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1 Ú ó

(Ñ´<aa�	Ü.�Ì�å», íN´
(DÂ��0�. (3íN¥DÂA5�ïÄk
X2��A^d�, X1(�í�¸&ÿ [1,2]!·
ÜíN¤©uÿ [3,4] �. ©f(Æ´�«ïÄ(
DÂA5Ú0�©fA5�m'X�nØ, Ù¥í
N©f(Æ�Ä:�©f9µþnØ, ÙïÄé�
´�6u(ªÇ�(�ÌÚ(áÂÌ, =(µþª
Ì [5,6]. Ø�¸Ï�	, (�Ì�díN�©f�þ
û½ [7], É©fµþK���. (áÂ�)²;á
ÂÚµþáÂ, cö®����õnØ [5], µþ
áÂ�íN©f�(�!�^å!SgdÝ�U
?ÚUþ=£��*A5�' [6], ��NyíN©
f��. ÏdïáUO(�N©fµþL§�(µ
þªÌ�.¤�íN©f(Æ+�õc5J¦�
8I.

1928 c Herzfeld � [8] JÑ, íN©fS	g

dÝ�m�ú�Uþ���Ç´E¤(µþáÂ
��Ï, ¿�Ñü��Ä�ª�µþ�§. 1930

c Knudsen[9] æ^ÚOåÆ��{¼�ü��Ä
�ª�Uþ=£�Ç�§. 1936 c Landau uL

�Ä-²Ä (V-T) Uþ=£L§µþ�m�O
�nØ [10], 1952 c Schwartz, Slawsky Ú Herzfeld

(SSH)[11] ò T n Ø * Ð � ¹ k � Ä-� Ä (V-V)

Uþ=£L§��¹, ¿�Ñü��Ä�ª�µ
þ�§. 1970 c Tanczos[12] ò SSH nØí2�
õ�f©f, ¿¼���íN�(µþÌ. 1969

c Shields[13] ò Tanczos úªA^���íN(µ
þÌ�ïÄ. 1972 c Bass � [14,15] |^©f9µ
þnØïÄ�í¥�(P~, ÙÌ�(Ø�²�ú
ª [16], ¿�����VÐEk¤JuL [17]. �
±þïÄnØþØ·^uE,íN�µe�(µ
þªÌ��ï, ��U�Ù/)ºõ�ª�ÄUþ
µþ´XÛ/¤EÜµþL§.

Cc5, (µþªÌ�ïÄ:=£�õ�·
ÜíN. Dain Ú Lueptow (DL)[18,19] r SSH Ú Tanc-
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zos nØ*Ð�n�·ÜíN, ¿ÏL¢��±�
y [20]. � DL nØ�.��Ñ·ÜíN(µþª
Ì�)Û(J, ��ÙéíNµþA5�©Û�
{Û�uê�(J½ã)/ª, �Ù CH4, N2/CH4

±9 N2/CO2 �íN�nØ(áÂÌ3ÌÝþþ
$u�A¢�êâ [18,20], �pØ�� 40%. 2005

c Petculescu � [21] |^ü�ªÇ:�(�Ú(P
~ÿþ�ïíNÌµþL§�ªÌ, �(µþÌ
��ïJø
�«¯�¢ÿ�{. �TnØ´l÷
*ÿþ���Ý��ÌµþL§�k�9N, �Ñ

BµþL§.

�
¼��?1)Û©Û!¿�^un�±
þíN¤©�(EÜµþªÌ�ï�., ?��
\/n)íN©fõ�ª�ÄUþµþÚ(µþ
áÂ!(ªÑ�m�'X, �©3 Herzfeld ü��
Ä�ªk�9Núª [5] Ú Petculescu ÌµþL§
k�9Núª [21] �Ä:þ, ©Ol�Ä�ªUþ
=£��*�ÝÚUþ=£/¤µþL§�÷*
�Ý, ����NEÜµþL§ (�¹ÌBµþL
§) �·ÜíNk�9NL�ª; ,�3Äu SSH

nØ [11] � DL µþ�§ [18] Ä:þ, �Ñ·ÜíN
µþ�§Ïª, ¿¦)Tµþ�§¼�S	gdÝ
�§ÝCzÇ�', ?¦��*�Ýe·ÜíN
k�9N�(J; 2ÏLk�(�Úk��Åê�
m�'X, ±9k��Åê���d(�Úµþá
ÂXêL��/ª, �ª���^un�±þ·Ü
íN!�NEÜµþL§�(µþªÌ)Ûª. é
u CH4, N2/CH4 ±9 N2/CO2 �íN, �©�.�
(áÂÌ' DL �.�(J��C¢�êâ, ¸�
Ø�=3 1%±S. ��©)Û�.���¦)�
�(µþªÌþ�A�:�, XµþáÂ¸�éA
�µþªÇ:!(��pªÚ$ª4���, ¿�
½5½þ/©Û(µþªÌ�CzA5. l�n
)EÜµþL§�/¤Ån, �ïÄ(DÂA5�
íN©fµþA5��p'XJø
��k��
nØ�..

2 µþªÌ)Û�.�nØÄ:

Úå(DÂP~��ÏÌ�kü« [22]: 1) (
Å*ÐÚå�Uþ�Ý~�; 2) (ÅUþÏLØÓ
�Å��0�áÂ. du�©ïÄnØ¿Âþ�²
¡(ÅP~, Ø�Äcö. ÏdíN¥²¡(Ål

(DÂ x �ål�(Ø�L�ª�

p = p0e−αx, (1)

Ù¥, p0 �(Å3 x = 0 ��Ør; α �P~Xê.

áÂP~�)²;áÂ αc ÚµþáÂ αr üÜ©,

P~Xê�üö�z�Ú, = α = αc + αr
[15,23]. ²

;áÂdÅ¢å!9D�!*Ñ�^¤Úå�í
NÑ$L§E¤, *Ñ�^Úå�áÂÏ~�±�
Ñ [3,15], K²;áÂ�d Stokes-Kirchhoff úªO
� [2,5].

