
CHARGE TRANSFER IN TWO-PHASE 

(GAS- SOLID-PARTICLE) FLOWS 
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The contact  charging of a s ingle solid pa r t i c l e  in contact  with a plane wall  and of a pa r t i c l e  
flux bounded by a cyl indr ica l  wall  is cons idered .  

In technological  p r o c e s s e s  accompanied  by disrupt ion (separation) of su r faces ,  the fo rmat ion  and accumu-  
lat ional  of e lec t r i ca l  charges  is obse rved .  This  effect,  which becomes  m o r e  significant as  technological  p r o -  
c e s s e s  intensify,  has many  undes i rable  consequences .  E lec t r i ca l  charges  forming on solid su r faces  resu l t  in 
inc reased  adhesion, e lec t r i ca l  breakdown, and mechan ica l  fa i lu re  of components .  The resul t ing continuous 
spa rk  d i scharges  in the appara tus  i nc r ea s e  the r i sk  of ignition and explosion of the hot medium [1, 2]. 

In any closed technological  p r o c e s s  (pneumotranspor t  of f ree- f lowing ma te r i a l ,  t r e a t m e n t  in f luidized-  
bed equipment,  etc.) th ree  regions m a y  be dist inguished:  sepa ra t ion  of the e lec t r ic  cha rges ,  t r a n s f e r  of e lec-  
t r i c  cha rges ,  and d i scharge  (recombination) of the cha rges .  

In the sepa ra t ion  region solid pa r t i c l e s  acqui re  an e lec t r i ca l  charge ,  and a r e  then t r a n s f e r r e d  to the d i s -  
charge  region,  where  the cha rge  is d i scharged  to the wall  (is recombined) .  The e lec t r ic  c i rcu i t  is c losed by 
the wall of the appara tus  o r  by the ear th .  

The invest ia t ion begins with a cons idera t ion  of the e lec t r i ca l  p r o c e s s e s  accompanying the disrupt ion of 
the contact  su r faces  between a single pa r t i c l e  and a plane wall .  

Subsequently, a t tent ion tu rns  to e l ec t r i ca l  p r o c e s s e s  accompanying the motion of a pa r t i c l e  flux bounded 
by a cyl indr ica l  conducting wall.  

It is postula ted that at  the contact  between the pa r t i c l e  and the wall  a double e l ec t r i ca l  l aye r  of cha rge  
density ~DL is fo rmed .  

The charge  acquired  by a single pa r t i c l e  on contact  with the wall  is de te rmined  on the following a s s u m p -  
t ions:  That  the pa r t i c l e  is e lec t r i ca l ly  neutral  p r i o r  to contact  with the wail; that  the re  is no e lec t r ic  field ex-  
t e rna l  to the par t i c le ;  that  contact  occurs  in the e l a s t i c - s t r a i n  region.  

At contact ,  the pa r t i c l e  acqui res  a cha rge  

QP = ffl)L SC (1) 

In the sepa ra t ion  (disruption) of the su r faces  (separa t ion of the pa r t i c l e  f rom the wall) the e lec t r i ca l  charge  is 
d i scharged  through the ohmic r e s i s t a n c e  of the contact  su r faces  (Qohm) and is neutra l ized as  a resu l t  of ionic 
p r o c e s s e s  occur r ing  in the gap between the two su r faces  a f t e r  s epa ra t ion  (QI) Fig. 1). 

l x 

Fig. 1. Contact  of spher ica l  pa r t i c l e  with plane wall.  
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Taking these  p r o c e s s e s  into account,  the e lec t r ic  charge  of the pa r t i c l e  a f t e r  s epa ra t ion  f rom the wall  
will be 

QP = % L S c  - Ooh~-- q �9 (2) 

The cha rge  densi ty on the two su r f aces  depends slightly on the e lec t r ica l  r e s i s t a n c e  for  constant  s u r -  
faces  with e lec t r i ca l  r e s i s t a n c e  of 108 f~ o r  m o r e  [2]. In this case  the charging is se l f - regu la t ing  as a resu l t  
of ionic p r o c e s s e s  occur r ing  in the gas d i scharge  between the two su r faces  a f t e r  separa t ion .  The charge  d is -  
s ipat ion in this case  is 

Q~ = ez S n (v) ~v. (3) 
V 

The charge on the particle after contact is broken will be 

Q P = gDL SC-- ez ~ n (V) dV. (4) 
V 

In the case  of contact  su r faces  of r e s i s t a n c e  l e s s  than 108 f~, charge  diss ipat ion occurs  through theohmic  
r e s i s t a n c e  of the su r faces  and no ionic p r o c e s s e s  a r e  seen  in the gap [2]. 

