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Abstract 

 

Project Code : MRG5180217 

 

Project Title :  Development of a Nanometer Electrical Particle Analyzer using 

Electrostatic Charge Measurement Technique 

 

Investigator : Dr. Panich Intra 

 

E-mail Address : panich_intra@yahoo.com 

 

Project Period : 2 Years 

 

 A nanometer electrical particle analyzer using electrostatic charge measurement 

technique was developed in this project. The aim of this project is to design, construct, 

and performance test the prototype of the analyzer by using materials and control 

system which is the development and domestic replacement parts from abroad in order 

to the terms of the instrumentation appropriate work rates and the adoption of 

commercial. 

The developed particle analyzer consists of a size selective inlet, a particle 

corona charger, an ion trap, a Faraday cup, an electrometer, a data acquisition and 

processing system, and a fluid flow control system. The flow system of the analyzer was 

controlled and regulated by mean of mass flow controller and vacuum pump.  In this 

system, a nanoparticle sample first passes through the size selective inlet to remove 

particles outside the measurement size range based on their aerodynamic diameter, 

and then pass through the particle corona charger that sets a charge on the particles 

and enter the ion trap to remove the free ions. After the ion trap, the charged particles 

then enter the Faraday cup electrometer for measuring ultra low current about 10-12 A 

induced by charged particles collected on the HEPA filter in Faraday cup corresponding 

to the number concentration of particles. Signal current is then recorded and processed 

by a data acquisition system. Finally, time variation of particle number concentration 

was also shown. 



  

 In this project, both theoretical and experimental studies of the sub-components 

of the analyzer includes the size selective inlet, the particle corona charger, the ion trap, 

a Faraday cup, the electrometer, and the data acquisition and processing system were 

conducted. The combustion aerosol generator (CAG) was used to generate a 

polydisperse aerosol for the performance test of this analyzer. The results have been 

compared with the standard instruments to verify the accuracy. It was found from the 

results that the developed analyzer was capable of measuring number concentration of 

nanometer sized particles in the range of approximately 1  1010 to 1  1012 

particles/m3 corresponding to the signal current in the range of approximately 1 to 250 

pA. Time response of this analyzer was about 1 s. 

Suggestions for further research on both the theoretical and experimental parts 

of this project: (a) further research should be focused on the effect of particle shape on 

the overall performance of the analyzer, (b) the analyzer should be improved to a 

smaller size for portability in field test, and (c) calibration and comparison of the 

analyzer with other particle measuring devices (e.g. SMPS, EAS, DMS, and ELPI) 

should be conducted further. 
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d d
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ln ln
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n d d
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 1.81  10-5 Pa.s.  20  

 (reference viscosity) 

 (reference temperature)  (Willeke and Baron 1993) 

 

r
r

r

T S T
T S T

          (2.5) 

 

 S   Sutherland (Willeke and Baron 1993) 

 2.5  

 

2.2.2  

 (parameter)  (particle 

dynamic)  (particle Reynolds number, 
peR ) 

 

    (Hinds 1999) 

 

p

p
e

Vd
R            (2.6) 

 

   V   pd   

    

 (inertial force) 

 (viscous force)  (frictional force)     

peR < 1  (laminar flow) 

 

 

2.2.3  

 (net velocity) pV   

(carrier gas)   

(aerodynamic drag force) DF   ( Stoke’s law) 

 2.7 

 

3D p pF V d                     (2.7) 
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    Navier-

Stokes  

 1 

 

  

(gas mean free path)  

“ (slip)”  (

)   

 (correction factor)  

    (Cunningham  slip  correction  factor) 

cC  (Cunningham, 1910)  2.8 – 2.10 

 
3 p p

D
c

V d
F

C
           (2.8) 

 

1 2.514 0.8exp 0.55 p
c

p

d
C

d
       (2.9) 

 
101.3 1 110 / 293.15

293.15 1 110 /r
T

P T
     (2.10) 

 

 cC     r   

 (  0.0665 m)  P  

  (terminal settling velocity) TSV  

 (Stoke’s drag force) 

 ( DF  = GF )   

 
2

18
p p c

TS

d gC
V         (2.11) 

 

 p    g   (  

9.81 m/s2)  1  

 

 (particle mobility) B  

  2.12 
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3
c

p

CB
d

         (2.12) 

 

 (aerodynamic 

diameter) 

 

2.2.4  

 

 

   

  

  

  (impaction) 

 (particle trajectory)   

  

 (interception) 

 

 

 (Stoke’s number) Stk   

 
2

18
p p f c

c c

d V CSStk
d d

                 (2.13) 

 

0pS m BV          (2.14) 

 

 cd   (characteristic dimension)  fV  

 S   (stop distance of particle) pm   

0V  

  

 0.6 

 1 ) 

 

2.2.5  
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  (Brownian motion) 

 

  

 (diffusion) 

  Fick’s 

 

 
dnJ D
dx

         (2.15) 

 

 J   (particles flux) dn dx  

(particle concentration gradient)  D   (diffusion coefficient) 

D   (Hinds, 1999) 

 

3
c

p

kTCD kTB
d

        (2.16) 

 

 (Brownian 

diffusional flux)  

   100  

 14 cm/sec 

 10   440 

cm/sec 

 

   

 (trajectory) 

 (random net displacement) 

 

  (root mean 

square)  x   t   

 

2x Dt                   (2.17) 
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2.2.6  

 (net electrostatic charge) 

 E   (net 

electrostatic force) EF   

 

E pF n eE          (2.18) 

 

 pn   e   (1.6 10-19C)  E  

   (

 EF  >> GF ) 

 DF   

1  

 
3p p

p p p
c

dV d
m V n eE

dt C
                (2.19) 

 

 pm    pV   

 

 

3

6p p pm d         (2.20) 

 

 2.19  

(terminal electrostatic velocity) TEV   

 

3
p c

TE
p

n eEC
V

d
                  (2.21) 

 

 2.21  

(mechanical particle mobility) B   

 

TE pV n eEB                   (2.22) 
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 (electrical mobility) pZ  (m2/V.s) 

 B   2.23 

 

3
p cTE

p p
p

n eCVZ n eB
E d

       (2.23) 

 

2.3  

2.3.1  

 (fluid flow) 

  

(axisymmetric)  (laminar)  

(fully developed)  (incompressible)  

(continuity equation)  Navier-Stokes  (incompressible 

Navier-Stokes equation) 

  (partial 

differential equation, PDE)  (cylindrical coordinate system)  

2  

 

 : 

 
1 0r z

z

ru u
r r

             (2.24) 

 

 Navier-Stokes: 

 (r) 

 
2 2

2 2

1 1 1r r r
r z r r

uu u upu u ru u
r z r r r r r z r

       (2.25) 

 

 (z) 

 
2

2

1 1r z z z
r z

u u u upu u r
r z z r r r z

         (2.26) 
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 ( ) 

 
2

2

1 2
r z

u u u u uu u r
r z r r r z r r

         (2.27) 

 

 xu , yu   u   x, y    p  

    (kinematic viscosity of air) 

 

2.3.2  

  (Reynolds number)  (dimensionless number) 

 

 (laminar flow condition) 

 (laminar regime) 

  (coaxially cylindrical electrodes) 

 (annular flow) 

 

 

22 1
Re

r U
        (2.28) 

 

 2r   (outer)  

 U     

 (gas density)  (velocity profile) 

 

 
2 2 2

2
2

2 2

1( ) 1 ln
4 ln( )
r dp r ru r

dz r r
     (2.29) 

 

 /dp dz   (pressure gradient) 

 

2.4  

 (electric field and current flow) 

 Maxwell’s  (Poisson’s equation) 

 V   (Chang et al. 1995) 

 



 21 

2

0

V          (2.30) 

 

   (C/m3)  0   

(Free-space permittivity)  8.854 x 10-12 F/m 

  2.30  (Laplace’s 

equation)  2   

 
2

2
0

1 ( , ) 0V V r zr
r r r z

      (2.31) 

 

 (electric potential)  z  r 

 

 

,r
VE
r

 z
VE
z

                (3.32) 

 

 (  2.31  2.32) 

 (analytical method)  

  

 (numerical method)  

 

2.5  

 (numerical model) 

   

 (electric field model)  (flow field model) 

 (axisymmetric)  

(laminar)  (fully developed) 

 (incompressible)   Navier-

Stokes   Poisson’s  (2D) 

   

CFDRCTM  (finite volume method) 

 FVM  (computational fluid 

dynamic)  CFD Research Corporation 

 CFDRCTM 
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  (domain) 

 (control volume)   (governing 

equation)  

(boundary condition)   

  (system 

of simultaneous equations) 

 

  CFDRCTM  (co-

located cell-centered variable arrangement)  (dependent 

variable)  (material properties) 

  

  

 

2.6  

  (corona discharge) 

  

 (voltage-current characteristics) 

 (corona onset voltage)  (corona 

current)   

 (sparkover corona) 

   

(corona onset field strength) 0E   Peek (1929) 

 

0 1sE E A r                 (2.33) 

 

r

r

T P
T P

                 (2.34) 

 

 sE   (breakdown field)  (3.10  106 

    (negative corona)  3.37  106    

 (positive corona) A   (0.0301 m1/2   0.0266 

m1/2 )   rT  

 T   rP  

  rP    

Peek’s  (cylindrical geometry) 
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 0V   

 

0 0 1 2 1ln( / )V E r r r                                 (2.35) 

 

 (average current density) j  (A/m2) 

   

  (Parker, 1997) 

 

0 0
3

2 2 1

4 ( )
ln( / )
iZ V V Vj

r r r
                (2.36) 

 

 iZ   (ion electrical mobility) 

 1.4  10-4   0   

(free-space permittivity)  8.854    10-12  

 2.36 

  

 

0 0
2

2 2 1

8 ( )
ln( / )

iZ V V VI
r r r

                (2.37) 

 

 (flashover voltage) 

 (d)  5 10-2   15d   d 

  

 

 

 

 

2.7  

  (gaseous ions) 

 (electrical charging)  

 (particle size)  (ion 

density)  (charging time) 

  (diffusion 

charging)  (Brownian random motion) 
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 3   Knudsen, Kn i a   i  

 (ion mean free path)  a   

 Knudsen   Kn << 1  

 (combination coefficient) 

 (macroscopic diffusion equation)  

Knudsen  ( Kn >> 1)  (kinetic theory of gases) 

   Knudsen  1 

 

 (semi-

empirical expressions)  1950 

 (rate of ion-aerosol attachment)   

Fuchs (1947) 

 Bricard (1949)  Gunn (1955)  1962  

1963 Bricard (1962)  Fuchs (1963)  

 

 Fuchs  (fluxes) 

 (limiting sphere) 

 ( ( )n ) 

 (electrical image force)   1985 Adachi  

(Adachi et al. (1985)) 

 Fuchs  (transition regime) ( Kn 1 ) 

 

 (unipolar) 

 birth-and-death  Boisdraon and Brock (1970) 

 (monodisperse particles) 

 Differential-Difference Equations (DDEs)  (Biskos 2004) 

 

,0
,0

p
p i

dN
N N

dt
              (2.38) 

 

,1
0 ,0 1 ,1

p
p i p i

dN
N N N N

dt
             (2.39) 

 

,
1 , 1 ,

p n
n p n i n p n i

dN
N N N N

dt
            (2.40) 
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 ,p nN   n iN  

  n   n 

 (Adachi et al. 1985)  

Fuchs (1963)  

 

2

2

/

0

( )

( ) ( / )

4

exp

1 exp expi

i

i
n

n a
i

kT
c a x

kT D a kT

cJ
N dx

         (2.41) 

 

 

/x a r                (2.42) 

 

 
2 2 3

1
2 2 2

0 1 0

1( ) ( )
4 1 8 ( )r

pe e ar F r dr
r r r a

          (2.43) 

 

 

2

2

35

5/ 223

2 2

1 11 2 1
5 3 15

i ii

i

i

a aaa
a

         (2.44) 

 

( )r  (electrostatic potential)  r 

 ( )F r  

  nJ dn dt    

 ic  

 (ion mean thermal speed) iD  

 (diffusion coefficient of ions) k   

(Boltzmann’s constant)  1.380658  10-23 J/K T  e

 1.6  10-19C 0

 (dielectric constant of vacuum) 1  

 (relative permittivity of particle material) 

 (average charge)  

(charge distribution on particle)  

  

  White 

(1951, 1963)  (free molecule theory)  
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 (Boltzma- 

nn distribution)  

(analytic form)   

 

 (collision rate)   (charging rate) 

 (thermal speed)   White’s 

  J  

 (neutral particle) 

  

 

24
4

s
i

NJ a c               (2.45) 

 

 sN   

 (equilibrium state) 

 

 

 
2

exp p
s i E

n e
N N K

akT
             (2.46) 

 

 pn    01/ 4EK   2.46  2.45  

 
2

2 exp p
i i E

n e
J a c N K

akT
             (2.47) 

 

 2.45  White (1951, 1963)  2.47 

 

 
2

2 expp p
i i E

dn n e
a c N K

dt akT
            (2.48) 

 

 pn  = 0  t  = 0  
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2
2

0 0exp

pn t
p

i i
p

E

dn
a c N dt

n e
K

akT

            (2.49) 

 

 

 (Willeke and Baron 1993; Hinds 1999)   pn  

 t   pd  

 

 
2

2 ln 1
2 2

p E p i i
p

E

d kT K d c e N t
n

K e kT
            (2.50) 

 

 pd    2.50 

 (continuum regime) ( Kn << 1) 

 ( Kn >> 1) (Liu et al. 1967; Gentry and Brock 1967)  

Brock (1969, 1970)  2.50 

  Liu et al. (1967)  White’s 

  Gentry and 

Brock (1967)  (Boltzmann’s collision equation) 

 White’s  Kn   

 

  Fuchs and 

Sutugin (1971)  

 Keefe et al. (1959)   Keefe et al. (1959) 

  Pui (1976) 

 Keefe et al. (1959) 

 White’s  

  

 (field line) 

 (charge satura-tion) 

 (field charging) 

 (charging zone) 

 White’s (White 1963)  sn  
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22 11
2s

E

Ean
K e

             (2.51) 

 

    E   

 

 
2

1p p
s E i i

s

dn n
n K eZ n

dt n
             (2.52) 

 

 

 

 
22 11

2 1
E i i

p
E E i i

K eZ n tEan
K e K eZ n t

           (2.53) 

 

 2.53  

 1 -   1 (

)  ( ) 

 1 – 10  2.53 

  2.53 

  

 

 (Liu and Kapadia 1975) 

 

2.8  

  (particle electrical measurement) 

 (aerosol size spectrometer) 

 

 (electrometer circuit)  

(concentration)  

Whitby Aerosol Analyser (WAA)  Electrical Aerosol Analyser (EAA) 

  

(Faraday-cage electrometer) 
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 pN   Monodisperse 

 

 

( , )
p

p
p p p a

I
N

g n d n eQ
        (2.54) 

 

 pI   ( , )pg n d  

 (probability)  pd   pn   aQ  

  Polydisperse 

 2.54  

 

1
( )

( ( ), ) ( )

M
p

p p pi
i pi pi pi pi pi a

I
N d d

g n d d n d eQ
              (2.55) 

 

 M  bin  pid   i  

 bin  pid   bin  i   2.54  2.55  

  

(sensor)    

(electrometer sensitivity)  

  

 10-15  (A)  fA 

 102  

 

 



 

 

 3 

 

 

  3 

  

   

  

 

 

3.1  

 (overall design goals) 

  

     

   

  

   

 (particle number 

concentration)  1014  

 10  1,000   

(transient)  

 

  (time response) 

 1  

 1   /

  

    

   3.1 

 

 

 1    

 

 3.1  
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 3.1  

 

  

  

 

10  1,000  

  1014  

 1  10  

  1  

  (solid) 

 (liquid) 

  1 

 

  

   

 

  10  

 

  200,000  

 

 

  

(electrostatic precipitation method) 

 

 

 

 

 

 

3.2  

3.2.1  

   (size selective inlet) 

 (size range)        



 32 

 
 

 3.1 

 

 

 (multiple-charged aerosol) 

  

 

 

 10   1  

 1  

 

3.2.2  

 

 3.2  (Intra, 2008) 

  

(stainless steel)   (acceleration nozzle)  1.0 

  (impaction plate)  10  

  1.0 
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Aerosol
inlet

Aerosol
outlet

Acceleration nozzle

Impaction plate

 
 

 3.2  (Intra, 2008) 

 

 
 

 3.3  (Intra, 2008) 

 

 

 

 

  (particle 

cut-point diameter)   1.28 

  2.0     3.3 

  

 

3.2.3  

 (Stokes 

number, Stk)  (dimensionless parameter) 
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2

Stk=
9

p c pC d U
D

                (3.1) 

 

 p   cC   pd  

 U      D  

  

 

2

4QU
D

                 (3.2) 

 

 3.2  3.1  

 
2

3

4
Stk=

9
p c pC d Q

D
                (3.3) 

 

 3.3 

 50  ( 50d ) (Hinds, 1999) 

 
3

50
50

9 Stk
4c

p

Dd C
Q

               (3.4) 

 

  3.4 

  50d   50 cd C  

 (empirial equation)  (Hinds, 1999) 

 
8

50 50 0.078 10cd d C   50d                (3.5) 

 

 2   50d  > 0.2   

0.9 – 1  (Hinds, 1999)  

 
2

503

50

4

9 Stk
p cd C Q

D                (3.6) 
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 50Stk  50  

 0.24 

 1.0 (Marple and Willeke, 1976; Hinds, 1999)  

 

3.2.4  

 (particle penetration efficiency) P  

 3.7 

 

(1 ) 100P E                 (3.7) 

 

 E   (particle collection efficiency) 

 

 
12

501
s

p

dE
d

                (3.8) 

 

 s  

 1.0 

 

3.3  

3.3.1  

  (ion trap) 

 (free ions) 

  

 

  

  

 

3.3.2  

  3.4 

 (electrostatic precipitation) 

 (inner electrode)  (outer 

electrode)  28 

  15    
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 3.4  (Intra and Tippayawong, 2009) 

 

 
 

 3.5  (Intra and Tippayawong, 2009) 

 

 300   15  

 

  10  100   3.5 

 

 

3.3.4  

  3.6  
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 3.6  (Intra and Tippayawong, 2009) 

 

  

 (axisymmetric)  

(steady)  (laminar)  

(fully developed)  (incompressible)  

(space charge effect)  (Brownian diffusion effect)  

  

(differential equation system)  

 

r i r
dr u Z E
dt

                 (3.9) 

 

z i z
dz u Z E
dt

               (3.10) 

 

 ru   zu   rE   zE  

  iZ   (electrical 

mobility of ions)  

(positive)  (negative)  1.4 × 10-4 m2/V s  2.2 × 

10-4 m2/V s  (White, 1963) 

  (uniform electric 

field)   

 

2 1lnr
VE

r r r
  0zE                       (3.11) 

 

 1r   2r    V  
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0ru     2( ) ln( )zu r Ar B r C            (3.12) 

 

 

 

1 d ,
4 d

pA
z

2 2
2 1

2 1

1 d ,
4 d ln

r rpB
z r r

2 2
22 1

1 1
2 1

1 d ln( ) ,
4 d ln

r rpC r r
z r r

 (3.13) 

 

 d / dp z   Pressure gradient  

 
2d

d 2 h

p U f
z D

               (3.14) 

 

  

 

2 1 22 1 ,hD r r r                         (3.15) 

 

 

1
2

1 2 1 2
2

1 2 1 21 2

1 164 ,
Re 1 ln1

r r r r
f

r r r rr r
          (3.16) 

 

 2 1 22 1
Re ,

r r r U
                       (3.17) 

 

hD   Hydraulic  

f   (friction factor) U    

  Re    3.11  3.12 

 3.9  3.10   

 

2 1

d
d
d
d

d
d ( ) ln

i

z

r
t
z
t

Z Vr
z ru r r r

             (3.18) 

 

 3.18  (migration path)  

 



 39 

2

2 10

( )d d
ln

in

r z
i

z
r

VZru r r z
r r

             (3.19) 

 

 inr    

 inr   z   

 

2 1( ) ln
4

in

i

g r r r
z

VZ
                        (3.20) 

 
4 4 2 2 2

2 2 2 2

2 2 2
2

2 ln( )
( )

2 ln( ) 2 2
in in

in
in in in

Ar Ar Br Br Br r
g r

Br r Cr Cr
                    (3.21) 

 

3.3.5  

  (removal or trapping efficiency) 

  

      

    Deutsch-

Anderson  (Hinds, 1999) 

 

221 exp i

i

r LZ E
Q

             (3.22) 

 

 L   E    

iQ    

 iN   

 

 0 0iN N N               (3.23) 

 

 0N   

 

3.4  

3.4.1  

   

 

 (collision process)  
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 (macroscopic scale)  

  

 (high charging efficiency) 

 

 (high sensitivity)  

 

  

 (actual charge level)   

(net percentage)  

 (signal current) 

 

 

  

  

  (particle losses)  

 (contamination)  

 (low pressure)  (different gases)  

 (high voltage supply) 

 (corona field) 

 

  

 

 

 

3.4.2  

  

3.7  Hernandez-Sierra et al. 

(2003)  Alonso et al. (2005)   

Hernandez-Sierra et al. (2003)  Alonso et al. (2005) 

 (tangential aerosol inlet) 

  

 (needle electrode) 

 6   49   
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 3.7   

(Intra and Tippayawong, 2009) 

 

 
 

 3.8  (Intra and Tippayawong, 2009) 

 

 10  20  

  (outer electrode) 

 30  

 15   30   

3.5   1.75  

 (adjustable high 

voltage power supply)   3.8 

 

 

3.4.3  Nit  

 (electric field) 

 

 (Maxwell’s theory)  

(Poisson’s equation)  V   
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2

0

V                (3.24) 

 

 V     (space charge density) 

 0   (vacuum permittivity) (  8.854 × 

10-12 F/m)  (ion current  density) 

 

 

ij Z E                (3.25) 

 

 

 (ion current)  (inner surface area) 

 

 

in
i

I Z E
A

               (3.26) 

 

 inI   A  

 

 (product)  (ion concentration) inn

 (residence time) t   

 inn t inn t

 (   

)  

inn   

 

inn e                (3.27) 

 

 e    (elementary charge)  1.61 × 10-19 C 

 3.27  3.26 

 

 

in
in

i

In
eZ EA

               (3.28) 
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VE
d

                (3.29) 

 

 V    d  

  3.29  3.28  

 

in
in

i

I dn
eZ VA

                         (3.30) 

 

 

 
2 2

1 1 2 2

3
r r r r L

t
Q

              (3.31) 

 

 1r   2r   L  

  Q    3.31 

 0.0814   5    

  

 

3.4.4  

 

  

 

out
out

In
eQ

               (3.32) 

 

 outn    outI  

   (ion penetration) 

 iP   

 

out
i

in

nP
n

                  (3.33) 

 



 44 

3.4.5  

 (particle loss) 

 

    

(gravitational loss)  (space charge)  (diffusion loss) 

 

 

outN   (uncharged)  inN  

  Deutsch-Anderson  (Hinds, 

1999) 

 

1out
el p

in

Nloss P
N

              (3.34) 

 

 pP   (particle penetration) 

 

 

exp p
p

Z EA
P

Q
              (3.35) 

 

 pZ    

 

3.5  

3.5.1  

 

 (Faradya cup) 

 2.54  

2.54  10  (fA)   108  

   1014  

   500  

 

 (acceptable noise level) 

 (background noise)  

 

  1   
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 3.9  

 

 
 

 3.10  

 

3.5.2  

 3.9  

  

HEPA  (filter holder)  47  

 

 Teflon®  BNC 

  3.10 
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 3.11  

 

 3.11 

 (current-to-voltage converter circuit) 

 (negative feedback amplifier)  

 (feedback capacitor) C1 

 (input capacitance)  (opamp) 

  (ultra-low bias 

current input)  (  2,000  5,000 )  

 

  LMC662  OP07 

 

  60  (fA)  

(> 0.4 )  outV   

 

1 2

2

f f
out in

i

R R
V I

R
              (3.36) 

 

 inI   1fR   1 

2fR   2  2iR  

 2  3.36  10  (mA) 

 10  (pA)  
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 3.12  RC low-pass 

 

 RC low-pass 

 3.12 

 (cut-off frequency)  

 

 1
2

Cut off frequency
RC

            (3.37) 

 

 R    C   

 3.12  22   1  

 7.23   (time constant) t  

 

 

 t RC                (3.38) 

 

  3.12  22  

 1  

 

 

  (leakage current) 

 

  

 

 

   (electrical 

isolation)   Teflon® 
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 3.13  

 

  ultrasonic  (Pease, 1993; Intra and 

Tippayawong, 2007)  3.13  

 

3.6  

3.6.1  

    

 

 

 

 

 0  5   (analog signal)  

 (analog to digital 

converter) 

 

 (resolution)  5   0.5 

  R  

 

 

 
2 1

in
n

VR                (3.39) 

 

 inV    n   

 5   
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 3.14  

 

 5    3.39 

 10   (sampling rate)  30 

 100    

 

3.6.2  

  3.14 

  (analog input module) 8   

ADAM  4017  1  

 3   (analog output 

module) 4   ADAM  4024+  1  

 2   2 

 RS-485  RS-232 

 USB  

  

  Microsoft Visual 

Basic  3.15  

3.16  

 

 

  1 

   1     

 Warm up  

 1    (zero offset)  



 50 

 
 

( )  

 

 
 

( )  

 

 3.15  

 

 

 

 3.36 

 2.54 

 1  
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 3.16  



 

 

 4 

 

 

 

4.1  

  4.1 

  

   

   

  

 (Dwyer model RMA-SSV)  (Busch 

 SV 1003)  0  10  

 

 

 3.5   Bertan  PMT-50CP 

 ADAM  4024 

 

 

 Bertan  PMT-05CP 

 ADAM  4024 

 

 HEPA  Whatman  EPM 2000 

 

 

 

 0  5  

  

ADAM  4017 
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 RS-485  RS-485  USB 

 (sampling time)  100   1  

 

4.2  

   

 

  (analog input and output modules) 

 (high voltage supply module)  12 

 (12 VDC power supply)  RS-485  USB (RS-485 to USB 

converter)  (flow controller)  (vacuum 

pump)  (HEPA filter) 

 

 

4.2.1  

  (analog input module) 

 

  0  

5   8  Advantech  

ADAM-4017  4   (resolution) 16  (bit)  

0.1   (sampling rate) 10     zero drift 

 6     

(analog output module)  4   Advantech  ADAM-4024  1 

 

