$-G 6#.@?5 ?!3@$6 13 +BB$- !34#12$- $346 17 5$656 "+5 5?$G !-$ 3$@#.@."#$ !6 2$## 5?$ !"$--!5.136 .3 #!5$-!#F Fz
CAF @1$6 +B 2.5? 5?$ HMN .3-$!6$F !6 .5 .6 !+6$4 "G 5?$ 3!5+-!# -$!5.13 71-$.3-$!6$ 71- 5?$ ?.@?$- .3L$5.13& D12$E$-F "G ,+#5.B#G.3@ 5?$ 71-$ 1$O.$3562.5? 5?$ @#1"!# ,!66C012C-!5.1 !34 5?$3 136.4$-.3@ 5?$ E!#+$6 61-5$4 !6 5?$ 6B$C.K .,B+#6$ 1$O.$35F CAI F 13$ !3 4$4+$ ! 1365!35 4$!G 17 5?$ B$-71-,!3$.3 5$-,6 17 !?.$E$4 71-$6 E$-6+6 7+$# 136+,B5.13&  ?$ 6$#$5$4 !3!#G5.!# ,14C$#6 2?.? 2$-$ 4$6.@3$4 71- 13.!# 31PP#$ 2$-$ $A5-!B1#!5$4 51  JQ 31PP#$ -$6+#56!34 5?$.- B-$4.5.13 K56 E$-G 2$## 2.5? 5?$ 5$65 -$6+#56 #!G.3@ "$52$$3 H?.##.3@  !"℄!34 R-$$3  !$℄ -.5$-.13 !#+#!5.136&

'<(



 !"! #$%&'(%*+$ ,+-.&/0 ($0 1'*2('3 4 5&+$0('3 ,+- +$0*%*+$5 !"#$ %&''( )$*+,*-!.$ ,$01$.23
SPR = Pj0/P0 CAV CAF CAI

SPR = 0.1 1.0125 1.002 4&556
SPR = 0.333 1.015 1.005 4&57'
SPR = 0.5 0.955 1.009 4&589
SPR = 0.667 0.925 1.014 4&5:%
SPR = 0.833 0.921 1.018 4&5%7
SPR = 1.00 0.904 1.024 4&5%9
SPR = 1.167 0.897 1.027 4&56;
SPR = 1.333 0.885 1.032 4&5;:
SPR = 1.667 0.872 1.043 4&59%

<1=>*$ %&6;( ?$2,*1.= @12A !.=#$ B$*3>3 -!33CD,EC*!2$ *!21, ,"2!1.$F +*,-.>-$*1!# !.F $G@$*1-$.2!# *$3>#23 !.F +*,- 3$#$2$F !.!#H21!# -,F$#3(
1−I*$$.  !"℄J 2−KA->L$*  $%℄J 3−KA1##1.=  !&℄<>*2A$* F$*$!3$ ,+ 2A$ 3$,.F!*H 1.M$2!.2 -!33CD,EC*!2$ E!3 31->#!2$F .>C-$*1!##H !3 2A$ +,*$ ,-@,.$.23 E$*$ "$#,E 2A$ -$!3>*1.= $N>1@-$.2 *!.=$& A$ F!2! @*$3$.2$F 1.  !"#$ %&'4 !.F %&'' !.F 1. <1=>*$ %&66J F$@123 A!*!C2$*1321 O,.$3 EA1A !. "$ 1F$.21P$F 1. 2A$ B$2,*1.= @$*+,*-!.$ ,$01$.2J
CAV & <*,- *1=A2 2, #$+2J P*32 1F$.21P$F O,.$ 13 2A$ .>-$*1!##H !.F $G@$*1-$.C2!##H !.!#HO$F O,.$ !2 EA1A CAV 3-,,2A#H !.F !#-,32 #1.$!*#H 1.*$!3$ E12A 2A$F$*$!3$ ,+ 2A$ 3$,.F!*H 1.M$2!.2 D,E *!2$& Q. 2A13 O,.$J 2A$ .!2>*!# *$!21B$+,*$ ,+ 2A$ 1.M$2!.2 1. y−F1*$21,. 13 3,-$EA!2 A1=A$* 2A!. 2A$ 1.2$*!21,. ,*

'9'



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

 !"#$% &'(() *%,-$!." /.0 12%!3 !42#51% /425!3/,!-. 6/,-$ 71 4/1189-:8$/,%$/,!-
y−0!$%,!-. :/55 -42-.%., -6 ,;% 1!0% 6-$% /.0 15-:5< 0%/<1 :!,; ,;% !.=%,/.,$/,% 0%$%/1% ,- ,;% 1<44%,$!/5 7/5#%1' >;% ?/5/.%0 6-$% -42-.%., 7/5#%1/$% $%/;%0 6-$ ,;% 4/1189-: $/,!-1 ?!, #.0%$ fm < 0.05' @6,%$ ,;!1 7/5#% A-.%B!.,%$/,!-. 6-$% -42-.%., !1 0-4!./., /.0 $!1%1 :!,; ,;% 1%-.0/$< !.=%,/.,$/,% 0%/<' >;% 4/C!4#4 !. CAV !1 $%/;%0 /$-#.0 fm = 2.8% /6,%$ :;!; ,;%?/D 2$%11#$% /,!." -. / 1%-.0/$< !.=%,/., !1 ,-- 1,$-." /.0 ,;% 2%$6-$4/.%0%/<1 ,- A%$-' >/?5% &'EF) G;/$/,%$!1,! 0!1,/.%1G/1% fm =

ṁj

ṁ0
δBLBH44℄ hj H44℄ x∗sep/dj x∗p/dj

SPR = 0.667 0.051 1.695 4.114 8F'(( 8E'J(
SPR = 0.833 0.063 1.695 5.038 8F'&K 8F'LJ
SPR = 1.00 0.076 1.695 5.514 8F'MF 8F'FN
SPR = 1.167 0.089 1.695 5.983 8F'OK 8F'K&
SPR = 1.333 0.102 1.695 6.475 8F'JK 8F'((
SPR = 1.667 0.127 1.695 7.456 8K'E& 8F'NK
∗NPR = 37.5, SPR = 1, fm = 0.076, δBL = 1.695mm>;% 2%.%,$/,!-. ;%!";, /.0 1%2/$/,!-. 0!1,/.% 7/5#%1 !. >/?5% &'EFB /1 %C82%,%0B /$% !. 0!$%, $%5/,!-. :!,; ,;% 9-: $/,%1 $/,!-' @"/!.B :% /. -?1%$7%

EFF



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

 !"#$% &'(&) *+,-.!/%,0!+,12!3%. !,4%61,6 /17 .!08 7%!"76 9!67 $%216%. /100-:+9-$16%01 ;#10!-2!,%1$ <%71=!+$ >$+/ 67% 7!"7 fm 6+ 67% =12#%0 2+0% 6+ 67% fm ≃ 6.2%1>6%$ 97!7 #$=% 71,"%0 !60 02+?% 6+91$.0 67% >+$% +/?+,%,6 %;#12!316!+, 16
fm ≃ 4.9%'@, 67% ?$%0%,6%. 0#<0%6!+,A SPR +$ /100-:+9-$16% $16!+ .%/+,06$16%.A 67$+#"7-+#6 %B?%$!/%,60 1,. ,#/%$!12 0!/#216!+,0A 0#<061,6!12 %C%6 +, 67% =%6+$!,"1,. ,+332% ?%$>+$/1,%0 >+$ 67% DB%. .$E 1!$ "10 0?%!% 1,. 1.1?6%. NPR' F7%0%+,.1$E !,4%6!+, 1$%1 910 /1!,61!,%. +,061,6A 97!2% 67% fm =1$!16!+, 91017!%=%. <E 126%$!," 67% 0%+,.1$E 6+612 ?$%00#$%' G+9%=%$A !6 !0 .%.#%. 6716 >+$0/122%$ !,4%6+$ 0#$>1% 1,. 7!"7%$ ?$%00#$%A ?%,%6$16!+, !0 .%%?%$ 97!7 2%1.0 6+67% >1$67%$ #?06$%1/ 0%?1$16!+, ?+!,6 1,. 7!"7%$ 1/?2!D16!+, >16+$'F7% ?$%0%,6%. $%0#260 71=% !,.!16%. 2+00%0 !, "2+<12 ,+332% 0?%!D !/?#20% <%-69%%, 2% 1,. 5% >+$ /+.%$16% /100 :+9 $16!+0 fmfm 1$% +<61!,%. +/?1$!," 6+ 67% :+90 9!67 !.%,6!12 6+612

HLM



λpsep,-*+ +,-( >-  1! &$$!- !;#!$+"!- %. -,88.!5 B+:&$! I(JK %-* I(JL5 ',"! -, +!2%?.! MN  1+=!-+-: ?!:+-' % NPR ≈ 30 41+.!  1! +-+ +%. '!#%$% +,- ,&$' % 
NPR ≈

PQJ



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

 !" NPR = 20 #$%&'(!* +,*(&'&-  ." NPR = 20 /01&'(%&-2!* 34+,*(&'&-

 " NPR = 15 #$%&'(!* +,*(&'&-  5" NPR = 15 /01&'(%&-2!* 34+,*(&'&-

 &" NPR = 10 #$%&'(!* +,*(&'&- 6(2,7-27$'+  8" NPR = 10.4 /01&'(%&-2!* 34+,*(&'&- !"#$% &'()* +#,%$!./ .01 %23%$!,%04./ 56/!%$%0 367475 87$ 9:;<= .01 5%$!%578 7>%$%23.05!70 NPR5 =?&



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3(

 !" NPR = 37.5  #" NPR = 30

 " NPR = 20  %" NPR = 15

 &" NPR = 10  '" NPR = 7.5 !"#$% &'()* +,. /#01%$ 2345 ,/6 2$%77#$% 75$%,0 4/54#$7 84$ 9:;<= ,/67%$!%7 48 4>%$%?2,/7!4/ NPR7 =@A



δ (,!&1.&.5


NPR = 20 (, .%*(&!&, >(-/!&. ?5@HB1C 1,2 B=C 1,2 (, ",$"/! 4*"$ (, >(-7/!& ?5@ABC) ($ 1, =& "=.&!8&2 $%1$ +(,2+1!2 .%"U ./! 1& " $%& .&",21!3"#4!&..(", .&Z/&,& " 1 .&",21!3 4*/#& 41..&. $%& (,$&! 1&)  "!#&2 =&$+&&,

RFA




• NPR = 20 D ;0)&4D,"60/), E14*$, F)! +4&(G &!$(D&!$( 4* ",) 4$* :$,1&#" %""*  !" ,46! D,0**4*6 #$% &!$( %)9" )*+ /": D,0**4*6 &".),) 4$*%)9"7 H$ ! &!$( %)9"& )," ,":,) "+  !,$06!  !4& 4* ",&" 4$* )*+ &/4./4*" :$,1& #" %""*  !" ,"64$*& #"!4*+ ) &!$(7
• NPR = 15 D F)! +4&( &/46! /- 6,$%& /")+4*6  $  !" .,$14*"*" $: F)!,"3" 4$* .!"*$1"*$*
•≈

=QR



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

n

p
/P

0

NPR=30
NPR=20
NPR=15
NPR=10
NPR=7.5

J

 !"#$% &'()* +,--./$%00#$% /$12-%0 31$ 1506,56 789:; ,5< 0%$!%0 13 1=%$%>/,5.0!15 NPR0 13 ?@A.!'xj/ln≈ 8' QE0%$=!5" 6F% 31$% 1G/1.5%560 <,6,C !6 ,5 E% 516!%< 6F,6 5,6#$,- $%,6!=% 31$% 13 6F% 0%15<,$D !5L%6!15
;R)



 ! "#$%&#' ()&#&(*+#$,*$(, -. &/$,'%%+*#$( 0-112+ ,$*3( !"#$ %&'() *+,$-.!# 012 134.5.136 !34 71-$6 4!5!
NPR = P0/pa Fjy, N Fwy, N

∑
Fy, N

∑
Fx, N δ,◦ Fx08 *

NPR = 37.5 9.368 7.169 16.537 '(9&:' 9&;: '(<&=%
NPR = 30 9.368 7.19 16.558 '(:&>9 ?&'= '(=&?(
NPR = 20 9.361 7.20 16.561 ':<&9= ?&%? '::&<'
NPR = 15 9.207 7.378 16.585 ''9&9? >&=> ''<&''
NPR = 10 8.814 1.34 10.154 '=:&=< %&9> ;?&%
NPR = 7.5 2.67 −3.414 −0.744 ;'&( @=&<? >'&=?
∗SPR = 1, T0 = 255K, Tj0 = 280K, ṁ0 = 236.2g/s, fm = 0.076 !"#$ %&'<) ABC$-.,$35!# 012 134.5.136 !34 71-$6 4!5!

NPR = P0/pa
∑
Fy, N

∑
Fx, N δ,◦

NPR = 37.5 16.17 '(9&' 9&?>
NPR = 30 15.98 '(:& 9&;
NPR = 20 16.1 ':(&; ?&<
NPR = 15 16.4 ''=&< >&<%
∗SPR = 1, ṁ0 = 236g/s, fm = 0.076 !"#$ %&'%) D$-71-,!3$ 1$E.$356

NPR = P0/pa CAV CAF CAI hj , mm

NPR = 37.5 0.909 '&=:( =&;%' %&%'<
NPR = 30 0.934 '&=:< =&;%: %&%'<
NPR = 20 0.996 '&=:% =&;%( %&%'<
NPR = 15 1.063 '&=(( =&;9 %&%'<
NPR = 10 0.747 '&=%' =&;?? %&%'<
NPR = 7.5 −0.06 '&':' '&=<: %&%'<

-$,!.36 5F$ 6!,$ +35.# 5F$ $B5$-.1- 012 .,C16$6 F.GF$- C-$66+-$ !5 5F$ .3H$5.13C1-5 31II#$ 6$5.13& J.5F .3-$!6$4 C-$66+-$ !5 5F$ .3H$5.13 C1-5 3!5+-!# -$!5.K$71-$ 65!-56 51 4$-$!6$ G-!4+!##L +35.# 5F$ M!F 4.6N 1+--$3$ !5 5F$ .3H$5.13
'(=



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

 !" δ#   !"#$ %#&#% '( ")*#%!, $!*) ,'!("$ ,"-$!."$ '( #/0#%!*#"'$"  $" %&()*+,- !,. /0&+1 +2034/& !204+1!5(+), )&6+&,(/ !"#$% &'&() *%$+,$-./% 1.2. 34,22%1 5%$6#6 NPR +,$ 789:!'xj/ln = 0.882 /,;:;4%< SPR = 1

hj
PQP



xj/ln = 0.9 '!4 "#) $!-)"$.! '" xj/ln = 0.7 #'% B))! ,'4)? :#) $!-)"$.!'%) '" xj/ln
KLG



 !"$%&'!" ()*+(,& !"#$%&'&( $!% )"*& $#%+,  -$'"& /"&%0 12 34+'&( $!% '&5%$"# 4" %# $" $!%&"//4% %6'$78& 9%$'"& :7;0 )% '(& 3+#+,%$%# "< $!% 3#',+#2 &"//4% + $!% %63+& '"& #+=$'" +&) $!% &"//4% $23% +#% '&>% $'(+$%) *'$! "##% 3"&)'&( $#+& >%# % '&5%$'"&79!"? 3"4+# +&)  !"?=)%@%$'"& AB +&+42 ' 2'%4)%) 3#',+#2 +  -,3$'"& "< $!%@"* )%@%$'"& 3#"(#%  >%# - 3#',+#2 ,",%&$-, '&#%+ %7 C+ ' '&>' ')  ',-=4+$'"& +#% "&)-$%) "& $!% 3#%>'"- "&'+4 &"//4% ,")%4 +&) %4"&(+$%) ,")%4"##% 3"&)'&( $" Mexit = 57 D!' 3#',+#2 +&+42 ' ' <-#$!%# %&!+&%) 12 >' ="- &-,%#'+4 '&>% $'(+$'"& "< $*"0 Mach ; +&) Machfm !+ + ,+5"# %E%$ "& $!% ,+'& @"* )%@%$'"& +&) $!% (4"1+4  ')%<"#%7 8&#%+ % "<  %"&)+#2 '&5%$+&$ @"* #+$% 4'&%+#42 +-(,%&$ $!% >%$"# 3'$!+&(4%7 H"*%>%#0 '$ 3%#<"#,+&% '& #%4+$'"& $" <-%4 "& -,3$'"& +#% "& $+&$42)%#%+ '&(7 F& $!% 4"*%# %&)0 + 1#%+?)"*& 3"'&$ ' <"-&) +#"-&) SPR ∼ 0.3+<$%# *!'! $!% 1+? 3#%  -#% +$'&( "& $!%  %"&)+#2 '&5%$'"& 3"#$ ',3+$ $!%
A;;



fm = 0.076-, -)  $))-96! ,$ &0-!1!  !",-'!', 1!,$" )-/! #$"! &'/ 1!,$"-'5 &% 6-@&,-$')"&'5-'5 &"$.'/ CAV ≈ 1*

DEF



 !"#$%& '(&)#%&$*%+ ), #-%./"$* "$."$)&-)112% "-3 +%)-3"&4 *-5%$*)-$4#%+


EF/





A,/)+# B89C D#5(,.,%( %3 .6# "&%. %(.%)+ %( .6# 0,-#+/#(. "#.,%( %3 .6# @EF(%22&#D,*#(",%(" %3 ! "&%. "6!1#0 "%(, ,(4#.,%( 1%+. %( .6# 0,-#+/#(. (%22&# <!&&"#.,%( !( 7# 0#5(#0 7' .+!,(/ .6# ,+)&!+ !+ !+%)(0 "%1# %3 ! 0,-#+/#(.<!&& 3+%* .6# #(.#+ 1&!#0 !. .6# ,(4#.,%( 1%,(. 1+%4#.,%( %( .6# (%22&# !G,"8  !"# !$ %&# '(#)#*%#+ ,!(- .) /+/'%#+ .*0 !"#$%&'"  ! "#$  !"℄) %$ %&'()#*+', %-.*$  **+,*-. /*0123
 !"