2.1 (((666ÄÄÄeeeíííNNN©©©fffSSSgggdddÝÝÝUUUþþþµµµþþþ
LLL§§§

(µþáÂd©f�SgdÝUþµþL§
E¤. (DÂÚå�6ÄÄk¬¦íN©f²Äg
dÝ (gdÝ�¡��ª) ¼��	�ÄU. duõ
�f©fØ=k�N²£�	gdÝ, �kSÜ�
�f�m�é$Ä�SgdÝ, ùÜ©�	�²£
ÄU¬ÏL©fm���5-E=C�©fSg
dÝ�Uþ, ¦©f�-u. �éuSgdÝ, 	g
dÝ�Uþ]mÒ�¡E�²ï�, ÙUþCz�
(Å�Ø*Cz´ÓÚ� [5]; ©fSgdÝUþ
£�²ï�, �UÏL©fm-E�)�S	gd
ÝmUþ=£5�¤, duzg-E�u)Uþ=
£�3���©fSÜ�ª�'�=£VÇ, E¤
SgdÝUþI��ã�mâU£�²ï�, ùã
�m�¡�µþ�m [16].

µþL§E¤
©fS	gdÝUþ��Ú
(ÅØ*�mØ´Ó�Cz, 3z�g(ÅØ*Ì
�¥, Òk�Ü©(Uþ6�¢33©f�Sgd
Ýþ, �ª¦íNC9E¤(ÅUþ�Ñ [24]. ©f
�ù«�*UþµþL§3÷*þLy�íN9
N¤����6u(ªÇ�Eê. ù¦�(Å�Å
êÑyJêÜ©, E¤�(ªÇCz�µþáÂÚ
(� [21]. µþáÂ�����¡�ûu©fSg
dÝ¼�Uþ�Uå, �=SgdÝ9N���;

,��¡��ûu©fS	gdÝ�p��Uþ
�õ�, �µþ�m�(Å±Ï�'Lp½L$�
S	gdÝ�m�@�vkUþ��, �k�ü
ö�C�â¬k²w�µþáÂu).

©fSgdÝq�©�=ÄÚ�Äü«. d
u~§e�õêõ�f©f�=Äµþ�m'�
Äµþ�m�A�êþ? [5], ¤±3wy�Äµ
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þáÂ�¥$ªÜ© (���(ª�Ør�'�
u 106 Hz/atm, 1 atm = 1.01325×105 Pa)[6], �Äµ
þáÂ��u=ÄµþáÂ [2]. �=ÄÚ²Ä�m
�¯�Uþ=£¦�” �Ä – =Ä + =Ä – ²Ä”

L§��Óu” �Ä - ²Ä” L§ [13], �==Ä�
²Ä�m�±±Y�9²ï. Ïd3?Ø¥$ª�
íN©fµþ�, �I�Ä�Äµþ, ò=ÄÀ
�	gdÝ [5].

2.2 üüü ��� ��� ÄÄÄ ��� ªªª ��� {{{ üüü µµµ þþþ LLL §§§ kkk
���999NNN

ü��Ä�ª�/¤��{üµþL§. T�
Ä�ª�	gdÝ�m�Uþ=£L§�^ÙU
þ�µþ�§L« [11]

−dEvib(T vib)
dt

=
1
τ
{Evib(T vib) − Evib(T )}, (2)

Ù¥, T , T vib ©O�©f²Ä!�Ä�]�§Ý;

Evib(T ) Ú Evib(T vib) L«�A§ÝeT�Ä�ª
�Uþ; τ �µþ�m. dun�íN�9åÆU
Cz�u§ÝCz¦±íN�½N9N [25], ¤±
� T vib 3²ï�§Ý T0 NC����SÅÄ�,

keª¤á:

Evib(T vib) − Evib(T0) = Cvib
V (T vib − T0), (3)

Ù¥, Cvib
V ��Ä��½N9N (�©�¡{¡�

�½N9N�9N), §�d Planck-Einstein úªO
� [18], =

Cvib
V = gR

(
θvib

T0

)
exp(θvib/T0)

(exp(θvib/T0) − 1)2
,

θvib =
hυ

kB
, (4)

Ù¥, h �ÊK�~þ; R �Ê·��íN~þ; kB

�Å�[ù~þ; θvib ��ÄA�§Ý; υ ��Äª
Ç; g ��Ä�ª�{¿Ý.

d (2) ªÚ (3) ª��

−dT vib

dt
=

1
τ
(T vib − T ), (5)

(5) ª`²S	gdÝ�m�Uþ=£�±^§�
�§Ý/ª5L«. 3(Å p = Aei(ωt−kx) �6Ä
e (p �(Ø; A �(ØÌÝ; ω �(�ªÇ; k �(
�Åê), T − T0 Ú T vib − T0 þ��m��Ì�±
ÏCz, =�'u eiωt[5]. K$� d/dt �Óu� iω

�¦ (i =
√
−1), @od (5) ª��

dT vib

dT
=

T vib − T0

T − T0
=

1
1 + iωτ

. (6)

µþL§E¤�íN9åÆUCz�S!	
gdÝ�UþCz�Ú [5]

dE = C∞
V dT + Cvib

V dT vib = Ceff
V dT, (7)

Ù¥, Ceff
V ½Â�(Å6Äe�íNk�9N; C∞

V

L«� ωτ → ∞ �, �=(ÅØ*Czv
¯,

±�=k	gdÝU¼�(ÅUþ��k�9N
pª4��. C∞

V �²ÄÚ=ÄgdÝé9N�
�z�Ú [5,21], �©¡Ù�	gdÝ9N, �5©
f C∞

V = 5R/2, ��5©f C∞
V = 3R. d (7) ª�

� Ceff
V �

Ceff
V = C∞

V + Cvib
V

dT vib

dT
, (8)

(8) ª´��lS	gdÝUþCz��*�Ý�
��k�9NL�ª.

d (6) ªÚ (7) ª�� Ceff
V �

Ceff
V = C∞

V +
Cvib

V

1 + iωτ
. (9)

(9) ªK´lS	gdÝUþCz¤���{üµ
þL§�÷*�Ý¼�k�9N. (9) ª`²(6
Äe, ©f�ÄUþ�µþL§��íN9N¤�
���6u(ªÇ�Eê. ò (8) ªÚ (9) ª*Ð�
·^u·ÜíN¥õ��Ä�ª/¤�EÜµþ
L§´�©¼�)Û�.�'�.

