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1 K<@6

20 84~50 H-, 7py T -80J ¥),Z3T¥Lp ),B5, N2> <a9dlé E+ blé|t&A
Fs68l1/e$' , 1/+$ ' #, + "fEB5aD7EETn . E- 0),B5 3 é ¥ Z 44AG>*i1 /»
$'Ax AU+ +«(M0OLZ&|(M0,XOGE-20J. + bP-ES!e | t&A {*61 /+ $ ' X rP'L’ z
EWQ, “tP-+ _ + {*61/+$ 'Ax {l& |(M 0,X-€0JE&#4 HCK. 8£6( O ) Z 0GE rP -20J,
Klimov1l (1982) ¥), UP@C? D 6 P-CY AE6# | , ETE> i1é# ‘tNX+ /s, A1 U U A" X7
%" | AP$, %L o OTA £ 840% (Klimov et al. 1982). A!),B5>¢/A 3Plasma Magic .
+ b%""fL oL!"10G 9P-CY AEON2> < L !" 7p/R,X :+ =& , “18, I18£6( 5b N i1 /e

$'%"" £L 4-\ ZP- z G" Y4 (Ganiev et al. 2000, Shang 2002, White & Subramaniam 2001).

€4~60 H -, I8£6(/¥:S3E> ZVYBUL 6 +1/+$'%"...e Uls# |,XV26rP". 20
84~90 H -, OGE£!8£6(/¥:S9 5b N, &), 5+ f,XrP48§pJ O) )U-20J. Meyer1l
(2003) -€0J ¥),, %""IL o,XL!" &l /+$ ' {*6E>/B X&A h3U,I G, &' U $X>-2-"
+/+JACK D 0*i. 20 é4~ Yy, Roth1 (2000) O )X YBUL & +1/+$'%" ... 2Je 5D
_# | U/e,X-20J, éCKZNL P,X S" HCw. 2002 H, E1T!I4L u<P EOUN éE™> X1 /e
$'A10 z -N2> <ON!&|o(M0,X-€0JA"AZ : U6Y O o*i~ iN2> <,XM=Q.
2000 H &, NL p1),Z1/+$'ON!é|o: (plasma aerodynamics) .

Y% 6-60J , 1/+$' 08+ OKA7('Y,X,E#E] /+ 0 + {*6, é5UEU &4 @# 64
?Z,2rP 6 _><M6, a7pyN2> <a 9BE>/B FY¥% {*0,XP-#yl/+$'Ml KY On, a.
+ b {*6E-/j < AP-#yl/+$"' LO?U,X6N5& \P-, NL PEAI9E@ &G>*ii F¥%,X AM2n 1
[+$'%" ..E># |{.Lc-1/$'Ax{l&|(M 0-€0J,X S" HCK, NL bEa#a U J/A 1
[o$# |{ T ,1/+3$'% ...< + {*61/+$'%" ..., E5a X!¢|(MQ. &a0643"0
V 1A 95M6A + aUa@#1,1", 1/+$'%" ... <KY48 X1T)ANe jP-Ajh
E6z¢l i&e, UN2> <r £L ALL8,A=0¥| 0 n>©z oP-|E 6N1 M6 Y-
SKé,X h*ii! C( e’ "h4v 2015). 2009 H, 5b N7pON7py:TU 11 /e $'%" ... < -><
X [#1{ T & a7pON7py!"™ T O. 2011 H, 5b N Bk fNS0: ~DARPA A
Ozi/e$s'u#t |{ A6NSAT ~$m@)U X h*i-eA| .

1/o$'# |{ X — EBE>1/+$'%" ..%"¥# |40 n(Q, r),3 o% x X
p. Z2143-¢0J1/+$'# |{ X/¥:1., &Ac0il/+$'%" ...1¢|0: (plasma-actu-
ated gas dynamics, PAGD) , n -20J1/¢$'%” ... a# |1 f0*U R, 40# (="'« 0 # |
(MOt Z1uF YFY%# |27 _X/¥: 2bONl@|o:Alé'|o:al/«$"'|0:xe!"™
NZ3 1/+$'%"...ale# KE ),a ,X,ifo*i, O +M6, 1/+$'%" ...ETE> tE6 A t&A
&€: hE%™"TAU/# |ALM6 # |1 L _,X!&]),B5; °O M6, lé# XE6zA o
#yz-@&mwl -é:{hEQ) DA4zé 1 -D,EBAaE; + 60 1/«$'4U#
z, V*1 /.1/+$'%" ..1¢|o0:X1 -20J, LO?U4D UEr*iil/+$'(=)U AON!é |0 :A
@' o:AP=_ +1 7T:/¥%-1A8, "?2-U YN-S «/B A+ .+ «/B A2f SEQEn «/R A & : j

20
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*

Ou.c|-$iY!@ O C '+°+"a( %,z A31 2015, z A3l, % 2020, Tang et al. 2020a)

he/BUY,Xa |0:'21("h4v" e 2020, Unfer & Boeuf 2010, Zhu et al. 2013).
1/¢$'%" ...1¢|0:,X-80J Y 2UUYy@peM6, O 1/+%%" .. X{*6a%eé& |,

T 1/e$ % L AX{le# X )U A . [¢1/+$'%" ...1é|0:?z, IE¥20 HON

L bX1/e$'# |{ -€0J V2OE > 4DEA: 1 28V ?2U Y4il/+$'%” ....X1 s)U, YBiL

O +1/083'% ...°1/+$'VUa@#%" ... X(MOa$eée ;1 37C58VUYyY4il/+$

%" . AX{LM6 A U/# | y%™# |,X )Ua?” ;1 68VIil/e$'%" ..l1&]o:X

b9¥)E> Z)T.

2 1e/fi T %0%0 ¢

2.1 0b O*<

1/¢$'%" ... 1/+$ U+ .o 00*UREn|&le' + {*6,X _oA#yz A(=0- &,
ite# “t,XO/A{D|], 2UUYyYDp h: |o hAtI h (=0 =~( e "h
4v 2015), V *2 /. U1/*$'%" .. <X@p+ U KE‘tP-+ _64 + 3, + t
E6+ $JAa 02f $P-EO6.,r, 1@ '2f $%" ¥# &, 64 +1/+$"' 3 (Leonov et al.
2010).