In this case ,  Eq. (2) takes  the f o r m  

O,p =O'DL Sc--O.ohfi a (5) 

The cha rge  on the contact  su r faces  a f t e r  s epa ra t ion  is not re ta ined if aDLS C =r 

In this ca se  the equation descr ib ing  the d i scharge  of the e lec t r ic  charge  through the ohmic r e s i s t ance  of 
"the contact  su r faces  is 

d~ go. (6) 
u dr--'-s 

For  the boundary condition a=aDL as  r s ~ 0  , the solution of Eq. (6) is 

Ot = O'DLeXp ( - -  '~fS ) �9 " (7) 
e~oVo 

The total  e lec t r i c  cha rge  acqui red  by the pa r t i c l e  a t  the wail  is 

qP = S cr (s) ds. (S) 
S 

For  a spher ica l  pa r t i c le ,  the solution of Eq. (8) takes the fo rm 

�9 ?rS 

(9) 

It is evident f r o m  Eq. (9) that the cha rge  at the contact  su r faces  a f t e r  separa t ion  is a m a x i m u m  when 
Tr S - -  0, i .e . ,  r S--- 0 o r  3 :~  0, and is a m i n i m u m  when ee0v 0--  0 or  Tr S :-~,o The intensity of charging may be 
es t imated  f r o m  the value of the d imens ion less  number  

K c = ee~176 (10) 
Yrs 

The d imens ion less  n u m b e r  in Eq. (10) c h a r a c t e r i z e s  the ra t io  of the convect ive c h a r g e - t r a n s f e r  c o m -  
ponent to the cha rge  re laxa t ion  as  a r e su l t  of the conduction of the contact  su r f aces .  The charging intensity 
i n c r e a s e s  with r i s e  in K c. 

The resu l t s  obtained a r e  conf i rmed by the p rac t i ca l  r ecommenda t ions  intended to d e c r e a s e  charging 
charging d e c r e a s e s  with d e c r e a s e  in the veloci ty of moving d ie lec t r ic  m a t e r i a l s ,  according  to technological  �9 
r e p o r t s .  

As cha rge  d iss ipa t ion  in the gap as  a r e su l t  of ' ionic p r o c e s s e s  has  not been adequately studied, the p rob -  
lean cannot be  solved analyt ica l ly  and quanti ta t ive r e su l t s  may  only be obtained exper imenta l ly .  An exper i -  
menta l  invest igat ion was c a r r i e d  out to p rov ide  quali tat ive ver i f ica t ion  of the hypothesis  that the d iss ipat ion 
of e lec t r i ca l  cha rges  a t  separa t ing  d ie lec t r ic  su r faces  occurs  as a r e su l t  of ionic p r o c e s s e s  occurr ing  in the 
gap. 
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Fig. 2. Experimental  apparatus to investigate the charging of conducting 
par t ic les  on coll ision with a dielectr ic  surface:  1) pneumatic tube; 2) m e a -  
suring sect ion of tube; 3) die lectr ic  target;  4) electrode for  collection of 
par t ic le  charge;  5) osci l lograph.  

Fig. 3. Charge density as a function of the contact  area  between the steel 
ball and the dielectr ic  surface:  1) polyethylene terphthalate (film) target ,  
ball d iameter  1.5 ram; 2) ball d iameter  3.7 ram; 3) polystyrene (film) t a r -  
get, ball d iameter  1.5 ram; 4) ball d iameter  3.7 ram; 5) impac t - res i s t an t  
polystyrene (sheet) target ,  ball d iameter  1.5 ram. a, C m-2; S C, m 2. 

On disruption (separation) of the contact sur faces  an e lect r ical  field a r i ses  in the gap. For  a givenfield 
strength, determined by the dielectr ic  proper t ies  of the gaseous medium and the shape of the two surfaces ,  
there  is a gas d ischarge  in the gap between the surfaces ,  sharply increasing the ionic concentration.  The 
ions formed under the action of the e lectr ic  field a re  adsorbed on the charged surfaces  and the surface charges  
a re  reduced. 

The experimental  apparatus used is shown in Fig. 2. The apparatus [3] consis ts  of a pneumatic tube l ,  in 
which metal balls a re  accelera ted  by an a i r  jet. On reaching the ta rge t  3, the balls acquire  an electr ic  charge.  
The charged balls a r r ive  at the electrode 4, a re  discharged,  and fall into a bin. Balls of d iameter  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 / s e c .  

The charge of the ball was determined f rom the a rea  of the osc i l logram obtained on contact with elec-  
t rode 4. The e l ec t r i c - cha rge  density at the contact was determined as the rat io between the charge of the 
ball and the contact a rea .  

