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

#23 4567 58457 9:;489

 !"#$"%&' ()$*&+) a, -+.!")( /0!"/"&+&1$ *a,
2-1)3 "*43 &1$ *b,c∗ 567 (-+8$" 9-.8!b

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

a  !"$%& '()*+!,)-. "/ 0+1("$"2.3 4+1%()%$ %(5 6"&+! 7(2)(++!)(23
 .8!9+:+  .,;)%<,=)+2" >?3 @ABC?A  !"D%&3 6"$%(5

b 01+ E9+&%$,=) F(,-)-G-+ "/ H$G)5BH$"& 4%1)(+!. 6IE)3 7(+!2. J"(B
*+!,)"( K+;%!-L+(-3 H),9+!% MN3 OAB>CM P5%<,=3 6"$%(5

c J"(Q")(- K"-"!%$ E1""$ %- -1+ H%G$-. "/ 4+1%()%$ 7(2)(++!)(23
P5%(,= '()*+!,)-. "/ 0+1("$"2.3 R%!G-"&)9% MMSM> OAB>CC P5%<,=3
6"$%(5

 !"#$%#
*6 :;< =5=<>, :;<>?@7A65?B 565DAEBE @F :G@ ?@7BH5:B@6E @F :;< 9>5A:@6 AD< B6:@ <6I

;56<?<6: AD<E GB:; G5:<> @> E:<5? B6J<:B@6 5>< 7BEKEE<7L %;< H>E: @6< 7<5DE GB:; 5 G5:<>
B6J<:<7 M5E :K>NB6< ?@7BH<7 EAE:<? GB:; N@:; B6:<>E:5M< @?=><EE<7 5B> @@DB6M 567 5B> ;<5:I
B6M O;<5: ><M<6<>5:B@6P N<F@>< @?NKE:B@6 ;5?N<>L %;< E<@67 @6<, ?5B6DA 7<Q@:<7 :@ ;BM;<>
E:<5? :@ 5B> >5:B@, BE @66<:<7 GB:; E<=5>5:< E:<5? =>@7K:B@6 B6 :;< ;<5: ><@Q<>A E:<5?
M<6<>5:@>L 0<6<, E:<5? K:BDBR5:B@6 F@> :;< M5E :K>NB6< =>@=KDEB@6 B6 :;< /;<6M AD< ;5E N<<6
565DAE<7L %;< 565DAEBE ;5E N<<6 N5E<7 @6 :;< @?=K:5:B@65D S@G ?<;56BE O/'TP ?@7<DE @F
:;<E< 57Q56<7 ;K?B7BH<7 EAE:<?E, :;56UE :@ G;B;, :;< B6SK<6< @F :;< ?5B6 :;<>?@7A65?B
567 7<EBM6 =5>5?<:<>E ;5Q< N<<6 <V5?B6<7L

 !"#$%&'( 9>5A:@6 AD<W !<M<6<>5:B@6W /;<6M AD<W %;<>?@7A65?B 565DAEBEW X5E E:<5?
:K>NB6<W /@?=K:5:B@65D S@G ?<;56BEW $:<5? B6J<:B@6, 15:<> B6J<:B@6, *6:<>E:5M< @@DB6M

'()*+,%#-$*

h Y E=<BH <6:;5D=A, U(ZUM
k Y ><D5:BQ< E:<5? SKV @<[B<6:

∗/@>><E=@67B6M -K:;@>L )?5BD 577><EE\ =RB@D@GEUB�B?=LM75L=D



 ! "# $%&'()%*+ ,# -./00()(2&*'+ 3# 4'56*(2&*' 7)8 $# 978:/

l ; &<%'= 2(/*+ *$>*?
N ; <(2%/+ *@
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5;76<768℄=  *(!0+)+ #, '-. '-.3$#/0*($) 0!. >(+ %.3,#3$./ >)'- '-. &+. #,
?@A *&$.3)(! #/.+= A('-.$(')(! $#/.!+ )* ?@A .$%!#0 $(++7 $#$.*'&$
(*/ .*.340 2(!(*. .B&(')#*+ )* '-. )*'.43('./ ,#3$ C(!+# (!!./ DE #3 .*4)*..3)*4
,#3$F 5<7G7<8℄=

