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∂ux

∂x
+ x

∂v

∂η
= 0,

∂p

∂x
=

∂

∂η

(

µ
∂u

∂η

)

+ ϑ(x),
∂p

∂η
= −1 (1)

∂T

∂t
+u

∂T

∂x
+v

∂T

∂η
= k1µ

(

∂u

∂η

)2

+k2
∂2T

∂η2
, k1 =

Ec

Re1/3Fr4/3
, k2 =

1

Re1/3Fr4/3Pr

η = h : v =
∂h

∂t
+ u

∂h

∂x
, p = 0,

∂u

∂η
= 0,

∂T

∂η
= −ε

1/3
i NuiF (T )

η = 0, x < 1 : u = 0, v = vm, T = 1; x > 1 : u = v =
∂T

∂η
= 0

x = 0 :
∂h

∂x
= 0; x = xr(t) : h = 0
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34":�E(,+'��0 F " θ % � H4"'��0�C<�G-�´µ$H'�5( Re = o(ε−1

e ) % � 3$05/G+'CE+4":´�/23$05-.�E´$+:9:�G£�6b¢GC.�73$0}�.�
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∂ux

∂x
+ x

∂v

∂η
= 0, 0 =

∂

∂η

(

µ
∂u

∂η

)

+ sin θ,
∂p

∂η
= − cos θ

J



∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂η
= k1µ

(

∂u

∂η

)2

+ k2
∂2T

∂η2
, k1 =

Ec

Fr2
, k2 =

1

Fr2Pr
(2)

η = h, x > 0 : v =
∂h

∂t
+ u

∂h

∂x
, p = 0,

∂u

∂η
= 0,

∂T

∂η
= −ε1/2

e NueF (T )

η = 0, x > 0 : u = v =
∂T

∂η
= 0, x = xr(t) : h = 0
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K L	MON2P2Q2L1R
SUT	VCW�X7T	Y

Nue Z\[ ]�^ V2_ [ [ W(W`TFa"b.c	d ^Fe Z\[ _gf [ W(W1TFa"b.c	d ^Feh
Nue � ε

−3/8

e ∂Ti/∂ηi = 0 ∂Te/∂ηe = 0i
Nue ∼ ε

−3/8

e ∂Ti/∂ηi = −F (Ti) ∂Te/∂ηe = 0j
ε
−3/8

e � Nue � ε
−1/2

e F (Ti) = 0 ∂Te/∂ηe = 0k
Nue ∼ ε

−1/2

e F (Ti) = 0 ∂Te/∂ηe = −F (Te)l
ε
−1/2

e � Nue F (Ti) = 0 F (Te) = 0
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h(x) =

(

6

x sin 2θ
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1

3x
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¶¬05;)(,+Æ@B/G":³MCE+4":´ó1'CE3'Ct@B+'CE¤.(f��3'(,+'��0f�5CEH'CE+4":´?/\3$0}�}#*CE34+'(,Dª� (,3$#*C�"$#*C<C<�

/G"A@½«
x∗

r = zr

[

sin θ

cos2θ

]1/5




ρgQ2

µ
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(t∗)(2γ+1)/5 (4)
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γ = 2
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!�#��"�"o�+��"<��6xz4��"<���5�,���3;qD<�'(,.*�4�<��

γ = 0
w � � û w ê w ú w û w � B�0�<���&(oU�y|�¢O£`=��"E

ôÄ¾7÷*1'( F 9'H'CE+'(�1$053$0�¢G( F "4H'CE-<;)(GC	9'3$05/G+'CE+4"'C�@ F ´e� (,3$#!£©-</5(G¢G(E@B+'(,DT1'(,/5CE3G64+'(,-.�G"
∂h

∂t
+

1

3x

∂

∂x

[

xh3
(

ϑ(x) −
∂h

∂x

)]

= vm(t, x)
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� 3$0}�.@vC F C�¿:% ¾^9'3$05/G+'CE+4":´ � 05/ ¥ Ct� � �5(,;A-E0��}0514"4-E05+4£Þ/2;434"4/5( F "4+'CED4+'(,D�-<"4-.�5C7#*C
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0}�7"$#Á9:��0 Fv¥ +'()#Æ+$05143$05/ F CE+4"4"Rô θ′(ϕ) � 1 ÷½@ F ´K� (,3$#!£¦-</5(G¢G(E@B+'(,Dg1'(,/5CE3G64+'(,-.�G"
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ϕ
4�<��D*(�"+��",����

,�#102'(,���+��"�"0��7�/4�'(&(�"<(�.,�'(�6*F-7�
θ(ϕ) = π/3 + (π/12) cos(4ϕ)

=��FE��
θ(ϕ) = π/4 + (π/6) cos(ϕ)=��"E�'�*�,��"'(�"�"�"��!�!��6*(<���+�,�'()"'��6*C#�¥���'(,�#�<�,�'()"';���6*('(+�,���07#

Qs(ϕ) = 2 + sin 4ϕ
=��FE��

Qs(ϕ) =

1.1+sin ϕ
=��"EG�.¦�*(<��7� '(&(oU�:$A��,����`~`,�#�4�<�#�&C$A�",��.-y!�#�02�"��!�s7!�'(&zs7)O$�#z,�#�07$A'(,�#�'(p(<�#Cx"s78:9%�"3
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;)(,-.�G"?/\0}�7"$#Á9:��0 Fv¥ +'()#+$05143$05/ F CE+4"4"¬% � ¢G(G¢,¨VCE+4+'(GCb05/5�5()#*(E@vC Fv¥ +'(GC�3'CEßVCE+4"'C
@ F ´��}05;)(,+$0M@B/G":³MCE+4":´�1'CE3'Ct@B+'CE¤.(g��3'(,+'��0g/g- F 9'H$0�C��5CEH'CE+4":´�(G�g+'C<(,-.CE-<"$#�#*C<�}�
34"4H4+'(,¤.(f"4-.�5(,H4+4"4;:0�+$0�+'C<(,-.CE-<"$#�#*C<�G34"4H4+'(,D�;)(,+4"4H'CE-<;)(,Di1'(,/5CE3G64+'(,-.�G"�"$#*C<C<�
/G"A@

x∗
r(t

∗, ϕ) = zr(γ)





Q2
s(ϕ) sin θ(ϕ)

cos2θ(ϕ)
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ρgQ2

µ
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(t∗)(2γ+1)/5

¶v@vCE- ¥ Qs(ϕ) ��0}�7"$#Á9:��0 Fv¥ +'(GCe3$05-<143'Ct@vC F CE+4"'Ce"4+'�5CE+4-<"4/G+'(,-.�G"Â#�05-<-.(,1'(E@B/5(��
@�0'% � 0 � "4-G%EÅ�1'(,;:0}�}05+4£Æ1'( F (7³MCE+4":´M1'CE3'Ct@B+'CE¤.(���3'(,+'��0��5CEH'CE+4":´M+$0Ý3$0}� F "4H4+4£�6
1'(,/5CE3G64+'(,-.�E´:6¬B(,14"4-<£�/,0�C7#!£	C�@�05+4+4£Ý#Þ05/5�5()#*(E@vC Fv¥ +4£Ý#¦3'CEßVCE+4"'C7#	% � 3$0}�.@vC F C
¿:% � @ F ´Æ�G3'Ct6$#*CE34+'(,¤.(��5CEH'CE+4":´�+$08-t9'¨VCE-.�G/5CE+4+'(�+'C<(,-.CE-<"$#�#*C<�G34"4H4+'(,DÆ;)(,+4"4H'Ct�
-<;)(,D�1'(,/5CE3G64+'(,-.�G"Uô θ′(ϕ) ∼ 1 ÷Ã1'( F 9'H'CE+4£\9'3$05/G+'CE+4":´�":�E(G�5CE3$#!"4H'CE-<;)(,¤.(Ý�5(,+4;)(,¤.(
- F (7´µ4;)(G�5(,34£	CV/e3$05-.�E´$+:9:�G£�6�¢GC.�73$0}�}#*CE34+4£�6b1'CE3'C7#*CE+4+4£�6�"$#*CEÙ��e/G"A@