¢,2—b,B, + $a 0e'US.,rUé¥UsX+/eA2./s %" ¥, 52 E>%" ¥ X&'
Uscel” 40U ., rx&A1E/RE 0192/, i1e'aUE; :(+ XL _EJ/RBUA: + $.,
r+ [e: , + 5., 1% ¥ , + B, 1?2/

, 1+ $2:-/+ 4 U: . T'X&A?R-/e:

0,ME>/IRSkle'al¢tTO" AlaU$ E@- UYyZD /[jUS$AsSAl$A+
$X#E U(=, aUX -8 EyéCKle'(=0-D,X—~&é. + bu+2f$ri, 1/e$" 3KY

\P-,X+ D)[, P-+ # EIGE U € ¥&U6 t&A, ON!e#y z,Xrt e UE O!9 aP-+ D)[, t;(=

- D,XGi - é.

u



*

@ « j*a0u.c | » Z<'"me+0O C ' »>1$i Y+° U>1 E)2

¢c?-b,R, &' + X,Ey48p #yz P-~, EBaéCKleé'§z'le X :(+-8. 1/
$'Ie"Ej,X,?2=?"_"¢c?-?"_ 430,X, c?-#yzuo X Biu 2f SKEM2 G>5., rE>
IRGZ Z6NGE; §z'1e _X-e0+M6 #yz-€,X6(| h, °OM6i U0+ Gj2f$ «

+ 0oXPE|a 02f$.,ré ¥ |GEE@/IES &,X. ETE>Ax8VIe"' +1/+$ "' X ,2-E>/R, r
) 1# "] 0:C?—E>IRX{ , 1/$'%" ..-€0J,XGj?U Y .

+1/¢%" ),P-zM2G>5(M 0, ><), aaxalU (+ $A/$" 02f$) KYa
4aa,XE6z (c?—><), #y2).1/+$''21 @aUXE6z« 4z&+ “"J/A6NGEX{ .
4z8+ tnZ@UGEGz8xE + $XV) (+ $6NGEU XN D) , 5a+ $#yztnzl/-$
21 jhX¥)ed {(=X ?2U20 _; "[/AG6NGEitnzl/+$'2143 . r/jh X1
& aaXl/+$'¥*0+8, KY aaXszeée+ "J/A6NGESxE, 4»5atnzZl/«$'%" ..
O*i ble# EXa )U.="18&1ZVY/ *u,XL/*$'%" ... {*6+ 4 YBiL 6 + A&?8...

+ "+ 0 +.
2.2 CALg W t+k1e/A T %0%0 ¢

><M6 YBiL 6 + (surface dielectric barrier discharge, SDBD) 1/ $'%” ..., NL b-&0J
O S"#A9X1/e$'%" ...+4 L_XYBUL & +1/¢$'%"...<X_a+ 60V *3
/. YSPE|+ _"16,Xaa, AtU 17ax# A,/l6Y T A4t/l6Y TYBUL 6 +1/$
%" ..., V="2 /.

ib!7ax# SDBD1/e$'%”" ..., J1 |o h, GEIE>/»$ i+ R,XtE6A
I+$a 01¢'US$ KE,X|GE 6EeAAPE¥M6@#. NL PO)ZOGEXTIP AO,0 %" ...
<-Diét0, ¥, +EIF Lc Ux, /[+$tE6 h ?U¥*6 U+ _ BL,XB6 < 6 (Un-
fer & Boeuf 2009, 2010), Lc-)f Wie X RL!, + 60 ¢A(S +E@= E] +, E@ |#yzA

|#y z A+ $#yza+ $8z1 (MO ¥*6 :+- &(Wu et al. 2008), %" ...0j AADT |
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> 1 0 ® Ale/fi T %0%6 ¢("]

YBiL 6 + &78... + + 0+
1/0$'%" ... 1/0$%" ... 1/4$%" ...
.. + U>el /e $'EIF'E2Y &
+ U>+4+41 YBUL 6 6 &4,X U>1/- $'BIFE2y

;EA 0! o
n M2 G>51 /e $ %" .. (E60I6,S1/+ %

+ U> O4A DET, DTE1/+ $
' 3C_4 38%AG>5

'+ OM2 G>5
+ EiF' 50 a200Td (2+bDET4,X 20Td (21 bDET4,X
- 20 al00Td O a
4z é + _aéLmada ) + _alelmaa )
O ar 0.5 eV/mol 2 eV/mol 10 eV/mol
"JAGRGE 2 €VImo evimo evimo
)0+ 10 a50ns 417G /! N7CI )
EKE z e ! :
R L 1&'#y zP-~ (13000K) , #y
UM Q é# 0P~ ,Eo> EKEKS le'#yz" ,+ PE|X1/-$' ) )IQEIXIé('> ? -h) '
.k - PRUTIIN « AL —a
48 X1T) ih:&oe , &:# OP-"bAx { 200 EX '—&»
¢(EGle't&A  (41/') + |E@ |
%" ... )U iB?le ' t&A  (SI7CI! ) + P-6NGE ¢ Eole ' t&A P-6NGEle ' t&A
I+ $N¢ tES
h*i C e Uk | L LSA?X LM A 1/$'0ao# Ax {%™a %™V LM6 FD

*

(@) ="LZ +BTKg M j*a0u.¢c | +$1 Y " O>0 * (" % , z A3l 2015), (b) "/! 2DO+° j*a0u.¢ |
« 7 - >0 *(Starikovskii et al. 2009)

#u, Lca$e é E¥M6@#, L_—DR%" ...AA D ,XE¥ «M6 @# EO6 z & b10 m/s (Alexandre et al.
2010). [ b41/'6Y tSDBD1/$'%”" ..., J1 t1 h, GEE>%" ¥ 02f$Al-$a
0US$X.,r, {*6 ¢EO6t&A, EBAaAA D _4y"T " Y#u. %" ¥ 0" U $'X&A &AGE [+ $., r
&AGE,X!" 7 :3, AAD {*642300 K ,X ¢E6#y , + bALt&AE>/R,X EKE z (42200 ns) a
A:EKE z (42300 ns) ,IE¥, T i"fLc {*0, Lc & ¢(E6>D £ (Zhu et al. 2013, Starikovskii
et al. 2009, Keisuke et al. 2011). ++ _ Xb "EKEItI"f(MOE :+, b "Cr-A, 1
"1 zC~ Q. 41/16Y 1 SDBD 1/ $'%” ...AA D Y#u,XE>/R, & ¢(EOt&A D7E,X# #uG£EQE®



oAAA:AAAE AAA)

