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Abstract-The paper deals with the study of heat transfer and hydromechanics ofgas-disperse flows under the 
action of a transverse electric field. An analysis of the specific features of aerosol flow at different relationships 
between the electric and hydrodynamic forces acting on particles is carried out. The conditions have been 
identified which provide the use of an electric field at maximum efficiency for the enhancement of heat transfer 

to gas suspension flows and of the intercomponent heat transfer. 

INTRODUCTION 

THE EFFECT of electric fields on heat transfer of gas- 
disperse systems rests on a change in the hydro- 
mechanics of flow due to the motion of particles under 
the action of Coulombic forces. The available 
publications pertaining to the effect of fields on gas- 
disperse flows deal with both the problems of 
generation or elimination of triboelectricity [l-4] and 
the study of flow electrization by applying a potential 
difference between the electrodes in a duct [S]. In both 
cases, an increase in the hydraulic losses for suspension 
transport is observed as well as the similarity between 
the transverse distributions of true volumetric 
concentrations of particles characterized by the 
presence of a minimum in the central regions of a duct 
c4, 51. 

The study of the effect of electric fields on convective 
heat transfer and hydraulic resistance of a gas 
suspension, containing spherical glass particles (& 
= 30 pm), in a rectangular duct in the ranges of flow- 
rate mass concentrations /1 = O-2.5 and of the 
Reynolds numbers Re, = 1460-5840depending on the 
polarity andfrequency(O6OHz)ofthe 7.9 x lo5 Vm-’ 
electric field, have shown that the enhancement of the 
test section length-averaged heat transfer amounts to 
60x, while the local heat transfer characteristics were 
not studied [S]. No study has also been made of the 
possibility for the enhancement of heat transfer in flows 
with electrically conducting particles whose inter- 
electrode motion, as compared with dielectric 
dispersed material, is distinguished by a higher 
intensity and stability due to a rather rapid inductive 
recharging of particles for the time of elastic collision 
with the electrode [6]. 

In this work the main attention was paid to the study 
of local thermal and hydrodynamic characteristics 
determining the specific features of electric field effect 
on heat transfer in gas-suspension flows containing an 
electrically conducting dispersed component. 

EXPERIMENTAL APPARATUS AND 
MEASUREMENT PROCEDURE 

The experiments were carried out in a loop closed for 
a dispersed component and open for air (Fig. 1). By 

means of a screw feeder @ rotated at a variable speed 
the dispersed material was supplied to an air flow 
delivered from compressors through a receiver and a 
system of pressure regulators @ into the lower part of 
the test section 0. Having passed the removable test 
section, @ and 0, the gas suspension entered a cyclone 
@ (Fig. 1). The dispersed material gave up heat in a 
refrigerator @, entered a feeder bunker 0, while the air, 
which had passed through an orifice plate 8, was 
vented to the atmosphere. 

FIG. 1. Schematic of the experimental apparatus: @ electric 
heater ; @ lower portion ofthe test section for the investigation 
of intercomponent heat transfer in an electric field ; 0 screw 
feeder ; @ upper portion of the test section for theinvestigation 
of the hydromechanics in an electric field ; @I cyclone ; @ 
refrigerator; 8 particle circulation meter; @ feeder bunker; 
8 orifice plate; @ static pressure tapping; @I battery 
manometer; @ microammeter; @ electrostatic kilovolt- 
meter ; @ high-voltage source ; @ ballast electrical resistance ; 
@ micromanometers; QJ site of movable thermocouple 
insertion; @ Wattmeter; @ voltage regulator; @ high-voltage 

bushing ; @ pressure divider ; @ pressure regulators. 
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NOMENCLATURE 

width of plane channel 
specific heat 
drag coefficient for flow around a particle 
hydraulic diameter of duct 
mean particle diameter 
electric field strength 
viscous resistance force acting on particle 
mass flow rate of component 
acceleration due to gravity 
interelectrode gap 
parameters of the linear approximation of 
viscous resistance force acting on particle 
duct length 
mass of particle 

Nusselt number, Nun = y, Nu, = F 

<Nu) Nusselt number averaged over test section 

P 
4 
4w 
QX 

Re 

t 
u 
V 

vb 

WP 

X 

Y 

length 
pressure 
particle charge 
specific heat Aux on duct wall 
volumetric particle flux to duct wall 

Reynolds number, Re, = p, Re, = (Uf 
” 1’ 

temperature 
voltage across electrodes 
velocity 
particle suspension velocity 
particle volume 
longitudinal coordinate 
transverse coordinate. 

Greek symbols 

; 

heat transfer coefficient 
true volumetric particle concentration 

volumetric flow-rate particle 

concentration G,p 
’ GP, 

differential distribution of particle 
tribocharges 
relative dielectric permittivity of gas 
dielectric permittivity of free space 
thermal conductivity 

flow-rate mass concentration, 2 

kinematic viscosity of gas 
duct perimeter 
density 
viscous stress at duct wall 
time 
reduced density of the flux of charged 
particles to duct wall 
area of duct cross-section 

Subscripts 
D quantity based on hydraulic diameter of 

duct 
E electric field 
f quantity characterizing pure gas motion 
S dispersed component 
x projection of vector on x axis 

Y projection of vector on y axis 
1 preliminary charged particles 
2 recharged particles. 

