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q̇ = 4σ(T 4 − T 4
b )

∑

i

piapi,
�V��©G�

\]T8.1),.
σ = 5.669E−8W/m2K4

S
T
;/FK29T*.a-/46O1BD-j@CBG:E.E29.1:E7L.1)XBP2,(*)9.�S

Tb
;/FK29T*.a+8B�OX[|dG),4G(*08?h29.1:E7L.1)XBP2,(*)9.�S

pi
;�F

2,T*.�78BD)929;�BD-L7*),.�F,FV(8)9.Y4DM�F97C.�O�;/.�F
i

;>0�BP29:E4�FV7*T8.1),.�F�S�BG08?
ap,i

;�F}29T*.��3-�BD0COX[<:E.�BD0#BG+8F94G),7629;/4G0cO14|.�~�O�;/.10�2�MN4�)]FV7L.�O1;>.�F
i
Q

R�0c29T*.Y7*),.�F9.10�2}\i4G),[�4�0*-/J�2,T*.
H2O

BD08?
CO2

:E4G-/.�O1(*->.�F3\i.1),.]2,BG[G.�0�;>0�2,4�BGO�O�4�(*0�2}BGF}),B�?6;�BP29;/HG.YFV7L.�O1;>.�F1Qq'IT*.��3-/BG08OX[
:E.�BD0hBD+8F94G),762,;>4�0#O�4|.1~aO1;>.�0�2iMN4�)I29T*.�FV.AF97L.�O�;/.�FI\i.1),.�2,BG[G.10#MN),4G:��IBD),-/4P\KS6©GªGª8�GQ

� ¼! \µ4º�£�µ/ÅÆ¶L·�¸`»1Ç �U£/µj¦
¸
ÀÆÇ6· $ Ç $4¶LÅ

'IT8.#2,T*.1),:E46OXT*.1:E;�O1BD-I+L.1;/0*d�(8F9.�?W:<46?6.�-�\IBGFE?6.�F,O�),;/+C.�?_;/0W2,T*.s7*),.1H|;>4�(8FEFV.�O�2,;>4�0 QWR�0W29T8;/Fa:E.�OXT8BD0*;�F9:�S�29T*.�)9.
BG7*7L.�BD)XFA���#OXT*.�:E;/O�BD-&F97L.�O�;/.�F�Sk\]T*;�OXT`\}4�(*-�?h)9.���(*;>),.K2,T*.<F94G-/(62,;>4�0h4DM3MN4�(*)V2,.1.�0h29(*),+*(*-/.10�2Y29)XBD08F97C4�)V2Y.���(8BP2,;>4�08F�QY'IT*.
F94G-/(62,;>4�0c4DM�29T*.�FV.KO�4�(*7*-/.�?�29)XBD08F97C4�)V2i.���(8BD29;/4G08F};/FIBmMN4G),:E;/?*BG+*-/.e2XBGF9[LS|;>M&?64�0*.Y+|Ja(8F9(8BG-kBG7*7*),4�B�OXT*.�F�Q�R�0#29T*.�:E4G:E.10�2
O1->4�FV(8)9.�:E.129T*46?�2,T*.�?*;�~�O�(8-�2�J�-/;>.�FA;/0_MN4G),:m(8-/BD29;/0*d`BD7*78)94�7*)9;�BP2,.�B{HG.�),BGdG.aOXT*.1:E;�O1BG-iF94G(*)XO�.E2,.1),:aF�BG08?�;>0l:<46?6.�->;/0*d
F,O1BG-/BG)V5
HG.�->46O1;�2,;>.�F O�4�)9),.1-�BP2,;>4�08F1Q 'IT8;/Fj:aBD[�.�Fv2,T*.i:<4�:E.10�2jO1->4�FV(*),.�:E.129T*46?A084D2�MN.�BGF9;>+8->.}MN4G)qO�4�:<78->.1=KOXT8.1:E;/FV29),J�:<46?6.�-/F�Q
R�0n��y�xgfh.129T*46?*F<4G08.#T8B�FA2,T*.s7*),4G+*-/.1: 4DM�F�2,4G)XBDdG.#BD08?l:EBG08BDd�.1:E.10�2<4DMe-/4|4G[t(*7l2,BD+8->.�F���p�;/0
�GSI©Dª�ªGª��K;>0W\]T*;/OXT
O14G:E7L4�F9;�2,;>4�08F}BG08?a2,.1:E7L.1)XBP29(8)9.�BD),.e7*),.�5
7*),4|O1.�F,FV.�?vQjR�0�29T8.Y7*),.�F9.10�2i\}4�)9[kS�29T*.���y�xt:E.�29T84|?#\IBGF3;/:E7*-/.1:E.10�29.�?c\];>29T
2,T*.]R�0a�|;�2,(<�e->d�4G),;�2,T*:�'jBD+*(8-/BD29;/4G0#��RV�6��'��j7*),4G7L4�F9.�?m+�JK�q4�7C.�S8�������6Q ��;�2,T<29T*;�F�BD-/dG4�)9;>29T*:sSP;>2�\iB�F&7L4�F,F9;>+*-/.}294�:E4|?*.1-
2,T*.A2,(*),+*(*-/.10�2e:E.�2,T8BD0*.A@CBD:E.K\];>29Th2,T*.m?6.12,BD;/-/.�?hOXT*.�:<;�FV29),Jc:E46?6.1-jBD-/)9.�BG?6J�?6.�F,O�),;>+L.�? Qi'IT*.m��yYx��PRV�6��' :E.�29T84|?s;�F
?*.�F,O�),;>+L.�?�FVT*4�)V2,->J�;/0A29T8.�MN4�->-/4P\];>08d8Q R�0m29(*),+*(*-/.10�2j@84P\�Fv2,T*.}HPBG)9;�BD+*-/.�F&BGF,FV(8:<.iB�)XBD08?*4G: +C.�T8B{H|;>4�)�Q&p�.10CO�.GSDF9;/:m(*-�BP2,;>4�0
:E.129T*46?*F�0*.�.�?`294�(8FV.EB�F�2XBP29;�FV29;�O1BD-qBD787*)94�BGOXTh2,4c2,T*.<7*)94�+*-/.1:sQKR�0UF9(8OXTUBG0UBG7*7*),4�BGOXT�SC4�0*->J`FV2,BD29;�F�2,;/O�BD-q:E4G:E.10�2XFe4GM
O1.1)92,BG;>0�HPBD),;/BG+*->.�F}BG)9.�.1HPBG->(8BD29.�?vS6FV(8OXTsBGFi:E.�BG0cHPBD-/(*.KBD0C?�HPBD),;/BG08O�.�Q�'IT*.10 S*B<��(*.�FV29;/4G0#)9.�:aBD;/08FIBGF}294ET*4P\ 4�0*.�dG4|.�F
MN),4G: FV2,BD29;�F�2,;/O�BD-j:E4G:E.10�2,FY4DM�BcHPBD),;/BG+*->.m294#;�2XFY;/08FV2,BG0�2XBD0*.�4G(8FeHPBD-/(*.�F�Sk\]T*;/OXTUBD),.m0*.�O�.�F,F,BD),J#;/0h29T8.m2,T*.1),:E4|OXT8.1:E;/O�BD-
:E46?6.�-�Q<'IT*.<BG08F9\}.�)Y;�FY294sO�4G:E7*(*29.aBAb�4�;>0�2�7*),4G+8BG+*;>-/;>2�J`?6.108F9;>2�JsMN(*08O�2,;>4�0n����y�xq��4GM329T8.EF,O1BG-/BG)Y��(8BG0�2,;�2,;>.�FE��F97C.�O�;/.�F
BG08?`.�0�29T8BG->7|J*�];/0`2,T*.m2,T*.1),:E46OXT*.1:E;�O1BD-j:E46?6.1-�QK'IT*;/F���y�x O14G(*7*-/.�Fe29T8.m2,T*.1),:E4|OXT8.1:E;/O�BD-j:E4|?*.1-qBD08?`29T*.�29(*),+*(*-/.10�2
),.�B�O�2,;>H�.Y@C4P\�:E46?6.1-�Q�R
M&2,T*.���y�xl;�F][|0*4P\]0 S*B{H�.1)XBDdG.eH{BG->(8.�F]O1BG0s+C.K.�H{BG->(CBP29.�?#B�FiMN4G-/->4P\�F

〈φ〉 =

∫ +∞

−∞

φ(ψ)Pφdψ,
�V��(��

\]T8.1),.
ψ
;�Fc2,T*.tF9BG:E7*->.�F978BGO1.GS

Pφ
;�F#29T*.���y�xiS

φ(ψ)
;�F#29T*.�;/08FV2,BD0�2XBD0*.�4G(8F�HPBD-/(*.r4DM<BlMN(*08O�29;/4G0

φ
?6.�7C.�065

?*.10�2c4G0
ψ
BG08?

〈φ〉
;/Fc;�2XF�B{HG.�),BGdG.#H{BG->(8.GQz'IT8.h;>0�29.�dG)XBP2,;>4�0W4GMY2,T*.`��y�x�4PH�.1)<29T8.ZF9BG:E7*->.`F978B�O�.s4DMKF9O�BD-�BD)XFEBD08?

H�.1-/46O�;>29;/.�F�S ∫ ∫
Pu,φdvdψ

S�d�;>H�.�FA29T*.�78)94�+8BD+*;/-/;�2�JU29T8BD2A29T8.cHG.�->46O1;�2�JrHG.�O�294�)
u
BD2�BD0|JU29;/:E.

t
BD08?lBD0|JZ7L4�F9;�2,;>4�0

x
;�F

;/0h2,T*.m;/0�29.1),HPBD- +L.�2�\i.1.�0
v
BG08?

v + dv
BD08?hF9;>:�(*->2,BD08.14G(CFV-/J�2,T*.mH�.�O�2,4G)�4GMq29T*.mF,O1BG-/BG),Fe��(CBD0�29;>29;/.�F

φ
;/0s29T8.m;/0�2,.1),HPBD-

+L.�2�\i.1.�0
ψ
BD08?

