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¼�CX�°§ÝÚØå��S��lfNÑ$5�´?1�lfND9Ú6ÄL§ê��[�7�^�.

�©æ^ Saha �§O��lfN|©, æ^Äuò Chapman-Enskog �{*Ð�p�Cq��{, O�¼�
>f
§Ý (T e ) Ø�u­âf§Ý (Th) ��/e, 3 300 K � 40000 K �§Ý��S±�lfN�Å5!9�ÇÚ>�
Ç. ïÄ(JL²ØåÚ9åÆ�²ïëê (θ = T e/Th) é±�lfN�Ñ$5�k���K�. 3Û�9åÆ²
ï^�e, O�¼��±�lfNÑ$5�Ú©z���êâÎÜûÐ.

'�c: ±�lfN, Ñ$5�, 9åÆ�²ï

PACS: 52.25.Fi, 51.10.+y, 51.20.+d

1 Ú ó

±í���lfN/¤íN3ó�)�!Ê
�ÊU+�kX2��A^. 3�lfNá�\ó
L§¥, Ï~æ^Uì�½'~·Ü�� - ±½� -
± - �·ÜÔ��ó�íN. ~X3�lfN�æ
L§¥, du��lfN�9Xê�!ó�$, Ï

��lfN�6���æ�â�D9þ�, ��
3X��lfN�6¥��Ü©�â3����
æÄ�cÿ���Lz, l
K�æ���þ. ¤
±¢S�æL§¥, Ï~3�í¥V\�½'~�
±í±Jp�lfN�6�ó�Ú�9Xê, ±U
õ�â�\9�¸ [1,2]. 3ÊUí?+�, du±�
lfNó�p, �f�þ�, ��>l\9uÄÅ
�ó�íN, U¦uÄÅ¼��p�'À [3]. 3±
í�þãA^¥�,
�/e, �
ïÄL², ±
�lfN�U?u9åÆ�²ïG�, =>f§Ý
Ø�u­âf§Ý��/ [4]. ~X3>4«NC!
�lfN�6�>�!±9$íØ�/�. Ïd,
¼�±�lfN3��§ÝÚØå��S�V§
Ý9åÆÚÑ$5�´éþãD9!6Ä±9�
²ïL§?1©ÛÚê��[cJ^�.

±í´(�{ü�ü�fíN, 3íN§Ý,
p�Ø^²L)l�ã, Ïd�'Ù¦íN, ±�
fÚÙ¦âf��p�^³Ú-E�¡�±�\
O(/¼�, Ï
±�lfNÔ5�O�áÚ
é
õÆö�'5. �´kc���'u±�lfN
�Ô5êâ, �õ´Û�9åÆ²ï^�e�O�
(J [5,6], ½±·ÜíN�/ª�Ñ [1,2]. 3V§
Ý�/e, >f§ÝØ�u­âf§Ý, ù« l
9åÆ²ï�§Ý¬é�lfN�|©!9åÆ
ÚÑ$5��)ØÓ§Ý�K�; Ó��XØå�
Cz, íN¥>lEÜ�A�§Ý«m!�«|©
�ê�Ý�¬u)Cz, l
é�lfN�Ñ$5
��¬�)���K�. ,	, 8c©z����
lfNÔ5êâ�§Ý���Ñ3 300 K � 30000
K �m [1,2,5,6], 
3�
p>6!�õÇ��lf
NA^¥, íN§Ýk�U�Ñù���, Ïd3
�©�ïÄ¥, òÔ5O�§Ý���þ�ò�
� 40000 K.

�lfN^�eíNÑ$5��O���
´9�lfNÔ5ïÄ�9:¯K. Devoto � [5]

JÑ�«{z�{ò²;� Chapman-Enskog �
{ [7,8] í2�9�lfN^�e. ù«�{@�
3�lfN^�e, du>f�þ'­âf�þ

* I[g,�ÆÄ7 (1OÒ: 11072020, 50836007) ]Ï��K.

