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åÆ���©|, §aÑ
²;9åÆ=�u²ï
G�Ú�_L§�Û�5 [1−5], Áã£ãØ�_L
§�?ÐÅ�9Ùüz�Ý. Onsager u 1931 cu
L
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²ï�E,·^. �âü|©Ô��Û� Gibbs �
§,

Tds = du + pdv, (1)

Ù¥, T �§Ý, s��, u�SU, p�Ør, v �N
È. é (1) ª�m¦�ê, ¿(ÜUþ²ï, �þÅ
ð'X, �±��

ρṡ = − 1
T
∇ · q − 1

T
P v : ∇v, (2)

3ù��§¥©lÑ�þ�é6�, ��Û���
� [2]

σs = q · ∇
(

1
T

)
− 1

T
pv∇ · v − 1

T

0

P v:
0

V , (3)

�§ (3) ¥�1���9D�Úå���, �n�
K´Å�UÅ5ÑÑÚå���. z�Ü©Ñdü
�|¤, =2Âå (½9åÆå) Xα Ú2Â6 (½9
åÆ6) Jα, l
�±r���¤2ÂåÚ2Â6
�V�5/ª

σs =
∑

a

JaXa, (4)

ùp6ÚåØ�½´Iþ, §���±´�þÚÜ
þ. du Xα �þjØ´Úî, Jα �þj�6�þ
jØÓ, ¤±©O¡�2Âå�2Â6. 2Âå�
2Â6�
©�ªäk�¿5, ~XD9Úå��
��
©�±kn«�ª [4] : 1) Fourier L�¥, 9
åÆå� –∇T , 9åÆ6K� q/T 2; 2) UþL�¥,
9åÆå� –∇T /T , 9åÆ6K� q/T ; 3) �L�
¥9åÆå� ∇(1/T ), 
9åÆ6K� q.

3 9ÅD4L§¥���

²;� Fourier �9½Æ3��ó§A^�
�¹eÑ´·^�. �´, 3¯�]�\9�^
�e, §�Ñ
Ã���6ÄDÂ�Ý, ùw,
´ØÜn�, ��¢�¯¢ØÎ. NõÆöÁã)
ûù�¯K, ÏL©fÄnØ��{, JÑ
�X
� “tµ�” �9½Æ. Ù¥, �{ü
äk�L5
�´ CV �. (d Cattaneo,Vernotte �JÑ [13−15],
½¡ Maxwell-Cattaneo �§),

q + τCV
∂q

∂t
= −k∇T, (5)

dù���9�.(ÜUþÅð�§ò��V­
.�§Ýüz�§

∂T

∂t
+ τCV

∂2T

∂t2
= a∇2T, (6)

Ù¥, a�9*ÑÇ. ù��§L«§Ý&Òäkk
��DÂ�Ý (a/τCV)1/2, =9ÅÅ�. Ù¦Æö3

dÄ:þ?�ÚJÑ
 SPL (single-phase-lagging),
DPL (dual-phase-lag heat conduction model) ��9
�. [16−18].

ã 1 äkÐ©�u§Ý©Ù����á0�¥ (a) ²;
� SCIT �*Ð9åÆ� SEIT ��m�üz; (b) ����m
�Cz

,
, �^9åÆ1�½Æ5©Ûù
�.¤
ýó�D9y��, Ñy
#�¯K. ~X�N¥
�9Å¯K, ÙÛ���=dD9�),�

σs = q · ∇
(

1
T

)
, (7)

ò (6) ª�\ (7) ª, ��

σs =
k∇T · ∇T

T 2
+

τCV

T 2

∂q

∂t
· ∇T, (8)

�ªm>�1��´�½�, ´d�5 Fourier ½
Æ�����, 
1����K5KØ(½. �
â CV �9�.��Ñ§Ý©Ùüz¼ê, ?�Ú
O���XÚ��, Xã 1(b) ¤«, (¢�UÑy
K� [19]. éuÙ¦*Ð�9�. (DPL), �Ñy

Ó��y� [20].
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4 ÿÐØ�_9åÆ (EIT) é�L�
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�
¦#�D9�.�9åÆ1�½Æ�N,
3*ÐØ�_9åÆ¥, é��L�/ª?1
?
� [2]. b��Ø=�G�þSU u k', ��L§
þ q k', ²L�X�üC�§, ����L�ª
�

ρs
EIT (u, q) = ρs

eq (u) − 1
2

τ

ρkT 2
q · q, (9)

eI EIT L«Äu*ÐØ�_9åÆ����,
eq L«Äu²;nØ��, �´²ï�XÚ��.
d (9) ª�����L�ª�

σs
EIT =

1
kT 2

q · q, (10)

ù´���½�þ, O�©Û�y¢
XJ^ sEIT

��ÔN��, �áXÚ¥��´üN4O�, �
�´�½�, Xã 1(a),(b) ¥�¢�¤«.

,
, ÿÐØ�_9åÆJÑ��{��3�

¯K. Äk, §@�XÚ´?uÛ��²ïG�,
�§�,I�æ^§Ý!��3Û�²ïG�e
½Â�Vg; Ùg, §æ^
éõb½, 'Xb��
�96k', ±9�¹
96K��°Äå�96
¤{ü�5'X�.