ψ + dψ
Qt'IT*.c�}yYxgO�BD0_+L.�.1HPBD-/(8BP2,.�?t(CFV;/0*d`2�\i4Z?6;>�k.1),.10�2<:E.129T*46?*F�Qr'IT8.��8)XF�2E4G08.cO�4�08FV;�FV2,F�;>0

B�F9F9(*:E;/0*d`BsMN4G),: MN4G)A;>2�+L.�MN4�)9.�T8BD08? Q�'IT*;�FmBG7*7*),4�B�OXTU;�FmO�BD-/->.�?�7*)9.�FV(8:<.�?r��yYx§����(*48Si�����G����Q#'IT8.cFV.�O�4�08?�4G0*.a;�F
+CBGF9.�?�4G0�29T8.KMN4G),:m(*-�BP2,;>4�0 S6:E46?6.1-/;>08dcBD08?sF94G-/(629;/4G0�4DMq2,T*.K��y�xl2,),BG08F97C4�)V2].���(8BD29;/4G0 Qi'IT*;�F�BD7*78)94�BGOXTc\IBGFI78)94�7C4�FV.�?
+|JU�j4�7C.�S}���G���cBG08?r;/FK(CFV.�?U;/0�29T8.a7*)9.�FV.�0�2�\i4G),[kQ�R�0r29T*.a�}yYx&5�fh.�2,T*46?vSj29T*.E2,),BG08FV7L4G)92A.���(8BD29;/4G0UMN4G)K2,T*.a��y�x�;�F
MN4�)9:�(*-�BP29.�?vSkF�2XBD)929;/0*d�MN),4G: 29T*.<;/08F�2XBD0�2,BG0*.14�(8FeO14G08F9.1),HPBP2,;>4�0�.���(8BP2,;>4�0hMN4G)Y:EB�F9F�SL:<4�:E.10�29(*:sSk.108.1),dGJsBD08?`OXT8.1:E;/O�BD-
F97L.�O�;/.�F�Qt�]M	2,.1)aFV4�:E.c:aBD0*;/7*(*-�BP2,;>4�0_4DMe29T*.�+8BGF9;�O�.���(8BD29;/4G08F<BD0C?_BD7*78->J|;/0*dUFV2,BD29;�F�2,;/O�BD-i4G7L.1)XBP294�),F�Sq4G0*.#4G+62XBD;/08Fm29T*.
2,),BG08F97C4�)V2].���(8BD29;/4G0#MN4G)I2,T*.K��y�x

Puψ

∂

∂t
ρPuφ(v, ψ;x, t) +

∂

∂xi
ρUiPuφ(v, ψ;x, t) +

∂

∂vj

[

−Puφ(v, ψ;x, t)
∂p̄

∂xj

]

+

Nα∑

α=1

∂

∂ψα
[Puφ(v, ψ;x, t)ρSα] =

Nα∑

α=1

∂

∂ψα

[

Puφ(v, ψ;x, t)

〈
∂Jiα

∂xi

〉]

v,ψ

+

∂

∂vj

[

Puφ(v, ψ;x, t)

〈

−
∂τij
∂xi

+
∂p′

∂xj

〉] �V�����

R�0l���LQl���UBD+L4PHG.GS&29T8.��8)XF�2�29.�)9: 4G0�2,T*.# &pY��),.178)9.�FV.�0�2XFK2,T*.�2,.1:E7C4�),BG-�HPBD),;�BP29;/4G0t4GM
Puψ

\];>29T*;/0t2,T*.�O14G0�29),4G-
H�4G-/(*:E.GS62,T*.AF9.�O�4�08?c29.1),: d�;>H�.�F}29T8.AO�4G0|H�.�O�2,;>H�.�29)XBD08F97C4�)V2I4DM

Puψ
;/0�29T*.K7*T|J6F9;/O�BD- F978BGO1.GQ�'IT*.�29T8;>)X?#29.1),: ?*.�F,O�),;>+L.�F

2,T*.#29)XBD08F97C4�)V2<4DM�2,T*.���yYx ;/0_2,T*.�HG.1-/46O�;>29;/.�F<FV7CBGO�.�?6(*.#294U29T*.�dG)XBG?*;>.�0�2�4DMe:E.�BG0_7*),.�F,FV(8)9.cBG08?t2,T*.#MN4G(*)929Tt2,.1),:
2,T*.a2,),BG08FV7L4G)92A;/0U2,T*.cF,O1BG-/BG)A��(CBD0�29;>29;/.�FAF978B�O�.�?6(*.�294s29T8.cOXT*.1:E;�O1BG-�BD08?r)XBG?6;�BP2,;>4�0rF94G(8),O1.�2,.1),:aF1Q#R
2m;/Fm;>:E7L4G)92,BG0�2
2,4`.1:E7*TCBGF9;���.a29T8BD2�SjMN4G)�BhdG;/HG.�0rHPBG->(*.c4DM

Puψ
BG->-�29T*.a2,.1),:aFA;/0�29T*.� �pY�r4GM]���LQt���`BD),.a.1;>29T8.1)m[|0*4P\]0�4�)mO1BG0t+C.

?*;>),.�O�29-/J<.�HPBD-/(8BP2,.�?vQ�uY0E29T8. ��p��E4DM �}�CQI���K29T*.�)9.�BD),.]2�\i4K29.�)9:aFi?6.�F,O�),;>+8;>0*dA29)XBD08F97C4�)V2}4G0E29T8.�F,O1BG-/BG)���(8BD0�29;>29;/.�F}BD08?
H�.1-/46O�;>29;/.�FAF978BGO1.�F�Q#'IT*.�FV.E2,.1),:aFABD),;/F9.<MN)94�: :E4�->.�O�(*-�BD)�2,),BG08FV7L4G)92ABD08?�78)9.�F9F9(*),.�@C(8O�2,(8BP2,;>4�08FK;/0�29T*.�;/08FV2,BG0�2XBD0*.�4G(8F
O14G08F9.1),HPBP2,;>4�0h.���(8BP2,;>4�08F�Qe'IT*.A2�\i4a2,.1),:EF�O�4�0�2,BD;/0`O�4�08?6;>29;/4G08BG-&B{H�.1)XBDdG.�FI4DM�F978BP2,;/BG-�d�),B�?6;>.�0�2,F�S*29TCBP2KBD),.A0*4D2�?6;/)9.�O�29-/J
B{HPBG;>-�BD+*-/.<;�M}29T*.<��y�x

Puψ
;/F�[|0*4P\]0Z;>0�B#F9;/0*dG-/.�7L4G;/0�2

x
4�0*-/JGQm'IT*.�)9.1MN4G),.GSL29T8.1J`T8B{H�.A2,4�+L.<:<46?6.�->.�?vQ�'IT8;/F�;�FY29T*.

(
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:aBDb�4G)K?6;>~aO1(*->2�J`BGF,FV46O�;�BP2,.�?h\];>29Tr��y�x�fh.129T*46?*FE�
w}4G),)9.�B*Sq������� 	��6(*+*)XBD:aBD0*;�BD: BG08?`�q4G7L.GS����G������QKR�0`29T8.<78)9.�FV.�0�2
\i4G),[kS�B�HPBD),;/BG0�2�4DMi29T8.a��yYx�:E.�29T84|?�?6.�F9O1)9;/+L.�?r+|J`���LQh����;/FA(8FV.�?vQa'IT*.a��y�x 2,),BG08F97C4�)V2�.���(8BD29;/4G0r;/F�;/0�29.1d�),BD29.�?
4PH�.1)e29T*.EHG.�->46O1;�2,;>.�FYF978BGO1.�BG08?s29T8.�),.�F9(*->29;/0*d#�}yYx�;�Fe29T*.Yb�4G;/0�2���y�x�4GM329T*.EF,O1BD-�BD)XF]5�F97C.�O�;/.�F�BD08?Z.10�29TCBD-/7�J�QKye4�;>0*d
2,T*;�F1S*�}�CQe���<+C.�O�4G:E.�F�'

ρ̄
∂

∂t
Pφ(ψ;x, t) + ρ̄〈ui〉

∂

∂xi
Pφ(ψ;x, t) +

∂

∂xj

[

Pφ(ψ;x, t) 〈uj〉φ=ψ

]

Nα∑

α=1

∂

∂ψα
[ρ̄Pφ(ψ;x, t)Sα] =

Nα∑

α=1

Nβ∑

β=1

∂2

∂ψα∂ψβ

[

ρ̄Pφ(ψ;x, t)

〈

D
∂φα
∂xi

∂φβ
∂xi

〉]

