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ANATOL JAWOREK]

Limiting trajectories of dust particles
approaching a charged splrerical collector

A numerical model for deter:rnining the trajectories of the chargecł dust particles in the vicinity of
he oppositely char6ed droplet (spherical collector) falling freely down is presented. The limiting collision
rajectories of the dust particles and the precipitation space are determined theoretically. The model can
le applied in the designing of the charged droplet scrubbers to determine their collection efficiency.

t. Introduction

The difficulty in removal of submiclometeT palticles by conventional inertial
iclubbers lies in sma]i inertial forces acting on dust palticles smallel than 1 pm
n diameter. Low precipitation efficiency of electrostatic precipitators is caused
ly the difficulty in charging dust particles of this size,to levels higher than afew
llementary charges, what results in lorv particle mobilitv. The effective method
vlrich allows us to remove the dust particles from exhaust gases in the micro-
neter and submicrometer size lange is the charged droplet scrubbing. In this
nethod of scrubbing, tlre dust particles and the scrubbing droplets ale chaTged
o opposite polarity. The charged droplets act as small spherical collecting eiec-
rodes uniformly distributed in the precipitator, and the distances of the dust
larticles to these collectors aTe vely short. The attractive Coulomb force causes
he particles to move toward a charged droplet up to the mechanical contact
vith it. This type of scrubbers does not have the shortcomings inherent to co-
rventional electrostatic precipitatols and inertial sclubbels, which do not allow
ts to control effectively the dust particles in the submicrometer size range. The
:harged-droplet-scrubbing, compared to conventional inertial sclubbers, increases
nanifold the overall collection efficiency. The scrubbers utilizing electrostatic de-
losition require lower water rate, and lower pressure drop through the equipment,

1Department of Plasma Dynamics, Institute of Fluid-Flow Machinery, Fiszera 1.1, 80-952
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operating at the same over-all collection efficiencies as inertial scrubbers. The equ-
ipment utfizing electrostatic forces operates at lower relative velocities than that
in q-lńch inertial collection is dominant.

The method of cleaning flue gases by means of charged droplets was patented
b_r- Penney [1] in 19aa. The flrst theoretical approach to the physica1 principles
governing the removal of charged dust by oppositely chargecl droplets was given
by Kraemer and Johnstone [2] in 1955. They determined the collection efficiency,
taking into actount the Coulomb image and Stokes forces as well as the space
clrarge effect. Nielsen and Hil1 [3, 4] have calculated numerically the collection
efficiency taking additionally into account tlre external electric field force and
electric dipole interaction force. Wang [5] has stated that Brownian motions af-
fect the collection efficiency for particles smaller than 0.01pm, and diffusion and
thermodiffusion in the 0.1 pm size lange. Deshler [6] has presented the resrrlts
of numerical ca}culations of the collection ef,ficiency due to diffusiophoresis and
t h ermophoresis.

In the paper by Jaworek [7] the equations of motion of a particle in the vicinity
of a clrarged spherical collector have been solved in 3 dimensional space. In tlrat
paper, however, the trajectories of the collectoT wele determined from arr approxi-
mate equations, wlrereas in the present papel the differential equations of motiorr
of the collector are incorporated into the model and solved simultaneously witlr
the equation of motion of the particle. A new parameter - 'precipitation space'
rvhiclr characterizes the efficiency of a metlrocl of scrubbing has been defined in
the paper.

The purpose of this paper is to report on the results of numerica1 modelling
of particle trajectories in the vicirrity of a charged spherical collector, and the
calculation of the precipitation space for the collector which ttaverses a flowing
cloud of oppositeiy charged dust. From the numerical value of the volume of the
precipitation space? tlre collection effciency has been determined. The method of
determination of the col1ection efficiency considerably differs from that given by
Kraemer and Johnstone [2], and commonly used in the literature.

