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Abstract: The DC surface high voltage discharge of thin coplanar flat electrodes was experimentally
analyzed for the purpose of studying a cooling technology in radar filed. A series of samples including
two symmetrical cathodes and one anode with a sharp tip were built to evaluate the effects on surface
discharge of the separation between two thin coplanar flat electrodes and the flow resistance between i-
ons and a flat substrate. A series of tests have been done for the surface discharge characteristics by
changing surface roughness and structural parameters such as cavity depth, gap width and cathode
length. The main results show that the cavity depth is the most important structural parameter, since
it has the greatest effect on the mobility of neutral molecules in the space between the thin coplanar
flat electrodes. The space is a key role for collisions to generate the surface discharge, which is affect-
ed by ion mobility. The stability of surface discharge is in direct proportion to gap depth, but the fir-

ing voltage decreases with the increase of the depth. Besides, the flow resistance between ions and flat
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substrate has relatively less effect on the surface discharge. The research of the surface discharge of

thin coplanar flat electrodes offers the promise of electrocooling application in radar field in the future.

Key words: surface discharge; thin coplanar flat electrode; electrocooling; surface electrohydrodynam-

ic; radar technology
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Fig.1 Scheme diagram of surface discharge of thin

coplanar flat electrodes
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Fig. 2 Prototype for experiment
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Fig. 3 Circuit diagram of test system
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Fig. 4 Surface discharge of thin coplanar flat electrodes
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Fig. 5 Surface discharge of different groove depth
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SO E N i =S A TR SR T i R D R &
ARG SR NGEE A IETIFCS 07 N 7 S~ S sl |
H1LOE B R R 2 (] T RN R MR T B A RS R R
TR AR PR AR B T OCHEVE . FE 5 T AL T v
R 0 T A L 1) A O B L 7 R R TR T
ER AR,
4.2.4 MHKEGH®

SR 43BN TR) BH AR K B8 X6 3 T R H R P B R
W, B3 IR T 3 A AN [E B AR K E (8 mm, 10
mm, 12 mm) HHASECR BN, K 8 Fix
SRy AN [ BRI A R D6k 3R T3 P, P ) B

AN[RIFD I B {4 1

| + =8 mm A
55 —+— =10 mm
< 25 | o [=]12 mm
‘-,:j 2.0
E 4
g 15
é- 4
g 109 =98k
= P=100 kPa

054 RH-30%

00+ —r———r—————pm—-—
o 1 2 3 4 5 6

High voltage/kV

&8 AR IR A BE fy 2 T 3 Hi AR P
Fig. 8 Surface discharge of different cathode length

WAL 8 JT 78 o IS A R JBE 0 26 T e HL 4 4 1) 52
Wi AR /0N 5 3 I 0 T B 2 T H AR R A T A
[l BRI — B AT AE W A - BIAR B IR B 3
MR8 TEOE = Bl A, i el 7 £
AE TP AEEH IR L A 0 2 BA AR A K R i — 2
R, 380 22 A% 41 B 0 3R T VR R R Y R e T 22

A Oy v T TR R 2 YOG 2, AN 18T 9 B CRZ TR L
BT T RO .

0.0211 K 635 =
Y e 6.0
£ 0018, \ R E
: 0.018 | S == -
S 0015 [ £
= S
3 150 B
§ 0.012- 5
Z 4.5 %
> S
— 40 Z
0.006 e 2
. , . L35 &

0.0 0.3 06 0.9 1.2

Groove depth/mm

PRI 9 [Tt 8 B o ) A B8 AR 75 L RS 4 v, s ) 2 i)
Fig. 9  Effects on measurement accuracy and dis-

charge inception voltage of groove depth

WE 9 BRI B R O Y AR E TR B
TU) el 5 (1% 8% fn T B . [ B i AR U H T B
o TR R 32 A 348 o T AS BT 9 /D o 4 TR A 3
FE1H R T (A R AN MR R 1 50 B AT 3E A
TE B H A 5 (] R H B 0 v MR A A 5 i
BRI WL LB 1808 R 1 . 3, 36 Ik - 19 32 3
TR G IR 132 Sl L A RE HS Ik 2
() (%)l 8 1% MR 2%, AL I fL A 9 R PR A, B
EAG L AR 2 MR IR B BRI, 3R DR T 1Y
b 2y N R VAN NS IR NN R G A e B
B2 /N R B AT H g s S AT R E 1 4
B AR DX, A N P IR B RRE
4.3.2 WA E G H R

