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�����ïÄ8c®3Nõ+�¥2�A
^ [1], 3gu�'Uå!�*6NåÆ!¢��¡
��Ú�>fÆ�+�¥þå�
�'­���
^. 3��L§¥, �N��¬»�, ¬/¤ÃS�
�*(�, XëY��¡þ�É!ØëY�¬!õ
>/!L¡Ñá��%��, ¤±�
��kS�
ãY, é�����Ø­½5ïÄ��´��Ä:
5ó�. é�����Ø­½5DÚ�n) [2,3] ´
ü«Uþ�¿�, 3®k�êâÚé��!7á�
�ïÄ��, uydu���.L¡ÜåÚ©fm
ÚÑáÚå�p-�, Ø­½5�±^Uþ�*:
5£ã. O�XÚØ­½���pÝCz
Úå�
9åÆgdUCz, O�duÅ5ÑÑ���Uþ
��, $^ Shirato � [4] �Ñ� “gdUC�ÇÚ
Å5ÑÑ�Ç��” �(Ø, �±��£ã���
��Ø­½5�A��Ý. Shirato �®^9åÆ�
{ïÄ
>.Ãw£^�eÚî6N�����
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�45Ú45�Íà
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��Ä6N3�9þ�>.w£. >.w£´��
NL¡þ�6N©f��NL¡�m�3�é�

�$Ä�Ý, 3�ºÝe, >.w£�Ué���
5U�)­�K�. �©^9åÆ�{é>.w£
^�eÚî6N�����Ø­½5?1ïÄ, 3
¦)�L§¥�\>.w£^�, ��£ã���
�Ø­½5�A��Ý�Ú�/ª, ¿é�ÑÚ�
Ä Marangoni �Aü«�¹e�����Ø­½
5?1
'�.
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ÏLdwCq, ò�N��w¤´��!Ø�
Ø �, du��pÝ��ÚY²��'�~�,
@��ÝCz=÷XpÝ z ��, Ó�duþÝ�
~�, �Ñ.5å, @�6ÄÌ�dÅ5å��. ù
�z{ Navier-Stokes �§, ��

∇P = η
d2v

dz2
, (1)

Ù¥ η �Å5Xê, v ��N��3 x ����Ý,

∇P =
dP

dx
� x ���ØåFÝ, ÏLé (1) ªü

gÈ©���Ý

v = ∇P
z2

2η
+ az + b, (2)

Ù¥ a Ú b ��½�È©~ê.
Shirato � [4] �Ä
���.�>.Øw£

^�, �©�\>.w£^�, v(z = 0) = cvz ,
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∇Pz

η
+ a, 
��L¡�ºàÃAå^�E,·

^, η
dv

dz

∣∣∣∣
h0

=
dγ(h)

dh

dh

dx
= −(γhh′)h0 , γ(h) �L

¡Üå,
dγ(h)

dh
= γh L«L¡Üå�pÝXê,

dh

dx
= h′ ´��ÁÐ���pÝFÝ, h0 ����

²þpÝ. dw£>.^�, ²L�X�z{, �ª

�� b =
c(γhh′ − ∇Ph0)

η
, ù�, �Ý v Ò�±L

«�

v =
∇Pz2

2η
+

rhh′ − ∇Ph0

η
z

+
c(rhh′ − ∇Ph0)

η
, (3)

dv

dz
=

∇Pz

η
+

rhh′ − ∇Ph0

η
. (4)

Äuù
, �±O�duÅ5ÑÑ���Uþ��
�Ç, =Å5ÑÑÚå��Sü NÈ�Uþ��

ėc =η
( dv

dz

)2

=
(∇P )2

η
z2 +

2∇P (γhh′ − ∇Ph0)
η

z

+
(∇Ph0 − γhh′)2

η
. (5)

éu²;���/, =�Ñ Marangoni �A, Å
5ÑÑÚå��Sü NÈ�Uþ��

ėc =
(∇P )2

η
(z − h0)2. (6)