>7 2 0 ® A CrLg W t+k1e/fi T %0%0 ¢("]

A 17 0 x# J16Y t 41/'6Y t
YBiL 6 + %" ... YBiL 6 + %" ... YBUL 6 + %" ...
. . - + b EKE&bgd, + b EKEA&l/$'
+ | - 87?7 - N PN - L
: —a e hxE 2 e + KELh EKE 6 « EKE yE¥
+ ETF'4z é+
(—5%) 20 a40Td 30 a50Td 50 al00Td
)8 + EKE z
10 a30ns 10 a50ns 10 a50ns
(-5%)
O aI"/A6NGE 0.01 01 0.5
/(eV/mol ™) ‘ ' '
3 . AGiaAA{ A O, (Edle"
UM G SLSAS, + L/ SNG 4c6 + OUEWQ , G|tZAé{ é-gd; o€
. . ,) A a ) - - 1 - - L
[E@ |iB?t&A pa 6NGE )[EWP 6NGE Y[P-
%" ... )U /o $NC + 4¢ 61& "' t&A ¢(E6le " t&A n,/'EKE z¢E6le"t&A

/BXp _NM=-@éY G(Cl JE1 2015, O#K 2016). i bTEQG# ', + N-S «/BY

4, 6 EOzYGE, ! 8§z, P _o, U4E5ER, N+94%/'6Y t+ SDBD {*6 '/A 0,X E

’

i, 14 (1) @E«2Y z Ak 4E#UGEEQE® /R

J, &x )A&#uGE, +/R°A ' #uGE,X EKE - é)[; COA #UGE i# NM, G#uGE

Ee/i = 8)[, I hi# éCKX#UGEE@I; #UGE 4y i7|6°NM, [h# ' ['/A-é

6CK,X#UGE 0 & - é; p_NM, G3za_ o0A4&$uCH!7 x G2I E ¥*6&A i# ¢5a é

CK,X#uGE£ - &, OaONM TE 0 hoéCKX#uGE =7NM, [h# 'TE O I#uGE X E j. 4f/'6Y t

SDBD AA D ¢EO t&A D7TE%” ... <><M6# $z4a_ o04&aal7x, ¢5aéCKe</R p_NM -,

AA B [*6#uGE - é. 4%/'6Y 1 SDBD AA B {*0,X#uGE£ i1 U/s# X ¥)aEr|, S
Y b!7 G x

U#

z U/s#u. .b, EBar),e # | U/ X,AX. ib,'6Y 1SDBD %" ..., J
# 4411'6Y 1%” ... KE, TY ¢E6Ot&A éCK, X T1T h, ce Y/« $tEG éCK,X |0 h.

E¥H9, NL bJ\i><M6 + ,X2'45 YU O) zZ#A 9-80J, 141/ EKE z  ,2GONKE z

b, 245 UE| Z><M6 + X ¥)Es>/R e | hEs/B, JTOY Z2'§,XD & _ ( *4) (Zhu

et al. 2017)+ # G£-80J !%o (Huang et al. 2020); k Z!7 G x# "6Y 1T +1/¢$'%" ...
IA o0 "]/A6NGE,X?- d? - (Soloviev & Krivtsov 2015), J¥), + OE "),B5, UT' + Ne)[A
+ AYBU-D$uCt(MnD:(=)UG2iE, YBiUL 8 +1/+$'U¢s OOE@ = n(S

pL5L!, ETE> aP-"% 96NGE ANe)[é+ _1 )O -

ETE> U7 G x# "6Y tT%” ...430 EaX(=U S

+, + O0X. #1D7E!® |%" ... {

D9 8P-%" ... pu(=)UpP>A-aah>.



116 " h4v e U" [7N2 O#K&CFAXS 1/+$'%" ...1¢|o:v264)i 7

*

P 1& O+°="LZ +BTKg M j*a0u.¢ | *$1 Y@6 U :@I0A3y E. (a) ="LZ +BTKg M j*a0u.¢ | « "/!
$@ B1é303y°0>0*, EO,:cehM , (b) Ouc|-$i Y7+ 1@ OUAPEKup*00>0* E
O,:ehM (Zhu et al. 2017)

B, a1Z><M6 +1/+$'%" ..., O(Zhu & Wu 2020), r),Z1/*$'%" ... tE6 " t&A h
X8x EGE é; ¥) ZSDBD1/+$'%” ... - DA'AUEC E SDBDesigner (Zhu & Wu 2020), 0 QL!
"Z%" ... <A’AuUA@Ji & , V *5 /.

2.3 1e/A T %o > F :#W%0 ¢

1/+$'Ua@# %" ...<O%ol1b2003 H, JT t0s)U y*i6Y t+ 01 OKA7(
"YFY4,XONI@E™> sEOr#tyr _, O4ceAA DP-E6 @# < 1(Grossman et al. 2003). 1/+$'U &
PH# %" ...<UOpPp<OYXLO0E/RUYYpPL!%: +6NGE'JJAA@# @64 aVYBiL
O +1/3'% ... <ABY T+ 01/+$'%" ...< 043X _+ &a# 2a0agd# %" ..<,
"1/ Va@# % ...< OOpU4E X1IT) (8 F+ U + Op7(') A @#EG6 zP-
(1500 m/s) “1ONe ("' (!5 kHz) 48 U ii OCK,X , %" ... <(Reedy et al. 2013, Narayanaswamy
et al. 2010). “18, 7% al aéa , “éCKZ |# |{ NZ3 X S" G"¥% (Narayanaswamy
et al. 2010, Hardy et al. 2010, Anderson & Knight 2012).

1/+$'0U&a@# %" ...(M0-€0J,X,AU 2U ¢2143,X?! z, I#U%”" ... <Eg 1D |(M U &aEg
9 +"16 %" ..< )—D KE,X& M24“0 G2l. BE-OM24*“0G2l, Ax-11/+$'Ua
o# X 6 a%e é U "GE£41?” _, J %" ... <48 XE™> 1 8A’Au. 2003 H 12012 H 6KE,X%"
...(M 0-80J ?2UG>*iP-EG64+EA# _"RANS D 0,61, k ,X48p0aF% U )81064
R@# FW“UEGz 1. _Lc- EKE,X - 8?7 _(Reedy et al. 2013, Narayanaswamy et al. 2010,
Hardy et al. 2010, Anderson & Knight 2012). 2013 H7C 2,X%” ...(M 0-€0J ?U q, nGE£4« E A



*

(@) ="LZ j*aOu.¢ | *$i Y,$ *, (b) *T ° OKg$i Y+° £ b B s4?Ky*a -" Z (Zhu & Wu 2020)

PIV1 E# |#G£+"© 1T 8)UAZ16, -€0J Y+ U A%” ..., X 6 a$e & )U "A’Au "G£41?"

