HEAT EXCHANGE OF GAS-DISPERSE SYSTEMS
IN A UNIFORM ELECTRIC FIELD
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The results are presented for an experimental study of the effect of the self-oscillating mo-
tion of a disperse material, produced by the effect of a uniform electrostatic field, on the
intensity of heat exchange during free convection in a closed volume.

The method of intensification of heat exchanged based on the effect of electric fields is distinguished
by high efficiency and requires very slight energy expenditures. Its potentialities have been rather fully
revealed in application to processes of heat exchange in homogeneous media (dielectric liquids and gases)
and in emulsions and suspensions [1, 2]. The effect of an electric field on heat exchange in gas-disperse
systems has not been studied, however, although the fact of the self-oscillating motion of solid particles
in the electric field of a flat capacitor is the subject of theoretical studies [3] and finds practical applica-
tion in instrument manufacture {4] and in granulometric analysis [5].

For the specific filling of this gap the authors have attempted to clarify the possibilities of the inten-
sification of heat exchange in a gas suspension confined in a closed volume through the effect on the dis-
perse system of electric fields of different strengths. The oscillatory structure formed in this case can
be considered as the limiting structure of a flow system with zero average velocity (with respect to the
flow rate) of the solid and gaseous phases at concentrations characteristic for the flow of a gas suspension.

The experiments were conducted in a horizontal capacitor (Fig. 1) for which a transparent confining
ring 1 served as the lateral surface. The temperature drop between the heat-emitting disk 2 and the high-
temperature electrode-cooler 4 was kept constant. The temperature of the disk and ring was monitored
with thermocouples while that of the high-voltage electrode was taken as equal to the temperature of the
thermostatic liquid (transformer oil) in the cooler. The presence of the guard heater R, allowed one to
assume that the heat emitted by the main heater Ry, except for losses through the ring, is taken up by the
cooler.

The conductive and convective heat losses through the thermally and electrically insulating ring were
measured directly and also calculated and allowed for in the analysis of the experimental data. A stabilized
rectifier which provided smooth regulation of voltage of both polarities was used as the source of high volt-
age.

Preliminary experiments on the selection of the dispersed material showed that the use of dielectric
particles to create the gas suspension is not possible. The self-oscillating motion of particles of barium
oxide, corondum, and glass observed at first soon changed to the motion of whole aggregates and to clearly
expressed structure formation. Here the particle sizes were varied within wide limits: from 1-3 u for
glass to 500 u for barium oxide. The most suitable materials from the standpoint of stability of motion
proved to be powders of metals, semiconductors, graphite, and several electrically conducting minerals.

The manganese minerals psilomelane (p = 3100 kg/m3; o =0.1 Q~1-m™1) and pyrolusite (p = 4300 kg
/m®; o=01q7! -m™!) were used from considerations of mechanical strength and simplicity of obtaining
powders of monofraction composition by the sieve method. The effects of the field strength, concentration
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Fig. 1. Diagram of instrument: 1) confining ring; 2)
heat-emitting plate containing thermocouples; 3) as-
bestos board insert containing a hyperdifferential
thermocouple to monitor the heat flux between heaters
Ry and Ry; 4) high-voltage electrode-cooler.

of the dispersed component, particle size, and size of the interelectrode gap on the heat exchange in an
electric field were studied for these substances.

The experiments were conducted under conditions of a stationary thermal mode with a constant tem-~
perature head tywa — tywg. The power of the main and guard heaters, the temperatures of the heat-emit-
ting surface, the ring, and the transformer oil before and after the cooler, the voltage on the high-voltage
electrode, and the convective current produced by charge transport by the moving particles were mea-
sured.

