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Effects of the Particle Electric Conductivity on the Aggregation of Unipolar
Charged Nanoparticles
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Abstract

Effects of the electric conductivity of particles were studied for the aggregation process of charged
particles with a Brownian dynamic simulation in the free molecular regime. A periodic boundary condition
was used for the calculation of the aggregation process in each cell with 500 primary particles of 16 nm in
diameter. We considered two extreme cases, a perfect conductor and a perfect nonconductor. The electrostatic
force on a particle in the simulation cell was considered as a sum of electrostatic forces from other particles in
the original cell and its replicate cells. We assumed that aggregates were only charged with pre-charged
primary particles. The morphological shape of aggregates was described in terms of the fractal dimension.
The fractal dimension for the uncharged aggregate was D;= 1.761. However, the fractal dimension decreased
from 1.694 to 1.360 for the case of the perfect conductor, and from 1.610 to 1.476 for the case of the perfect
nonconductor, with the increase of the average number of charges on the primary particle from 0.2 to 0.3.
These values were smaller than that of the centered charge case.
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Fig. 1 Visualization of aggregates at Ny/N(2)=99 for three different charge location, (a) initially uncharged case, n =
205, (b) unipolar 0.3 centered charge, n = 91, (c¢) unipolar 0.3 nonconductor, n = 233, (d) unipolar 0.3 conductor,

n=_80
of, AN S BA A g o] 012 ©f
SHA EgE Mas d7] ARRd wal BE g9l ghomal A 2.75x10° 27 @k, o
v AA A olelet AAS wHEste) A A e ol A R AR 5 Yo, o
ol dojutA Ak thi-Eo] SHA xR o(ag)d AL 162x10° Om AR g 2
Lo A oo 27| wiiol GRHANE ol Fal /L 1=t 09 oo} o] milglo] ofF & F4 B3R
o 71EdA e Aol whedt whdlEdadel] o 9 ds)l o)k A ¢} 10 £ AR} H
ojgk 2ol ofyel wR AN Eqol ok Fek A o} B AN 2 T BEAH ANDL 2E AS
4t (Hard Necking)2 FAstA €cb® wety A 97 wHz B 2 9}

A A AA SRA ] FAE wgstA] o Fig. 1@ 24 4=t $APAS 28 A=
oot 7k skl SRA dAAd Pelrt. o] FHAE 205
o 71¥datsE FAE A, g WMol 31 dp
4. 2 1 QA Wiel EAshe 500 A9} FEAAI} S
AR Zal 5 Ao FIAE 43RS o Ao
41 SR & 2 Zolg) o] A F&E U] 40 72
Si0, & LA }dabel wlA gL oF 19 ~ 10“ & Zhar disdl 71EY e A aEtenio
Qm Aolil {4 *ofr»%.- cHzﬂﬁ 10 o]alel & ofsf Myl S-FAe FxReb FAbslth gHA Fig

g HEe FHEL 8.85x1077 CYMNm?) ol 7] ul - 1(b), 1(c), 1(d)& =zt %1 0}7} SR T B
o W A& olgt AlZFE o_,}; 100 = Ao ]LLGL A A FEAEA dEs B o) i