Superscripts 
- quantity averaged over the duct cross- 

section 
value at duct entrance 

* dimensionless quantity. 

The test section for the investigation of the 
hydromechanics and intercomponent heat transfer of a 

(p+dp)n = pa+ $d/3+-oJTdx+pgRdx 

gas suspension consisted of two parts : thelower one 0 
(Fig. 1) in the form of a rectangular 5 x 50mm duct 0.3 m 

(pr + dp,)Q = p,R + o,,$I dx + pgR dx. (1) 

long and the upper one @I in the form of a coaxial 
Assuming, in the first approximation, the validity of the 

channel (D,/Dz = 25137.5 mm) 2 m long. In hydro- 
additive superposition principle for hydraulic losses 

mechanical experiments the flow rates of air, G, [7], i.e. a, = (~,,r, the relations were obtained for the 

and of the dispersed material, G,, the static pressure 
calculation of the true volumetric concentration in a 

drop Ap, steady electric field strength U, and 
duct from theexperimentallymeasured distributions of 

convective electric current were measured. Owing to pressure losses. Taking into account the linear 

the difficulty of direct measurements of the local approximation for the viscous resistance force [8], the 

hydromechanical characteristics of gas suspensions in following relation was obtained for the Stokes and 

narrow interelectrode gabs. these characteristics were 
transition flow regimes around particles 

obtained by simultane%& solving the equations of 
motion for a carrier medium and pure gas 

UP P fl=--- d,’ W-p,) 

v-v0 ps 
+ 

18pvk,(tT-vv”) dx (2) 
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where u’ and k, are calculated with regard for the 
maximum and minimum relative velocities of dispersed 
material by the relations from ref. [S]. For the self- 
similar law of flow around particles (Re, > 103, cf 
= 0.43) 

-P2 ; 

2 

()I . (3) 

The validity of the relations obtained was confirmed 
by the measurements of length-averaged volumetric 
concentrations of particles with the use of the cut-off 
method realized in the lower part of the test section (Fig. 
1). The uncertainty of calculation of the cross section- 
averaged volumetric concentrations of particles 
according to relations (2), (3) was within +5%. The 
hydromechanical measurements were conducted in the 
upper part of the test section @ (Fig. 1) with spherical 
bronze particles of& = 141 pm within the ranges of Re, 
numbers Re, = 4 x lo3 - 1.8 x 104, flow-rate mass 
concentrations p = O-13 and electric field strengths 
E = &lo6 V m-‘. 

For the investigation of the intercomponent heat 
transfer, the measurements were carried out in the 
lower part of the test section @ (Fig. 1). Air, before it was 
mixed up with the particles, had been heated in a 
tubular electric furnace 0. In the course of the 
experiments the measurements of the following 
parameters were made: the temperature of particles 
that entered the duct, the temperature of air over the 
height of the test section, high voltage, flow rates of the 
components, pressure losses in the test section, water 
flow rate in the refrigerator @ and power input to the 
electric heater 0. The distribution of temperatures of 
the gas component over the test section height was 
measured by a moving sheathed thermocouple 
introduced into the flow through a plug @J (Fig. 1). The 
dispersed material consisted of bronze particles with 
& = 255 pm. The experiments were carried out within 
the ranges of Re, = 104-2.5 x 104, mass flow rates p = 
C2.5 and field strengths ,!? = &lo6 V m-l. With re- 
gard for negligible heat losses through the walls of the 
lower part of the test section, the dispersed material 
temperature and the quantity of heat transferred to it 
were calculated from the heat balance equation. The 
surface ofthe dispersed material and its relative velocity 
were determined from the true volumetric concen- 
tration fl calculated by relation (2). The intercomponent 
heat transfer coefficients were calculated by the 
quantity of heat transferred to the dispersed material, 
by its surface area and mean logarithmic temperature 
difference between the components. 

For the investigation of heat transfer to a gas 
suspension Bow, the version of the test section in the 
form of a coaxial duct (DJD, = 25/37 mm) was used 

FIG. 2. Test section for the study of heat transfer to a gas 
suspension in an electric field : @ high-voltage electrode ; @ 
insulating flange ; @ inner heat releasing electrode ; @ electric 
heating coil ; @ thermocouples ; @ leads of thermocouples, 
electric heater and of earth; @J switcher of thermocouples ; @ 
cold junction of thermocouples; @ potentiometer ; @ high- 
voltage bushing; Q Wattmeter; @ voltage regulator; @ 

microammeter ; @ static pressure tapping. 

