CHARGE TRANSFER IN TWO-PHASE
(GAS - SOLID-PARTICLE) FLOWS
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The contact charging of a single solid particle in contact with a plane wall and of a particle
flux bounded by a eylindrical wall is considered.

In technological processes accompanied by disruption (separation) of surfaces, the formation and accumu-
lational of electrical charges is observed. This effect, which becomes more significant as technological pro-
cesses intensify, has many undesirable consequences, Electrical charges forming on solid surfaces result in
increased adhesion, electrical breakdown, and mechanical failure of components. The resulting continuous
spark discharges in the apparatus increase the risk of ignition and explosion of the hot medium [1, 2].

In any closed technological process (pneumotransport of free-flowing material, treatment in fluidized-
bed equipment, etc.) three regions may be distinguished: separation of the electric charges, transfer of elec~
tric charges, and discharge (recombination) of the charges.

In the separation region solid particles acquire an electrical charge, and are then transferred to the dis~
charge region, where the charge is discharged to the wall (is recombined). The electric circuit is closed by
the wall of the apparatus or by the earth.

The investiation begins with a consideration of the electrical processes accompanying the disruption of
the contact surfaces between a single particle and a plane wall,

Subsequently, attention turns to electrical processes accompanying the motion of a particle flux bounded
by a cylindrical conducting wall,

It is postulated that at the contact between the particle and the wall a double electrical layer of charge

density opy, I8 formed.

The charge acquired by a single particle on contact with the wall is determined on the following assump-
tions: That the particle is electrically neutral prior to contact with the wall; that there is no electric field ex~
ternal to the particle; that contact occurs in the elastic-strain region.

At contact, the particle acquires a charge .
& =op S 6
In the separation (disruption) of the surfaces (separation of the particle from the wall) the electrical charge is

discharged through the ohmic resistance of the contact surfaces (Qohm) and is neutralized as a result of ionic
processes occurring in the gap between the two surfaces after separation @) Fig. 1).

Fig. 1. Contact of spherical particle with plane wall,
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Taking these processes into account, the electric charge of the particle after separation from the wall
will be

Q=0 pS5c— Quri— @ - @)

The charge density on the two surfaces depends slightly on the electrical resistance for constant sur-
faces with electrical resistance of 10° @ or more [2]. In this case the charging is self-regulating as a result
of ionic processes occurring in the gas discharge between the two surfaces after separation. The charge dis-
sipation in this case is '

Q :ezS'n(V)dV. @)
14
The charge on the particle after contact is broken will be

szo‘DLSc——ezSn(V) av. (4)
14

In the case of contact surfaces of resistance less than 10% Q, charge dissipation occurs through the ohmic
resistance of the surfaces and no ionic processes are seen in the gap [2].

In this case, Eq. (2) takes the form
G =0y, S L ‘ )

The charge on the contact surfaces after separation is not retained if "DLSC =Qohm*

In this case the equation describing the discharge of the electric charge through the ohmie resistance of
‘the contact surfaces is
do
drg

YEG= Yo- , (6)

For the boundary condition 0=0p; as rg—0, the solution of Eq. (6) is

— Vs :
G = Oy eXp | — .
DL EXP ( Py ) (7)

The total electric charge acquired by the particle at the wall is
Q= f o (5)ds. (8)
$

For a spherical particle, the solution of Eq. (8) takes the form

. 2 9
Qp= 2““DL[ 75880%  oyp (_ Vs ) X ( £80, ) exp (__ s ) _( e840, ) ] .
Y . €€V, .Y €8q0, / v

®)

It is evident from Eq. @) that the charge at the contact surfaces after separation is a maximum when
yrg—0, i.e., rg—0or v=0, and is a minimum when £¢,v,—~ 0 or yrg—=. The intensity of charging may be
estimated from the value of the dimensionless number

ey

K= 2

The dimensionless number in Eq, (10) characterizes the ratio of the convective charge~transfer com-~
ponent to the charge relaxation as a result of the conduction of the confact surfaces. The charging intensity
increases with rise in K.

(10)

The results obtained are confirmed by the practical recommendations intended to decrease charging
charging decreases with decrease in the velocity of moving dielectric materials, according to technological
reports,

As charge dissipation in the gap as a result of ionic processes has not been adequately studied, the prob-
lem cannot be solved analytically and quantitative results may only be obtained experimentally. An experi-
mental investigation was carried out to provide qualitative verification of the hypothesis that the dissipation
of electrical charges at separating dielectric surfaces oceurs as a result of ionic processes occurring in the

gap.
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Fig. 2 ~ Fig. 3

Fig. 2. Experimental apparatus to investigate the charging of conducting
particles on collision with a dielectric surface: 1) pneumatictube; 2) mea~
suring section of tube; 3) dielectric target; 4) electrode for collection of
particle charge; 5) oscillograph,

