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ANALYSIS OF FULLY DEVELOPED LAMINAR CHANNEL FLOW

OF SUSPENSIONS WITH EXTERNAL ELECTRIC FIELD
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AESTRACT

Deposition of suspensions of solid particles in channel and pipe flows causes
serious technical problems due to blockage and contamination of flow passa-
ges. Such problems, for instance, occur in the fluidic devices (Laminar
Proportional Amplifiers) used for flow control. In this work, the analysis

of fully developed laminar channel flow of suspensions with external elect-
ric field is presented. The external electric field is obtained by a numb-
er of equally spaced parallel cylinders having the same potential and placed
at the channel centre line.

A mathematical model for the flow of suspensions using the equations of dif-
fusion, Poisson, external electric field and rate of deposition along with
the proper boundary conditions is given. Numerical solution is obtained by
using the finite difference technique.

The effects of the external electric field intensity and the number of char-
ged cylinders on the rate of deposition of the solid particles are studied.

The analytical results show that an externally applied electric field obta-
ined by an array of equally spaced parallel cylinders having the same
voltage and placed at the channel centre can appreciably reduce the rate

of particle deposition from laminar channel flow of suspensions if the
potential of the charged cylinders has an opposite sign with respect to
the polarity of the charge on the particles. In addition, increasing the
number of cylinders for the same applied voltage results in more reduction
in rate of deposition.

* Asspciate professor, Dept. of Mech. Eng., Faculty of Eng., Zagazig Univ.,
Zagazig, Egypt. %= Associate professor, Dept. of Elect. Eng., Cairo Univ.,
Giza, Egypt.
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INTRODUCTION

Particle deposition from channel flow of suspensions is encountered in
many practical applications cuch as fluidic devices and electrostatic
precipitators. Deposition of particles in external flows of suspensions
have been investigated by many authors [ 1-3]. In addition, a lot of
research work has been done in deposition of particles in internal flows
of suspensions [4-17]. The effects of diffusion, gravity and electric
fields on rate of deposition in both laminar and turbulent flows for pipes
and channels have been investigated [4-171].

The electrostatic precipitator is one of the conventional particulate control
devices that effectively control the emissions of the particles [17]. The
collection mechanism is dependent upon the electrical force that results from
the action of an electric field on electrically charged particles. However,
the electrostatic precipitator is concerned with collection of solid particles
of small size from a low speed flow of suspensions. In an electrostatic
precipitator it is required to collect the solid particles on the walls. On
the other hand, particle deposition in fluidic devices causes serious tech-
nical problems due to blockage and contamination of flow passages. This
particle deposition is primarily due to the electric field generated by the
charges on the particles. It is worth noticing that the presence of electric
charges on the particles[18] makes it possible to keep them far from the
walls by means of an external electric field thus reducing the particle rate
of deposition. This reduction is dependent on the external electric field
intensity and configuration.

Theoritical reduction of rate of deposition of suspensions in turbulent flow
over a tilted flat plate by applying an external electric field has been
reported [3]. It has been found that the intensity of the external electric
field, the number of charged cylinders and their height above the plate
affect the rate of deposition of the solid particles.

In this paper, the analysis of fully developed laminar channel flow of
suspensions with external electric field is given. Here, it is meant by
channel the constant area one, i.e. the parallel plate channel. The effect
of different external electric field configurations on the rate of deposi-
tion, particle concentration and electric field intensity 1is studied. The
external electric field is obtained by a number of equally spaced parallel
cylinders having the same voltage and placed at the channel centre line.

ANALYSIS

Consider a fully developped laminar flow of suspensions flowing into a
parallel-plate channel as shown in Fig. 1. An external electric field

is applied by means of an array of parallel cylinders whose centres lie on
the centre line of the channel. The cylinders are equally spaced and
symmetrically placed with respect to the channel plates, and are excited
by the same voltage. The electric field geometry is shown in Fig. 2.

