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æ^ü¶ª(]2�{ïÄ
ÅÝ µ = 0.94—75.65 mPa·s �[h - YM��%�÷���5Æ. uy�½
�ê����ª�3�½��.ÅÝ µc, �k� µ < µc �, T�÷���âU�-u. ¢�ÿ½
(|N�Ì
Ý η = 0.23 �, l = 2—9 �÷�����.ÅÝ, uy ln µc � l Cq¥�54~'X. æ^ëê��nØ©Û
Å
5�%�÷���L§, uy-u÷�����%»��»6ÄK� hc �'u�%ÅÝ µ, ¿� l O�
O�, Ï
d÷���J±3pÅÝÚp��ªeu). ¢��uy, ��÷�����ÌÚ��ªÇ°Ý��%ÅÝO�

~�, ÅÝé�%��ªÇÃ²wK�.

'�c: (]2, ÷���, ÅÝ, ëê��

PACS: 43.25.Uv, 47.55.Dz

1 Ú ó

gd�%�$Ä´6NÔn¥���²;ï
Ä�K, §éá��Æ!zó�7!�í�Æ!
UNÔn9�fØÔn�+���'ïÄ�äk
­�ë�¿Â [1−6]. gd�%���ÚP~5Æ
ïÄ, �LNL¡ÜåÚÅÝ���>ÿ½C½

ÔnÄ: [7]. (]2´�«­��ÃNì?nE
â [8−10]. �Ù¦]2�{�', §éá��>^Æ
5�vkAÏ�¦, Ïd�~·Üu�%$Ä5Æ
�ïÄ.

L� 30 c5, <�é(]2�%�¶é¡�
�?1
�\�¢�ïÄÚnØ©Û [11−17]. �'
u�¶é¡���ïÄ%é��9. Cc5, Shen
�< [18−21] æ^(|ÌÄN��{, uy
(]2
�%��aAÏ�¶é¡�� —– ÷���, Ù�
��ª�±^÷�¥¼ê Yll(θ, ϕ) 5£ã [18]. (
]2�%�÷���´ÏLëê��Ån-u�,
��ªÇ�Ù��ªÇ, �TÐ�u(|N�ªÇ
���, ÏLé²; Rayleigh ªÇúª�?�JÑ

÷�����ªÇ���²�L�ª [18,20]. ¦

��æ^«lâf�{, é÷���L§¥�%�
SÜ6|?1
½þ©Û, L²Ù�^²¡³6�
.£ã [21].

,
þãó�þ8¥uY%�fÅ5�%�
÷���5ÆïÄ, k'ÅÝé�%÷���5Æ
��^, �8EØ�Ù.

�©ÏLØÓ�'�[h - YM� (ÙÅÝ
3 0.94—1180 mPa·s ��SëY�N), ïÄ
Å5
�%3(]2^�e�÷���L§, &?
ÅÝ
é÷�����^Ån.

2 ¢��{

¢�C�dg1ï��ü¶ª(]2XÚ!
(|N�XÚÚ¤�XÚ|¤ [18]. �(ÅdØ>
�Uì-u, ªÇ� 22 kHz, 3u�à���à�
m/¤��7Å. N!u�à���àmå, ¦(
|?uü�Å!�ª���G�, �%]2u�C
��à�Å!NC.

æ^¼êu)ìé�(�UìÑ\>Ø?1
Xe/ª�ÌÄN�

U = U0 (1 + η cos(ωmt)) cos(ωact), (1)
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Ù¥, U0 �Ø\N���Ñ\>Ø, η �N�ÌÝ,
ωm Ú ωac ©O�N�ªÇÚ�(ªÇ. 3Ó��
�G�e, ]2(Ø��(�Uì�Ñ\>Ø¤�
'. ÏLé�UìÑ\>Ø���, �¢yé]2
(Ø�ÌÄN�, l
-u�%�÷���.

æ ^ Redlake HG 100 K p � � � Å ± z
¦ 2000 v��ÇP¹�%����Àã. ]2

�%�÷����ª!ªÇ!�Ì�&EÏLp
���ÅP¹��Àãÿ½, �%�²ï/G&E
l'4N��·�]2�%�ýÀã¥¼�.

