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Abstract - Particle collection efficiencies in theéize raﬁge df 0.1-20 um dia. by a single droplet, were -
calculated using Runge-Kutta numerical solution techniques for the particle equation of motion.

100cm s™* respectively. The dr.
calculations, the particle was assumed

Calculations were done for two droplet diameters, 50 anc
¢ particle g am w ( ,
ged negative and the droplet charged positive. The collection -

00 um with sedimentation velocities of 7.55 and

were assumed to be at 38°C. In all the

mechanisms considered : were the: iﬁertiai‘?‘-ixﬁpiction, Brownian diffusion and electrostatic forces. The
electrostatic forces considered were the Coulombic force of attraction between the droplet and particle, the

that among the el
calculations predic

static forces,

force and the charged-collector image force. From the calculations it was observed
! s, the Coulombic force of attraction was the predominant force, The
hat in the 0.1-20 ym dia. particle range, the collection efficiéncies were significantly

increased when electrostatic forces were added. The calculations also predicted that when electrostatic forces

. the particle size range considered.
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 NOMENCLATURE

radius of corona wire

acceleration of the particle

wire to. plate spacing in the particle charging
equipment

Cunningham correction factor

particle concentration outside the stagnant layer
critical corona field

droplet diameter .

Brownian diffusivity of particles

particle diameter

‘electron charge

- corona discharge electric field strength for charg-
ing the droplet
corona discharge electric field strength for charg-
ing the particle
Brownian force on the particle
Coulombic forcé of attraction between the particle
anddroplet -..... ...+ . .
drag force on the particle ..
sum of external forces in X-direction
sum of external forces in Y-direction
droplet image force
particle image force -

_sum of forces on the particle L
corona current in the particle charging equipment
current density in the particle charging equipment
Boltzman constant V )
Stokes number
electrostatic parameter due to Coulombic force
mass of an air molecule
mass of the particle
gas molecular weight
free ionic density
total gas pressure
charge on particle due to diffusion charging
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‘were present, the 50 um dia. droplet gave much higher collection efficiencies than the 200 um dia. droplet for:

saturation charge \qn drople,tjdli'e to field chargirig

" saturation charge on particle due to field charging

ideal gas constant’

-droplet radius
.particle radius:

Reynolds number of the droplet

distance between the centers of the droplet and
particle o o
Schmidts number of the diffusing aerosol particles
time of diffusion charging (s)

temperature of gas .. ,

fluid velocity ,

undisturbed fluid velocity, same as the free fall
speed of the droplet '

nondimensional fluid velocity in X-direction
nondimensional fluid velocity in - Y-direction
root mean square velocity of gas molecules
particle velocity o
applied” voltage for
equipment - :
particle velocity due to Brownian diffusion
corona starting voltage

nondimensional particle velocity in X-direction
nondimensional particle velocity in Y-direction
nondimensional distance in X-direction

film thickness surrounding the droplet for particle
Brownian diffusion : -

nondimensional distance in Y-direction

initial Y position measured from the drop center-

the ﬁa‘;tiqlé" charging

* line of the particle trajectory that just grazes the

droplet ,

Greek letters

é
£
sc
o

1NnO01

relative air density
relative permittivity of particles

~ dielectric constant of droplet

dielectric constant of air
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€, dielectric constant of particle

U single droplet collection efficiency

Py density of gas

7] angle that the line joining the center of the particle
to the center of the droplet makes with the drop -
centerline

u ion mobility

i, viscosity of gas.

I. INTRODUCTION

at moderate costs, the trend in the current fine

particulate control includes using collection mech-

anisms other than particle inertia. Electrostatic

precipitators, high ‘pressure scrubbers and bag filters

had been used for fine particulate control. The latter
two have hxgh operatmg costs whereas elec rost
precipitators have high. capttal cost. Electrostat

scrubbers have been shown to be efficient fine parti-
culate collectors: The apparent advantage of using wet
electrostatic scrubbers is the low capital and operating
costs, and s1multaneous collection of partlcles and.

gases. ‘
Kramer and J ohnstone (1955) calculated the smgle
droplet collection efficiencies, but they only considered
the electrostatic forces; particle inertia and Brownian
diffusion were neglected. Pilat et al. (1974) reported the
calculation of single droplet collection efficiencies
constdenng the inertial 1mpact10n Browman diffusion
and electrostatic mechamsms George and Poehlein
(1974) presented a model for collection of single
droplet collection efficiencies of particles using particle
inertia and electrostatic forces. Nielsen and Hill (1976)
presented some smgle droplet collectron efficiency
calculations using particle inertia and. electrostatic
forces. Potential flow and Stokes flow were used to
model the gas flow around the droplet. They con-
cluded that electrical forces enhance particle collection
and the effect of electrical forces reach a maximum for
negligible particle inertia. - ;

