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APPENDIX A

DESIGN OF PLUSE-ENERGIZED ELECTROSTATIC PRECIPITATOR AND
HIGH VOLTAGE PULSE POWER SYPPLY
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Al. Design of Pulsed-Energized ESP
Figure Al.1 shows a diagram of the wire cylindrical ESP designed and

evaluated for this work.

) .
—\__ /

Figure Al.1 the wire-cylinder ESP configurations.

A stainless steel pipe was used as a collection electrode. It is a 500 mm length
cylinder with a 90 mm inside diameter. The discharge electrode is made by tungsten

wire with 0.3 mm diameter.

Table Al.1 Criteria and requirements used in the design of the wire-cylinder ESP.

Parameter Values
Air temperature, T(K) 400
Supplied voltage negative pulse, V,(kV) 15
Collection efficiency (%) 95
Gas velocity ug (m/s) 05
Atmosphere Pressure 1 atm
Discharge wire electrode radius, r; (mm) 0.3
Collecting electrode pipe radius, r, (mm) 90
Collecting electrode pipe length, L (mm) 500
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Calculate Capacitance of The wire-cylinder ESP
We choose a wire-cylinder ESP Capacitance of inner radius r; and length L.A

capacitance of the ESP was calculated by:

Calculate migration velocity of particle

For the wire-cylinder ESP used in the present study, the inner surface area of
the outer electrode of the charger is given by

A, = 2nryL = 0.1414 m?.
And the initial gas flow rate, Q can be calculated by
Q = u,A=05mry =0.0032m3/s.

The specific collection area (SCA) can be calculated by:

A 0.1414m?
SCA ===

0 = m= 44445/77’1

The migration velocity, u,, of particle was provide collection efficiency, n;,
can be calculated by:

1 1
Un =~ —n) =—_—[In(1- 095)] =0.0674m/s

Calculate pulse frequency

The peak voltage V}, gives the intensity of the corona discharge current I, and
the residual voltage VV; makes the particles transport between the ESP electrodes. For
negative corona, the positive ions in the active zone move back to the discharge wire;

whereas the negative ions start to move towards the collecting electrode. The negative

2
ions have mobility Z; = 2.2 x 107*=-  (H.J. White 1963), thus a transit time, ¢, of

an ion between the discharge wire, ; and the collecting electrode, r, at a distance,

(r, — 7, ) ~rycan be calculated by
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_()? 45x1073 _
ts = Z7Vp  22x107%x15x103 613.64u5. (A.14)

Because of the pulse-energized ESP was designed for improving precipitation

performance and prevent the occurrence of electrical breakdown so that the maximum
of pulse frequency must be over (f < %). When the pulse period, t,, is the sum of

time a transit time, t;, and pulse duration time, t; then the pulse frequency can be

calculated by

f< 11 1
Tty tsttg  613.64uS+10uS

= 1.6035kHz.

We choose pulse frequency is 1 kHz.

A2. The design of High voltage pulsed power supply

The pulsed power supply produced high voltage pulse according to the
principle of resonant charging. The circuit diagram of the pulse power supply was
shown in Figure. A2.1, the DC voltage 12 V from battery was stepped up to 15 kV by
a pulse transformer with frequency range around 1 to 60 kHz. Rise time and pulse
wide were 400 ns, and less than 10us, respectively. Then, the high voltage AC from
the pulse transformer was rectified to be DC pulse by a high voltage diode before

supplying to the ESP.
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Figure A2.1 the circuit diagram of the pulse power supply.

Table A2.1 Design parameter

Parameter Description
Capacitance of ESP 4.8pF
Output voltage(V,) 15,000 Vp
Charging time 1/60 sec
Maximum frequency 60 kHz
Pulse duration(At) <10 ps
Input voltage(V},) 12 VDC

From the values are defined in the table. The first step is to determine the energy
required to charge the ESP with capacitance C under the voltage Vo:

_CV§  48x107'%x 15,0007
2 2

Ws = 0.54863 mJ,

Where W:s is energy in Joules, Vo and C is the output voltage and ESP capacitance,
respectably
The next step is to fine the number of charging pulses (N). in the stated time:

pulses

N = 0.00167s x 60,000 = 100.

N

The next step, the energy per charging pulse (14},) can be calculate:

0.54863m/
w=—1 -2

A 100 = 5.4863u/ /pulse
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The fourth step is to make an estimation of loss factor. The losses must be
included in the power supplied from the source. Use the energy required to charge the
ESP to find the efficiency value form Figure 1

W

E fi =
nergy from source= Ficiency

5.4863u] _

Energy from source= T

7.3151 w/pulse

The final step, solve for the transformer primary current and inductance from
two equations:

VpAt 1 2w
L="— ,and W=sLI} >L==
Ip 2 I3

VAt 2W 2w

£ = [ =—
I, 12 P VAt

_ 2x7.3151 X 107

I = =122 mA
PT T12x10x10-6 m

A primary inductance of the transformer can be calculate by substituting the
. VpAt
value of I, in L = ——
Ip
-6
— 12 ><10><1i)3 = 0.98 mH
122%x10

Knowing the primary inductance and the peak current, the design of the
transformer can proceed.

Select the core material, using guidance form the manufacturer’s data sheet in
A3.

Transformer core:

Core type, Family: UR core: UR64/40/20-3F3

Core Size : A, = 2.90cm?

Core Lengthl, =2X D =2 X 2.65cm = 5.3cm ~5cm
Core Material: Soft Ferrite 3F3, u = 1800

Calculate the number of primary turns that will provide the desired inductance
value:

LolicAe | 4mx1073:1800-2.9cm?

N, =\/ e —\/ 280uHSem o 10-2=9 Turn

Calculate the number of secondary turns that will provide the desired output
voltage value:
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Vo _ 15x103
12

9 =1,082 Turn

A pulse transformer coil was wound with the following design data:
Primary: 9 turns of #28 AWG
Secondary: 1,082 turns of # 40 AWG

The transistor selected for this design is International IRFP460 which has detail in
Appendix D4.

Tek .. @ T MPosi 132005 AUTOSET Tek Nl @Tied MPosi0000s  AUTOSET
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Figure A2.2 (a) Gate drive signal and (b) output voltage wave form measured by
oscilloscope Tektronix TDS 2014C
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Figure A2.3 Output power measured by oscilloscope Tektronix TDS 2014C
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COMPUTER PROGRAMING FOR ESTIMATE MIGRATION VELOCITY
AND COLLECTION EFFICIENCY OF ESP
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B1. Computer programing for estimate migration velocity calculation

Input
Vmax = Pulse peak voltage in kV
td = pulse wide in s
freq = pulse frequency in Hz
d = diameter of particle in micrometer

Vair = gas flow velocity m/s
Output
Vte= Migaration velocity of particle size d

function [ Vte ] = migration( Vmax,td, freq,d,Vair )
SUNTITLED Summary of this function goes here

o

% Detailed explanation goes here

$Wire-cylindrical ESP parameter
rw= 0.003;% in cm

r out=4.5;% in cm

L=50 ;% in cm

t=35 ;% in degree cencies

p=1;

ton=td;

%$physic constance

charg e = 1.6e-19; %in C

epselon = 8.854e-12; %in F/m

KB=1.38e-23; %in J/K

Zi= 1l.06e-4; % The ion mobility2.2e-4 for negative ion
Die const=3;

particle density=2.25*3; %in kg/m3

% unit convertion cm to m
r2=r out*le-2;% in m
rl=rw*le-2;

Length =50*1e-2 ;% in m
KE=1/ (4*pi*epselon) ;
area=2*pi* (r2) *Length; %$in m2
E=(Vmax*1le3)/(r2);%in V/m
Pr=101325;

P=p*101325;

Tr=293;

T=273+t;

P ratio=1;

Air constant=(P/Pr)*(Tr/T);

$Electric field near collecting electrode
Vdc = Vmax*td*freq;
Edc=(Vdc*1e3)/(r2*log(r2/rl));

particle mass=(pi* (d"3)*particle density)/6;
$ ci=sqgrt (8*KB*T)/ (pi*particle mass);
ci=500; % ion thermalvelocity in m/s

%Charg Calculatoin ni t
I=currentcylinder (Vmax, rw,r out,L,Air constant);
Ni=I/ (2*pi*Length*charg e*Zi*Vmax) ;

charg t=(Length/Vair)* (P/Pr);
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$particle Charging Calculatoin
nfl=1+(2* (Die const-1)/(Die const+2));
nf2=(E*d"2)/ (4*KE) ;

mem= (pi*KE*charg e*Zi*Ni*charg t);
nf3= mem / (l+mem) ;

Qfield=nfl*nf2*nf3;

ndifl=(d*KB*T)/ (2*KE*charg e);
ndif2:l+(pi*KE*d*ci*(charg_eAZ)*Ni*charg_t)/(Z*KB*T);

Qdif=ndifl*log(ndif2);
g=Qdif+Qfield;

%calcalation air viscosity and air mean free path at temperature t and
$pressure p (atm)

air viscosity 20=1.185e-5;

air free path 20= 0.0665e-6;

air viscosity = air viscosity 20* ((Tr+110)/(T+110))* ((T)/Tr);%in Pa s

air free path = air free path 20*((14+110/Tr)/(1+110/(T)))/Air constant;
%calculation conninghame slip factor

Kn=2*air free path/d;

Cc = 1+Kn* (1.257+0.4*exp(-1.1/Kn));
Vte=(g*Edc*Cc)/ (3*pi*air viscosity*d);

end

B2. Computer programing for estimate pulse corona current calculation

Input
\Y/ = Pulse peak voltage in kV
rw = radius of discharge electrode wire in cm
r_out =radius of collecting electrode wire in cm
L = effective length of ESP in cm
Air_constant = relative air constant

Output

I= corona current in ampere

Matlab source code

function [I] = currentcylinder (V,rw,r out,L,Air constant )
SUNTITLED2 Summary of this function goes here

&V in kV

% Detailed explanation goes here

$defind constant

epselon = 8.854e-12; Spermittivity of free space

Zi= 1.6e-4; % The ion mobility2.2e-4 for negative ion

$convert kV cm to si unit
r2=r out*le-2;
rl=rw*le-2;
Vp=V*1le3;
$compute corona inception voltage

[E_corona V coronal]= cylindercorona( rw,r out,Air constant );
delta V = (V - V _corona)*le3;
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if delta V <=0
I11=0;
else
a= 8*pi* (L*le-2) *epselon*Zi;
b= ((r2)72)*log(r2/rl);
b= r272;
%11 = (a/b)*Vp*delta_V;
I1=((52e-4)*V* (V-V_corona))/ (4*r out”2);
$Ic=450e-9*delta V"*2;
$I1=10;
end
I=I1;
end

The onset Voltage and Electric field calculation

function [ EC VC ] = cylindercorona( rw,r out,relativ_air )
SUNTITLED Summary of this function goes here
% Detailed explanation goes hereet
rw,r out in cm
EC in kV/cm and VC in kV
tandard = relativ air ;
for negative
K positive dc = 0.308;
E spark positive = 31;

o\

o° W o°

%K positive dc = 0.24;
$E_spark positive = 33.7;

EC = (E_spark_positive*standard)*(l+(K_positive_dc/(sqrt(standard*rw))));
VC = (EC*rw)*log(r_ out/rw);
end

B3. Computer programing for estimate total collection efficiency

Input
Size_max = maximum size of particle in micrometer
concent = particle concentration in particle/cm?®
unit = unit of particle diameter, such as 1e-6 is in micrometer
Vapply = pulse peak voltage in kV
Vair = gas flow velocity in m/s
Output
Mass_eff = total mass collection efficiency

Num ber eff total number collection efficiency

Matlab source code

function [mass_eff number eff] =

total efficiency( Size max,concent,unit,Vapply,Vair)
SUNTITLED Summary of this function goes here

% Detailed explanation goes here

step=1;

Vmax:Size_max;

Volt=Vapply;



118

fregq=20e3;
td=100e-6;

$Wire-cylindrical ESP parameter
GMD=1.73;
GMS=5.03;
$concent=1;
sum=0.0;

sum mass_in=0.0;
sum num in=0.0;
sum num out=0.0;
sum mass=0.0;

sum mass_out=0.0;
mass con=2.25e6;
numrang=[0,0];
$xa=l:res;

Volt=7;
%0=0.0013;% air velocity 1.02 m/s
v=0;
for x=l:step:Vmax
vV=V+1;

Nd=lognormaldist (concent, GMS, GMD, x) ;
d=x*unit;

Ix (V)=Nd;

xc (V) =x;

md in(V)=(pi/6)* (d"3) *mass_con*Nd;
sum mass_in = sum mass_in + md _in (V) ;

savesum mass_in(V)=sum mass_in;
sum num_in =sum num in+Ix(V);
savesum num_in (V)=sum num in;

%calculate out put by eff
eff = efficiency (Volt,td, freq,d,Vair);
yc (V) =eff*100;
Number out = (l-eff)*Nd;
md_out=(pi/6)* (d"3)*mass_con*Number out;
Yx (V) =Number out;
sum num out=sum num out+Number out;
savesum num out (V)=sum num out;
sum mass out=sum mass out+md out;

savesum mass_ out (V)= sum mass out;

end
mass_eff=l-sum mass_out/sum mass_in

number eff=l-sum num out/sum num in

end

Function for get particle number form lognormal distribution curve

function [ particle number ] = lognormaldist( concent,gom size,gom std,d )
SUNTITLED3 Summary of this function goes here

% Detailed explanation goes here

aa= concent/ (d*sqrt (2*pi) *log(gom std));

bb=(log(d/gom size)"2)/(2* (log(gom std))"2);

particle number= aa*exp (-bb);
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end

Function for estimate fractional collection efficiency

function [ colf ] = efficiency(Vmax,td, freq,d,Vair)
SUNTITLED2 Summary of this function goes here

% Detailed explanation goes here

Length =50*le-2 ;% in m

r out=4.5;% in cm

r2=r out*le-2;% in m

Length =50*le-2 ;% in m

area=pi* (r2);%in m2

Vte = migration( Vmax,td, freq,d,Vair);
%calculation collection efficiency

De = (Vte*2*Length)/ (Vair*r2);
colf=1l-exp(-De);

end



APPENDIX C

DATA SHEETS
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C1. Ferrite Core

Ferrite Cores UR. URS Series

For Audio-Visual, TV, & Radio Equipment

For Flyback Transformer

MATERIAL CHARACTERISTICS

Maderial HW22 HV43

Initial permeakbiliry” i 1 B0 2300
[fEHz. 130mT, 100°C) 1B 3

Care loss* P Whyg [B#Hz, 200mT, 100°C) a3 40
[1D0kHz 200mMT, 100°C) 108 50

Satration magnetic fix densiy’ - =) LT 500

[H = 1184Am) [10a'C) 410 380

Fismanent fhx denshy- 5 T 170 130

Coerche loroe” He Am 16 14

Curie l=mperatune Te 'Cmin. 200 200

Elscirical resistvity’ e {-m 3 3

Density” b o 4.Ex10° 4.E10°

Thermal expansion coeflident o o [H [E:

“Awerage value

* The values wane oblained with lomidal cores al room temperatune uniess olherwiss SownL
= 1[mT): 10{gauss), 1(A'mj: 001 2a6e{0ersted)

UR SERIES
SHAPES AND DIMENSIONS [Typical]
— —
= S
= o
D —
[n]
T =
Fig.1 Fig.2
Cimensicns {mm) Ar [
Fg & [=] G O min. E F immeE| | mmij
LIR30.40M 1 0.4 21.8 10 11.7 B.15 30 7.7 138.3
UR340A 1 4T 17.9 12.3 121 X ard 118.3 127.6
LFR30HK 2 3105 24 12.7 1203 B3 343 118.5 133.5
LIR3TOA 1 373 0.1 13 1332 plak-] 30.8 130.5 142.7
LIR3E0A 1 389 25 14 1295 113 3 150 1043
LFR403L 1 40 18.4 14 14 113 30.2 133.4 141.1
LFR400& 1 4005 201 14.5 1243 115 ELN| 138.5 148.2
LR D8 1 4118 25 13 14.2 118 ar 171.8 1055
LIR430A 1 434 25 [E] 135 128 ET] 205.2 AT
LFR4608E 1 4375 23 17.05 14.63 13 A Z£23.3 174.53
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UR cores
f—— A ——»
This type is suitable for Line Output e |
Transformers (LOT) in TV-sets. The round leg }
allows easy winding, also of strip conductors. T + ' | |
Because of the high voltages involved, the D ! | i_
round shape helps to prevent corona effect. B * | : i
I | , '
UR 26/20/13 - 3C30 3 )
corelype 4——) l L » corematerial L ™ = { |> *i!
DT | =
core size *
TYPE 1 TYPE 2 TYPE3
dimensions (mm) | | effective core parameters
core eff. eff. eff. mass
Core type shape A B c D Enmin F factor volume length area of core
E IJ'.I.1 U.E Iy A, half
fme!) || (mm') || gmm) || e’ || @)
URZ820114 [ 28.3 204 1n2 13.0 8.5 13 0.980 8460 a7 98 23
UR3528/13 5 3h2 283 127 18.8 131 93 1.100 15800 132 120 42
UR3%35115 3 38.7 3.2 149 248 15.0 9.1 1.094 24300 163 149 B4
UR4221112 4 418 206 18 1.1 18.2 1189 1.08 11800 13 104 Kl
UR4232115 5 4235 .8 152 02 144 120 0.832 26670 148 179 ]
UR4334/16 2 42.1 34.0 15.8 240 15.7 9.6 0.982 27100 163 166 m
UR44/36115 1 438 359 14.65 24.45 16.63 18 1.006 28700 170 169 n
UR4T36/16 5 47.35 3’7 15.85 238 18.25 126 0.900 33800 174 194 BE
UR48391T 5 48.0 394 17.0 26.4 174 130 0.863 39990 186 215 99
URs429/14 4 64.0 295 13.8 18.1 36.1 138 1.26 27000 185 147 m
URG4/40/20 7 64.0 40.5 200 26.5 232 200 0.726 E1000 210 290 160
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TYPE4 TYPE S TYPEG
| product range
shape 3C81/ 3F3 3cts 3C30 3c34
Foro
6 - UR28/20/13 - 3C30
5 UR35/28/13 - 3C15 UR35/28/13 - 3C30
3 UR39/35/15 - 3C15 UR39/35/15 - 3C30
4 UR42/21/12 - 3C81 -
5 UR42/32/15 - 3C15 UR42/32/15 - 3C30
2 UR43/34/16 - 3C15 UR43/34/16 - 3C30
1 UR44/36/15 - 3C15 UR44/36/15 - 3C30
5 UR47/36/16 - 3C15 UR47/36/16 - 3C30
5 UR48/39/17 - 3C15 UR48/39/17 - 3C30
4 UR64/29/14 - 3C81 =
7
7 UR64/40/20 - 3F3
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Soft Ferrites Material grade survey
MATERIAL GRADE SURVEY
Ferrite material grade survey
FERRITE | w AT B"'Eé",rcn o T, o (am) FERRITE Awrg:mu AVAILAELE CORE
MATERIAL | 25°C (3000 AM) {°C) TYPE AREA SHAPES
4CE 100 =400 =350 | =100 MiZn | telecom filters RM, F, FT, FTS, EF, E,
03 750 =400 =300 =2 MnZn | =*onal fransformers | ER, ring cores (foroids)
387 2300 450 2170 | =1 MnZn ﬁ:i: I'i':;:'”"“m
IH1 2300 =400 =130 | =1 MnZn
aH3 2000 =400 =160 | =2 MnZn
3E1 2800 =400 =125 | =1 MnZn
IE4 4700 =400 =125 | =i MnZn
3E5 10000 =400 =125 | =05 MnrZn
3ER 12000 =400 =130 | =0.1 MnZn
IET 15000 400 =130 | =01 MnZn
3E25 B0 =400 2125 | =05 MnZn
IE2T GO0 =480 =175 | =0.5 MnZn
3Ba 2300 L] =200 =1 MnZn POWET COMVErsion E, Planar E. EC, EFD,
IC15 1800 =500 =100 =1 MnZn genaral purposs EP. ETD, ER. U, UR, L
3C30 1800 =500 2220 | -2 MnzZn | wanslormers E:E"é' Eg‘_"‘rﬂ: E;‘I-HF'T
ACET 2700 =450 =210 =1 MnZn (toroids)
ACHS 2000 =450 =200 | =2 MnZn
3C80 2000 =50 2220 | =5 MnZn
aco4 2300 =450 =220 | =5 MnZn
aF3 1800 =50 =200 | =2 MnZn
IF4 B0 =450 =220 | =10 MnZn
AF35 1400 =500 2240 | =5 MnZn
&F1 BD =350 =260 | =109 MiZn
351 40D =4 =125 ai MnZn | =uppression EMI beads, beads on
353 350 =350 2225 | =10* | MnzZn wire, SMD :.:‘:dsl:mh.ea
354 1700 =350 =110 | =108 | MnZn eatsle ahiake r:?ds. s
452 TOD =350 2125 | =100 MiZn ———esy
ACES 125 =400 =350 | =10° MiZn wideband chokes
2AT1 700 =350 =125 | =109 MiZn
4715 1200 =350 =125 | =100 MiZn
ac1 4300 =400 =125 | =1 MnZn
IE25 G000 =400 =125 | =05 MnZn
acza TOO =4 =150 =0.1 MnZn | deflection coils yoke rings
242 350 =250 =135 | =108 MgZn
243 200 =270 =175 | =108 MgZn
281 350 =250 =125 | =108 MgZn
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Soft Ferrites
FERRITE w AT B-‘E,_‘.}"D-Gn o Te 5 (m) FERRITE APFEI?:TH}H AVAILABLE CORE
MATERIAL | 25°C (3000 AM) (~C) TYPE AREA SHAPES
4E1 13 =2 2300 =107 MiZn funing rods, fubes, wideband
4D2 60| =240 =400 | =10° MiZn |suppression chokes
481 250 =350 =250 =103 Midn
a1 e =4 =150 =0.2 MnZn
3R 800 =50 =230 | =103 MnZn | magnetic regulaiors | ring cores (toroids)
Iron powder material grade survey
IRON at MAXIMUM OPERATING MAIN
POWDER ;ﬁlﬂ; B-IE'."}"“-G“ TEMPERATURE APPLICATION AHAI;H;;I;;“RE
MATERIAL (3 DD AJM) {*C) AREA
2P40 40 930 140 SUppression ning cores (lomids)
2P50 50| 1000 140
2PE5 65| 1150 140
2P80 BO| 1400 140
2P0 0| 1600 140
Typical mechanical and thermal properties
PROPERTY MnZn FERRITE MiZn FERRITE UNIT
Young's modules (90 to 150 = 107 (BO to 150) = 10% Mimm?
Utimate compressive sirength 200 to 600 200 o 7DD Mimm?
Utimate tensile strength 20 to B5 30 to &0 Himm2
ickers hardness 600 to 700 BOD 1o 900 Mimm?
Linear expansion coefficient (10 t0 12) = 10-9 (7 to B} = 10-9 K1
Specific heat 700 to 800 750 Jkg! K1
Heat canductivity 3510 50) x 102 3550} 10° |Jmm's' K'
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C2. Copper Wire Table

