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ÁEâÚ¢�Eâ�¯�uÐ, ÏL�qnØ<
�m©|^{´�í�)¤C�?1í�¢�
±�ODÚ�ý¢� 2, 4, 6- n�Ä`� (TNT)

C��¿¢�, ¿9±p��KXÚ?1*	.

~ X, Gibson[1] Ï L > » s � ª 3 $ Ø � ¸ ¥
)¤�zí�5ïÄCgd¡í��$ÄA5.

C Ï, Robinson � [9] ± 9 Tomita Ú Kodama[10]

|^-1�»Eâ)¤
üí�Úõí�, ïÄ

Cgd¡í��$ÄA5, l�*þ¼�
í�
�gd�¡��p�^5Æ. ¦���Y¢�{
ü, äk�­E5Ú´ö�5, )¤�í�XÀ�
�±¢y°(å�, Ïd3í�+���
2�
A^.

�X�8�ÆEâ�uÐ, Cgd¡í��ï
Ä®²��
��?Ð, �duí�óÄ���E
,5, E�3éõ¯Kÿ�)û [3]. ¿�, �c�í
�óÄ�'�õê¢�ïÄ  ��éí�óÄ
L§
�À
gd�¡�$Ä. Ïd, �
�\ï
Äí��gd�¡�ÍÜ�^, �©lí��gd
�¡�p�^�¢��{\Ã, /�©z [11, 12]

ïÄ�{, �O
�@ºÝ�N!­E5Ð��Ü
�Nª$>Øí�u)C�, 3dÄ:þÀ�õ�
ØÓ�ó¹?1>»sí�¢�, ¿/Ïp��K
XÚ*	
í�óÄ9ÙÚå�gd¡$ÄÚY
py�, Â8
�þ¢�ã¡Úêâ, lõ�¡Ñ
uéí��gd�¡�ÍÜ�^?1ïÄ¿o(

�'5Æ. ïÄ(JL²: gd�¡��3éí
����»!óÄ±Ï±9�6�mÚ�6°Ý
kK�, ¢�>Ø9í����»�3�½�¼ê
'X; í��gd�¡�p�^�Ä�y��±8

B� 6 «;.�ó¹, �Ó�>ØeYÎ��p
Ý�Ãþjål�3²w�5Æ;Ãþjål´�
)ØÓYpy��û½5Ï�, �Ð©G�Ã'.

¤�(Ø�Cgd¡í�Ä�A5�ïÄJø

ë�.

2 ¢��n

�©3®k>»sEâ [3] �Ä:þ\±U?,

�O
�@�Ü�Nª$>Øí�u)ì9�@
�;�í�ÿþC�, ^±�[Ú*ÿí�3Ye
�ÄåÆL§. TC��)�Ü��Nª$>Øí
�u)ì (¢�>´�ã 1)!Phantom V12.1 .p
�$Ä©ÛXÚ±9ëY1
!¢�YøÚwÄ
�;��@C�

ã 1 ¤«�¢�>´. ã 1 ¥ AC ��6>

, DC ��6=z���6>
, >Ø�N��
� 0.1—220 V; C L«n��½>Ø� 250 V!>
Nþ� 2200 µF �¿é>N; R0 L«{�� 10 kΩ

��o>{; KM1 Ú KM2�©l¿�>>´Ú�
�>´��6�>ì; K1, K2 �¿>!�>m';

L1, L2�¿>!�>�«�, L3�>
�«�, ¢
�¥æ^[Ôj��>4�\>´. ¢��Ä�
L§Xe: 4Ü¿>m', ¿>�«��, m©�>
N C ¿>, >ØL�«>Nüà�>Ø, �>ØL
�Öê��¢��¦�, '4¿>m', ¿>�«
�«; 4Ü�>m', �>�«��, >´�>, Ó
�mé��XÚ, d�Ôj3á�mSKz-�,

¿¦�±�6Nðz, l
/¤�zí�. �»L
§�¤, �g'4�>m'Ú��XÚ.

