
H E A T  E X C H A N G E  O F  G A S - D I S P E R S E  

IN A U N I F O R M  E L E C T R I C  F I E L D  

V. V. P u s h k o v ,  Z.  R .  G o r b i s ,  
a n d  M. K.  B o l o g a  

S Y S T E M S  

UDC 536.24:541.182.3:537.212 

The resul ts  a re  presented for an experimental  study of the effect of the self-osci l la t ing mo- 
tion of a d isperse  mater ia l ,  produced by the effect of a uniform elect ros ta t ic  field, on the 
intensity of heat exchange during f ree  convection in a closed volume. 

The method of intensification of heat exchanged based on the effect of e lectr ic  fields is distinguished 
by high efficiency and requi res  very  slight energy expenditures.  Its potentialities have been ra ther  fully 
revealed in application to p rocesses  of heat exchange in homogeneous media (dielectric liquids and gases) 
and in emulsions and suspensions [1, 2]. The effect of an electr ic  field on heat exchange in gas -d i spe r se  
sys tems  has not been studied, however,  although the fact of the self -osci l la t ing motion of solid part icles  
in the e lectr ic  field of a flat capaci tor  is the subject of theoret ical  studies [3] and finds pract ical  applica- 
tion in inst rument  manufacture  [4] and in granulometr ic  analysis  [5]. 

For  the specific filling of this gap the authors have attempted to clar i fy the possibil i t ies of the inten- 
sification of heat exchange in a gas suspension confined in a closed volume through the effect on the dis-  
pe r se  sys tem of e lec t r ic  fields of different s t rengths .  The osci l la tory  s t ruc ture  formed in this case can 
be considered as the limiting s t ruc tu re  of a flow sys tem with zero average  velocity (with respec t  to the 
flow rate) of the solid and gaseous phases at concentrat ions charac te r i s t i c  for the flow of a gas suspension. 

The experiments were conducted in a horizontal  capaci tor  (Fig. 1) for which a t ransparent  confining 
ring 1 served as the la teral  surface.  The tempera tu re  drop between the heat-emit t ing disk 2 and the high- 
t empera tu re  e lec t rode-coo le r  4 was kept constant.  The t empera tu re  of the disk and ring was monitored 
with thermocouples  while that of the high-voltage electrode was taken as equal to the tempera ture  of the 
thermos ta t ic  liquid ( t ransformer  oil) in the cooler .  The p resence  of the guard heater  R2 allowed one to 
assume that the heat emitted by the main hea ter  Rt, except for  losses through the ring, is taken up by the 
cooler .  

The conductive and convective heat losses  through the thermal ly  and e lect r ical ly  insulating ring were 
measured  direct ly  and also calculated and allowed for in the analysis  of the experimental  data. A stabilized 
rec t i f ie r  which provided smooth regulation of voltage of both polari t ies  was used as the source  of high volt- 

age. 

P re l imina ry  experiments  on the select ion of the d ispersed  mater ia l  showed that the use of die lectr ic  
par t ic les  to c rea te  the gas suspension is not possible.  The se l f -osci l la t ing motion of par t ic les  of barium 
oxide, corondum, and glass  observed at f i rs t  soon changed to the motion of whole aggregates  and to c lear ly  
expressed s t ruc ture  formation.  Here the par t ic le  s izes  were var ied within wide l imits:  f rom 1-3/~ for 
glass  to 500/~ for  bar ium oxide. The most  suitable mater ia l s  f rom the standpoint of stability of motion 
proved to be powders of metals ,  semiconductors ,  graphite,  and severa l  e lectr ical ly  conducting minera ls .  

The manganese  minera l s  psi lomelane (p = 3100 kg/m3; ~ = 0.1 ~2 -1 "m -1) and pyrolusi te  (p = 4300 kg 
/m3; cr = 0.1 ~2 -~ �9 m -1) were used f rom considerations of mechanical  s trength and simplici ty of obtaining 
powders of monofract ion composit ion 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 
l~ I and R2; 4) high-voltage electrode-cooler. 

of the d i s p e r s e d  component,  p a r t i c l e  s ize ,  and s i ze  of the i n t e r e l e c t r o d e  gap on the heat exchange in an 
e l e c t r i c  f ield were  s tudied for  these  subs tances .  

The expe r imen t s  were  conducted under  conditions of a s t a t i ona ry  t h e r m a l  mode with a constant  t em-  
p e r a t u r e  head t l w a - -  t2wa. The power of the main  and guard hea t e r s ,  the t e m p e r a t u r e s  of the h e a t - e m i t -  
t ing su r face ,  the r ing,  and the t r a n s f o r m e r  oil before  and a f t e r  the coole r ,  the vol tage on the h igh-vol tage  
e l ec t rode ,  and the convect ive c u r r e n t  produced by charge  t r a n s p o r t  by the moving p a r t i c l e s  we re  m e a -  
su red .  