AWG Wire Sizes (see table below)

AWG: In the American Wire Gauge (AWG), diameters can be calculated by applying the formula D{AWG = 00592 36-AWGEH jop
For the 00, 000, (8000 etc. gauges you use -1, -2, -3, which makes more sense mathematically than "dowble nought.” This means that in
American wire gage every 6 gauge decrease gives a doubling of the wire diameter, and every 3 gauge decrease doubles the wire cross
sectional area. Similar to dB in signal and power levels.

Metric Wire Gauges (see table below)

Metric Gauge: In the Metric Gauge scale, the gauge is 10 times the diameter in millimeters, so a 50 gauge metric wire would be 5 mm in
diameter. Note that in AWG the diameter goes up as the gauge goes down. but for metric gauges it is the opposite. Probably because of
this confusion, most of the time metric sized wire is specified in millimeters rather than metric gauges.

Load Carrying Capacitics (sec table below)

The following chart is a guideline of ampacity or copper wire current carrying capacity following the Handbook of Electronic Tables
and Fermulas for American Wire Gauge. As you might guess, the rated ampacities are just a rule of thumb. In careful engineering the
voltage drop. insulation temperature limit, thickness, thermal conductivity, and air convection and temperature should all be taken into
account. The Maximum Amps for Power Transmission uses the 700 circular mils per amp rule. which is very very conservative. The
Maximum Amps for Chassis Wiring is also a conservative rating, but is meant for wiring in air, and not in a bundle. For short lengths of
wire, such as is used in battery packs you should trade off the resistance and load with size, weight, and flexibility.

Maximum
. Maximum amps fregency for
Conductor Conductor per Maximum amps .
WG gmuge |y meter Inches [Diameter mm [1000 f perke | i witing MK sas ricpeh

for
power transmission (for solid
nductor copper

o000 |04s [11.684 0.049 016072 [380 302 [125 Hz
jooo [0.4096 [040384  Jooels  jo202Tos 328 239 [160 Hz
oo [0.3648 o.26592 0.0779 0255512 [283 190 [200 Hz
o [0.3249 [8.25246 00083 0312424 |45 (150 [250 Hz
it [0.2893 [7.34822 10.1239 0406392 211 119 325 Hz
7] [0.25T6 6.54304 0.1563 0512664 (181 o4 (410 Hz
£} [0.2294 |5.82676 0.197 064616 [158 75 [500 Hz
4 [0.2043 [5.18922 0.2485 081508 (135 ] [650 Hz
5 1819 j462026 03133 [loz7ezs |18 l7 [s10 Hz
6 jo.162 41148 0.3951 (1295928 101 [7 [1100 Hz
f j.1443 [3.66522 04982 (1634096 |59 ] 1300 Hz
B |p.1285 pp-2630 10,6282 060406 |73 24 [1650 Hz
3] jo.1144 [2.90576 0.7921 [L50BDES  [Bd [19 [2050 Hz
1o [o.1019 [2.58826 0.9989 (276392 |55 [15 2600 Hz
i1 [.0907 [2.30378 126 41328 [7 [12 [3200 Hz
1z 00808 p.os232 1588 .oosss I 0.3 4150 Hz
fi3 jpo72 [1.8288 P.003 656084 [35 .4 [5300 Hz
4 jn.0641 [1.62814 p.525 fn.282 R 5.9 6700 Hz
] [p.0571 [1.45034 3.184 044352 PR fe7 [250 Hz
|16 j.0508 129032 4016 13.07248 22 B7 [1TkHz
iz 00453 [L15062 5.064 [le.60992 (19 29 [13kHz

18 o403 [1.o2362 6,345 Po.9428 [16 23 [17 kHz
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0. 0.
in in

1000 1550 1974000 0853 108570 500 00775 9870
975 1511 1924700 — — 105600 1D 475 00736 9377
850 1472 1875300 50 0775 98700 450 (00B98 8883
825 1434 1826000 45 0698 88830 475 00B59 8390
300 1395 1776600 - — 83690 1 — — a0 1
875 1356 1727300 40 0620 78960 400 00520 7896
850 1317 1677900 35 0542 £9090 375 00581 7403
825 1279 1628600 — — 66360 2 350 00542 6909
BOD 1.240 1579200 30 0465 59220 — — 6530 12
775 1201 1529900 — — 52620 3 325 00504 6416
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725 1124 1431200 — — 41740 4 275 00426 5429
700 1085 1381800 200 0310 39480 — — 5180 13
B75 1046 1332500 195 0302 38430 250 00388 4835
650 1.008__ 1283100 19.0 0294 37510 225 00349 4422
B25 969 1233800 185 0287 36520 — — 4110 14
B00 830 1184400 18.0 0279 35530 200 00310 3048
575 891 1135100 17.5 0271 34550 175 00271 3455
550 853 1085700 17.0 0264 33560 — — 60 15
525 B14 1036400 — — 33090 B 150 00233 2961
500 775 987000 165 0956 32560 — — 7580 16
475 736 937700 16.0 0248 31580 125 00184 2468
450 598 888300 155 0240 30600 — — 050 17
425 559 839000 15.0 0233 29610 100 00155 1974
400 520 789600 145 0225 28620 80 00140 1777
a75 581 740300 140 0217 27640 — — 1620 18
350 547 690900 135 0209 26650 BI_ 00124 1579
325 504 641600 — — 26420 B 75 0016 1481
an 465 582200 130 0201 25660 0 00109 1382
275 426 542900 125 0134 24680 — B 1290 19
250 388 493500 120 0186 23690 60 00093 1184
225 349 444200 115 0178 22700 — — 1029 20
200 310 394800 11.0 0171 21710 50000775 987
175 271 345500 — — 20820 7
150 233 296100 105 0163 20730
125 1938 24600 10.0 0155 19740
— — 211600 40 35 0172 18753
100 ABS0 197400 50 01385 17766
95 1472 187530 B5 01317 16779
20 1395 177660 — — 18510 B
— — 167800 3O B0 01240 15792
B5 1317 167790 75 01163 14805
B0 1240 157920 70 01085 13818
75 1163 148050 — — 13090 g
70 1085 138180 5 01008 12831
— — 13300 20 B0 00930 11844
65 008 128310 55 00853 10857

B0 0930 118440 = = 10380 10
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C3. Typical Characteristic of Popular insulation

EPDM |sthylsne-progyiens-diene slasiomer)
= a chemnically orcess-linked slastomar with
axcellent fiexibility ai high and low bmpera-
fures {130 1o -33°C). i has good insulation
resistance and dislecirio strength, s well as
axosleni abrasion resistance and mechanical

properties. EFDM also has bettesr cut-treough
resisiancs an SNcone rubber, which it

replaces In some applicabions.

EPDM s compalibls with most varnishes, but
after e dip and baike cycle vamish lersds to
adhere o the nsulaiion [becauses EPDM,
unilke some rubler insulaions, does not
axwde olls or waxkes). As lead wires are
pulled apart for lesminafion, the vamish
Ormokcs, somealimess Dreaking the Insulation.

To reszolve this problsmi, & sleark solutian
= appliad 1o the kead wine during the put-up
process. This ansuras that rigid varnish
doeas not cause EPDM insulation o naphane
whien the wire i feminaied.

Flisdd ervaluations by FUMSErous ussns reveal
fthad the coated EPDM has exoslent vamish
resisianoe al kmast equal 1o synietio elas-
fomers, oross-ink polysttylens, or Sllloons
glass braid in dip ard bake sysbems.

Flamarrest”

Flizmames s a plenum grade chiorids-
basad jackeling material with low smoke:
and low flame spread properiies. Cabies
jpoketed with Flamaresi meed the ANEL
HWFFA Standamd 202-1983 (ULS10),
Plarum Cabls Flame Tesi

Halar"

Thermopiastic Muoropolymesr mabsial with
axoellent chemical resisianocs, alectrical
properiies, thermal charactesistics, and

impact resistancs. The Iemparature rasing
I -70°C i 150°C.

Heoprene

The lemparaburs rangs of his mabarial can
wary from -53°C o 90°C. The actual ranges
would depend on e Tormulation ussd
MNeoprene s both ol-resistant and sunlighl-
resisiand, making A ideal for many cubdoor
applcations. The mosi stabls colors are
Black, Dark Brown, and Gray. The alecincal
properiess ans nol as good as oiher insulabion
maierials. Bacauss of this, hickar insulafion
should be used Typical desigrs whars this
maierial is used are kead wire insulation
and cable jackeds.

Polyethylens (Solld and Foamed)

A very good nsulation in ferms of sesciroal
propariies. Low disiscinc consiant, a siabis
dieleciric constan owver all ireguencias,
wary high insulation resistance. In b=rms of
fiaxibiifty, polysttyiens can be rabsd il bo
wary hard, depending on malecular weight
and dersity—iow density being the most
fiaxibie, with high-densiy, high-moksoukar
wighl formulation Being vary hard. Moisiure
resisianos is vied excellent. Black and
specialy homulated colored wersons have
axoslant weather resistance. The disleciric
oconsiand is 2.3 for solid insulation and
typically 164 for joam designs. Flame:
retardant formuiations ane avalables wih
dielectric constans ranging from abouwt

1.7 for focam Aame retardant o 2.58 for
=olid fams retardant pohpettrybens.

Polypropylens (Solld and Foam)

Similar in sscirioal propertes o poly-
aitvylans, This malerial is primanly ussd as
an insulation mabarial. Typically, | Is harder
than posyethylens. This makes i sultabie
for thin wall insulatiors. UL maximum
temperature raling may be 80°C, BO°C or
1037 C. The diglscinc corstant 1s 2.23 for
=olid and typically 1.35 for foam desigrs.

Polywrethame

This mabarial Is usad primarnly as a cable
jacket malerial It has exosllen coddation,
oll, and czons resistance. Some iomabions
also hares good flames resisksncs. R s a hard
matanial with exosilent abrasion resisianos.
It has oulslanding “memory” propertiss,
maidng i &n deal jacked matsrkal for
redractile oords.

Some@mes refemed o as virgl or polysing-
chiloride. Extramsly high or |ow Iemperatins
propertiss cannot be found in ones
formulation. Caraln fomuiations may have
=53°C o 1053°C rating. Ciher oomemon
wirTyls may hawe -30°C bo 60°C. Thens

are many lormulaions for the variety of
diffesent applicalions. The many varialies
al PVC also differ in pliabiifty and slectrical
propariias. The price rangs can vary
accordingly. Typioal diabactric conskunt
walues can wary from 3.5 10 8.5

The desoription of rubber normally inciudes
nabural nubbear and SER compounds. Both of
fhessa maiderials can be usad Tor insulations
and jackeis. Thene are many lommulalions of
fThisss basic mailerals. Exch formulation =
for & specilic application. Bome formulaions
are sutlable for -33°C mindmum, sdhile
Jihers are suftabls for 73°C maximum.

This Is & very sof Insulaticn which has a
femparaluns range from -80°C o 200°C.

It has excelient elecirical properties plus
Qrone reskstance, kKw moisture absomption,
wealher resistance, and radiation resisiancs.
It typically has low mechanical sirength and
poor soufl resiskunce.

Tefion”

This mabarial has axcellent skecirical
propariias, lemparaburs rangs and
ahemical nesisiancs. I is nol sufiabls
whiere subjsctsd o nwolsar radiaticn

and doss ol haee good high vollags
characieristios. FEP Tedlon is exinudable
Ir & manner similar o PYC and paky-
atryians. This means al long wire

and cable krgihs are avallables. TFE
Tafion Is exirudabls in a hydraulic ram
fype process. Lengths are Bmfed dus

fic amount of maleral in e ram, hickness
af the Insulaion, and prelorm size. TFE
mus be axtruded ower & sikvar- or nickal-
ooaied wire. Tha nickal- and siver-coated
designs are raied 280°C and 200°C
mandmuen, nespsactively. The cost of
Talion |s appraximately B o 10 imes
micre pear pound than PYC compounds.

Tetzel”
Fluorocopolymer thesmoplasiic maiderial

The tesmparaiune raling ks -85°C o 130°C.

Tefiaa angl Tt are CuPont asemarks
Haiar is 1 Sadwyy Splewss rademan
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Thermal Properties

Operating | Deflection Linear Thermal Specific
It Temperature |  Temp. Expansion | Conductivity | Heat
em Under | Coefficient
Load
0.45MPa
Units °C °C °C"-1 W/m-K Jig-K
Standard | —-15~55 70 6.8x10"=5 - 1.3
PET :
Anti- B A _
Static 69 7.5%10"=5 1.35
Standard - - - - -
PVC :
Anti- T _ A
Static 30~60 7.0x10"=5 0.16 1.12
Standard | —-30~80 100 7.0x10"=5 0.21 1.46
Acylic -
AL - 85 | 5.9x10~5 - 1.46
Static
Standard - 135 6.5x10"=5 0.24 1.3
Anti-
Polycarbonate Static - 135 5.2x10"=5 - 1.2
ST - 135 | 6.5%1075 - -
Resistant
JIS Testing Method - K-7191 K-=7140 - -




Mechanical Properties

ltem : Compressive 1zop | Rockwell
Tensile Strength | Elongation 2ol FHOUIE Strength Impact | Hardness
Strength Modulus Strenath
Yield Point 9 M scale
Units MPa | kgf/cm”2 % MPa | kgf/cm”2 MPa MPa | kgf/lcm”2 | kJ/m~2 —
Standard | 62 630 15 83 850 2.4x10"3 - 10 59
PET Anti-
: 52 530 - 71 730 2.0x10"3 | 60 610 - 46
Static
Standard | - - - - - - - - - -
PVC Anti-
: 63 640 50 98 1000 | 3.4x10"3| 83 850 2.9 -
Static
Standard | 75 760 2~7 117 1200 | 3.2x10"3 | 124 1270 2.7 100
Acylic Anti-
: 75 760 5 106 1080 | 3.3x10"3 - - 100
Static
Standard | 65 663 83 90 9.2 2300 78 7.95 15 67
Polycarbonate SAtg::c 65 663 83 90 9.2 2300 78 7.95 15 70
Abrasion | g | gg3 83 93 9.5 2300 - ~ -
Resistant
JIS Testing Method K-=7113 K-=7113 K-=7203 K-=7203 K-=7181 K=7110 -

Iel



Other

Light Transmittance by

- . .
Color 2 S Chemical Resistance
s z| B
Item X % o 2 Flame
£ 2 < Resist i
£ = esistance : . :
Clear | €| Orange | | 35 S oil Acid Alkali Clrgeliie
= @ 2 Solvent
= = =3 <
= 5 @ =
m (D
Units % = % = = = = =
Standard 87 28 - | 1.27 - - Good Poor Poor~ Poor
PET Acceptable
Anti- B B Poor~
Static 80 30 - - | 1.27 Good Poor Acceptable Poor
Standard - - - - - - - - - - -
PVC Anti- Self- Poor~
Static 80 29 i i 14 0.03 Extinguishing Good Good Good Acceptable
Standard 93 25 - 1.2 0.4 Poor Good Good Good Poor~
. Acceptable
Acy“C Anti- Poor~
Static 79 32 - - 1.2 0.18 Poor Good Good Good Acceptable
Standard 90 35 - 33| 12 0.24 E _Self- . Good | Acceptable Poor Poor
xtinguishing
Polycarbonate SAtr;::c 86 35 - - 1.2 0.15 - Poor Poor Poor Poor
ébrfasmn 91 - - - 1.2 - - Good | Acceptable Poor Poor
esistant
- - K-7209 - - - - -

JIS Testing Method

el
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Electrical Properties

Surface Specific | Insulation | Dielectric | Dissapation
| Resistivity | Volume |Breakdown| Constant Factor
tem Resistivity | Voltage

10"6Hz 10"6Hz
Units Q Q-cm kV/mm = -
Standard >10710 >10nM1 - 3.2 -
PET Anti
- AR ~ 10N A _ _ _
Static 10M6~10"8 | >10"17
Standard - - - - -
PVC -
Anti- ATt 10N _ _ _ _
Static 10n7~10"8
Standard >107M5 >107M5 20 3.2 0.06
Acylic :
Anti- AR 1 OA N B
Static 10M6~10"8 | >10"17 2.9 0.032
Standard | >2.0x10716| >10"17 20 3 0.009
Anti-
Polycarbonate Static 10"6~10"8 | >10M17 - 3 0.06
Abrasion N A _
Resistant >2.0x10M6| >10M7 20 3
JIS Testing Method K—-6911 K—6911 K—6911 K-6911 K—-6911
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C4. Electronic Devices

IRFP460, SiHFP460

VISHAY.
v Vishay Siliconix
Power MOSFET
FEATURES
w SUMMARY — . ;¢ dWidt Rating @
[=-] "
Flosgs {1 Vaz=10W 0.z » Repetitive Avalanche Aated ""'“"
0, (M ] (nC) e » Isolaied Ceniral Mounting Haols RoHS
T, {nC) 5] = Fast Switching
Ty IVC} 110 = Easa of Parallefing
Configuration Single * Simple Drive Raquirsments
o = Lead (Pb)-free Available
rea DESCRIPTION
Third generation Power MOSFETs from Yishay provide the
50 I designer with the best combination of fast swiiching,
nggedized device design, lbw on-resstance  and
--\\“\ cost-affectiveness.
S ni The TO-247 package = preferred for commercial-andustnal
G B applications where higher power levels preclude the use of
M-Channel MOSFET TO-220 devices. The TO-247 is similar but superior o the

earlier TO-218 package becauss is sodated mounting hole.
It also provides greater creepage distances bataeen pins o
meet the requirements of most safely specifications.

