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�á	à,XEó�z��(�c?–><)„��#ý�z)��.��1�/•�$�'�'2Ï��	Ø�ä�Ú,XEó�z	«��4z�ê+	
�
`"]/Ã6ÑG£,X�{�
.

4z�ê+	
��‡�n�Z�Ø�ü	ØEó�z8×�È��+	�$,X�V)[��(+	�$6ÑG£�Ú�×�Ñ�D)��,��5à+	�$#ý�z�‡�n�Z1�/•�$

�'�'2Ï��	¡�h,X	¥�)�•	å
`�{(=,X��?U2O
_;��"]/Ã6ÑG£�í�‡�n�Z1�/•�$�'2Ï4³��.„�r/	¡�h,X�î

�å.���á	à,X1�/•�$�'	¥*ó�•�ã,���K�Ý�á	à,X4z�ê+	
�
`"]/Ã6ÑG£8×�È,��4»5à�‡�n�Z1�/•�$�'%”�…

�0*ü�b!è#��Ê,X�á����)Ú.��= ” 1 �ë�Î�Z�Ý/¡��*ü,X1�/•�$�'%”�…�{*ó�•�ã:���ŸBüL��õ��+	�Ã&?8…

��+	
`+	�û��+	.��

2.2����������C^Lq�W�t+k1•/ñ�†�‰%ö�ç

><M6�ŸBüL��õ��+	��(surface��dielectric��barrier��discharge,��SDBD)��1�/•�$�'%”�…,�����ÑL��Þ-è0J

�Ô���S"¯#Å�9,X1�/•�$�'%”�…�•�ã.���L
_,X�ŸBüL��õ��+	1�/•�$�'%”�…�<�X
_�â��+	�6�Õ�V� * 3

��/�.���Ý';PE�|+		_"¶�6,X�á	à,��	Ã�¹�Ú��!7�ú�x#��Ã�‚/¦6Ý�†�Ã4‡/¦6Ý�†�ŸBüL��õ��+	1�/•�$

�'%”�…,���V= ” 2 ��/�.

�Í�b!7�ú�x# � SDBD 1�/•�$�'%”�…,���J
Î�����
���|�o���h,��	GEîE›/•�$�ü+	
��ß,X�tEó�Ã

/•�$�â���û!è�'�Ú�$��KÈ,X�|G£�ôEæAÅ�ÐE¥�•M6�Ø#�.���ÑL��Þ�Ô�)�Z�ûG£,X�rP`�Ã�Ó,ó
`%”�…

�<	–�D�ì�ê�¹�0,��	¥)„��+	EîF'
�Lc���Ú�×,��/•�$�tEó���h��?U	¥*ó�ü+		_�ßL!,XBó	�
<� ó (Un-

fer��&��Boeuf��2009,��2010),��Lc-�)ƒ�W!è	_,X�ßL!,����+	�õ�Õ�¢�ñ(Š��+	E@�=��E]����+	,��E@�|#ý�z�Ã

���|#ý�z�Ã+	�$#ý�z�â+	�$�š�z1�(M�û
�	¥*ó��:+	¬� ê (Wu��et��al.��2008),��%”�…Oj��AÅ�Ð�Î
��|

��

��

�*����

!@�•�j*a0u.ç�|�•�Ž�<"m�•�Ô�Ç�’�»>î$ì�Ý+°�Ú>î�Ë)2
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#u,��Lc	â$è�ê��E¥�•M6�Ø#�,���L
_	–�D�ß%”�…AÅ�Ð,XE¥�•M6�Ø#�Eó�z�ã�b10��m/s��(Alexandre��et��al.

2010).���Í�b4‡/¦6Ý� † SDBD 1�/•�$�'%”�…,���J
Î�����
���†�Ï���h,��	GEîE›%”	¥�Õ2f�$�Ã/•�$�â

���û�Ú�$,X.„�r,���{*ó�¿Eó�t&Á,��E¯5àAÅ�Ð	_4ý"¶
`�Ÿ#u.��%”	¥�Õ"��Ú�$'X&A��&ÁG£
`/•�$.„�r

��&ÁG£,X!¨�_� � 7��:��3,��AÅ�Ð�{*ó4 z 300��K ,X�¿Eó#ý	�,��+��bA¹�t&ÁE›/ß,X�ÊKÈ���z��(4 z 200��ns)���â

�Ä �: �ÊKÈ�� �z ��(4 z 300��ns)��,ÌE¥ ,���† �Ï "¶Lc �� �{ *ó ,��Lc 	â �¿Eó>D� £ (Zhu��et��al.��2013,��Starikovskii

et��al.��2009,��Keisuke��et��al.��2011).����+	+		_,X�Þ	�"“�ÊKÈ�Í�†�Ï"¶(M�û�E
¡��:+,���Þ	�"“C^-Á,���†

�Ï"¶���zC^�û.��4‡/¦6Ý� † SDBD 1�/•�$�'%”�…AÅ�Ð�Ÿ#u,XE›/ß,���â�¿Eó�t&Á�Ð7È,X#�
�#uG£EgE¤

>ž��1����������0��®
Á1•/ñ�†�‰%ö�ç(¯�]

�ŸBüL��õ��+	
1�/•�$�'%”�…

&?8…��+	
1�/•�$�'%”�…

+	�û��+	
1�/•�$�'%”�…

�n��
+	�U>•4±4ì�ŸBüL��õ�6�ä,X

M2�G>51�/•�$�'%”�…

+	�U>•1�/•�$�'EîF'E²�y	â
�¿Eó�0!6 ,�S1�/•�$

�'�±�ÕM2�G>5

+	�U>•�Õ4Á�ÐEî,���Ð7È1�/•�$
�'	�
³C_	å��
³&Á�G>5

��+	EîF'
4z�ê
���

20���a��100��Td
50���a��200��Td ��(	ª�‡�b�ÐEî	â,X

+		_�â!èLm�û�ã )
��20��Td ��(	ª�‡�b�ÐEî	â,X

+		_�â!èLm�û�ã )

�Ô�û!¨
"]/Ã6ÑG£

0.5��eV/mol 2��eV/mol 10��eV/mol

	) õ��+	
�ÊKÈ���z

10���a��50��ns 4‡/¦7Ç�‚/¦ �‚/¦7Ç!¿/¦

��?U(M�û
�ê�:#��ûP¬ ,��E¤> �ÊKÈKS,

4§�X1T	)
!è�'#ý�z�" ,��+	
�PE�|,X1�/•�$�'
	¡�h�;&œ ,���ê�:#��ûP¬�“�bA×�{

!è�'#ý�zP¬ ��(�!3000��K) ��,��#ý�z
PE�|,X!è�'>–?·	¡�h

�;&œ,��E¥��'—&»

%”�…��)Ú
�¿Eó!è�'�t&Á ��(4‡/¦ )��+ ���|E@�|
�ïB?!è�'�t&Á ��(�‚/¦7Ç!¿/¦ )��+

/•�$N¢�tEó
P¬6ÑG£�¿Eó!è�'�t&Á P¬6ÑG£!è�'�t&Á

�h*ü
��C
�e�
�Ú/•#��| �ÃA×�{L�M6�� �Ã

L�L8�„1�
1�/•�$�'	Ü�ä�Ø#� A×�{%”"¶�â %”"¶/ L�M6���F�D

��

��

�*����

(a)��=”LŽ�÷BTKg�M�j*a0u.ç�|�•$ì�Ý�”�Ó>ò� * (	`�½	¸�z�À3Î��2015),��(b) �"/¦�2DÔ+°�j*a0u.ç�|
�•�Ž�-��>ò� * (Starikovskii��et��al.��2009)

1� ��1���ó �"�h4v �
��
��e �
���U	" �
����,žN² �
���ô#K&C�
��FÁ�X�S������1�/•�$�'%”�…!è�|�o�:�v2ö�â�)�ï 5



�•/ß,X�p	_NM	¬�ê�Ý� G (CI��JÊ1���2015,���0#K��2016).���Í�bT£�û#��',��+ � N-S �•/ß�Ý

�ã��,��� 6 ��Eó�z-¶G£,��� ! �� �š�z,��� P ��	_�o,���ü�`4È�5�Ê�ß,���Ñ+94‡/¦6Ý� † SDBD �{*ó�'/Ã�o,X�E


¡,���Í�ã��(1)���øE•	ª�Ÿ�z	Ã�k�`4È#uG£EgE¤�•/ß

�J��,���&� X ���)	å#uG£,���•/ß�º0Ã���'
�#uG£,X�ÊKÈ	¬�ê)[;��	Ç0Ã ��#uG£�Í#�NM,��	G#uG£

E•/Ï	¬�ê)[,���Í�h�Í#��éCK,X#uG£E@/Ï;�� ��#uG£	_4ý�í7|6”NM,���Í�h#��'�‚�¶�'/Ã	¬�ê

�éCK,X#uG£�û�ã	¬�ê;�� ���p	_NM,��	G�š�z�â	_�o�á$µC‡!7�x�G2Ï�Ê	¥*ó&Á�Í#��¢5à�é

CK,X#uG£	¬�ê;���Ô	â�ÔNM��T£�û�h�o�éCK,X#uG£�=�7NM,���Í�h#��'T£�û�Í#uG£,X�E
¡.��4‡/¦6Ý�†

SDBD AÅ�Ð�¿Eó�t&Á�Ð7È%”�…�<><M6#�
����š�z�â	_�o�á�a!7�x,���¢5à�éCK�•/ß���p	_NM�
	¬,

�ü#�
���AÅ�Ð�{*ó#uG£	¬�ê.��4‡/¦6Ý� † SDBD AÅ�Ð�{*ó,X#uG£�ü�Ú/•#�
���,X	¥�)�âE¤�|,���S�û

���z�Ú/•#u.�.b,��E¯5à�r)„�e�
#��|�Ú/•,X,Â,X.���Í�b�‚/¦6Ý� † SDBD %”�…,���J���
�Ÿ�b!7�ú�x

#��â4‡/¦6Ý�†%”�…��KÈ,���¶�Ý�¿Eó�t&Á�éCK,X�†�Ï���h,��	œ�Ý/•�$�tEó�éCK,X�|�o���h.