_(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¥), ,AINY &l
bl/¢$'U & @# %" ...(M 0,XAXAS E4E£I"EWH#U D, V *6 /.

1/+$'Ua@d# %" ... 2UETE> 0D |(MU9I&FY%# |E> { : t1"71A#u)f AP-

EO@# ° &. PE t1"164X s’ 6Y T+ 0,Xa Ot&A, 5aa4ATF T1"'7i

PET1'TuU7(' YFX% T8 @ a,X-"1(Zong et al. 2015a; Dong et al. 2019). T 1"1,X & «
E6zA"Jalé# §z Lc- 6+Cx/e,Xrt5a ), 10/jUD>D£,X-8é2" . ,1a +6NGE
B, ++ UCAM4E¥1-/@# (XCrQ, %™ z C~ 0(zhang et al. 2015). B M6#uG£# )U
AZ, #u)f X#uGE Bl P 9%d b @# ]F',XEe+ #uG £ (Zong & Kotsonis 2016). ' @# "'G£4t 1R
,Sadb4 E, VY,XEe+ #uGEFNT1>eK F¥%#u)f .5a',S 0 b4 E, L8Z F¥% |#u)f
&, 0@# '>U E-1+ bK-H 40 n 0546 & 0GE,X,| F#u48 X (Zong & Kotsonis
2017a, 2018). E- o,l F#u)f,X7 : Ne)[a @# L !% U - _ 0,X6Y |Ne)[ O7 E (Laurendeau et al.
2014, Shin et al. 2021). #u)f 0 °6 &4, TU7%AA D 0*l R"“- %" ... <EH &Exn |. #u)f,X)fGE£
Lc- 6 «Cx/e,Xrt ), 10/j rt5ada£ax-eCc_= OQ)fGEuUCx/+]F'1 -2 &,E
X @9k, 2 4z 0.625P$, J 5P $Uy @# A E6z 1-E X(Zong & Kotsonis
2018).

ETE>¥ {P-EG4« E @# FY !5B$e &, ¥), @# FWEOG zLc- EKE,X EKS ), 10/;
roSaa£ax-e?” _, O0@#E6za6NGE"/A 1717 (Zong et al. 2015a; Wang et al. 2014).
y*UPIV 1% IP-EO @## E 0!9) ¥),, @# ' ,01pP-E6 3 "E6 3,KE
Lh,X48 X, AEAT-E6z, (- On,X6Y |. E-/iE6 z6Y |a#u)f, X<607: YG, ¢ b
FN A &48 7(' YFY,X _06Y | (Reedy et al. 2013, Zong & Kotsonis 2016). @# ,X$& 6E>/RE- «
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*

Ou.c|+4<0"m$i Y'¥ 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)

(_XE{EWQ. .l aM6/A R, (A4fi (X @# '+ aé+ y?°M6/AEW 0, K X "6N# 'EW T,

‘54 = 0EG)[P- A @# 0SE&#A z " (Zong & Kotsonis 2017a). U%” ...(M 0-€0J A6, NYeéib
%" ... < '@ )UXAx-1Ja#U D. F¥% U :5UAx '@# L 1%48 3 &, 7(' @ bP-#y(S O, Lc- «
H6&AE>IR %" ... <7('#y z,XL!'", 7(Y _0019L!I' ", 18E>/R & o | o (Haack

et al. 2010). BE- O )UT0Y,X?-d)UAZ6 _, J"'u YGj), '&),B5, 3J4&6N 663%” ... <1
0,XGiNeE>/B. E- 019-20J>< 4, + b]JF' YI&'"XA QG 7('Y & Xa 6&AER, %" ... <

Bib OpuaL ,X 952i43(Zong et al. 2015b). G Op10<OY,U- 16 @# ° I6E>

IR,XEB 6, 54 1@E>/B,XPE |0 G @# L %48 34a,XB6 . 8 XE6z!"@#E6z" O pGE
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10 0

4{, G4z 10 a 20 m/s.
4pUtp )UUd)UAZTSH, k ZOGEA LU DAAUX GE4AT?” . V *6 O & 0>
/I, O0,X@#E6za GE£4T,X6NGE"/AY G, @5U 1/3 8 _ G21(Zong & Kotsonis 2018); %"
.. <,XOE "Ne)[+ 7( ', X Helmholtz 7%' LU95Ne)[ £ n, a7(''/A I"A@# (X 17!
(Chiatto & Luca 2017); @# O4A EKE a6NGE"J/A7("'/A 171", a@# (X 7('#yz
i! " (Anderson & Knight 2012); %" ... <7(' Y,X § zLc- *ONe)[,Xr 0 ), 10/ 1 &
-, Lc A ¢EORLILX - éC_*“; E@ I& @,X p!6Ne)[ a7( Y & 6&A21 D A><M6/A1 i G.

3 1o/ T %0%06 ¢B9 YLzZM™ X

7pbONT ¥)ILM6 Ax{Y-E¢ UXLO". *0 _1a7pv AEcEg “Q)ual"" Z
_, H X$!# =°L 04z 4 u7pE>/B N2> L 0,X40% a 50%. V p6N 6 |E3L M6 E@ =
E5UL! "$!1# # |, X sM6 =°L o, N2 X O a7p/R A7Tp EFN1Tk O = . [ b E¥ONKEP-
CY AEOGN2> <, L M6 Ax {ibL!"&A# A£ %"™/L M6 F DFN YG;j?U 0*i.