The following assumptions were considered to simplify and limit the analysis
of the problem :

(1)  Incompressible, steady flow.
(2) Two dimensional, fully developped laminar flow
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Dilute suspension.

Particle-particle interaction is negligible.

Fluid -particle interaction follows the Stoke's drag law.

The thickness of the layer of deposit is much smaller than half the

channel width a.

The effects of gravity and surface adhesion are neglected.

Negligible axial component of the induced electric field.

The effect of the charged cylinders on the flow characteristics of the

fluid is neglected since it is limited to small regions around the

cylinders. .

(10) The cylinders radii are much smaller than both the spacing between
them and half the channel width.

(11) The effect of the particle charges in the calculation of the external

electric field is neglected.
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Considering the aforementioned assumptions, the governing equations for the
particulate phase will be [2, 3, 6] :
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Equation (1) is the diffusion equation with an added term to account for
the electric drift of the particles due to both the induced and the ext-
ernal electric field. Eq. (2) is the Poisson equation. The left hand side
of Eq. (2) does not contain the external electric field since its divergence
is zero except on the surfaces of the cylinders. Equations (3) and (4)
represent the external electric field and rate of deposition of solid part-
icles respectively. The fluid velocity for fully developed laminar channel
flow is given by :

I dp 2 2
u = 2—13 ax (y™ - a) (5)
where dP/dx is the pressure gradient and k is the fluid dynamic viscosity.

The boundary conditions are :

at X=0 (at intlet)
p = P N
p (0,y) = TP, } (6)
Ei (0,y) = 9
at y=0 (at channel center line)
8] =
3p(X,0) /3y 0 } (7)
Ei (x,0) =0

at y=0 (at the wall)

0
s , Vg = — o) By r s g :
s op(x a)/dy =(1 7) ( - (mp)(Eiw+Eew)
(8)

Using the normalized quantities as defined in the nomenclature, the
above equations can be written as follows :
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with
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boundary conditions:

at X=0

M (0, ¥) =1
E{ (e, ¥) =90
at Y =0

3%p (X, 0)/3Y = 0

E*
i
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Y =

0) =0
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NUMERICAL SOLUTION
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Equations (9) to (12) with the boundary conditions given by Eqs. (13) to
(15) can be solved for the unknowns RS, E* and m* by applying the finite

difference technique [19,20].

The finite'difference equations take the

form of the matrix equation AX=B which can be solved at any axial position
using the standard Gauss elimination method. The quantity ap;) E;,/ay

of the last term of Eq. (9) is nonlinear and it has been approximated by

*

replacing the values of one of the variablesof),E; at a given position by
its values at the preceding axial position.

RESULTS AND DISCUSSIONS

The results presented in this paper are based on typical values for the

parameters (o, ando)

values are a=1,
throughout the computations since the main objective of this paper is to

study the influence of the external electric field on the rate of deposi-
tion of the particles on the channel walls. The diameter of the charged

cylinders was taken 1% of the channel width. The assigned range for the

number of cylinders and voltages is N=1 to 4, V*= 0 to 300.

B=1000 and ©0=0.5

obtained from previous researches [2, 6]. These

and were considered constant

The effect of external electric field E; on the rate of deposition m
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for the case of three cylinders with V*=25 each (at x=2.5, 5, 7.5) is
depicted in Fig. 3. It is obvious that the rate of deposition curve becomes
wavy with regions of maxima and minma at the axial positions of the charged
cylinders. Such regions are located around the negative peaks of the
external electric field as can be seen from Fig. 4 which shows the distr-
ibution of the y-component of the induced and external electric fields

along the channel wall. From Fig. 3 it is clear that the external electric
field reduces significantly the deposition rate of the particles on the
channel walls.