3 ·ÜíN(EÜµþªÌ)Û�.

3.1 õõõ���ÄÄÄ���ªªª���EEEÜÜÜµµµþþþLLL§§§íííNNNkkk���
999NNN

õ�f©fíN¥�3õ�©f�Ä�ª. (
6Äe, l�*�Ýw, ��Ä�ª�ª¬ò¼�
�(-uU=£�	gdÝ�¤µþL§, l
E¤S	gdÝÑ¬u)UþCz; l÷*�Ýw,

��Ä�ª�Uþ¬ÏL¯�� V-V L§�pÍ
Ü�2² V-T L§ò-u/¤õ�ü�µþL
§, ù
ü�µþL§�U\�ª/¤EÜµþL
§. Ïd, �©©Ol�*Ú÷*ü��Ý5?Ø
íN�k�9N.
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3.1.1 k�9N��*)ÛL�
éu W «¤©, �¹k N �©f�Ä�ª�

·ÜíN, (6ÄE¤Ù9åÆU�CzA�u¤
kgdÝ�UþCz�Ú. �íN¤©�	gdÝ
§ÝCz�@�´�Ó�, ��Ä�ª§ÝCz
KØÓ, Ïd·ÜíN9åÆU�Cz�d (7) ª
í2��

dE = Ceff
V dT = C∞

mixdT +
N∑

j=1

ajC
vib
j dT vib

j ,

C∞
mix =

W∑
l=1

alC
∞
l ,

W∑
l=1

al = 1, (10)

Ù¥, C∞
l �1 l «íN¤©�	gdÝ9N, C∞

mix

�·ÜíN�	gdÝ9N; Cvib
j �1 j ��Ä�

ª�9N, �d (4) ªO���; T vib
j �1 j ��Ä

�ª�]�§Ý; al L«1 l «íN¤©���©
ê; aj L«1 j ��Ä�ª���©ê, XJ1 l

«íN©f¹k N l ��Ä�ª, Kù Nl ��Ä�
ª���©êÑ�u al.

d (10) ª��·ÜíN�k�9N�

Ceff
V = C∞

mix +
N∑

j=1

ajC
vib
j yj ,

yj = dT vib
j /dT. (11)

Ù¥, yj �1 j ��Ä�ª�	gdÝ�§ÝCz
Ç�', ÙNy
T�Ä�ªé·ÜíNk�9N
��z. d (11) ª��, ��U¦� yj B�¼�·
ÜíN�k�9N.

3.1.2 k�9N�÷*)ÛL�
l÷*�Ýw, ��Ä�ª�Uþ¬�pÍÜ,

²Lò-u/¤õ�ü�µþL§. z�ü�
µþL§�k�9Naqu (9) ª, �Ù “�ÄÍ
Ü9N”C∗

n ´��Ä�ª9NÍÜ��(J. ù

ü�µþL§�U\¤/¤�EÜµþL§k�
9N�

Ceff
V = C∞

mix +
N∑

n=1

C∗
n

1 + iωτn
. (12)

Ù¥, τn ´1 n �ü�µþL§�µþ�m. ��
��Ä�ª² V-V L§ÍÜ��(J: 1) z��
ü�µþL§��ÄÍÜ9N C∗

n ´��Ä�ª
���©ê9N ajC

vib
j U�½'~�Ó�z�;

2) z��µþ�m τn �¤k�Ä�ªë�� V-T

Ú V-V L§Ñk'X, ¿ØéA,�A½��Ä�
ª [13], �=z�µþ�méA��µþL§�
���Ä�ª.

�,z��Ä�ªÑ��-uUJø�^ V-T

Uþ=£��-yå», �= (12) ªL²EÜµþ
L§´d��Ä�ªêþ�Ó�õ�ü�µþL
§U\/¤. �Ù¥ý�õêü�L§� C∗

n Ñé
�±��òÙ�Ñ [10], Ï~�¹e��3 1 � 2

�, =éA�(µþáÂÌ�þÏ~�¹e=k 1

� 2 �Å¸. Ò�ïÄ�|®��©z��S, �
�k�Lü�áÂ¸�¢�êâ��. Ty��
Ôn�Ï�)º�: éuõ��Ä�ª/¤�EÜ
µþL§, ���Ä�ª�Ä?�Uþm�Ï~�
'§�Ù¦�Ä�ª�m�Uþm����õ [6],

��Ä�ª¤��ý�Ü©(ÅUþ¬ÏL¯�
� V-V ��L§�ªD4� 1!2 ��$ªÇ�Ä
�ª, ,�ÏLT�Ä�ª� V-T L§=C�²Ä
U, �ª��=Ñy 1!2 �²w�µþL§.

éu{üµþL§, Ù3�*�¡ (8) ªÚ÷
*�¡ (9) ª´�Ú��, �=��{üµþL§
éA���Ä�ª. �éuõ�Ä�ª/¤�E
ÜµþL§, ´õ�ü�µþL§�U\(J; �
Ù¥�z�ü�µþL§´��Ä�ª��*U
þ=£ÍÜ��÷*Ly, =��ü�µþL§¬
éAõ��Ä�ª.  Petculescu �ï�{ [21]

´ (12) ª���A~, Ù��ÄEÜµþL§¥�
r�ü�µþL§, = (12) ª¥ C∗

n ¦ÚÜ©=k
ÍÜ9N��������, ù�´ Petculescu �
{=UïÌµþL§��Ï.