3.1 x#wLzM™ XE¢ YBO Y

LM6 E@= ULM6 # |+ #(SO¥) $#(SOXE>/R, Opi2050UE;jX
M24“0 & # |(=)U),B5. ¢# [0 n0?! z,B, E@ =Ax{X AU G # Al7° -4
OnYMolj+a E-3 1/+$'%" .. Ax{LM6 E@ =,XT ACA. NL Pi1/+$'%" ... {
"E6O G SL M6 ) O Z 0G£-€0J (Roth 1995, Roth & Sherman 1998), ?UEIE> ' t!7 G x# SD-
BD1/+$'%"...|E3SLM6 E@ =, V *7 [.1/+$'%" ...IL M6 {*0tEG 0*li, SG #
E6z_ EtOES$u, e D|{*6,X 40 n aNe)[,X rKS, E'5a |E3 "EOL M6 (9# EG z 20 m/s)
E@ = (Duchmann 2012, Riherd & Roy 2013, Grundmann & Tropea 2007). y*Ul /¢ $ '%" ... {*6
TAolG # ,XAl7 p, 3ALY e atspo L M6 FY¥ Y4E p# UGE,X rKS, E'ba
|ESEE@ = (Yadala et al. 2018). ETE> -1/+$'%" ...Ne)[, %" ¥ &L M6 Y T-S D |"1,1 !,]
i,XM2n D", Atr),D| ,If%#\,X p(Grundmann & Tropea 2008, Duchmann
et al. 2013). Tb M6 > h o# A©,X O\, ETE>Ax H1 /+ $'%" ... < x {*0# &#UGE£48§ XE >
KA)f 2CA{ , U9#E6 z5 m/s Ee Z+CAE@ =,X# &5 048 X, E 54 |E3E@ = (Belson
et al. 2012, Hanson et al. 2012). | bCY AEGL M6 , r), Z35 - A 9# 5ERL/*$'%" ... |E3
UJUL M6 p# E@ = (Schuele et al. 2013), J {(*6 al,Xi & YE@# &#u, e P- 6A4"|
6NGE, E'5a |EE@ =.

1/+$'%” ... —ELM6 E@=32kZa p, YWia#UD. 1/+$'%" ... —E
#LM6 E@=X p - )UV *8 /. 4%/!6Y tSDBD1/+$'%" ... —E "EOL M6 E@ =+
M6, 1/$'%" ... ¢E6 t&A 6 4,X&A!e 1 & R$ EgEn, (LM6 Y 6420 bT-S"1,XD|"Y,
O4ce D7TEL M6 © lE@ = (Correale et al. 2013, 2014; Zhao & Cui 2018; Ullmer et al. 2015). 0Ax {
CY AE6L M6 M6, y*ii) &L & 4&?8... +1/$'%" ...1),ZLM6 E@ =, ?-# Z%"
LAADXZ1¥5#u. a+1 06040 n"Y (T-S"1) B,X"E6L M6 E@ = aa, P-CY AE6 5
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*

*RD"MSDBDOuU.¢|*$i Y OFE n"mKpLZ nD~ «+°t E | f) 2 (Yadala & Srikar 2018, Duch-
mann et al. 2013, Schuele et al. 2013)

ERL "6 0,XO0rKS)CYE>L1 O8OD]|, G*U(Mn%” ...Ne)[,[ XE] +1/+$'%" .. %"
¥1 "53040 n"Y, JD7E1 086040 n"I,X¢E6 O, Y —E Z6 - AP-CY AEGL M6
E@ =(Li et al. 2020, Zhang et al. 2020).

3.2 $f#wLzM™ x Lq

# '# AL sM6 {*6,X =°L 0 a# 'X | 0oTEz 1% +M6 @EG6 z *M6,X p)[ &!7!". &
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*

Ou.¢ | *$i Y iE n"mKpLZ nD~ «+° t E , f) 2 (Correale et al. 2013, Zhang et al. 2020). (a) &
o'mf; (b)$1 Y :"mf. 7 6587, P B+ EK B+ EKKpLZ n+°3y E fNPLS * 0, 58 /E EKKp
LZ n+° f+,K3y E

#LM6 YF¥YcU X# |aa, $#LM6 YFY,U- 4+b?R"€,X"E6 P-EO65 0, !
ZOGEX¥5#uUA¥5#uUUtZEQ z,X50 #u48 X, E- 048 X 2J> 158& 73! |6N,X
AaE, —ES$#LM6 YFY¥%Z#E, SJi E6z*M6 E tOE$H, M6 @ p)[E O, E5a {*6E° U b
#LM6 X=°L o,
£a$!# =°L o, NL Pb¥)ZUA& M6 ("sNAL €1%1) A.M6* A)4&
‘M6 | i YXAETEL «"©, J )U ?U EiE>e TEG+ ,X5048 XEx|2J Lc,X
# &#ur),£L. SDBD1/+$'%” ... AL E¥+ AAD[*6 @# a'/Ao, 63 1¢4)4&-
M6 |,X p, E5ar),$!# £L (Du et al. 2002). SDBD1/«$'%” ... AU )& |A)4&
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*

Ou.c|+$i Y O ;#y"me Kg C+° &" >0 -, f)2 (Jukes et al. 2016, Choi et al. 2011, Thomas
et al. 2019, Duong et al. 2021, ™ U 2018, Cheng et al. 2021)

@# A# &@#1 YIi, EIE>{ E¥e IF48X9{*60*i. )& |+"©OEIE>| + P~

_"IB6E>Ax , ULM6 i {*6<60 |@#, AAD {*o# &#u, FDL M6 s Y# a#u

¥), ¢haUEW"9# EO6z R (1.75 m/s) r),45% ,X £L G £ (Jukes et al. 2016, Choi et al. 2011).
) & @# «"O6N. #L M6 i # &#u,X*0 4 45 (48 X,X"© 8En | KE,X7% OE>/R, {52 m/s

X9# BB, r),CYE>70% ,X £L G £ (Thomas et al. 2019, Duong et al. 2021). 1/ $ '%" ... £ a$!
# =°L 0,X«"OA?” _~ YUV *9 /. )A){@#1/+$'%" ... XEL pa,Fego

47%" ... <KE,X5uDaj!", Y £&$# =°L 0?2U" %" ... <4"KEC+ ( ,) $uCI4£P @ &
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(Thomas et al. 2019)

J,U, =°E6z, Eo|T£z. 188, J)A@#E-A0 nJ6. 71"E65 0, EBar), £L
(Ay 2018, Cheng et al. 2021). # & @# *"©,X 0*i )UT4aaD, |# AAD"M6 @# SE¥.
JFA§ X € JE , EBar), £L (Bin et al. 2019).

33  $f#wLzM " x38%-Op

U—&» AL >A# |[U/e{ 1 h*t , 1/+$'%" ... <08 ]>™ (1 sM6, EIE> "L M6 ,]
fOUAAD Y#HUOTr ZH#E. 1/+$'UAB# %" ... Ur ZHEMBKY +1“ «@#EG6z
M2n QEj, 1/+$'U&a@#%" ..a9% O*E>/R 6 &4X Y#ud§ XE°I'n O# & .
G>* i SPIV “tomo-PIV 1% I n AEOL M6 X1 /$'U & @# $& EE>/IRE™> 2'45# GE, 1
0Y Z *10 / ,X#u2iB O (Zong & Kotsonis 2017b, 2019, 2020; Zhou et al. 2017; Yang et al.
2016).