ORDERING INFORMATIOMN

Packags

TO-247

IRFP4G60PhF

Lead (Phj-fee

SIHFP4803-E3

anPb

IRIFP &G0

SIHFP4E0

ABSOLUTE MAXIMUM RATINGS T- = 25 "C. unless otherwise noted

FPARAMETER

SYMBOL UNIT

Dirain-Scarce Voltage

Gate-Source Voage

Conbinuous Dwain Current Vigg at 10V

Tc=

253 C

Tg=

100

Pulsed Drain Curent®

Liresar Desaling Fachor

WS

Single Pulss Avalanche Enengy”

Eas

Repettive Avalanohe Current®

FRepedtive Avalanche Ensrgy™
Maximum Power Dissipabion
Peak Diods Recoveny dwidt

Opsraiing Junclion and Storage Tempsrature Range

Tg=23°C

Ean
Pr

Flz2|=2

33

Te Tﬂ =33 o + 150 .

Saioenng Aecommendations (Peak Temparalure) tor 105

3009

Miounting Torgue

O-32 or M3 screw

10
14

2. Fspettive raling pulss wickn Wmited by MaKmUm |uncion femperaturs (sse fig. 11}

b. Wpo = 30V, slading T, = 23 °C, L = 4.3 mH, Ag = 23 1, las = 20 & (see
. Igp % 20 A, didk < 160 AJps, Vpg < Vps, Ty < 130 °C.
d. 1.5 mmi Inom case.

fig. 12).

* P containing ierminations are not RoHS compllant, exemplons may apply

Docurresni Mumbsar: 34237
8-81300-Rew. A, 28-Jul-08

WA vishay com



IRFP460, SiHFP460

135

VISHAY.
Vishay Siliconix v
THERMAL RESISTANCE RATINGS
FPARAMETER BEYMEBOL TYP. BAAX. UMIT
Marum Juncion-bo-Amibkent ;AT = 40
Case-io-Sink, Flat, Geeased Suriace Fpcs 0.24 - AW
Maximum Juncion-to-Case (Drain} Rauc = 0.43
SPECIFICATIONS T, = 25 °C, unless otherwise noted
FPARAMETER | SYMBOL TEET CONDITIONS | BN | TYP. | MAX J UHIT
Seatko
Diwair-Sowoe Breakoown VaoRage Vs Vs =0V, Ip= 230 p& 300 - - W
Vg Temparaturs Coelficient LA Aefarencs o 25 °C, |, = 1 ma - os3 - Ve
Gabts-Scunce Theeshold VoRage Vosm Wipes = Vo o= 250 pA 2.0 o 4.0 L
Gats-Source Leakags lass Vg =220V - - =100 | nA
Vs =500V, Vas =0V - - 23
Zemo Gabe Vol Drain Curent I
= s Vo =400V, Vo =0V, T,=128°C - - 250 A
Dinr-Bowce On-Slabs Resisianoe Reeyon) Vs =10W k=12 AP = = aar ¥l
Foraard Transoonductanoe Ba v“=:|u'|.r,|;|=12.l." 13 - - B
Dryreamilc
Input Capactancs Can S - 4700 -
Cutpul Capaciiance Com Yos =23V, - ETD - pF
Raverse Tmnsfer Capactianos Cram r=1a - seenig 3 g 380 E
Total Gate Changs IJ-‘ = - 210
_ Iy = 20 A, Vigg = 400 W N N
Gate-Source Charme Oy Vas =10W see fig. & and 13* 29 G
Gate-Dirain Charme [+ - - 110
Tum-On Distay Time toyory - 18 -
Rise Tima = = 2] E
L Vo =23V, =30 A, rs
Tum-0f Delay Time Lekesmy R = 4.3}, Ap =13 01, sea fig. 107 + 110 *
Fall Time 4 = =] E
Infemal Drain Induclarce Lo Batweson load, : . B0 .
& mm: {0.Z3%) from
package and cenbar of | e
Intamal Souros Induotance Ls die contacl g 13 E
Drain-Sowrce Body Dicde Characieristicos
MOESFET symbal . . )
Continuous Sowce-Drain Diode Curent Is . o 20
integral reverss ! A
Pulsed Diode Fonward Cusmant™ lega p - N junciion diods i - - a0
Body Diode Voltage Vo TI=ZE3°Cls=20 A, Vas =0 = = 1.8 W
Body Diode Aewerse Recovery Time = 5ra aal rs
¥ - T, =25 °C, |y = 204, diidt = 100 Ags®
Body Diode Reverse Recovery Chasge T = BT a.6 [F o
Foraard Tum-0n Times - Imtrins o furr-cn Hme is regiigible hem-on is dominated by Lg and Lg)

& Repetitive rating: pulss width imited by mandmum [unction iempsmiuns (ses fig. 11).

b. Pulse widih < 300 js; duty cyols < 2 %

wwwLwishay. oom

Dropument Mumber: 31237
S-B1300-Rey. A, 28-Jul-08
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IRFP460, SiHFP460
Vishay Siliconix

A
VISHAY.

TYPICAL CHARACTERISTICS =25 °C, unless otherwise noted

v j— =
Top =y il
1
By P,
S i S 1%0°C
. a3y #ﬂ
E 1 :
Bobiom 4.3 E ¥
1o v
a w g Fr
5 5 Famr
& 4-.= &
. ] T
20 ps: Pulse Widih
20 = Pulse Widh
Tc=3°C e k{ Vi =30V
10
1@ 1o 4 ] b T L] -] 10
sz V. Drain-to-Sounce Vokage (V) HE Vs Gate-to-Source Volage (V)
Fig- 1 - Typlcal Output Characteristios, Tg = 23 °C Fig. 3 - Typical Transfer Characieristics
E Mn=-=a
E ag | Yas= 10V
T E 2 -
= 5 = .I,r-ll
B o 2 ¥ 20 ]
=] =~
d ; - =
E S E 12 -
[ - 2
- £ 1 =t
-] [ '
=] =
s o -
21 s Puilss Widih =
T =180°C
108 - IE oo
i ot ~-00-40-30 0 20 40 OO B0 100 120 140 160
IR ¥ps. Drain-to-Source YoRage [V HIIT M T, Juncion Temperalue (*C)
Fig. 2 - Typlcal Dutput Characteristios, T, = 130 "G Fig. 4 - Normalized On-Resistance vs. Temperature
Docurresnt Mumbssr: 31237 W vishay coem
3

S-81300-Aevy. A, 2E-Jul-0E
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VISHAY.
Vishay Siliconix "
10000 i0d -
Vor =0V 1= 1 M e
Cun =y + G G Ecried z P
BOoO ey D‘I '= ic =3
= o a1 w E
i T a >
@ b0od c
PN : /
§ emo M"-»M ] ] 120°C #lf
ﬂ - 1‘""'-\... "'...._‘_E-; § rJI F’ fal s
““'n.__x"'- j / '}
. Cra Tt - Ngs = OV
P i o6 [eX: i 12 14 18 1& 220
a7 [ Ve, Dirain-bo-Bowce Woltage (W) HIAT AT Wep, Bowoe-io-Drain Wollage [V
Fig. 5 - Typlcal Capachances ve. Drain-to-Source Voltage Fig. 7 - Typlcal Sowros-Draln Dicsde Forward Volage
20 =55 [
s =N ] [ I_ i COiperation in this area iméed
Wi = 400 ¥, Aoy
3o .,i P . & L~ LI 1
2 Wog =230 W
12 ] | E . s z A
g Vs = 100V, a =
ﬂ I E ] 1
E : g 10 ul i i
a £
. To=23"C o
;-:-E L For fes cirout z T,= 150G G Iﬁ
. = figure 13 . e Fuiss g
¢} L] B 120 150 200 1 12 4 i e
AT Oy, Total Gake Chasge {mC) I Dy Vg, Drain-io-Sourca Voltage (V)

Flig. & - Typical Gake Charge vs. Gate-lo-Source Voltages

Flg. & - Maximwm Sate Operating Area

W sishay. com

Dooument Mumber: 31237
5-81360-Rey. A, 2E-Jul-C48
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IRFP460, SiHFP460

N A
VISHAY.
Vishay Siliconix

Ry
Vo - -y
DUT.
m 9
-— T Vio
_ 1 N
s Pules wieh 5 1 on
: Dy faclor £ 0.4 %
12 ™
5 N
0
€ N
a 8
& N
L
. \
o
25 %0 ] 100 1235 120
337 0 Te. Case Temperature (°C)

Fig. 9 - Maximum Drain Current vs. Case Temperature

o

ass

4
-
-
—

'
1 1y

3

! jo-05

% 01 jo.

:

= mq—-H

! 102 RO

,g 1
1 it 1. Duty Factor D= 1,1,
| I 2 PoakT,= Py KZyr s Te

10
104 104 109 102 01 1 10

I 1 t,. Rectanguiar Putse Duration (8)

Fig. 11a - Maximum Effective Transient Thermal impedance, Junction-to-Case

Voo
i
1\
Vos // \
/ \
/ \
'AS — — — L-———
Fig. 12a - Unclamped inductive Test Ciroult Fig. 12b - Unclamped Inductive Wavelforms
Document Number: 51237 mmhaycug

S-81300-Rev. A, 28-Jul-08
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IRFP460, SiHFP460

EE
VISHAY.

Vishay Siliconix

2400 (s

~ Top E3A
£ 2000 13A
5 N\ Botom 20 A
i 1000 [\
w N \

g N
e
'& 800
& <D

% 400 -— \
w —

0 Voo =50V —
2 20 ) 100 12 190

I A Starting T, Junction Temperature (°C)

Fig. 12c - Maximum Avalanche Energy vs. Drain Current

SO e e
I._o,, O
Va
Charge —

Fig. 13a - Basic Gate Charge Waveform

Fig. 130 - Gate Charge Test Clroult

www. vishay.com
]

Doocument Number: 91237
S-81300-Rev. A, 28-Jui-08
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IRFP460, SiHFP460
Vishay Siliconix

Peak Diode Recovery dV/dt Test Circuit

auT o Circult layout considerations
vl e * Low stray Inductance
Y @ ¢ Ground plane
m_ * Low leakage Inductance

current fransformer
_<.

?3:?{ ) TMI_
—

o (D e L

* Driver same type as D.U.T. T. Voo
* lsp controfled Ly duty factor "D*
¢ D.U.T. - device under test

® Driver gate drive
p——P W————

p=-EM_
Perioa

Vag =10V

(4
LR

2 |puT. gy wavelomn
cument current /
duat

@ |p.uT. Vg wavetorm

_/ i \/ ‘;"’

S L VJ'

vokage Body doce 1ddard drop
@ Jinasctor ourrent

R | S

Rpple < 3% )
i
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Package Information

wraw vishay.com

TO-247AC (High Voltage)

Wishay Siliconix

A
P—
o
=4 m [P
R
na r /o |
E | [nh}
- I
B - I
H <
:  Thermal paﬂ/
See view B Bsnnnt
C
MILLIMETERE IHCHES
DM, MM, A, WML [ PN eI
A 4.28 3.31 i0.180 0208 o2
Al 2.21 2.53 08T o102 E
A2 1.17 2.43 .08 OLOBE E1l
b 053 1.40 0038 OLO3S =
b1 0.5 1.33 0038 0033 ok
b2 1.3 2.33 0.080 L84 L
b3 .55 2.37 [ali . D83 L1 3.7 I £28 0148 0188
bd 2.42 3.43 [ali ;5 D133 M 7.02 BEC D300 BEC
[ak] 2.53 3.3 0.1z 0133 aP 3.5 3,08 0138 o144
a 0.38 0B [ali] ) D.a34 arl - 738 = 0237
il 0.38 0.8 [ali] ) D330 (] a.31 5,08 0208 024
(] TET1 20.E2 OTTE D820 R 4. 02 548 oL1TH [l ]
on 1308 o L1 = 8 4.51 BECG D217 BEC
ECH: X13-0043-Rev. C, 18-Mar-13
DAWG: 33871
Hotes

1. Dimensioning and tolsrancing per ASKE V14061884,
2. Confour of skot opiional.
3. Dimension O and E do not include maold flxsh. Mold fash shall not exossd 0.127 mm 000057 per sids. These dmensions are maasured at
cutermast exbremes of the plasiic body.

4, Thermal pad contour optional with dimensions 07 and E1.
3. Lead finish uncortrollsd in L1.
8,13 P 10 harve @ mandrmum draft angle of 1.3 fo the top of the part with a maximuem hake diamster of 387 mm 0.1547.
T. Outine condarms ta JEDEC curtine TO-24T with escepbon of dimemsion o.
B. ¥lan and Minguin actually phoio.

fhe

RAevisicn: 1E-Mar-13

1

For techinical queshons, cormtact: hyrmeSsds by, com

THIS DOCUMENT 15 BUBJECT TD CHAMGE

Docurmart Mumber: 871300

WITHOUT MNOTICE. THE PRODUCTE DEECRIEED HEREIM AMD THIS DOCUMENT
ARE SUBJECT TO SBPECIFIC DISCLAIMERE, SET FORTH AT wisvw visha, com/doc 731000



142

v|s|-|AIIY, Legal Disclaimer Notice
www.vishay.com V]shay

Disclaimer

ALL PRODUCT, PRODUCT SPECIFICATIONS AND DATA ARE SUBJECT TO CHANGE WITHOUT NOTICE TO IMPROVE
RELIABILITY, FUNCTION OR DESIGN OR OTHERWISE.

Vishay Intertechnology, Inc., &s affiliates, agents, and employees, and all persons acting on its or ther behalf [collectively,
“Vishay"), disclaim any and all kability for any errors, inaccuracies or ncompleteness contained in any datasheet or in any other
disclosure relating to any product.

Vishay makes no warranty, representation or guarantee regarding the suitabiity of the products for any particular purpose or
the continuing production of any product. To the maximum extent permitted by applicable law, Vishay disclaims () any and &l
Eability arising out of tha application or use of any product, (i} any and all kability, including without limitation special,
consequential or incidental damages, and (&) any and all impbed warranties, including warranties of fitness for particular
purpose, non-infringement and merchantability.

Statements regarding the suitability of products for certan types of applications are basad on Vishay's knowledge of typical
requirements that are often placed on Vishay products in generic applications. Such statements are not binding statements
about the suitability of products for a particular apphication. It is the customer's responsibifty to validate that a particular
product with the properties described in the product specification is suitable for use in a particular applcation. Parameters
provided in datasheets and/or specifications may vary in different applications and performance may vary over time. Al
operating parameters, including typical parameters, must be vabdated for each customer application by the customer's
technical experts. Product specifications do not expand or otherwise modify Vishay's terms and conditions of purchase,
including but not imited to the warranty expressed therein.

Except as expressly indicated in writing, Vishay products are not designed for use in medical, life-saving, or life-sustaining
applications or for any other application in which the failure of the Vishay product could result in personal injury or death.
Customers using or seling Vishay products not expressly indicated for use in such applications do so at their own risk. Please
contact authorized Vishay personnel to obtain wnitten terms and conditions regarding products designed for such applications.

No Ecense, express or impled, by estoppel or otherwise, to any intallectual property nghts is granted by this document or by
any conduct of Vishay. Product names and markangs noted herein may be trademarks of their respactive owners,

Material Category Policy

Vishay Intertechnology, Inc. hereby certifies that all its products that are identified as RoHS-Compliant fuffill the
definitions and restrictions defined under Directive 2011/65/EU of The European Parliament and of the Council
of June 8, 2011 on the restriction of the use of certain hazardous substances in electrical and electronic equipment
(EEE) - recast, unless otherwise specified as non-compliant.

Please note that some Vishay documentation may still make reference to RoHS Directive 2002/95/EC. We confirm that
all the products identified as being compliant to Directive 2002/95/EC conform to Directive 2011/65/EU.

Vishay Intertechnology, Inc. hereby certifies that all its products that are identified as Halogen-Free follow Halogen-Free
requirements as per JEDEC JS700A standards. Please note that some Vishay documentation may still make reference
to the IEC 61240-2-21 definition. We confirm that all the products identified as being compliant to IEC 61240-2-21
conform to JEDEC JST00A standards.

Revision: 02-Oct-12 1 Document Number: 91000
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15,000 V - 20,000 V Rectifiers X150SG

25 mA - 50 mA Forward Current X200SG

3000 ns Recovery Time

AXIAL LEADED
HERMETICALLY SEALED

ELECTRICAL CHARACTERISTICS AND MAXIMUM RATINGS
Part Working Average Revorse Forward 1 Cycie | Repetitive| Reverse Thermat Junction
Number | Reverse Rectified Current Voitage Surge Swpe | Recovery Fmpedance Cap.
Vokage Curent @ Vram Cusrort | Cusrent Time @ovoC
tp=8.3ms (3 0. @ 1wz
(VT ) (ir} vt (nzm) (itrm) () Rk (Cy)
88'Cyy) | 100°C¢2y| 25°C | 100'C 253'C a'C 2'C 25'C L=000 | L=123] L=-230 23'C
Voits mA mA HA pA | Voits | mA Amps Amps ns Cw Cw Cw pF
X1508G | 15000 | S0 25 10| 20 |20.0| 100 1 05 3000 5 12 | 215 20
¥2008G | 20000 | 25 13 10| 20 (20| 50 2 05 3000 5 12 | 215 20

170(4.3)

[ - A
'\ MY F : Part A
: . P 5 } X1505G 360(0.14) MAX.
X2008G .380(9.65) MAXC
_J 100(254) | 030+003 | o
MIN. (77 £.08)
—

Dimensions: In. {mm) = All tamperatures are ambient unless otherwise noted. « Data subject to change without nobice.