   ADAM-4024 

 (resolution) 12  (bit)  0  10   

0.2   zero drift  30    

 ASCII  RS-485  4.2 

 

 

4.2.2  

  

 

 Spellman  Bertan  PMT-50CP  1 

     0  5 - 
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 4.2  Advantech 

 

  Bertan  PMT-05CP  1  

 0  500   1 

  (ripple voltage)  200  (Vp-p) 

 0  5   4.3 

 PMT-50CP 

 

  15 

  10  

 

4.2.3  12   

  12   

  12  

  ACRO Engineering Inc.  AD1048-12FS (  4.4)  48 

  3   100  (Vp-p)  
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 4.3  PMT-50CP 

 

 
 

 4.4  12   
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4.2.4  RS-485  USB 

  RS-485  USB 

 RS-485  USB  ADAM-

4017  ADAM-4024 

  RS-485  USB  Inex 

Innovative Experiment  UCON-UART 

 

4.2.5  

  

 (rota-meter) 

  Dwyer  RMA-

SSV  0  50     

2    4.5  Dwyer 

 Busch  SV 1003 

 (displacement volume rate)  3    

 0.15   4.6 

 polyethylene  5  8  

 

 
 

 4.5  Dwyer 
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 4.6  Busch 

 

 
 

 4.7  HEPA 

 

4.2.6  

  (high efficiency particulate-free air filter) 

 HEPA  

 

 (glass fiber)  Whatman  EPM 2000 (  4.7) 

 47   330   (particle 

retention rating)  98   500  
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/

 
 

 4.8 

 

 

4.3  

  4.8 

  

 (aluminum profile)  20  20 

  160  480  360  

 /   

  4.9  

USB  220   4.10  

 

   

 

 

  12  
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 BNC 

 

  

 

 

USB

220 

 
 

 4.9  USB 

 220  
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 4
.1

0 
 

 
 



 

 

 5 

 

 

  

 

  

 (HEPA filter)  (high voltage 

measurement and supply system)  (standard electrometer) 

 (digital oscilloscope)  (digital multimeter) 

 (electrical mobility spectrometer) 

 (scanning electron microscope) 

 

    

   

 

5.1  

5.1.1  

  (high efficiency particulate-free air filter) 

 HEPA 

  Pall HEPA Capsule  12144 

 

 99.97   0.3  

  5.1  HEPA 

 

5.1.2  

   

 (adjustable DC high voltage power supply) 

 (high voltage cable)  (high voltage probe) 

 Leybold Didactic  

521721  0  25   0.5 

  3   

 5.2  Leybold Didactic  521721  
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 5.1  HEPA  

 

Fluke  80K-40  1  40  

 1    1000   

5.3  Fluke  80K-40 

 

5.1.3  

 (low level) 

 

 Keithley  6517A  6522  

6517A  (input bias current)  3 

  0.75   1 

  20   5.4  Keithley  

6517A  6522  10  

 6517A           6522

 (offset current)  1  

 (electrical isolation)  (  1015 )  5.5 

 Keithley  6522 

 (low-noise coaxial connection cable) 

 

 1015   0.5  

 Triax  237-AGL-2 

   

5.6  Keithley  237-ALG-2 
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 5.2  Leybold Didactic  521721 

 

 
 

 5.3  Fluke  80K-40 

 

5.1.4  

  5.7  (digital oscilloscope)  Tektronix 

 TDS 210 

     

  TDS 210  4   

(bandwidth) 200   (input impedance) 1  

 USB  
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 5.4  Keithley  6517A 

 

 
 

 5.5  Keithley  6522 

 

5.1.5  

  (digital multi-meter) 

  Digicon  DM-815 

 2.5   5.8  
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 5.6  Keithley  237-ALG-2 

 

 
 

 5.7  RIGOL  DS1000 

 

5.1.6  

  (electrical mobility spectrometer)  EMS 

 EMS 

 10  1,000   

1014     1  

  5   5.9  EMS (Intra and Tippayawong, 

2009) 



67 

 
 

 5.8  

 

 
 

 5.9  (Intra and Tippayawong, 2009) 
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 5.10  JEOL JSM-6335F 

 

5.1.7  

 (scanning electron 

microscope)  SEM  JEOL  JSM-6335F 

 

  1.5   10  

 500,000   5.10  

JEOL  JSM-6335F 

 

5.2  

5.2.1  

  5.11  

 (laminar diffusion 

burner)  (presooting condition) 

  

 

 

 

  (isokinetic 

sampling)      
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Dilute
aerosol

out

ExhaustQuench
air in

AirAir

d

Fuel

Flame

 
 

 5.11   

(Yawootti et al., 2010) 

 

 
 

 5.12  (Yawootti et al., 2010) 

 

 

 1014     5.12 

 

  1 

  5.13  5.14 

 EMS 

 10   1   

SEM   
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 5.13  (Yawootti et al., 2010) 

1 10 100 1000
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d p),
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/m

3

particle diameter, nm

5 10 15 20

0
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100

150

200

electrometer ring number

el
ec

tro
m

et
er
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ur

re
nt

, p
A

 
 5.14 

 EMS (Yawootti et al., 2010) 

 

 EDS 

(energy dispersive spectroscopy)  5.15 

  (C)  

(weight%) 41.36   (atomic%) 78.86  

 (Cu)  
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 5.15  EDS  

(Yawootti et al., 2010) 

 

5.2.2  

  5.16  (particle collection 

efficiency)  

 (  5.2.1)  

 1.0  

5.0    

 (diffusion dryer)  (dilution 

chamber) 

 

  (charged particle current) 

 

  

 

p
p

p a

I
N

n eQ
                 (5.1) 

 

 pN   pI  

 pn   e   

(Elementary charge)  1.61 × 10-19 C  aQ  

 

 

,

,

1 p out

p in

N
E

N
                 (5.2) 

 

 ,p inN   ,p outN  

 



72 

 
 

 5.16 

 (Intra, 2008) 

 

5.2.3  

  

 (number concentration)  

  

 5.17 

 

 3.5   3  1012  

  

 

  HEPA  



73 

 
 

 5.17  

 

 

  (ion 

current)  

 

 3.32 

 5.1  

 

 5.1  

 

  

 

 

 

 

 

  

10, 50, 100  150  

 

5, 10  15    

 

 (+) 

1  
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 5.18   

(Intra and Tippayawong, 2010) 

 

5.2.4  

  5.18  

 (charging zone)  

 

 

 

 3  8     

 

  

 (charging current)   
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 5.2  

 

  

 

 

 

 

 

 

 

0  10  

1.75  

10  20  

 (+)   (–) 

 

3, 5,  8    

1  

 

  3.32

 (ion penetration) P  

 3.33  5.2 

 

 

5.2.5  

 5.19  

 (

) 

 10  109   1  

 (measurement uncertainty)  0.017  109  (  Fluke  

8508A) 

 0  5  

 (Ohm’s law)  

 

sVI
R

                  (5.3) 

 

 sV    R   

 1  500  
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 5.19   

(Intra and Tippayawong, 2008) 

 

5.2.6  

  5.20  

  

  HEPA  

 5  15  

   

 

 5   4  

 5, 10  15    

 

 
 

 5.20  



 

 

 6 

 

 

6.1  

  6.1 

 1   5 

   

  1.28  

0.53   1  5     

 

 

 1  5    

  6.2 

 (D)  
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 6.1 

 (Intra, 2008) 
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 6.2 

 (Intra, 2008) 

 

 

  Marple and Willeke (1976)  

50  S/D  S/D  1 

  S/D  1/2  

 S/D 

  S/D  

 6.3 

  

5.1  

1.5  10-10  9  10-9   3  1013  3  1013    

 

 

  6.4 

 (particle penetration) 
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1 2 3 4
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3

 Cp, up
 Cp, down

 
 6.3 

 (Intra, 2008) 
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 %

aerosol flow rate, l/min

 
 6.4 

 (Intra, 2008) 
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 6.5  

(Intra, 2008) 

 

 1, 2, 3  4     89, 56, 72  79  

 

 (singly 

charged)  n = 1 

  6.5 

  2     30 

  

 (bounce)  (re-entrainment)  

 

6.2  

6.2.1  

 6.6 

  

10   1    

 Hagwood et al. (1999)  Williams (1999) 

  Kulon et al. 

(2001)  Wei (2007)  pressure 

gradient   

6.7 

 10  150  

 

 

 

 

  



81 

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
0.0000

0.0025

0.0050

0.0075

0.0100

0.0125

0.0150

 Hagwood et al. (1999)
 Williams (1999)
 Kulon et al. (2001)
 Wei (2007)
 this work

ax
ia

l d
is

ta
nc

e 
fr

om
 in

le
t, 

m

radial distance from axis of symmetry, m
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(Intra and Tippayawong, 2009) 
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 6.8  

(Intra and Tippayawong, 2009) 

 

 6.7  100  

  6.8 

 5, 10  

15  

 

 

 10  

  6.9 

 10   

 10  

  

 

6.2.2  

  6.10 

  

 3.32 

 0  
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 6.9  10  

 (Intra and Tippayawong, 2009) 
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 Deutsch-Anderson 

  

 100  

 Deutsch-Anderson 

 (turbulence mixing)  (electric wind) 

 (ion turbulent diffusion)  

  6.13 

 

 5   

10     150  

 5.57  

1013     7.87  

1013     149.45 

 211.27   
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6.3  

6.3.1  –  

  6.14  (charging current) 

  6.14 

 

 10   20  

 

 

 10   20  

 (spark over)  4.1 

  4   10  

 4.3   4.1 

  20  

  6.14 

 (corona onset voltage)  2.4 

 2.7   10  20   

 2.0  2.6   10  20   

 

 

 (electrical mobility of ions)  

 1.15  10-4 m2/V s 

   1.425  10-4 m2/V s  (Reischl et al., 

1996)  

 

 

6.3.2  

  6.15 

 

 10  20  

 3, 5  8     1  5  

 1.8   3  
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(Intra and Tippayawong, 2010) 
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ABSTRACT

         An inertial impactor is widely used for sampling, separating and measuring 
aerosol particles of aerodynamic size. In this study, a prototype of the submicron-
particle inertial impactor for size selective inlet of the electrical mobility particle
sizing instruments was designed, constructed and investigated. The effects of 
major design parameters on the cut-off diameter were analytically investigated 
including the aerosol fl ow rate, acceleration nozzle-to-impaction plate distance, 
and acceleration nozzle diameter. A prototype of the impactor was preliminarily 
tested experimentally to investigate the particle collection effi ciency of the
impactor and the deposited particles on the surface of the impaction plate inside
the impactor. The combustion aerosol generator was used to generate a polydis-
perse carbonaceous diffusion fl ame aerosol in the size range of approximately
10 nm – 10 μm for this experiment. It was shown that the theoretical 50%
cut-off diameter decreased with increasing aerosol fl ow rate and also decreased 
with decreasing acceleration nozzle diameter. Finally, the results of the prelimi-
nary experimental tests and the photograph of particle deposited on the surface
of the impaction plate inside the impactor was presented and also observed in 
this paper.

Key words: Particle aerosol, Inertial impactor, Size-selective inlet, Electrical
mobility Spectrometer

INTRODUCTION

Inertial impactors have been widely used for many years for sampling and 
separating airborne aerosol particles of aerodynamic size for further chemical 
analysis because they are simple in construction with high separation and collec-
tion capabilities (Hinds, 1999). It consists of an acceleration nozzle and a fl at plate, 
called an impaction plate. In inertial impactor, particles with suffi cient inertia are
unable to follow the streamlines and will impact on the impaction plate. Smaller 
particles will follow the streamlines and not be collected on the impaction plate. The 
aerodynamic particle size at which the particles are separated is called the cut-point 
diameter. Numerous extensive studies had been carried out in the past (May, 1945; 
Ranz and Wong, 1952; Andersen, 1966; Lundgren, 1967; Cohen and Montan, 1967; 
Mercer and Chow, 1968; Mercer and Stafford, 1969; Marple, 1970; Marple and Liu, 



1974; Marple and Willeke, 1976; Dzubay et al., 1976; Markowski, 1984). In a later 
work, inertial impactors have been used extensively for measurements of micron or 
super-micron aerosol particle size distribution by mass known as an electrical low 
pressure impactor (ELPI) (Keskinen, 1992; Keskinen et al., 1992; Marjamaki et al., 
2000).

In the electrical mobility particle sizing instruments, inertial impactors were 
also used to remove submicron-sized particles outside the measurement size range
upstream of the instruments due to their contribution to multiple-charged aerosols
(TSI, 2002; Intra, 2006; Intra and Tippayawong, 2006a, 2006b). These multiple-
charged aerosols have the same electrical mobility diameter, and may therefore be 
detected on the same sensor. Consequently, the signal measured at a given sensor 
will be due to particles of different physical sizes. Even though inertial impactors
have been widely studied for micron or super-micron aerosol collection, separation 
and measurement, submicron-particle inertial impactor for size selective inlet of the
electrical mobility particle sizing instruments have not yet been studied extensively. 
So far, studies on submicron size selective inlet impactors were not carried out 
enough.

Therefore, an inertial impactor for upstream separating submicron size aero-
sol particles for the electrical mobility particle sizing instruments was designed,
and theoretically and experimentally investigated in this study. The effects of ma-
jor design parameters on the cut-off diameter were theoretically investigated. The 
parameters included the aerosol fl ow rate, nozzle-to-impaction plate distance and 
acceleration nozzle diameter. A prototype of the impactor was built and preliminarily 
tested experimentally. Finally, preliminary test results are also presented.

IMPACTOR DESIGN

The most important characteristic of an inertial impactor is the collection 
effi ciency curve which indicates the percent of particles of any size which is 
collected on the impaction plate as a function of the particle size. According to 
Marple and Willeke (1976), for conventional inertial impactor, the aerosol fl ow 
rate, the acceleration nozzle-to-impaction plate distance and the acceleration nozzle
diameter are the important parameters governing the performance of the inertial
impactor. A schematic diagram of the inertial impactor used in this study is shown in 
Figure 1. The design of the impactor is based on the inertial impactor confi guration 
of Marple and Willeke (1976). It consists of an acceleration nozzle and an impac-
tion plate. The acceleration nozzle and the impaction plate are made of a stainless
steel. In the inertial impactor, the aerosol fl ow is accelerated through an acceleration
nozzle directed at an impaction plate. The impaction plate defl ects the fl ow stream-
lines to a 90° bend. The particles larger than the cut-off diameter of the impactor 
impact on the impaction plate while the smaller particles follow the streamlines and 
avoid contact to the impaction plate and exit the impactor. A picture of the impactor 
used in this study is shown in Figure 2.



Figure 1. Schematic deagram of the submicron-sized particle inertial impactor.

Figure 2. A picture of the submicron-sized particle inertial impactor.

The acceleration nozzle diameter can be calculated from the Stokes number 
(Stk). The Stokes number is a dimensionless parameter that characterizes impaction, 
defi ned as the ratio of the particle stopping distance to the halfwidth or the radius of 
the impactor throat. The Stokes number equation for a round jet impactor is defi ned 
as (Hinds, 1999):

(1)

where ρpρ is the particle density, CcC  is the Cunningham slip correction factor, dpdd is the
particle cut-off diameter, U is the mean velocity at the throat,U η is the gas viscosity,
and D is the acceleration nozzle diameter. Air density and viscosity are 1.225 kg/m3

and 1.7894 × 10-5 kg/m/s, respectively. Temperature of 294°K is used. For the round 
jet impactor, the expression of the average velocity within the round jets is given
by the following equation

(2)
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Substituting Equation 2 into Equation 1 gives

(3)

Solving the above equation for the particle cut-off diameter at 50% collection 
effi ciency, d50d , can be calculated by (Hinds, 1999)

(4)

Because CcC is a function of d50d , Equation 4 cannot be conveniently solved for particle 
diameter. For conventional impactor, d50d  can be estimated from d50d    CcC  using the
following empirical equations (Hinds, 1999)

d50d is in m. (5)

This equation is accurate within 2% for d50d > 0.2 μm and pressure from 0.9 – 1 atm
(Hinds, 1999). Thus, the acceleration nozzle diameter is given by

(6)

where Stk50 is the Stokes number of a particle having 50% collection effi ciency.
For the round jet impactor, Stk50 is 0.24, and the ratio of the acceleration nozzle
diameter to the nozzle-to-plate distance is 1.0 (Marple and Willeke, 1976; Hinds, 
1999). In this study, the 50% cut-off diameter >= 1 μm for the size selective inlet of 
the electrical mobility particle sizing instruments. The fractional particle penetration
effi ciency (P(( ) of the impactor was determined as follows:

(7)

where E is the particle collection effi ciency of the impactor, and it is determined E
from (Marjamaki et al., 2000)

(8)

where s is the parameter affecting the steepness of the collection effi ciency curve.
In the present study, s = 1 is arbitrarily assumed for the steepness of the collection
effi ciency curve.

PRELIMINARY EXPERIMENTAL TESTING

In order to measure the particle collection effi ciency, it is necessary to
measure the particle concentration both upstream and downstream of the impactor.
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For each particle size, the particle collection effi ciency of the impactor was defi ned 
as:

(9)

where Cp, upCC and Cp, downCC  are the particle number concentrations in upstream and 
downstream, respectively. Unfortunately, particle size distribution of both upstream 
and downstream of the impactor was not measured because no aerosol sizer was 
available at the time of the experimentation. Thus, only particle number concentra-
tions of both upstream and downstream of the impactor were preliminarily investi-
gated using unipolar corona charging and electrostatic detection of highly charged 
particles (Intra and Tippayawong, 2008). The deposited particles on the surface of 
the impaction plate inside the impactor were also observed. A schematic diagram 
of the preliminary experimental setup used to investigate the collection effi ciency 
of particles of the impactor and the deposited particles inside the impactor is shown 
in Figure 3. The combustion aerosol generator was used to generate a polydisperse
carbonaceous diffusion fl ame aerosol for this experiment. Stable polydisperse aero-
sols with particle number concentrations of approximately 1012 – 1014 particles/m3

were obtained (Cleary et al., 1992). The particle size obtained by scanning electron
microcopy (SEM) was in the range between approximately 10 nm – 10 μm. Figure 
4 shows the particle morphologies of agglomerates obtained from the scanning
electron micrograph, taken with a JEOL JSM-6335F Field Emission Scanning 
Electron Microscope, operated at 15 kV and magnifi cation of 5,000X. In this study,
the sampling aerosol fl ow rate was regulated and controlled by means of mass fl ow 
meter and controller with a vacuum pump and the fl ow rate ranging from 1.0 to 5.0 
l/min. The particles were fi rst dried with the diffusion drier. Thus, any remaining 
water was removed. Before aerosol particles entering the impactor, the particles
were diluted and mixed with clean air, which had been fi ltered through a HEPA 
fi lter, in the mixing chamber. In the impaction plate, impaction surface was coated 
with an adhesive collection substrate to prevent particle bounce. Particle number 
concentrations of both upstream and downstream of the impactor were measured.
In the measurement system, aerosol sample fi rst pass through the unipolar corona
charger that sets a charge on the particles and enter the ion trap to remove the free
ions. After the ion trap, the charged particles then enter the Faraday cup electrometer 
for measuring ultra low current about 10-12 A induced by charged particles collected 
on the fi lter in Faraday cup corresponding to the number concentration of particles. 
Finally, signal current is then recorded and processed by a data acquisition system 
(Intra and Tippayawong, 2008). The particle number concentration, CpCC , is related 
to the signal current, IpII , at Faraday cup electrometer is given by

(10)

where p is the number of elementary charge units, e is the elementary unit of charge
(1.6 × 10-19 C), and Qa is the volumetric aerosol sampling fl ow rate into a Faraday 
cup. To reduce errors due to time variations in the upstream aerosol concentrations,
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repeat measurements were commenced at least 5 min after the introduction of the 
aerosol into the measurement system.

Figure 3. A schematic diagram of the preliminary experimental setup used to
investigate the collection effi ciency and the deposited particles inside the
impactor.

Figure 4. Scanning electron micrograph of sampling particle from the generator.



RESULTS AND DISCUSSION

The following parameters affecting the cut-off diameter were theoretically
investigated in this study: the aerosol fl ow rate, acceleration nozzle-to-impaction
plate distance and acceleration nozzle diameter. These calculations were carried 
out at varying aerosol fl ow rates between 1.0 to 5.0 l/min. An operating pressure 
was set at 1 bar. The acceleration nozzle diameter was varied from 0.5 to 2 mm.
Figure 5 shows variation of theoretical impactor effi ciency curves as a function of 
particle size at aerosol fl ow rates of 1, 2, 3, 4 and 5 l/min with the acceleration nozzle 
diameter of 1.0 mm. Calculations have been performed for particle size range from
10 nm to 10 μm. It was found that the cut-off diameter decreased as the fl ow rate 
increased. With respect to the infl uence of the aerosol fl ow rate on the performance
of the size selective inlet, the cut-off diameter corresponding to 1 and 5 l/min were 
1.28 and 0.53 μm, respectively. It is natural that both throat velocities and collection 
effi ciencies increase as aerosol fl ow rates increase due to increased inertia. Thus, 
the impactor collection effi ciency depends on aerosol fl ow rate, as shown in Figure
5. It is apparent that the collection effi ciency increases between the aerosol fl ow
rates of 1 and 5 l/min, because the inertial force acting on the particles is greater at 
the higher fl ow rate.

Figure 5. Variation of impactor collection effi ciency with particle diameter at
different operating aerosol fl ow rates.

For the study of the effect of the ratios of the acceleration nozzle diameter (D)
to impaction plate distance (S) on the effi ciency curve, Marple and Willeke (1976)
showed that the 50% cut-off size   Stk50kk  was strongly dependent upon S/D for 
S/D < 1 for rectangular impactors and for S/D < 1/2 for round impactors. For S/D
ratios larger than these values,    Stk50k  and the shape of the effi ciency curves are 
relatively constant. As design criteria, the values of S/D should be the minimum
nozzle-to-plate distance used. Figure 6 shows variation of theoretical impactor 
effi ciency curves as a function of acceleration nozzle diameter of 0.5, 1, 1.5, and 2 



mm with the aerosol fl ow rate of 1.0 l/min, and operating pressure of 1 bar. It was 
found that the collection effi ciency of impactor decreased when acceleration nozzle
diameter decreased.

Figure 6. Variation of impactor collection effi ciency with particle deameter at 
different acceleration nozzle diameters.

Figure 7 shows variation of measured particle number concentration and 
current with aerosol fl ow rates of both upstream and downstream of the impac-
tor. As shown in Figure 7, the measured particle current and concentration,
particle number concentration is derived from the current by using Equation 10, of 
both upstream and downstream was in the range from 1.5 × 10-10 to 9 × 10-9 A and 3 
× 1013 to 3 × 1013 particles/m3, respectively. It was shown that the particle currents 
of both upstream and downstream of the impactor increased with increasing aerosol
fl ow rate. In the same way, the particle number concentrations of both upstream 
and downstream increased slightly with increasing aerosol fl ow rate. It was also 
evident that the upstream particle number concentrations and currents of the impac-
tor were slightly higher than downstream. Variation of measured particle penetration 
through the impactor with aerosol fl ow rates is shown in Figure 8. It was shown the
measured particle penetration through the impactor was about 89, 56, 72 and 79%
for aerosol fl ow rates of 1, 2, 3 and 4 l/min, respectively. It can be seen that the par-
ticle penetration through the impactor is slightly high. This was expected because all 
particles captured on the Faraday cup are assumed to be singly charged (p (( = 1), data 
reduction is required. Thus, detailed reasons of this problem should be theoretically 
and experimentally discussed further.



Figure 7. Variation of measured particle number concentration and current with
aerosol fl ow rates of both upstream and ownstream of the impactor.

Figure 8. Variation of measured particle penetration through the impactor with 
aerosol fl ow rates.

The photograph of typical particles collected on the surface of the impaction
plate inside of the impactor with sampling aerosol fl ow rate of 2 l/min for 30 minutes 
is shown in Figure 9. They were found to be agglomerated on the impaction plate.
It was found inherent problems which were particle bounce and re-entrainment. 
The various problems in impactor use, such as the problem of particle bounce and 
re-entrainment, interstage wall losses and non-ideal collection characteristics of the
impaction surface has been widely reported (Marple and Willeke, 1976). Particle 
bounce can be a severe problem in high velocity.
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Figure 9. Photograph of typical particles collected on the impaction surface inside
of the impactor.

CONCLUSION AND FUTURE WORK

The submicron-particle inertial impactor for size selective inlet of the 
electrical mobility particle sizing instruments has been designed, constructed and 
investigated. The design of the inertial impactor was based on the inertial impactor 
confi guration of Marple and Willeke (1976). The effects of major design parameters
on the cut-off diameter were analytically investigated, they were the aerosol fl ow 
rate, acceleration nozzle-to-impaction plate distance, and acceleration nozzle diam-
eter. The impactor was preliminarily tested experimentally to observe the deposited 
particles on the surface of the impaction plate inside the impactor. The combustion 
aerosol generator was used to generate a polydisperse carbonaceous diffusion fl ame
aerosol in the size range of approximately 10 nm – 10 μm for this experiment. It was
shown that the theoretical 50% cut-off diameter decreased as the fl ow rate increased 
and also decreased when acceleration nozzle diameter decreased. Finally, the
results of the preliminary experimental tests and the photograph of typical particles
collected on the surface of the impaction plate inside of the impactor was also shown
and observed. Results obtained were very promising and was also found particles
agglomerated on the impaction plate.

Therefore, future ongoing research will experiment on the effects of the 
design parameters on the impactor performance. The particle penetration effi ciency 
of the impactor, particle size distribution both upstream and downstream of the 
impactor should be further theoretically and experimentally studied. One of the
principal limitations of the inertial impaction method is that a signifi cant fraction of 
the particles greater than the cut-point diameter (50% is from particle larger than the 
cut-point) that pass through the impactor contributed to multiple-charged aerosols. 
Therefore, further research should be also focused on this effect.
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1. INTRODUCTION
One of the most common techniques to

produce high ion concentrations is corona

discharge, defined as the low energy electrical

discharge with non-thermal ionization that

takes place in the vicinity of an electrode of

sufficiently low radius of  curvature in a

medium the pressure of which is close to

atmospheric [1]. Corona discharge is produced

by a non-uniform electrostatic field such as

that between a needle and plate or a concentric

wire and a tube. Air and other gases can

ABSTRACT
Corona-needle charger is widely used to impose a known net charge distribution on

the aerosol particles for the electrical mobility particle sizer. However, the corona discharge

and charging processes in the corona-needle charger at different operating conditions is not

well understood. In the present paper, measurement of ion current from a corona-needle

charger using a Faraday cup electrometer was performed in order to optimize the corona-

needle charger with respect to maximization of the ion number concentration. It was shown

that the corona onset increased with increasing air flow rate. At higher air flow rate, the ion

current and concentration were found to be relatively high for the same corona voltage. The

highest ion current in the Faraday cup electrometer was found to be about 6.4 × 10
-10

, and

6.29 × 10
-10

 A, corresponding to the ion number concentration of about 2.98 × 10
13

, and 2.93

× 10
13

 ions/m
3

 occurring at the corona voltage of 2.9 and 3.7 kV for positive and negative

coronas, and air flow rate at 8.0 L/min, respectively.

