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T =











ηb(e11 − e22) 0 0

0 0 0

0 0 −ηb(2e22 + e11)











.
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F (Z) = F0 + π∆p(R2 − R2
0) + 2πρg

∫ Z

0

RE
dZ

cos θ
,
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F (Z) = T11dA1 cos θ = 2πRET11 cos θ,
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∆P =
PL

R1
+

PH

R3
− ρgE sin θ,
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FR = ∆p DEh DEl = F1 + F3 − F2,
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F2 = ρgE sin θ
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F3
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� = � ����� ��� " ��� � z�� 	 � � � � �	� � �

F1 = T11 ∗ Area ∗ rotation = 2T11dEhE sinα1,

F2 = ρgE sin θ,

F3 = T33 ∗ Area ∗ rotation = 2T33dElE sin α2.
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alpha1
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F

T
33

�������#îQê�
o" è-Ï Â @ D À%Ï(GÖ¿�E DÚÄ K(ÌJÌ#Ï(ÎÊ¿�E D Ñ Ë Ñ/Ñ Ì D á

��� �	�(�Q���6�Þ� � � ��� ��� = � ¢ �Þ��� �/� ���t��	 � �|� � � �Õ���+�
	 � �=��� � � ��� �$�/� � � � �w� ���	��� � �
�#�(� � �Þ� ¤



� ( � ��� ���Í�����
	���
���	����

sin α1 ≈ α1 ≈
dEl

2R1
, sin α2 ≈ α2 ≈

dEh

2R3
,

��	 � � �
R1

�	�0�
R3
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∆P =
T11E

R1
+

T33E

R3
− ρgE, sin θ

�=�0�å���|��� �0�
T11E

�
PL

�
T33E

�
PH

���	� � � � �6�

∆P =
PL

R1
+

PH

R3
− ρgE sin θ .

R1
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�
	 ¢ � #
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R1 =
|R′′|

[1 + (R′)2]
3

2

,
@ � z � B
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Z
� = �
� z�y ���
� � ���
� 1����Þ�8�å��	��=�

[1 + (R′)2]
3

2 =
1

cos3 θ
.
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R1 =
1

|R′′|
(cos θ)−3

.
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R3
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R3 =
R

cos θ
.
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∆P =
PL

RL

+
PH

RH

− ρgE sin θ ,
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PL = T11E, PH = T33E, RL =
1

|R′′|

(cos θ)−3

, RH =
R

cos θ
.
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T11

�=�D�
T33
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T11 = ηb(e11 − e22), T33 = −ηb(2e22 + e11),
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T11 = ηb

([

−
Q cos θ

2πRE

(

1

R

dR

dZ
+

1

E

dE

dZ

)]

−

[

Q cos θ

2πRE

1

E

dE

dZ

])

,

T33 = −ηb

(

2

[

Q cos θ

2πRE

1

E

dE

dZ

]

−

[

Q cos θ

2πRE

(

1

R

dR

dZ
−

1

E

dE

dZ

)])

.
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2Br3u
(

1 + (Cr′)2
)2

− C
(

1 + (Cr′)2
)

(2r′u + ru′) + rC3(r′u + 2ru′)|r′′|

+ ACr2r′
(

1 + (Cr′)2
)

3

2 = 0.
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r =

R

R0
, u =

U

U0

�=�D���
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A =
ρgR2

0

η0U0
, B =

π∆pR3
0

η0Q
, C =

R0

Z1
.
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ηb = η0 exp
( (1/s(z)− 1)E

RT0

)

= η0 exp
(

β
( 1

s(z)
− 1

)

)

,
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β =

E

RT0
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s′ = −Dr sec θ(s − sa) + Y r sec θ(s4 − s4
a),
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D =
UR02πZ1

QρCv

, Y = T 3
0

R02πZ1λε

QρCv

, sa =
Ta

T0
,

Ta
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T = T (Z)
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s(z) =
T (z)

T0
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r(0) = 1, s(0) = 1, u(0) = 1, w(0) = 1.
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η =
ηb

η0
, z =

Z

Z1
, r =

R

R0
, u =

U

U0
, s =

T

T0
, w =

E

E0
.

w ¾-x#¾-x��[¾���{�¸V��~ º)}-��� � �3¸(º){��
�"� � � � �|� � ��� ��� ¢ �
	 � � � � �-�
�	�#� � ���#���|�
�	�É�=�D� �.- ���=�|�
�	��� @ � z (�B�� @ � z �2B�� @ � z �$B�� @ � z �2B��
�	� � � � ���Ö��� � � ���Q��� ��� �
	 � � ¢ � �8� ; � �����·�	�w� � � � �|�/���
�	� � � ¢ ��� �Þ�8�
���t�F� �|�#�Þ�|�
�	�
��	����	���2	��
	 � � � �
� �Þ�8� ����� # �F� �(¢É¤



















































2Br3u
(

1 + (Cr′2)2
)

+ ACr2r′
(

1 + (Cr′)2
)

3

2 + C3|r′′|
(

2r2u′ + urr′
)

η

−C(1 + (Cr′)2)(2ur′ + ru′)η = 0,

C
(

1 + C2(r′)2
)−1

(r′u + 2u′r

ur

)

= f0(η
−1) + B(r2 − 1)(η−1)

+
A

C
η−1

Z
∫

0

1

u

(

1 + C2(r′)2
)− 1

2 dz,

s′ = −Dr
(

(1 + C2(r′)2)
1

2

)

(s − sa) − Y r
(

(1 + C2(r′)2)
1

2

)

(s4 − s4
a) .
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(
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(
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(
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)
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