F, L 194 i P R P R s v s S M 9 )
KFR A 10 Jir 7 o 75 i e 4 v, s i o U1 9 2 1)
N 3 - 0 A R A B R v
1) 725 Ak 78 B8 /N B S LN (0. 016 ~0. 020) % 8l , 1%
AT S A FL A 2 TR O R A [ B, A T M
5 B 2 THURLF (14 38 B8 R AR T B Y 45 R IR
DBl Ry R I aOH B AE — Y TR N Bl



872 e KPE TR % 26 %
0.0247 - : . SR 12 FiR .
7 L44 Ze
__ | TS5 0.024 6.0
3 00221 o o >
5 el L40 © - ce B
2 < > g 0.022- LS55 &b
é 0‘020_ // -E :-5, /,/O' ‘-'é'
5 . / 36 = 51 I
£ 0.018 v 5 £ 00204 . fs0g
g ., - //l z 2 " ‘g
2 . ok - 5 0.018 B, l45 2
= 0.016- g = 3 e —s =
L2.8 E g c;:u
S = = 0.016 L4.0
0.014 ; , , 3
3 4 5 A
Groove depth/mm 0.014 3 3 o N 5 35
[ N ] o Cathode length/mm
P10 T 58 B X 0 3K 0 H AR 2 H S 1Y 5
Fig. 10  Effects on measurement accuracy and dis- B 12 BRI S 0 i i e A B L B 5 i
charge inception voltage of groove width Fig. 12  Effects on measurement accuracy and dis-

I, HRL O A R PR T TR R B TR R
A AR ST 1 S S A IR T A AR 2 Rl Y L
KN PR I i o TR 5 86 A 5 o ke vl S 4y F, T
-2 ERE TN
4.3.3 om0 R

5 PG 2 THD RS B2 O H AR 1 DA B F R
LR 52 e &1 11 iR .

0.020

)
=

T
N
un

0.018-

0.016

Measurement accuracy

Discharge inception voltage/kV

0.014 35

Groove depth/mm

PEL LT R T 30 e 5 RT3 v R A P s ) 52
Fig. 11  Effects on measurement accuracy and dis-

charge inception voltage of substrate rough-

ness

S3ATT AT, B G 2R TR R X R O 00 A
FR S AN KL AR T 0. 014~0. 018 BTSN . 7]
R il P, v B KL %) g T s A 48 n L T g
Pt i a2 L | Y NGRS A
JIT 35, X A A % R R R S e . R
HE— 25 UE SR TR I RS R B R AR A

R EZEMNEK,
4.3.4 MHKEWZ®

PR R 38 X L WA A A LA R T P 4 R s

charge inception voltage of cathode length

WAL 12 Jr 7 s BB A 8 S0 {000 5 ) 52 ) A
/N o AEAN TR B AR A B2 A B0 L IR RS JEE 7 0. 019
~0. 021 Z 813l , A W] Y 728 A MR, A Y
RZEFRER A TR 28 M R M A B 51 AL
LA FEAREE R0 . e oh b T MR 5 R AR
HewE . Hiayls T EeRg o, EEE P
FEURR B30 3 b A 0 1 4 Hi 37 23 A AR 22 0L TR0
AU R B A DR B AL L DRI B A A X 0
T R RITAC F 2 G FEL T )52 TR A/

NI INLIE RV AR Tp )
UL A TR R R S U A T B R B A A SR MY
G R MR AR X 5/ s S T L R i L TR — R
RS2 M T G2 A A1 2 08 3 T T30 PR £ 532 o+

ARSCAR YT A A I T - T H R 2 1] e
T R s LA A SR TR A L O LI B B A A
(7 64 45 4 25 0 L B e 3 T RELRS 2 #) A5 L LA 20
SO 22 TR R B R BT 1A A P A X PR B
s — A SR A B9 A BIL A 36 TIE T 1 B2 i v 3L AR
T PRI R A P T ) A DR T LR 2 T T
5 R T ST R AR K B T 5 R I 3 THT Y AL A BEL
J1. BB WME .