Keywords: corona discharge, faraday cup, electrometer, ion current.

undergo electrical breakdown when the

electric field strength is high. For the case of

wire and tube, the only place this breakdown

can occur is in a very thin layer on the wire

surface. In this corona region, energy is highly

intense to knock electron from gas molecules

creating positive ions and free electrons.

There have been numerous studies in

corona discharge phenomena in the past [2]

which are widely used in many industrial

applications such as electrostatic coating and
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precipitation [3 – 5]. Electrostatic charging of

fine particles by the DC corona dischargers is

also commonly employed in determining

particle size distribution by electrical mobility

technique both corona-wire and corona-

needle chargers [6, 7]. Corona-needle charger

is among the most commonly used to

generate ions in aerosol diffusion chargers for

the particle sizing instruments. Knowledge of

the mechanism of the corona discharge

attainable in a given charger is needed. The

reason is that one has to know how particle

charging depends on the ion concentration

flowing through the charging zone, charging

time, and the electric field inside it. The issue

of corona discharge in the corona-needle

charger has not been extensively studied in

existing literature. Most papers concern about

characteristics of corona discharge in wire to

cylinder geometry. Only a few of  them focus

on the corona discharge in the needle to nozzle

[8 – 11].

In the present paper, the ion current and

number concentration of ions from the

corona-needle charger were measured using

a Faraday cup electrometer at different

operating air flow rates and corona voltages.

The research is aimed at the optimization of

the corona-needle charger with respect to

maximization of the ion concentration. A

detailed description of the operating principle

of the Faraday cup electrometer was also

presented.

�. E�PERIMENTA� APPARATUS
2.1 Corona-needle Charger

Figure 1 shows the schematic diagram

of  the corona-needle charger used in this study.

The corona-needle charger geometrical

configuration is similar to the charger used by

Hernandez-Sierra et al. [9], Alonso et al. [10]

and Intra and Tippayawong [11]. However,

differences between the present charger and

existing chargers are aerosol inlet geometry

which was modified to ensure uniform particle

distribution across the annular aerosol entrance

to charging zone. This charger consists

essentially of a coaxial needle electrode placed

along the axis of a cylindrical tube with

tapered end. The needle electrode is made of

a stainless steel rod, 6 mm in diameter ending

in a sharp tip. The angle of  the needle cone is

Figure 1.  Schematic diagram of  the corona-needle charger.
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about 10
o

 and the tip radius is about 50 μm,

as estimated under a microscope. The outer

electrode is made of a stainless steel tube, 30

mm in diameter and 15 mm in length with

conical shape. The orifice diameter is about

3.5 mm. The distance between the needle

electrode and the cone apex is 1.75 mm. The

corona-needle electrode head is connected to

an adjustable DC high voltage supply, while

the outer electrode is grounded. The corona

discharge generates ions which move rapidly

in the strong corona discharge field towards

the outer electrode wall.

2.2 Faraday Cup

The schematic diagram of the Faraday

cup electrometer is shown in Figure 2. It

consists of an outer housing, a High Efficiency

Particulate Air (HEPA) filter, a filter holder,

and a Teflon insulator. To completely shield

the HEPA filter collecting the air ions, outer

housing is made of  a stainless steel, HEPA

filter was equipped with a fine collection metal

grid, and was electrically isolated from the

outer housing and ground with Teflon stand

(a volume resistivity exceeding 10
18

 Ωcm). The

HEPA filter was used in this work, because

the collection efficiency for small air ions was

very high. The Faraday cup plays a role to

prevent electric noise for measuring low

electric signal current (in pA range) from

accumulated charge of air ions on an internal

HEPA filter inside the Faraday cup corres-

ponding to the total number concentration

of  the ions. If  the object of  measurement is

not shielded completely, noise which is 1000

times of  resolutions is expected. To transfer

charges gathered at the HEPA filter to an

Figure 2.  Schematic diagram of  the Faraday cup.
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electrometer circuit that is outside the Faraday

cup, BNC connector is connected to HEPA

filter. Because material of  HEPA filter is

conductive such as glass fiber, charges collected

in the filter can move to the electrometer

through the low noise cable and BNC

connector without delay. In the case of

existing electrometer air ions flow is curved

at 90
o

 while air is drifted from sampling probe

to the filter. It can become the cause of  charge

loss. To solve this problem airflow into

Faraday cup is straightened without changing

the direction of the flow and loss the charge.

2.3 Electrometer Circuit

An electrometer circuit is used to measure

the electric signal current, which are typically

in the range 1 pA to 1 nA, from the Faraday

cup. The schematic presentation of  an

electrometer circuit design for air ions

detection system is shown in Figure 3. This

circuit is a simple current-to-voltage converter,

where the voltage drop caused by a current

flowing through a resistor is measured. The

circuit adopted two cascaded negative

feedback amplifiers. The extra component in

this circuit is primarily for fine offset voltage

adjustment and input/output protection. A

12V DC power supply capable of

providing 100 mA is required. The feedback

capacitor and RC low-pass filter were used

to reduce high-frequency noise and to prevent

oscillations of the amplifier output [12]. In

order to avoid expensive construction,

commercially-available low-cost monolithic

operational amplifiers were used. The

commercially-available operational amplifiers

used in this circuit is the LMC662, which was

designed for low current measurement

and featured ultra-low input bias current

(2 fA maximum) and low offset voltage drift

(1.3 μV/
o

C) [13]. This circuit gives an output

voltage of 10 mV per 1 pA of input signal

current. The electrometer circuit was calibrated

with a current injection circuit, high-impedance

current source [12]. The performance of  the

Figure 3.  Schematic diagram of the sensitive electrometer circuit.
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electrometer circuit used in this work was also

evaluated and compared with a commercial

electrometer, Keithley model 6517A, and

good agreement was found from the

comparison [14].

�. E�PERIMENTA� S�STEM AND PROCEDURE
The schematic diagram of the experi-

mental system for measurement of ion

number concentration from the corona-needle

charger is shown in Figure 4. It consists of a

corona-needle charger, a Faraday cup electro-

meter, a flow system, and a data acquisition

and processing system. In our experiments,

the Faraday cup is connected directly to the

charger outlet via a very short connecting pipe.

The air flow was regulated and controlled by

means of a mass flow meter and controller

with a vacuum pump, typically in the range

between 3.0 – 8.0 L/min. A commercial

adjustable DC high voltage power supply, a

Leybold Didactic model 521721, was used

to maintain the positive and negative corona

voltages difference in the charger, generally in

the range between 1.0 – 5.0 kV. An air sample

was first filtered through a HEPA filter, and

was then drawn into the charger. The ions

produced inside the charger are then entered

the Faraday cup. In the Faraday cup, the ions

were removed from the air stream by the

filter and the resulting ion current flow was

measured with the electrometer. It should be

noted that the ion current was measured by

the electrometer corresponding to the ion

number concentration at the charger outlet.

The output signal from the electrometer circuit

is in the range of  0 to +10V. It is then sent to

the ADAM-4017 analog input module, which

is a 16-bit, 8 channel analog input module,

controlled and data sampled by an external

personal computer via RS-485 to RS-232

converter interface. Software running on an

Figure 4. Schematic diagram of the experimental system for measurement of dc ion current

 from the corona-needle charger.
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external computer was developed, based on

Microsoft Visual Basic programming for all

data processing. The software is able to display

the ion current and number concentration.

The ion current measurements were translated

into ion number concentrations given the total

air flow rate through the charger. Thus, the

total number concentration of the ion at the

charger outlet, N
i

, can be calculated from the

expression [11]

(1)

where I
i

 is the ion current at the charger outlet,

e is the elementary charge (1.6 × 10
-19

 C), and

Q
a

 is the aerosol flow rate.

�. RESU�TS AND DISCUSSION
4.1 Current-voltage Characteristics of the

Charger

The charging current from the corona-

needle electrode was measured directly with

the micro-ampmeter via the outer electrode

of  the charger. Figure 5 shows the current-

voltage characteristics in the charging zone of

the charger. In this charger, the corona onset

was found to be about 2.4 kV, and 2.0 kV

for positive and negative coronas, respectively.

Increase in corona voltage produced a

monotonic increase in charging current. It was

shown that the spark-over phenomena

occurred for both positive and negative

corona voltages larger than about 4.2 kV.

Above these values, the current was found to

exhibit a fluctuation in an uncontrollable

manner and no measurement could be made.

Generally, the currents for negative ions were

slightly higher than those for positive ions. This

was expected because negative ions have

higher electrical mobility than positive ions

( iZ +

= 1.15 × 10
-4

 m
2

/V s, iZ −

 = 1.425 ×
10

-4

 m
2

/V s, based on the work of Reischl

Figure 5. Current-voltage characteristics in the charging zone of  the corona-needle charger.
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et al. [15]). Thus, it was more likely to impact

and deposit on the outer electrode wall of

the charger. The ion concentration in the

charging zone, N
i

, of the charger was

approximately proportional to the charging

current. Thus, the high ion concentration in

the charging zone of a charger is desirable

for high particle charging efficiency. The ion

concentration in the charging zone can be

estimated from the relation

(2)

where Z
i

  is the electrical mobility of ions, E

is the electric field, and A is the inner surface

area of  the outer electrode of  the charger.

This charging current increased with the electric

field, hence applied voltage.

4.2 Ion Current and Concentration at the

Charger Outlet

Figures 6 and 7 show the variations in

the ion current and concentration of the

charger outlet with corona voltage at different

operating air flow rates for both positive and

negative coronas. The resultant ion current and

concentration of both positive and negative

coronas were evaluated for 3.0, 5.0, and 8.0

L/min and 1.0 – 5.0 kV. The obtained results

were expected for the effects of aerosol

flow and corona voltage. As seen in Figure 6,

the negative corona onset (i.e. negative ion

generation) appeared at about 2.0, 2.1, and

2.3 kV for air flow rates of 3.0, 5.0, and 8.0

L/min, respectively, while the positive corona

onset was observed at about 2.0, 2.3, and 2.5

kV for air flow rates of 3.0, 5.0, 8.0 L/min,

respectively. For corona voltage less than 2.0

kV, the ion current was low. In this range,

corona discharge was not present. It can be

seen that the corona onset increase with

increasing air flow rate. For both cases, at

higher air flow rates, the ion current and

concentration were found to be relatively high

with the same corona voltage. This is because

the ions can be more easily drawn off the

charger by faster flowing air. In case of

positive corona, the ion current and concen-

tration appeared to depend on applied

voltage only within a narrow voltage interval.

For larger voltages, ion current and

concentration of positive corona became

practically constant, independent of the

applied voltage. Meanwhile, ion current and

concentration of negative corona slightly

increases with increasing applied voltage.

The reason for this may be due to greater

degree of  ion loss. It was evident that when

the applied voltage increased, the charging

current and electric field strength in the

charging zone were found to increase. More

ions have tendency to be electrostatically lost

in the charging zone of  the charger. The ion

loss inside the charger due to electrostatic loss

is defined as the ratio of the ion number

concentration at the charger outlet, N
out

, over

the number concentration of ions inside the

charger, N
in

. The ion penetration, P, through

the charger can be estimated by Deutsch-

Anderson equation as [16]

(3)

Form Eq. (3) it can be calculated that the ion

penetration was getting smaller with increasing

electric field strength as a function of the

corona voltage. It is commonly known that

the ion current and concentration for positive

corona of the charger was slightly higher than

for negative corona. The highest ion current

in the Faraday cup was found to be about

6.4 × 10
-10

, and 6.29 × 10
-10

 A, corresponding

to the ion number concentration of about

2.98 × 10
13

, and 2.93 × 10
13

 ions/m
3

 occurring

at the corona voltage of 2.9, and 3.7 kV for

positive and negative coronas, and air flow

rate at 8.0 L/min, respectively.



Chiang Mai J. Sci. 2009; 36(1) 117

(b) Negative corona

Figure 6. Variation in ion current with corona voltage at the charger outlet.

(a) Positive corona
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(a) Positive corona

(b) Negative corona

Figure 7. Variation in ion number concentration with corona voltage at the charger outlet.
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�. CONC�UDIN� REMAR�S
In this paper, the Faraday cup electro-

meter was used to measure the DC ion

current from the corona-needle charger in

order to study the corona discharge inside it.

A semi-empirical method based on current

measurements was used to determine the total

ion concentration at the outlet of  the charger.

It was found that the corona onset increased

with increasing air flow rate. At higher air flow

rate, the ion current and concentration were

found to be relatively high for the same

corona voltage. The effect of air flow rate

was more significant than that of corona

voltage. The negative corona was found to

be in higher concentration than the positive

corona. The highest ion current in the Faraday

cup electrometer was found at the air flow

rate of 8.0 L/min about 6.4 × 10
-10

, and 6.29

× 10
-10

 A, for positive and negative coronas,

respectively, corresponding to the ion number

concentration is about 2.98 × 10
13

, and 2.93 ×
10

13

 ions/m
3

 occurring at the corona voltage

of 2.9, and 3.7 kV for positive and negative

coronas, respectively.
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a b s t r a c t

Particle motion induced by electrical forces is the basis for important class of measuring instruments.
Charging is important in aerosol size measurement. Unipolar charger is a crucial component in the
aerosol particle sizing system by electrical mobility analysis. For an electrical mobility analyzer, the
charging is aimed to impose a known net charge distribution on each aerosol size. The charger perfor-
mance depends on the charging efficiency and stable operation. A well-designed unipolar charger should
provide high charging efficiency and stability that can be accurately determined for any given operating
conditions. This article presents and discusses progress on the development of existing unipolar aerosol
chargers based on corona discharge technique. The operating principles as well as detailed physical
characteristics of these chargers, including the corona-wire and corona-needle chargers, are described
with extensive list of references.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Aerosol is a complex mixture of liquid and solid particles that
exist in dynamic equilibrium with surrounding vapor phase. It has
a wide range of physical, chemical and biological properties.
Applications of aerosol have been found in diverse fields, including
materials synthesis, biotechnology, semiconductor manufacturing,
pharmaceutical products, emission control, health effects, instru-
mentation, and studies of fundamental transfer processes [1]. Their
unique properties depend on their sources and processes under-
gone. Important physical properties of airborne particles are: size,
shape, number, mass, surface area and density. Knowledge of the
properties of aerosols is of great practical importance in aerosol
science. Measurement capabilities are required to gain under-
standing of these particle dynamics.

Electrical mobility analysis is an important class of aerosol size
measuring techniques. The most crucial step in the aerosol size
measurement based on electrical technique is the particle charging
mechanism. Charging mechanism is aimed to impose a known net
charge distribution on the aerosol particles. Since particle size
distribution is commonly classified by the electrical mobility,
prediction of particle size requires the knowledge of the charge
distribution for each particle size interval. The charger performance

depends on the charging efficiency, defined as the fraction of
charged particles among all the particles present at the charger
downstream. Thus, high charging efficiency of aerosol particles
results in high precision of measurement. There are several
mechanisms by which aerosol particles acquire net charge distri-
butions; flame charging, static electrification, diffusion charging
and field charging [1]. The most commonly used mechanism for
charging particles in electrical measurement instruments is diffu-
sion charging. Generally speaking, particles are allowed to collide
with ions and the charge carried by these ions is transferred to the
particles. This mechanism is so called due to the mechanism that
ions travel in the gas and collide with the particles. Diffusion
charging of particles can be unipolar or bipolar depending on the
polarity of the ions colliding to the particles. Bipolar diffusion
charging leads to a charge equilibrium which has low charging
efficiencies, e.g. 3.3% for positively charged 10 nm particles and 5.7%
for negatively charged particles, respectively [2,3]. Unipolar diffu-
sion charging has advantages over bipolar diffusion charging as it
does not reach an equilibrium charge distribution, therefore
potentially enabling the attainment of a higher charging efficiency.
There are three conventional methods to generate ions for unipolar
diffusion charging in a gas; corona discharge, photoemission from
UV-light radiation, and radiation from a-ray or b-ray sources. For
the ionizing radiation, this produces a stable ion concentration, but
the dynamic range in ion concentration is typically smaller
compared to a corona discharge.
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Corona discharge is among the most common technique to
produce high ion concentrations. There have been numerous
studies in the past [4–8] and used in many industrial applica-
tions such as electrostatic coating and precipitation [9]. Elec-
trostatic charging by the corona dischargers is also common in
aerosol size determination by electrical mobility analysis. Corona
discharge is produced by a nonuniform electrostatic field such as
that between a needle and a plate or a concentric wire and
a tube. Air and other gases can undergo electrical breakdown
when the electric field strength is high. For the case of the wire
and the tube, the only place this breakdown can occur is in
a very thin layer at the wire surface. In this corona region,
electrons have sufficient energy to knock an electron from gas
molecules creating positive ions and free electrons. During this
process, aerosol particles flow is directed across the corona
discharge field and is then charged by attachment of ions
produced by the corona discharge. Ions are transported by the
electric field and/or by thermal diffusion. Particle charging due
to the ions transported by electric field is called ‘‘field charging’’.
For supermicron particles (>1 mm), field charging is dominant.
For ultrafine particles (<0.1 mm), thermal diffusion becomes
dominant, and ‘‘diffusion charging’’ becomes important. For the
size range in between, both mechanisms show varying degree of
effect. The amount of ion deposition on the particle surface
depends on resident time, particle radius and shape, electric
field, etc. This technique has been applied successfully and
several designs of aerosol corona charger are employed and
described in the published literature, both corona-wire [4,6–
8,10–16] and corona-needle chargers [17–24]. A number of
particle sizing instruments employ unipolar corona chargers
[25–38] as important upstream component to impart known
charge to the aerosol system. Generally, the ideal charger would
need to have (i) high ion concentration, (ii) no gas-to-particle
conversion and low coagulation between charged particles, (iii)
low particle losses, (iv) no contamination, (v) applicability to
nanoparticles, and (vi) ability to work at various conditions.

In the present article, its main purpose is to present and discuss
progress on the state-of-the-art unipolar charger for airborne
particles, based on corona discharging. These chargers are either
commercially available or still remain as laboratory prototypes. A
detailed description of the operating principles, physical charac-
teristics of the corona-wire and corona-needle chargers are
presented.

2. Particle charging theory

During exposition to gaseous ions, aerosol particle captures the
ions, resulting in an electrical charge on the particle. The charging
level is dependent on the size and shape of the particle, the uni-
polar ion density, the particle residence time, and the external
electric and magnetic fields. The process of ion collisions can be
further divided in two different subcategories, diffusion and field
charging. In the absence of electric field, this particle will be dif-
fusionally charged by the Brownian motion of the ions. This diffu-
sion charging, first characterized by White [5] and more recently
modified by Pui [8], can be expressed in a convenient analytic form.
For an initially neutral particle immersed in a unipolar ion cloud,
the flux of ions impinging on the particle surface area is j ¼ pa2cin,
where a is the particle radius, n is the concentration of ions above
the surface and ci is the mean thermal speed of the ions. The spatial
distribution of ions is given by the classical Boltzmann distribution
for the equilibrium state. Neglecting the image force attraction
between the ions and the particle, the Boltzmann distribution at
the particle surface is given by [8]

n ¼ ni exp

 
� KE

qpe2

akT

!
(1)

where ni is the ion concentration at infinity, qp is the particle
charge, e is the elementary unit of charge, KE ¼ 1/4p30 with
the vacuum permittivity, k is the Boltzmann’s constant
(1.380658 � 10�23 J/K), and T is the operating temperature of the
system. Thus, the ion flux to the particle is:

j ¼ pa2cini exp

 
� KE

qpe2

akT

!
(2)

The above equation was originally derived by White [5]. This is
valid for spherical particles and free molecular regime (Kn [ 1),
where Kn is the Knudsen number (¼li/a; li is the mean free path of
the ion). The charging rate expression can be described by a system
of differential equation as

dqp
dt

¼ pa2cini exp

 
� KE

qpe2

akT

!
(3)

With the initial condition that qp ¼ 0 at t ¼ 0 for the charging of an
aerosol (initially neutral), the average charge of particle can be
integrated analytically to give

Z qp

0
exp

�
� KEqpe

2=akT
��1

dqp ¼
Z t

0
pa2cini dt (4)

Thus, the average charge, qdiffusion, caused by the diffusion charging
in a time period, t, by a particle radius can be found from

qdiffusion ¼ akT
KEe2

ln
�
1þ pKEacie

2nit
kT

�
(5)

In field charging, ions are transported to suspended particles along
the field lines. The field lines are repelled as the particle charge
becomes high, and finally no electric field line reaches the particle.
This condition causes charge saturation. The effect of the finite
electric field used in the charging region can be estimated by
a classical field charging equation derived by White [5], the satu-
ration charge, ns, of a particle (radius, a, and dielectric constant, 3) in
an electric field E is given by

ns ¼
�
1þ 23� 1

3þ 2

��
Ea2

KEe

�
(6)

The charging rate expression, dqp/dt, is given by the following
differential equation

dqp
dt

¼ nsKEeZini

�
1� qp

ns

�2

(7)

If the particle is initially neutral, the average number of the
elementary units of charge on a particle, nfield, acquired in an
average electric field E is given by

qfield ¼
�
1þ 23� 1

3þ 2

��
Ea2

KEe

��
pKEeZinit

1þ pKEeZinit

�
(8)

where 3 is the particle dielectric constant. The first two terms in
Equation (8) represent the saturation charge situation, the first
term is dependent on the dielectric constant of material, and it may
have values from 1 to N as the 3 can have values from 1 (insulating
particle) to N (conductive particle). For most materials the 3 varies
from 1 to 10. The second term in Equation (8) is dependent on the
electric field strength and the surface area of the particle. The third
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term in Equation (8) represents the time dependence of the
charging process. Both diffusion and field occur at the same time.
This is known as continuum charging where particle charge is the
sum of the contributions from diffusion and field charge [40].

3. Designs of unipolar corona chargers

Different designs of unipolar corona charger have been devel-
oped and reported in the literature. They can be classified as: (i)
corona-wire charger and (ii) corona-needle charger. The following
paragraphs give a brief overview of different designs, and
a comparison based on the reported Nit product, product of the ion
concentration, the mean residence time of the particles to the ions
in the charger, and charging efficiencies.

3.1. Corona-wire chargers

Hewitt [4] was one of the first to develop a corona-wire diffusion
charger to investigate the charging process in the electrostatic

precipitators. The Hewitt charger, shown schematically in Fig. 1,
consisted of a cylinder with a concentric coronawire along the axis.
Attached to the inner surface of the cylinder, a small path was
formed to carry the aerosol flow. Themain corona discharge volume
and the aerosol flow region were separated by a metallic mesh. An
alternating voltage (AC) difference was applied between this mesh
and the outer electrode of the charger to reduce particle losses. The
particles flowing through the charger undergo oscillations but are
not deflected to the electrodes. Experiments were conducted for
particle in the size range between 60 and 700 nm. Hewitt reported
that the perpendicular electric field strength used to direct the ions
causes high-mobility nanoparticleswith diameter as small as 70 nm
to be deposited on the outer cylinder wall. Several subsequent
researchers have used similar designs to investigate diffusion
charging of aerosol particles. Liu et al. [6] subsequently studied the
diffusion charging of monodispersed dioctyl phthalate aerosols by
unipolar ions at low pressure of 0.03–0.96 bar. The procedure
involved exposing a monodispersed aerosol to unipolar ions
produced by a high voltage corona discharge, and measuring the

High voltage

Aerosol
inlet

Aerosol
outlet

AC voltage

Corona wire

Metallic mesh Ion production zone

Charging zone

Fig. 1. Schematic diagram of the corona-wire charger developed by Hewitt [4].

Ion drift
space

Charging
region

Aerosol
in

Aerosol
out

Variable frequency
high voltage square

wave generator

Square wave
generator

Corona
wires DC high voltage

power supply

Metal shield

Fig. 2. Schematic diagram of the diffusion charger developed by Liu et al. [6].
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electrical mobility and charge of the aerosol in a straight-through,
dynamic flow system. The schematic diagram of the diffusion
charger used is presented in Fig. 2. It is similar to the charger, first
described byHewitt [4]. In Liu et al. charger, the aerosolwas exposed

to positive ions in the charging regionboundedonone side bya solid
electrode and on the other by a screen through which the positive
ions flow. An AC square-wave voltage was used to minimize the
aerosol loss occurring in the charging process. The 10–60 Hz
frequency of the AC square-wave voltage was used. The amplitude
of the square wave was kept low to approximate as closely as
possible the condition of pure diffusion charging. In pure diffusion
charging, the charge acquired by an aerosol of a given size at a given
pressurewas a function of the number concentration of small ions in
the charging region and the charging time or the time during which
the aerosol was exposed to ions. The number concentration of small
ions in the charging region was measured by substituting a DC
voltage for the AC square-wave voltage and measuring the corre-
sponding DC current which flowed through the screen into the
charging region. The current was on the order of 10�9–10�6 A. Good
agreement between the experimental data andWhite’s equation [5]
was reported. Similar design concept of Hewitt [4] and Liu et al. [6]
hasbeenadoptedand improvedbyLiu andPui [7] and later byPui [8]
for monodisperse aerosols in the size range between 75 nm and
5.04 mm. A schematic diagram of the diffusion charger is shown in
Fig. 3. The charger consisted of two concentric metal cylinders with
a 25 mm diameter tungsten wire positioned along the axis of the
cylinders. A positive high voltage was applied to produce a corona
discharge field. The ions were either collected by the inner cylinder
or flowed through the screen to the annular gap outside. In the
annular gap, collisions between the ions and the aerosol particles
occurred, causing the latter to become charged. The total flow
through the Liu and Pui charger was fixed at 5 L/min (4 L/min
aerosolþ 1 L/min sheath air). The residence time of the charger was
0.217 s.A sheathair flowwasusedadjacent to the innercylinder. This
arrangementwas intended todisplace the aerosol streamaway from
the screen and to prevent aerosol particles from entering the high
intensity corona discharge region within the inner cylinder. It was
reported that the nominal Nit product was adjustable over a range
from less than 1 �106 to over 3 � 107 ions/cm3 s.