E¥�H�9,���ÑL��ÞJ\�Í><M6��+	,X2’4š��)Ú�Ô�)�Z#Å�9-è0J,���ü4‡/¦�ÊKÈ���z
`�‚2G0NKÈ���z

�Þ,��2’4š �ÚE| �Z><M6��+	 ,X	¥ �)E› /ß
` !è �| 
¡ �hE› /ß,���J �Î0Ÿ�Z2’ �š ,X�D�� �õ 
_ ��(� * 4)��(Zhu

et��al.��2017) +	
�#�G£-è0J��! ‰ (Huang��et��al.��2020);���k���Z!7�ú�x#�
`6Ý�†��+	1�/•�$�'%”�…�'

/Ã�o
`"] /Ã6ÑG£,X?·�d? · (Soloviev��&��Krivtsov��2015),���J	¥)„ ��+	OE
`)„B5,���Û�Î �' ��+	Ne)[ �Ã

+		_�Ã�ŸBü	–�D$µC‡(M�n�D�:(=)Ú�G2Ï�Ê,���ŸBüL��õ��+	1�/•�$�'�Ú�¢�š
��Ô�ÕE@�=���ñ(Š��

+	,����+	
��Ô�û,X.�
#�î�Ð7È!è�|%”�…�{�
���pL5L!,��EîE›�¤P¬"¼�96ÑG£�ÃNe)[�ê+		_1�	)�Ô	–

�D�9�¤P¬%”�…���p�ü(=)Ú�Þ>•A•�â�á	Ã> .��EîE›�Ú!7�ú�x#�
`6Ý�†%”�…4³�Ô���E	à,X(=)Ú���Š

>ž��2����������0��®
Á��C^Lq�W�t+k1•/ñ�†�‰%ö�ç(¯�]

�Â
!7�ú�x#�

�ŸBüL��õ��+	%”�…
�‚/¦6Ý�†

�ŸBüL��õ��+	%”�…
4‡/¦6Ý�†

�ŸBüL��õ��+	%”�…

�n�� +		_�á�¢!7�ú�x#�	¬�ê?˜�_
+		_�Þ	��ÊKÈ�ã�b�ø õ�‚

��+	KÈLh�ÊKÈ
+		_�Þ	��ÊKÈ�â1�/•�$�'

�ô�•�ÊKÈ�yE¥

��+	EîF'4z�ê+	
�

��� ��(	–5×)

20���a��40��Td 30���a��50��Td 50���a��100��Td

	) õ��+	�ÊKÈ���z
(	–5×)

10���a��30��ns 10���a��50��ns 10���a��50��ns

�Ô�û!¨"]/Ã6ÑG£
/(eV/mol �í1)

0.01 0.1 0.5

��?U(M�û
�šLš�ñ(Š�‚��+	 ,��/•�$N¢
`4ç�6

���|E@�|�ïB?�t&Á���p�â��
��+	
��Ô�ûEW�Q ,

6ÑG£��)[EWP¬

	ÃG¡�á �Ã	Ã�{ �Ã
��Ô ,���¿Eó!è�'
�t&Á�â�� ,���ê�:#��ûP¬ ,

6ÑG£��)[P¬

%”�…��)Ú /•�$N¢ + 4ç�6!è�'�t&Á ���¿Eó!è�'�t&Á �n�‚/¦�ÊKÈ���z�¿Eó!è�'�t&Á
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�ß,���¤�Î�Z><M6��+	1�/•�$�'%”�…,Ì� Ò (Zhu��&��Wu��2020),���r)„�Z1�/•�$�'%”�…�tEó
`�t&Á���h

,X8×�ÈG£�ê;��	¥�)� Z SDBD 1�/•�$�'%”�…	–�DA’AuEC� Ê SDBDesigner��(Zhu��&��Wu��2020),���û�ûL!

�"�Z%”�…�<A’AuA©Jí�ä��,���V� * 5 ��/�.��

2.3��������1•/ñ�†�‰
>�F�:#w%ö�ç

1�/•�$�'	Ü�ä�Ø#�%”�…�<�Ô�½�¤�Î� b 2003 �H,���J
Î���¹�0	s)Ú���ý*ü6Ý�†+	�û�Í	��ÕKÁ7(

�'�YF¼,X0N!èE¯> �¿Eó�r#ý�r	_,���Ô4œAÅ�ÐP¬Eó�Ø#��‹� Î (Grossman��et��al.��2003).��1�/•�$�'	Ü�ä

�Ø#�%”�…�<�ü�Ô�þ
<�ó�Y,X�¹�0E›/ß�Ù	ÿ�Ý�þL
!‰:����+	6ÑG£"]/Ã�Ã�Ø#�
`
�!è�6�á.���â�ŸBüL�

�õ��+	1�/•�$�'%”�…�<�Ã6Ý�†+	�û1�/•�$�'%”�…�<
`�ô4³,X	_+	�ã/#��2�ã	Ü�ä�Ø#�%”�…�<,Ì

!¨ ,��1� /• �$ �' 	Ü�ä�Ø#�%”�…�<�� �� �Ô�Ô�þ�Ú4§�X1T	) ��(8¹ �F+	 �U��+���Ô�þ7( �' )���Ã�Ø#�Eó�zP¬

(�!500��m/s)��
`�¹�0Ne�ú�‘��(�!5��kHz)��4§	Ü�ü�ÔCK,X�„
_%”�…� < (Reedy��et��al.��2013,��Narayanaswamy

et��al.��2010).���´ !8 ,��7¾�¤�Î �� 	â �á �� ,���“ �éCK�Z�� �|#� �| �{ �
NZ
³ ,X�S"¯ �G" ¼ (Narayanaswamy

et��al.��2010,��Hardy��et��al.��2010,��Anderson��&��Knight��2012).

1�/•�$�'	Ü�ä�Ø#�%”�…(M�û-è0J,X,Â�Û��?U�¢2Ï4³,X?¦�z,��	l#Ù%”�…�<Eg�Î�D�|(M�U�âEg

�9��+	"¶�6
`%”�…�<�´�)	–�D��KÈ,X�á��M24“�û�G2Ï.���
�BE­�ÔM24“�û�G2Ï,��Ax-¹1�/•�$�'	Ü�ä

�Ø#�,X�6�ä$è�ê��)Ú
`�´G£4†?˜�_,���J�Í%”�…�<4§�XE¯> �ì�êA’Au.��2003 �H �í2012 �H�óKÈ,X%”

�…(M�û-è0J��?UG›*üP¬Eó4•�E�Ã#�	_
 ` RANS �D���Ó,ó1�,���k��,X4§�p�ûF¼�Ú��	) õ�¹�0�õ�ã

�ß�Ø#���F¼Eó�z
`�Î	·��	_Lc-��ÊKÈ,X	¬�ê?˜� _ (Reedy��et��al.��2013,��Narayanaswamy��et��al.��2010,

Hardy��et��al.��2010,��Anderson��&��Knight��2012).��2013 �H7Ç�ž ,X%” �…(M�û-è0J ��?U �q �, �nG£4• �E �Ã

��

��

�*����

P�1ê�Ò+°=”LŽ�÷BTKg�M�j*a0u.ç�|�•$ì�Ý@ö�Ù�:@Í0Ã3ÿ�È.��(a)��=”LŽ�÷BTKg�M�j*a0u.ç�|�•�"/¦
$@�B1ê3ò3ÿ�°�Ó>ò�*,���ÊO¸�:�œ�h�M��,��(b)��0u.ç�|�•$ì�Ý�7+°!@�Ô	ù�ÀP�EK�ù�p�*�û�Ó>ò�*,���Ê
O¸�:�œ�h�M� � (Zhu��et��al.��2017)

1� ��1���ó �"�h4v �
��
��e �
���U	" �
����,žN² �
���ô#K&C�
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PIV 1���E¯#��|#�G£�•"©
`1T�ê)ÚAŽ�Î�õ,��-è0J�Y�•�Ù�À%”�…,X�6�ä$è�ê��)Ú
`A’Au�´G£4†?˜

� _ (Zong��et��al.��2015a,��2015b;��Zhang��et��al.��2015;��Wang��et��al.��2014;��Laurendeau��et��al.��2014;��Zong��&

Kotsonis��2016;��2017a,��2018;��Kim��et��al.��2018;��Shin��et��al.��2021).��4£E›E ¥ 20 �H,X	¥�),��,Â�!�Ñ�Y�ê�Í

�b1�/•�$�'	Ü�ä�Ø#�%”�…(M�û,XAxAš�Æ4£!¨EW#Ù�D,���V� * 6 ��/�.