ã 1 ¢�>´
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3 ¢�(J9?Ø

3.1 gggddd���¡¡¡éééííí���$$$ÄÄÄ///������KKK���

í�3Cgd¡>.NC$Ä�, du>.�
�3¬¦í�¥�¥G, ���) Bjerknes .]�
6, óÄ±Ï�éugd|�k¤UC. Ïd, �
©lí����»!óÄ±Ï!�6�m±9�
6°Ý��¡éCgd¡í�$ÄA5?1
¢
�ïÄ.

¢�¥,·�5¿��Cgd¡í�óÄ��
��»�, í��l>.Ü©Cq�±�¥G, 

�C>.Ü©K�)C/ (�Cgd¡NC�¬Ï
�gd¡áÚ
.�). Ïd3O�í����N
È�, òí����NÈ©�þeü�Ü©5?1
O�, Ù¥�l>.�í�Ü©?n¤¥/, �C
>.�í�Ü©æ^��NÈÈ©�/ª5Cq.

í�NÈ�±ÏLeªO�:

V = 0.5 × 4
3
πR3

down

+
n∑

i=1

(R2
i + r2

i + Riri)∆hi, (1)

Ù¥, Rdown �e�Ü©/G�¥/�í��», n

�þ�Ü©©¤���ê8, i �����ê, Ri

�1 i ���eL¡���», ri �1 i ���þ
L¡���», ∆hi ����pÝ. í�����
��»�ÏLNÈúª R = (3V /4π)1/3 ��. ù
pÚ\Ãþjål γf = d/R, =í�Ð©¥% (�
:) ågd�¡�ål d �í����» R �'.

�½�>>Ø U = 200 V, ÏLp��KXÚ¼�

éAuØÓ γf ��í����» R ±9í�ó
Ä±Ï T , ¿� 100 mm Y�?��¹?1
é',

(JXã 2 ¤« (100 mm Y��í�Ä�¤¥/).

lã 2(a) �±wÑ, 3�Ó>Øe, �:ål
gd�¡�C, í�����»��, ,
ØÓY
�?í����»�éu 100 mm Y�?í���
�»�UC¿Ø´é�, Ä�Ñ3 10%±S, =í
�����»Égd¡K���. lã 2(b) �±w
Ñ, í�óÄ±Ï�XY��O�
O�, 3ål
���UC²w, 3��ål?KCz�ú, ù�
C9¡ [13,14] ��¹TÐ��. �í�39¡NC
�, du3)äL§¥É�9¡�{N�^, Â 
�q�N39¡þ, ÏdE¤í�±ÏC�. �í

��Cgd¡�, ºÜ£6Â �¯, ÏdóÄ±
Ï�á. éuTy�©z [2, 15, 16] Q²éÙ?1

ïÄ.

ã 2 U = 200 V �ØÓY�?í�$ÄA5�Cz (a) í
����»�Cz; (b) í�óÄ±Ï�Cz

d©z [17, 18] ��, �í�39¡NC$Ä
�, ¬�)��9¡��6, 
3gd¡NC�K
�)��gd¡� Bjerknes .]�6, =gd¡�
�3���6��)¿û½�6���. 3Cgd
¡í��¥�L§¥, ºÜ6N£6�Ý�.Ü¯,

Ïd/¤�e��6, Ó�duºÜüýY63í
�þ�®Ü/¤7:pØ«, ��Y6�þZÄ,

3Y¡þ�/¤E,�Ypy�. 3¢SYe�¿
¥, Cgd¡í��6��m!�Ý±9°ÝÉ�
éõÏ��K�, É�uyk���^�, �©=
é�Ó>Øeí��6��mÚ°Ý?1
ïÄ,

�nÀ�
 U = 200 V �;. γf ó¹eí��6
�ì¡Xã 3 ¤«. ã 3(a)� γf = 0.7 �í��6
«¿ã, ã¥í�?u�¥�ã, �6®²/¤, �
[, �®��í��¥% �. ã 3(b)� γf = 0.82

�í��6«¿ã, ã¥í�½?u�¥�ã, �
6®²/¤, �6�o, �®��í��¥% �.