(Fig. 2). The walls of the lower portion-the section of 
hydrodynamic stabilization 0.6 m long-were earthed 
through a microammeter @ (Fig. 2). This section served 
also to tribocharge the particles during their pneumatic 
transport. The upper portion L = 1.5 m long consisted 
of an inner heat releasing @ and outer high-voltage @ 
electrodes. The earthed tube @ contained an electric 
heater 8, which provided the boundary condition 
q, = const., and thermocouples @ which were em- 
bedded along the heat transfer surface length. In the 
experiments, the flow rates of the components, pressure 
losses over the test section, inlet gas suspension 
temperature, heater power, readings of thermocouples, 
and high voltage were measured, the water flow rate in 
the refrigerator @ (Fig. 1) was controlled as well as the 
current over the tribocharging section. The dispersed 
material consisted of corundum particles with & = 
78 pm and steel particles with dS = 75 and 141 pm. 
The experiments were run within the ranges: Re, = 
3 x 103-1.3 x 104, p = CL8 and E = O-lo6 V m-l. The 
local heat transfer coefficients were calculated, 
neglecting the temperature slip of the components, 
from the values of qw and from the difference between 
the wall temperature and enthalpy-averaged gas 
suspension flow temperature at the section considered. 

EXPERIMENTAL RESULTS 

In investigating the heat transfer to a gas suspension 
flow with corundum particles it has been found that 
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over the tribocharging section these particles acquire 
the positive charge as a result ofwhich, in the case of the 
like polarity of the high-voltage electrode, the dispersed 
material moves radially toward the heat transfer 
surface (Fig. 2). The change of polarity leads to a 
decrease in heat transfer as compared with the case of 
no external held. An alternating 50-Hz field does not 
exert any appreciable effect on heat transfer to a gas 
suspension with dielectric particles. 

The specific features of the steady electric field effect 
on the local heat transfer of a gas suspension containing 
corundum particles (Fig. 3) correspond qualitatively to 
the longitudinal distributions of the flow density of 
glass particles toward a duct wall, @,, found in ref. [S]. 
Thus, the maximum heat transfer in the region x/D 
= 20-25 (Fig. 3) is explained by the influx of charged 

particles to the heat transfer surface, after which the 
tendency is observed toward heat transfer stabilization 
as a result ofthe recharging ofdispersed material and its 
motion in the direction of the high-voltage electrode. 
The value E = 7 x lo5 V m- ’ is an optimum one, since 
at higher values only the redistribution of the heat 
transfer coefficients occurs with the mean value 
remaining the same (Fig. 3). When the flow-rate mass 
concentration of dispersed material increases up to 
TV N 6 at fixed field strengths, an increase in the relative 
heat transfer coefficient is observed which at p > 6 is 
replaced by the self-similarity c( JCQ with respect to the 
flow-rate concentration of particles. The maximum 
heat transfer enhancement occurred in the case of the 
minimum velocity of pneumatic transport (Re, = 
4.6 x 103). At the flow velocity of Re, = 1.5 x 104, the 
electric held effect on heat transfer did not exceed 10%. 
A comparison between the increase of the relative gas 
suspension flow heat transfer and the relative increase 
of the aerodynamic resistance in the electric field shows 
a higher rate of increase of heat transfer. For example, a 
43% increase of c(e is associated with a 10% increase in 

AP. 

Taking into account the fact that the use of a gas 
suspension with electrically conducting particles as a 
heat transfer agent is more efhcient as compared with 
dielectric particles, gas-disperse systems with a 
conducting solid component were used in further 
investigations. Just as in the experiments with dielectric 
particles, the influence of the field on heat transfer to a 
gas suspension flow with electrically conducting 
dispersed material is most effective at minimum, for the 
pneumatic transport, Reynolds numbers (Re, = 
3 x 103). The degeneration of field effect on heat transfer 
to a gas suspension occurs at Re, > 1.5 x 104. The 
longitudinal distributions of local heat transfer 
coefficients in a steady electric field are shown in Fig. 4. 

The effect of the alternating 50-Hz field on heat transfer 
to a gas suspension with steel particles of & = 14 1 pm is 
insignificant, while with particles of d, = 78 pm it is 
similar to that found for the case ofa steady field (Fig. 4). 
although less effective. Taking into account the fact that 
at I? = 7 x lo5 V rn~-’ there are as yet no random 
electric breakdowns, the empirical relations for the 
calculation ofthe length-averaged relative heat transfer 
and hydraulic resistance of a gas-suspension of steel 
particles with dS = 75 pm in an alternating electric field 
have been obtained for this field strength and the 
numbers Re, = (3-6.5) x 103, p = 0.558 

(Nun,) ___ = 390 x ~~nO.68 #.36 
<Nun,) 

(4) 

AP, _ = 2450 Re, 0.85 #.= 
APT 

(5) 

which correlate the data for the alternating 50-Hz held 
to within f 10%. 