1�/•�$�'	Ü�ä�Ø#�%”�…��?UEîE›�¯�û�D�|(M�U�9�Í�êF¼#��|E¯> �{�
:���†�Ï"¶�Ã#u)ƒ�ÃP¬

Eó�Ø#�
`��
�!è.����PE���†�Ï"¶�6�ä,X�
��	s�´��6Ý�†+	�û,X�á
��Ô�t&Á,��5à	â4Á�îF'�†�Ï"¶�í

����PE�†�Ï"¶�ü7(�'�YF¼�î õ	¡�Ø	â,X�-" ¶ (Zong��et��al.��2015a;��Dong��et��al.��2019).���†�Ï"¶,X�ô�•

Eó�z�Ã"¶	â!è#��š�z
�Lc-��ô�•C±/•,X�r�t5à
�)„�Î�Ô/¡�Û�D>D�£,X	¬�ê?˜�_.��,Ì	à��+	6ÑG£

�ß,����+	+	�UC^M4E¥�Î	·/�Ø#��(�XC^�û,��%”"¶���z��C^� û (Zhang��et��al.��2015).���
�B�•M6#uG£#�)Ú

AŽ,��#u)ƒ,X#uG£��Bü�Þ�9$d�b�Ø#��]F',XE•+ ��#uG £ (Zong��&��Kotsonis��2016).���'�Ø#��´G£4†�†/ß

�,� S �ã� b 4 �Ê,�����Ý,XE•+ ��#uG£FÑ�î>•	K
�����F¼#u)ƒ��.��5à� ' �,� S �û� b 4 �Ê,��L8�Z��F¼
��|#u)ƒ

�ê ,���ü �Ø#� �� �' �> �Û�� ��E¬�î+� � b K-H �á0� �n �û5à�6 �ä �ûG£,X,Ì �F#u4§� X (Zong��&��Kotsonis

2017a,��2018).��E­�o,Ì�F#u)ƒ,X7�:�Ne)[�â�Ø#�L
!‰
Û	·	_�o,X6Ý�|Ne)[�Ô7 È (Laurendeau��et��al.

2014,��Shin��et��al.��2021).��#u)ƒ�Ô�º�6�ä	â,�����î�ü7¾AÅ�Ð�0*ü�ß"“-�%”�…�<EH	åE¤�|.��#u)ƒ,X)ƒG£

Lc-��ô�•C±/•,X�r�t
�)„�Î�Ô/¡���r�t5à	â�£�ã,X	¬�êC_�“.���Ô�û)ƒG£�üC±/•�]F'�Î	 · 2 �á,È

�X�Ø9‹�k,��	ª ��4z� � 0.62�5�P�$,���J� � �5� P 
 ` � $ �Ú�ÿ�� �Ø#��Ä��Eó�z
` �Î 	· ,È� X (Zong��&��Kotsonis

2018).

EîE›,¥�{P¬Eó4•�E���Ø#���F¼�!5B$è�ê,��	¥)„�Ø#���F¼Eó�zLc-��ÊKÈ,X�ÊKS
�)„�Î�Ô/¡��

�r�û5à	â�£�ã,X	¬�ê?˜�_,���Ô�û�Ø#�Eó�z�â6ÑG£"]/Ã
�!7! ¨ (Zong��et��al.��2015a;��Wang��et��al.��2014).

�ý* ü PIV ��!‰�ÍP¬Eó�Ø#�#�
�E¯�Ô!9�)��	¥)„,���Ø#����'���,�ü�î�þP¬Eó	�
³
`�"Eó	�
³,ÌKÈ

Lh,X4§�X,��AÈ�â�Î	·Eó�z�,�ü-��Ô�n,X6Ý�|.��E­/¡Eó�z6Ý�|�â#u)ƒ,X
<�ó�û7�:��Ý�G,���¢�
���Þ

FÑ	Ã�&4§��7(�'�YF¼,X	_�o6Ý� | (Reedy��et��al.��2013,��Zong��&��Kotsonis��2016).���Ø#�,X$è�êE›/ßE¬	«

��

��

�*����

(a)��=”LŽ�j*a0u.ç�|�•$ì�Ý,$�*,��(b)��*T�º�ûKg$ì�Ý+°�Æ�b�B���s4?Ky*a�·"��Ž��(Zhu��&��Wu��2020)

8 �o�Â�Â�Â�:�Â�Â�ÂE¯�Â�Â�Â�) ������� ��H������1� ��������	K



�(
_,X�E
¡EW�û.��,Ì	àM6/Ã�ß,��(Á4ñ�(,X�Ø#����'+��â�ê+ �y?ºM6/ÃEW�û,��	K
�,X�"6Ñ#��'EW�î,

�´5à�=�ôEó)[P¬�Ã�Ø#�0SEã#Å�z� " (Zong��&��Kotsonis��2017a).���ü%”�…(M�û-è0J�ñ�ó,���Ñ�Y�ê�Í�b

%”�…�<
�!è��)Ú,XAx-¹�J�á#Ù�D.��F¼�Ú�:5ÙAx���'�Ø#�L
!‰4§�3	â,��7(�'�Ø�bP¬#ý(Š�Õ,��Lc-��‹

	H �6 &Á E› /ß �� %” �… �< 7( �' #ý �z ,X L! �" ,��7( �Y 	_ �o 0� !9 L! �" ,�� �� 
� !è E› /ß �¤ �o �| � o (Haack

et��al.��2010).���
�BE­�Ô��)Ú�Î0Ÿ,X?·�d)ÚAŽ�õ
_,���J"u�ÝG¡)„
�!è)„B5,���3�J�á6Ñ�ó�õ�³%”�…�<�¹

�0,XG¡NeE›/ß.��E¯�Ô!9-è0J><�â,��+��b�]F'�Y!è�',X�Ã�û
`7(�'�Y�ê,X�á���6&ÁE›/ß,��%”�…�<��

Bü�Þ���Ô�þ�úL���,X��952Ï4 ³ (Zong��et��al.��2015b).���ü�Ô�þ�¹�0
<�ó�Y�,�ü-��î õ�Ø#�
`
�!èE›

/ß,XEB�6,��5à
�!èE›/ß,XPE�|�o	G���Ø#�L
!‰4§�3	â,XBó	_.��
�!è,XEó�z!¨�Ø#�Eó�z�"�Ô�þG£

��

��

�*����

0u.ç�|�•	4�<�0"m$ì�Ý'¥� S (Zong��et��al.��2015b,��2015a;��Zhang��et��al.��2015;��Wang��et��al.��2014;��Lauren-
deau��et��al.��2014;��Zong��&��Kotsonis��2016;��2017a,��2018;��Kim��et��al.��2018;��Shin��et��al.��2021)

1� ��1���ó �"�h4v �
��
��e �
���U	" �
����,žN² �
���ô#K&C�
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4{,���û4z� � 10���a��20��m/s.

4Ð	Ü�¹�Þ��)Ú�Ú�d
`)ÚAŽ�Î�õ,���k���Z�ûG£	Ã�¹�Û�ÐA’Au,X�´G£4†?˜�_.���V� * 6 �Ô	â�Ô> ��

/�,���Ô�û,X�Ø#�Eó�z�â�´G£4†,X6ÑG£"]/Ã�Ý�G,���ø5Ù
 � 1/3  õ�_�G2 Ï (Zong��&��Kotsonis��2018);��%”

�…�<,XOE
`Ne)[+�7(�', X Helmholtz 7¾'
LÛ95Ne)[�‡�n,���â7(�' �' /Ã
�	¡!¨�Ã�Ø#��(�X
�!7!¨

(Chiatto��&��Luca��2017);���Ø#��Õ4Á�ÊKÈ�â6ÑG£"]/Ã
`7(�'�'/Ã
�!7!¨,���â�Ø#��(�X
`7(�'#ý�z
�

	¡! ¨ (Anderson��&��Knight��2012);��%”�…�<7(�'�Y,X�š�zLc-��¹�0Ne)[,X�r�û
�)„�Î�Ô/¡��
Î���á

	¬,��Lc	â�¿Eó�ßL!,X	¬�êC_�“;��E@�l&•�Ø,X�þ!6Ne)[�â7(�Y�ê�6&Á2Ï�D�Ã><M6/Ã1�,Ì�G.��

3��������1•/ñ�†�‰%ö�çB9�ÝLzM˜�x

7þ0N�T��	¥�)�ÍL�M6��A×�{�Ý-�E¿�Û,XLÔ"�.���¹�û
_!å7þ�v���ÃE¤Eg��
`�û�)�ú!¨�´�Ž��

���_,���H��,X$!#��=�ºL��o4z	4�µ7þE›/ß����N²> L��o, X 40%���a��50%.���V�p6Ñ�ó�|E³L�M6��E@�=

�ê5ÙL!�"$!#�#��|,X�•M6�=�ºL��o,��N²��,X�Ô�û7þ/ß�Ã7þ�ÊFÑ�î�k���û���¤	�.���Í�b��E¥0NKÈP¬

CY�ÄEóN²> �<,��L�M6��A×�{�Í�bL!�"&Á#��Ã�£��%”"¶/L�M6���F�DFÑ�ÝG¡?U�0*ü.��

3.1���������x#wLzM˜�xE¢�ŸB9�Ý

L�M6��E@�=���ÛL�M6��#��|+���#�(Š�Õ	¥�)��$!#�(Š�Õ,XE›/ß,�����Ô�þ�î�´2ô5ú	Ü�E
¡,X

��M24“�û�á��#��|(=)Ú)„B5.���¢#��|0��n�û?¦�z,ß,��E@�=A×�{,X���
	Ã�Ú���G
�#��Â!7
`�
	¬�á