BE Ae, 2ga =AEA Adstr Wy dr)ed SHAA B SHAN S8 At FA S
HAE A2 3= YA & Eﬁ}l‘c 359 &4 [A] =Aag Ao HIetvia stk aey
A F2E dehd FHolth o] SAAE Zz 91, shHE 7R Aol SR & dd® SHEAY
233, 80 7H9] 712 YA FAEHA A, 7182 B Aot FeAE e, A IR
Aol Wi shEFol 030l Fig 1@ #& = Adste 7y Az 2 A 9 4ol R¥xa)
oA Faizl Zloltt. YA B F ARol Mt & Aol opdet FHA 9 ZolA s Hojn
2 Aol Al A BdFo std B A SHA WHAE ool EAstAl doh. mepA
¢ FHAE 4 AU Fig @Bk 0 A7+ SHAE o)Fx v 7zt B ofs)
85 Ze AL ¢ 5 Uk Aete 713 HEw A2 deg deud, $X
42 oi%t gEAel Ty xia 24l slold olsh Be ds ¥ uegelol
Al TzE ZaY Adow Pws gy, T AR AnEn _
Tag Qe 4 ()lA Bl vsh ol gya Fie 2 = AmA FA S v st
g 0% QU VB 9 gHAe) Fay TEF UEUT So2A, AR 5 A SHAel
Ao BANN THAACL EAoT Hid ) A @i Zoltd. ArldA] Jt2 FH& A F
o $RA o] ARYA ok HANAL HeRTE AL Aol Hz 5L &
FAEd EASY aYzel slgrlzry gxa M TAE FAL AskPel. ez @
o ZaY A9 T 4 Ao B Aejxr T RXOL T Y 2F SAA el 43
EAHoR AW e D7) Astad NyN©Y = 99 o] Ayl BxXHo U= A& B 4+ Art
7 He ATOA, 7129AE 5 ) o) xgE
geel SAARRE PP 2ag JUg 7oy ro.| Nonconducing fogregls
o},
Table 1 & $RA R x%s} A g Asakol
2 $XAY ZTAYE 2dE JeRd Zoln. o] o 06
oA 71 EQd A Zdﬂz-igi FA4A A5, = 5
2 YL D, = 176 224 Mountain 570 7 044 S
Dy 1.7 - 19, Meakin 2 Wasserman'®9] D ool
=1.7540.05, 22|31 Forrest 9 Witten®2] 1.7-1.9 9}
$Ahe S Bl Z1RAA} 3 S 9 7 y I
_?__, Enl:;- Z}’—L'—‘ (—)}-Z’]aol %o 73_?_ %Agoklxl' 0.0 02 04 06 08 r;RO 12 14 186 18 20
o Zag Ao F AolE }10] A gAY, ahH )
ako] z7 tsl-/“i :Iel)F)— ;(], %Aélo] 7&3_(’7_&;} (a)
o Zotz Al dct. olel g ZaiJ%t Fig. 1 914 o]n]
Zé *é@_‘li Q?‘]ﬁ}cﬁq' O]Zd_‘Q_. Meakin jl]. 104 Conducting Aggregates Ooqp?f c
Wasserman 9] -7 ZAx'99} ol wQlth I 008
< SHAN A7H e gl A, $HAEE 08
T FHAZ SHol dojd w PALES | K
we gos FdstA dFsigich 1 A s 2]
o
Table 1 Fractal dimensions for various charge location; ]
these data are obtained for Ny/N(t) = 99 02
Charge Location ucoo | ucoz vC 0.3 o0y 0',,W:'5 T T T e T 26
Centered Charges 1.761 1.641 1.537 ™
Nonconductor 1.761 1.610 1.476 . . R (b) .
Fig. 2 Cumulative charge distribution from the center
Conductor 1761 1694 1360 of (a). non-conducting aggregates and (b)
conducting aggregates




SGZaha wlate] 2 o)A Qrie] AVHEEe Fbbol thE AP 179

old@ o7t Hatt EH SHA HA2E o
SHA A ArH HEE AEA7 Hew, e
2 2% SAAE B SAA U A6 1 Foo ©
Fata SHA o)zte] FHHTh of o) AEE=
4718 H¥e $HA F4ol A AFY B¢ o
2ot o A Hol o Agd Txo FRAE ¥ =
487 9 Aoz gztad Z
3 1 - . 021510l & z +
s, gAY W) AEsel we A o 1 rer——
AHg vluwatdc) stdske] 039 Ag, A ) o Nonconductor
A Conduct
de S T At WFE A9 by —
3l :rhsL @ waste FolA = A& & 4 9 o1 o T
At 2y 6}243*01 02 °&tdl A§, T :

/(}OJL 2 zbol7} gt ol#3 A= f
A Aot $AAY 20 & A am obF

2b7] w&ol st o] AA &e AT, FHA Fig. 3 Reduceddnurgbe.r concer}tranon,lND/Ngt) t.~ 1,
AR $ 0 AR Aolk 34 Qo 53 fo variows harge toation st unipalar 03
A FEEA0l A WatA @v] Wl Yehd
Ao 1al Halh S84 FAol Fof Aoky spH e Age
Mmatd Astst $HA AAl REHo Y&
43 SXEA o ME ?f{olﬁa‘%;} Aol ‘3}\%00}2 éiié;;} E’.Eﬁ’iﬁo.
YA WAA B4 we gAY gne  Sho TS EUbLd BRAL G 2R
Pig 3 0] JE 9. Fig 29024, 7h2 %5 52k o g 390 438 A9l skl Aol fabe
LA B2 AR SE 5 AR VR she won. a3 R 259
A H 5315 v o :LE‘OM, SH 27 Asst @A BEsm A 2S¢, dAER
e FeA, A=A, Zﬂ 1eh S42l B4 Aoun gHo) g e & & A
[e}

