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�
ïÄ�í (Ar) ¥0�{	�íØ�1�> (APGD) ��>Ån, ÏLïá�����õâfgUÍÜ6

N�., æ^k���{?1ê�O�, ��
íNmYØü!0�L¡>Ö�Ý!�>>6�Ý��m�±ÏC

zÅ/, ±9>f!lf!æ�âf�ÝÚ�m>|rÝ���©Ù. �ýO�(JL²µ0�L¡Èà�>Ö

éu�>�L§�å©9K«äk��^¶�O�	�>Ø�, �>ÂB��Jc, �>>6�ÝÚ0�L¡>

Ö�Ý¸�O�, L²�>L§�\ì�¶�X{	0��é0>~ê�O�, �>>6�Ý���O�. �âf

�Ý9>|���©ÙL²�>L§3	�>Ø��±Ï¥�k�g�>, ��3²w�Ò4 ü«!K�«!

�lfN�Î«��1�>�;.«�, ��íØ�1�> (APGD).

'�c: 0�{	�> (DBD), �íØ�1�> (APGD),$§�lfN, 6N�.

PACS: 52.80.Hc, 51.50.+v

1 Ú ó

0�{	�> (DBD) ´�íØe¼�$§�

²ï�lfN�k�Ãã, ´8cíN�>+��

ïÄ9:�� [1]. 3�í^�e, du-EªÇé

p, >f�3éá�ålSÒU�)��p�>Ö

�Ý, éN´/¤65, ¤± DBD ���jG�

> [2]. 3A^uá�L¡U5�jG�>N´éá

�L¡�¡½B�, ��
ÙA^, ¤±3�m©

Ùþþ!��1�>�·Üá�L¡U5 [3]. ½

��1�>3$íØe´u¢y, �I�'�[B

�ý���, �J±éá�L¡3�\ó?n, J

±¢y�5��ó�A^, ÏdïÄ�íØe�1

�>Úå
<��2�'5 [1,3].

1988c Okazaki���
�«�íØe±í

¥�½��1�> [4], d�q^�� 50 Hz >

¢y
�íØe�í!�í!�íÚ�í¥�

½�1�>, ¿JÑ^>6óÀÅ/Ú>Ø – >

Ö�oiXã�{5«©jG�>Ú�1�> [5].

Massines�< [6] 3¢�þÏL>íëêÿþ!Í

1�m$� 5 ns� CCD �Åì�é�íØ±í!

�í�1�>?1
�\�ïÄ. Roth�< [7] m

Ð
0�{	�íØ�1�>�A^ïÄ, ¿J

Ñ
�1�>¥>flfÐ¼Ån�nØ. Ïý,

�< [8] ^�Ø²1>4?1�íØ±í0�{	

õóÀ�1�>¢�, ÏLOr>fÍÜì��

Å (ICCD) á�Í1ì¡, ïÄ
�íØõóÀ�

1�>3ØÓ����>�ª. �´, ���¢�

ïÄJ±*ÿ�>L§¥,
ëþ�üzL§, Ø

UéÐ/�«�íØe�1�> (APGD)��>Å

n, ÏIS	Æö?1
�þ� APGD �ê��

ýïÄó�. Behnke[9], Zhang[10], Massines�< [11]

é±í APGD, Choi� [12] é�í APGD ?1
�

ýïÄó�¶��ý [13]
!�##� [14] ïÄ�|

�é±í APGD ½�í�íØþ!�>?1
�

½��ýÚnØïÄó�. �´8cIS	Æöé

u�í¨�e� APGD �ýïÄó�����é

��. �ù�< [15,16] ïá
�í APGD >f!l

füâf��6N�., ïÄ
3�½ªÇe�>

��±Ï©
Ú·b���51�. ��K| [17]

3kc�ïÄ¥�ïá
�íámY APGD üâ

f��6N�., ïÄ
ØÓ{	0�é APGD ë

ê�K�. ,üâf6N�.é�í APGD �z

Æ�A9æ�âf��^�vk�Ä, ù¬3�

½§ÝþéO�(J�)K�.

�©Äkïá
�íØ�í DBD �õâf�

* �I`DÆ¬Æ Ø©�ö;�Ä7 (1OÒµ200338)]Ï��K.