0��n"¶�ø/¡�•�ã,��E­�3��1�/•�$�'%”�…A×�{L�M6��E@�=,X
Î���ñCÃ.���ÑL��Þ�Í1�/•�$�'%”�…�{�


�"Eó�G�SL�M6���)�Ô�Z�ûG£-è0 J (Roth��1995,��Roth��&��Sherman��1998),����?UEîE›�‘�t!7�ú�x# � SD-

BD 1�/•�$�'%”�…�|E³L�M6��E@�=,���V� * 7 ��/�.��1�/•�$�'%”�…�ÍL�M6���{*ó�tEó�0*ü,���S�G
�#�

Eó�z
_�È�tOE$µ,���e�
�D�|�{*ó,X�á0��n�ûNe)[,X�rKS,��E¯5à�|E³�"EóL�M6����(�9#�Eó� z 20��m/s)

E@� = (Duchmann��2012,��Riherd��&��Roy��2013,��Grundmann��&��Tropea��2007).���ý*ü1�/•�$�'%”�…�{*ó

�'/Ã�o�Í�G
�#�,X�Â!7���p,���3	Ã�¹�Ý���e�
	â�t5Ð�õ
_L�M6����F¼�Ý4È�þ#��ÚG£,X�rKS,��E¯5à

�|E³E@� = (Yadala��et��al.��2018).��EîE›�
	¬1�/•�$�'%”�…Ne)[,��%”	¥�âL�M6��� Y T-S �D�|"¶,Ì�!,Ì

	¡,XM2�n���D�|"¶,��	Ã�¹�r)„�D�|����,Ì�f�‰#\,X��� p (Grundmann��&��Tropea��2008,��Duchmann

et��al.��2013).��
Î�b�•M6�>�h�o#�A©,X	¡O\,��EîE›A×�H1�/•�$�'%”�…�<�×���{*ó#�	å#uG£4§�XE¯> 

KÁ)ƒ�²CÃ�{ �
 ,���ü �9#�Eó� z 5��m/s �Ê�e �
 �Z �•CÃE@�=,X#� 	å �5 �ú4§�X,��E¯5à�|E³E@� = (Belson

et��al.��2012,��Hanson��et��al.��2012).���Í�bCY�ÄEóL�M6��,���r)„� Z 3.5���-� A �9#��5�Ê�ß1�/•�$�'%”�…�|E³

�ÚJùL�M6���þ#�E@� = (Schuele��et��al.��2013),���J���
���{*ó�ä�Í,X	¡	å�ŸE@#�	å#u,���e�
P¬ õAä"¶

6ÑG£,��E¯5à�|E³E@�=.

1�/•�$�'%”�…�—E¯L�M6��E@�=�3	ª�k�Z�â�����p,��������)Ú�î�á#Ù�D.��1�/•�$�'%”�…�—E¯��

#�L�M6��E@�=,X���p
`��)Ú�V� * 8 ��/�.��4‡/¦6Ý� † SDBD 1�/•�$�'%”�…�—E¯�"EóL�M6��E@�=�•

M6,��1�/•�$�'%”�…�¿Eó�t&Á�6�ä,X&Á!è�¶	å�ß$�EgE¤,���üL�M6���Y�6�ä2O��� b T-S "¶,X�D�|"¶,

�Ô4œ�Ð7ÈL�M6���¤�!E@� = (Correale��et��al.��2013,��2014;��Zhao��&��Cui��2018;��Ullmer��et��al.��2015).���üA×�{

CY�ÄEóL�M6���•M6,���ý*ü�)	åL	�ë�ã&?8…��+	1�/•�$�'%”�…�r)„�ZL�M6�����
E@�=,��?–#����Z%”

�…AÅ�Ð,X�Ž�¹	¥	5#u.���â+�1��Ô�õ�Õ�á0��n"¶��(T-S "¶)�����Ð,X�"EóL�M6��E@�=�á	à,��P¬CY�ÄEó�5
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�Ê�ß1��`�õ�Õ,X�Ô�û�rKS)[CYE›1��Ô�õ�Õ�D�|,��G›*ü(M�n%”�…Ne)[,XE]����+	1�/•�$�'%”�…%”

	¥1��`�õ�Õ�á0��n"¶,���J�Ð7È1��Ô�õ�Õ�á0��n"¶,X�¿Eó���û,���Ý���—E¯� Z 6���-� A P¬CY�ÄEóL�M6��

E@� = (Li��et��al.��2020,��Zhang��et��al.��2020).
��

3.2��������$ƒ#wLzM˜�x��Lq

#��'#�4£�•M6�{*ó,X�=�ºL��o�â#��',X�|�oT£�z�¹	ž�•M6�ØEó�z�*M6,X�p)[�ä!7!¨.���â��

��

��

�*����

 •�R�Ð" m SDBD 0u.ç�|�•$ì�Ý�ÔE��n"mKpLŽ�nD˜�•+°�t�È	¸�f) 2 (Yadala��&��Srikar��2018,��Duch-
mann��et��al.��2013,��Schuele��et��al.��2013)

1� ��1���ó �"�h4v �
��
��e �
���U	" �
����,žN² �
���ô#K&C�
��FÁ�X�S������1�/•�$�'%”�…!è�|�o�:�v2ö�â�)�ï 11



#�L�M6���YF¼�Ý�c�Ú��,X#��|�á	à,��$!#�L�M6���YF¼�,�ü-��á�•�Þ�?�ß"ë,X�"Eó
`P¬Eó�5�ú,���¹

	ž�ûG£,X	¥	5#u�Ã	¥	5#u�Ù�¹	ž�È�û���z,X�5�ú
`#u4§�X,��E­�o4§�X	ž�J> ���ü5ë�7$!�|6Ñ,X

	à�Ê,���—E¯$!#�L�M6���YF¼�Ž#Ë,���S�J�i��Eó�z�*M6�È�tOE$µ,���•M6�Ø�p)[�È�û,��E¯5à�{*óE°�û�b

��#�L�M6��,X�=�ºL��o.

���£�ã$!#��=�ºL��o,���ÑL��Þ	¥�)�Z�Ù�À�á���•M6��("s�Ñ�ÃL	�ë�Í
%1�)���Ã�•M6�‘
��Ã�)	å

�•M6���|�ü�Y,XAŒ�î�£L��•"©,���J��)Ú��?U��EîE›�e�
T£�û�•	�,X�5�ú4§�XE¤�|	ž�J����Lc,X

#�	å#u�r)„�£L�.��SDBD 1�/•�$�'%”�…	Ã�¹�üE¥�•	�AÅ�Ð�{*ó�Ø#��â�'/Ã�o,���õ�³

!è�â�)	å�•

M6���|,X���p,��E¯5à�r)„$!#��£L � (Du��et��al.��2002).��SDBD 1�/•�$�'%”�…	Ã�Ú���)	å���|�Ã�)	å

��

��

�*����

0u.ç�|�•$ì�Ý�ïE��n"mKpLŽ�nD˜�•+°�t�È	¸�f) 2 (Correale��et��al.��2013,��Zhang��et��al.��2020).��(a) 
&
�ò"m�f;��(b) $ì�Ý	:"m�f.��7��658�7,��P�B±��EK	¸B±��EKKpLŽ�n+°3ÿ�È� f NPLS �*�û,��58�Æ��EKKp
LŽ�n+°�f�+,K3ÿ�È
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�Ø#��Ã#�	å�Ø#�1��Ý/¡,��
���EîE›�{�
E¥�•	�,Ì�F4§�X�9�{*ó�0*ü.���)	å���|�•"©EîE›�Í��+	P¬

	_"¶�6E¯> A×�
,���üL�M6���i���{*ó
<�ó�û���|�Ø#�,��AÅ�Ð�{*ó#�	å#u,���F�DL�M6��	s�Ý#�	å#u

	¥�),���¢5à�üEW�"�9#�Eó�z�ß��(1.75��m/s)���r) „ 45% ,X�£L�G £ (Jukes��et��al.��2016,��Choi��et��al.��2011).

�)	å�Ø#��•"©6Ñ.�
#L�M6���i��#�	å#u,X*ó�ä�â�5�ú4§�X,X"©	åE¤�|��KÈ,X7¾�ÕE›/ß,��� ü 52��m/s

,X�9#��ß,���r)„CYE › 70% ,X�£L�G £ (Thomas��et��al.��2019,��Duong��et��al.��2021).��1�/•�$�'%”�…�£�ã$!

