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1 Ú ó

}�6Ä| (íN!�N) ��N9¡m}�
Aå�½þÿÁ3Ãõ+�k­�¿Â, X>.d
wÅn�ïÄ!��.¡~{!�µà¡Aå©
Ù!ÊUì�L¡6|*ÿ!�U�Ç�)� [1].

éu�í.¡½ö��.¡}�6Ä1��
ïÄ8c��©�ü�ºÝ, =÷*ëY0�º
ÝÚ�*ºÝ. ÷*þé.¡}�1��ïÄÌ
�Äun�z�b�, ¦^
÷*ëY�Ônþ
½Â, X>.w£�Ý!�ÝFÝ!>.}�Aå
� [2−5]; �*ºÝ�Á�*ÿEâ���Ä
©f
ºÝ��A, X.¡áN!V>�!6N0��k
Szü�!ÅÝ½�ÝCz±9©�(�� [6].

Ó�, �é�N.¡}�6Ä�*ÿEâÌ
��)C9¡��Ý*ÿÚAå*ÿü«. �Ý
*ÿ�±|^���«lâf, Xâfã�ÿ�

{ (PIV), *ÿÙ��6N$Ä�;,, l
ÿ��
Ý|, ��6|©ÙÚ�ÝFÝ. ?
(Ü�
n
Øb�, í�ÑX>.w£�C9¡�}�6Ä1
�. 
�é9¡}�Aå�ÿþ���N
6Ä|
¥6Ä0�é�N9¡��^å, é�«6Ä|e
�N9¡�Éå�¹�kÄ:d�.

Cc5, �X�B�Eâ�uÐ, Ñy
õ«
ÿÁL¡}�Aå�C�Ú�{. Uÿþ���&
Ò©, �)1Æ&Ò!9&Ò!>&Ò� [7,8]. Uì
ÿþC�©, �)h�Z�Eâ [9], MEMS Daì
Eâ [10,11], ±9¯aæ�, X�¬æ�Eâ [12−17]

�. h�Z�Eâ´ÄuØÓ}��^eh�þ
Ý�Cz, æ^1Æ�{ÿþ��L¡}�Aå
&Ò [9], Ùÿþ©EÇÉ�h�A5�1Æ&Ò
���, ¢�¥I�ÿÁL¡?1AÏ�?n±�
yÙ��A5, Ó�­å!ØåFÝ!L¡­ÇÚ
o÷Ý��¬éÙÿþh��Z�A5�)K�.
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)2Äü�{!9j{!��9Æ�{!�Î�
{!L¡»Eâ� [10,11], ÿÁ�m©EÇ3��
?, �´Ï~�U
¢y}�6|�ü:ÿþ, ½
ö��
�U
¢y}�6|�ÿþ, Edp[,

Ã{¢yéL¡þ}�Aå|©Ù�õ:¡Èÿ
þ, ÿþ��äkÛ�5. 8c��¬æ�Eâ, Ì
�¦^����¬©fÚÿQ��¬©fü«. æ
^�¬���3}�Aåe1Æ5��UC?1
&Òÿþ, �±¢y0�6�9¡m}�Aå|
� “¡©Ù” ÿÁ
�ü:ÿþ, ¿äkép�(
¯Ý [12−17]. ���J�´, du�¬æ��`:
3u�±��¤A���þÝ���, Ùé±�6
|>.��6Ä�~�, A��±�Ñ, �±@�
´ “�6Äª” (non-intrusive) �ÿþ�ª; XJ�
¬æ��Da¡ÈØ´é�, �±@�6|6²æ
�Da¡È��}�Aå|©Ù´ëY�, �±�
N6|�9¡�ý¢Aå�¹. 
�, �¬æ��
�±¢y0�6�9¡m}�Aå|����À
z*ÿ.

¤±, �¬æ�ÿþ0�6�9¡m}�Aå
�EâÏÙ�p�©EÇÚ(¯Ý±9�Àz5
�, äk�~��A^dåÚ`³. �8c�ïÄ
ÿké�Û�, Äk, éu�¬���©f3}�
|�^e��A5Æ"�½þz�., l
��}
�Aå�ÿÁJ±½þz; Ùg, 8cÿþEâ�
Ñ¦^1Æÿþ, C��E,�ÿþ(JÉ�1Æ
&Ò!æ�Eâ±9�¸�K�î­, 'u�¬æ
�Eâ¥�'�K�Ï���«Ø
. �©�é�
¬æ�Eâ½þÿÁ0�6�9¡m}�Aå�
�{, ïá½þz�©f�A�., ¿æ^Á�E
â?1ý¢6|e0�6�9¡m}�Aå�ÿ
Á, �«Ù'�K�Ï��5Æ.