Studies' on the growth of cloud droplets into rain
drops have involved the consideration of collisions of
charged droplets in: electric ﬁelds Moore and Van-
negut (1960) reported that electric fields may have a
very appreciable effect in accelerating the coalescence
process in clouds. Sartor (1960) calculated electrostatic
forces and collision efﬁcnenc:es for two droplet pairs in
electric fields ranging from 14 to 2000 Vcm™!. The
calculations were done assuming the hydrodynamic
collision efficiency as zero (no inertial forces): He
concluded that the electric fields significantly affect the
rate of collision and coalescence of cloud droplets.
Lindblad and Semonin (1963) and Plumlee and Se-
monin (1965) calculated collision efficiencies of un-
charged droplets in electric fields and concluded that
the collision efficiency for a given pair of droplets
increases as the applied electric field increases. Se-
monin and Plumlee (1966) reported collision efficiency
calculations for charged droplets in electric fields.
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They concluded that the electric effects influence
collision efficiencies only when the droplet charges
were greater than 107 !¢ C or when the electric field
intensity exceeded 900 V. cm ™. Paluch (1970) derived
analytical expressions for collision efficiencies between
drop~droplet pairs. Based on the calculated elec-
trostatic collision efficiencies and using the derived
analytical expressions, empirical approximation for-
mulas were arrived at for a limited number of drop—

.. droplet pair._sizes and electrical conditions. Sartor
R , - .(1970)
With the present interest in fine particulate collection.

calculated  collision efficiencies  for
drop-droplet pairs considering the influence of char-
ges and electric fields found in clouds. These were
incorporated irnto instantaneous mass accretion rate
calculations. He concluded that the droplet diameter
can bemcreas an order of magnitude by electric
) nvolved are less than 100 ym:
e.a} 3 ng droplet size.

A;, were unable to ﬁnd any

ged. This paper attempts o present the mathematxcs
for the charging mechanismis for particles and droplets
and a simple model to calculate particle efficiencies by
a single droplet when inertial impaction, Brownian
diffusion and electrostatic forces due to oppositely
charged particles and droplets are present in a scrub-
ber. Calculations were done to. study the effect of
electrostatic forces and- droplet size on the:collection
efficiencies of particles in the size range of 0.1-20 um.

II. SINGLE DROPLET COLLECTION
EFFICIENCY CALCULATION

(a) Definition of smgle droplet collectwn e_tﬁczency

The particle collection eﬂlcxency nofa single droplet
can be given by 7
| _ (Yo +R)?

X m

where Y, is the initial Y position (ﬁleasmed from the
drop center-line) of the particle center trajectory that
just grazes the droplet, R,, the parttcle radius and R,,
the droplet radius. These parameters are illustrated in
Fig. 1. Note that the droplet collection efficiency
defined in Equation (1) considers the finite size of the
particle (to obtain the area swept free of partxcles) The
Y, is calculated using the particle equation of motion
for a gas flowing around a sphencal droplet

(b) Equatmn of parttcle motton

The X and Y components of the equation of particle
motion (developed in the Appendix) are

de 1 Fext-x: '—,,R"
:ﬁ:‘f—ik‘(Ux“Vx)—W, )
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LIMITING TRAJECTORY
OF THE PARTICLE THAT
JUST GRAZES THE DROPLET -85

PARTICLE  ~GAS STREAMLINE
A Va

PARTICLE _ fy

&
e=a y Ny '
|

&

ZCENTEI’?LINE OF THE DROPLET

DROPLET

Fig. 1. Schematic of the model used for calculating single droplet collection efficiencies.

d’y Fext—x - Rd
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where X and Y are non-dimensional distances, T, non-
dimensional time, K, the Stokes number
. 2
( k. Cr UORE)’
9”9Rd

€]

U, and U, the non-dimensional fluid velocity com-
ponents, V, and V,, the non-dimensional particle
velocity components, F,,,_, and F,,,_, are X and Y,
components of the sum of the external forces on the
particle, R,, the droplet radius, m,, the mass of the
particle, Uy, the undisturbed fluid velocity, C, the
particle Cunningham correction factor and p,, the
fluid viscosity. After substituting in the initial con-
dition (X = —4.0, T =0 and Y = Y,), the approp-
riate fluid velocity flow field (U, and U,) and the
external particle forces (F.,,-, and F,,,_,), Equations
(2) and (3) can be solved usmg a Runge-Kutta
numerical technique.