∂uH

∂x
+

∂w

∂ϕ
+

∂vH

∂η
= 0, H = x

√
θ′2 + cos2 θ (5)

0 =
∂2u

∂η2
+ sin θ, 0 =

∂2w

∂η2
+

θ′ cos θ√
θ′2 + cos2 θ

,
∂p

∂η
= −

cos2 θ√
θ′2 + cos2 θ

η = h, x > 0 : v =
∂h

∂t
+ u

∂h

∂x
+

w

H

∂h

∂ϕ
,

∂u

∂η
=

∂w

∂η
= 0, p = 0

ê�ú



η = 0, x > 0 : u = w = v = 0; x = xr(t, ϕ) : h = 0


 +'�5CE¤<34"43'(,/,05+4"'C�1'( F 9'H'CE+4+4£�629'3$05/G+'CE+4"4Dg1'(,1'CE3'CE;T- F (7´e1434"4/5(E@B"'��;e¤<"41'CE3A�
¢G( F "4H'CE-<;)()#Á9R9'3$05/G+'CE+4"4Ù @ F ´\� (,3$#!£°-</5(G¢G(E@B+'(,Df1'(,/5CE3G64+'(,-.�G"¬µ;)(G�5(,3'(GCT9'H4"A�
�G£�/,0�C<�U1'CE3'C<�5CE;:05+4"'C�³g"A@B;)(,-.�G"�/e0}�7"$#Á9:��0 Fv¥ +'()#ó+$05143$05/ F CE+4"4"

∂h

∂t
+

1

3x

∂(xh3)

∂x
sin θ +

1

3x
√

θ′2 + cos2 θ

∂

∂ϕ





h3θ′ cos θ√
θ′2 + cos2 θ



 = 0 (6)

= 34"ª-.�5CE1'CE+4+'()#Ú�}05;)(,+'C8#�05-<-.(,1'(E@B/5(E@�0�@�05+4+'(GCb9'3$05/G+'CE+4"'C8-b1'()#*(,¨ ¥ Ùâ��07�
;)(,De³MC 05/5�5()#*(E@vC Fv¥ +'(,De�}0G#*CE+4£�);:05;U"g/V- F 9'H$0�C^;43:9'¤ F (,¤.(V;)(,+:9)-E0gô � ÷»A-</5Ct@vCE+'(
;¦9'3$05/G+'CE+4"4ÙV��}05/G"4-�´$¨VC7#Á9?�5( Fv¥ ;)(?(G�?143'(E@v( Fv¥ +'(,Dá05/5�5()#*(E@vC Fv¥ +'(,Dá;)(G(,3G@B"A�
+$0��G£þ"ª0}�7"$#Á9:��0 Fv¥ +'(,¤.(�9'¤ F 0'% 
 �o/G"A@�0�05/5�5()#*(E@vC Fv¥ +'(,DÆ�}0G#*CE+4£Ü- F Ct@$9,C<�}½H'�5(
�}05/G"4-<"$#*(,-.� ¥ ;)(G(,3G@B"4+$0��G£Z1'CE3'Ct@B+'CE¤.(���3'(,+'��0�(G�8/G3'C7#*CE+4" xr = ξr(ϕ)t(2γ+1)/5

(E@B"4+$05;)(,/,0Æ@ F ´á/G-.Ct6§;)(,+4"4H'CE-<;4"A6á1'(,/5CE3G64+'(,-.�5CED¬%Ý¶v@vCE- ¥ ;)(GÛE����"4�4"'CE+'� ξr(ϕ)
(,143'Ct@vC F ´4C<�G-�´8;)(,+4;43'C<�G+4£Ý#©/G"A@v()#ó��9'+4;4�4"4D θ(ϕ) " Qs(ϕ) % � 3$0}�.@vC F CM¿:% Åg1'(��
F 9'H'CE+4£Z-.��05�4"'(,+$0534+4£	Co3'CEßVCE+4":´�@ F ´i� (,3$#!£Z-</5(G¢G(E@B+'(,DÂ1'(,/5CE3G64+'(,-.�G"Æ/8- F 9)�
H$0}´:6 θ′(ϕ) � 1 " θ′(ϕ) ∼ 1 %
� 3$0}�.@vC F C	¿:%²¿Ý3'CEßVCE+$0��}07@�07H$0Ý(�-.�G3:9';'��9'3'C	�5CEH'CE+4":´2/�(,;43'CE-.�G+'(,-.�G"21'CE3'Ct@B+'Ct�

¤.(���3'(,+'��0�143'(,":�7/5( Fv¥ +'(,¤.(�+'C705/5�5()#*(E@vC Fv¥ +'(,¤.(��5CEH'CE+4":´2+$0�+'C<(,-.CE-<"$#�#*C<�G34"4H4+'(,D
;)(,+4"4H'CE-<;)(,D21'(,/5CE3G64+'(,-.�G"¬% � 0�(,-<+'(,/5C�9'3$05/G+'CE+4"4Dbô ¿G÷µ¢,£ F (�1'(,-.�G3'(GCE+'(^@B/�9)6$#�05-»�
ßV��0�¢,+'(GC�3$0}� F (7³MCE+4"'C�@ F ´g�5( F ¨M"4+4£¦- F (7´µ,1'(5�7/5( F ´$Ù^¨VC<C�1'( F 9'H4"'� ¥ +'CE143'CE34£�/}�
+'(GC�3'CEßVCE+4"'C�/\(,;43'CE-.�G+'(,-.�G"©1'CE3'Ct@B+'CE¤.(Â��3'(,+'��0'% � +'CEßM+4"$# 3'CEßVCE+4"'C7#Û<�5(,¤.(
3$0}� F (7³MCE+4":´i´$/ F ´4C<�G-�´i3$0}�734£�/G+'(GCb05/5�5()#*(E@vC Fv¥ +'(GCo3'CEßVCE+4"'C,% � +:9:�G3'CE+4+4"'Cb3'Ct�
ßVCE+4"'CK"4¨VC<�G-�´Æ/ √

ε � (,;43'CE-.�G+'(,-.�G"i1'CE3'Ct@B+'CE¤.(���3'(,+'��0��5CEH'CE+4":´i":�g9'3$05/G+'CE+4"4D
�5(,+4;)(,¤.(\- F (7´Þô ¿G÷�-g9'H'C<�5()#Ú-.��0534ßVCE¤.(�/G+'CE1'(,3,´:@B;)(,/5(,¤.(�H F CE+$0R-K143'(E@v( Fv¥ +4£Ý#
¤<3$07@B"'CE+'�5()#�@�05/ F CE+4":´

