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G�Ú¿�\Y�
���)¤Ú�p�m�K�, ±9é$ÄN��­½5�K�.

'�c: �ÎN\Y, \Y��, ��4Ü, Á�ïÄ

PACS: 47.54. De, 47.55. Ca, 47.55. dp

1 Ú ó

$ÄN±�½��ÝEÂgdY¡, 3Y¡N
C/¤�X�E,�6Äy�, Ù¥��Ì��´
3Y¡±e/¤���n, =\Y��. \Y��
��3éYX!�Ý~X!��Ú������
Éì\Y]m�6NÄåA5!(���ÚYe
Ð©���­½5�äk­��K� [1].

é\Y���ïÄ�@�±J�� 19 ­V",
Worthington Ú Cole[2−4] |^ð1ì�Åé¥N�
R�\Y�¤�)��X�6Äy�?1
�þ
�Á�*	. þ­V 50 c�c�, 3{I°��'
Å���å|±eõ[ïÄÅ�Úp��mÐ

�þ'u\Y¯K�Ä:ïÄ, Ì�ïÄSN�)
R�Ú��\Y6Äy�!���uÐL§!$
ÄN6NÄåCz5ÆÚ\Y��­½5�. Ù
¥�ä�L5�k Waugh[5], Birkhoff[6−8], Glibarg
Ú Anderson[9] 9 May[1,10−13] �mÐ�'u\Y
��CzL§9ÙK�Ï��Á�ÚnØïÄ. C
c5, �XÁ���!ÿÁÃãÚÁ�Eâ�×�
uÐ, �\Y��6Ä�ïÄJø
�\k���
{Úå». Glasheen � [14−16] ÏL«lâfïÄ

��!�R�\Y��4ÜL§¥�í6|ëê

©Ù; Aristoff Ú Bush[17] ÏLé¥NL¡?1PY
?n, éü«ØÓ�Y5L¡¥N?1
éìÁ�
ïÄ; Cyril Duez[18] �éü«ØÓ�Y§Ý�¥N,
3R�\YL§¥¤�)�ØrÅÄ?1ÿþÚ
½5�©Û.

�©ÏLé�Î�N?1
$�\YÁ�ï
Ä, ?�Ú&¢
\Y���)¤Ån!���)
¤ÚuÐL§, Ó�ÏLé'Á�©Û
\Y�Ý
é\Y��4Ü�ª�K�; 3éü��N\Y�
Ä:�þmÐ
ü��NG�Ú¿�\YÁ�ï
Ä, ©Û
õ�������m��pK�, ±9
��é�N­½5�K�.

2 Á�XÚ��.ëê

\Y��Á�XÚ«¿ãXã 1 ¤«, Àæ
Y� (0.8 m × 0.5 m × 1.0 m) o±ý9Ú.Üþæ
^äk�prÝ�gzÀæ, ý9þ 10 mm, .Ü
þ 15 mm, ��ý9�m±9ý9�.Ü�mþ
æ^�57ÑÀæ�?1Ê(, ¿3Y�.ÜÁ
�k 50 mm þÝ�~��o��oY�.ÜÀæ
Ø�EÂ»�. w;´û½�©��\YÁ�¤õ
�­�Ï���, 1w!²��w;ó�L¡´�
�.Jø­½!�����\Y^�Ú�Ý'�
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Ï�. �©æ^��ä¡���¾Ü7á�, ¿é
ó�L¡?1�pL¡�þ���, $ÄN�w
;�mÏL��>l
~�wÄ�Þé�.�Ý
���.

a

ã 1 \YÁ�XÚ«¿ã

�©\YÁ�XÚØ
ã 1 ¤«�Y�!w
;Úw;|e�, ��)Á��.ÚÿÁXÚ�.
$ÄNEÂY¡±9�����)¤!uÐÚø
á�Ñ´34á�mS�¤� (Î¦þ?$��
�), ��9¡4´É�	.Ï��Z6, Ó�du
Á�L§¥$ÄN��?ugd$ÄG��. Ïd,
8c�éJÏL~5�ÿÁÃãÚEâ¼�\Y
��ëê, 8céù«äk�r]�A5�ÿÁ�
õæ^p�ì�Eâ. �X�E�uÐ, p�ì�
Å���
×��uÐ, 3O�ÅÑy��p�ì
�Å�l�Ð�Å�ª�y3�êi�Å=C. �
©Á�æ^ FASTCAM SA5 p�ì�Å, ¿±z¦
¨ 5000 v��Ýé��\YL§?1û�. du
3p�^�eû�ì¡é1
�þäk�p��
¦. Ïd, �
U
��p�þ�Á�ì¡, �©æ
^ 4× 1000 W �1
:
|¤²11
, ¿ò²1
1
ÏL�ßÀæÑ����Y�, ±/¤ûÐ�
¤��J.