VOLTAGE MULTIPLIERS INC. TEL 559-651-1402
8711 W. Rooseveilt Ave. FAX 559-651-0740
Visalia, CA 93291 www.voitagemultipliers.com
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C5. Technical Specification for Laser Particle Counter

ParticleScan Pro ParticleScan CR

Minimurm sensitivity 0.3 pm 0.3 pm

Flow rate 0.025 cfm 0.1 cfm

Size channels () 0.3, 05, 0.7, 1.0, 220, 5.0 03, 05, 0.7,1.0, 20, 5.0

Sample time 1-600 seconds [user selectable) 1-600 seconds [user selectable)

Count displayed as particles per cu. ft, particles per liter or particles per cu. ft, particles per liter or
particles per cubic meter (1000L) particles per cubic meter (1000L)

Display 8-digit LED 8-digit LED

Laser source Laser diode, 630 nm Laser diode, 630 nm

Audible alarm range 1-90°000'999 particles per channel 1-09°000'999 particles per channel

Power 120V, 60Hz or 230V, 50Hz 120V, 60Hz or 230V, 50Hz

Rechargeable batteries Mickel-Metal Hydride, & hours continuous Mickel-Metal Hydride, 4 hours continuous
operation oiperation

Dimensions & weight 775 x40x 225 inches (195x 100x 55 775 x40x 225 inches (1952 100x55
om, 1.8 Ibs (08 kg) om], 1.8 Ibs (0.8 kg)

Supplied accessories camying case, purge filter, isokinatic camying case, purge filter, isokinatic
probe, power adaptor, network cable, probe, power adaptor, network cable,
crossover adapter, USE cable, CD), calib. crossover adapter, USE cable, CD, calib.
certificate, user manual certificate, user manual

Warranty 1 year on parts and labor 1 year on parts and labor

Data logging = Internal memaory for 14'366 data points = Intermal rmemdaory for 14'366 data points
= Realtime logging to computer via USE = Realtime logging to computer via UISE

or network connection or network connection
= Data transfer via USE or network conn. = Data transfer via USE or network conn.
System requirements Metwork Connection: Metwork Connection:

= Windows 98/ME/NT/ 2000/ XP Nista,
05X or Linu

USE Conmectig

= Windows XP,

= Windows 98/ ME/NT/ 2000/ XPVista,
05X or Linux
158 Coninection:
Windows XP/¥ista
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D1. Total Collection Efficiency of Pulse-Energize ESP

Pulse peak Pulse Duration Residual Gas velocity  Collection
voltage (kV) Frequency times,Td Voltage (m/s) efficiency(%
(kHz) (microsec.) (kV)

9 40 10 3.6 0.5 83.15
9 40 10 3.6 0.5 82.27
9 40 10 3.6 0.5 80.54
9 40 10 3.6 0.8 82.42
9 40 10 3.6 0.8 82.37
9 40 10 3.6 0.8 75.27
9 40 10 3.6 1 78.38
9 40 10 3.6 1 78.33
9 40 10 3.6 1 77.79
9 40 10 3.6 1.2 75.49
9 40 10 3.6 1.2 72.22
9 40 10 3.6 1.2 70.5
9 40 10 3.6 1.5 71.1
9 40 10 3.6 15 70.66
9 40 10 3.6 15 71.1
6 40 10 2.4 1 59.92
6 40 10 2.4 1 51.01
6 40 10 2.4 1 48.24
7 40 10 2.8 1 63.8
7 40 10 2.8 1 61.61
7 40 10 2.8 1 60.84
8 40 10 3.2 1 79.14
8 40 10 3.2 1 76.47
8 40 10 3.2 1 70.08
9 40 10 3.6 1 78.38
9 40 10 3.6 1 78.33
9 40 10 3.6 1 77.79
5 40 10 2 0.5 50.42
5 40 10 2 0.5 50.42
5 40 10 2 0.5 49

6 40 10 2.4 0.5 63.18
6 40 10 2.4 0.5 63.09
6 40 10 2.4 0.5 59.01
7 40 10 2.8 0.5 74.87
7 40 10 2.8 0.5 71.26
7 40 10 2.8 0.5 70.68
8 40 10 3.2 0.5 84.47
8 40 10 3.2 0.5 84.24
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Pulse peak Pulse Duration Residual Gas velocity  Collection
voltage (kV) Frequency times, Td Voltage (m/s) efficiency(%
(kHz) (microsec.) (kV) )
8 40 10 3.2 0.5 79.89
9 40 10 3.6 0.5 88.54
9 40 10 3.6 0.5 87.35
9 40 10 3.6 0.5 85.26
10 40 10 4 0.5 92.94
10 40 10 4 0.5 92.28
10 40 10 4 0.5 91.84
5 20 10 1 0.5 47.35
5 20 10 1 0.5 42.27
5 20 10 1 0.5 32.74
6 20 10 1.2 0.5 49.87
6 20 10 1.2 0.5 46.77
6 20 10 1.2 0.5 44.41
7 20 10 1.4 0.5 58.52
7 20 10 1.4 0.5 54.9
7 20 10 1.4 0.5 54.01
8 20 10 1.6 0.5 62.63
8 20 10 1.6 0.5 61.26
8 20 10 1.6 0.5 54.52
9 20 10 1.8 0.5 67.01
9 20 10 1.8 0.5 65.75
9 20 10 1.8 0.5 62.99
10 20 10 2 0.5 73.59
10 20 10 2 0.5 72.88
10 20 10 2 0.5 72.49
11 20 10 2.2 0.5 78.28
11 20 10 2.2 0.5 76.52
11 20 10 2.2 0.5 76.42
12 20 10 2.4 0.5 82.01
12 20 10 2.4 0.5 80.34
12 20 10 2.4 0.5 77.81
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D2. Reduction Efficiency of NTP- Agglomeratoin

Pulse peak Pulse Duration Vave Gas Dust  Size Reduction
voltage (kV) frequency  times, (kV) velocity Loadi (10" efficiency
(kHz) Td (us) (m/s) ng 6) (%)
(1015)
45 20 2 1.8 1 5 0.4 90.01
35 20 2 1.4 1 5 0.4 86.1
25 20 2 1 1 5 0.4 83.6
15 20 2 0.6 1 5 0.4 80.6
45 20 2 1.8 1 5 0.6 94.94
35 20 2 1.4 1 5 0.6 92.1
25 20 2 1 1 5 0.6 88.9
15 20 2 0.6 1 5 0.6 81.9
45 20 2 1.8 1 5 0.85 98.56
35 20 2 1.4 1 5 0.85 97.5
25 20 2 1 1 5 0.85 96.4
15 20 2 0.6 1 5 0.85 96.4
45 20 2 1.8 1 5 1.5 98.11
35 20 2 1.4 1 5 1.5 98.4
25 20 2 1 1 5 1.5 97.8
15 20 2 0.6 1 5 1.5 97.8
45 20 2 1.8 1 5 35 98.48
35 20 2 1.4 1 5 35 98.09
25 20 2 1 1 5 35 98.69
15 20 2 0.6 1 5 35 98.12
45 20 2 1.8 1 5 0.4 90.01
45 15 2 1.35 1 5 0.4 84.1
45 13 2 1.17 1 5 0.4 80.4
45 20 2 1.8 1 5 0.6 94.94
45 15 2 1.35 1 5 0.6 90.9
45 13 2 1.17 1 5 0.6 825
45 20 2 1.8 1 5 0.85 98.56
45 15 2 1.35 1 5 0.85 93.41
45 13 2 1.17 1 5 0.85 86.4
45 20 2 1.8 1 5 1.5 98.11
45 15 2 1.35 1 5 15 95.5
45 13 2 1.17 1 5 1.5 88.8
45 20 2 1.8 1 5 35 98.48
45 15 2 1.35 1 5 3.5 97.33
45 13 2 1.17 1 5 3.5 90.69
45 20 2 1.8 1 0.15 0.4 90.01
45 20 2 1.8 1 2.5 0.4 82.1
45 20 2 1.8 1 0.15 0.6 94.94
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Pulse peak Pulse Duration Vave Gas Dust  Size Reduction
voltage (kV) frequency  times, (kV) velocity Loadi (10" efficiency
(kHz) Td (us) (m/s) ng 6) (%)
(1015)

45 20 2 1.8 1 2.5 0.6 85.9
45 20 2 1.8 1 0.15 0.85 98.56
45 20 2 1.8 1 2.5 0.85 87.4
45 20 2 1.8 1 0.15 15 98.11
45 20 2 1.8 1 2.5 15 92.5
45 20 2 1.8 1 0.15 3.5 98.48
45 20 2 1.8 1 2.5 3.5 94.29
45 20 2 1.8 15 5 0.4 84.2
45 20 2 1.8 1.2 5 0.4 88.1
45 20 2 1.8 1 5 0.4 90.01
45 20 2 1.8 0.8 5 0.4 86.1
45 20 2 1.8 0.5 5 0.4 80.6
45 20 2 1.8 15 5 0.6 93.39
45 20 2 1.8 1.2 5 0.6 93.73
45 20 2 1.8 1 5 0.6 94.94
45 20 2 1.8 0.8 5 0.6 92.1
45 20 2 1.8 0.5 5 0.6 88.9
45 20 2 1.8 15 5 0.85 95.5
45 20 2 1.8 1.2 5 0.85 96.38
45 20 2 1.8 1 5 0.85 98.56
45 20 2 1.8 0.8 5 0.85 97.5
45 20 2 1.8 0.5 5 0.85 92.4
45 20 2 1.8 15 5 15 96.4
45 20 2 1.8 1.2 5 15 95.86
45 20 2 1.8 1 5 15 98.11
45 20 2 1.8 0.8 5 15 98.4
45 20 2 1.8 0.5 5 15 95.8
45 20 2 1.8 15 5 3.5 95.12
45 20 2 1.8 1.2 5 3.5 95.13
45 20 2 1.8 1 5 3.5 98.48
45 20 2 1.8 0.8 5 35 98.5
45 20 2 1.8 0.5 5 3.5 96.69
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Eff=(91.811)x(V__ "(3.9988x(107)))x(v"(2.238x(10%)))x
(DLA(-4.392x(107)))x(Size”(5.3816x(107))
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A model to predict the reduction efficiency at various operating conditions could be

evaluated from the experimental data as

Ny = 91.811 x V3039988 x |y~0004392 5 170.002238 5 ¢ 00053816) (4.13)

15kV < V,<45kV,
1x 104 partlcle<N <5x 105 particle
m )

05m/s<U <2 mls,
0.3 um < dp< 5 um.

The results from the correlation could fit all the experimental data within 10 %
deviation.
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D3. Overall Collection Efficiency of NTP- ESP

Pulse peak Pulse Duration Vave Gas Dust  Overall
voltage frequency times, Td (us.) (kV) velocit Loading Collec.
(kV) (kHz) y (1015) Eff.
(m/s)

9 40 10 3.6 0.5 5 91.36
9 40 10 3.6 0.5 5 90.08
9 40 10 3.6 0.5 5 88.16
9 40 10 3.6 0.8 5 93
9 40 10 3.6 0.8 5 92.27
9 40 10 3.6 0.8 5 92.26
9 40 10 3.6 1 5 95.81
9 40 10 3.6 1 5 95.13
9 40 10 3.6 1 5 94.57
9 40 10 3.6 1.2 5 92.53
9 40 10 3.6 1.2 5 92.2
9 40 10 3.6 1.2 5 92.12
9 40 10 3.6 1.5 5 92.59
9 40 10 3.6 15 5 92.21
9 40 10 3.6 1.5 5 91.9
6 40 10 2.4 1 5 65.74
6 40 10 2.4 1 5 59.19
6 40 10 2.4 1 5 54.91
7 40 10 2.8 1 5 80.38
7 40 10 2.8 1 5 78.54
7 40 10 2.8 1 5 74.74
8 40 10 3.2 1 5 86.78
8 40 10 3.2 1 5 86.08
8 40 10 3.2 1 5 83.68
9 40 10 3.6 1 5 95.81
9 40 10 3.6 1 5 95.13
9 40 10 3.6 1 5 94.57
9 40 10 3.6 0.5 0.15 87.79
9 40 10 3.6 0.5 0.15 87.67
9 40 10 3.6 0.5 0.15 80.63
9 40 10 3.6 0.8 0.15 85.86
9 40 10 3.6 0.8 0.15 84.7
9 40 10 3.6 0.8 0.15 84.21
9 40 10 3.6 1 0.15 89.78
9 40 10 3.6 1 0.15 87.76
9 40 10 3.6 1 0.15 87.08
9 40 10 3.6 1.2 0.15 87.9
9 40 10 3.6 1.2 0.15 85.7
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Pulse peak Pulse Duration Vave Gas Dust  Overall
voltage frequency times, Td (us.) (kV) velocit Loading Collec.
(kV) (kHz) y (1075) Eff.
(m/s)
9 40 10 3.6 1.2 0.15 85.18
9 40 10 3.6 15 0.15 82.8
9 40 10 3.6 15 0.15 82.33
9 40 10 3.6 15 0.15 82.11
9 40 10 3.6 0.5 2.5 91.36
9 40 10 3.6 0.5 2.5 90.08
9 40 10 3.6 0.5 2.5 88.16
9 40 10 3.6 0.8 2.5 93
9 40 10 3.6 0.8 2.5 92.26
9 40 10 3.6 0.8 2.5 92.27
9 40 10 3.6 1 2.5 95.81
9 40 10 3.6 1 2.5 95.13
9 40 10 3.6 1 2.5 94.57
9 40 10 3.6 1.2 2.5 92.53
9 40 10 3.6 1.2 2.5 92.2
9 40 10 3.6 1.2 2.5 92.12
9 40 10 3.6 15 2.5 92.59
9 40 10 3.6 15 2.5 92.21
9 40 10 3.6 1.5 2.5 91.9
9 40 10 3.6 0.5 5 71.23
9 40 10 3.6 0.5 5 69.75
9 40 10 3.6 0.5 5 69.71
9 40 10 3.6 0.8 5 73.75
9 40 10 3.6 0.8 5 83.71
9 40 10 3.6 0.8 5 82
9 40 10 3.6 1 5 93.35
9 40 10 3.6 1 5 93.26
9 40 10 3.6 1 5 93.09
9 40 10 3.6 1.2 5 92.32
9 40 10 3.6 1.2 5 92.22
9 40 10 3.6 1.2 5 92.17
9 40 10 3.6 15 5 89.76
9 40 10 3.6 15 5 88.97
9 40 10 3.6 15 5 88.39
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Eff=34.37X(V,,,074514)*(v(9.4815x(102))) *(DL/(2.1454x(102)))
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A model to predict the overall collection efficiency at various operating

conditions could be evaluated from the experimental data as
Ne = 34.37 X V0.74-514- X N—0.021454 X UO.O94815
c . mean g )

6 KV <V 0x <10 kV,
1x 104 particle <N <5x 105 particle
cm3 cm3 '

0.5m/s <U,;< 1.5mis.

The results from the correlation could fit all the experimental data within
10 % deviation.
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m1519 D4.1 Number Concentration of Particle at Downstream of ESP

Number concentration of Particle(particle/cm?)

Run 0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
1 352,331 197,734 308,414 158,457 39,879
2 332,627 198,318 314,736 185,668 45,504
3 336,286 198,354 321,478 181,199 45,074
4 333,245 194,034 324,716 179,145 46,476
5 265,164 153,208 243,914 139,379 31,329
6 342,451 196,719 319,373 170,027 43,508
7 336,177 195,683 323,654 181,062 44,876
8 364,446 207,858 335,094 171,817 39,701
9 367,638 206,615 325,525 157,507 35,698
10 371,378 210,704 321,132 146,722 34,932
11 389,815 219,876 307,521 129,111 29,912
12 376,546 209,464 314,302 137,183 31,636
13 364,285 206,650 311,020 147,506 31,768
14 376,966 212,292 306,896 137,739 33,676
15 382,596 216,197 307,614 137,709 35,277
16 386,914 215,159 316,053 143,868 34,823
17 388,245 213,204 296,253 122,806 29,150
18 393,716 216,782 308,078 127,254 27,968
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Number concentration of Particle(particle/cm?)

Run

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
19 378,208 208,318 299,171 127,894 30,042
20 369,197 207,109 297,674 131,494 32,501
21 370,429 208,840 312,552 143,524 37,192
22 363,023 198,489 298,756 140,846 33,434
23 369,734 209,018 326,556 159,008 37,071
24 355,494 205,933 309,184 151,474 39,932
25 353,601 204,983 308,714 158,042 38,757
26 343,606 198,885 318,572 166,978 42,661
27 351,148 203,532 312,771 160,007 40,721
28 366,361 206,947 311,394 151,803 36,420
29 329,173 197,525 325,487 173,836 43,262
30 332,159 191,456 322,693 184,797 45,641
31 345,098 203,349 317,975 168,513 42,191
32 378,063 209,026 322,751 145,672 33,858
33 366,843 207,435 322,053 150,270 34,428
34 364,499 211,643 322,847 153,539 33,552
35 382,513 211,802 298,250 126,707 29,926
36 420,848 220,961 286,859 112,149 25,664
37 446,393 230,747 281,579 102,743 22,406
38 466,568 218,240 226,628 76,883 14,870
39 463,646 220,169 230,030 76,022 15,756
40 433,946 228,753 281,746 99,938 23,316
41 429,819 223,082 285,921 104,325 22,291
42 448,981 239,378 267,587 95,723 21,009
43 481,148 235,108 243,161 84,572 18,676
44 351,236 160,105 167,409 54,082 11,399
45 429,578 217,861 273,776 107,688 23,953
46 369,417 202,432 302,484 138,836 33,362
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Number concentration of Particle(particle/cm?)

Run

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
47 348,746 194,806 313,786 166,679 41,795
48 343,462 196,156 318,062 177,439 41,478
49 360,758 203,467 322,307 153,804 38,810
50 373,779 213,951 317,828 139,482 32,023
51 385,704 222,191 320,749 139,563 28,631
52 381,969 209,991 313,376 130,319 29,553
53 381,722 209,303 298,965 123,042 27,620
54 442,436 228,763 278,835 106,193 23,992
55 490,406 247,187 257,782 87,998 17,013
56 465,752 234,355 245,449 86,736 18,221
57 412,032 221,482 289,721 108,247 24,697
58 401,898 219,486 311,936 128,883 26,658
59 389,138 217,424 311,367 130,554 29,395
60 375,558 204,426 309,183 142,044 31,879
61 375,961 212,208 321,804 137,672 31,995
62 366,956 198,681 306,004 130,267 31,933
63 357,487 205,107 306,219 133,207 29,628
64 355,468 194,949 310,280 137,891 32,589
65 372,957 212,769 324,398 146,216 31,786
66 378,735 212,465 308,343 127,430 27,124
67 401,212 217,753 298,539 119,750 21,777
68 399,977 225,049 310,880 130,308 29,001
69 179,943 71,468 62,683 17,188 2,801
70 386,497 164,506 153,729 47,564 9,104
71 443,017 203,826 196,466 62,292 12,869
72 472,703 228,707 238,700 81,543 18,753
73 486,218 231,723 216,952 71,584 15,637
74 486,132 221,252 204,879 67,433 12,221
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Number concentration of Particle(particle/cm?)

Run
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
75 493,502 216,528 174,183 52,889 9,973
76 390,146 155,024 119,283 34,378 4,701
77 508,263 239,052 228,369 76,426 15,636
78 514,899 235,389 216,833 71,554 13,883
79 497,866 241,737 242,523 80,681 15,589
80 439,265 224,239 255,397 89,086 20,738
81 420,613 226,049 281,727 103,407 21,713
82 415,060 220,177 289,353 105,631 22,494
83 401,416 218,973 290,382 110,312 24,972
84 388,016 216,238 296,337 118,700 29,882
85 363,069 204,984 308,295 138,851 32,439
86 359,417 206,018 312,335 140,862 33,501
87 371,779 216,379 309,368 129,883 33,893
88 363,313 208,031 311,158 138,838 33,551
89 358,501 199,205 299,796 141,333 32,698
90 352,714 206,312 306,859 139,061 33,538
91 386,317 204,944 308,252 123,712 29,248
92 366,821 207,883 319,363 138,022 33,514
93 366,528 206,112 322,463 144,002 35,593
94 384,266 213,988 308,722 121,901 28,524
95 412,793 227,916 291,498 112,281 25,083
96 381,833 209,474 301,654 121,990 26,123
97 369,194 205,011 299,896 127,971 29,579
98 364,408 207,761 303,384 132,376 30,808
99 356,183 206,204 313,013 131,353 32,586
100 353,721 204,063 310,683 136,899 32,712
101 369,983 207,836 310,203 129,013 30,134
102 369,306 210,783 306,733 125,076 29,091
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Number concentration of Particle(particle/cm?)