(c) Fluid flow field
For all the calculations the fluid flow was assum-
ed to be potential. For potential flow U, and U, are
given by
2X%2 -Y?

UX%I~W, )

_ -3XY
y 2(X2 + Y2)2.5 :
(d) Charge on particles and droplets

Particles and droplets are electrostatically charged
in coronas by two mechanisms; field charging and
diffusion charging. Field charging is the dominant
mechanism for large particles with a diameter greater
than: about 0.5 um, while diffusion charging pre-
dominates for small particles with a diameter less than
about 0.2 ym. Field charging is related to the ordered
motion of ions under the influence of an applied
electric field. This ordered motion causes collisions
between the ions and the particles suspended in the gas
stream. Diffusion charging results from ionic collisions
with the particles brought about by the random
thermal motion of the ions in the gas. Olgesby et al.
(1970) report the saturation charge Q, on the collector
droplet due to field charging as

U (5)

Q. = 12ne 8o RIE /(6. + 260) ©)

where ¢, is the dielectric constant of drop assumed to
be 80¢,, &y, the dielectric constant of air, R,, the radius
of the droplet and E,, the corona discharge electric
field strength for charging the droplet. Similarly, the
saturation charges on the aerosol particle Q, due to
ﬁeld charging is given by

Q, = 12me,e,R2/(e, + 280), RN )

where ¢, is the dielectric constant of the partlcle and
E,, the corona discharge electric field strength for
charging the particle.

Olgesby et al. (1970) report the time dependent
diffusion charging of a particle g(t) as

a0) = l,lecT@l 1+ nllcl;vNoe t) / ®)

where g(t), the charge on particle is in Coulombs, k is the
Boltzmann constant, T, temperature of gas, v, the root
mean square velocity of gas molecules, e, the electron
charge, R, the particle radius and N,, the free ionic
density. The root mean square velocity of gas mo-
lecules v is given by

8kT, \'/?
v =( g ) )
nm
where m is the mass of an air molecule;
White (1963) reports the free ionic density N, as

No = jlepE, (10)

where j is the current density, j, the ion moblllty and
E,, the applied voltage.:

All the variables in Equation (8) are known ;they are
either constants or . particle charging equipment
operating variables. The only term that is not known is
the current density j.

The particle charging equipment cons1dered was the
wire and plate type. By definition, current density is the
corona current flowing across unit cross-section area.
In a wire-plate particle charging equipment, the aver-
age current density across the inter-electrode space is
equal to the current density at the plates.

_ Corona current (i)
Plate area

(11)

Now in order to calculate current density the corona
current has to be calculated. This can be best done by
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getting the voltage—current characteristics experimen-
tally. When this is not possible, the corona current (i)
can be approximated theoretically. The corona current
i is a function of applied voltage, electrode geometry,
gas composition, gas temperature and pressure, parti-
culate matter in gas and on the electrodes, and the
physical properties of the particulate matter.

There are many empirical equations for calculating
corona current (i) from the applied voltage for the wire
tube particle charging equipment, but not many for
wire-plate configuration. White (1963) however, does
give an equation for calculating the corona current per
unit length of the wire.

Corona current
Unit length of wire

u

"~ b?log (4b/na) ’V,(V Vo) (12)

where V is the applied voltage, V,, the corona starting
voltage, b, the wire to plate spacing and a wire radius.

Equation (12) is valid only when the wire to wire
spacing is greater than the wire to plate spacing.

White (1963) reports the corona starting voltage V,,

as

a

V = aCE|l 13

o=4a og (Zb) (13)
where CE, the critical corona field, is given by

CE =306 + 9./d/a (14)

where 6, the relative air density, is given by '

293

= 15

°= ( T, ) (760) (43

where T, and P are the gas temperature in Kelvin and
gas pressure in mm of mercury respectively.

Corona current i is obtained by multiplying the
corona current per unit length of wire from Equation
(12) by the length of the wire.