ψ

�V���G�

�WO�4�0�H�.10�29;/4G0CBD-�wixqyWO146?6.3+8B�FV.�?Y4�0K:E4G:E.10�2&O1->4�FV(*),.�:E.�2,T*46?K;/F�(8F9.�?�294YFV4�->H�.q29T*.}:<.�BD0K.���(CBP29;/4G0CFkMN4G)jO�4G0�2,;>0|(*;>2�JGS
:E4�:<.�0�29(*:oBG08?E29T8.e2,(*)9+8(*->.�08O�.Y:E4|?*.1-�QjR�0�29T*;�Fi\}4�)9[kS�B<�|.�O14G08?�uY),?6.�)Iw}-/4�F9(*),.�:E4|?*.1-��*��4G0*.�F�BG08?�fh(8F94G08dG.GSL�����G���
;�F�(8F9.�?hMN4�)e2,(*),+*(*-/.108O1.GQA'IT*.<FV4�->(62,;>4�0Z4GM�29T*.E��y�x^.���(8BD29;/4G0Z(CFV;/0*d#O14G0|HG.�0�29;/4G08BG- �80*;>29.<HG4�->(8:<.�4G))�80*;>29.E?6;>�L.�)9.�08O�.
:E.129T*46?*F}\}4�(*-�?�),.���(*;/),.�BA?6;�F9O1)9.129; ��BP2,;>4�0�4PH�.1)�BG0s���P5�?6;/:E.108F9;>4�08BD-*F978B�O�.#'&2�\i4A?6;>:E.�08FV;/4G0CF�;>0�29T*.�78T�J6F9;/O�BD-8F978B�O�.GSG2�\}4
;/0U29T*.EHG.�->46O1;�2,;>.�FYF978BGO1.<BG08? �8M	29.1.�0U;/0`2,T*.aFV7CBGO�.�4DMIF9O�BD-�BD)Y��(8BG0�29;>29;/.�FE�����#),.�B�O�29;/HG.<FV7L.�O1;>.�F�BD08?Z.10�29T8BG->7|J*��Qm�6(8OXTrB
?*;/F,O�),.�2,;���BP29;/4G0Z;/F�7*),4GT*;/+*;>29;/HG.�4P\];>0*dc294sO�4�:<78(62,BD29;/4G08BG-&-/;>:E;>2,BD29;/4G08F�Q�uY0*.EO1BD0Z4PHG.1)XO�4�:E.K29T*;�F�7*),4G+*-/.1: +|Jh:E.�BD0CFe4GM
FV2946OXT8B�F�2,;/O�:E.�2,T*46?*F�Q3'IT*.�F9.�:<.129T*46?*F�:<46?6.�-k29T*.K.�HG4�->(62,;>4�0#4GM�2,T*.K��y�x_+|JaMN4G-/-/4P\];>0*d<2,T*.K.1H�4G-/(629;/4G0#4DM�BD0�.108F9.1:�+*->.
4GM378BD)929;�O�-/.�F�S8\]T8;/OXTh(*0C?6.1),dG4�B�FV2946OXT8B�F�2,;/OA7*)946O1.�F,F1Q]'IT*.�FV.A7CBD)929;�O�-/.�F�BG)9.K7*-�BGO1.�?hBG08? �*=6.�?s;/0h2,T*.mO�.�0�29.1)Y4DMq29T8.mdG),;�?
O1.1-/-�Q#R�0�29T*;�FA),.178)9.�FV.�0�2XBP2,;>4�0UO�4�:E7*(62,BD29;/4G08BG-�29;/:E.a;>0CO�),.�BGF9.�F�-/;/0*.�BG)9-/J`\];>29T�29T8.c?6;/:<.�08F9;>4�0r4GM}2,T*.cF,O1BG-/BG)A��(CBD0�29;>29;/.�F
F978B�O�.GQ ��T*.1),.�B�F�;>0U29T*. �C0*;�2,.�5�?6;>�L.�)9.�08O�.EBD7*78)94�BGOXT`;>2A\}4�(*-�?`;/08O�),.�B�FV.<.�=67L4G0*.�0�2,;/BG->-/JGQ<'IT*.a?6;�F9O1)9.129; �1.�?UF9O�BD-�BD)���y�x
2,),BG08F97C4�)V2].���(8BD29;/4G0sBP2�BEO�.�->- �^;�F]dG;/HG.�0c+|J

PPψ (ψ, t+ ∆t) = (1 −
∆t

ρ̄∆V ol
AP )PPψ (ψ, t)

︸ ︷︷ ︸

I

+

Nnb∑

l=1

∆t

ρ̄∆V ol
AlP

l
ψ(ψ, t)

︸ ︷︷ ︸

II

−

∆t

Nα∑

α=1

∂

∂ψα

[

ρPφ(ψ;x, t)

〈
∂Jiα

∂xi

〉]

v,ψ
︸ ︷︷ ︸

III

−∆t

Nα∑

α=1

∂

∂ψα
[ρSαPφ(ψ;x, t)]

︸ ︷︷ ︸

IV

�V�����

R�0�29T*.eBG+C4PH�.].���(8BD29;/4G0 S�29.�)9:�R�)9.�7*),.�F9.10�2,Fq2,T*.�;/08FV2,BD0�2XBD0*.�4G(8F3FV2,BD29.Y4DMk29T*.Y��y�x}S�29.�)9:�R9R�:<46?6.�-/F329T*.Y;>0*@8(*.10CO�.�4GM
2,T*.YO14G0|HG.�O�2,;>4�0EBG08?<29(8)9+*(8->.�0�2i?6;��k(8F9;>4�0 S�29.1),:�RVRVR�d�;>H�.�Fq2,T*.e:E4�->.�O�(*-�BD)3?6;>�k(8FV;/4G0#BD08?<2,.1),: R���2,T*.YOXT8.1:E;/O�BD-*),.�B�O�2,;>4�0
F94G(8),O1.e2,.1),:�Q}w}4|.1~aO1;>.�0�2,F

AP
BD08?

Al
;/0#2,.1),:aF}RiBD08?#RVRIO�4�:E.eMN),4G:§2,T*.,�80*;>29.�H�4G-/(*:E.�?*;/F,O�),.�2,;���BP29;/4G0#4DMqO�4G0|H�.�O�2,;>4�0

BG08?c?*;��k(8F9;>4�0�29.�)9:aF�Q�'IT*.1JaBD),.�2,T*.�F9BG:<.�O�4|.�~�O1;>.�0�2XF}B�F�;/0c:E4�:<.�0�29(*:�.���(8BD29;/4G08F�QqR�0�2,T*.Y78)9.�FV.�0�2i\}4�)9[kSG29T*.�:E4|?*.1-
R��}f ���������
	���

���������
������
������ � ��!��"�"�#�$�%�'&(�������I��ye4�78B ��48S6���|�D���k;/Fj(8F9.�?mMN4G)q:E4G-/.�O1(*-�BD)&29)XBD08F97C4�)V2I�	2,.1),: RVRVRV�j4GMCF,O1BD-�BD)
��(8BG0�29;>29;/.�F�Q}R
2YO�BD0s+L.mFVT84P\]0#2,T8BP2Y;>0�29T8;/Fe:<46?6.�- 2,.1),: R9RVRI;/F�.���(*;/H{BG->.�0�2]294a2,T*.A.1H�4G-/(629;/4G0s4GM&2,T*.mF,O1BD-�BD)XF]��(8BD0�2,;�2,;>.�F1S
\]T8;/OXThBD),.�:<46?6.�->.�?�+�J+'

∂φα(t)

∂t
= −

1

2
Cφ〈ω〉 (φα(t) − 〈φα〉) ,

�V�{�D�

\]T8.1),.
φα

;/F 29T*.}F9O�BD-�BD)XFv��(CBD0�29;>29;/.�FvH�.�O�294G)�S
Cφ

;�Fv29T8.�O�4�08F�2XBD0�2 4DM|2,T*.3R���f§:E46?6.�-�S
〈ω〉

;�Fv2,T*.�2,(*)9+8(*->.�08O�.3MN)9.���(8.108O1JGS
φα(t)

;�Fm29T*.#H{BG->(8.�4DMI29T8.#F,O1BD-�BD)���(CBD0�29;>2�J
α
4DM]2,T*.�78BG)V2,;/O1->.#BD08?

〈φα〉
;�2XFA:E.�BG0tHPBD-/(*.GQZ'&.1),: R�� ),.17*),.�F9.10�2,FK29T*.

F94G(8),O1.A29.�)9:�MN4�)Y.�BGOXT`F,O1BD-�BD)<��F97C.�O�;/.�F�BD08?Z.10�29TCBD-/7�J*��QYR
M�2,T*.<F,O�-�BD)Y;/F�Bc)9.�BGO�2,;>H�.mF97C.�O�;/.�F
α
SL29T8.10

Sα
FV2,BG08?*FeMN4G)Y29T*.

OXT8.1:E;/O�BD- F94G)XO�.�29.�)9:sQ�'IT*.K.�HG4G-/(62,;>4�0#.���(CBP29;/4G0�S*?6(*.�29T*.AOXT8.1:E;/O�BD-v),.�B�O�29;/4G0CF1S6O1BG0s+C.Kd�;>H�.10c+|J+'

∂φα(t)

∂t
= Sα(t),

�������

\]T8.1),.
Sα

;/Fi2,T*.AOXT*.1:E;�O1BG- FV4�(*),O1.�29.1),:§MN4�)I29T*.AF97C.�O�;/.�F
α
S*.1HPBG->(8BD29.�?cMN),4G:o29T*.�2,T*.1),:E4|OXT8.1:E;/O�BD-k:E46?6.1-�Q

R�0#29T8.�.�0*.1),dGJa.���(8BP2,;>4�0 S�29T*.�)XBG?6;�BP2,;>4�0cFV4�(*)XO�.�2,.1),: BGO�2,Fi4G0c29T*.�.�0�2XBD-/7|J
h
4GM�2,T*.�@8(*;�?vQ3'IT*.�.10�2,BG->7|JE.1H�4G-/(629;/4G0�?6(*.