>\J

L2204 yx ] —If—}?_’c‘s T A%  (Conductor,
Nonconductor)ﬂ SHA FAA At AFH A

=
7 (Centered Charge) .} *é%*fEﬂ o =8 A 2orie ser)gie 273 A7 Alg

oF &+ ok 17“1 ezt dAel FAlol e B S AR SueE 21 Ak 2 Al
1r- 210 Rygsty ol Ao s ’ -
i ApRg SAA dAed Lxsta i 25 g}t ere] B 7] 2 AF 34 (no. 98-02000-03-
_?t‘ji 6]'7\(1 “o r]xﬂoﬂ o 2 @7 ZJ] Q}%a% }}'g o 3] ol o 1 kv
| : T ° 0 013)8 AARAYE ol FgH o o] #
8] miitolel AzbsElv] | 2 xwbolis SR Ao & 2 o el i 7HAF = ey
_ _ = o= - kU 12 — 7 .
g| dstgol d45 A v
Xt 25
s 2 & S

i ) (1) Kruis, F. E., Fissan, H. and Peled, A., 1998,

b Akl 33 AR dAke] A7 A “Synthesis of Nanoparticles in the Gas Phase for
Ao anE dolr 7] sty Axbe] As L Elec'tronic, Optical and Magnetic Applications-a
§ sl ANDE A YA g0 Rl d dmelse Vol M SILES
=4 . Sl o n olaps A , Y, inis, S. E. an s ,S. V.R,,
! OALZ} )r /:éj skel J_Al s ]_"Lﬁ}o# ”‘2}“ :j“y_‘ 1992, “The Effect of lonic Additives on Aerosol
Aep F-EmAE 6}0‘1 Alakstolch. A=z B Coagulation,” J. Colloid Interface Sci., Vol. 153, pp.
A 4G dsbz 27] 718 A foll i o] 106~117
AN oS Agz_] FzE z2rA so] maer z) (3) Mountain, R. D., Mulholland, G. W. and Howard, B.,
glo] wrolzith. #¥l, Mapeko] 03 oF i 79 1986, “Simulation of Aerosol Agglomeration in the

Free Molecular and Continuum Flow Regimes,” J.




180 uys -

2l

Colloid Interface Sci., Vol. 114, pp. 67~81

(4) Park, H., Kim, S., and Chang, H., 2001, “Brownian
Dynamic Simulation for the Aggregation of Charged
Particles”, J. Aerosol Sci., Vol. 32, pp. 1369~1388

(5) Pratsinis, S. E., 1988, “Flame Aerosol Synthesis of
Ceramic Powders,” Prog. Energy Combust. Sci., Vol.
24, pp. 197~219

(6) Forrest, S. R. and Witten Jr, T. A., 1979, “Long-
Range Correlations in Smoke-Particle Aggregates,” J.
Phys. A. Math. Gen., Vol. 12, pp. L109~L117

(7) Ermak, D. L. and Buckholz, H., 1980, “Numerical
Integration of the Langevin Equation: Monte Carlo
Simulation,” J. Comp. Phys., Vol. 35, pp. 169~182

(8) Adachi, M., Kousaka, Y. and Okuyama, K., 1985,
“Unipolar and Bipolar Diffusion Charging of Ultrafine
Aerosol Particles,” J. Aerosol Sci., Vol. 16, pp.
109~123

(9) Bohm, J, 1982, Electrostatic Precipitators, Chap. 7,
Elsevier Scientific Publishing Company

(10)Brown, R. C. and Hemingway, M. A., 1995,
“Electric Charge Distribution and Capacitance of
Aggregates of Spherical Particles: Theory and
Experimental Simulation,” J. Aerosol Sci., Vol. 26, pp.
1197~1206

1

1
]

s
)E}T R

g

(1) Keener, J. P, 1988, Principles of Applied
Mathematics — Transformation and Approximation,
Chap. 5, Addison-Wesley Publishing Company

(12)Park, H., Kim, S. and Chang, H., 2002, “Numerical
Simulation for the Non-Spherical Aggregation of
Charged Particles,” Transactions of the KSME (B), Vol.
26, pp. 227~237

(13)Friedlander, S. K., 2000, Smoke, Dust, and Haze —
Fundamentals of Aerosol Dynamics, Chap. 12, Oxford
University Press

(14)Halliday, D, Resnick, R., and Walker, J., 1993,
Fundamentals of Physics (4" edition). Chap. 28, John
Wiley & Sons. Inc., Singapore

(15)Hurd, A. J. and Flower, W. L., 1988, “In Situ
Growth and Structure of Fractal Silica Aggregates in a
Flame,” J. Colloid Interface Sci., Vol. 122, pp.
178~192

(16)Meakin, P. and Wasserman, Z. R., 1984, “Some
Universality Properties Associated with Cluster-
Cluster Aggregation Model,” Phys. Lett., Vol. 103A,
pp. 337~341