(D) MR BEAE N e BB S S ROE T &
TR R T TE LR Z ) IR A DR E S AT R
0 1) P PR T 5 B A A I AR T RS T 7 A AR
SER I . MMAEZREE D>0. 58 mm B, PSS
VB T PR 22 18] A 7 2R R E B R THTCHE 5



4

JRIGURE | A5 G ThT 9 P A0 SR TR LY AR

873

(2) B 5 F1F- T 56 VS A U A% BEL 0 % 2 T i r

R B 52 M A X A0 5

(3) A HEL B9 A2 R P i o TR % 58 ) 34

SE

(1]

(2]

[3]

(4]

(5]

(6]

[7]

s L. PAETEE IR B R AT RS LT .
W F AR A2, 2007, 23(1): 17-19.

MEI Q Y. Study on the feasibility of application of
heat pipe in radar system[]J]. Electro-Mechanical
Engineering, 2007, 23(1):17-19. (in Chinese)
INE, REM, BRAM, F. HOEERREH R
AR R Ze By 0T, & F AR 242, 2013, 29
(1. 1-4, 13.

WANG C S, SONG ZH M, KANG M K, et al..
Application of micro-channel cold plate to active
phased array antennal J]. Electro-Mechanical Engi-
neering, 2013, 29(1): 1-4, 13. (in Chinese)
LR, HEEHEELFIREHERTRELI] &
F AL A2, 2007, 23(5): 17-20.

KONG X J. Thermal control technology of vacuum
tube radar transmitter[ J . Electro-Mechanical En-
gineering, 2007, 23(5): 17-20. (in Chinese)

Wit A, sk, FA, F O -RXIFERRSE
P SRR HI]. & F A4, 2012, 25(7)
121-124.

CHEN D SH., WEI Y T. CHANG Y,

Thermal design and analysis technique for the new

el al..
generation weather radar system [ J ]. Electronic
Science and Technology, 2012, 25(7). 121-124.
(in Chinese)

RAE, EAEF R AIAEXFHL[D] MR
B R T R, 2013.

ZHANG H. Study on air-cooled enclosure of an
aero radar[D]. Nanjing: Nanjing University of Sci-
ence and Technology, 2013. (in Chinese)

A, x|, APslg, . OETIHMABER
FIERA RERIT] & F A T4, 2016, 32
(1): 20-23.

CHEN K, SHUAI L G, ZHONG J F, et al.. De-
sign of radar air-cooling system based on modern de-
sign method[ J]. Electro-Mechanical Engineering,
2016, 32(1): 20-23.
Male, RFEX, F&%, F. SEMAIETFRS
PERGUOTI]. A% A% T4, 2009, 17(9):
2145-2152.

CHEN L H, WU Q W, LUO ZH T, et al.. De-

(in Chinese)

(RN

(4 e i 97 I P AP 26 T I H v AL B Y B 5T

XF T IR B B AR AT O

(8]

[9]

[10]

[11]

[12]

[13]

[14]

sign for thermal control system of electronic equip-
ment in space cameral J]. Opt. Precision Eng. ,
2009, 17(9): 2145-2152.
Raast, I, K F4. F. HORT B KB
FRMAFF MRS EI] A5 HE TR,
2016, 24(10): 2442-2448.

ZHANG X SH, GUO L, JIA ZH H, etal.. Simu-

lation and experiment of thermal properties for mi-

(in Chinese)

cro-expansion type heat switch with micron stroke
[J1. Opt. Precision Eng., 2016, 24 (10): 2442-
2448. (in Chinese)
. RAEL, R F,F. AEEHEARELIRG
TR RN L] g A E A, 2014,
22(7). 1877-1885.
GUO L, WU Q W, HUANG Y, et al.. Applica-
tion of thermal management technique to thermal
control for ultraviolet imaging spectrometers[ ] ].
Opt. Precision Eng. , 2014, 22 (7). 1877-1885.
(in Chinese)
¥ EF, AF5, Bae, RIRET G0 #REE
FD. % H%E LA, 2008, 16(11); 2187-2192
LUOZH T, XU SH Y, CHEN L H. Thermal
control of high-power focal plane apparatus[]].
Opt. Precision Eng. , 2008, 16(11);: 2187-2192.
(in Chinese)
KIBLER K G, CARTER JR H G. Electrocooling
in gases[ J]. Journal of Applied Physics, 1974,
45(10) : 4436 -4440.
MOREAU E, LEGER L, TOUCHARD G. Effect
of a DC surface-corona discharge on a flat plate
boundary layer for air flow velocity up to 25 m/s
[J]. Journal of Electrostatics, 2006, 64 (3-4):
215-225.
MALCZYNSKI G W, SCHROEDER T. An ion-
drag air mass-flow sensor for automotive applica-
tions[J 1. IEEE Transactions on Industry Appli-
cations, 1992, 28(2). 304 -309.
DARABI J, OHADI M M, DEVOE D. An elec-
trohydrodynamic polarization micropump for elec-
tronic cooling[J]. Journal of Microelectromechan-
ical Systems, 2001, 10(1): 98-106.
MOREAU E. Airflow control by non-thermal plasma
actuators[J]. Jowrnal of Physics D: Applied Phys-