Á � L § ¥ æ ^ g 5 Y 
, Y � 0.7 m, Y
§ 19 ◦C, ¦^²�éY�?1ügÌ�?nØ

� Y ¥ � ] 2 � â Ô. w ; � Y ² ¡ � m � Y
� a = 70◦, 3�Ñw;�Þ{å��¹e, w
;U
Jø���\Y�Ý�� 7.8 m/s. Á��
.� 140◦ I�Þ.�Îg��N. Xã 2 ¤«, �
» D = 9 mm, �Ý L = 40 mm, �Ý� 7.85 g/cm3.

ã 2 \YÁ��.

3 Á�(J©Û

3.1 üüü������NNNRRR���\\\YYY������ÁÁÁ���©©©ÛÛÛ

�
?�Ú&¢\Y���)¤ÅnÚuÐ
L§, ÄkmÐü��N$�R�\YÁ�ïÄ.
�
Bu©Û, ©¥ò\Y�����uÐL§©
�EÂ!6Ä/¤!m��Ú4Ü����o�
�éÕá��ã [19]. e¡é���ã?1{��
£ã.

\YEÂ�ã´�l$ÄN�>�gdY¡
�����~á6��mã, T�mã��Ñ3"
:AÎ¦$��� [19]. 3ù��ã¦+�m�~
á6, �du0�âC�Ï���
�X�E,�
6Äy�, ±9dE,6Ä¤Úå�$ÄN���
$ÄÚ(�A5�Cz�. 8c��[¤ÊH@£
��´EÂ]m¤�)�1ÖâC¤�5�¯K,
cÙ´é�
��(�!±9$ÄNSÜ��

|ÀÂUå�f�¤ì¤L�Ñ´�·5ú³. Ø

�5ã��ÀÂ1Ö�	, EÂL§é\Y±�
�6Ä/¤�Ñäk���K�. duEÂ�ã´
$ÄN�Y0�ff�>, Ïd, 3é�§Ýþò
��û½ÚK��ÏE,6ÄA5ÚCz5Æ. Ù
¥, EÂ�ã¤�)��íy�Ò´EÂ�ã¤/
¤�E,6Ä¥�\Y��'X��;��6Ä
��.

�í´$ÄN\YEÂY¡�, 3Y¡�þ/
¤���1wß²�Y4, �3��\YL§¥±
Y���m, Xã 3 ¥�N± 2.5 m/s �ÝR�\Y
L§¥¤«, lEÂY¡m©�í/¤, ����
��u)4Ü��í�,�3. ÏLÁ�*	uy
���~k��y�, ß²�Y43��L§¥²
{
�	uÐ!Â !��4Ü!2g)äÚ�
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�»«�L§. 3\YÐÏ�í3.5å��^e
×��	*Ü, ��3L¡Üå!­å±9��\
�?��íÄå��{N�^e×��¥mÂ ,
/¤��ÿ/�º¨í, ¿×�eü; 3��u)
�4Ü�, du�þ�p��6��^¦�þÜ©
���NÈ:ìØ , 3SÜØå�^eÿ/�º
¨í2g�	)ä, ��3p��6�ÀÂ�^e
»«.

3EÂ�ã��´\Y��6Ä/¤�ã, X
ã 3 ¥1�Üì¡¤«. lUþÅð��Ý©Û6
Ä�/¤L§�òT�ã)º���UþD4�
L§. $ÄNEÂgdY¡��òÄUÏL{åD
4�NC�Y�. Y��:3¼�ÄUL�, d·
�G�C¤$ÄG�, $Ä��½§Ý�/¤m�
���, =m��, Xã 3 ¥1�!nÚ1oÜì
¡¤«. m���ãÌ�´m��l/¤�¿©u
Ð�L§, ´���~E,�6ÄL§. �
{z
Ú�\�ß�£ã���uÐL§, ���±ò¿
©uÐ�ã���3�mþlþ�e©�nÜ©,
©O��Cgd�¡NCÜ©!¥mÜ©Ú�C
�NÞÜNCÜ©.

