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ABSTRACT

Extracorporeal shock wave lithotripsy (ESWL) is a revolutionary treatment
method that shock waves produced outside the body is focused at depth onto
stones in the urinary system or biliary system to disintegrate. ESWL has been
introduced to the clinical world in mid 1980, more than 90 % patients suffering
from kidney stones are treated directly and indirectly by ESWL. Since a
domestic lithotripter employing an electrohydraulic shock wave generator was
developed in 1993, its market share has steadily been increased. The
electrohydraulic shock wave generator makes use of the spark produced in
water. This type generator gives shock wave widely variable in amplitude and
the electrode wear is significant. Big acoustic noise level emitted during the
shock production is painful to the patients.

The study was based on an idea that electrical discharge through electrolyte
would be more stable than that thorough water. The project aimed at improving
the stability of the electrohydraulic type shock wave production and dramatically
increasing the performance of the domestic extracorporeal shock wave
lithotripter.

An experimental shock wave generator for the study was constructed by
modifying the domestic clinical lithotripter, SDS-5000, the latest model of the
domestic manufacturer Komed Ltd. As discharging media, NaCl electrolyte was
chosen whose concentration varies from 0 2, 1 % and 10 2. The 0 % NaCl
electrolyte indicates tap water. We carried out the measurements of the electrical
current through the discharging media, the shock waves produced and the
acoustic noise levels during the shock wave production. We also evaluated the
strength of the shock wave induced cavitation, the stone fragmentation efficiency
and the electrode wear.

We observed that, for the NaCl discharge through the electrolyte, the electrical
current flowed immediately when the switch was on, whereas the time delay
alway existed during the discharge through water. The discharge time delay
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indicated the degree of difficulty of the discharge and cause the shock wave
production to be unstable. Accordingly the shock waves and acoustic noise levels
produced by the electrolyte discharge had the amplitudes (peak positive pressure
P+, SPL) significantly reduced in variability. For instance, at the discharging
voltage 17 kV, the variability of P+ and SPL were 30 % and 10 % (relative to
mean value), respectively, for the discharge through tap water, but, for the
discharge through 10 9% NaCl electrolyte, their variability decreased to within 5
% and 1 2%, respectively. In addition, in the case of 10 %6 NaCl electrolyte, P+
was Increased to 2.5 times than the case of tap water. Shock wave induced
bubble collapse time delay tc which influenced the stone fragmentation and
biological effect by shock waves was increased by 20 % in the case of 10 %
NaCl electrolyte compared to the case of tap water. It was also observed that
the fragmentation efficiency was significantly enhanced by the shock waves
produced by the electrolyte discharge. The electrode wear for the discharge
through the 0 % NaCl electrolyte at the discharging voltage of 15 kV decreased
by 70 % compared to the case of tap water.

We showed that the discharge through electrolytes enabled the electrohydraulic
type shock wave generator to be stable. In addition, the amplitudes of the shock
waves produced by the electrolyte discharge increased (by upto 250 %) with
significance, which resulted in the stone fragmentation efficiency improved. We
also noticed that the electrode wear and the SPL during shock wave production
decreased. In the case of the shock wave generator constructed in the study, it
is estimated that the discharging resistance to get the optimal shock wave
production would be in the range of 2 - 10 @ which is equivalent to the
concentration 5 — 50 % of NaCl electrolyte.

We expect that it should be possible the discharge through electrolytes
proposed in the study ensures the stability of the domestic lithotripter based on
employing the electrohydraulic type shock wave production and improves
significantly its performance. It is required further studies related to clinical
evaluation to the shock waves produced by the electrolyte discharge.
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(Chaussy 1980). 19 1-12 x| 48 ESWL 292l Dornier HM3E ©] &3 4l
Z AA $zte] ESWL 2849 RALE Ho o}

1.1.2 A3 9% AN 4 2 g 753}

rlo

Aol A gel AbEE = A9 ¢HE 2 di7lgte] 10008 (100 MPa)& &3] gt
(Choi 1993). =717} 10 mm mRFe] Aol 1 29 1-2 7He] F4 395 3,000
2

