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A study on Mechanism of Discharge Generation in the
Discharge Generating Point Arrangement of

Dielectric Barrier Discharge

GIRAFRFNE FRREIFSR

PR L
TR 1924032005
K4 IR H—

FEfEE#HE mWH RE
e 4 H 2022 F 9 H



15 P

1.1, iZLoic

1.2. 79X=ti

1.3. WES5X<t 20N

1.4. WEERICE T IET T X~ EiR

1.5. WEBICX T 7 X~% BT 5 EHR

1.6.  NU THEDORHK

1.7.  NYTHEMERICE T 5 E

1.8. WMEZEMFEZSO HELT 7a—F

1.9.  TREREGED A 51 = X L OHEE
1.9.1. 1o0WMERERICBT IMEREA =X L
1.9.2. EEOMERERICEITIWEHEA =X L

1.9.3. FHEKREMOEMDMERER COMERER 1 =X 4

1.9.4. HEMGFRIFORE
1.10.  A#F5E0 HIY

111 AGSCDREAL
EE PN

2% JWERGOBIE/ T — 2 BUSFB O
2.1.  AWECORMEFEROME
2.2, FEERGGEMEL
22.1. WEV T 7 2 HEE
2.2.2.  FEEEIGE & ALER
23. EEREHROMEERMELEOEM
24, JLEARE - WE1ARD 7Y OFEEMEOFHETEMEE
24.1. WO EKEY Yy 7) v
2.4.2.  REMSEG 2D 5 22/ R AL
24.3. MEAREOFHE

o
O 1 O G B~ s s

13
19
28
28
33
36
40
42
43
44

48
48
53
53
58
65

67
68
74



244, WEAREGIHEOHE? S L IHEE
245, WE1IADZY OFHEMBOHE
25 WEIAD-Y)OBEMRITO S X DEE
2.6. FEHABCcoHEE/FIE TN

EE DTN

3E HITHER - EE

3.1, HIERR

3.2. BRI A =X LDEK
47w

MRS

ESPLIVAS 318

p={1{

AT

80
84
84
89
93

95

95

101

103

106

108

109



1.1. @FL®IT

AT T, SAE%Z GBS - EBmEICEEBE L2 2 LIk W EL 2 /KEY
FRA~2, ZORTHFERENLZEBENICET 2D THEICES 24T,
RETIZ, »)TWT®E#5E%T@57%ﬁwm%ﬁ%momfﬁ%?5.&
o) TR O AGERE - FEE L DTSR ERE , AgE o HiY %k

1.2. 79 X<l

77 X~ (EBHESA) 1, K113 X9 IR - R/ - SURICR B O 4
DIREETH . 7T RA~IL, [MEEHRT 520 FOLEMLIEEMOA 4 v L HAEHO
BRI THEBEE T2 EDLOOEE L T 2RETH Y, EHEL 2510k
WY T2, 79X, FRAZALF-—PLPELRIALF—ICLD, WEIE A
N¥F—REEL R LTINS, BRI ALF -2 nflTld, KEE2NLE
BMREICEHEEZ A F 5 2 Lic X ) BMEICHERKBIREC 5. ZoEIC X vin
MINT-EMRBEDOET B STICHEEL, BT reAF v eBETFICERTsZL T
FAIRAELE LT 5,



O MoleculeAtom @ lon @ Electron

© 6\. \

© 6}
o © o ° \lﬁ

OO 0o
Solid Liquid Gas Plasma

10000°C Temperature

Fig. 1.1 State of matter.

13. MBS X~L 2D\

XX O EMEICEEZ AL, Zhic X AT 28BRIC X - CEME O 22 /H
(AT, HEZEM & WERR) Ics W TR IEE L, RSN BIRZ VWS, 2D k)

BIEAINICHE S MEBIC L > TR ENE 7 I X2 BT 7 X~ LR, KT
DRI L 1%, MEEEICERS NS L ERIET.

WE 7 7 X< 3EROBFEPEMDOME - PRI XV IBREELELERTH 525, K
ELOHLORAT I X< LBV I X~icrib o s, FBT 7 X<, IEICKDY
& i 7 7 X~k o & %mﬁi‘&%ﬁ/mFTn¢ﬁ%ﬁ§1@@%%ﬁTe
> T = T, REEET. 2 CIRIEIC X Y EF D AN BF LT
D%, H2WVIFET L EMOMENE 5. FICNHET L TFOHEICL VAL
2R, Bl IEKRAERATTIE O YA OH 7940, HO, 7V AR Y
X BMIEHMEEE NG, —HTATIX~<iE, T.=Ti=T, £ 2RE, Thbbd
B 22 M D BRI 2N EFT L 72 REETH 0, FICBIC X 0 il L 72051 I X 2 KB
Rt 5.

