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éÚî6NSM)V�â3R�+�¥��ü$Ä?1
��ê��[. 6N$ÄdÅð�§O�, �ÝÚÅ
5�Cz�Ä6|§ÝCz�K�, ÏLÈ©Ê5AåÚØå¼��â�Éå�l�â$Ä, M)Úå��C9Ù
/G�CzdM)d9!M)�þ�©Ñ�>.?�§ÝFÝ�'Xïá��§û½. ÏL�âÚ6Nm�p�
�^åÚåÝ9>.^���\¢y�mÍÜ. éV�â3�§6NÃM)^�Ú��§6NM)^�e��ü
L§?1
O�. (JL², 3�½XìêS, 9é6�)��â�,?µ�øá±9M)Úå��â�þ!�â
L¡/��CzÚå
�â�î�{Ä, ¿¦�â�ü�Ýu)
Cz.
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1 Ú ó

�â3��§6N¥M)Ú$ÄÓ��3�
y�2��3uó���¥, �8céù�y�
�XÚïÄé�, Ì��(J3uù�L§¥Ó
��3X�â�Ú]�6Ä(��mE,��p
�^!�C!9�D4!9þ|©é6!�â$
Ä!�â/GCz� [1−3]. �cé�
6Äy�,
Xé�â�ÉåÚ�â�9þ�þD4, �õ´3
ü��â½�½�â�Ä:þ\±?�
���,
Nõ¢��Ñ´¹¢Ú?�ù
²�'Xª, ØU
�(L��m�Ý�Úå�{å±9§�Úå�
9��, �ØU�x6|SÜ6Ä�[! [4−5]. d
uO�þ�(J9ïÄ�{���, é$Ä�âü
�6Ä�ïÄ  �Û�uý5�â. �nØ{z
©ÛÚ|^¢��²���{±9Ú\Nõ²�
'Xª�ê��[�{, �ØU�(£ãTE,6
Ä¥��âÉå!ÄþUþ��mD4!�m©
.¡�Cz, K�<�éT6Äý¢Ån�n)Ú
Ýº [6−7]. ÏduÐUéD9D��¹e�âü�
6Ä���A�?1ïÄ�ê��{äk­��
nØ¿ÂÚó§A^d�. �©ò3A^?¿.�
KF - î. (Arbitrary Lagrangian-Eulerian) �{�

[�§ý5�âü�6�Ä:þ, uÐ3M)�¹
eé�âü�6?1��ê��[��{, A^T
�{, �[O�3Úî6N¥ü�â!V�â��
ü$Ä, ïÄM)éÙ�ü$Ä�K�Ú�^. 3
0*º�þ�²TE,6Ä¥�â�$Ä5Æ!
�m©.¡�£ÄC/±9D9Ú6Ä��p�
^Ån.

2 �§9ê��Y

3kÚî6N�ç�Ï�¥, º�Ð©�Ý�
"��N�â, �âdu­å�^m©�ü. b�
�â´�/�, 6NÐ©§Ý� T0, �â§Ý� Ts,
�üL§¥�â§Ýð½ØC (ù��âÑ�â�
6N�§�é6|6ÄÚD9�K�, XJ�â§
ÝØ�½, é¯Ò¬�6N§Ý��, 9�A�K
�é¯Ò¬��).

6N�ëY5�§!$Ä�§!Uþ�§
©O�

∇ · v = 0, (1)

ρ0

(
∂v

∂t
+ v · ∇v

)
= −∇p + µ∇2v + ρg, (2)
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ρ0cp

(
∂T

∂t
+ v · ∇T

)
= k∇2T. (3)

3�§ (2) ¥, æ^ Boussinesq b�, 6N�
Ý ρ �Cz�§Ý�'X�

ρ = ρ0[1 − β(T − T0)], (4)

Ù¥ ρ0 ´ T0 §Ý��6N�Ý, β ´6N�9)
äXê.