#��=�ºL��o,X�•"©�Ã?˜�_
`��)Ú�V� * 9 ��/�.���)	å	)�{�Ø#�1�/•�$�'%”�…,X�£L����p�â,ÌF•�ø

4˜%” �…�<KÈ,X �5 �ú �D �ä 	¡ !¨ ,�� �Ý �� �£ �ã$!#� �= �ºL� �o?U"�%” �…�<4˜KÈC±��(���Z)��$µC‡4£P` �@�ã

��

��

�*����

0u.ç�|�•$ì�Ý�û�;#y"m�•��Kg�Ç+°�å"���>ð�·	¸�f) 2 (Jukes��et��al.��2016,��Choi��et��al.��2011,��Thomas
et��al.��2019,��Duong��et��al.��2021,���™�U��2018,��Cheng��et��al.��2021)
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(Thomas��et��al.��2019)

�J��,���U� 2 ���=�ºEó�z,��� � ��E¤�|T£�z.��!8�ê,���)	å�Ø#�E¬	Ã�¹0��n�J6.�¶�"Eó�5�ú,��E¯5à�r)„�£L�

(�A�ý��2018,��Cheng��et��al.��2021).��#�	å�Ø#��•"©,X�0*ü��)Ú�î�á�â�D,���|#���AÅ�Ð"“M6�Ø#��SE¥�•

,Ì�F4§�X�€	��J�£��,��E¯5à�r)„�£L � (Bin��et��al.��2019).��

3.3��������$ƒ#wLzM˜�x�ð$-�Ô�p

�ü'—&»�ÃL!�>�Ã#��|�Ú/•�{�
1��h*ü��,��1�/•�$�'%”�…�<�Ô8��]>™�ü�•M6,��EîE›
`L�M6��,Ì

�f�0*üAÅ�Ð�Ÿ#u�9�r���Ž#Ë.��1�/•�$�'	Ü�ä�Ø#�%”�…�ü�r���Ž#Ë�•M6�K�Ý��:+�ì�“.��	«�Ø#�Eó�z

M2�n���û�E
¡,��1�/•�$�'	Ü�ä�Ø#�%”�…�â�9#��0*üE›/ß�����6�ä,X�Ÿ#u4§�XE°!¨�n���Ø#��á��.

G›* ü SPIV 
 ` tomo-PIV ��!‰�Í�n�ÄEóL�M6����,X1�/•�$�'	Ü�ä�Ø#�$è�êE›/ßE¯> 2’4š#�G£,���Î

0Ÿ �Z � * 10 �� /� ,X #u 2Ï B� � Ò (Zong��&��Kotsonis��2017b,�� 2019,�� 2020;��Zhou��et�� al.�� 2017;��Yang��et�� al.

2016).

� * 10 ��,X��?U�Ÿ#u4§�X�Ù�À��F¼#u)ƒ��(FVR)��,���ÍE@#u�Í��(CVP)��,���>�Û��#u��(SVs)��,���€�Ö#u

�Í1�.���Í�b�n�ÄEó�Ú�6�ã�(,���'�Ø#�Eó�z!¨�ã� b 1 �Ê,���Ø#���F¼#u)ƒ,X0SEã�û6ÑEW��,���Ø#����'�á

�â��;��	«�Ø#�#u)ƒ,XAÅ�Ð���h,���üL�M6���iF¼��(#u)ƒ�ß�•)���6�ä�Z õ4{�ÍE@#u�Í.���'�Ø#�Eó�z!¨�û

� b 1 �Ê,���Ø#����' �¡ '
 �±�Õ,È0Ÿ(Š�Õ,���ü�J�ø�{
`6 N¢M6�Ú�ÿ�6�ä�Z�€�Ö#u�Í��(HVP)��
`�²#�	�


³��(BFR)��;��Lc-��Ø#�Eó�z,XL!�",���€�Ö#u�Í��	å��#�,��$è�ê�����ÍE@#u�Í,�����ÍE@#u�Í,X�ß�•	œ

AÅ�Ð�Î�Z õ�ÍE@#u�Í.���Í�b(Á4ñ�(�Ø#��9AÈ,��+��b��F¼#u)ƒ�,�üEHE@�6)„B5,���´!8�Ø#����'��F¼

�ø�{E¬�Ê���Î�Z6_#u.

CY�ÄEó�9#��5�Ê�ß,X1�/•�$�'	Ü�ä�Ø#�$è�ê�â�n�ÄEó�5�Ê�,�ü-��\�û�á	 à (Narayanaswamy

et��al.��2010,��Zhou��et��al.��2017).��+��b�†�Ï"¶Eó�ã�b��#�Eó�z,��A¹�†�Ï"¶	¾6Ñ	å�ß$��ô�•;���Ø#��‹�Î	â

Eó�z!¨,Ì�ÍEW�",��0SEã6Ñ�oEW��,��
Î �� �±�ÕC��•(Š�Õ;��6Ý�†,È#�+	�û1�/•�$�'%”�…� ü 3���-� A ��#�

��,��	Ã�¹0SE ã 1.5 �á,XE•+ ��	n�z,��1����n���Ø#�	_�o!¨� � 0.6.��CY�ÄEó�9#���,X1�/•�$�'	Ü�ä�Ø

#�	Ã�¹1�����<.�³�Ÿ#u	¥*ó�<,���3�Ý�â��,X�ÍE@#u�Í4§� X (Zong��&��Kotsonis��2017b).��E­�o�Ÿ#u4§

�X,X�Þ�?
`�ß"ë���h,���—E¯�ZL�M6���YF¼,X�Ž#Ë,���Ð7ÈL�M6��Eó�z�*M6	¬�k�È�tOE$µ,���‰�kEÚ	_

�ƒ �z ,X6Ñ�o �3 �È �� .��1� /• �$ �' 	Ü �ä �Ø#� ,X �� 
� !è �� �h �36ÑCK�� /ÏL8E•+ �� �iF¼#� �' ,X �0*ü

(Zong��&��Kotsonis��2019).��

4��������1•/ñ�†�‰%ö�çB9�Ý�</ñ#w�Þ

�Ú/•#��|��N²���Ã	¥�|��M6��,X�Ô/¡�L
_#��|)„B5,���e�
�Ú/•#��|	Ã�¹�£�ãL��o�Ã�r�û	�

�o�ÃL!�"�>�Ä�Ã�=�û0��n�û.��

4.1��������62
Á/�p62�</ñ#w�ÞB9�Ý

�ÑL��Þ�È4©1�/•�$�'%”�…�e�
5Ð
_/��5Ð�Ú/•#��|�Ô�)�Z�ûG£-è0 J (
��e
`�"�h4v��2015).���½
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�ó��?UG›*ü!7�ú�x# � SDBD 1�/•�$�'%”�…�e�
�`4È5Ð
_�ü�ûE¢?¦�ß,X#��|�Ú/•,���ü#��|�Ú/•&•

�Þ$��‘�t%”�…,���tEóL�M6���iF¼,X�"Eó#��',���r��L�M6���‰�kEÚ	_�ƒ�z,X6Ñ�o,��E¯5à�e�
#��|�Ú

/•.������+�!7�ú�x# � SDBD 1�/•�$�'%”�…AÅ�Ð,X�Ø#�Eó�zEW�ã��(Eî�����´2G!£/¦)��,���™6Ñ�e�
�9

#�Eó� z 0.4���-� A �¹�ß,X#��|�Ú/•,��L$�
�Z�h*ü�!� C (Kelley��et��al.��2014).���™NO�¤P¬1�/•�$�'%”�…,X

���z,��E¯5à�¤P¬�J�e�
#��|�Ú/•,X6Ñ�o.

��

��

�*������

0u.ç�|�•	4�<�0"m$ì�Ý�:�V"mKpLŽ�n,$�¾�ˆ*T.��FVR �f�`F�"Í(Û,��RVs �f5·'â"Í,��HVP �f�Ø�."Í
�%,��SVs �f�–�3�n"Í,��CVP �f�%D˜"Í�%,��BFR �f�
"m� f (Narayanaswamy��et��al.��2010,��Zong��&��Kot-
sonis��2017b,��2019,��2020;��Zhou��et��al.��2017,��Yang��et��al.��2016)

1� ��1���ó �"�h4v �
��
��e �
���U	" �
����,žN² �
���ô#K&C�
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J\�Í�¤P¬1�/•�$�'%”�…�e�
�Ú/•#��|6Ñ�o,XLÔ"�,���óHHP¬�s)[6Ý�†%”��AÅ�Ð1�/•�$�'�†�Ï

"¶*ü�b�$�m���ê,X-è0J�¹�0,���¤�Î�Z1�/•�$�'�†�Ï#��|�{�
	s)Ú�â�•"©,��EîE›4‡/¦6Ý�†��+	�¿Eó

�t&Á�{*ó1�/•�$�'�†�Ï"¶%”�…,��EîE›�†�Ï"¶
`�Ÿ#u�—E¯L�M6���â��#��Ž#Ë,���¤P¬E¥�•M6#��|,X�|

6Ñ,��E¯5à�e�
#��|�Ú/•,���J�S1�/•�$�'%”�…,X6Ý�†Ne)[�yE¥#�
�,X�Ô�G
¡�hNe)[,���r)„1�/•�$�'

%”�…
`#�
�5ú	Ü.��N¢"òA©P`><�â,��4‡/¦6Ý�†1�/•�$�'�†�Ï%”�…	Ã�¹�üP¬�n�ÄEó�5�Ê�ß�Ý���e�
�Ú

/•#�� | (�"�h4v1���2010,��Wu��et��al.��2014).���"LËAÎ�D�ß,��4‡/¦6Ý� † SDBD %”�…AÅ�Ð#u��?U���—E¯�!

4ì��#��Ú/•�6�ä$!#��¹�¤P¬L�M6���‰�kEÚ	_�ƒ�z,X6Ñ�o,���¢5à�e�
#��|�Ú/•;��P¬LËAÎ�D�ß,���!4ì

�Ú/•><)„��$!#��Ú/•,��%”�…AÅ�Ð#uEîE›.�.b�Ú/•�>�Û��,���—E¯L�M6���â��#��Ž#Ë,��.�
#�û���z�Ú

/•#u,��	à�Ê�¤�o#u	��o1��•�ã�e�
#��|�Ú/•,���¤P¬5Ð
_!è�|�û6Ñ,���V� * 11 ��/ � (CI��JÊ��2015).