Atgecid, ANAL 2B 7 7 A= oJEA T 7 X=IicEH L, IEE LS L 5FD



1.4, BEBRRICH T I T 7 X<

22T, X OEMBECRESTE L 2, EBIEEFICH S EoEREZE I
WCEIHT 5. 20k, T I X< ICE YT 2 EOBEICOWVTIRR S,

SUAFICZEM % B CHE L e N o BMBEICEEZHML, Re ICBROBE
ERLTw L, EREOEL L ERITK 1.2 ORRZGEIRZ #v L 72500,

B 1.2% a AL ZMEERIL, KEEBPICHFES 2 FHMCEIMIRLICL S
SUADEHEIC X o THFP 10~20 {f/cm® AT 2ET - 4 4 VSRR L 72 107A/cm?
BEOERCTH 21, o X5 HYIHOKEIC T 2 Eift % IR & P,

BHOBEL% LR X ¢ 2 L, BBREOEREL 7 0 BBRAT TRk O B 4 L
TR DOMEETRAERNICA Uik 2. BB CRRE—A2ERPMERE N TE
D, K1.2HbIiRT Lo —EE L RS, ZOLEDO - VRIROMEIL, BT
RICLVTHED TR EMIE 22 ALF—%Fb, EHC X > THELEETFHFEHA
I 3 2 & CHESEITT 2. C OfEBIIIER T 7 X~ DR EMNLIRET, B
BRICK Y, avFlE, A PY =&, FPYF A RERE RIS
.00 Z QIRFEDIRE L, EFIC X 2 REHIFHACTH 2 o FABL S REL T
ZRECTH Y, MEET L 51 L OEZESIMEEIC [T 3 ERETH 509,

FICEFOETLZ LRI 2 L, Bliir oo\ I X 25869 FDEET
3 5. BHEIC K VAEULIEA A VI XY AT ICEERSTER X, TITITIEA A
vVickwThlREREH T 2 pIEAGIZE I, M1.2%cnXkdic, &b
KRERBRVTBNIGD 5. COMELEIZ S v —E I3,

WICEFROBEF % L&, BT OMEREEAIEKT 2 &, BEficX VAL
721IEA F VIZER A~ W E 22 L, A A 3B 2 & 8 3 RIGAHINT 3.
i & OEHEE T ANERIC 2 2, £ 3EmAMEAE NS C &I X 2EE TR
EALEAET 2L, K1.2%doRICRMICEERS RN S, ZOKEI L 7% 51K
BIEEZ 7 — 7B LR, 7— 27 EIR, B4 A+ oRli~0fZic X 3 K&
BHETH 2 y FARL K RELTHBIRETH Y, BEEIMETHL L nb, B
I X B Rk T o BSOS IR E I 1A\ T 2 TRETERE T H 2 19,

AIRCDELRED 5 b, JEEANT 7 X< Kif DE#221C X 2 MIGHREICHE T Ww 5



DIEFX1.2H%boREETHY, M1.2F coZ7u—E0EHEFRISK1.2
hdD7 —7EIZENT 7 X~ DHEE & 72 5.

Voltage

electrode

Gas

Discharge

Nc?mtherma/
Plasma ‘

Current [A]

T hermal

‘ | A Plasma
‘ | Voltage [V]

Fig. 1.2 Discharge process and nonthermal plasma region(-1.
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Fig. 1.3 Nonthermal plasma formation state (a)Metal electrode discharge

(Corona discharge), (b)Barrier discharge.
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Fig. 1.7 Ozone production efficiency for converted electric field(1-3).
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Fig. 1.8 Electron energy distribution for converted electric field in barrier
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Fig. 1.10 Previous research on improving ozone yield using mesh-shaped
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Fig. 1.11 Previous research on improving ozone yield using multi-point
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Fig. 1.12 Discharge mechanism of uniform electric field discharge.
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Fig. 1.13 Discharge mechanism of fixed electric field discharge.
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Fig. 1.15 Needle - Plate electrode.
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Fig. 1.16 Mechanism of single discharge generation at metal electrode.
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Fig. 1.18 Mechanism of single discharge generation at barrier electrode.
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Fig. 1.20  Electric field formation with multiple needle - Plate electrode.
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Fig. 1.21 Shape of the electric field between needle-plate and dielectric electrodes.
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Fig. 1.22  Effects of Coulomb forces on needle-plate electrode and dielectric electrode.

39



1.9.4. MEHAZEORE

T, BEET AMERAEAEOMER G C 2 HEZHBEIC X W BETL .
AR S O3 IC B 5 3 5 multipoint RO IEHR AW (1.1) XcifEd s e
BRI RO, ERE RO TR L 2. #SICH W - EMRER KEOE
i, o zMnatE R 2 1.2 31K,

Multipoint i, 48D ZCIREMR & FERE % 2 2 FIREBO ARG DEIC
XV D., 20, HEEH BRI N ERIEIX .2 1 O FPREMICUT &4
EAINDG., o THEMEIL, 1.2 208 -FiEMD p & d o A/NBERICE S
TZ DAL HHIF 5.

(1.1) U AZHE E=3Xx10°[V/m] (KK OHfik#EER), ¢ =8.6%
102[F/m] (KRADFHER) 149.0499 5 1 Ko BEME q=0.3x10°[C]1), DfEi%
w7z, 2o DR D b GEIREM D el 2 DIENFE T 28R r 2dE T2 &
0.9mm & 72 %.