�
ïÄØÓÅÝ�%�÷���5Æ, æ^
ØÓ�'�[h - YM���ïÄé�. �©À
�� 8 «ØÓ�'�[h - YM�9Ù3¢�§
Ý (22.5 ◦C) e��'ÔnëêXL 1 ¤«.

L 1 ¢�æ^�[h - YM�ëê9Ù�-u��p÷����ê

?Ò [h�þ©ê c ÊÝ µ/mPa·s L¡Üå σ/mN·m−1 �Ý ρ/g·cm−3 �p�ê L

1# 0 0.940 72.45 0.998 9

2# 0.24 1.864 70.18 1.057 8

3# 0.41 3.617 68.58 1.102 7

4# 0.55 7.313 67.25 1.140 6

5# 0.65 13.75 66.31 1.168 5

6# 0.73 26.31 65.55 1.189 4

7# 0.80 53.19 64.89 1.208 3

8# 0.83 75.65 64.61 1.217 2

[h - YM�´^u��ó�ÅÝO�IO�
N, ÙÅÝ��3 0.94—1180 mPa·s (22.5 ◦C) �«
mSëYN�. ØÓßÝ�[h - YM�ÅÝÚ�
Ý�d©z [22] 9 Andrade �§ [23] ��, ÙL¡
Üå�d©z [24] 9 Guggenheim �§ [25] ��.

æ^U?��þ?�ì���%Ð©NÈþ
� 30± 0.5 mm3, Ù�NÈ¥�»�� 1.93 mm. N
!(|��G�, ���%ØA§Ý¦Ù»��
» a �� 2.9 mm. ± 0.5 Hz �Ú�ÅÚJpN�
ªÇ fm ¦]2�%u)��÷���, ¢�¥�
½N�ÌÝ η = 0.23.

3 (J�?Ø

3.1 ØØØÓÓÓÅÅÅÝÝÝ���%%%���÷÷÷���������LLL§§§

(]2�% l �÷�����Àã>�Ó+ü
zL§�±L«� [18]:

r(φ, t) = a [1 + ξl(t) cos(lφ + ϕl)] , (2)

Ù¥

ξl(t) = ξ0l cos(ωlt). (3)

ª¥, a �·��%�»��», ξl ��%�]��
Ì, φl �N�%����m��, ξ0l Ú ωl ©O�
÷�����é�ÌÚ�ªÇ.

æ^êiã�?n�{é��÷�����
Àã>�:?1J�, ¿æ^ (2), (3) üªéÙ?1
[Ü, �±(½��÷�����Ì ξ0l. ã 1 ± 1#,
5#Ú 8#�%�~, �Ñ
 ξ0l �N�ªÇ fm �'
X. ã¥�­�¸�?�ã¡=�¢�¥û���
A�ê÷����%��Àã.
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
l

ã 1 (]2�%u)��÷����N�ªÇ fm ��Ì ξ0l

�©Ù. ã¥�:�¢�(J, �¸�?ã���%�A���
ª��Àã (a) 1# �%; (b) 5# �%; (c) 8# �%

¢�L², ÷����U3A½ªÇNC��
½��Su), ξ0l ��¸� ξ∗0l �éA�ªÇ=
���N�ªÇ f∗

m. 3,���N�ªÇ f∗
m �

m, U
-u÷�����pªÇÚ�$ªÇ�
� ∆f∗

m �±½Â���ªÇ°Ý. éÓ��%, �
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X�ê l �O�, �Ì ξ0l k~��ª³, 
��ª
Ç°Ý ∆f∗

m kO��ª³. Xã 1(a) ¥, 2—9 �
÷�����Ì¸� ξ∗0l ©O� 0.242, 0.212, 0.146,
0.127, 0.113, 0.119, 0.103 Ú 0.082, ∆f∗

m ©O� 6.0,
7.8, 8.8, 11.4, 12.1, 14.6, 15.6 Ú 12.6 Hz. I��Ñ
�´, ��÷�����Ì¸�þÑy3�gN�
ªÇ«m¥:� m�ý.