= AshE AN wAsA EHE (1

o,

0
[\]
fuh)

F22), e wAgE A4 2
(size < 1 mm)e Ad2HA R5E Ba 2o wERe] A wss dAd
th @A A9 BEag Raur)eE gEe] Ue A3 73S B wiEH )7 A
o7 A ol @A &alA (9. ursodeoxycholic, chenodeoxycholic acid)E <k

stel lA® BAE F742 GeaE et

fi
of

1.1.3 334 24 &Y

AL FA43 A& 1980 Chaussy’t Hx=Z A =dbo] fXg A4 (upper
ureter stone) FAE oz A4 HFol AAFSATt (Chaussy et al 1980).
=

ESWL-2 1980 THFRE = FAH0 AA A5HoR Qe E=7] Al&st
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o] routine treatment® % 7] A2ttt (Choi 1992). 1980t & A+ FH
olm] AA g 90 % olie] A, HHFAHoR AL HAES AMEd e oz B

1% Yt} (Chaussy and Fuchs 1989). Schulze et al (1986)l] ols}H -w] Zt=
]

= AA #hAke] 70 9%67F ESWLRES ol 8sfe] AA shabs Amsfa 9low, B A
H (o], stent, drug etc ..)Z Bt AE FHA AA Ao 95 % 7t
ESWLS o]&3ste] Am & vy FH @4 2 g4 A5dE A3s 47

=9 (4. Storz Lithotripter) 22 4744 & W7 05 dujd e FAolth
114 499 BEFH 57

A FE=ol v FoHor FA o 4 A H A A2
g

= x] 23 Aejolt), wrEls ESWLo] ax o w 3

=)

A3 AHgHT G R He olAE HAY B FAE A FAW xF
24 Aol U@ EEHE Fe] gk A ARG G P WEA ey

ESWL 714l e <dAd4d Hidel that sdd ZEEZo] opfx /LA

%35k "otk oy FHde AlFuista HYF wgo] o) FATe] I EHF
(shock wave dose)e H7}ste= 8% A== FAI 93t 53 ¥ (acoustic

cavitation) @Foll 71¥ket 71 Z st A A S Aeksta glo] BAL a9t

(H A 2002, Coleman et al 1996, Cleveland et al 2000).
1.15 A FA9 A7 24 25 %

e A9 FA3 A7) B S 19979 1300 S 238k, 20009 71E
oz A AAAR &Y g Be AuE Rist de vk Fo sl &
st Zlom deA glvh 1980 i Sulell Al ESWLe] A& 5 7] A2k Z7] o

BaA, ojzetd oA A AzE S A9 FAT A7 TR/
ol i ek Elvh wlel & wiAS] (F)E=e] o8 1990 =W S AE A

o] A3 A7) ALY 1-3 FR)HA, T LS THeR T A7
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=
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o A5 TAIH FHEH+= 24 FHAE AE AAAAT 2719 A
I & Alo] 9] couplingg 3] % (water

o}
tank) ol 25 XA TH (Choi 1992).



PAESSURE WAVEFORMS IN STATIC AND DYMAMIC LOADING

]

E
2
a

A3t fA s AMEE = 23 (shock wave, dynamic loading)oll

a9 1-2 A =
A4 B9 MNd=

o %



1.2 o7 HigE
121 A7 894 F45 44 FX

T 58 A AAACE A8 FA3 M7=, H2Y 98 ESWL ] A
ALEEE A9 At WS o] &5t A7) QA (electrohydraulic type) %
A wA WA 7 2ol 2835t vk (Choi 1992, Coleman et al 1992). o]
B FollA &2 AYE AbolE uiFHE I e WES A= (electrode)oll LY
(10-20 kV)& =3t ow AojFd, A5 AtolellA A7) 257t dAste o
& 49 2 (shock wave source) 2% ©]-&3th (Coleman et al 1989). %ol
2ua W J4e BEHoR EQtAsy] wiel MVl Ao w w
Aotz w9 BT Fyte] givh 1y 25373 3 (spark gap type) &

=
S
2 =d7E o, Al oo BAE FA9e] A a3t o6

an

1.22 A7) 833 B4 FAS 2479 £AH

O poor spark reproducibility

- FAT LA B FoANY ana gde 2o Adgel gk

- =A9 =" W3le Zo] At} (shot to shot variation > 50 2%. Coleman et
al 1989).