The experimental data were analyzed initially in the form of the dependence of the ratio Qe/Qq of the
heat flux intensified by the motion of the particles to the heat flux in pure air on the field strength, the
size of the particles, and their volumetric concentrations (Fig. 2a). Since At =t;wa— tywa = const, Qe
/Qy = ag/a,, where ag and o are the effective heat exchange coefficients of the disperse and pure gas
media, taking into account the effect of conductive, convective, and radiative mechanisms of heat transfer
under the conditions of the experiment. According to Fig. 2a an intensification of heat exchange occurs
with an increase in voltage, which is connected with the observed increase in the frequency of the particle
oscillations. Tor the psilomelane and pyrolusite fractions studied the intensifying effect is caused by the
disturbance and mixing of the disperse medium and by radiative heating of the particles. The ratio of the
charge acquired during contact with the electrode to the mass of the particles increases with a decrease in
the diameter of the latter. For this reason the smaller particles are more mobile for different parameters
B8 and E, which causes greater intensification of the heat transfer.

An increase in heat transfer takes place with an increase in the concentration of particles up to a
certain limit corresponding on the average to the upper boundary of the existence of the gas suspension
Bor = 2.0-3% [6]. Then stabilization or even reduction of the heat exchange is observed, which is also
characteristic for flowing disperse systems in the region of increased concentrations (8 > 3%) in so-called
fluidized streams. The intensification of heat exchange with an increase in # in the first region is caused
by an increase in the number of particles and their disturbing effect while the effect of stabilization and
reduction in the intensity of heat exchange may be connected with a strengthening in the constraint, de-
terioration in the exchange of the fine component, and a decrease in the average velocity of the motion of
the dispersed phase.

Results analogous to those presented in Fig. 2a for psilomelane were also obtained for pyrolusite,
which indicates the weak effect of the electrical conductivity and density of the material in the ranges
covered by the experiments. Variation in the polarity of the voltage, in the temperature head from 35 to
65°, and in the height of the gap in the range from 6 to 11 mm also did not have a marked effect on the heat
exchange. Therefore the further experiments were conducted with constant negative polarity, tempera-
ture head (55°), and interelectrode gap of 9 mm.

A criterial analysis of the experimental data was conducted in the form of the dependence Nug = cRe™:
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Fig. 2. Dependence of relative heat exchange (a) and density of
convection current (b) on electric field strength, volumetric par-
ticle concentration, and particle size of psilomelane: 1-4)d
=354 u; 5-8) dp = 158 p; 9-12) dp =84 p; 1,5,9) E = 5.2kV/cem;
2,6,10) E =6 kV/cm, 3,7, 11) E=7.5kV/cm; 4,8,12) E = 9 kV
Jem. B, %B; j, A

Nug= _“%dg; Re= “adp

v

The heat exchange coefficient entering into the Nusselt number was determined from the equation
e = Qp/ Fltywa — tawa). The reduced air velocity, related to the average particle velocity by the equation

S v (1)

a— 2
is used in the Reynolds number. It is roughly assumed that a moving particle entrains a volume of air
equal to half of its own volume. In this case the principal difficulty consists in the determination of x_/p.
Solving the equation of motion of a single particle for the conditions under consideration without allowance
for the forces of aerodynamic resistance, an estimate of which indicates that this force is negligibly small

d% gE
i m
one can obtain an expression for the period of oscillation of the particle
2mh 2mh
T = :/ N .
} GE—mg © l gE -~ mg

Here allowance is not made for the time the particle spends at the surface of the electrode during the col-
lision and charge exchange, a negligibly small value on the order of 107%-107° sec [5].