ã 3(c)� γf = 1.06 �í��6«¿ã, ã¥í�
?u�¥�ã, �6®²/¤, ���í��¥%
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 �, 'þü�ó¹��6�°. é'ã 3(a), (b),

(c) �±uy, 3Ó�>Øe, γf ��, �6�@, �
6�o.

Ï L é � þ ¢ � ê â � o ( u y, Ø
Ó � > > Ø e í � � $ Ä A 5 ¬ k � � �
UC. Ïd, ·�À�ØÓ>Ø?1
õ|¢�,

ÐÚ[Ü
>Ø U ����» R �'X, (JX
ã 4 ¤«. duzg¢�k�½��Å5, Ïd·
�3Ó�>Øe?1
õ|¢�¿�Ù²þ�, Ä
�÷v'X R = 0.00000307U3 − 0.00155659U2 +

0.30205169U − 11.61483574, ¢�¥uy U < 80 V

�Ø�)í�.

ã 3 ØÓåle�í��6 (a) γf = 0.7; (b) γf = 0.82; (c) γf = 1.06

ã 4 ØÓ�>>Øeí�����» R ��>>Ø U

�'X

3.2 ;;;...YYYpppyyy���

3í��gd¡�p�^�L§¥, gd¡�
$Ä�éuí�óÄÚ�6�\E,, $Ä/��
�3Xõ�5. ÄkLyÑ�´�í�¥%�Ð
© �ålgd�¡�C�, gd¡3í�óÄL
§¥k���åÏ, 
�í�¥%�Ð© �ål
gd¡���, gd¡3í�óÄ�ãKØ¬Ñy
���åÏ, $��k�ÌÝ�$Ä, �� γf 3�
½��SÃØ´í��6�´YÎ/GÑ�3�
q5. Ïd, �©Äk3 U = 200 V �À�l��
�ØÓ� γf ?1
¢�ïÄ, ÏLé�þ�¢�
y��*	Úo(uy, ØÓ� γf e, í��$Ä
/�ké��ØÓ, �Ñ�8B�8«;.�ó¹.

ã 5 ¤«�»�.Yp. dó¹�>4bCY
¡�>��¹, í�ågdL¡��� 1 mm. �>
�)�í����»��� 12.4 mm, �:ålg
d�¡�Ãþjål γf = 0.083. lã 5 �±w�,

dó¹eØU/¤­½�í�!Yp±9�6. 3
í��)�ÐÏ�� (ålí�óÄÐ©����
m t = 0.176 ms) gdL¡®²»�, gd¡�:¼
�
4p��Ý¿�	�í, 
YeÜ©K¥y�
¥G)ä, d�í�SÜ�	.�í�Ï, S	í
Ø��. ��gd¡3®k�ÝÄ:þUY)ä,

lüý�¥mà , ¿u t = 7.706 ms ��3þÜ
4Ü, í�ëÓþÜíN�Ó|¤��µ4�«�,

í�SÜ�Ør�	.�IO�íØ. gd¡3­
å��^em©eá, 3 t = 34.058 ms ��YÎ3
­å��^eBßí�eL¡, ,�í�32å�
�^e�þ$Ä, eÜ¥A²GU
�ª»�. 3
dL§¥©ª�/¤í��6.

ã 6 ¤«�í�.Yp. >4�:ålg
d ¡ é C, í � ) ¤ � å l g d L ¡ � å l
�� 7.03 mm, í � � � � � » �� 12.12 mm,

γf = 0.58, Tó¹e½Ã{/¤��­½��
69YÎ. óÄcÏ��Xí�)äL§, gd
¡�í�ÿå, í�þ�Y��þÝ�5��,

��u)»�Ú�í. ��í������»,

3 t = 1.55 ms ��í�ºÜ/¤ü������
Y6, í�SÜ�)��gd¡�Ø­½��[�
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ã 5 U = 200 V, γf = 0.083 ó¹e�Ypy� (a) t = 0 ms; (b) t = 0.176 ms; (c) t = 0.412 ms; (d) t = 2 ms;