- 233 WA v HIE 49 2d B & W3 (9. defocusing

effect) & oF71ettt (¥ 1-4 F3).

O electrode wear

- A=9 mpR7E Attt 2,000-3,00038] FA I A = d5S wAEfof gk

- AF9 mtrw A5 ATt Sbete] 20 S o HA (ESAEEHA) o

- ASe v 29a gde] fXE WsATI 23 FeelA 4% dEs
A 3}gte} (defocusing effect, 1H 1-4 %)

- AR =T A0 wER A% 439 54 ¥l A8 ARE JF57] o

Hot



a9 1-3 =Ak Al 49 A471( 22 0 SDS-5000 )



(a)

a¥ 14 898 F43% 3%7e sk 2
defocusing effects =4 (a) 232 44 9% Fl1 2 g9

%719 7l8tsl (b) ~¥a Aol Fl (x=0, y=0)ol %3]

2cm

RN ERCEE I

(c) Aol Q1A Hi= 293 Aol FlolA yEHo2 1 mm 453 74

$ (x=0, y=1)



14 598 4% 05709 Jekst 9 29z wae] A wge

i=]

defocusing effects =4] (a) =33 WA X F1 9 8¥8 2459 3
%719 718k, (b) &=3t= Aol F1 (x=0, y=0)oll s3] 91+ o,
(c) A=e] 9 Ee= 23ta Ao FlolA y%F22 1 mm 5 74

- (x=0, y=1)



O large acoustical noise level
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¥ 101 A7) SR FAs wAvle BA AAe Ad gue 54 0 xn
H]
HEed spark acoustical| technical
== reproducibility noise difficulty

keeping electrode

slightly reproducible
(M7 A4X| 7} B =

F2lo| el =of &

Moo=z

gaps narrow o7} ok}
electrode”} OF=2 = MetE[X| Zsto] 24 S S 0]
oFE HASto] B S0 st 23 = = o=
FX| tadol =HHls A7}
oz 2)

exploding wire of wr™ofct
M= Atololl exploding | moderately reproducible| , . N A x| 57| 7}
wire A X (Brossard (Am3 w0l ol) - - Moz
1970) =5
third electrode FIIH I
electrode Atolofl M 7| | moderately reproducible| 22t = Mel 383
HME TotF £ third (213 4ol 20J) Zh A FAEN 2 AQE
electrodeE A X| X He
electrolyte electrode
UM of &=
electrolyte& ) ) 3 . Zle¥e =z

o yie= highly reproducible A 8 If;;
A|'c> (ChOI& AT FA = S 2

) (2mt3 w™ol E0l) o

Cathignol 1991, 20|
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1994)

_10_




H
i

gl

)

</

—rA
o

]

A
=t

eE!

=

2l

H]

50

A7)

st 479 4

J2 =

Z

1.6 917 9l

el
Jjo

pzel

=K
el
X

>

£l
—_
o

O

X
Nr
oy
jze]
il

—_—

0
G

T

o

0
o

wir

o

wr

"
_
No

O
B
_
Ao

=

O

X
N

o

0

X
_ZTI

il

"

=
3

(A ¢ peak positive pressure P+, HWl 59 peak negative pressure P-),

A 2S9 4% (Sound Pressure Level: SPL)&

=13
=

w

7

o s
s uZ

2 M3l (shot to shot variability: STSV)

I SPL, <

gy BE 913

g

7

B
o
T
i
o
N
i
om

4

_11_



AN AR A7 FEEA FA% wAE (Bl A A9
FA5 44719 H4 2 SDS-50000 FAW WAy HRE Axse] AT
gk 1% 2-1& ¥ 4¥e g8 PAT 45 04 4R 9@ Aol 57

g BAV=E x99 A ZAA (pulse power source), A= (electrode), B} Y

o
o.