† E-mail: whx@buaa.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

195203-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 19 (2012) 195203

��õ, >f�­âf�m�-Eé­âf©Ù
¼ê�k���K�, Ï
�±�Ñ>f�­â
f�m�-Eé­âf|©©Ù¼ê�K�, ¦>
f� Boltzmann �§Ú­âf� Boltzmann �§)
Í, >fÚ­âf�Ñ$XêÒ�±©OÕá/O
�Ñ5. Cc5 Rat � [9,10] @�>fÚ­âf�
m-E�ÍÜØU����Ñ, Äuù«g�uÐ
Ñ�@U?��{zÑ$5�O��{, ,
�
â Colombo ��#�ïÄL² [11], ù«�{zÑ
$5�O��{¼��9�Ç!>�Ç� Devoto
��{z�{O�¼��(J�Oé�, �´V§
Ý�/e�O�¼��*ÑXêk�½�O.

�©æ^ Devoto uÐ�{z�{ [5] ?1

V§Ý±�lfN�Ñ$5�O�, ¼�
3 300
K � 40000 K �§Ý��S±�lfNNX�Å
5!9�ÇÚ>�Ç�ØåÚ9åÆ�²ïë
ê (θ = T e/Th) �Cz�¹, ¿é�lfNÑ$5
��üzª³?1
©Û�?Ø. �
�yO�(
J�O(5, ·��ò3Û�9åÆ²ï^�e±
�lfNÑ$5��O�(J�©z���êâ
?1
é', (JÎÜûÐ.

2 ±�lfN|©�-EÈ©

2.1 ±±±���lllfffNNN|||©©©OOO���

3�©�O�¥, b½±�lfNdo«âf
|¤, =±�f (He), �g>llf (He+), �g>
llf (He++) Ú>f (e) |¤. �lfN|©�X
§ÝCz�±deã Saha �§ [12], (ÜíNG�
�§Ú>¥5^�(½:

n enHe+

nHe
=2 exp

(
−εi,He

kBT e

)(
2πm ekBT e

h2

)3/2

×
(

ZHe+,ex

ZHe,ex

)
, (1)

n enHe++

nHe+
=2 exp

(
−εi,He+

kBT e

)(
2πm ekBT e

h2

)3/2

×
(

ZHe++,ex

ZHe+,ex

)
, (2)

p = n ekBT e + (nHe + nHe+ + nHe++) kBTh, (3)

n e = nHe+ + 2nHe++ , (4)

þ ª ¥, n e , nHe, nHe+ , nHe++ © O � L > f !
�f!�g>lÚ�g>llf�ê�Ý; kB

´ Boltzmann ~ê, m e �>f�þ, h � Planck ~
ê; εi,He � εi,He+ ©OL«±�f��gÚ�g>
lU; ZHe,ex, ZHe+,ex Ú ZHe++,ex ©OL«�f!
�g>llfÚ�g>llf��©¼ê. ���
Ñ�´, ©z [13] duæ^
Ø�(� Saha �§
/ª [12], Ïd��O�¼��9åÆ�²ï�/
e±�lfN�|©, ±99åÆÚÑ$5�Ñ´
k¯K�.

ã 1 �Ñ
�âþã�{O�¼��Û�9
åÆ²ï^�e, �íNØå©O� 0.1 atm, 1 atm
Ú 5 atm (1 atm = 1.01325 × 105 Pa) �, ±�lf
N|©��ßÝ3 300 K � 40000 K �§Ý«mS
�Cz�¹. lã 1 ¥�±wÑ, du±�f��
g>lU�p, � 24.6 eV, ¤±§Ý,p� 11000
K ±þ, íNâm©>l; ±�f��g>lU
� 54.1 eV, ¤±±�f�g>lu)�§Ý��
p, 3 35000 K �m. lã 1 ¥��±wÑ, Øåé
�lfN|©�Czk�½�K�, �XØå�,
p, �!�g>l�A�å©§ÝO\. ã 2 �Ñ

Øå� 1 atm �, 9åÆ�²ïëê θ é±�l
fNNX¥�|©��ßÝ�K�. lã¥�±w
Ñ, �X θ �O\, >l�Aå©§Ý�>f§Ý
,p���£Ä.
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ã 3 �Ñ
Øå� 1 atm �, >fê�Ý3>
f§Ýl 300 K � 40 000 K «mS�Cz5Æ. l
ã¥�±wÑ, >fê�ÝgíN>l�m©O\,
3§Ý� 25 000 K �m��¸��Ñkeü. ÙÌ
��Ï´íN�g>l(å�, 3ØåØC��¹
e, �âíNG��§, §ÝO\¬��>fê�
Ýeü. lã 3 ¥��±wÑ, �X9åÆ�²ï
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ëê θ �O\, >fê�Ý��XO\, ù�ª³
éuÚ>fk'�Ñ$XêkX­��K�.