FEES 5L, H 0 Multipoint BEDKEFX ¥ v 71 1.0 mm DT, K%
PR BB O BERES 0.9mm TH 3 LMEM/AT 2L EALNS. OF Y, p<d BRT
HDEIREMET EEZSTVHILT 5.

FElo#F 2T e, FEREMHRTORED p & d o R/DMEFBRTRIT.2 2 1IR3IR
HEL e HEET 5. Ko TARMIFE TR NY TIE Y 7 7 2 OEFRAE R p %
0.5mm, 1.0mm, 2.0mm, KEF+ v 7d % 1.0mm &FET 3. p=0.5mm DA
FHELEEABEL, p=1.0mm OHHIEFMELMEED L IINEHHEBEL,
p=2.0mm DEEIFMERHEBEC R EEL T3,

40



Amount of charge per discharge

LENEIT Mﬂn"{ M’\t |HI'MN\

= OFFYYTY -
% E v / lw‘vvuu'r w W
& £ | ]
& £
G i g .ol J ]
AMAANA  11mm DiSCharge gap Multipoint
\’dz‘]mm r..JD..,..,éo,...,..léo..
somm o Time [ns]
Multipoint
Gauss's law E = q/4mer?
(Point electric field)
1.E+09
1.E+08
£
= L =t Breakdown threshold at atmosphere
- ! 3% 106[V/m]
1.E+06 i
'r=0.9mm
1.E+05
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
rm]

Fig. 1.23 Verification of electric field shape of needle electrode(133),
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where discharge is in a horizontal line.

REC
View

\u

Number of discharges

Highly accurate calculation of the number of
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Fig. 2.1

Comparison between this study and previous studies on

observation/computational methods.
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Frequency : 45kHz
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Fig. 2.2 Current waveform of macro discharge reactor.
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Fig. 2.3 Current waveform of barrier discharge obtained by experiment.

0.6

0.5 0.45 0.49
: Average 0.34 nC 0.44

0.4 0.37

0.3

0.2

0.1

Amount of electric charge
per discharge [nC]

Q@@ 00606 @ 060OOHIOHOZ2GGEG ® O©®

Discharge No.

Fig. 2.4 Calculation of the amount of electric charge for each discharge by integrating

the current waveform.
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Electrode Area - Line-Line electrode 28mm
Power - 10W
Frequency : 45kHz

Fig. 2.5 Current waveforms of the discharge reactors in this study.
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Electrode plate A Electrode plate B
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i) Electrode plate specifications
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ii) Assembly appearance

Fig. 2.6 Specifications of dielectric barrier discharge reactor.

i)Electrode plate specifications and ii) Assembly appearance.
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Electrode plate B

Fig. 2.7 Barrier discharge reactor. i)Electrode plate A ii)Electrode plate B.

Table 2.1 DBD reactor specifictions

Item Specificattion

Electrode line pitch [mm] 0.5,1.0,2.0

Discharge gap [mm] 1.0
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Fig. 2.8 Appearance of barrier discharge reactor assembly.
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Fig. 2.9 Overview of the experimental apparatus.
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Fig. 2.10 Appearance of experimental apparatus.
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Fig. 2.11 Configuration of inverter circuit power supply.

Table 2.2  Specifications of main components of inverter circuit power supply

Part Specification Number | Manufacturer | Part number

MCU Package : BGA252 1 | Renesas R7F701Z06AEDBG
Package : TO220

MOSFET 4 | Infinion IPP120N10-S4-03
100V, 120A, 3.8mQ
Package : ¢ 10,

Filter capacitor H10.2 40 | Panasonic EEHZK1V331P
330uF
Winding ratio

Boost transformer 1 | In-house -
nl :n2=2:400
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Fig. 2.12 Measuring instrument layout.
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Table 2.3  Digital Osciroscope HDO8108A.

Item Specification

Cut- off frequency 1 GHz
Rise time 450 psec
Channel Number 8 ch
Trigger delay time 1 nsec

Table 2.4 High-voltage probe P6015A.

Item Specification

Maximum input voltage 20kV
Rise time 4 nsec
Gain / Phase correction function Have

Table 2.5 High-voltage differencial probe ADP305.

Item Specification
Cut- off frequency 100MHz
Rise time 3.5 nsec
Maximum input voltage 1.4kV
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Table 2.6  High-frequency current probe F-65A.

Item Specification

Cut- off Frequency band 10 kHz ~ 1 GHz
Rise time 100 psec
Maximum input current 100 A
Gain @1GHz -20 dB

Table 2.7 High-Speed Camera SA-1.1.

Item Specification

Resolution 1024 X 1024 pixel

maximum shooting speed 675,000 fps

Full frame 5,400 fps

Electronic shutter 370 nsec
Table 2.8 Image Intensifier UVi.