SDBD 1�/•�$�'%”�…�e�
�Ú/•#��|,X-è0J�ÍB54£	Z�Z�¢1T	)���á��,���¢N¢"ò�rP`�â�D��Au

1k��N²> A©P`,XE›/ß,���V� * 12 ��/�.��J\�Í	â�t5Ð�Ã�Ý?¦5Ð�ÃN²5Ð1���5Ð�ê�H���á���Ý4È#��|�Ú

/•,��EîE›�ì�ê%”�…�!5B�Ã%”�…�<�X
_�â%”�…	–�D,���‚/¦6Ý�†�Ã4‡/¦6Ý� † SDBD 1�/•�$�'%”�…
�	ª

�k�Z8C�Q,X�{ �
 �� � p (�" �h4v1���2010,��Wu��et��al.��2014,��CI��JÊ��2015,��Patel��et��al.��2007,��Greenblatt

et��al.��2007).��J\�Í�Ý?¦5Ð��Eó�Ú/•,��1�/•�$�'%”�…
<�ó�ûAÅ�Ð,X#u4§�X6Ñ�ó�S�Ý?¦5Ð�!4ì#u�r��

��

��

�*������

3ß.þ65�Þ0u.ç�|�•$ì�Ý�½�b5(�·�2.ç"m�Ô+°$@�BDó/ 7 (B¡�uJ"��2015)
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�J �a L� ,�� �¢ 5à �| E³ �û E¢ ?¦ �ß #u .� >– ,X 	¥ * ó (Greenblatt��et��al.��2007,��Zhao��et��al.��2015,��Wei��et��al.

2020).��1�/•�$�'%”�…�e�
N²5Ð#��|�Ú/•,X��)Ú�â�e�
5Ð
_�Ú/•2O��,���ü�r�û	��o�Ã�|E³��Eó,X

	à�Ê,��1�/•�$�'%”�…�36Ñ�SN²5Ð,XN²> 0��n�û�â8	M6��)[�k���¤	 � (Han��et��al.��2015,��Kaparos��et��al.

2018,��Li��et��al.��2018).���ü�rL�N²> �5�Ê�ß,��SDBD 1�/•�$�'%”�…�e�
�´�Ž��#��|�Ú/•�Ã�¤P¬�´�Ž��

�û 6Ñ ,X 6Ñ �o �3 Eî E› �ñ 4“ �Ã #� 	_ �Ã N² �{ 	– �D �ø AÏ 1� �� !‰ �k �� �Z P` A • (Sidorenko��et�� al.�� 2008,

Grundmann��et��al.��2009,���ôJ?1���2018,��Su��&��Li��2018).

�0���Ô/¡4Ð	Ü
_,XP¬6Ñ%”�…�•�ã,��1�/•�$�'	Ü�ä�Ø#�%”�…�Í�b�ê+ ,X�D�|�î�ã�î��:���†�Ï"¶�Ã

P¬Eó�Ø#��Ã��
�!è
`#u)ƒ.���
�BE­�o�D�|�â�Ú/•#�,X�0*ü�•�ã�á	à,��	Ã�¹��4§�Î1�/•�$�'	Ü�ä�Ø

#��{�
�n�ÄEó#��|�Ú/•,X�¯�û��)Ú,���V� * 13 ��/�.

Oj��,��1�/•�$�'	Ü�ä�Ø#�AÅ�Ð,X�†�Ï"¶
`6Ý�†�Ø#��0�����D�|,��	Ã�¹,È�y�—�S��#�L�M6��Eî

F'E@�=,���6�ä�á�ç�Ú/•,X$!#�L�M6��;���J õ,���Ø#��â�þ#�,X,Ì�f�0*ü�îAÅ�Ð�{*ó�Ô2Ï�ë,X�á���Ý

4È#u4§�X,���V#�	å�ÍE@#u�Í�Ã��F¼#u)ƒ�Ã�>�Û#u1�;��E­�o#u4§�X,X�Þ�?
`�ß"ë���h�t�¿�Z$!#�L�

M6���YF¼,X�Ž#Ë,���S�kE•+ ��Eó�z�*M6	¬�k�È�tOE$µ;���a õ,���†�Ï"¶
`6Ý�†�Ø#��0��
<�ó�û,X�D

�|$d,��	Ã�¹%”	¥�Ú/•	��>�Û��, X K-H �á0��n�û,��AÅ�Ð�{*ó�û���z,X�)	å#u,���r)„�Ú/•	�,X�|�ÕG¡

L�;���Ô	â,��%”�…�<��
�!è�6�á���h�ü�Ô�n/ß�z�Þ	Ã�¹/ÏL8�Þ$�L�M6���iF¼,X�"6Ñ#��',���¤P¬L�M6

���‰�kEÚ	_�ƒ�z,X6Ñ�o.���ü�¹�Þ��)Ú,X�Û�Ð�ß,��"©�Ñ�[7þL 6 ONERA�Ã9K�D�·�è�ÿ(M)Ú�¹�û�:�Ã

	zK¼�û�:1�FÑE¯> �Z,Ì�G,X�rP`P`A•-è0J,���ü�ÔP¬N¢Eó� � 40��m/s�ÃLËAÎ�D��,R�ÛG£4{,X�5�Ê�ß,

9‹�k�ZEW�Q,X�!4ì�û�� �z#��| �Ú/•�{ �
 
` 	â4ì�ã�� �z#��| �Ú/•�{ �
 �� � p (Caruana��et��al.��2013,

Zong��&��van��Pelt��et��al.��2018,��Liu��et��al.��2018,��8£�«1���2018,���""ß1���2018).��

4.2��������	Á"J�p�</ñ#w�ÞB9�Ý

�â5Ð
_/��5Ð�Ú/•#��|,Ì!¨,��	_!è���Ú/•#��|�ü��EÚ	_�ƒ�z
`�ŸE@	Ê(�,X�E
¡�ß,���Ý4È
`M2

��

��

�*������

SDBD 0u.ç�|�•$ì�Ý�½�b5(�·/�f5(�2.ç"m�Ô+°�ý�•654 � (Greenblatt��et��al.��2007,��Zhao��et��al.��2015,
Han�� et�� al.�� 2015,�� Kaparos�� et�� al.�� 2018,�� Li�� et�� al.�� 2018,�� Wei�� et�� al.�� 2020,�� Sidorenko�� et�� al.�� 2008,
Grundmann��et��al.��2009,���LI—��0u��2018,��Su��&��Li��2018)

1� ��1���ó �"�h4v �
��
��e �
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�n��(M�û�È�t��:+,��1�/•�$�'%”�…,XM2�n��!è�|���h�È�•�ç�â	_!è���Ú/•#��|�{*ó��5ú	Ü,��	ª�k

���³�¯�ø�¼	��x�´,X#��|�{�
���p.��1�/•�$�'%”�…	Ã�Ý���{�
	_!è���YF¼�Ú/•#��|�Ã"˜$ã#��|,��E¯5à

�£�ã#��|�3���Ã�¤	�	_!è��0��n�¹�0>©�z,���J#��|�{�
��)Ú	Ã�&4‡���|�o���h
`�†�Ï���h.��!7�ú

�x#�1�/•�$�'%”�…EîE›�|�o���h,���0*ü�b	Ê(�><M6L�M6��	Ã�e�
#��|�Ú/•,���0*ü�b	Ê�ê"˜$ã#��|

	Ã�e�
�J"“#�	å,X	¥�).��4‡/¦6Ý�†1�/•�$�'%”�…EîE›�†�Ï���h,��	å#�
���"¼�9,X��F¼���D�|�â	_

!è���YF¼#��|,Ì�f�0*ü�îAÅ�Ð�6�ä�r��AÅ�Ð�Ž#Ë,X�Ÿ#u4§�X,��	Ã�Ý���e�
P¬Eó	_!è���Ú/•#��|.

1�/•�$�'%”�…EîE›�¤	�#��'�|G£	Ã�¹�e�
	_!è���YF¼#��|�Ú/•
`"˜$ã#��|,X	¥�).���¢�@�Ô

�[)��9,ß,���Ñ�Y�Ô�½E¯> �Z�rP`P`A•,���ý*ü!7�ú�x#�1�/•�$�'%”�…�e�
�Z	_!è��	Ê�Ù#��|�Ú/•�Ã

EîE›�{�
	Ê�ê"˜$ã#��|�¤	��Z	_!è��0��n�¹�0>©� z (
��e1���2007,��Li��et��al.��2010),��Lc	â�Ñ�ê�3	ª

�k�Z2O��,X�rP`4§� p (Saddoughi��et��al.��2014,��Akcayoz��et��al.��2016).���Í�b	_!è��E@�$	Ê�ê"˜$ã#��|

��

��

�*������

0u .ç �| �• 	4 �< �0 "m$ì �Ý �½ �b "m �Ô �2 .ç+° �� �S �f ) 2 (Caruana��et��al.��2013,��Zong��&van��Pelt��et��al.
2018,��Liu��et��al.��2018,��7û��0u��2018,���z"70u��2018)
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�{�
��(� * 14(a))��,���×5B�b	Ê�ê	�
³,X!7�ú�x#�1�/•�$�'%”�…EîE›�¤P¬�9#��|G£,���e�
"˜$ã#�	å	Ê

(��!4ì,X	¥�),���S�kE@�$	Ê�ê	�
³#��| �	 �24È�Õ�üEW�",X"��G,��E¯5à�=�û	_!è��0��n�¹�0>©�z