Run

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
103 360,582 205,629 310,916 134,230 31,729
104 368,829 206,078 304,916 126,473 29,266
105 376,078 210,783 302,037 119,323 29,307
106 353,413 205,569 299,822 138,598 34,545
107 368,368 207,229 314,788 158,762 39,177
108 373,345 213,609 322,187 147,173 36,639
109 366,182 211,235 310,141 140,421 35,123
110 373,529 213,643 306,591 136,463 33,345
111 483,176 304,652 331,584 122,572 25,928
112 636,222 424,303 351,642 83,817 14,846
113 454,743 279,212 344,502 140,013 33,577
114 357,741 201,984 308,759 140,881 33,304
115 352,483 203,542 303,869 140,903 38,175
116 459,813 282,423 335,247 140,903 30,978
117 532,603 328,667 345,407 120,073 24,889
118 528,949 333,082 348,226 116,903 23,036
119 535,936 358,537 351,062 111,266 19,133
120 579,756 377,044 339,722 92,533 16,709
121 573,294 364,905 351,406 100,553 18,327
122 720,626 500,461 361,046 59,508 7,466
123 649,849 448,904 355,090 73,562 11,104
124 985,151 521,245 258,001 15,961 702
125 1,044,879 441,783 223,592 16,158 1,662
126 456,873 274,447 331,679 123,876 27,222
127 386,522 223,462 305,823 131,233 30,731
128 634,680 403,929 338,862 86,463 16,623
129 867,051 532,237 304,201 30,659 2,804
130 950,354 523,724 255,941 14,709 878
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Number concentration of Particle(particle/cm?)

Run
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
131 845,231 538,607 316,022 32,826 3,163
132 640,842 412,603 367,524 93,388 15,844
133 463,134 276,559 325,136 117,013 24,551
134 417,429 241,116 297,262 111,758 24,475
135 408,089 229,214 282,811 104,491 24,390
136 430,768 231,594 266,099 90,636 16,808
137 442,308 238,908 261,353 81,557 15,383
138 459,267 251,578 258,853 78,711 15,583
139 493,277 254,869 220,078 64,850 10,897
140 509,146 262,928 205,709 58,317 7,323
141 527,068 266,274 191,202 51,952 7,142
142 551,314 253,721 167,659 41,089 4,821
143 614,718 249,806 147,293 32,153 3,482
144 668,280 211,637 120,142 23,448 2,392
145 659,684 199,572 115,586 24,368 2,547
146 659,187 200,160 123,272 24,389 3,214
Average 434096 237268 288155 115371 26177
STD 128160.6 74714.73 54200.44 40654.84 11358.99
10643.16 6204.721 4501.101 3376.201 943.3126
upper 20860 12161 8822 6617 1848
lower 20860 12161 8822 6617 1848
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713519 D4.2 Number Concentration of Particle at Upstream of ESP

Number concentration of Particle(particle/cm?)

any

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0

1 428,158 210,326 216,789 72,934 17,860
2 400,861 218,542 288,163 110,975 25,617
3 461,477 235,989 269,434 94,374 22,320
4 435,330 220,049 269,986 97,693 23,640
5 399,079 217,274 286,941 110,285 27,022
6 377,184 208,047 299,327 129,249 30,019
7 350,926 202,358 303,235 152,646 35,989
8 354,358 204,138 320,582 154,993 40,357
9 345,922 198,318 308,392 155,259 37,282
10 350,969 197,391 306,019 156,989 38,412
11 365,127 204,278 310,131 140,937 34,518
12 406,587 218,375 292,808 115,279 27,581
13 418,600 219,560 286,414 104,399 22,042
14 445,680 228,106 272,279 93,854 19,852
15 460,089 234,680 255,971 86,812 18,715
16 452,829 230,411 261,417 88,747 20,395
17 417,023 221,553 274,443 102,611 23,120
18 384,561 212,868 296,228 120,501 27,056
19 393,659 213,738 302,831 120,892 26,983
20 400,641 223,274 298,171 115,106 25,024
21 384,981 210,659 291,845 113,319 25,221
22 409,486 219,644 294,222 103,376 23,149
23 421,639 229,036 280,461 97,301 21,025
24 439,101 238,338 274,212 90,258 18,753
25 424,171 233,657 276,422 92,485 19,247
26 412,446 223,992 282,937 99,316 19,911
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Number concentration of Particle(particle/cm?)

a1y

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
27 427,825 228,046 288,651 98,166 22,035
28 399,694 219,863 292,848 112,494 24,374
29 408,391 224,273 276,947 100,408 22,804
30 426,754 230,119 274,149 92,293 19,387
31 437,563 231,291 287,948 99,159 21,233
32 400,492 225,495 291,396 104,146 23,639
33 399,496 214,161 295,433 111,208 25,981
34 433,477 228,472 275,889 93,244 18,136
35 451,396 237,879 256,467 80,876 16,811
36 460,350 233,124 243,848 75,440 16,589
37 464,108 235,121 255,919 80,658 17,337
38 449,797 233,044 266,041 86,453 18,737
39 494,542 242,355 247,236 76,934 17,016
40 457,339 237,614 253,046 82,311 15,807
41 423,504 224,216 253,700 88,118 19,031
42 420,319 225,461 275,517 91,360 21,336
43 416,293 227,129 287,978 101,182 20,898
44 418,818 226,417 281,916 95,156 16,921
45 436,106 234,933 279,564 89,194 17,818
46 433,987 234,177 273,689 87,143 18,858
47 470,444 240,883 258,784 77,939 15,581
48 466,112 237,628 256,463 79,004 13,150
49 471,686 243,181 256,200 75,765 13,226
50 486,904 250,671 251,228 75,775 12,838
51 520,161 249,722 219,927 64,811 10,273
52 465,813 239,973 252,761 78,658 14,959
53 429,585 232,514 278,564 93,703 19,047
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Number concentration of Particle(particle/cm?)

a1y

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
54 436,327 238,370 276,537 88,053 18,012
55 439,934 240,892 272,193 80,091 16,664
56 423,842 224,452 275,602 97,296 19,816
57 404,276 228,356 295,275 103,124 23,857
58 383,443 213,187 295,599 115,002 24,964
59 407,154 230,025 279,933 97,004 21,047
60 421,858 228,477 274,867 89,613 18,219
61 412,454 223,385 260,381 86,592 18,900
62 402,313 220,227 294,136 105,838 22,857
63 412,841 223,694 278,826 100,616 21,105
64 430,692 232,297 264,927 86,221 18,724
65 427,517 231,974 268,889 91,544 17,748
66 415,900 223,053 289,864 100,199 22,585
67 389,562 220,270 291,188 107,003 25,854
68 416,442 239,128 297,489 112,548 27,093
69 461,652 262,548 313,652 106,372 22,040
70 413,745 222,273 283,701 98,409 23,474
71 438,587 234,077 263,920 86,750 18,248
72 406,922 223,231 263,876 88,428 19,200
73 414,671 228,884 283,086 95,912 22,659
74 411,132 227,005 275,881 92,269 22,861
75 395,901 215,825 274,117 103,893 26,375
76 433,507 243,116 298,803 110,363 24,882
77 405,393 222,937 281,212 98,478 22,443
78 423,587 227,471 275,389 92,606 21,354
79 417,109 231,932 272,425 96,676 21,533
80 416,441 226,517 271,910 92,907 19,444
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Number concentration of Particle(particle/cm?)

a1y

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
81 447,167 246,864 255,622 81,182 16,011
82 442,521 238,818 247,772 72,461 14,645
83 440,240 240,311 244,544 74,918 14,143
84 457,899 240,072 252,143 80,874 16,037
85 567,677 373,174 312,850 64,886 10,996
86 875,849 598,972 336,868 11,679 938
87 904,654 598,529 320,272 9,902 330
88 855,668 600,068 343,582 12,449 699
89 772,568 564,033 349,943 17,592 1,111
90 636,589 438,113 360,186 63,747 7,529
91 558,434 374,535 321,648 71,425 10,748
92 560,993 365,327 321,321 77,040 12,924
93 987,102 514,346 255,944 9,181 278
94 1,251,393 248,248 85,015 610 0
95 785,691 581,319 379,422 25,655 1,924
96 894,461 566,231 314,552 11,221 510
97 926,777 572,696 317,960 10,246 424
98 662,730 481,718 363,900 47,118 4,562
99 483,508 247,441 234,654 72,450 14,131
100 478,659 248,527 251,557 76,397 13,934
101 493,898 274,476 273,826 79,021 15,652
102 459,145 236,281 232,178 74,445 15,467
103 460,704 240,607 232,067 70,978 15,736
104 456,258 242,850 232,037 73,673 15,664
105 460,962 240,082 228,248 72,504 14,101
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Average 477110 263996 278986 87596 18717
STD 149119 98834 35075 30120 8060

14622.34 9691.554 3439.434 2953.512 790.4244

upper 28659 18995 6741 5788 1549
lower 28659 18995 6741 5788 1549
600000 -
500000 -

400000 -

300000 -

B Up stream

B Down stream
200000 -

Number concentration.particle cm

100000 -
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m1519 D4.3 Number Concentration of Particle at Downstream of ESP

Number concentration of Particle(particle/cm?)

ey
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
1 12,078 1,994 1,214 325 65
2 12,447 2,016 932 346 65
3 11,857 2,276 888 151 65
4 12,998 2,213 1,041 195 108
5 13,849 2,279 672 151 65
6 12,183 1,886 953 260 86
7 12,209 2,190 975 195 173
8 14,029 2,019 1,064 434 86
9 12,950 1,995 954 303 21
10 13,521 2,148 781 173 151
11 12,561 2,191 998 368 195
12 13,284 2,235 998 282 108
13 11,924 2,081 910 325 151
14 12,868 2,517 781 260 195
15 13,260 2,126 1,041 282 21
16 12,272 1,929 975 281 173
17 13,260 2,213 954 303 130
18 13,080 1,822 824 455 21
19 13,434 1,909 933 325 65
20 12,802 2,603 976 216 21
21 12,342 2,234 1,062 520 43
22 12,688 1,887 1,214 130 65
23 13,036 1,952 780 281 43
24 12,581 2,039 1,149 390 43
25 12,651 2,343 1,236 303 173
26 13,215 2,191 954 282 21




168

Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0

27 12,568 2,517 1,237 434 86
28 12,951 1,974 997 238 108
29 13,049 2,410 1,085 369 260
30 12,733 2,299 737 347 21
31 13,459 2,279 911 369 86
32 12,032 1,864 1,149 281 65
33 12,165 2,450 824 346 0

34 12,016 2,451 1,301 325 65
35 12,516 2,364 1,041 238 65
36 13,303 1,996 1,063 282 151
37 12,319 1,865 1,236 347 195
38 13,066 1,996 1,410 303 108
39 13,045 2,365 824 542 260
40 13,458 1,888 1,345 238 173
41 13,256 2,104 889 216 43
42 13,259 1,974 998 282 130
43 13,636 2,171 998 369 151
44 12,539 2,277 867 390 173
45 12,208 2,038 1,019 303 86
46 12,187 2,190 1,084 238 65
47 13,304 2,061 1,215 195 108
48 13,414 1,996 1,041 347 173
49 12,624 2,125 976 216 65
50 14,467 2,259 847 260 86
51 12,714 2,104 824 303 43
52 13,238 2,105 998 303 130
53 12,386 2,407 954 303 151
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
54 12,273 2,038 1,040 238 130
55 12,493 1,930 932 433 108
56 13,876 2,128 1,172 304 86
57 13,412 1,931 1,063 325 151
58 13,874 2,106 977 260 151
59 13,067 2,235 1,128 325 195
60 12,339 1,973 867 260 108
61 13,090 2,149 1,193 434 86
62 13,043 2,040 1,063 390 151
63 12,775 1,865 1,041 260 108
64 12,937 2,235 998 434 217
65 12,499 2,191 1,236 455 151
66 13,267 2,497 1,020 434 130
67 12,715 2,104 1,063 585 86
68 12,935 2,560 954 390 86
69 13,367 1,844 998 282 43
70 13,177 2,127 1,345 260 108
71 12,707 1,843 845 238 65
72 11,873 1,863 541 238 86
73 12,686 1,995 910 130 65
74 13,765 2,258 955 369 130
75 13,541 1,953 889 130 108
76 13,173 2,148 1,085 347 65
77 12,975 2,169 998 390 86
78 12,628 2,321 1,301 238 43
79 12,841 2,364 629 238 108
80 12,711 2,125 867 238 65
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
81 12,317 2,103 997 260 86
82 13,284 2,257 1,150 369 21
83 13,172 2,300 868 217 130
84 13,851 2,149 998 238 86
85 13,027 2,605 1,042 521 130
86 12,274 2,212 867 325 86
87 12,402 1,994 932 238 21
88 12,974 2,278 846 303 43
89 12,929 1,735 1,041 325 108
90 12,295 2,298 802 281 43
91 14,095 2,389 977 260 86
92 13,543 1,953 976 347 108
93 12,739 2,712 911 282 108
94 12,208 2,298 758 325 65
95 13,723 2,280 1,259 195 65
96 12,690 2,039 1,019 325 108
97 12,755 2,104 954 325 86
98 13,022 2,365 933 303 108
99 12,886 1,974 997 325 108
100 13,656 2,149 1,259 173 86
101 13,194 2,235 759 282 130
102 13,393 2,105 1,085 325 65
103 12,341 2,299 824 260 108
104 13,106 1,931 1,106 347 130
105 12,080 2,298 1,041 281 108
106 13,328 2,170 1,041 412 65
107 13,938 1,975 803 369 130
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
108 12,998 2,104 868 368 217
109 11,840 2,537 997 281 65
110 13,063 2,083 1,063 130 130
111 12,740 2,235 1,150 434 86
112 13,059 1,865 997 347 86
113 13,214 1,931 1,106 303 43
114 13,192 1,952 889 412 108
115 12,668 2,234 911 303 86
116 12,252 2,363 889 195 108
117 12,514 2,016 1,019 281 130
118 13,106 2,321 802 325 65
119 11,725 1,994 910 281 108
120 12,605 2,256 1,019 325 173
121 12,731 1,930 1,084 238 65
122 12,893 2,474 1,258 238 65
123 12,753 2,082 802 325 108
124 12,778 2,386 976 130 108
125 12,337 1,886 1,127 173 86
126 12,562 2,668 889 282 151
127 13,107 2,191 846 303 151
128 13,064 2,191 954 347 173
129 12,646 2,147 932 347 65
130 13,325 2,061 1,020 238 130
131 13,352 2,627 890 390 130
132 12,711 1,952 976 347 65
133 13,131 2,235 1,085 434 43
134 12,955 2,278 1,085 260 86
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0

135 12,430 2,277 1,084 347 21
136 14,013 2,411 1,173 325 130
137 14,031 2,258 1,020 390 65
138 12,344 2,147 1,345 368 86
139 12,673 2,517 1,237 282 0

140 12,582 2,299 911 412 130
141 12,388 2,321 1,019 433 130
142 12,277 2,039 1,062 477 130
143 12,654 2,735 955 347 173
144 12,382 2,125 954 303 21
145 12,794 1,930 715 238 108
146 12,335 1,821 715 346 86
147 12,190 2,407 1,084 281 130
148 13,284 2,105 1,324 217 108
149 13,088 2,235 1,128 325 65
150 11,534 2,189 1,300 346 65
151 13,105 2,017 759 433 65
152 12,303 2,452 1,063 477 173
153 12,716 2,235 1,215 282 65
154 13,221 2,735 1,063 151 86
155 12,362 2,147 1,106 238 43
156 12,630 2,517 1,171 282 130
157 13,327 2,083 911 499 173
158 13,543 2,083 933 195 130
159 12,516 2,234 1,171 238 21
160 12,362 2,147 1,062 303 65
161 13,323 2,104 802 282 43
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
162 13,125 1,800 1,084 282 86
163 12,930 2,191 889 282 65
164 12,602 2,038 932 368 130
165 12,779 2,234 1,084 303 65
166 12,692 2,039 1,171 325 21
167 12,847 2,170 1,302 195 195
168 13,133 2,257 1,041 347 130
169 12,863 2,104 802 216 173
170 13,266 2,431 1,237 282 86
171 12,798 2,386 715 260 108
172 12,605 2,234 889 390 130
173 12,888 2,126 1,041 325 130
174 12,543 2,235 1,215 607 65
175 13,279 1,974 867 390 65
176 12,630 2,560 1,128 303 21
177 12,561 2,560 911 195 151
178 12,802 2,126 1,301 260 65
179 12,473 1,930 1,171 368 216
180 13,088 2,170 976 325 195
181 12,975 2,104 1,150 260 43
182 12,843 2,212 1,084 195 21
183 12,777 1,974 1,171 260 65
184 13,242 2,561 1,128 195 65
185 12,996 1,909 889 325 238
186 12,387 2,299 954 477 86
187 12,559 2,169 1,149 216 65
188 14,153 1,758 911 173 108
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
189 13,171 2,234 1,084 151 0
190 12,715 2,321 1,063 412 43
191 12,623 2,082 802 303 195
192 12,932 2,126 1,236 195 130
193 13,261 2,474 976 86 86
194 13,592 2,410 825 434 21
195 13,216 1,931 1,041 325 86
196 14,048 2,171 868 217 151
197 11,790 2,015 758 325 108
198 12,445 1,951 997 151 65
199 13,285 2,170 1,107 369 43
200 12,648 2,104 1,019 390 86
201 13,194 2,235 911 303 130
202 12,806 2,431 1,106 455 130
203 13,217 2,083 1,237 217 108
204 11,554 2,232 953 476 130
205 12,782 2,365 1,193 368 130
206 13,325 2,040 1,041 260 108
207 12,580 2,169 780 303 65
208 12,187 2,103 867 412 151
209 13,022 2,387 976 347 108
210 13,875 2,236 998 238 195
211 12,731 1,952 976 260 21
212 12,715 2,169 1,280 238 43
213 12,841 2,060 824 173 43
214 13,702 2,214 933 456 108
215 12,603 2,082 1,062 368 86
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0

216 12,470 2,168 932 303 65
217 12,585 2,148 1,193 390 108
218 13,237 2,148 824 151 151
219 13,767 2,236 977 369 65
220 12,802 2,365 933 325 108
221 13,058 1,930 780 303 65
222 11,770 2,124 823 346 108
223 12,121 2,276 954 173 108
224 12,910 2,017 1,193 390 0
225 12,670 2,212 998 347 173
226 12,884 1,778 976 238 86
227 12,079 2,298 1,149 238 86
228 12,467 1,821 802 390 86
229 13,018 2,147 954 347 21
230 12,074 1,842 845 260 151
231 12,367 2,451 1,193 260 151
232 12,383 1,951 1,019 216 195
233 12,886 1,974 1,019 347 108
234 13,217 2,235 846 325 108
235 13,154 2,387 1,107 325 108
236 12,644 2,082 975 238 21
237 12,882 2,016 585 325 65
238 12,364 2,147 1,106 390 86
239 12,493 2,190 867 368 195
240 12,300 2,277 1,171 455 43
241 13,197 2,474 976 325 86
242 12,866 2,061 1,171 282 130
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0