A%7] (ellipsoidal reflector) 2 F&3% 4 At} 17 2-1dA4 A=5L2 B8y &7

ol f1A1skar glo] Holx| =
211 ¥ 39 2 ZX

H 99 WA A3 (pulse power source)= 7|2 Z o2 RCL ¥ 322 +A

# Ao FA"E Ha v BA #Ax= =24 (Capacitor) 0.5 yfFE 7]

(i
1:1

oz sha glom WaA 02-10 4 WA WEAD & AE% shaich 5ol
Aegzel gre 18 pHE FAH Awe AYHE FAstel AR se] g

l‘

10 pH 7414 3402 $718 4= =S sk Ha g @A A oA dAH
T FugeE 2 2-De 2 HE 0.168 MHzY e 7t

feo
(2-1) 2m/LC

A7NA f F2 FAE (Ho), Le 29 98 (H), C 544 §3 ()2
of m) g},
Capacitors] 37 A¢e 20 kV A=A F23ul, B 2gelA: B dgez

9 - 17 kV ¥91E A&k
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ol 4 W A dafjde] d7] dEE (conductivity) @S WH3}s}o]
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?_
AatArk ALe3 AaldZ 0 % (tap water), 1 %, 10 % NaCl electrolyteZ A}-& 3}

BrE TatH

¢
du
il
Mo
:
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-
32
rlr

Tl |
AN&sHA Brre ¢ ode oA AUAFY JEE gujit. AEHow
ohm ! X mhoES w92 AlE3Y SI G492 S(Siemens)Z ¥ 7|8tk dubd oz

= BAT 5 Atk o714 pi mA WAG @m), £ AL A (m), A
=AY ddd (m)e gudh e ANHAEE Le

(2-3) L=1R=(A/ 2¢)K

7 Aok o714 K(=1/p)E v A7 A =% (specific electrical conductivity. mho/m)
ojtt. A3 AY v A7) AEx =X, =4 FH| (conductivity meter)d] A9} ¢ &

uAgHol glemw A AFS FAT F 4 (2-3)5 ol&std HA AN F 3

¥ 2-1¥% 29 2-3& conductivity meterE AF83}4] NaCl electrolyte®] NaCl &

Lo mE HAV|AEEE SAT 23S BojFa gl

Atk =A9 A3gke tap water (0 % NaCl electrolyte) ©lA 5000 Q o], 1 %,

—_

0 % NaCl electrolyteol M= 22 37 Q, 8 @ 2 & EFT]
A=l =2 Bd A (Fd 20 kV)ol dega 237 HAstE 49, A5 A
=

H 2-40 M HoFE Habke

o
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1):¥4
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]
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£ 2-1 NaCl electrolyte®] NaCl s=°] w& HAV|HAEE

NaCl electrolyte

specific electrical

concentration conductivity tenzp?crazure
(%) ( )
uS/cm
0.00 0.56 22.2
0.01 6.48 22.2
0.02 8.71 21.9
0.05 18.32 21.9
0.10 36.80 22.8
0.20 74.10 22.1
0.50 172.80 22.1
1.00 340.00 22.2
2.00 638.00 22.5
5.00 1,472.00 22.0
10.00 2,680.00 21.7
20.00 4,320.00 21.8
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electrical conductivity (mS/cm)

-
o

O
O
1k © |
O
O
O
0.1k 5 ]
e
O
0.01} ]
o ©
0.001 , ' '
0.01 0.1 1 10 100

NaCl concentration (%)

% 2-3 NaCl electrolyte?] &Xo] W& 7] Ax%
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¥ 2-2 NaCl electrolyte ©lA LCR meter (1 kHz)& 33] =X3F =+ Alo]9

A &gk
NaCl electrglyte Resistance Impedance
concentration (Q) (Q)
(%)