Item Specification

Sensitivity wavelength 150 ~ 650 nm

Sensitivity peak 400 nm

Active area ¢ 18 mm

Minimum gate time 5 nsec
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Fig. 2.13 Lissajous diagram with the x-axis as the applied voltage Vout and the y-axis as the
electric charge Q. Discharge energy E of 0.09 J and discharge electric charge at 1/2 cycle of

discharge waveform of 35.7 nC can be read from this diagram.
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Current measurement system

Discharge current waveform
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Fig. 2.14 Measurement of current waveform per discharge.
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Fig. 2.15 Dielectric electrode.
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Fig. 2.16 Process of barrier discharge generation.
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Fig. 2.17 Reproducibility of barrier discharge phenomena for one cycle of AC applied

voltage.
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Fig. 2.18 Selecting discharge current waveform.
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Fig. 2.19 Extraction standard current waveform.
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Fig. 2.20 Deriviation standard current waveform.
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Standard Current Waveform
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Fig. 2.21 Subtracting standard current waveform.
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Fig. 2.22  Selection of discharge current waveform for one discharge cycle.
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Fig. 2.24 Subtraction of standard current waveform.
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Fig. 2.25 Average number of discharges for all cycles of discharge current waveform.
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Table 2.9 High-Speed camera conditions.

Item Condition

Camera shutter speed 9,000 fps
Shutter opening period 200 nsec
Camera shutter trigger Vout > £5kV
(dual edge) (Interval 0.1 msec)
Image intensifier speed 250,000 fps
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Fig. 2.26 Discharge image and current waveform (1 discharge).
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Fig. 2.27 Discharge image and current waveform (4 discharges).
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Table 2.10  Comparison of number of dischargesin the photograph and by this method.

Match
Number of Number of
the number of discharges Match
discharges in applicable Wrong
in the photograph Rate
photograph photograph data
and by this method
0 21 21 0 100%
1~3 49 49 0 100%
4~6 31 31 0 100%
7~9 12 12 0 100%
10~ 9 4 5 44%
total 122 117 5 96%
5
4
8
5
« 3
5]
g
= 2
>
p4
1
0 0
0
-2 -1 0 1 2

Errorin number of discharges

Fig. 2.28 Error in calculation of number of discharges for 10 or more discharges.
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A 7ROBEFRE— 27 ZFHAL T 3720, MEMARICDFEROERY — 7 BFEET
LRERH L. ZOBERE—271F, NY THEVIIHOET RIZNHRKTHEA LY —
v~y FOMBAIEX 72D THL. AP Y —~~vy FIZHMEBE~OKENM T4 <,
FICE-—®EcilEE L, ZoEREEIZNZ 1 mm /nsec TH2 10,

AHFETHWSIEY 77 28 (EfivyFp:1mm, HEX+ v 7d: 1 mm)
ICC, MEEHEEPECZRUAEBEST 5. 3 1 O0MERER > S ERAT
2L, AMY—=~y FIIHEF* v 7H% 1 nsec THEE L X HOEM~FES 2,
BEDMERER 2O IE, DAY —v~y FIGERET 2B C—E 0BT 5] %A
N, WMEHHEENELE. ot &, 2t —<~vy F2EET 55 AEMREOAL
B, —HFAINEBFIEET SNAEM EOMEIRFCTHL. 2Dk, BE
DINEBERERP DAY ==~y FOEEL L COEHECEZIALNZE L DBHR
MAHEHET 2L 19nsec & 725, X 2.1 4R L2/KE 1 Kb 7z h BRI TIE
Z DB — 7L 5~7 nsec DR VIKETH 5 2 L BMHERTE 5. E G
GOGEEEL CTRE L 2BEFOBEEE DT R -, HERAIC X 2 Bty
mx, PO ERY — 27 ERICEENE EEZ LN, Thbb, WEMAOBEIK
JEicxt L < b EifE T mic s e 23 L 52 5.

LLED XS, IME LIRS OBMBIES D E2FHHET 2 FIEEMEEL 72,
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Discharge current waveform |4

Standard Current Waveform Target waveform
+m%

proportional
compensation
operation

STEP1 O, sTePr3 Q¢ =(:/1,)*q,

Fig. 2.29 Method for calculating the amount of charge per discharge.
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Outer cylinder

, —— l Primary streamer
s
.._E _ 5:;::;':& : Glow-like discharge
g : Discharge progress speed
S _ ge prog P
§ 1 mm/nsec
£
wi

Al
Central wire ﬁme,ZSns/div.

(a) Streak image of pulsed discharge in coaxial electrode@®"

0.2 09
< A |
E o1 f} ® 06 000

4 L] -

e o S 1.9nsec ‘_41
3 5~7ns

-0.1

26 261 2.62 263 2.64 2.65

Time [us]

(b) Current waveform of one discharge.  Discharge coupling develops at 1.9 nsec

Fig. 2.30 Current waveform consideration of discharge coupling. (a)Streak image of

pulsed discharge in coaxial electrode® !, (b)Current waveform of one dischrge.
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2.6. EFFAB cOHE/FHEOHEN

FHEREIL, K2.6DKEI 727 22T, KEX+vy 7 d% 1.0mm CHEES
e L, BMUERAEAEE p 22 0.5mm, 1.0mm, 2.0mm @ 3/K¥EiCE T2 [OREHR
&) DL, ZOO [QEAR] L [QOWE 1 KH7-0 0 FEEME] D
WS %2IT o 72, EEREEIIN 2 .9 R TREMKICT, £2.1 1 0FEEHMSEMS L,
£2.1 20E8EE N X TIEEM T 7.