 !"! #$&'()*+ '&,,-$ .$&/$0*+ ! "#$%& "#' ()*+', %$-' ). "#' %()" $% -'/*'- 0% "#' 0, )2', '*",0( 0*+(' θ 0*-,0-$3% RCj ). 4,$50,! *)66(' ,)%%7%'"$)* 0" "#' $*8'"$)* 4)$*"9 :#' ,'"0*+3(0,"#,)0" ;$"# $-'*"$0( 0,'0 0% "#' $,3(0, )*' 0* <' -'/*'- "#'* <! "#' #),- )."#' '*",0( 0, 0*- "#' +$2'* 0,'09
a = 2 ∗ πRCj(

θ

360
), aj = 2RCj sin(

θ

2
), bj = Aj/aj =>9?@A" 0* <' ),,'"(! 0%%35'- "#0" ;$"# 0* $*,'0%' ). "#' θ '*",0( 0*+(' 0*-

B$+3,' >9CD E"0"$ 4,'%%3,' -$%",$<3"$)*% .), EA:FG %()" )*/+3,0"$)*% 0" NPR =
8.26 0*- SPR = 1 .)3*- $* H$*+ 0*- I$3($0*)  !"℄"#' ;$-"# ). "#' %()"& "#' (0"',0( %'40,0"$)* ;$(( $*,'0%'9 H$*+ 0*- I$3($0*)  !"℄)*-3"'- 'J4',$5'*"% ;$"# 0-83%"0<(' θ )*/+3,0"$)* )*$0( *)66('9 A" ;0%.)3*- "#0" #$+#'%" 4,'%%3,' ,$%' $*%$-' "#' %'40,0"$)* ,'+$)* $% )<"0$*'- .), %()"%34 ") θ = 30◦9 H$"# %()"% 0" (0,+',& θ > 90◦& %3<705<$'*" 4,'%%3,' -)5$*0"'-"#' %$-' %'40,0"$)* ,'+$)* $* )540,' ;$"# "#' '*",0( 34%",'05 %'40,0"$)*9 :#$%,'%3("'- $* %)5';#0" ,'34',0"'- 4,$50,! *)66(' "#,3%" -3' ") 4,'%%3,' ,'($'.5'#0*$%5 0*- "#','.),' ;'0K', <); %#)K <3" "#' 2'"),$*+ 4',.),50*'% ;',','(0"$2'(! ();',9 L);'2',& $* H$*+ 0*- I$3($0*)  !"℄ ;),K "'%"'- )*$0( *)676('% ;',' ,'4),"'-(! ")) %#)," 0*- ;$"# $*8'"$)* 4),"% ")) ()%' ") "#' *)66('

?MN



 ! "#$%$"&'%()&(") *+ )'"*,-$%. (,/'"&(*, $"&0$&*% ,*112' !"#$ % &#'()*+")',  !+ +-.+")/+' ( .+"0#"/+* 12 3)', $ 4565 7$',8+2 $'* !+ ( "9 9"$8 8)/) $ )#'( #0 $  2.)$8 8$9'!+" 9(+* "#;+ '#<<8+ $ !),!+" 4=>$'* +-.$'()#' #'*) )#'(?  !+ (8# #'@,9"$ )#' A) ! +' "$8 $',8+ θ = 30◦ A$((+8+ +* )'  !+ "+.#" +* +-.+")/+' (%

θ = 30◦ 01-) 0%&2*3 0*-.3&'4 +.56*)+-. &0*G') )$882 *+(),'+* (!$". "+ $',98$" )'J+ )#' .#" ,+#/+ "2 )' B),9"+ C%PR1S?/$')0+( ( (#/+  2.)$8 +F+ ( +'#9' +"+* 0#"  !+ (!$". $'* 189' ( "9 9"+( )' $
KDT



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

 !" #$%&'(()*+% %+-.!+ %/01*)%2/  3" 45!+6 +*)!/7-.!+ &.2) %/01*)%2/  " 82-/9*9 +*)!/7-.!+ &.2)%/1*)%2/ !"#$% &'() *+,,-.$%//#$% .,01/ 20$ 3!4%$%51 !56%1!05 .0$1 "%08%1$!%/ 02 9:;<=;:= 50>>,% +1 fm = 0.08, SPR = 1, NPR = 37.5 053!1!05//#.%$/05! ?0@' A+8%,BC 1D% ?0@ .+11%$5 /!"5!E+51,B 3%F!+1%/ 2$08 1D% #5!20$83!/1$!G#1!05 %/.%!+,,B 5%+$ 1D% /D+$. +5",% 0$5%$/ @D%$% 3%1+D8%51 !/ .$%/%51'H1 1D% 0#1%$ /D%,, +$0#53 1D% .0$1C /1$%// 05%51$+1!05 05 1D% $%1+5"#,+$ %3"%/+53 0$5%$/ !/ 3%.!1%3 @D!,% 1D% .$%//#$% .%+I +53 9J< +..%+$/ @%+I%5%3';D% $0#53!5" 02 /D+$. %3"%/ /8001D/ 1D% !51%$2+% G%1@%%5 1D% /,01 +53 /%.-+$+1!05 >05% +53 $%,!%F%/ 1D% .$%//#$% /1$%// !8.0/%3 05 1D% /,01 %3"%/ @D!D$%/#,1/ !5 + ,+$"%$ D0$/%/D0% $%"!05'  !"#$% &'K 3%.!1/ 1D% /%.+$+1!05 ,!5% 05 1D%

 !" 4.2) &5!6*9 %/1*)%2/ 62+)  3" #$%&'((*)+% %+-.!+ %/1*)%2/ 62+) !"#$% &'K) *+,,-.$%//#$% .,01/ @!1D /%.+$+1!05 ,!5% 02 9:;<= ;:= 50>>,% +1
fm = 0.08, SPR = 1, NPR = 37.5 053!1!05/

LMN
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 !"#$% &'&( )*++,-$%..#$% -$/0+%. 1/$ .+/2 *34 !$#+*$ 6789: 3/;;+% *2 NPR =
37.5, fmθ = 30◦ .+/2 *.%. .%-*$*2!/3 -/!32 I/C%. #-.2$%*I 1/$ 15.5% *22>% x/ln

HKO



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

 !" #$%&'(!* +,*(&'&- (- +.%%&/'. 0*!-&  1" 23+,*(&'&- 0,4/45'!0, !"#$% &'() *,-!%$%. /,010"$2/,3 04 *5678 658 .099-% :!1, 3-01 3,2/%; /0$1 21
fm = 0.08, SPR = 1, NPR = 37.5 0.;!1!0.3

 !" #$%&'(!* +,*(&'&- (- xz 0*!-&  1" 23+,*(&'&- 0,4/45'!0, !"#$% &'<) 60/ =!%: 3,-!%$%. /,010"$2/,3 04 *5678 658 .099-% :!1, 3-01 3,2/%;/0$1 21 fm = 0.08, SPR = 1, NPR = 37.5 0.;!1!0.3>!#-!2.0  !"℄' 6,% %?/%$!@%.12- 10/ =!%: 3,-!%$%. 0$$%3/0.;%; :%-- ;0:.31$%2@!. %?1%$!0$ ;0@2!.A ,0:%=%$A 1,% %?!1 04 1,% .099-% :23 0B3#$%; BC 1,% 3%0.;2$C3%11-!." ,2@B%$'D2, .#@B%$ !30E3#$42%3 "!=%. !.  !"#$% &'F 0@/-%@%.1%; =%$C :%-- 1,%:2--E/$%33#$% /-01 2.; ;%-!.%21%; 1,% *G7 ,0$3%3,0% =0$1%? $%"!0.' 5. "$%%. 3#E
HIH
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 !"#$% &'() *+,,-.$%//#$% .,01 2!13 4+3 6#78%$ !/0-/#$9+%/ 90$ /,01 :;<=>60??,% +1 NPR = 37.5, fm
ERS



 !"! #$&'()*+ '&,,-$ .$&/$0*+ ! "#$%&'r () *'+ %,+%-' &.' , //$' 01$$ %,+&'1-  ! 2#+. 3 #,&%,45 6, &.' 1+' ! ( 8'& 3 #,&%,49 &.' () *'+ 0')' 3'1+#)%,4 &.' +&1&% 01$$  ,-%&% ,+ *#&&.': 0')' $'++ %,&)#+%;' & &.' 1,1$:/'- , //$' 2 05 <.' "#$%&'r ()'++#)' () *'+

=%4#)' >5?@A B')%-%1,+  ! <6CD+$ & , //$' 1& 0.%. &.' 'E(')%3',&1$ 1,- ,#3')D%1$ -1&1 01+ () *'-1,- ()'++#)' &1(+  ,,'&'- & F1,%;1$;'r GHCIIJ +1,,') 0')' + )&'- 1$ ,4&.' , //$' 3')%-%1,+ 1& 0◦, 15◦, 20◦, 30◦, 36◦, 50◦, 60◦, 65◦ 1,- 90◦9 %$$#+&)1&'- %,=%4#)' >5?@5 <.' )10 ()'++#)' -1&1 01+ 'E13%,'- ! ) &.' %,+&1,&1,' #+ ;1$#'+1,- 1+ 1;')14'- 1& ';'): 0.25s  )  , I@@@ -1&1 .#,8+5 K,1$ 4#' & &.' ()';% #+1+'+9 'E(')%3',&1$ 1,- ,#3')%1$$: ';1$#1&'- ()'++#)' -1&1 %+ ()'+',&'- ! ) '1.3')%-%1,5 <.'+' )'+#$&+ 1)' &.', #+' & -'L,' +'(1)1&% , / ,' 1,- .1)1&')%+&%)'4% , %,+%-' %& 1,- & ;')%!: &.' 'E(')%3',&1$D,#3')%1$ 1(() 1.5 J:(1++%,4  !&.' -'&1.'- * #,-1):D$1:') 2 0 1) #,- &.' %,M'& ) ( )& 1,- 4)1-#1$$: $1)4')%,)'3',&1$ +&'(+  ! +'(1)1&% , ( %,& - 0,+&)'13 -%+($1'3',& 1)' , &'- 0%&.&.' 3')%-%1,+ $1)4') &.1, 36◦5 6& 1, *' 1$+  *+');'- &.1& +'(1)1&% , 1& &.'+:33'&): $ ,4%&#-' ) ++ +'&% , 1(('1)+  ,+%-')1*$: !#)&.') #(+&)'13 &.1, ! )&.' %)#$1) +.1('- +' ,-1): %,M'&% , ( )&5 <.' 'E(')%3',&1$ -1&1  $$'&'-!) 3 &.' ( 8'& 3 #,&'-  !"#$% () *'+ 0')' 3 )' *1$1,'- 0%&. 1 +31$$') +&1,D
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Experimental data
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 !"#$% &'(() *+,%$!-%./01 0.2 .#-%$!01 ,$%44#$% 20/0 0/ 0◦ -%$!2!0.5 0/NPR =
37.5, SPR = 120$2 2%6!0/!7. %$$7$ 0/ /8% 40-% ,$%44#$% 7.2!/!7.4 /80. /8% ,$%6!7#419 :#48-7#./%2 ,$7;% 04%'<8% ,$%44#$% 20/0 ,$%4%./%2 !.  !"#$% &'(( -0.!=%4/ %+%11%./ -0/8!." >!/8/8% .#-%$!0119 %601#0/%2 ,$%44#$% ,$7?1%' @$%44#$% /0,,!."4 >%$% "$7#,%2 0.2,74!/!7.%2 !. /80/ -0..%$ /80/ /8%$% >%$% .7 7;4/01%4 =7$ /8% %+,0.2!." :7>'@$7;% !. #.0A%/%2 B7.%5 ,$%44#$% $!4% B7.% 0.2 4%7.20$9 ,%0C >%$% %+%11%./19-0/8%2 !. /8% .#-%$!01 %601#0/%2 ,$7?1%' D7>%6%$5 47-% 2%6!0/!7. 2#% /7 k−ε

(NN
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 !"#$% &'()* +,-%$!.%/012 1/3 /#.%$!12 -$%55#$% 3101 67$ $1/"% 76 .%$!3!1/-75!0!7/58 10 NPR = 37.5, SPR = 18  !"#$ %#&%#$#"' "()#%!+ %#$( '$ +", $!-"$#.&#%!)#"'$ /#%%0%1+% 23( !'#491:2% &'(* +,-%$!.%/012 67$% 3101 67$ 9;< /7==2% 5270 !/>%0!7/ 15% 10 xj/ln =
0.882
P0, kPa Pj0, kPa T0, K Tj , K

∑
Fy8 ?@℄ ∑

Fx8 ?@℄ δ

300.12 300.06 256K 281K 19.97N ± 0.76 135.98N ± 1.1 8.35◦91:2% &')* @#.%$!122B %C12#10%3 67$%5 $%5#205<15% ṁj8 ?"D5℄ Fjy8 ?@℄ Fwy8 ?@℄ ∑
Fy8 ?@℄ ∑

Fx8 ?@℄ δ

circular 19.63 10.21 7.71 (E'F) (G&')G 7.493◦

slot 19.83 10.23 9.43 (F'&& (G&'&H 8.187◦

∗NPR = 37.5, SPR = 1, fm = 0.082, F0 = 134.05N, I0sp = 57.88sI%$67$.1/% 3101*15% 3!.'8 mm hj , mm xsepj, mm CAV CAF CAI

circular dj = 6 5.512 15.664 J'F(H ('J)K J'FH&
slot bj = 2.5 5.205 17.595 J'FL& ('J)F J'FK(-$%55#$% 7/3!0!7/5 -7!/058 0M10 N%$% 7:5%$C%3 !/ 0M% -$%C!7#5 %,-%$!.%/012 .73%2N%$% 5.770M%3 15 0M% $%5#205 76 /7 !/0$#5!7/ 10 0M% N122 1/3 7C%$122 :%00%$ 0%50

(HK



 ! "#$%$"&'%()&(") *+ )'"*,-$%. (,/'"&(*, $"&0$&*% ,*112' !"#$  %&'(%*'+,&-. /' #+,%$$0 #1%$'%*#" (!+#2 "%*% 3#+# (%$$,&- ! 4$#*#$0,&*! *5# #64#+, #&*%$ +%&-#. 78!'* ∼ 20% ,&+#%2# ,& *5# ,&*#+%*,!&9 3%$$:2,"# (!+#9 ! 4!&#&* %& 8# &!*,#" ,& *5# 4+#2#&*#" "%*% 35,5 ,2 % ",+#*!&2#;'#&# !( *5# (%+*5#+ %&" 3,"#+ '42*+#% 2#4%+%*,!&9 35,$# *5# +#%*,1# (!+#! 4!&#&* ,2 %44+!6, %*#$0 *5# 2% #. <5# 2% # *+#&" %& 8# (!$$!3#" *5#& ,& *5#4#+(!+ %&# !#=,#&*2 "%*%9 3,*5 8.3% ,&+#%2# ,& 1#*!+,&- % 4$,>%*,!& %&"
5% ,& *5# -$!8%$ (!+# , 4'$2# % 4$,>%*,!& ! 4%+,&- *! *5# ,+'$%+ ,&?#*,!&%2#. <5# ,+'$%+ ,&?#*,!& %2#9 3,*5 ,"#&*,%$ *5+!%* %+#% %2 *5# 2$!*9 5%2 %*5+!%* ",% #*#+ !( dj = 6mm. @* ,2 !82#+1#" *5%* *5# 4#&#*+%*,!& 5#,-5* ,2,"#&*,%$ !+ &#-$,-,8$0 $!3#+ *5%& *5# 4+#1,!'2 ,+'$%+ %2# 3,*5 dj = 5.8mm.<5,2 ,2 ,&$,&# 3,*5 *5# 4+#1,!'2$0 +#(#+#&#" 3!+A2 %* 35,5 % 4$,>%*,!& (%*!+2,&+#%2# 80 $!3#+,&- *5# ,&?#*,!& 4!+* %+#% %&" ,&+#%2,&- *5# ,&?#*,!& 4+#22'+#!&2#+1,&- *5# 2% #  %22:B!3:+%*#. C, ,$%+ +#%2!&,&-  %0 8# (!$$!3#" 3,*5 2$!*,&?#*,!& ,& *5# 20  #*+0 4$%&#9 35#+# 5%+%*#+,2*, ", #&2,!& !( *5# 2$!* 3,"*5
bj = 2.5mm (%1!+2 ,&+#%2#" 4#&#*+%*,!& ,&*! *5#  %,& B!3. 7"",*,!&%$$09 %2% %'2# !( % $%*#+%$$0:3,"# !82*%$# *! *5# !&! ,&- 2'4#+2!&, B!39 2#4%+%*,!&4!,&* ,2 ",24$%#" (%+*5#+ '42*+#% 3,*5 *5# 2! #35%* 2 %$$#+ 4#&#*+%*,!& 5#,-5*.<5# 2#4%+%*,!&:4#&#*+%*,!& +%*,! 1%+,#2 *5#& (+! xsep/hj = 2.84 *! D.DE. !" #$&'()*+ '&,,-$ )../.0($ )'1-$7$,A# *5# 4!+* -#! #*+0 25%4# !4*, ,F%*,!&9 *5# B!3 ,&*#+%*,!&9 -#&#+%*#" 2#4:%+%*,!& %&" *5# 2,"# (!+# ! 4!&#&*  %0 8# ",+#*$0 %G#*#" 80 5%&-,&- *5#%**,*'"# !( % 2#!&"%+0 ,&?#*,!& 4$' #. @* %& 8# !82#+1#" ,& *5# <@H &!F:F$# +#2'$*2 4+#2#&*#" ,& H5%4*#+ I *5%* #1#& *5# 2 %$$ 5%&-#2 %'2#" 80 *5#1%+,%8$# &!FF$# !&*!'+ 2$!4# %G#* *5# C@<JH 4#+(!+ %&#2. /,#$2!&  ! "#$  !"℄,&1#2*,-%*#" *5# 2#!&"%+0 ,&?#*,!& ,&$,&%*,!& #G#* !& *5# C@<JH &!FF$# 4#+(!+: %&#2 %&" (!'&" *5%* % "!3&2*+#% ,&$,&#" ,&?#*,!& ,2 -+%"'%$$0 "#*+, #&*%$(!+ *5# C@<JH 4#+(!+ %&# 35,$# '42*+#% ,&$,&%*,!& !&2,"#+%8$0 %'- #&*24+!"'#" 2,"# (!+#. K1#& *5!'-59 "!3&2*+#% ,&$,&%*,!& ,2 "#*+, #&*%$ +#-, #9,* %& 8# %"1%&*%-#!'2 (!+ *5# !1#+#64%&2,!& -#&#+%*#" 2#4%+%*,!& !+ 35#+# %2*+!&-#+ %6,%$ (!+# ,2 &##"#". <5#+#(!+#9 L!!"8#++0 %&" M#% #+  !$℄ +#4!+*#"'2%-# !( % -, 8%$$#" 2#!&"%+0 ,&?#*,!& (!+ % $%+-#+ !4#+%*,!& #&1#$!4#. /,#$2!&