243 12,099 2,060 867 390 216
244 12,497 2,581 1,084 260 108
245 13,346 2,213 868 260 65
246 12,998 2,170 1,085 282 65
247 12,671 2,278 1,128 347 108
248 12,687 1,843 954 368 43
249 13,373 2,279 1,150 260 151
250 12,907 1,908 1,084 173 151
251 13,106 2,148 911 303 43
252 12,842 2,104 911 260 130
253 12,696 2,213 1,193 477 130
254 12,583 2,104 911 412 151
255 12,952 2,256 846 216 65
256 12,716 2,321 1,019 477 173
257 12,949 1,865 889 347 108
258 13,198 2,301 1,042 325 130
259 12,298 2,060 1,258 281 151
260 12,426 2,016 954 303 86
261 12,387 2,277 976 368 216
262 13,177 2,149 1,128 282 238
263 12,602 2,082 911 412 86
264 12,566 2,126 1,367 499 195
265 13,022 2,192 1,172 303 238
266 13,330 2,214 1,020 455 151
267 12,041 2,343 1,280 542 195
268 13,084 1,844 1,236 347 151
269 13,092 2,496 1,194 303 173
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Number concentration of Particle(particle/cm?)

a1y
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0

270 12,414 2,365 1,150 629 173
271 13,001 2,148 1,367 347 108
272 12,699 2,214 1,541 434 303
273 13,098 2,736 1,390 390 282
274 12,736 2,082 1,084 368 195
275 13,218 2,257 998 455 108
276 12,759 2,191 1,019 455 43
277 12,625 1,995 1,128 368 108
278 12,992 1,778 1,041 281 21
279 13,416 2,301 1,107 173 173
280 13,082 1,952 1,128 216 43
281 12,891 2,387 933 368 21
282 12,364 2,321 1,019 303 130
283 12,780 2,408 889 347 130
284 12,518 2,386 954 303 43
285 12,601 2,038 1,084 216 86
286 13,151 2,148 933 434 108
287 14,073 2,150 1,107 238 152
288 12,216 2,625 1,280 390 151
289 12,977 2,213 998 303 195
290 12,759 2,148 1,236 260 217
291 12,628 2,495 846 390 108
292 12,694 2,300 911 455 195
293 12,408 2,125 1,236 303 195
294 12,431 2,321 1,063 412 130
295 13,132 2,040 1,367 195 282
296 13,006 2,562 1,215 434 86
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Number concentration of Particle(particle/cm?)

aay
0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
297 12,694 2,039 911 434 325
298 12,938 2,149 1,389 499 130
299 12,551 2,714 1,302 694 173
300 13,288 2,084 1,259 629 282
301 12,676 2,062 1,410 651 195
302 13,252 2,607 1,607 456 238
303 13,055 2,541 1,716 499 217
304 12,766 2,431 1,172 607 260
305 13,096 2,302 1,520 629 347
306 11,802 2,299 1,236 650 238
307 13,165 2,433 1,607 630 304
308 14,685 2,436 1,327 652 435
Average 12,857 2,181 1,031 325 113
STD 498.7093 201.6313 173.3974 104.345 64.73625
28.46284 11.50771 9.896311 5.955284 3.694693
upper 55 22 19 11 7
lower 55 22 19 11 7
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713519 D4.4 Number Concentration of Particle at Upstream of ESP

.o Number concentration of Particle(particle/cm?)
ey 0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
1 13,870 2,565 1,521 673 326
2 13,785 2,500 1,848 782 369
3 13,692 2,542 1,499 717 282
4 14,401 2,958 1,501 870 261
5 14,312 2,610 1,696 543 261
6 14,265 2,848 1,413 739 217
7 14,178 2,696 1,761 652 86
8 14,327 2,478 1,478 565 456
9 13,875 3,110 1,631 608 326
10 14,559 2,916 1,175 696 261
11 14,106 2,151 1,543 565 347
12 13,408 2,651 1,477 630 412
13 13,996 1,956 1,477 652 304
14 13,343 2,825 1,651 478 260
15 14,092 2,674 1,348 869 347
16 13,977 2,565 1,391 543 326
17 13,366 2,803 1,543 543 195
18 13,612 2,892 1,435 543 282
19 14,083 2,455 1,456 369 260
20 13,820 2,759 1,303 543 195
21 14,306 2,783 1,195 652 173
22 14,127 2,890 1,064 586 65
23 14,872 2,761 1,000 478 195
24 14,100 2,107 1,412 434 130
25 13,115 2,497 1,281 499 108
26 13,274 2,411 1,346 869 238
27 14,565 2,761 1,021 391 369
28 13,687 2,693 1,173 456 195
29 13,730 2,129 1,455 586 217
30 14,174 2,478 1,543 543 130
31 13,687 2,389 1,303 543 217
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Number concentration of Particle(particle/cm?)

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
32 12,850 2,409 1,193 520 86
33 13,028 2,605 1,259 521 130
34 13,819 2,433 1,390 521 152
35 12,193 2,386 1,171 303 130
36 13,178 2,409 1,194 412 130
37 13,030 2,736 1,346 456 86
38 12,856 2,627 1,368 694 130
39 13,599 2,324 1,368 608 217
40 13,645 2,455 1,434 673 195
41 13,278 2,542 1,673 478 217
42 13,799 2,564 1,216 608 152
43 14,578 1,955 1,064 434 130
44 14,265 2,957 1,391 608 260
45 14,923 2,675 1,392 696 282
46 13,075 2,584 1,672 434 108
47 13,600 2,476 1,368 586 152
48 14,496 2,325 1,217 652 108
49 13,111 1,888 1,215 477 434
50 13,426 2,650 1,368 651 108
51 13,568 2,040 1,085 347 65
52 14,429 2,020 1,238 499 260
53 12,673 1,996 1,258 585 65
54 14,123 2,259 1,325 521 195
55 13,160 2,606 1,259 456 152
56 13,882 2,433 1,129 347 173
57 13,377 2,106 1,563 369 108
58 13,069 2,084 1,324 629 151
59 13,243 1,845 1,454 542 151
60 13,207 2,389 1,520 434 152
61 13,600 2,694 1,129 586 282
62 12,347 2,278 1,193 607 151
63 14,283 2,804 1,369 630 65
64 14,564 2,347 1,217 499 239
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Number concentration of Particle(particle/cm?)

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
65 14,058 2,563 1,064 456 304
66 13,838 2,128 1,346 369 325
67 13,248 2,084 1,628 456 325
68 13,576 2,367 1,411 412 195
69 13,004 2,474 1,020 455 108
70 13,838 2,237 1,281 369 260
71 13,667 2,563 1,281 434 86
72 13,752 2,172 1,585 369 217
73 12,410 1,996 1,323 433 195
74 13,775 2,433 1,390 369 282
75 13,357 2,345 1,607 325 195
76 14,013 2,476 1,129 477 173
77 13,496 2,477 1,499 586 304
78 13,540 2,499 1,521 847 260
79 13,247 2,171 1,237 564 260
80 12,652 2,170 1,128 542 325
81 13,510 2,454 1,411 412 108
82 13,484 2,019 1,302 521 217
83 14,351 2,544 1,696 652 152
84 13,603 2,477 1,651 456 260
85 13,291 2,388 1,324 564 152
86 14,346 2,282 1,434 695 195
87 13,118 2,584 1,455 477 152
88 12,632 2,387 1,215 542 195
89 14,648 2,216 1,325 478 130
90 13,289 2,084 1,498 477 151
91 14,317 2,346 1,129 391 130
92 14,455 2,934 999 391 130
93 13,443 2,367 1,151 456 152
94 13,111 2,257 1,128 325 173
95 13,067 2,257 1,193 542 43
96 13,134 2,496 1,150 390 86
97 13,355 2,215 1,129 651 173
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Number concentration of Particle(particle/cm?)

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
98 13,668 2,368 1,303 565 239
99 14,296 2,346 1,021 217 195
100 13,772 2,628 955 499 130
101 12,978 2,213 1,150 390 130
102 13,634 2,019 1,367 260 86
103 13,505 2,323 955 412 108
104 13,840 2,802 1,281 347 65
105 13,547 2,149 1,194 325 108
106 13,339 2,693 1,303 369 217
107 13,569 2,149 998 477 86
108 14,573 1,780 1,064 304 86
109 13,465 2,323 1,259 347 217
110 12,917 2,388 1,194 455 195
111 13,268 2,280 1,237 521 260
112 13,287 2,192 1,259 499 86
113 12,737 2,473 889 347 86
114 13,049 2,562 1,150 499 108
115 12,855 2,670 1,216 434 238
116 13,686 2,433 1,498 304 86
117 13,704 2,410 1,020 347 195
118 13,879 2,280 1,151 390 260
119 12,863 1,648 1,301 282 65
120 12,672 2,343 1,084 303 108
121 11,954 2,755 1,258 325 130
122 13,530 2,410 912 456 260
123 13,203 2,801 1,194 390 65
124 13,899 2,302 1,172 238 195
125 13,461 2,344 738 564 130
126 12,826 2,300 1,128 434 151
127 13,500 2,083 1,041 260 86
128 13,003 2,236 1,107 347 173
129 13,836 2,302 1,086 608 86
130 13,704 2,541 1,064 412 65
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Number concentration of Particle(particle/cm?)

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
131 12,344 2,494 1,106 368 86
132 12,934 2,040 1,085 477 173
133 14,008 2,345 1,064 260 43
134 12,665 1,843 910 347 65
135 13,508 2,475 1,042 412 152
136 12,693 2,408 976 368 151
137 12,674 2,322 1,237 390 108
138 13,610 2,257 781 347 65
139 13,855 2,171 1,042 412 108
140 12,720 2,496 1,324 499 108
141 12,034 2,081 954 390 108
142 13,373 2,323 1,128 390 43
143 13,080 1,995 932 195 65
144 13,543 1,714 1,128 303 173
145 12,841 1,865 911 412 108
146 12,753 2,060 910 260 43
147 12,632 2,365 1,150 347 282
148 12,889 2,386 1,128 216 65
149 13,524 2,040 1,042 347 173
150 12,822 1,909 998 499 21
151 13,983 2,084 955 303 65
152 13,378 2,606 1,281 347 130
153 12,976 2,191 1,041 303 108
154 13,001 2,235 1,237 303 108
155 13,414 2,062 1,324 195 86
156 12,977 2,018 1,171 325 108
157 13,720 2,257 868 238 108
158 13,628 1,996 889 217 108
159 14,032 2,367 1,129 282 173
160 13,131 2,040 1,280 260 173
161 13,878 2,193 1,303 369 86
162 12,608 2,604 1,128 238 86
163 12,581 2,082 954 325 108
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Number concentration of Particle(particle/cm?)

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
164 13,154 2,083 1,128 499 195
165 12,408 2,234 1,149 303 108
166 12,253 1,908 1,149 390 86
167 13,372 1,932 1,302 195 217
168 12,957 2,474 954 347 130
169 12,649 2,213 1,041 325 151
170 13,547 2,236 1,107 217 108
171 13,462 2,106 1,281 542 65
172 13,367 1,866 1,063 260 86
173 12,782 2,322 1,193 390 173
174 13,327 2,235 955 238 108
175 13,461 1,975 1,194 303 173
176 12,670 2,278 1,236 195 65
177 13,953 1,649 716 303 43
178 14,357 1,998 1,020 390 173
179 13,702 2,301 1,107 369 43
180 13,280 1,974 1,150 325 43
181 13,086 1,888 1,215 151 108
182 12,058 2,472 824 347 195
183 12,821 2,017 976 238 65
184 13,304 2,105 976 477 108
185 13,156 2,323 1,150 325 108
186 12,535 2,016 910 216 108
187 13,104 1,974 911 282 151
188 13,395 2,366 1,042 347 108
189 12,521 2,560 1,323 238 86
190 12,991 1,995 824 130 21
191 13,264 2,474 1,107 260 130
192 12,820 2,147 780 325 86
193 13,695 2,061 868 282 65
194 12,038 2,039 1,366 347 130
195 12,847 2,452 976 303 86
196 13,541 1,866 889 195 151
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Number concentration of Particle(particle/cm?)

0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
197 13,112 2,301 1,020 390 173
198 12,799 2,234 846 325 130
199 12,712 2,082 976 282 65
200 13,327 2,170 998 390 130
201 12,957 2,387 911 303 173
202 13,195 1,996 1,128 260 151
203 13,037 1,908 997 216 43
204 12,713 2,256 997 282 86
205 13,455 2,083 868 260 65
206 13,125 1,930 1,084 173 86
207 14,132 1,519 1,128 282 65
208 12,425 1,908 975 455 21
209 13,413 2,105 1,085 325 65
210 13,236 2,213 650 238 130
211 13,326 2,430 955 217 65
212 13,373 1,997 1,172 282 173
213 13,107 2,213 1,106 260 43
214 12,599 2,255 758 108 65
215 13,477 1,888 954 238 108
216 14,529 2,106 673 347 86
217 12,428 2,277 997 238 108
218 12,487 1,886 672 281 21
219 12,294 1,951 975 368 86
220 11,813 2,080 932 281 65
221 12,761 2,647 1,128 217 65
222 13,517 1,714 932 260 21
223 14,072 2,367 868 260 21
224 12,314 1,799 1,018 195 43
225 12,472 2,277 954 238 151
226 13,960 1,997 890 390 65
227 12,121 2,233 975 303 43
228 11,884 2,494 1,062 325 108
229 12,056 1,973 1,084 346 65
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Y e Number concentration of Particle(particle/cm?)
iy 0.3-0.5 0.5-0.7 0.7-1.0 1.0-2.0 2.0-5.0
230 13,125 1,974 781 433 65
231 13,473 2,017 715 282 43
232 14,142 2,367 999 347 130
233 13,303 2,083 954 347 86
234 13,056 1,648 845 195 86
235 13,737 1,866 716 303 108
236 13,544 1,996 1,063 260 65
237 12,996 2,104 932 412 65
238 13,108 2,322 911 260 65
239 12,402 1,994 845 303 65
240 13,562 1,866 976 173 21
241 12,096 1,886 888 346 21
242 13,869 1,823 933 195 86
243 13,827 2,214 694 260 130
Average 13,365 2,286 1,164 408 146
STD 624.2259 290.1565 231.3352 149.3565 85.08602

52.38388 24.34939 19.41322 12.53371 7.14026

upper 102 47 38 24 13
lower 102 47 38 24 13
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Abstract

This paper presents the design and construction of the dlectrostatic precipitator for treated soot from the exhaust pipe
by using corona plasna technique that generates from high voltage pulse energizing to excite the clectric field
between electrodes. Therefore, the clectrons between electrodes have energized mto high energy m clectrode gap.
From a comparative study of the field exciting between high voltage pulses energizing and high voltage direct current
energizing, it was found that high voltage pulse energizing not only used lower encrgy but also had higher efficiency.
Moreover., the relationship between varying high voltage and treating soot has been discussed.

© 2011 Publashed by Elsevier Ltd. Selection andor peer-review under responsibility of CEO of Sastainable Esergy System,
Rafamangah University of Techmology Thanyaburi (RMUTT).

Keywords: Soot particks; Non-Thermal pl Elex ic precipi

1. Introduction

Electrostatic precipitation (ESP) technology has played an important role m the control of particulate
cmission from fossil fuel combustion. ESPs generally have very low-pressure drops and low clectrical
consumption. One of the most recent applications is used to remove soot particles from exhaust gases.
Soot particulate matters are carbon particles smaller than 10 pm suspended in the atmosphere for a long

* Correspoading author. Tel - +6653-92]1444; fax: ~6653.213.183.
E.ani! avldress: mkhoen_thirkotmail com.

1576.6102 © 201 | Published by Elsevier Lid. Selection andfor peer-review ender responsibality of CEO of Sustainable Energy System, Rajamangala
Unversity of Technology Thamyaburi (RMUTT )
dou: 10,1016 egypro 201 10903
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time [1]-[4] and low resistivity. It is well known that abnormal re-cntrainment takes place and collection
cfficiency drops sl'nrply when clectnical rtsnstmty of particles becomes lower than 10° ohm-m [51 Then.,

the efficiency cannot increase by increasing voltage because soot particulate matter has low resistance,

including with moisture causes to breakdown which cffects to decrease the efficiency of collecting
particle carbon.

The conscquence, varnious methods to reduce soot particulate matter developed continually. In this
case, negative collection cfficiency, where the number of particles of downstream 1s greater than that of
upstrecam must be studied m an expenimental ESP [6], [7]. High-collection—<fliciency systems for carbon
particles were achicved by using an ESP as an agglomerator [8], [9].and and by mixing water mist with
gases [7]. Mitchner and Sclf [10]. Kobasha [11], Kildeso et al. [12]. and Laitmen ct al. [13] studicd the
effect of bipolar charging on the AC agglomeration cfficiency of a parallel plate agglomerator. Watanabe
et al [14] performed experiments with a quadrupole ficld, in which particles were charged and
agglomerated by AC voltage superimposed on DC voltage. Hautanen et al. [15] experimentally
investigated the AC agglomeration of unipolar charged particles with both parallel plate and quadrupole
agglomerator. Eliasson and Egh [16] proposed an agglomerator based on the increased rate of thermal
coagulation duc to attractive forces caused by bipolar particle charging. Mitchner and Sclf [10] carried out
u serics of expeniments to measure the differential charge-to-mass ratio of the particles by corona charging
and reported that the charging process became less effective at a higher concentration.

Non-thermal plasma can be generated by applying high-voltage pulses to clectrodes with small
diameter or sharp edges. and 1t has been applicd in clectrostatic precipitator. The plasma i1s gencrated by
applying high-voltage pulses between the discharges and collecting electrodes. The required voltage to
produce the pulsed corona plasma depends on the distance between two clectrodes. and the palses
duration. The duration of pulse is less than | ps, and rise time 1s about ten of 2 nanosccond. Such pulsed
voltage can make much higher clectric ficlds during pulse without causing spark breakdown as in the
clectrostatic precipitator [17].

The aim of this study is to mprove the treatment efficiency of soot particles flowing into an ESP
encrgized by high-voltage pulse power and compare results with those achieved when a DC supply is
used.

1. Experiment

2.1. Experimental setup

tgh Vedoge Powa
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L
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Fiz. 1. Experimental system schemsatic diagram.
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1.3, High voltage pulse power supply
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Fig. 3. The circuit dizgram of the pulse power supply.

The circunt diagram of the pulse power supply 15 shown in Fig. 3. The DC voltage 12 'V from battery
was stepped up to 12 KVac by a pulse transformer with frequency range around 10 to 40 kHz. Rise ime
and pulse wide are 400 ns, and 500 ns, respectively. Then. the high voltaze AC from the pulse
transformer was rectified DC pulse by a high voltage diode before supplying to the ESP.

3. Resulis and discussion

The V-1 charactenstics of the ESP are shown in Fig. 4. On energized negatrve DC to the ESP, the
corona ocowrred on set voltaze 4 kY and the current gradually increased with quadratic function of
voltage. When supplving voltage was higher than 7 kV, the spark took place between the tungsten wire
and the in=mde cylmdncal tube of the electrostatic precipiator. However, when the power supply was
replaced by the prototype of lazh voliage pulse power supply as shown mm Fig. 3. although the current
gradually mcreased with quadratic function of voltage as same as encrgized negative DC supply, the
corona discharged on the tungsten wire began at 5 kV. Mevertheless. the peak voltage of the DC high
voltage pulse can nse up to be lagher than 7 kY wathout spark.