Buscher et al. [10] pointed out that the high particle losses were
associated with corona-wire diffusion chargers. Subsequently,
Buscher and coworkers proposed the square-wave diffusion
charger for ultrafine particles. In the Buscher et al. charger shown in
Fig. 4, its geometrical configuration was similar to the one used in
the TSI EAA 3030 [7]. However, the surfaces in contact with the
aerosol were conductive and connected to ground to avoid particle

High voltage
power supply

Aerosol

Sheath air

Corona
-wireScreen

Charging
current

Screen
voltage

Fig. 3. Schematic diagram of the diffusion charger developed by Liu and Pui [7] and
Pui [8].

Ion current

Sheath air
Aerosol

inlet

High voltage

Grid voltage

Corona
wire

Foil

Grid

Aerosol
outlet

Fig. 4. Schematic diagram of the square-wave charger developed by Buscher et al. [10].

High voltage

Corona wire

Glass tube

Ground cylinder

Output tube
Insulator

Aerosol in

Fig. 5. Schematic diagram of the wire–cylinder corona charger developed by Unger
et al. [11].
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losses due to insulator charging. The inlet tubes for aerosol and
sheath air were arranged to achieve a high particle penetration and
laminar flow inside the charger. A 4.5 kV corona discharge from
a wire along the axis of the two concentric metal cylinders (radii
ri ¼ 1.65 cm and ra ¼ 3.0 cm) generated ions. A positive voltage was
applied to the inner cylinder, a grid with width of 1.17 cm allowed
ions from the discharge zone to reach the aerosol. The aerosol
flowed into the annular gap between the cylinders. The aerosol
flow was 2 L/min and sheath air flow was 0.5 L/min. The sheath air
surrounded the inner cylinder with the grid, preventing aerosol
particles from entering the corona discharging zone. A square-wave
voltage was applied to the grid in the charging zone, guaranteeing
minimum particle losses due to electrostatic force. The particles
flowing through the charging zone underwent oscillations without
precipitating on the charger walls. In the Buscher et al. charger, the
square-wave voltage was in the range of �75 V to �300 V corre-
sponding to the frequency of 25–70 Hz. An isolated foil on the inner
side of the outer cylinder, opposite to the grid, was connected to an
electrometer amplifier to measure the ion current. In Buscher et al.
work, an evaporation nucleation generator was employed to
generate polydisperse sodium chloride particles. A Differential
Mobility Analyzer (DMA) type 3/150 was used downstream of the
generator to separate monodisperse samples from the polydisperse
particles in the size range between 5 and 35 nm in diameter.
Particle losses and charging efficiencies of the charger were
determined by measuring particle concentrations at the inlet and
outlet of the charger. Monodisperse sodium chloride particles in
the size range between 5 and 35 nm in diameter were used. The
monodisperse aerosol was bipolarly charged in a neutralizer. The
charged particles were removed in a subsequent electrostatic
precipitator. The number concentration of particles entering the

charger was measured by the first Condensation Particle Counter
(CPC). The particle concentration leaving the charger was measured
by the second CPC. It was found that the particle penetration, the
ratio of output concentration to input concentration of particle,
decreased towards small particles where diffusion losses were
highest, and the Nit product was approximately 1.1�107 ions/cm3 s
for the charger. It was also reported that for the ion concentrations
greater than 106 ions/cm3, space charge had to be considered for
the spatial dependence of the Nit product.

Unger et al. [11] proposed another type of the unipolar corona-
wire charger to induce a stable negative corona discharge in flowing
air with insulating material nearby the discharge gap. The down-
streampartdealtwith the influenceof theaerosol concentrationand
flow rate on the evolution of the discharge current related to the

Charging
zone

Ion
production
zone 1

Ion
production
zone 2

 

Aerosol
inlet

Aerosol
outlet

Corona wire

High voltageHigh voltage

Square wave
voltage

 

Fig. 6. Schematic diagram of the twin Hewitt charger developed by Kruis and Fissan [12].
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Ion generation zone

Inner electrode

Fig. 7. Schematic diagram of the unipolar corona-wire diffusion charger developed by
Biskos et al. [13–15].
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particles deposition on both the wire and the cylinder. Fig. 5 shows
the wire–cylinder corona charger. The wire diameter was 330 mm,
and the grounded cylinder had an internal diameter of 14 mm for
a length of 3 mm. With this electrode system, and with a voltage of
�8.5 kV, the discharge current was about �30 mA, leading to ion
densities in the range of 1010 ions/cm3. The electricalmeasurements
were obtained by oscilloscope connected to the cylinder for the
discharge current and to a metallic foam for the charged particles
output current. The tested aerosol was produced with a nebulizer
and dried with a silica-gel diffusion dryer. Granulometric charac-
terization was achieved by DMA coupled with a CPC 3022. It was
found that an increaseof the relativehumidity implieda reductionof
the discharge current by reduction of the ion mobilities leading to
space charge accumulation in the discharge gap, lowering the
electric field. The lifetime of the charger and the charged particles
current at the output of the charger were a function of the flow rate
and the aerosol concentration. High flow rate resulted in reduced
particle losses in the charger and with nearly constant charging
efficiency, whereas lower flow rate resulted in a lower output
current and a higher time of life.

An improvement on the corona-wire chargers based on Hewitt’s
original design has been carried out by Kruis and Fissan [12]. It was
called the twin Hewitt charger. Fig. 6 shows the schematic diagram
of the developed twin Hewitt charger. The aerosol flow is intro-
duced via a short inlet section into a square charging zone of 16mm
wide and 10 mm high. The charging zone is separated from the two
ion production zones by metal wire meshes to prevent the aerosol
expand into the corona discharge zone. These wire screens are

connected to two square-wave generators with opposite phase and
a maximal voltage difference of 600 V. The top and bottom of the
charging zone are electrically isolated. Positive ions are produced
by corona discharge of 25 mm thick Au wire in the center of metal
cylinder. There is a slit of length 150 mm and height 10 mm at one
side. This slit is positioned towards the charging zone. The wirewas
fixed to a needle inserted through the openings at the end of the
cylinder. Its electrical contact wasmade bymeans of a drop of silver
paste. In the authors’ work, the operation parameters of the charger
were experimentally investigated at standard conditions with the
goal to optimize the extrinsic charging efficiency in N2 carrier gas. It
was reported that there exists an optimal length of the charging
channel for each gas flow rate through the charger which mini-
mizes losses of charged particles and at the same time having
a sufficiently large Nit product and the extrinsic charging efficien-
cies of the charger as high as about 30% for particles with a diam-
eter of 10 nm.

Biskos et al. [13–15] later developed and investigated the elec-
trostatic properties of a Hewitt-type corona charger analytically and
numerically at different operating conditions. Fig. 7 shows a sche-
matic layout of the unipolar corona-wire diffusion charger. It was
composed of two concentric electrodes, 50 and 74 mm in diameter,
respectively, with a corona wire along the axis. A tungsten wire of
16 mm diameter was used to produce the corona discharge. The
generated ions migrated to the inner electrode due to the high
electric field in the region. The inner electrode was made of
a metallic mesh in order to allow ions to flow in the charging zone.
An AC voltage was applied on the outer electrode forcing ions to
enter the charging region without causing charged particles to
precipitate on the charger walls, while the perforated inner elec-
trode was connected to ground. Laminar flow of the aerosol stream
was maintained. Sheath air flowed in the ion-generation area with
the same axial pressure gradient of the aerosol and sheath flow
streams. The aerosol flowpassed through the annulus formed by the
two cylinders, where the active charging region had a total length of
60 mm. The ammeter built into the high voltage power supply
(Bertan series 230) was used to measure the current from the
corona-wire electrode in the range of 0–10mA. The 50HzACvoltage
was coupled to the outer electrode via an isolating transformer. The
other end of the secondary winding was connected to ground
through an electrometer in parallel with a 1 kHz high pass filter to
allow measurement of the average charging ion current. Average
and spatial distributions of ion concentrations for the two zones of
the charger were calculated by a semi-empirical method based on
ion current measurements. It was emphasized that neglecting the
space charge effect can lead to significant errors when the ion
concentration in the charger is greater than 5 � 1013 ions/m3.

Fig. 8. Schematic diagram of the unipolar corona charger developed by Intra and
Tippayawong [16].

Lucite tube
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Needle
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power supply

Fig. 9. Schematic diagram of the sonic jet ion generator developed by Whitby [17].
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Estimation of ion penetration levels through the inner electrode
showed better agreement with the experimental results at sub-
atmospheric pressures of about 250 mbar. The average Nit product
appeared to increase with pressure, despite the fact that the ionic
concentration was significantly lower.

For a recent attempt, Intra and Tippayawong [16] developed and
tested a unipolar corona charger at different operating conditions.
Schematic diagram of the corona charger is shown in Fig. 8. Its
configuration is similar to the charger used by Unger et al. [11]. It
consists of coaxial corona-wire electrode placed along the axis of
a metallic cylinder (28 mm in diameter and 10 mm in length). The
wire electrode is made of stainless steel, 150 mm in diameter and
10 mm long. DC high voltage is employed to produce the corona
discharge on the wire electrode while the outer metallic cylinder
is grounded. The corona discharge generates ions which move
rapidly in the strong corona discharge field (>105 V/m) towards
the outer electrode wall. A semi-empirical method was also
adopted to determine the electrostatic characteristics of the
unipolar corona aerosol charger. It was reported that the results
from mathematical model were in agreement with those from

experimental investigation. The space charge effect was significant
and must be taken into account, especially at high ion number
concentration and low flow rate.

3.2. Corona-needle chargers

Whitby [17] developed the first needle-type corona charger
which was capable of converting the corona current into free small
ions with 100% efficiency. A schematic of the sonic jet ion generator
is shown in Fig. 9. It consisted of an arrangement of a sharp needle
held at high potential upstream of a small sonic orifice to generate
the ions within a non-conductive housing which is capable of
forcing nearly all of the ions generated in the corona at the needle
tip through the orifice and hence free of the electric field. Clean air
entered at inlet and then passed through the orifice plate. Positive,
negative, or AC voltages on the needle electrode with respect to
orifice platewere used to produce positive, negative, or amixture of
positive and negative ions. The ion generator was reported to
produce unipolar or mixed positive and negative ion concentration
of up to 1011 ions/cm3 in the charging zone and total ion outputs of

Turbulent charging zone
Aerosol

inlet

Aerosol
outlet

Sheath air

Corona needle

High voltage

Fig. 10. Schematic diagram of the corona jet charger developed by Medved et al. [18].
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Aerosol
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Sheath air
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Plate with hole
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Fig. 11. Schematic diagram of the twin corona module charger developed by Marquard et al. [19].
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1014/s had been achieved using 70 L/min of free air at 2 bar through
a 1.59 mm orifice diameter.

Another type of the corona-needle charger for aerosol particles
was proposed by Medved et al. [18]. A schematic diagram of the
new corona jet charger is shown in Fig. 10. It is currently employed
by the commercial Electrical Aerosol Detector (EAD) (model TSI
3070A, Thermo-Systems, Inc., 2500 N. Cleveland Ave., St. Paul, MN
55113, USA) [39]. Generation of ions occurs at a corona-needle tip in
a small ion-generation chamber connected to a mixing chamber via
an orifice. An air flow transferred the ions into the mixing chamber,
and an opposing aerosol flow promoted mixing of the aerosol and
the ions. Because the aerosol–ion mixture was not subjected to an
applied electric field, the only field being a negligible one was from
the ion space charge itself. It was reported that particles were more
efficiently charged, compared to corona-wire chargers due to
better turbulent mixing. In a subsequent work by Marquard et al.
[19], a twin corona-needle charger was developed. A schematic
diagram of this charger is shown in Fig. 11. It consisted of
a 70 � 90 � 120 mm chamber made of polyethylene with two
charging modules on opposing sides perpendicular to the main
flow. Within these modules, ions were generated in a point-ring
corona configuration (1 cm gap, ring diameter 15mm) based on the
ion gun concept of Whitby [17] and transported by humidified air
(50% RH; 1, 10 or 20 L/min, respectively) through the ring into the
particle charging chamber. Inside the charger, additional metallic
plates were placed around the corona module holes. Particle resi-
dence times were between 3 and 10 s. Dilution ratios resulting from
the corona flowswere 1.1< f< 1.9. The device was reported to have
high charging efficiencies for sub-100 nm particles.

A simple corona-needle charger for high efficiency unipolar
charging of nanometer-sized aerosol particles was proposed by
Hernandez-Sierra et al. [20]. Fig.12 shows the schematic diagram of
the unipolar corona ionizer. The design was a cylindrical tube with
tapered ends, and divided into three sections. The first and second
(from left to right in the drawing) were made of methacrylate, and
the third (outlet section) of aluminum. A circular piece made of
Teflon, placed between the two methacrylate sections, contained
a series of orifices through which the aerosol flows. This central
piece served to hold a stainless steel needle electrode, ending in
a sharp tip, coaxial with the external cylinders. The electrode head
was connected to a DC high voltage power supply. The outlet
metallic section was grounded. It was reported that the charging
efficiencies of positive and negative corona were high, about 30%
for 10 nm particles. The charging efficiency was also found to
increase with particle size, corona voltage and mean aerosol resi-
dence time in the charger. At high corona voltage, the electrostatic
deposition of charged particles within the charger was relatively
high. An improvement of the Hernandez-Sierra et al. charger was

made by Alonso et al. [21]. Corona-needle charger, annular aerosol
inlet geometry as well as the manner of holding the discharge
electrode of the previous charger were modified. Fig. 13 shows
a schematic diagram of the Alonso et al. corona-needle charger. It
consists of an inner stainless steel electrode ending in a sharp tip, to
which a DC high voltage is applied. The electrode is coaxial with
a grounded metal cylinder whose inner wall has a conical shape.
The distance between the electrode tip and the cone apex is
1.75 mm. The neutral aerosol enters the charger through the
annular gap. The annular gap can be adjusted between 0 and 6 mm
in 1mm step. Diffusion losses in the charger were about 25% and 7%
for 3 nm and 10 nm particles, respectively. It was reported that the
attainable extrinsic charging efficiency for nanometer-sized parti-
cles is about one order of magnitude higher than that of commer-
cially available bipolar chargers. It was also shown that no
additional new particles are formed by the corona discharge under
certain conditions: clean charger without dirtiness operating in the
appropriate voltage range, and aerosol not containing contami-
nants (such as organics) which might undergo a gas-to-particle
conversion process. Similarly, Intra and Tippayawong [22,23] con-
structed and evaluated a corona-needle charger, shown in Fig. 14,
for unipolar diffusion charging of nanoparticles. The corona-needle
charger is similar to the ionizer used by Hernandez-Sierra et al. [20]
and Alonso et al. [21]. Notable differences are (i) a tangential
aerosol inlet, and (ii) low operating pressure. It consists of a coaxial
corona-needle electrode placed along the axis of a cylindrical tube
with tapered end. The needle electrode is made of a stainless steel
rod, 3 mm in diameter and 49 mm in length, ending in a sharp tip.
The angle of the needle cone is about 9� and the tip radius is about
50 mm, as estimated under a microscope. The outer cylindrical is
made of an aluminum tube, 30 mm in diameter and 25 mm in
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Fig. 12. Schematic diagram of the unipolar corona ionizer developed by Hernandez-Sierra et al. [20].
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Fig. 13. Schematic diagram of the corona-needle charger developed by Alonso et al.
[21].
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length with conical shape. The angle of the cone is about 30� and
the orifice diameter is about 4 mm. The distance between the
needle electrode and the cone apex is 2 mm. The corona-needle
electrode head is connected to an adjustable DC high voltage
supply, while the outer electrode is grounded. In the authors’ work,
the electrical discharge characteristics of a corona charger based on
current measurements for positive and negative coronas were
investigated and discussed. The charging current from the corona-
needle electrode was measured directly with the sensitive elec-
trometer via the outer electrode. A semi-empirical method, relying
to some extent on observation or experiment, was used to deter-
mine the ion concentrations in the charging zone and at the outlet
of the charger. It was reported that the charging current and ion
concentration in the charging zone were found to increase with
corona voltage. The ion number concentration at the outlet for
positive corona of the ionizer was higher than for negative corona
at the same voltage. Electric field distribution in the charging zone
of the charger was also analyzed via numerical computation. Strong
electric field strength zone was identified and led to high charging.
It was also reported that particle loss inside this charger was
smaller than the corona-wire charger from the authors’ previous
work [16].

Recently, design concept of the corona jet charger has been
utilized in the unipolar diffusion charger by Park et al. [24]. A new
unipolar diffusion charger, shown schematically in Fig. 15, consists
of a corona discharge zone, mixing zone and ion trap zone. The

main body of the charger was made of Duralumin (also called
duraluminum, duraluminium or dural). Two bottom covers, each
of which was connected to the needle electrode, were made of
Teflon. A tungsten needle tip of 0.25 mm diameter and 29 mm
long was used as the needle electrode. The surface area of the
ground electrode was 0.005 m2. The distance between the needle
and the ground electrode was 3 mm. The volume of the mixing
and charging zones was 95.5 cm3. Aerosol and clean air flow rates
were both 5 L/min, respectively. The positive DC voltage was
applied to the needle electrode of the discharge zone in the range
of 3–6 kV. For the performance evaluation of this charger, NaCl
particles smaller than 0.1 mm in diameter, and dioctyl sebacate
particles of 0.1–0.7 mm were used. It was reported that the total
particle losses inside the mixing and charging zones were below
15%. The number of charges was almost linearly related to the
particle diameter.

4. Summary and future design needs

Corona discharge is one of the most common techniques to
produce great number concentration of ions in a gas, and is also
employed in determining the aerosol size distribution by electrical
mobility analysis. This paper has summarized a current status of
literature of the available unipolar corona chargers’ developments
for airborne particles. A brief outline focuses on the unipolar
charger based on corona discharge. It has covered the operating
principles as well as detailed physical characteristics of these
chargers, including the corona-wire and corona-needle chargers.
The main purpose of these chargers is to charge the particles effi-
ciently with minimal losses. Table 1 summarizes different designs
of the unipolar aerosol charger for airborne particle reported. The
charger performance is dependent on the charging efficiencywhich
is a function of particle size, corona voltage, and aerosol flow rate.
The charging efficiency increases with particle diameter and
decreases with increasing aerosol flow rate. Typically, corona
discharge used in a charger has poor charging efficiencies in the
ultrafine particle size range (dp< 20 nm) due to high particle losses.
Because the high ion concentration needed for efficient diffusion
charging requires a high electric field to charge aerosol, a fraction of
the particle losses is unavoidable in unipolar diffusion chargers.
Works towards improving the performance of these chargers by
reducing particle losses inside the chargers have been ongoing. This
can be carried out by

Fig. 14. Schematic diagrams of the corona-needle charger developed by Intra and
Tippayawong [22,23].
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Fig. 15. Schematic diagram of the unipolar diffusion charger developed by Park et al. [24].
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B introduction of surrounding sheath air flows at the boundary
between the aerosol stream and the wall to allow more space
for the charged particles to flow through the charger without
precipitating on the charger walls [7,8,10,12–15],

B use of a turbulent jet of unipolar ions in a mixing chamber
[18,19,24],

B application of a sinusoidal or square-wave voltage to the
electrode instead of DC voltage [6,10,12–15]. The AC voltage
was shown to produce high charging efficiencies due to lower
particle losses because the charged particles flowing through
the charger undergo oscillations without precipitating in the
electrode.

Additionally, aerosol charging is a function of the ion concen-
tration Ni and the mean residence time t of the particles within the
ion zone, t. For this reason, a well-designed corona charger should
provide a stable Nit product that can be accurately determined for
any given operating conditions. Further research in the unipolar
charger design should be focused on:

B the particle shape effects on the unipolar diffusion charging for
non-spherical particles. Most particles, such as asbestos fibers,
soot aggregates, and bioaerosols are non-spherical. The shape
of a particle affects the drag force, settling velocity and elec-
trical mobility. Non-spherical particles were also expected to
play important role in the unipolar diffusion charging because
highly charged particles cause a great deal of electrostatic force
between charged particles and ions, which is comparable with
pure diffusion force.

B the effect of particle dielectric constant and conductivity on the
charging performance should be explored. Because the diffu-
sion charging is independent of particle material, it can be
concluded that for particles smaller than 0.2 mm particle
material is irrelevant considering the charging process. For
largerparticles, charging is dependenton thedielectric constant
and conductivity ofmaterial. However, if the dielectric constant
and conductivity of particle material differ significantly from
calibration values, great difference can be expected.
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In this study, an electrostatic sensor was developed for detecting the number concentration of 
nanometer-sized aerosol particles. It consists of a size selective inlet, a corona charger, an ion trap, a 
Faraday cup, an electrometer, a signal conditioning and processing system, and an I/O control and 
human-computer interface. In the present sensor, aerosol flow is regulated and controlled by means of 
mass flow meters and controllers with a vacuum pump. An aerosol sample first passes through the size 
selective inlet to remove particles outside the measurement size range based on their aerodynamic 
diameter, and then pass through the unipolar corona charger that sets a charge on the particles and enter 
the ion trap to remove the free ions. After the ion trap, the charged particles then enter the Faraday cup 
electrometer for measuring ultra low current about 10-12 A induced by charged particles collected on the 
filter in Faraday cup corresponding to the number concentration of particles. Finally, signal current is then 
recorded and processed by a data acquisition system. A detailed description of the operating principle of 
the system as well as main components was presented. The performance of the prototype electrometer 
circuit used in this work was also evaluated and compared with a commercial electrometer, Keithley 
model 6517A, and good agreement was found from the comparison. 
 
Key Words: aerosol, nanoparticle, electrostatic, electrometer, sensor. 

 
 

 
1. Introduction 

Nanometer-sized aerosol particles, defined as 
aerosols with particle diameters less than 0.1 μm, 
suspended in air have significant effects on the 
human health, global climate, air quality and 
processes in various industries such as food, 
pharmaceutical and medical, electronic and 
semiconductor industries [1]. Detection and 
measurement of nanometer-sized aerosol particles 
have become an important issue. For this purpose, 
nanoparticle sensors were developed to monitoring 
indoor and outdoor aerosols for pollution and 
process control industry. There are several 
commercial instruments using various methods of 
detecting particle number concentration. Available 
instruments include a SMPS (Scanning Mobility 
Particle Sizer) using electrical mobility of particles, 
a CPC (Condensation Particle Counter) which uses 
particle growth and optical property, an EAD 
(Electrical Aerosol Detector) which uses 
electrostatic charge measurement technique, and an 
ELPI (Electrical Low Pressure Impactor) using 
inertia impaction of particles under low pressure [2]. 

These commercial instruments are widely used for 
measuring airborne ultra fine particles and provide 
high-resolution measurement, but they are very 
expensive and larges sizes. In addition, the CPC 
should be carefully moved in caution to protect the 
optics contamination from working fluid like alcohol 
(C4H9OH) [3]. The movability of instruments should 
be considered in monitoring airborne aerosol 
particles. 

To avoid this problem, an inexpensive sensor was 
developed in this study, suitable for detection of 
particle number concentration in the nanometer size 
range. This sensor is based on unipolar corona 
charging and electrostatic detection of highly 
charged particles. A detailed description of the 
operating principle of the sensor was presented. The 
sensor performance also was evaluated and 
compared with a commercial instrument. 
 
2. Description of the Sensor 

Fig. 1 shows the schematic diagram of the 
electrostatic sensor for detecting nanometer-sized 
aerosol particles was developed in this study. The 
sensor system is composed of a flow system is 
regulated and controlled by means of mass flow 
controllers with a vacuum pump, a size selective 
inlet to remove the particle outside the measurement 
range, a particle charger using corona discharge  tec- 
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Fig. 1  Schematic diagram of the electrostatic sensor. 
 
hnique, an ion trap to remove the high electrical 
mobility of free ions after charger, a Faraday cup to 
collect charged particles, an electrometer for 
measuring signal current from the Faraday cup, and 
a computer controlled data acquisition and 
management system. 
 
2.1 Size selective inlet 

The inertial impactor was used to remove 
particles larger than a known aerodynamic size, 
upstream of the system. The aerodynamic particle 
size at which the particles are separated is called the 
cut-point diameter. In the impactor, the aerosol flow 
is accelerated through a nozzle directed at a flat plate. 
The impaction plate deflects the flow streamlines to 
a 90o bend. Particles with sufficient inertia are 
unable to follow the streamlines and impact on the 
plate. Smaller particles are able to follow the 
streamlines and avoid contact with the plate and exit 
the impactor. 
 
2.2 Unipolar corona charger 

The particle charger in the present study consists 
of a coaxial corona-needle electrode placed along 
the axis of a cylindrical tube with tapered ends [4]. 
The needle electrode is made of a stainless steel rod 
3 mm in diameter and 49 mm in length, ended in a 
sharp tip. The angle of the needle cone was 
approximately 9o and the tip radius was 
approximately 50 m, as estimated under a 
microscope. The outer cylindrical is made of 
aluminum tube 30 mm in diameter and 25 mm in 
length with conical shape. The angle of the cone was 
approximately 30o and the orifice diameter was 
approximately 4 mm. The distance between the 
needle electrode and the cone apex is 2 mm. The 
corona electrode head is connected to a DC high 
voltage supply, while the outer electrode is grounded. 

  
 
Fig. 2  Schematic diagram of the Faraday cup. 
 
An adjustable DC high voltage power supply is used 
to maintain the corona voltage difference, typically 
of the order of 3.0 kV. The corona discharge 
generates ions which move rapidly in the strong 
corona discharge field toward the outer electrode 
wall. Aerosol flow is directed across the corona 
discharge field and is charged by ion-particle 
collisions via diffusion charging and field charging 
mechanisms. 
 
2.3 Ion trap 

The ion trap was used to remove the high 
electrical mobility of free ions after the charger. As 
the free ions can potentially reach the detector and 
ruin the measurement, a trap field is introduced just 
after the corona charger. The trap field is across the 
aerosol flow and has a 200 V. 
 
2.4 Faraday cup 

Fig. 2 shows the schematic diagram of the 
Faraday cup used in this study. It consists of an outer 
housing, a HEPA (High Efficiency Particulate Air) 
filter, a filter holder, and a Teflon insulator. To 
completely shield the filter holder collecting the 
charged particles, the outer housing is made of a 
stainless steel, and filter holder is electrically 
isolated from the outer housing with Teflon insulator 
stand, while the outer housing is grounded. The 
Faraday cup plays a role to prevent electric noise for 
measuring ultra-low electric signal current (pA) 
from collected charged particles on an internal 
HEPA filter inside the Faraday cup corresponding to 
the total number concentration of the particles. If the 
filter holder is not shielded completely, noise which 
is 1000 times of resolutions to be expected. To 
transfer charges gathered at the HEPA filter to an 
electrometer circuit that is outside the Faraday cup, 
BNC connector is connected to HEPA filter.  