NOP



 !"! #$&'()*+ '&,,-$ )../.0($ ! "#$  !"℄  !"#$ %&'% (#*+',+ ! '# "-,%*+'. (#/(#'%(!#0 .!#!%!#!",/1 '"2.+#%,%&+ ,($+  !*+ "#%(/ ,!.+ 3*+'4$!5# 6'/"+ %&'% 5',  !* %&+(* #!77/+ ',+  !"#$ '%'*!"#$ 47◦89+!#$'*1 (#:+%(!# '%%(%"$+ 5', +;-+*(.+#%'//1 (#6+,%(2'%+$ !# %&+ !#('/
Mach < #!77/+ .!$+/ 5(%& '# "-,%*+'. (#/(#'%(!# ! 20◦8 ="*%&+* '#2/+ (#*+',+(, (#6+,%(2'%+$ #".+*('//18 >&+ $('2#!,%( .+%&!$, !.-*(,+$ ! %&+ ,&/(+*+#6(,"'/(7'%(!#0 %!%'/ !#$(%(!# .!#(%!*(#2 '#$ %&+  !*+ 3'/'#+ '?"(,(%(!#8 @,+#A%*!-('//1 +6'/"'%+$ 3',( !#('/ BA'8C8D #!77/+ -*!-+*%(+, '*+ 2(6+# (# %&+ >'A3/+ <8<8 !"!# $%&'&)*'+,&)+-. -/ 20◦ 012)'*&3 +.4+.*5 6789$ -.:+&4 .-,,4*
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 !"! #$&'()*+ '&,,-$ )../.0($

 !" #!% &'()*+ ,& -.((*/+. 01!&*  )" 2!11 !&3 -*4&3!+. 04+/ 0+*--'+* 4&/4'+- !"#$% &'()* +$%,,#$% -./ 0-2 .#34%$ 5678, 79 :;<=> >?-'@A .7BB6% C!82 !.?6!.%/ !$#6-$ !.D%8!7. -8 SPR = 1, NPR = 37.5 7./!8!7.,97$% 7357.%.8 79 82% $%-8!E% 97$% C!66 /%$%-,%F C2!6% .%"-8!E%6G 7$!%.8%/ x?/!$%8!7. 7357.%.8 !.$%-,%,' H7C%E%$F 82% 9-E7$-46% -8!7. 758!3!B-8!7. 79 82%$7,,?I7C !.8%$-8!7. 97$% !, ,#4,8-.8!-6 735-$!." 87 82% $%-8!E% 97$% 7357?.%.8'<-46% &'J* KL5%$!3%.8-6 -./ .#3%$!-66G %E-6#-8%/ 97$% /-8- 79 >?-'@A .7BB6%-8 NPR = 37.5, SPR = 1 7./!8!7.,>-,% ṁj F M"N,℄ F0F MP℄ ∑
FyF MP℄ ∑

FxF MP℄ δ

experimental 19.3 131.7 19.8 (J@'& 8.6◦

numerical 19.71 130.31 20.04 (J@'AQ( 8.7◦

<2% 3%-,#$%/ 97$% /-8- !, "!E%. !. 8-46% &'J' ;8 -. 4% .78!%/ 82-8 -L!-67.8$!4#8!7. 87 82% "674-6 -L!-6 97$% 9$73 82% ,%7./-$G !.D%8!7. !, $-82%$ 3!.?!3-6 !. 82!, -,%' <2% -"$%%3%.8 79 82% %L5%$!3%.8-6 -./ .#3%$!-66G 748-!.%/97$%, C-, 97#./ ,-8!,9-87$G %.7#"2 -./ -667C%/ 9#$82%$ .#3%$!-6 !.E%,8!"-8!7.79 -. -."#6-$ -88!8#/% %R%8 7. 82% :;<=> .7BB6%,'
(SA
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 !" 0
◦# $%&'!( )% !*+,  -" 20

◦ ./,)&0!' 1&%' $%&'!( )%!*+,

 " 30
◦ ./,)&0!' 1&%' $%&'!( )%!*+,  3" 40

◦ ./,)&0!' 1&%' $%&'!( )%!*+, !"#$% &'(&) *+,,-.$%//#$% +01 /%.+$+2!30 1%,!0%+2!30 +,30" 4+,, 35 30!+,Mach30377,% 4!28 !09%2!30 +2 xj/ln
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 !"#$% &'()7 8.556-$%,,#$% -$095%, 0: xj/ln = 0.9 ;<*=> 01!.5 10335%, .12?.$!0#, !15!1./!01 .1"5%,@ ϕA!/+ /+% %.+ 01,%#/!?% !15!1./!01 ,/%-';!B!5.$5C /0 /+% 01!.5 10335% /%,/,@ *<> 10335% A!/+ /+% ,%5%/%2 !1D%/!01 -06,!/!01@ xj/ln = 0.882 A., .1.5C3%2 :0$ ,%?%$.5 !15!1./!01 .1"5%, $%5./!?% /0 /+%B.!1 .E!, 10$B.5@ #- /0 ϕ = 70◦' F1.50"0#,5C@ "$.2#.5 "$0A/+ 0: /+% ,%-.$./!01A., 2%/%/%2 A!/+ /+% #-,/$%.B !15!1./!01 !1$%B%1/' G0A%?%$@ A!/+ !15!1.6/!01 ,/%-, 5.$"%$ /+.1 ϕ = 40◦
(R(
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 !" ϕ = 30
◦  #" ϕ = 60

◦ !"#$% &'()* +,--./$%00#$% ,12 0%/,$,3!41 2%-!1%,3!41 ,-41" 5,-- 46 789 14::-%5!3; #/03$%,< !1-!1%2 !1>%3!41 ,3 xj/ln = 0.88? SPR = 1? NPR = 37

 !" $%&&'()% *+!,' Mach !,-.'+/1(%2.'(/) 3'+-  #" 4!++ !,- 1,5'(1/, */)( *)'667)'/,(/7)6 !"#$% &'(@* 94134#$ /-430 46 789 14::-% 5!3; ϕ = 60◦ #/03$%,< !1-!1%2 !1>%3!41,3 xj/ln = 0.88? SPR = 1? NPR = 37.5,12 4</-%A B45C%-2'81  !"#$% &'DE !3 ,1 F% 4F0%$G%2 3;,3 64$ ϕ = 60◦ /$!<,$H ,12 0%412,$H /$%00#$%/%,I0 ,$% !1 3;% $,1"% 46 <,A!<#< /$%00#$% ,3 !1>%3!41 /4$3' 7;% 0%412,$H/%,I ,//$4,;%0 -40%-H 3;% 0%412,$H /4$3 5!125,$2 %2"% ,12 ,63%$ !3 2%,H0$,/!2-H !10!2% 3;% /4$3' 7;% ,3!41 46 3;% -45 /$%00#$% $%"!41 !10!2% 3;% !1>%3!41/4$3 5!3; G4$3!%0 /$42#%0 ,1 #103%,2H ,3!41 46 3;% !13%$,3!41 C%-2 ,//%,$.!1" !1 3;% 64$< 46 B,//!1" !10!2% 3;% 0%/,$,3!41 :41%' 7;!0 ,1 F% 4F0%$G%2 FH
(JD
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 !"#$% &'()* +$%,,#$% -$./0%, .1 2300 345 !46%8!.4 -.$8 !4 ,9::%8$9 -034% 1.$
xj/ln = 0.88 ;<=>? =<? 4.@@0%

 !"#$% &'(A* <48%$38!.4 B 2300 ,!5% 1.$% 8%:-.$30 %C.0#8!.4 1.$ xj/ln = 0.88;<=>? =<? 4.@@0% 345 ( !40!438!.4 3,%,-$.D!4" 8E% !48%$38!.4 2300 ,!5% 1.$% 5#$!4" 8E% ,!:#038!.4' F, 5%-!8%5 !4  !"B#$% &'(AG 8E%$% !, 3 ,#D,8348!30 345 4.4B4%"0!"!D0% !4$%3,% !4 .,!0038.$9 3:-0!8#5%D%E3C!.$ .1 8E% !48%$38!.4 1.$% .:-.4%48 2!8E 8E% E!"E%$ !46%8!.4 !40!438!.434"0%,' H.2%C%$G #,!4" 8E% 3C3!03D0% IFJ; 3--$.3E !40!438!.4 3#,%5 !4,83D!0B!8!%, 2%$% 4.8 1#$8E%$ !4C%,8!"38%5 !4 8E!, ,8#59' k − ε 8#$D#0%4% -$.5#8!.48%$:, .1 %4%$"9 345 5!,,!-38!.4 !4  !"#$% &'(( 5%-!8 8E% .4%48$38!.4 !4 8E%
AKL



 ! "#$%$"&'%()&(") *+ )'"*,-$%. (,/'"&(*, $"&0$&*% ,*112'
 !"#$ %&'( )*+$,-!##/ $0!#*!1$2 34,$ 4+546$617 34, xj/ln = 0.9 46-!# 6488#$946-!# xj/ln = 0.9 6488#$(9!7$ Fjy: ;)℄ Fwy: ;)℄ ∑

Fy: ;)℄ Fxj: ;)℄ Fx: ;)℄ ∑
Fx: ;)℄

ϕ = 0◦ 9.94 8.67 18.61 =>&?@A @?A&BB @?A&AA
ϕ = 20◦ 10.03 10.28 20.31 =>&%C @?%&BC@ @?%&C>@
ϕ = 30◦ 10.02 10.98 21. =@&D' @?%&@'C @?'&C>C
ϕ = 40◦ 10.05 11.42 21.47 =C&'@ @?E&'%? @??&>EE
∗NPR = 37, SPR = 1, fm = 0.083, F0 = 126.41N, I0sp = 57.77s F9 xj/ln = 0.88 6488#$(
ϕ = 0◦ 10.20 7.71 17.72 =>&@BA @C%&'?A @C%&?C
ϕ = 20◦ 10.22 9.61 19.83 =>&E% @CE&?C @C'&%A
ϕ = 30◦ 10.03 10.39 20.42 =@&D@ @C'&@ @C?&?'
ϕ = 40◦ 10.05 10.81 20.86 =C&E @CC&CA @?B&DA
ϕ = 50◦ 10.14 11.48 21.62 =%&@D @C?&%? @?%&''
ϕ = 60◦ 10.19 12.52 22.71 =B&>? @C?&>@ @??&BD
∗NPR = 37.5, SPR = 1, fm = 0.082, F0 = 134.05N, I0sp = 57.88sG$,34,+!6$ 2!1!(!7$ δ, [◦] hj , mm CAV CAF CAI9&ϕ = 0◦ 8.27 5.47 0.995 @&>?@ >&BCB9&ϕ = 20◦ 9.13 6.43 1.088 @&>@@ >&BCC9&ϕ = 30◦ 9.59 7.40 1.143 >&BBA >&B?9&ϕ = 40◦ 9.97 7.91 1.188 >&BD >&B>' F9ϕ = 0◦ 7.5 5.51 0.914 @&>?E >&B'% F9ϕ = 20◦ 8.38 6.78 1.011 @&>@E >&BCD F9ϕ = 30◦ 8.78 7.82 1.064 >&BBD >&B?? F9ϕ = 40◦ 9.13 8.36 1.113 >&BD@ >&B>% F9ϕ = 50◦ 9.7 9.37 1.18 >&BEA >&DD' F9ϕ = 60◦ 10.46 10.38 1.272 >&BC? >&D%@

@E'



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

 !"#$% &'(() k − ε *#$+#,%-% /!-%0! %-%$"1 2-3 3!44!520!6- !- 4177%0$1 5,2-%68 09% *:; -6<<,% ϕ = 60◦ϕ > 40◦
KLL
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 !"#$% &'()* +%$,-$./0% -%2!%034 5%$4#4 !06!0/3!-0 /0"6%47  !"# $ &'()!'&**!#+ ,#- $ ./0 '&**!#/08 39#4 39% "6-:/6 0%3 ,-$%' ;-04!8%$!0" /66 -#$$!0" %<%347 !3 /0 :% /$"#%839/3 -=3!./6 =-4!3!5% %<%34 !0 3%$.4 -, 5%3-$!0" /08 0->>6% =%$,-$./0%4 /$%$%/9%8 :%3?%%0 ϕ = 20◦ /08 ϕ = 30◦' @!39 $%"/$8 3- 5%3-$!0" /08 "6-:/6 ,-$%/08 !.=#64% /.=6!A/3!-07 39% -=3!./6 !06!0/3!-0 /0"6% 5/6#% ,-$ 39% 4%6%3%8BC; 0->>6% /4% ?/4 %5/6#/3%8 /$-#08 ϕ ≈ 24◦◦ 3- 65◦ ?%$% !05%43!"/3%8'O4!0" 39% 4/.% 46-3 "%-.%3$H /4 !0 F%3!-0 &'( /08 9/0"!0" #=43$%/. !34 /3I3!3#8% =$-5!8%4 /0 !0$%/4%8 :6-P/"% 3- 39% #=43$%/. 4%=/$/3!-0' N4 / $%4#63-, 39% 4./66%$ 6-0"!3#8!0/6 ?!8397 bj 7 !03%$4%3!-0 ?!39 39% 0->>6% 8!5%$"%03 ?/664%3!-0 =$-8#%4 4./66%$ 8%5!/3!-0 !0 6-0"!3#8!0/6I/D!/6 8!$%3!-0' B9%$%,-$%7 !3?/4 =-44!:6% 3- -:3/!0 6%44 8%3$!.%03/6 %<%34 ?!39 9!"9%$ !06!0/3!-0 /0"6%4' C0
MQ&
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 !"#$% &'()* +,. !/01/#$2,%/ 3!4. 4#$5#6%7%18!7%4!1%7%$"9 %:06#4!07 0740#$/02 4.% ;<= 70>>6% ϕ = 30◦ !76!7%? /604 !7@%4!07 ,/%A NPR = 37.5, SPR = 14.% ,/% 02 /604 /.,B%? !76!7%? !7@%4!07A 7070720$C!49 02 4.% D03 B$0E6% ,7? ,7%FB,7/!07 ,$% C0$% B$070#7%? ,4 4.% 6,4%$,6 /!?%/ $%/#64!7" !7 /%07?,$9 B6#C%?%:!,4!07 2$0C 4.% /!?%A 5%!7" B#/.%? 403,$?/ 4.% %74%$' G:,6#,4%? 20$% ,7?
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 !"#$% &'(H* I%$20$C,7% 0%J!%74/ :%$/#/ !76!7,4!07 ,7"6%/ 02 !$#6,$ ,7? 604K<;L= ;M= 70>>6% ,/% ,4A SPR = 1, NPR = 37.5B%$20$C,7% ?,4, !7?!,4% ,7 ,7,60" 5%.,:!0#$ 3!4. 4.% !$#6,$ !7@%4!07' ;.%$%!/ , /6!".469 !7$%,/%? :%40$!7" ,CB6!E,4!07 %:06#4!07 ,7? , B,$4!,669 /C,66%$?%,9 02 "605,6 20$% 0%J!%74 ,4 .!".%$ !76!7,4!07 ,7"6%/'
NHO



℄ *11.'"- &( 3(+.1&3()!*) $31&)&0" ">")1 '&2!) 6" *!&"0"- 6, $%3-.&(2 * 1"3(-*%, &(=")&3( B?C (344+" 5&)! )!" "#&) 3(-&)&3(1 '*)!&(2 )!" 3("1 *) )!" $+*)"*. $%"11.%"43(": ;( *--&)&3( )3 )!&1 *11.'$)&3(< &( *#&1,''")%& (344+" *1"< &) 5*1 73.(-)!*) 1"3(-*%, $%"11.%" $"*9 5!&! &1 230"%("- 6, DEF< !*1 *( &'$3%)*() ">")+31" )3 )!" &(=")3% $3%) "-2": ;( )!*) +&2!)< )53 1"3(-*%, 3(&*+ (344+"15&)! P0j = 300kPa *(- -&>"%"() "#$*(1&3( %*)"1 5"%" )"1)"-:  !" 8%1) 5*15&)! *-*$)"- $%"11.%" 3(-&)&3(1 *630" )!" $%"11.%" $"*9 *(- )!" 1"3(-*%,5&)! *-*$)"- 3(-&)&3(1 1+&2!)+, *630" )!" $+*)"*. $%"11.%" 0*+.":  !" 6*1&$%3$"%)&"1 *%" 2&0"( &(  *6+" G:H: *6+" G:HI J*1& KC &1"()%3$& $%3$"%)&"1 37 1"3(-*%, BC 3(&*+ (344+"
NPRj σ = Aej/Atj djt, mm pej, kPa Tj , K lnj, mm α,◦

