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A�Z cCB §�5B1aPcÓd243�1aPcPd2OM�M?�,}.�9=D?.W ( φ(ζ) = W ( ��}GW*§�`�E!F cHG _lyYmÇ "`K¨ v 8
}l� φu, φθ, φq =*ö�÷�Ð,ø�=I@�`HA�Z c ��MN`A_�¨

v 8�JRö*÷*Ð�ø*= φ(ζ) =I@�`HA�Z
ö*÷*Ð «Ia

ζ ζ → −∞ ζ < 0 ζ = 0

φu(ζ) ∼ (−ζ)
1

3 8
φθ(ζ) ∼ (−ζ)−

1

3 K
φq(ζ) ∼ (−ζ)−

1

3 8

L MONQPSRUTWVSXZY\[O]

5È1aP��d2�=z¡��?}?�LM�O,� k(^ � Ê�m�=�P Q��(���D�/� � �s�ig*¢�=z¡,�oe>=(? W (,+.v �o �`Lh
kz

u∗

∂u

∂z
= φu

( z

L

) kz

θ∗

∂θ

∂z
= φθ

( z

L

) kz

q∗

∂q

∂z
= φq

( z

L

)

| Ñ £z��n�="¡,�?e�_&`�a + ¡~f¸��3cb�`�� +�v {\�� �`l¿,Ved7f + Ë `	h
u2 − u1 =

u∗
k

[

ln

(

z2
z1

)

− ψu(ζ2) + ψu(ζ1)

]

1aÒcb>�d2
θ2 − θ1 =

θ∗
k

[

ln

(

z2
z1

)

− ψθ(ζ2) + ψθ(ζ1)

]

1aÒcbhg 2
q2 − q1 =

q∗
k

[

ln

(

z2
z1

)

− ψq(ζ2) + ψq(ζ1)

]

1aÒcb%� 2
n*n + h ζ ≡ z/L

+ Ë `Kr ��_.h
ψx(ζ) ≡

∫ ζ

0

1 − φx(ζ)

ζ
dζ 1�:êÓd2

5



+ Ë `sr z1 c u
v�w ��� ^ =*�����\M¸§�`�M 3
u =

u∗
k

[

ln

(

z

z0

)

− ψu(ζ) + ψu(ζ0)

]

1�:t8��d2
θ − θs =

θ∗
k

[

ln

(

z

z0h

)

− ψθ(ζ) + ψθ(ζ0h)

]

1�:t8#g 2
q − qs =

q∗
k

[

ln

(

z

z0v

)

− ψq(ζ) + ψq(ζ0v)

]

1�:t8"� 2
M?e%fNh���Z x -QM�/[y ψu(ζ0) ≈ ψθ(ζ0h) ≈ ψq(ζ0v) ≈ 0 V Ñ Z H' "`.r�n
n + h ζ0 ≡ z0/L

+
Ë `K¨

� �
	 XZY\[\]

`��%��_�����=È8�
6P�� + Ë `����������lh�����/'y�Z�`��,=��
 �=s¬ ^ c v §�h
σx ≡

√

x′x′ 1�:êPd2
n*n���� x �iMAO,=�L7` 1 u, v, w 2 Ë `sZz�.µ���²�I��û1 θ, q 2 � Ë `K¨�nl=�`��Ä1!�������
2i}l�
Z
y���3ïn� \�"�gM�Í	f\} ���
	 =��,5�=�=(?YW$#�VsÐAe��? �`K¨

σw

u∗
= φw (ζ)

σs

s∗
= φs (ζ) %!&êÒ('

n*n�� s �.��µ)��²�I���� θ, q
Ë `sZ��s��*Ro�+�,�- ^ c � Ë `.¨

PAQ��(�
�D�C� � M?ÍLf�h,«�aG��
YM ��� ���/. �dc ]�_�`�n,Ml}�¡���y.h φw, φθ, φq 0 W$#Dac21 `�n�M V�� ± `	h�«Ga�ø,��h435%!&êÒ(' 076 3 0 >�@�V.Ð�#�M�e�`.¨���_�� ��� ���8. � ø�}��
w∗∗, θ∗∗, q∗∗ ����Z�[�o�§�`�M½Ð9#�}Ke,`s�*§�e�p�:*�

σw

w∗∗

= Cw
σs

θ∗∗
= Cs %!&;&=�('

n   c8< 35%aÒ r ' c Ñ Z
y ���
	 0 ��}H� ± Q�§°M <
φw (ζ) = Cwk

−
1

3 (−ζ)
1

3 φs (ζ) = Csk
1

3 (−ζ)−
1

3 %!&=q>�('
M�e,`ih v PÇ�.�"n 0 ¡,�?eI`=�°}�W�§z` φ 0 @�`HA�Z c ��Mi`R_,� 0 � Ë `s¨

v P J ö�÷�Ð,ø 0 `���}IWK§�` φ(ζ) 0 @"`
A,Z
ö�÷
Ð «Ga

ζ ζ → −∞ ζ < 0 ζ = 0

φw(ζ) ∼ (−ζ)
1

3 Ð9#
φs(ζ) ∼ (−ζ)−

1

3 Ð9#
P Q��!�*�-�H� � }s��Z�y\MlÍ�Î,m��(`=�°}�W�§�` φ

c "7$&%�IEDsq H?> `�¡��*M[§z`$@Ym 0ACB V7D�p
 �y ± _E% � �%$GF * ��$2? 4 524!* $1<' )� <IH b'56P76 8�:;$1<=�>���!?A��$2?�J �%(LK <MH b'5 H 6 8�:;$1<=�>���!?R )(V���Tr <H b'5 H 6 ���%<'4+(+����� ��$2? 	 �
 "? �N��$ON ���%<'4!(+����� <PH b'5Q&26 2@�%?1 )�@��$2?e3 ��<>����� <RH bcbcÓ < eTSU'4rdZYm¸��q 0 Uc � v Ò < & < q�},�,MN`A_�¨
�



v Ò J�� ���1* �+*������2� �%�6�
4 � �%� φw * $
(��2 51$24+( �hg1�� �� 		� � ��51$2?
* $
(��2 � * (! )� ��(651�! cr %��"�%$24!( ��$=(!4 ���! �%? F 524+(! "?
� �%� k = 0.4 '4r
� ? F 524+(! "?����!����� 4 ��$ 5 �N�$% H bcb r '� 51$2�)(+*��%$ ��� 
#��$1<' ���
� �%�6� z/L 
  �  )�! )$2�" J ��� �
 )$=(!4
1.25 ± 0.03 $2 #51(+� ��� � ��$2����4+3;:���$2?�� 51(+(!�%$4% H b�� & ' �
 ���$���� &%���+*���524  ��	�  )�+* �
 )$=(!4
1.8(−ζ)

1

3 N P76 N Óãr � 8�:;$1<=�>���!?  )(#���Tr % H b'5 H ' 2@��$24 �%4����	��r
2.2(−ζ)

1

3 N 56Ó76 N Óãr r � �%$GF * % H b'56Ò(' �#( ���  ��	�  )�+* �
 )$=(
1.3(1 − 3ζ)

1

3 N 5;6 Ó � ��$2����4+3;:	 )(#���Tr % H b'5>5;' � * $1$2 "4!�%( ��� �%(��2 )�#��* �!�)� � ��( ?2��( �
[0.089 + 0.171(−ζ)−

2

3 ]−
1

2

N P76 N Óãr H 4 � �%?7�� ):	��$2?�� $�(!�%$1* �$% H b'56b(' � / J�� ?2��( �
1.25 N Óãr P76 Ó 2@�%?1 )�#��$2?�3 ��<>����� % H bcbcÓ(' � N 	 5 g1� ��:' )� r
2.2(−ζ)

1

3 N P76 N Óãr P 2@�%?1 )�#��$2?�3 ��<>����� % H bcbcÓ(' � J N 	 5 g1� �":' )� r
1.76(−ζ)

1

3 N PcÓ76 N P 2@�%?1 )�#��$2?�3 ��<>����� % H bcbcÓ(' J N 	 5 g1� �":' )� r
1.25(1 − 3ζ)

1

3 N P76 Ó 2@��* �N��� ��$2? � * $1$1* <=��$4% H bcb & ' �! " ��2�h�V* $2 "?>2@��$24 �%4 ?2��( �
��� MRO 0 `��\}�WK§�`�=(? W�# φu ≡ σu/u∗