874 e RS TR 4 26 %
ics, 2007, 40(3): 605-636. [22] BOEUF J P, PITCHFORD L C. Electrohydrody-

[16] LEGER L, MOREAU E, ARTANA G, et al.. namic force and aerodynamic flow acceleration in
Influence of a DC corona discharge on the airflow surface dielectric barrier discharge[J]. Jowrnal of
along an inclined flat plate[J 1. Journal of Electro- Applied Physics, 2005, 97(10): 103307.
statics, 2001, 51-52: 300 -306. [23] MELCHER J R. Electrohydrodynamic and magne-

[17] LEGER L, MOREAU E, TOUCHARD G. Elec- tohydrodynamic nonlinear surface waves [ ] J.
trohydrodynamic airflow control along a flat plate Physics of Fluids, 1962, 5(9):1037-1043.
by a DC surface corona discharge-velocity profile [24] x\%%, S8, PRk, F. SESKWTAL TR
and wall pressure measurements[C]. Proceedings T AR R[] ], & T3 K53k, 2010, 25
of the 1st Flow Control Conference St, AIAA, (12): 16-21.

2002: 2002. LIU X ZH, GAO CH, DENG X B, et al.. Influ-

[18] MAGNIER P, HONG D P, LEROY-CHESNEAU ence of high-speed airflow on surface discharge
A, et al.. A DC corona discharge on a flat plate to characteristics of insulator [J]. Transactions of
induce air movement[J]. Jowrnal of Electrostatics, China Electrotechnical Society, 2010, 25 (12).
2007, 65(10-11): 655-659. 16 -21. (in Chinese)

[19] ROTH ] R, SHERMAN D M, WILKINSON S P. (251 B, xldfh. T, % ZERELHE
Electrohydrodynamic flow control with a glow-dis- IR AT g [(]]). m# k5 & F Kk, 2006,
charge surface plasmalJ]. AIAA Jowrnal, 2000, 18(7): 1076-1080.

38(7): 1166-1172. YI AP, LIUJ R, YUL, etal.. Trigger charac-

[20] RAN H Y. ZHANG Y, HONER K. Multi-stage teristic study on optical pumping source with mul-
electrohydrodynamic fluid accelerator apparatus: tichannel surface discharge[J]. High Power Laser
US, 20090321056[ P]. 2009-12-31. and Particle Beams, 2006, 18 (7): 1076 -1080.

[21] FOROUGHI P, ZHAO Y, LAWLER J. et al.. (in Chinese)
Development of electrohydrodynamic (EHD) mi- [26] SCHLICHTING H. Boundary Layer Theory
cropumps for cryogenic applications[ C]. Proceed - [M]. 6th ed. New York: McGraw-Hill, 1968.
ingsof Space Technology and Applications Inter- [27] GALLO C F. Corona-a brief status report[]J].
national Forum, American Institute of Physics., IEEE Transactions on Industry Applications,
2005: 46 -54. 1977, TA-13(6) . 550-557.

fEEwA

ALE Q70— , B, w#E b AL 1E
+, TR, 2016 4F F 5 5 B TR 244K
LR R AN E T e AN = 3 Y 2
AL E 3K 1Y BB T RO IR S R AF SR
E-mail: zhouzhijian2011@163. com

B4R (1969 —), 2o, g 7 A 1
+ B . 2002 FRE R TR ARG
T, EEMNFEIE MEMS %4 &
GEHE AR O AA g 2 L B e R
¥l AR WY, E-mail: njnwr @ hot-

mail. com