5.1 1.358 6 58.8 280 5.6 H:L
8.64 1.78 6 38.4 280 6.3 M:KD.$"%13(&*++, *"+"%*)"- 1"3(-*%, &(=")*() "()"%1 )!" '*&( (344+" 5&)! (*)?.%*++, !&2!"% 0"+3&), *(- )!"%"73%" '3'"().': ;( N&2.%" G:LGO*P &) *( 6"&-"()&8"- )!*) )!" 1.$"%13(& 1"3(-*%, @35 &1 1)&++ .(-"%"#$*(-"- 23&(2 &()3

KHM
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 !"#$% &'()* +$%,,#$% -$./0%, !1 ,233%4$2 -051% .6 789 1.::0% ;!4< ,.1! 51>,#-%$,.1! ,%.1>5$2 4$51,?%$,% !1@%4!.1 5,%, 54 SPR = 1, NPR = 37.5

 !"#$% &'(A* 8,.B,#$65%, .6 ,%.1>5$2 -054%5# -$%,,#$% 5>5-4%> ,#-%$,.1! CD(!1@%4!.1 !14. 5 789 1.::0% 54 xj/ln = 0.88, SPR = 1, NPR = 37.5!1E.; 4. 4<% .$% .6 4<% -0#3%' 7<!, ,!"1!/51402 5F%4, 4<% -%1%4$54!.1 .$ C5<>!,G <%!"<4 51> .1,%H#%1402 ,<.$4%1, 4<% ,%-5$54!.1 >!,451% 51> 53.#14 .6 4<%!14%$54!.1 ;500 ,!>% 6.$% .3-.1%14'I?50#54%> 6.$% >545 ,<.;%> %J-%4%> !1$%5,% !1 4<% 154#$50 $%54!?% 6.$% .64<% !1@%4514 51> .--.,!4%K 5 >%$%5,% .6 4<% ;500 ,!>% 6.$% .3-.1%14' 84 51 L%50,. .L,%$?%> 4<54 $%54!?% 6.$% .3-.1%14 !1 xB>!$%4!.1 !, -$54!5002 %H#50 4.:%$.' IF%4 .1 4<% -%1%4$54!.1 <%!"<4 !, 1.4!%5L0%K ;!4< 10% >%$%5,% !1 4<% /$,45,% 51> 35% >%$%5,% !1 4<% ,%.1>' M#% 4. 05$"%$ ,!:% .6 4<% 0%%;5$> !1@%4514-0#3% ,!>% ;<!< 500.;, 5 05$"%$ 53L!%14 !1E.;K 4<%$% !, 5 ,0!"<4 >%$%5,% !1 4<%
N&O



 !"! #$&'()*+ '&,,-$ &'./0*)12&'3 !"#$ %&%' ()*$ ),-).$./ 0!/! !.0 -$*1)*,!.$ *2/$*2!
NPRj Fjy3 45℄ Fwy3 45℄ ∑

Fy3 45℄ Fxj 3 45℄ Fx3 45℄ ∑
Fx3 45℄

5.1 11.09 6.871 17.961 −0.011 135.86 789&:9
8.64 11.65 5.571 17.22 −0.009 133.03 788&;<
∗NPR = 37.5, SPR = 1, fm = 0.082, F0 = 134.05N, I0sp = 57.88s=$*1)*,!.$ 0!/!'!>$ NPRj δ, [◦] hj , mm CAV CAF CAI

5.1 7.53 4.997 0.912 1.022 0.944
℄ !.0 R2.G !.0 S2A#2!.)  !$℄ 2.C$>/2G!/$0 >$C$*!#).IGA*!/2).> !.0 2./$**$#!/$0 -)*/> -)>2/2).>& R@2#$ 52$#>).  ! "#$  !"℄ 1)A.0,A#/2-)*/ OL PQ !> ! .$G!/2C$ !.0 ),-#$/$#E 02>*$G!*0$0 2/3 R2.G !.0 S2AM#2!.)  !$℄ *$-)*/$0 ! #2,2/$0 -$*1)*,!.$ 2.*$!>$ J@2@ J!> 20$./2I$0 !/ 2/> @2G@>2. /@$ *!.G$ )1 >2.G#$ -)*/ )* >#2G@/#E "$#)J& L. /@!/ J)*T3 2/ J!> !#>) *$-)*/$0/@!/ -$*1)*,!.$ >$!,> 2.C!*2!./ )1 /@$ $?-$*2,$./$0 2./$**$#!/$0 02>/!.$> "$M/J$$. /@$ @)#$>3 J2/@ /@$ A>$0 8M-)*/ /$>/ *2G& O2,2#!*#E3 $!*#2$* J)*T> *$-)*/$0 "E

7%7
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 !"#$% &'()* +!,% -.$% .01.2%234 1$.,#%, 56 4.2! 72, 4#1%$4.2! 4%.2,7$63$7248%$4% !29%3!.2 74%4 !23. 1$!07$6 :;< 2.==>% 73 xj/ln = 0.88, SPR =
1, NPR = 37.5?@#>%6 72, A78>!  !"℄ 72, B.=7C!  ! "#$  $%℄ $%1.$3%, 727>."#% 1%$-.$072%4 D!3E3E% $%07$C 3E73 0#>3!1.$3 D74 >%44 %F%3!8% DE%2 1>7%, >.4% 3. 3E% 2.==>% %G!3DE%$% 4!2">% 1.$3 D74 0.43 %F%3!8%' <.24!,%$!2" 744.!73%, ,737 !3 72 5% 47!,3E73 0#>3!1.$3 D74 2.3 -.#2, 74 72 %F%3!8% 4.>#3!.2 -.$ 3E% >.D ?7E 2#05%$72, 4E.$3 2.==>%4 5#3 72 !01.$3723>6 !01$.8% 3E% 1%$-.$072% -.$ 7 >.2"%$ 72,>7$"% $72"% $.C%3 2.==>% 72, DE%$% ,!43723 1.4!3!.2 -$.0 3E% %G!3 !4 2%%,%,'B78!2" 3E!4 !2 0!2,H 4372,7$, 0#>3!1.$3 .2I"#$73!.24 E78% 5%%2 2#0%$!7>>6!28%43!"73%, .2 3E% >.2"%$ :;< Mach5 2.==>% 72, .017$%, D!3E 3E% 470% 2%34#$-7% 7$%7 4!2">% 1.$3' J%74.2!2" -$.0 3E% 1E64!7> 1.!23 .- 8!%D 6!%>,4 3E73%2%$"6 3$724-%$ 3. 3E% 4643%0 8!7 4%8%$7> 407>> ,%>!8%$!%4 #4#7>>6 1$%87!>4 .8%$ 3E%!24372372%.#4 !21#3' B.D%8%$H !2 3E% 4#1%$4.2! K.D !2!3!7> 5>.C7"% ".8%$24 3E%07!2 K.D 4#1%$4.2! $%41.24% 72, -#$3E%$ !21#34 !23. 3E% 4643%0 73 .8%$ 7>$%7,6,!43#$5%, K.DI%>,':D. .2I"#$73!.24 7$% 37C%2 !23. -#$3E%$ !28%43!"73!.2H 7 0%$!,!.27>H DE%$% !2L9%3!.2 E.>%4 7$% ,!43$!5#3%, 7>.2" 3E% 470% 2.==>% 0%$!,!72 72, 7 $7,!7> .2%H 73DE!E 3E% E.>%4 7$% ,!43$!5#3%, 7>.2" 3E% 470% 2.==>% 17$7>>%>' ?#>3!1.$3 !4 .2LI"#$%, !2 3E73 0722%$ 3E73 E.>%4 >6!2" .2 3E% 470% 2.==>% 4%3!.2 !$#0-%$%2%!2 $%41%3 3. 3E% %23$7> 72">% .- θ = 30◦H 0%72!2" 3E73 %7E E.>% D74 73 15◦ -$.03E% 7,97%23 .2%' :E% 470% ,!4372%4 D%$% C%13 !2 3E% 0%$!,!.27> ,!43$!5#3!.2'

M&(



 !"! #$&'()*+ '&,,-$ &'./0*)12&'3 !"## $%&#()%( *+"(, )"# -#$.%#- !)/$%. +%# (!$"- +0 (!# ,$%.1# *+"( )"#) 2,$%. )((!# SPR = 1 +%-$($+%, (!# ,)3# .1+4)1 ,#+%-)"5 3),,67+86")(# ), (!# ,$%.1#$%&#($+%9 !"!4!5 6$*2(2&')--+ /*&07$( 80-127&*1 #9:;<

 !" #$%&&'$% )*+)'$ ,-)+  ." /!-- &0%!$ &+$%&& 1!2*3+'4%:$.2"# ;9<=> ?#"$-$+%)115 ."+2*#- 321($*+"( @A BCD 8)11 ,#*)")($+% )%- $%(#"60)# E+%#,:+11+8$%. *"#/$+2,15 "#*+"(#- *#"0+"3)%# F%-$%.,D 321($*+"( @A BC 8), #%6(#"#- )( xj/lny6-$"#($+% 4#0+"# $( $, 4#%( (+8)"-, (!# -+8%,("#)3 8)11 *+"($+% #%1+,$%.(!# +34$%#- ,#+%-)"5 *123# +4,("2($+% $% (!# 3)$% 7+89 M%("+*5 *"+-26
N;<
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 !"! #$&'()*+ '&,,-$ &'./0*)12&'3

yz 20/.%? !.  !"#$% &'((' 6.4=% ?%-.,/$1 G-A K-.%: %.4$/0 2-$4 !? ?/.,A!=%, >%4A%%. 4=% 4A- ?!,% 2-$4?'64? >/$$%0 ?=-N 2$-2/"/4!-. !? -.%.4$/4%, 4-A/$,? 4=% 3/!. /D!? /., %.,? A!4=/ G/4 =%/, +/= ,!?N' O0#3%? -B 4=% ?!,% 2-$4? /$% -$!%.4%, 4-A/$,? 4=% /D!? /?A%00: >#4 4=%$% !? /0?- / 2-$4!-. /4 -#4%$ ?!,% A=!= !? B$%% 4- 2$-2/"/4% !.4- /0-A 2$%??#$% -B 0/4%$/001 ,%4/=%, G-A' 9-32$%??%, ?%2/$/4%, G-A !? /?2!$/4%,4=$-#"= 4=% !.4%$B/% >%4A%%. 3/!. ?=-N J ?%-.,/$1 20#3%: /., /0?- !. 4=!?
P&Q
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 !"#$% &'(() *+- .#/0%$ 1234 +4 yz
R&&



 !"! #$&'()*+ '&,,-$ &'./0*)12&'3

 !" #$%&&'$% )*+)'$ ,-)+  ." /!-- &0%!$ &+$%&& 1!2*3+'4% !"#$% &'()* +,-!,../ "$0#1%- 2#.3!10$3 456789 :,.. ;%1,$,3!0< ,<- !<3%$=,%?0<%;

 !"#$% &'(@* +,-!,../ %A3$,3%- %<3$01/ 1.03; :!3B .%,-!<" !;0C;#$=,% ,<- D%.0!3/D%30$ ;3$%,2.!<%;1%,E;9 !< 3B!; ,;%9 ,$% .0:%$ F#3 3B%/ ,$% ,021,<!%- F/ 3B% ;2,..%$ ;%0<-,$/,<- 3B!$- 1$%;;#$% !<$%,;% ?0<%; F%3:%%< 3B% 2%$!-!0<,../ 1.,%- !<G%3!0< 10$3;'6,F#.,3%- =0$% ,<- 1%$=0$2,<% -,3, !< 6,F.% &'H 0$$%;10<-; 30 3B% 1$%;;#$%
I&J
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 !"#$% &'(&) *+,, -$%..#$% -$/0,%. 1/$ .!2",% +23 4#,5!-/$5 $+3!+,,6 +23 4%$!3!/27+,,6 "$/#-%3 !28%5!/2 !25/ -$!4+$6 :;< 2/==,% +5 xj/ln = 0.7, SPR = 1, NPR =
450:+>,% &'?) @%.!"2 A+$+5%$!.5!. +23 B/C /23!5!/2. /1 4#,5!-/$5 2/==,%.

nozzle mj djt, mm pej, kPa Tj , K x/ln, mm θ,◦

J − 1L 5.89 3.35 1.452 280 0.65 D
J − 0L 5.85 3.35 1.199 280 0.7 D
J − 2L 5.79 3.35 0.92 280 0.75 D
J − 0R 5.85 3.35 1.199 280 0.7 D
J − 12R 5.87 3.35 1.199 280 0.7 ±15
∗L− longitudional, R− radial-$/0,%. +23 !23!+5% + E%$6 ,/.% .!3% 1/$% +23 +4-,!0+5!/2 1+5/$ E+,#%.' F/C7%E%$G 5A%$% !. ./4% 2%",!"!>,% "+!2 !2 5A% +.% /1 $+3!+, 4#,5!-/$5 H;:I< CA!,%5A% 4%$!3!/2+, 4#,5!-/$5 H;:I< +--%+$. C!5A + .,!"A5,6 ,/C%$ -%$1/$4+2%' ;275%$+5!/2 /$ C+,, .!3% 1/$% /4-/2%25 1/,,/C. 5A% ",/>+, 5$%23 +23 !5 !. +$/#23

7% ,/C%$ 1/$ 5A% 4%$!3!/2+, 4#,5!-/$5 H;:I< 5A+2 5A% $+3!+,' J%+5!E% 1/$%/4-/2%25. +$% 2+5#$+,,6 ,/.%G C!5A 5A% E%$6 .4+,, 3!K%$%2% 3#% 5/ +2 +2"#,+$2/==,% C+,,7 !28%5/$ -/.!5!/2' ;5 +2 >% /2,#3%3 5A+5 2#4%$!+, .!4#,+5!/2 /15A% 4#,5!-/$5 H;:I< +.%. 6!%,3%3 $%.#,5. 5A+5 E%$6 C%,, /$$%.-/23%3 5/ 5A% $%7.#,5. />5+!2%3 !2 3!K%$%25 %L-%$!4%25+, !2E%.5!"+5!/2. >6 $%1%$%2%3 $%.%+$A%$.'
M&N



 !"$%&'"( )*+,)-. !"#$ %&'( )*+,$- ./0$ /23/*$*4 -!4! !*- 3$0./02!*$ 0+4$0+!
case Fjy5 67℄ Fwy5 67℄ ∑

Fy5 67℄ Fxj5 67℄ Fx5 67℄ ∑
Fx5 67℄

single 9.34 9.074 18.414 −0.847 155.55 9:;&<9
multiportL 9.356 8.421 17.77 −0.82 155.19 9:;&=<
multiportR 9.244 9.23 18.474 −0.941 156.09 9::&9;
∗NPR = 450, SPR = 1, fm = 0.076, F0 = 152.7N, I0sp = 65.96s>$0./02!*$ -!4!(!?$ NPRj δ, [◦] xsep/dj0 CAV CAF CAI

single 6.787 5.987 0.887 1.02 0.938
multiportL 6.566 5.97 0.865 1.018 0.936
multiportR 6.8 7.266 0.896 1.023 0.941 @$0$ +? */ 0$!# A!+* +* 4$02? /. /"4!+*$- ./0$ /0 B$4/0 !*A#$ "C D?$ /. 4@+? E+*-/. 2D#4+3/04 FG HI ?C?4$2& J/K$B$05 4@$ 2D#4+3/04 ?C?4$2 2!C "$ -$?+0!"#$.0/2 4@$ ?40D4D0$ !*- /3$0!4+/* 3/+*4 /. B+$K !*- ./0 4@$ ,*$0 !44+4D-$ /0L0$4+/*?& G* 4@!4 #+A@45 ?+2+#!0#C 4/ 2$*4+/*$- 30$B+/D? K/0E?5 0!-+!##C A0/D3$-2D#4+3/04 FG HI 30/B$? !? ! "$?4 ?$#$4+/*& G4 ?@/D#- "$ 2$*4+/*$- 4@!4 4@$?!2$ θ = 30◦ =L@/#$? 2D#4+3/04 FG HI K!? +23#$2$*4$- +* GIMN Minuteman

9%W



 ! "#$%$"&'%()&(") *+ )'"*,-$%. (,/'"&(*, $"&0$&*% ,*112' !"#$!%& '()#$*+ ,(! *)#,- *-"+!% .! ! !/*+0*)!1 * ,0-1 25◦
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 !"#$%& '(") #&*#%&$+%) %,%$. /01$+)#%+%)"23 !*$45") "2"16)+)