(e) External forces on particles

1. Brownian diffusion. Using the Stokes—Cunning-
ham equation, the pseudo-force on an aerosol particle
due to its Brownian diffusion is given as

Farownian = M (16)
C
where V' is the particle velocity toward the droplet
due to the existing particle concentration gradient
around the droplet and is not the instantaneous
velocity of the particle undergoing a zig-zag Brownian
motion. In calculating the particle velocity due to
Brownian diffusion Vg, it is assumed that the particles
reach the droplet surface entirely by diffusion through
a stagnant layer surrounding the droplet. The thick-
ness of the layer is a function of the shape of the
droplet, properties of the gas and diffusing species and
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the gas velocity. Or in other words, the velocity
calculations are done in a manner analogous to the
rate of absorption of a solute gas from a gas mixture. In
the calculations it is assumed that the concentration of
aerosol particles remains uniform outside the stagnant
layer, while as at the droplet surface the equilibrium

‘particle concentration is zero (i.e. all the particles that

strike the droplet surface are collected by the droplet).

From the consideration of osmotic forces, Einstein
(1908) derived the following expression for the mass
transfer of a solute in a solution due to diffusion in a
concentration gradient

dc
= ~Ds dx
where V is the velocity of the solute molecule, C.,, the
concentration of solute molecules, Dy, the diffusivity of
the solute molecules and dc/dx is the concentration
gradient of the solute molecules.

Movement of particles due to diffusion in gas where
particle concentration gradient exists can be calcu-
lated using Equation (17). In our model the con-
centration of particles’ outside the stagnant layer
surrounding the droplet is uniform and is equal to C.,,.
Within the stagnant layer of ‘thickness AXp, there
exists a linear particle concentraftlon gradient resulting
in the diffusion of particles toward the droplet surface
where the particle concentration is zero. Therefore the
particle concentration gradxent across the stagnant
layer reduces to

VsCoy a7

C.—-0

E o CBulk gas CDtoplet surface.
AX;

= = 18).
dx  Stagnant layer thickness (18)

Substituting Equation (18) for the concentration
gradient in Equation (17) gives the velocity of the
diffusing particle V5 in the stagnant layer surrounding
the droplet as

(Cx —0)

Vncw = DB AX
B

(19)

or
Vg = Dy/AXp. (20)

Johnstone and Roberts (1949) and Ead (1948)
reported the boundary layer thickness AXp due to
mass transfer of particles as :

AXp = D/(2 + 0.55TRe®3Sc®37%)  (21)

where Re is the Reynolds number of the droplet and D
is the droplet diameter. The Schmidt number of
aerosol particles Sc is given as

© Sc=p,/p,Ds (@)

where , is the gas viscosity, p,, the gas density and Dj,
the particle diffusivity.

For particles of diameter greater than the gas mean
free path of 0.062 um the particle diffusivity was
calculated using the equation reported by Einstein
(1908) S
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_ CkT,
' 6nu,R,
where T, is the gas temperatue and k the Boltzmann
constant. For particles of diameter less than the gas
mean free path, the particle diffusivity was calculated
using Langmuir’s (1942) equation based on
Stephen—Maxwell diffusion theory
_ 4kT, (8RT,)'?
? 7 3DP M

(23)

(24)

where D, is the particle diameter, P, the total gas
pressure, R, the ideal gas constant and M, the gas
molecular weight.

2. Electrostatic forces. The electrostatic forces con-
sidered in the model were (a) the Coulombic force
_ between the point charges of magnitude Q, and Q,
located at the center of the particle and droplet,
respectively, (b) the particle image force on the neutral
droplet and (c) the collector image force on the neutral
particle. The Coulombic force between a charged
particle and a charged droplet is given by

_ 0o
€ 47[80-@2

where Q. and Q, are the charges on the droplet and
particle, respectively, &, is the dielectric constant of air
and 2 is the distance between the centers of the particle
and droplet.

Kramer and Johnstone (1955) reported the particle

image force F;p as
_ e.— 1\ QIR [ 1 R
FIP - <6¢ _ 2) 47[80 g3 (@2 _ Rg)z (26)

where ¢, is the relative permitivity of the droplet which
is equal to 80 for water droplets, Equation (26) is
reduced to

(25)

Fip=—

R, [1 R
4;% [—" @ = Rﬁ)z} 27)

£3
Kramer and Johnstone (1955) reported the collector-
image force F;p, as

=) 25,
Eps2/) 2meq R

where ¢, is the relative permitivity of the particles and
is equal to 5.

(28)

(e) Computer program for calculating single droplet
collection efficiencies

A computer program calculated the limiting
trajectory of the particles that just grazes the droplet,
which in turn was used to calculate the single droplet
collection efficiency. The main program calculated the
settling velocities of the particles and droplet, film
thickness surrounding the droplet in which Brownian
diffusion is active, Brownian forces on the particles and
charge on the collector. The charges on the particles
are calculated in a subroutine which is called in the
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main program. The constants for the electrostatic
forces and electrostatic parameters are also calculated
in the main program.