(Vo��2010;��Ashrafi��et��al.��2016;��Jothiprasad��et��al.��2011;��Zhang��et��al.��2019c,��2019a;���ô#K&C1���2019).��M2

�n��1�/•�$�'%”�…	Ã�¹�È�t�Ý��
��{�
"˜$ã#��|�Ã�r)„P¬Eó	_!è���=0 � (Saddoughi��et��al.��2014,

Zhang��et��al.��2019c),��#��|�{�
��)Ú#]	ž��M2�n��1�/•�$�'%”�…�âM2�n��"˜$ã#u,X5ú	Ü�0*ü,��E­�3

��	_!è��1�/•�$�'�=0�-è0JLÔ?UE¯�Ô!9�Á/�,X/¥�:KÂNl���Ô.���Í�b�Ý4È?¦	�#��|�Ú/•�{�
,��LÔ?U

�ü	_!è��	Ê(�
��oM6
`0Ã�•	à�Ê�‘�t!7�ú�x#�1�/•�$�'%”�…,��	Ê(�
��oM6%”�…��(� * 14(b))��EîE›

�¤	�	Ê><L�M6���|G£,��	Ã�£�ã	Ê��F¼�!�•M6#u�éCK,X#��|�3��,��0Ã�•%”�…��(� * 14(c))��EîE›�e�
L�

M6��+�	_�oM6	å
��oM6,X�þ	å#��|	Ã�£�ã0Ã	�EîF'#u�éCK,X#��|�3� � (
��e1���2009;��CI�ã<"1�

2011;��Zhao��2012a,��2012b,��2012c;��Wu��et��al.��2012;��CI �¸ 1� ��2013;��CI �ã <" 1� ��2012;�� �ô #K &C 1� ��2014c,

Zhang��et��al.��2017a).

!7�ú�x#�1�/•�$�'%”�…�Í#�
�,X�E
¡��L$�b/•�•M 6 1���a��2��mm ,X	�
³,���¤	�#�
��|G£,X6Ñ�o

�ÝL$,���ÍP¬Eó	_!è��#��|,X�{�
�¡M6���\�û�å�ì.���Ñ�Y�¤�Î�Z	_!è��1�/•�$�' �†�Ï#��|�{�
 	s

)Ú,���ý*ü4‡/¦6Ý�†1�/•�$�'%”�…,X�¿Eó�t&Á���h,��	å#�
���"¼�9���D�|,��E¯5à�¹EW�ã,X6ÑG£Eg�9

E’���{�
P¬Eó	_!è��#��|,X,Â, X (
��e
`�"�h4v��2015,��
��e1���2017).���!�b�Ý4È?¦	��Ú/•�Y,X4‡

/¦6Ý�†1�/•�$�'%”�…	ÃAÅ�Ð�{*ó	_4ý"¶,��EîE›�â#��|�Ú/•,Ì�f�0*ü,��	Ã�
	¬#��|�Ú/•,X�§�%4§

�X,��AÅ�Ð�{*ó�„,X�Ÿ#u4§�X,���r����#��â�Ú/•	�,X#��|�Ž# Ë (�ô#K&C1���2014b,��2014a).���V� * 15 ��

/�,���Í�b�Ú/•	��ê,X4‡/¦6Ý�†1�/•�$�'%”�…,��	å#�
���"¼�9,X��F¼�D�|�â	_!è���YF¼#��|,Ì�f�0

*ü,���î�ü	Ê(�#�F'���6�ä�K�Ý�"�š�z�ÃP¬#ý�z�Ã��#uG£�á	Ü(M�û,X+L	¬�¶,���J�îLc-���#�	å�ß$�

E¤�|	¥�),���â���>�Û#��|,Ì�f�0*ü,��%”	¥�>�Û� � K-H �á0��n�û,���S�k�>�Û���¤�!��0�,��AÅ�Ð�{*ó

E²4Á,X�)	å�û#u4§�X,���—E¯#��'�Ž# Ë (Zhang��et��al.��2019b,���ô#K&C1���2020).���Í�b�"LËAÎ�D	_!è��)ƒ

�W,���YF¼#��|�È�ç��0�,��4‡/¦6Ý�†1�/•�$�'%”�…EîE›�‘�t�D�|?º	¥#��|��0��È�ç�r)„#��|�Ú/•,X

�Ý���e�
.���Ú4‡/¦6Ý�†1�/•�$�'%”�…�×5B�b	Ê(�><M6,���'%”�…�!5B�!�b#��|�Ú/•	��Þ$��Ê,���‘�t

�ã6ÑG£1�/•�$�'%”�…"u�Ý�—	¥	Ê(��!4ìL�M6��E@�=,����%”�…�{*ó,X�†�Ï"¶Eô�ä,X	_�o	�
`AÅ�Ð

�{*ó,XP¬6Ñ+L	¬�¶�¤P¬�Z�!4ìL�M6��,X�|G£,���Í�‰�kEÚ	_�ƒ�z�Ã�|E³�Ú/•�K�Ý/Ã�U�0*ü.��EîE›A’

��

��

�*������

0u.ç�|�•$ì�Ý�Ó�b�·!@�f�±F�"m�Ô�¤�·$ì�Ý�/� l (Zhang��et��al.��2017a).��(a)��D˜�|	"M¢0�
í0u.ç�|
�•$ì�Ý,��(b)��	"'s	d�ÇLŽ0u.ç�|�•$ì�Ý,��(c)��0�
í0u.ç�|�•$ì�Ý
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�n	ÜEÖ%”�…Ne)[,���S�k+L	¬�¶�ü	å�ß$�E¤�|E›/ß��,���â�>�Û��#�
�,Ì�f�0*üAÅ�Ð�{*óE²4Á,X�)	å

�û#u4§�X,���—E¯#��'�Ž#Ë,��	Ã�r����#��â�Ú/•	�,X�|G£�x�6,��E¯5à�Ý���e�
#��|�Ú/•.���ü�9#�P@C?

�D� � 0.62 �Ê,��	Ã�S�k	_!è��	Ê
_#��|�3���£� ã 32.8%.��

5��������1•/ñ�†�‰%ö�çB9�Ý%ö#��q�2,º#w�Þ

%”"¶��P¬Eó#��|��,X(M!^#��|)„B5,���î�Ð7ÈL��o�ù�;�r�û�Ã&Á#��r�t1�KÂNl.���£��%”"¶���z�Ã

�e�
%”"¶/L�M6���F�D,���Í�b�£�ãL��o�ÃL!�"#��|�3���K�ÝG¡?U�0*ü.��

5.1��������1•/ñ�†�‰%ö�ç���E%ö#�Lq�Ñ

%”"¶�£L�KÂNl�Ô,È��CY�ÄEó/P¬CY�ÄEóN²> �<A’AuE›/ß���Û	«�G"¼,XKÂNl.��20 �ê4 ~ 80 �H�·,

Mishin 
 ` Bedin��(1995) �ü�Ô õ1�/•�$�')ƒ�W�ß,XP¬CY�ÄEó)×�'N²> A©P`��,���ä�s?–#���7��'%”

"¶,X7��'C±/•�r�t,���S1�/•�$�'%”�…%”"¶�£L��Ô�Ÿ	«���ÑL��Þ,X�S"¯�G"¼.���G�b7��'%”"¶�â1�/•

�$�'%”�…,X,Ì�f�0*ü���
,���ÑL��Þ�,�ü-��ø/¡�á	à,X?–&•,���Ô/¡Ax����1�/•�$�'��+	�{*ó,X&Á��

�h,��	º�Ô/¡Ax����+�+	
��tEó�ú+	2f�$���{*ó,X�'/Ã� o (Shneider��et��al.��2008).���˜�y�˜�²0Ÿ�û�:,X

-è0J�:5Ù���Z�Á/��ø/¡���
��
¾/¡���
CK-����Ð�0* ü (Meyer��et��al.��2003),���Ú+	/•���h
`&Á���h

�Ú�Ô,���Ô�)�Z�{�
�`4È�ê�\AÅ�Ð%”"¶,X�rP`-è0J,��-è0J	¥)„�‘�t><�U+	/•���h,X,È#���+	�Ê,��%”

"¶4§�X"u�Ý�{*ó�â��	¬�ê,�����‘�t><�U&Á���h,X�ØNe��+	�Ê,��%”"¶?¦�z	¥*ó�â���
	¬,���Á/��Z&Á

���h��1�/•�$�'%”�…%”"¶�£L�,X��?U���
.��Lc	â,��%”"¶�â&Á"]/Ã	�,X,Ì�f �0*ü)ÚAŽ>•�ûG£-è0J

(Peter��&��Rodney��2003,��Miles��et��al.��2001,��Khorunzhenko��et��al.��2002).���D�|�ü&Á"]/Ã	���,X�ô�•Eó�z

P¬�b��#�Eó�z,��E­�Ð7È�ü7��'%”"¶�!	Ã�¹�6�ä��Aç,X�!�'%”"¶,���¢5à�£��%”"¶L��o.���ç�6%”"¶�â

�á	à	n�z,X&Á��,Ì�f�0*ü�Ê,��;X&Á��
`	n&Á���Í%”"¶�X
_,X�E
¡
Î��,Ì	 à (Opaits��et��al.��2004),��AÈ

�â�ü7��'%”"¶�!�S*üLš��,X�Ã,Ì�ÍEW��,X1�/•�$�'%”�…�9�r)„%”"¶�£L���	Ã6Ñ,X.