0 5,300.0 5,300.0
. 5,100.0 5,100.0
(pure water: 3% <) 4,900.0 4,800.0
250.0 250.0
0.1 230.0 230.0
230.0 240.0
125.0 132.0
0.2 123.0 132.0
122.0 130.0
73.1 80.5
0.5 739 82.2
73.3 81.8
35.8 39.7
1 36.7 415
36.5 41.3
19.7 24.3
2 19.3 24.4
187 24.8
16.1 22.1
3 16.4 22.0
15.8 22.9
12.6 187
4 12.9 19.3
12.8 19.8
105 17.3
5 10.7 175
10.3 18.3
9.9 17.2
6 9.6 17.7
95 18.0
93 16.9
7 9.2 16.3
9.1 16.3
8.4 15.2
8 8.7 15.6
82 16.2
77 15.0
9 7.8 155
7.6 159
78 155
10 7.8 155
72 15.8
86 16.4
20 78 16.7
79 18.3
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Resistance (Q)

1000

O
100 O ]
O
e
Og
10 iz, -
1 1 1 (|
0.01 0.1 1 10

NaCl concentration (%)

100

a9 2-4 WA wEd NaCl electrolyted] s xo] wE A= Alo]o] 3}

(5,000 @ - cm  for 0 % NaCl electrolyte or tap water)
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doE gk B APdAs A5 Abolg s2e ARTs SASAT 34 AR

pearson current monitor (model 101, Pearson Electronics Ltd. Palo Alto, CA,

USA)E AH&3F3it
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24.1 43 &A7)

%

=2k Aol F A3 47] (Komed SDS-5000) 2&3 543 54L& /A= 54

WG S LAEGT (19 1-3, 2-1 FF)

242 &

7] 800mm(width) * 1000mm(length) * 600m(height)?] &Z& A4 olad &

o]-§sto] AAstAtt (Ld 2-1 =)
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2.4.3 dol=E2 E

A9 ARG S AAG] A T A Aol & Aol nlEd Stol==
% (TNUIOOA Piezoceramic Needle Hydrophone, NTR System, Inc., 810
Northwest 45th St., Seattle, WA 98107, USA)S AF&3l9th 29 2-62 3lol==
Lo o B g A Faae whg 54 Holsa itk

© A¥dAMe= vbed stol=zEo] FAIe s op

i,
oo
o
of
offl
ok
ox

(Coleman et al 1987, Coleman et al 1992)o] 9l&) &AEx Lw= 317] ¢, 3
ol Eo &Y A H VE HeFTS HAASAL AEE VES 5% ¥ &

o},

32

ol A7) ofE & ARl 7F~E Y (castor oil)S AFE-3h
2.4.4 32 91X Ao Al=H

slolE2ES 33 FelA A A HAAE Astr] $El 3 degree of
freedom positioning robot  system . (Faraman - RCM4-X174Z NC, Samsung
Electronics, Suwon, Korea)S AF&3FAth 19 2-1914 2# AES HgFa )
=

245 A5 /A H

ol =2 Ed] o8] A H ATE preamplifierE £3le] =Zd T txg o=

2392 (LeCroy LC584IA mAlfTh F744Ql 25 AHerk oA, Ase
Ao GHz 9A9] AZy Fa52 tAd ghoz wtso] pCo 7| E€)
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Room (3000W * 6500L * 600H )

3D
positioning system

Personal computer

(Pentium 166 MHz)

water tank ( 800W * 1000L * 600H )

electrod

reflector.

digital oscilloscope
(Lecroy LC584)

E

Needle Hydrophone

preamplifier

Sound level meter

a9 2-5 st =R ES o] 8T T4
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Coaxtal
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(3 feet)

BNC
Connector
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19 2-6 NTR Ceramic Needle Hydrophone System (a) 74 %=, (b)
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4 opd ZEE k7] A APAAA A 2 ANE