(e) t = 3.235 ms; (f) t = 5.588 ms; (g) t = 7.706 ms; (h) t = 13.823 ms; (i) t = 23.47 ms; (j) t = 34.058 ms; (k) t = 45.822 ms;

(l) t = 65.645 ms

6, 3þÜgd¡u)»�, /¤��E,�í�
Y6. í�SÜ�6�Ý��� 9.481 m/s, T�6
3 t = 3.1 ms ��BLí�SÜ/¤Ø­½�Gí
�, 
¥%YÎKUY,p, YÎüý�²w*	
�í�GYp, YÎ���pÝ�� 2170 mm, ¥
%YÎ��°Ý�� 3.5 mm, üýYÎ��°Ý�
� 12.58 mm.

ã 7 ¤«��).Yp. �:lgd¡�C,

ål�� 9.5 mm, í�����»�� 12.03 mm,

γf = 0.78, í��6�Ý��� 27 m/s. lã 7

� ± w �, 3 í � ) ä � Ð Ï, í � � ± ¥ /,

3 t = 0.882 ms ��gd¡���ÿå, í�þ
Ü�á\gd¡, d�í�ºÜ�k, ��í�®
¥ ² w � � ¥ G / �. � � í � U Y ) ä,

3 t = 2 ms ��gd¡UY�ÿå, ºà�k.

3 t = 2.882 ms ��í�m©�¥, ºÜ¥yA²
G¿/¤ü�²w�Y6, 3í�SÜ�±�ß/

w � � � �e � é [ � Y � 6, � 6 ° Ý � �
� 1.65 mm, ù�Y�6± 27 m/s �m��Ý�e
ÀÂí�.Ü, þÜgd¡/¤²w�YÎ¿UY
�å. 3 t = 4.588 ms ���6BLí�SÜ, �G
í�/¤. 3 t = 6.412 ms ��í��gd¡Âò,

1�g����NÈ. 3������L§¥, g
d¡UY�å, /¤
¥mpo±�$��).Y
p, Ù¥¥%YÎ±Yþ,, üýYÎK�þ�	
ò�, YÎ���pÝ�� 537 mm, ¥%YÎ��
°Ý�� 3.3 mm, üýYÎ��°Ý�� 20 mm.

ã 8 ¤«�ÀU.Yp. Tó¹eí���
��»�� 11.88 mm, í�ålgdL¡�å
l�� 12.83 mm, γf = 1.08, í��6�Ý��
� 15 m/s. �Xí�lgdL¡ål�O\, g
d�¡±9í�SÜ�$Ä/���cn«ó
¹ké�«O. í�)äL§¥gd¡�ºå,

�3í�)ä��Ü©�mS, í�Ä�¥¥G.
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ã 6 U = 200 V, γf = 0.58 ó¹e�Ypy� (a) t = 0 ms; (b) t = 0.45 ms; (c) t = 0.75 ms; (d) t = 1.11 ms; (e) t = 1.55 ms;

(f) t = 2.2 ms; (g) t = 2.65 ms; (h) t = 3 ms; (i) t = 3.3 ms; (j) t = 3.65 ms; (k) t = 3.9 ms; (l) t = 4.65 ms

ã 7 U = 200 V, γf = 0.78 ó¹e�Ypy� (a) t = 0 ms; (b) t = 0.529 ms; (c) t = 0.882 ms; (d) t = 2 ms;

(e) t = 2.882 ms; (f) t = 3.647 ms; (g) t = 4.588 ms; (h) t = 5.235 ms; (i) t = 6.412 ms; (j) t = 14.941 ms
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ã 8 U = 200 V, γf = 1.08 ó¹e�Ypy� (a) t = 0 ms; (b) t = 0.588 ms; (c) t = 1.235 ms; (d) t = 1.765 ms;

(e) t = 2.823 ms; (f) t = 3.235 ms; (g) t = 3.529 ms; (h) t = 3.882 ms; (i) t = 9.117 ms; (j) t = 44.822 ms