H*%&' /('( 3.B&)3./ '# #$%&'. '-. #$%3.++#3 %#>.3 CNCF (3.I )*'.3*(! (*/
$.-(*)(! .J).*07 ηic (*/ ηmc7 3.+%.')1.!07 #$%3.++)#* π (*/ '-. ()3 $(++
K&L ṁa 5M4N+℄= O-.* '-. ()3 %(3($.'.3+ (' '-. #$%3.++#3 )*!.' '.$%.3('&3. (*/
%3.++&3. CT1, P1) (3. M*#>*7 '-.* %3.++&3. P2 5P(℄ (,'.3 '-. #$%3.++)#* %3#.++
)+ #$%&'./ (+ 56<7<8℄

P2 = πP1 . C6F

Q-. $./)&$ &*/.34#)*4 '-. %3#.++ )+ ()3 >)'- (++&$./ 1(!&. #, '-. )+.*'3#%)
#.J).*' κ = 1.4= P.3,.' #$%3.++)#* )+ /.+3)2./ >)'- '-. )+.*'3#%) .B&(')#*

T2s = T1

(

P2

P1

)
κ−1

κ

. C<F

>-.3.  ! "#$%=
RB&(')#* C<F (!!#>+ ,#3 #$%&')*4 '-. '-.#3.')(! '.$%.3('&3. (' '-. .*/ #,

#$%3.++)#*7 T2s=  ' '-. (++&$./ )*'.3*(! .J).*0 #, '-. #$%3.++#37 ηic 7 )' )+
%#++)2!. '# /.'.3$)*. '-. 3.(! '.$%.3('&3. (' '-. .*/ #, #$%3.++)#*7 T2= Q-.
'.$%.3('&3.+ (' '-. .L)'+ ,3#$ '-. #$%3.++#3S+ !#>T (*/ -)4-T%3.++&3. %(3'+
(*/ '-. '&32)*. (3. (!&!('./ &+)*4 3.1.3+)2!. (/)(2('. .B&(')#*+ (*/ )*'.3*(!
.J).*0 .B&(')#*+=  /)(2('. .L%#*.*'7 κ7 (*/ '-. $./)&$S+ .*'-(!%07 h7 (3.
( ,&*')#* #, '.$%.3('&3. (*/ $)L'&3. #$%#+)')#*= Q-.3.,#3. '-.0 (3. #$%&'./
&+)*4 +%.)(! (!4#3)'-$+ 56<7<8℄=

?#$%3.++#3 )*'.3*(! .J).*0 $(0 2. .L%3.++./ 20 '-. ,#3$&!( 5<8℄

ηic =
lt1−2s
lt1−2

=
h1 − h2s
h1 − h2

=
lCs

lC
, CGF

>-.3.I
lt1−2s, (lCs) U &*)' )+.*'3#%) #$%3.++)#* >#3M7
lt1−2, (lC) U 3.(! #$%3.++)#* >#3M7
h17 h27 h2s U $./)&$ .*'-(!%0 /.'.3$)*./ (' -(3('.3)+') %#)*'+=
Q# /.3)1. '-. #$%3.++#3 %#>.3 (*/ /.'.3$)*. '-. $./)&$ .*'-(!%0 (' '-.

-(3('.3)+') %#)*'+7 '-.3$#/0*($) '(2!.+ #, %3#%.3').+ (3. )*/)+%.*+)2!.= P#>.3
3.B&)3./ ,#3 /3)1)*4 #, '-. #$%3.++#3 )+ /.'.3$)*./ >)'- '-. ,#3$&!( 5<87<V℄I

NC = ṁaηmc(h1 − h2). C8F



 !! "# $%&'()%*+ ,# -./00()(2&*'+ 3# 4'56*(2&*' 7)8 $# 978:/

 !"#$%"&'"%( #$% )*#%"+#,-% ''/)*- '&0"%++'"1+ 0'2%" )+ 344℄

NCw = ṁaηmc(h1 − h21) + ṁahηmc(h22 − h23) , 678

2$%"%9
h1, h21, h22, h23 : %*#$,/0; '< #$% &%=)!& ,# $,",#%")+#) 0')*#+ '< '&>

0"%++)'* 0"'%++(
ṁa, ṁah : &%=)!& &,++ ?!@ #$"'!-$ #$% /'2 ,*= $)-$ 0"%++!"% 0,"#(