*10 ,X ?2U Y#u48 X U A Fwu#u)f (FVR) , IE@#ul (CVP), >U #u (SVs) , € O#u
1. ibnAE6GUGA(, '@#EO6Zz!"8 bl E, @# FY#u)f, XOSEA 06NEW , @# 'a
a; «@##U)f XAAD h, GULM6 iFY (#u)f Re) 64 Z 64{IE@#ul. '@#EO6z!"(
bl1E, @# 'i' +O,E0OY (SO, 0Jo{ 6NeM6UYy64aZ€O#ul (HVP) " 2#
3 (BFR) ; Lc- @#E6z,XLI", €0#ul & #, %eé IE@#ul, IE@#ul,XRBeoe
AADT1ZodiE@#ul. I b(A4R (@# 9AE, + b FY#u)f , ILEHE@ 6),B5, 18 @# ' FY%
g {E-E 126 _#u.

CYAEOO9# S5ERX1/+$'Ua@#$eéanAESG5E, U- \ 0 & a(Narayanaswamy
et al. 2010, Zhou et al. 2017). + bt 1"fE6 ab #E6z, A'T 1" %6N & R$ 6+ O# <14
E6 z!I"IIEW", OSEA6N OEW , T +0OC «(SO; 6Y t,E#+ 01/+$'%" ... U3 -A #
, A10OSE&15 4XEe+ nz,1 n @# o!" 06.CYAE69# X1/+$'Ua@
# A1l <. 3Y#u¥*0<, 3Ya XIE@#ui48 X (Zong & Kotsonis 2017b). E- o Y#u4§
XXP? R'6& h, —E ZL M6 YF¥, X Z#E, D7EL M6 EO6 z *M6 - k E tOES$H, % KEU _
fzX6No3E .1/+$'Ua@#,X !& h36NCK /IL8BEe+ iF¥%# ' X 0*i
(Zong & Kotsonis 2019).

4 1+/fi T %0%06 ¢B9 Y </fi#tw b

Uls#t | N2 A¥| M6 XO/iL_#]),B5 e U/# |AT£3L oArd
oAL!">AA =00 naq.

41 62 Al p62 </A#w PBI Y

NL PE4©1/+$'%" ...e 5D _/ 5D U/e# | O ) Z 0GE£-€0J( e " hdv 2015). %



116 " h4v e U" [7N2 O#K&CFAXS 1/+$'%" ...1¢|o:v264)i 15

*

Ou.c|+4<0m$iY:V'mKpLZn,$ % *T. FVR f F "i(U, RVs f5-'a"l, HVP f @ ."i
%, SVs f—3n"l, CVP f %D™i %, BFR f "m f(Narayanaswamy et al. 2010, Zong & Kot-
sonis 2017b, 2019, 2020; Zhou et al. 2017, Yang et al. 2016)

6 2UG*U7 Ux# SDBD1/+$'%” ...e “4E5D 0 GEC?) R, X# | Uls, U# | U/e&s

P$ ‘t%” ..., tEOL M6 iFY4,X "EO# ', r LM6 % KEU _f z,X6No, E5ae # |U

[o. +170x# SDBD1/+$'%" ..AADX@#E6zEW A (Ef "2G!£/')), ™M6Ne 9

#EG6 204 - A1RX# |Ule, L$ Zh*i! C (Kelley et al. 2014). ™NO aP-1/+$'%" ...,X
z, EBaoP-Je # | U/+,X6N o.
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3R.p65 POU.C | *$1 Y % b5( - 2.¢"m O+°$@ BDAG/ 7 (Bj ul" 2015)

NioP-1/¢$'%" ...e Ul# |6N o,XLO", OHHP-s)[6Y t%” AAD1/+$ ' 11
"T*ub$m &X-20J10, alzZl/+$'T1# |[{ s)Ua+"0, EIE>41/16Y T + ¢EO
t&A {*61 /+$ ' T 1"1%” ..., EIE> T "7 Y#u —E'L M6 & # Z#E, oP-E¥ «M6# |, X |
6N, ESae # |Uls, JS1/+%$'%" ..., X6Y tNe)[yE¥# X O G jhNe)[, rn,1/«$"
%" ... # 50U. N¢"0OAOP >< 4, 41/16Y t1/+$'t1%" ... ALiP-nAEG65ERY e U
[*# |("h4vl 2010, Wu et al. 2014). "LEAI D R, 4%/!6Y 1 SDBD %" ...AA B#u ?2U —E!
41 # Ul+ 6 a$!1# L aP-L M6 % KEU _f z,X6N o, ¢5ae # | U/s; P-LEAID R, !4i
Ule><), $!# Ule, %" ...AADP#UETE>. bU/s>U0 , —ELM6 a # Z#E, . #0 z U
[#u, aEwoo#u ol «&de # |U/s, oP-5D l&| 06N, V *11 / (Cl JE 2015).
SDBD1/+$'%" ...e Uls# |, X-€0JIB54£ZZ ¢1T) & , ¢N¢"0rP aD Au
1k N2> AOP ,XE>/B, V *12 /. J\iatsp AY?!5D AN25P1 5D éH a Y4E# |U
[+, ETE>18%" ... 5B A%” ... <X _a%”...-D, ,/!6Y t A43/'6Y 1 SDBD1/+$'%" ... 2
k Zz8C Q,X{ p (" h4vl 2010, Wu et al. 2014, CI JE 2015, Patel et al. 2007, Greenblatt
et al. 2007). N1 Y?!'5D E6 Uls, 1/+$'%” ... < 6 0AA B, X#u48§ X6N 6 S Y?!5D l4i#u r
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*

SDBD Ou.¢ | *$i Y % b5( -/ f5( 2.¢"m O+°y «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— Ou 2018, Su & Li 2018)

JaL, ¢5a|E3®0E¢?] B#u. >—,X ¥*6 (Greenblatt et al. 2007, Zhao et al. 2015, Wei et al.
2020). 1/+$'%” ... e N25P# |U/s,X )U4e 5D _U/20 , Urd oA |E® EG,X
aE, 1/+%$'%" ... 36N SN25D,XN2>0 n (048 M6 )[k = (Han et al. 2015, Kaparos et al.
2018, Li et al. 2018). GrL N2> 5ER, SDBD1/*$'%" ...e "~ Z # |U/l¢AaP-~"7Z
06N ,X6N o 3ETE> fi4* A# _AN2{ - D gAll !% k ZP A« (Sidorenko et al. 2008,
Grundmann et al. 2009, 6J?1 2018, Su & Li 2018).