A subroutine calculated the charge on the particle.
For particles larger than 0.1um radius, the charge is
calculated by the field charging mechanism and for
particles less than or equal to 0.1 um radius the charge
is calculated by the diffusion charging mechanism.
Another subroutine calculated the limiting trajectory
of the particle that just grazes the droplet, which in
turn was used to calculate the single droplet collection
efficiency. The particle trajectory was calculated by
stepsize iteration of the equations of motion of the
particles using a 4th order Runge—Kutta process. This
was done by calculating the forces on the particle and
allowing it to move for a small increment of time after
which the forces on the particle were recalculated.
Since it was assumed that the forces on the particles
were constant during the small increment of time, the
selection of the increment of time was very important.
The size of the time increment or stepsize was calcu-
lated by considering the radius of curvature of the
particle trajectory. The greater the curvature, the
smaller the stepsize. The radius of curvature of the
particle trajectory is an indication of the direction of
the forces and the change in the magnitude of the forces
acting on the particle. The stepsize was calculated by
assuming a constant subtended angle between the
successive location points on the particle trajectory.
Therefore, when the trajectory was straight, the time
increment was large, but when the trajectory was
curved, the stepsize was decreased depending on the
curvature of the particle trajectory.

In the calculations the Brownian forces exist only
within a thin film surrounding the droplet. The
efficiency calculations were done considering both the
front and the back side of the droplet. Once the
limiting trajectory for a given particle diameter was
calculated, the single droplet collection efficiency of the
particle computed. The calculations were then re-
peated for another particle diameter. This continued
until calculations for all the particle sizes of interest
were completed.

IIl. DISCUSSION AND RESULTS

(@) Calculated particle and droplet charge

The calculated droplet charge to mass ratio for the
droplet diameter of 50 um with applied electric field of
1000 and 5000 Vem~™! was 3.11 x 10”7 and 1.55
x 107¢Cgm™?, respectively. The charge to mass
ratio for the 200 um dia. droplet with applied electric
field of 1000 and 5000 Vcm ™! was 0.78 x 10”7 and
0.39 x 107° C gm ™!, respectively. Figure 2 illustrates
the calculated particle charge/mass ratio for the ap-
plied electric fields of 1000 and 5000 Vcm™1.

(b) Effect of various forces in the particle size range
considered

A very convenient way of comparing the magni-
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Fig. 2.  Plot between the particle dia. and pamcle charge to
mass ratio for applied electric fields of 1000 and 5000 Vcm ™!,

tudes of forces acting on the particles is to convert the
forces into dimensionless numbers. This could be done
by first expressing all the forces into dnncnsxonless
terms and then by dividing all these by a common
dimensionless denominator. Generally this denomi-
nator is the particle drag. The forces used in the
calculations were inertial impaction,  Brownian
diffusion and electrostatic forces. In the particle size
range considered (0.1-20 um), the Brownian diffusion
is negligible and so it is excluded from this comparison
of forces. The dimensionless number representing the
inertial force on the particle is the Stokes number K.
The Stokes number is given by

= CPsUoRS
9Rd/‘g

‘The electrostatic forces considered in the model
were Coulombic, particle-image and collector image.
The calculations predicted that compared to Coulom-
bic force, particle-image and collector image forces
were negligible. Therefore, the dimensionless elec-
trostatic parameter KC was calculated using only the
Coulombic force of attraction between the droplet and
particle. Nielsen (1974) reports the dimensionless
electrostatic parameter KC as

2.0,C
24n%e,u,R,U,R]

(29)

KC = (30)
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Figures 3 and 4 illustrate the relative magnitudes of
inertial and electrostatic forces on the particle size
range of 0.1-20 um. The electrostatic calculations were
done for two sets of charging conditions: (1) droplet
and particles charged oppositely in a corona of
1000 Vem ™! and (2) droplet and particles charged
oppositely in a corona of 5000 Vcm™'. Since the
Stokes number is not affected by the electrostatic
forces, comparison of the Stokes number and elec-
trostatic parameter for a given charging condition
would give us an indication of the effect of inertial and
electrostatic forces on the collection of a given particle.

The relative magnitude of the dimensionless number
of any specific collection mechanism is a good in-
dication of its relative influence on the collection of
particles. For example, if from Fig: 3 it is found that for
a specific particle size the Stokes number is numeri-
cally larger than the electrostatic parameter, it in-
dicates that for the collection of that size particle by a
200 um dia. droplet, particle inertia is more significant
than the electrostatic forces on the particle.