Table 2.11 Voltage application conditions

Item Condition

Applied AC voltage 17.5kVp-p

Applied voltage frequency 45 kHz

Table 2.12 High-speed camera shooting conditions

Item Condition
Frame Rate (@ Camera 9,000 fps
Shutter opening time 200 nsec
Shooting start trigger Vout > £5kV (Interval 0.1 msec)
Frame Rate @ LL 250,000 fps
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FEHEIC X 3 T[OREEE] & X CERBGZOMT, [QOREAL], TOKE 14
Hi- Y o VFEERE] OFtEIE, K2.3 1 0WE/FHE 7 v —1cit o TEMEL 7.

HIE 7 v — 1%, BEEAR-BRIEIIE 7' v & 2 & ERGIRE 7 0 & 2053047 L <
TS5, £9, WEI 7 7 ZIOOGREE Voo ZHIMNT 2. 20L& %, SEEAX T
FERE ) T —E5 2L ZIRELE 2> TVD, Ve BTFORE LR LY
H—EBOBELHE Vo, 28T 2L, TYVEAF YR =T IVRE LY H—1F
SHREIN, @EEAN AT CRNEHROKRY 21T . HNAKEREGE2RE T
720, Bog b ) A —(EERME SN B I S R, BEERAEE X X
N3, ZOBETHEEL TV IMEBR Lu FE RV IFTHEL, Voo Y
H—fEHeicTvirtrnra—-7Ici@mansg, ZOME7 v —% V. 237
ENTORRMMGET 2. Ve OHIMEIE L2 L ZiCiE, TV 4LF YRR =T 00
EERE N A ZIFIMES 2 REL, MEEH X 7 OE + U 7 — S5 AHIREE & bk
5. 2L C, BEREXINLMEERRET -4 & LURET 5. DEofihT, &
WL TOREER] &, 2hcFRT 2 (BT 20E3 3.

ewciHE e — i, EREE7 e —IcCHYE L7 [EREE] 2o [Qhk
BABY & TQOWE1ARD Y o VEmE] Z51H T2 (nx< HE1ARB7Y
OEME] bEIE). I, BREE Lu2bd 1/2 B OBREEZ2ZER L, KE 1
KOBIRBPIEDOE — 7 &I LV ET/INS WETEEICERBIE T Z80E L, HUEE
M 23 5. 2 L T2 0RMERBRILE O L V &R q 2HENT 2. it T
EWERPIE Y — 7 LOZEFFAE Tm([%]2&ET 5. AW TlE, 2.5 Hicdh~x
7o X D ICEMABRCOME Y 7 7 2{Lkk - HUINEESEMA - a7 A5 X 2008 1
KBV D — 7 BRIFTOOEHDS m=20 LRE L. FHIEIELAKEY 772
ZDPIEE Vou & F ¥ 30 X CeMiEE Ver 5 U ¥ — ¥ 23K X W EE M &
2Qu BT 5.

Liwes Z DB T 2 EI Y — 27 L 2R ONRBIZICH L, HAEBFRILIE O BItE % A
$5. $20L%, LotmBbIi L3S T 256, WE1ARDLY OEME ¢ %
(2.3) ~ (2.5) RicCFHHET 3.
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q: = U / I;) * q, (2.3)

n
7= ai/N 4
i=0
. q
Go=qr (2.5)

ZLCTE s, BRI 1SHL T Lo ZHET 2 EHRE— 27 LEGFRL, NRILE
DIFET NEHMEBTREE O BRMOME & q DR 2 RS 2. < ofinz iR
EBFEL e 22 ETRVIELEML, RAMICHERZEE L [OREARE N
LB 1 ADY) OBMENM] 2155, 20k, V¥—Y 2B VREHBLEZR
BT 2Qu L IEAKN 25 [QME 1 RH72 Y O FIgEME q.) % (2.2) R
TatHE$ 3.

qu =2Qq /N (2.2)

DBy, RFFECHIGL 2w TOREER], [OREARE], TORE1 RS2
DV EME | D% 4%, F—KEICHIEL 727 — 22 oG5 3.
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Discharge generation - current waveform
measurement process

Discharge imaging process

= | V/_.:17.5 kVp-p applied to the discharge reactor | | Discharge shooting trigger signal Standby I(-
:_V_"_ _V_o;‘_; :_r-‘.S-I;V- _h ssmmmmEEn >| Capturing Discharge Images |
S g oot : (High-speed camera shutter opening time : 200nsec)

Discharge current is measured with a current sensor | | Overlaid disch X |
verlaid discharge image

=Recorded on an oscilloscope

IIIIIIIIIII>

Vout Stop signal ?