0 O/i4abU _XP-6N%"..+8, 1/+$'Ua@# %" ...ibé+ ,XD|7a71: t1"TA
P-E6 @# A 1@ #u)f. BE-oD|aU/# X0*i+~a4a A! 4811/+$'U4Q
# { nAEO# |U/e,X 0 )U, V *13 /.

Oj ,1/+$'Va@#AADXTIM6YT@# 0 DJ|, ALEy—S #L M6 Ei
FE@=, 6aacU/+X$#LM6 ; Jb, @# ap# X If0o*xu1AAD {*6 O2ie X4 Y
AE#UA8 X, V# AIE@#ul A FY#u)f A>U#ul; E- o#U48 X,XP 2?2 " R"& ht¢ Z$I# L
M6 YFY,X Z#E, SKEe+ EO6z*M6 -~k EtOE$u; ad, T1"16YT@# 0 <60,XD
|$d, A1%” ¥ U/e >0 ,XK-H &0 na, AAD{*6 0 z,X)&#u, 1), U/le X|OG;j
L; 04 %" ..< 164 hiOn/Rzb ALiL8 P$L M6 iF¥%X"6N# ', aP-L M6

% KEU _fz,X6No. ithP )JUXUDPR, "©N[7TpL6 ONERAAIKD -ey(M)Ur0:A

zKY4 0 :1 FNE™> Z,1 G, X rP'P Ae-20J, i OP-NCE6 40 m/s ALEATD ,R UGE4{, X 5E R,
9<k ZEW Q,X 410 z# |U/s{ ~a4ia z# |U/+{ p(Caruana et al. 2013,
Zong & van Pelt et al. 2018, Liu et al. 2018, 8£ «1 2018, ""R1 2018).

4.2 A"J p </fi#w PB9 Y

asp _/ 5D U/e# |,I1", 1@ Ul# |0 EU_fz YE@E(,XE R, Y4E M2
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*

Ou.c|*4<0"m$iY¥b'mO2.¢+° Sf)2(Caruana et al. 2013, Zong &van Pelt et al.
2018, Liu et al. 2018, 70 Ou 2018, z"70u 2018)

n MOEt :+, 1/¢$'%" ..., XM2n &
3Tg Y. x T X# |

hEeca_!e Ul# |{*6 5u U, 2k

p. 1/+$'%" ... AY { _lé& YF¥%U/l# |A"$a# |, E5a

£a# |3 Ao 18 0nt0>0©z J# |{ )UA&4E |o h tl h. 174

x#1/+$'%" ...ETE> |0 h, O*Ub E(><M6L M6 Ae # |U/o, O*i b E é"$a# |

Ae J"# &XY¥). 4t/'6Y t1/+$'%" ..ETE>t1 h, & "% 9X F% D|a_

16 YFY# | 1f0*UTAAD 6 ar AAD Z#E X Y#u48 X, AY e P-E6 & U/# |.
1/+$'%" ...ETE> o # '|GEAle _1& YF¥%# |U/e ""$a# [\ X¥). ¢@ O

D 9.8 NYOWES ZrPPAs yUl7TUx#1/+$'%"...e Z_'& EU# |U/IA

ETE>{ Eé&"$a# |m Z 1€ 0 nt0>0 z( el 2007, Li et al. 2010), LcaNé&32

k Z20 ,X rP 4§ p (Saddoughi et al. 2014, Akcayoz et al. 2016). ib !¢ E@ $ E é"$a# |
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*

Ouc|$iYOb-!@f+F"mOa $iV/ I(Zhang et al. 2017a). (a) D™ | "M¢0 iOu.¢ |
*$1Y, (b) "sdGLZOu.¢|*$iV, (c) O iOu.g|-$iVY

{ (*14(@), x5BbE& 3 XI7Ux#1/+$'%" ...EIE> 0P~ 9# |GE, e "$a# 4 E
(141, X¥), SKE@$Eé 3# | 24EQUEW" X" G, EBa=0_!1¢ 0 n10>0z
(Vo 2010; Ashrafi et al. 2016; Jothiprasad et al. 2011; Zhang et al. 2019c, 2019a; 6#K&C1 2019). M2
n1/$'% ...A*EtY { "$a# |Ar),P-E6 _!&é =0 (Saddoughi et al. 2014,
Zhang et al. 2019c), # |{ )U#]z M2n 1/+$'%" ... aM2 n ""$&a#u,X50 U 0*i, E- 3

1@ 1/+%$"'=0-e0JLO?UE O!9 A/ X/¥ :KANI O. ibY4E?l # |U/{ , LO?U

U _!e& E( oMB6 0A<aE‘tI7Uux#1/+$'%" ..., E( oM6%” ... ( *14(b)) EIE>

o E><L M6 |GE, A£AE F¥%!M6#u éCK,X# |3 , 0A %" ... ( *14(c)) EiE>e L
M6 + oM6& oM6,Xp &# | A £ &0A EIF'#u éCK,X# |3 ( el 2009; Cl a<"1
2011; Zhao 2012a, 2012b, 2012c; Wu et al. 2012; Cl ,1 2013; Cl &<"1 2012; 6#K&C1 2014c,
Zhang et al. 2017a).