3 t = 1.765 ms ��í������», d�º
Ü�k, Ñ�¥y�¥G, gd¡��å�¡È�
�. ��í�¥�¥G�¥, ºÜ¯�eá, ¥A²
G. 
�/¤í��6, �6°Ý±YO\, ���
� 5.13 mm, ¿3 t = 3.529 ms ���6BLí�
SÜ, /¤�Gí�. 3í�ºÜ¯�£á�L§
¥, gd¡¥%üým©eá, ¥%/¤²w�Y
Î, ¿±Y,p. 
3í��¥���, gd¡¥
%üým©�å, 3�������mSgd¡U
Y,p, /¤éo�ÀU.YÎ, YÎ��pÝ�
� 40 mm, ��°Ý�� 25.6 mm.

ã 9 ¤«�£.Yp. Tó¹e�:lgd
¡ � �, å l �� 15.249 mm, í � � � � �
» �� 11.73 mm, γf = 1.3. 3 í � ) ä � �
Ü©�mS¥¥G, gd¡Ä��±Y². 3 t =

3.85 ms ��í�����NÈ, gd¡�ÿå,

� � í � ¥ y � ¥ G � ¥, º Ü ¯ � e á, a
q u À U . Y p � � ¹, d � g d ¡ ü ý m ©
eá, ¥%YÎUYþ,, Xã 9(e) ¤«. 3í
� � ¥ ( å �, Y Î ü ý m © � å, � u t =

20 ms � � Y Î ü ý p Ý � L ¥ % ? � p Ý.


�u t = 43.7 ms ��¥%�ºå, ºÜék, .
Ü�o, /¤¥mpü>$�£GYp, YÎ��
pÝ�� 13.7 mm, YÎ��°Ý�� 29 mm.

ã 10 ¤«���.Yp. dó¹eí�lg
dL¡�ål��, �� 30.4 mm, í�����»
�� 11.56 mm, γf = 2.63. Tó¹eí�$Ä®²
Ä�aqugd|¥��¹, 3í�)ä�¥�ý
�õê�mS, gdL¡Ä��±Y², í��±
¥G)äÚ�¥, �3í��¥(å�ã, ºÜÑ
�A², ¿3 t = 3.765 ms ��í�����NÈ.

��É�gd¡�K�, í��)
��eÜ��
6. í����, 3 t = 53.939 ms ��, gdL¡
¥y��àå, YÎ��pÝ�� 2 mm, ��°Ý
�� 6 mm.

l±þ 6 �;.ó¹�±wÑ, ØÓ γf �, í
�óÄ±9gd�¡�$Ä/�ké�«O. lE
,��í, �5K��).Yp±9­½��6,

γf éYpy�ké�K�. � γf ���, =í�å
lgd¡�ål�C, í�Égd¡�K���,

gd�¡±þÜ©uå�pÝ��, ��6�m�
@, �6±ÏC�, �6°Ý��. �X γf �O�,

084701-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 084701

ã 9 U = 200 V, γf = 1.3 ó¹e�Ypy� (a) t = 0 ms; (b) t = 0.45 ms; (c) t = 1.3 ms; (d) t = 3.85 ms; (e) t = 5.25 ms;

(f) t = 6.6 ms; (g) t = 12.8 ms; (h) t = 20 ms; (i) t = 47.3 ms; (j) t = 61.55 ms

ã 10 U = 200 V, γf = 2.63 ó¹e�Ypy� (a) t = 0 ms; (b) t = 0.529 ms; (c) t = 0.941 ms; (d) t = 2.235 ms;

(e) t = 3.294 ms; (f) t = 3.765 ms; (g) t = 4.235 ms; (h) t = 4.706 ms; (i) t = 5.765 ms; (j) t = 53.939 ms
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í�É�gd¡K�C�, �6�m²w��, /
¤�Gí��í�®m©�góÄ, ��ªCu
gd|¥��¹. ½Â Df �YÎº:Ãþjål,