† E-mail: gjzhang@mail.xjtu.edu.cn

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

045205-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 045205

�6NgU�., '��¡��Ä
�í DBD �

Ç~ê���Ì�zÆ�A. �.æ^k���{

?1ê�¦), é�í APGD 0�L¡�>Ö�Ý

�±ÏüC9��âf�Ý!>|rÝ���C

zL§?1
�[©Û, ¿ïÄ
ØÓ>ØÌ�Ú

{	0��é0>~êéíYØü!�>>6�

ÝÚ0�L¡>Ö�K�.

2 nØ�.

2.1 Ar DBD >>>444(((���

�©�>¤æ^�>4(�Xã 1 ¤«. ü�

²1²�>4L¡CXþÝ©O�d1, d2 �{	0

�, íNmY°Ý�dg , {	0��0>~ê�ε1 ,

ε2, íNmY�0>~ê��ý�¥0>~êε0.

ü�>4�m�\�u>Ø va(t) = Va sin(2πft),

Va �Ì�, f �ªÇ¶iT(t) �o��>>6�Ý.

ã 1 ²1²� DBD >4(�«¿ã

2.2 êêêÆÆÆ���...

�©b½¤?Ø�þ!�íØ�1�>÷»

�´þ!�, �>4�º����uíN�>m

Y°Ý, ¤±æ^��gU�6N�.. �.¥Ì

��Ä>f e!�flf Ar+!©flf Ar2+ Ú

-u�âf Ar∗ o«âf. -u�âf Ar∗ �L Ar

�f� 4s U?-u�, �)æ�Ú���. d

u���Úæ��U?�C, üö�m´u�p

=z, �ÄåÆ1��q, Ïd�©¥òüö�Ä

��«Ú��æ�âf Ar∗[18]. 3[£*ÑC

qe, ��âf�Ñ$dëY5�§ÚÄþ�§£

ã [19], =

∂n e

∂t
+ ∇ · (Γ e) = S e , (1)

∂ni

∂t
+ ∇ · (Γi) = Si , (2)

∂nmet

∂t
+ ∇ · (Γmet) = Smet, (3)

Γ e = −D e∇n e + n eµ e∇V, (4)

Γi = −Di∇ni − niµi∇V, (5)

Γmet = −Dmet∇V, (6)

�§¥�µÚD©O�ØÓâf�[£ÇÚ*ÑX

ê¶S��§�, L«T«âf3�A¥��)

Ú��. eIe, i, met©OL«>f e!lf (Ar+,

Ar+2 ) Úæ�âf Ar∗.

3íN�>�m, >|÷vÑt�§

∇ · (−ε∇V ) = e(ni − n e). (7)

30�¥duvk�m>Ö��3, KÑt�§ (7)

òz�.Ê.d�§

∇2V = 0. (8)

L 1 �ëY5�§ (1) � (3) �� S ¥¤

�9�zÆ�A. b�>f�-EªÇép, >

fUþ©Ù¼ê����µþ�méá, Cook

Ú Haydon[20,21] ÏLé�ª�>�ïÄ�yTb

��O(5, =÷vC|Cq^�e, ��>lX

êαdir Úæ�-u�AXêαmet �ÏL Boltz-

mann�§¦)ì BOLSIG+[22] ��.

L 1 �©�>�.¥¤�9�zÆ�A

?Ò �A�§ �AXê ë�©z

1 Ar+e→Ar++2e αdir [22]

2 Ar+e→Ar∗+e αmet [22]

3 Ar∗+e→Ar++2e 6.8×10−15 Te0.67 m3s−1 [23]

4 Ar++2Ar→Ar2++2e 2.5×10−43 m6s−1 [23]

5 2Ar∗→e+Ar+Ar+ 1.2×10−15 m3s−1 [18]

6 Ar2++e→Ar∗+Ar 7×10−13 m3s−1 [24]

7 Ar∗→Ar+hν 5×105 s−1 [18]

8 e+Ar+Ar+→Ar+Ar 2.3×10−34Tg−2.5 m6s−1 [25]

9 Ar++2e→Ar∗+e 5×10−39Te−4.5 m6s−1 [25]

10 Ar2++e→Ar∗+Ar∗ 5.4×10−14Te−0.66 m3s−1 [23]

> f [ £ Çµ e � 394.74 cm2/(sV)[26], �

â BOLSIG+ ¦��©òÜ>|e�²þ>f§

Ý��T e=5 eV, K>f*ÑXê�âOÏd"'

Xª��D e=2/3T eµ e . du DBD �$§�lfN,

Ïd�b�lf Ar+ Ú Ar2+ §Ýþ�¿§ 300 K.