2,T*.K)XBG?6;�BP2,;>4�0�F94G(*)XO�.Y29.�)9: ;/FId�;>H�.10�+|J�'

∂h(t)

∂t
= q̇(t),

�������

\]T8.1),.
q̇
;�FIdG;/HG.10�+|Ja29T8.K���`Q/��©*Q

uY08.A4DMj29T*.�:aBPb�4G)�B�?6HPBD0�2,BGdG.�FI4DMj29T*.���yYxW:E.�2,T*46?h;/F]29T8BD2e0*.1;/0�29T*.�)�2,T*.mOXT*.�:<;�O1BG- 0*4�)]29T*.m),B�?6;/BD29;/4G0sFV4�(*)XO�.�29.�)9:aF
TCB{HG.�294c+C.�:<46?6.�->.�?hBGFe;�2�;/FY?64G0*.m;>0h:E4G:E.�0�2�O�-/4�F9(*)9.K:E.129T*46?*F�Q�p�4P\i.1H�.1)�S*.1H�.10s;>0Z��yYxn:E.�2,T*46?*F�SC;>2Y;�FeB�?*;�~�O�(8-�2
2XBGF9[c2,4c;/08O�4�)97L4G)XBP2,.AB�?6.12,BD;/-/.�?`OXT*.�:E;/FV29),Jc:E46?6.1-�QY'IT8.mOXT8BD08dG.A;/0h:aBGF,F]MN)XBGO�2,;>4�0h4DM3.�HG.1),J#F97L.�O�;/.�Fe;/F�O1BG-/O1(*-�BP29.�?�MN4G)

�
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.�BGOXTtFV2946OXT8BGFV29;�O<78BD)929;�O�-/.E+|JZ:E.�BG08F�4DMI���LQ`���sBG+C4PH�.GQ�x*4�)K;>0CF�2XBD08O1.GS&Bh?*;>),.�O�2�;/0�29.�dG)XBP29;/4G0r4DMI���LQ`���*S�;/08O1->(8?*;>0*d`B
?*.�2,BG;>-/.�?m:E.�OXT8BG0*;/F9:�\];�2,TA2�J|7*;�O1BD-/-/J��{�]FV7L.�O1;>.�F1SP\i4G(8-/?�),.���(*;/)9.}BD7*7*),4{=6;>:aBD29.1-/J<���]:E4G0�2,T8F�;/0mBe\}4�)9[6FV2,BP2,;>4�0 Qv�3),.1H|;/4G(8F
F9;/:m(*-�BP2,;>4�08FI?64G0*.�;/0�29T8;/Fi\i4G),[LS�\];>29TsBm:E.�OXTCBD0*;�FV:§O14G0�2,BG;>0*;/0*d �<FV29.�78FIBD08?Z��ªA7CBD)929;�O�-/.�Fi7C.�)]O�.1-/-�S�2,4|4G[/�A2,4E�m\i.1.1[6F
MN4�)34G08.I29.�FV2�O1B�FV.�S�BG->4�0*.GQq�|(8OXT#w}����),.���(*;/),.1:E.10�2,Fq),.10C?6.1)q2,T*.e?6.�HG.1-/4G78:<.�0�2q4GMk?*.�2,BG;>-/.�?<:E46?6.1-�F�MN4�)q29(*),+*(*-/.10�23@LBD:E.�F
78)94�T*;>+8;�2,;>H�.GQAR�0U29T*.E78B�F�2�S Bc0|(*:�+C.�)�4DM}),.�?*(8O�2,;>4�0 S F�2,4G)XBDd�.�BD0C?`),.�29),;/.1HPBD-&29.�OXT*0*;���(8.�F�T8B{H�.m+L.1.10r.1:E7*-/4PJG.�?s294h?6.�BD-
\];>29TE2,T*.�.1=6O1.�F,FV;/HG.IO�4�:E7*(629.�)�29;/:E.�),.���(*;/)9.�?vQ&'IT*.e:<4�F�23\];�?6.�->J�(8FV.�?EBD7*7*),4�B�OXTm;/0a��y�xZ:E.�2,T*46?*F3;�Fq2,4K(8FV.�B�),.�?*(8O�.�?
:E.�OXT8BD0*;�F9:�FV294�)9.�?s7*)9.�H|;>4�(8FV-/Jc;/0`Ba-/4|4G[�5�(87s2,BD+8->.�QA��p�;/0
��Sv©GªGª�ª��}T8BGFYF�2,(8?6;/.�?s2,T*.A@LBD:E.A7*),.�F9.10�29.�?�;>0h2,T*;�Fe\i4G),[c+|J
(CFV;/0*d#2�\}4�HPBD),;/BD29;/4G08Fe4DM}),.�?*(8O�.�?h:E.�OXT8BG0*;/F9:aF1QA'IT8. �C),FV2Y4�0*.�;/0|HG4�->H�.�? ��dG-/4G+8BG-&),.�B�O�2,;>4�08FYBG08?ZB#FV.�O�4�08?`4�0*.�\];>29T
2,T*),.1.I78BD)XBD:E.129.1)XF�SP+8BGF9.�?m4G0�29T*.IR� �y�f ��� ����	��"������
�� ��!��	� ��
 � ��� ����� ��
 &(����� � ��
����V��F�2,),BD29.1d�;>.�F}��f`BGB�F�BD08?��q4G7L.GS*���G��©G��Q
�i4G29T�)9.�?6(8O1.�?U:<.�OXT8BD08;/F9:aF�\}.�)9.E;/0�2,.1d�),BD29.�?rBD0C?UFV294�)9.�?Z;/0tBs->4|4G[`5�(*7U2,BG+*-/.GQcyY(*),;>0*d�2,T*.�FV;/:m(8-/BD29;/4G0U29T*.�OXT8BG0*dG.
;/0WO14G08O1.10�29)XBP2,;>4�08FKMN4�)�.�BGOXTlF97L.�O�;/.�F�\IBGF�)9.�O�4PHG.�)9.�?UMN)94�: 2,T*.#2,BD+8->.�Q�pe4P\}.�HG.�)�S&29T*.�(8F9.#4GMeBZ-/4|4G[�5
(*7�2,BG+*->.�-/;>:E;>2,F
2,T*.AOXT*.�:<;�FV29),Ja:<46?6.�-k294<29T8)9.�.Y4�)}MN4�(*)]),.�BGO�29;/HG.�FV7L.�O1;>.�F1S6\]T*;�OXTsBD),.Y;/08F9(6~�O�;/.10�2I294a?6.�F,O�),;/+C.Y29T*.KO14G:m+8(8F�2,;>4�0#78)946O�.�F9F
B�?6.���(8BD29.�->J`�
w}T*.10 Sv���G�|��	��j4�7C.�Sk���G�|�D��Qj�YFiBG0#BG-�2,.1),08BP2,;>H�.�294<+L4D29Ts?6;/)9.�O�2I;>0�2,.1dG)XBP2,;>4�0�4DM&���LQ]���mBG08?�-/4|4G[�5
(*7a2,BG+*-/.GS
���q4G7L.GS ���G���G�3TCBGFI7*),4G7L4�F9.�?c29T*.KRV�*��'zBG->d�4G),;�2,T*:sS�\]T84�F9.�.�F9F9.10�2,;/BG-/FIBD),.K?6.�F,O�),;/+C.�?c+L.1-/4P\KQ

� ¼ ! ¼#"����, ����\´h¢�1c"  �� $

'IT8.K:EBG;>0h;�?6.�BE;>0s2,T*.KRV�6��' BD-/dG4�)9;>29T*: ;/F�294a;/0�2,.1d�),BD29.����LQY���E4G0*-/Jc\]T8.10s;�2Y;/F]08.�O�.�F9F,BD),JGQ}'IT8BP2�:E.�BG08F]4�0*->J�BP2
2,T*.,�8)XF�2i29;/:E.GS*\]T8.10#29T*.KFV2946OXT8BGFV29;�OY.1HG.�0�2i46O1O1(*)XF1Q�'IT*;�FI;/FI��(*;>29.K?6;>�L.�)9.�0�2iMN),4G:o29T*.�-/4�4�[�5�(*7c2,BG+*->.KBG7*7*),4�BGOXT�S�\]T*.�)9.
B#T|(*dG.�0|(*:m+L.1)�4DM37L4G;/0�2,F�;>0Z29T*.�2,BG+*-/.�BD),.GSL;/0`M�BGO�2�Sv0*4G2Y(8F9.�?U?6(*),;>08d�29T8.m@CBG:E.�F9;>:�(*-/BD29;/4G0 Q�'IT*.<.�F,FV.�0�29;�BD-�F�4DM�29T*.
RV�*��'zBG->d�4G),;�2,T*: O1BG0#+L.K+*),;>.1@8J�.1=|7L4�F9.�?�BGFiMN4�->-/4P\KQ

•
x*4�)A2,T*.��8)XFV2�78BG)V2,;/O1->.�),.178)9.�FV.�0�2,;>08ds29T*.�F9O�BD-�BD)A��y�x ;/0lB`O�.�->-�Sq���LQl���h;/F�;/0�2,.1d�),BD29.�?r;/0t29;/:E.#BG08?t+C4G29Tt2,T*.
;/0*;�2,;/BG-3F�2XBP2,.���?6. �808.�?U+�Jh;>2,F�:aBGF,FYMN),B�O�2,;>4�08F�BD08?Z.10�29T8BG->7|Jh4GM329T*.E:E;>=�2,(*),.��YBD08?Z29T*.<.10C?UFV2,BD29.EBD),.�FV294G),.�?Z;>0
B�+*;/08BD),Jh29),.1.�Q���)9.�dG;/4G0r4DMIT*;/dGTr7*)9.�O�;�FV;/4G0�BD),4G(808?`2,T*.E2,BG+*(*-�BP2,.�?U29T*.�)9:E4G5
?6J|08BG:E;/O<F�2XBP2,.a;/FK?6.��80*.�?U\];>29T_B
:aBP=6;/:m(*:�?6.178BG)V2,(*),.K4DM��

%
MN4�)�.�B�OXThO�4G:E7L4G0*.�0�2�Q&��;�2,T*;>0`29T*;�F�),.1d�;>4�0 S6->;/0*.�BD)eBG7*7*),4{=|;/:aBP2,;>4�0#;�F�BGF,F9(*:E.�?#294

+L.�),.�B�FV4�08BD+8->.�Q�R
2]:E.�BD0CFi29T8BD2�S|MN4G)I4G29T*.�),FI��(*.1),;/.�F}->J|;/0*dE\];�2,T*;>0#29TCBP2])9.�dG;/4G0 S�0*4E;/0�2,.1d�),BD29;/4G0�;�Fi7C.�)VMN4�)9:E.�?#BD08?
29T8.ABD08F9\}.�)i5�29T*.K.�08?sF�2XBP29.�5�;�FI4G+*2,BD;/0*.�?c\];>29T`B<-/;>0*.�BD)I;/0�2,.1),7C4�-/BD29;/4G0 Q