"%+0%#)A%/;B

C'&0!#,#)'* '< #$% '&D!+#)'* $,&D%" "%E!)"%+ #$% %*%"-; D,/,*% #' D% 0%">
<'"&%= )*/!=)*- ,// )*0!# ,*= '!#0!# %*%"-; ?!@%+B F%,# /'++%+ )* #$% '&D!+#)'*
$,&D%" 6)*#' #$% +!""'!*=)*-8 ,"% +0%)G%= 2)#$ #$% !+% '< '&D!+#)'* $,&D%"
%H)%*;( ηCC ( 3IJ℄B K$% <!%/ $%&),/ %*%"-; ?!@ +!00/)%= #' #$% '&D!+#)'*
$,&D%" )+ -)A%* D; #$% <'"&!/,

Q̇chem = ṁfWd , 6L8

2$%"% ṁf )+ #$% <!%/ &,++ ?!@( ,*= Wd )+ #$% <!%/ ,/'")G A,/!%B F%,# %*%"-;
D,/,*% <'" #$% '&D!+#)'* $,&D%" &,; D% %@0"%++%= ,+ 3M(4N℄

ηCC(Q̇chem + ṁah2 + ṁfhf + ṁs5bh5) = ṁexh3 , 6O8

'" ηCC(Q̇chem + ṁahh24 + ṁfhf ) = ṁexh3 , 6P8

2$%"%9
ṁex : &,++ ?'2 ",#% '< %@$,!+# -,+%+ ?'2)*- #$"'!-$ #$% #!"D)*%(
ṁs5b : &,++ ?'2 ",#% '< +#%,& )*Q%#%= )*#' #$% '&D!+#)'* $,&D%"(
ṁah : &,++ ?'2 ",#% '< $!&)= ,)" $%,#%= #$% '&D!+#)'* $,&D%"(
hf : %*#$,/0; '< #$% <!%/ ,# #$% %*#"; #' #$% '&D!+#)'* $,&D%"(
h3 : %*#$,/0; '< #$% &)@#!"% ,# #$% '&D!+#)'* $,&D%"1+ %@)#(
h5 : $%,# "%'A%"; -%*%",#%= +#%,& %*#$,/0;(
h24 : %*#$,/0; '< #$% $!&)= ,)" ,# #$% %*#"; #' #$% '&D!+#)'* $,&D%"B

R'"%'A%"( )# "%E!)"%+ &%*#)'*)*-( #$,# #$% <'//'2)*- &,++ D,/,*%+ *%%= #' D%
+,#)+G%= 3N℄9

ṁex = ṁf + ṁa + ṁs5b 6M8

<'" #$% )*#%"+#,-% ''/)*- '< #$% -,+ #!"D)*%

ṁex = ṁf + ṁah = ṁf + ṁa + ṁw , 64S8

,*= <'" #$% +#%,& #!"D)*%

ṁs = ṁs5a + ṁs5b = ṁs5a + ṁw , 6448



 !"#!%&%!' () '"% *+#,'(! ,-% %./%!, 0, 1#'%+ (+ 2'%#& 3'/-/4#'/(! 565

 !"#"$
ṁs % !"&' #")*"#+ ,"-"#&'". /'"&0 0&// 1234
ṁs5a % 0&// 1) #&'" )5 /'"&0 "36&-.7-, 7- '!" /'"&0 '2#87-"4
ṁw % 0&// 1) #&'" )5  &'"# &.07''". 7-') '!" /'"&0 +9" :;< =>>? )#

0&// 123 )5  &'"# 7-@"'". ') '!" !207.7A&'7)- !&08"# :;< =>B?<

C)# /706977'+4 52"9 =,&/? 7/ &//20". ') 2-."#,) 6"#5"' )082/'7)-< D"-"#&9
!"07&9 #"&'7)-/ &#" /!) - 8"9) EFG4FH℄

CH4 + 2O2 = CO2 + 2H2O , =>F?

C2H6 + 3, 5O2 = 2CO2 + 3H2O , =>J?

C3H8 + 5O2 = 3CO2 + 4H2O . =>G?