In a steady electric field with E = (3.3-6.7) x 10” 
V m-’ within the ranges Re, = (3-6.5) x 103, p = 
0.5-8 for two fractions of steel particles with $ = 75 
and 141 pm, the empirical relations have been obtained 
for the calculation of the mean heat transfer 

(NUDE) -~I.75 

___ = 3.77 x 107Re~~o~2 
<Nu,) 

(6) 
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FIG. 3. Local heat transfer to gas-suspension flow contain- 
ing corundum particles vs steady electric field strength 
(Re, = 4600). (1) /I = 0, z!? = 0; (2-8) /I = 6, .? = (0, 0.5, 0.8, 

(1.5,4,7,10)~10~Vrn~~. 

X/D 
FIG. 4. Distribution of the coefficient of heat transfer to a gas 
suspension flow (Ren = 3 x lOa, p = 4) containing steel 
particleswith& = 75pmdependingon thesteadyelectricfield 

strength; (14) E = (0, 1,4, 5) x lo5 V m-‘. 
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Reo x 10-s 

FIG. 5. Dependence of the exponents I and kin equation (7) on 
the relative dimension D/d, and Re, number. I 1 

0 1 

x (m) 

FIG. 7. Experimental and calculated [lo] longitudinal 
distributions of the cross-section-averaged concentrations of 
particles 01 = 1; Re, = 1.15 x 104). (1 and 2) _I? = 0; (3 and 4) 

E= 106Vm-‘. 

with an error of _+ 15% and of the aerodynamic 
resistance 

APE 
D 

_ = 3.15 x 10e5 Rehpk =- 0 
3.84 E 

APT 4 E, 
(7) 

with an error of f 20%. The value 

1.07 x 105& (8) 
profiles representing the volumetric concentrations of 
particles ‘disappears’ and a minimum ‘remains’ in the 
central sections of the duct [Fig. 6(b)]. At Re, > 104, 
the configuration of the longitudinal distributions of 
concentrations corresponds to the profiles of fl in an 
electrically neutral gas suspension (Fig. 7). At Re, > 
1.8 x 104, the electric field effect on the Aow 
hydromechanics becomes insignificant. 

In the experiments on the intercomponent heat 
transfer in an ascending gas suspension flow, the 
maximum effectiveness of the field influence on the 
heating of a dispersed component amounts up to 150%. 
The results of data processing in the form of the 
relationships between the intercomponent heat 
transfer rate (Nu,) in an electrically neutral flow and the 
relative velocity of particles (Re,) agree with the 
correlations for anonrestricted gas suspension [7]. The 
data on the intercomponent heat transfer in an electric 
field for the following ranges of parameters : 120 < Re, 
< 300; 3.5 x 10-4 < fl< 3 x 10-3; O<E< 106 

is the scale of the electric field strength and is 
determined from the equality of the gravity and 
Coulombic forces [9]. The exponent n in equation (6) is 
a linear function of strength and is equal to - 1 and 
-0.7 at E = 6.7 x lo5 and 3.3 x 10’ V m-l, respect- 
ively. The exponents I and k in equation (7) are the 
functions of the particle size and Re, numbers and 
are determined from the plots presented in Fig. 5. 

The measurements of the longitudinal distributions 
of the duct cross-section-averaged hydromechanical 
characteristics of gas-suspended bronze particles 
(& = 141 pm) indicate that the values of their true 
volumetric concentrations exceed the corresponding 
values in electrically neutral flows. The specific features 
of the field effect on the longitudinal distributions offlat 
Re, = 6.7 x lo3 are shown in Fig. 6(a). At Re, > 
8 x 103, the local maximum in the longitudinal set of 

I Reo = 6700 
Al A3 
A2 A4 I 

0 - 2 

(a) x (m) 

-1 
0 1 2 

(b) x (m) 

FIG. 6. Electric field effect on the longitudinal distribution of the cross-section-averaged volumetric 
concentrations of particles in the condition8 of ascending pneumatic transport. (l)-(4) p = 1; i? = (0,4, 7.3, 

10) x lo5 V m-l; (a) Re, = 6.7 x 10’; (b) Re, = 8.25 x 10’. 
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V m-l, have been correlated to within + 11.5% by 
the equation 

Nu, = 4.27 x 10-j Re;.” fl-“,“” (9) 

An increase in the amount of heat transferred to a 
dispersed material in an electric field and a decrease of 
thelog-mean temperature differenceare ‘compensated’ 
by the extension of the heat transfer surface due to a 
growth of the true volumetric concentration of 
particles. Moreover, because of the rise of the relative 
velocity of components in the field, the calculated value 
of Nu, corresponds to the greater values of Re,. As a 
result, the existence of a strong field around gas- 
suspended particles does not vary the rate of 
intercomponent heat transfer and this is indicated by 
the absence of .i? in equation (9). 