•
x*4�)�Bc0*.1\g��(*.�)9J�SL29T8.m+*;/08BD),J�29),.1.�;/Fe29)XB{HG.�),F9.�?sBD0C?vSk;�M}Bc0*46?6.m;�FeMN4G(*08?Z\]T*.1),.A2,T*.<->;/0*.�BG)YBG7*7*)94{=6;/:aBP29;/4G0s;�F
BGO�O�(*)XBP2,.GSG29T*.�0a29T*;�F}H{BG->(8.e;�F3),.�29(8)90*.�?vQ�ue29T*.�)9\];�F9.eBK0*.�\�;>0�29.�dG)XBP2,;>4�0<4GM ���LQI���K;�F�7L.1)9MN4G),:E.�?aBG08?aBA0*.�\n2,BD+8->.
.10�2,)9J�;�FIdG.�0*.1)XBP2,.�?vQ

•
'IT*.ABG08FV\i.1)I;�F]BGF,FV;/dG08.�?a2,4E29T*.AFV2946OXT8B�F�2,;/OY78BG)V2,;/O1->.�Q

R�0U29T8;/FKBG->d�4G),;�2,T*:sSkBc2,BG+*-/.�;�F�+*(*;/-�2K(*7r;>0rFV;>29(�S�BGFe29T*.E),.�B�O�29;/HG.m@84P\�O�BD-�O�(*-�BP2,;>4�0`;/F�7L.1)9MN4G),:E.�?vQ<uY08->Js2,T*.aBGO1O1.�F,FV.�?
),.1d�;>4�0�4DMv2,T*.�O�4G:E7L4�F9;�2,;>4�0cF978BGO1.�;/FIFV294�)9.�?vQ&R�0�29T*.�4G),;>d�;>0CBD-CBG->d�4G),;�2,T*:�7*)94�7C4�FV.�?a+|JE�j4�7C.�Sk���G�|�|SG29T*.�)9.Y;/FiB�?*J�0CBD:E;/O
F9.�2929;/0*dc4GMq29T*.�)9.�dG;/4G0s4DM�7*),.�O1;/F9;>4�0 QIR�0s29T*.�7*),.�F9.10�2e\i4G),[LSCB�FV;/:E7*-/;��8.�?hHG.�),F9;/4G0�;/Fe;>:E7*-/.1:E.10�2,.�?vQepe.1),.GSLBa7C.�),O1.10�2e4GM
?*.178BG)V2,(*)9.YMN),4G:�29T8.e2XBD+*(*-�BP2,.�?#F�2XBP29.�;�FIT*.1(*),;�F�2,;/O�BD-/->J �*=6.�? Qq�e0#.�HPBD-/(8BP2,;>4�0c4DM�29T*.�;>0C?6.17L.108?*.108O1.�4GM 29T8.�),.�F9(*->2,F}MN),4G:
2,T*;�Fq78BD)XBD:E.�2,.1)j\iB�F�7L.1)9MN4G),:E.�?vQj'IT*;�FjF9;/:<78->;��8.�?�HG.�),F9;/4G0mB{H�4G;�?*F�BY-/BG)9d�.�0|(*:�+C.�)j4GM80|(*:E.1),;/O�BD-�:aBP29),;>=A:EBG0*;/7*(*-�BP29;/4G0CF1Q
'IT8.edG),;�?E4DMv29T8.�wixqy,�P��y�xrO146?6.eT8B�Fe���GªP=C�DªKO�.1-/-�F,�q\];>29TU��ª�ªKF�2,4|OXTCBGFV29;�O]78BD)929;�O�-/.�F37C.�)iO1.1-/-�Q�'IT*.eFV2946OXT8B�F�2,;/O�78BD)929;�O�-/.�F
BG)9.EBGF,F9;>d�0*.�?s2,T*.<7*)94�7C.�)V2,;>.�Fe4GM}:aBGF,FeMN),B�O�29;/4G0U4DM32,T*.<)9.�BGO�2,;>H�.�F97C.�O�;/.�F�BD0C?`.10�2,T8BD-/7|JGQAfh.�BD0Z78)94#�8->.�FYBG)9.<.1HPBG->(8BD29.�?
BDM	29.�)�FV2,BD29;�F�2,;/O�BD-qO�4�0�H�.1),dG.�08O�.K;�F�BGOXT*;/.1H�.�?vQ�'�4#)9.�?6(8O1.<FV2946OXT8B�F�2,;/O�@C(8O�2,(8BP2,;>4�08FY29T*.<:E.�BD0U7*),4G7L.1)929;/.�F�\i.1),.�B{H�.1)XBDd�.�?
4PH�.1)���ª�ª`;>29.1)XBP2,;>4�08F�Q �}4�(*08?*BG)9JtO14G08?6;>29;/4G0CF<BD2<;/06@84P\ BD08?l4G(629@84P\ BD),.#?*. �80*.�?WB�O1O14G)X?6;>08dh294�7*T|J6FV;�O1BG-}+L4G(808?*BD),J
O14G08?*;�2,;>4�08FE4DMY29T*.Eb�.12a@CBD:E.GQ^�i2a29T8.h+*(*),0*.1)E.�=6;>2�BD08?W7*;/->4G2�S}29T*.hH�.1-/4|O1;�2,;>.�FEBD08?nO�4�08O�.�0�2,),BD29;/4G08FEBG)9.#2,BG[G.10WMN),4G:
.1=67C.�)9;/:E.10�2,BG-C?*BD2,B*Qq�i232,T*.YO14D@84P\W)9.�dG;/4G0E4G0*-/JEBD;/)3;/F}FV(87*7*-/;>.�?vQj�i2}29T*.e4D29T8.1)�+L4G(808?*BD),;/.�F3B�H�4G0a��.�(*:aBD0*0cO14G08?*;�2,;>4�0
\IBGF]F9.�2]MN4�)�BD-/-vHPBD),;/BG+*->.�F1Q

� ¼!1`¶|¦
µ/Å ¸�¦

R�0E2,T*;�F}F9.�O�29;/4G0 S�FV;/:m(*-�BP2,;>4�0E)9.�FV(*->2,F}BD),.]7*),.�F9.10�29.�?<BG08?aO�4�:E78BD),.�?�294m.�=67C.�)9;/:E.10�2,BG-8?*BD2,B*Q ��.�->46O�;>2�Jm:E.�BGF9(*)9.�:E.10�2,F
\i.1),.<4G+62XBD;/0*.�?`MN)94�: ���6OXT80*.1;�?6.1)KBG08?���.�;/F,F�S����G�����eBD08?rF9O�BD-�BD)�?*BP2XB�MN),4G:���']�exiS3���G�G��B���QKR�0Z2,T*.<MN4G-/->4P\];/0*d��CdG(*),.�F
2,T*.a2,T*.#BD=|;�BD-�7L4�F9;>29;/4G0 �

x
��;�FA0*4�)9:aBD-/; �1.�?r+|J`2,T*.a2,(*+C.#?6;/BG:E.�29.�)#�

D
��Qs'IT*.�H�.1-/4|O1;�2�JU7*),4 �8-/.�BP2K2,T*.cO�.�0�29.1)m->;/0*.�4GM

2,T*.h@CBG:E.h;/F�F9T*4P\]0^;/0^xj;/d8Q�������Q���=67L.1),;>:E.�0�2XBD-e?8BP2,B�\i.1),.s4G+62XBD;/0*.�? ���6OXT*0*.�;/?6.�)cBD0C?���.�;/F,F�SY���G�G����\];�2,T  �BGF9.1)
yY4G787*->.�)]��0*.�:<4�:E.�29),JGQ�'IT*.YHG.�->46O�;>2�J �8.1-�?�\IBGF}O�4�:<78(629.�?�\];>29T�2,T*.�\}.�->-L[|0*4P\]0aM�BGFV2iOXT8.1:E;/FV29),JaBD7*78)94�BGOXT`��OXT8.1:E;/O�BD-
.���(*;>-/;/+*)9;/(*:��]BG08?�78BD)XBD:E.�2,.1),;���.�?c\];�2,T#2,T*.A:E;>=�2,(*),.�MN),B�O�29;/4G0�Q3'IT*.ABDd�)9.�.1:E.10�2]\];�2,T�29T*.K.1=|7L.1),;/:<.�0�2,BD-&?*BP2XB�;�F���(*;>29.
d�4|4|? Q#�i2K29T8.�.108?r4GM}2,T*.a@CBG:<.E2,T*.c?6.�H|;/BD29;/4G08F�+L.�O14G:E.a-/BG)9d�.1)�Q/��;�2,T�29T*;�FAH�.1-/46O�;>2�JZ?6;�F�2,)9;/+*(62,;>4�0U2,T*.cF,O1BG-/BG)}b�4�;>0�2
�}yYxW\iB�F]O�4�:<78(629.�?vQ