GHG



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ "#$%$&$'(  )* %#++')&*, -. &/* -$0'1') %/1$*)*( 2$%# 1$3 &$'(4 5$0'1') %/1$*)*($% )* 1$3*, 2$ ,# 1 %1$& )*,06)**( '1') 71&*)  (, &/* &8' #&&$(6 *,6*% $( &/* 9' 1+1 (*:  (, $% #%*, &' ;')* * %$1. $,*(&$9. &/* %*'(, ). <'8 +1#;*4 =/*%* *>0+*)$;*(&%  )* %#++')&*,  (, *(/ (*, -. &/* (#;*)$ 1 %$;#1 &$'(% +*)9');*,2$ ;#1&$%+*$*% ';+)*%%$-1* (#;*)$ 1 %'12*) '9 &/* CPS?C @AB ',*4 C>+*)0$;*(& 1  (, (#;*)$ 1 &*%&%  )* +*)9');*, '( &/* )*+')&*, =D@ Mach E ('331*8$&/ &/* %*'(, ). &) (%2*)%* %'($ $(F*&$'( &/)'#6/ &/* $)#1 ) dj = 5.8mm&/)' &4 !" #$%&' $( )*&,&) *-.),/' *0$*&01,&)G$) 8 % &/* +)$($+ 1 6 % $( &/* +)*2$'#% ;'('0%+*$*  (, &/* #))*(& -$0%+*$* $(02*%&$6 &$'(4 =/* $(F*& (& 6 %*% $( &/* *>+*)$;*(&%  )* +)'2$,*, -. AirLiquider8$&/ *)&$7*, +)'+*)&$*%4 H+*$*% +)'+*)&$*% #(,*) &*%& &'& 1 '(,$&$'(%  )* 6$2*($( = -1* I4J4 D( &/* (#;*)$ 1  (,  ( 1.&$ 1 $(2*%&$6 &$'(  $) $% ;',*1*,  %  = -1* I4JK H+*$* +)'+*)&$*%  & T0j = 280K,P0j = 300kPa '(,$&$'(%
specie Mg Cp Rg γ µM λL6M;'1℄ LOMP6Q℄ LOMP6Q℄ Cp/CV LP6M;·%℄ LRM;·Q℄
Air 28.96015 1003.8844 287.102 1.4 J4IISC0T U4VWVC0U
He 4.0026 5192.86912 2077.265 1.66673 J4SXUJC0T J4VWWYSC0J
Ar 39.948 521.740582 208.132 1.66367 U4JVC0T J4YIUC0U
CO2 44.0098 833.298 188.923 1.297 J4VXTC0T J4TEC0U
∗Air = 78.084%N2 + 20.9476%O2 + 0.9365%Ar + 0.0319%CO29'#) ';+'(*(& 6 % ;$>&#)* 8$&/ $&% ';+'%$&$'( ,*7(*, $( %& (, ),  &;'%+/*)* %K

78.084%N2 ; 20.9476%O2 ; 0.9365%Ar ; 0.0319%CO2 ZI4J[
Mair =

∑

i=1

χi ·Mi ZI4U[
JIU



 !"! #$%'%( $)*('+, $-.$%-/'%( 0.1%, !"#"$ χi #"%#"&"'(& (!" )*+" ,#-(/*'& *, (!" *)%*'"'(& -'0 Mi (!"/# )*+-#)-&&"&1 23#(!"#)*#"$ -/# *)%*&/(/*' %#*%"#(/"& -#" 0"#/4"0 ,#*) (!" &%"/"&)*+-# %#*%"#(/"& #"&%"(/'5 (!" -6*4" )"'(/*'"0 )*+" ,#-(/*'& /' -/# )/7(3#"18%"/"& 0-(- -#" *++"("0 ,#*) (!" 93#-( -'0 :3&/  !"℄ -'0 ;9#/0"  ! "#$  !$℄ !/! -+&* -' 6" ,*3'0 /' (!" <)"#/-' =-(/*'-+ >'&(/(3(" ,*# 8(-'0-#0& -'0?"!'*+*5@ A=>8?B #","#"'" 0-(- C<=<2  !%℄1 D"#@ %#"/&" E((/'5 ,*# -/# )/7(3#"/& %#*4/0"0 6@ F"))*'  ! "#$  !&℄  /(! G 0"5#"" (")%"#-(3#" /'#")"'(& &(-#(/'5,#*) Ti0 = 59.77K1<++ (!" 5-& &%"/"& -#" *'&/0"#"0 -& - (!"#)-++@ %"#,"( 5-&  !/! /)%+/"& - '*'H#"-(/'5 (!"#)*!")/-+ "I3/+/6#/3)  /(! /'("#'-+ "'"#5@$ "'(!-+%@ -'0 &%"/E!"-(& -& (!" ,3'(/*'& *, (")%"#-(3#" *'+@1 J'+@ ,*# (!" E#&( /'/(/-+/K-(/*' -&"&(!" 5-&  -& *'&/0"#"0 -& - -+*#/-++@ %"#,"(  /(! *'&(-'( &%"/E !"-(& #-(/*1?!"#",*#"$ (!" %!@&/-+ %#*%"#(/"& *, &%"/E !"-( 3'0"# *'&(-'( %#"&&3#"$ 4/&H
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air: Cp(T) =3.2074e−16*t5 − 3.3278e−10*t4 + 4.9854e−07*t3 + 8.7184e−06*t2 − 0.04081*t + 1005.7

N
2
: Cp(T)=2.8526e−17*t8 − 7.1057e−14*t7 + 7.5503e−11*t6 − 4.4629e−08*t5 + 1.6031e−05*t4 − 0.0035819*t3 + 0.48665*t2 − 36.941*t + 2256

O
2
: Cp(T) = 5.6059e−17*t8 − 1.3854e−13*t7 + 1.4577e−10*t6 − 8.5084e−08*t5 + 3.0053e−05*t4 − 0.0065611*t3 + 0.86362*t2 − 62.78*t + 2857.6

CO
2
: Cp(T) = − 2.436e−06*t3 + 0.0020887*t2 + 0.33212*t + 630.64

Ar: Cp(T) = − 2.6133e−15*t7 + 5.8493e−12*t6 − 5.473e−09*t5 + 2.7714e−06*t4 − 0.00081985*t3 + 0.14188*t2 − 13.37*t + 1057.92/53#" L1MN Cp(T ) ,*# 60−500K (")%"#-(3#" #-'5" *, *)%*'"'(& -'0 -/# )/7(3#"
*&/(@ -'0 (!"#)-+ *'03(/4/(@ )-@ 6" #"-&*'-6+@ 0"E'"0 -& (!" (")%"#-(3#"0"%"'0"'( %*+@'*)/-+ ,3'(/*'&1 <& (!" 5-&"& -#" *'&/0"#"0 (!"#)-++@ %"#,"($

MLO



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$
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 !"#$% &'() µM(T ) *+$ 60− 500K ,%-.%$/,#$% $/0"% +* !01%,/0, 3.%!%3 /04 /!$-!5,#$%
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NIST JANAF empirical real gas
based tabulated data

C
p
(T) = 8.4502e−10*t

4
 − 1.378e−06*t

3
 + 0.0008509*t

2
 − 0.23934*t + 547.09

 !"#$% &'6) Cp(T ) *+$ 7$"+0 8!,9 #$:% ;,,!0" .+<=0+-!/< *#0,!+03,9% >/=%$?3 $%</,!+0 !3 :/<!4@ <%/4!0" ,+)
Cp − CV = Rg = ℜ/Mg A&'6B
γ =

Cp

CV
=

Cp

Cp −Rg
A&'CB

D&C



 !"! #$%'%( $)*('+, $-.$%-/'%( 0.1%, !! "#$%&(! ")*"+),&+% -+)+ *))+%"*./&.0 ,* 1(./&( 2#+34&.566 %,(./()/ 7,#/+0)++ "*!$.*3&(!% (./ 89: ,* ;999: ,+3"+)(,<)+ )(.0+=  //&,&*.(!!$> ,+35"+)(,<)+ )(.0+ *))+%"*./&.0 ,* ,#+ +?"+)&3+.,(! )&,+)&( &% +%,(@!&%#+/ @+,-++.A9: (./ B99:= C*!$.*3&(! *)/+) &% ,#+. )+/<+/ <%&.0 ( <)D+ E,,&.0 F*) ( 0&D+.,+3"+)(,<)+ )(.0+= G#+ µ(T ) (./ λ(T )> D&%*%&,$ (./ ,#+)3(! *./<,&D&,$ ()+/+)&D+/ (% H./ *) I)/ /+0)++ "*!$.*3&(! ,+3"+)(,<)+ F<.,&*.% F*) (!! ,#+ %"+&+%-#&# )+")*/<+% ( %(,&%F(,*)$ /+E.&,&*.= 1"+&E #+(,> Cp(T )> -(% )(.0&.0 @+5,-++. J,# (./ 7,# /+0)++ "*!$.*3&(! /+"+./&.0 *. ,#+ %"+&+ ,(@<!(,+/ /(,( F*)( 0&D+. ,+3"+)(,<)+ )(.0+> -#&# &. ,#&% *!/ K*- %,</$ -(% 60 − 500K= 6. (*!/5K*- @(%+/ &.D+%,&0(,&*.> ,#+ ,+3"+)(,<)+ -(% *.%,(.,!$ /+)+(%&.0 &. +?5"+)&3+.,% -&,# )+F+)+., ,*,(! ,+3"+)(,<)+ +D(!<(,+/ (% T0 = 255k= LD(!<(,+/3+(. ,*,(! ,+3"+)(,<)+ -&!! ")*/<+ ( D+)$ !*- ,+3"+)(,<)+ D(!<+ (, ,#+ .*MM!++?&, (./ &. ( "!<3+ +?"(.%&*. &. +?,+)&*) /*3(&.> )(.0&.0 !*- (% 70K= G#&% ,+35"+)(,<)+ D(!<+% ()+ D+)$ !*%+ ,* ,#+ +),(&. %"+&+% @*&!&.0 "*&., D(!<+% -#&#.*)3(!!$ (N+,% ,#+ "*!$.*3&(! <)D(,<)+ %!*"+= O*-+D+)> "*!$.*3&(! <)D+ E,5,&.0 +?,)("*!(,&*. ")*D&/+/ E,,+/ 3*/+! F*) ( -#*!+ ,+3"+)(,<)+ )(.0+=6. ,#+ ")+D&*<% *!/5K*- +?"+)&3+.,% *./<,&D&,$ -(% 3*/+!+/ D&( C)(./,! .<35@+)> (Pr = Cpµ/λ)> )+")+%+.,&.0 *.%,(., )(,&* @+,-++. ,#+ D&%*%&,$ (./ ,#+ *.5/<,&D&,$ F*) ,#+ 0&D+. *./&,&*.%= G* &.!</+ %"+&+% /&N<%&*. 3*/+!> 1#3&/,.<3@+) &% D()&+/ F*) ,#+ %(3+ K*- *./&,&*.%= P&N<%&*. *+Q&+., &% 3(.<(!!$+D(!<(,+/ (*)/&.0 ,* 2#("3(.RL.%4*0 ,#+*)$ (./ -&,# ,(@<!(,+/ S+..()/5T*.+% "*,+.,&(! *!!&%&*. &.,+0)(! (./ /&(3+,+)%> σ2
ij ,Ωf =

Sc =
µ

ρD
U7=BV

D =
1.858 · 10−3T 3/2

√
1/Mi + 1/Mj

pσ2
ijΩf

U7=AVP+F(<!, D(!<+ *F Sc = 0.75 F*) *?$0+. &. (&) /&N<%&*. )+")+%+.,+/ ( W<&,+ -+!! ("5")*?&3(,&*. F*) *!/5K*- (&) (!<!(,&*.%=  F*)+3+.,&*.+/> 1 /+)&D(,&*. -(%(""!&+/ -&,# @& (./ 3<!,&5%"+&+ (!<!(,&*.= X*) ( *!/5K*- *./&,&*.> ,#+#(.0+ -(% D+)$ %!&0#,> ∼ 8% (% /&N<%&D&,$ *+Q&+., #(.0+% -&,# ,#+ ")+%%<)+5,+3"+)(,<)+ ("")*?&3(,+!$ (% D ∝ T 3/2/p=
;7B



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ !""#$%&#'!() !*+ SPR !"#$% &' (!% )%&#+",- .#/%("#( )0%.% "#+ (!1) (!% 2&3", 2")) "#+ )0%.4!%"() ,"(.& +.,%(3- "3(%,) (!% .#/%("#( 5&6 ,"(% 1#+%, (!% 0,%+%4#%+ $%&2%(,-"#+ (&("3 5&6 &#+.(.&#)7 8) "#"3-9%+ .# (!% 0,%:.&1) !"0(%,); (!%)% :"31%).#+.,%(3- "<%( (!% #"(1,"3 ,%"(.:% '&,% "#+ (!% 0%#%(,"(.&# !%.$!( "#+ (!%,%='&,% (!% )%0","(.&# +.)("#% "#+ .#(%,"(.&# 6"33 ).+% '&,%7 >!% 2"))=5&6=,"(%;%:"31"(%+ ") (!% ,.(."3 &#% .# " )&#. (!,&"( 2"- ?% ,%0,%)%#(%+ ")@
ṁ = ρcacAc AB7BC

ṁ =
ρc
ρ0

ac
a0
ρ0a0Ac AB7DCE).#$ (!% .)%#(,&0. %F0"#).&# ,%3"(.&#) "?&:% %G1"(.&# 2"- ?% %F0,%))%+ ")@

ṁ =

(
γ + 1

2

)
−

γ+1
2(γ−1)

· P0

RgT0
Ac

√
γRgT0 AB7HC

ṁ =
γ√
γ − 1

(
γ + 1

2

)
−

γ+1
2(γ−1)

· P0Ac√
CpT0

AB7IJCK.#"33-; ?- $,&10.#$ (!% $"22" %F0,%)).&#) "#+ 1).#$ (!% (!%,2"33- 0%,'%( $"),%3"(.&#) .+%"3 2")) 5&6 ,"(% 2"- ?% +%#&(%+ .# '&33&6.#$ 6"-@
ψ(γ) = γ

(
γ + 1

2

)
−

γ+1
2(γ−1) AB7IIC

ṁ = ψ(γ) · P0Ac√
γRgT0

AB7ILCM+%"3 2"))=5&6=,"(% %:"31"(%+ .# "'&,%2%#(.&#%+ 2"##%, .) 1)%+ (& &?(".# 0,.=2",- "#+ )%&#+",- 2")) 5&6 ,"(%)7 N"))=5&6=,"(% &' (!% )%&#+",- .#/%(.&#;+."$#&)%+ :." Bronkhorstr 2")) 5&6 2%(%, "#+ :." #12%,."3 ).213"(.&#); .)(!%# +.:.+%+ 6.(! "# .+%"3 &#% (& &?(".# )%&#+",- .#/%(.&# &%O.%#( &' +.)=!",$%; Cdj 7 N"))=5&6 2%(%, 2%")1,%) " "3&,."33- 0%,'%( $") 6.(! " &#)("#( Cp"( $.:%# &#+.(.&#)7 K1,(!%, +%(".3) ",% $.:%# .# (!% %F0%,.2%#("3 )%(10 +%),.0=
IBP



 !"! #$%'%( $)*('+, $-.$%-/'%( 0.1%, !"#$ %&'( )*$+,-./0!##2 $3!#4!,$5 6!**78.97-!,$* !+5 SPR :.- dj = 5.8mm0-4#!- *.+0 ,-!+*3$-*$ /.-, !, xj/ln = 0.88, T0j = 283K .:  ); +.<<#$
specie Mg γ mj(SPR = 1) SPR(fm = 0.076)=>?6.#℄ Cp/CV =>?*℄ P0j/P0

Air 28.96015 1.4 AB&AC% A&
He 4.0026 1.66673 %&ADEC '&FGC
Ar 39.948 1.66367 ''&DGF H&BHG
CO2 44.0098 1.297 'A&B'D H&BGG
∗Cdj = 0.955

p 3!#4$&  M$ .+3$-*0.+ :!,.-K 5$N+$5 "2Q-.+RM.-*, !* CB = (Cpnρn)/(Cpbρb)K 0* 4*$5 ,M$+ ,. $3!#4!,$ +.-6!#0<$5 3!#4$*,. ,M$ -$!# .+$*&S!** 8.9 -!,$ .: ,M$ *$.+5!-2 !0- 0+T$,0.+ 9!* :.4+5 mjexp = 18g/s± 1 .67/!-0+> ,. ,M$ +46$-0!# 3!#4$K mj = 18.167 !+5 05$!# .: mj = 18.987g/s& U*0+>,M$*$ 3!#4$* 0, !+ "$ 5$54$5 ,M!, 50*M!->$ .$L0$+, -!+>$* 0+ ! 3$-2 +!--.9-$>0.+ "$,9$$+ H&EFA !+5 H&ED& V3$+ ,M.4>M Cd 5$/$+5* .+ ,M$ 8.9 */$0$K ,M$
Cdj = 0.957 .",!0+$5 0+ ,M$ +46$-0!# !0- 0+T$,0.+ 0* ,M$ 4*$5 !* ,M$ -$:$-$+, .+$!+5 0+*$-,$5 0+ VW4!,0.+ %&A' ,. .",!0+ 6!** 8.9 -!,$ -!,0.* .: .,M$- 0+T$,!+,*/$0$*& X4-,M$-6.-$K :.- ,M$ *!6$ ,M-.!, !-$! !+5 ,.,!# ,$6/$-!,4-$ ! /-$**4-$-!,0. "$,9$$+ ,M$ !0- !+5 ,M$ .,M$- */$0$* 0+T$,0.+ 0* $3!#4!,$5 0+ .-5$- ,. ."7,!0+ ,M$ 0+T$,0.+ /-$**4-$ -!,$* !, 9M0M ,M$ 6!**78.9 -!,$* !-$ 05$+,0!#&  M$*$5!,! 0* ,!"4#!,$5 !+5 /-$*$+,$5 0+ ,!"#$ %&'&