In the presented model the collector (scrubbing droplet) is falling freeiy down,
and takes up the velocity of the surrounding gas. Conditions in the case of free
fa1l are quite different from those ofthe flxed collector (suspended drop), as used
in most theoretical models, and for this reason the equations of motion of the
collector are incorporated into the model. Simulation of the phenomena of dust
Particle flow in the vicinity of the collector, in three dimensional space can pro-
vide much more information on the complex nature of the scrubbing process and
allows us to determine the space from which the particles can be captured.

tr'rom the equations of motion the limiting trajectories of the dust particles
have been determined. The starting points of the limiting trajectories lie on a
semi-inflnite pipe which encloses the precipitation space. The precipitation space
is determined by means of determination of this pipe. The precipitation space is
the measure of the collection efficiency,
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2, Equations of motion

The dust Particle tra,jectories in the vicinity of the charged spherical col|ector
(a droP) falling freely down and the precipiiation spaceJor this collector are
determined nłrrnerically by simultaneotrs solving the Óquations of motion of the
Particle and the collector. It is assumed that the Coulomb force, Stokes force and
inertial force act upon the dust particle. Tlre image and polarization forces are
neglected. Tlre thermo- and diffusiophoresis as welL as the gravitational forces on
the dust Particle are also excluded from the considerations. It is also assumecl
that both the droplet and dust particle are spherical, and the flow field in the
vicinitY of the collector is not disturbed by the dust particles. The trajectories
are calculated in 3-D space.

The trajectory of_ a clust particle of mass m, in the vicinity of the spherica|
collector charged witlr the charge Q" is given Uy the following differentiat vector
eqrration:

dó CaRe, = jl*rE = tF"+ F"

in wlrich tł is the particle velocity, Ę is the stokes drag force:

ń 1lrTrRr(il - ó)
C,

and Ę the electrostatic force on the particle.

F, = Q,Qo,
4treęlr2 (3)

where 9r, Q^" arethe charges on the dust particle and the collector (droplet),.E,
tl'Le radius of the dust particle, t7 the gas velocity, Ts Bas viscosity, r'the distanc!
between the particle and the collector centres, e6 i"s ihe permitiivity of the free
sPace, C" is the Cunninglram slip correction factor [8, 9], Ca the nón_Stokesian
drag coefficient [5,10], and Re, is tlre Reynolds number for the dust particle. It is
assumed that tlre only electrostatic force is the Coulomb force betwe-en two point
charges.

The Cunningham slip correction factor is given by the equation [B, 9]:

(1)

(2)

C.:7 ł AI{n (4)

(5)

with the Knudsen rrumber 1(n:

)
Re

where ,\ is the mean free_path of the gas molecules () ./ 50 nm in NTP). The
factor A is expressed by the equation:

A:a+§exp(ń) (6)
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ł,hich is valid for the gas in norma1 conditions, and the smooth particles or the
liquid droplets. Rader [9]has determined values of a: 1.207, § = 0.44,7:0.78,
as fitting best the experimenta,l data.

The non-Stokesian drag coefficient for Re, 12 . 105 is given by Brauer and
Sucker [5, 10] equation:

Ca: 24 Re;l * 3.73 Re;l12
4.83.10-3 . Re}o/z

+ 0.49 (7)
(1+3.10-6.Re}/z,

The geometrical dimensions can be normalized to the collector radius a.. Al1
velocities, i, e. the gas velocity d, dust particle velocity td, and collector velocity
d can be normalized to the gas velocity ug in the undisturbed region. Time can
be converted into its dimensionless fotm:

The Coulomb force at the characteristic distance .B" normalized to the Stokes
drag force for a dust particle moving with the velocity u, is known as the Coulomb
number:

I{c =
C "o ^O. (9)

by the work

24 T2r1nugegRlR,

The Stokes number is the kinetic energy of the particle divided
done by the Stokes drag force at the characteristic distance rB.:

= tu,
'- R"

r8)

z C"Rf;p,puosL:ffi (I0)

rvhere p, - is the particle density. In its dimensionless form the equation of motion
of the particle becomes:

d2r' 1CaRe, l_ dr-r

(1I2- St 24 \* dl) '

where iis the radial distance from the collector centre. The flow field around the
spherical collector is approximated by the system of two differential equations, as
applied by Kraemer and Johnstone [2], which in spherical, coordinates r, d are:

dr ' Ł+ J).o,a (t2)U,=ń -r"(r- r, 2Tó/

d'0 ' - Ł- ]'; ,,"e (13)xa=T(IL:-u'([ ĄT ĄTó/

The system (12) and (13) is valid for collector Reynolds numbers Re. 1B. The
collector Reynolds number can increase up to about 200 when the drop falls

( 11)
I(c i
S' |.- F



clown on the way of 1 m. For .Re. > 1000 there is a potential flow around the
collector, and well ltnorvn models of potential flow can be applied in this range of
fie". However, drre to lack of appropriate approximating equations in the ,irg"
of B < Re" { 1000, the model given by equations (tz) ind (13) will be appLJd
also in the tra,nsitional region.