ANALYSIS OF RESULTS 

In the region of the predominant effect of 
hydrodynamic forces on particles in gas-suspension 
flow as compared with electric forces (Re, > 104), the 
dispersed component is accelerated by a gas flow 
between successive collisions with the duct electrodes. 
The dynamic equilibrium develops over the stabilized 
section : the velocity acquired by a particle between two 
successive collisions with the wall decays after the 
particle impact on the electrode. Proceeding from these 
physical concepts, a procedure has been developed for 
the calculation of the longitudinal distributions of 
cross-section-averaged hydromechanical characteris- 
tics of a gas suspension in an electric field [lo] based on 
the solution of the dispersed component motion 
equation. The resulting longitudinal sets of profiles for 

the volumetric concentration ofparticles correspond to 
the data obtained in the range Re, = 104-1.8 x lo4 

(Fig. 7). 
With a decrease in the gas-disperse flow velocity 

down to Re, = 8 x 103, the electric forces become 
commensurable with the aerodynamic ones and this 
leads to an increase of the relative quantity of charged 
particles, their involvement into the interelectrode 
motion and to an increase in the volumetric 
concentration of dispersed component in the upper 
portion of the duct [Fig. 6(b)]. This was verified by 
calculating the motion of spherical bronze particles 
withd, = 150pmandp, = 8.84x 103kgmm3underthe 
conditions of ascending pneumatic transport in a plane 

vertical channel h = lo-’ m wide in the presence of a 
7 x lo5 V m-’ electric field and in its absence. The gas 
flow was considered in the piston flow approximation, 
Re, = 6 x 103, the coefficients of the reduction of 
normal and tangential velocities were equal to k, = 0.4 
and k, = 0.7. It was assumed that the particles enter the 
section of field effect as uncharged at the absolute 
velocities u, ,.lXZo = 0 and 0.7 m s- ’ and in different 
directions with respect to the duct axis. In order to 
shorten the amount of computation, the introduction 
of a dispersed component was assumed to be concen- 
trated in four places, while the transverse veloci- 

ties of particles were assumed to be equal to L’,,~ = 0 
and kO.05 m s- ’ before their first collision with the 
wall as a result of which the dispersed component 
acquires a specific charge which can be calculated by 
the method suggested in ref. [9]. In order to obtain the 
averaged characteristics of the motion of particles and 
compare the results of computer experiment with the 
test data, the spatial-temporal averaging [l I] was 
carried out. The longitudinal distributions of the cross- 
section-averaged volumetric concentrations of par- 
ticles both in the presence of electric field and in its 
absence (Fig. 8) agree qualitatively with the 
experimental data at Re, = 8 x 103-IO4 [Fig. 6(b)]. In 
these conditions, in the course of simultaneous 
pneumatic transport ofcharged and electrically neutral 
particles, the previous tendency toward the accelera- 
tion of dispersed component is replaced, with the 
charging of the latter, by retardation and hydro- 
dynamic stabilization. 

A further decrease in the gas suspension velocity 

down to Re, < 8 x lo3 leads to the predominance of 
electric forces, acting on the particles, over the 

hydrodynamic ones and to the manifestation of the 
specific distributions of hydrodynamic characteristics 
along the duct length [Fig. 6(a)] that cause a respective 
configuration of the longitudinal heat transfer 
coefficient profiles (Fig. 4). The higher effect of 
Coulombicforces, as compared with the hydrodynamic 
ones, is favoured by flow laminarization as attested by 
the experimentally found jump-wise change in the gas 
suspension friction factor at ReD < 8 x 103. The change 
in the modes of air flow and heat transfer in a plane duct 
was studied in work [ 121 where it was shown that at not 
very high Reynolds numbers (Re, < 2 x lo”), the 
laminar flow transition into the turbulent one began at 
a significant distance from the entry section and the 

I I 

4 
12 

4 
1 

I ---__ 
I I 1 / I 

0 5 10 15 20 x0 

x/h 

FIG. 8. Longitudinal distributions of the cross-section- 
averaged volumetric concentrations (1 and 6) and reduced 
densities of the flow of particles to the duct wall (7 and 8). (l-3) 
E = 0;(2,4-8)E = 7x 10SVm-‘;(1,2,5,7)~S,,,,=, = 0;(3,4, 
6, 8) l).,Ilr=O = 0.7 m SC’; (l-4) results of computer 
experiments; (5, 6) calculation by relation (IO); (7, 8) 

calculation of @, by relations (23) and (17). 
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transition region was rather large (x/D > 10). The 
turbulent mode of flow develops in the boundary layer 
actually as soon as ReD becomes higher than 105. 

In the conditions of a decreasing effect of turbulent 
fluctuations of the carrier medium on the motion of 
particles, the occurrence of local maximum on the 
profiles of volumetric concentrations and heat transfer 
coefficients in an electric field [Figs. 6(a) and 41 was 
considered from the viewpoint of the formation of 
dipoles on particles during their entry into the 
interelectrode region and departure from the longi- 
tudinal direction as a result of interaction with an 
inhomogeneous field at the entrance into the test 
section. The assessment of the interaction between the 
induced dipole in the system of the electrodes ‘semi- 
plane against plane’ and an inhomogeneous electric 
field shows that the deviation of the particle velocity 
vector direction from the original one, with the above 
effect taken into account, does not exceed 3” at Re, > 4 
x 103. This testifies to an insignificant effect of the 

polarization mechanism on the hydrodynamic be- 
haviour of aerosol in the entry sections of the duct. 

