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Abstract

In our previous study, a wire-plate type electrostatic precipitator (ESP) was developed to collect bioaerosols of
100 nm size. In the study, various flow rates (40 ~ 100 L/min) and applied voltages (3 ~ 10 kV) were tested for
experiment. In this study, numerical analysis was performed for the ESP of the previous study with the same flow
rates and applied voltages, but with varying the size of bioaerosols to 0.04 ~ 2.5 gm. Overall, the numerical analysis
results well predicted the experimental data. Bioaerosols of 0.1 ~ 0.5 gm showed the minimum collection efficiency
for all conditions because of low charge number. The effect of the ionic wind generated by the corona discharge
was calculated. However, the ionic wind did not affect much the collection efficiency. The aerosol collection in the
ESP of this study was due to the electrostatic force generated by particle charge in the electric field. This numerical

study on the ESP can be used for the design and optimization of higher flow rate () 100 L/min) ESP.
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20199 SARS-CoV-2 (COVID-19) #e|92 A Al
ARCE T HIE 7HA%H 55| o7 &5 A
o] Hdy of-& FYOo=Z QI AlFEo] Ao HEE=
Alzro] F7retgiom, ofo] wEt A F7] A gt
TAT7E 37 7Vt Wang et al., 2020). A Al
ARoR oF 29 54 Po| 37| F WYUAZ B9
AREEe dPes 130T Sl= A0 dHA o
T EASE SARS-CoV-2 (COVID-19)8 ofyz
Middle East Acute Respiratory Syndrome (MERS),
Influenza (HIN1), and Severe Acute Respiratory
Syndrome (SARS)9] Eo= FF H71o] gt -
7} 73t=lo] @ti(Wang et al., 2020; Hilgenfeld
and Peiris, 2013; Peccia et al., 2008; Cowling et
al., 2013). 37| F°l 5ot FESH 7199 4A
£ Hlo] ool 2 &(Bioaerosol)ol2taL shH, HrE| 2o},
Fo], HiolglA 9 3}E Fo] oo :tEct Hio]Q
oejR&2 gHE7], v, W4 9 v HA4 o
A 22 557 A%E 4oyl AR A
HDouwes et al., 2003).

Ay o] w2H, Hio]Qofoj2Fof oJgt Hut ¢
FAES AQolA R AYoA H &2 AR XA

o m(Klepeis et al.,, 2001; Moon and Ryu.,

2021; Chen et al, 2021), NAEAZ|F (World
Health Organization, WHO)= A4 37] 2dLS
TS dov]= sH ¥l 5 SHHE AAsHA
weba, 7] Au TS ZRF 0 R sty oA
= AYl Ho|oojR2E FEE HAACE FHT >
AE 71€0] oo, ol HsliAe AFHOE Hio]
Qoo2EE T & £ %= 7Iec] 87

Ho]lofol2&5 Xl 7[eE= TFH XJ Ve
(Burton et al., 2007: Li et al., 2018), 4] Afo]Z
£ 7]%&(Cho et al., 2019; Cho et al., 2020; Heo
et al., 2021), A7|1AR7|&50] Ag=o] gow, &
9] "G A, 2 Y & olRE Y
A7t F=2 AHEEHA AtHGao et al., 2020;
Hong et al., 2021; Jeong, et al., 2023; Kim et
al.,, 2021; Kettleson et al., 2009; Park et al.,

ot
roon
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2016; Priyamvada et al., 2021). A7|FA7]|= I &
U ®H(corona discharge)2 °]&3] == ARk
£ A7 2® shd(charging) Al7l= AR} A
713 (electrostatic force)S °]-&3] 3HAE YRS =
HAote AARE A= glom, g F7HoA Y=Y
sheIt FRlol FAle] dojuv= 19 A71¥X 719} 5
AR, FARAR7E EY=0] Sl 2¢ AVFHAVR FE
"ot Z2y B 38e 9t 37 W EEE A
(non-uniform electric field) ¥AHS Y3 F=
wire-plate, pin-plate, rod-plate §9 #+&7} AR&
3 9o (Gao et al., 2020; Kim et al., 2021;
Kettleson et al., 2009; Park et al., 2016). 2% &
2719 A% plate-plate 34Y FAXFEIL FE AR
H3 Qt}(Jeong et al., 2023; Priyamvada et al.,
2021).