The flow fleld as given by equations (12) and (13) describes the,gas velocity in
the coordinates in rvhicir the flow axis is co-Iinear with the gas-collector relaiive
velocity, i. e. in the r1,9/ coordinates (Fig. 1). The angle d is between the vector

Limiting trajectories of dust particles. . . 1l7

Ug

Fig. 1, The sPherical collector and the associated system of coordinates

r" and the vector of the gas - col1ector relative velocity Ą (Fis. 1), which is:

(14)

The collecting drop enters the scrubbing channe1 with the initial velocity ,ł_l, :
Łlyo and u,, = 0; The drop is accelerated due to gravity to the velocity ,r, and is
also accelerated by the flowing gas up to the velocity o,. The velocities ire given
by the following system of differential equations [11]:

D" = [(1 1o,)' * r?1'''

du, . 3po__
E=J-6:Dc'DrCł ( 15)

dr, R, 3po__
ź = sń - źio,ro", (16)

where c, is the drag coefficient, which depends on the Reynolds numbeł for the
collector:

2pna.R"

Ts

___u|
parritk

Re" - (17)
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For Reynolds numbers Re { I05, c, is approximated by the Kaskas equation [11]:

c, = 24Re"1 ł +Re;llz * o.n (1B)

3. Results

The Equation (11), and simultaneously equations (i5) and (16), have been
solved rvith tlre lrelp of the Runge-Kutta method of fourth order with the initial
conditions atł:0: r = roJ IJ=!o, Z= Zo,,llx:,(tro) wa-0, Ur:Oforthe
dust particle, and u, = 0, ,0o:,l)gol az = 0 for the collector. The starting point
of tlre particle rvas set at (16, ao, zo). As a result of numerical calculations, the
dust particle trajectories in the coordinates placed at the center of the sphericai
col1ector have been obtained. Only tlrose particles whose trajectories terminate
at tlre coilector surface can be captured, and then removed from the gas stream.

The examples of dust particle trajectories in the z = 0 plane, neaT the charged
spherical co]lector are presented in Fig. 2, for the initial values of the Coulomb
nurnber I{c:10 and Iic = 0. Stokes numbers .9l : 0.1, St = 7 and .9ć : 10
and initial conditions r(ł:0) * 

-100-R. and z(t - 0):0. It is evident that the
charging of tlre dust particles and the col1ecting drop causes the dust particles
to move towards the coliector. Only for small Stokes numbers the electrostatic
forces are dominant, and with the increase in Stokes number the electrostatic
effect diminishes.

The collision trajectory of the dust particle is the trajectory which termi-
nates at the surface of the collector. Only these particles which flow along the
collision trajectories coliide with tlre collector and can be captured by it.

The precipitation space is defined as the geometricalloci of the starting po-
ints of the clust particle trajectories wlrich terminate at tlre surface of the collector
(Fig. 3). The precipitation space includes also the collector itself. The boundary
of the precipitation space forms a pipe along the collector trajectory which is
closed downstream of the collector.

Tlre limiting trajectory of the dust particle is the trajectory whose startirrg
point lies at the surface enclosing the precipitation space. The volume of the pre-
cipitation space is the measure of the efficiency of the method of scrubbing.

The limiting trajectories are determined numerically by tlre metlrod of bisec-
tion. First, the trajectory of the collector relative to the flowing gas is calculated.
Next, eaclr trajectory of a single dust particle is determined assuming its starting
point at (r, !J, z), at instant ć:0, and its initial velocity Dx =,łIol Da = u" - 0.
It is assumed tlrat at tlre same instant tlre collector is created at the point
l: =,!/ = z = 0 and starts to fall dorvn with an initial velocity t1.6. Tlre equ-
ations of motion for tlre flowing particle and the collector falling down are solved
sinrulta,rreorrsly up to t]re collision of both species, or to the distance r = (4Iic)1/2
downstream of tlre collector. It is assumed tlrat the cl.arge and the mass of the
collector do not change significantly as tlre dust particles are captured. The li-
miting tt,ajectories are deternrinecl with tlre absolute acc[Iacy of 0.01 r,vithin the
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Kc=l0