 
Fig. 3  Schematic diagram of the sensitive electrometer 
circuit. 
 
Because material of HEPA filter is a conductor such 
as glass fiber, charges collected in the filter can 
move to the electrometer via the BNC connector and 
low noise cable without delay. In the case of existing 
aerosol electrometer airflow is curved at 90o while 
air is drifted from sampling probe to the filter. It can 
become the cause of charge loss. To solve this 
problem airflow into Faraday cup is straightened not 
to change the direction of the flow and loss the 
charge. The particle number concentration, Np, is 
related to the signal current, I, at HEPA filter is 
given by 
 

p
a

IN
peQ

      (1) 

 
where p is the number of elementary charge units, e 
is the elementary unit of charge (1.6  10-19 C), and 
Qa is the volumetric aerosol sampling flow rate into 
a Faraday cup. 
 
2.5 Sensitive electrometer 

A sensitive electrometer is used to measure the 
electric signal current, which are typically in the 
range 1 to 10 pA, from the Faraday cup. The 
schematic presentation of an electrometer circuit 
design for aerosol detection system is shown in Fig. 
3. This circuit is a simple current-to-voltage 
converter, where the voltage drop caused by a 
current flowing through a resistor is measured. The 
circuit adopted two cascaded negative feedback 
amplifiers. The extra component in this circuit is 
primarily for fine offset voltage adjustment and 
input/output protection. A 12V power supply 
capable of providing 100 mA is required. The 
feedback capacitor and RC low-pass filter were used 
to reduce high-frequency noise and to prevent 
oscillations of the amplifier output [5]. In order to 
avoid expensive construction, commercially-

available low-cost monolithic operational amplifiers 
were used. The commercially-available operational 
amplifiers used in this circuit is the LMC662, which 
was designed for low current measurement and 
featured ultra-low input bias current (2 fA 
maximum) and low offset voltage drift (1.3 μV/oC) 
[6]. The output voltage, Vo, of this circuit is given by 
the following equation: 
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where Ii is the input current, R1 and R5 are the input 
resistors of the first and second amplifiers, 
respectively, R2 and R3 are the feedback resistors of 
the first amplifier, and R6 is the feedback resistors of 
the second amplifier. This circuit gives an output 
voltage of 10 mV per 1 pA of input signal current. 
 
2.6 Data acquisition and processing system 

The output voltage of the electrometer circuit in 
the range of 0 to +5V was connected to a unipolar 
12-bit analog to digital converter (ADC), controlled 
by I2C bus from the external personal computer via 
RS-232 serial port interface. The digital ADC signal 
was processed by computer software, based on 
Microsoft Visual Basic programming for all data 
processing. The software is able to display the 
particle number concentration.  
 
3. Electrometer Calibration and Testing 

The electrometer circuit is one of the most 
important parts influencing accurate particle number 
concentration measurement corresponding to signal 
current in the sensor system. In the present paper, a 
laboratory test facility was developed and 
constructed to evaluate performance of a prototype 
electrometer circuit. Fig. 4 shows the experimental 
setup used to evaluate the fabricated electrometer 
circuit performance. In this study, the electrometer 
circuit was calibrated with a current injection circuit, 
high-impedance current source [4]. This circuit 
consists of an appropriately high-standard resistor 
(10 G) and a highly-accurate adjustable voltage 
source in the range between 0 to +5 V. The output 
current of this circuit can simply be calculated from 
the Ohm’s law. The range of the output current is 
from 1 pA to 10 pA. It should be noted that the 
electrometer circuit input was operated at virtual 
ground potential during calibration and subsequent 
current measurement. The output voltage from the  



 
 
Fig. 4  Schematic diagram of the experimental setup for 
the electrometer test. 
 
electrometer circuit was measured and recorded by a 
highly-accurate digital voltmeter. The voltage 
reading was then translated into the current 
measurement. 

Fig. 5 provides comparison of measured current 
from this work and a commercial electrometer, 
Keithley model 6517A, with a high-accuracy current 
source. It can be found that the measured current 
was rising linearly as input current increased. 
Generally, the currents measured from this work 
were found to agree very well with those measured 
by the Keithley model 6517A. A very small 
difference of about 5 % was obtained. It is worthy to 
point out that there were some interferences on the 
connector at small potentials. Additionally, leakage 
of currents through the body of the connector can 
potentially impair the performance of the 
electrometer significantly. A detailed investigation 
of this problem may be improved and experimental 
studied further [5]. 
 
4. Conclusion and Future Work 

The electrostatic sensor for detecting nanometer-
sized aerosol particles developed at Rajamangala 
University of Technology Lanna and Chiang Mai 
University has been presented and described in this 
paper. The detecting method was based on unipolar 
corona charging and electrostatic detection of highly 
charged particles. It was able to detect particle 
number concentration in the nanometer size range. A 
prototype of the prototype electrometer circuit has 
been constructed, evaluated, and compared against a 
commercial electrometer, Keithley model 6517A. 
The results obtained were very promising. It was 
demonstrated that the electrometer can be used 
successfully in detecting the signal current 
corresponding the particle number concentration.  

Among the various techniques and devices exist 
for producing aerosol samples to testing and 
calibration of any instrument that measures aerosol 
particles. One of the most widely used techniques of  
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Fig. 5  Performance comparison between the prototype 
and commercial electrometer. 
 
generating monodisperse aerosol particles is by 
using a Tandem DMA method. The main advantage 
of this method is the wide range of particle sizes it 
can generate. Further research, may involve a 
Tandem DMA method. Finally, calibration and 
comparison of the instrument with other particle 
measuring devices (e.g. SMPS, CPC, EAD, and 
ELPI) should be conducted further. 
 
Acknowledgment 

The authors wish to express their deepest 
gratitude to the Thailand Research Fund (TRF) for 
the financial support, contract no. MRG5180217. 
 
References 
[1] W. C. Hinds, Aerosol Technology. John Wiley & 

Sons, New York, USA, 1999. 
[2] P. Intra, and N. Tippayawong, “An overview of 

aerosol particle sensors for size distribution 
measurement,” Mj. Int. J. Sci. Tech., Vol. 1, No. 2, 
pp. 120 – 136, 2007. 

[3] TSI Incorporated, Instruction Manual for 
Condensation Particle Counter Model 3010. 
Revision F, Minnesota, USA, 2006. 

[4] P. Intra, and N. Tippayawong, “Corona ionizer for 
unipolar diffusion charging of nanometer aerosol 
particles,” Proceeding of 29th Electrical Engineering 
Conference, pp. 1177 – 1180, Pattaya, Thailand, 9 – 
10 November, 2006. 

[5] P. Intra, and N. Tippayawong, “An ultra-low current 
meter for aerosol detection”, CMU. J. Nat. Sci., Vol. 
6, No. 2, pp. 313 – 320, 2007. 

[6] National Semiconductor Corporation, LMC662 data 
sheet. 2003. 



158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 -5 

 

Intra, P. and Tippayawong, N., “Effect of needle cone angle and air flow rate on 

electrostatic discharge characteristics of a corona-needle ionizer”, Journal of 

Electrostatics, 2010, in press, 10.1016/j.elstat.2010.01.008.  

 impact factor = 1.240 (JCR  2008) 



Effect of needle cone angle and air flow rate on electrostatic discharge
characteristics of a corona-needle ionizer

Panich Intra a,*, Nakorn Tippayawong b

aCollege of Integrated Science and Technology, Rajamangala University of Technology Lanna, Chiang Mai 50300, Thailand
bDepartment of Mechanical Engineering, Faculty of Engineering, Chiang Mai University, Chiang Mai 50200, Thailand

a r t i c l e i n f o

Article history:
Received 22 December 2008
Received in revised form
8 June 2009
Accepted 19 January 2010
Available online xxx

Keywords:
Aerosol
Corona discharge
Ionizer
Unipolar charging

a b s t r a c t

In this study, the corona-needle ionizer was designed, constructed, and characterized. Experimental
characterizations of the electrostatic discharge in terms of current–voltage relationships of the corona
ionizer, including the effects of discharge electrode cone angle and air flow rate were presented. It was
found that the charging current and ion concentration in the charging zone increased monotonically
with corona voltage. Conversely, discharge currents decreased with increasing angle of the needle cone.
The negative corona was found to have higher current than the positive corona. At higher air flow rates,
the ion current and concentrationwere found to be relatively high for the same corona voltage. The effect
of air flow rate was more pronounced than the corona voltage. It was also shown that the ion penetration
through the ionizer decreased with increasing corona voltage, and increased with increasing air flow
rate. The highest ion penetration through the ionizer of the 10� needle cone angle was found to be about
93.7 and 7.7% for positive and negative coronas, respectively. The highest ion penetration for the needle
cone angle of 20� was found to be 96.6 and 6.1% for positive and negative coronas, respectively.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Corona discharge is a low-power electrical discharge with non-
thermal ionization that takes place at or near atmospheric pressure
in a region of non-uniform high electric field intensity such as
a sharp metal point held at several kilovolts [1]. The corona
discharge is one of the most common techniques to generate high
number concentration of ions. There have been numerous exten-
sive studies in the past. Corona ionization is widely used in the
semiconductor manufacturing industry to reduce the damage of
sensitive circuit elements by electrostatic discharge, and to reduce
electrostatic enhanced deposition of particulate contaminants on
silicon wafers [2]. Another application of corona ionizers is in
charging of particles in aerosol sizing based on electrical mobility
analysis to impose a known net charge distribution on the particles
because prediction of particle size distribution requires the
knowledge of the charge distribution for every particle sizes [3].

There are several designs of corona ionizer employed and
described in the published literature, both corona-wire and corona-
needle ionizers [4]. A widely used ionizer is a corona-needle
dischargers because of its simplicity and capability to provide high

number concentrations of ions [5]. There have been numerous
studies and developments on the corona-needle ionizer, both ac
and dc sources. Recently, Asano et al. [6] reported the ac ion current
measurement from an alternating corona-needle ionizer using
Faraday cage at the different frequencies and operating pressures. It
is well known that the performance of these corona-needle ionizers
depends on the ion number concentration in the discharge zone of
the ionizer. A well designed corona ionizer should provide high
magnitude of ion number concentration and stability that can be
accurately determined for any given operating conditions. The
magnitude of the ion number concentration in the discharge zone
depends, however, on the ionizer geometry, i.e., the distance
between discharge electrode and the plane or nozzle, and also on
the angle of discharge electrode cone. To our knowledge, the issue
of corona discharge in the needle to nozzle geometry has not been
extensively studied in literature. Most of published papers concern
merely characteristics of corona discharge in wire to cylinder, wire
to plane, and point to plane geometries [4]. Only a few of them
discuss the corona discharge in needle to nozzle [7–11]. The
influence of the discharge electrode cone angle and air flow rate on
electrostatic discharge characteristics of a corona-needle ionizer is
important for corona discharge due to the presence of different
electric field profiles and space-charge effects in the discharge zone
of the ionizer. Therefore, the aim of this paper was to design,
construct, and characterize a unipolar corona-needle ionizer. The
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results of the experimental characterizations of the electrostatic
discharge in terms of current–voltage relationships of the corona
ionizer on the effects of discharge electrode cone angle and air flow
rate (or residence time) in dc electric field were experimentally
studied and discussed. A detailed description of the operating
principle as well as physical characteristic of the ionizer was also
presented.

2. Materials and methods

2.1. Unipolar corona-needle ionizer

Fig. 1 shows the schematic diagram of the corona-needle ionizer
employed in this study. The ionizer’s geometrical configuration is
similar to the ionizer used by Hernandez-Sierra et al. [8], Alonso
et al. [9], and Intra and Tippayawong [10, 11]. However, differences
between the present ionizer and existing ionizers are air inlet
geometry which was modified to ensure uniform distribution
across the annular entrance to discharge zone. This ionizer consists
essentially of a coaxial needle electrode placed along the axis of
a cylindrical tube with tapered end, and divided into three sections.
The first and second sections (from left to right in the drawing) are
made of Teflon, and the third (outlet section) of stainless steel tube.
The needle electrode is made of a stainless steel rod, 6 mm in
diameter, ending in a sharp tip. The tip radius is about 50 mm, as
estimated under amicroscope. In this work, experiments have been
performed with the needle cone at two different angles, 10� and
20�, respectively. The diameter of the outer electrode was 30 mm,
its length 15 mm with conical shape. The orifice diameter is about
3.5 mm. The distance between the needle electrode and the cone
apex is 1.75 mm. The needle electrode head is connected to
a positive high voltage, while the outer electrode is grounded.

2.2. Electric field inside the ionizer

In this study, a numerical model was developed to investigate
the distribution of electric field in the discharge zone of the ionizer
to give a better understanding on the operating of the ionizer for
both needle cone angle of 10� and 20�, respectively. The Poisson’s
equation for the electric potential can be used:

V2V ¼ � r

30
(1)

where V is the applied voltage, r is the space-charge density, and 30
is the vacuum permittivity (8.854�10�12 F/m). For the present
ionizer configurations, the resulting Laplace’s equation in the 2-D,
axisymmetric, cylindrical coordinates is given as:

1
r

v

vr

�
r
vV
vr

�
þ v2V

vz2
þ rðr; zÞ

30
¼ 0 (2)

Once the electric potential is obtained, the electric field strength
in the r- and z-directions can be calculated by the following
equations:

Er ¼ �vV
vr

; Ez ¼ �vV
vz

(3)

The Laplace’s equation (Equations (2) and (3)) for electric
potential cannot be solved analytically in this study, especially for
the complex geometry of the present ionizer. Numerical simulation
has to be performed in order to obtain the solutions. The commercial
computational fluid dynamic software package, CFDRC� is
employed in this study. This software was based on finite volume
method (FVM). With respect to the boundary conditions used,
constant potentials are applied to the corona-needle electrode
(V¼ corona voltage), the outer electrode (V¼ 0), and the zero
gradient conditions is applied to the boundaries with out walls.

2.3. Experimental system

The schematic diagram of the experimental setup for the elec-
trostatic discharge characterization of the present ionizer is shown
in Fig. 2. Air flow was regulated and controlled by means of a mass
flow controller (Dwyer model GFC-1111) with a vacuum pump,
typically in the range between 1.0 and 8.0 L/min. The air was first
dried with the diffusion dryer, any remaining water was removed,
and then filtered through a high efficiency particulate-free air
(HEPA) filter, Pall HEPA capsule model 12144 with filtration effi-
ciency of 99.97% and retention of 0.3 mm for air/gas, to remove any
particles and then enter the ion trap to remove the air ions. A
commercial adjustable DC high voltage power supply (Spellman’s
Bertan model 602C-100P) was used to maintain the positive high
voltage difference in the ionizer, generally in the range between 1.0
and 5.0 kV. The discharge current from the corona-needle electrode
was measured directly with a Keithley 6517A electrometer incor-
porating a Keithley 6522 scanner card. The electrometer is capable of
autoranging and has a 1 fA resolution. The rate of discharging is
proportional to themean ion number concentration in the discharge
zone. Therefore, the mean number concentration of ions, nin, in the
discharge zone of the ionizer in the absence of aerosol particles can
be estimated from the discharge current using the expression:

nin ¼ Iin
eZiEA

(4)

where Iin is the current deposited on the grounded conical-shaped
wall, e is the elementary charge, Zi is the electrical mobility of the
ions, E is the electric field inside the discharge zone, and A is the
inner surface area of the metallic cone (charger outlet) where the
discharge current is collected. The ion number concentration has
units of ions/m3.

In this study, the ion current at the ionizer outlet was measured
by filtration method. An air sample was drawn into a shielded
Faraday cup with a HEPA filter through which all the air passed. A
Faraday cup was devised using a stainless steel 47 mm filter holder
in a 70 mm diameter stainless steel container. The filter was
equipped with a fine collection metal grid, and was electrically
isolated with Teflon from the container and ground. In the Faraday
cup, the 99.99% of ions were removed from the air stream by the
filter and the resulting ion current flow was measured with
the electrometer. Thus, the total number concentration of ions at
the ionizer outlet, nout, can be calculated from the ion current by the
following equation:Fig. 1. Schematic diagram of the corona-needle ionizer.
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nout ¼ Iout
eQ

(5)

where Iout is the ion current at the ionizer outlet was measured by
the Faraday cup electrometer, and Q is the volumetric air flow
through the Faraday cup. The ions penetration, P, through the
ionizer is defined as the ratio of the number concentration of ions at
the ionizer outlet over the number concentration of ions in the
discharge zone of the ionizer, and can be estimated from the
relation

P ¼ nout
nin

(6)

As shown in Table 1, several sets of experiments were carried
out at varying corona polarity and voltage, aerosol flow rates, and
angle of the needle electrode cone. For each set of operating
conditions, measurements were repeated at least three times.

3. Results and discussion

3.1. Current–voltage characteristics

Fig. 3 shows the corona discharge current–voltage characteris-
tics of the positive and negative coronas in the discharge zone of
the ionizer at different needle cone angles and operating air flow
rates. The discharge currents were found to increase monotonically

with an increase in the corona voltage, and decrease with
increasing angle of the needle cone. This was due to a weaker
electric field strength in the discharge zone for the more obtuse
needle cone angle (as evident in Fig. 4). This discharge current
increased with the electric field strength, hence applied voltage. At
the same corona voltage, magnitude of the discharge current was
markedly higher for the 10� needle cone angle, compared to cone
angle of 20�. The corona onset voltages were also found to increase
with the increasing angle of the needle cone. For the needle cone
angle of 10�, the onset of positive corona was found to be about
2.4 kV, and negative corona was about 2.0 kV. For the needle cone
angle of 20�, the onset of positive corona was found to be about
2.7 kV, and negative corona was about 2.5 kV. In the case of the
needle cone angle of 10�, the spark-over phenomena occurred for
the positive corona at voltages larger than 4.0 kV and negative
corona at voltages larger than 3.9 kV. In the case of the needle cone
angle of 20�, the spark-over phenomena occurred for the positive
corona at voltages larger than 4.3 kV and negative corona at volt-
ages larger than 4.0 kV. The spark-over phenomena were observed
to release higher charging currents, but it was undesirable because
it interfered with the detector circuitry. Above these values, the
current was found to exhibit a fluctuation in an uncontrollable
manner and no measurement could be made. For both cases, the
currents for negative ions were slightly higher than those positive
ions. This was expected because negative ions have higher elec-
trical mobility than positive ions (Zi

þ¼ 1.15�10�4 m2/V s,
Zi
þ¼ 1.425�10�4 m2/V s, based on the work of Reischl et al. [12]).

Thus, it was more likely to impact and deposit on the outer elec-
trode wall of the ionizer due to the electrostatic force. For a given
needle cone angle, the discharge current was also increased with
the air flow rate, hence space-charge effect.

3.2. Ion current at the ionizer outlet

Variation in ion currents of the positive and negative ions at the
ionizer outlet with corona voltage at different needle cone angles

Fig. 2. Experimental setup for the characterization of the corona-needle ionizer.

Table 1
Limits of variables investigated.

Variable Range

Corona voltage 0–10 kV
Orifice diameter 3.5 mm
Needle cone angle 10� , 20�

Ion generated Positive ion (þ), negative ion (�)
Ionized gas Air
Gas flow rate 3, 5, and 8 L/min
Pressure 1 bar
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and operating air flow rates is shown in Fig. 5. The resultant ion
currents at the ionizer outlet of both positive and negative coronas
were evaluated for 10� and 20�, 3.0, 5.0, and 8.0 L/min, and 1.0–
5.0 kV. As seen in Fig. 5, the positive corona onset (i.e. positive ion
generation) of the 10� needle cone angle appeared to occur at about
2.3, 2.4, and 2.5 kV for air flow rates of 3.0, 5.0, and 8.0 L/min,
respectively, while the negative corona onset was observed at
about 2.3, 2.2, and 2.3 kV for 3.0, 5.0 and 8.0 L/min, respectively.
The positive corona onset of the 20� needle cone angle appeared to
occur at about 2.8, 2.9, and 2.8 kV for 3.0, 5.0, and 8.0 L/min,
respectively, while the negative corona onset was observed at
about 2.8, 2.9, and 2.8 kV for air flow rates of 3.0, 5.0 and 8.0 L/min,
respectively. For corona voltages less than 2.0 kV, the ion current
was relatively low. In this range, corona discharge did not occur. For
the air flow effect, the results showed that increase in air flow rate
resulted in an increase of the ion current at a fixed corona voltage.

In both needle cone angles, the positive ion current was found to
depend only on corona voltage within a narrow interval. At larger
voltages, positive ion currents practically become constant, inde-
pendent of the corona voltage. Meanwhile, negative ion currents
increased slightly with increasing corona voltage. This may be
explained by the fact that higher degree of ion loss was inevitable
when a great number of ions were densely populated. It was
evident that when the applied voltage increased, the discharge
current and electric field strength in the discharge zone were found
to increase. Many more ions have tendency to be electrostatically
lost in the discharge zone of the ionizer. The ion loss inside the
ionizer due to electrostatic loss is defined as the ratio of the ion
number concentration at the ionizer outlet over the number
concentration of ions inside the ionizer. At the same corona voltage,
magnitude of the ion current was slightly higher for the needle
cone angle of 10�, compared to cone angle of 20�. It was also found
that the ion current at the ionizer outlet for positive corona was
slightly higher than for negative corona, presumably because
negative ions, having higher electrical mobility, are electrostatically
lost within the ionizer to a higher extent.

3.3. Ion number concentration and penetration

Fig. 6 shows the variation in ion number concentration with
corona voltage in the discharge zone of the ionizer at different
needle cone angles and air flow rates. The ion number concentra-
tion in the discharge zone was calculated based on measurements
and the method presented in Section 2.2. The number concentra-
tion of ions was approximately proportional to the discharge
current. As seen in the plot, the ion number concentration in the
discharge zone increased with increasing corona voltage. According
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Fig. 3. Current–voltage characteristics in the charging zone of the ionizer, (a) positive
ion, (b) negative ion.

Fig. 4. Distributions of electric field strength inside the ionizer, (a) needle cone angle
of 10� , (b) needle cone angle of 20� .
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to the discharge currents, the ion number concentration in the
discharge zone was found to decrease with increasing angle of the
needle cone. The ion concentrations from the 10� needle cone angle
were 1.5 times larger than those from the 20� needle cone angle. It
is commonly known that the number concentration of negative ion
is generally larger than positive ion, in a range well above corona
onset.

The plots of the ion number concentration at the ionizer outlet
as a function of the corona voltage at different needle cone angles
and air flow rates are shown in Fig. 7. For the needle cone angle of
10�, the highest ion current in the Faraday cup was found to be
about 6.4�10�10, and 6.29�10�10 A, corresponding to the ion
number concentration of about 2.98� 1013, and 2.93�1013 ions/m3

occurring at the corona voltage of 2.9, and 3.7 kV for positive and
negative coronas, and air flow rate at 8.0 L/min, respectively. For the
needle cone angle of 20�, the highest ion current in the Faraday cup
was found to be about 6.25�10�10, and 6.69�10�10 A,

corresponding to the ion number concentration of about
2.92�1013, and 3.11�1013 ions/m3 occurring at the corona voltage
of 3.4, and 3.9 kV for positive and negative coronas, and air flow
rate at 8.0 L/min, respectively. Conversely, the discharge current of
10� needle cone angle under the same conditions was about
4.1�10�6, and 9.82�10�5 A, corresponding to the ion number
concentration in the discharge zone of about 8.99�1013, and
1.688� 1015 ions/m3 for positive and negative coronas, respec-
tively. Meanwhile, the discharge current for the 20� needle cone
angle was about 5.7�10�6, and 1.06�10�4 A, corresponding to the
ion number concentration in the discharge zone of about
1.07�1014, and 1.73�1015 ions/m3 for positive and negative
coronas, respectively.
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Fig. 5. Variation in ion current with corona voltage at the ionizer outlet, (a) positive
ion, (b) negative ion.
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Fig. 8 shows variation of ion penetration with corona voltage at
needle cone angles of 10� and 20� and different operating flow rates
for positive and negative coronas. It can be seen that after corona
onset of both cases, the ion penetration gradually decreased with
increasing corona voltage as a function of the electric field strength
inside the ionizer. This was expected. When the corona voltage
increased, the discharge current and the electric field strength in
the discharge zone were found to increase, hence, more ions loss
due to electrostatic deposition on the inner surface of the outer
electrode inside the ionizer. When the air flow rate increased, the
ion penetration through the ionizer was found to slightly increase.
This is because the ions can be transported from the charger more
easily by faster flowing air. Due to high electrical mobility of
negative ion, the penetration of positive ions was found to be
higher than negative ions for both needle cone angles. As it can be

seen from Fig. 8, the highest ion penetration through the ionizer of
the needle cone angle of 10� was found to be about 93.7%, and 7.7%
for positive and negative coronas, respectively. Meanwhile, the
highest ion penetration for the needle cone angle of 20� was found
to be about 96.6%, and 6.1% for positive and negative coronas,
respectively.