o]l23L F2Y ¥4 4], 19737 &2 2133317
-SFHR9] pinolyY wire FHOA WAt 75 4
olti(Liang et al., 1994; Rickard et al., 2005; Go
et al., 2008). T2} #A] 9o LIS 7tA o]
2 Z%Fg(Coulomb’s force)oll 23 HA wWFo=z
7HEET FHY F4 F7) A =5 Ha, 7t
&4 ol 34 37 BAY 5% ngof Qs A
AAQl F7] S8o] dAdrt. A7|-X7 A9 =4
(polarity)ell F&s], =2 #xo] ofsf HAH 7t
o] 22 1Yol A7bE HFEA A HA(ground)= ol
= ARRE EEOER, o]2F ET HARAA
o dgdEth JAR FHOAY o]FL2
PR HA B JFE vE £ Jom, A7J
A& o83t AFAQl Hio| Qo2& XFS sl
Al o]2Fo] HIo|Roo|E2F ZY| H|A= ITF 1L
Hst= Zlo] Fasith

B AFo)AME Kim et al. (2021)9] Hio]eojolz2&
MEHE oA ez AFstal, A4S 53 o
23F0] Hio] ool 2&0] mX|= P AFELOH,
1 ZFE Kim et al. 20219 AgZA7e}t v W5ty
o E3E oA oA AZIRRNA JA 2710 IE
YA sk 9 -7 o) gt YA AsE AL

o oleZo] mY AL TAL JFe RAsIT

019,‘5
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Figure 1. (a) The 3D geometry of the bioaerosol sampler, (b) Computational 2D domain of the sampler,

(c) Meshes in the total domain

2.1 oM CHAL
E AF 314 giAel Kim et al. (2021)9] Hlo]2.0]o]
E2E &Y 1(@)e AR A9 10719 2ol
olF o|&d ZEY WHS TYAF oH, gfolo] s
ofl= FA(ground)d H¥Hplate) Aol -2 FZAA

=

AAR=Z ARSI} 9F 100 nm 2719) HCoV-229E
Hio|Z A YAE R AFS FPFom, ofuf =5t
ojedoj2E & RFA=EE F719 FF 40 ~
100L/min °lgith. AAl 23714+ FA(ground)
H A flo] Eo] £As7] W] H FE52E
Atz Ao] YFolrt. T3y ot {50l A=
S Ast7]oll Bdsta ol tieh A3 AFrF ARg @
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Aot} & wWjA(Z7|et B)9 HAHAA wrESofsl=
AAZAAL ot} ZKGriffiths and Colleger,
1999).

— —

tair . Ltwater (1)

—

- Fmatﬁr E‘n,mn,ter) = qs (2>

=1l

Tyater (Em',r n,air

— —

Er Bye= 22 371% Y A7l 1(V/ O,
Moo, BOIA F7129] 9 9] WAl wEfolH,
cirF Cpaters T2 71 B FAE(F/m)oltt. A
At Z2F A7149 AR HAgEe|x

£ UE oA A9 A Ao} Dotk /m?). Eﬁ}
€uir = €0 Eparer = 806 2] TAME Z=1}. Zehtabiyan-
Rezaie et al. (2018)°] 9J5td, B2 A=A &
2 ¢E ’\]E}E}EI 7HEsh, Eum, L Ea”EE} 80HH
Zth mEbA &8 B8 A7 T A7) 2h48 Aot
7t 3718k &) fjEoll, FAE plate@} FLEHO|
tizF SHYUE AR 75k A2 ettt o
A FEHES groundE A5 FSIEHT 2fo|of
Ato]9] F7] F7tol tiste] si4E S35ttt s
2DE stglo, 4 wrlle 7S SHoA
Hoks o, 2 1@ EAIE Fgoltt. si4 ZHQl
O] ZAISE 1982 18 1(b)ol Ut 3, F7]= A=
1.6cm x 7F& 13.1cm At 2holoie] #HL 40um
ol glojo] Ato]9] ZHAL 0.75cm, £toloj9] A3}
22 ZYRlY &F 94 42 1.9cm, 2.95cm E
A Yt Ground?d ZoJ= 8.25cm FAth ¥
1(c)ollA Hojfzo], etojojRZo o] 2Udt ALY
4& Ash, & WY <tojojof] FHoE F 100712 4
A7t PR STt & AR = 10 ¥R o|gith

rlr

N

2 2] o] =

2.2 ol HiH
2 A7odE A8 AZESIRl ANSYSARY
FLUENTE AM86}91, Transient AEHE sj4S A
Yot on, T7] 459 A4 o3 Zot
6 —_—
E(/J)+V ( V)= (3)
a%(pT/) +V (pVV) = Vp+ u? Vi pgtqF )
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A G4 (= 47 g% BE
2o WAL A 9T A%