R�0�x&;/d8Qi��©���S{29T8.}O�.�0�29.1),-/;>0*.�.1HG4�->(*29;/4G0K4DM62,T*.�:E;>=|29(*),.3MN)XBGO�29;/4G0K;�F�7*-/4D2929.�?vQ&'IT*.iBDd�)9.�.1:E.10�2�+L.�2�\i.1.�0AFV;/:m(*-�BP2,;>4�0ABD08?
�eBD:aBD065�?*BD2,B���']�exiSC���G���GB��j;�F}dG4|46?vQj'IT8.e:E;�=|2,(*)9.�MN),B�O�29;/4G0c;/F�(8FV.�?a4G08->J<\];�2,T�2,T*.e�3),.�F9(*:E.�?E�}yYx��PxCBGFV2�w}T8.1:E;/FV29),J
:E46?6.�-3�*��BD0*;�OX[PB�BG08?#�Y4G-/-/:EBG0*0 SL���|�P����Qj'IT8.��}yYx��{RV�*��'�:E.�2,T*46?#?*4�.�FI0*4D2I(8F9.�29T*;�F]��(8BD0�29;>2�JGQqR
2];�F]O�4G:E7*(*29.�?cMN),4G:
2,T*.hFV7L.�O1;>.�FEO�4G0CO�.10�2,),BD29;/4G08FA29T8BD2E\i.1),.c4�+62,BG;>08.�?_+|J�2,T*.#�}yYx�:<.129T*46?vQlR
2E;�F�S3T*4P\i.1HG.�)�S�BUdG4|46?t;/08?6;�O1BP2,4G)E4DMe29T*.
:E;>=6;>0*da78)946O�.�F9F�Q

�
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Normalized axial downstream position  x/D [-]

EQUILIBRIUM
Exp.

xj;/dG(*),.h�#'Ew}.10�29.�)9-/;>08.��]=6;/BG-3HG.�->46O1;�2�J`084G),:EBG->; �1.�?Z\];>29T�2,T*.�0*4�����->.E.�=6;>2mHG.�->46O1;�2�J�Q��3),.�F9(*:E.�?r��y�x �Dx8B�F�2�OXT8.1:E;/FV29),J
BG08?s �y�� :E.�BGF9(*)9.�:E.10�2,F����*OXT*0*.1;�?6.�)�BD08? ��.1;�F,F1Sv���G�G���
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Normalized axial downstream position  x/D [-]

PDF/ISAT
Exp.

xj;/dG(*),.r©
'tx8B{H|)9.UB{HG.1)XBDd�.�?W:E;�=|29(8)9.ZMN),B�O�29;/4G0�HG.1)XF9(8F�0*4�)9:aBG->; �1.�?n@CBD:E.ZBD=|;�Fc= �DymQIy�BP2,BtMN)94�: ��']�exiS������G�GB��<;>0
O14G:E78BG)9;�FV4�0�2,4a7*)9.�?6;�O�29;/4G0�Q
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'IT8.YBP=6;�BD-C29.�:<7L.1)XBP2,(*),.e7*),4 �8-/.�;�Fi7*)9.�FV.�0�29.�?E;/0#xj;/d8Q]�*(���Q�'IT*.�)9.�BD),.YF9T*4P\]0a+C4G29T�FV;/:m(*-�BP2,;>4�08F�'&\];>29T�BD08?a\];>29T84G(62
)XBG?*;/BD29;/4G0 QE'IT*.aBDd�)9.�.1:E.10�2Y\];>29T�.1=|7L.1),;/:<.�0�2,BD-�:E.�BD0ZHPBG->(*.�F�;/F�d�4|4|? Q<'IT*.E:aBP=6;/:m(*: 29.1:E7L.1)XBP2,(*)9.E46O1O1(*)XF�BD2�29T*.
7L4�F9;>29;/4G0a4DMv2,T*.eFV294�;/OXT*;/4G:E.129),;/OI:E;>=�2,(*),.�MN)XBGO�2,;>4�0 Qq'IT*;/F�:E.�BD0CF�29TCBP232,T*.�@CBG:E.�->.�0*dD2,T S�;�M :E.�B�FV(8)9.�?�+|J�29T*.Y:aBP=6;>:�(*:
2,.1:E7L.1)XBP29(8)9.�S*;/FeO�4G),),.�O�2,->Ja78)9.�?6;/O�29.�?vQ��eF�4G0*.AO�BD0hFV.�.GS|2,T*.A:E46?6.1- ;/08O1->(8?*;>0*da)XBG?*;/BD29;/4G0�)9.�?6(8O�.�Fi29T*.�2,.1:E7L.1)XBP29(8)9.K+|J
BG+C4�(62#��ªGª�� BD2m:aBP=6;>:�(*: 29.1:E7L.1)XBP2,(*)9.�QZ��->29T84G(*d�Tt29T*.c29.�:<7L.1)XBP2,(*),.�\];�2,Tt29T8.c)XBG?6;�BP2,;>4�0r:E46?6.�-};�FmO1->4�FV.�)K294Z29T*.
.1=67C.�)9;/:E.10�2,BG-i?*B�?*B*Sq2,T*.1),.c;�FEF�2,;>-/-IBZd�)9.�BP2�?6.�78BD)929(8)9.�+L.�2�\i.1.�0WO�BD-�O�(*-�BP2,;>4�08FmBG08?t.�=67L.1),;>:E.�0�2XFm+L.�MN4�)9.c29T*.�7L.�BD[�4GM
:aBD=|;/:m(8:o29.�:E7C.�),BD29(*),.GSvQ
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Normalized axial downstream position  x/D [-]

 without radiation
with radiation

Exp.

xj;/dG(*),.�(
'�xCB{H�),.}B{H�.1)XBDd�.�?Y29.�:<7L.1)XBP2,(*),.}H�.1)XFV(8F&0*4�)9:aBD-/; �1.�?K@CBD:E.IBP=6;/F�= �Py�QPyYBD2,BeMN)94�:o��']�exiS6���G�G��B��k;/0�O14G:E78BG)9;�FV4�0
2,4a7*),.�?6;�O�2,;>4�0 Q

'IT8.�:E.�BD0cH{BG->(8.�F34GMk29T*.�FV7L.�O1;>.�Fiw]u�©KBG08?cw]uzBP232,T*.YBD=|;�BD-L?64P\]08FV29),.�BG:�7L4�F9;�2,;>4�0�BD),.]7*)9.�FV.�0�29.�?E;/0a2,T*.�0*.1=�2}2�\}4
�CdG(*),.�F�Q�'IT*.e:aBGF,F�MN),B�O�29;/4G0c4DMv29T8.Y:aBPb�4�)}F97C.�O�;/.�F]w]u�©���x&;/d8Q]�*���V��;�FiBG0�;/08?6;�O1BP2,4G)}4DM 2,T*.Y\]T84G-/.YO�4�:m+*(CF�2,;>4�0a7*)946O1.�F,F1Q
R
2i;/F}BD0E;/:<7L4G)92,BG0�2�;>0C?6;/O�BP2,4G)34GML2,T*.�.�0*.1),dGJ<O�4G0|H�.1)XFV;/4G0�.�~�O�;/.108O1J�;/0E29T8.eO�4�:m+*(8FV29;/4G0�F9J6F�2,.1:sQq'IT*.�0|(*:E.1),;/O�BD-*),.�F9(*->2,F
BGdG),.1.�HG.1),Js\}.�->-q\];>29TU29T*.<.�=67L.1),;>:E.�0�2XBD-�?*BD2,B*QA'IT8;/F�:E.�BG08F�2,T8BP2�2,T*.m@LBD:E.<FV29),(8O�29(*),.GS B�F�M�BG)�B�F�:EBDb�4G)�FV7L.�O1;>.�F�BG)9.
O14G08O1.1),0*.�? S�\IBGFAO�BD762,(*)9.�?vQsuY0r2,T*.�4D2,T*.1)mT8BD08? S�2,T*.a:aBGF,F�MN),B�O�2,;>4�0r4GM�w]u¨��xj;/d8Q������V��;/08?6;�O1BD29.�FK29T*.c?*.178BG)V2,(*)9.E4GM
O14G:E7*-/.�2,.�O14G:m+8(8F�2,;>4�0l),.1d�;>:E.GQ_'IT8.hw]u :aBGF,F�MN),B�O�2,;>4�0_;/FEBU:E.�BGF9(*),.c4GMe->46O�BD-I.�=|29;/08O�29;/4G0l;/0_2,T*.�@CBD:E.�QWwiBD),+C4�0
:E4�0*4{=6;/?6.�;�F]BD0�;>0�2,.1),:<.�?6;�BP29.KF97C.�O�;/.�F�BG08?vS|2,T*.1),.�MN4�)9.�S6;�2XFI7*)9.�?6;�O�29;/4G0�;�F]HG.�)9J�F9.108F9;>29;/HG.�294<29T8.�29(*),+*(*-/.10�2eO�4�:m+*(CF�2,;>4�0
:E46?6.�-�Q<ye.�FV7*;>29.E4GM329T*.E;/)9),.1d�(*-�BD)e:E.�BD0Z78)94#�8->.�S ?6(*.<7*),4G+8BG+*->J�2,4#2,T*.<->4P\g0|(*:�+C.�)�4DM�78BG)V2,;/O1->.�F�;>0Z29T*.aO�.�->-�F�BD08?`294
2,T*.KBD7*78)94{=6;/:EBD29;/4G0E7*),46O�.�?*(*)9.Y;>0c29T*.�RV�6��' BG->d�4G),;�2,T*:sSG2,T*.mw]u�MN4G),:aBP29;/4G0c;/F})9.�BGF94G08BG+*-/J�7*),.�?*;/O�29.�?c+|J<+L4D2,Tc:E46?6.1-�F
��\];�2,T_BD08?U\];>29T*4�(62A),B�?6;�BP29;/4G0L��Q<R
2mO1BD0r+L.�F9BG;/?Z29T8BD2K29T*.E@LBD:E.aF�2,)9(8O�29(*),.GS&O�4G0CO�.1),0*;/0*d#294h-/4|O�BD-�78BG)V2,;/BG-q.�=|29;/08O�2,;>4�0 S
\IBGF]O�BD762,(*),.�?vQ�'IT*;�F];�F]O�4G0
�8)9:E.�?c+|J�2,T*.AO�4�08?6;>29;/4G0*.�?c:E.�BD0�H{BG->(8.�FI4DM�w]u 78)9.�FV.�0�2,.�?#;>0�2,T*.Axj;>dCQI�����IBG08?U������Q