4. Concluding remarks

Electrostatic discharge characteristics of corona-needle ionizer
were investigated and presented in this work. Discharge current,
ion number concentration, and ion penetration as a function of
corona voltage, aerosol flow rate, and needle cone angle were
evaluated. The results showed that the discharge current and ion
concentration in the charging zone increased with increasing
corona voltage. Conversely, discharge currents decreased with
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Fig. 7. Variation in ion number concentration with corona voltage at the ionizer outlet,
(a) positive ion, (b) negative ion.
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increasing angle of the needle cone. The negative coronawas found
to have higher current than the positive corona. At higher air flow
rate, the ion current and concentration were found to be relatively
high for a fixed corona voltage. The effect of air flow rate was more
significant than that of corona voltage. It was also shown that the
ion penetration through the ionizer decreased with increasing
corona voltage, and increased with increasing air flow rate. The
highest ion penetration through the ionizer of the 10� needle cone
angle was found to be about 93.7%, and 7.7% for positive and
negative coronas, respectively. Meanwhile, the highest ion pene-
tration for the 20� needle cone angle was found to be about 96.6%,
and 6.1% for positive and negative coronas, respectively.
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Abstract – In this study, an aerosol electrometer system for measuring ion and aerosol charge using electrostatic 

detection technique was developed and presented. It consists of a size selective inlet, a particle charger, an ion 

trap, a Faraday cup, an electrometer, and a data acquisition and processing system. In this system, an aerosol 

sample first passes through the size selective inlet to remove particles outside the measurement size range based 

on their aerodynamic diameter, and then pass through the unipolar corona charger that sets a charge on the 

particles and enter the ion trap to remove the free ions. After the ion trap, the charged particles then enter the 

Faraday cup electrometer for measuring ultra low current about 1 pA induced by ion and aerosol charge 

collected on the filter in Faraday cup corresponding to the number concentration of ion and aerosol. Signal 

current is then recorded and processed by a data acquisition system. A detailed description of the operating 

principle of the system as well as main components was presented. Performance of the prototype aerosol 

electrometer circuit used in this work was evaluated and compared with a commercial electrometer, Keithley 

model 6517A. Good agreement was found from the comparison. Finally, experimental testing results of ion and 

aerosol charge measurements were shown and discussed. 
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INTRODUCTION

  Detection and measurement of ion and aerosol charges have become an important topic in atmospheric 

pollution monitoring and source characterization. In recent years, considerable interest has been shown to 

submicron-sized aerosol particles, defined as aerosols with diameter less than 1 μm, for two main reasons. First, 

such particles have been associated with adverse health effects in areas of high concentrations, and second, 

aerosols are believed to have a significant influence on atmospheric quality, climate at a local and global scale 

and processes in various industries such as food, pharmaceutical and medical, electronic and semiconductor 

industries [1]. Ion and aerosol charge detectors have been developed to monitor indoor and outdoor aerosols for 

pollution and process control industry for this purpose. A widely used instrument capable of detecting ion and 

aerosol charge is an electrical aerosol detector (EAD). A typical EAD consists of two key components: one for 

aerosol charging, and the other for measurement of the current or charges on charged aerosols with an 

electrometer. Readout of an EAD depends strongly on the charging technique used. There have been numerous 

studies and developments on the EAD. Recent developments were reviewed by Intra and Tippayawong [2]. 

Many previous studies concern about nanoparticle number and surface area concentration measurement [3 – 5], 

ambient ion and aerosol charge measurement [6 – 7], aerosol integral parameter measurement [8], and 

nanoparticle size distribution measurement [9]. Available commercial instruments designed to measure net 

charge on aerosol particles is the TSI Model 3070A Electrical Aerosol Detector [10]. An alternative instrument 

that can also be used to detect aerosol particles is a condensation particle counter (CPC) which uses particle 

growth and optical property [11 – 12]. These commercial instruments are widely used for detecting airborne 

ultra fine particles and provide high-resolution measurement, but they are very expensive and large in size. A 

CPC does not operate in ambient temperatures outside the control range of 10 to 34oC, and the pump and flow 

sensor of the CPC cannot control the flow when the pressure at the aerosol inlet, the make up air inlet, or the 

pump exhaust is too high or too low. The CPC must be carefully moved in caution to protect the optics from 

contamination with working fluid like alcohol. In addition, the CPC have a size dependent counting efficiency, 

with low detection efficiency for particle size less than ~30 nm [12]. 

  The movability of instruments should be considered in monitoring ion and airborne aerosol particles. To 

avoid this problem, an inexpensive detector, suitable for detection of ion and aerosol number concentrations, was 

developed and experimentally tested in this study. This system is based on unipolar corona charging and 

electrostatic detection of highly charges. A detailed description of the operating principle of the sensor was 

presented. The performance of the prototype electrometer circuit used in this work as well as the preliminary 
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experimental testing results of ion and aerosol charge were also introduced and discussed. 

 

AEROSOL ELECTROMETER SYSTEM 

Fig. 1 shows the schematic diagram of the aerosol electrometer system, developed in this study. The 

system is composed of a size selective inlet, a particle charger, an ion trap, a Faraday cup, an electrometer 

circuit, and a data acquisition and management system. In this study, a flow system is regulated and controlled 

by means of mass flow controllers with a vacuum pump. Sampled aerosols are first passed through a size 

selective inlet to remove particles with diameter larger than 1.0 μm. Sampled aerosol are then directly introduced 

into the particle corona charger to charge the particles. Charged particles exiting from the charger are passed 

through an ion trap, with the voltage set at 150V to remove excess ions. The electrical charges carried by 

particles are measured in a Faraday cup electrometer downstream of the ion trap. The readout of the system has 

shown a relationship between the time and the number concentration of particles by a data acquisition and 

processing system. The following paragraphs give a detailed description of main components of the aerosol 

electrometer system. 

 

1. Size Selective Inlet 

  In this study, the inertial impactor was used to remove the particle outside the measurement range, 1.0 

μm, based on their aerodynamic diameter upstream of the system. The design of this impactor is based on the 

inertial impactor configuration of Intra [13]. It consists of an acceleration nozzle and an impaction plate. The 

acceleration nozzle in the diameter of 1 mm and the impaction plate are made of a stainless steel. The distance 

between the acceleration nozzle and the impaction plate was 1 mm. In the impactor, the aerosol flow is 

accelerated through an acceleration nozzle directed at an impaction plate. The impaction plate deflects the flow 

streamlines to a 90o bend. The particles larger than the cut-off diameter of the impactor impact on the impaction 

plate while the smaller particles follow the streamlines and avoid contact to the impaction plate and exit the 

impactor.  

 

2. Particle Charger 

  The corona-needle charger used in the present study consists of a coaxial corona-needle electrode 

placed along the axis of a cylindrical tube with tapered ends [14]. The needle electrode is made of a stainless 

steel rod 3 mm in diameter and 49 mm length, ended in a sharp tip. The angle of the needle cone was about 9o 
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and the tip radius was about 50 m, estimated under a microscope. The outer cylindrical is made of stainless 

steel tube 30 mm in diameter and 25 mm length with conical shape. The angle of the cone was about 30o and the 

orifice diameter was about 4 mm. The distance between the needle electrode and the cone apex is 2 mm. The 

corona electrode head is connected to a DC high voltage supply, while the outer electrode is grounded. An 

adjustable DC high voltage power supply module, a Bertan model PMT-50CP, is used to maintain the corona 

voltage difference, typically of 3.5 kV. The output voltage of the Bertan model PMT-50CP was controlled by the 

ADAM-4024 analog output module. The corona discharge generates ions which move rapidly in the strong 

corona discharge field toward the outer electrode wall. Aerosol flow is directed across the corona discharge field 

and is charged by ion-particle collisions via diffusion charging and field charging mechanisms. 

 

3. Ion Trap 

  In this study, the ion trap was used to remove the high electrical mobility of free ions after the charger. 

As the free ions can potentially reach the detector and ruin the measurement, a trap field is introduced just after 

the corona charger. Ion trap has a geometrical configuration similar to the unipolar corona-wire charger and the 

wire-cylinder electrostatic precipitator [15]. It consists of a coaxial wire electrode placed along the axis of a 

metallic cylinder tube. The outer electrode is made of stainless steel tube 28 mm in diameter and 15 mm in 

length. The wire electrode is made of stainless steel wire 300 m in diameter and 15 mm in length. DC voltage 

supply module, a Bertan model PMT-05CP, was applied to the wire electrode, typically of 150 V, while the 

outer metallic electrode is grounded. The output voltage of the Bertan model PMT-05CP was controlled by the 

ADAM-4024 analog output module. The most important topic while operating the ion precipitator is about 

setting a proper voltage to deposit the ions. This voltage will ensure that all ions can be removed but most 

charged particles are not influenced. 

 

4. Faraday Cup 

  Fig. 2 shows schematic diagram of the Faraday cup. This device is basically an open-ended Faraday cup 

with a filter to collect the charges. It consists of an external case, a filter holder, HEPA (high efficiency 

particulate air) filter, and BNC connector. To completely shield the filter collecting the charged particles, 

external case is made of a stainless steel, and filter is electrically isolated from the external case with Teflon 

stand. In the filter holder, the filter was placed on the top of a rigid stainless-steel net. The Faraday cup plays a 

role to prevent electric noise to measure very low current caused by charges, which are collected by an internal 
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filter. If the object of measurement is not shielded completely, noise which is 1000 times of resolutions to be 

expected. To transfer charges gathered at the filter to an electrometer that is outside the faraday cage, BNC 

connector is connected to filter holder. Because material of filter holder is conductor, charges collected in the 

filter can move to the electrometer through the low noise cable and BNC connector without delay. In the case of 

existing aerosol electrometer airflow is curved at 90 degrees while air is drifted from sampling probe to the filter. 

It can become the cause of charge loss. To solve this problem airflow into faraday cage is straightened in such a 

way that the change in direction of the flow and loss the charge do not occur. Thus, the signal current, Ip, of 

collected charges on the filter in the Faraday cup can be calculated by [14] 

 

  i iI N eQ              (1) 

 

where Ni is the total ion number concentration, e is the elementary unit of charge (1.6  10-19 C), and Q is the 

volumetric air flow rate into a Faraday cup. In the case of aerosol charge, the signal current equation, Ip, has to 

be rewritten as [16]: 

 

  ( )p p p pI n d N eQ             (2) 

 

where Np is the total particle number concentration, and np is the mean charge level of aerosol particles as a 

function of particle diameter. 

 

5. Electrometer Circuit 

  The schematic diagram of an electrometer circuit design for the system is shown in Fig. 3. This circuit 

is a simple current-to-voltage converter, where the voltage drop caused by a current flowing through a resistor is 

measured. The circuit adopted two cascaded negative feedback amplifiers. Extra component in this circuit is 

primarily for fine offset voltage adjustment and input/output protection. A 12V power supply capable of 

providing 100 mA is required. The feedback capacitor and RC low-pass filter were used to reduce high-

frequency noise and to prevent oscillations of the amplifier output [16]. In order to avoid expensive construction, 

commercially-available low-cost monolithic operational amplifiers were used. The commercially-available 

operational amplifiers used in this circuit is the LMC662, which was designed for low current measurement and 

featured ultra-low input bias current (2 fA maximum) and low offset voltage drift (1.3 V/oC) [17]. The zero 
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offsets are temperature-dependent, and therefore the electrometers are temperature-stabilized to about 32oC, 

eliminating offset drift. This circuit gives an output voltage of 20 mV per 1 pA of input signal current. The 

electrometer circuit was calibrated with a current injection circuit, high-impedance current source [16]. It 

consists of an appropriately high standard resistor (10 G ) and an adjustable voltage source in the range between 

0 – 5 V. The output current of this circuit can simply be calculated from the Ohm’s law. The range of the output 

current is from 1 pA to 10 pA. It should be noted that the electrometer circuit input was operated at virtual 

ground potential during calibration and subsequent current measurement. The output voltage from the 

electrometer circuit was measured and recorded by a highly accurate digital voltmeter. The voltage reading was 

then translated into the current measurement as shown in Table 1. The ratio and standard deviation of measured 

current from this work and a commercial electrometer, Keithley model 6517A, with high-accuracy current 

source is shown in Fig. 4. It was found that the measured current ratio was found in the range of 1.00 – 1.40 

corresponding to the standard deviation in the range of 1.018 – 1.048. As shown in Fig. 4, the measured current 

ratio and the standard deviation of this work was increased when input current smaller than 5 pA. Generally, the 

currents measured from this work were found to agree very well with those measured by the Keithley model 

6517A. Very small difference (<5%) was obtained. 

 

6. Data Acquisition and Processing System 

  The output signal from the electrometer circuit is in the range of 0 to +10V. It is then sent to the 

ADAM-4017 analog input module, which is a 16-bit, 8 channel analog input module, controlled and data 

sampled by an external personal computer via RS-485 to USB converter interface. Software running on an 

external computer was developed, based on Microsoft Visual Basic programming for all data processing. The 

software is able to display the ion current and number concentration with a time response of approximately 1 s. 

 

PERFORMANCE EVALUATION 

  In the case of ion measurement, high number concentration of ions was generated by corona discharge 

with corona-needle charger, typically larger than 3  1012 ions/m3. An air sample was first dried with the dryer. 

Thus, any remaining water was removed. Dried air sample was filtered through a HEPA filter, and was then 

drawn into the charger. In the case of aerosol charge measurement, the schematic diagram of the experimental 

setup is shown in Fig. 5. It consists of a combustion aerosol generator (CAG), a dryer, a dilution chamber, a 

HEPA filter, and a vacuum pump. The CAG was used to generate polydisperse, carbonaceous diffusion flame 



Korean J. Chem. Eng. 

7

aerosols for this experiment [18]. The particle size distribution of polydisperse aerosols obtained by the electrical 

mobility spectrometer (EMS) was in the range between approximately 50 nm to 500 nm with particle number 

concentrations of approximately 1011 – 1012 particles/m3 [19]. Fig. 6 shows typical particle size distribution from 

the CAG with the geometric mean diameter of 208 nm and the geometric standard deviation of 1.084. During the 

measurement, the vacuum pump was switched on and the aerosol sample was sucked into the system using an 

isokinetic sampling system. The aerosol particles were first dried with the dryer. Before aerosol particles 

entering the system, the particles were diluted and mixed with clean air, which had been filtered through a HEPA 

filter, in the mixing chamber. The system was operated at aerosol flow rate in the range of 5.0 – 15.0 L/min. To 

reduce errors due to time variations in the aerosol concentrations, repeat measurements were commenced at least 

5 min after the introduction of the aerosol into the measurement system. 

  Fig. 7 shows time variation of ion number concentration and signal current from the Faraday cup 

electrometer. The system was operated at charger voltage of 3.5 kV, ion trap voltage of 150 V, air flow rate of 10 

L/min, and operating pressure of 1 atm. In the case of the charger and ion trap voltages were off, there was no 

ion. Measured signal current from Faraday cup was 0 pA. The number concentration of ions was calculated from 

measured signal current by the Equation 1. It was shown that ion number concentration was found to be about 

1.6  1012 ions/m3, corresponding to measured signal current of about 47 pA when the charger voltage was on, 

and the ion trap voltage was off. On the other hand, when both charger and ion trap voltages were on, most ions 

were removed inside the ion trap. For the effect of air flow rate, variation of measured ion current from Faraday 

cup electrometer with air flow rates is shown in Fig. 8. Three different operating conditions of the aerosol flow 

rates were tested. Variation of flow rate was carried out by adjusting the outlet mass flow controller in the range 

between 5.0 – 15.0 L/min. Ion current was found to be in the range of approximately 22 – 68 pA, corresponding 

to the ion number concentration of about 1.5  1012 ions/m3. It was also shown that increasing the flow rate 

resulted in the increase in ion current. This may be attributed to the fact that the ion current was proportional to 

the air flow rate. At higher flow rates, ion current was relatively high. 

  In the case of aerosol charge measurement, Fig. 9 shows variation of measured particle current with 

aerosol flow rates. Signal current was measured to be in the range of about 75 – 225 pA, corresponding to the 

mean particle number concentration of approximately 9.5  1011 particles/m3. It was found that an increase in the 

aerosol flow rate resulted in an increase in measured signal current. This was because the signal current was 

approximately proportional to the aerosol flow rate. The larger aerosol flow rates led to more collected charged 

particles, giving rise to a larger induced current. In addition, high particle number concentration may lead to 
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large signal current due to that the fact that more particles had chances to be collected in this situation. Time 

variation of measured particle number concentration and signal current from the Faraday cup electrometer at 

aerosol flow rate of 10.0 L/min were also shown in Fig. 9.  

 

ADVANTAGES AND LIMITATIONS 

1. Advantages 

The system was simple, low cost, efficient and reliable to detect ion and aerosol charge. Overall 

dimensions and weight were such that it was easy to handle and move around.  

Rather than diffusion charging, the instrument employed unipolar corona discharge (diffusion and 

field) charging method. 

The system was capable of measuring both ion and aerosol charge. Collected aerosol particles in 

the filter can be also further analysis for physical and chemical properties e.g. electron microscopy, 

or mass spectrometry. 

2. Limitations 

The detection limit is more pronounced for smaller particles because they carry less charge, and it 

is lower for slower sampling rates where the longer averaging time reduces the noise.  

The time response depends on two factors; the fluid time response and the electrical time response. 

For the fluid time response, simple improvement may be done by using high sample flow rate 

inside the system. For the electrical time response, sensitivity of the Faraday cup electrometer 

depends on the electrometer circuit sensitivity.  

Use of electrometer in the system limits the sensitivity of the instrument when detecting samples 

with low concentrations. This sensitivity was limited by signal to noise ratio.  

CONCLUSIONS 

   The simple system for measuring ion and aerosol charge with a Faraday cup electrometer has been 

developed and evaluated in this paper. The detecting method was based on unipolar corona-needle charging and 

electrostatic detection of highly charges. The performance of the prototype aerosol electrometer circuit used in 

this work was evaluated and compared with a commercial electrometer, Keithley model 6517A, and good 

agreement was found from the comparison. Experimental evaluation of the system was also carried out by the 
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corona discharge charger and the combustion aerosol. Experimental testing results of ion and aerosol charge 

measurements obtained were very promising. It was demonstrated that the system can be used in detecting the 

number concentration of ion and aerosol charge of approximately 0 to 2  1012  per m3, corresponding to signal 

current of approximately 0 – 250 pA with a time resolution of less than 1 s.  
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Table 1. Measured signal current from the electrometer circuit. 

Input current 

(pA) 

Minimum current 

(pA) 

Maximum current 

(pA) 

Average current 

(pA) 

Standard deviation 

0 -0.136 0.500 0.174 1.031 

1 0.801 1.392 1.133 1.048 

2 1.626 1.923 1.756 1.026 

3 2.304 2.699 2.455 1.030 

4 3.324 3.608 3.453 1.018 

5 4.600 5.180 4.852 1.039 

6 5.584 5.870 5.748 1.027 

7 6.587 6.874 6.723 1.026 

8 7.523 7.769 7.648 1.024 

9 8.411 8.625 8.523 1.018 

10 9.655 9.909 9.786 1.027 
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Fig. 1. Schematic diagram of the aerosol electrometer system. 

 

Fig. 2. Schematic diagram of the Faraday cup. 

 

Fig. 3. Schematic diagram of the sensitive electrometer circuit. 
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Fig. 4. Performance comparison between the prototype and commercial electrometer 
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Fig. 5. Schematic diagram of the experimental setup for preliminary testing of the aerosol electrometer system. 
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Fig. 6. Typical particle size distribution from the CAG. 
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Fig. 7. Time variation of measured ion number concentration and signal current. 
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Fig. 8. Variation of measured ion current with air flow rates. 
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Fig. 9. Variation of measured particle current with aerosol flow rates. 
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Fig. 10. Time variation of measured particle number concentration and signal current. 
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Abstract

Electrostatic precipitation technique is adopted to remove excess ions mixing with the charged 

particles prior to charged particle collection in an electrical mobility analyzer. In this paper, the ion 

precipitator for the electrical mobility spectrometer was designed, constructed, and evaluated. An 

analytical model was developed to investigate ion transport inside the ion precipitator in this study. 

Experimental investigations were carried out for positive ions, positively applied voltage at the wire 

electrode between 10 and 150 V, ion flow rate of 5 and 15 L/min, operating pressure of 1 atm and 

radial distance of the inlet between 0.15 and 14 mm at a fixed separation between wire and outer 

electrodes. It was found from the calculations that higher applied wire electrode voltage caused ions to 

deposit closer to the entrance. Conversely, faster flow rate forced ions to impact the wall further 

downstream. All charged particles of 10 nm in diameter can pass through the ion precipitator smoothly 

without precipitated at the outer electrode. Collection efficiency of the ion precipitator was found to 

increase to about 99% at the ion trap voltage larger than 100 V for all ion flow rates. The experimental 

data was compared against theoretical prediction. It was found that the experimental data were in a 

good agreement with the Deutsch-Anderson model. 

 

Keywords:  ion trap, electrostatic precipitator, electrical mobility, spectrometer 
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1. Introduction 

  Fine aerosols are generally referred to airborne particles of diameter in submicron or 

nanometer size range. Measurement and characterization of these particles is very important in 

understanding and controlling their dynamics. The most efficient and widely used technique suitable 

for measuring these submicron particles is essentially electrical mobility determination. Many 

electrical mobility determination instruments have been developed and used widely [1]. Charging is 

the basis of these instruments in which a known net charge distribution is imposed on to the particles. 

High ion concentrations are usually generated to ensure high charging efficiency. An aerosol charger 

is always positioned upstream of an electrical mobility analyzer, with an ion trap to remove excess 

ions. The aim of the ion trap for the electrical mobility analyzer was to remove the high electrical 

mobility of the excess free ions mixing with the charged particles prior to charged particle collection 

[2], as the free ions can potentially reach the detector and contaminate the signal current to be 

measured. 

  It is well known that electrostatic precipitators (ESP) are widely used for removing particles 

from gas streams in various industrial processes and room air-conditioning system [3 – 5]. Typically, 

it consists of a discharge electrode placed along the axis of the collecting electrode. A DC high 

electrical voltage is applied to the discharge electrode, while the collecting electrode is grounded. The 

high voltage produces an electric field and a flow of electric charges (ions) from discharge electrode to 

the collecting electrode. Dirty gas containing particulate pollutants is introduced into ESP. The 

particulates are bombarded by monopolar ions from the discharge electrode and are strongly charged; 

they are driven by electrostatic force toward the collecting electrode and are deposited in its inner 

surface. In this way the outgoing gas flow would become particle-free. Although ESPs are initially 

designed to precipitate particles, they are also suitable for depositing ions under certain conditions. 

This is because ions are, just like the charged particles, carrying charges. Therefore they can be 

precipitated with an electric field. The key in adopting an ESP into an ion precipitator lies in applying 

a proper voltage to the ESP such that only ions are precipitated while charged particles can pass 

through smoothly. There have been numerous studies and developments on the wire-cylinder-type 

ESP as the particle charger in a number of electrical mobility analyzers [6]. To our knowledge, the 
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3

issue of design and performance evaluation of the ion trap has not been extensively studied and 

reported in the literature [7 – 11]. 

  In the present study, a simple and efficient electrostatic precipitator was developed as an ion 

trap for an electrical mobility spectrometer. Analytical investigation of the design was carried out to 

predict the ion trajectory inside the ion precipitator. Experimental evaluation of the ion precipitator 

performance was carried out for positive ions, positively applied voltage at the wire electrode between 

10 to 150 V, total flow rate of 5 to 15 L/min, operating pressure of 1 atm and radial distance of the 

inlet between 0.15 to 14 mm at a fixed separation between wire and outer electrodes. A detailed 

description of the ion precipitator design was also presented in this paper. 

 

2. Design of the Ion Precipitator 

2.1 Description 

  A schematic diagram of the ion precipitator used in this study is shown in Fig. 1. It has a 

geometrical configuration similar to the unipolar corona-wire charger and the wire-cylinder ESP. It 

consists of a coaxial wire electrode placed along the axis of a metallic cylinder tube. The outer 

electrode is made of aluminum tube 28 mm in diameter and 15 mm in length. The wire electrode is 

made of stainless steel wire 300 m in diameter and 15 mm in length. DC voltage supply was applied 

to the wire electrode, typically in the range between 10 – 150 V, while the outer metallic electrode is 

grounded. The most important topic while operating the ion precipitator is setting a proper voltage to 

deposit the ions. This voltage will ensure that all ions can be removed but most charged particles are 

not influenced. 

 

2.2 Ions transport 

  The transportation of ions and charged particles inside the electrostatic precipitator and the 

differential mobility analyzer have been studied and presented in the published literature [11 – 15]. As 

shown in Fig. 2, the axial motion of ion was influenced by the fluid velocity profile in the axial flow. 

The radial motion of ion is due to electric force which is by far greater than other forces. When the 

ions introduced into the ion precipitator, any ions under the influence of an electric field will have an 
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electrical mobility. It is assumed that the flow and electric fields are axisymmetric and steady, the flow 

in the precipitator is laminar, fully developed and incompressible, the space charge effect is negligible, 

and Brownian diffusion effects are negligible. For the particular case of annular geometries where the 

ions enters the precipitator on an axial flow and the ions migrate along the radial direction of electric 

field, motion of the ions within the precipitator can be described by the system of differential 

equations as [12] 

  d
d r i r
r u Z E
t

                                     (1) 

  d
d z i z
z u Z E
t

                                     (2) 

where r and z are the radial and axial dimensions of the classifier, ur and uz are the radial and axial 

components of the air flow velocity. Similarly, Er and Ez are the radial and axial components of the 

electric field and Zi is the electrical mobility of ions, which is a complicated function of the gas 

density, electric field strength, and the constituent species of the gas. Based on the work of Reischl et 

al. [17], the average value for the positive ion electrical mobility at atmospheric pressure was iZ = 

1.425  10-4 m2/V s. Typically, ions and charged particles have quite different electrical mobility in 

magnitude, electrical mobility of ions is in general much higher than that of particles. When a uniform 

electric field is established between the two electrodes of the precipitator, the electric field 

components are given by the following relations: 2 1/ ln( / )rE V r r r  and 0zE where r1 and r2 are the 

radii of the wire and outer electrodes, respectively. Assuming that the radial velocity component for a 

laminar annular flow is zero (ur = 0) and combining the above equations, the ions trajectories can be 

described by 

2 1

d
d ln

iZ Vr
t r r r

                                     (3) 

d ( )
d z
z u r
t

                                      (4) 

Using Equations (3) and (4), the trajectory of the ions is given by 

2 1

d
d ( ) ln

i

z

Z Vr
z ru r r r

                                    (5) 
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where: 

 2( ) ln( ) ,zu r ar b r c             (6) 

1 d ,
4 d

pa
z

                                     (7) 

2 2
2 1

2 1

1 d ,
4 d ln

r rpb
z r r

                                       (8) 

2 2
22 1

1 1
2 1

1 d ln( ) ,
4 d ln

r rpc r r
z r r

                                     (9) 

dp/dz denotes the constant pressure gradient is given by the following equations 

2d
d 2 h

p U f
z D

                                   (10) 

where: 

2 1 22 1 ,hD r r r                                   (11) 

1
2

1 2 1 2
2

1 2 1 21 2

1 164 ,
Re 1 ln1

r r r r
f

r r r rr r
                   (12) 

2 1 22 1
Re ,

r r r U
                                  (13) 

Dh is the hydraulic diameter for an annular flow area, f is the friction factor, U  is the mean axial flow 

velocity,  is the gas density and Re is the Reynolds number in the annular flow. Substituting 

Equation (6) into Equation (5) and Integrating Equation (5), the migration paths of the ions can be 

determined as  

2
3 2

2 10

d
ln( ) d

ln
in

r z
i

r

VZ z
ar b r cr r

r r
                                 (14) 

where rin is the radial position at which the ions enters the precipitator. Therefore, the ions entering the 

precipitator at a radial position of rin has trajectory taking it to an axial position of z, which can be 

obtained as 

2 1( ) ln
4

in

i

g r r r
z

VZ
                                  (15) 
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4 4 2 2 2
2 2 2 2

2 2 2
2

2 ln( )
( )

2 ln( ) 2 2
in in

in
in in in

ar ar br br br r
g r

br r cr cr
                    (16) 

 

2.3 Ion trapping efficiency 

 Removal or trapping efficiency is defined as the ratio of the difference between inlet and 

outlet concentrations to the inlet concentration. Assuming uniform ion distribution across the 

cylindrical tube, the ion removal efficiency of the precipitator, , can be estimated by Deutsch-

Anderson equation as [18] 

22
1 exp i

i

r LZ E
Q

                                  (17) 

where L  is the length of the outer electrode of the precipitator, and iQ  is the ion flow rate. Therefore, 

the number concentration of ions, iN , at the outlet of the precipitator is given by  

0 0iN N N                                    (18) 

where 0N  is the number concentration of ions at the inlet of the precipitator 

 

3. Experimental Setup 

The schematic diagram of the experimental system for performance evaluation of ion 

precipitator is shown in Fig. 3. It consists of an ion generator, a DC high voltage power supply, a 

Faraday cup, an electrometer, and a flow system. In this study, high number concentration of ions was 

generated by corona discharge with the corona-needle generator [19], typically larger than 3  1012 

ions/m3. In our experiments, the ion precipitator is connected directly to the ion generator outlet via a 

very short connecting pipe. The air flow was regulated and controlled by means of a mass flow meter 

and controller (a Dwyer model GFC-1111) with a vacuum pump, typically in the range between 5.0 – 

15.0 L/min. A commercial adjustable DC high voltage power supply, a Bertan model PMT-50CP, was 

used to maintain the positive corona voltages difference in the charger, generally 3.5 kV. An air 

sample was first dried with the dryer. Thus, any remaining water was removed. Dried air sample was 

filtered through a high efficiency particulate-free air (HEPA) filter (Pall HEPA capsule model 12144 
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with filtration efficiency of 99.97 % and retention of 0.3 μm for air/gas), and was then drawn into the 

charger. The ions produced inside the charger are then entered the ion precipitator. A commercial 

adjustable DC high voltage power supply, a Bertan model PMT-05CP, was used to maintain the 

positive trap voltages difference in the precipitator, generally in the range between 10 – 150 V. After 

the precipitator, ions were then entered the Faraday cup. In the Faraday cup, the ions were removed 

from the air stream by the filter and the resulting ion current flow was measured with the Keithley 

6517A electrometer. It should be noted that the ion current was measured by the electrometer 

corresponding to the ion number concentration at the charger outlet. The ion current measurements 

were translated into ion number concentrations given the total air flow rate through the charger. Thus, 

the total number concentration of the ion at the charger outlet, Ni, can be calculated from the 

expression [20] 

i
i

i

I
N

eQ
                                   (19) 

where Ii is the ion current at the charger outlet, and e is the elementary charge (1.6  10-19 C). 