11943} S5 ngg
Aot} of7|A pl 84 Wik(kg/m?), V= 94 S5

HE(1m/s), /lL Al A8 A(Pe - 5), pE A
G(W/m?), g= ZENEE(m/s), ¢ ol Hs AT
(charge density, C/m?) 121 E= @73 Hg
(V/Ooltt. o] 289 TS 1ty e, BAY
Z2E2 QAR ZER 7151, o]&E2 WA=
9l qF2 &5 WAl ZAZHKim et al.,
2020). & AFolA @R 2EE Standard k-e

modelg ASHHOH, A& et P,
] ok
” (pk)+—(pk1/7——[( —)— —]+P,—pe (5
k' i
a0+ 5 D) ©
:i[mﬂ)—w <P c;)2
ox; ! oy, l‘k /
A 0G), O dF7 &4A () BE4T 37 &

FolUA 24 () WA Alolth P B &% 712
712 g {5 A AP, = R
YA aAabgolH, C1 2t Cos 242t 1.449F 1.92 g
Y7t 7WA= Ar4=golth,

5% W 4= A< d4st7] Hl, Lagrangian
methodg Argetelnh. HAEA] g4k B2 oj&o
A& Lagrangian method”} © F&d 4 Qlok= 7]
& Z7E v o Z DPM (Discrete Phase Model)&
AHESt o™, AHPY AL ot At

2

— —

av,  (V=-v)  glp-p)
m dtp =m - 2 ym? p’;_ y P +q,F 7)
&p, C,
r=2h ®)
! 18u

3,(Oe YAY SAFC R, JA9] F 5P (n,)2}
718451 (e = 1.6 x 1002 F(= ne)olth. 7,
L g9 YBIAITE (relaxation time), Vp, m. dp,
pe ZZF AR £ dE, AsF, AF, dEolth
C= "ulnd EAAS (cunningham correction

coefficient)o] 2, ofgfjo] Aoz HAE 4 it}
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c. = 1+dip[2.34+1.05exp(— 0.39%” ©)
A= 3719 B AF B4 (mean free path)o]al
1 atm, 293K ¥ @, 0.066#mE 7FthHinds and
Zhu, 2022). A7138707] Y7o dAb= 22 G
ol BAE F7] o] & ok Hrth YA oFd w4
2 3A 2R, A} YR FAAT FERE SFA
o] & g4Ishd(diffusion charging)¥ 3%t A%
ol A H=to Sl ot = HASHA(field charging)
o7 BFT 5 li(Reist, 1993), 2744 W4l9] o
2 AR F o, E TEY 4 AtHAhmad et al.,
2018; Liu et al., 1978; Choi and Hwang, 2021).

n, :nd+nf (10)
d, kT Ky d, ¢, €Nt
p VB FE Yp “ion ion
n, = . 11’1 1+ —m——— 11
d 2K e 2k T } (1

(12)

7( 3e ) Ed[12 TrKEEZion]Viont
" \3v2) 4K, ) \1+rK,e 2, N

ion ont

n,= QA9 & kS o)L, n, & n= 27 FAbst

Aol gt spAS, AAsEA Qg sH4: olth. k=
EZNE Adolll, K= A7IH|HGSEA 1/4me, 0]t
= AZR/AE (permittivity of vaccum), ¢;,,=
LBEFEE (2.4 x 10* m/s), e H92E (relative
permittivity), T 2Zo|t}. N2 °l& 5L& o}
o] Aoz 8t & QItKBiskos et al., 2005).

]\fi(JTL = > (l 3)

IC(4)= Z2Y AR, Zign 029 A7[o]lE% (ion
mobility)Z ™ 1.5 cm?/V-s & 2=th Alm?) =
spaxo] §x WAl

A7) ZEA (V), N+ m/O ¢ ARUE (), A/m?)
83 o] At U& (¢=N,,e), Om*)9 Ex=
of# o] oJs) At

viv=-4 (14)
S

Ve =0 (15)
; :(T/)-I-ZE)(]::ZEq (16)

A 1D} A (15)2 42 Fobs WA 4 (poisson
equation)¥} AdleF B2 Wg4] (charge conservation
equation)e|t}. 37] H& (Vo] Hl8) ol £& (75)
7F i F27] g Ze] £ A= 37 =8 A
st 2 Ao ground WA e 4 165 4
Eoto] AFE AL £ ok 4] (14-16)004 =&3F
= A D Fddsto], 5% WHAZ ALrsttt

23 o A =U

Table 1. Boundary conditions

Variable Inlet Outlet Di C ing plate

low | ;_y, 7o 7o
velocity = Vintet - = =
Farticle 7,=0 A 7,=0 7,=0
wvelocity L =0 LA L
Voltage LN LA V=1, V=0

an an

Char.ge a—q:O 07([:0 4= qe @:0
density an an an

V., applied voltage: ¢, space charge density in
the ionization region; n, normal direction.