2 }�AåÿÁ��¬æ��Ù©f
�A�.

2.1 �¬æ�ÿÁL¡}�Aå��n

©a

8c}�Aåÿþæ�¥^��Ì�´��
�ÚÿQ�ü« (Qkéc>�¬ (áuC¬�) 3
}�Aåÿþ�¡�ïÄ [16], �ïÄ��). Ä�

�n´|^}�6|eæ�¥�¬©f��¥�
C/5Æ5¼�}�Aå©Ù. e¦^����¬
æ�Eâ, Iòæ��uü� �¡�pR�� 
�¡�m, ��¬©f��Ï}�
u)(�UC
�, BL�¬�1å� ���òUC (^15),

uÿ��1r�¬�}�AåUC, =�¬æ��
1r&Ò���N
0�6�9¡m�}�Aå.

�©æ^����¬æ�ÿÁEâ.

2.2 ����¬æ�9Ù©f�5C/

nØ

�¬äk�����N�5nØ�q�ëY
N�5/CnØ. éu�½§Ý, �½NÈ��¬,

��¥´���~­��Vg. §�Ôn¿Â´L
«�¬¥�m,:NC©f²þ���ü ¥þ,

^ n L«.

éu����¬5`, Ùgd²ïG� (Uþ
�$) e�?��¥äkÓ���. b��¬SÜ
,: A ���¥� n, @o3 A :NC� B :?
��¥ò� n + ∆n, ∆n ´l A :� B :��
¥�UCþ. n = (n1, n2, n3), ∆n � ni,j ≡ ∂ni

∂xj

k'.

����¬kn«/C: Ð­/C, Û­/C
Ú�­/C. Ð­/C� n �ÑÝ (∇·n = div·n =

n1,1 + n2,2 + n3,3) k'; Û­/C� n · ∇ × n k
'; �­/C� n ×∇× n k'. Ù¥

∇× n =


i j k

∂

∂x1

∂

∂x2

∂

∂x3

n1 n2 n3


= (n3,2 − n2,3, n1,3 − n3,1, n2,1 − n1,2).

d�¬�C//ª, �±í�Ñ����¬�
�5gdU�Ý�

gel =
1
2
[K11(∇ · n)2 + K22(n ×∇ · n)2

+ K33(n ×∇× n)2], (1)

Ù¥ K11, K22, K33 ©OL«
n«C/ (Ð­/
C, Û­/C, �­/C) ¤éA��5Xê.

|^����¬æ�ÿþ}�Aå�, �¬©
fu)�´Û­=C, Xã 1 ¤«.
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ã 1 ����¬æ�¥�Û­=C (a) ýk����¬æ���; (b) 	|�^eÛ­/C��¬æ�

·��O��¬æ�ÿÁ(��)nÜ©: �
=ÀæÄ. (e), àzæX���Jæ� (¥), �¬
æ��� (þ). àzæXæ���^´¦�¬©f
3Ó�Y²¡S�½��, =÷ã¥ x2 ¶��, X
ã 1(a) ¤«.

b���¬©f?u>|�^ (E ��÷ x1

¶) e�, òu)Û­=C, /¤Ú^/(� (X
ã 1(b) ¤«), d��¬æ�äk^15. �¬�>
|gdU�Ý�L«�

gε = −DE

2

= −ε0ε⊥E2

2
− ε0∆ε(En)2

2
, (2)

Ù ¥ ε0 � ý � 0 > ~ ê, ε⊥ � R � � � � é
0>~ê, ∆ε ��é0>~ê��É5, D =

ε⊥E + ∆ε(nE)n. ª¥1���~ê, �±�Ñ.