ṁj = Cdj · ψ(γj) ·
P0jAcj√
γRgjT0j

Y%&AGZ
A%%



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$
P0j = P0a

ψ(γa)
√
γjRgj

ψ(γj)
√
γaRga

 !"#$% !" #$%&'($(& *+,-. /(&012& 3$&0&&$45&'()*,-) -./-012-(,34 3() (*2-0134 1(5-6,173,1'(6 '( ,8- 91:6/-1- 6-'()30;1(<-,1'( =>& ?-0- /-0@'02-) '( ,8- ('21(34 A'? '()1,1'(6B NPR = 37.5, T0 ∼
255KB '@ ,8- xj/ln = 0.882 3() *61(7 ,8- CD=>& Mach E =D& ('FF4- ?1,8
SPR 534*-6 G.-) ,' *(1, '0 5301-) 1( '0)-0 ,' 12/'6- ,8- 632- 2366:A'?:03,-'()1,1'(" C121430 ,' ,8- /0-51'*6 3(34;616B ,8- 0'66:A'?G-4) 16 H*341,3,15-4;-.321(-) *61(7 ,8- 6841-0-( 516*341F3,1'( 3() '4'0 /4',6" =8- -I-,6 30- ,8-(H*3(,1G-) 513 /301-,34 /0-66*0- 2-36*0-2-(,6 3() '9,31(-) @'0- 9343(- )3,3" !"!# $%&'()&)(*+ ,-. &/&'01(1 -2 3(415+(+ (/7+)(-/ &1+=8- A'? 16 516*341F-) 513 91:'4'0 J:6841-0-( /8','703/8;" D( ,816 36- ,8- -./':6*0- ,12- '@ CanonEOSr KLM 32-03 ?36 1(0-36-)B )*- ,' 4178, G4,-01(7B @0'2
1/4500s ,' 1/250sB ?818 23; 64178,4; 0-)*- ,8- 6830/(-66" N6 ,8- ,-6,:6;6,-2?36 2'*(,-) '( ,8- '61443,1(7 @'0- 9343(-B '(4; 35-037-) 6,3,-6 30- '(61)-0-)3() (', *(6,-3); '(-6"=8- 6841-0-( /8','6 /0-6-(,-) 1( O17*0- !"$ )-/1, ,8- 6-'()30; 1(<-,1'(6 '@8-41*2B 307'( 3() 309'(:)1'.1)- 1(,' 231( 6*/-06'(1 310 6,0-32 3, SPR = 1'()1,1'(" P3,*0344;B 2366 A'? 03,-6 30- 5301394- @'0 )1I-0-(, 6/-1-6 *()-0 ,8-632- ,-6, '()1,1'(6 3() ,8-6- 534*-6 30- 715-( 1( =394- !"Q" =8- 6841-0-( 1237-6'@ CO2 3() Ar

#!W



 !"! #$%&'($(& *+,-. /(&012& 3$&0&&$45

 !" He−Air #$%&'(!* +(,-*-' ./*(&'&0  +" He−Air 123&'(%&04!* -*-' 5,./*(&'&0

 " Ar −Air #$%&'(!* +(,-*-' ./*(&'&0  6" Ar −Air 123&'(%&04!* -*-' 5,./*(&'&0

 &" CO2 −Air #$%&'(!* +(,-*-' ./*(&'&0  7" CO2 −Air 123&'(%&04!* -*-' 5,./*(&'&0 !"#$% &'() *!+-.-$ /0.!%$%1 !23"%/ -4 /%-153$6 "3/ 7$31/8%$/% !19%7!-1 !17-:$!23$6 1-;;.% /#:%$/-1! 3!$ <-= 37 NPR = 37.5, SPR = 1>&?



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ !"#$%& '$()*)'$* +$("*, !%- .!#% /#-%*01)'!2*- "(!# #%3 +$("*,4 5%* !% ! )$

 !" He #$%& air '(&$*!+, #$-(%#&$  ." Ar #$%& air '(&$*!+, #$-(%#&$7#38(* 94:; <!))# =(!"#$%) )8(=!*) $= >?@AB @?B %$CC * !" xj/ln = 0.88&
SPR = 1& NPR = 37.5-*"*" ! )"($%3*( #%D8*%* $= +$("##"0 C$%*) #% He !)*& *%!E #%3 F* .#,#%3 #%!#( #%  !"*(! -#(*"#$%4 ?% "'#) !)*& ! )"($%3& 3(**% $ $(*-&  $G #%H*"!%" $%*%1"(!"#$% #%"*(=!* !22*!() -# 8"*- !%- 3(!-8!  0 G#-*%) #%"$ "'* (*- $ $(*- '#3'*($%*%"(!"#$%& G'#' $((*)2$%-) G*  "$ "'* $E"!#%*- )' #*(*% I38(*)4 @'#) !%E* (* !"*- "$ "'* =!" "'!" He√

γRg
NOP
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 !" He #$%& air '(&$*!+, #$-(%#&$  ." Ar #$%& air '(&$*!+, #$-(%#&$ !"#$% &'() *!+%,!-% y − direction .%/0!23 0420#$ 5/02-6 7m/s℄ 92 y/ye =
0.565, 0.913, 0.783 %:2$92%+ -/!%- 0; *<=>? =<? 40@@/% 92 xj/ln = 0.886 SPR =
16 NPR = 37.5' *2$%9A2$9%- !//#-2$92% ;0$A%+ .0$2!%-2$92% 9 B9C,9$+ A0.%A%42 0; 2D% $%!$#/92!04 @04% !4 9-% 0; He !4E%2!04'  0$
 !" Ar #$%& air '(&$*!+, #$/-(%#&$  ." CO2 #$%& air '(&$*!+,#$-(%#&$  " He #$%& air '(&$*!+, #$/-(%#&$ !"#$% &'&) F9D 0420#$ 5/02- !4 -3AA%2$3 5/94% 0; *<=>? =<? 40@@/% 92
xj/ln = 0.88 fm = 0.076 NPR = 37.5!"# %&# '"#( !"# )%&&*+,' -%!#& %-# ./#0 !, !"# -#1#-#(! ,(# ,1 fm = 0.076 021*1#-#(# 3#!'##( !"# 2(4#!2,( %&#& 3#,)#& 5%-6#-7 8( 926:-# ;7; <%" ,(!,:-&%-# &",'( 1,- !"# &=))#!-= >5%(# ,1 Ar, Co2 %(0 He &#,(0%-= 2(4#!2,( '2!"?@A )%!"2(6 % ./#0 fm %& 62B#( 2( C%35# ;7D7 E#52:) 2(4#!2,( :(0#- 761kPa2(-#%&#& 2(4#!%(! #/>%(&2,( B#5,2!= %(0 >#(#!-%!#& 0##>5= 2(&20# !"# )%2( +,' 

FGF



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ !#$%& !' ()$ *+&(#$%, %!- &+%!. &$ /%($#%/ &$+%#%( 0!1 20#- !'/34 %&$& 05
CO2 %!- Ar  !6$( 0! . () 0##$&+0!- !' &$0!-%#3 (0(%/ +#$&&*#$& 05 250kPa%!- 241kPa4 %++$%# . () ()$ -$#$%&$- +$!$(#%( 0! %!- &)0#($!$- &$+%#%( 0!- &(%!$&1 !"!# $%&'()*+, ,)&-'./()/ 1)& 23+//%3+/4 5.3+/ &', 2+365.37&'+ ,&(&7%//8+#$&&*#$ +#09/$&  ! : '*#$ ;1< %!- ;1= 0##$&+0!- 0,+/$($/3 (0 ()$ +#$8&$!($- >0. ? &*%/ @%( 0! +/0(&1 A$+%#%( 0! - &(%!$ 05 He  !6$( 0! %&$ 50# 9B$-
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: '*#$ ;1<C 7%//8+#$&&*#$ +#09/$& %(  !6$( 0! & -$ 05 &3,,$(#3 05 - D$#$!( &$80!-%#3  !6$(%!(&  !(0 ,% ! % # >0. %( 9B$- SPR = 1 %!- NPR = 37.5

SPR = 14  & /%#'$# 50# %E0*( ∼ 2%1 F) & (#$!- %! %/&0 E$ !0( $-  ! ()$ /$!'()05 % +#$&&*#$ # &$ #$' 0!4 ()$ +/%($%* +#$&&*#$ @0!$ %!-  ! ()$ )$ ')( 05 % +#$&&*#$+$%G1 H! ()$ /0.$# $!-  & ()$ Ar − air  !6$( 0! %&$ .) ) %++$%#& . () &$+%8#%( 0! /$!'() -$#$%&$- 50# %! %++#0B ,%($/3 &%,$ %,0*!( %& He  !#$%&$4 .) /$()$ CO2 − air %!- air − air  !6$( 0! .$#$ 0! /0&$/3 ()$ &%,$ 0($1 HE&$#? !'()$ +#$&&*#$ +#09/$&4 % - &( !( 0! E$(.$$! ()$ %&$& %0#- !' (0 ()$ &+$ $& ,08/%# ,%&& %!- γ %! E$ ,%-$4  !- %( !' ()%( +$!$(#%( 0! %!- -$>$( 0!  !#$%&$. () -$#$%&$- ?%/*$& 05 ()$&$ (.0 +)3& %/ +#0+$#( $&1 F) & 0E&$#?%( 0!  & 5*#()$#0!9#,$-  ! ()$ .%//8+#$&&*#$ +/0(& 50# ()$ 9B$- ,%&&8>0. #%($4 fm = 0.076  !: '*#$ ;1=1 I(  & 50*!- ()%( ()$ #%( 0 05  !6$(%!( γjMgj +#0-*(  ! ()$ +# ,%#3
J<K
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 !"#$% &'() *+,,-.$%//#$% .$01,%/ +2 !34%2!03 /!6% 07 /899%2$8 07 6!:%$%32 /%-036+$8 !34%2+32/ !320 9+!3 +!$ ;0< +2 1=%6 fm = 0.076 +36 NPR = 37.503% γiMgi !/ !3>%$/%,8 .$0.0$2!03+, 20 2?% /%.+$+2!03 @03% "$0<2?' 0$%/ +36 6%$!>%6 0%A!%32 6+2+ +$% 2+B#,+2%6 +36 "!>%3 !3 C+B,% &'D' E2 +3B% 6%302%6 2?+2 B02?F $%+2!>% 70$% !34%2!03 09.03%32 +36 2?% !32%$+2!03-<+,,/!6% 70$% 09.03%32 +#"9%32 <!2? 2?% 6%$%+/% 07 γMg $+2!0'  #$2?%$ 20 2?+2F!3 2?% +/% 07 1=%6 SPR = 1 6!:%$%3% 07 .$06#%6 2?$#/2 +36 /!6% ,0+6/ <%$%!3 + >%$8 /9+,, $+3"%' G0<%>%$F B8 !3,#6!3" 2?% 9+//-;0<-$+2% $+2!0 $!2%$!+F>%20$!3" +36 /.%!1 !9.#,/% +9.,!1+2!03 7+20$/ $%>%+, 2?% 9+3!70,6 6!:%$-%3% B%2<%%3 2?% ,0< +36 ?!"? γMg /.%!%/' C?% /9+,,%$ 6!:%$%3%/ !3 0B2+!3%670$%/ B%2<%%3 2?% 2%/2%6 !34%2+32/ /.%!%/F +$% /!"3!1+32,8 9+"3!1%6 !3 2?%1=%6 9+//-;0< $+2!0 fm = 0.076 2%/2 +/%' E3 2?!/ +/%F 0B2+!3%6 >+,#%/ 07 ",0B+,/.%!1 +9.,!1+2!03 7+20$ +$% >%$8 ,0/% 70$ 2?% D /.%!%/' C?% +/%/ <!2? He!34%2!03F <?!? ?+/ 2?% γMg 7+20$ +2 2?% ,0<%$ ,!9!2F 8!%,6/ 2?% 0>%$/!@%6 >+,#%/09.+$!3" 20 2?% 02?%$ +3+,8@%6 /.%!%/' E3 2?!/ +/%F .!2? >%20$ +3",% 07 16.2◦<+/ +?!%>%6 <!2? 2?% ",0B+, /!6% 70$% 07 ∼ 40N F 0$ + B!2 ,0<%$ 2?+3 2?% 03% 2?!$607 2?% +=!+, 2?$#/2 70$%' H02?F $%+2!>% 70$% 07 I36 !34%2!03 +36 2?% !32%$+2!03<+,, /!6% 70$% !3$%+/%' G!"?%$ <%!"?2%6F CO2 +36 Ar !34%2+32 /.%!%/F <!2? 0$-$%/.036!3",8 ,0<%$ !34%2!03 .$%//#$%/F 8!%,6 2?% ,0<%$ .%$70$9+3% $+2%/ !3 2%$9/07 .$06#%6 /!6% 70$%/ +36 032$!B#2!03 !3 ",0B+, 2?$#/2' C?% ",0B+, >%20$!3"+36 !9.#,/% +9.,!1+2!03 7+20$ %>0,#2!03/ +$% !3 2?% /+9% $+3"%' G0<%>%$F +/$%9+$J%6 !3 2?% .$%>!0#/ ?+.2%$/F 6%;%2!03 $+2% 7+>0$/ ?!"?%$ .$%//#$% !34%2!03
KLD



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ !"#$ %&'( )*!#+!,$- ./0$ /23/4$4,5 ./0 ,6$ xj/ln = 0.88, NPR = 37.5  784/99#$ ":;53$:$ <7 =8
SPR = 1(8!5$ fm Fjy> ?@℄ Fwy> ?@℄ ∑

Fy> ?@℄ ∑
Fx> ?@℄ δ, [◦]

air − air 0.076 9.473 7.134 16.473 B'C&DB C&EF
He− air 0.0303 9.551 7.407 16.958 B'C&B' %&BG
CO2 − air 0.092 9.302 7.313 16.615 B'C&DD C&FH
Ar − air 0.096 9.576 6.559 16.135 B'H&F% C&%C
fm = 0.0768!5$ SPR Fjy> ?@℄ Fwy> ?@℄ ∑

Fy> ?@℄ ∑
Fx> ?@℄ δ, [◦]

air − air 1 9.473 7.134 16.473 B'C&DB C&EF
He− air 2.534 24.279 14.972 39.251 B'H&BB BC&DG
CO2 − air 0.833 7.713 6.254 13.967 B'H&FIC H&E%
Ar − air 0.803 7.636 5.426 13.062 B'H&CED H&IFJ$0./02!4$ -!,!(!5$ hj , mm lsep/ln CAV CAF CAI

SPR = 1(
air − air 5.514 15.708 0.904 B&GDI G&FHD
He− air 5.046 15.98 2.343 B&GD' G&FF'
CO2 − air 5.482 15.71 0.753 B&GD' G&F'%
Ar − air 5.046 14.688 0.702 B&GDD G&F'D
fm = 0.076(
air − air 5.514 15.708 0.904 B&GDI G&FHD
He− air 8.964 19.653 2.124 B&GIF G&F%H
CO2 − air 5.046 14.212 0.769 B&GBF G&FI%
Ar − air 4.582 13.804 0.719 B&GB% G&FIH/*$0 ,6$ #/K$0 /4$& L#/"!# *$,/0:4M !4- 53$:N :23+#5$ !23#:N!,:/4 *$05+5

γMg 0!,:/ !0$ 3#/,,$- :4 O:M+0$5 %&BG !4- %&BB& 7, !4 "$ 5$$4 ,6!, *!#+$5 "$#/K,6$ 0$.$0$4, 0:,:!# 3/:4, /. γjMgj/γiMgi !, +4:, *!#+$> 5:M4:N!4,#P :40$!5$ ,6$3$0./02!4$ 0!,$& O/0 ,6$ :4$0, !4- 6$!*:$0 ,6!4 2!:4 Q/K :4R$,!4, 53$:$5>3$0./02!4$5 +0*$5 -$!P&
BEI
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 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ !" #$%&'()%+'$ %' ,'%-./010 /$/230+0 !""!#$%& '() )*')%+$,) -)+).-( 0.+)1 !% '() 2!%!+3)$) .$- .%1 .4')- !% 0$5+3)$)+ !"156!# )*3)-$2)%'+7 . %82)-$." $%,)+'$&.'$!% !% '() !208+'$!% 3-!158'+ 8%1)- )"),.')1 ')23)-.'8-) $+ !%18')1 $% !-1)- '! +$28".') .% $%')%1)18+) !% '() 9:;<  !"#!$# .$2)1 ".8%()- #$'( +)!%1.-= $%>)'$!% '(-8+' ,)'!-!%'-!"? @#! !*$1$A)-548)" 3.$-+ .-) !%+$1)-)17 . "$B8$1 (=1-!&)% 48)"7 lH2− lOX.%1 "$B8$1 )'(.%!" 48)"7 C2H5OH − lOX ? @() C-+' 0$53-!3)"".%' !%C&8-.'$!%#.+ )*.2$%)1 4!- )".0!-.'$!% .%1 !23.-$+!% #$'( '() !%')23!-.-= ".8%()-')(%!"!&$)+ #($") '() +)!%1 !%) #.+ '() !3'$!% 4!- '() .'8." 8+) $% Perseus3-!&-.2? @()-2!()2$." -).'$!% 3-!)++)+ $%+$1) '() !208+'$!% (.20)-#)-) ."8".')1 8+$%& :D<D 9;DE !1) 0.+)1 !% '() :D<D F")%  !"℄ .%1 :G<@HD:D  !$℄℄
NST