¼�ØÓ§ÝÚØå�/e��lfN|©
�, duíN�'ó!SU�þ�L«�XÚ�©
¼ê�¼ê, 
d½Ø^�eNX'óé§Ý� 
�ê�±O���íN�½Ø'9, ù�Ò�±(
½±�lfNNX�9åÆ5�.
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2.2 ---EEEÈÈÈ©©©

3?1Ñ$5��O��, I�^�deª½
Â��«âf�p�^�-EÈ© [5−8]

Ω
(l,s)
ij =

√
2πkBT ∗

ij/m∗
ij

∫ ∞

0

∫ ∞

0

exp(−γ2
ij)γ

2s+3
ij

× (1 − cosl χ)bdb · dγij , (5)

ª¥, b Ú χ ©O´ÀÂëêÚ-E ��Ý; γij

´|© i, j �é�Ý gij �¼ê; T ∗
ij Ú m∗

ij ©O�

-Eâf�k�§ÝÚ�z�þ, ©Odeª�Ñ:

m∗
ij = mimj/(mi + mj),

T ∗
ij = (miTj + mjTi) /(mi + mj),

(6)

ª¥� Ti Ú Tj ©O´|© i, j �§Ý.
± � f (He-He) � m - E � � p � ^ ³ æ

^ Hulburt-Hirschfelder ³ (H-H ³)[1,14]

ϕ(r) =ϕ0

{
exp

[
−2αHH

(
r

r e
− 1

)]
− 2 exp

[
−αHH

(
r

r e
− 1

)]
+ βHH

(
r

r e
− 1

)3 [
1 + γHH

(
r

r e
− 1

)]
× exp

[
−2αHH

(
r

r e
− 1

)]}
, (7)

þª¥�ëê ϕ0 = 9.44×10−4 eV, r e = 0.2968 nm,
αHH = 3.7740, βHH = −85.0370, γHH = 0.2188.

éu He-He+ �m�-E, I��Ä>Ö��
-EÚ�5-Eü«�¹, Ù¥>Ö��-E�¡
deª(½:

Qex =
1
2

(A − B ln g)2 , (8)

ª¥, g ´�é�Ý, �â©z [1] �ïÆ, éu
±�lfN��/, ~ê A Ú B ©O�� 1.842
nm Ú 0.08214 nm. é u � 5 - E Ü ©, E �
^ H-H ³ O �, Ø L Ù ¥ � � ë ê © O N �
� ϕ0 = 2.4730 eV, r e = 0.1081 nm, αHH = 2.2300,
βHH = 0.2205, γHH = 4.3890.

�>âf�m�-Eæ^¶-¥Ô³O�:

ϕ(r) = ϕc (λD/r) exp (−r/λD) , (9)

þª� ϕc deª(½:

ϕc = ZiZj e2/4πε0λD. (10)

(9), (10) ª¥� λD ��~�», Zi Ú Zj ©O´|
© i, j �>Öê, ε0 ´ý�0>~ê. ¶-¥Ô³
��A-EÈ©ê�d©z [15] �Ñ.

3 �lfNÑ$5�O�(J

�lfNÑ$5��O�´ïá3 Boltzmann
È © - � © � § ¦ ) � Ä : þ, A ^ Chapman-
Enskog �{, b�âf�©Ù¼êé Maxwellian
©Ù´��6Ä, ¿^�X� Sonine õ�ªL«,
Ò�±���X��/�§^5¦�ØÓ�Ñ$
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Xê. �«Ñ$Xê�O��{ÚL�ª�±ë�
©z [9,10,16].