F&5T A713707] A7FEYE Kim et al. (2021)9]
ZET sYstA A5kt Kim et al. (2021)9] A
AofA F 47HA] FgE A&l 22 100L/min,
80L/min, 60L/min, 40L/min°|th. &S WA=
UH 942 E239T, Inler-95(Vi)e 242
1.3m/s, 1.04m/s, 0.78m/s, 0.52m/s°]t}. 8=}
A9 outlet2 pressure-outletoZ A5ttt <l
7PAH(V, )2 A 22 A9l 4, 6, 8, 10 kV £
oA s8S F=FstA . DPME AESH, 671419
MZ O 2715 7He RS 38 Azler, 13
71 247 0.04pm, 0.1gm, 0.3xm, 0.5¢m, lgm,
2.5¢meltt. Inlet®} Outlet?] ¥ Z7AL escapeZz
AR, I Q9 ¥ trapo 2 MAHstautt. AA
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21 737511 iﬁ ZX FLUENTS E"6H 74] ARgE ARd
E(j)E ground WHo] HEsto] ARG (102 =&
sttt &3 AR AA AF -V ARY g3t
PA|5h= o] Aot W= (¢ )8 Zotlo] 34 =4 #
o= dAsielct. 184 489 #2 4 kve A2

x 10° C/m? 6 kve] AL 4 x 10° C/m?, 8 kvY
AL 45 x 10° C/m’ 10 kv9 AL 5 x 107
C/mPolt}t, 48 RAL residual 1074 olstz AH
ElFi=

3. Zit ¥ E9|

100

@ 40L/min (Experimental, Kim et al. (2021})
90 B 60L/min (Experimental, Kim et al. (2021))
4 80L/min (Experimental, Kim et al. (2021))
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Figure 2. Collection efficiencies of particles
(d, =100nm) at various applied voltages

and various air flow rates

I8 2= 9% Pl wE HEge 4%
Aot ALt A3 vladt e zolt. 4 af

A2 £7
A A4t AFtolxl, HEL Kim et al. (2021)9] 4¥
A3} grolth, 100nm=L7]9] YA 2007 SHIA|A A
A2 588 {FE AZ2EE ERSiely, e =
A b whle 7§50l 40L/min,
60L/min, 80L/min, 100L/min°|t}. AAHO=Z <l
7FA%o] F7ehH IR EE (collection efficiency)
7 F7F skela, AA {2l SUMEE JAas

Zastt. olgdt A3k Deutsch-Anderson ‘ﬂo”ﬂ
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4](Hinds and Zhu, 2022)2 53 459 4 A1, &
AL o3t Zo] mdEHrt
27 EL
n=1—exp(——= 1
n ( e ) a7

L& 23719 712 Zol(13.1cm), S& E7]9] A=
Zol(1.6cm), Zy= PAHS] A7 BE(m?/V « 5)& o}
# 4oz FAF

_ n,€ Co
Zp 371',[Ldp (18)

f&0] S716HH, AFAIZEO] ZASHA HA sHHS7t
A45HA "t 5P Ak H7jolsE 9 Aol
BEETt EASHHA Az ago] Yol A et 4¥
I ALY WAL e AXSIEH 10kVe
ALE Q7 3k, 3] 40L/min € o, 15.1%2
Zol2 HPout fiBE 10% w|ute] HAEL *olS
Holo] A2 LA|sHe AL FRIstATt

10000
—e—10kV
—— BkV
1000
6kV
@
2
o ==4akv
<
=
%5 100
P
2
E
3
=
10
1
0.01 0.1 1 10

Diameter (um)

Figure 3. Number of charges of particles at various
applied voltages

" 32 ’\l?ﬁ—ﬂo] 4 5ol T2 d4A¥4 € 7t
Ad spd4 Aitoltt. Z7|7F 0.04pm, 0.1pm,
0.3um, 0.5um, lum, 2.5xm% YAEY FALE=
Z¥7y 1.9, 7.1, 37, 102, 315, 155091, 4kVE 17t
St A9, shdsE 4 1.2, 4.4, 18, 42, 168, 645
Ack. A7) F7F EEE s AFSoRE F
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Figure 4. Effects of particle size on collection efficiency for various applied voltage and flow rates.