�âUXe�§²£Ú^=:

mi
dVi

dt
= Gi + Fi, (5)

Ii
dΩi

dt
= Ti, (6)

i L«1 i ��â, mi Ú Ii ©O´�â��þÚ=
Ä.þ, Vi Ú Ωi ´�â���ÝÚ��Ý, Gi, Fi

Ú Ti ©O´NÈå, 6Né�â��^åÚåÝ.

ã 1 O�«�«¿ã

�â$ÄÚ6N6ÄmÍÜÏL�âÚ6N
m�p��^åÚåÝ9>.^���\¢y. �
â�M)�Ýd�âL¡�96�Ýû½:

ρshf
drn

dt
= −k

∂T

∂n
, (7)

ª¥, ρs ��â�Ý, hf �M)d9, rn �÷�â
�/{��� n ��âL¡�I. O�«�o±�
>.^�Xe:

BC, CD, DA >þµv = 0, T = T0;
AB >þ: τxy = τyy = 0, ∂T/∂x = 0.
τ L«�Aå, 3�[L§¥, O�«�ò�

X�â�$Ä
£Ä, ¿3z��mÚS­#½Â,
�«����Ú�â3«�¥��é �ØC, =
�â3O�«�¥�ºàÚ.à�ål©ªØC.
3�©¥ mi Ú Ii ©O� πρsd

2/4 Ú πρsd
4/32.

�©æ^�ê��{�ë�©z [8—12].

ã 2 �½�âM) (a) ØÓ���âM)�L¡/
�; (b) M)�â±���§�

3 �½�â�M)

©z é � â M ) � ¢ � 9 ê � O � é
� [13−15], �vkî��nØí�9ê�O�(Ø.

�©Äké�½�â�M)?1
O�, ��
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¡�y§S�k�5, ,��¡�V�â��üO
��O�. �â�\96N¥, 6Ná���â�
Ó, 6N§Ýpu�â�M)§Ý, �Ä9é6�
K�, 
Ø�Ä|©é6, O�¥a|ê Ra = 800,
ÊKAê Pr = 0.7.

ã 2(a)�ØÓ���N�âL¡�/�Cz,
lã¥�±wÑ, �âþº:�M)�Ý�¥Ü�
�, 3 80 s ��âþ�Ü©ÑA, �E�C��/;
�âe�Ü/¤k�âå. w,�âL¡�M)�
ÝÚ96�Ýk', 
96�Ý���d�âL¡
�§ÝFÝû½. lã 2(b) �â±���§��±
wÑ, �âþ��L¡§ÝFÝ��, Ï
96�
Ý�, �âþ�ÜM)�¯. ¿�þ�Ü©96�
Ý�N��, /¤
L¡��/�/�. 
e�Ü
�96�Ý�þÜ�, M)�Ý��ú, ¤±/¤

k�âå.

4 V�â�ü

3õ�6¥, �âm��p�^û½
6|�
�*(�, l
K�X6N6Ä, 3ý5�â�ü
¥, ù«�p�^Ì�d�âc7:?Øå9�â

�,?ÄåÆA5û½�. Ïd3�â�üL§¥,
�âm3Y²��¬�pü½, 3R����pá
Ú [8]. �©3��Ï�SéV�â��ü5Æ?
1ïÄ: �»� d �ü�/�â3°Ý� L = 4 d

�R�+�Sº�, ,�3­åe�ü. Ï�¥�
�â (trailing particle) �Ð© �3¥%��Ï�
9�¥m, c�â (leading particle) �Ð© ��,
�ýÏ�9�ål� 1.8 d, ���â�R�ål
� 3 d. �©©Oéý5!M)�â?1�[O�,
O�^�� Ra = 800, Pr = 0.7.