Vout OUtput stop ?
Stop signal

Yes

[Current waveform] obtain

Process for calculating the number of discharges/
Average electric charge per discharge

Select standard current waveform for one discharge from
[Current Waveform ] and calculate the amount of electric
charge q, [nC]. The total charge of 2Qq is calculated by the
Lissajous method. \ 4

Set the allowable fluctuation range +20% |
|

Subtraction of standard current waveform from target waveform |

[@Discharge image] obtain

» [(2Number of discharges| obtain

Calculate the amount of charge using equations (2.3)~(2.4)
for the target waveform with It corresponding to the current
peak Ir+20%

=P [Average electric charge
per discharge | obtain

Yes

Can the standard
waveform be subtracted?

No*

Calculate the average electric charge g, per discharge from

= [(3)Average electric charge
per discharge] obtain

2Qq and the number of discharges

Fig.2.31 Measurement/calculation flow.
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3.1. BIERER

2.2fiCTIRLEMEY 77 2 LHEREBEZ AT, WEY 77 X ORERAE SR
MERZTE L, ORERETR, OMEARBLQME 1 AKH7-Y O P& &L HE L 74
REZznZiRd.

NYTHEY 77 2 OfERAE LMW p % 0.5mm, 1.0mm, 2.0mm, MEF ¥ v 7
d % 1.0mm & & L7z, p=0.5mm DEEIIMEEEAHEL, p=1.0mm OBAIFHK
B D L RME—IFEE1E L, p=2.0mm DEEIIKERKEGHA Uk v & 8E
LT3,

HUS LR 2 X 3. 1IR3, EEGR O B s, & FEE RUEHE p KHE
ICB T B ERA RALE 2 BEAICOR LD b D TH 5.

p=2.0mm(p>d) DAL, MERER LT, RESOTHTHENLEL TS L
ZHER L7z, —H T, p=0.5mm(p<d) & p=1.0mm(p=d) D&%, HEFEA S &t
BARO RN HESIEL T2 L DR TE 72,

PLlbo X5, M4 R iRHE & ER A A ROBIRICE W THEE Y OffR L 75
7.

FIRFS L 2 BRIE X W B L 72 QEAR L ONE 1 Kb 7 b o E &
2 3.2108 Y. £-QEBEAROGERMR LWL, ZREE 1 AMS 7Y OE
MBI T B BRI L L7277 7 % B 3.3 IR T, IEABR OKE 1 Ab
720 O EFEOE, 2. 48R L EFERHAVE.

p=2.0mm DA, MEFEAERE 15 X L CREALL 34 K/cycle & BT
B3 2 IEABOE G IZHBKEO T TRORE W L2 L 72, MAT, K
E1AD. Y OVHEHRIRRBKECTR S /NE W 0.79nC TH o 72,
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—77C p=0.5mm D& 1L, ERARE ST 10 L TREEARL 30 & /cycle & IUE
FeAd BT 3 2 IEA O EN S IFABKE TR /NS W L 2R L2, MAT,
JE 1 AR H 7= o FEEM R ITHPUKE TR O KE W 1.27TnC TH o 7=,

p=1.0mm DH& QMBI FEL 29 120§ 2 FREALL 38 K/cycle LIHE 1 KH7-
D OV EME 0.81nC DK E X DJFFE, HICHEFRA SHEEE 3 KON D &
5T RERL 7.

BT A sRBT N 3 2 IR R AE L, p=2.0mm DH{y, MEF A SBUEL EoitE
FELTEY, RTCOMEBEBRENCEOTUREREL TVEERARBING., —F
T p=0.5mm & p=1.0mm TI&, MBEFRERECH L TREOFAEND AR L, MEH
FEL TR WIREREROFIERRINT NS,

LLED X 5, JREME L EARE - IE 1 Kd 7 Y o FHEERE O BRI EE
D DFER L o e,

T, ME 1R OBMEIMEZIK 3.4 1R,

p=2.0mm DHE L, BRED IO DO X II/NE L, »ofttoskiE L ik L CaRmic
INESWEBHEE R D0 L R o7z,

p=1.0mm D&, p=2.0mm & WKL CEMEOIELDEIIRESAY, i
e PR R~ 2RI B L Cwv B,

p=0.5mm OHEIE, p=1.0mm X Y bEPICEMEDO IO DOEBKREL LY, /0
EICEEBREMA~EEIT 2. 2T, 1.0nC I DER Y — 27 235 51 3 23,
1.8nCHHEIcd b 9 —DDEH e - BAEL T3 2 L 2ERL 7.

PlEo X5, IEMGREICE T SME 1 Kbz h oEf &SR OBR S HEE
D DGR L 7o 72,

I
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Discharge point

Discharge photography

interval e
p [mm]
0.5
(p<d)
Number of discharge points : 57
1.0 [ LLLULLULUL LD LU UL L L L
‘ LR LR RN R L L ARUL
(p=d)
Number of discharge points : 29
2.0 it T
(p>d)

Number of discharge points: 15

Discharge gap d: 1.0 [mm]

Fig. 3.1 Observation results of discharge images.
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Discharge point Number of Average electric charge
interval discharges per discharge
p [mm] [ /cycle] [nC]

05 30 1.27

(p<d)
Number of discharge points : 57
1.0
T 38 0.81
P Number of discharge points : 29
2.0
g 34 0.79