^Ð©��pÝ�6ÄO�9åÆgdU�
Cz�Ç ∆F , ÙüÅ�6Ä�9åÆgdU�C
z�Ç�

∆Fsingle wavelength

=
∫ λ

0

(
1
2
γ

∣∣∣∣∂h

∂x

∣∣∣∣2 +
1
2
Π ′′∆h2 +

1
2
γh∆h

)
dx, (7)

Ù¥ λ �6ÄÅ�, Π ′′ =
A

2πh4
��§áÚÚÑ

å, ª¥ A � Hamaker Xê.
Ú\��pÝCz� Fourier ©þ

h(x, t) = εh0 eσt cos kx, (8)

Ù¥ ε �üÅ�6Ä��Ì, σ ��mP~Ç, k �
Å¥.

�ÑL¡Üåé��pÝ��ê γh 3oUþ
¥��^, ��?¿ x ?Ð©þÝÚ6Ä��þÝ
�üÅ�6Ä�9åÆgdU�Cz�Ç�

∆Ḟ =
∂

∂t

[
1
2
γ

∣∣∣∣∂h

∂x

∣∣∣∣2 +
1
2

Π ′′|h0
∆h2

]
=σ

(
γk2 +

A

2πh4

)
ε2 e2(σt−ikx), (9)

ù�ªfòÚ�¡���Å5ÑÑ(Üå5.
Äké�Ñ Marangoni �A�²;���/

?19åÆ©Û, ±¦���Ø­½5A��Ý.
ÏLé��þÝÈ©, �����ü ¡ÈS

o�Å5ÑÑ

Ėc =
∫ h

0

ėcdz =
∇P 2

3η
h3

0. (10)

ÏLNÈÅðòØåFÝÚ���pÝéXå
5, NÈÅð�¦��pÝCzÇ

∂h

∂t
Ú�N�6

þ J(x) �m÷v
∂h

∂t
= −∇J(x), ^dwCq, ò

6þ±²þpÝ?�N�Ý��

J(x) =h0 〈v〉

=
∫ h0

0

vdz

=
∫ h0

0

∇Pz2

2η
− ∇Ph0

η
z − c∇Ph0

η
dz

= − ∇Ph3
0

3η
− c∇Ph2

0

η
, (11)

ù�NÈÅð�§�±��
∂h

∂t
= − ∇J

=
∇2P

3η
h3

0 +
c∇2Ph2

0

η

=εσ eσt−ikx, (12)

�� ∇2P =
3ηεσ eσt−ikx

h3
0 + 3ch2

0

, ?
��I��Øå

FÝ�'Xª

∇P =
∫

∇2P dx

=
3ηεσ eσt−ikx

h3
0 + 3ch2

0

(
− 1

ik

)
=

i
k

3ηεσ eσt−ikx

h3
0 + 3ch2

0

. (13)

ò (13) ª�\ (10) ª, ��

Ėc = −3ηh3
0ε

2σ2 e2(σt−ikx)

(h3
0 + 3ch2

0)2k2
. (14)
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dugdU~��ÇÚduÅ5ÑÑ���gd
U~��Ç��, ¤±éá (9) Ú (14) ª, ���
Ñ Marangoni �A�²;�¹e����mP~
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σTH
c =

(h3
0 + 3ch2

0)
2k2

3ηh3
0

(
γk2 +

A

2πh4
0

)
. (15)

�����Ý�þ ΛTH
c dÚÑ'X dσ/dk = 0 ¦

Ñ, dd, ���Ñ Marangoni �A�²;�¹e�
���Ý�þ

ΛTH
c =

√√√√√ 8π2γ
A

2πh4
0

=

√
−16π3γ

A
h2

0. (16)

l (16) ª�±w�, 3�Ñ Marangoni �A�
²;�¹e������Ý�þÚ>.w£Xê c
Ã'.

e¡é�Ä Marangoni �A������/
?19åÆ©Û, ±¦���Ø­½5A��Ý.
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ėTC =η
( dv

dz

)2

=
(∇P )2

η
(z − h0)2 −

2∇P |γT |Thh′

η
(z − h0)

+
(|γT |Thh′)2

η
, (17)

Ù¥ Th ���9åÆ§�, γT ´�§Ýk'�L
¡Üå.