�Cgd�¡NC�Y�3�N�EÂ�^
e�)���.5å, Ó�duY�¤�)��¸
·Ø��, l
¦�L¡ÜåÚ�íÄå����

f��^åé6ÄL§��é�zO\, l
O\

(½T�ã�^åXÚ���^å��é­�
5�JÝ, ��8c�égd�¡NC���Äå
Æ�.�?uØ¤Ù�ã. ,�J:´é�C�N
ÞÜNC��/��ÓP, durå�EÂ�^Ú
�.ÞÜ��E,�EÂ>.^��Ï�, ���
.ÞÜNC�6|Ú��9¡Ñ�~E,. 38c
���ÄåÆ�.¥, �)©z [1] ¥�n�\Y
���.Ú©z [20] ¥�Äu��Õá)ä�n
����., 3?nÞÜNC���/�¯K�þ
æ^Äuk�Á�êâ��²�úª.

8céu¥mÜ©���$ÄA5äk��
�ß�@£. ¥mÜ©��du�lgd�¡, ä
k����¸·Ø�^, ¦�L¡Üå�3TÜ©
é6Ä��z~�, Ó�du�l�NÞÜ, É�
dEÂL§Ú�N©l��)�6Ä~�. Ïd,
3©ÛL§¥�CqòTÜ©��9¡±9NC
Y���^åX{z�.5åÚd­å|¤�)
��¸Øå��p�^, ¦���9¡3»���
*Ü½Â . lUþÅð��Ý©Û, .5åÚ­
å©OL�
��9¡NCY��ÄUÚ³U. Ù
¥, ÄUr¦\Y��9¡�	*Ü, 
³U{N
���	*Ü, üö�m¿±,«/ª×�=�,
����Ä�²ï.

         

ã 3 R�\Y��CzL§

�X��9¡�×�*Ü��9¡NC�Y
�ÄU×��=�¤�³U, ��9¡�~�*
Ü, ��Ý~��"���9¡*Ü����»,
����9¡±9NC�Y�m©��\�$Ä,
�¥%�?Â . ��3Y¡NC½öY¡±e

,��Ý��9¡Â ��:, ����4Ü. 3
gd�¡NCu)4Ü��L¡4Ü, ��3�
¡±e,�:u)���4Ü¡���4Ü, ã 4
�Ñ
Ó��.±ØÓ�ÝR�\Y¤�)�Ø
Ó4Ü�ªÁ�(J. ã 4(a) � 140◦ I�Þ.�
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ÎN± 2.5 m/s �ÝR�\Y�u)��4Ü, 

ã 4(b) ��.± 2.9 m/s �ÝR�\Y�u)�4
Ü�¹. ÏLÁ�(Jé'uy, ±ü«ØÓ�Ý
\Y(JÑyü«ØÓ���4Ü�ª. �
?�
Ú�y\Y�Ýé��4Ü�K�, mÐ
�p�
Ý (56 m/s) �R�\YÁ�. Á�(JXã 4(c) ¤
«, Á�(J�ý���, Ó��.3�$�Ý^
�e\Y, ��3gdY¡±e,��Ý4Ü=�
4Ü; �\Y�Ý�L,�����3gdY¡N
Cu)4Ü=L¡4Ü.

 
(a) 2.5m/s (b) 2.9m/s (c) 56m/s  

ã 4 R�\Y��4Ü�ªé' (a) 2.5 m/s; (b) 2.9 m/s;
(c) 56 m/s

ÏLã 4 ¥R�\Y��4Ü�ª�é'Ø
Juy, ã¥ì¡ a Úì¡ b � c Ø
��/�Ú
4Ü�ª�ØÓ�	, ��9¡��ß§Ý�äk
é��«O, $�\Y��9¡1wß², 
��
ÝO\���u)L¡4Ü�, ��9¡Ñy�

G, Ó�É�L¡4Ü��)�p��6�ÀÂ�
^���ÜÑyØ­½«�, �âÁ�L§¥p�
ì�(Jw«, 3u)L¡4Ü����Ü×�»
«, ¿�rÜ©�í. 
�4Ü��K�N���

��­½�´3���Üäk�Ü©���øá
Ú¦íy�. Ïd, ���4Ü�ªé\Y���
¦íäk­��K�.