Number of discharge points : 15

Discharge gap d: 1.0 [mm]

Fig. 3.2 Calculation of number of discharges / average electric charge per discharge.
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Fig. 3.3

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Percentage of discharges to the number
of discharge points

113%

66%

0.5 1 2

Discharge point interval [mm]

Percentage of discharges to the number of discharge points.
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Discharge point
interval

P [mm]

Distribution of electric charge per
discharge

0.5
(p<d)

@

@

o

9 02

& 0
o1
0

0 010203040506070808 1 111213141516171819 2
Amount of electric charge per discharge [nC]

1.0
(p=a)

0.2
01 III
L]

0 010203040506070809 1 1.11.213141516171819 2
Amount of electric charge per discharge [nC]

2.0
(p>d)

05

o | Ill
N .| | | O

0010203040506070809 1 111213141516171819 2

Degree
o o
S

Amount of electric charge per discharge [nC]

Discharge gap d': 1.0 [mm]

Fig. 3.4 Calculation of distribution of electric charge per discharge.
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3.2. MEBARERAY A =X LDEE

1.9 ffiic B B BRI A 51 = X LDHEETIE, p=0.5mm DA IIHE R
éﬁiU,pﬂﬂmm@%ﬁﬁﬁ%éﬁé%L<ﬁﬁ%*%%éﬁ$U,pﬂﬂmm@
BIRREMEPEC R ERE L 2. BEARRE, WEEEGL25E, HEREA
BIYH/NE L st PHEIN, BMERKEGLRVESIL, BERERBLAFL RS
CRE L7, $70E 1 A7 o FEEMEIL, BEMEGLSE, HEMAE LS
WA LB L TRELS b LIEL 72,

X 3.1 DEDPEHEZHEREL Y, p=0.5mm(p<d) & p=1.0mm(p=d) DA IFEFKAE
s e 3 EMBO ZERICERES R bNz. —T, p=2.0mm(p>d) DA IFE
FERMOTCTHENRO N, CHIMEBRY, p=d TIRBEY & 5 MERAE M CNE
EOT 5720, MERELSBCHEREG L ZHTAREIN TV DEER D,

Iz <, BCEFAE S AT 3 2 BCEAEE, p=0.5mm T 30 A& /cycle @57 &, p=1.0mm
T 38 &/cycle @29 i, p=2.0mm T 34 K/cycle @15 :iTH v, BEFE SR p 23
INZWIE ETRE T AU 3 B IEARDI NS WS L R TEE L7z, F2/ME 1 A D
720 O ERE L, p=0.5mm T 1.27nC, p=1.0mm T 0.81nC, p=2.0mm T 0.79nC
LY, BERERBICH T 2 MEARBOEE/NS WITHE 1 Kb ) O FIgERRE
KL TIREI YV REWHERL o TWwE, ZhiF p=d DA TIE, MERERBATORE
PICERBL CO 2B AMEICEEATNUUER/KA LD, HE1AH:ZH OF
HEMESBML, R L UREREDPRI Lzb0LEZ S, $/-, HEHKED
4L % p=0.5mm & p=1.0mm D LEIC BT EAL L E 1 Kb 7= H O FEH
BT BGERAE SRR L 2P R o 5. I EERAE MEREED/ N & W28,
X O MEFRAEETOEICER I N2 E NS W z0Ic, HEMGL L TEEA

L2ETOEDL L holftiRicksdbneFEILNS.

PLEFCC, MR, "HEARE, "HE1RD 7Y OFERE" ORI oK

FBIELIC X DBV A D = R MO T ER B {To7-. ISz CHICE
RERD DD, TITRINE 1 ARXD7ZVOBMEITL DX ICOVWTOFEER T
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L 1 AKdH7- 0 OBEMEIX DD X 2R ST 2ARFE

J. 727l BYVIEL L 7RB 72,
T3, FHERERELI T > T3, BUFEROMEL S L XIIRGEE hxwv. H<F
TEMICHROMEMZRZ 2 Fike LTXZORAZEEL

: , ERE

E 1 Kb 7Y oFEMEDM T, BERKG LR p=2.0mm XL T, KE

T % p=0.5mm & p=1.0mm FZHDHDOIXHL DXL, % D53 O e d E e ]
LK OE 1 KD%Y OFEERELEML T»

~Y 7 FLTW3, ZHIIEREIC
EE G L WE - EESORE O BCERA ARG U
DAED Y — 7 )

5 DICHIZ T, ERKET 5E
TELTHWE L EREBLTWS EE XS, p=0.5mm I\ T,

Bons 1.0nCliexf L TRIEFEWVWEMRED 1.8nCIich b 5 —D2DNMD ¥ — 7 Hiif
DEGBEEM Lz icksbot

RINDG. ThIE, BEERAICED 3 EEA
ZErbhd.
PlbED X5, MEEFALRREECIO U ER G OB L EAR, KE 1 AH7%
ES IR INIRAEN 7 Tt G E Yo (W

D O FEMEOFMZ T L, BE L RS S

TRBEET 5 2 & 2MERL 7.
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AWFZETIL, T3 TIRE O EFEE FEEHEICIE U 2 BEBRR I B W T, OERETE
QEAR, OWME 1 AKH72 ) OVPHEMBLIGT 25 2 &, 3 o ICEFRA AR
PNE L35 2 LI XY BHEL ZIESHET 2 2 L2, WGT — 2 2Tl
T2l EHBEL, UTICET 2HGEm e,