é'ØÓÊÝ�%�÷���L§, �±²w
uy:

(1) ÊÝ��, �-u��p�ê L ��. X
ã 1 ¥ 1# �%�*ÿ� 2—9 �÷���, 5# �%
�*ÿ� 2—5 �÷���, 
 8# �%K�k 2 �
÷���u). 3�¢�^�e, 1—8# �%¤-u
��p÷����ê L �L 1.
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ã 2 ��÷�����Ì¸� ξ∗0l ��%ÊÝ µ �'X

¢
f
m
/
H
z
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  
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


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*

l/

ã 3 ��÷������ªÇ°Ý ∆f∗
m ��%ÊÝ µ �'X

(2) é�Ó�ê�÷���, �%ÊÝ��,
K ξ∗0l ��, Ó� ∆f∗

m ���. ��÷�����
Ì¸� ξ∗0l Ú��ªÇ°Ý ∆f∗

m �ÊÝ µ �Cz

'Xo(uã 2 Úã 3. ± l = 2 �÷����~,
3�Ó�N�ÌÝe, ��%�ÊÝd 0.94 mPa·s
�gO�� 75.65 mPa·s �, ξ∗0l d 0.242 Åì~�
� 0.086, ∆f∗

m d 6.0 Hz Åì~�� 2.1 Hz.

3.2 ---uuu÷÷÷���������������...ÅÅÅÝÝÝ

ã 1 L², �½(|N�ÌÝe, �]2�%
ÅÝ�O�, �-u�÷����êÅì~�. d
d�±íä, é,�(½�ê�÷���, 7�3
���.ÅÝ µc, ��Ld�.ÅÝ�, T�÷�
��Ø2u).

± � � ÷ � � � � ~, � � % Å Ý d 0.94
mPa·s (c = 0) O�� 75.65 mPa·s (c = 0.83) �
þ�u), 
3ÅÝ�� 85.37 mPa·s (c = 0.84) �
K*	Ø���÷���. éßÝ c æ^�©{
UY��[h - YM�?1¢�, ��TÐÃ��
÷���u)��. ù��M�ÅÝ�=�u)
��÷�����.ÅÝ µc, Ù�� 84.10 mPa·s.
Ón, �d¢�(½ 3—9 �÷�����.Å
Ý µc ©O� 65.85, 41.84, 19.38, 11.69, 6.61, 3.17
Ú 1.57 mPa·s.

µ µc

lnµc=5.7-0.56l
100

10

1

µ
c
/
m
P
a

µc=84.10

65.85

41.84

19.38

11.69

6.61

3.17

1.57

2 3 4 5 6 7 8 9

l

ã 4 -u 2—9 �÷�����.ÊÝ. ã¥�:�¢��, ¢
��[Ü�, ÒKL«÷���u)�«�

���¹e, �.ÅÝ��N�ÌÝ η k'.
ã 4 �Ñ
 η = 0.23 ���÷�����.ÅÝ
��ê l �Cz'X. �±uy lnµc � l �m�3
Cq�5'X:

lnµc = 5.7 − 0.56l. (4)

��%�ÅÝ µ ����ê l á3ã¥ÒK«�
�â¬u)÷���.
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3.3 ÅÅÅÝÝÝééé������ªªªÇÇÇ���KKK���

dã 1 �±uy, �X�%ÅÝ�O�, ��
��ªÇ f∗

m þÑ��£. ã 5 �Ñ
��÷��
����N�ªÇ�ÅÝ�Cz'X. ã¥lÑ:
�¢�(J, ������ªÇ�ÅÝO�þk�
ú~��ª³.

(]2^�e�%�÷���´dëê��
Ån-u�, Ù��N�ªÇ f∗

m �u�%÷��
���ªÇ fl � 2 � [18]. Ïd�±d��ªÇú
ª [18]

ω2
l =

σ

ρa3
l(l − 1)(l + 2) (5)

é f∗
m ?1nØO�, Ù¥ σ Ú ρ ©O��%L¡

ÜåÚ�Ý. ã 5 ¥¢�´d (5) ªO��nØ­
�, ­�màª(u η = 0.23 ���÷����
�.ÅÝ. ��, ¢�(J�nØO�ÎÜ�Ð. d
u (5) ª��¿Ø�¹ÅÝëê, 2é'L 1 ��,
ØÓÅÝ�%Ó���ªÇÑk�ÉÌ�´du
ØÓ�'[h - YM�� σ Ú ρ '�CzÚå�.
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l/
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ã 5 ��÷������N�ªÇ f∗
m ��%ÊÝ µ �'X.