>|¥�¬�gdU��5gdUÚ>|g
dU�Ú

G = Gel − Gε

=
1
2

∫∫∫
[K11(∇ · n)2 + K22(n · ∇ × n)2

+ K33(n ×∇× n)2 − ε0∆ε(n · E)2]dτ. (3)

3ã 1 ¥, �¬���¥�Ý θ (� x2 ¶�
Y�) ´'u�I x3 �Cþ, ?¿ ���¥
� n = (sin θ, cos θ, 0), >|rÝ E = (E, 0, 0), K
�\ (3) ª��Ñ�¬gdU�?�ÚL�ª�

G =
1
2

∫∫∫ [
K22

(
dθ

dx3

)2

− ε0∆εE2 sin2 θ

]
dτ

=
∫∫
A

∫ d

0

1
2

[
K22

(
dθ

dx3

)2

− ε0∆εE2 sin2 θ

]
dx3dA

=
∫∫
A

gAdA, (4)

Ù¥ gA � x1x2 ²¡þü ¡È��¬gdU�
Ý, d ��¬æ��þÝ,

gA =
∫ d

0

gdx3

=
1
2

∫ d

0

[
K22

(
dθ

dx3

)2

− ε0∆εE2 sin2 θ

]
dx3, (5)

�±wÑ, gA �L�ª¥�k K22 Û­�5X
ê, 
Ø�) K11 Ú K33, L²�¬�XÛ­/C.

Ù¥ g ´ x3, θ Ú dθ/dx3 �¼ê. �÷vT¼ê
� Euler-Lagrange �§�, =��� gA ����,

=gd²ïG�e� gA �. gA � Euler-Lagrange

�§�

∂g

∂θ
− d

dx3

 ∂g

∂

(
dθ

dx3

)
 = 0, (6)

=

K22
d2θ

dx2
3

+ ε0∆εE2 sin θ cos θ = 0, (7)

ùÒ´�¬©f?u>| E e��¥=���©
�§. �±wÑ, T�§´�5U�>|U�²ï
�(J. ùLã
�¬©f²L�½�m?u²ï
�G�. XJ�£ãlÐ©²ïG��du	.�
^����#�²ïG����L§, KI�Ú\
duÅÝ
�)�Å5ÛÝ. d��§�U��

K22
∂2θ

∂x2
3

+ ε0∆εE2 sin θ cos θ = µ
∂θ

∂t
, (8)

Ù¥ µ ��¬�ÄåÆÅÝ.

�±@�, ��¬æ�þ¤\>|��^�6
N|�}��^¤�O, �¬k�q��¹ [13], }
�Aå¬¦�¬æ��)�ÝFÝ, τw = µ

du

dx3
. �
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Ø�Ä�5�, =r�¬©fw¤pØK��ü�
�N�, Ù�Ý��m�Cz�

∂θ

∂t
=

∆u cos θ

r
,

Ù ¥ r � � ¬ © f � � � ¶ �, ∆u � © f à
Ü � © f ¥ % � � Ý �, ∆u =

du

dx3
r sinϕ, Ù

¥ ϕ ´ � � �, = � � ¥ � x1x2 ² ¡ � Y �,

¤±k
∂θ

∂t
=

du

dx3
sinϕ cos θ =

τw sinϕ cos θ

µ
. l


 �� Ó � � Ä � 5, Å 5 9} � � ^ � � §

� K22
∂2θ

∂x2
3

+ τw sinφ cos θ = µ
∂θ

∂t
, �{z�

∂2θ

∂X2
3

+ S cos θ =
∂θ

∂T
, (9)

Ù¥ T =
K22t

µd2
, X3 =

x3

d
, S =

τw · sinϕ · d2

K22
. ²ï

G��§�
d2θ

dX2
3

+ S cos θ = 0. (10)

du����¬©fÉ�	\>|½Ôn}
�|��^, /¤le�þ�Ú^/(�, ù«(
�äk1Æ¹5, =^15, �±UC �1� 
���. d(�8c®2�¦^u TN (Û­��,

twisted nematic) .�¬w«ì.

��¬©fÉ�6N}�|�^�, Û­C/
��¬LyÑ�^15�±^5uÿ}�Aå. X
ã 2 ¤«. 6N�6Ä���÷ x1 ¶��. b�²
Lå ì�, 1r� I0, K²L�¬��^1�^
 ���^=
 θ �, 
1rØC, d�1� �
���u ì ���Y�� 90◦ − θ, K²Lu 
ì�1rC�

I0 cos2(90◦ − θ) = I0 sin2 θ, (11)

þª¥ =� θ �6|�}�Aå�'; 1r�±
¦^�Åæ81&Ò��rÝ&E½öæ^1r

ã 2 }�|e�¬©f�^15

D a ì � ¼ �, K Ï L � ¬ © f � 5 C / � �
. (10) ª?1�O, �±��1r�}�Aå�½
þ'X. ù�´�©½þÿÁ0�6�9¡m}�
Aå��.Ä:.