I7aGx#1/+$'%" ...1# XEjL$b/leeM61 a2 mm,X 3 ©n # |GEX6No

YL$, IP-E6 & # |, X{ M6 \0&1. NYolzZ 1& 1/+$"'1t1# |{ s
YU, y*U4t/i6Y t1/+$'%” ..., X ¢E6t&A h, &# "% 9 D |, E5aEW &X6NGEEg 9
E { P-E6 _!& # |\ X,A,X( e "h4v 2015, el 2017). !b Y4E?! U/s Y, X4t
I'6Y t1/¢$'%" ... AAA D {*6 _4y"Y, ETE> a# | U/s,1 f0*0, A -# | U/e,X § %48

X, AAD {*6 ,, X Y#U48 X, r # aUls X# | Z#E (0#K&C1 2014b, 2014a). V *15
[, TbU/s &X4t/'6Y t1/+$'%" ..., &# "% 9X F“uD|a & YFY%# |,if0
*U, TUE(#F 6aKY"38zAP-#yzA #uGE4aUMO,X+L -9, JiLc- # &R$
Eo|¥), a >U0# |,1f0o*i, %" ¥>0 KHa na, Sk>U o! 0, AAD{*
E24A,X ) & 0#u48 X, —E # ' Z#E (Zhang et al. 2019b, 6#K&C1 2020). ib"LEAID _!& )f
W, YFY# |Ec¢ 0, 41/16Y t1/+$'%” ..ETE>‘tD [?2°¥# | 0 E¢r),# | U/, X

Y e . U41/'6Y t1/$'%” ... x5B b E(><M6, '%" ... !5B!b# |U/e b$ E, ‘t

G6NGEL /+$'%” .."uY — ¥ E( 14iLM6 E@ =, %" .. {*¢,XT1"fE64,X _0o "AAD
{*6,XP-6N+L ~ § 6P- Z 14iL M6 X |GE, | % kEU _ f z A |E3 U/ K Y/A U 0*ii. ETE>A’
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", X7 'Ctlert, S1/¢$'%" .. %"T£EL OY « NL P,XS" G"Y4. G b7 '%""7 a1/
$'% ... X,1f0*0 , NL b, - g/jaaxX?-&, O/iAx 1/+$' + {*0,X&A
h, °O/jAx ++ tE6U+2f$ {*6,X'/A o (Shneider et al. 2008). ~y ~20Y 0 :,X
-0J :5U Z A/ gl %li CK- D 0*i(Meyer et al. 2003), U+ /s h &A h
U0, O0)z{ 4E é\AAD%""T,X rP-¢0J, -€0J ¥), ‘t>< U+ /+ hX,E# + E, %
"148 X"uY {*64 -&, ‘t><U&A hX@Ne + E, %™?'z¥*6a -, Al Z&A
h 1/+$'%" .. %""T£L ., X 2U . Lca, %""Ta&A"/A X,1f0*u)UAZ>e 0GE-20J
(Peter & Rodney 2003, Miles et al. 2001, Khorunzhenko et al. 2002). D | i&A"]J/A ,X 6 *E6 z
P-b #E6z, E-DTE U7 '"%™"[!A164 Ag,X!'%"™YT, ¢5a £ %™IL 0. ¢ 6% 4
aanzX&A ,1f0*0 E, ;X&A “n&A %™ X ,XE il ,] a(Opaits et al. 2004), AE
aiu7 "% ! S*iLs X AJTIEW X1/¢$'%”...971),%™"T£L A6N,X.
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nichenko et al. 2004), %” 1 /» $ '6NGE£"]/ A (Adelgren et al.2001, Elias et al. 2018, Fang et al.
2011), ><M6,E# + O + (Sun et al. 2013), 1/ $'U & @# (Shang 2002), 41/!6Y t YBiL 6
+ (Nishihara et al. 2011)1, 2kZOnX£L p, 4812001/ $'%""T£L,X-D
872" ., VGDb% 1/+$' G£416NGE-DI£L 06N, XE j?° _("p E A1l 2016). FNM6
- 6NGE y*u)[ ",XOU TKANI. V)E O!9 aP-1/+$ '% "1 £L ,X6NGE )[, p 9 ¥),X
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48 X, EBae %"/L M6 F D (Webb et al. 2013, Gaitonde 2013). 4><M66Y T+ 0 + ,i!I",
1/+$'0Ua@#%" ... 1A ADT104 YE@#ul, —E'LM6 YF¥%XbP"é¢ R?En], r),ZI#
| Ul "%""1 "Ne 40 n,X Y { (Narayanaswamy et al. 2012a, 2012b; Greene et al. 2015).
L8 ZL! " s58, rtPE %" ... <DGE, =Y { M6/A, 1/+$'%" ...{ %""T/L M6
FDM6 ,X°ONMAi. [) (Zhang et al. 2017b) OU. Z )+ $dPE |ICA + T , OP-r), 0
b+ $d & EPE |31 CA%” ... <10, J afAA© Z)+ $dPE | )CA%” ... < TCA%” ... < %"/
LM6 FD,X{ (Gan et al. 2018), A A Z1CA%" ... <,XT 1“ A/ Z1CA1/+$ ' %" ... {
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*0,X&AI T, yo ARSE/l, 2t%"™ [ LM6 , EBaE %™ zAAx | Ne)[X# |{
)U.
4p?—NL P1/+$'%" ... { %""T1/L M6 F D,X-¢0J, ),1¢,E# 6YTAC)CA 1
CAAC&A h #u hX¥)C_“ V *17 /. 'AZ6Yt+ 0 +,E-1/+$'U4Q@
#, 0 # 9#EOZEW O E, J{*0,X&Ale 18&A @# 1\ ¢ X ARSE/, S{ p,ua
XM2n 0, "©OuUOnEKEYT),0 nX# |{ . Z?-%E-OKANI, [) (Tang et al.
2020a, 2020b) o 1Z# &L & &P-Ne6Y t+ 01 /+$'%" ...,.X , ACA, EIE>P-Ne *# &L € &
%" ...,X50 U 0*0i, r),ONKE x ~EKE hX,IfGIU, rQ1/¢$'%" ... a%""7,X,1 f 0O*ii E
KE, J{ p4EP @&V *18 /. rP'48p><a, # &L & aP-Neb6Y t+ 01/ $'%" ...
ArtUs9XOF p%fE@ - TF'# & _4y"IL M6, r),i# 'XNX _4y, a™Y £
ZU/*%™,X z "Ne &0 nGEr|, E- U0 n# |{ EKS o I1:/IGE4{, 1/ $'%"
. {%"MLM6 FDwroZzOl,XACA.

6 <Q

1/+$'%" ...1¢|0: EEAL/+$'%" ... 5E R4C# (="'« o(M O ale'# |?2” _ X/¥
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NZ3, + [O5UcTEAIE-@ (iv20¥)X 0L !%. ¥)P- 6N1/$'%" ... «"© Al /e
$'%" ...2Jale#50U0%,XEEAD " +"©, ETE>1 /*$'%" ... alé# 50 U, %" ¥ y*ile
# 40 n0, A/50 U JUAr Ax{ p, 1/+$'%" ...1¢|0:p9,X¥)e4.
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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, Xifan 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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