The effect of the number of charged cylinders N on the relative rate of
deposition m; for different values of voltage V* ( V*=25, 50 and 100) is
shown in Fig. 5. It can be noticed that as N increases, m* decreases as
expected. :

Figure 6 shows the variation of the relative rate of deposition with voltage
for different numbers of charged cylinders (N=1 to 4). It is clear that

m* decreases as V* increases and that the decrease in m* becomes more pron-
ounced for larger N. Comparing the results of the flat plate [3] where N=3
and H=10 (H is the height of the cylinders above the plate normalized to
the boundary layer thickness ) with the results of the channel for n=3, one
can see that m*decrease in the channel more than on the flat plate. This

is attributed to the stronger electric field in the channel case because of
the presence of the upper plate and the resulting multiple images.

Figure 7 indicates the distribution of the y-component of the total electric
field (E§+E;) and the induced one (E?) for N=3 and V*=25. It is clear that

the external elctric close to its negative peak at x=2 1s strong enough to
overcome the effect of the induced electric field resulting even in a
negative total elctric field at the wall which keeps the particles away
from the wall. Between the cylinders EX decreases in magintude and in some
locations as x=10 it is unable to overcome the effect of the induced
electric field resulting in a smaller reduction in the rate of deposition.
The distribution of the induced electric field is slightly different from
its distribution without the external electric field.

CONCLUSIONS

The analytical results show that an externally applied electric field
obtained by an array of equally spaced parallel cylinders having the same
voltage and placed at the channel centre line can appreciably reduce the
rate of particle deposition from laminar channel flow of suspensions if the
potential on the charged cylinders has an opposite sign with respect to the
polarity of the charge on the particles. In addition, increasing the number
of cylinders for the same applied voltage results in more reduction in the
rate of deposition. The particle deposition is almost negligible if the
number of cylinders is such that the spacing between them is approximately
equal to the channel width. The required voltage V is given by

V=-500[F Dp/ (q/mp)]

which corresponds to V*=50.
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The required voltage V depends on E, D and (q/m_), and is of the order of
several kilovolts for a typical case. P P
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NOMENCLATURE

half width of channel "

diameter of the charged cylinder

dimensionless diameter of the charged cylinder, D = d/a
particle diffusivity

i induced electric field intensity, Ei= Eiy

E= dimensionless induced electric field intensity, ET =(-%—n) (a/ F Dp) E.

i
the y-component of the external electric field intensity Eq. (3)

dimensionless y-component of the external electric field intensity
given by Eq. (11)

inverse of relaxation time for momentum transfer [6]

constant of fluid phase velocity [ U=K(1-Y%)], K = -(a2/2uav ) dp/dx

order of image of charged cylinder
mass of particle

mass flow rate of the particles deposited on the plate, given by Eq. (4)
dimensionless rate of deposition of particles given by Eq. (12)

[elative rate of deposition of particles, defined as the ratio of
{ﬁﬁ“dx with external electric field to its value without E, , where

L is the normalized channel length in the flow direction

number of equally charged cylinders.

electric charge per particle

distance from a point (x,y) to a charged cylinder and its image resp-
ectively as shown in Fig. 2

dimensionless distances, R=r/a, R'= r'/a

axial and vertical components of fluid velocity

axial and vertical components of particle velocity

average velocity

m OoOoao

m m
@D *® =

33 XTI

Se Se e
IR R =l

=
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av
dimensionless velocity of fluid, U=u/uav =K(1-Y?)

applied voltage on each cylinder
normalized voltage, 0 = —(q/mp) (V/ F DD )

axial and vertical coordinates respectively
dimensionless axial and vertical coordinates, X=x/a. Y=y/a

*

B S < S = =R = o=l o

~< <

Greek Letters

) P
o electrostatic charge parameter & = (-—L22 LEL)2 (-2~
- m
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B diffusive peclet number, B=Uav<”=l/Dp

€, permittivity of free space, =8.85434 x 10'12 Coul?/N.m?
P density of particle cloud (concentration)
inlet particle concentration (uniform)
dimensionless particle concentration,
o sticking probability accounts for electr-viscous and gravity forces
Superscript
* dimensionless quantities as defined
Subscripts
for centre line condition
for external electric field
for induced electric field
initial condition

for particle phase
for wall condition

ET O=MO
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