'IT8.�),B�?6;�BD-�:E.�BG0tH{BG->(8.�FK4GMi2,.1:E7L.1)XBP29(8)9.�BG08?tO1BG)9+L4G0�:E4G0*4{=6;�?6.�BD),.E7*),.�F9.10�29.�?�;>0�2,T*.cxj;>dCQr�����KBG08?txj;>dCQr�
�D�
),.�F97L.�O�2,;>H�.1-/JGQA'IT*.�)9.EBD),.�F9T*4P\]0h2,T*.E7*),4 �8-/.�FY;>0Z2�\}4#7*-�BD0*.�FY4GM329T8.�@LBD:E.#']= �Dy � (�ªcBD0C?h= �Py � �Gª8S8MN4�)�+L4D2,TZ:E46?6.1-�F
��\];�2,TUBG08?h\];>29T*4�(62Y)XBG?6;�BP2,;>4�0C��QY'IT*.�F9.A7*-�BD0*.�F�\i.1),.mOXT*4�FV.�0h+C.�O1BD(CFV.m29T*.�J�),.178)9.�FV.�0�2]2�\i4�;/0�29.1),.�FV29;/0*da@LBD:E.m),.1d�;>4�08F�'
2,T*.�0*.�BD)K0*4�����->.a),.1d�;>4�0 S \]T*.�)9.E2,T*.�yYBG:E[��GT8->.�)K0�(8:m+L.1)A;�FK-/4P\ BD0C?Z2,T*.�.�08?r4DMi29T*.a@LBD:E.GS&\]T*.1),.E29T*.#yYBG:<[��GT*-/.1)
0|(*:�+C.�)�;�FIT*;>d�T Q

x8)94�: 29T8.�)XBG?*;/BG-i78)94#�8->.�4DMY29.�:<7L.1)XBP2,(*),.���xj;>dCQ �����9��Si4G0*.sO1BG0nF9.1.�29TCBP2E29T*.h-/.1H�.1-I4DM�:aBP=6;>:aBU29.�:E7C.�),BD29(*),.#;�F
B�OXT*;/.1HG.�?�BP2m+L4D2,Tt7*-/BG0*.�F�Sj+*(62<F94G:E.�?6.�H|;/BD29;/4G08FABG)9.a4�+8F9.1),HG.�? Q�'IT*.c\];/?|2,Tt4DMI29T8.a@CBD:E.cBD2A29T8.�7*-�BD0*.a= �Dy � ��ª#;�F
4PH�.1)95�78)9.�?6;/O�29.�?h+|Js29T*.aF9;>:�(*-/BD29;/4G0 QA'IT8;/FKO14G(*-�?`+L.aBP2V2,)9;/+*(62,.�?Z294#29T*.aF9.�O14G08?h:E4�:<.�0�2KO1->4�FV(8)9.�:<46?6.�-�(8F9.�?hMN4�)�29T*.
H�.1-/46O�;>2�J�5�F,O1BD-�BD)�O14G),)9.�-/BD29;/4G0s;/0h29T*.���y�x�fh.�2,T*46?_�N���LQ����{�G�V��QY�i2Y29T*.<O�.10�2,.1)e-/;/0*.AMN4�)�29T8.m7*-�BD0*.m= �Py � (Gª*SLBGFYBD-/)9.�BG?6J
F9T*4P\]0�;>0hxj;/d8Q��*(���S62,T*.�29.�:<7L.1)XBP2,(*),.K;/FI4PH�.1)95�7*),.�?*;/O�29.�? Q

'IT8.m)XBG?6;�BD-j7*),4 �8-/.KMN4G)�:aBGF,F�MN)XBGO�29;/4G0`4GMiw]u ;/F�F9T*4P\]0`;/0Uxj;>dCQ<�
�D��Q�yY.�F97*;>29.<4DM�2,T*.�4�+8F9.1),HG.�?s?6.�H|;/BD29;/4G08F�Sk;�2KO1BG0
+L.#F,BD;�?U29T8BD2A29T8.�:E4|?*.1-�;�FmBG+*-/.a294`O�BD762,(*)9.�29T*.�:aBG;>0_FV29),(8O�2,(*),.a4DMI29T*.sw]u§:E.�BG0t7*),4 �8-/.�BP2A2,T*.a@CBG:E.GQh�i2m+L4D29T
78-/BG0*.GS&29T*.#O1BD-�O�(8-/BD29.�?rHPBD-/(*.�FmBD),.EHG.�)9JrO�-/4�F9.�2,4h29T8.�:E.�BGF9(*),.�?r4G08.�F�Q#'IT*.�)XBG?*;/BG-�7*)94#�8-/.�BD-�FV4hBDd�)9.�.E\}.�->-}\];�2,T�29T*.
.1=67C.�)9;/:E.10�2,BG- ?*BP2XB*Q

'IT8.AO�4G0C?6;�2,;>4�0*.�?�:E.�BG0sH{BG->(8.�F]4GM3w]u�BD08?c29.�:E7C.�),BD29(*),.ABD),.�7*)9.�FV.�0�29.�?�;/0�29T*.mxj;/d8Qe������S/�����]BG08?U�V��ª���Q}'IT8.1),.�BG)9.
78->4G2V29.�?sBD-/-vH{BG->(8.�FI4DM3w]u BG08?�2,.1:E7L.1)XBP29(8)9.�HG.�),F9(8Fi:E;�=|29(8)9.�MN)XBGO�2,;>4�0c2,T8BP2]T8B{H�.Y+L.1.�0h?6.�2,.�O�2,.�?�;/0c2,T*.K),B�?6;�BD-k7*-�BD0*.�F1Q
��)9.�FV.�0�2,.�?hBG)9.�29T8.mO�4�08?6;>29;/4G0*.�?s:<.�BD0sHPBD-/(*.�F�4DM}w]ugBG08?#29.�:<7L.1)XBP2,(*),.ABP2�2,T*.A)XBG?6;�BD-v7*-�BD08.�FI= �Py � (GªEBG08?�= �Py � �Gª*Q
'IT8.EBG08BD-/J6FV;�F�\];>29TU29T8.<O14G08?6;>29;/4G08.�?`:E.�BD0ZHPBG->(*.�.108BG+*-/.�F�4G0*.m294�;/F94G-�BP2,.A2,T*.E;>06@C(*.108O1.�4GM}O�4�0|HG.�O�29;/4G0ZBG08?`H�.1-/46O�;>2�J�5
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F,O1BG-/BG)�O�4G),),.1-�BP29;/4G0K4�0m2,T*.I:E.�BD0�HPBD-/(*.�F�Q&R�0�29T8.IBD=6;/BG-|BG08?�),B�?6;/BG-�78)94#�8->.�Fj4DMLO14G08O1.10�29)XBP2,;>4�0mBD0C?A2,.1:E7C.�),BD29(*),.IFVT*4P\]0�;>0
2,T*.e78)9.�O�.�?*;>0*d �8dG(*),.�F�SG;>2};�F3084D2�7L4�F,FV;/+*-/.]294�;/?*.10�29;>MNJE;>08?*;>H|;�?6(8BD-/-/J�\]T8BD2�7*T|J6FV;�O1BG-87*),46O�.�F9F3O�BD(8F9.�F�29T*.�?6.1H|;�BP29;/4G0CF�MN),4G:
2,T*.�:E.�B�FV(8)9.�?�HPBG->(*.�F1QjR�0<29T*.YO�4G0C?6;�2,;>4�0*.�?<:E.�BG0EH{BG->(8.�F�SG4G08.�O1BD0E.�H{BG->(CBP29.I2,T*.�.1�L.�O�2�4GML+L4D2,T�OXT*.1:E;�O1BD-8)9.�BGO�2,;>4�08FqBD08?
:E4�->.�O�(*-�BD)}:<;>=6;>08dA:E4|?*.1-84�0E29T*.Y:E.�BD0aHPBG->(*.�F34GM�w]uzBG08?<29.�:<7L.1)XBP2,(*),.GQ�'IT*.�:aBD;/0a;/06MN4G),:aBP29;/4G0E2,T8BP2iO1BD0a+L.e.1=|29)XBGO�2
MN),4G: 29T*.�FV. �8d�(*)9.�F�;/F�T*4P\�0*.�BG)Y2,4�29T*.aO�4�:E7*->.129.aO�4�:m+*(CF�2,;>4�0UBsF�2,46OXT8BGFV29;�Om7CBD)929;�O�-/.GSv\]T*;�OXTUTCBGFKB�O�.1)92,BG;>0U:E;�=|29(8)9.
MN)XBGO�29;/4G0 SvTCBGF�)9.�BGO�29.�? QAR
M�2,T*.aO�4G0C?6;�2,;>4�0*.�?U:E.�BG0ZHPBD-/(*.<4DMiO�BD),+C4�0`:E4G0*4{=6;�?6.�w]u�SCMN4�)KBcd�;>H�.10Z:E;>=|29(*),.mMN)XBGO�29;/4G0 Sv;�F
-/4P\i.1)�2,T8BD0s2,T*.m:E.�BGF9(*)9.�?sHPBD-/(*.GSL;�2�:E.�BG08F]2,T8BP2Y29T*.<?6.�2XBD;/->.�?`OXT*.1:E;�F�2,)9J�:E.�OXT8BG0*;�FV:aFI2,4GdG.129T*.�)e\];>29Th2,T*.<:<4�->.�O�(*-�BD)
:E;>=6;>0*d�:E46?6.1-qT8B{H�.m(*08?*.1)95�7*),.�?*;/O�29.�?h29T*.<.�=|29;/08O�29;/4G0Z78T*.10*4�:E.108B8QAfh4G),.�?6;>~�O�(*->2�;/FY294�.1HPBG->(8BD29.�\]T*.1),.m2,T*.<(*08?6.�)V5
78)9.�?6;/O�29;/4G0cO14G:E.�F3MN)94�:sS�\]T*.129T*.�)3MN),4G: 29T*.�OXT*.1:E;�F�2,)9J<:E.�OXT8BG0*;�FV:aF34�)3MN),4G: 29T*.Y:E;�=6;/0*dm:E46?6.1-�QqR�0a29T8.e;/:<78->.�:<.�0�29.�?
BG->d�4G),;�2,T*:sS3:E;�=6;/0*dr:<46?6.�-�BD08?nOXT*.�:<;�FV29),Jr),.�B�O�2,;>4�08FEBD),.#O1BG)9),;/.�?t4�(62�BGFEFV(8+8FV.���(*.10�2E0�(8:<.�)9;�O1BG-I7*)946O1.�?6(*),.�F�Q_'IT*.
O14G),)9.�O�2�O�4�(*7*-/;>08d<4GM&+L4D2,TsFV29.�78F];�F]B<HG.1),J�[|0*4P\]0�?6),B{\]+CBGOX[`��yY4G7CB �14CSv���|�D� 	*w}4G),),.�B*Sk���G�����3\];>29T�2,T*.K��y�xWfh.129T*46?vQ