Fig-. 2. Drrst particle trajectories in the vicińty of the charged splrerical collector in the plane z =0, (R. = 0.5 rnrrr, uo = 1 m/s, uuo = 1rr./3)

il
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Kc=0

l

i
I

Kc=l0

ll

!

st{}.1

Fig. 3. Precipiiation space for a single charged śpherical collector (R" = 0.5 nrrn, uo = ,l rn/s, uyo =
1 m/s)
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interval of r :0 and r : (4I{c)U2 around the collector trajectorY. The results
of numerical calculations of the precipitation space are shown in 

'nig. 
3 for the

initial values of Coulomb number I{c = 10 and I(c = 0, and Stokós numbers
.9Ź : 0.1, St = 7 and §ć : 10. Only the particles placed initially within the pipe
can be caPtured by the scrubbing drop (collector) and then removed frorrr the
sas.

The collection efficiency is the fundamental parameter determining the perfor-
mances of a scrubber. The collection efficiency can be calculated aJthe iatio of
the volume Ę of the precipitation space to the volume Ę swept by the collector:

both determined numerically from the solution of equation (11). The results of
calculations are presented in Fig. 4 together with tńe resulti oi -"uror"ments.The measurements were carried out at an experimental stand presented in papers
[12, l3].

In the definition by kraemer and Johnstone the collection efficiency was de-

(19)
v"T=ą

c
a 15
§
o
Et0
6Li

-theoryo measuremenB

uo=0.47mis

ł 0-6 0.8 1 I.2 1.4
Droplet radius, mm

Fig. 4. Collection elficiency vs, collector radius

;ermined as the quotient of the cross-section for the limiting trajectories startinglt r = -oo, to the cross-section of the collector. In practńe it is impossible tJ
:stablish if the starting point of the trajectory is sufficiently distani from the
:ollector. This definition also assumes that the iollector is fixód, and the velocity
lf the Particle is cons_tant. These assumptions are however not true in a rea1 pre_
iPitator. The definition as proposed by the author of the papeT is insensitive to
he starting Point of the dust particle, ind is basecl on the model which describes,eal processes that take place in a scrubber.



I22 A. Jaworek

4. Conclusion

The precipitation space and collection efficiency for a single charged droplet
falting freely down in a flowing cloud of oppositely charged dust particles have
been determined theoretically. Charging both the dust particles and the collecting
droplet callses the increase in volume of the precipitation space and the collection
efficiency.

A new method, different from that used in the literature, of determination of
the collection efficiency of the charged droplet scrubbing has been presented.

The limiting trajectories of the dust particles and the precipitation space are
affected by the Stolres number which is mainly the function of the gas-collector
relative velocity, and the Coulomb number which depends principally on the char-

*'łt"'X"J:}:i:i'.1"$"1;'J*l"J""i"on 
a moving spherical collector due to the

electrostatic forces are dominant only for small Stokes numbers. With the incre-
ase in Stokes number the electrostatic effect diminishes. In order to achieve a high
collection efficiency the collecting droplet should be as sma1l as possible, because
the Coulomb number increases with the decrease in the collector diameter, at
least when the droplets ale genelated by an electrohydrodynamic method.

It should be mentioned that in the inertial scrubbers the relative velocities
between the collector and dust particle should be as high as possible to outweigh
the viscosity effect. But because the collector takes up the velocity of the sulro-
unding gas, speciflcally for small droplets, it is not easy to achieve that. In the
charged droplet scrubbers this conflict does not exist. With the decrease in the
relative velocity the volume of the precipitation space, and then the collection
efficiency increases.

Manuscript received: June 24, 1994

Revised version: May 29, 1995
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Trajektorie graniczne cząstek pyłu w pobliżu
naelektryzowanego kolektora kulistego

streszczenie

Przedstawiono rnodel obliczeniowy pozwalający wyznaczyć tory naelektryzowanych cząstek pyłu w
pobliżu przeciwnie naładowanej i spadającej swobodrrie kropli cieczy (kolektora kulistego). Wyznaczono
teoretycznie graniczne trajektorie zderzeńowe i obszar zderzeń dla cząstek pyłu. Model rnoŹe znaleŹĆ
zastosowanie w projektowaniu skruberów elektrostatycznych do wyznaczania ich sprawności osadzania.
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