Fig. 3. Charge density as a function of the contact area between the steel
ball and the dielectric surface: 1) polyethylene terphthalate (film) target,
ball diameter 1.5 mm; 2) ball diameter 3.7 mm; 3) polystyrene (film) tar-
get, ball diameter 1.5 mm; 4) ball diameter 3,7 mm; 5) impact-resistant
polystyrene (sheet) target, ball diameter 1.5 mm. ¢, C m™% Scs m?,

On disruption (separation) of the confact surfaces an electrical field arises in the gap. For a givenfield
strength, determined by the dielectric properties of the gaseous medium and the shape of the two surfaces,
there is a gas discharge in the gap between the surfaces, sharply increasing the ionic concentration, The
ions formed under the action of the electric field are adsorbed on the charged surfaces and the surface charges
are reduced.

The experimental apparatus used is shown in Fig, 2, The apparatus [3] consists of a pneumatictubel, in
which metal balls are accelerated by an air jet, On reaching the target 3, the balls acquire an electric charge.
The charged balls arrive at the electrode 4, are discharged, and fall into a bin, Balls of diameter 1.67-3.7
mm were used.

The conditions of contact between the metal ball and the target were varied in the experiment, and the
velocity of the ball varied between 1.6 and 8.3 m/sec.

The charge of the ball was determined from the area of the oscillogram obtained on contact with elec-
trode 4. The electric-charge density at the contaet was determined as the ratio between the charge of the
ball and the contact area,

The contact area is found by a method used in electrophotography [5]. The area charged in the contact
between the ball and the target forms a latent image, which is shown up by electrographic power and photo~
graphed through a microscope.

Experimental data in the form of the mathematical expectation of the electrie-charge density formed in
the contact between the ball and the target are shown in Fig, 3. For small contact areas (less than 10~° m?)
the charge density is approximately an order of magnitude larger than for larger surfaces. This is because
sparking of the gas discharge in the gap between the two surfaces is difficult if the contact area and hence the
volume occupied by the electric field are small. In this case the charge density is determined by spontaneous
electron emission due to the strong electric field in the gap [1, 3, 5].

For contact surfaces larger than 107% m? charge dissipation is mainly due to the gas discharge occurring
in the gap.
For comparison, Fig. 3 shows the limiting electrie~charge density (dashed line) calculated for an elec-

trie-field strength of 30-10° V/m for air,

Both in the region of spontaneous electron emission (contact area less than 10~° m?) and in the gas-
discharge region (contact area more than 10~% m?), the density of ions forming in the gap is independent of
the rate separation of the contact surfaces. This agrees with the physical model developed for the adhesion
of solids [1].
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It may be shown that the physical model developed for charging may also be used for a flux of dielectric
particles moving in restricted conditions. Because of turbulent inhomogeneity, the particles move from the
flow core to the wall, collide with the wall, acquire an electric charge, and return to the flow core. Because
of the collision the particle loses some of the energy that sustains the flow; there is a continuous dissipation
of energy from the flow core at the wall. One of the spectral components of the energy lost by the flow is the
electrical energy leading to the appearance of charging currents in the wall—ground circuit. Charge transfer
from the wall to the flow core occurs until electrostatic equilibrium is established, until the flow core has the
equilibrium electric charge for the given electrostatic conditions,

In turn, the increase in charge of the flow core leads to increase in particle concentration in the layer
at the wall and to change in the hydrodynamic flow parameters. In this case the two-phase flow is identical
with the so-called electric current of the flow. The electric charge carriers in this case are particles charged
as a result of contact with the wall,

In solving this problem it is assumed that the particle size is much less than the characteristic dimen-
sion of the system, that the particles are spherical, and that they move in the flow with the mean (over the
cross section) velocity. The single-component approximation is considered; i.e., it is assumed that the par-
ticles carry a charge of a single sign.

According to charge conservation, the current density in the flow and the bulk charge density of the flow
are related by the equations

le] = — .g(_IF_ s (11)
ot
Ip = vE + g0 (12)
Taking into account Eq. (12) in the conservation equation gives
div (yE) = div(g.0) + -2 — 0. (13)
F gt

Since qp=div (¢4E) and 8qF/8T= 0, Eq. (13) takes the following form for steady conditions of motion:
div (yE) -+ div (qu) =0. (14)
For a two-phase flow with a disperse medium of low electrical conductivity (y—0)
: div (¢,v) = 0. (15)
For nonsteady conditions of motion (aqF/a'r #0), Eq. (13) may be written for the case y—0 in the form
div jp = —div(go) (16)
Since Ip =Iy, Eq. (16) leads to an expression for the charging current:
o= div jp dV = div (gzv)dV. (17)
For steady motion, taking into account Eq. (14), the charging current density jgp=o0.