Wi A Bl soinh Ed skl Bk
2

wet a4 A F7ke A Slsan.
39 4 st UbAgRe ohjet 44 =)
YAEES el AL an Jdxol. fol

100L/min ¥, 10kVe] AYE 27t 3 B, 2.5¢
mI7E 7 A AAEEL 81%= O Yt
ZA0] v3] &gto, 8kV, 6kV, 4kVe] HALS 217t
g AL, ANa&2 A 62%, 41%, 18%°]31t}. 0.3
pmA719 PR AL 7Y HE 2 5E
27k 30%, 20%, 13.7%, 11%=, QA7FAto] o4
5 XY 38 3 F45Aa, FA0] 0.04¢mA 4
A A 35%, 26%, 16%, 13%= AA3IHTE &xof
we}, ZAHo] 2.5um, 0.04¢m<]l YA EELS €I
SEH, £r7t 271 @42 K Ho| 0.04¢m< YA

g0l 2.5um9 ¥AFE /M dAET o ol A
g AL RISt ol 4A A7]o 2 H7]ols
L9] Zo] wiiEoltt. 0.04¢mUA= 2.54mel YRl
") Aoz Bt Hr)olskE 7. H7|olE
T7F 32 AR A7)l 9siA Tt SIS
HAREEY ZAart o 2A yehdth webs {50
B2 100L/minlAe HAZ 42 771 AZSE
AR ALo] E715k9h. 80L/mind A9, 2.54m =
719l (10kV) YA 100%2] AAEES HHT, A7t
A¥zo] 6kVe 8kVolAE 7ol 1umQl YA
vl JAALY F7F Hol k. FHo] 0.04xme
0.3p¢m9] Y4#9] 3L, AAEE Ao]7} 100L/mind]
A9 A3t BHoh 27 o F7skHe AL s
60L/min®| H%-, 2.5¢m 3719 YAEL QA7FAY o]
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8kVolAE 100% JAFEES EHol: AL ARISHH
ot 3 0.04pm3t 0.3pm 9 A &L zfo|7t F7t
= AL AU 4kVolME BE YA 279
defiA ag&ol A F7ksHAl gt 40L/min®] 7
%, 2.5¢m 3719] YAt 6kVEHE 100% FXEE
< 7+ AL EAsHAL, 0.04pm F719 JA=
10kVE A715t9S w), 100% AA &S et
f&0l A T £F UA ZY9] JA7] ag JAS
HPA, 0.3pm 2719 JA7E AlY 22 5&8 7HA
£ AL IIStAT. BHHOZ &£Lrt FolEWA I

22 Al HisiME FA B0l Fkste], A& 2
719 W& FA 5289 IHnE UA FEHE F o
= 0.2 ~ 0.5em 3719 Y= o2 GAl HIsHA
@2 A7)0l =g 7HA7] HEelth.(Hinds and Zhu,
2022; Jaworek et al., 2018; Adamiak, 2013).
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Space charge density (4(/m?)
413

33.1
248 1
T
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()

Figure 5. Contours of (a) electric field, (b)
voltage, and (c) space charge density.
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3, 39 59t 2ol 9ixlo] wE 2715 A7l ¢
ek, A7) A7l gholo] FuiolA] A 283}
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L 2 Bsley, gERe §% FalAE 4
o= we W% AE ek 1Y 50 A7l

e of ZHolA 7P Be o]2o] WY
< B 4 YU, WA WFOE o Mt st
o & 2= 99t

3% 6()e AWM ¢F FE et SErzo|ct
gfojol-gt EY7]9] o] 2F ATE Yotr7] Hsto],
oF g 1ol g &= BE (1 6b) AN =

)
30
(r
»
filo
a
)

A=, ol= HoA9 o] st dx 7] FHARo]
2k 0.01 C/m’E (Kim et al., 2020), 2o
whA] Kot tfgF 100081 Fx &7] wj&o|ct.

9,
]
o,
H

(b)

Figure 6. Comparison of flow (a) with and (b)
without consideration of ¢Z (force that
generates ionic wind, see eq.2)

a8 7904= 6kve] AYE 7FHRE W, el
B2 1um HE Y7 8749 AFolnt. FFo] HaT
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8193t} 40L/min®] 79, A4 dE YA 871 Sl
4719] YAE (#5- #8)°] EF FOE Qslo] o)F
o] The a3l Hls Aigos offE o Zol:
AL BT 5 9T, o] wet FRwo] go] EH
=9t
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