The charge acquired by an electrically conducting spherical particle during contact with the electrode
in a uniform electrostatic field depends on its size, the dielectric properties of the medium, and the field
strength and equals

‘ 1
g = —g—n‘*seodéE. (2)

The average velocity Vp is connected by an obvious dependence with the height of the gap and the oscilla-
tion period: sz = 2h/T. Hence the following dependence will be valid for the reduced velocity of the air:

U,= (3)

l/ e l/ qu_n E

with the condition that the particle motion is unrestrained.
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Fig. 3. Heat exchange of gas-disperse systems in a
uniform electric field: a) air velocity determined
from experimental values of convective current (Eq.
{(4)); b) air velocity determined from equation of par-
ticle motion according to Eq. (3); 1-12) pyrolusite;
13-24) psilomelane; 1-4, 13-186) dp = 354 u; 5-8, 17~
21) dp =158 u; 9-12, 21-24) dp =84 pu; 1,5,9,13,17,
21) E = 5.2 kV/cem; 2,6,10,14,18,22) F = 6 kV/cm;
3,7,11,15,19,23) E = 7.5 kV/cm; 4,8,12,186, 20, 24)
E = 9kV/cm.

Equation (3) is valid for the condition of the independent motion of the particles in a uniform electro-
static field. Under real conditions, however, the density of the current produced by the motion of the ag-
gregate of particles generally varies nonlinearly with an increase in their concentration. Since the con-

nection between the convective current density and the average velocity of N particles is determined by the
dependence

. Ngo,

foom —L P 4

=T “
one can calculate Vp from the experimental values of j up to B = 2-3%, where the analogy between the in-
crease in heat exchange (Fig. 2a) and the convective current density (Fig. 2b) is qualitatively preserved.

The intensity of the motion of the dispersed material and consequently of the heat exchange is closely
connected with the charge transfer, therefore Eq. (4) can also be extended to the case of constrained mo~
tion. The value of Vp obtained from (4) from the experimental value of the current can be considered as
the average particle velocity with allowance for constraint. Expressing N through the concentration, we
finally obtain from (1), (2), and (4) an expression for the reduced air velocity
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In the analysis of the experimental data by this method an additional effect of the voltage and the particle
size was discovered, which was accounted for by the simplex E¢/E and the Archimedes number.

The voltage E; corresponds to the start of the self~oscillating motion of the particles and is deter-
mined with sufficient accuracy by the equation [4]

513 Vg
Eez_—wg‘i{_—%.

The criterial equation
05 Eo
Nue: 1620 Re Ar—0-8 '-E—

obtained in this way describes the heat exchange with the horizontal surface of a slot channel under condi-
tions of electroconvection of dispersed material of pyrolusite and psilomelane with a maximum error of
10% for the condition g = Ber and is valid in the range of variation of the other parameters studied (Fig.
3a). The mean geometric diameter of the particles is taken as the determining dimension. The thermo-
physical properties of the air were determined from the average temperature of the electrodes.

The necessity of the experimental determination of the convective current is a well-known drawback
of the method of analysis adopted. If the gas velocity in the Reynolds number is calculated from Eq. (3)
the need for an experimental determination of the convective current is removed. In this case the results
are approximated with an error of up to 25% by the dependence (Fig. 3b)

Nitg = 0.392 Re031,

1t follows from the above that the self-oscillating motion of the dispersed material in a uniform
electrostatic field under conditions of free convection considerably improves (by 3-18 times) the heat ex—
change with the gas; the intensifying effect of the field depends to a large extent on its strength and on the
concentration and sizes of the particles; a limiting value of the concentration exists, approximately coin-
ciding with the well-known value for continuous streams of a gas suspension, and exceeding it leads to
stabilization of the heat exchange or to its worsening; the analogy between the transport of heat and charge
makes it possible to generalize the experimental data by a single criterial dependence for the particles
studied which differ in electrophysical properties. '

NOTATION
E is the electric field strength;
m and dp are the mass and diameter of particle;
pand o are the density and electrical conductivity of dispersed material;
B is the volumetric concentration of dispersed phase;
T is the period of particle oscillation;
Vp and q are the average velocity and charge of particles;
£ is the relative dielectric permeability;
F is the area of heat~emitting surface;
vy is the reduced velocity of air;
h is theheight of gap between electrodes;
tywa and towsg are the temperatures of heat-emitting and heat-receiving surfaces;
g is the acceleration of free fall;
Re is the Reynolds number;
Nu is the Nusselt number.
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