Ar+ �[£Çµi (ü  cm2/(sV)) � [27]

µi =
{

4.411 × 1019}{N · exp[0.33 ln{1

+ exp(1.5 ln(7.721× 10−3|E/N |)}]
}

−1
, (9)
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Ù¥òÜ>||E/N|�ü �)) (Td). N��âí

NG��§¦�, Ù�� 2.45×1019 cm−3. Ar+2 �

[£Ç�� 2.7 cm2/(sV)[25]. Ar+ Ú Ar+2 �*ÑX

ê�ÏLOÏd"'XªD=µkT/q¼�. Ar∗ �*

ÑXê�� 0.09 cm2/s[25].

o��>>6��>âf�)�D�>6�

 £>6�Ú, �ÏL?U� Morrow-Sato[28] úª

��

iT(t) =

[
∫ x2

x1

ic(x, t)dx + ε0
∂va

∂t

]

×

(

d1

ε1
+ dg +

d2

ε2

)

−1

, (10)

Ù¥

ic(x, t) = e[ΓAr+(x, t) + ΓAr+2
(x, t) − Γ e(x, t)].

2.3 >>>...^̂̂���

éu�©�Ôn�., âf6�>..¡��

p�^éu�>L§�uÐäk4����^.

>.^��À���yÔnL§�Ün59O�

L§�½5.

lf�>.^�Xe

Γi · un = ai · niuiE · un,

Ù¥ un �díNmY��0�L¡�ü ¥þ,

Xêai �

ai =







1, µiE · un > 0,

0, µiE · un 6 0.

�Ä�lf6EÂÒ4L¡¬�)��g>

fu�, K3>f>.^�¥A\\�g>fu�

�, �©¥b��g>fu�Xê� 0.01[15], K>

f>.^��

Γ e · un = a e · n eu eE · un −
∑

i

γiΓi · un.

b�âf Ar∗ 30�L¡¬á=�áN, KÙ

âfßÝ÷v Neumann>.^�
∂nmet

∂un

= 0.

éu>|�§�>.^�, Xã 1 ¤«, �/

>4?> �", pØ>4?> �va(t). du¡

>Ö¬Èà30�L¡, Ïd{	0��íNmY

�.¡A�>ÏþØëY>., dpd½Æ��

un · (ε0ε1Ed − ε0Eg) = σ. (11)

0�L¡�¡>Ö�Ýσ�ÏL�>âf�Ïþé

�mÈ©��

σ =

∫ t

0

e
(

ΓAr+ + ΓAr+2
− Γ e

)

dτ. (12)

3 (J�?Ø

� ý ¥ ¤ æ ^ � ë ê � µ 0 � þ

Ýd1=d2=1 mm,íNmYdg=3 mm,0��é0>

~êε1=ε2=3.7. ê�O�æ^k���{, ¦^

�� UMFPACK DÕÝ
¦)ìéêÆ�.?1

O�, 3>ªÇ� 10 kHz �À��½�mÚ�

� 1×10−8 s¶æ^�þ!��¿©, 3�C0��

?��¿©��¶�Ð©^��>f e ��fl

f Ar+ ��Ý� 1013 m−3, Ù¦âf�Ð©�Ý

�". dué6*Ñ�§¥�[£���u*Ñ�

= Peclet numberé�, �
��O�(J��, 3

íNmYSO\
6�<ó*Ñ [29] 5�ypFÝ

«��O�½.

3.1 			���>>>ØØØ 5 kV!!!ªªªÇÇÇ 10 kHz ���íííNNN

mmmYYY������>>>ëëëêêê

lã 2(a)Ú (b) �±wÑ, 3	�>Ø���

±ÏS�k��>6óÀÑy, �K�±�óÀÌ

ÝÄ��Ó, ��>>6� +ku	�>Øva (t)

� � 0.466π, ùL²T�>�N5�>. du

Éc��±Ï30�L¡þÈà�>Ö¤�)�

�	\>|Ó��>|��^, ü$
íNmY

�>�mé>Ø, �>>6�¸�¿ØÑy3	

�>Ø�¸�? [13], 3	�>Ø�å©�ã, =

ã¥�t=0.17×10−5 s, 5.17×10−5 s, 1.017×10−4 s,

1.517×10−4s ?, íNmYþ�>ØVg(t) ®��

� 3.2 kV,��íNmY�ÂB, �>>6�Ý¯�

O�� 325.5 A/m2. 3�>L§¥, )¤�>Ö3

0�L¡Èà, ¬/¤�	\>|���>|, ¦

�íNmYþ�>|×�~�, �>âf����

Ç��u)¤�Ç, �>q×�Ê�, /¤á��

>6óÀ, 0��þ�>Ø (½¡�PÁ>Ø) ×

�O\, L²
0�4�é�>äk³��^, ;