The expe r imen ta l  data were  analyzed in i t ia l ly  in the form of the dependence of the r a t i o  Qe/Q0 of the 
heat  flux in tens i f ied  by the motion of the p a r t i c l e s  to the heat  flux in pure  a i r  on the f ield s t rength ,  the 
s i ze  of the p a r t i c l e s ,  and the i r  vo lume t r i c  concentra t ions  (Fig. 2a). Since At = tlw a -  t2w a = const ,  Qe 
/Q0 = a e / a 0 ,  where  a e  and s 0 a r e  the effect ive heat  exchange coeff ic ients  of the d i s p e r s e  and pure  gas 
media ,  taking into account the effect of conductive,  convect ive,  and r ad i a t i ve  mechan i sms  of heat  t r a n s f e r  
under  the condit ions of the ex~periment. Accord ing  to Fig.  2a an in tens i f ica t ion  of heat  exchange occurs  
with an i n c r e a s e  in voltage,  which is connected with the observed  i n c r e a s e  in the f requency of the p a r t i c l e  
osc i l l a t ions .  Fo r  the p s i l ome lane  and py ro lus i t e  f rac t ions  s tudied the intensifying effect is caused  by the 
d i s t u rbance  and mixing of the d i s p e r s e  medium and by r ad ia t ive  heat ing of the p a r t i c l e s .  The r a t i o  of the 
charge  acqu i red  dur ing contact  with the e l ec t rode  to the mass  of the p a r t i c l e s  i n c r e a s e s  with a d e c r e a s e  in 
the d i a m e t e r  of the l a t t e r .  For  this  r e a s o n  the s m a l l e r  p a r t i c l e s  a r e  more  mobi le  for d i f ferent  p a r a m e t e r s  
13 and E, which causes  g r e a t e r  in tens i f ica t ion  of the heat  t r a n s f e r .  

An i n c r e a s e  in heat  t r a n s f e r  takes  p lace  with an i n c r e a s e  in the concent ra t ion  of p a r t i c l e s  up to a 
ce r t a in  l imi t  co r r e spond ing  on the ave rage  to the upper  boundary of the ex is tence  of the gas suspens ion  
ficr = 2.0-3% [6]. Then s t ab i l i za t ion  or even reduct ion of the heat  exchange is observed,  which is a l so  
c h a r a c t e r i s t i c  for  flowing d i s p e r s e  s y s t e m s  in the reg ion  of i n c r e a s e d  concent ra t ions  (fi > 3%) in s o - c a l l e d  
fluidized streams. The intensification of heat exchange with an increase in fl 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 ram. 

A criterial analysis of the experimental data was conducted in the form of the dependence Nu e = cl~en: 
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Fig. 2. Dependence of relat ive heat exchange (a) and density of 
convection current  (b) on e lectr ic  field strength,  volumetr ic  par -  
ticle concentration, and par t ic le  size of psi lomelane:  1-4) dp 
= 3 5 4 ~ ;  5-8) d p =  158~; 9-12) d p =  84#;  1 ,5 ,9)  E = 5 .2kV/cm;  
2, 6,10) E = 6 k V / c m ;  3, 7, 11) E = 7 . 5 k V / c m ;  4, 8, 12) E = 9kV 
/ e m .  fl, %; }, A. 

Nue~ ae@ ; Re=~. vadp . 

The heat exchange coefficient entering into the Nusselt  number was determined from the equation 
~e - Q e / F ( t l w a - - t 2 w a ) .  The reduced air  velocity, related to the average  par t ic le  velocity by the equation 

va:= @~ (1) 
2 

is used in the Reynolds number.  It is roughly assumed that a moving par t ic le  entrains a volume of air  
equal to half of its own volume. In this case the principal difficulty consists  in the determination of ~p. 
Solving the equation of motion of a single par t ic le  for  the conditions under considerat ion without allowance 
for the forces  of aerodynamm res is tance ,  an es t imate  of which indicates that this force is negligibly small  

d~x ' = q E_E _~_ g ,  

d t  ~ m - - 

one can obtain an express ion for  the period of oscillation of the par t ic le  

q E - - m ~  + qE  -+- m g  

Here allowance is not made for the t ime the par t ic le  spends at the surface of the electrode during the col-  
lision and charge exchange, a negligibly smal l  value on the o rder  of 10-4-10 -5 see [5]. 