3.2 üüü������NNN������\\\YYY������ÁÁÁ���©©©ÛÛÛ

�
&¢\Y���)¤Ån�\Y^��
m�'X, 3c¡R�\Y��Á�ïÄ�Ä:�
þ, ?�ÚmÐ
$���\Y��Á�. Á�æ
^ 140◦ I�Þ.�Î�N, w;�Y²¡��Y
� a = 45◦.

Ï L é ' © Û ã 3(� 2.5 m/s) R � \ Y Ú
ã 5(� 2.5 m/s) ��\YÁ�(Juy, ü«Ø
Ó�ª\YL§�)��X�äk�gA:�6
Äy�; Ó�Ü©6Äy��äk�½��5. ±
e3R�Ú��\YÁ�(J�Ä:�þ?1é
'©Û.

Äk, 3gdY¡±þÑyü«ØÓ��íy
�. 3ã 3 ¥�R�\YL§¥�)Cq¶é¡�
�í6Äy�, 
ã 5 ¥��Ü©�íÑy3÷�
NY²�Ý©þ��$Ä. éu�í��)Ån�
��´�[¤'5��:��, �í��)´��
�~E,�L§, �4´É�	.Ï��Z6ÚK
�. 8c�vk��¤Ù�êÆ�., ÏdéTÛ
Ü6Äy��ïÄ�Ì�±Á�Ãã�Ì, Á�L
§¥éÁ�EâÚ�{äk�p��¦. �©éd
\Y¤�)��í6Äy�, Ì�'5�´�í�
�)é�Y���)¤ÚuÐ�K�. dc¡éR
�\Y�í�)�L§��, ��\YL§¥�í
�Øé¡Ì�´du��\Y��NEÂY¡�
Øé¡¤Úå�. �N��\Y�ÞÜe>�k�
>Y¡, ¿du�NäkY²����Ý©þ, ¦
�3EÂY¡]m�)÷Y²�Ý����í, d
p�ì�ÅÀP���í6ÄL§uy, �í��
Ý�pu�NÐ©\Y�Ý.

      

ã 5 2.5 m/s �Ý��\Y��CzL§
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Ùg, 3�CgdY¡�Ü©��Ñy�¶é
¡y�, �R�\Y���3�½��É. �Nþ
ý���9¡3�íÚgdY¡�K�e�å�
þ$Ä, ¦Ü©Y�pÑ�6ÄY²¡, 
�Ne
ý�Y�3�e$ÄL§¥É�NCY��{N
�~�$Ä, 3�CgdY¡�Ü©Y��þ,�
½pÝ, ���Nþý�þ,pÝ�. 3��u)
�4Ü�c, �Xålgd�¡�ålO\, ��
Åìªu­½, Ì�÷X�N$Ä;,�»�*Ü.

��, é'ã 3 Úã 5 ü«\Y�ª¤�)�
\Y��3Y¡±eu)��4Ü�L§, uy4
Ü�R�\Y���©l¤ü�¶é¡���, ¿
34Ü:NC/¤����SÜ�ü�p��6;
��\Y��34Ü��/¤�R�\Y��4
Üaq�÷¶����g��SÜ��6, �34
Ü���N�ë����Üdu­å�^�K�
Ñy²w��þ¤y�.

3��\YL§¥, �N3��SÜ�kÞÜ
�Y�>, 3­å�^e���N7ÞÜ�_��
=Ä. Ó�du��4Ü��ÜÑy×��ÞÜÂ
 . 3�Nu)_�� =Ú��Â ��Ó�^
e�N�ÜEÂ���9¡. EÂ��9¡u)�,
3EÂ:��9¡u)àå, ²LÁ�*	, Tà
åÜ©¿�á=�)���Ø­½Ï�, �´3�
�4ÜL§¥��÷XàåÜ©��6Ä��9
¡�m��0�×�»«¿Y�XÜ©�í.