ã¥�lÑ:�¢�(J, ¢�´d (5) ª�����N�ªÇ
nØ�

(5) ª´��²�úª, �
?�Ú�	ÅÝ
é��ªÇkÃK�, IüØL¡ÜåÚ�Ý�K
�. y½Â

M =
(
ρω2

l a3/σ
)1/3

, (6)

¿�	ØÓÅÝ�%÷���� M ��Cz. ¢
�¥ fl �p���ÅP¹��%��ëY 10 �±
Ï�²þªÇ�. ]2�%»��» a ©O� 2.44,
2.58, 2.72, 2.86 Ú 2.92 mm Ê��, ±�	ØÓ a

�é(J�K�. d (5) ª� M �nØ��

M = [l(l − 1)(l + 2)]1/3
. (7)

1—8#�%��÷���� M ��ÅÝ�'
XXã 6 ¤«, ã¥�:�¢�(J, ¢�K� (7)
ªO��nØ�, �¢�màª(u η = 0.23 �
��÷�����.ÅÝ�. dã¥�±wÑ 1—
8#�%��÷����¢���nØ�ÎÜ�Ð.
ùL²?�� Rayleigh úª (5) U
�Ð£ãØÓ
ÅÝ�%��÷������ªÇ, Ó��`²,
ã 5 ¥ 1—8#�%Ó�÷����ªÇ�É´dÙ
L¡Üå��Ý�ÉÚå�, ÅÝé÷�����
�ªÇÃ²wK�.

l/

µ/mPaSs

  

























M

ã 6 M ���%ÊÝ µ �'X. ã¥�:�¢��, ¢�
� (7) ªO��nØ�

3.4 ÅÅÅ555���%%%÷÷÷���������LLL§§§���nnnØØØ©©©ÛÛÛ

3(]2L§¥, ��(�Uì>Ø± (1)
ª�ª?1N��, (|���?1�Ó/ª�
Cz, ���%L¡þ�(Ë�Øu)���'
u η cos(ωmt) �6Ä. ù��u3��·��]2
�%þ�\
��ªÇ� ωm �	å, l
Úå�
%�¶é¡É½��. �%�»��» a 3É½�
�L§¥�Cz�L«�

a = a0 (1 + h cos(ωmt)) , (8)

Ù¥ h � a ��é6ÄÌÝ, h ¿ 1. du a �6Ä
UC
�%÷������ªÇëê, ù��Ì ξl

÷v�§ [18]:

ξ̈l + ω2
l (1 + 3h cos ωmt)ξl = 0. (9)

�âëê��nØ [26], � ωm = 2ωl + β (|β| <

3hωl/2) �, ξl ò± est �ª�êO�, l
-u÷
���. s �L�ª�

s =
1
2

√
(3hωl/2)2 − β2. (10)
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XJ�ÄÊ5Úå��ÌP~ ξl ∝ e−δt, Ù¥ δ �
P~Xê, K?�Ú�¦ s > δ©Ïd h �3��
K�

hc =
4δ

3ωl
, (11)

�k� h > hc �, ÷���âUu). ù��N�
ªÇCz���

|β| < 2
√

(3hωl/4)2 − δ2. (12)

e¡O��%÷���L§¥�P~Xê δ. é
uØ�Ø 6Ä, Ê5Úå�UþÑÑÇ�L«
� [27]:

∂E

∂t
= −µ

2

∫ (
∂ui

∂xj
+

∂uj

∂xi

)2

dV, (13)

Ù¥ µ �ÅÝ, xi, ui (i = 1, 2, 3) ©O��IÚ�
Ý©þ, ª¥�eIÜ©æ^
OÏd"¦Ú�½.
÷����%SÜ6|3Î�IXe�L«� [21]:

ur = −ωlξ0la
2−lrl−1 cos(lφ) sin(ωlt), (14)

uφ = ωlξ0la
2−lrl−1 sin(lφ) sin(ωlt), (15)

uz = 0. (16)