K&/". )- '!" )06)/7'7)- )5 '!" #"/29'7-, "3!&2/' ,&/"/4 7'/ '"06"#&'2#" TTIT =
T3 &-. "-'!&96+ h3 &#" )062'". 5#)0 "-"#,+ 8&9&-"<

:36&-/7)- 6#)"// 7- '!" ,&/ '2#87-" 7/ !&#&'"#7/". 8+ 0"&-/ )5 & ."A-".
'2#87-" 7-'"#-&9 ηit &/ 5)99) / EFG4FH℄$

ηit =
lt3−4
lt3−4s

=
h3 − h4
h3 − h4s

=
lGT

lGTs

, =>L?

 !"#"$
lt3−4s, (lGTs) % 2-7' 7/"-'#)67  )#M )5 "36&-/7)-4
lt1−2, (lGT ) % #"&9  )#M )5 "36&-/7)-4
h34 h44 h4s % 0".720 "-'!&96+ &' !&#&'"#7/'7 6)7-'/<

N!" 6) "# ,"-"#&'". 7- '!" '2#87-" 7/ "36#"//". ') 8"

NGT = ṁexηmt(h3 − h4) , =>H?

 !"#" ηmt 7/ '!" '2#87-" 0"!&-7&9 "O7"-+< N!" 6) "# )5 '!" /'"&0 '2#87-"
7/ "36#"//". ') 8" EFG℄

NST = ṁs5aηmST (h5 − h6),

 !"#" ηmST 7/ '!" /'"&0 '2#87-" 0"!&-7&9 "O7"-+4 &-. h54 h6 &#" '!" 0".720
=/'"&0? "-'!&96+ &' !&#&'"#7/'7 6)7-'/ =L?4 =H?<

N!" 6) "# )5 6206  &/ &929&'". 2/7-, '!" 5)#029&

NP = ṁ8ηmP (h7 − h8) ,

 !"#" ṁ = ṁs = ṁ5 7/ '!"  &'"# 0&// 1) #&'" )- '!" 6206 )2'9"'4 ηmP 7/
'!" 6206 0"!&-7&9 "O7"-+4 &-. h74 h8 &#"  &'"# "-'!&967"/ &' !&#&'"#7/'7
6)7-'/ =P?4 =Q?< :9"'#7 6) "# )5 '!" ,"-"#&')# '"#07-&9/ 7/ ."A-". 26)- '!"
0"!&-7&9 6) "# )5 '!" 7-.7*7.2&9 )06)-"-'/ )5 '!" '!"#0).+-&07 +9"4 7<"<4



 !" #$ %&'()*&+, -$ ./011)*)3'+(, 4$ 5(67+)3'+( 8*9 %$ :89;0

 !" #$%  &'()*"+ NGT +  !" % "$,  &'()*"+ NST + .,/'"%%.'+ NC +  !" 0$ "' /&,/+
NP +  !" 1&"2 .,/'"%%.'+ NCF + $*3  !" #"*"'$ .' "4)"*5+ ηg6 7.0"' .1  !" #$%8
% "$, 52"+ Nel+ )%  !" 3)9"'"*" (" 0""*  !" 3":)"% #"*"'$ )*# $*3 .*%&,)*#
/.0"' $.'3)*#  .  !" 1.22.0)*# ";/'"%%).* <=>+>?+>@℄

Nel = ηg(NGT +NST −NC −NP −NCF ) . B=CD

E!" "2" ') /.0"' "4)"*5 .1  !" %5% ", )% 3"F*"3 $% $ G&. )"* .1  !" "2" ')
/.0"'+ Nel+ #"*"'$ "3 )*  !" &*) + $*3  !" !",)$2 "*"'#5 H&; .1  !" 1&"2+ Q̇chem+
<=>+>?+>@℄

ηel =
Nel

Q̇chem

=
Nel

ṁfWd

B=ID

$*3 ) % )* "'*$2 &*) /.0"'
li = lGT − lC . B=JD

E!" 3"#'"" .1 '"#"*"'$ ).* &%"3 )* $2&2$ ).*%+ )% #):"* <==℄

r =
T24 − T23

T4 − T23

, B>KD

0!"'" T23+ T24+ T4 $'"  !"  ",/"'$ &'"% .1  !" ,"3)&, $  !" !$'$ "')% ) /.)* %
.1  !" %5% ",+ '"%/" ):"25 BL)#%6 = $*3 >D6