Df =
D

R
, Ù¥ D�YÎº:ålÐ©��gd�

¡�ål. Ó�½ÂÃþj�m tf =
t

R(ρ/∆P )1/2
,

Ù¥ ρ �6N��Ý, ∆P �í�Ð© �?�
·YØå P ��Ú�ðØ Pc ��. 3ØÓ� γf

(U = 200 V) �ÿ��YÎº:��m�Cz­�
Xã 11 ¤«.

lã 11 �±wÑ, γf ��, éA­��:?�
�Ç��, =í�º:�å©�Ý��, Ïd��
���pÝ���. 3YÎþ,�L§¥, í��
Uþ=��YÎ�³U±9gd�¡±eí�ó
Ä�Uþ. � γf ���, í�YÎ�pÝ� γf �C
z�Ç�¯, =É��K���.

ã 11 U = 200 V �ØÓ γf eYÎº:ål Df ��m tf

�Cz

3.3 YYYpppyyy������KKK���ÏÏÏ���???ØØØ

lþã U = 200 V �ÿ��¢�êâ�±w
Ñ, 3Ó�>ØeYpy�� γf kX���'X,

�ØÓ�»>Øéí��/��k��K�. Ïd,

�©Ó��Äùü�Ï�, 3þã¢��Ä:þÀ
� U = 100, 120, 150, 170, 200, 220 V ±9ØÓ γf

?1
õ|¢�, ±&¦>ØéYpy��K�.

ÏL�þ¢�êâ�é'uy, 3�Ó γf �
^�eYpy�Ä���,ÃØ´YÎ/�, �´
�6G�ÑÄ��Ó, ¿ØÉ>Ø�K�. >Ø�
��í�����NÈ��m��, óÄ±Ï��,

YÎ�pÝ�p, �pÝ�m¿Ã²w�'~'X.

Ïd�±�ä, ØÓYpy��u)��ûuí
�)¤ �ågd¡�Ãþjål γf , 
�Ð
©G�Ã'. duÉ��Ì���, ùp©O�
Ñ U = 100, 150 Ú 200 V, γf = 1.1 �n�;.ó
¹, Xã 12!ã 13 Úã 14 ¤«.

éØÓ>Ø!ØÓ γf e�¢�êâ?1�n
��±²wuy, ØÓ γf ±9ØÓ>Øe�Yp
y��3²w�É, �Yp�Ä�/GÑ�±8
u U = 200 V ��8«;.ó¹. �«Ypy�u
)�^�±9­½�¹XL 1 ¤�.

L 1 ØÓ γf e�Yp/G

γf Ypa.

0.0—0.4 »�.Yp, YÎ/�Ø­½

0.4—0.6 í�.Yp, YÎ/�Ø­½

0.6—1.0 �).Yp, YÎ/���­½

1.0—1.2 ÀU.Yp, YÎ/���­½

1.2—2.0 £.Yp, YÎ/���­½

> 2.0 ��.Yp, YÎ/���­½

lL 1 �±wÑ, � γf < 0.6 �, /¤�Yp
Ø­½, �3²w��íy�, 
� γf > 0.6 �, /
¤�YpK��­½, �Ñy�þ�Y%�ly
�. Yp/G�ª�ûu γf , �Ð©G�Ã'. � γf

� 0—0.4 �, �:ålgdL¡4C, ØU/¤­
½�í�!YpÚ�6. 3í��)�ÐÏgdL
¡®²»�, gd¡�:¼�
4p��Ý¿�	
�í, 
YeÜ©K¥y�¥G)ä, d�í�S
Ü�	.�í�Ï, S	íØ��; 
�gd¡3
®k�ÝÄ:þUY)ä, lüý�¥%à ¿3
þÜ4Ü, í�ëÓþÜíN�Ó|¤��µ4�
«�, í�SÜ�Ør�	.�IO�íØ; ��
gd¡3­å��^em©eá, Ó�YÎ3­å
��^eBßí�eL¡; ,�í�32å��^
e�þ$Ä, eÜ¥A²GU
í��ª»�. 3
dL§¥©ª�/¤í��6. � γf � 0.4—0.6