The charge acquired by an e lec t r ica l ly  conducting spherical  par t ic le  during contact with the electrode 
in a uniform elec t ros ta t ic  field depends on its size, the die lect r ic  proper t ies  of the medium, and the field 
strength and equals 

. 1 ~3seod2E (2) 
q =  6 P " 

The average veloci ty  Vp is connected by an obvious dependence with the height of the gap and the osci l la-  
tion period: Vp = 2 h / T .  Hence the following dependence will be valid for the reduced velocity of the a i r :  

h~ (3) 

with the condition that the par t ic le  motion is unrestrained.  
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F i g .  3. H e a t  e x c h a n g e  of  g a s - d i s p e r s e  s y s t e m s  in a 

u n i f o r m  e l e c t r i c  f i e l d :  a) a i r  v e l o c i t y  d e t e r m i n e d  

f r o m  e x p e r i m e n t a l  v a l u e s  of  c o n v e c t i v e  c u r r e n t  (Eq.  

(4)); b) a i r  v e l o c i t y  d e t e r m i n e d  f r o m  e q u a t i o n  of p a r -  
t i c l e  motion according to Eq. (3); 1-12) pyrolusite; 
13-24) psilomelane; 1-4, 13-16) dp = 354 #; 5-8, 17- 
21) dp = 158 p; 9-12, 21-24) dp = 84 g; 1,5,9,13,17, 
21) E = 5.2 kV/cm; 2,6, i0,14,18,22) E = 6kV/cm; 
3, 7,11,15,19,23) E = 7.5kV/cm; 4,8,12,16,20,24) 
E = 9 kV/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 

~--~hP (4) 

one can calculate ~p from the experimental values of j up to /9 ~- 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 (i), (2), and (4) an expression for the reduced air velocity 

- ] d p  (5)  
~" a-- 2.~2e%E . 
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In the analysis  of the experimental  data by this method an additional effect of the voltage and the par t ic le  
size was discovered,  which was accounted for by the simplex E J E  and the Archimedes  number.  

The voltage E 0 corresponds  to the s tar t  of the self -osci l la t ing motion of the par t ic les  and is de ter -  
mined with sufficient accuracy  by the equation [4] 

513 
E~ = dp 

The cr i ter ia l  equation 

Nue= 1620ReAr_0. 5 E_~_0 
E 

obtained in this way descr ibes  the heat exchange with the horizontal  sur face  of a slot channel under condi- 
tions of electroconvection of d ispersed  mater ia l  of pyrolusi te  and psi lomelane with a maximum e r r o r  of 
10% for the condition /3 -< r  and is va l id  in the range of variat ion of the other pa ramete r s  studied (Fig. 
3a). The mean geometr ic  d iameter  of the par t ic les  is taken as the determining dimension. The the rmo-  
physical  proper t ies  of the a i r  were  determined f rom the average  t empera tu re  of the electrodes.  

The necess i ty  of the experimental  determinat ion of the convective cur rent  is a well-known drawback 
of the method of analysis adopted. If the gas velocity in the Reynolds number is calculated f rom Eq. (3) 
the need for an experimental  determinat ion of the convective cur rent  is removed.  In this case the resul ts  
a re  approximated with an e r r o r  of up to 25% by the dependence (Fig. 3b) 

Nu e = O. 392 Re ~ 

It follows f rom the above that the sel f -osci l la t ing motion of the dispersed mater ia l  in a uniform 
e lec t ros ta t ic  field under conditions of f ree  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 par t ic les ;  a limiting value of the concentration exists,  approximately coin- 
t iding with the well-known value for continuous s t r eams  of a gas suspension, and exceeding it leads to 
stabil ization of the heat exchange or to its worsening; the analogy between the t ranspor t  of heat and charge 
makes it possible to generaI ize  the experimental  data by a single c r i t e r ia l  dependence for the par t ic les  
studied which differ in e lectrophysical  proper t ies .  

E 
m and dp 
p a n d ~  

T 
~p and q 
g 

F 
Va 
h 
tlw a and t2w a 
g 
Re 
Nu 

NOTATION 

is the e lec t r ic  field strength;  
a re  the mass  and d iameter  of part icle;  
a re  the density and e lec t r ica l  conductivity of d ispersed  mater ia l ;  
is the volumetr ic  concentrat ion of d ispersed phase; 
is the period of par t ic le  oscillation; 
a re  the average  velocity and charge of par t ic les ;  
is the relat ive d ie lec t r ic  permeabil i ty;  
fs the a rea  of heat -emit t ing  surface;  
is the reduced velocity of air ;  
is theheight of gap between electrodes;  
are  the t empera tures  of heat-emit t ing and hea t - rece iv ing  surfaces ;  
is the accelera t ion of f ree  fall; 
is the Reynolds number;  
is the Nusselt  number.  

I. 

2~ 
3. 
4. 
5. 

6. 
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