<
φq ≡ σv/u∗ }�W��'y,� < +-,�}/.�0 0 .�1 M�e(�

y�Zz`s¨H2@��$24 �%4 e S 0 56Ó! �¯ 0 "!$�8�:����.� ���
	 }�" ��_>8(:zV�# H^ *������Z%$ σu, σv ����
	 }&"�p�eKZ°M[Z°�('�V*) U � Ë �I_�¨�� ��$2����4+3;:� )( ���Tr % H b'5>5;' �K�
σu

u∗
= f

(

h

L

)

%!& r '
� Ë `�M%�i_
¨�n� �} . �[y��92@�%?1 )�@��$2?93 ��<>�����
% H bcbcÓ('i��� ���
	 }+" ��_ φu, φv

c-,/. �[y
Z�`K¨

0 1 	32 XZY\[\]
4 �65"�.�7� �7�'y�Z�`8� 0 ��  0 ¬ ^ V�`98;:6<\}�¡��ly 4;= §z`�>*��� Ë `.¨ 4 �%5~}s�

Z*yz�.� ���
	 V*? Ñ � ± ` %�8�:�$1<=�>���!?G��$2?$J �%(LK < H b'5 H 6 4 �651(!4 �% )�+( < H b��cP('4¨
kzε

u∗3
= φε (ζ)

kzεs
u∗s2∗

= φεs (ζ) %!&�5;'
n   H 0 =(?YW$# c "7$zq H?>R`z` A�B �$@Æm[e,�� �y
Zz` %�8�:;$1<=�>���!? ��$2?�J �%(LK < H b'5 H 6 2@�%?1 )� <H bcbcP76@�#� g� )�+(!4 �%$  )(#���Tr < H bcb r 6 2 *� )� :	 )(#���Tr < H bcb r '4¨
��_�� φε, φεs

c � � ¿.ÀC3�q HU>R`z`�n�M���ACB�� Ë `s¨ �C�7D f ��Ð õ e?© u*ª }�;&<�`����������� I��*µ���²?I(`�� 0*EGF ¿sÀ 3�� < g*¢ 0 ¡��s}�� ±�H _EH^ �`.¨
−u′w′

∂u

∂z
+ I
Ta

w′θv′ −
∂

∂z

(

w′e′t +
1

ρ
w′p′

)

= ε %!& �>�('
−w′c′

∂s

∂z
−

∂

∂z
w′s′2 = εs %!& �hg '

n�n8�*� j 3°M��
} ∂
∂z 0 C c �I�J�'�s�s ,¤s  u3

∗
/kz M kzu∗/(w′c′0)

2 }�¡e��yI��Z\[�o�§�`zM <
φε (ζ) = φu (ζ) − ζ %!&êb>�('
φεs (ζ) = φs (ζ) %!&êbhg '

b



v & J�� ���1* �+*������ ���%�6�
4 � �%� φθ * $	(��2 �5 �24!( �hg1�� � 		� � ��51$2?i* $i(��2 � * (! )� ��(651�! (%��"�%$24+( ��$�(!4 ���! �%? F 524+(! "?
� �%� k = 0.4 '!� ? F 524+(! "?����!����� 4 ��$ 5 �N�$% H bcb r '4r� 51$2�)(+*��%$ ��� 
 ��$1<' ���
� �%�6� z/L 
  �  )�! )$2�" J ��� �
 )$�(!4
0.99(−ζ)−

1

3 N P76MN Óãr H 8�:;$1<=�>���!?� )( ���Tr % H b'5 H ' 2@��$24 �%4�� � ��r
0.92 ± 0.10(−ζ)−

1

3 N 56Ó76MN Óãr r � �%$GF * % H b'56Ò(' � ( �������	��r
0.92(−ζ)−

1

3 N r 6MN Óãr H � �%<'4+(+����� ��$2?	 �
 "? �N��$ON � �%<'4+(+�����
% H b'5Q& '
� <>�+*��#51� (651� ��� 4+* (! 

[−0.22 + 1.28(−ζ)
1

3 ]−1

N P76MN Óãr P 4 � �%?7�� ): ��$2?��#$=(!�%$1* ��% H b'56b(' � / J��.?2��( �
[0.032 + 0.509(−ζ)

1

3 ]−1

N P76MN Óãr 5 4 � �%?7�� ): ��$2?��#$=(!�%$1* ��% H b'56b(' 4 � � � � � 	 ��$�� *� )<'�
0.95(−ζ)−