The formation of the local maximum on longitudinal 
profiles of concentrations [Fig. 6(a)] due to the 
replacement of particle retardation by their accelera- 
tion is attributed to the fact that an electrically 
conducting dispersed component enters the section of 
field effect as having been already charged during 
pneumatic transport-a fact noted, e.g. in ref. [4]. In 
this case the cross-section-averaged volumetric 
concentration of a dispersed component in the section x 
is comprised of the volumetric concentrations of 
previously charged and of recharged particles 

$=&&(:-Q’>++J 

=&[l+Q:(tt-I)]. (10) 

The reduced volumetric flux of previously charged 
particles at the distance x from the entrance into a plane 
duct of height h and width b (Q = hb) is determined by 

(11) 

where 7 is the time of particle motion before its collision 
with the wall. For the calculation of the reduced density 
of the flux of previously charged particles to the 
electrode 

@.=;I;y(q)(-!$dy (12) 

it is necessary to have the dependence of the charge 

magnitude on the transverse and longitudinal distances 
traversed by a charged particle prior to its collision with 
the wall. For this purpose, the equation of the 
transverse motion of particles in a plane vertical duct 
was solved 

%,a 
m - = qE - k(v,,, -v”) 

d7 
(13) 

7 = 0, VSYl = 0, y = 0, 

from which it was obtained that 

mBy 
1 

-kv” , 1 (14) 
7- B(l -eeB’) 

a4 mBy(1 -eeBr) 

az=- 1 
2; B=;. (15) 

The differential distribution of particle charges has an 
exponential form [S] 

. (16) 

With equations (15) and (16) taken into account, the 
expressions have been obtained for the calculation of 
the reduced density of particle flux to the wall 

~ = qE(l -e-*r) 
w mBh 

x l- 

( 

x exp 

and reduced volumetric flux 

Q: =s[r-$(1-e-“)] 

(18) 

In the calculation of the volumetric concentrations of a 
dispersed component by equation (lo), the relationship 
between the time of particle motion and the coordinate 
x, and also between 7 and the velocity VSxl was 
determined from the relations [lo] 

x = (ff-L$J7+ 
u-~~h+llx=O--v~ 

B 
(e-“- 1) (19) 
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Ll = li-uL’b-(U-_Usx,Ix=O-vb)e-B’. (20) becomes involved into the ordered interelectrode 

In the case of I?,,,lX=O CC V-r+,, the expressions are 
motion and the concentration of particles increases 

simplified to 
(Fig. 8). 

The described distribution of concentrations with 

x = (O-vub) 
i 

1 
7- E(l-emBr) 

1 
(21) 

the maximum and minimum corresponds qualitatively 
to the experimental data obtained for an electrically 

r&r = (t’-ub)(l -e-sr) (22) 
conducting dispersed material [Figs. 6(a) and 41 
generalized by equations (6) and (7) under the 

@, = 
@% 1 conditions of the predominance of transverse electric 

mBh(o- UJ forces over hydrodynamic ones (Re, < 8 x 103). For a 

( L 
gas suspension with a preliminarily charged dielectric 

x 1- 1+ 
mBh(fi- Ub) 1 1 mBh(ti- I$,) component, the longitudinal volumetric concentration 

ljEX 
exp - 

ijEX I> profile ‘contains’ only a local maximum (Fig. 3). There is 

(23) no further increase in particle concentration along the 
channel length because of a much lesser ability of 

Q: = 
qEx 

mBh(ti-uv,) 
(24) dielectric particles to being recharged as compared with 

the electrically conducting ones, as a result of which the 

Particles, recharged and then accelerated by the air maximum on the profiles of the local heat transfer 

flow, have a velocity given in the following form, similar coefficients (Fig. 3) is followed by a segment of 

to equation (22) stabilization. 

uSXZ = (U-uJ(l -emAx) 
A characteristic feature of the electric field effect on a 

(25) charged aerosol (ofdielectric or conducting particles) in 

where A determines the length of the acceleration the transverse direction is an increase of the dispersed 

section. Assuming the acceleration section ofrecharged component volumetric concentration in the wall 

particles being equal to the section of hydrodynamic regions [4, 5, 131. For the enhancement of convective 

stabilization of particles entering the duct, it is possible heat exchange with a gas-suspension flow, an increase 

to obtain of the volumetric concentration of particles in the 

Bln 10 
electrode zones, together with an increase of its duct 

A = (V-uJln 10+0.9(V-v,-~~,,,I,=o)’ 
(26) 

cross-section-averaged value, enhances still greater the 
turbulization of a laminar sublayer which exerts the 
main thermal resistance to heat transfer to a gas 
suspension flow [7] and leads to substantial heat 
transfer enhancement (Fig. 4). For intercomponent 