 

4. Results and Discussion 

4.1 Ions transport 

 An analytical model was developed to investigate the ions transport inside the ion precipitator 

to give a better understanding on the operation of the ion precipitator. Calculations have been 

performed for positive ions and charged particles. These calculations were carried out at varying 

positively applied voltage at the wire electrode between 10 and 150 V, total air flow rate between 5 

and 15 L/min, and the radial distance of the inlet between 0.15 to 14 mm at a fixed radial of wire and 

outer electrodes (r1 = 0.15 mm and r2 = 14 mm). The parameters and operating conditions used are 

shown in Table 1. Air density and viscosity were 1.225 kg/m3 and 1.7894 × 10-5 kg/m/s, respectively. 

Operating temperature and pressure were 294 K and 1 atm, respectively. In this study, the flow 

conditions inside the ion precipitator were assumed to be steady, incompressible and laminar. The 

electric field distribution inside the ion precipitator was also assumed to be uniform in the axial 

direction. The ion and particle trajectories were calculated using Equations (15) and (16) with 
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Microsoft Visual Basic programming. In our previous work [21], comparison of ion trajectories along 

the precipitator between the existing models and the present model was introduced. Intra and 

Tippayawong [21] reported that the ion trajectory of the present model agreed very well with that 

proposed by Hagwood et al. [13] and Williams [14]. However, large difference between this model 

and the models developed by Kulon et al. [15] and Wei [11] was also observed. This may be due to the 

fact that Kulon and Wei models did not take into account the constant pressure gradient effect on the 

annular flow velocity profile which could result in significant errors.  

Fig. 4 shows a number of trajectories of the positively ions as a function of wire electrode 

voltage. The ions were deflected radially toward the inner surface of the outer electrode of the 

precipitator. It was found that higher applied wire electrode voltage caused ions to deposit closer to the 

entrance. This was expected because the motion of ions was mainly influenced by the applied 

electrical force. Increase in applied voltage resulted in the increase of the ions collecting efficiency. It 

was clear that the optimal wire electrode voltage was about 100 V. After the optimal wire electrode 

voltage was found, the optimal total flow rate through the precipitator was determined. Fig. 5 shows 

variation of ion trajectories along the precipitator with total flow rate. It was shown that faster flow 

rate forced ions to impact the wall further downstream. 

  It is still necessary to prove that the chosen voltage has barely minimum influence on the 

charged particles. This can be easily done by calculating particle trajectories with the ion precipitator 

at the identical voltage. In the calculations, particle governing equations are identical to ion governing 

Equation (15) with the only exception of the ion electrical mobility Zi in the Equation (15), which 

should be replaced by particle electrical mobility Zp. The electrical mobility of particle can be 

calculated as [17]: 

  
3

p c
p

p

n eC
Z

d
                                   (20) 

where np is the net number of elementary charges on the particle, e is the value of elementary charge 

on an electron, Cc is the Cunningham slip correction factor,  is the gas viscosity, and dp is the 

particle diameter. When an extreme case in which a particle diameter of 10 nm (the lower limit of 

particle size in the electrical mobility spectrometer) is singly charged was considered, the particle 
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tended to have the largest electrical mobility. Fig. 6 illustrates the charged particle trajectories within 

the ion precipitator, starting from different initial locations. It was shown that all charged particles can 

pass through the ion precipitator smoothly without deposition onto the outer electrode. 

 

4.2 Ion trapping 

  Fig. 7 shows time variation of ion number concentration and signal current of the precipitator 

outlet at different operating ion flow rate and trap voltage. Number concentration of ions was 

calculated from the measured ion current by Equation (19). Measured current of ions at the 

precipitator outlet was found to be from 0 to 100 pA, corresponding to the ion number concentration 

of 0 to 2.5  1012 ions/m3. It can be seen that increasing the trap voltage resulted in the decrease of ion 

number concentration and signal current at the precipitator outlet. At higher ion flow rates, the ion 

number concentration and signal current were relatively high. Variation of outlet ion number 

concentration with ion trap voltage at different operating ion flow rate is shown in Fig. 8. It was shown 

that low ion flow rate and high trap voltage resulted in a decrease in the number concentration of ions 

at the precipitator outlet. The ion number concentration at the precipitator outlet decreased to about 0 

at the ion trap voltage greater than 150 V for all ion flow rates considered.  

  Fig. 9 shows variation of collection efficiency of the precipitator as a function of ion trap 

voltage at different operating ion flow rate. Generally, an increase in ion trap voltage produced an 

increase in ion collection efficiency of the precipitator. For all ion flow rates, the collection efficiency 

of the precipitator increased to about 99% at the ion trap voltage larger than 100 V. As shown in Figs. 

8 and 9, the experimental data of the ion precipitator was also compared with theoretical prediction of 

the Deutsch-Anderson model. It was observed that the experimental data was in good agreement with 

the model. However, the Deutsch-Anderson model underestimated or overestimated the collection 

efficiency of the precipitator at the trap voltage lower than 100 V. This was attributable to the fact that 

the model did not take into account the effect of turbulence mixing by electric wind and ion turbulent 

diffusion, leading to significant error [22]. 

  Measured particle number concentration and signal current with and without the ion trap 

voltage of the precipitator is shown in Fig. 10.  In this study, a combustion aerosol generator (CAG) 
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10

was used to generate a polydisperse aerosol for this experiment. The particle size distribution from the 

CAG was in the range between approximately 10 nm to 400 nm [23]. Aerosol sampling was carried 

out using an isokinetic sampling system. The aerosol particles were first dried with the diffusion drier. 

Thus, any remaining water was removed. Due to the high particle concentration in the particle stream 

flow rate of the exhaust, before aerosol particles entering the ion generator, the particles were diluted 

and mixed with clean air, which had been filtered through a HEPA filter, in the mixing chamber. The 

aerosol particles were charged by corona discharge in the ion generator. This experimental system was 

operated at aerosol flow rate of 10 L/min and ion trap voltage of 150 V. It was found that the average 

number concentrations of particles with and without the ion trap voltage of the precipitator were 5.57 

 1013 particles/m3 and 7.87  1013 particles/m3, respectively, corresponding to the measured signal 

currents of 149.45 pA and 211.27 pA, respectively. When the ion trap voltage was off, ions entered the 

Faraday cup and was measured together with the charged particles. On the other hands, when the ion 

trap voltage was on, most ions were removed. Hence, only charged particles can pass through the 

precipitator. Thus, the measured signal current was only derived from charged particles.  

 

5. Conclusion 

  A wire-cylinder ion precipitator for the electrical mobility spectrometer was designed, 

constructed, and investigated in this paper. An analytical model was developed to investigate the ions 

transport inside the ion precipitator. The experimental study was carried out for positive ions, 

positively applied voltage at the wire electrode between 10 and 150 V, total flow rate of 5 and 15 

L/min, operating pressure of 1 atm and radial distance of the inlet between 0.15 and 14 mm at a fixed 

radial of wire and outer electrodes. It was found that higher applied wire electrode voltage caused ions 

to deposit closer to the entrance. Conversely, faster flow rate forced ions to impact the wall further 

downstream. All charged particles of 10 nm in diameter can pass through the ion precipitator smoothly 

without precipitated at the outer electrode was found at the ion flow rate of 5 L/min and the trap 

voltage of 100 V. An increase in ion trap voltage produced an increase in ion collection efficiency of 

the precipitator. For all ion flow rate, the collection efficiency of the precipitator increased to about 

99% at the ion trap voltage larger than 100 V. Experimental data was found to be in good agreement 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

11

with the analytical model. The precipitator proved to be particularly useful in removing excess ions in 

the electrical mobility analyzer. 
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Table 1 Model parameter and operating condition values 

Parameter and operating conditions Values 

Diameter of wire electrode, r� (mm) 

Diameter of outer electrode, r� (mm) 

Length of precipitator, � (mm) 

Wire electrode voltage, � (V) 

Total flow rate, (L/min) 

Nature of flow 

Operating temperature, T (K) 

Operating pressure, � (atm) 

Gas density, (kg/m3) 

Gas viscosity, μ (kg/m/s) 

Polarity of ions  

Electrical mobility of ion, �i (m2/V/s) 

Particle diameter, dp (nm) 

0.15 

14 

15 

10, 50, 100, 150 

5, 10, 15 

Laminar 

294 

1 

1.225 

1.7894 × 10-5 

Positive 

1.425 × 10-4 
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Fig. 1 Schematic diagram of the ion precipitator 

 

Fig. 2 ion transport in the precipitator 

 

Fig. 3 Experimental setup for ion precipitator performance evaluation 
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Fig. 4 Variation of ion trajectories along the precipitator with wire electrode voltage (5 L/min total flow rate) 
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Fig. 5 Variation of ion trajectories along the precipitator with total flow rate (150 V wire electrode voltage) 
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Fig. 6 Variation of charged particle trajectories along the precipitator with inlet radial distance (100 V wire 

electrode voltage, 10 nm particle diameter, and 5 L/min total flow rate) 
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(a) 5 L/min 
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(b) 10 L/min 
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(c) 15 L/min 

Fig. 7 Time variation of outlet ion number concentration and signal current with trap voltage at different 

operating ion flow rate  
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Fig. 8 Variation of outlet ion number concentration with ion trap voltage at different operating ion flow rate 

0 25 50 75 100 125 150
0

20

40

60

80

100

 experimental, 5 L/min
 experimental, 10 L/min
 experimental, 15 L/min
 theoretical, 5 L/min
 theoretical, 10 L/min
 theoretical, 15 L/min

co
lle

ct
io

n 
ef

fic
ie

nc
y,

 %

ion trap voltage, V

 

Fig. 9 Variation of collection efficiency with ion trap voltage at different operating ion flow rate 
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Fig. 10 Time variation of particle number concentration and current with and without the ion trap voltage 
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In this study, an electrostatic sensor was developed for detecting the number concentration of 
nanometer-sized aerosol particles. It consists of a size selective inlet, a corona charger, an ion trap, a Faraday 
cup, an electrometer, a signal conditioning and processing system, and an I/O control and human-computer 
interface. In the present sensor, aerosol flow is regulated and controlled by means of mass flow meters and 
controllers with a vacuum pump. An aerosol sample first passes through the size selective inlet to remove 
particles outside the measurement size range based on their aerodynamic diameter, and then pass through the 
unipolar corona charger that sets a charge on the particles and enter the ion trap to remove the free ions. After 
the ion trap, the charged particles then enter the Faraday cup electrometer for measuring ultra low current 
about 10-12 A induced by charged particles collected on the filter in Faraday cup corresponding to the number 
concentration of particles. Finally, signal current is then recorded and processed by a data acquisition system. A 
detailed description of the operating principle of the system as well as main components was presented. The 
performance of the prototype electrometer circuit used in this work was also evaluated and compared with a 
commercial electrometer, Keithley model 6517A, and good agreement was found from the comparison. 
 
Keywords:  aerosol, nanoparticle, electrostatic, electrometer, sensor. 

 
1. INTRODUCTION 

Nanometer-sized aerosol particles, defined as 
aerosols with particle diameters less than 0.1 μm, 
suspended in air have significant effects on the human 
health, global climate, air quality and processes in 
various industries such as food, pharmaceutical and 
medical, electronic and semiconductor industries [1]. 
Detection and measurement of nanometer-sized aerosol 
particles have become an important issue. For this 
purpose, nanoparticle sensors were developed to 
monitoring indoor and outdoor aerosols for pollution 
and process control industry. There are several 
commercial instruments using various methods of 
detecting particle number concentration. Available 
instruments include a SMPS (Scanning Mobility 
Particle Sizer) using electrical mobility of particles, a 
CPC (Condensation Particle Counter) which uses 
particle growth and optical property, an EAD (Electrical 
Aerosol Detector) which uses electrostatic charge 
measurement technique, and an ELPI (Electrical Low 
Pressure Impactor) using inertia impaction of particles 
under low pressure [2]. These commercial instruments 
are widely used for measuring airborne ultra fine 
particles and provide high-resolution measurement, but 
they are very expensive and larges sizes. In addition, the 
CPC should be carefully moved in caution to protect the 
optics contamination from working fluid like alcohol 
(C4H9OH) [3]. The movability of instruments should be 
considered in monitoring airborne aerosol particles. 

To avoid this problem, an inexpensive sensor was 
developed in this study, suitable for detection of particle  

 

 
 
Fig. 1  Schematic diagram of the electrostatic sensor. 
 
number concentration in the nanometer size range. This 
sensor is based on unipolar corona charging and 
electrostatic detection of highly charged particles. A 
detailed description of the operating principle of the 
sensor was presented. The sensor performance also was 
evaluated and compared with a commercial instrument. 
 

2. DESCRIPTION OF THE SENSOR 

Figure 1 shows the schematic diagram of the 
electrostatic sensor for detecting nanometer-sized 
aerosol particles was developed in this study. The sensor 
system is composed of a flow system is regulated and 
controlled by means of mass flow controllers with a 
vacuum pump, a size selective inlet to remove the 
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particle outside the measurement range, a particle 
charger using corona discharge technique, an ion trap to 
remove the high electrical mobility of free ions after 
charger, a Faraday cup to collect charged particles, an 
electrometer for measuring signal current from the 
Faraday cup, and a computer controlled data acquisition 
and management system. 

2.1 Size Selective Inlet 
The inertial impactor was used to remove particles 

larger than a known aerodynamic size, upstream of the 
system. The aerodynamic particle size at which the 
particles are separated is called the cut-point diameter. 
In the impactor, the aerosol flow is accelerated through 
a nozzle directed at a flat plate. The impaction plate 
deflects the flow streamlines to a 90o bend. Particles 
with sufficient inertia are unable to follow the 
streamlines and impact on the plate. Smaller particles 
are able to follow the streamlines and avoid contact with 
the plate and exit the impactor. 
 
2.2 Unipolar Corona Charger 

The particle charger in the present study consists of 
a coaxial corona-needle electrode placed along the axis 
of a cylindrical tube with tapered ends [4]. The needle 
electrode is made of a stainless steel rod 3 mm in 
diameter and 49 mm in length, ended in a sharp tip. The 
angle of the needle cone was approximately 9o and the 
tip radius was approximately 50 m, as estimated under 
a microscope. The outer cylindrical is made of 
aluminum tube 30 mm in diameter and 25 mm in length 
with conical shape. The angle of the cone was 
approximately 30o and the orifice diameter was 
approximately 4 mm. The distance between the needle 
electrode and the cone apex is 2 mm. The corona 
electrode head is connected to a DC high voltage supply, 
while the outer electrode is grounded. An adjustable DC 
high voltage power supply is used to maintain the 
corona voltage difference, typically of the order of 3.0 
kV. The corona discharge generates ions which move 
rapidly in the strong corona discharge field toward the 
outer electrode wall. Aerosol flow is directed across the 
corona discharge field and is charged by ion-particle 
collisions via diffusion charging and field charging 
mechanisms. 

 
2.3 Ion Trap 

The ion trap was used to remove the high electrical 
mobility of free ions after the charger. As the free ions 
can potentially reach the detector and ruin the 
measurement, a trap field is introduced just after the 
corona charger. The trap field is across the aerosol flow 
and has a 200 V. 
 
2.4 Faraday Cup 

Figure 2 shows the schematic diagram of the 
Faraday cup used in this study. It consists of an outer 
housing, a HEPA (High Efficiency Particulate Air) filter, 
a filter holder, and a Teflon insulator.  

Flow in

Flow 
out

HEPA filter

Teflon 
insulator

Electrometer

 
 

Fig. 2  Schematic diagram of the Faraday cup. 
 
To completely shield the filter holder collecting the 
charged particles, the outer housing is made of a 
stainless steel, and filter holder is electrically isolated 
from the outer housing with Teflon insulator stand, 
while the outer housing is grounded. The Faraday cup 
plays a role to prevent electric noise for measuring 
ultra-low electric signal current (pA) from collected 
charged particles on an internal HEPA filter inside the 
Faraday cup corresponding to the total number 
concentration of the particles. If the filter holder is not 
shielded completely, noise which is 1000 times of 
resolutions to be expected. To transfer charges gathered 
at the HEPA filter to an electrometer circuit that is 
outside the Faraday cup, BNC connector is connected to 
HEPA filter. Because material of HEPA filter is a 
conductor such as glass fiber, charges collected in the 
filter can move to the electrometer via the BNC 
connector and low noise cable without delay. In the case 
of existing aerosol electrometer airflow is curved at 90o 
while air is drifted from sampling probe to the filter. It 
can become the cause of charge loss. To solve this 
problem airflow into Faraday cup is straightened not to 
change the direction of the flow and loss the charge. The 
particle number concentration, �p, is related to the 
signal current, I, at HEPA filter is given by 
 

  I
p

a

�
pe�

   (1) 

 
where p is the number of elementary charge units, e is 
the elementary unit of charge (1.6  10-19 C), and �a is 
the volumetric aerosol sampling flow rate into a Faraday 
cup. 
 
2.5 Sensitive Electrometer 

A sensitive electrometer is used to measure the 
electric signal current, which are typically in the range 1 
to 10pA, from the Faraday cup. The schematic 
presentation of an electrometer circuit design for aerosol 
detection system is shown in Figure 3. This circuit is a 
simple current-to-voltage converter, where the voltage 
drop caused by a current flowing through a resistor is 
measured. The circuit adopted two cascaded negative 
feedback amplifiers. The extra component in this circuit 
is primarily for fine offset voltage adjustment and 
input/output protection. A 12V power supply capable of  
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Fig. 3  Schematic diagram of the sensitive electrometer  
       circuit. 
 
providing 100 mA is required. The feedback capacitor 
and RC low-pass filter were used to reduce 
high-frequency noise and to prevent oscillations of the 
amplifier output [5]. In order to avoid expensive 
construction, commercially-available low-cost 
monolithic operational amplifiers were used. The 
commercially-available operational amplifiers used in 
this circuit is the LMC662, which was designed for low 
current measurement and featured ultra-low input bias 
current (2 fA maximum) and low offset voltage drift 
(1.3 V/oC) [6]. The output voltage, �o, of this circuit is 
given by the following equation: 
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where Ii is the input current, �� and �� are the input 
resistors of the first and second amplifiers, respectively, 
�� and �� are the feedback resistors of the first amplifier, 
and �� is the feedback resistors of the second amplifier. 
This circuit gives an output voltage of 10 mV per 1 pA 
of input signal current. 
 
2.6 Data Acquisition and Processing System 

The output voltage of the electrometer circuit in the 
range of 0 to +5V was connected to a unipolar 12-bit 
analog to digital converter (ADC), controlled by I2C bus 
from the external personal computer via RS-232 serial 
port interface. The digital ADC signal was processed by 
computer software, based on Microsoft Visual Basic 
programming for all data processing. The software is 
able to display the particle number concentration. 
 

 
Fig. 4  Schematic diagram of the experimental setup 
       for the electrometer test. 

3. ELECTROMETER CALIBRATION AND 
TESTING  

 The electrometer circuit is one of the most important 
parts influencing accurate particle number concentration 
measurement corresponding to signal current in the 
sensor system. In the present paper, a laboratory test 
facility was developed and constructed to evaluate 
performance of a prototype electrometer circuit. Figure 
4 shows the experimental setup used to evaluate the 
fabricated electrometer circuit performance. In this 
study, the electrometer circuit was calibrated with a 
current injection circuit, high-impedance current source 
[4]. This circuit consists of an appropriately 
high-standard resistor (10 G) and a highly-accurate 
adjustable voltage source in the range between 0 to +5 V. 
The output current of this circuit can simply be 
calculated from the Ohm’s law. The range of the output 
current is from 1 pA to 10 pA. It should be noted that 
the electrometer circuit input was operated at virtual 
ground potential during calibration and subsequent 
current measurement. The output voltage from the 
electrometer circuit was measured and recorded by a 
highly-accurate digital voltmeter. The voltage reading 
was then translated into the current measurement. 
 Figure 5 provides comparison of measured current 
from this work and a commercial electrometer, Keithley 
model 6517A, with a high-accuracy current source. It 
can be found that the measured current was rising 
linearly as input current increased. Generally, the 
currents measured from this work were found to agree 
very well with those measured by the Keithley model 
6517A. A very small difference of about 5% was 
obtained. It is worthy to point out that there were some 
interferences on the connector at small potentials. 
Additionally, leakage of currents through the body of 
the connector can potentially impair the performance of 
the electrometer significantly. A detailed investigation 
of this problem may be improved and experimental 
studied further [5].
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Fig. 5  Performance comparison between the prototype 
       and commercial electrometer 
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4. CONCLUSION AND FUTURE WORK 
 The electrostatic sensor for detecting 
nanometer-sized aerosol particles developed at 
Rajamangala University of Technology Lanna and 
Chiang Mai University has been presented and 
described in this paper. The detecting method was based 
on unipolar corona charging and electrostatic detection 
of highly charged particles. It was able to detect particle 
number concentration in the nanometer size range. A 
prototype of the prototype electrometer circuit has been 
constructed, evaluated, and compared against a 
commercial electrometer, Keithley model 6517A. The 
results obtained were very promising. It was 
demonstrated that the electrometer can be used 
successfully in detecting the signal current 
corresponding the particle number concentration.  
 Among the various techniques and devices exist for 
producing aerosol samples to testing and calibration of 
any instrument that measures aerosol particles. One of 
the most widely used techniques of generating 
monodisperse aerosol particles is by using a Tandem 
DMA method. The main advantage of this method is the 
wide range of particle sizes it can generate. Further 
research, may involve a Tandem DMA method. Finally, 
calibration and comparison of the instrument with other 
particle measuring devices (e.g. SMPS, CPC, EAD, and 
ELPI) should be conducted further.  
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Abstract 

Submicron-sized aerosol particles, defined as 
aerosols with particle diameters less than 1 μm, 
suspended in air have significant effects on the human 
health, global climate, air quality and processes in various 
industries such as food, pharmaceutical and medical, 
electronic and semiconductor industries. Automotive 
engines have long been recognized as a major source of 
submicron-sized aerosol particles. Development of 
aerosol detection and size distribution measurement 
methods has been primarily motivated by the need to find 
better means of monitoring and controlling indoor and 
outdoor aerosols for pollution and process control 
industry. In this study, a submicron electrical aerosol 
detection system for measuring particle number 
concentration in the size range between 1 nm – 1 μm 
using electrostatic charge measurement technique was 
developed. It consists of a size selective inlet, a particle 
charging system, an ion trap, a Faraday cup electrometer, 
a signal conditioning and processing system, and an I/O 
control and human-computer interface. In this system, an 
aerosol sample first passes through the size selective inlet 
to remove particles outside the measurement size range 
based on their aerodynamic diameter, and then pass 
through the unipolar corona charger that sets a charge on 
the particles and enter the ion trap to remove the free 
ions. After the ion trap, the charged particles then enter 
the Faraday cup electrometer for measuring ultra low 
current about 10-12 A induced by charged particles 
collected on the filter in Faraday cup corresponding to the 
number concentration of particles. Signal current is then 
recorded and processed by a data acquisition system. A 
detailed description of the operating principle of the 
system as well as main components was presented. The 
performance of the prototype electrometer circuit used in 
this work was evaluated and compared with a commercial 
electrometer and good agreement was found from the 
comparison. Finally, the preliminary experimental testing 
results were also shown and discussed. 