�
�>L§�>l�=z.

lã 2(c) �±wÑ{	0�L¡�¡>Ö�

±ÏüzL§. ��±ÏL§���©� 4 ��

ã, ±pØý0��þ�¡>Ö�Ýσx2 (t) �~

?1©Û. A—B ãµl A ��å, íYþ�>

ØVg(t) 45dKC��, pØý0��x2 ?C�

]m�4, íNmY¥�>f3>|��^e�

�4$Ä, �.¡þ��>ÖEÜ, �d�ã�m

¥�>f�Ý��, ¤±σx2(t) �ú~�¶B—C

ãµ3 B ��, íNmYu)È�ÂB, �þ�

>f��4x2 ?$Ä, ��4��u)EÜ, x2 ?
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ÈàK>Ö¦�σx2(t) C�K�, 0�L¡>Ö�

)��Sï>|¦�íY¥�>|×�~�, Ó

�íYþ>ØVg(t) �×�~�, íN¥��>â

f���Ç�u�), �>×�Ê�, d��X

	�>Ø�UC, íYþ>ØVg(t) �±���, x2

?E�]m�4, >f3>|��^eUY�x2

?$Ä, σx2(t) ±Y~��K����¶C—D �

ãµdu	�>Ø�~�, Vg(t) d�CK, x2 ?

C�]mÒ4, �lf�Ò4$Äu)EÜ, d

uíNmY��ÂB, �m¥�lfê8��,

¤±σx2(t) �úO�¶D—E ãµíNmYu)Â

B, �)�þ��lf6�Ò4, �>Ö30�þ

Èà¦�σx2(t) ×�O��������. 0�4

�þ�>Ö�ÝÒXd±Ï5üC.

A
B

C
D

E

4000

2000

0

-2000

-4000

4000

2000

0

-2000

-4000







֓

֓

320

160

0

-160

-320(a)

(c)

时间/10-4 s

电
压

/
V

外
施
电
压

/
V

时间/10-4 s

/
V

⊳
↼


֓


 C

⊳
m


↽

0                    1                   2

0                1                2

0                      1                     2

x↼t↽
x↼t↽
Vg↼t↽

(b)
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/
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0
1
7
 m

-
3
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时间/10֓ s
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ã 2 íNmY�>ëêÅ/ (5 kV, 10 kHz) (a)	�>Ø�o>6�ÝÅ/; (b) íNmY9{	0�þ�>ØÅ/; (c) 0�L

¡>Ö�ÝÅ/; (d) �m²þ>f!lf�ÝÅ/

ã 2(d) ��m²þ>f!lf�ÝCzÅ/,

�±wÑ3�>���m²þ>f9lf�Ý×

�O�, 3üg�>�mÙ�×�~�¶�m²þ

lf�Ý��u�m²þ>f�Ý, ùÌ�´O¥

5��lfN�Î«Ú�>Ö�Ý���Ò4}

��3��� [10].

3.2 íííNNNmmmYYY���âââfff���ÝÝÝ999>>>|||rrrÝÝÝ������

���üüüzzz

ã 3 �	�>Ø 5 kV!ªÇ 10 kHz ��>

mY¥�ü�±Ï�âf�Ý9>|rÝ��

�üzL§. 3t=5.17×10−5 s �, 3	�>Ø�K

�±Ï, íNmYu)ÂB, d�x=4 mm ?�]

�Ò4.

ã 3(a)�±wÑ, 3íNÂB��, du�m

>Ö�K�, Ò4NC�>|�r��Û, >|

rÝ3T?/¤²w�¸�, �3��²w�Ò4

 ü«, ù�$íØe�1�>�q. 3�>cÚ

�>�, íN¥�>|rÝ��, lÒ4��4C

q�5Cz.

ã 3(b) �±wÑ, >f�Ý3Ò4NCl x =

2.5 mm � x = 3.8 mm ?¥�êO�, 3Ò4}�

>.?�����, T?âfu)ì��-uÚ>

lL§, ù�«�¡�K�«¶3Ò4}�S>

f�Ý×�~�, ù�lã 4 ¥���ß/wÑ,

Ì�´du>fÉÒ4�ü½Ã{��Ò4, 3Ò

4 ü«Sdu>|rÝé�, lÒ4�)��g

>f¬É�>|\�/¤¯�>f.

