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Temperature sensors fixed to a bamboo spit

(Verification Exp. ).

Experiments in a cold room maintained at

with natural convection (Verifica-

tion Exp. ).
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.

Time to reach the freezing temperature

( . ) (Verification Exp. ).

(Upper) Temperature change of water with

initial temperatures of , and

(Lower) Enlargement of the region around

of the upper figure (Verification Exp. ).
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: :

: mm : mm

Time variation of temperatures showing the

occurrence of Mpemba e ect (Verification

Exp. ).

Hot water(dark line) and cool water(light

line). Sensors at mm from the bottom

(solid line) and mm (dotted line).

Diagram to show examples of pair tem-

peratures of hot and cool waters (Verifica-

tion Exp. ).

For these seven experiments, Mpemba ef-

fect occurred.
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Experimental setup (Verification Exp. ).
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g

Time variations of temperature and thermal

quantity of hot and cool waters (Verifica-

tion Exp. ).

The thermal quantity is measured per g

sample and corresponds to a mean tem-

perature in case the whole sample is liquid.

Surface temperature versus thermal quan-

tity of hot and cool waters (Verification

Exp. ).

Measured at , and minutes for hot

water, and , and minutes for cool

water.
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Diagrams showing two ways of cooling:

upper-cooling (upper) and lower-cooling

(lower) (Verification Exp. ).

Run .

No. No.

An example of upper-cooling experiment (Run , Verification Exp. ).

Initial temperatures were the same for the samples. In the cooling process, temperatures at

the lower part went down more rapidly until , and the all temperatures from the lower to

upper changed almost similarly. Samples No. and No. supercooled by roughly degrees.

:

ml g

cm

Run

, Run

Run

Fig.

Fig.

+*

++

1. + ,*+,

+2

. . .

+ , 0

+2

.

.

+ , 0

,+ .

+** +**

/

,

+*

,/

+ , ++

+2 *

+*

++

/ +

/ ,

/



� � � �� � �	 
 � � 


�������� ����� 
�

�������� !"#���� ����� $������� !"#���� �����

� 
�

%&#'� ()*'$+!"���,-./� ��0123 (4%5)*���
(6$*'�7$!",�/8%9:;$/< =��4%9:>5��
&#*?5� &@'$����AB� C�D", �E4 (4%9:23F (4%5)*�
GH#%5 ()*'IJ/:� (6$*'K ��
LMN5#OP*Q5� ����*'R*?S� ��0123F (4%5)*���
()*'�7$�!",�T/:� (6$* � U V 

�+,;>IJWX#%9<�
(4%9<Y� $���*'�Z� =��[ \ 4� ��������] � 


^#%5&#,_8� `�Y� C!'ab (4 �����#� !"�cdMeN� =��'f
gS� C#	�hi[^,j><Y� ab$,S #kl%8� ' *?5� '� !" ,H
mN� nF (6$23;!op!4qrN5s >flt>� '� 4uivw� fx��*?
ycyz{|#%S� &��}*'~���,� 5� `��]� ' ,H>flt8 ����
�/:>5#��3@5� &�&#23���� �
� ��R�'�Q:>%>�
M����4��N5 �\ 
� <�/�!"'7 \ 4� $�������] � �
�+!"*?5� �b���!�rC!��
 MeN� '���

�

� �

� ����

�
�

� �

� �

40

S

S

Definition of freezing time and other times (Verification Exp. ).

Relation between initial temperature and Relation between initial temperature and

freezing time for the upper-cooling experi- freezing time for the lower-cooling experi-

ment (Verification Exp. ). ment (Verification Exp. ).

:

:

:

:

Run , ,

Run , ,

t

t

t

t

t t t

t t T

t T

t T

t

Fig.

Fig. Fig.

+,

+- +.

+

,

-

- + ,

+ +

, +

- +

+

1. + ,*+,

. *

.

* /

. .

/

. .

* +- +- +. +/

*

*

/

+, +. 3 +* +0

+,

+- +.

/ -



� � � � � ��	
��
����

� ��
 � ����� ��

���� ��
�� � ����  !
 " #!  " #�$��! % � �
��� 
&'()� 
 *� +,�-.!
/� �012�&'(3 ! 4&'()!
�
 5��
 6 5�7/8 $�9�/:
�� ;<,� �
 =�> 6:.! ?@0
A 58 4> 6:��

� B �6� 58 �C)D!EFG /
HIJK 5�7� L2;�
� M �6� 0 58 /C)�9

�/:2;� ?
N! � ��7/ I�0 5
/ @�OP/:.! 5�70&'()/=Q

�
RS� Q3! EFG ��40 T,; ;� 9
&'()
 6 U��0-V�
/! 
 �&'(I�I�� Q��
 6 58 /C92;�
4! 
 ! �EFG /HIJK / � � ��7�EFWG/ X #
�)0
3��Y 56:2;/! 6�U 0 5 IOP/:2;�
�7
8 /=Q;� � W
Z �[W! \ W! ] W� 0(I�
EFG / X #
�0 / IOP/ � ^�_�`'@�L2;� 5 
Wa �

:.! ?@0bQ� 4 3��OP/:2;� cde 0-I;4
��� 0 ,;
?
 �,��! � �e 6�f gG�_ 4
6�_/�L2;�
/hi3! jk /hi3��;� 50 9
���! l `mn opqr
��7/ 3���s 6)�� tmou v
 nwx
Ur�,�
� ��
 jk0(I�yz$��! �� {|@;�

 �! G �f gG 
G _
� " � 
�7} 0 $�;�! ~��
,� 
 h�� $�0�! G *��� �/\ 01�RS
�����{2;�
0-I� � " � 
�7} }6 �$@& 5
 � �
 �� 6{2;� ���!
1I� � 0-I�! � �0�2;RS! # � ! � ! Hi 
 � ��
��
� �F7
 � � 6 i@ �������� 0:V; � ! �i
�� � �/C)�IRS�! �� Q }
 
 �
��
� � } � 0?@
��� ��.! 9
�) �F7�% < �@ �W� @! " #X" #0 �,;
V 3��9�0��� ����� �¡�� !" #
� ���WG/ * 6 ¢ 0 *$�� £6G ¤ � 
 6{2;� ��
 ¥�
�  �! ¦�� � � / , � � 
� �§¨i@;I� G � �
I9�L' 
©�ª« ¬«ª« �?@�@W

L' ! ! 0 �, 

���� k­ �®©¯°±	 ��"  � "% �

²,�³´µ	0¶ ,;� W�W L'
\
012�· 0 �,! � L'

01� ��J¸ ¹6)�� �-! º ,;�%   
��������»3¼ i@�-. W½��
I�

�

� ��� �

� 	 

� 


� 

� 

� � � �

� � ��
� � � ��

�� � � �
� �
�� �
� � �

� � �
� �

� � � � � �
�
� � � � �

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

� # $ %! &'
() � $ *

�� +�� , -�. /
01 � 2 -3456 7
� � �
��� 89 � * �


 :� ;
�� / < �� � � �


� : => =>
� ?�

� �� @ A A� %
� @ � � B �

� C D �
E
� � F % � � � � � G !H

@ I � %
�JK

� L MN
O> �

P � �
Q � R� S� �TU

� V W
X Y

�

� ���

� ��	
 ��
���

�

�

�

�

�

�
�

� �� �� �

� �

41

S S

s

S S

S

S S

S

S S

Heats and temperatures in supercooled

water (Verification Exp. ).
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mm

a

b

Time variation of temperatures of hot and cool waters (Verification Exp. ).

Temperatures were measured every seconds with thermocouples set at mm below the

water surface.

a) Normal cooling. Initial temperatures are and , and surrounding air temperature .

b) Cooling when Mpemba e ect occurred. Initial temperatures are and , and surround-

ing air temperature .
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a b

Yu-to-Mizu-Kurabe diagram (logarithmic

scale, Verification Exp. ).

Each point in the diagram gives a pair of

temperatures of hot and cool waters in

Figs. a and b. Normal cooling proce-

eds only in the left domain of the dia-

gonal line, but enters into the right

domain when Mpemba e ect occurs.
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Mpemba e ect

Vynnycky

and Mitchel ( ) Fig. a

Vinnycky . Fig.

Temperature pairs to cause Mpemba e ect

(Theoretical computation).

Mpemba e ect occurs at a pair of initial

temperatures in the triangular domain.

The diagram was drawn based on the

results given in Fig. of Vynnycky and

Mitchel ( ) and Fig. of Vinnycky .

( ). The temperature pairs of Mpemba

e ect occurrence were obtained by nu-

merical computation of the time taken for

a lumped mass of water to reach

assuming that it cools only by evapo-

ration and temperature is uniform in the

mass.

Kell, G.S., : The freezing of hot and cool water,

Journal of Physics: , .

:

,

Mpemba, E.B. and Osborne, D.G., : Cool ? Physics

Education, , .

:
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p. . cooling and the Mpemba e ect. Heat Mass Trans-

: fer, , .

Vynnycky, M. and Maeno, N., : Axisymmetric

p. . natural convection-driven evaporation of hot wa-

ter and Mpemba e ect, in preparation.

: Vynnycky, M., Mitchell, S.L. and Maeno, N., :

, . Erratum to: Evaporative cooling and the Mpemba

Vynnycky, M. and Mitchell, S.L., : Evaporative e ect. Heat Mass Transfer, ,

Norikazu M *, Shuhei T , Atsushi S ,

Yasuhiro K , Hiroyuki K and Satoshi O

: Independent verification experiments of Mpemba e ect were conducted by members of

JSSI at five di erent universities and research institutes. Their results showed that the Mpemba

e ect could be observed but it was almost impossible to observe repeatedly even if the same initial

temperatures of hot and cool waters and the surrounding environment were set. The di culty of

reproducibility was attributed to the fact that the delicate physical mechanisms directly related to

the cooling of water such as heat conduction, evaporation, di usion, convection, etc. are di erent in

each experimental run because we cannot control them artificially. In case water supercools it

appears as if Mpemba e ect occurred, but supercooling is accidental and follows no regular physical

rules.

) Professor Emeritus of Hokkaido University,

Hanakawa Minami , Ishikari, Hokkaido

* Corresponding author

) Kitami Institute of Technology,

Koen-cho , Kitami, Hokkaido

) Snow and Ice Research Center, National Research Institute

for Earth Science and Disaster Prevention,

Suyoshi , Nagaoka, Niigata

) National Agricultural Research Center Hokuriku Research Center,

Inada , Joetsu, Niigata

) Osaka Kyoiku University,

Asahigaoka , Kashiwara, Osaka

) Graduate School of Environmental Science, Hokkaido University,

Kita , Nishi , Kita-ku, Sapporo, Hokkaido

Abstract

Verification experiments of Mpemba e ect
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