Carrenl uk

Fig. 4 %-1 Chamacteristics.

The total removal efficiency for the ESP as a function of both DC and pulse voltage condinons was
shown in Fig. 5. The results indicate that total removal efficiency was effective higher than 50% when the
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corona discharges occurred on the tungsten wire in the ESP. The total removal efficiency was increased
while the voltage was mcressed. Because the electric force on the soot particles was increased by
mereasing electne field mtensity, the collecting particle carbons from exhaust gases also imcreased.
Unfortunately, the voltage must not exceed 7 kV before the breakdown in the DC condition. However, the
pulse voltage conditions can increase higher than 7 kV without spark. Consequently, the total removal
efficiency can be mcreased up to 90% by increasing the peak pulse voltage up to @ kV before the
breakdown occurred in the same configuration of the ESP.
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Fig. 5. Collection efficiency 2= a fonction of pek voltage.

The collection efficiency as a function of operation time up to 30 mun was shown in Fig. 6. The
collection efficiency for enerpized DC decreased with increasing operating time. The collection efficiency
for energized pulse also decreased with increasing operating time and became constant at the end. In DC
supply condition. it also found that the collection efficiency decreased when the soot particles
accumulated on the tungsten wire increased. But from pulse power supply. there were no more carbon
particles accumulated on the tungsten wire in the long rum.
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AGGLOMERATION OF DIESEL PARTICLES USING AN ELECTROSTATIC
PRECIPITATOR UNDER CORONA PLASMA

AT nadan

alum folsoiiamas
auieanTaningh
AMAMINTINMENT
wwingasmaluladnmusnssum
o.ila9 .1%p4lwal 50300

I
nwaiipsa 1insadslsad

a A a
MadTamnITaniana
andrmnssumaas aminmanigosln

unAaba
sl :‘J\mmuﬁa:ﬁnmé’nvmmsnun"’aﬁwmat}mnﬁwa{aum’iamn
aznowdslvihatameldlalamwman  lagldimimassdluinissanaznowds
Mﬂmﬁnuuumuuduﬁ‘u’éti‘m[maﬂéamh:'-ga"num:v’lm‘é‘auﬁns:s}’un‘auxmﬁugc
WUUWRE aud 15 KHz sERULTIe 22 KVp a8y WarwihaiAannawn
Fomdsdaad lindesanaznon aumadiarmadnazgnilimadnuiivne
Ingdudslalwmnmn dosanmilwssesemafigegadi 8 Umin Siwdanu
Bunnduwz (u 35.5 JL wammesaswuhdanmsinavesiwiinadesnyments
TWENUVBIOUMAGITA TasAigammsina 8 Limin ﬁ'ua:_i'pé’num:tﬂuﬁam‘ﬁ‘u'mmu

... e L& . I P A
TUIA m\manﬂmﬂna 2 Umin sursiiansuaduduniifoiusndiwauann

o110 2.18alnal 50200

° o~ o o - 4 a -
Adrdn: nmanadanu lalsmmmn eumadios, insasnnaznewdslnihaia

s
1. unvia
o - ca = ] a
faladsnniosuddoaiuminanisuesuafivneeima
a - . = -~
ilassniimaaydoseumanmaiinszduwluans  uas NOx
o a d .7 .
uarfonsfindug  eumeavmalnindidansnudogunw
y v ¥ aa - - N
agun  saiudidanudniiulunaideeymevmadnmi
£ g RS wat - o - o
inagiissimirngs  lalmawandnsasenmadioaiivh
a 4 > .
nneniinfierimaidaeymavmaidnanlededion (1] ud
Sawunugmlunmoeu dugu anuduan dasimSnwedn
- o &
dmiuaumafidumeamnbuues uszargnmaldnmau
- -
mawmmgmnﬁwmﬂumfuawmmt’m'lu‘s:auwﬂuwm
uasdranudunmulihdind 102 Teu-was [2] Sedarsey
5 & o o 4 vax
Idpsuazmeszylanai damilooumafiduszagnuantd
E - da = v = -
indoudanaznaussiiBianlmainifiy eymaszgninfisaihld
fiszamieununudidninsanniiv uszargnuAnl¥nIzAausen
Wlunszusfaierinmadavszglmign ibiidamsnazaauly
(N - - -~ o
sunududiEninsanniiy  uazafoudalosesnaniniesan
aznawdelWiiatin  lisaninwlumsiniivaymadios
sanea]  Svldvhmadanmsfiaanusansaluidaeumn
- o a a v a &
fwavanniasanaznawdiinihadadomafionmmnin oy
- v o &y
mahbesmesnadnmumnuliivnelnguld
o - a daa .
3nsnnaznewdalwihafiauuusisuennfidianinaldon
P N " i . o~ = .
Uazaguituderveganiananzwindidninadniiuusuny
v - - - - - . .
dumansdulasuseduguuuuiad Aianandisiadtesninly

v a

Tavinfimbiiiamssendszgwanman  aefueinmsuiia
nnddnasaunnuigasuiuluanavesie Uszneudisydy
WHLINUASALENIKANN UAZUES UV Afw#DY uazmsduns
ulmannih ‘fNmmmﬁw‘lﬁ‘mgmnﬁvnanm"‘;ﬁ'u'la”
Tumsumanail i ldnmmaesssdnememImudainges
m.tmnﬁnmtﬂu'li’m"s'amnﬁ:namia‘lﬂﬂ’mﬁﬂmu\ﬂnbm
wnsudamnnliusanmsinavesaimea

., adod
2. vanmswaznnejnineatios
i S & » i
24 matamai oumasmiwilndonswialug
Py &

matlfeumanwnadnnudnuiuiauswalngin vie

aumawainllimzAatueymeavwialng mansnrldlan
4 ¥ e
maldnAwdEns [@4] ussmImuuiuvesler [5] wdiEnisiaw
Wassmdsuann  anmsdnmlay Stairmand [6] lddszanm
- N -

nwrh'lwm‘m'm'umatEnn‘n‘lutmmnﬂutmaonnﬂ:namidﬂ

- - F & v -
fhatiavwalng Mutwduioudonamenaudoaiudadling

2 @ ow L e A
swdaunnzind feuweumeanmuaerafiusdulyliatios wis
Gy ; & :
Fasruiuldnuanitezlufsluneunisanaznon  &ums
muisnla Al insnafudn gl snaswInnITw A

1admatiauelfinafiamailinudnusywiadeny

oo = . - a a
sumanfivwadnnitlulaswes  vasvhaweziidssiniam
- - . &

Fundanugann 7, 8] Undeumavwiadnninlulasweiu



198

bimanuduieulasmssaszasnann adwlsiowaann
ynldmasinlalswwaaun 1ﬂa:unsuvaemﬁlaoﬁmaﬂﬂugﬂﬁ 1
Tuduaanusn a»‘smm:gna"ml!:’sg'[ﬂﬂ'lﬁﬁﬁwhoﬁ'u asluin
mawﬁaan:lfJumm's:vfua"mamu‘Mﬁwns:uaaﬁu"z‘xw:ﬁﬂﬁ
aymaanaznanld  n3asrmeumalifuwalngduiuoy
49 ﬁﬁ'ai{ Bipolar Parallel-plate Agglomerator nemaulag
Kobashi usz Mitchner uaz Self [9] m&n‘mv:gni‘fﬂﬂi:’gu’m
uazdayszgay ushlimudnmiutoudssun s nsus
@33 wianszugsay  mwnsoviidaudutuidsuiuues
m‘mmﬁﬁmmmﬁnn'z'n'lu[mmmaﬂmﬂs:m:u 30 eiFud
Unipolar Aiternating Electric Field Agglomerator [9,12,13) aumn
v:gné’aﬂs:g’lﬁﬁfmﬁmﬁnu imiumldudoaunuin
NITURRAY uauﬂﬁgmmmmszu %um‘jﬁwwmua:msmm
aymalapaziowia 100 lulaswes dmiveuwmaswia 0.1-1
Tulaswas  summezanazneuuazunmduiauwelngiu
'lwum:ﬁmﬁauﬁuuuﬂ‘mﬁaamnﬂszqua:msmﬁauﬁv At
iun‘minmwmm‘tm swaiannilulasuas AR
i 19 wWefidud vesrGudu fuaumarmIaiEnni 0.1
Tulananhliifiansmadnuldionieumavwalngni
1 lulanwas mﬂ:'lumgmnﬁﬁnmmﬁnn'h'lulmmﬂnfuuamj
'ﬁga-unen1s§uv:t?§un1wmwmm&mn TWIATDITBUBUMA
sumusamiiAsiwldlesnafivaud  fetagu 5
Al 50 Hz feueummziiomwa 1 s 8 lulnswasudduiy
amnuiiilu 300 Hz ﬁauamwna:inﬁutﬂu 30 fia 50 lulasiwas
[13] Bipolar AC/DC Agglomerator [14] agmm:gna‘aﬂs:a‘uuu
aanf‘mnmsﬂa’am]'s:?Tﬂfsm'lmmuns:uaaiu udrwa
ywsnwiutounwnalngdulumnalwiinsuans wdsn
'fuv:L'E’ujmmnﬂ:nauﬁﬂﬁﬂszﬁﬂ%mwmsﬁnLﬁum}mﬂw‘m
1 Tulanmsgaiioy 100 wWefidud udezansy 10 wWafidud
ﬁ'mi'umﬁmnﬁﬁﬂmmﬁnn'h 0.03 'lwlasiwas Quadrupole
Agglomerator 1§ualay Watanade uaz Suda [9] laumsgalaxy
ATUNUNERVBIIBIEN Insaduri flanududuveseuma
awa 0.06 H9 1 lulanwasaarstszanm 20 wWasidud uazms
8aUsgszinm 1 mChkg  Nakajima usz Sato [15] lalduried
inInsasasunis nudiinInsauuuusdu 8n sesudu Taslfuselw
mlflifimssaszglinveyna udldnmanzdumaios Tu
mdindaszaliiveumanwnaiin dedunudaiumelng
Fuudrdanmmbunsenilisaninmmmusiuanas

4 3 e ,
3R 1laszunsuveaniosmuoumadudeuumalnage)

UszinBmmnsmudinuueseumeaiidadnng ilasanmssas
ﬁwmﬂs:ﬁaLﬁmﬁutﬁaagmﬂn‘oami’imﬂi:q'lwﬂ'uvhﬁuud
st thﬁ'ui'lamwLflunma‘lﬂmmm‘lﬂswﬁuagmnﬁlu
Tfvwalngdudeluldan (12] m‘%aos’mv‘hag&mnﬁ'e'la’nm’)
Mudthauiy agnwna:’lﬁs’umsiaﬂs:ga‘;u maldeuiazy
Talswinszusass wielalsunszusady afpnuAsaInn
aznowdsIWihatiauuuiia u.sim?aanuﬁmgmnﬁ'm‘lﬂﬂ'mﬁn
tailioumafvwelngin  wssilbiduanaznewldieds
idasanaznowBimnn Wi winlslnau

2.2a@mupInaran
2 ip " sl s g s
mnnm:wuaqamumm‘wmauwi’ngmsuﬂulnﬁnuauﬂmas’
a e a i o~ ‘a .
aidnlnsa uszindouninssludineatamnaididninie aalefing
obnolas TMP. Briels [16], EH.R. Gaxiola[17] ua: JT.
o 4
Kennedy[18] fsnuthlalanaiivesasivueilasuiiunou
o L & o
voInmIneandumuruedit  umeauuIn flamiBuifiae:
rd ¥ - - a - - < & -
N TuasunssIfennfeunvasFaTuNeT uatTunaui
& v oo oL
MufamstfianszuaunIsimasnnianiuesiugese e
- 5 N &
Mezndndalui
nmMasuaaduneiuudesddidnaseudaszszum
4 ae il - o o
10' - 10%lectron/am®  T9BNAARVUTOUTUT IABTIRAOETN U
a ) . o
didnaseunlanldasanimeau(Electronegative

L . -
Bilinasewmaiiazgniisnoladniwavesawaiviih v viali

gasses)
BEnaseuiimdiwinin  denalWiAanislossluddsmmu
wasBiinason MlwidiEnasoudasfed eI
EORUDEY %ea:ﬁgmiﬁwamu'lw‘ﬂﬁ nsABiEnaTeMmARoN
dmoldmnulini sraiemslessluslasmamudusniiu
ninm TumsilEndinszunudodulszimvammiiaud
(Townsend coefficient, & ) Fausasituumuiiaufiielossaln
i vasBiEnasewdfindeui idszoemmitaoudwasiufia
e Wi

navasmamzAnasiliifionsgyideiinasen  sanso
unudufuszamBnninmzAn(Attachment  coefficient; 77) 9
wnsfsdmunimzdadezusiliaudasiindeunalufin
momewlnih M @ uaz 77 Suagmuduswatiussay
wawiuMT  Waseueianesiie (q - ) Alsantmsless
winu (net-ionization; @ ) d1 @ > 0 Swandianasouaziimg
dWanduuuuienlusmdos
wit@ <0 v:'l:jtﬁﬂn'mJa'auﬂs:glﬁmmnﬁtﬁnnmuﬁmzﬁ
Fmuaaas Iummﬂﬁqmqﬁun:n‘nua"uﬂnﬁ (NTP:293 K, 1
bar) AaslFanuduawn Wi 30kv/em lumahlWa > 0

a A -~
mﬁnnsaua:nmwh:ﬂs"wamu'lvlﬂ*nmumﬂ‘:ﬁ‘wn’nm

fnalWiiadiinaseuasnaus

a a - -~
Wiasnndidnasenuazlesaunnindousmimumany  midnm

#rmanlan JM. Meek [19], H. Raether20] usasliiiinin

NTP fhiwiudianasaudaszanniia 10°-10°67 UIIUIADDY
- . e e -, -~
s Ivfmiipaihssrinuiusu Wil dwiuns
- - t4 ™
uJamwma:ﬂmwit{}usmumns’uuﬂw‘uuﬁ‘lﬁfmwﬁnmhu



199

C. Montijn [21,22] usasbitAninuananmisiiansanguniins
3 5 . P o e
mﬁauﬁa:m'lﬂgmsmﬁau'l'umwsun'mﬂavmﬂuaoﬁmuus’
4 & PR - - “ a v 4 a
Fotuagnusnenivosnaaieuil tazAIngn AL LRRE AT

flszanmof — 10" 99

o Efeld
m
t
e
Va

Efleld ©

- a
3UN 2 ugas ae3uuaslufiamaunlna (CDS) uazaaduweilu

fimauelua (ADS)uazuaaEaIuWe Taw N INFhTIN[26]

gauasiansuaiunmafivewaivihomalng 1u
a - - o - - -
WnawhsasuwaimumImaadouii mafuawaIWiiliings
H e 90, & o a o - '
wofmliddulszaminisleseludant @ Ssnuduuan  dean
g o DO Gl o)
manmnu’lwugnaﬂwummumnmemnmmuvnaw‘-‘mmm’
4 o - < a a &
munfenivesaniuwe’ lmufiansvainsiiuiues
e 2 ¥
anwliih  wahlWiAetesinszusasiuweiin NNM3
$nesdapnoufama’ SK. Dhali and P.F. Williams[23] ,U. Ebert
Juazanis(24) C. Montijn[25] ldugasliifiuiiasaduwefiiu
& G o
Ysanunsdeuseutmpvastasaniuies  Iwlsandananaiiuns
@euduasnmamwusiunyszaamBiidnann anuduswu i
- T oa - - - a
Winmmuidgia 250kvem UM 2 uaa sasuwaslufiem
unlna (CDS) uszanduwaslufisnaualua (ADS) usasse3Y

R o
wasmww Wi suwIWihanundsine E s M7

mulutosfowasan(Quasi-neutral plasma) afiawialwiha
oi'm'z"mu'm'lﬂﬂ'\gwm Armsvasiasaiuwe’ awwlnihee

a X 4 £ v i .
nwwu\umrm'nwumﬂwv‘n'n unm:u:menan'lﬂmnamn

IwHhaziianrin X i PwavsIINeLI MmN axlinT
Waannnindadisuiutessaiwe’ dniuusnuueniinuasia
aauwesluamansnuonaananinlaethataian

e wavasmdmeadanylas Montijn [2.12] M3dnaedaa
‘imuu'f‘f’mulu'lulmnw'iqn‘{ muldawlniieng aw
tﬁ'uau‘m'lvlﬂ'wﬁqaﬁwi'umsﬁﬂmn’mma{ Tuanmadisn
Uszanm 10%-10°kV/em ﬁ'e*fuamu'lﬂﬂ'\mwtﬁugemmmtﬁn
Jule nﬂm"\uuﬂé’u‘lﬂﬂ'flﬁﬁ'uﬁu'anlnmﬁﬁﬂ'nu'himngﬂge
m'mszvjun"muﬂa"ugeuuuﬁaéuﬂu Wetlaatumatiaiusn
m'zﬁﬁaugmﬂﬁiaommﬁ el ludnadiEninseis
ﬂa’mwaaﬁfhlﬁushﬁ'uLﬁauﬁﬂ:tﬁnan‘s’muaﬁu s wih
wilaeies  liaaduweumedeanlyldedi

I |
ADLUDY

- Py I} - < - -~
mawwdsufiagndaiiiasassaiume’  Hanwdagluns
9 s w4 .
shafifnasaudasziulnifovanligeznaudin - awge
& . - IS & - - -
fneznsaeiuueiaaniussuuufio gauwaslufiana

unlna CDS uazasduwaslufinnisuslua ADS a"\mamlugu'?‘\
2 fnuuansneanuaseiinadetaussaulWiighiusianinge
Umsunaaniauanindiininia AUUANFANNANTENIN
(CDS) U (ADS) WoRmmmufiemenandenfivessady
wasdmnsiumnulWihnundsits CDS suiiiameuwn
Wuuwndeiuduswnulwih s ADS dusumatusun
TWihudfidofnsefiiamadoiunandeudazesdidnasen
'un&:ﬁ‘ﬁtﬁnmau’qﬁuqﬁgnaﬁaﬁmuﬁwmﬂﬁmua{ URZQNLIY
Iiindoum W luiienvasasduwed

#wiu CDS mfui‘nmmr;'-unnmnn’htwn:msmﬁauﬁwm
BldnsseumunmInuaesues Fntunalnnsindeuiiatng
doiflasuns CDS siudasiiniaiediinaseudaszlu/donsay
faunuvasRaIues ua:v:gnn‘atﬁmjﬁ'xaﬁmuas’ M
BiEnaTawRndwinsInReRwenn s Aneduesd
vhﬁ'mﬂﬁimh:ﬁn%mﬂaaa‘lu-iqniﬁfhtﬂumn 3md
mm:au:i’mi'uqwsahnﬁmwﬁf;umlwﬂﬁau‘inmuaﬂﬁwuam
Tuguft 2 sinmstiufinues S.Badaloni uaz 1. Gallimbertif26), 1.
Gallimberti[27)]

mmqv«ﬁnfmﬂﬁtﬁﬂ‘é\ﬁnmauﬁmzmn'luu"‘mmuanﬁmfu
aolnlalonaluain  IMneufiiisduaniisasuwessaniole
soludlaanaluszozingld WalReseduesdriuandanily
elnlalooolwaiuRuiuin  saduweiadouilobse
dedlusesema  dlesmwnaiWihassswwassiuwefilaann
wo faziliduyszanleselwatugnidauiiuun Wodw
uﬂﬁ"ut‘wmnwnﬁv:ﬁ‘ﬂﬁinmﬁmua{mm_‘m%nmwﬁ'wmﬁ‘:m
Fatieazanmes—g skviem@miu €Ds  luweme