It should be noted that both the inertial and
electrostatic forces are additive on the front-half of the
droplet; that is, they both bring the particle closer to
the droplet aiding collection. Whereas on the backside
of the droplet with a potential fluid flow field, the
electrostatic force aids collection and the particle
inertia. hinders collection. This occurs because the
electrostatic force always acts towards the center of the
droplet, but particle inertia takes the particle away
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Fig. 4. Plot between the particle size and, electrostatic
parameter and Stokes number for a 50 um dia. droplet.

from the droplet on the back-side of it. Thus, for larger
particles having a significant Stokes number compared
to the electrostatic parameter, the particle collection
on the back-half side of the droplet is negligible
compared to the front half. However, for small par-
ticles having a small Stokes number compared to the
electrostatic parameter, the particle collection on the
backside of the droplet can be significant.

Referring to Fig. 3 with a 200 um droplet, let us
compare the Stokes number and the electrostatic
parameter curves, where the droplet and particles are
charged oppositely in a corona of 1000 V cm 1. It can
be seen that for particles greater than 1.2 pmdia., the
Stokes number is larger than the electrostatic para-
meter, indicating that for the collection of particles in
this size range, particle inertia is the dominant col-
lection mechanism compared to electrostatic forces.
But for the collection of particles smaller than
1.2 ym dia,, since the electrostatic parameter is numeri-
cally larger than the Stokes number, electrostatic
forces are the dominant collection mechanism com-
pared to particle inertia. Referring to Fig. 3 again,
comparing the electrostatic parameter and Stokes
number curves when the droplet and particle are
charged oppositely in a corona of 5000 V cm ™!, it can
be seen that for particles between 10 and 20 um dia.
both the electrostatic forces and particle inertia are
comparable. But for particles smaller than 10 ym dia.,
the electrostatic forces progressively become the
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dominant collection mechanism compared to particle
inertia.

Referring to Fig. 4 with a 50 um dia. droplet,
comparing the Stokes number and the electrostatic
parameter curves when both the droplet and particles
are charged oppositely in a corona of 1000 Vem ™!, it
can be seen that for particles larger than 10 um dia.
particle inertia and electrostatic forces are compar-
able. However, for particles smaller than 10 um dia.,
the electrostatic forces progressively become the
dominant collection mechanism compared to-particle
inertia. Referring to Fig. 4 again, when both the
particles and droplet are charged oppositely in a
corona of 5000 Vcm ™ *, the electrostatic forces are the
dominant collection mechanism compared to particle
inertia in the whole particle size range considered.

Comparing Figs 3 and 4 for a specific particle size, it
is seen that for the same droplet and particle charging
conditions, the electrostatic forces are more dominant
for the 50 um dia. droplet compared to the 200 pm dia.
droplet. This effect can be explained by looking at
Equation 30 for the electrostatic parameter. For the
same particle size and particle and droplet charging
conditions, the electrostatic parameter is a function of
droplet size, droplet charge, and the free fall speed of
the droplet. From Equation (6), it is seen that droplet

. charge is directly proportional to the square of the

droplet size. Therefore the electrostatic parameter
becomes a function of only the droplet free fall speed
Vo. The smaller the free fall speed of the droplet, the
higher the electrostatic parameter. Physically, this
indicates that when the droplet free fall speed ' is
smaller, the particle spends a longer time near a given
droplet, and thus the electrostatic forces between the
droplet and particle act for a longer duration of time,
enhancing the particle collection.

() Calcdlated singlé dropiet collection efficiencies.

The calculated particle collection efficiencies of 200
and 50 um dia. droplets are presented in Figs 5and 6
respectively. The calculations were done for the follow-
ing cases: (1) considering only particle inertia and
Brownian diffusion, electrostatic forces absent; (2)
considering particle inertia, Brownian diffusion and
particle and droplet charged oppositely in a corona of
1000 Vem™ and (3) considering particle inertia,
Brownian diffusion and particle and droplet charged
oppositely in a corona of 5000 Vcm™1,