 !"! #$%&'($%'*+, %-.*,*/&*.' +,.,+0*(12 (3 ('/.20*(1 $+'/%&

 !" #$%$&'( *+,-.'*/ !/(!  ," 0&$&'( *+,-.'*/ !/(! !"#$% &'()* +-%.% /0 $/1%2 /.3#42!/5 -6.3%$ $/44 4%2!/54 37 8/$9/5 659:;$!9%  !"℄5!2% /.3#42/$ 6<#<62!/54= %>#62!/54 6$% 4%2 0/$ 2-% $/1%2 /.3#42!/5 -6.3%$!5<%2= /.3#42!/5 -6.3%$ %59 659 65 69%>#62% 5/??<% 2-$/62 4/5! 6$%6' @5 2-%#$$%52 /<9AB/C 42#97= %DE%$!.%526< 5/??<% C64 ./#52%9 /5 2-% 4%22<!5" -6.3%$2-62 C64 9%4!"5%9 C!2- 6 <6$"% $/44 4%2!/5 6$%6 659 2-%$%0/$% 65 644#.E2!/5 /02-% !5F5!2% /.3#42/$ %>#!<!3$!#. E$/%44 !4 4%<%2%9 64 65 6EE$/E$!62% 0/$ 0#$2-%$-/2A"64 4!.#<62!/54' G-!4 !4 6<4/ /.E6$%9 2/ 2-% F5!2% 6$%6 $/1%2 /.3#42!/5-6.3%$ H IJK 6<#<62!/5'J-%.!6< %>#!<!3$!#. 65 3% 9%F5%9 %!2-%$ 37 %>#!<!3$!#. /5426524 /$ 37 .!5!A.!?62!/5 /0 0$%% %52-6<E7 H8!334 %5%$"7K C-!- C64 #4%9 !5 8/$9/5 659 :;$!9%  !"℄c/At and At/Ae 659M/$ C!2-2-% E$%44#$% $62!/4 0/$ %6- 4%2!/5' @IJ ./9%< 644#.%4 /542652 /.3#42!/5 %5A2$/E7 sinf 9#$!5" !4%52$/E! %DE654!/5 !5 2-% 5/??<%' N/C%O%$= 0/$ 2-%  IJ ./9%<=%52$/E7 !4 5/2 /542652 9#$!5" 2-% /.3#42!/5 E$/%44 3#2 -65"%4 0$/. sinj 2/
sc C!2- E$%44#$% -65"% 0$/. Pinj 2/ Pc' I02%$ /.3#42!/5 E$/%44 %>#!<!3$!#./.E/4!2!/5 /2-%$ 4262!/54 6$% 6<#<62%9 0/$ 2-% 5/??<% !4%52$/E! %DE654!/5' /$ 2-% C2H5OH− lOX E$/E%<<6524= /.3#42!/5 -6.3%$ 2-%$./-%.!6< $%A

(P&



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ "#$%  &'& "#$%(  )* #"*) "*+ ,$) "-* "-)** *&*.*%"( C H O  %+ /0 $1" #%*+(2*#*(3 4$.1'("#$% 5 ( (#.'& "*+ $% "-* "-)** $6#+ %" "$ ,'*& .#6"')* ) "#$(
o/f = 1.2, 1.4, 1.57 5#"- .*%"#$% "- " o/f = 1.4 #( (*&*"*+ ,$) "-* )*,*)*%" $%*38$) "-* lH2 − lOX "-* o/f range : 4., 5., 6. 5-*)* o/f = 6. 5 ( (*&*"*+ ,$) "-*)*,*)*%" $6#+ %" "$ ,'*& ) "#$7 *9*% "-$':-" o/f 8 5$'&+ 1* &$(*) "$ "-* ("$#-#$;.*")# 9 &'*3 <*9*)"-*&*((7 $6#+ %"=,'*& ) "#$( ,$) 1$"- 2)$2*&& %" $%>:') "#$%5 ( &$(* "$ ("$#-#$.*")?  %+ ('#"*+ ,$) *@'#&#1)#'.  &'& "#$%(3 A*+'*+ )*; "#$% .*- %#(.(  )* (#.'& "*+  %+ >% & . ((# ,) "#$%( $, "-* (2*#*(  1$9*
2E− 06 9 &'* #% "$" & (- )*  )* $%(#+*)*+3 B-* $.1'("#$% - .1*) )*('&"(  )*:#9*% #% B 1&* C3D ,$) C2H5OH − lOX  %+ #% B 1&* C3/ ,$) lH2 − lOX 3B 1&* C3DE C2H5OH−lOX 7 FG4 - .1*) *@'#&#1)#'. "-*).$-*.# &  &'& "#$%

o/f = 1.4 #%H*"$)I#%,3J $.1'("#$% - .1*) "-)$ "
T (K) o90.17/f293 3106.10 2915.61
ρ (kg/m3) o1145.4/f789 1.6707 1.0300
P (kPa) 2.E + 03 2.E + 03 1.1476E + 03
Pinf/P 1 1 1.7427
u(m/s) 0 1171.1 1133.0
Irsp(m/s) 0 1132.9 2176.2
H(kJ/kg) / −2751.73 −3393.51
Cp(kJ/(kg ·K) / 4.4755 3.8492
γ / 1.1457 1.1521

Mass fractions :
CO K3LDCMN K3LDK/L
CO2 K3NDOOK K3NMPKD
H K3KKK0K K3KKK/O
HCO K3KKKKP K3KKKKK
H2 K3KPPC0 K3KPP0K
H2O K3LMMM/ K3LCPCM
O K3KKPLP K3KKKML
OH K3KP0LD K3KKPC0
O2 K3KKL/O K3KKPC0

P00



 ! " #$%&'(()*+% -.//0) #010#*%.-& !"#$ %&'( lH2 − lOX ) *+, ,-."/012-3 5!."$6 $7/2#2"62/. 15$6.-5$.2!#!#/#!12-3
o/f = 6. 238$1-6923:&; -."/012-3 5!."$6 156-!1
T (K) o90.17/f20.17 3341.84 3174.83
ρ (kg/m3) o1145.4/f73.364 0.95518 0.58860
P (kPa) 2.E + 03 2.E + 03 1.1563E + 03
Pinf/P 1 1 1.7296
u(m/s) 0 1539.6 1490.9
Irsp(m/s) 0 1490.9 2907.3
H(kJ/kg) / −986.31 −2097.71
Cp(kJ/(kg ·K) / 10.8090 9.9370
γ / 1.1321 1.1315

Mass fractions :
H <&<<=>> <&<<?@%
H2 <&<=%@? <&<=A@A
H2O <&@%?<> <&@B=?=
O <&<<A=' <&<<>='
OH <&<A%AA <&<'=>A
O2 <&<C?AB <&<<B?? !" #$ % &'()*++,-.( 01223, &343&-(10) 5$ -."/012-3 5!."$6 15$6.-5$.2!# D6-$00 6$0/#10 !6$ /0$E !0 !3 23D/1 :-615$ 3-FF#$ G-H 02./#!12-30& ,!#/#!12-30 !6$ D$6:-6.$E /023I ! CJ -E$ "!0$E -315$ 0/"0$10 -: 15$ GRI−Mech 2.11  !"℄ 6$!12-3 .$5!320.0 :-6 O H C N Ar :-6K.!12-3 $#$.$310 0D$2$0&  5$0$ CJ !#/#!12-30 -302E$6$E = .-E$#$E !DD6-!5$0(C& 15$6.-5$.2!# $7/2#2"62/. 6$!12-30?& :6-F$3 0D$2$0 -.D-0212-3 !#/#!12-3=& 15$6.-5$.2!# 6$!123I L23$120 .$5!320.M"1!23$E) ,5$.L23K** :-6.!11$E 6$0/#10) !6$ !3!#NF$E !3E -3:6-31$E 1- 15$ ?JK!O20N..$162 02./#!12-3 D$6:-6.$E !0 ! :6-F$3 -.D-0212-3 /023I 15$ CPSPC-E$& Q-15 CJ -E$0) ,R+? -E$ !3E GRI −Mech 2.11 "!0$E !#/#!12-3 /0$E,R+? -."/012-3 5!."$6 !#/#!1$E -3E212-30 !0 ! 01!6123I D-231&  5$ 01!12

C@B



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$

 !" #$%&$'!()'$ $*+,)(-+.  /" #0')1( 2+'$ !( 1$,$($4 '+11 1$(-+.1 !"#$% &'()* (+ ,-%$./-%.' %1#!2!3$!#. /.4#,5,!/67 ,%.4%$5,#$% 568 ,-$#7,9/$%/68!,!/67 :%$% ,-% 75.% !6 ,-% ,-$/5,; :-!2% 5 72!"-, 8!<%$%6% 3%,:%%6 ,-% /8%7!7 /37%$=%8 8#% ,/ ,-% 8!<%$%6, ,-%$./8>65.! 85,5 /3,5!6%8 9$/. ?@A@  !"℄A@B@ C2%66  !$℄ /$ B568!5 D-%.E!6 F#$5, 568 G#7!  !%℄'  /$ C2H5OH − lOXE!6%,!7 /67!8%$%8 H 9/$.5,!/6 %2%.%6,7; )I 74%!%7 568 (&& $%5,!/67 568 9/$
lH2 − lOX (J 74%!%7 568 IK $%5,!/67' L-% 4$/4%$,!%7 /9 /67!8%$%8 "57 74%!%7568 $%9%$%6, 4%$9/$.56% 85,5 57 ,-% ,-$#7, 9/$% 568 74%!M !.4#27% 5$% /3N,5!6%8 568 ,53#25,%8 !6 L532% &'O 568 L532% &'&'  /$% 568 74%!M !.4#27% 5$%"!=%6 57 ,-% 8>6524> P#Q 568 74%!M !.4#27% !6 :%!"-,2%77 Rg = 0S 7,5,%'

Fth = ṁ · u+ p · A R&'(HS
Irsp =

Fth

ṁ
= u+

pA

ṁ
R&'(OSL-% 7/6! =%2/!,> !7 52#25,%8 57 a =

√
(dp
dρ
)S #68%$ /67,56, %6,$/4> 568/67,56, 74%!% /.4/7!,!/6' T-5, 56 3% 7%%6 !6 $%7#2, 85,5 !7 ,-5, 7%,!/6 5,4/!6, 544$/Q!.5,%2> x = 0.5mm

(WJ



 !"! #$ % &'()*++,-.( 01223, &343&-(10) !"#$ %&'( C2H5OH − lOX )* +,$-./,$.& !#1#!+2/3
o/f = 1.4 p, [Pa] T, [K] M Fth, [N ] Irsp, [m/s]

Equilibrium : ,-/!+ )&)4'567' 8&9)4)67: )&55) %&%;94678 8&));:67:6<2+ ;&%;%4674 )&=;9'67: 8&=5%4 )&54''67: 8&=;::67:
Frozen : ,-/!+ )&)4'567' 8&9)4)67: )&55) %&%;94678 8&));:67:6<2+ ;&:'55674 )&'98%67: 8&=%:= )&5:8%67: 8&=);467:
Kinetics : ,-/!+ )&)4'567' 8&9)4)67: )&55) %&%;94678 8&));:67:6<2+ ;&;=5%674 )&%%9'67: 8&=8:% )&5:967: 8&=:8%67: !"#$ %&%( lH2 − lOX )* +,$-./,$.& !#1#!+2/3
o/f = 1.4 p, [Pa] T, [K] M Fth, [N ] Irsp, [m/s]

Equilibrium : ,-/!+ )&);;567' :&)%4)67: )&55) %&%4:5678 8&=5'%67:6<2+ '&:);:674 8&89;967: 8&%84' )&5;=)67: :&=:;%67:
Frozen : ,-/!+ )&);;567' :&)%4)67: )&55) %&%4:5678 8&=5'%67:6<2+ ;&45:%674 )&='8%67: 8&='89 )&5:8467: :&%48:67:
Kinetics

)9)



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$

 !"#$% &'()* C2H5OH − lOX (+ ,-%!/ !0-#12% -$3/1%
 !" #$%&'( )*%,  -" #,./,%!(&%, ,0*1&(2*3 !"#$% &'(4* C2H5OH − lOX 56$#27 83$% 9:; 7%0-%$97#$% -$3/1%2

 !" #,./,%!(&%, ,0*1&(2*3  -" 4/,25 2./&1', !"#$% &'(<* H2 − lOX ,-%!/ !0-#12% 9:; 7%0-%$97#$% -$3/1%27!3:2 9$% 7$9!1!:" =%6!:; 76% 8927%$ 3:%2> ?6!6 1%9; 73 9 3:1#2!3: 7697 230%2-%!%2 $%97!3:2 9$% 132%$ 73 76% 8$3@%: 92% 03;%1 9:; 230% 73 76% 76%$036%0A!91 %B#!1!=$!#0 03;%1' 56!2 $%197!3: !2 9123 2919=1% !: 30-9$% 73 76% :3@@1%"%30%7$C> U/ln 9:; 73791 3:;!7!3:2 97 76% !:1%7 92 76% %:7691-C 9:; %:7$3-C'D8 76% 73791 -$%22#$% !2 ;%$%92%; 8$30 P0 = 2000kPa 73 P0 = 300kPa $%2#17
(EF



 !"! #$ % &'()*++,-.( 01223, &343&-(10) !"! #$ "%& "%&'(#%&(*!+ ,*-&"* (# &+ .*++ /& -#"*&!/+0 +#1&' "# "%& $'#2&-(*3"4'& !1&5 6%&'&$#'& *" !- /& #-+4 & "%!" "%& 1%#'"&' -#22+&1 .*"% 1%#'"'&1* &-& "*(& $#' 17&*&1 .*++ '&14+" *- ,*-&"*1 +#1&' "# "%& $'#2&- !1& .%*+&"%& +#-8&'9 $#' &3!(7+& $4++ +!4-%&' -#22+&19 .*"% +!'8& '&1* &-& "*(& '&14+" *-,*-&"*1 :4*"& +#1& "# "%& "%&'(#%&(*!+ &:4*+*/'*4(5 ;1 *" *1  &"&"!/+& $#'
lH2 − lOX !1& 1#(& '&!"*#-1 !'& $!1"&' !- "%&'&$#'& "%& 7'&1&-"& 7'#<+&1 !'&*-=/&".&&- "%&'(#%&(*!+ &:4*+*/'*4( !- $'#2&- (*3"4'& #' ! /*" !/#>&56%& 41& &37&'*(&-"!+ -#22+& .!1 !77'#3*(!"& !1 ! 1%#'"&' *- '&+!"*#- "# "%&

?*84'& @5A@B C2H5OH − lOX CD=!3* >*1#41 CPSEC "&(7&'!"4'& 7+#"+&-8"% !- (#(&-"4( 7'# 4& !" P0 = 2000kPa
AOG



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$

 !"#$% &'()* C2H5OH − lOX +,-./! 0!13#1 CPS4C 5%67%$.5#$% %038#5!39 .55:% ./!1 .9; <.881!5!39 .5 5:% <.88= .1 5:%$63;!>#1!39 .9; 17%!%1 ;!>#1!39= ?$36 !91!;% 53 3#51!;%'@:%$63;!>#1!39 %>%5 !1 $.5:%$ 16.88 .9; !5 <.1 935 !98#;%; !9 5:% 9#6%$!.8.77$3.:= <:!8% 5:% 17%!%1 ;!>#1!39 6.A .>%5 36731!5!39 398A !9 B$15 +-C %881.5 5:% %/!5 1%5!39' ! "#$%& '())*+ ,- .(/0123+3 3456*2/4('3@:% 3D5.!9%; +,-./! $%1#851 <%$% !95%$738.5%; 53 5:% C, .1% .1 !9!5!.8!E.5!390.8#%1= <:!8% 5:% 1.6% :.6D%$ %/!5 39;!5!391 Fp, T,M .9; 6.11 ?$.5!391G <%$%!6731%; 53 5:% 1%39;.$A !9H%5!39 !98%5' I!": %95:.87A 8.$"%8A !9$%.1% 5:%H%5 636%95#6 .9; ?.03$1 ;!>#1!39 .9; ;!11!7.5!39 7$3%11%1 !91!;% 5:% 5#$D#-8%95 D3#9;.$A-8.A%$' J9.83"3#18A= 6.H3$ 5%67%$.5#$% F%95:.87AG .9; %95$37A!9$%.1% !1 39%95$.5%; !9 KL= 1%7.$.5!39 .9; 1:%.$ !95%$?.% E39%1= .1 ;%7!5%;!9  !"#$% &'(M' J5 5:% 1:%.$ !95%$?.% 3? $311-N3< !95%$.5!39 E39%= 5%67%$.5#$%:.9"%1 ?$36 ∼ 1500K !9 ?$395 3? 5:% D3< 1:3O 53 ∼ 2900K D%:!9; 5:% 1:3O'@:!1 :!":8A %8%0.5%; 5%67%$.5#$% ?#$5:%$ ?.03$1 %/:.9"% !9 5:% $311-N3<1 !9-5%$.5!39 E39%' P7731!5%8A= . 8.$"%8A ;%$%.1%; 5%67%$.5#$% 3? .$3#9; T 300K !1;%5%5.D8% .?5 3? !9H%53$ !9 . 83< 7$%11#$% E39%'P9% 3? 5:% .9.8A1!1 "3.81 <.1 53 367.$% 5:% %>%51 3? 38; N3< .9; %8%0.5%;5%67%$.5#$% .1%1' Q38; N3< .9.8A1!1 3? C2H5OH − lOX 36D#15!39 7$3;#5
(MR



 ! ! "#$%& '())*+ ,- .(/0123+3 3456*2/4('3

 !" #$%&'()* J/K +$ &!,+!- ./%&!%., 1-+.12+%3 1%&.!4%&!.1  5" 61'7%.4(.&!%8&. 18&9!.1* K !"#$% &'()* C2H5−OH−lOX  !" #$%&'() *$+ %#,(#&*%-&# #.'/-%0'$1 0$ 23456436 $'77/# *% NPR = 37.5 SPR = 1 xj/ln = 0.88 P0c = 2000kPa T0c = 3106K*1#1 01 '$+-%#+ *$*/'9'-1/) %' :0;1(#0#1 10,-/*%0'$1< C2H5OH − lOX ',;:-1%0'$ (&'+-%1 *&# ,'+#/#+ *1 * 10$9/# ,'$'1(#0# ',('-$+ *% =>0> (>)10*/(&'(#&%0#1 *&# ,'+#/#+ *'&+0$9 %' ,'/*&;?&*%0'$1 '? #*> 1(#0#1 0$10+# %># ,0@;%-&#< 3$ A09-&# B<CD =*//;(&#11-&# (&'E/#1 *&# +#(0%#+ ?'& >'% *$+ '/+ #%>*$'/$-,#&0*/ *1# %'9#%>#& =0%> (&'E/# #@%&*%#+ ?&', '/+ *0& 0$.#1%09*%0'$1<3% *$ :# 0+#$%0E#+ %>*% '/+ C2H5OH − lOX *1# (&'+-#+ */,'1% 0+#$%0*/=*//;(&#11-&# (&'E/# *1 %># '$# #@%&*%#+ ?&', %># '/+ *0& 10,-/*%0'$1< F>0>*$ :# %&*#+ :*G %' %># ?*% %>*% C2H5OH − lOX ,0@%-&# (>)10*/ (&'(#&%0#1=#&# &#/*%0.#/) /'1# %' %># '$#1 '? +&) *0& #1(#0*//) '/+ ,0@%-&# ,'/*& ,*11*$+ 1(#0E >#*%1 &*%0' Hγmix ∼ 1.3323 Mmix = 28.498g/mol
QRS