25.1 B9 AN A%

ol AME plaster of paris (SamWoo Chemical IND. Co., LTD, Korea)& =
&3t (plaster of paris : water = 1 : 1.5)8}o] A2ttt 2o AA 2 Ax 4

stAQl Ao vzst=E Attt (Chuong et al 1992). A&+ Reo] AA

ﬂl

X X
E-EA;

o

o]
o3
o3tAel ghe W7l 1478 g/em’ o)W, 2% (material failure strength)e 4% 7

S}

%= 10 MPa (compression), 1% 7% 1.9 MPa (tension)o|™, 4%+ 14 kg/mm
olt}, ®o AAo Z7]E 7R 30 mm AR 30 mm T4 15 mm ¢ FSHA 7
Fo = Azt

252 24 &£ A3

o]l AA o TAFE HEVY Aol fAstEE it FAT AR e A
Aol mAsHA FAd & AxF Ao widol mAsAT A ol 1AF AL
AAR SFolvt FAT A AAA wAEA FAola o oled A&
wrgatr] A gteltt

WA deks mAgsk el WA A E NaCl electrolyte?] &% & #3529
A7) Q1 5ol wstd w AAMe] & mdE Hrieddth. SA 3 A Sl
e A 2 AAES Ao R V) Eete] RStk o Ao B PR
g Z4349 54 2 focal volumeol W3t H7ME 319

AX B3 Ad FT A2 nulE (electrode wear) N EE #Aslo] Aut= wA 9
g E FAs WAV TS HIbsEA o sdst A st A A w o
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23 2-7 Sound Level Meter (LA215 Sound Level Meter, Ono Sokki, Japan)
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B Aol Fad 49 45 0
M9 B4 W5E 2451 944 2 A% WS St Aow 9oy

29.1 43 4479 HA WA

O WA HA: 9 kv - 17 kV
O WA Ag 7Q - 5300 Q (10% NaCl electrolyte — tap water)

292 43 279 A W

A e A R e R I ¢109))

O Wd AF
O FA9A: FA9E (B(t), A ¥y (P+), & s (P-)
O 243 WAV A9 AL FF (Sound Pressure Level, SPL)

293 4% 24719 HFY R 45 B}

shot to shot variability (P+, P-, SPL)

O +AA:
O et F49 k9 (P+, P-), 24 &4 58, d=9] nx,

294 SA3F}Y EA

& Aol EASRAL Q)

295 AMEA
et AEAEE flsko]

ATl AdAdelet e A
To 2 st

=
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ol (b

e i

Birres (E]

(b)

ot )

a9 3-1 A58 &3 2= A7 38 (Fd A 13 kV).
(a) 0 % NaCl electrolyte(tap water),
(b) 1 % NaCl electrolyte, (c) 10 % NaCl electrolyte.

a3 (a)ollA 3t EE discharge switch on (t=0)& X A 3kt},
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current delay (us)

O

O i 1 1 1 1 1 1
8 9 10 11 12 13 14 15 16 17

discharging voltage (kV)

a9 3-2 WA vl tap waterdll Al W ke Frbel whE W AF[F A
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o o)
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=

focused wave?] 10 % w9k A xolt},

L

R

=

A (FDA =33 wrdo=z ¥AE spherically diverging wave

o %

)

==
R

571 40 pus A, 123 &= I (direct wave)

Al Z o]t} direct waved] =7

acoustic pressure) 3 Hj

A%7) g
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Fu4E 02 MHz AxolH,
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current peak (kA)

RN
o

O 0%
sL ® 1% i
0 10% OO.
6_ -
. !
® O ©
41+ O O] ]
[]
]
2L L] i
0 1 1 1 1
8 10 12 14 16 18

Voltage (kV)

H 3-3 0 wide] mE A At B dRe] .