M"$ H&; ";!$*#" )* '"#"*"'$ ):" ";!$*#"'+ 0) !  !" $%%&,"3 !"$ ";8
!$*#"' "4)"*5 ηhe )% ";/'"%%"3  . ("N

Q̇he = ṁexηhe(h4 − h5) = ṁah(h24 − h23) . B>=D

O33) ).*$225+ !"$ H&; ";!$*#" )* !"$ '".:"'5 % "$, #"*"'$ .' BMPQRD  .
/'.3&" % "$, ,$5 (" ";/'"%%"3 (5  !" 1.',&2$ <>?℄N

Q̇HRSG = ṁexηhe(h4 − h9) = ṁs(h5 − h8) , B>>D

0!"'" h4+ h5+ h8+ h9 $'"  !" ,"3)&, B0.'S)*# H&)3D "* !$2/5 3" "',)*"3 $ 
!$'$ "')% ) /.)* % B?D+ BTD+ BID+ BJD BL)#%6 U $*3 ?D6 L&' !"',.'"+  !" '"2$ ):"
% "$, H&; )% 3"F*"3 $% $ G&. )"* .1  !" % "$, ,$%% H.0 '$ "+ ṁs5b+ )*V" "3 )* .
 !" .,(&% ).* !$,("'+ $*3 $)' ,$%% H.0 '$ " ṁa

k =
ṁs5b

ṁa

. B>UD

W*  !" 2) "'$ &'"+ :"'5 .1 "* .*" ,$5 ";/"')"*"  0. 3"F*) ).*% .1  !" '"2$ ):"
% "$, )*V" ).* ."4)"* N F'% + '"2$ "3  .  !" $)' ,$%% H.0 '$ "+ k = ṁs5b/ṁa

<J+=U+>>℄ $*3 %".*3+ '"2$ "3  .  !" 1&"2 ,$%% H.0 '$ "+ β = ṁs/ṁf <>T+>@+>I+UK℄6
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 !"#$%&'& () *+, -.&* /(0'-#*'("

 ! "#$%# &" '!$ &(% %)%& "+ ,-&%# .!/%&."! 0&(% (12.$.'-&."! ""3.!4 "+ &(%
"25#%66%$ -.#7 -313-&."!6 "+ &(% 686&%2 0.! 9.4: ;7 (-<% =%%! -##.%$ "1&:
>(% 5"6.&."! "+ &(% (12.$.'-&."! (-2=%# .! &(% "25#%66"# ,-6 %?5#%66%$
=8 &(% 3",@5#%661#% 5-#&A6 "+ &(% "25#%66."! #-&." πLP . >(% +"33",.!4 #-!4%6
"+ &(% <-#.-=3%6 ,%#% -6612%$ +"# "251&-&."!6B &(% "25#%66"#A6 &"&-3 "2@
5#%66."! 2.0 < πc < 35.0C &%25%#-&1#% "+ &(% 2%$.12 -& &(% %!&#8 &" &(%
&1#=.!% 773.15 < T3 < 1773.15 DC #%3-&.<% -.# (12.$.&8 -+&%# (12.$.'-&."!
0.0 < ϕ22 < 1.0C 3",E5#%661#% 5-#&A6 "25#%66."! 1.0 < πLP < πcC $%4#%% "+
#%4%!%#-&."! 0.0 < r < 1.0: >(% +"33",.!4 '?%$ 5-#-2%&%# <-31%6 ,%#% 16%$B
-2=.%!& 5#%661#% P1 = 0.1 FG-C &%25%#-&1#% "+ -.# -& &(% %!&#8 &" &(% 686@
&%2 T1 = 283 DC .!&%#!-3 %H.%!8 "+ &(% "25#%66"# ηic = 0.86C .!&%#!-3 %H@
.%!8 "+ &(% &1#=.!% ηit = 0.90C 2%(-!.-3 %H.%!8 "+ &(% &1#=.!% ηmt = 0.99I
-!$ 2%(-!.-3 %H.%!8 "+ "25#%66"# ηmc = 0.99C %3%&#.-3 %H.%!8 "+ &(%
4%!%#-&"# ηg = 0.995C 5#%661#% 3"66 "%H.%!& .! &(% "25#%66"#I (12.$.'-&."!
(-2=%#I "2=16&."! (-2=%#I &1#=.!% -!$ #%4%!%#-&.<% %?(-!4%#B ξC = 0.007I
ξHC = 0.02I ξCC = 0.03I ξGT = 0.03I ξhe = 0.035I #%65%&.<%38C (%-& 3"66 .! &(%
"2=16&."! (-2=%# ξCC = 0.01:

J"2% #%613&6 "+ &(% "251&-&."!6 +"# &(% &"&-3 "25#%66."! πc = 15.0I &%25%#@
-&1#% "+ &(% 2%$.12 -& &(% %!&#8 &" &(% &1#=.!% T3 = 1473.15 D -!$ #%4%!%#-&."!
$%4#%% r = 0.7 -#% .3316&#-&%$: >(% 686&%2A6 %3%&#.-3 %H.%!8 ηel -!$ .!&%#!-3
1!.& ,"#K li <%#616 "25#%66."! #-&." "+ &(% "25#%66"#A6 3",@5#%661#% 5-#& πLP
-!$ #%3-&.<% (12.$.&8 "+ &(% (12.$.'%$ -.# ϕ22 -#% 6(",! .! 9.46: L -!$ MI #%65%@
&.<%38: >(% %)%& "+ (12.$.'-&."! ""3.!4 "+ &(% "25#%66%$ -.# .6 3%-#38 <.6.=3%
=1& .& .6 !"& .$%!&.-3 +"# %H.%!8 -!$ .!&%#!-3 1!.& 5",%#: >(% 3-#4%6& .!#%-6%
.! %H.%!8 E -="1& N:LO E "1#6 +"# &(% "25#%66."! #-&." πLP = 5: >(% (1@
2.$.'-&."! "+ -.# -& (.4(%# "25#%66."! #-&."6 πLP #%613&6 .! 62-33%# %H.%!8
.!#%2%!&6:

 ! "!&#-6& &" &(% -="<%I &(% 686&%2 .!&%#!-3 1!.& ,"#K 1#<%6 (-<% -! -6@
%!$.!4 (-#-&%# +"# -!8 <-31% "+ πLP $1% &" -! .!#%-6% .! 65%.' (%-& "+ &(%
2%$.12:  !#%2%!&6 .! ="&( %H.%!8 -!$ 1!.& ,"#K -#% &(% 3-#4%6& -+&%# &(% -.#
(-6 =%%! (12.$.'%$ &" - #%3-&.<% (12.$.&8 ϕ22 = 100O: P6 &(% '41#%6 6(",I &(%
3",%# &(% #%3-&.<% (12.$.&8I &(% ,%-K%# &(% %)%& "+ (12.$.'-&."!: Q"!6.$%#.!4
&(-& &(% #-&% "+ %<-5"#-&."! "+ ,-&%# +#"2 &(% 61#+-% "+ $#"53%&6 $%#%-6%6 -6
#%3-&.<% (12.$.&8 .!#%-6%6I .! "#$%# &" K%%5 &(% (12.$.'-&."! (-2=%#A6 6.R%
62-33I (12.$.'-&."! .6 &%#2.!-&%$ "!% 61.&-=38 3",%# <-31%6 "+ #%3-&.<% (12.$@
.&8 ϕ22 -#% "=&-.!%$: >" %6&.2-&% -! -1#-&% 3%<%3 "+ #%3-&.<% -.# (121$.&8 -+&%#
(12.$.'-&."!I ϕ22I .& .6 !%%66-#8 &" 16% - ST 2"$%3 "+ (12.$.'-&."! (-2=%#
.! Q9T 0"251&-&."!-3 U1.$ $8!-2.67 +#-2%,"#K VNISWISS℄:



 !" #$ %&'()*&+, -$ ./011)*)3'+(, 4$ 5(67+)3'+( 8*9 %$ :89;0

<(=;0& >$ ?@'A&B &C&A0(8C &D(&*@ ηel E&0';' )BF0&'')0 C)3GF0&'';0& F80A )BF0&''()* 08A()
πLP 8*9 0&C8A(E& 8(0 /;B(9(A@ 8HA&0 /;B(9(I8A()* ϕ22$