ü ¡È�o�Å5ÑÑ�

ĖTC =
∫ h0

0

ėcdz

=
∇P 2

3η
h3

0 +
∇P |γT |Thh′

η
h2

0

+
(|γT |Thh′)2

η
h0, (18)

^NÈÅðòØåFÝÚ���pÝ(Üå5, �
²;�¹�Ó, k

J(x) =h0 〈v〉 =
∫ h0

0

vdz

= − ∇Ph3
0

3η
− |γT |Thh′h2

0

2η

− (|γT |Thh′ + ∇Ph0)ch0

η
, (19)

ù�, NÈÅð�§�±��
∂h

∂t
= − ∇ · J

=
∇Ph3

0

3η
+

|γT |Thh′h2
0

2η

+
(|γT |Thh′ + ∇Ph0)ch0

η
. (20)

òpÝCzO�K, �\ (8) ª, ²LU�, ��

∇2P =
3ηεσ eσt−ikx

h3
0 + 3ch2

0

+
3 |γT |Thh0k

2(h0 + 2c)
2(h3

0 + 3ch2
0)

ε eσt−ikx, (21)

éþªÈ©, ��

∇P =
∫

∇2P dx

=
(
− 1

ik

)(
3ησ

h3
0 + 3ch2

0

+
3 |γT |Thh0k

2(h0 + 2c)
2(h3

0 + 3ch2
0)

)
ε eσt−ikx. (22)

òØåFÝ�\ (22) ª, ¦�o�Å5ÑÑ

ĖTC =
∇P 2

3η
h3

0 +
∇P |γT |Thh′

η
h2

0

+
(|γT |Thh′)2

η
h0

=
[
− h3

0

3ηk2

(
3ησ

h3
0 + 3ch2

0

+
3 |γT |Thh0k

2(h0 + 2c)
2(h3

0 + 3ch2
0)

)2

+
|γT |Thh2

0

η

(
3ησ

h3
0 + 3ch2

0

+
3 |γT |Thh0k

2(h0 + 2c)
2(h3

0 + 3ch2
0)

)
− (|γT |Th)2h0

η

]
ε2 e2(σt−ikx). (23)

dugdU~��ÇÚÅ5ÑÑ��Ç�Ó,
ò (23) Ú (9) ªéá, B�±�� σ ��§, du
(J�~�¡, d?Ø�Ñ. �´�±�Ñ(Ø, �
Ñ Marangoni �A�²;�¹e������Ý
�þ��Ä Marangoni �A��¹e���(J
ØÓ. �Ï´9���oÑÑØ´��½�, ?¿
�½��ØåFÝ, Ò�±�����AoÅ5Ñ
Ñ, d�Ú\�cJ����Å5ÑÑ. gu��
�Ø­½5o´÷X��Å5ÑÑ�å», ¤±^
��Å5ÑÑ���Uþ~��ÇÚgdU�~
��Çéá, �±��¤I�ÚÑ'X.

��Å5ÑÑ�ØåFÝd
dė

d∇P
= 0 ��,

òdª� (22) ªéXå5, �� ∇P (z − h0) =

|γT |Thh′, z = 0,∇P = −|γT |Thh′

h0
, 
���.
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? z = 0, �Aå� 0. d���Å5ÑÑ�

ėm
TC =

(∇Pz)2

η
, (24)

K��ü ¡È���Å5ÑÑ Ėm
TC �

Ėm
TC =

∫ h0

0

ėcdz =
∇P 2

3η
h3

0

= − h3
0

3ηk2

[6ησ + 3 |γT |Thh0k
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4(h3
0 + 3ch2

0)2v
.