√
ε
∂p

∂x
=

∂2u

∂η2
+ sin θ

� -.��0 Fv¥ +4£	C�9'3$05/G+'CE+4":´2"M¤<3$05+4"4H4+4£	C�9)- F (,/G":´2-<"4-.�5C7#!£Þô ¿G÷µ(,-.��05Ù��G-�´2¢GC.�	":�.�
#*CE+'CE+4"4D¬% 
 +'�5CE¤<34"43:9G´M@B"4+$0G#!"4H'CE-<;4"'C	9'3$05/G+'CE+4":´T"M9'3$05/G+'CE+4"'C�+'CE3$0}�734£�/G+'(,-.�G"
- 9'H'C<�5()#�9';:0}�}05+4+'(,¤.(g- F 05¤t0�C7#*(,¤.($:1'( F 9'H4"$#

∂h

∂t
+

1

3x

∂

∂x



xh3



sin θ −
√

ε
∂h

∂x

cos2 θ√
θ′2 + cos2 θ







+
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4�'(07#CxF#�,�'�,�#�4�<�#�&C$A�",����D*(�"+��",��.-t�

+
1√

θ′2 + cos2 θ

∂

∂ϕ





h3θ′ cos θ√
θ′2 + cos2 θ



 = 0; x = xr : h = 0 (7)
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��0�¢,£ F "U/G/5Ct@vCE+4£©/G+:9:�G3'CE+4+4"'C�1'CE3'C7#*CE+4+4£	C,)/�;)(G�5(,34£�6K1434"U1'CE3'Ct6)(E@vC^;g143'Ct@vCt�
F 9R1434" ε → 0 9'3$05/G+'CE+4"'CbôgªG÷Ý-</5Ct@vCE+'(K;R(G¢,£�;4+'(,/5CE+4+'()#Á9�9'3$05/G+'CE+4"4ÙVv�}05/G"4-�´:�
¨VC7#Á9M(G� t " ϕ ;:05;T(G��1$053$0G#*C<�G3'(,/4% � CEßVCE+4"'CÝ1'( F 9'H'CE+4+'(,¤.(�9'3$05/G+'CE+4":´g+$05DA@vCE+'(
05+$0 F "'�G"4H'CE-<;4"iô � "4-G%B¿G÷

hn +
1

2
ln

(

1 − hn

1 + hn

)

= ζ

¶v@vCE- ¥ hn
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F "'�G"4H'CE-<;4"$#!"U#*C<�5(E@�0G#!"T+$05DA@vCE+'(�1'( F CÝ-<;)(,3'(,-.�5CED2"T1'(,-.�G3'(GCE+$0�;:053'�G"4+$0 F "4+4"4D
�5(,;:08ô � "4-G%B¿G÷»%
� ¤ F 05/5C/��� ¢,£ F "K"4-<- F Ct@v(,/,05+4£§H4"4- F CE+4+4£	C�3'CEßVCE+4":´K-<"4-.�5C7#\9'3$05/G+'CE+4"4DfôÄ¾7÷

"fô �G÷�/M- F 9'H$0�C�+'CE":�E(G�5CE3$#!"4H'CE-<;)(,¤.(M�5CEH'CE+4":´µ% ��F ´U97@v(G¢,-.�G/,0MH4"4- F CE+4+'(,¤.(23'CEßVCt�
+4":´ó/G/5Ct@vCE+$0f+'(,/,0}´?1'(,1'CE3'CEH4+$0}´ó;)(G(,3G@B"4+$0���0'�3$05-.�E´$+:9:��0}´ó+$0f/5C F "4H4"4+:9ª�5( F �
¨M"4+4£P- F (7´µ% � 3$0}�.@vC F 076�¡'% ¾2"f¡'%²�U-<"4-.�5C7#!£�9'3$05/G+'CE+4"4D?ôÄ¾7÷�"?ô �G÷�1'CE3'CE14"4-E05+4£
/i+'(,/G£�6©1'CE3'C7#*CE+4+4£�6¬�H'�5(�1'(5�7/5( F " F (Æ�}0��5C7#°"4-<;:0�� ¥ 3'CEßVCE+4"'C8Û<�G"A6ó9'3$05/G+'Ct�

ê �



������� I ��«�'C$A'F�1�",��.-��"&('(p('"5�,�'(3�4�'(&(�"<(�.,�'(�6*(�;+��"<��6x�<�#�&(,�oU�D4�<�'(!��6��s2*(0��/&(<��"!��",��/&('1&(,.s2*CB
<��",�,��"3�'(pC$�#��6*(�¡5�$�-

n = 2
w
k2 = 1

4�<��¬xF#F5}#�,�,�'(!�4�'�*('(02��*(�"47$�#H,�#��"&('(p('"5�,�'(3¬)"<�#�,���¥��
=s(�G$A'(&(���/�`*C#�pC$®� ê E1=��FEG�¯��*C#�¥���'(,�#�<�,�oU�y<��6�%�",��.-�5�$�-�qD'(<�!�o°�"&('(p('"5�,�'(3H4�'(&(�"<(�.,�'(�6*(��&('
&(,��6�%,��"3;'(pC$�#��6*(��4�<���xF#F5}#�,�,�'(!�4�'�*('(02��*(�"47$�#`,�#1�"&('(p('"5�,�'(3�)"<�#�,���¥��y=s(�G$A'(&(���D�`*C#�pC$®� ê EG�
±�<���&(oU��|�¢²�%�"'('�*(&(�6*(�6*(&�s78:*

k2 = 1
w
n = 3

� ú �A0�<���&(oU���(¢�1~
k2 = 0.1

w
n = 3

� ú ��$A��,��.-¬³
~��.x	'�*(�"<�!���+��"�"02'(�z<��6�%�",����z4�<��

T = 1
=��"E

+4"4DR/U143,´v#*(59'¤.( Fv¥ +'(,D8-.��05�4"'(,+$0534+'(,DR(G¢ F 05-.�G"�-V":�7/5CE-.�G+'(,D�¤<3$05+4"4�'CED¬% � 0}�.@vC F
¡'% � 1'(,-</�´$¨VCE+�(,14"4-E05+4"4Ù°H4"4- F CE+4+'(,¤.(o#*C<�5(E@�0'% � "4-.�5C7#!£�9'3$05/G+'CE+4"4D�3'CEß20 F "4- ¥
;)(,+'CEH4+'(��¯3$0}�7+'(,-.�G+4£Ý#©#*C<�5(E@v()#?+$0T143,´v#*(59'¤.( Fv¥ +'(,D�-.C<�G;)C,% ��F ´�;:0}³2@v(,D8-<"4-.�5Ct�
#!£þ9'3$05/G+'CE+4"4Dó¢,£ F 0\-.(,-.��05/ F CE+$0f+'C.´$/G+$0}´ó1'(Â/G3'C7#*CE+4"ó-ä6)C7#�0'% � +$07H$0 Fv¥ +4£�D
#*()#*CE+'�b/G3'C7#*CE+4"��}07@�05/,0 F -�´��5(,+4;4"4D\- F (,D�;)(,+'CEH4+'(,DR�5( F ¨M"4+4£ -V(E@B+'(,3'(E@B+4£Ý#
3$05-<143'Ct@vC F CE+4"'C7#ª�5C7#!1'CE3$0���9'34£�/5(g/G-.CED�3$05-<H'C<�G+'(,D�(G¢ F 05-.�G"Æô���05;8+$0}�7£�/,0�C7#!£�D
143'Ct@B/5CE-.�G+4"4;v÷»% = 3'(,��" Fv¥ -<;)(,3'(,-.�G"U#�05-<-.(,1'(E@B/5(E@�0^�}07@�05/,0 F -�´e/�� (,3$#*C = 9A0}�ECEDA�
F ´µ�1'(G�5(,;©�5CE1 F 0i+$0Æ-</5(G¢G(E@B+'(,D©1'(,/5CE3G64+'(,-.�G"¦1434"4+4"$#�0 F -�´§/i/G"A@vC F "4+'CED4+'(,D
��9'+4;4�4"4"?�5C7#!1'CE3$0���9'34£ -</5(G¢G(E@B+'(,D�1'(,/5CE3G64+'(,-.�G"¬�0R/�´'�7;)(,-.� ¥ -<H4"'��0 F 05- ¥ ÛE;A-»�
1'(,+'CE+4�4"$0 Fv¥ +'(,D8��9'+4;4�4"'CED8�5C7#!1'CE3$0���9'34£�%
� 3$0}�.@vC F CK¡'% ÅR143'Ct@B-.��05/ F CE+4£Z3'C.�<9 Fv¥ ��0��G£Ü3$05-<H'C<�5(,/�-<"4-.�5C7#á9'3$05/G+'CE+4"4DÆ/5(