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$
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 !"#$% &'()* +,--./$%00#$% /$12-%0 !3 0455%6$4 /-,3% 71$ 816 ,39 1-9 C2H5OH−
lOX ,0% ,39 51310/%!% 1-9 ,!$ ,0% !3 ;<=>? =<? 31@@-% ,6 NPR = 37.5A
SPR = 1A xj/ln = 0.88, P0 = 300kPa0B!3 7$!6!13 /$12-% "!C%3 !3  !"#$% &'(D' E#5%$!,- 71$% 9,6, 6,F#-,6%9 !3 =,.=,F-% &'G* E#5%$!,- 71$% 9,6, 71$ 816 ,39 1-9 ",0%0 ,6 NPR = 37.5, SPR =
1, P0 = 300kPa=%06 ,0% Air C2H5OH − lOX C2H5OH − lOX

T0c, K (HH (HH (IH)
T0j , K (GJ (GJ (IH)
fm )')&K( )')&&D )')G)J
Fwy[N ] &'DJL K'GHD &')&H
FjyME℄ I'JLD I'DLK I'(GK∑
FyME℄ DK'L&H DH'II& DK'JK∑
Fx ME℄ DJK'(D DJL')K DLD'K&

δM◦℄ K'GI K'G) K'HIOF-% &'G /$%0%36%9 , C%$4 0!5!-,$ ;<=>? /%$71$5,3% 9,6, 17 ,-- 68$%% ,0%0' P1Q.%C%$A !6 ,3 F% 9%6%6%9 68,6 !36%$,6!13 Q,-- 0!9% 71$%A Fwy !3$%,0%0 Q!68 68%6%5/%$,6#$% %-%C,6!13 F#6 !30#R!%36-4 61 5,68 68% ,S!,- 68$#06 71$% !3$%,0%' !3,--4A 6Q1 7#%-.1S!9,36 ,0%0 17 C2H5OH − lOX ,39 lH2 − lOX ,$% 3#.5%$!,--4 !3C%06!",6%9 0!5#-,6!3" ,3 !3T!"86 !36%39%9 8,5F%$ /$%00#$% 17 P0c =

2000kPa'  1$% ,39 /%$71$5,3% 9,6, 17 7$1@%3 5!S6#$%0 ;<=>? 3#5%$!,- 0!5#.
DIK



 ! ! "#$%& '())*+ ,- .(/0123+3 3456*2/4('3
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 !"#$% &'()* +,!- .$!0!1- !- 2344%0$3 567-% .1$ 810 C2H5OH − lOX 72% 7-9169 7!$ 72% !- +:;<= ;:= -1>>6% 70 NPR = 37.5? SPR = 1? xj/ln = 0.88, P0 =
300kPa670!1-2 7$% "!@%- !- ;7A6% &'B' C766D5$%22#$% 5$1E6%2 !-  !"#$% &'(( 9%5!0 9!F%$%-0
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 !"#$% &'((* G#4%$!76 H766D5$%22#$% 9707 1. ( .#%6D1I!97-0 72%2 !- 2344%0$3567-% !- +:;<= ;:= -1>>6% 70 xj/ln = 0.88, NPR = 37.5, SPR = 12%57$70!1- 419%2 1. 0H1 .#%6D1I!97-0 72%2' G74%63? lH2− lOX 72% 755%7$2 H!087 2!"-!E7-063 61-"%$ 2%57$70!1- 9!207-% 7-9 24766%$ 5670%7# 5$%22#$% 6%@%6? H8!6%08% C2H5OH − lOX 72% H72 1456%0%63 7-761"#% 01 08% 5$%@!1#2 169 7-9 810
P0c = 300kPa 72%2' J22#4!-"63? 08!2 7- A% 722!"-%9 01 08% 6!"80%$ 7-9 .720%$
lH2 − lOX 4!I0#$% 1451-%-02 H!08 7- %22%-0!7663 61H%$ 9%-2!03 70 -1>>6% %I!0

)B&



 ! "#$ %&'%(&)*($+ ,-.)*$%(/*($ #01 2')3"#$ #0#.4$*$ !#$%& ' ()! #*+,-*#!. .*#*  )%/ *  $0$-*1 23(45 +!)*6$%1 * #)! %&! %7 %-.(*+-! 8'9: ;,0!1$*- 7%1! .*#* *&. <!17%10*&! %!=$!&# 7%1 )%# >* &%&?1!*#$&> 71%@!& 0$A#,1! *# NPR = 37.5, SPR = 1(! # * ! C2H5OH − lOX lH2 − lOX

T0cB CD℄ FGHI FFJH
fm H'HKHL H'H8K
FwyB C;℄ JG'KFK JM'JK
FjyB C;℄ IH'K8K IM'FI∑
FyB C;℄ GHM'8GI GHJ'KJ∑
FxB C;℄ 9FL'J8 9LI'F

δC◦℄ I'M8 I'MI
F0xB C;℄ 9MH'J 9JI'8F
CAV H'888 H'KHL


G9K



e − air
γMg *(,$+% 1")+- 3.$, ?()3" -$)) (3%" ( .+,(1)' &$=&"*  6789 !"*>+*:(.";7&"*:+&":$() !*+"%%"% $. ,&" +:13%,$+. &(:1"* -"*" %$:3)(,"/ $. N+*4/+. (./ <O*$/"  !"℄ @P P49QPG +/" 3%$.= ,&" $.C.$," +:13%,+* (*"( (./,&"*:+&":$() "I3$)$1*$3: (%%3:!,$+.%; O(%$ &+, =(% (.()'%$% -(% !"*>+*:"/3%$.= RF ,&"*:+&":$() *"(,$+. L$.",$% :+/"); 7&" (.()'%$% $./$(,"/ ,&(,,&"*:+/'.(:$ (./ !"*>+*:(." /(,( +> ( %&+*, .+EE)" -$,& ,&" %:()) *"%$/"."

RSS





GHH



 !""#$%& '(!)% +,-!'.+,' #,)/0$'/0(.10'


KLM



k − ε
LSL



 !" #$%&!"% !"#$ %!&%"' (!$" #)*$( +*!,# $-" .) -/(.'"*+0$)1,(.'"*+ /)(!.!2" /'"((-'" !+03*#*,"5 6"),$# 7 &#)3*# +)+",. *')-,$ 80*9!(7 Mzx0,"&*.!2" ("),$*' '"*.!2" =)'")+/),",.7 $"=)'+"$ ("),$*' /#-+" /')A#" *,$ -,(."*$!,"(( !$",.!A"$ *. %!&%!,#!,*.!), *,&#"( $!('"$!. %!&%# -/(.'"*+ !,#!,"$ !,H".!),(5 J/.!+*# !,#!,*0.!), *,&#"( =')+ .%" *9!( ,)'+*# '*,&!,& *')-,$ ϕ = 25◦ %*2" 3"", '"/)'."$5C$$!.!),*## 7 ("),$*' ,)88#" &")+".' 1*( !,2"(.!&*."$ =)' =-'.%"' )/.!+!8*0.!), /)((!3!#!.!"(5 B*$!*## /)(!.!),"$ '".*,&-#*' (%*/"$ !,H".!), (#). /')2"$ *(
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LES ($ DES ! -#$+%* %&&$(%5 -+:5' A# (!.+"#$#" +! ($"#$ '( &#$;($- %!+!.'%A+*+'0 %!%*0.+. %!" +!* "# '5# $#%'+9# -#5%!+.-. ;($ '5# $#%* (&#$%'+!:%.# .+- *%'+(!.7 =! '#$-. (; <=>?8 &%$%-#'#$., (!'$(* A0 %'+9%'+!: '5# ; ** ($&%$'+%* +!4#'+(! ;$(- '5# - *'+&*# (&&(.+!: &($'. .5( *" A# (!.+"#$#" 3+'5 %;($#-#!'+(!#" %!%*0.+. (; #6&#'#"  !.'#%"0 2(3 )(!#.7 >5+. %! A# %*.( (-&*#1-#!'#" 3+'5 '5# .' "0 (! "0!%-+ $#.&(!.# (; '5# <=>?8 .0.'#- %!" #9#!' %*- *'+&($' <=>?8 %' %'#" $(** (!'$(*7
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 !"!#!$!& !℄ #$ %&'('$ )*+',-&./-&0* 01 ./,'02, ,'0*4/56 &*7'-&0* -852,- +'-05 0*-5090*,&4'5&*. :5&;/56 *0<<9' 0+'5'=:/*,&0*> 15'?2'*6 5',:0*,' /*4 &*7'-&0*/*.9'$ @'8*&/9 %':05- ABCB D%EFFGHH> I/*.9'6 ABCB> !JFK$ L> MN> HM M℄ #$ O$ P9/;;$ Q=:'5&;'*-/9 ,-246 01 /* /=&,6;;'-5& 42/9 -850/- R2&4&-852,- +'-05&*. *0<<9' 105 ,2:'5,0*& /&55/1- /::9&/-&0*$ A2;('5 B)BBEMNNSEGNKL>  !  "#"$% E LH54 #0&*- T50:29,&0* D0*1'5'*' U Q=8&(&-> #296MNNS$ L> MN H℄ V$ B$ O''5'$ C2;;/56 01 R2&4& -852,- +'-05&*. 5','/58 0*42-'4 /-ABCB I/*.9'6 5','/58 '*-'5$ A2;('5 B)BBEMNNHEHKNN>  !  "#"$% EM!,- B::9&'4 B'5046*/;&,* D0*1'5'*'> #2*' MNNH$ G> !F L℄ I$ C&;254/> V$ W05*,-'&*> B$ X0&50*> /*4 V$ C-0('5$ O',&.* /*4 4'+'90:;'*-01 / -852,- +'-05 0*-5099'4 :/5/Y*Z*6-50= 86(5&4 50['-$ A2;('5 B)BBEMN!MELH!N>  !  "#"$% E LK-8 #0&*- T50:29,&0* D0*1'5'*' U Q=8&(&-> #296MN!M$ F G℄ B$ V/5/('60.92> #$ C-'+'*,> O$ \'6<'9> X$ D/*-]'99> /*4 O$ ^&8'9'--&$ W&.8:'5105;/*' 86(5&4 2::'5 ,-/.' ;0-05$ A2;('5 B)BBEMN!!EFNMG>  !  "#"$% E LS-8 #0&*- T50:29,&0* D0*1'5'*' U Q=8&(&-> #296 MN!!$ F F℄ W$ W&*.5'> %$ X'> #$ _,]/94> /*4 C$ T'5*0*$ Q250:'/* 2*&+'5,&-6 /*4,&'*-&` ,:/' 5','/58 :50.5/; TQ%CQaC$ L-8 Q250:'/* D0*1'5'*' 105B'50,:/' C&'*',$ F
MNS



 !"! !#$!% !℄ #$ %&( )$ *& +,--.&( /0* 1$ 23-4,-45$ 67#8798 : / 0/0-;/. </40=;>;.&3 ?,-@&. A-4;B0C -0 B00-D/.B-0 /0* &*4/.B-0$ 6,-$ 9EFG21 HI.=G0.&,0/.B-0/< 2;.,-0/4.B/< J-0C,&;;$ K I℄ 1$ L$ 8?/B* /0* 7$ 7$ M4N-;NB$ 2 ;.4*> -A .=& B0.&,/.B-0 -A C/;&-4; @&.;A,-3 .,/0;D&,;& ;<-.; OB.= ;4?&,;-0B &5.&,0/< P-O;$  !  "#( QKRSTUSQHVSWS(WXKI$ WQ( WS( HY X℄ 1$ L$ 8?/B*$ ZO-:*B3&0;B-0/< @&. B0.&,/.B-0 ;.4*B&; /. </,C& D/<4&; -A#&>0-<*; /0* [/= 043\&,;$  !  "#( W]RWWTUWY]QVWY]Y( WX!H$ WW( WS WQ℄ 1$ L$ 8?/B*( 7$ 7$ M4N-;NB( /0* #$ #-;&0$ 2 8.4*> -A 8&-0*/,> G0@&.B-0-A +/;&; B0.- / 84?&,;-0B 1<-O$ Z&=0B/< #&?-,. ]S:I]Y( E282( WXKK$ WW(WS( IS WW℄ ^$ 2$ 8=&._ /0* 1$ 8$ %B<<BC$ 6&0&.,/.B-0 -A C/;&-4; @&.; B0@&.&* B0.- /;4?&,;-0B ;.,&/3$  !  "# $%&()# *+,(-.( Q]RWWTUWKHIVWKKH( WXK!$ WW(WS( WH( ]]( HY WS℄ 1$ 8$ %B<<BC$ 8=-N:O/D& ;=/?&; /,-40* ;?=&,B/< /0* ><B0*,B/<:0-;&* \-*:B&;$  !  "# $%&()# *+,(-.( QYRKTUISSVIS]( WXK!$ WW( ]! W]℄ 1$ 8$ %B<<BC( #$ J$ `,.=( /0* [$ a/;N>$ 2 40Bb&* /0/<>;B; -A C/;&-4; @&.?&0&.,/.B-0$  !  "#( QXRKTUWQYIVWQH!( WX!W$ WW( WH( ]] WY℄ c$ d$ Z=-3?;-0( ^$ d$ c-e3/0( /0* 8$ [4,.=>$ E-.& -0 / ?/,/3&.,B/0/<>;B; -A .=,4;. D&.-, -0.,-< \> ;&-0*/,> C/; B0@&.B-0$ Z&=0B/< #&?-,.Z[:K]:H( 64,*4& 90BD$ ^&. 6,-?4<;B-0 J&0.&,( WXK]$ WW( WX WH℄ #$ d$ +4=;&$ 20 &5?&,B3&0./< B0D&;.BC/.B-0 -A .=,4;. D&.-, -0.,-< \>;&-0*/,> B0@&.B-0$ Z&=0B/< #&?-,. E282 J#:SX!( 64,*4& 90BD$ ^&.6,-?4<;B-0 J&0.&,( WXKH$ WW( SQ( ]S WK℄ ^&/0 2<<&C,&$ /(01&-1+2 &()+342&5167( 3872 9(- .7%().+2167( %&) 129(-1+2%&)1(-&:($ 6=d .=&;B; 3/04;,B?.( [&0.B-0 8B&0&;( 90BD&,;B.& *& 6/,B;(^40& WXK]$ WW
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v
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Φ = U∞x+ φ = a8(x+ φ′) 5968
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x) 5998
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(γ + 1)α2xy2

2(1 + δ)
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8(1 + δ)(3 + δ)
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u′(x, y) = αx+
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2(1 + δ)
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(γ + 1)α2xy2

(1 + δ)
+
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Vectorisation fluidique de la poussée d'une tuyère axisymétrique 

supersonique par injection secondaire 
 

Résumé :  

La vectorisation de la poussée d'une tuyère propulsive supersonique axisymétrique est étudiée par le biais 
d'une injection fluidique transversale dans sa partie divergente. Cette étude menée dans le cadre du 
programme PERSEUS du CNES a été motivée par la recherche d'une solution alternative au pilotage 
conventionnel de la poussée par actionneurs mécaniques. 

Le travail de la thèse, tout en s'appuyant sur des approches expérimentale et numérique, comprend 
essentiellement une large étude paramétrique concernant principalement la position de l'injection, la forme 
de la tuyère, la nature et le débit du fluide injecté. 
L'analyse des résultats montre que pour certaines configurations optimales, des angles de déviation 
pertinents peuvent être obtenus pour des taux d'injections modérés. 
L'analyse numérique étendue aux écoulements chauds multi-espèces, plus proches des applications réelles, 
a montré que la vectorisation fluidique reste très performante lors de l'injection de produits de combustion 
dans le divergent. 

Mots clés : écoulement transversal supersonique, tuyère propulsive, interaction de choc, décollement, force 
latérale aérodynamique, vectorisation de la poussée 

 Secondary injection fluidic thrust vectoring of an axisymmetric 
supersonic nozzle 

 

Abstract :  

Secondary injection into the divergent section of a supersonic rocket nozzle is investigated for the fluidic 
thrust vectoring effects. The study was conducted in the framework of CNES PERSEUS program and was 
motivated by the need for an alternative vectoring solution aimed for a small space launcher.  

The thesis work, based on the combined experimental and numerical approaches, essentially comprises of a 
wide parametric study mainly concerning the position of the injection, the shape of the primary and injection 
nozzles, flow regime, gas thermophysical properties and injected fluid mass-flow-rate. 

The analysis shows that for some optimal configurations, pertinent deflection angles can be obtained using 
the moderate injection rates. 
Furthermore, the study was extended to the hot flow multi-species investigation, simulating a case closer to 
the real applications. This numerical analysis indicated that the fluidic vectoring method remains effective 
with injection of combustion products into the divergent section of a propulsive rocket nozzle. 

Keywords: supersonic cross-flows, rocket nozzle, shock interaction, flow separation, side loads, thrust 
vectoring 
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