3.2 SSS			gggdddÝÝÝ§§§ÝÝÝCCCzzzÇÇÇ���'''���¦¦¦)))

S	gdÝ�§ÝCzÇ�' yj dS	gd
Ý�m�Uþ=£�Çû½. SSH nØ [11] ´��
2�A^uO�íN©f�ÄUþ=£�nØ, é
u�Äµþ, ��Ä±eüaUþ=£L§ [11,18]:

1) 1 j ��Ä�ªÚ1 l «íN©f	gdÝ�m
��Ä-²Ä (V-T) Uþ=£L§; 2) 1 j ��Ä�
ª�1 k ��Ä�ª�m��Ä-�Ä (V-V) Uþ
=£L§.

(6Ä¦�S!	gdÝ§Ý3²ï�NC
�ÌÅÄ, Kk±e�Cq [11]:

T vib
j

∼= T0 + ∆T vib
j , T ∼= T0 + ∆T, (13)
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Ù¥, ∆T vib
j Ú ∆T ©OL«(Åé1 j ��Ä�

ªÚ	gdÝ§Ý�6Ä. 3Äu SSH nØ� DL

µþ�§ [18] Ä:þ, �í2��k W «íN¤
©, N ��Ä�ªë��Ï^µþ�§�

d∆T vib
j

dt

= (∆T − ∆T vib
j )

×

 1
τ tran
j

+
N∑

k=1,k 6=j

1
τvib
j,k

1 − exp(−hυj/kBT0)
1 − exp(−hυk/kBT0)


−

N∑
k=1,k 6=j

(∆T − ∆T vib
k )

× 1
τvib
j,k

υk

υj

1 − exp(−hυj/kBT0)
1 − exp(−hυk/kBT0)

,

j = 1, · · · , N, (14)

Ù¥, vj �1 j ��Ä�ª��ÄªÇ. (14) ª¥
�²Ä (V-T) µþ�m�

(τ tran
j )−1 =

W∑
l=1

alZ(j, l)

× P
1−0(j)
0−0(l) × [1 − exp(−hυj/kBT0)],

(15)

Ù¥, l L«1 l «¤©©f��$ªÇ�Ä�ª.

(14) ª¥��Ä (V-V) µþ�m�

(τvib
j )−1 = akZ(j, k) × P

1−0(j)
0−1(k) ,

j, k = 1, · · · , N, j 6= k. (16)

3 (15) Ú (16) ª¥©f-E�Ç Z(j, l) Ú Z(j, k),

�d9åÆM¥-E�Çúª [18] O���; V-T

L§Ú V-V L§Uþ=£VÇ P
1−0(j)
0−0(l) Ú P

1−0(j)
0−1(k)

�d Tanczos úªO��� [6,12,19]. �u�Ì, �
©éu§��äNO�L§BØ2�[?Ø.

I�5¿�´, (14) ª´�é���Ä�ª
� * U þ = £ ¤ � � � § |, (15) Ú (16) ª ¥
� τ tran

j , τvib
j,k ´ü�¥mO�(J, �´US.

�©O¡�²Äµþ�mÚ�Äµþ�m.

|^ (13) ª�'X, ¿�Ä� T −T0 Ú T vib
j −

T0 þ�'u eiωt, K (14) ª���

yj(kjj + iω) −
N∑

k=1,k 6=j

yjkjk = kjj +
N∑

k=1, k 6=j

kjk,

kjj =
1

τ tran
j

+
N∑

k=1,k 6=j

1
τvib
j,k

1 − exp(−hυj/kBT0)
1 − exp(−hυk/kBT0)

,

kjk =
1

τvib
j,k

υk

υj

1 − exp(−hυj/kBT0)
1 − exp(−hυk/kBT0)

,

yj =
T vib

j − T0

T − T0
=

dT vib
j

dT
, j = 1, · · · , N. (17)

2ò (17) ª��Ý
/ª

y = K−1H,Kjj = kjj + iω, Kjk = −kjk,

Hj = kjj −
N∑

k=1,k 6=j

kjk, j, k = 1, · · · , N, j 6= k.

(18)

d (18) ª�¦)�± ω �Cþ� yj , òÙ�\ (11)

ª=���*�Ý�·ÜíNk�9N.

3.3 ··· ÜÜÜ ííí NNN ((( EEE ÜÜÜ µµµ þþþ ªªª ÌÌÌ ��� ))) ÛÛÛ
LLL���ªªª

��Ä©f�Äµþ�, (3íN¥DÂ�k
�9åÆ(� ce � [24]

ce =

√
P0

ρ0

Ceff
V + R
Ceff

V

, (19)

Ù¥, P0 Ú ρ0 ©O�íN²ï�ØrÚ�Ý. |^
(Å�k�(� ce Úk��Åê ke �'X, ±9
k��Åê���d(� c ÚµþáÂXê αr L
��/ª, ��� [21]

ke =
ω

ce
=

ω

c
− iαr. (20)

- (20) ª1���Ò�mü��¢ÜÚJÜ©O
��, ���(� c ÚÃþjµþáÂXê αrλ (λ

�(ÅÅ�) ©O�

c = 1/Re(c−1
e ),

αrλ = −2π · Im(c−1
e )/Re(c−1

e ). (21)

ò (11) ª��¢ÜÚJÜ�©l�/ª

Ceff
V = x(ω) − iy(ω), (22)