<(=;0& J$ ?@'A&B (*A&0*8C ;*(A 3)0+ li E&0';' )BF0&'')0 C)3GF0&'';0& F80A )BF0&''()* 08A()
πLP 8*9 0&C8A(E& 8(0 /;B(9(A@ 8HA&0 /;B(9(I8A()* ϕ22$

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

 ! "#$ !%&$'(*+ *!*+,-(- ./ "#$ -$.!0 &.0(1$0 ,+$ 23(45 67 (" #*- 8$$! *--%&$0
"#*" -"$*& 9'.0%$0 8, :;<= #*- "#$ /.++.>(!4 "#$'&.0,!*&( 9*'*&$"$'-?
-"$*& 9'$--%'$ Ps = 4 @A*B -"$*& "$&9$'*"%'$ Ts = 723.15 CB &*D(&%& Ps =
P5B Ts = T5 -"$*& &*-- E.> '*"$ ṁs5b = 23.2 F4G- 2k = 1.55 >#(# (- 0$1!$0
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 !"# $%&'()* '()*+&,!%-+.-0 ,-'- -*) '-1)% 2*&+ 345647℄6 9()*) '() &+ .%),
!0)  -:), &% ;<7= '>* .%) (-:  ))% +&,)0), 3?@℄# ;)%)*-00!6 '() -.+ &2 '()
,.:>::.&% .: '& &+A-*) '() .%B>)%) &2 :')-+ .%C)'.&% +-:: *-'.&6 k6 &% '()
)0)'*.-0 )D.)%! -%, A&9)* &2 E-: '>* .%)# $%-0!:.: &2 '() +&,.F-'.&% :(&9:

8/93+% :; <"% %-%'+/#- %./%!, ηel () '"% 2%(!= &(=/>%= ,-% ?%+232 k (%./%!' @A6℄;

8/93+% C; <"% D(1%+ Nel () '"% 2%(!= &(=/>%= ,-% ?%+232 k (%./%!' @A6℄;

'(-' ,):A.') '() ,)*)-:) &2 '() :')-+ '>* .%) A&9)*6 NST 6 -EE*)E-'.G) )0)'*.-0
A&9)* &2 '() &+ .%), :!:')+ .%*)-:): '& '() G-0>) Nel = 66.9 HI.E# 7"# =(-*' .%
I.E# J :(&9: '(-' '() )0)'*.-0 )D.)%! &2 '() E-:K:')-+ :!:')+ .% '() 0-::.-0
0-!&>' .: ηel = 41.21L 6 9(.0) )+A0&!.%E '() =()%E !0) .%*)-:): '& '() G-0>)



 !" #$ %&'()*&+, -$ ./011)*)3'+(, 4$ 5(67+)3'+( 8*9 %$ :89;0

 !"#$%" &' ()*+,()- .+('/)( 01',) '/3' .1( 1)4,)0' k = 1.55 5ηel = 42.05%6
307 -')38 '+(9,0) :1;)(< NST < ,- )*+3= >)(1< -,0) '/) )0',() -')38 83-- ?1;
(3') ,- ,0@)')7 ,0'1 '/) A3- '+(9,0) 189+-',10 /389)(" B3- '+(9,0) )=)'(,
:1;)( ,0()3-)- '1 '/) C3=+) Nel = 66.9 DE)" &' -/1;- '/3' '/) -')38 ,0@)',10
,- '/) .3C1+(39=) -1=+',10< ;/,/ -/1+=7 9) +-)7 7+(,0A '/) 9()3F71;0 1. -')38
'+(9,0)- 1( 7+(,0A =1;)( /)3' 7)8307 ,0 '/) -+88)( :)(,17< ;/)0 '/) '+(9,0)
;1+=7 9) 1(,)0')7 ),'/)( 10 '/) )=)'(,,'G A)0)(3',10 1( /)3' :(17+',10 H!I<J#℄"