'IT8.U:E.�BG0 HPBD-/(*.�F�4GM<w]u O�4G0C?6;�2,;>4�0*.�?�+|JW2,T*.r:<;>=|29(*),.UMN),B�O�29;/4G0�SeBP2�29T*.r7*-�BD0*.�F�= �Dy � (�ª_BD08? = �Py � �Gª*S�BG)9.
78)9.�FV.�0�2,.�? BD2c2,T*.rxj;/d8Q ������BG08?g������),.�F97L.�O�2,;>H�.1-/JGQ�'IT*.U0|(*:E.�)9;�O1BG-e),.�F9(*-�2XF#BGdG),.1.`H�.1),JW\i.1-/-�\];�2,T�29T8.U:E.�B�FV(8)9.�?
O14G08?*;�2,;>4�0*.�?sHPBD-/(*.�F1Q]�i2Y+L4D2,Th7*-�BD0*.�F1SC;>0h4G29T*.�)e\i4G)X?*F�BP2�?6;��k.1),.10�2Yy�BD:E[��GT*-/.1)e�e(*:m+L.1)�S*2,T*.A2,(*),+*(*-/.10�2YO�4�:m+*(CF�2,;>4�0
:E46?6.�- \iB�F]BD+*-/.�294aO1BG7629(8)9.�29T8.�@CBD:E.AFV29),(8O�2,(*)9.�Q

'IT8.�O14G08?*;�2,;>4�0*.�?#:E.�BD0�HPBD-/(*.�FI4GM�2,.1:E7C.�),BD29(*),.KBP2I29T8.�78-/BG0*.�Fi= �Py � (Gª�BD08?c= �Py � �Gª<BD),.�F9T*4P\]0�;>0sxj;>dCQ�����ª���QqR
2
O�BD0E+L.�FV.�.10<29T8BD2�29T*.�BGdG),.1.�:<.�0�2q+L.�2�\i.1.�0E0�(8:<.�)9;�O1BG-*BD08?<.1=|7L.1),;/:<.�0�2,BD-*?8BP2,B�;�F�dG4|46?vQq�i2�29T*.]78-/BG0*.I= �Py � (Gª*SP4�0<29T*.
),;�OXT#F9;/?6.�4GM�29T8.Y@LBD:E.GS|4G08.�O�BD0#4G+8F9.1),HG.e29T8BD2i2,T*.�0|(*:E.1),;/O�BD-k:E.�29T84|?�F9J|FV29.�:aBP29;�O1BG->-/JE4PHG.�)V5
7*),.�?6;�O�2}29T*.�29.�:E7C.�),BD29(*),.GQ
'IT8;/F<;�F1S�BD2<-/.�B�F�2�S3O�4�08FV;�FV29.10�2E\];�2,T_2,T*.#T8;>d�T*.1)<HPBD-/(*.�FEF9T*4P\]0_;/0Wxj;>dCQ �*(��mBG08?_xj;>dCQ ������Q_�i2<29T*.�7*-�BD0*.#= �Py � �Gª*S
T84P\}.�HG.1)�S�29T*.ABGdG),.1.�:<.�0�2i;�FIHG.�)9J�d�4|4|? Q
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xj;/dG(*),.���ª 'sxCB{H|)9.hO�4�08?6;>29;/4G0*.�?l:E.�BD0nH{BG->(8.s29.1:E7L.1)XBP2,(*)9.�MN4�)a7*-/BG0*.�F<= �Dy � (�ªUBG08?W= �Dy � ��ª*Q^yYBD2,BUMN),4G: ��']�exiS
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�G�



���������	��

�����
������������.$3�"65
'87:9;9�<XûVø � "L�ÄûL�^� �1
;���%�
�-�������[0����;û � ���������)0��^��êX���("65
'$9�<�ý 9����
7

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

0 0.2 0.4 0.6 0.8 1

Te
m

pe
ra

tu
re

 [K
]

Mixture Fraction

PDF/ISAT
Exp. conditioned average

xj;/dG(*),.����#'3�6O�BP2V2,.1)�78->4G2I4GM&2,.1:E7L.1)XBP29(8)9.�HG.�),F9(8Fi:E;�=|2,(*)9.�MN)XBGO�29;/4G0sBP2�7*-�BD0*.�Fi= �Py � (Gª

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

0 0.2 0.4 0.6 0.8 1

Te
m

pe
ra

tu
re

 [K
]

Mixture Fraction

PDF/ISAT
Exp. conditioned average

xj;/dG(*),.��{© '3�6O�BP2V2,.1)�78->4G2I4GM&2,.1:E7L.1)XBP29(8)9.�HG.�),F9(8Fi:E;�=|2,(*)9.�MN)XBGO�29;/4G0sBP2�7*-�BD0*.�Fi= �Py � �Gª*Q

��©



���������	��

�����
������������.$3�"65
'87:9;9�<XûVø � "L�ÄûL�^� �1
;���%�
�-�������[0����;û � ���������)0��^��êX���("65
'$9�<�ý 9����
7
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� ¼ �E%��V·/Ç��¤ÅÁ¶|$4Â6¶���¶L·�¸�¦
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46?6.�0��GS6�3T8y 2,T*.�F9;�F1S8' ��5
y�BD),:aF�2XBG?|2�S���.1),:aBD0|JGQ
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��4G08.�F�S � Q3�qQ�BG08?^fh(8F94G0*d�.GS}�jQ/S������G�*SIw}->4�FV(*),.s4DMY29T*. �].�J|0*4G-�?*FaFV29),.�F,FaBD08?nF9O�BD-�BD)<@8(6=n.���(8BD29;/4G08F�S�	V�3T|J6FV;�O1FE4GM
xj-/(*;/?8F��GS ��4�-�Q (8�GS6��4CQ ��©*S67*7 Q (��D����
�(��Gª#�8Q

��),;/.1dG.�)�S��<Q/S�©DªGª�©6Sq��(*:E.�)9;�O1BG-I�|;/:m(8-/BD29;/4G0_4GM] �46O1BD-i��=|29;/08O�29;/4G0_;/0lBZ'&(*),+*(*-/.10�2<�e4G065
�3),.1:E;>=|.�?tfh.�2,T8BD08.#xj-/BG:E.GS
	V�3),4|O1.1.�?6;>08d�Fi4DM&29T*.K����w}R�' ©DªGª�©��GS ��4G-�QLwiye5 ��u�ftSCwiBD=6BG:m+*(*5
f �<Q

��(848S*�EQ8�EQ/Sv�����G�*S�	V�3),;>08O1;>78->.�FI4DM�w}4�:m+*(CF�2,;>4�0��GS
�G4�T*0 ��;>-/.1J���F94G08F�Q
fZBGBGF�S��AQCBD08?��q4G7L.GSC�vQ ��Q>S ���G��©6S*�|;/:<78->;>MNJ|;>0*d#w}T8.1:E;/O�BD-���;/0*.129;�O1F�'�R�0�2,)9;/08F9;/O� �4P\I5
yY;>:E.�08FV;/4G0CBD-vf`BD08;�MN4�-/?*F�;>0Zw}4G:<5

7L4�F9;�2,;>4�0s�678BGO1.GS�	Xw}4G:m+8(8F�2,;>4�0�BG08?�x&-�BD:E.��GS ��4G-�Q8�G�8S�787 QC© (���
*©D� �CQ
fZBDdG0|(8F,F9.10 S �YQLxiQCBD0C?`p�b�.�)V2XBDdG.�)�SCpAQ/S&�����P�8SLuY0`f`BD29T*.�:EBD29;�O1BG-&fh46?6.�->;/0*d�4GM�'&(*),+*(*-/.10�2�w}4�:m+*(8FV29;/4G0h\];>29TZ�67C.�O�;�BD-

�3:E7*TCBGF9;/F�4�0��|4|4D2}x84G),:EBD29;/4G0EBD08?cw}4�:m+*(CF�2,;>4�0 S�	V�3)946O1.1.�?*;>0*d�F�4DML29T8.A���D29T Q��6J�:E7L4�F9;>(8:���R�0�2,-���4G0cw}4G:�+*(8FV29;/4G0��GS
��4�-�Qv��S67*7 QL�6����
8�D©G�*S��3;�292,F9+*(*),dGT S����6�AQ

�q4�7C.�SC�kQ ��Q>Sv���G���6S���yYxnfh.129T*46?*FiMN4�)I'&(*),+*(*-/.10�2��].�B�O�2,;>H�.�xj-/4P\�F1S�	V�3),4GdG),.�F,F};>0��30*.�)9d�J�BD08?hw}4G:�+*(8FV29;/4G0h�6O�;/.108O1.��GS
��4�-�Qv���GS67*7 Q��G����
L����©6Q
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