1

3 N H Ó76MN Óãr H � ��( ��3�*M% H b��>q(' 8 �2 ���(��  )��?
2.9 N Óãr P76 Ó 2@�%?1 )� ��$2?H3 ��<>����� % H bcbcÓ(' � N 	 5 g1� �":' )�
1.0(−ζ)−

1

3 N P76MN Óãr P 2@�%?1 )� ��$2?H3 ��<>����� % H bcbcÓ(' � J N 	 5 g1� ��:' )�
1.1(−ζ)−

1

3 N PcÓ76 N P 2@�%?1 )� ��$2?H3 ��<>����� % H bcbcÓ(' J N 	 5 g1� �":' )�
0.97(−ζ)−

1

3 N Pãr q76 N Óãr Ó>q � �%<'4+(+����� % H bcbcÓ('
2(1 − 9.5ζ)−

1

3 N P76 Ó 2@��* �N��� ��$2? � * $1$1* <=��$)% H bcb & ' �! " ��1�h�V* $2 "?I2@��$24 �%4 ?2��( �
1.1(0.085 − ζ)−

1

3 6 2 524!( �%4  )( ���Tr % H bcb & ' � �%$24!�;�%$�� bcÓ
0.97(−ζ)−

1

3 N 5;6MN Óãr q �#� g  )�+(!4!�%$� )( ���Tr % H bcb>q(' ���  )$24	� ��� �� ): < J��
Moe�`s¨ 
�� ���.�=3 %!& �(' }9;KZ*yGP Q�
���C�� ∂

∂z
(·) � 0�� >�V������ ± e.Z"n�M V�p�q7��y-;

f �93 %!&êb(' � � Z x�� � �[q�eKZ�¨
�WÕ�� ���������! #"!$�%'&)(+*-,-.
4 �65"�.�GMRO#/�µ���²�I�� 0 µ�0�´21 � ;�¡4365#7 W=# c98 Ð,§z` 0 � þ*ÿ � Ë `.¨�M O 0

L!` ;�¡�3�µ���²?I7� 0;: <=<?>A@ %Á��B=C?D�'úµ?0"´E1 � ���Ig�¢ 0 ¡��s} v �� �`.¨
Eu(κ) = αuε

2

3κ−
5

3 Es(κ) = αsεsε
−

1

3κ−
5

3 % qcÓ>�('
Ev(κ) = Ew(κ) =

4

3
Eu(κ) =

4

3
αuεκ

−
5

3 % qcÓhg '
nKn"� <

k �FC=#)� Ë `sr 3 % qcÓ>�(' 0;G+H)0 3�� < 2#�%� �
�%<'�%�!��& 0 N q(
6Ò ��I°M ,R-  �`�¨ 3 % qcÓ>�(' K % qcÓhg '
0 αu ;�¡;3 αs ��=�?
Ð�#�� Ë f < αu = 0.51± 0.01

<
αθ = 0.8± 0.1 %KJAL?M�N ª � � � � �%<'4+(+����� <H bcb r ' < αu = 0.52 ± 0.04

<
αθ ' 0.8 %Á�EOC�QP �SR � � � 	 �! " )$1* &>�%4 ��$ < H bcb>q <PH bcb r 'UT Z%� F'V�VË `K¨

��_*�;5#7 W=#"� DXY (r) ≡ [X(x+ r) −X(x)][Y (x+ r) − Y (x)] 0 ¡��.}�Ð e"�� �`KV
�"n
 z����_ 4 �75 c Ñ Z�y�g�¢ 0 ¡,�.} v �� �`.¨

Duu(r) = KDαuε
2

3 r
2

3 Dss(r) = KDαsεsε
−

1

3 r
2

3 % q H �('
Dvv(r) = Dww(r) =

4

3
Duu(r) =

4

3
KDαuε

2

3 r
2

3 % q H g '
H Ó



v q J � ���1* �+*����������%�6�
4 ���%� φq * $N(��2 �51$24+( �hg1�� � 		� ����51$2?N* $N(��2 #� * (! )� ��(651�! ?%��"�%$24!( ��$=(!4 ���! #�%? F 524+(! "?
� �%� k = 0.4 '4r
� ? F 524+(! "?����!����� 4 ��$ 5 �N�$% H bcb r '4r� 51$2�)(+*��%$ ��� 
 ��$1<' @���
� �%�6� z/L 
  �  )�! )$2�" J ��� �
 )$=(!4
1.04 ± 0.13(−ζ)−