�, í�ålgd¡éC, ½Ã{/¤��­½�
�69YÎ. ��Xí�)äL§, gd¡�ÿå,

í�þ�Y��þÝ�5��, ��u)»�Ú�
í; ��í������»¿m©�¥, �dÓ�
í�ºÜ/¤ü�Y6, í�SÜ�)��gd¡
�Ø­½��[�6, 3þÜgd¡u)»�/¤
��E,�í�Y6; 
�í�ºÜ�6BLSÜ
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ã 12 U = 100 V, γf = 1.1 ó¹e�Ypy� (a) t = 0 ms; (b) t = 1.25 ms; (c) t = 3.9 ms; (d) t = 9 ms; (e) t = 13.05 ms;

(f) t = 30.3 ms; (g) t = 39.3 ms

ã 13 U = 150 V, γf = 1.1 ó¹e�Ypy� (a) t = 0 ms; (b) t = 1.7 ms; (c) t = 4.15 ms; (d) t = 10.1 ms; (e) t = 14.95 ms;

(f) t = 39.1 ms; (g) t = 72.35 ms

ã 14 U = 200 V, γf = 1.1 ó¹e�Ypy� (a) t = 0 ms; (b) t = 2.85 ms; (c) t = 4.45 ms; (d) t = 12.45 ms;

(e) t = 25.3 ms; (f) t = 46.4 ms; (g) t = 77.15 ms
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/¤Ø­½�Gí�, 
¥%YÎKUY,p,

�²w*	�YÎüý�í�GYp. � γf �
0.6—1.0�, í�ålgd¡��, 3í�)ä�Ð
Ï, í��±¥/, gd¡�ÿå, í�þÜ�á\
gd¡, d�í�ºÜ�k, ��í�®¥²w�
�¥G/�; �Xí��±Y)ä, gd¡UY�
ÿå, ºà�k; 
�í�ºÜ¯�£6, ¥yA
²G, ¿/¤ü�²w�Y6, lí�SÜ�±�
ß/w���é[�Y�6�eÀÂí�.Ü, þ
Ügd¡/¤²w�YÎ¿UY�å; í�ºÜ
�6BLí�SÜ�/¤�Gí�, 
�í��
gd¡Âò, 1�g����NÈ; 3±����
��mSgd¡UY�å, /¤
¥mpo±�
$��).YÎ, Ù¥¥%YÎ±Yþ,, üýY
ÎK�þ�	ò�, �YÎº:����pÝÑ
y3í��¥����. � γf � 1.0—1.2 �, gd
�¡±9í�SÜ�$Ä/��cn«ó¹kX
���ØÓ. í�ålgdL¡��, í�)äL
§¥gd¡�ºå, �¡È��; ��í����
��»¿m©�¥, gd¡¥%üým©eá, í
��6°ÝUYO\; �ª�6BLí�SÜ, /
¤�Gí�; 3í��¥���, gd¡¥%üý
m©�å; 3�������mSgd¡UY,
p, ¥%2g�ºå, /¤²w�ÀU.YÎ. � γf

� 1.2—2.0 �, í�3)ä��Ü©�mS¥y¥
G, gd¡�±Y²; ��í�����NÈ, gd
¡�ÿå; ��í�¥y�¥G�¥, ºÜ¯�e
á, d�gd¡üým©eá, ¥%YÎUYþ,;

3í��¥(å�, YÎüým©�å, ���Y
ÎüýpÝ�L¥%?�pÝ; 
�¥%�ºå,

ºÜék, .Ü�o, /¤¥mpü>$�£GY
p. � γf > 2.0 �, í�ålgdL¡®²é�.

3dó¹¥í�)ä�¥�ý�Ü©�mS, gd
L¡Ä��±Y², í��±¥GóÄ; �´3í
��¥(å�ã, ºÜÑ�A²; í�����N
È�, duÉ�gd¡�K�, í��)
�e�
�6.