 !"#%&'("#

L9'3,0)7 ()-+='- -/1; '/3' '/) ,0')(11=,0A 1. 18:()--)7 3,( 9G ;3')( ,0@)',10
,- 3 :(18,-,0A ;3G '1 ,8:(1C) '/) :(1:)(',)- 1. A3- -G-')8- ;,'/ ()A)0)(3',C)
/)3',0A" E3')( ,0@)',10 /)=:- '1 19'3,0 =3(A)( )4,)0G< ηel< ,0()8)0'- 307
A()3')( ,0')(03= +0,' ;1(F li" M/) )N)' 1. 11=,0A 9G ;3')( ,0@)',10 7):)07- 10
830G .3'1(-" L0) 1. '/) F)G .3'1(- ,- '/) 18:()--,10 (3',1" M/) /,A/)( ,' ,-<
'/) A()3')( ,- '/) :1;)( 10-+8)7 9G '/) 18:()--1( 307 8+/ 30 9) A3,0)7
9G ()7+,0A '/) :1;)( 1. '/) 18:()--1( 307 ,0()3-,0A '/) :1;)( 1. '/) '+(9,0)"
M/(1+A/ OPD 518:+'3',103= ?1; 8)/30,-6 0+8)(,3= 303=G-,-< 10) 30 7)Q
')(8,0) '/) 1:',8+8 18:()--1( =1;Q:()--+() .()*+)0,)- πLP .1( 3 A,C)0 -G-')8
3::=,3',10" R01'/)( 1. '/) F)G .3'1(- ,- ()=3',C) /+8,7,'G 1. /+8,7,S)7 3,( ϕ22"
&0 1(7)( '1 S07 '/) 1:',83= ϕ -18) 377,',103= 3=+=3',10- 1. '/) /+8,7,S3',10
/389)( 9G 8)30- 1. OPT -1.';3() 518:+'3',103= ?+,7 7G038,-6 3() 0))7)7"

P(18 '/) -)107 817,S3',10 +07)( 10-,7)(3',10 ,' .1==1;- '/3' 9G ,0'(1Q
7+,0A -')38 ,0@)',10 ,0 3 A3- '+(9,0)< '/) U(3G'10 G=) )4,)0G< ηel< 83G 9)
,0()3-)7 .(18  V"!V '1  !"#$%" L;,0A '1 '/,- )=)'(,3= :1;)(< Nel< 307 )4,)0G<
ηel< ,0()3-) 91'/ .1( '/) A3- '+(9,0) 307 '/) )0',() A3-Q-')38 +0,'" R77,',103=
37C30'3A) 1. '/) 817,S3',10 ,- '/) 7)()3-) 1. '/) C1=3',=) )8,--,10 -+/ 3- 3(Q
910 7,1W,7) 307 0,'(1A)0 1W,7)-" X0/30)7 83-- ?+W ,0 '/) U(3G'10 G=) 9G
8)30- 1. ()7,()')7 -')38 83G 9) 10-,7)()7 3- 3 9)0)S,3= :(1)7+() .(18 '/)
'/)(817G038,< )1018, 307 )1=1A,3= -'307:1,0' ,0 '/) '(37,',103= 1A)0)(3Q
',C) -G-')8-" M/) :1;)( 1. =3--,3= 189,0)7 :1;)( :=30' /3- 9))0 )-',83')7 3'
Nel = 65.49 DE)" D17,S3',10 1. '/)(83= G=) ,0'1 '/) O/)0A G=) 5k = 1.556
,0()3-)- '/) :1;)( '1 Nel = 66.92 DE)" M/) :1;)( A3,0 1. A3- '+(9,0) 307
)=)'(,3= )4,)0G 1. A3- '+(9,0) 9G -')38 ,0@)',10 ,- 391+' !J%"

Y-,0A 3 -')38 '+(9,0) '1 )W:307 '/) -')38< ,")"< 3::=G,0A 3 10C)0',103= 18Q
9,0)7 G=) ,0-')37 1. 3 O/)0A G=)< A,C)- /,A/)( )4,)0G A3,0-" R):')7
)4,)0G .1( '/) 189,0)7 G=) ,- 01;373G- $#Z$I%< ;,'/ 3 :1;)( (,-) 1. 391+'
J#Z$#% ;,'/ ()-:)' '1 '/) -,8:=) G=)"

R :(3',3= 10)(0 ;,'/ -')38 ,0@)',10 1( ;3')( ,0@)',10 7)3=- ;,'/ '/)
;3')( 10-+8:',10" P1( -)107 817,S3',10 ,' /3- 9))0 3--+8)7 '/3' '/)()



 !"#!%&%!' () '"% *+#,'(! ,-% %./%!, 0, 1#'%+ (+ 2'%#& 3'/-/4#'/(! 567

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