1

3 N q76 N Óãr�� � �%<'4+(+����� ��$2?	 �
 "? �N��$ON � �%<'4+(+�����
% H b'5Q& '
�#<>�+*��#51� (651� ��� 4!* (! 

[0.007 + 0.59(−ζ)
1

3 ]−1

N Óãr �76 N Óãr�� 4 � �%?7�� ): ��$2? � $�(!�%$1* �$% H b'56b(' � / J�� ?2��( �
[0.012 + 0.697(−ζ)

1

3 ]−1

N��76 N Óãr 5 4 � �%?7�� ): ��$2? � $�(!�%$1* �$% H b'56b(' 4 � � � � � 	 ��$�� *� )<'�
1.1(−ζ)−

1

3 6 / ��3' #52� �1*  )( ���Tr % H b��cÓ(' �)* (! "?>g=: � �=( ��3;*I% H b��>q('
1.1(−ζ)−

1

3 N H Ó76 N Óãr H � ��( ��3�* % H b��>q(' 8 �2 ���(��  )��?

n*n�� <
KD = (3/2)Γ( 1

3
) ' 4.0 � Ë `Kr � }.� C2

XX = DXX/r
2

3

c 5#7RB�²�C��ED'T¸Zg�Ç¨
C2

uu = KDαuε
2

3 C2

ss = KDαsεsε
−

1

3 % q��('
¡��sy;5S7�B\²IC��YD 0 ���
	 },¡K` v Ì~�.��g*¢ 0�� f4T?e�`K¨

(kz)
2

3C2
uu

u2
∗

= KDαu

(

kzε

u3
∗

)
2

3

= KDαuφ
2

3

ε % qcÒ('
(kz)

2

3C2
ss

s2
∗

= KDαs
kzεs
u∗s2∗

(

kzε

u3
∗

)

−
1

3

= KDαsφεsφ
−

1

3

ε % q & '
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������OXZY\[
� ��������� 0�� � T"!��$#&%(' 0*)�+ k�^ T m ^ 0-,*. ! /(S 0&0 �21$�=�234J�L�4�576 ,98

#;:$<=6 
=�?>$@�'�A TB% .C0 �(1D�;:�E 0�F � �2GIH + OKJ�P$L R�M�N TDO�P2Q9@-'�R$S�TVUK6W %�# )�+�0�X 1$��Y�6�Z�[('K<-\ !D]�^�_76�Z�[`'$acb(Z9d + φs, φs, φεs 3 0eX 1$�ef9g&h76 ,ikj :�l$Z�d*monCp2q?r;sCt�uev7>9@-' R�[(! w;x +�y&z s{��|=nB}I6$~7'-s
φθ(ζ) = φq(ζ) ���������
φθ(ζ) = φq(ζ) ���������
φεθ

= φεq ���������
s�u2[?r(sC3&t7� '�R
r"@ i f 0;X 19�e��f F&� 3 �;�`6"�;�&[-' �(6�q&%&# )�+&��� f��*�2�2Ge'�% ) � �-�;!"�� 3��(w&@*#e%`'�� }¢¡&Q�£&��¤¦¥§�©¨ ª¬«®­¬¯�°�±³²µ´¶��ª¦·¹¸®º»ª¼��¸¾½¿«À­¬¯�¯��³²µ´¶��ª¦·¹¸Á��$ÃÂ�ÄÆÅ¦ÇÈº»¥É«À­¬¯�¯�°Ê²µËÌÇ $¹Í���$ÃÂ

S�ºÎºÎÅ¦ªÏº»¤ÏÅ¬«É­¬¯�¯�°Ê²�ÐÆÇÑ��ÅÒ��$ÃÂ9ËÌ¤¦·¹ªÏÅÓ��º»¤¦ª¬«Ô­¬¯�¯�±³²�Ð¼ºÎËÕ¤¦·¹Ç $�º»ªÆ��¸¾½¿«Ô­¬¯�¯�Ö³«Ô­¬¯�¯�¯³²§×ÒÅÓ��$Ø·¹ÙK�C��$ÃÂ�ËÌ¤¦·¹ªÏÅÓ��º»¤¦ª¬«
­¬¯�¯�¯��³« ���Ú½
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` T
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