B In 10 
processes, an increase of the volumetric concentration 

A = (V-v,)(ln 10+0.9)’ 
(27) ofparticles in the wall regions, in which the gas velocity 

is smaller than in the flow core, leads to a substantially 

The calculation of the hydromechanical charac- nonuniform distribution of water equivalents of the 

teristics was made for the conditions of the above components over the duct cross section and to a 

computer experiment. The mean value of the decrease in the interphase heat transfer efficiency. The 

tribocharge of particles entering the duct (q) was mechanism, which leads to the intercomponent heat 

assumed equal to l/10 of the value of the inductive transfer enhancement, is an increase in the duct cross- 

charge acquired by particles on having contacted the section-averaged volumetric concentrations and relat- 

electrode [9]. The results of calculation of the ive velocities of particles. 

longitudinal profiles of fl/&t?, and also of @, are The process of intercomponent heat transfer of a gas 

presented in Fig. 8. When O,,, IX=0 << V- ut,, the suspension in an electric field with allowance for the 

tendency toward deceleration of previously charged above competing mechanisms was considered by 

particles is insignificant as compared with the analysing the system of energy equations of the 

acceleration of a dispersed component, and the local components 

maximum on the volumetric concentration profiles is 
absent although the profiles themselves become more 
flattened. The maximum in the longitudinal distri- 

g (pcut) = y (t, - t) 
s 

bution of the density of particle flow to the wall at 
(28) 

v,,lJx=O CC V- ut, is observed in the regions closer to the Z(P 
duct entrance as compared with the case when r& ,I = o 
is commensurable with V-u,, (Fig. 8). In this case, the The longitudinal nonuniformity in the distribution 
growth of flis observed as the main mass of particles is of the hydrodynamic characteristics of the components 
retarded on collision with the wall. After this, when the exerts negligible effect on the process of inter- 
dispersedcomponent is accelerated by theair flow up to component heat transfer in the absence of a field [14]. 
the next collision with the opposite electrode, /? Therefore it was assumed that /I and v, depend only on 
decreases. Subsequently, the dispersed component the transverse coordinate y and are calculated by the 



Electric field induced heat transfer enhancement 1253 

formulae for the stabilized segment [lo, 131. The 
intercomponent heat transfer coefficient was assumed 
to be constant over the cross-section and was calculated 
from the mean relative velocity of the components by 
the relations of ref. [7] in the absence of flow restriction 
which are also valid for the case of field effect. The field 
of gas velocities for a turbulent mode of flow was 
prescribed in the power law form [15]. 

In the case of the uniform distribution, over the cross- 
section, of the inlet temperatures of components 

x = 0, 0 6 y < h, t = t’, t, = t; (29 

and disregard of the convective heat transfer, the 
solution of system (28) is obtained in the form 

t= I-(1-s){l-exp[-g t’ 

where 

On the basis of the relations obtained, the 
distributions of the cross-section mean mass 
temperatures of the gas component along the duct 
length were calculated for the conditions of 
experimental investigation of intercomponent heat 
transfer in an electric field (Fig. 9). For comparison, Fig. 
9 contains the relations, derived according to the piston 
flow model (B* = V* = Vg = l), which describe the 
effects associated only with an increase in the cross- 

u 80 
O- 
c 

X 

FIG. 9. Distribution, along the length of an intercomponent 
heat exchanger, of experimental (1) and calculated (2,3) mean- 
mass gas temperatures over the cross-section ; (2) calculation 

by relation (30); (3) calculation by the piston flow model. 

section-averaged concentrations and relative velocities 
of a dispersed component. The allowance for the 
nonuniformity in the distribution of heat-transfer 
agents in an electric field explains a decrease in the 
efficiency of intercomponent heat transfer as compared 
with the piston flow model. Due to this, the electric field 
effect on the intercomponent processes should be used 
in those cases when, besides an increase in the cross- 
section-averaged concentrations and relative velocities 
of particles, a uniform distribution of components 
throughout the duct is achieved. As an example, an 
inclined heat exchanger was considered (Fig. lo), in 
which, in the absence of an electric field, the heat trans- 
fer between a powder (d, = 100 pm, p. = 5 x lo3 kg 
m-‘, c, = 500 J K-r kg-’ N = 5) and a gas (t’ = 
15O”C, 6 = 3 m s-r) occurs bn the boundary of their 
contact. When the field is switched on, the dispersed 
material starts to move between the electrodes as a 
result of which both the cross-section-averaged 
concentration and the relative velocities of particles 
increase, and also the uniformity of their distribution 
throughout the duct is improved which substantially 
increases the effectiveness of dispersed component 
heating (Fig. 10). A change in the field strength from 
zero to the prebreak value allows one to regulate the 
outlet temperature of the dispersed material. 

CONCLUSION 

The investigations carried out allow the following 
conclusions : 

(1) The application of an electric field for the 
enhancement of heat transfer to a gas suspension of 
dielectric particles is less effective as compared with 
electrically conducting particles and is expedient in the 
case of one-sided heat rejection and limited (up to 1 m) 
duct length. 