5 9�nØé���?��)º

9�nØ�Ä�g�´, 9þäk�½��þ
�þ, Ïd�±^6NåÆ�{5£ã9þ/9��
$ÄL§. �N¥��9�±w�9�6N3õ�
0�¥�6Ä, ù��±�Ñ�þÅð�ÄþÅð
�§ [26]

∂ρh

∂t
+ ∇ · (ρhuh) = 0, (11)

∂ (ρhuh)
∂t

+ ρh (uh∇) · uh + ∇ph + fh = 0, (12)

§Ò´Ê·�9½Æ [26−32], Ù¥

ρh =
ρCT

c2
(13)

´9��Ý, �Ò´'SU��þ�þ

ph = γρhCT =
γρ (CT )2

c2
, (14)

´9�Øå
ρhuh = ṁh = q, (15)

´9���þ6�, �Ò´96�Ý

uh =
q

ρCT
, (16)

´9þ½9��[£�Ý. �k�9Æþ —— 9
U!96!§Ý��D�
åÆ�Vg. 6ÄL§
¥9�òÉ�0��{å, {å���9�6Ä�
Ý¤�', =

fh = βuh. (17)

��ÑÄþ�§ (12) ¥�.5å�, Ê·�9½
Æòòz� Fourier ½Æ. /Ïu�Ñ.5�^�
��9�§� Fourier ½Æ, �¦���Ý^�e
�{åXê, β=2γC(ρCT )2/(kc2), K9�{å fh =
2γρC2Tq/(kc2). ��ÑÄþ�§ (12) ª¥��m
.5å, �±�Ñ� CV �.aq�{z�., =9
Å�§ [27]

τTM
∂2T

∂t2
− a

∂2T

∂x2
+

∂T

∂t
= 0, (18)

Ù¥A��m,τTM = k/2γρTC2. d�96ÄDÂ
�Ý=9Å�Ý� (a/τTM)1/2. ¢Sþ9ÅÒ´9
�Øå6Ä39�6N¥�DÂ, §aquÅ�Å,
3äk{Z�, ÑÑ�´9�U, Ïd��Ç=�
9�UÑÑ�ÇØ±§Ý. 3åÆ¥, Å�UÑÑ
�ÇÒ�u{å¦±�é$Ä�Ý, ���aq,
39�nØ¥, 9�UÑÑ�Ç�{å�9�6�
�¦È, =

ẇ = fhuh = βu2
h =

2γC (ρCT )2

kc2
u2

h

=
2γCT 2

c2

q2

kT 2
. (19)

l (19) ª¥�±w�, ��Ç7,´�½�. 5¿
�ÃþjXê 2γCT /c2, §´9�U�SU�'~
Xê. XJØ�ù�Xê, 2r9�UÑÑØ±§
Ý, ��

σs =
ẇ

T

c2

2γCT
=

q2

kT 2
. (20)

ù�, (20) ª� EIT �(J (12) ´�����. Ø
L, 9�nØ���(J´Äu1�5�n, ØI
��»Û��²ïb�, ¤±�Ônþ�½Â´²
(�.

6 ��L�ª¥å�6�Ôn¿Â

þ©Øã`²
, 3 (7) ª¥�'u9D�Ú
å���L�ª

σs = q · ∇
(

1
T

)
, (21)

§39ÅD4L§¥��K�����Ï´, §´
°Äå�6�¦È. �.5åØU�Ñ�°ÄåØ
�u{å; 
3~5^�e Fourier ½Æ¤á, .5

030507-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 030507

å��Ñ, °Äå�{å��, Ïd (20) ª� (21)
ª���d, ��´�½�. Ï
3V­.�9
¥��L�ª¥7L^{å, =^ (20) ª
ØU
^ (21) ª.

ù«O�Ø=´/ªþ�«O, 
��äk�
��Ôn¹Â. 3���¥��2ÂåÑy�§Ý
�ê�FÝ� grad(1/T ), ± ���@�´/¤9
6�°Äå. 
ÏL9�nØ��ã, �±wÑ, 9
D�Úå���Ù¢´5gu9�Uþ�ÑÑ, §
´d9�{å�9�6Ä�Ý|Ü
¤�

σs
HeatConduct =

fh · uh

T

c2

2γCT
=

1
T

q

ρCT
· ρCq

k

= − 1
T

uh · Fh (22)

Fh = −ρCq

k
, (23)

ù p, Fh ´ � ^ 3 9 � þ � { å, ä k N È
å (N/m3) �þj.

7 ( Ø
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Abstract
The entropy production is expressed as the product of the generalized force (driving force) and generalized flux, which plays a

central role in classical non-equilibrium thermodynamics. This expression has shortcomings in two aspects: first, the decomposition
into generalized fluxes and forces is arbitrary to some extent; more importantly, the entropy production is negative value calculated in
heat wave propagation, which breaks the second law. In this paper, we carry out analyses based on the thermomass theory and show
that the entropy production is induced by the dissipation of thermomass energy during heat condution. The generalized force of entropy
production is not driving force but resistive force, having a unit of force in Newton’s mechanics. The modified expression for entropy
production not only guarantees its positiveness in propagation of heat waves consistent with the extended irreversible thermodynamics,
but also avoids the arbitrariness of decomposition.
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