ã 3(c) Ú (d) � ± w Ñ, 3 Ò 4 N C l f

�Ý��¸�, ùÌ�´du)ÜÂBL§¥

� > â f � � � � ) Ç Ñ y 3 r > | «, p

� Ý � � l f ¬ E Â Ò 4 / ¤ � g > f, ©

f l f Ar+2 � � Ý ¸ � � ² w p u � f l
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f Ar+, `²©flf Ar+2 ´�lf�Ì�¤©,

ùÌ�´du3píØe, 3�>L§¥>l�)

��flf Ar+ ¬��µ Ar �f�mu)nN-

E, �)©flf Ar+2 , ù�=��m�áu�

>�ÂB�m.

ã 3(e) � ± w Ñ 3 í N Â B � æ  �

â f Ar∗ 3 � � � > m Y ¥ þ k � p � �

Ý, � 3 Ò 4 N C � � � � �, ù Ì � ´ d

u > f É � Ò 4   ü � \ � � / ¤ � ¯ �

> f ´ u � � µ Ar � f u ) - E - u L §,

/¤� Ar∗ âf¬ÏL©Ú>l9 Penning>

l/¤>f, é�>L§å�r?�^.
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ã 3 âfßÝ�íNmY>|rÝ���©Ù (a) íNmY>|rÝ Eg(x, t); (b) >f�Ý n e(x, t); (c) �flf Ar+ �

Ý nAr+(x, t); (d) ©flf Ar+2 �Ý n
Ar

+
2

(x, t); (e) æ� Ar∗ �Ý nAr∗(x, t)

ã 4 ¥�±wÑlx=2.5 mm��4NC��

>ÌN«�, >|rÝ����C~ê, >fÚl

f��Ý����±ØC, þ� 1017 m−3, ¡��

lfN�Î«.

¤±, líNmYâf�Ý�|r���üz

L§w, �©��>L§��íØ�í�1�>,

�3²w�Ò4 ü«!K�«9�Î«.

3.3 ØØØÓÓÓ			���>>>ØØØÌÌÌ���eee������>>>ëëëêêê'''���

Xã 5 ¤«�ØÓ�	�>ØÌ�e��

>ëê, ã¥	�>Ø�Ì�©O� 4 kV, 5 kV

Ú 5.5 kV.

lã 5(a)�±wÑ, �X	�>ØÌ��O�,

íNmY�ÂB>ØA�ØC, ùÌ�du�>Ø

ªÇØC�éÓ�«íN�ÓmY�ÂB>ØA

�´�Ó�. lã 5(b) 9 (c) �±wÑ�>>6�

ÝÚ0�þ�¡>Ö�Ý�X	�>ØÌ��O

\O\. �	�>ØO\�, éu�½�íNm

Y, íN¥�>|rÝO\, ¬¦íN¥�)�õ

��>âf, Ó��¬Jp�>âf�[£�Ý,
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One-dimensional simulation of dielectric barrier glow
discharge in atmospheric pressure Ar∗
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Abstract

In order to investigate the mechanism of dielectric barrieratmospheric pressure glow discharge(APGD) in Ar, an one-dimensional

multiple particle self-consistent coupled fluid model is proposed. And the finite-element method (FEM) is used in the numerical

calculation model, so the periodic evolvement waveforms ofgas voltage, barrier surface charge density and discharge current density

are investigated. The spatio temporal distributions of electrons, ions, metastable particles density and space electrical field are also

obtained. The simulation results show that the charges accumulated on the barrier dielectric surface play an importantrole in ignition

and extinguishment of the discharge. With the increase of applied voltage amplitude, the DBD breakdown occurs ahead of time, and

discharge current density and the surface charge density increase gradually, which indicate that the discharge process becomes fierce.

Furthermore, with the increase of relative permittivity ofdielectric material, the discharge current density also gradually increases. The

spatio temporal distributions of the particles density andthe space electrical field show that the DBD breakdown occursevery half

the AC period and the discharge under conditions consideredin this model is a typical atmospheric pressure glow discharge(APGD),

having an obvious cathode fall region, a negative glow region, and a positive column region.

Keywords: dielectric barrier discharge (DBD), atmospheric pressureglow discharge (APGD), low temperature
plasma, fluid model
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