� � � � � �
ã 6 ��\Y��4Ü�ªé' (a) �4Ü; (b) L¡4Ü

²L±þ©ÛL², 3��\YL§¥\Y�

�Ñy
�þ��R�\Y���«O�Aky
�, �l\Y�����6Ä)¤ÚuÐL§5w,
Ó�²{
EÂY¡!EÂ�6Ä�/¤!m�
�!���4Ü±94Ü����A��ã�, ä
k�q�$ÄA5.

�
?�Ú�y\Y�Ý���4Ü�ª�
m�'XUÄlR�\Y	í���\Y¥, mÐ

ØÓ�Ý���\YÁ�ïÄ. Ù¥, ã 6 �Ñ

 140◦ I�Þ.�Î�N±ØÓ�Ý��\YÁ
�L§¥Ñy��4ÜÚL¡4Ü�ü«ó¹4
Ü]m�Á�ì¡. ã 6(a) ��N± 2.99 m/s �
Ý3 a = 30◦ ^�e\Y��u)��4Ü, 

ã 6(b) � 4.26 m/s \Y�u)�L¡4Ü. ¿dÁ
�(Jì¡ØJwÑ3��\YL§¥ü«ØÓ
�ª4Ü^�e��/�Ú���­½5�R�
\YL§¥�q, 3�4Ü^�e��9¡1wß
², 
L¡4Ü^�e��9¡Ñy�
G, L¡
4Ü�)��íÀÂ���Ü, ¦����Ü9¡
Ñy»��Ys.

3.3 üüü���NNNGGG���������\\\YYYÁÁÁ���©©©ÛÛÛ

ÏL±þéü��NR�Ú��\Y��?
1Á�©Û?�Ú²(
\Y���)¤ÚuÐ
L§±9��4Ü�\Y�Ý�m�'X. 3dÄ
:�þ?�ÚmÐ
ü��NG�\Y�Á�ï
Ä. &¢ü��NG�\YL§¥���m��p
K�, ±9��é�N­½5�K�. �©éuG
�\YÁ�ïÄÌ�´©�n«ó¹: 1�«´�
ö?\�cö)¤���SÜ; 1�«´�ö�c
ö)¤����mäk���må; 1n«´�ö
fÐ?\�cö)¤����Ü. Á�L§¥ÏL
N!º�$ÄN�m5¢yN!ü$ÄN�m�
�mm�. ü�NA�3�Ó� �gdº�, Ï
d, ü�äk�Ó�\Y�Ý. Á�L§¥þæ^
²Þ�Î�N. ã 7!ã 8 Úã 9 ©O�Ñ
1�
«!1�«Ú1n«ó¹Á�(JÜ©ì¡.

dã 7 ¥�±wÑ, �ü�NG�\Ymå�
��½§Ý�, �¡��N��?\�c¡�N¤
/¤�m��SÜ. ÏLÁ�*ÿuy, 3�ö?
\�cö��SÜ�é��­½5�vk²wK
�, ���N3c��N¤�)���SÜ$1,
du���í0��>, ¤É��{å��u3Y
¥$1�{å. $1�ã�m�EÂ3c¡�N�
Ü, ��ü$ÄNþ lýÏ$1;,.
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ã 7 �måG���\Y��)¤L§

          

ã 8 �måG���\Y��)¤L§

          

ã 9 ¥�måG���\Y��)¤L§

1�«ó¹Á�(JXã 8 ¤«, ü�N�m
äkv
��må, �öEÂY¡��c¡�N�
\Y��®²��4Ü. ÏLÁ�*	uy�ö\
Y�ducö\Y��4Ü�gd�¡����
²·, ¿äkÜ©»���í�. ÏLé'c��
��CzL§uy, d���N¤�)����c
��N�)���NÈ �, 3BL®Ï«���
ªu­½�, üöäk�q�CzL§.