3.1 ÛÛÛ���999åååÆÆÆ²²²ïïï^̂̂���eee���OOO���(((JJJ

ã 4—6 ©O�Ñ
3 1 ��íØ, Û�9å
Æ²ï^�e, =>f§Ý T e �u­âf§Ý Th

��/e, ±�lfN�Å5!9�ÇÚ>�Ç
3 300 K � 40000 K �m�§Ý�Cz�¹. �

�yO�(J�O(5, ·�ò�©O�(J�©
z [1,5,6] ���êâ?1
'�.
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ã 5 Û�9åÆ²ï^�e±�lfN�9�Ç

Ï�Å5Ì�´âf�þ�¼ê, ¤±��@
��lfNÅ5Ì�´­âf��z, �±�Ñ>
féÅ5Xê�K�. lã 4 �±wÑ, 3íN>
l±c, du¥5âf�m�á§�p�^ÓâÌ
�/ , ¤±Å5�XíN�§Ýþ,
O\. í
N>l�, du�>âf�m��§�p�^Åì

ÓâÌ�/ , ��íN�Å5Åìeü.
�lfN�9�Çd>fÚ­âf�²Ä9

�Ú�A9�|¤. 3§Ý�$�«�, ­âf�
²Ä9�éíN9�Ç�z��; 3íN>l«m,
Xã 5 ¥9�Ç�¸�«��´éA±í�g>
l�«m, �N
�A9���z; 3p§«, >f
²Ä9���zKÓâÌ�/ .

�lfN�>�ÇÌ�5gu>f��z, ¤
±lã 6 �±wÑ, >�Ç�k3íNm©>l�,
â�X§Ý�þ,
O\.

ã 6 Û�9åÆ²ï^�e±�lfN�>�Ç

ã 4! ã 5 Ú ã 6 � Ñ 
 � © O � ( J
� Aubreton[1], Devoto[5] Ú Murphy[6] �O�(J
�'�. lã 4 Úã 5 �±wÑ, �©O�¼�±
�lfN�Å5�9�Ç3±ím©>lc�©
z��(JÎÜ�Ð, 3íN>l±��§Ý«m
SÑk�O. Ì��Ï´ØÓïÄöæ^�O�-
EÈ©��{Úê�ÑkØÓ. 3�©�O�¥,
ØÓâf�m��p�^³Ú-EÈ©æ^
�
#©z [14] ���(J.

3.2 999åååÆÆÆ���²²²ïïï^̂̂���eee���ÑÑÑ$$$555���

ã 7—9 ©O�ÑØå� 0.01 atm, 1 atm Ú 5
atm �, 9åÆ�²ïëê (θ = T e/Th) ©O� 1,
2, 3, 4 �, ±�lfN�Å5!9�ÇÚ>�Ç�
§Ý�Cz�¹.

lã 7 �±wÑ, Øåé±�lfNÅ5k�
��K�, ÙK�Ì�Ny3ü��¡: ��¡, Ø
åü$, ��âfê�Ýeü, duÅ5Ì�5g
u­âf��z, ¤±Xã 7 ¤«, íNÅ5�¸
��XØå�ü$
eü. ,��¡, Øåé±�
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lfN>l�A�§Ý«mk�½�K�, �XØ
å�ü$, >l�A�§Ý«m�$§«£Ä, �
�íNÅ5�¸�½�X�$§«£Ä. ã 7 �L
², 9åÆ�²ïëê θ éíN�Å5�k�½�
K�, �X θ �O\, >f§ÝØC�cJe, ­â
f§Ýeü, ¤±3ã¥�Ñ�íNÅ5�¸��
X θ �O\�>f§Ý,p���£Ä.

ã 7 9åÆ�²ï^�e±�lfN�Å5

ã 8 9åÆ�²ï^�e±�lfN�9�Ç

Xc©¤ã, �lfN�9�Çd­âfÚ>
f�²Ä9�Ú�A9�¤|¤, ­��¸�Ì�
éAíN�>l«�. lã 8 �Ñ�9�ÇCzª
³5w, Øåé9�Ç�k���K�. du�X
Øå�ü$, >l�A�§Ý«m�$§£Ä, ¤
±éA�9�Ç�¸�����$§«£Ä. l
ã 8 ¥��±wÑ, 9åÆ�²ïëê θ é9�Ç
�k²w�K�, cÙ´3>l�A«m¤éA�
9�Ç¸�NC. Ù�Ï�±(Üc¡�Ñ�>f
ê�Ý�9åÆ�²ïëê θ �Czª³5)º,
du>fê�Ý�X θ �O\
O\, L²3 θ �

��, >lEÜ�Aº�Ñ5�Uþ�õ, l
�
�3 θ ���, 9�Ç�¸�,p.