éá (12) ª�� (22) ª�¢ÜÚJÜ�©OL
«�

x(ω) =
W∑
l=1

alC
∞
l +

N∑
n=1

C∗
n

1 + (ωτn)2
,

y(ω) =
N∑

n=1

ωτnC∗
n

1 + (ωτn)2
. (23)

2ò (22) ª�\ (19) ª��k�(��

c−1
e = A(B − iC)1/2,
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A =
√

ρ0

P0[(x(ω) + R)2 + y2(ω)]
,

B = x2(ω) + y2(ω) + Rx(ω), C = Ry(ω). (24)

ò (24) ª ^ 4 � I / ª L « � c−1
e =

A(
√

B2 + C2eiθ)1/2, Ù¥ θ = − arctan (C/B). ~
§ ^ � e, 	 g d Ý 9 N � � u � Ä 9 N [25],

� ωτnC∗
n/[1 + (ωτn)2] ���� C∗

n/2, d (23) ª
�� x(ω) >> y(ω), =k B >> C, @o −π/2 <

θ < 0 (Ì��Ì�«m½� (−π, π]), K (24) ª
���

c−1
e = A(B2 + C2)1/4 [cos(θ/2) + i · sin(θ/2)] ,

(25)

� Ä � c > 0, (25) ª � � 
 c−1
e = A(B2 +

C2)1/4e
i

(
π+

θ
2

)
. 2ò (25) ª�\ (21) ª, ��� c

Ú αrλ ©O�

c =
[
A(B2 + C2)1/4 cos (θ/2)

]−1

,

αrλ = −2π · tan(θ/2), (26)

d θ = − arctan (C/B) (−π/2 < θ < 0) ±9 αrλ >

0, ¿|^n���úª, éá (26) ª��·ÜíN
¥�6u(ªÇ�(� c ÚÃþj(µþáÂX
ê αrλ )ÛL�ª©O�

c =
√

2A−1[(B2 + C2)1/2 + B]−1/2, (27)

αrλ = −2π · {[(B/C)2 + 1]1/2 − B/C}. (28)

4 ?ØÚ©Û

4.1 nnnØØØ(((áááÂÂÂÌÌÌ���¢¢¢���êêêâââ���ééé'''

Ï�íN�µþ�m�Ør¤�', ¤±Jp
(ªÇ f ��J�Óu~�Ør P [3]. �©UìS
.òÃþj(P~Xê αλ Ú(� c ��± f/P

�Cþ�¼ê?1±ã. L 1 ´A«íN3�ï(
µþªÌ�I^��ëê [6,20]. L¥�Ä�ª�
�ÄªÇ υ ´1ÌOþ�ª, 3O��I�¦±1
� (3 × 1010 cm/s) òÙü =�� Hz; -E�» σ

Ú³²�Ý ε ´���N�� Lennard-Jones ©f
³Uëê [19].

L 1 A«íN3�ï(µþªÌ�I¦^��ëê

íN �Ä�ª v/cm−1 -E�» σ/10−10 m ³²�Ý ε·k−1
B /K C∞

V �ÄÌÝXê/u−1 {¿Ý g �mÏf

N2 υ = 2331 3.704 80.01 5R/2 0.0714 1 1/3

O2 υ = 1554 3.541 88.17 5R/2 0.0625 1 1/3

CH4

υ1 = 2915

3.759 154 3R

0.9921 1

2/3υ2 = 1534 0.9921 2

υ3 = 3019 0.9923 1

υ4 = 1306 0.8368 3

CO2

υ1 = 1388
3.99 190.32 3R

0.05 1
2/3υ2 = 677 0.05 2

υ3 = 2349 0.05 1

éu N2/CO2 ·ÜíN, � CO2 ��©ê©O
� 20%, 40%, 60%, 80%�, �©�.nØ(áÂ
Ì� Ejakov ¢�êâ [20] ±9 DL �.nØáÂ
Ì [20] �é'Xã 1 ¤«. I�`²�´, ã 1 ¥
¤k�(JÑ�Ä
²;áÂ, ²;áÂ3p
ª�¬��µþáÂÓÌ�/ , ¤±áÂÌ�
Ú¢�êâ3 f/P �u 106 Hz/atm �Ñy
 “þ
�” y�. lã¥�o|(J�±wÑ: 3µþá
Â¸ÚµþªÇþ, �©nØÌ�Ú¢�êâÑÎ
ÜéÐ, Ù¥¸�Ø�þ$u 1%; 3áÂ¸�þ,

DL nØÌ�K�¢�êâk�½�å, �ù«Ø
��X CO2 ��©ê�O\C�, � CO2 ��
©ê� 80%�Ø�� 40%. ·�@�E¤ù«(
J��Ï3u: DL �.b½3¿§eeÃCq�
�u), K�I�ÄíN©f�$ªÇ�Ä�ªé
Uþ=£��z, �ò�pªÇ�Ä�ª��z�
Ñ [18]; �©@�íN�¤k©f�Ä�ªÑ¬
éUþ=£�)�z. du DL ��'©z¥�J
ø CO2 ��'O�[! [20], e¡K^ CH4 �?�
Ú�`².
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ã 1 CO2 ��©ê� 20%, 40%, 60%Ú 80%� N2/CO2 �nØ(áÂÌ (�¹µþÚ²;áÂ) �¢�êâ�é' (§Ý T

©O� 292.6 K, 293.7 K, 293.5 K Ú 294 K)

ã 2 ´X CH4 nØ(áÂÌ�¢�êâ�é
'(J. dã��: �©�.(áÂÌ� (o¢�)

�µþªÇ� Gravitt �¢�êâ [26] �� (�ö�
©¥�(rP~, ã¥®=��(ØP~); áÂ¸
�� Ejakov ¢�êâ [20] ���C.