. -~ - & .
dmiu ADs  awwIWiuadiosulidsznm

Fued
[27,28,29]
12kV/cm hm‘ms:vju?unnmas'\fuv:tﬁu’hn'wﬂ'\'lﬁtﬁn ADS
axdpaldussnuganiy [29] wonminmwnaswa v liia
aoﬁumm‘ﬁ‘ﬁuagﬁ'uﬁwﬂs:nawaeﬁ'wun:ﬁ'nwm:lnnm”n
Vas3uanined
“aLﬁnmaun’nuﬁagawﬁ'ﬂumqnuaaﬁ'\-nﬂ'ﬂﬁnﬁa‘laan‘lu
wiu  uRsRAuETWRIFINUITnauAIsBaauLINUAZAUTININ
17N UaKURY UV Bnvhiisdnfuwdsimnnwman  uasnmadums
wimAnWih - AldiRensnuiueeseumaweidnwionImy
ffuvaseumavmainiveymavwalng moldsesuued

WRIFAN



200

- a <
3 msawaua:qﬂnst\mﬁﬂau

0|
| ~— Emitting electrode
W0m

Cotecting electrode

[—

(s) (b)

(c)

4 : & “
3Un 3 w3ssanaznawds Inihaiin

i - a a od
31]9’1 3 ugaumissanaznowdsIWihatiauuusmuEun

v aa aad 4 e a_a
'lJS:ﬂﬂUﬂ']UB&JﬂﬂdaLRn‘[’ﬂTﬂZﬂﬂﬂlﬂDU NUNMUNUT 3 VRFILAT

n‘nuz.wuauﬂu 1 adlwas  seoeu 2 SsAwes oM 100

ERIRN 1’\0ags:m"n‘é\?anTmarTmﬁuIam: LAAIURE 30

Sadwas  BlEninsanniiuinnususLawas 100 x 120 @1

TefiaAluaInm 1 JaANaT

e

Py S e il
)| | [ =
il VIl e -
ke ( L s

JN | N [

I K | |

outpwt
22%v0C

Vom0 Al

— |
Controls Unit Bute dne ‘

|
L

< d o & o - ¢
gﬂn 4 mmommﬂuﬂﬂugonuuwaa‘

3\_[*‘('; 4 uamm‘%mmtﬁﬂusﬁugmuuﬁaa‘ dmiuaini
-}hLmgam:vjum‘s‘aaﬂnn:nautiﬂﬂﬂ'\ﬂﬁﬂ Usznoudiy  wilia
wlaslWimsaassduussanundsiisasnn 220 Tad
neussduaaiu 12 Tadnszuaady uszgaiFoonszusrimiius
nrusasuldIuininszuaass 12 Tad  dafiudszg Wi
whiszrundsnulni a’mfﬁua:'qvm'mquﬁwwﬁ’lﬁlmuqums
Janddoondsemlnii wwuied  Tasmansadiuanunitua:
auiveatadld  ndeudaslwihiadusege (ugunoidmiv
wlasrzaunssdunagan 12 Tad Mgﬁmﬂu 22 Alaladdasy
chw's'un's:cfum‘i'smnﬂ:naul‘ﬁo'lvlﬂmﬁﬂ Tavvinmssadny
shaasBianlne  swdidninsannifiudenunmad

PVC tube outer
diameter, 60 mm

4 =
Juns ukuniFUNNTANAnDY

~ {cemussooex
| e

31]&’{ 5 uaadiEmmenss Mrladofizadiansdwannms
Lm'lmﬁﬁa‘muqﬁv?au TaglFazfosinaiuiioa dromsen il
augazﬁﬁwlﬁﬁwﬂs:nmw’huau}mmﬂuimmmfz nIsanTed
s:‘umh:namY’Jnﬁmaugﬂa‘vmﬂ‘?'ﬁuﬁmuama:‘m:uaaahumu
wamunsniunnu§adsduneiiaed mlvmunnlivdan
m3lnald gga 10 Ansdawiii

m?'aai’Ja')"ﬂma'lﬂWwehws"m"mzﬂn‘f‘a‘uuwﬁu'lwﬂ'm'l'iaaa%a
Taalan(Tektronix TDS 210) uazIwsuia WiusIg 3onlalas
1furiunsasdniuiuaotng

Tuunawitldlimiapusswdsnudunndnumnz(Specific
Input Energy, SIE) (1) iludnlszidiuanusinsn  lawsn SIE

fenadumasiwihal sl demiroSinasvesfine

Electical Input Power [J/L] (1)

SIE[J/L)=
WL Gas Flow Rate[L/s]

4. HAMIMATDUUAZNITINATIEN

v - _—
4.1 snunziiiosduvasUfnsinanaan

June URAIRTWAIRNITIVNBBNAIN Eﬁﬂﬁo‘étﬁnimmiwzj‘é
EnTnsarniiusmuniazdmaaiumsUdasszalalamw

- o ¥
wmamwmmﬁ 15 kHz us9auuIay 22 kVp

- - < da & 1 -
UM 6 uanssaTue fwmmnifissumolwaasnn
aznowdIWihadia

- .~ . - - -~
MTWA 1 ANUFUAUTTTRIWITAVUTIARURZIAIVEY
& - o v .
wansan lummeasesiinnad 15 kHz a9l uazaanaNAE 1
a - d 4 - -~ o
Yulndwfinedt darinnsdSuussdusudia 17 kvp Gudanain

AWAEYN UAYINIRUTEALLTIAUIUDY 28 kVp



- ° & . o o * o
a1Twn 1 ﬂ’nnmwus‘s:w‘nai:ﬁuusmmta:mawao

wWanaan
F:é'uuwé’u“ﬂﬁ masInfwaiaan
(kVp) w)
17 0.40
20 0.70
22 2.72
24 5.62
25 9.66
28 15.55

4.2 ANBUEMITINMINUYBIBRMNGITS

201

4 o vd A oa .
31]71 7 uamms‘lv\awaanwmnm‘nm'lwm'ﬂmwammﬂmu

a - a 4 v e -
Lﬂsa:ﬂnﬂ:naut'm'lv\lﬁwanﬂnm:gumuwmam agmnm-nagn

. 9w v v oo 73 « v .
ilinumnidivnelngiuwauuasinlddaans

(n)

()
- o, - S
U 7 usaamsinsvasisainman Indizamdsfies

' o - a o v oo
mummwnn:naum"lw»“hannnnszn‘umuwmam (n) Naan

m31¥a 8 Umin (1) 2 Umin

(n)

(2)

4 i A
3UN 8 usaveumafimauwalngfianaznautiiang n)i

winlnsannifiv (v) vie PVC

()
- N : “ o
3UN 9 ugAINMMYENEY 500 (NYBsERMIARITRTITINAINY

- v
WRIEN (n) NBATINTING 8 Umin (1) 2 Umin

Y

- o ey o
AN 2 uauoan'nmﬂuanunn NHMENITIINA

ANBIZNITIINAING

mIvuanuilansmiu
founauyuinene g lapd
wwalaga 2 Sadwasan
aznanduduBiEnInsann

=
Ny

= e =
Imnudanudwdule
Fwauann uazinfonda
anaznauluriaWis

nkaIaRMARIEA
dammslua | nasomdunn
[Lmin] UWI[IIL]

8 35.5

4 1425

2 360

whwdwlosn wazduou
nnnam viudianin
& - -
TANIRDILASITONFADBIAN
Tnsauthdronuwiliine
MINAWITNMI WA




202

5. ajduanmanay

PinmInasssnInudnuuaseumadisalasldiadosan

aznawdesuyWihmolalalsumasan

- o & v €
NNIEAUATUNET

i - £ a . v o
AN 15 kHz UsIau 22 kVp maumammsﬂ‘nmm”.mﬂvm

o
VBIDINFN

Nﬂﬂ’ﬁﬁﬂﬂadwu’j15ﬂ5’]ﬂ’11‘lﬂﬂﬂﬂ\‘ﬁ’l'ﬂﬁﬂﬂﬁﬂ

a - . g
anum:m!ﬂumnuﬂamqmﬂﬁma Tasfdanmsina 8 Umin

& - S El
wuaziianwaidunauaoInasrmne

L/min

ngin

. - o
funoanniiva 2

£ - o & v daa w .
nuazdianpusiauninmua I IWIUIINUIZIUIA

v o
nasTavay

(1]

[2]

3]

4]

[5]

(6]

[Toshiaki Yamamoto, Masaaki Okubo, Tomoyuki and Yukio
Miyairi, “Nonthermal
Particalate filter", SAE Technical paper, SP-1759, No.2003-
01-1182.

Plasma Regeneration of Diesel

H.J. White, Industrial Electrostatic Precipitation,Addison-
Wesley Publishing Co., 1962.

Satoshi Sato, Yoshihiko Matsui, Azunori Takashima, Shinji
Katura and Akira Mizuno, “Diesel particle separation and
collection using coaxial double tube plasma reactor”, Proc.
Of 2003 Annual Meeting of The Institute of Electrostatics
Japan, September 11-12, 2003 (in Japan)

J.A. Gallego-Juerez, E.R.F. De Sarabia, G. Rodriguez-
Corral, T.L. Hoffiman, J.C. Galvez-Moraleda, J.J.
Rodriguez-Maroto, F.J. Gomez-Moreno, A. Bahillo-
Ruiz, M. Martin-Espigares, M. Acha, Application of
acoustic agglomeration to reduce fine particle emission
from coal combustion plants, Environ. Sci. Technol. 33
(21) (1999) 3843-3849.

A. Bologa, H.R. Paur, T. Wad scher, Electrostatic
charging of aerosols as a mechanism of gas cleaning
from submicron particles, Filtr. Separ. 38 (10) (2001)
26-30.

C.J. Stairmand, Some industrial problems of aerosol

. pollution, Proc. R. So¢. London A 307 (1489) (1968)

7]

(8]

]

209-214,

T. Watanabe, F. Tachikubo, Y. Koizumi, T. Tsuchida,
J. Hautanen, agglomerator, J. Electrostat. 34 (1995)
367-383.

G.G. Won, G.S.P. Castle, An investigation of an AC
precipitator agglomerator, IEEE Ind. Appl. Soc. Annual
Meeting, 28 September— 3 October, Cincinnati, OH,
Part II, 1980, pp. 941-947. N

J. Hautanen, M. Kilpelad inen, E.l. Kauppinen, J.
Jokiniemi, K. Lehtinen, Electrical agglomeration of
aerosol particles in an alternating electric field, Aerosol
Sci. Technol. 22 (2) (1995) 181-189.

[10.] J. Kildeso, V.K. Bhatia, L. Lind, E. Johnson, A.

Johansen, An experimental investigation for
agglomeration of aerosols in alternating electric fields,
Aerosol Sci. Technol. 23 (1995) 603-610.

[11] J.S. Shrimpton, R.l. Crane,
performance, Chem. Eng. Technol. 24 (9) (2001) 951-
955.

[12.] A. Laitinen, J. Hautanen, J. Keskinen, E. Kauppinen, J.

Small electrocyclone

Jokiniemi, K. Lehtinen, Bipolar charged aerosol
agglomeration with alternating electric field in laminar
gas flow, J. Electrostat. 38 (1996) 303-315.

[13]Y.S. Kim, J.B. Lee, J. Hwang, KS. Park, An
experimental study of electrical agglomeration of fine
particles in an alternating electric field, Seventh
International Conference on Electrostatic Precipitation,
Kyongju, Korea, 20-25 September, 1998, pp. 179-
187.

[14.] A. Zukeran, Y. lkeda, Y. Ehara, T. Ito, T. Takahashi,

H. Kawak T. Tal tsu,

Agglomeration of
particles by ac corona discharge, Electr. Eng. Japan
130 (1) (2000) 30-37.

[15.] Y. Nakajima, T. Sato, Electrostatic collection of
submicron particles with the aid of electrostatic
agglomeration promoted by particle vibration, Powder
Technol. 135-136 (2003) 266-284.

[16.] T.M.P. Briels, E.M. van Veldhuizen and U. Ebert,
“Branching of Positive Discharge Streamer in Air at
Varyig Pressures”, |EEE Transection on Plasma
Science 33, pp. 264-265, (2005)

[17.] EH.R. Gaxiola, “Dielectric br
gases, apace charge effects and non-uniform fields”,
Ph.D. Thesis, Eindhoven University of Technology,
(1999)

[18] J.T. Kennedy, “Study of the avalanche to streamer

e o gy
wn in *J

transition in insulating gases”, Ph.D. Thesis, Eindhoven
University of Technology, (1995)

[19.] JM. Meek and J.D. Craggs(editors), “Electrical
Breakdown of gases”, John Wiley & Sons, ISBN 0-471-
99553-3, (1978)

[20.] H. Raether, “Electron Avalanches and Breakdown in
Gases”, Butterworths, London, ISBN, (1964)

[21] C. Montijn, “Evolution of Negative Streamers in
Nitrogen: a Numerical Investigation on Adaptive Grids”,
Ph.D. Thesis, Eindhoven University of Technology,
(2005)



203

[22.] C. Montijn and U. Ebert, “Diffusion correction of the
Raether-Meek criterion for the avalanche-to-streamer
transition”, Journal of Physics D: Applied Physics 39,
pp.2979-2992,(2006)

[23.]) S.K. Dhali and P.F. Wiliams, “Two-dimensional
studies of streamers in gasses”, Journal of Applied
Physics 62, pp. 4696-4707, (1987)

[24.] U. Ebert, C. Montijn, T.M.P. Briels, W. Hundsdorfer, B.
Meulenbroek, A. Rocco and E.M. van Veldhuizen,
“The multiscale of streamers", Plasma Sources Science
and Technology 15, pp. S118-S129, (2006)

[25.] C. Montijn, W. Hundsdorfer and E. Ebert, “An adaptive
grid refinement strategy for the simulation of negative
streamers”, Journal of computational physics 219, pp.
801-835, (2006)

[26.] S.Badaloni and |. Gallimberti, “The inception
mechanism of the first corona in non uniform gaps”,
Universita' Di Padova, Italy, internal report, (1972)

[27.] 1. Gallimberti, “Mathematical models for the streamer
formation in non-uniform gaps”, Universita’ Di Padova,
Italy, internal report, (1972)

[28.] R. Morrow and J.J. Lowke, “Streamer propagation in
air", Journal of Physics D: Applied Physics 30, pp.
614-627, (1997)

[29.] Y.P. Raizer, “Gas Discharge Physics", Springer, ISBN
3-540-19462-2, (1991)



204

wuv e

NISOEINWAaLYIU

ADTUSoUulla-be

fTugUnsnidiunoaUsom

MsvauUs:3udBIMs MsnMgiNwavvIuAUSaUIIa:UE
TugUnsnidwunowsou (ASon 7)

3un 13-14 DuAu 2551 dalag MAdSAoNSSUINgoPNa
cu. IsolsugisiBe 1Bevinu ANU:DAONSSUAENS UMSNenaaiBaviku



205

- -
5 . . >, v 5 z
n‘)SU’-’EU'J'ﬂ'\ﬂ"ﬂTDJ n'nmumwmnuﬂ‘numuunzu’m‘luqﬂnmimumwmu (ﬂ!x‘lﬁ 7)

o | - - -~ .
i 13-14 Swraa 2551 Tausuginde Smdadoeln

MIMIAaRNAILAIAIL

=i a [ o
w'hmmmnnnsnam%a'lvlﬂ'mnﬂﬁns:qumﬂwaaf
SOOT REMOVAL BY PULSE- ENERGIZED ELECTROSTATIC PRECIPITATOR

WAT NBILan

mimnswinih ancdmnrumand
wwringasmaluladnmuns

128 suathaiden suneailies 3wia
\Buslnil 50300

Tns. 053-892780 #ip 2123
E-mail:nakhomn_th@hotmail.com

nwiinsR nusaRslew
MAGMINITURANY AndmnTIumand
wwrinmanBosin

239 nuuwanuia dmnginw

dunailies ImiaiBeslnal 50200

n3. 053-944144 ¢ip 961

Tnsms 053-944145

E-mail: tanongkiat_@yahoo.com

1. unin

G
unaato
N ~ - -~ -
aymawihedu - dusnmgiddyvesmataldywinanmeniema  uss
2w

Pymaamzmeemeaussigwmgumwresysd  unauiRald duswemsfinen

- - - N -~ - - - -
Uszinimwnsanduaumeiainniu Tﬂummannﬂ:naumq'lvlﬂ'mnnﬁnﬂn‘uhn
- - aa > -
Wad wamngungiien (Non-thermal plasma) 'nanmnnwns:qmn"mnnn:namﬂ
Inihatiado Wi usssuguuunag ylWszamsmwnsansuiudn  Tasrhms

- - - - . -~ - - -
nassuiniosuuulumItdianin  wammeseuwimMInTEdusERas S
—_— e P wl e

mwnasndugeiaszanos 95 wefidud liwssrwlosmin  wazdalirumininag
NO, NO, usz SO, Lﬁuuﬁ'umsmuj'uﬁw'lﬂﬂ'\nﬂgem:uﬂawéaﬁﬂxﬁnimwmﬁn
- - £ = 4 = =
s 80 wafidud
. -~ N ~ 4 - -~
Aman, sumauindy, wissanaznewdalnihaiia, Wedlalsnwenan

Abstract:

Soot particles are causes of the air pollution and the health problems.
This paper presents the efficiency of pulse-energized electrostatic
precipitator for collection of soot particles. Non-thermal plasma generated
by applies a pulse voltage to the electrostatic precipitator could enhance
the collection efficiency. According to this effect, a pulse- energized
electrostatic precipitator is design to remove soot particles. The results
shows that the remove efficiency of soot particles could be up to
95%including the removal of NO, NO, and SO, compared to D.C.
energization of which the efficiency is about 80% .

Keywords: soot panicles, electrostatic precipitator, pulse corona plasma
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ENHANCMENT OF ELECTROSTATIC PRECIPITATOR FOR SUBMICRON
PARTICLE COLLECTION USING NON-THERMAL PLASMA TECHNIQUE

Nakhorn Thonglek! and Tanonkiat Kiatsiriroat®

'Department of Energy Engineering, Faculty of Engineering, Chiang Mai University, Chiang
Mai 50202, Thailand.
“Department of Mechanical Engineering, Faculty of Engineering, Chiang Mai 50202, Thailand.

ABSTRACT

Removing submicron particles from air is very important because most of
them, with a size smaller than 1 .m have a detrimental effect on human health.
High particle collection efficiency in terms of particle weight/volume is well
achieved by a conventional electrostatic precipitator (ESP). However, the collection
efficiencies in terms of number density for the submicron particles by conventional
ESP are still relatively low. Therefore, it is necessary to improve the collection
efficiency for submicron particles. By forming large particles, plasma agglomera-
tion of submicron particles is presented as a promising process for enhancing the
efficiency of the current electrostatic precipitation for small size particle removal.
This research is to study the effect of flow rate of combustion gas, pulse peak
voltage and pulse frequency on the plasma agglomeration of carbon particles in
nanometer size range. For the agglomeration test, the experimental consists of
a wire-plate electrostatic precipitator with a saw-tooth electrode. For the ESP
under pulse corona energization, the experimental results show that the particle
reduction efficiency curve has the highest reduction efficiency for particles with a
diameter near 200 nm. The particle reduction efficiency increases with increasing
pulse peak voltage and pulse frequency, but decreases if the gas velocity is high.

Key words: plasma technique

Published in the Proceedings of the 5" Academic Days “Research Path: The Fifth Decade
Towards a University of Excellence” pp.401, Chiang Mai, Thailand, November 2009.
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