ã 9 9åÆ�²ï^�e±�lfN�>�Ç

ã 10 >f�±�fÏ~*ÑXê�>f§Ý�Cz

ã 9 �Ñ
3ØÓØåÚ9åÆ�²ïëê θ

e, ±�lfN>�Ç�§Ý�Cz�¹. du>
�ÇÌ�´>f��z, ¤±>�Ç�X>fê�
Ý�O\
O\. Øåé>�Ç�K��Ny3ü
��¡, ��¡Øåü$, ¦�g>l�Au)�
§Ý«m�$§«£Ä, ¤±lã 9 ¥�±wÑ,
3>f§Ý� 10 000 K � 17 000 K �«mS, Ø
å� 0.01 atm ��lfN>�ÇpuØå� 1 atm
Ú 5 atm �¤éA�>�Ç. ,��¡, Øåü$¬
��>fê�Ýeü, ¤±lã 9 ¥�±wÑ, 3
>f§Ýpu 17 000 K �, du$Ø�/éA�
>fê�Ý��, ¤±�A/Øå� 0.01 atm �/
�>�Ç$u 1 atm Ú 5 atm e�>�Çê�. ,
	, ã¥���5¿�´, 3Øå� 0.01 atm �, �
>f§Ý3pu 34000 K �, >�Çê�Ñkeü,
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�Ï´3±��g>l(å�, Ñy� He++ ��
>f��dlf�m�¥Ô-EÈ©O\, ��u
�dlf�>f�-EÈ©, ¦O�¼��>�Ç
k¤eü. ©z [10, 16] ������lfN>�
ÇÚ��lfN�>�Ç�§Ý�Czª³¥�
Ñy
aqy�.

�©�©Oæ^ Devoto �{z�{ [5] Ú Rat
� [9,10] JÑ��{z�{O�>f��f�Ï~
*ÑXê, O�(JL², 39åÆ�²ï^�e,
ü«�{O����*ÑXêÑk�O. ã 10 �
Ñ
3 1 atm �, ü«O��{¼�>f��fÏ
~*ÑXê�'�. lã¥�±wÑ3 θ = 1 �, =
9åÆ²ï^�e, �«�{O�¼��(J�Ó,
�´3θØ�u 1 �, =9åÆ�²ï^�e, æ^
�{z�{¼�*ÑXê�Ñpu{z�{¼�
�O�(J, L²æ^>fÚ­âf)Í�{z�
{O�*ÑXê�U¬$�*ÑXê�ê�.

�ó�þ~^���lfN�', ±�lfN
äk�p�Å5Ú9�Ç. þãO�(JL², �
XØå�ü$Ú9åÆ�²ï§Ý�O\, ±�l

fN�Å5¬eü, 9�Ç�¸����Ú ��
¬�)Cz. �\
)±�lfN�ù
A5�±
�Ù3ó�ÚÊUÊ��¡�A^Jøë�.

4 ( Ø

�Ø©ÏLO�¼�
3�°§ÝÚØå�
�S�V§Ý±�lfNNX�9åÆ|©9Ñ
$5�. 39åÆ²ï^�e¼��±�lfNÑ
$5��kc©z���(JÎÜ�Ð, �y
�
©æ^�{��15.

ïÄ(JL², Øåü$¦±�>l�A�§
Ýü$���£Ä, 
9åÆ�²ïëê θ �O\
¬íÄ>l�A�>f§Ý,p���£Ä. ù«
Czª³, éuÑ$5�kX­��K�, ¦±�
lfN�Å5!9�Ç����Ú¸�«��)
Cz. du>�Ç�Ì��z5gu>f, ¤±>
fê�Ý�ØåÚ θ �Czé±�lfN>�Ç
kX���K�.
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Abstract

The knowledge of two-temperature transport coefficients over wide temperature and pressure range is essential to model the flow

and heat transfer in plasma process. In this study, the plasma composition is calculated using the Saha equation and the transport

coefficients are worked out using Chapman-Enskog method expanded up to higher approximation. The electron temperature T e is

assumed to be different from that of heavy species Th. The evolutions of viscosity, thermal conductivity, and electric conductivity of

helium plasma are presented in elctron temperature range from 300 K to 40 000 K. It is shown that the transport coefficients strongly

depend on pressure and non-equilibrium parameter (θ = T e/Th). These values in local thermodynamic equilibrium state accord well

with previously reported data.
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