ò�%/GCqw¤�»� a þÝ� b ��\, �
d (13)—(16) ªO��� ∂E/∂t, ¿3����±
ÏS¦�Ù²þ�, ��

∂E

∂t
= −2πµ(l − 1)ba2ω2

l ξ2
0l. (17)

�%÷����ÄU�d Ek = 1
2ρ

∫
u2dV O�,

du��L§¥ÄU�����uoUþ, Ïd

E =
πρba4ω2

l ξ2
0l

2l
. (18)

dUþÑÑ'X ∂E/∂t = −2δE, �¦�P~Xê

δ =
2l(l − 1)µ

ρa2
. (19)

ò (5) ªÚ (19) ª�\ (11) ª, ���

hc =
8µ

3

√
l(l − 1)

ρσa(l + 2)
. (20)

dd��, �%ÅÝ��, ���ê�p, K hc �
�. ùÒ´��o÷���3pÅÝ�%Úp�ê

���ªeJ±u)��Ï. XJ®� h, d (20)
ª����÷�����.ÅÝ µc �L�ª:

µc =
3h

8

√
ρσa(l + 2)

l(l − 1)
. (21)

���¹e, h �N�ÌÝ η k', ��N�ªÇ ωl

Ú�%ÅÝ µ k'. ¢�uy, 3 η �Ó��¹e,
h � l �O�
~�. Ïd, µc � l O�
~�. ù
�ã 4 ¥�¢�(J½5��.

éuÓ���, ØÓÅÝ�%���ªÇ ωl

��Ø�, h ���Ø�, �P~Xê δ � µ ¤�
', 3�©¢�^�eCzé�. d (12) ª��, ù
�K�ªÇ°Ý�Ì�´�Òe�1��. ÏdÅ
Ý��, ªÇ°Ý��, ù)º
ã 3 ¥�¢�y
�.

Å5�%÷���L§¥�Ñ�UþA�u
(|N�éÙÑ\�Uþ, b�dÑ\UþéØÓ
ÅÝ�]2�%Cq�~ê, d (17) ª��, ÅÝ
��, K�Ì��. ù�±½5)ºã 2 ¥�¢�
(J.

4 ( Ø

æ^(]2�{ïÄ
ØÓÅÝ�[h - YM
��÷���L§. uy3(|N�ÌÝ η �½�
�¹e, �k��%ÅÝ µ �u,��.ÅÝ µc

�, ��÷���âU�-u. ¢�(½
 µc ��
��ê l �'X, �Cq^ (4) ªL�. ¢��uy,
��÷�����Ì¸�Ú��ªÇ°Ýþ��
%ÅÝ�O�
~�, ÅÝé÷�����ªÇÃ
²wK�. æ^ëê��nØéÅ5�%�÷��
�L§?1
nØ©Û, (JL²-u÷����
6ÄK� hc �ÅÝ µ ¤�', ¿����ê l �O
�
O�, Ïd÷���3pÅÝ�%Úp���
�ªeJ±u).

¢�Ú©ÛL§¥��
Ü�ó��ÆA^ÔnX>

�>!ñ�´!o3�!H��Ú�+��kÃ�Ï, 3

d�La�.
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Abstract

The sectorial oscillation of acoustically levitated viscous drops is investigated by applying a series of aqueous glycerol solutions

(viscosity µ = 0.94—75.65 mPa·s). It is found that there exists a critical viscosity µc for a definite mode of sectorial oscillation, and

that mode can be excited only when µ < µc. The critical viscosities for the l = 2—9th mode sectorial oscillation are experimentally

determined with a modulation amplitude to the acoustic field reaching η = 0.23. It is found that ln µc decreases approximately linearly

with l. Analysis based on the parametric resonance theory indicates that in order to excite the sectorial oscillation, the equatorial radius

of the drop must be perturbed over a threshold hc, which is proportional to the viscosity µ and increases with l. Therefore, the sectorial

oscillations can hardly be excited to those drops with high viscosity and large oscillation modes. Both the amplitude and resonant

modulating frequency width decrease with the enlargement of viscosity. No obvious effect of viscosity is found on the eigenfrequency

of sectorial oscillation.
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