�ïÄØÓ>ØeYÎ��pÝ� γf �'X,

·�©OÀ� U = 200, 170 V, ¿½ÂYÎ�Ãþ
j��pÝ Hf = H/R (= Hf �YÎ��pÝ H

�í����» R �'), �Ñ­�Xã 15 ¤«.

¢�uy, � U < 170 V �, í��)�»��, É

�gd¡±9Ù¦Ï��K���, ­���­ò,

Ïd3ã 15 ¥vk±Ñ.

ã 15 L², �:ålgd�¡�C, YÎ��
pÝ��. ,
ØÓ�>>ØeYÎ��pÝ�
mØ�3²w�'~'X, ��Nª³Ä���.

� γf < 1 �, ­��Ç��, CzÍ�, YÎ��
�pÝ�Ãþjål�~�
×�eü; � γf > 1

�, ­�Cz�ú, �����pÝ��. loNþ
w, YÎpÝ�X γf �O���¥�ê/ªP~,

¿± γf = 1�²w�©.:, �Ð/�y
�©é
YÎ/GCz�?Ø(J.

ã 15 ØÓ γf eYÎ�Ãþj��pÝ Hf

4 ( Ø

�©|^p��KXÚéí��gd�¡�
�p�^?1
¢�ïÄ. ïÄL²: (1) í�É
�gd�¡�K�, $ÄA5�­å|��¹k
X��UC. 3�Ó>Ø�¹e, í�����»
�X γf �~�
O�, �¿Ø²w; ålgd�
¡�C, óÄ±Ï��, ��6�m�@, °Ý�
�. (2) æ^�©�O�>»s)¤�ª, Ù�>
>Ø�í����»�m�3²w�¼ê'X,

²ÐÚ[Ü, Ù¼ê'X� R = 0.00000307U3 −
0.00155659U2 + 0.30205169U − 11.61483574, d'
Xª�8��>»s¢�Jø
�½�ë�. (3)

í��gd�¡�3r��ÍÜ�^, ��Yþ
Ü©/¤E,�Ypy�, �Ä�Ypy���q
5, Ä��8B�»�.Yp!í�.Yp!�
).Yp!ÀU.Yp!£.Yp!��.Yp
� 6 «;.��¹, �Ó�>ØeYÎ���pÝ
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�X γf �~�
O�. (4) ØÓYpy��u)�
�ûu�:�gd�¡�Ãþjål γf , 
�í
��Ð©G�Ã'. � γf � 0—0.4 �, /¤»�.
Yp; � γf � 0.4—0.6 �, /¤í�GYp; � γf

� 0.6—1.0 �, /¤�).Yp; � γf � 1.0—1.2

�, /¤ÀU.YÎ; � γf � 1.2—2.0 �, /¤£
GYp; � γf > 2.0 �, /¤��.Yp, í�)
äÚ�¥�/�®²�Cugd|��¹, =Ä

�þ¥¥G. (5) YÎÃþj��pÝ� γf ��¥
�ê/ªP~. � γf < 1 �, ­��Í, Cz×�,

� γf > 1 �, ­�Cz�ú, �����pÝ��,

¿± γf = 1�²w�©.:, �Ð/�y
�©é
YÎ/GCz�?Ø(J.

a�=IË²¿�Æ��cUÆ¬��©ó�JÑ�

B¿�.
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Abstract

As a bubble moves near different boundaries, the motion characteristic will change largely compared with the condition of free

field, especially near the free surface: there will appear a complex phenomenon because of the interaction. This paper aims to investigate

experimentally the phenomenon and the regularity of the interaction between bubble and free surface. Using a spark-generated device

and a high-speed camera, the influences of free surface on the maximal radius, period, jet time and width of the bubble are discussed.

The relation between the voltage and the maximal radius is obtained. Different typical phenomena near the free surface are observed.

The factors inducing different plume phenomena are obtained. Then the regurality of maximal height of the water column varying

with dimensionless distance under the same initial condition is obtained, which provides a reference to the research on the interaction

between bubble and free surface.
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