ã 2 100% CH4 nØ(áÂÌ�¢�êâ�é', Ù¥ Ejakov

¢�êâ T = 293.9 K, Gravitt ¢�êâ!�©�.Ú DL �.
nØÌ� T = 299.15 K

��©�.��Ä CH4 ��$�Ä�ª v4

�, Ù(J ([¢�) � DL �.(J [18] Ä���,

�3ÌÝþ�¢�êâkC 25%�Ø�, ò CH4

Ù¦�p�Ä�ª\\O��, (J (o¢�) 3Ì
Ýþ�¢�êâ�Ø�$u 1%. E¤ù«y��

�Ï�: DL �. [18] 3O�X CH4 �µþáÂ�,

@� CH4 �o«�Ä� (�L 1) Ø�3Cq��,

=�Ä
�$�Ä�ª v4 : 1306 cm−1; �©�
.@� CH4 �o«�Ä�ªÑ¬ë�µþL§, A
O´�Ä�ª v2 : 1534 cm−1 äk�$��ÄªÇ,

§éµþáÂ��zØ��Ñ. ��¡du�p�
Ä�ª��*�3, �©�ù�b�K���Cý
¢�ÔnL§; ,��¡ Lambert[6] Ú Yardley[27]

3?Ø CH4 ��ÄUþ=£�Ó��Ä
o«�
Ä�ª.

ã 3 ´õ|ØÓ��' N2/CH4 ·ÜíNnØ
(áÂÌ�¢�êâ�é'(J. dã��: CH4

��©ê� 20%, 40%�, �©�.Ì�Ú Ejakov

¢�êâÜ [20]; ��©ê� 60%Ú 80%�, áÂ
¸��¢�êâ�Î, µþªÇKÑpu¢ÿêâ.

éuX CH4 áÂÌ�µþªÇ, Ejakov ¢�êâ
$u Gravitt �¢�êâ, �©�.Ú DL �.Ì
�þ��C Gravitt �(J (Xã 2). ù`²éup
ßÝ� CH4, Ejakov ¢�êâ3µþªÇþ�O(
5�I&?. dã 3 ���, �ã 1 ��¹�q, �
X CH4 ßÝ�O\K©f�p�Ä�ªé(µþ
áÂ��z�O�, E¤ DL �.� [20] �¢�
êâ�ÌÝ�åÅì\�. ù2�gy²�p�Ä
�ª��zØU�Ñ.

174301-7
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ã 3 CH4 ��©ê� 20%, 40%, 60%Ú 80%� N2/CH4 �nØ(áÂÌ�¢�êâ�é' (§Ý T ©O� 293.2 K, 293.0 K,

293.4 K, 295.0 K)

4.2 ooo���···ÜÜÜíííNNN(((µµµþþþªªªÌÌÌ©©©ÛÛÛ

ã 4 � N2/O2/CH4/CO2 o�·ÜíN, � CO2

Ú CH4 ��©êu)Cz��µþªÌ. T·Ü
íN¥ N2 Ú O2 �NÈ'�±� 78 : 21, �À�
ZH�í, CH4 Ú CO2 K´�í¥Ì��ü«§
¿íN. lã 4(a) �±w�: �X CO2 '~�O\,

(�Ñy
²w�eü, ù´du(�Ì�díN
©f�þû½,  CO2 ©f�þ�u CH4 ©f�
þ��Ï¤E¤; �X(ªÇ�Cz, A½íN¤
©�(�Ì�3�½ªÇ��S¥y��� S /
�, ù`²©fµþé(�K�Ø²w. éu�
¹ 3% CH4 ��(�Ì, ã¥�IÑ
(�pª4
�� c∞(ωτ → ∞) Ú$ª4�� c0(ωτ → 0) � 
�, �ö�²;(�úª [3] O�(J��.

ã 4(b) �N
(µþáÂÌ�Cz, �±w�:

1) �,·ÜíNk 9 «�Ä�ª (�L 1) ë�
µþL§, �áÂÌ¥�Ñy
 1!2 �µþáÂ
¸. ù`²éuõ��Ä�ªë��EÜµþL§,

��Ä�ª�-uUÏL V-V L§ÍÜ��ªÏ
L 1!2 � V-T L§ò-y, �¬/¤ 1!2 �äk
�prÝ�ü�µþL§. ù�:Ó��dã 1!
ã 2 Úã 3 ���y. �´ù«�Ä�ªm�ÍÜ
�^, ��
�A½��þ,�íN\\�, �µ
íN�(µþªÌ¬u)wÍ�Cz.

2) éu�¹ 3% CH4 �·ÜíN, =k��
3 3.2 kHz NC�µþáÂ¸. �k CO2 \\�,

ªÌÑy
ü�áÂ¸. Ù¥��ýáÂ¸Ì�
d N2, O2 Ú CH4 Úå, �X CH4 ~��$ª�
�£Ä, ¿�k¸�Åìeü, ��� CH4 ¹þ�
"�£Ä� 5 Hz NC, C�d N2, O2 Ì��áÂ
¸. mýáÂ¸KÌ�d CO2 Úå, �X CO2 �O
\, ¸�wÍþ,, �µþªÇ��3 4.5 kHz NC,

�´�X CO2 O\Ñ��m£Ä. (ÆíN&ÿ
Eâ [3,4,28,29] �´|^ù«(µþáÂÌ�íN
¤©Cz�5Æ, ±��éíN¤©½5½½þ©
Û�8�.

3) é u ¹ k 1% CH4+2%CO2 � · Ü í N,

Petculescu �{ [21] �U�Ù¥ÌµþL§ (o
¢�), ØUï 500 Hz NC�,��Bµþ
áÂ¸.

4.3 (((µµµþþþªªªÌÌÌ���)))ÛÛÛ©©©ÛÛÛ

���¦)��(µþÌ�þ�A�:�, ¿
�ÏLêÆí�½5½þ/©Û·ÜíN(µþ
Ì��CzA�, ù´�©)Û�.«O�Ù§�
.�Ì�`³.