AWFgEic BT 2 EEABOF L ofEEZX 4.1 1TRT.

o MEBEROEF : IELBIGT I L CTRITE R 2w & 51, EE—
WO E 2 EY 727 2 %R LIz, £ 2ERELHFICIEZ 2729
MEDORELA IV I ThEEREMNE Y A= LT, HINRREE 5
HRICEE L 2 24 2 v 7 CREOHIGRIRY 2 R L, MEEROHEAMZ
DIRRER 3B R - T FIE 2R L 72, BUS L 2EifR X Y p=d CIIREFRER
W& RtmEHoZZMICERL R 5N, p>d TIIMEBERENO T THEIRLN
7z RS FPEREAY N S v p=d DEMFICTIENHET 5 2 & ZHRICTR
L.

o MEAROHE : HBROMEBEOEEH» bk 2 2RBRIEH O ME 1 AoFLie
BB 2 L, &EREREIE? O A 3 2 EAB O R FEZHEL 7.
RF O REERREE % BIBIY & RIREES L 72 R ER 2 v CfT o7z, 7
— 2B n=122 TN L CTIEZHIL 96 %L b Z L 2R L7z, ZOFHEICKY
TCEEARB U IS L 72, p=0.5mm (i E F A4 /% 57), p=1.0mm (UEFEE %L 29),
p=2.0mm (FLEFEE L 15) Tl % L2 41 30 A /cycle, 38 A /cycle, 34 A /cycle
THY, BEFRA SR p 23/NE K 72 21t o THREF A RBUC N3 2 E
B LCEY, MEREEEMNT 2R 25
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o MEI1ARD:EYOVHBEHMEOFHE:: VI —v ik

(Nl| R Rl 7 A S W A P [

WERRE, B L 2RERKCTIRT 5 < & ORE | KB 7 ) 0 FHERRE

S L 7=,

PLE, ORI

S A1,

g, QWMEAL, OE1ARDLY OVIgE

p=0.5mm, p=1.0mm, p=2.0mm T, TNENDE 1 KH7=H D
W ERE O FHIA 1.27nC > 0.81nC > 0.79nC TH 5 Z & BN L 7=,
IHHE p 2N E K AR B ICHE - TR 1 KB 72 » o FHE
RS & % BT 24

B
AEIMLTEL,

=

==A

BED 3 ODER LY,

Wbz L 72 BRI AE R OMEI AL T T — X %R L, ERE MRS p=d ©
SR CTRERARET 2 2 & 2L 7.

Discharge point | _. Number of | Average electric charge | discharge coupling/co-
interval D|scharg_e phatograptiy discharges per discharge associating
p[mm] Image [ /cycle] [nC] [Occurrence or None]

- 30 1.27 Occurrence
(p<d)
140

38 0.81 Occurrence
(p=0)
2.0

34 0.79 None
(p>d)

Discharge gap d: 1.0 [mm]

Fig. 4.1
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Summary of verification results.



AW T, BITEHMOMERERZHIRL, B0 —-XKITRLOMEF v v
7 1.0mm, RytEERNE 17.5kVp-p, RiiEE AL 45kHz, 7 ZFHL O, @ Np=21:
79 CIERA MR A KEE L L7z & X OB A IC O TG 2T o 72,

BiEDITEICIX, AiffFEER, THEICHINZ AN TIRE~NTHTE2 X5, LVE
FATREICIE BT & 2 FF o 2B Y 7 7 X %Mk BEAVINSEA: « 7 AR~ ]
BER XD ICHES LB L2 WfHT 3
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AHFTE R, SRKRFEEMREHET vV — L DT 24 4 4 HICRIZR X n iz
BN IC B WD b 0T, HEEEFEEOEE ICB L Tk, SIRKYE MHES
R, IMREHATER, SIRKERERE BAREATER AR LRI SR w»
T & F L, AEEEEHES I B IRRARFAGE BARATERE BR AR NI 32>
NEREIETYHEch Y, RAST vy —NICEKEHBELXHET 20 TT.

KX DERICH729, % DTIEE, ZBE2lY £ LA&RRFERER A
FEAVIFERE A e, BRI TERY: TR MEERNER (KXat7
vV =, RRERERE BARRIAIER FEEIR), a7 vy — HEHEEGSE
I MAE—HAEE R, R athT v v — FVC HEHEES MIHFREHYHEE (&
RKEREBE BAARAIZERE FRHERIR) 1 0r DE#HH L BT Ed. hodindt
REHLSHRREICE, AIFROZET, MCHREICDL Y LR ZHRN2HY L7
LR L BT E 9. £, RMFEEIABIRZ & SFRIEMMERIRZ I, KXz L
I -V BELAIHR, CHEZBY L LXVEHHBRL LT
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