3 0�6�9¡m}�AåÿÁ¢�

3.1 ¢�C�

�©Á�æ^����¬æ��^155ÿ
þ}�Aå, C�Xã 3 ¤«.

ã 3 ÿÁC�

í6Ï�°Ý� 20 mm, pÝ� 2 mm, ?í
� u�ý, mà���¬æ�Úü��Ø�.

� Ø � � m å l � 40 mm, τw =
h

2
∆p

∆x
(ü �

Ã¡�²1��m�nØ�, h �6�pÝ, ∆p

�Ø�, ∆x �ål). Ø� ∆p ¦^ P3000 >f
ª�ØLÿþ. 1
� 670 nm �üÚ1, å 
ì ���Úæ���þR�uíN6�, u 
ì ���²1uíN6�. 1rDaì^uu
ÿßL�1årÝ, ¿ò&ÒÏL Labview \±
ÑÑ.

3.2 àzæXæ�Ú�¬æ����

àzæXæ���^´¦L¡�¬©f��,

?
éSÜ�¬©f�G�9��¥�©Ù�)
K�. àzæXäkFp§!F@¡!´¤�!�
�­½�`:. �¢�¤^�´Y²��, �¬©
f�²¡����3 7◦—9◦ �m.
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à z æ X æ � 9 � ¬ æ � � � U ± e Ú
½?1.

1) òàzæX^æu�=ÀæÄ.þ (Xã 4

�ã¤«). �?=�� 60 r/min, �m� 10 s, �?
=�� 120 r/min, �m� 90 s.

2) �zL§: ò�¬�uóZÅþ, §Ý\
9 � 80 ◦C ¿ � ± 30 min, , � 2 ò § Ý \ 9
� 200 ◦C ¿�± 2 h.

3) ^jOÙ÷Ó���Þ°æ�, /¤�ø(
�. Ù�fåw�º (AFM) �×£ã�Xã 4 mã
¤«.

4) ò�½NÈ'�¯UÚ�¬·Ü, ¿òd·
Ü�N%uàzæXæ�þ, ¦ÙÁ÷��æ�,

�u�Å¬¥\$»å 5 min, ¦¯U�u, l
/
¤þ!��¬æ�. �¬æ�L¡��» 60 mm

��/.

ã 4 àzæXæ�9ÙL¡ AFM ×£ã

Á�¥, ©Oæ^ü«����¬æ�, 5 CB

Ú 7 CB. �öäkØÓ�©f��Ú©f�5.

ü| 5 CB �¬þÝ©O� d ≈ 14 × 10−6 m Ú
d ≈ 35 × 10−6 m, 7 CB �¬æ��þÝ� d ≈
35 × 10−6 m.

3.3 0 � 6 � 9 ¡ m } � A å � ÿ

Á(J

ÏL6��\ØÓ�6�, ÙéAØÓ�í6
Ø�, l
�±UC>.6N�}�Aå. P¹�
¬æ��1rCz, (JXã 5 ¤«, 1r&Ò´
>Ø&Ò, éA�é1r&Ò� I/I0 = sin2 θ. d
ã 5 ¥��:

ã 5 �¬3ØÓ}�Aåe�1r&Ò

1) �Ãí6�, �¬©f��ÃUC, θ = 0, �
é1r&Òd�� 0;

2) �k�fí6ÏL�, �¬©f��¬Å�
u)UC, l
u)^1y�, d�ÑyÓÚO\
�1r&Ò;

3) UYO�í6, =O�}�Aå�, �¬�
��UC= θ ���XO�, d��é1r&Ò¬
ÅìC�;

4) ��Øí6�, 1&Ò�£E�Ð©G�,

`²&Ò­½.

² L ¢ � � � � } � A å � � é 1 r &
Ò (I/I0) �êâ: (}�Aå��âØ�í��
�, I0 �3}�Aåé��Cq��), Xã 6 ¥�
�%:¤«. �wÑ�é1r�}�Aå´��',

�Ç�}�AåO�
Åì~�. }�Aå��
�, 1r&Ò�Cz�Ç��, `²ù��&Ò�
�(¯.