4.3.1 µþáÂÌ�)Û©Û
µ þ á Â Ì ) Û � . (28) ª, Ù / X y =

174301-8
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ã 4 ØÓ��©ê' N2/O2/CH4/CO2 ·ÜíN�µþª
Ì (N2 Ú O2 �NÈ'�½� 78 : 21, T = 297 K) (a) (�ª
ÑÌ; (b) (µþáÂÌ

√
x2 + 1 − x �¼ê, =µþáÂXê αrλ � B/C

üN4~, �� B/C ������, αrλ ���
��. éu (9) ªéA�k�9N�¢ÜÚJÜ
©O�

x(ω) = C∞
V +

Cvib
V

1 + (ωτ)2
,

y(ω) =
ωτCvib

V

1 + (ωτ)2
. (29)

ò (29) ª � \ (24) ª ¦ � B Ú C, 2
- d(B/C)/dω = 0, �¦����4��: ωrelax,

=µþáÂ¸�éA�µþ�ªÇ�

ωrelax =
1
τ

√
(C∞

V + Cvib
V )(C∞

V + Cvib
V + R)

C∞
V (C∞

V + R)
. (30)

� (30) ª�Ó�(Ø��u©z [5, 26], ØU�
©z [21] @�{ü/@�� ωτ = 1 �µþáÂ�
���.

��|^)Û�.éµþáÂÌ?1½5©
Û, Ï� Cvib

V /[1 + (ωτ)2] < Cvib
V , 2(Ü C∞

V >>

Cvib
V , d (24) ª��

B/C ≈ C∞
V (C∞

V + R)[1 + (ωτ)2]
ωτCvib

V

. (31)

d (31) ª�� B/C �'u Cvib
V ,  αrλ � B/C ü

N4~, ¤± αrλ �'u Cvib
V . d (4) ª���Ä9

N��ÄªÇ¤�', �Ä9N�N
íN©f
�Ä�ª¼�(ÅUþ�Uå, ¤±�ÄªÇ�$
KE¤�µþáÂÒ��. 'X: CO2 ��$�Ä
ªÇ$u CH4 (�L 1), K�Ó��©ê� CO2 ¤
Ì��µþáÂ¸�²wpu CH4, Xã 1!ã 3

Úã 4 ¤«.

� ωτ → 0 ½ ωτ → ∞ �, k B/C → ∞,

KéA�áÂXê αrλ → 0, ù`²µþ�m�(
Å±Ï�'Lp½L$�vkµþáÂ, Ï�d�
SgdÝØUl	gdÝ¼�(ÅUþ. duEÜ
µþáÂÌ��©)�õ�ü�L§�U\, �I
ò (30) ªÚ (31) ª¥� Cvib

V �� C∗
n =�ò±þ

©Û(JA^uEÜµþL§.

4.3.2 (�Ì�)Û©Û
·ÜíN�G��§���

P0 = T0ρ0R/Mmix,Mmix =
W∑
l=1

alMl, (32)

Ù¥, Ml ´1 l «íN©f����þ, Mmix �·
ÜíN²þ���þ. ò (32) ª�\ (27) ª��(
�,�L�/ª

c =
√

T0/MmixA
′[(B2 + C2)1/2 + B]−1/2,

A′ =
√

2R[(x(ω) + R)2 + y2(ω)],

B = x2(ω) + y2(ω) + Rx(ω), C = Ry(ω). (33)

d (33) ª¿éá (23) ª��(��3±eü�4
��.

1) � ωτ → ∞ �, lim
ωτ→∞

x(ω) = C∞
mix,

lim
ωτ→∞

y(ω) = 0, Kk

c∞ =
√

(RT0/Mmix)[1 + R/C∞
mix]. (34)

(34) ª´(��pª4��, �´���.

2) ωτ → 0 �, lim
ωτ→0

x(ω) = C∞
mix +

N∑
n=1

C∗
n =

C0
mix, lim

ωτ→0
y(ω) = 0, Kk

c0 =
√

(RT0/Mmix)[1 + R/C0
mix]. (35)
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(35) ªK´²;(�úª [3,7], ´(��$ª4�
�, �´���.

duíN©f��Ä9N3~§eê�é�,

Kk C∞
mix ≈ C0

mix. d (34) Ú (35) ª� c∞ ≈ c0,

��Ø�¸§Ý	, (��¯úÌ�díN©
f�þû½É�ÄµþK���, ù:��l
ã 4(a)w�.

5 ( Ø

�©JÑ
�«·ÜíN(EÜµþªÌ�
)Û�.. �'®k�., ��.���¦)��
·ÜíN(µþªÌþ�A�:�, ¿�|^)
Û(J½5½þ/©Û(µþªÌ�CzA�;

�' Petculescu �ÌµþL§ï�., ��.�
�ïÓ�NyÌBµþL§�EÜµþªÌ; �
' DL �., éu CO2, CH4, N2 |¤�õ«·Üí
N, ��.nØ(áÂÌ�¸���C¢�êâ,

¸�Ø�3 1%±S, ùy²
�p�Ä�ªØ�
ÏÙ�u)Cq��, ò�éµþáÂ��z�

Ñ. �ý(J��y
éuõ�Ä�ªÍÜ/¤�
EÜµþL§, §´dõ�ü�µþL§U\/¤,

�3(µþáÂÌþÏ~=¬wyäk�prÝ
� 1 � 2 �ü�L§. l�ïÄØÓØr!§Ý
^�e, (DÂA5�E,íN�µe©fµþA
5��p'XJø
��k��nØ�..