1n«ó¹Á�(JXã 9 ¤«, ���N?
\�c¡�N���Ü4Ü«�. dã¥c 3 Üì
¡�±wÑ, ���NEÂY¡�c��N�)�
\Y��fÐu)L¡4Ü, ±�u���N3B

Lgd�¡�?\�®Ï����6«�. ÏLÁ
�*	�����~k¿g�y�Ò´, ��öB
LØ­½«����NÞÜvk/¤­½���,

´3ÞÜ>�ÑyØ­½�í�, 3�Ük��
­½���. 3����ã�mS���N���
�3c��N���Üøá«�, du���N7
63pÜ>�Ñy$Ø«�, c¡��øá�í�
Ü©×��á\�$Ø«�S, lã¥1 4 Üì¡
m©������±�ß�w�T6Äy�. lÁ
�ì¡¥*	�Ñ,�y�´���N3c��
N�Üøáí���^eUC
$Ä��, =��
­½5.
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3.4 üüü���NNN¿¿¿���\\\YYYÁÁÁ���©©©ÛÛÛ

3c¡mÐü�NGé\Y�Ä:þ�?
1
ü$ÄN¿�\Y��uÐL§�&¢Á
�ïÄ. Á�(JÜ©ì¡Xã 10 ¤«. Á�L
§¥ü$ÄN¥%�må�� 4.7D, \Y�Ý�
� 2.89 m/s. �
Bu'�Ú`²ü$ÄN¿�\
Y���m��pK�, �?1
ü�$ÄN±�
Ó�>.^�\Y�éìÁ�, Á�(Jì¡X

ã 11 ¤«.

lã 10 Úã 11 �é'¥�±wÑ, ü�N¿
�\Y�, 3ü�N¥mÜ©�Y�duÉ�5�
ü��N������^å, l
�)�����
�Ý©þ. 3��*Ü�ã, TÜ©Y�{N
�
�9¡��	*Ü; 3���4Ü�ã, Ùò�

Sÿ��9¡�¥%:�£Ä. lÁ�ì¡�±w
Ñ, 3����4Ü]m4Ü: l
\Y;,�
¥%�, 
 �ü�N�¥m.

        

ã 10 ¿é$�\Y��/�

        

ã 11 ü�$ÄN$�\Y��/�

4 ( Ø

�©é 140◦ I�Þ.�g��Î�NmÐ

�þÁ�ïÄ. ÏLü��N�R�Ú��\YÁ
�, ©Û
\YL§¥���)¤!uÐ!4Ü�
6Äy�, (JL²3�©\Y�Ý��S, R�
Ú��\Y���)¤!uÐÚ4Ü��¡äk
�½��q5, �3äN�þ�þäk�½��É;
ÏLØÓ�Ý�\YÁ��Ñ
\Y�Ýé��
4Ü�ªK�, =�N3�$�Ý^�e\Y��

u)�4Ü, �X\Y�Ý�O\��4Ü�ª=
C¤�L¡4Ü; ÏLü�N�G�\YÁ�&¢

ü�NG�\Y�6Äy�; ��ÏLü�N�
¿�\YÁ�, �Ñ¿�\Y��6Äy�Úé\
Y��4Ü�ªÚ4Ü:�K�.

ÏL�©�ïÄuy, éu��\Y���ï
Ä�k�þ�ó�I�?�ÚmÐ, X�é���
�S�\Y�ÝÚ\Y�Ý±9\Y�N��(
�/��Ï�é��)¤ÚuÐL§�K��; ±
9õ�N\YL§�'é5�. F"U
��Y�
ïÄC½�½�Ä:.
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Low speed water-entry of cylindrical projectile∗
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Abstract

Experimental studies of the water-entry of cylinder bodies are conducted using high-speed camera to capture the splashes over

the water surface and the subsurface cavity shapes during water entry and the cavity-running phase. Cavity evolution is discussed

on single 140◦ conical cylinder body such as formation, development, and pinch-off of vertical and oblique entry. The dependence

of the pinch-off type on the entry velocity is discussed for various entry speeds. The phenomena of two-body water entry in series

and side-by-side are discussed in the end of this paper, and the data show that the spatial distance between the two bodies has a great

influence on the development and the stability of the cavity and the dynamics of both bodies themselves.

Keywords: cylinder body water-entry, water-entry cavity, cavity pinch-off, experimental investigation

PACS: 47.54. De, 47.55. Ca, 47.55. dp
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