� g ¢ � � ) n |, © O æ ^ ü | Ó þ Ý
� 5 CB æ�� 7 CB æ�?1
ÿÁ. Ó��
ÿÁ
ØÓþÝ� 5 CB æ���A. ÿÁêâæ
^ã 6 ¥�êâ:L«. dã 6 ¥��:

1) A«�¬æ�þ�3�ÿÁ�}�Aå4
�, éu 35 µm þ�æ�, d4�Aå�� 0.5 Pa;
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éu 14 µm þ� 5 CB �¬��, �� 2 Pa;

2) A«�¬æ�þ�3�ã}Aå�(¯«,

3(¯«��S, �¬æ�1ré}AåÿÁ�~
¯a, �X}�Aå?�ÚO�, du�¬©f�
Û=�ÝÅì�C 90◦ 
�Ú, (¯Ý¬Åì~�;

3) �ÓþÝ� 5 CB �¬æ�� 7 CB �¬æ
�, 5 CB �¬æ��1r&Ò�}�AåCz�²
w, =Ù3ÿÁ��Säk' 7 CB �¬�p�(
¯Ý.

ã 6 �é1r�}�Aå�'X

?�Úæ^þã��¬©fC/��.5
?1}�Aå½þO�. �â (10) ª, ±9>.

^�� θ|X3=0 = 0,
∂θ

∂X3

∣∣∣∣
X3=1

= 0, Ù¥ S =

τw · sinφ · d2

K22
= kτw, S � τw ¤�', = S ∝ τw.

� â ¢ � æ ^ � ¢ � ë ê: � � � ϕ ≈ 8◦,

5 CB �¬� K22 = 6.2 × 10−12 N/m, 7 CB �¬
� K22 = 10 × 10−12 N/m, Ù¥ü| 5 CB �¬þ
Ý©O� d ≈ 14 × 10−6 m Ú d ≈ 35 × 10−6 m,

7 CB �¬æ�þÝ� d ≈ 35 × 10−6 m, �íÑ

n|� k �©O� k =
sinϕ · d2

K22
≈ 4.4, k ≈ 27.5

Ú k ≈ 17.05. æ^ê��{, K��[���é1
r&Ò sin2 θ|X3=1 (τw) � τw �'X (©OXã 6

¥n^¢�¤«). ²LnØO��¢�êâ�'
�¿�[, �[ÜÑ¢�¥�¢SXê©O� k =

5.06, k = 27.9 Ú k = 18.97, oN5w, nØ�¢�
(Jäk�Ð���5.

d (10) ª � �, � ¬ æ � � } � A å ÿ þ
� � Ú ( ¯ Ý � æ � � ë ê k (k = S/τw =

sinφ · d2/K22) ���'. ��¬æ�þÝ d �
�, ½ö�¬©fÛ­�5Xê K22 ��, �ÿþ
�}�Aå����, �´(¯Ý�¬�Aeü.

n|ØÓ^�e¢�(J�²w�O, ÑU
éÐ
/�N½þ�.¥�ëêé1&Ò�K�. ¤±,

ÏL�O�¬æ��þÝ!ÀJ�¬©f�«a
��5, �±¢y�ÿ�}�Aå��±9(¯Ý
���.

4 ( Ø

�©æ^����¬æ�, |^Ù²L¡6|
}��^�LyÑ�^15, ÏLæ81r&Ò,

¢y
0�6�9¡m}�Aå�ÿÁ. |^�¬
�5C/nØïá
����¬©f3}�|�
^e^151r&Ò�}�Aå���½þ�.;

��
��� 5 CB � 7 CB �¬�ØÓþÝ�æ
�, æ^�ï�¢�C�éØÓ0�6�Ýe9¡
�}�Aå¢�ÿÁ�nØ�.�O��[, ÿÁ
(J�½þ�.ÎÜûÐ. (ÜÿÁ5Æ��.ë
ê?�Ú&?
�¬æ�ÿÁEâ�4�}�A
å!(¯���'�K�Ï�.
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Abstract

Measurement of wall shear stress (WSS) has important significance in many fields, such as spacecraft surface flow visualization

and drag reduction of solid-liquid interface. Various measuring methods have been developed with the rapid development of micro

and nano technology. This paper focuses on the measurement of WSS by using nematic liquid crystal coating. A quantitative model

is built to describe the relationship between the variations of director orientation and the WSS based on the curvature elasticity theory

of liquid crystal. Then an experiment setup is built to verify this model using 5 CB and 7 CB through the optical method. There is

good consistence between the theoretical model and experiment results. Finally, the WSS measuring limits and influencing factors are

discussed such as the thickness of the liquid crystal layer, the elastic coefficient of the molecule and measurement resolution.
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