O 0 % NaCl electrolyte (tap water), @® 1 % NaCl electrolyte,

(110 % NaCl electrolyte.
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(v)

>
a
>
o 1o - ® focused wave —
° >
c ©
o =
< -
Q s o —
o o
© > bubble collapse
>
x v
—_— " Al
0 Thy ! alb
s .
1 2 3 4 5 6 7 8 9 10 11
time (*100us)
(a)
o b 4
1 h s [
1o
0 ﬂﬂ,w
.
3 7 9 o T

a9 34 2 YACAN ol EoR VEI FAY 3y (Fd A 13 kV).
(a) 0 % NaCl electrolyte (tap water), (b) 1 % NaCl electrolyte,
(c) 10 % NaCl electrolyte.
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3.2.2 43 &= (P+, P-)

e\

R

Aol S74skel wel, A% 24 FHdA SHE A% 49 (P+, P-)
< 2% 36914 Bl Fu v dwrHow FAIS] bHe W Akl F7hgH
of wel Frketar Aok W Aol wre AF (9 kV) FATS Hol FSE (peak
positive pressure P+)< tap water (0

NaCl ®3§4d, 10 % NaCl daid #d o sropAl At W Hgte] Fopidl
et 10 %, 1 %, 0 % o8 P+7F 543 EobA|al Qth. tap wateroll Al HdE

AS Prz B Aol S7hkE Frkshehsl, A A 13 kvelFdle ode 7

of
i
o
o,
Y

g 29 (peak negative pressure P-)& 10 % NaCl electrolyteol] A

Z7 ek wel Frbska AR 0 %2 1 % NaCl electrolyte®l 7%

W A 13 kV 7k Zasiart vl SrbeteE FEHE Kelal dn wdd

A4 stoll A FA TR P+oF P- gho] ®WskE tap waterl A HAE o g =2
al

(B9 30 % AX), NaCl electrolyted]l A Wdg w= uf-$- Zolx]

H}z] % %1—0]

fr

T At (10 % NaCl electrolyte?] % H 19 5 % olW).
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Hydrophone output (V)

TR
U i

(a)

0!

l direct wave

focused wave

bubble collapse

(—_—
L "

i il
ot

3 4 5 6 7 8 9 10
time (*100us)

(b)

0 o st ol e o
e et
(c)
WA A wE fol=2EoR A4S 2 XA A 939
W3l (0 v A tap water).
(a) WA At 11 kV, (b) #A #st 13 kV, (o) WA A9t 15 kV
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EI:I B == 1[:'% r

Pe (V)

-J-
i
d".r
|'J-. - - .
e >

Wp T -
-5"?
-

o i . . ) |
g 11 13 " -
discharging voltage (Kv)
(a)
30
2 o 00
e
Wr - 10%
2 45t
(il
10 |
5t T
E‘Et’j.&—'-“-_—._i_ln:_ﬁé-__ij ';--—l.m...?
] i - * | I
8 11 13 m p
discharging volttage (k)

(b)

a9 3-6 W Askel wE AR ] ®sh W wiA:
O 0 % (tap water), @ 1 % NaCl electrolyte,
<& 10 % NaCl electrolyte.
(@) Hd &S P+, (b) A & P-.
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gy 3-72 B Al mE 5% <+ (Sound Pressure Level @ SPL) gte] W s}
& Ho Fi vt diAoR 59 Fed B dge] F7HEe wek Frtsta
At Z7+ES tap water?t 1 % NaCl electrolyte oA #Wdd = A2 FAFSHA|
9k 10 % NaCl electrolyte 9ol &= iAoz v =4 UErET A3 Ao
A, SPL W3} #2 NaCl electrolyte 39 tap water Bt} Zow (H#zke 5 %
olul), 10 % NaCl electrolyte oAl 7} £ A (oo 1 % o)z ey
o}

332 % % 43 4¥9 ¥

a9 3-82 43 4Y Prof S4B o € SPLYE] #AE B F
2
=4

a2 9th. 13 3-8ax tap water (0 % NaCl electrolyte)oll /] ®dg wjo]a, =

o

3-8b% 1 % NaCl electrolyte, Z# 3-8ct 10 % NaCl electrolyteo| A =43k )
ot P+¢k SPLO 32 10 % NaCl daidelA 7b Eow, 1 % NaCl a4,

tap water o2 Yrolx]a 9l
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SPL (dB)

106 . . .