�(n)·ÜíN¥�©f�Ä�ª��*
Uþ=£XÛ/¤�ª�÷*µþL§, E´íN
µþ(ÆïÄ+���äk]Ô5�ó�, ùA´
�+�?�Ú�ïÄ:. ·�@�|^�©�.
½þ/©Û��Ä�ªé�µþáÂ¸/¤��
zÝ, �¤·ÜíNk�9Nd�*�¡�÷*�
¡�í�, A´)ûù�¯K�nØïÄ'�. �
,?�Ú|^��.¦)��µþªÌþ�õA
�:�)Û/ª, ��ÏLù
)ÛªJ�íN¤
©&E, éÄu©f9µþnØ��U(íNDa
ì�¢y½´äk�½�¢S¿Â.

a�u¥�E�Æ>&Xî¥uÆ¬�?Ø.

[1] Petculescu A G, Lueptow R M 2007 Icarus 186 413

[2] Bass H E, Chambers J P 2001 J. Acoust. Soc. Am. 109 3069

[3] Phillips S, Dain Y, Lueptow R M 2003 Meas. Sci. Technol. 14 70

[4] Zhu M, Wang S, Wang S T, Xia D H 2008 Acta Phys. Sin. 57
5749 (in Chinese) [Á², �Ï, �Ëë, gÀ° 2008 ÔnÆ�
57 5749]

[5] Herzfeld K F, Litovitz T A 1959 Absorption and Dispersion of Ul-

trasonic Waves (New York: Academic) p55–216

[6] Lambert J D 1977 Vibrational and Rotational Relaxation in Gases

(Oxford: Clarendon) p1–114

[7] Lueptow R M, Phillips S 1994 Meas. Sci. Technol. 5 1375

[8] Herzfeld K F, Rice F O 1928 phys. rev. 31 691

[9] Knudsen V O 1931 J. Acoust. Soc. Am. 3 126

[10] Bauer H J, Shields F D, Bass H E 1972 J. Chem. Phys. 57 4624

[11] Schwartz R N, Slawsky Z I, Herzfeld K F 1952 J. Chem. Phys. 20
1591

[12] Tanczos F I 1956 J. Chem. Phys. 25 439

[13] Shields F D 1970 J. Acoust. Soc. Am. 47 1262

[14] Evans L B, Bass H E, Sutherland L C 1972 J. Acoust. Soc. Am.

51 1565

[15] Bass H E, Bauer H J, Evans L B 1972 J. Acoust. Soc. Am. 52 821

[16] Bass H E, Sutherland L C, Piercy J, Evans L 1984 Absorption of

Sound by the Atmosphere in Physical Acoustics edited by Mason

W P, Thurston R N (Vol. XVII) (Orlando: Academic) p145–232

[17] Sutherland L C, Bass H E 2004 J. Acoust. Soc. Am. 115 1012

[18] Dain Y, Lueptow R M 2001 J. Acoust. Soc. Am. 109 1955

[19] Petculescu A G, Lueptow R M 2005 J. Acoust. Soc. Am. 117 175

[20] Ejakov S G, Phillips S, Dain Y, Lueptow R M, Visser J H 2003 J.

Acoust. Soc. Am. 113 1871

[21] Petculescu A G, Lueptow R M 2005 Phys. Rev. Lett. 94 238301

[22] Zhang H L 2007 Theoretical acoustics (Beijing: Higher Educa-

tion Press) p221 (in Chinese) [Ü°> 2007 nØ(Æ (�®: p
���Ñ��) 1 221 �]

[23] Zhang J C, Yuan P, Ouyang Y H 2010 Acta Phys. Sin. 59 8287 (in

Chinese) [ÜµA, �±, î��s 2010 ÔnÆ� 59 8287]

[24] Morse P M, Ingard K U 1968 Theoretical acoustics (New York:

McGraw-Hill) p294–300

[25] Holman J P 1980 Thermodynamics (New York: McGraw-Hill)

p324–332

[26] Gravitt J C, Whetstone C N, Lagemann R T 1966 J. Chem. Phys.

44 70

[27] Yardley J T, Moore C B 1968 J. Chem. Phys. 49 1111

[28] Petculescu A G, Hall B, Fraenzle R, Phillips S, Lueptow R M 2006

J. Acoust. Soc. Am. 120 1779

[29] Yan S, Wang S 2008 Acta Phys. Sin. 57 4282 (in Chinese) [>Ó,

�Ï 2008 ÔnÆ� 57 4282]

174301-10



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 17 (2012) 174301

Analytical model for acoustic multi–relaxation
spectrum in gas mixtures∗

Zhang Ke-Sheng Wang Shu Zhu Ming† Hu Yi Jia Ya-Qiong

( Department of Electronics and Information, Huazhong University of Science and Technology, Wuhan 430074, China )

( Received 22 December 2011; revised manuscript received 20 February 2012 )

Abstract

To identify the correlation between sound propagation and molecular multimode vibrational relaxation in polyatomic gas mixture,

an analytical model that constructs acoustic multi-relaxation spectrum is presented. The frequency-dependent effective specific heat

of gas is formulated from the micro view of vibrational mode energy transfer as well as the macro view of relaxation process due

to vibrational-vibrational mode energy coupling. With the aid of the general relaxation equations of multimode vibrational energy

transfer, the analytical expressions to calculate acoustic relaxation absorption and dispersion, which reflect both primary and secondary

relaxation processes, are developed from the effective specific heat. The constructed absorption spectra of various gas mixtures,

consisting of carbon dioxide, methane, nitrogen, and oxygen, accord with the experimental data very well. Especially, the peak errors

of those results are less than 1%. Moreover, the simulation results illustrate that less than two single processes with higher strength

appear generally in a multi-relaxation absorption spectrum. Compared with the existing models, the analytical model can directly obtain

the analytical expressions of characteristic points in the relaxation spectrum of gas mixtures, which makes it advantageous to analyze

the spectral characteristics qualitatively and quantitatively. Consequently, the model provides an effective approach to analyzing the

relationship between sound propagation and molecular vibrational relaxation of gas mixtures.

Keywords: gas relaxation, acoustic spectrum, acoustic attenuation, effective heat capacity
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