E¥�H�9%”"¶�£L�,X�G"¼&•Eä#äE@	¬���ü7��'%”"¶�!�{*ó,Ì�ÍLš��,X&Á6ÑG£"]/Ã	�.��1�/•�$

�'%”"¶�£L�,X��)Ú�â�•"©�V� * 16 �� /� .���ÑL��Þ�ñA©�Z�á	à,X%”�…�6�ã,���Ù�À�‚"¶��+ 	 (Koles-

��

��

�*������

�2.ç�f�B3ß.þ65�Þ0u.ç�|�•$ì�Ý�:"m�•5R	4�ˆ*T�f)2.��(a)��0u.ç�|�•$ì�ÝA��(+°*¤	���,��(b)��$ì�Ý
?��ý"m�Ô�]/_
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nichenko��et��al.��2004),��%” �� 1� /• �$ �' 6ÑG£"] / Ã (Adelgren��et��al.2001,��Elias��et��al.��2018,��Fang��et��al.

2011),��><M6,È#�+	�û��+ 	 (Sun��et��al.��2013),��1�/•�$�'	Ü�ä�Ø# � (Shang��2002),��4‡/¦6Ý�†�ŸBüL��õ

��+ 	 (Nishihara��et��al.��2011) 1�,��	ª�k�Z�Ô�n,X�£L����p,����4§�Î�Z�Ô�o1�/•�$�'%”"¶�£L�,X	–�D

�ê?˜�_,���_�V�G�b%”��1�/•�$�'�´G£4†6ÑG£	–�D�Í�£L��û6Ñ,X�E
¡?˜� _ ("þ�Ê�À1���2016).����FÑM6

��-�6ÑG£�ý*ü)[�",X0U�ÎKÂNl.���V�)E¯�Ô!9�¤P¬1�/•�$�'%”"¶�£L�,X6ÑG£��)[,���� �þ�9	¥�),X

�GK�.��

5.2��������1•/ñ�†�‰%ö�çB9�Ý%ö#�/LzM˜�x�¨�¦

J\�Í%”"¶/L�M6���F�D�{�
,���½�ó-è0J"“*ü&Á���h�{�
%”"¶,X�ñCÃ,���S*ü><M6�š,È#�+	�û��

+	�üL�M6���{*ó6ÑG£"]/Ã	�,���S�9	·�p%”"¶	å�Þ$�/Ï �| ,���£�ã�Z#��| �3� � (Leonov��&��Yarantsev

2008),�������,�ü%”�…�<�s5ë�û�Ã�{�
	�
³�ã,XKÂNl.�����Z�£�ã�s5ë,��6Ý�†��+	1�/•�$�'%”�…�{�


%”"¶/L�M6���F�D�k���Z�S"¯G¡?š.��6Ý�†+	�û��+	1�/•�$�'%”�…	Ã�¹�üL�M6���Þ$�AÅ�Ð�Î#�	å#u

4§�X,��E¯5à�e�
%”"¶/L�M6���F� D (Webb��et��al.��2013,��Gaitonde��2013).���â><M66Ý�†+	�û��+	,Ì !¨,

1�/•�$�'	Ü�ä�Ø#�%”�…�îAÅ�Ð�Î�Ô4˜�ŸE@#u�Í,���—E¯L�M6���YF¼,X�Þ"ë
`�ß�?E¤�|,���r)„�Z�Í#�

�|�Ú/•
`%”"¶�"Ne�á0��n,X�Ý���{� 
 (Narayanaswamy��et��al.��2012a,��2012b;��Greene��et��al.��2015).

L8�ZL!�"�s5ë,���r�tPE�|%”�…�<�DG£,���=�‘�Ý���{�
M6/Ã,����1�/•�$�'%”�…�{�
%”"¶/L�M6��

�F�DM6��,X	º�ÔNM�å�ì.���[) � (Zhang��et��al.��2017b) 0U.��Z	)+	$dPE�|�îCÃ��+	�T��,���ÔP¬�r)„�Ô

�þ+	$d	à�ÊPE� | 31 CÃ%”�…�<�¹�0,���J��	â�ñA©�Z	)+	$dPE�|	)CÃ%”�…�<
`�îCÃ%”�…�<�Í%”"¶/

L�M6���F�D,X�{� 
 (Gan��et��al.��2018),��A•�â�Z�îCÃ%”�…�<,X�T���ì�“,���Á/��Z�îCÃ1�/•�$�'%”�…�{

��

��

�*������

0u.ç�|�•$ì"��ûKg+°�f)2�:�å" � (Kolesnichenko��et��al.��2004,��Adelgren��et��al.2001,��Elias��et��al.��2018,
Fang��et��al.��2011,��Sun��et��al.��2013,��Nishihara��et��al.��2011)
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%”"¶/L�M6���F�D,X-è0J,��
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CÃ�Ã�¢&Á���h��#u���h,X	¥�)C_�“,���V� * 17 ��/�.�����´AŽ��6Ý�†+	�û��+	,��E¬��1�/•�$�'	Ü�ä�Ø

#�,���ü��#��9#�Eó�zEW�û�Ê,���J�{*ó,X&Á!è�¶�ê&Á�Ø#��î�\�¿,X	å�ß$�E•/Ï,���S�{�
���p�,�ü�â

�� ,XM2�n�� �û,���´"©�ü�Ô�n�ÊKÈ�Y�r)„0� �n,X#��| �{ �
 .���� �Z?·�‡E­�ÔKÂNl,���[ ) � (Tang��et��al.

2020a,��2020b) �¤�Î�Z#�	åL	�ë�ãP¬Ne6Ý�†+	�û1�/•�$�'%”�…,X�„�ñCÃ,��EîE›P¬Ne
`#�	åL	�ë�ã

%”�…,X5ú	Ü�0*ü,���r)„0NKÈ�×��
`�ÊKÈ
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���p
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1�/•�$�'%”�…�•M6,���ŸBüL��õ��+	1�/•�$�'%”�…�Ã><M6+	�û��+	1�/•�$�'%”�…�Ã1�/•�$�'

	Ü�ä�Ø#�%”�…1����þ�9	¥�),XG¡&•.���Í�b�ŸBüL��õ��+	1�/•�$�'%”�…,���Ô���Á/�><M6�ŸBüL��õ��

+	,X(=)Ú�í�ê�:(M�û,���VP¬�Ã�"!è	_�ß,X��+	�õ�ãE@�=��(
��Ô�í�ñ(Š�õ�ã,��M2�G>5�í�G>5�õ�ã)����)Ú,

P¬2’�z�ÃP¬4È�z�D��Au1k�¹�K,X�Ô	¥;���`�������ŸBüL��õ��+	1�/•�$�'%”�…E¯�9�r*ü�ê,X�GK�

KÂNl,���VKS�Ó
Q+	$d�â5ä&»<T�$�m-è	¥,��J\�Í�K�'�h*ü�ÍB5,X�n�
�ê"¶�6�â4§�XA’Au1�,���r)„�Ÿ

��

��

�*������

0u.ç�| �•$ì �Ý�Ó�b$ì"� /KpLŽ�n�ž �œ+°�ý�•654 � (Leonov��&��Yarantsev��2008,��Greene��et��al.��2015,
Gan��et��al.��2018,��Tang��et��al.��2020a)
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LÔ?U-è	¥M6	å�rL�N²> �h*ü,XP¬Ne�îC Ã PSJA +	$d;��	º�Ô�þ�����Z�r)„CY�ÄEóN²> �<,XP¬��%”
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Exploration��and��outlook��of��plasma-actuated��gas��dynamics

LI��Yinghong*����WU��Yun����LIANG��Hua����ZHU��Yifei����

ZHANG��Haideng����GUO��Shanguang

Key��Laboratory��on��Plasma��Dynamics,��Air��Force��Engineering��University,��Xi�¶an��710038,��China

Abstract��Plasma-actuated��gas��dynamics�� is��an�� inter-discipline�� that�� concerns��both�� the�� force��and�� flow

characteristics��of��an��object��submerged��in��flow,��and��the��internal��flow��characteristics��under��the��interaction

of��plasma��actuation��and�� flow,�� thus��standing�� in�� the�� frontier��of��aerodynamics,��gas��dynamics,��and��plasma

dynamics.��Plasma��actuation��is��a��controllable��disturbance��imposed��on��the��flow��by��either��the��collective��mo-

tion��of�� charged��particles��under��electro-magnetic�� force��or�� the��pressure,�� temperature,��and��property�� vari-

ation��produced��by��gas��discharge.��Affected��by��the��local��unsteady��plasma��actuation,��the��status��of��gaseous

flow��will��change�� remarkably,��which�� leads�� to��a��potential�� improvement��of�� the��aerodynamic��performance.

There�� have�� been�� tremendous�� investigations�� on�� surface�� dielectric�� barrier�� discharge�� plasma�� actuation,

plasma��synthetic��jet��actuation,��as��well��as��their��interactions��with��boundary��layer��flow,��separate��flow,��and

shock-dominated��flow.��A��systematic��review��of��these��investigations��leads��to��the��conclusion��that��there��ex-

ists��a��strong��coupling��effect��between��plasma��actuation��and��the��modulated��flow,��and��plasma��shock��control

is��a��key�� to�� improving�� the��control��authority.��Future�� researches��should��be��directed�� towards�� the��develop-

ment��of��highly��efficient��plasma��actuation,��excitation,��and��leverage��of��flow��instabilities,��revealing��coupling

mechanism,��and��improvement��of��control��effect.

Keywords��plasma��actuation,��gas��dynamics,��boundary��layer,��separate��flow,��shock��wave
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