Keywords:  aerosol, particle, Faraday cup, electrometer 
1. Introduction 
 Detection and measurement of aerosol particles have 
become an important topic in atmospheric pollution 
monitoring and source characterization. In recent years 
considerable interest has been shown to submicron-sized 
aerosol particles, defined as aerosols with particle 
diameters less than 1 μm, for two main reasons. First, 
such particles have been associated with adverse health 
effects in areas of high concentrations, and second, 
aerosols are believed to have a significant influence on 
atmospheric quality, climate at a local and global scale 
and processes in various industries such as food, 
pharmaceutical and medical, electronic and 
semiconductor industries [1]. A submicron-sized aerosol 
particle instruments have been developed to monitoring 
indoor and outdoor aerosols for pollution and process 
control industry for this purpose [2, 3]. 
 There are several commercial instruments using 
various methods of detecting and measuring the size 
distribution and number concentration of particles. 
Available instruments include a Scanning Mobility 
Particle Sizer (SMPS) using electrical mobility of 
particles [4], a Condensation Particle Counter (CPC) 
which uses particle growth and optical property [5, 6], an 
Electrical Aerosol Detector (EAD) which uses 
electrostatic charge measurement technique [7], and an 
Electrical Low Pressure Impactor (ELPI) using inertia 
impaction of particles under low pressure [8]. These 
commercial instruments are widely used for measuring 
airborne ultra fine particles and provide high-resolution 
measurement, but they are very expensive and larges 
sizes. According to the instruction manual for CPC 
(Model 3010, TSI Inc), a CPC does not operate in 
ambient temperatures outside the control range of 10oC to 
34oC, and the pump and flow sensor of a CPC cannot 
control the flow when the pressure at the aerosol inlet, the 
make up air inlet, or the pump exhaust is too high or too 
low [6]. In addition, the CPC should be carefully moved 
in caution to protect the optics contamination from 
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working fluid like alcohol (C4H9OH) [6].   

 
 

Figure 1.  Schematic diagram of the submicron electrical aerosol detection system. 
 

 The movability of instruments should be considered 
in monitoring airborne aerosol particles. To avoid this 
problem, an inexpensive detector, suitable for detection 
of particle number concentration in the submicron size 
range, was built and experimentally tested in this study. 
This system is based on unipolar corona charging and 
electrostatic detection of highly charged particles. A 
detailed description of the operating principle of the 
sensor was presented. The performance of the prototype 
electrometer circuit used in this work as well as the 
preliminary experimental testing results were also shown 
and discussed. 
 
2. A Submicron Electrical Aerosol Detection System 
 The following paragraphs give a detailed description 
of main components of the detection system. Figure 1 
shows the schematic diagram of the submicron electrical 
aerosol detection system, developed in this study. The 
system is composed of a flow system is regulated and 
controlled by means of mass flow controllers with a 
vacuum pump, a size selective inlet to remove the particle 
outside the measurement range, a particle charger using 
corona discharge technique to charge the particles, an ion 
trap to remove the high electrical mobility of free ions 
after charger, a Faraday cup to collect charged particles, 
an electrometer for measuring signal current from the 
Faraday cup, and a computer controlled data acquisition 
and management system.  

2.1 Size Selective Inlet 
 The inertial impactor was used to remove particles 
larger than a known aerodynamic size, upstream of the 
system. The aerodynamic particle size at which the 
particles are separated is called the cut-point diameter. In 
the impactor, the aerosol flow is accelerated through a 
nozzle directed at a flat plate. The impaction plate 
deflects the flow streamlines to a 90o bend. Particles with 

sufficient inertia are unable to follow the streamlines and 
impact on the plate. Smaller particles are able to follow 
the streamlines and avoid contact with the plate and exit 
the impactor. The particle collection efficiency of the 
impactor, E, is determined from [9] 
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where dp is the particle diameter, and d�� is the particle 
cut-off diameter at 50% collection efficiency can be 
calculated by [1] 
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where �c is the Cunningham slip correction factor,  is 
the gas viscosity, � is the acceleration nozzle diameter, 
Stk50 is the Stokes number for the particle cut-off 
diameter at 50% collection efficiency, p  is the particle 
density, and �a is the aerosol flow rate. 
 
2.2 Particle Charger 
 The corona-needle charger used in the present study 
consists of a coaxial corona-needle electrode placed along 
the axis of a cylindrical tube with tapered ends [10]. The 
needle electrode is made of a stainless steel rod 3 mm in 
diameter and 49 mm length, ended in a sharp tip. The 
angle of the needle cone was about 9o and the tip radius 
was about 50 m, as estimated under a microscope. The 
outer cylindrical is made of aluminum tube 30 mm in 
diameter and 25 mm length with conical shape. The angle 
of the cone was about 30o and the orifice diameter was 
about 4 mm. The distance between the needle electrode 
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and the cone apex is 2 mm.  
 

 
 

Figure 2.  Schematic diagram of the Faraday cup. 
 
The corona electrode head is connected to a DC high 
voltage supply, while the outer electrode is grounded. An 
adjustable DC high voltage power supply is used to 
maintain the corona voltage difference, typically of the 
order of 1.0 – 5.0 kV. The corona discharge generates 
ions which move rapidly in the strong corona discharge 
field toward the outer electrode wall. Aerosol flow is 
directed across the corona discharge field and is charged 
by ion-particle collisions via diffusion charging and field 
charging mechanisms. 
 
2.3 Ion Trap 
 The ion trap was used to remove the high electrical 
mobility of free ions after the charger. As the free ions 
can potentially reach the detector and ruin the 
measurement, a trap field is introduced just after the 
corona charger. The trap field is across the aerosol flow 
and has a 200 V, and the trap penetration, �trap� is given 
by [1] 
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where �i is the mobility of ion (equal to 0.00014 m2/V.s 
for the positive ion), � is the trap voltage, � is the trap 
length, and r� and r� are the inner and outer radii of the 
electrode, respectively. 
 
2.4 Faraday Cup 
 Figure 2 shows schematic diagram of the Faraday 
cup. To completely shield the HEPA (high efficiency 
particulate air) filter collecting the charged particles, 
external case is made of a stainless steel, and HEPA filter 
is electrically disconnected from the external case with 
Teflon stand. The Faraday cup plays a role to prevent 
electric noise to measure very low current caused by 
charged particles, which are collected by an internal 
HEPA filter. If the object of measurement is not shielded 
completely, noise which is 1000 times of resolutions to 

be expected. To transfer charges gathered at the HEPA 
filter to an electrometer that is outside the faraday cage, 
BNC connector is connected to HEPA filter. Because 
material of HEPA filter is conductor such as glass fiber, 
charges collected in the filter can move to the 
electrometer through the low noise cable and BNC 
connector without delay. In the case of existing aerosol 
electrometer airflow is curved at 90 degrees while air is 
drifted from sampling probe to the filter. It can become 
the cause of charge loss. To solve this problem airflow 
into faraday cage is straighten not to change the direction 
of the flow and loss the charge. The particle number 
concentration, �p, is related to the signal current, Ip, at 
HEPA filter is given by [11] 
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where np is the number of elementary charge units, e is 
the elementary unit of charge (1.6  10-19 C), and �a is 
the volumetric aerosol sampling flow rate into a Faraday 
cup. The average number of elementary charges carried 
by particles with diameter, dp, and is given by following 
equation [1] 
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where ic  is the mean thermal speed of the ions (240 m/s), 
� is the Boltzmann’s constant (1.380658  10-23 J/K, for 
air), T is the temperature, �E is the constant of 
proportionality, �i is the ion concentration, and t is the 
residence time of the particle charger. For the corona-
needle charger, an approximate expression for the �it 
product can be derived [10]: 
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where Ii is the charging current, d is the distance between 
the electrode tip and the cone apex, r� and r� are the inner 
and outer radii of a conical frustum, respectively, � is the 
length of the charging zone, and � is the corona voltage. 
 
2.5 Sensitive Electrometer 
 The schematic presentation of an electrometer circuit 
design for aerosol detection system is shown in Figure 3. 
This circuit is a simple current-to-voltage converter, 
where the voltage drop caused by a current flowing 
through a resistor is measured. The circuit adopted two 
cascaded negative feedback amplifiers. Extra component 
in this circuit is primarily for fine offset voltage 
adjustment and input/output protection. A 12V power 
supply capable of providing 100 mA is required. The 
feedback capacitor and RC low-pass filter were used to 
reduce high-frequency noise and to prevent oscillations of 
the amplifier output [12]. In order to avoid expensive 
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construction, commercially-available low-cost monolithic 
operational amplifiers were used.  

 
 

Figure 3.  Schematic diagram of the sensitive 
electrometer circuit. 

 
The commercially-available operational amplifiers used 
in this circuit is the LMC662, which was designed for 
low current measurement and featured ultra-low input 
bias current (2 fA maximum) and low offset voltage drift 
(1.3 V/oC) [13]. The output voltage, �o, of this circuit is 
given by the following equation: 
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where Ii is the input current, �� and �� are the input 
resistors of the first and second amplifiers, respectively, 
�� and �� are the feedback resistors of the first amplifier, 
and �� is the feedback resistors of the second amplifier. 
This circuit gives an output voltage of 10 mV per 1 pA of 
input signal current. The electrometer circuit was 
calibrated with a current injection circuit, high-impedance 
current source [12]. It consists of an appropriately high-
standard resistor (10 G ) and an adjustable voltage 
source in the range between 0 – 5 V. The output current 
of this circuit can simply be calculated from the Ohm’s 
law. 
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Figure 4.  Performance comparison between the 
prototype and commercial electrometer. 

 

 
 

Figure 5. Schematic diagram of the experimental setup 
for preliminary testing of the submicron electrical aerosol 

detection system. 
 
The range of the output current is from 1 pA to 10 pA. It 
should be noted that the electrometer circuit input was 
operated at virtual ground potential during calibration and 
subsequent current measurement. The output voltage 
from the electrometer circuit was measured and recorded 
by a highly-accurate digital voltmeter. The voltage 
reading was then translated into the current measurement. 
The comparison of measured current from this work and 
a commercial electrometer, Keithley model 6517A, with 
high-accuracy current source is shown in Figure 4. It was 
shown that the measured current was rising linearly as 
input current increased. Generally, the currents measured 
from this work were found to agree very well with those 
measured by the Keithley model 6517A. Very small 
difference about 5% was obtained. 
 
2.6 Data Acquisition and Processing System 
 The measurement is controlled and data sampled by 
an external personal computer via RS-232 serial port 
cable. Software running on an external computer was 
developed, based on Microsoft Visual Basic 
programming for all data processing. The software is able 
to display the particle number concentration. 
 
3. Preliminary Experimental Testing 
 Figure 5 shows the schematic diagram of the 
experimental setup for preliminary testing of the 
submicron electrical aerosol detection system. The 
combustion aerosol generator was used to generate a 
polydisperse carbonaceous diffusion flame aerosol for 
this experiment. Stable polydisperse aerosols with 
particle number concentrations of approximately 1012 – 
1014 particles/m3 were obtained [14]. The particle size 
obtained by scanning electron microcopy (SEM) was in 
the range between approximately 10 nm – 10 μm. Figure 
6 shows the particle morphologies of agglomerates 
obtained from the scanning electron micrograph, taken 
with a JEOL JSM-6335F Field Emission Scanning 
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Electron Microscope, operated at 15 kV and 
magnification of 5,000X.  

 
 

Figure 6. Scanning electron micrograph of sampling 
particle from the generator. 

 
The particles were first dried with the diffusion drier. 
Thus, any remaining water was removed. Before aerosol 
particles entering the system, the particles were diluted 
and mixed with clean air, which had been filtered through 
a HEPA filter, in the mixing chamber. The system was 
operated at aerosol flow rate in the range of 1.0 – 4.0 
L/min. To reduce errors due to time variations in the 
aerosol concentrations, repeat measurements were 
commenced at least 5 min after the introduction of the 
aerosol into the measurement system. 
 In this paper, four different operating conditions of 
the aerosol flow rate were preliminary experimental 
tested on the particle number concentration 
measurements of the system. Variation of aerosol flow 
rate was carried out by adjusting the inlet mass flow 
controller in the range of 1.0 to 4.0 l/min and the 
operating pressure was about 1000 mbar. Figure 7 shows 
variation of measured particle number concentration and 
signal current with aerosol flow rates. The measured 
signal current and the particle number concentration were 
found in the range of approximately 90 – 700 pA and 3 – 
7  1013 particles/m3, respectively. It was found that an 
increase in the aerosol flow rate resulted in an increase in 
measured signal current corresponding to the particle 
number concentration because the signal current was 
approximately proportional to the aerosol flow rate. 

4. Conclusions and Future Work 
  The system for detecting the number concentration 
of submicron-sized aerosol particles with a Faraday cup 
electrometer has been presented and described in this 
paper. The detecting method was based on unipolar 
corona charging and electrostatic detection of highly 
charged particles. It was able to detect particle number 
concentration in the submicron size range. A prototype of 
the system has been constructed and evaluated. 
Preliminary experimental testing results obtained were 
very promising. It was demonstrated that the system can 
be used in detecting the number concentration of the 
particles.  
 The following paragraphs give specific 
recommendations for further research work on both the 

theoretical and experimental parts of the detector 
development. 
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Figure 7. Variation of measured particle number 

concentration and current with aerosol flow rates. 
 

There are various techniques and devices exist 
for generating aerosol samples to testing and 
calibration of any instrument that measures 
aerosol particles. One of the most widely used 
techniques of generating monodisperse aerosol 
particles is by using the Tandem DMA method. 
The main advantage of this method is the wide 
range of particle sizes it can generate. Further 
research, may involve the Tandem DMA.  
Calibration and comparison of the instrument 
with other particle measuring devices such as 
SMPS, CPC, EAD, and ELPI should be 
conducted further. 
In order to measure transient behavior of 
airborne particles, such as those found in 
automotive exhaust gas, the time response of the 
instrument should be further improved. 
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Abstract 
An electrostatic precipitator (ESP) is widely used to 
work as an ion precipitator for removing the excess 
ions mixing with the charged particles after charging 
process of the electrical mobility spectrometer. In this 
paper, the ion precipitator for the electrical mobility 
spectrometer was designed, constructed, and 
analytical investigated. An analytical model was 
developed to investigate the ions transport inside the 
ion precipitator to give a better understanding on the 
operation of the ion precipitator in this study. The 
analysis was carried out for positive ions, positively 
applied voltage at the wire electrode between 10 and 
100 V, total flow rate of 1 and 5 L/min, operating 
pressure of 1000 mbar and radial distance of the inlet 
between 0.15 and 14 mm at a fixed radial of wire and 
outer electrodes. It was found that higher applied wire 
electrode voltage caused ions to deposit closer to the 
entrance. Conversely, faster flow rate forced ions to 
impact the wall further downstream. It was shown that 
all charged particles of 10 nm in diameter can pass 
through the ion precipitator smoothly without 
precipitated at the outer electrode. It can be concluded 
that the prediction of ion and particle trajectories was 
particularly useful in the ion precipitator design. 
Keywords:  Ion, Electrostatic Precipitator, Electrical 
Mobility 
 
1. Introduction 
 The ion precipitator is one of the most important 
components in the aerosol particle sizing and 
measurement system by the electrical mobility 
technique [1]. The aim of the ion precipitator for the 
electrical mobility spectrometer was to remove the 
high electrical mobility of the excess free ions mixing 
with the charged particles after the particle charging 
process. As the free ions can potentially reach the 
detector and ruin the measurement, an ion precipitator 
is introduced just after the particle charger. 
 It is well known that ESPs are widely used for 
removing particles from gas streams in various 
industrial processes and room air-conditioning system 
[2 – 4]. Figure 1 shows the basic principle of a typical 
ESP. It consists of a discharge electrode placed along 

the axis of the collecting electrode. A dc high 
electrical voltage is applied to the discharge electrode, 
while the collecting electrode is grounded. The high 
voltage produces an electric field and a flow of 
electric charges (ions) from discharge electrode to the 
collecting electrode. Dirty gas containing particulate 
pollutants is introduced into ESP. The particulates are 
bombarded by monopolar ions from the discharge 
electrode and are strongly charged; they are driven by 
electrostatic force toward the collecting electrode and 
are deposited in its inner surface. In this way the 
outgoing gas flow would become particle-free. 
Although ESPs are initially designed to precipitate 
particles, they are also proper for depositing ions 
under certain conditions. This is because ions are, just 
like the charged particles, carrying charges, therefore 
they can be precipitated within an electric field. The 
key to changing an ESP into an ion precipitator lies in 
applying a proper voltage to the ESP, such only ions 
are precipitated while charged particles can pass 
through smoothly. 
 The aim of the present paper is to develop the 
mathematical model to predict the ion trajectory 
inside the ion precipitator. The analysis was carried 
out for positive ions, positively applied voltage at the 
wire electrode between 10 to 100 V, total flow rate of 
1 to 5 L/min, operating pressure of 1000 mbar and 
radial distance of the inlet between 0.15 to 14 mm at a 
fixed radial of wire and outer electrodes. A detail 
description of the ion precipitator design was also 
presented in this paper. 
 
2. Description of the Ion Precipitator 
 A schematic diagram of the ion precipitator used 
in this study is shown in Figure 2. It has a geometrical 
configuration similar to that used by Lethtimaki [5], 
 

 
 

Figure 1. Basic principle of a typical ESP 
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Figure 2.  Schematic diagram of the ion precipitator 
 
and Keskinen et al. [6]. It consists of a coaxial wire 
electrode placed along the axis of a metallic cylinder 
tube. The outer electrode is made of aluminum tube 
28 mm in diameter and 15 mm in length. The wire 
electrode is made of stainless steel wire 300 m in 
diameter and 15 mm in length. DC voltage supply 
was applied to the wire electrode, typically in the 
range between 10 – 100 V, while the outer metallic 
electrode is grounded. 
 
3. Modeling of Ions Transport inside the Ion 
Precipitator 
 The transportation of ions and charged particles 
inside the electrostatic precipitator have been studied 
and presented in the published literature [7 – 12]. As 
shown in Figure 1, the axial motion of ion was 
influenced by the fluid velocity profile in the axial 
flow. The radial motion of ion is due to electric force 
which is by far greater than other forces. When the 
ions introduced into the ion precipitator, any ions 
under the influence of an electric field will have an 
electrical mobility. It is assumed that the flow and 
electric fields are axisymmetric and steady, the flow 
in the precipitator is laminar, fully developed and 
incompressible, the space charge effect is negligible, 
and Brownian diffusion effects are negligible. For the 
particular case of annular geometries where the ions 
enters the precipitator on an axial flow and the ions 
migrate along the radial direction of electric field, 
motion of the ions within the precipitator can be 
described by the system of differential equations as 
[7] 
 

                   d
d r i r
r u �E
t

            (1) 

 

                  d
d � i �
� u �E
t

            (2) 

where r and � are the radial and axial dimensions of 
the classifier, ur and u� are the radial and axial 
components of the air flow velocity. Similarly, Er and 
E�are the radial and axial components of the electric 
field and �i is the electrical mobility of ions. Based on 
the work of Reischl et al. [13], the average value for 
the positive ion electrical mobility at atmospheric 
pressure was i� = 1.425  10-4 m2/V s. When a 
uniform electric field is established between the two 
electrodes of the precipitator, the electric field 
components are given by the following relations 
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where r� and r� are the radii of the wire and outer 
electrodes, respectively. Assuming that the radial 
velocity component for a laminar annular flow is zero 
(ur = 0) and combining the above equations, the ions 
trajectories can be described by [11] 
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dp/d� denotes the constant pressure gradient is given 
by the following equations 
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�h is the hydraulic diameter for an annular flow area, 
f is the friction factor, �  is the mean axial flow 
velocity,  is the gas density and Re is the Reynolds 
number in the annular flow. Using Equations (4) and 
(5), the trajectory of the ions is given by 
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Integrating Equation (13), the migration paths of the 
ions can be determined as  
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where rin is the radial position at which the ions enters 
the precipitator. Therefore, the ions entering the 
precipitator at a radial position of rin has trajectory 
taking it to an axial position of �, which can be 
obtained as 
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4. Calculation Procedure 

An analytical model was developed to 
investigate the ions transport inside the ion 
precipitator to give a better understanding on the 
operation of the ion precipitator. Calculations have 
been performed for positive ions and charged 
particles. These calculations were carried out at 
varying positively applied voltage at the wire 
electrode between 10 and 100 V, total air flow rate 
between 1 and 5 L/min, and the radial distance of the 
inlet between 0.15 to 14 mm at a fixed radial of wire 
and outer electrodes (r� = 0.15 mm and r� = 14 mm). 
The parameters and operating conditions used are 
shown in Table 1. Air density and viscosity are 1.225 
kg/m3 and 1.7894 × 10-5 kg/m/s, respectively. 
Operating temperature and pressure are 294 K and 
1000 mbar, respectively. In this study, the flow 
conditions inside the ion precipitator are assumed to 
be steady, incompressible and laminar. The electric 
field distribution inside the ion precipitator is also 
assumed to be uniform in the axial direction. The ion 
and particle trajectories were calculated using 
Equations (15) and (16) with Microsoft Visual Basic 
programming. 

Table 1 Model parameter and operating condition 
values 
Parameter and operating conditions Values 
Diameter of wire electrode, r� (mm) 
Diameter of outer electrode, r� (mm) 
Length of precipitator, � (mm) 
Wire electrode voltage, � (V) 
Toal flow rate, (L/min) 
Nature of flow 
Operating temperature, T (K) 
Operating pressure, � (atm) 
Gas density, (kg/m3) 
Gas viscosity, μ (kg/m/s) 
Polarity of ions  
Electrical mobility of ion, �i (m2/V/s) 
Particle size range, dp (nm) 

0.15 
14 
15 
10, 50, 100 
1, 3, 5 
Laminar 
294 
1 
1.225 
1.7894 × 10-5 
Positive 
1.425 × 10-4 
10 

 
5. Results and Discussion 
 Comparison of ion trajectories along the 
precipitator between the existing models and the 
present model is shown in Figure 3. The operating 
conditions of these models were: 10 V wire electrode 
voltage and 1 L/min total flow rate. It was shown that 
the ion trajectory of the present model agreed very 
well with that proposed by Hagwood et al. [8] and 
Williams [9]. However, it was also observed that the 
large difference between this model and the models 
that developed by Kulon et al. [10] and Wei [12]. It 
was expected to point out that their models were not 
taken into account the constant pressure gradient into 
the annular flow velocity profile which can result in 
significant errors. Figure 4 shows a number of 
trajectories of the positively ions as a function of wire 
electrode voltage. The ions were deflected radially 
toward the inner surface of the outer electrode of the 
precipitator. It was found that higher applied wire 
electrode voltage caused ions to deposit closer to the 
entrance. This was expected because the motion of 
ions was mainly influenced by the applied electrical 
force. Increase in applied voltage resulted in the 
increase of the ions collecting efficiency. It is clear 
from the Figure that the optimal wire electrode 
voltage was about 100 V. After the optimal wire 
electrode voltage was found, the optimal total flow 
rate through the precipitator was determined. Figure 5 
show variation of ion trajectories along the 
precipitator with total flow rate. It was shown that 
faster flow rate forced ions to impact the wall further 
downstream (Figure 5). 
 It is still necessary to prove that the chosen 
voltage has barely minimum influence on the charged 
particles. This can be easily done by calculating 
particle trajectories with the ion precipitator at the 
identical voltage. In the calculations, particle 
governing equations are identical to ion governing 
Equations (15) with the only exception of the ion 
electrical mobility �i in the Equation (15), with should 
be replaced by particle electrical mobility �p. The 
electrical mobility of particle can be calculated as 
[14]: 
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Figure 3. Comparison of ion trajectories along the 
precipitator between the existing models and the 

present model (10 V wire electrode voltage, and 1 
L/min total flow rate) 
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Figure 4. Variation of ion trajectories along the 

precipitator with wire electrode voltage (1 L/min total 
flow rate) 
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where np is the net number of elementary charges on 
the particle, e is the value of elementary charge on an 
electron, �c is the Cunningham slip correction factor, 

 is the gas viscosity, and dp is the particle diameter. 
Consider an extreme case in which a particle diameter 
of 10 nm (the lower limit of particle size in this study) 
is singly charged, thus the particle tends to have the 
largest electrical mobility. Figure 6 plots the charged 
particle trajectories within the ion precipitator, 
starting from different initial radial locations. It was 
shown that all charged particles can pass through the 
ion precipitator smoothly without precipitated at the 
outer electrode. 
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Figure 5. Variation of ion trajectories along the 

precipitator with total flow rate (100 V wire electrode 
voltage) 
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Figure 6. Variation of charged particle trajectories 

along the precipitator with inlet radial distance (100 V 
wire electrode voltage, 10 nm particle diameter, and 5 

L/min total flow rate) 
 
6. Conclusion 
 The ion precipitator for the electrical mobility 
spectrometer was designed, constructed, and 
analytical investigated in this paper. In this study, an 
analytical model was developed to investigate the ions 
transport inside the ion precipitator to give a better 
understanding on the operation of the ion precipitator. 
The analysis was carried out for positive ions, 
positively applied voltage at the wire electrode 
between 10 and 100 V, total flow rate of 1 and 5 
L/min, operating pressure of 1000 mbar and radial 
distance of the inlet between 0.15 and 14 mm at a 
fixed radial of wire and outer electrodes. It was found 
that higher applied wire electrode voltage caused ions 
to deposit closer to the entrance. Conversely, faster 
flow rate forced ions to impact the wall further 
downstream. It was shown that all charged particles of 

202



10 nm in diameter can pass through the ion 
precipitator smoothly without precipitated at the outer 
electrode. 
 Future ongoing research will experiment on the 
effects of the design parameters on the ion 
precipitator performance. The particle penetration 
efficiency of the precipitator downstream of the 
precipitator should be further theoretically and 
experimentally studied. 
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Abstract
An electrical detection system for measuring number concentration of nanometer-sized aerosol 
particles in the size range between 1 nm – 1 μm using electrostatic charge measurement 
technique was developed in this study. It consists of a size selective inlet, a particle charging 
system, an ion trap, a Faraday cup electrometer, a signal conditioning and processing system, and 
an I/O control and human-computer interface. In this system, an aerosol sample first passes 
through the size selective inlet to remove particles outside the measurement size range based on 
their aerodynamic diameter, and then pass through the unipolar corona charger that sets a charge 
on the particles and enter the ion trap to remove the free ions. After the ion trap, the charged 
particles then enter the Faraday cup electrometer for measuring ultra low current about 10-12 A 
induced by charged particles collected on the filter in Faraday cup corresponding to the number 
concentration of particles. Signal current is then recorded and processed by a data acquisition 
system. The performance of the prototype electrometer circuit used in this work was evaluated 
and compared with a commercial electrometer and good agreement was found from the 
comparison. Finally, the preliminary experimental testing results were also shown and discussed. 

Keywords: aerosol, particle, electrostatic, Faraday cup, electrometer 
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