Referring to Fig. 5, comparing the two collection
efficiency curves, when electrostatic forces are absent,
and when the particles and droplet are charged
oppositely in a corona of 1000 Vem™! it is seen that
the particle collection efficiency increased over all the
particle size range, but the increase is more significant
for particles smaller than 1.2 ym dia. For example,
whereas for a 20 um dia. particle, the fractional col-
lection efficiency increased from 1.33 to 1.41 when
electrostatic forces were added, the increase in col-
lection efficiency for a 0.1 um dia. particle was from
0.0033 to 0.227. The reason for this significant increase
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in the particle collection efficiency for particles smaller
than 1.2 um dia. cari beexplained by referring to Fig. 3,
where it is seen that for-these smaller particles the
electrostatic forces are yery dominant compared to the
inertial forces; the result being beirig than when these
electrostatic forces are:added to:particle inertia-and
Brownian diffusion, the partlcle collection efficiency
significantly increases. The extent to which the particle
collection efficiency increases depends on the extent to
which the electrostatic' forces are increased on the
particle. This'can be seen by looking at the collection
efficiency curve when both the particle and droplet are
charged oppositely in a corona of 5000 V.cm™!. -

Let us now consider the 50 um dia.. droplet.Com-
paring the two collection efficiency curves, when
electrostatic forces are absent and when the particle
and droplet are charged oppositely in a corona of
1000:-V.em™!, it is: seen that the particle collection
efficiency increases -over' the complete particle size
range considered when electrostatic forces are added.
The increase in particle collection efficiency for the
50 um dia. droplet is more significant than for the
200 um dia. droplet for the same particle and droplet
charging: condition. The reason for this has already
been - explained ~earlier.. The particle collection
efficiency is even further increased when the droplet
and particle are charged oppos1tely in a corona of
5000 Vem™ L.

- Fromthe results it is seen that the parucle collectxon
efficiency is a function of Stokes number and elec-
trostatic parameter. When particle inertia is the
dominant collection mechanism as seen from the case

when electrostatic forces are absent, the collection
efficiency curve resembles the curve for the Stokes
number. But when electrostatic forces become pre-
dominant, the particle collection efficiency curve re-
sembles the electrostatic parameter curve. When both
the electrostatic forces and partlcle inertia are active,
the particle collection efficiency curve is affected both
by the electrostatrc parameter curve and the Stokes
number curve. ‘

d) Camparisan wzth reported results

e computer model for smgle droplet collectton
efﬁcigmc calculations was earlier compared by Pilat
and Prem (1976) and was found to be in good
agreement with results reported in the literature. Our
results were compared with experimental collection
efficiencies reported by Ranz and Wong (1952), em-
pirical efficiencies from the equation reported by
Johnstone and Roberts (1949) for Brownian diffusion,
Fonda and Herne's (1960) calculated collection
efficiencies for inertial impaction with a potentlal gas
flow ﬁeld _Spark’s. . : ulated collection
efficiencies co ial impaction and
Brownian drﬂ‘usm a1 Langmutrs (1948) calculated
efﬁcrenc"s with a um droplet and potentral gas
flow fie : .
Sparks (197 1 )calcuiated the collectlon efﬁcxency ofa
200 u droplet with a free fall speed of 100 cm s~ %,
paction, Brownian. dlﬂ'usmn
and electrostatic forces. The electrostatic forces con-
sidered were the same as in this paper. The droplet and
particle were charged oppositely in a corona: of

lOC T T v'] T |’| |
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Fig. 6. Calculated particle collection él'ﬁciéncies of a single
50 um dia. droplet at 7.55cm s~ ! velocity, at various electric
field strengths.
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1000 Vcm ™!, From his plot between particle size and
collection efficiencies, the collection efficiencies ob-
tained for small particles are very high. For example,
for a 0.1 um dia. particle, Sparks reports a collection
efficiency of 2759, whereas we get 22.7%,. For a particle
diameter of 1.0 um, Sparks reports a collection
efficiency of 1609, whereas our value is around 5%,
For a particle diameter of 20 um there was no change
in the collection efficiency in Sparks’ calculations when
electrostatic forces were added (the collection
efficiency remained at 92%). In our case for a 20 ym
diameter particle, the collection efficiency increased
from 133 to 1419 when electrostatic forces were added
to inertial impaction and Brownian diffusion. Our
results on the whole differ from those of Sparks. The
reason for these differences are probably due to a
difference in magnitudes used for the particle and
droplet electrostatic charges. ,

George and Pochlein (1974), Nielsen (1974), and
Nielson and Hill (1976) reported single droplet col-
lection efficiencies considering inertial impaction and
electrostatic forces. Our results seem to be in general
agreement with their results. However, an accurate
comparison is not possible because they presented the
plots between the single droplet collection efficiencies
and the electrostatic parameters for various ‘Stokes
numbers (the electrostatic parameter and Stokes num-
ber do not specifically establish a given droplet size,
particle size and particle and droplet corona charging
voltage).