º��ü�â�Ï�¥%���$Ä, ��â
�L¥%��ÌÝ�c�â�, d�ü�â{ÌÅ
ì~��­½3Ï�¥%�þ, ¿3d�� 60 s S,
ü�â�c���g÷Ï�¥%�ü. ùã�mS
du��â�Ý�c�â�Ý�, ü�âÅì�C,
�3$Xìêe, ��â¿�?uc�â�Ü«�,
Ïdü�âvk�pK�. ���â?\c�â�
Ü«��, ��â\��Cc�â, d�ü�âm
å¥y{Z{Ä�/ª, c�â���â��C�
ý9¡, {ÄÌÝ��� (ã 3(a)). ã 3(b) w«

ü�âY²9R����må. ü�â���Ý�
¥y{Z{ÄXã 3(d) ¤«.

ã 3 �§^�eV�â�ü5Æ (a) V�Y²���;,; (b) V�âR�9Y²��Ãþjål; (c) V�âR����ü

Xìê; (d) V�â��Ý (K�éA^����)
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ã 4 ��âM)�V�â�ü5Æ (a) V�âR�9Y²��Ãþjål; (b) V�Y²���;,; (c) �â�þ��mC
z�'X; (d) �â��Ý

ã 5 30 s �ØÓ�¹eü�66|�6�Ú�§� (a) �§�â�ü6�Ú�§�; (b) M)99é66|�6�Ú�§�
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�â39�NS>�ü>M), �âÐ©º�
 ��ý5�§�â�Ó. ã 4��âmål!�
â;,!�â�þCz±9�â��ÝCz. 3Ð
©�ã, ü�â�Ï�¥%���$Ä, 3 12 s �
m��âB\�?\c�â�,«�, du�âM
), �þÅì~�, ü�â�p�^Cf, �¦��
â�Cc�â��Lc�â, ¿3d��üL§¥
©ª�±3c. ��â�C�, c�â��ý9¡
$Ä, Ù_����ÝØä\�, 3��9¡NC
������. Ó��âm��pü½�^×�O
�, ¦�Ü�â^���¯�=Ä, ����â�
,�ý9¡$Ä. ��9¡N�É9¡�^, ü�
âq�Ï�¥%���$Ä. d��L§¥, Ä�
­Edc�$Ä�ã, �du�âM), �þ9�
»~�, �âm�p�^~f. ��§V�â�ü

�', �,duM)¦�âm�p�^~f, �d
uM)�â�Üé6Úå
µ�øá (ã 5) ±9�
âL¡/�Cz´M)�â{ÄªÇ����Ï.

5 ( Ø

�â�M)�Ýd�N�â�9åÆ5�!
±�6N�g,é6!±9�âL¡ØÓ �û
½. 
�âL¡§ÝFÝû½
�âL¡�96�
Ý, l
û½
�â�M)�Ý. �âM)�Ý�
)
�âL¡�ØÓ/�¶��§^�e�â�
ü�', M)V�â�ü�, �â$Ä;,!�â
m��p�^Ø��â�þ�'	, ��é6Úå
��â�,!µ�øák'.
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Direct simulation of melting solid particles
sedimentation in a Newtonian fluid∗
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Abstract
The influence on the motion of single solid particles in a Newtonian fluid by melting and convection is direcly simulated. The

fluid motion is computed from the conservation laws. Density and viscosity change with fluid temperature, and the particle moves
according to the equation of motion of a rigid body under the action of gravity and hydrodynamic forces arising from the motion of
the fluid. In the process of melting, a distinctive morphology develops due to the different heat fluxes around the particle’s surface,
and the thermal gradient determines the melting rate. The phases are coupled by the fluid-particle mutual force , force moment and
the boundary conditions. In our study, two different situations are carried out, which are sedimentation in isothermal fluid without
thermal convection and melting; sedimentation with thermal convection and melting, two double particles are simulated separately.
The results show that the vortex shedding arising by the natural convection, mass losing by melting and melting morphology change
the sedimentation velocity and induce horizontal oscillation.
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