The motion of the two-phase flow occurs in conditions of electrostatic equilibrium and the perturbations
introduced in the flow lead to an electrical reaction of .the flow, tending to return it to the equilibrium state.
Tf the perturbations lead to increase in the bulk charge, the flow will lose charge, The amount of charge lost,
leading to discharge currents, is determined by the difference between the equilibrium charges before and
after the introduction of the perturbation in the flow, Conversely, if the perturbations lead to decrease in the
bulk charge, the flow acquires charges as a result of the triboelectric effect. In these conditions a charging
current is observed.

The process is self-regulating, so that the electric charge retained by the particle after separation of
the contact surfaces is determined by the electric strength of the gaseous medium. The electric-field strength
of the gaseous medium in the gap corresponds to the limiting electric-charge density on the surfaces after
separation (0fjy,)-

The limiting charge density on the surface of a particle moving in the flow is equal to the density of the
bound charges and the charge acquired by the particle as a result of contact with the wall

O 02 + 0 (18)
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Fig. 4. Charging current density for the acceleration
section of horizontal tube in the pneumotransport ofgran~
ulated polypropylene: 1) air velocity 30.5 m- sec™!; dis-
perse phase, granulated polypropylene dp=3.3" 1073 m),
viniplast tube; 2, 3, 4) air velocity 17.4, 12,9, 12,6 m -
sec™!, bulk flow rate coefficient 1,08+ 1073, 1,05-1073,
0.6°1073, respectively; disperse phase granulated poly-
propylene, organic-glass tube; a) experimental data.

For a flow bounded by a eylindrical wall of radius R, the charge density at the contact surfaces after
separation, taking into account polarization by the external field, is

6= o] 1+ 22RED) oot (19)

2e* (s + 2)
where € * is the dielectric permittivity of the two-phase system,

Since qF=GS'Pc, the limiting equilibrium bulk charge of the fiow is

'3RSpe(e— 1) 1!
=gq. 1 — .
% qm»SPC[ t et ] (20)
From Egs. (17) and (20) the current density as a result of charging is
i — Olim ps i{ {1 RSee—1) ]“1}_
Ie — Ror vc[ F o e T €19 (21)

The polarity (the direction of current flow) is determined by the behavior of the function ve =f{x); for a
decreasing function the material will acquire a charge (electrical charging currents) and for an increasing
function it loses charge (electrical discharge currents).

For numerical calculations the following flow parameters are introduced: i=vg/ v, the slip coefficient;
c =im0/gp, the concentration of (countable) solid particles in the flow; m0=Gs/Gg, the coefficient characteriz~
ing the bulk flow rate.

As established experimentally [4], in the acceleration section the slip coefficient is given by the expres~
sion
i=kxn, {22)
where k and n are empirical coefficients; x is the coordinate measured from the point of inlet of the solid
phase. Then Eg. (21) leads to the formula

. _ oymSpG, Brxn-!

ot QHRgi; (x* 4 B)e ’ {23)
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where

5 _ SRSpkmy(e—1) -
2gpe* (& +2)

The slip coefficient has been determined experimentally on horizontal pnemotransport equipment [4]
for particles of granulated polypropylene propelled by air in tubes of polymethyl methacrylate, viniplast, and
aluminum, The air velocity varied between 30.5 and 12,6 m/sec, and the volume-flow-rate coefficient be~
tween 3.38*107%and 0.6-10~3, The charging current density was calculated from Eq. (23) using the experi-
mental slip coefficient (Fig. 4). The results are in satisfactory agreement with experimental measurements
of the charging current in identical conditions [4].

It is evident from Eq. (23) that the charging current density, characterizing the electric-charge trans-
fer by the two-phase flow is determined by the hydrodynamic flow characteristics and the electrophysical
properties of the disperson (gas) medium. The results are correct for contact surfaces of electrical resis~
tance more than 10° Q,

NOTATION

o, electric-charge density; Sp, area of contact surface; E, electric-field strength; Eg, electric-field
strength in the gap between the surfaces; rg, radius of contact surfaces; v, electrical conductivity of contact -
surface; vy, separation rate of contact surfaces; ¢, relative dielectric permittivity of particle material; €,
dielectric permittivity in vacuum; e, unit electric charge; z, number of unit electric charges in the flow; n(v),
bulk concentration of ions in gap between surfaces jp, current density of flow (flow current referred to cross-
sectional area); qp, bulk charge density of flow; v, mean charged-particle velocity taken over the cross sec~
tion; Ie, charging current; Iy, flow current; j,, charging current density (charging current referred to wall
surface); of, charge density due to polarization of particles by external electric field; v, current velocity
gas velocity); Gg, Gg, bulk flow rate of gas and solid medium; gp» particle volume; 1, tu%e length,
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