(25)

ò (25) � (9) ªéá, ��ÚÑ'X
3ηh3

0

k2 (h3
0 + 3ch2
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2 σ2

+
(

3 |γT |Thh4
0(h0 + 2c)

(h3
0 + 3ch2

0)2
+ γk2 +

A

2πh4
0

)
σ

+
3 (|γT |Th)2 k2h5

0(h0 + 2c)2

4η(h3
0 + 3ch2

0)2
= 0. (26)

(26) ª¥, -

f = γk2 +
A

2πh4
0

,

g =
3 |γT |Thh4

0(h0 + 2c)
(h3

0 + 3ch2
0)2

,

��)�

σ± =
−(f + g) ±

√
(f + g)2 − g2

2
3ηh3

0

k2 (h3
0 + 3ch2

0)
2

. (27)

�Ñ Marangoni �A�²;�¹e, k Th = 0, �
\ (27) ªz{��

σ− = −(h3
0 + 3ch2

0)
2k2

3ηh3
0

(
γk2 +

A

2πh4
0

)
. (28)

�±w�, ���(J�c¡�Ñ Marangoni �A
�²;�¹e9åÆ©Û��� (15) ª��.

�����Ý�þ ΛTH
TC dÚÑ'X dσ/dk =

0 ¦Ñ, dd, ��
�Ä Marangoni �A��¹e
����Ý�þ

ΛTH
TC =

√√√√√− 8π2γ

A

2πh4
0

+
3 |γT |Thh4

0(h0 + 2c)
(h3

0 + 3ch2
0)2

. (29)

ùp, �±w�3�Ä Marangoni �A��¹
e, A��ÝÚ>.w£Xê c k'. � c = 0 �,
���(J� Shirato ����(J�Ó.

3 ( Ø

�©^9åÆ�{é>.w£^�eÚî6
N�����Ø­½5?1ïÄ, ��
£ã��
���Ø­½5�A��Ý�Ú�/ª, ¿'�

�ÑÚ�Ä Marangoni �Aü«�¹e����Ø
­½5. ïÄL², 3�Ñ Marangoni �A�²;
�¹e, ÃØ´^>.Ãw£^��´^>.w£
^����£ã����Ø­½5�A��Ý�
þ�Ó, �>.w£XêÃ'. 
3�Ä Marangoni
�A��¹e, du Marangoni å��^, ^>.Ã
w£^�Ú^>.w£^����£ã����
Ø­½5�A��Ý�þØÓ, A��Ý�þ�>
.w£Xêk'.

[1] de Gennes P G, Brochard-Wyart F, Quere D 2003 Capillarity and
Wetting Phenomenon (New York: Springer) p12

[2] de Gennes P G 1984 C. R. Acad. Paris 298 111
[3] de Gennes P G 1985 Rev. Mod. Phys. 57 827
[4] Shirato N, Krishna H, Kalyanaraman R 2010 J. Appl. Phys. 108

024313

[5] Li X, Hu Y Z, Wang H, Chen H 2007 Acta Phys. Sin. 56 4094 (in
Chinese) [o!, ��¥, �¦, �� 2007 ÔnÆ� 56 4094]

[6] Redon C, Brzoska J B, Brochard-Wyart F 1994 Macromolecules
27 468

[7] Reiter G, Sharma A 2001 Phys. Rev. Lett. 87 166103

160508-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 160508

Thermodynamic analyses of dewetting instability in
thin films

Wei Qi† E Wen-Ji

( School of Physics Science and Technology, Soochow University, Suzhou 215006, China )

( Received 12 October 2011; revised manuscript received 18 January 2012 )

Abstract

The dewetting instabilities in thin films under the boundary slip condition are studied using the thermodynamic approach. The

general form of characteristic dewetting length scale is obtained from. The dewetting instability in thin film without Marangoni effect

and that with Marangoni effect are compared.
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