(2) The specific features of field effect on longitudinal 
distributions of the local hydromechanical and thermal 
characteristics of gas-suspended electrically conduct- 
ing particles are determined by the relationship 
between the Coulombic and hydrodynamic forces. In 
the region of the weak effect of electric forces on the 
hydromechanics of flow (Re, > 104), qualitative 
changes in the structure of an aerosol is not observed. In 
the case when the Coulombic forces are commen- 
surable with the hydrodynamic ones (8 x 10’ < 
Re, c 104), a relative quantity of charged particles, 
involved in interelectrode motion, increases and this 
leads to the appearance of the heat transfer minimum 
over the segment of stabilization. The predominance of 
electric forces over the hydrodynamic ones in the 
conditions of flow laminarization, ReD < 8 x 103, leads 
to the formation, over the heat exchanger starting 
length, of the local heat transfer maximum due to the 
interaction of previously charged particles with the 
electric field. The field effect on heat transfer to a gas 
suspension in the region with Re, < 8 x lo3 is the most 
significant and is described by the equations derived. 
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FIG. lO.Dependenceofthedispersedcomponent temperature(rl, = 10-4m)on the heatexchangerlength(1,2) 
E=0;106Vm~‘. 

(3) It has been established experimentally that an 

electric field does not influence the intensity of 

intercomponent heat transfer. The effectiveness of the 

field action on dispersed material heating in a gas 

suspension flow is associated with the competing 

interaction of two mechanisms : an increase in the duct 

cross-section-averaged concentrations and relative 

velocities ofparticles and an increase ofthe nonuniform 

distribution of components in the transverse direction 

under the field effect. The enhancement of heat transfer 

to a dispersed material in a field is expedient in those 

cases when the latter mechanism also improves the 

conditions of the hydrodynamic interaction of 

components. 

(4) The enhancement of heat transfer of gas-disperse 

systems with the aid of an electric field allows one to 

reduce the dimensions of heat exchangers and to 

control the heat release from heat transfer surfaces and 

heating of a dispersed material. 
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ACCROISSEMENT DU TRANSFERT THERMIQUE INDUIT PAR UN CHAMP 
ELECTRIQUE DANS UN ECHANGEUR DE CHALEUR A SUSPENSION GAZ-SOLIDE 

R&mm&-On ttudie le transfcrt de chaleur et l’hydrodynamique des ecoulements de gaz avec suspension, sous 
l’action dun champ Bectrique transversal. On conduit une analyse des comportements spkifiques dun 
&coulement aerosol avec diierentes relations entre les forces Bectrlques et hydrodynamiques qui agissent sur 
les particules. On identifie les conditions qui correspondent a l’utilisation dun champ tlectrique au maximum 

d’ellicacite pour l’accroissement du transfer? thermique darts les Bcoulements de gaz avec suspension. 

VERBESSERUNG DER WARMEUBERTRAGUNG IN EINEM WARMETAUSCHER 
MIT EINER GAS-FESTSTOFF-SUSPENSION IN ANWESENHEIT EINES 

ELEKTRISCHEN FELDES 

Zusammenbaung-Die Arbeit behandelt die Untersuchung von Wlrmetransport und Hydromechanik von 
gasdispersen Striimungen unter dem EintIuB eines querverlaufenden elektrischen Feldes. Die besonderen 
Merkmale einer Aerosolstriimung wurden bei unterschiedlichen Verhiiltnissen von elektromagnetischen und 
hydrodynamischen Kriiften untersucht. Diejenigen Zustiinde wurden ermittelt, bei denen die Zuschaltung 
eines elektrischen Feldes bei grcibtmciglichem Wirkungsgrad den Wbmeiibergang sowohl an gasdurchsetzte 

Teilchenstriime als such zwischen den Komponenten erhiiht. 

HHTEHCW~MKAHHJI TEHJlOOIiMEHA B FA30J@ICIIEPCHOM TEl-IJIOOF.MEHHHKE 
llOfl B03AEHCTBMEM 3JIEKTPMtIECKOF0 IIOJDI 

AmioTaums-Hccnenoeatibt rennoo6hnen n rwnpoh4exatinxa ra30nncnepcnbtx nOTOKOB non eo3neAcr- 
aneM nonepensoro 3nexrpnsecxoro nonn. Hpoeenen atianri3 oco6emiocreii re~emin ajpo3onr np~ 

pa3nmmbtx cooruomemrax 3JIeKTpWIeCKiiX w rkinponmiar+twtecxHx cnn, neRmeymlukix na 4acrnubt. 
Onpenenewbi ycnosen, 06ecne~iraarotmie hraxcnbranbnym +$eKTHmmcTb wnonb30namia nons ans 

mireticn&ixaunn rennonepeuoca x noroxah4 ra30a3aecH H htexcxohtnoneri-ruoro TenStOo6MeHa. 