It is difficult to compare the results from the present
work with the work done in in cloud physics. Most of
the work done in cloud physics deals with drop sizes
larger than addressed in this paper. The reported
collision efficiencies are mostly for drop—droplet pairs
charged or uncharged in an externally applied electric
field. Semonin and Plumlee (1966), however, did
present some calculations for oppositely charged
drop—droplet pairs falling in a field free space. They
reported the fractional collision efficiency of a
10 ym dia. particle carrying a charge of 1 x 10”15 C
colliding with a 50 um dia. droplet carrying a charge of
4 x 1074 C as 8. In our calculations, the fractional
collision efficiency of a 10 um dia. particle carrying a
charge of 3 x 10715 C, colliding with a 50 um dia.
droplet carrying a charge of 1.01 x 10713 C, was 18.

IV. CONCLUSIONS

Calculated single droplet collection efficiencies con-
sidering inertial impaction, Brownian diffusion and
electrostatic forces for oppositely charged particle and
droplet, indicate that electrostatic forces enhance the
particle collection. The higher the droplet and particles
are charged, the higher the collection efficiency. It is
seen that for the same particle and droplet charging
condition, the collection efficiency is larger for smaller
droplets which have lower settling velocities. This is
due to the larger value of electrostatic parameter

1989

owing to the smaller droplet sedimentation velocity.
Physically this indicates that when the droplet sedim-
entation velocity is small, the electrostatic forces have
more time to act on the droplet and particle, thereby
enhancing the particle collection efficiency.
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APPENDIX

DEVELOPMENT OF EQUATIONS OF MOTION FOR A
SPHERICAL PARTICIE PAST A SPHERICAL
COLLECTOR

A schematic to the model used for calculating single droplet
collection efficiency is given in Fig. 1.
From Newton’s Second Law
m,.A=F() M)

where m, is the mass of the particle, A is its acceleration and
F(@)is the sum of the forces acting on the particle.

A = dv,/dt : )
where v,, is the particle velocity and ¢ is time.
F(t) = Fdng - Fext (3)

where F,,,,, is the force of drag on the partxcle and Fois the
sum of the external forces acting on the partlcle. ;

61tu,R,

F drag = (u - p) ’ (4)
where u is the fluid velocity, C, the Cunningham correctwn,
U, the gas viscosity and R,, the particle radius.

axt“FBtownlsn+F‘+FlP+EID ' . (5)

where Fpounians Fis F1p and Fp are the forces on the particle

due to Browman diffusion; Coulombic attraction, particle

image and droplet image attraction respectxvely
Substituting Equations (2), (3) and (4) in (1), we have

dv 61z,u, Fou
hd e 6
&~ Com, R m, ©
The x and y componentsf of Equation (6) are
dv, 6 Fon- :
T SRy 4y, — by~ Fonzz (7)
t  C.m, m,
d 6 F o, :
_.v!'; 1l‘[l,R, (u - Uy) — Ty 8)

de C.m, m,
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Converting Equations (7) and (8) to nondlmensnonal form
by the following substitutions s

X =x/R,, Y =y/R, V,=vfu, = dX/dT,

V,=uv,/up = dY/T, T = t.1i/R,, U, = u fu,
' U,= u,/uy
we have
Vsi Gn“aRde Fou-x-Ri
— U, -V, — 9
dT  .C.m, ( ) Dp-Ud ©)
dV 6“#|RpRl ex!-y Rd
ey, e M 10
daT = C ( )= m,.ug ( )
We know that Stokes number; K, is-given as -
C mp uo C: p,uoRz (11)
IZuu,R, R, - 9;4, R, '
Therefore Equ:mons (9) and (10) can be wntten as
dv. 1 : ;
—= 12
ar ~k Yo 12
@, 1
= (L 13
"x® ”

where R, is the radius of the droplet tig is the fall speed of the
droplet or the undisturbed fliid velocity.

In the model it is assumed that the nian force actsonly
within the film thickness surroundmg he water droplet where
the particle concentration gradient exists. was also assumed
that all the external forces act radially, that is, they act exther
towards the center of the droplet or away from it. E

Fexx—x = F",COSG

= Fo. X/(X? + Y} (14)
and o i '
Fexl’—y = Fext éinG ‘ :
= Fou. Y/(X? + Y20 15)

where 0 is the angle that the line joining the center of the
particle to the center of the droplet makes with the drop
centerline.