/G+:9:�G3'CE+4+'CED�"�/G+'CEßM+'CED (G¢ F 05-.�E´:6¬% = (,;:0}�}05+'($<H'�5(^+'CE-.��05�4"'(,+$0534+4£	C�� (,3$#!£Æ-</5(��
¢G(E@B+'(,DÞ1'(,/5CE3G64+'(,-.�G"§(,¤<3$05+4"4H'CE+4£ã-.��05�4"'(,+$0534+4£Ý#!"á":�E(G�5CE3$#!"4H'CE-<;4"$#!"Þ3'CEßVCt�
+4":´v#!"¬4-.(G(G�G/5C<�G-.�G/�9'Ù^¨M"$#!"b/�´'�7;)(,-.�G" F 05/G£á1434"o�5C7#!1'CE3$0���9'3$076�":�7/5CE3,³MCE+4":´b"
(,;43:9A³T05Ù^¨VCEDf-<3'Ct@B£ýô � "4-G%Ã¡,÷»% � (G¢ F 05-.�G"�"4+'�5CE+4-<"4/G+'(,¤.(o(,-.�G£�/,05+4":´�/5(5�7+4"4;:07�
C<� F (,;:0 Fv¥ +4£�D�#�05;A-<"$#Á94#ª�5( F ¨M"4+4£�- F (7´µ4¤ä@vC�� (,3$#�0e-</5(G¢G(E@B+'(,D�1'(,/5CE3G64+'(,-.�G"

ê?�



1434"'¢ F ":³T0�C<�G-�´g;T":�E(G�5CE3$#!"4H'CE-<;)()#Á9M3'CEßVCE+4"4ÙVG-.(G(G�G/5C<�G-.�G/�9'Ù^¨VC7#Á9M�5C7#!1'CE3$0���9)�
3'CÝ(,;43:9A³T05Ù^¨VCEDg-<3'Ct@B£�% = 34"TÛ<�5()#\ßM"434"4+$0 (G¢ F 05-.�G"e"4+'�5CE+4-<"4/G+'(,¤.(�(,-.�G£�/,05+4":´
3$05-.�5C<�\1434"i94#*CE+ ¥ ßVCE+4"4"�1$053$0G#*C<�G3$0 k2

/R9'3$05/G+'CE+4"4"ª1434"'�5(,;:0��5CE1 F 0ªôÄ¾7÷»Á�5(
CE-.� ¥ 1434"K9'/5C F "4H'CE+4"4"o/�´'�7;)(,-.�G"o"K�5CE1 F (GC7#!;)(,-.�G" F 05/G£�'1'(,-.��9'1$05Ù^¨VCEDb":� ³MCE3A�
F 0U/�9 F ;:05+$0'% = (,;:0}�}05+'($vH'�5(o/U143'Ct@vC F C k2 → 0 v-.(G(G�G/5C<�G-.�G/�9'Ù^¨VC7#¦3'C70 Fv¥ +'()#Á9
F 05/5(,/5()#Á9g�5CEH'CE+4"4Ù�/5(M/G+:9:�G3'CE+4+'CEDK(G¢ F 05-.�G"¬A�5CEH'CE+4"'C 143'(,"4-ä6)(E@B"'�2/M":�E(G�5CE3$#!"A�
H'CE-<;)()#§3'C.³g"$#*CT"�3'CEßVCE+4"'C�@ F ´f� (,3$#!£P-</5(G¢G(E@B+'(,DR1'(,/5CE3G64+'(,-.�G"f/G£�6)(E@B"'�b+$0
-.(G(G�G/5C<�G-.�G/�9'Ù^¨VC<C8-.��05�4"'(,+$0534+'(GC8":�E(G�5CE3$#!"4H'CE-<;)(GC�3'CEßVCE+4"'C,% ��F ´ª�5CEH'CE+4":´ó/5(
/G+'CEßM+'CEDb(G¢ F 05-.�G"�1'(,-.�G3'(GCE+4£�-.��05�4"'(,+$0534+4£	CV3'CEßVCE+4":´K@ F ´8� (,3$#!£í-</5(G¢G(E@B+'(,D
1'(,/5CE3G64+'(,-.�G"¬A-.(G(G�G/5C<�G-.�G/�9'Ù^¨M"'C�3$0}� F "4H4+4£Ý#\�}05/G"4-<"$#*(,-.�E´v#\/�´'�7;)(,-.�G" F 05/G£ó(G�
�5C7#!1'CE3$0���9'34£ ô � "4-G%:¡'�´t÷»% � 0�Û<�G"A6K3'CEßVCE+4":´:6U/�´'�7;)(,-.� ¥ ³g"A@B;)(,-.�G"o":�}#*CE+:´4C<�G-�´
+$0 +'CE-<;)( Fv¥ ;)(�1'(,3,´:@B;)(,/�/5C F "4H4"4+4£?/ (G¢ F 05-.�G"2�5CEH'CE+4":´µ% = (,-.�G3'(GCE+4+4£	CÝ3'CEßVCE+4":´
#*(,¤t9:��¢,£	� ¥ "4-<1'( Fv¥ �E(,/,05+4£P@ F ´Æ(,14"4-E05+4":´Â��05;i+$0}�7£�/,0�C7#!£�6Â1'( F �<9'¨M"A6 F 05/5(��
/G£�6��5CEH'CE+4"4D¬%
� ¤ F 05/5C/���	� 1'(,-.�G3'(GCE+4£l05-<"$#!1'�5(G�G"4H'CE-<;4"'C?#*(E@vC F "Ú143'(,�'CE-<-E0?�}0��G/5CE3G@vCE/,07�

+4":´§ôö-.( F "A@B"4��"4;:05�4"4"v÷�+'CE":�E(G�5CE3$#!"4H'CE-<;)(,¤.(8�5CEH'CE+4":´�+$081'(,/5CE3G64+'(,-.�G"Æ;)(,+:9)-E0'%
� 3$0}�.@vC F Cµª:% ¾\":� F 05¤t0�C<�G-�´á1'(,-.��05+'(,/G;:0��}07@�07H4"¬% � H4"'��0�C<�G-�´µÝH'�5(©/G- F Ct@B-.�G/G"'C
"4+'�5CE+4-<"4/G+'(,¤.(�(G�5�5(,;:0b�5CE1 F 0b-.(�-</5(G¢G(E@B+'(,Df1'(,/5CE3G64+'(,-.�G"\��3'(,+'�8-.( F "A@B"4��"4;:07�
�4"4"�3$05-<143'(,-.�G3$05+:´4C<�G-�´á(G�ó/5CE3G64+'CEDí¤<3$05+4"4�4£ �5CEH'CE+4":´í/G+:9:�G3 ¥ - F (7´Þ³g"A@B;)(��
-.�G"¬% = 3'Ct@B1'( F 05¤t0�C<�G-�´µ�H'�5(Æ³g"A@B;)(,-.� ¥ "ó�G/5CE3G@v(GC�/5CE¨VCE-.�G/5(Æ+'CE3$0}� F "4H4"$#!£â1'(
��":�7"4H'CE-<;4"$#ª-</5(,D4-.�G/,0G#ª"b"$#*CEÙ��T(E@B"4+$05;)(,/�9'Ù��5C7#!1'CE3$0���9'3:9K�}0��G/5CE3G@vCE/,05+4":´�"
1 F 05/ F CE+4":´8-.(G(G�G/5C<�G-.�G/5CE+4+'($%B¶¬05/G"4-<"$#*(,-.� ¥ Ù�/�´'�7;)(,-.�G"b"b�5CE1 F (,143'(,/5(E@B+'(,-.�G"�(G�
�5C7#!1'CE3$0���9'34£143'CE+'C<¢,3'CE¤t0�C<�G-�´µ% � CEH'CE+4"'CM/U- F (GC�³g"A@B;)(,-.�G"R(,14"4-<£�/,0�C<�G-�´89'3$05/}�
+'CE+4":´v#!" � 05/ ¥ Ct� � �5(,;A-E0M"o1434"'�5(,;:0M�5CE1 F 0'% � 05-<143'(,-.�G3$05+'CE+4"'C �5CE1 F 02/M�G/5CE3G@v()#
/5CE¨VCE-.�G/5C�(,14"4-<£�/,0�C<�G-�´g9'3$05/G+'CE+4"'C7#i�5CE1 F (,143'(,/5(E@B+'(,-.�G"¬% = 3'Ct@B1'( F 05¤t0�C<�G-�´µAH'�5(
6:053$05;'�5CE34+$0}´\-<;)(,3'(,-.� ¥ �5CEH'CE+4":´f-t9'¨VCE-.�G/5CE+4+'(o¢G( Fv¥ ßVC,BH'C7#§-<;)(,3'(,-.� ¥ 3$05-<143'(��
-.�G3$05+'CE+4":´8��3'(,+'��0T-.( F "A@B"4��"4;:05�4"4"¬4�5(,¤ä@�02� (,3$#�02/5CE3G64+'CEDo�G/5CE3G@v(,Db¤<3$05+4"4�4£
(,143'Ct@vC F ´4C<�G-�´�":��-.��05�4"'(,+$0534+'(,¤.(�3'CEßVCE+4":´�@ F ´�� (,3$#!£Â-</5(G¢G(E@B+'(,D�1'(,/5CE3G64+'(,-.�G"
ôö¤ F 05/,0¶�	�	�¯÷»% � 0�+4":³g+'CEDi�G/5CE3G@v(,D�¤<3$05+4"4�'Co- F (7´Æ³g"A@B;)(,-.�G"i�}07@�0�C<�G-�´Â9)- F (,/G"'C
1434" F "41$05+4":´¦@ F ´§-<;)(,3'(,-.�G"¬% = (G�5(,;)()#°�5CE1 F 0i/Æ1'(E@B-.�G" F 05Ù^¨�9'Ù 1'(,/5CE3G64+'(,-.� ¥

êFI



143'CE+'C<¢,3'CE¤t0�C<�G-�´µ% � 0Ý/5CE3G64+'CED�¤<3$05+4"4�'C��G/5CE3G@v(,¤.(^- F (7´��}07@�0�C<�G-�´���"4;A-<"43'(,/,05+4+$0}´
�5C7#!1'CE3$0���9'3$0�/G+'CEßM+'CEDT-<3'Ct@B£�% � 0���3'(,+'�5C^-.( F "A@B"4��"4;:05�4"4"T�}07@�0�C<�G-�´T�5C7#!1'CE3$07�
��9'3$0':3$05/G+$0}´g�5C7#!1'CE3$0���9'3'C -.( F "A@B"4��"4;:05�4"4"¬)9)- F (,/G"'C^1434" F "41$05+4":´g@ F ´U-<;)(,3'(��
-.�G"2"�9)- F (,/G"'C � �5CE��05+$0Ý@ F ´2-<;)(,3'(,-.�G"M3$05-<143'(,-.�G3$05+'CE+4":´T��3'(,+'��0�-.( F "A@B"4��"4;:07�
�4"4"¬% � 3$0G#!;:076T":� F (7³MCE+4+'(,DT1'(,-.��05+'(,/G;4"M�}07@�07H4"T/ 3$0}�.@vC F C©ª:%²�^/ 1434"'¢ F ":³MCE+4"4"
�5(,+4;)(,¤.(g- F (7´b1'( F 9'H'CE+4£á- F Ct@$9'Ù^¨M"'C�9'3$05/G+'CE+4":´�/T3$05-.�E´$+:9:�G£�6b¢GC.�73$0}�}#*CE34+4£�6
1'CE3'C7#*CE+4+4£�6¬«

h2
s

∂T1

∂t
+ Pem6ξ(1 − ξ)

hs

x

∂T1

∂x
− hsξ

∂hs
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∂T1

∂ξ
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∂2T1

∂ξ2
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ξ = 1 : T1 = 0; ξ = 0 :
∂T1

∂ξ
= 0, Pem = εPe = Fr2Pr

x → 0, 0 ≤ ξ ≤ 1 : T1 = 1; t = 0 : T1 = 1
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∂t
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∂χ2
(9)

χ = 0 : T2 = 1; χ = 1 : T2 = 0; t = 0 : T2 = 1 − χ
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∣
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∣

∣

∣
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ξ=1
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c∆T ∗ , Θ =
Ts − Ta

Te − Ta
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������� J �Un%'(<�!�#¡&(�"<(�.,��"3�*(&(�"<�5�'(3�)"<�#�,���¥�o¸·�|G¹/��#�,�#?$A�.*(��+��"�"02'(���6*C#�¥���'(,�#�<�,�'(��<��6�%�",����
5�$�-�qD<�'(,.*C#��"'C$A�25���qD��07#�¥����º·»�"¹�4�<��

S → ∞
�

Pem → ∞
�r¦�*(<��7� '(& #C-�$A��,��.-v~v-�&CB

,�#C-¡#�4�4�<�'(02�"��!�#�¥��.-��6*C#�¥���'(,�#�<�,�'()"';<��6�%�",��.-�=��FEG�¼��"�6*C#�¥���'(,�#�<�,�'(�y<��6�%�",����%5�$�-�qD<�'(,.*C#
�"'C$A�25���qD��07#�¥�����4�<��

S ∼ 1
�

Pem ∼ 1
��n%'(<�!�#�&(�"<(�.,��"3�)"<�#�,���¥�o½*(&(�"<�5�'()"'��G$A'F-¾=O|FE1�

4�'C$A'F�1�",��.-;qD<�'(,.*C#��"'C$A�25���qD��07#�¥�����4�<��
τ = 0.1

w � � ú w � � � w � � J =��2¿2³FEG��¦�*(<��7� '(& #C-/$A��,��.-�~
�6*C#�¥���'(,�#�<�,�#C-�#��"��!�4.*('�*(��07#�=��"EG�

�}07@�07H$0Â/Â³g"A@B;)(,-.�G"§-</5Ct@vCE+$0\;©(E@B+'()#Á9ó":��/,0534"$05+'�5(,/�; F 05-<-<"4H'CE-<;)(,Dª�}07@�07H4"
� 3'C<�G�$07� � 9)-<-.C Fv¥ ��0o(8/G£�+:9A³2@vCE+4+'(,DÆ-.��05�4"'(,+$0534+'(,DÂ;)(,+4/5CE;4�4"4"\/�1 F (,-<;)()#á;:07�
+$0 F C,% � - F 9'H$0�C,*;)(,¤ä@�0 Pem → ∞ */R³g"A@B;)(,-.�G"?� (,3$#!"43:9,C<�G-�´ª�5CE1 F (,/5(,D?1'(��
¤<3$05+4"4H4+4£�Dg- F (,D¬,1434"4H'C7#\1'(G�5(,;e�5CE1 F 0�+$0���3'(,+'�5C^-.( F "A@B"4��"4;:05�4"4"U+$076)(E@B"'�G-�´
05+$0 F "'�G"4H'CE-<;4"o":��3'CEßVCE+4":´g&�CE/5CE;:0'%A¶¬07@�07H$0�(M3$05-<143'(,-.�G3$05+'CE+4"4"K��3'(,+'��0V-.( F "A�
@B"4��"4;:05�4"4"�-</5Ct@vCE+$02;�-<"4-.�5C7#*C�(G¢,£�;4+'(,/5CE+4+4£�6b9'3$05/G+'CE+4"4D

dhs

dτ
=

C

hsζ1/3
−

1

h − hs
,

dζ

dx
=

x

6hs
(11)

ζ(x) =
1

6

x
∫

0

x1dx1

hs
, C =

3
√

3Pe1/3
m (1 − Θ)

Γ(1
3
)Θ

¶v@vCE- ¥ τ = tΘ/S % � "4-.�5C7#�08ôÄ¾G¾7÷	"$#*C<C<�g05+$0 F "'�G"4H'CE-<;)(GCM-.��05�4"'(,+$0534+'(GCV3'CEßVCE+4"'C
/e+'C.´$/G+'()#ª/G"A@vCUô � "4-G%�ªG÷

hs =
Ch

Z
, 18C





Z2

2
− 2CZ + C2 ln

(

Z

C

)

+
3

2
C2



 =
∫ xdx

h(x)
(12)

¶v@vCE- ¥ Z = C + ζ1/3 % � ��05�4"'(,+$0534+'(GCR3'CEßVCE+4"'C�-t9'¨VCE-.�G/�9,C<�\�5( Fv¥ ;)(Æ/f�5()#
- F 9'H$0�C,*CE- F "ª1434" Pem → ∞ /�9'3$05/G+'CE+4"4"íôÄ¾G¾7÷M1$053$0G#*C<�G3 C = O(1) % � - F "

êFm



C � 1 *�5(Â�5CEH'CE+4"'C83$0}�7/G"4/,0�C<�G-�´ª¢GC.�8(G¢,3$0}�E(,/,05+4":´?/5CE3G64+'CEDª�G/5CE3G@v(,Dó;)(,34;4"¬%
� - F "¬�+$0�(G¢G(,3'(G�} C � 1 ��5(?143'(,"4-ä6)(E@B"'��1'( F +$0}´§-.( F "A@B"4��"4;:05�4":´Þ�5CEH'CE+4":´µ%
� +$0 F (,¤<"4H4+'(GCg3'CEßVCE+4"'CV@ F ´\1 F (,-<;)(,¤.(�- F 9'H$0}´\#*(7³g+'(8"4-<1'( Fv¥ �E(,/,0�� ¥ 1434"f(,14"A�
-E05+4"4"Æ�5CEH'CE+4"4D F 05/G£Z/8��05;i+$0}�7£�/,0�C7#!£�6 F 05/5(,/G£�6Â�G3:9:¢)076¬Á� (,3$#!"43:9'Ù^¨M"A6A-�´
+$0T-<; F (,+$076�/�9 F ;:05+'(,/e1434"b�}0��G/5CE3G@vCE/,05+4"4"�/5CE3G64+'CE¤.(e- F (7´ F 05/5(,/5(,¤.(T�5CEH'CE+4":´µ%
� - F 9'H$0�C Pem ∼ 1 1'(,;:0}�}05+'($$H'�5(K��3'(,+'�U-.( F "A@B"4��"4;:05�4"4"�+'CV"$#*C<C<�e-.��05�4"A�

(,+$0534+'(,¤.(\3'CEßVCE+4":´µ% � CE-.��05�4"'(,+$0534+'(GC�3'CEßVCE+4"'CU@ F ´?��3'(,+'��0f-.( F "A@B"4��"4;:05�4"4"
+$076)(E@B" F (,- ¥ H4"4- F CE+4+'(?-f"4-<1'( Fv¥ �E(,/,05+4"'C7#Ü1'(G�5(,;:0ª�5CE1 F 0ª":�f³g"A@B;)(,-.�G"¬Ý+$05DA�
@vCE+4+'(,¤.(©":�Æ3'CEßVCE+4":´Þ�}07@�07H4" � 3'C<�G�$07� � 9)-<-.C Fv¥ ��0'% 
 �Æ1'( F 9'H'CE+4+'(,¤.(©3'CEßVCE+4":´
- F Ct@$9,C<�}½H'�5(�9A³MCo1434"i;)(,+'CEH4+4£�6 x - F (,DÂ³g"A@B;)(,-.�G"�1'( F +'(,-.� ¥ Ù (,-.�G£�/,0�C<��@v(
�5C7#!1'CE3$0���9'34£�-.( F "A@B"4��"4;:05�4"4"¬vH'�5(g1'(5�7/5( F ´4C<�T143'CE+'C<¢,3'CEH ¥ 1'(G�5(,;)()#ª�5CE1 F 0T":�
³g"A@B;)(,-.�G"?"�1'( F 9'H4"'� ¥ 1434"'¢ F ":³MCE+4+'(GC805+$0 F "'�G"4H'CE-<;)(GCb3'CEßVCE+4"'Cg@ F ´ª��3'(,+'��0
-.( F "A@B"4��"4;:05�4"4"�"�/G3'C7#*CE+4"�1'( F +'(,¤.(T�}0��G/5CE3G@vCE/,05+4":´b�5CEH'CE+4":´µ%
� 3$0}�.@vC F C;ª:% Å2-<"4-.�5C7#�0�9'3$05/G+'CE+4"4Dfô ¼,÷ �»ôÄ¾E ,÷�"4-<- F Ct@v(,/,0 F 05- ¥ H4"4- F CE+4+'(T/V- F 9)�

H$0�C S ∼ 1 % � 05-<"$#!1'�5(G�G"4H'CE-<;)()#�143'Ct@vC F C S ∼ 1  Pem → ∞ " Θ ∼ 1 �}07@�07H$0
ô ¼,÷ �»ôÄ¾E ,÷e"$#*C<C<�i-.��05�4"'(,+$0534+'(GC�3'CEßVCE+4"'C,�-.(,/G1$07@�05Ù^¨VC<C�-�3'CEßVCE+4"'C7#¹ôÄ¾7�G÷M@ F ´
- F 9'H$0}´ S → ∞ % = 3'(,�'CE-<-�/G£�6)(E@�0e+$0e-.��05�4"'(,+$0534+'(GCM3'CEßVCE+4"'C�¢,£ F "4-<- F Ct@v(,/,05+
H4"4- F CE+4+'($% � -E0G#*()#Æ(G¢,¨VC7#�- F 9'H$0�C S ∼ 1  Pem ∼ 1 " Θ ∼ 1 -.��05�4"'(,+$0534+'(GC�3'Ct�
ßVCE+4"'C�(G�G-t9:�G-.�G/�9,C<�}% � CE-.��05�4"'(,+$0534+'(GC�3'CEßVCE+4"'C ¢,£ F (e+$05DA@vCE+'(eH4"4- F CE+4+'(8ô � "4-G%
ªG÷�"U¢,£ F (21'(,;:0}�}05+'($AH'�5(T;:07H'CE-.�G/5CE+4+4£	C�(,-.(G¢GCE+4+'(,-.�G"K3$05-<143'(,-.�G3$05+'CE+4":´o��3'(,+A�
��0�-.( F "A@B"4��"4;:05�4"4"Þ(,14"4-<£�/,05Ù��G-�´á05-<"$#!1'�5(G�G"4H'CE-<;4"$#ý3'CEßVCE+4"'C7#P@ F ´Þ- F 9'H$0}´
S → ∞ %
� 0}�.@vC F ª:%²¿�1'(,-</�´$¨VCE+¦(G¢,-t9A³2@vCE+4"4ÙË1'( F 9'H'CE+4+4£�6í3'CEßVCE+4"4D¬% = (,-.�G3'(GCE+4+$0}´

#*(E@vC Fv¥ -.( F "A@B"4��"4;:05�4"4"2"$#*C<C<�Ý(,¤<3$05+4"4H'CE+4+:9'Ù?(G¢ F 05-.� ¥ 1434"$#*CE+4"$#*(,-.�G"V1'(�143'(��
-.�G3$05+4-.�G/�9)% � 05+4+$0}´Þ#*(E@vC Fv¥ 1434"$#*CE+4"$#�0i/Æ(G¢ F 05-.�G" x ∼ 1 "§+'C�1434"$#*CE+4"$#�0
1434" x → ∞ " x → 0 % � (,1'( F +4"'�5C Fv¥ +'(GCK(,¤<3$05+4"4H'CE+4"'CK+$08(G¢ F 05-.� ¥ 1434"$#*CE+4"A�
#*(,-.�G"ª1'( F 9'H'CE+4+'(,¤.(f-.��05�4"'(,+$0534+'(,¤.(f3'CEßVCE+4":´ª+$05; F 07@B£�/,0�C<���5(G�f��05;'�}!H'�5(\/
3'C70 Fv¥ +'()#§�5CEH'CE+4"4"��G/5CE3G@�0}´\;)(,34;:0K"$#*C<C<�b;)(,+'CEH4+'(GCT143'Ct@vC Fv¥ +'(GCT+$05143,´'³MCE+4"'C,
1434"8;)(G�5(,3'()#ó143'(,"4-ä6)(E@B"'�g3$0}� F ()#	% � 05;4"$#ª(G¢,3$0}�E()#	A@�05+4+$0}´�#*(E@vC Fv¥ 1434"$#*CE+4"A�
#�0�@v(��5Ct6M1'(,3¬�1'(,;:0^+$05143,´'³MCE+4"'C�+$0��G/5CE3G@v(,DM;)(,34;)C	+'C�@v(,-.�G"4¤<+'C<� 143'Ct@vC Fv¥ +'(,¤.(
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�7+$07H'CE+4":´µ% � 0�(,-<+'(,/5C�1434"'¢ F ":³MCE+4+'(,¤.(M05+$0 F "'�G"4H'CE-<;)(,¤.(V3'CEßVCE+4":´M@ F ´U+'CE-.��05�4"A�
(,+$0534+'(,¤.(���3'(,+'��0�-.( F "A@B"4��"4;:05�4"4"�1'( F 9'H'CE+$08(,�'CE+4;:0b6:053$05;'�5CE34+'(,¤.(�/G3'C7#*CE+4"
�}0��G/5CE3G@vCE/,05+4":´��5CEH'CE+4":´
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¶v@vCE- ¥ cL
��97@vC Fv¥ +$0}´f�5CE1 F (G��0�;434"4-.��0 F4F ":�}05�4"4"¬ λ ��;)(GÛE����"4�4"'CE+'���5CE1 F (��

143'(,/5(E@B+'(,-.�G"¬ Q ��3$05-ä6)(E@f³g"A@B;)(,-.�G"¬¬(,-.��0 Fv¥ +4£	Ce1$053$0G#*C<�G34£9';:0}�}05+4£/G£�ßVC,%
� 05+4+$0}´�� (,3$#Á9 F 0Ý#*(7³MC<��¢,£	� ¥ "4-<1'( Fv¥ �E(,/,05+$0	+'C��5( Fv¥ ;)(	@ F ´�/G£�H4"4- F CE+4":´�(,�'CE+A�
;4"�/G3'C7#*CE+4"i1'( F +'(,¤.(8�}0��G/5CE3G@vCE/,05+4":´ F 05/5(,/5(,¤.(��5CEH'CE+4":´ª1'(�":�7/5CE-.�G+4£Ý#�1$053$07�
#*C<�G3$0G# F 05/G£��+'(i"ª@ F ´¦/5(,-<-.��05+'(,/ F CE+4":´©1$053$0G#*C<�G3'(,/ F 05/5(,/5(,¤.(Â�5CEH'CE+4":´¦1'(
":�7/5CE-.�G+'()#Á9b/G3'C7#*CE+4"�-.( F "A@B"4��"4;:05�4"4"¬%
� ¶¬05; F Ù^H'CE+4"4" ;Þ@B"4-<-.CE3'��05�4"4"�1'(E@B/5Ct@vCE+4£ "'�5(,¤<"�3$0�¢G(G�G£ "á9';:0}�}05+4£ C<C

(,-<+'(,/G+4£	C�3'C.�<9 Fv¥ ��0��G£�%
SoJM_fSUaM_Rc°Xýd�X;À�ÁM]¶Â�Q�I�QMc L a2cZaeS�[Âc
� 1434"'¢ F ":³MCE+4"4"V�5(,+4;)(,¤.(�- F (7´V#*C<�5(E@v()#8-<3$05¨M"4/,0�C7#!£�6�3$0}� F (7³MCE+4"4D�1'(,-.�G3'(��

CE+'(U-.C7#*CED4-.�G/5(U05-<"$#!1'�5(G�G"4H'CE-<;4"A6�#*(E@vC F CEDb(,-.�G£�/,05Ù^¨VCE¤.(g�5CEH'CE+4":´�-<" Fv¥ +'(,/�´'�.�
;)(,Do³g"A@B;)(,-.�G"�- F (,;:0 F ":�E(,/,05+4+4£Ý#?#�05-<-.(,1'(E@B/5(E@v()#�+$0T"4-<;434"4/ F CE+4+'(,Db�G/5CE3G@v(,D
1'(,/5CE3G64+'(,-.�G"ýôö1$053$0G#*C<�G3-.C7#*CED4-.�G/,0i�á¢GC.�73$0}�}#*CE34+$0}´�"4+'�5CE+4-<"4/G+'(,-.� ¥ 1'(G�5(,;:0
�5CE1 F 0�+$0o-</5(G¢G(E@B+'(,Df¤<3$05+4"4�'C}÷»% = 3'(,/5Ct@vCE+4£PH4"4- F CE+4+4£	Ce3$05-<H'C<�G£ 1'( F 9'H'CE+4+4£�6
9'3$05/G+'CE+4"4Df"�+$05DA@vCE+4£+'CE-.��05�4"'(,+$0534+4£	Ce3'CEßVCE+4":´8@ F ´f� (,3$#!£P-</5(G¢G(E@B+'(,DR1'(��
/5CE3G64+'(,-.�G"R+'CE":�E(G�5CE3$#!"4H'CE-<;)(,¤.(e�5CEH'CE+4":´µv(,14"4-<£�/,05Ù^¨M"'CV��05;�+$0}�7£�/,0�C7#*(GCV1'( F �
�<9'¨VC<C F 05/5(,/5(GC��5CEH'CE+4"'C,%
� +$0 F "'�G"4H'CE-<;4"ª+$05DA@vCE+4£ý/G-.Cb05/5�5()#*(E@vC Fv¥ +4£	Co3'CEßVCE+4":´Æ�}07@�07H4"Æ(G¢f":�E(G�5CE3A�

#!"4H'CE-<;)()#i�5CEH'CE+4"4"o+$0M1'(,/5CE3G64+'(,-.�G"b;)(,+:9)-E0V-�;)(,+'CEH4+4£Ý#i9'¤ F ()#i+$05; F (,+$0V(G¢,3$07�
�<9'Ù^¨VCEDo;b¤.(,34":�E(,+'��0 F "b1434"b�5(,H'CEH4+'()#?#�05-<-.(,1'(E@B/5(E@vC /2/5CE34ßM"4+'C�"b-.�5CE1'CE+4+'()#
F "'¢G(�ÛE;A-<1'(,+'CE+4�4"$0 Fv¥ +'()#á�}05;)(,+'CU3'(,-.��0�(G¢,¨VCE¤.(8(G¢GøµC7#�0U@B/G":³T9'¨VCED4-�´Â³g"A@B;)(��
-.�G"Þ-.(ª/G3'C7#*CE+'C7#	% = 3'(,/5Ct@vCE+'(�(G¢G(G¢,¨VCE+4"'C�1'(,-.�G3'(GCE+4+4£�6Þ3'CEßVCE+4"4D§"§1'( F 9'H'Ct�
+'(K05+$0 F "'�G"4H'CE-<;)(GCM05/5�5()#*(E@vC Fv¥ +'(GC�3'CEßVCE+4"'C�@ F ´��}05;)(,+$0V@B/G":³MCE+4":´�1'CE3'Ct@B+'CE¤.(
��3'(,+'��0��5CEH'CE+4":´Æ/�- F 9'H$0�Ce�G3'Ct6$#*CE34+'(,¤.(8":�E(G�5CE3$#!"4H'CE-<;)(,¤.(��5CEH'CE+4":´\(G�8+'C<(,-.Ct�
-<"$#�#*C<�G34"4H4+'(,¤.(g"4-.�5(,H4+4"4;:0'$3$05-<1'( F (7³MCE+4+'(,¤.(e/T/5CE34ßM"4+'C�+'C<(,-.CE-<"$#�#*C<�G34"4H4+'(,D

ú��



;)(,+4"4H'CE-<;)(,Df1'(,/5CE3G64+'(,-.�G"\-21 F 05/G+'(8#*CE+:´$Ù^¨M"$#!"4-�´f-</5(,D4-.�G/,0G#!"f/�0}�7"$#Á9:��0 Fv¥ �
+'()#?+$05143$05/ F CE+4"4"¬%
= ( F 9'H'CE+'(^ÛE/5( F Ù^�4"'(,+4+'(GC�9'3$05/G+'CE+4"'C�@ F ´T� (,3$#!£�-</5(G¢G(E@B+'(,DM¤<3$05+4"4�4£i�G3'Ct6A�

#*CE34+'(,¤.(�":�E(G�5CE3$#!"4H'CE-<;)(,¤.(o�5CEH'CE+4":´\+$0o-t9'¨VCE-.�G/5CE+4+'(b+'C<(,-.CE-<"$#�#*C<�G34"4H4+'(,Df;)(��
+4"4H'CE-<;)(,D81'(,/5CE3G64+'(,-.�G"¬$;)(G�5(,3'(GC�9'H4"'�G£�/,0�C<�U1'CE3'C<�5CE;:05+4"'C�³g"A@B;)(,-.�G"�/g0}�7"$#Á9)�
��0 Fv¥ +'()#Þ+$05143$05/ F CE+4"4"¬% = 34"R-.�5CE1'CE+4+'(,D��}05/G"4-<"$#*(,-.�G"R(G¢,¨VCE¤.(U(G¢GøµC7#�02@B/G":³T9)�
¨VCED4-�´�³g"A@B;)(,-.�G"ó(G�\/G3'C7#*CE+4"?+$05DA@vCE+'(Æ05/5�5()#*(E@vC Fv¥ +'(GC83'CEßVCE+4"'Co9';:0}�}05+4+'(,¤.(
9'3$05/G+'CE+4":´µ% = (,;:0}�}05+'($½H'�5(R�}05/G"4-<"$#*(,-.� ¥ ;)(G(,3G@B"4+$0��G£þ1'CE3'Ct@B+'CE¤.(R��3'(,+'��0R�5Ct�
H'CE+4":´�(G�g/G3'C7#*CE+4"o(E@B"4+$05;)(,/,0V@ F ´8/G-.Ct6b;)(,+4"4H'CE-<;4"A681'(,/5CE3G64+'(,-.�5CED¬%
� 3$0G#!;:076ó9'3$05/G+'CE+4"4D¦�5(,+4;)(,¤.(ª- F (7´¦-�9'H'C<�5()#Ü-.��0534ßVCE¤.(i/G+'CE1'(,3,´:@B;)(,/5(,¤.(

- F 05¤t0�C7#*(,¤.(g-�143'(E@v( Fv¥ +4£Ý#©¤<3$07@B"'CE+'�5()#ª@�05/ F CE+4":´�05+$0 F "'�G"4H'CE-<;4"R+$05DA@vCE+'(U3'Ct�
ßVCE+4"'Co@ F ´©� (,3$#!£¹-</5(G¢G(E@B+'(,D?1'(,/5CE3G64+'(,-.�G"ó"?;:053'�G"4+4£ F "4+4"4Dó�5(,;:0\/5¢ F ":�7"
1'CE3'Ct@B+'CE¤.(T��3'(,+'��0T143'(,":�7/5( Fv¥ +'(,¤.(e+'C705/5�5()#*(E@vC Fv¥ +'(,¤.(T":�E(G�5CE3$#!"4H'CE-<;)(,¤.(2�5CEH'Ct�
+4":´8+$0T+'C<(,-.CE-<"$#�#*C<�G34"4H4+'(,D�;)(,+4"4H'CE-<;)(,D�1'(,/5CE3G64+'(,-.�G"¬%
= (,-.�G3'(GCE+$0�05-<"$#!1'�5(G�G"4H'CE-<;:0}´V#*(E@vC Fv¥ 143'(,�'CE-<-E0��}0��G/5CE3G@vCE/,05+4":´��5CEH'CE+4":´��5(,+A�

;)(,¤.(g- F (7´�-<" Fv¥ +'(,/�´'�7;)(,DK³g"A@B;)(,-.�G"�+$0T+$05; F (,+4+'(,D8;434"4/5( F "4+'CED4+'(,D81'(,/5CE3G64+'(��
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