
�

� � �
� � � 	



 


� �  ����� � �� ��� �� ���� ��� 
!� "#�$ �%&� '� (� ���) *+�� � ,�-� � � 
 �
"#.  /!� 0102 34!'� 5 �6789�) 02 � : ;/
< �=>?@� A�B� /  C!� DE �>  F���G�HI
 !�) 02� JK: L� M?@� :N �8O� < � PQ RS/<:
89�) TU� ,.VD%WXBY�<  �Z !� '�Y[ \]^�_`�
�> !� XB� �a?/b9�) '�B�> � ��9�) >

?@� � c��d � �K e$%@bD9�) '!fgU� �[ ] h/��
gU��9�) �-� � 
 / i89�gj� � �akb�/>
� \���� !� � �� \�$%@&� ��l�m�@�K �nop�q

?O/OrsO�$%@�)

tuvuw � ,� � gU


 x"#y� �z{|
} x~ x

 x"#y� � ����*+y
} x~ x

KC�� ?%�� <� � @ �b��8
����� �� g � ��o���
 �@�)
/E%% ��u� 
� �� ?@�) /�� � <D%  O� <�
g � �� � � � �!�� < ?���/���) �9f� <D%  r
@��o�����o� �� L � ,? 5 � b%bO) �� �� � �
@� �
 ��!� ���u� � � � �¡k�
 � E���)  ¢��� �

£F K
 8Ob�% D% XBD �� '� � � � �� ���)
¤f ¥ >��) E%% ��� �� ,�� �� � �Z ¦�E%%�
�o���� :K  !�§ � �� ��� � ,�� b�� K� k¨O
< !f� § �  >��) �©�� g���)
�� �ªOf�� �«k ¬ K ��� �� � !� �$��%
�bO® �«O  ���G�� > bO ��-� �3¯�EOf¢°�) 01
� <� � � , �F±� g²³�´ 02 � 4� '!f'� 5 �67gj
�µ¶u· � D%�bk D% ¸�] �EOf ¹��)
D9f
� ���u� ��-� ¬ I

��G� � � ��� �b�-
r������ / �-� � 
CDbkf�b%bO) �b�º� ;/</

 » � ¼ H ½

� ,�-� 5 �67

� � � �
� �

� � 	
 � � �� ���� �� � ��
	� � � �� � � � 	� � 	�
� �� �� 	�  �� ! � "

� # $ �� ���� % & ' ( )
*+ , -. / ! 0 #12 3 4
56 � # 2 7�8 9 6
:- ' . ':- 8

� � ; <= > ;? 9@
A �� 	� �	� B �	� �
':- ! � � 	� :-! >

� � 	� A

' C
' D E

' C C
' D E

F G + H
	� � 	I

	I 	I CJ 	� ? � K ? LMN
� 	I 6 O P Q + ? � K 

 - � �  R � N � ��
ST # � 	�

U � � N �� �� �
� 8 	I 0V �� � 	� WX 7

! ? U YZ X2 � � �� [ \ �
Q � YZX2 � 8 ]2T

	� <=- S ^ �_` 	� �� a
> b � 	
 8 � 	�
Q O P � :- T �� 	 	�  

X2 1c d e
S ^ fF

	� � � � ��
� ���� � �

��

g h i

� � 	�  

� �

� �

� ��	


� ������

�� ��

�

� �

� �

�

�

�

mm . mm h

c

:

Key words: radiation cooling, ice growth, single crystal

aera-

tion,

+

1* / ,**2 3 .11 .2/

+ ,

,

.* ,* * 0

+

3.* ,+22 +0*- +

,

3.* ,+22 +0*- +

,

+*

-

,. .2

+

,



� � �� � � � 	 
 � � 

� ����� �� �

���� �� �

���� ����

� ��� !"#$!%!&� '()*+�
,- �./ 012 03�45 #  #
� -67� ./ 03�8�98�9:;
<=�0� 9:���4 0>?;@A�BCD
!"� EF9:D!&GH./ ��I;JKL
MKN=�� I;JKLM�0� 3�OPLQ�
BC� � �$DR!"!��
SAD� T �U=�V�� W8��9X�Y
Z=�[ �\] -� SV=�0 �$^_
D`�-a�9W�> DR�;� �� 0
=�/>?b4 />c$ dA0;DR�� L
%�I�e0!�3f:�ghi jLM��

���k �T �U=� lmnopq�
rsn���� t�u vwmx DyzB
3{ � | |  ��R� S�}~�
lmnopqD~V� 3{� �$� �����
��Q�-a���q�;�H C%M� W��
3{� $� LM#&�� S���� t�
u vwmx Dy� #%M-�9X0� �
����;����%M#&�� �����
$��xo��� ���^� ��^ �
/��q� 9 ��qD�KLM�� �9X�
��$ | | D� � �$�9lq�
��!;����x;�H C%M��

�KN���=�-a� � �V��
� lmnopq��HjR� � ��
  0 ¡¢� � |  ��
&-� 3{��$£ ¤% 0 �¥
��/^4 �  �¦� -� §-� �
¨K� V�� ©�ª =�-a�� m«s¬
qw®��¯° �  �3{( �¦C
-� T ������ ��U=�

§±��9lq� ����9+ D
8²�³� #¤%¬x´� µ-�9X0�
������� 3{���¦�=�� ¶�� �9
X030�8�9:; C�§D� m«s¬q
w�� 0!�3�·d� ¸¹D$ º �3
»3� &#&��
¼+$� ~: ���}~�½ '¼+� �x

� � �

� � � �

��

	 �
� 
 
 �
� 
 





� �

� � �
� � ��

 �
�

� ��
� 


��
� �
�

� �
� 
 � �

�


� �
�

�
� � �
� �� � ��
�

�
�

�  !
�

"

#
$ �

%
& ' ( �
�
) *

�

�

�

� ����

� ���	

� 
���������

478

Principle of radiation cooling.

Experimental setup.

View of experimental setup.
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Formed ice for hours.
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Ice growth and temperature.
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crystal structure.

Experimental result according to cooling conditions.
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Ice growths in varies cooling conditions.
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Theoretical approach for ice growth process.
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AMIMURA OSHINO

Khusnatdinov, N.N. and Petrenko, V.F., : Fast- of Crystal Growth, , .

growth technique for ice single crystals. Journal : .

Seiji K and Shingo H

: In general, ice growth during industrial manufacturing of ice is governed by heat

conduction and/or heat convection. Although radiation cooling is observed in nature, e.g., ice

formation on roads under cold conditions, radiation cooling has not been employed in the manufac-

ture of ice. The aim of this research is to investigate ice growth under radiation cooling. First of all,

an experimental setup is developed and tested. The experimental apparatus consists of a low-

temperature heat source, a water tank, and an insulation box. The insulation box is placed between

the cold heat source and the water tank in order to prevent conduction and convection of heat

between them. The formation of frost on the cold heat source is prevented by reducing the pressure

inside the insulation box. Experiments are carried out in a low-temperature room in which the

temperature maintained at approximately . The ice formed is photographed at various stages of

its growth using a CCD camera. The first crystal forms spontaneously several hours after the

cooling is started. The ice growth rate is almost constant along the vertically direction, and the ice

formed is approximately -mm thick after h. The average growth rate of ice is found to be .

mm h . The ice formed appears to be almost perfectly transparent with no bubbles. A cross section

of mm mm of the ice is found to be composed of a single crystal with the c-axis along the

vertical direction. The growth rate of ice under conduction cooling reduces with increasing ice

thickness, although it under radiation cooling is maintained almost constant. Involving bubbles

inside of the ice under radiation cooling is smaller than them under conduction cooling.

) Department of Mechanical Engineering, Nagaoka University of Technology,

Kamitomioka, Nagaoka, Niigata

) Graduate school of Engineering, Nagaoka University of Technology,

Kamitomioka, Nagaoka, Niigata

Abstract

Study of ice growth under radiation cooling
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