R ﬂ% "-r‘.."'%
104F  _o 4o #_,}'
~o= 10% A
102 1#%" _,.;*-1;'
100 }-*-“‘:}"é """"" I . :I ----4
III"_.ul" F__--{'r.
%8 | % | wr
a6 - - - ; -
9 11 13 15 17
discharging voltage (kV)

g% 3-7 WA A A9 BN A% 75 SPLY #A
O 0 % NaCl electrolyte (tap water),
@® 1 % NaCl electrolyte,
&1 0% NaCl electrolyte).

_39_



110
108
106
104
1az

SPL {dB)
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Qi
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108 |

Le]

SPL (dB)
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108 +
108 -
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SPL (dB)
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02 L
100 +
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LRI
L O 13 ;
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& 1'||'w & I
i !F.“m
| a-:.'l;rﬂﬁﬁ
o . 10 s > |
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(a)
o Ok
PRy
L O 13
S
A& TR
otar et
-l-__'aiﬂ'-' .
=
- T i T % a0
P+ (V)
(b)
o gy
LI R
ooq3RY .
B 5Ky B
& 1?W B ‘
o™ 0
@ i
o
a & 10 15 25 an
P+ (V)
(c)

a9 3-8 F49% " (P & € SPL a4

(a) 0 % NaCl electrolyte (tap water),

(b) 1 % NaCl electrolyte, (c) 10
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100

300

500

700

900

g% 3-9 AT AR 35 (0 - 9003]) el wE ®eo] AA (30W=30L*15D in mm)
o B B4 (dd At 13 kV, W wfE: tap water).
(A= A%
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1300

1500

1900

back

(S A A%)
% 3-9 43 XA 34 (0 - 9003 whE ®eo] A (30W*30L+15D in mm)
o B4 A (FA A} 13 kV, WA A tap water). back: 1,900 %
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(a)

(c)

a9 3-10 WA wiEe] whE x| AAl (30W+30L*15D in mm) %W 3 F e
(B Ak 15 kV, F49F 50038 ZA}.
(a) tap water, (b) 1% NaCl electrolyte, (c) 10% NaCl electrolyte
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a9 3-112 2o AdAo] FA%E 2AE v vejaRZos A ¥ AD 9
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& HolFa Qrt (W wjd 1 % NaCl electrolyte, W At 13 kV). 1o A
B %ol A o Aae AR HszEty zZhzbe] ol "W EAS B

Haol7h e gtk 2 ATdNE 5o Faa 548 B 96 AR @
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water®] 74, ¥ 3-13b ¢ 3-13c= 47 HHd wd 1 %< 10 % NaCl
electrolyte?] 4%&5 RAFLY. =34 342 AR model (order 20) o] &3]
PP G F %o FAFE HEE AT w9 AEE wde] wek AA
tt=x] gkttt 53] 1Ist and 2nd spectral peak frequency (500 Hz, 2200Hz)= A
o] Fd3 Aom yuyut $A3 XAl SrbetEA Ak o R Ist, 2nd and
3rd spectral peak®] =ZL7|= AEstthrt Adtal dow (FA3 3003 FARAl A
717 Ad), Fa5E 42 Ak 10 % NaCl electrolyte®] A$-, =43 A}
347t S7FE4E 1st, 2nd spectral peak &< W3t/ 71 ZA e ol &
% 3-100A4 BT Sl AAY AA 4 &3t 7PE 27 diEeldt 49

. > Ay 2AVF F7 4, tap waterd] A9 500 Hz T3k A &), 1 % NaCl
dafde] -, 2200 Hz T3k 2ol W7 7- 27 eyt

&2
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¥ 4-1 % (tap water)¥} Hald (10 % NaCl electrolyte) 7 wjdolx A=
ZAske] A 2 A% vl
discharging through discharging
factors water through electrolyte property
(present) (proposed)
spark medium tap water 10 %6 NaCl -
P P electrolyte
dischargi .
1Senarsing 5,000 ohm 7 ohm stability
resistance
shot to shot variation 30 % <5 9% stability
(P+)
upto 250 %
focal pressure - . performance
increased
o)
fragmentation rate - . 50 % performance
increased
acoustic noise level > 102 dB > 104 dB performance
electrode wear - 60 % decreased performance
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