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

Experimental  data in the form of the mathemat ical  expectation of the e l ec t r i c -cha rge  density formed in 
the contact between the ball and the target  a re  shown in Fig. 3. For  small contact a reas  (less than 10 -G m 2) 
the charge  density is approximately an order  of magnitude l a rge r  than for l a rge r  sur faces .  This is because 
sparking of the gas discharge in the gap between the two surfaces  is difficult if the contact a rea  and hence the 
volume occupied by the e lectr ic  field a re  small .  In this case the charge density is determined by spontaneous 
e lectron emiss ion due to the strong electr ic  field in the gap [1, 3, 5]. 

For  contact surfaces  l a rge r  than 10 -Gm 2, charge  dissipation is mainly due to the gas discharge occurr ing  
in the gap. 

For  compar ison,  Fig. 3 shows the limiting e l ec t r i c -cha rge  density (dashed line) calculated for an elec- 
t r ic- f ie ld  s t rength of 30 �9 105 V /m  for  a i r .  

Both in the region of spontaneous e lec t ron emiss ion  (contact a rea  less than 10 -Gm 2) and in the gas-  
d ischarge  region (contact area  more  than 10 -6 m2), the density of ions forming in the gap is independent of 
the rate  separa t ion of the contact sur faces .  This agrees  with the physical  model developed for the adhesion 
of solids [1]. 
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It may  be shown that the physica l  model  developed for  charging m a y  also  be used fo r  a flux of d ie lec t r ic  
pa r t i c l e s  moving in r e s t r i c t ed  condit ions.  Because  of turbulent  inhomogeneity,  the pa r t i c l e s  move  f r o m  the 
flow core  to the wall,  : coll ide with the wall,  acqui re  an e lec t r ic  charge ,  and r e tu rn  to the flow co re .  Because  
of  the col l i s ion the pa r t i c l e  loses  some  of the energy  that  sus ta ins  the flow; there  is a continuous diss ipat ion 
of energy f r o m  the flow core  a t  the wall .  One of the spec t r a l  components  of the energy lost  by the flow is the 
e lec t r i ca l  energy  leading to the appea rance  of charging  cu r r en t s  in the w a l l - g r o u n d  c i rcui t .  Charge t r a n s f e r  
f r o m  the wall  to the flow core  occurs  until e l ec t ros ta t i c  equi l ibr ium is establ ished,  until the flow core  has the 
equi l ibr ium e lec t r ic  cha rge  fo r  the given e lec t ros ta t i c  condit ions.  

In turn ,  the i nc rea se  in cha rge  of the flow core  leads  to i nc rea se  in pa r t i c l e  concentra t ion  in the l aye r  
at  the wall  and to change in the hydrodynamic  flow p a r a m e t e r s .  In this  case  the two-phase  flow is identical 
with the so -ca l l ed  e lec t r ic  cu r r en t  of the flow. The e lec t r i c  cha rge  c a r r i e r s  in this case  a r e  pa r t i c l e s  charged 
as a r e su l t  of contact  with the wall .  

In solving this p rob lem it is a s s u m e d  that  the pa r t i c l e  s ize  is much l e s s  than the cha rac t e r i s t i c  d imen-  
sion of the sy s t em ,  that  the p a r t i c l e s  a r e  spher ica l ,  and that they move  in the flow with the mean  (over the 
c r o s s  section) veloci ty.  The s ing le -component  approx imat ion  is considered;  i .e. ,  it is a s sumed  that the p a r -  
t ic les  c a r r y  a cha rge  of a single sign. 

According  to cha rge  conserva t ion ,  the cu r r en t  densi ty in the flow and the bulk cha rge  density of the flow 
a r e  "related by the equations 

div/F -- OqF (11) 
01: ' 

JF = rE + qF v' (12) 

Taking into account  Eq. (12) in the conse rva t ion  equation gives 

div(r  E) +div(qFv ) + OqF = 0. (13) 
0r 

Since qF  =div (e0E) and 0qF /0 r  = 0, Eq. (13) takes  the following f o r m  for  s teady conditions of motion:  

div (rE) + div (qF v) = 0. (14) 

For  a two-phase  flow with a d i s pe r s e  med ium of low e lec t r i ca l  conductivity (~/-* 0) 

div (qFv) = 0. (15) 

F o r  nonsteady conditions of mot ion  (0qF/t>r sOL Eq. (13) may  be wr i t t en  for  the case  T - - 0  in the fo rm 

div ]~ = - -  div (qFv)' (16) 

Since I c =I  F, Eq. (16) leads  to an exp re s s ion  fo r  the charging cu r ren t :  

I c = div ]F dV = div (qFv) dV. (17) 

For  s teady motion,  taking into account  Eq. (14), the charging cu r r en t  density JF=0 .  

The mot ion  of the two-phase  flow occurs  in conditions of e l ec t ros ta t i c  equi l ibr ium and the pe r tu rba t ions  
introduced in the flow lead to an e l ec t r i ca l  r eac t ion  of t he  flow, tending to r e tu rn  it to the equi l ibr ium state .  
If the pe r tu rba t ions  lead to i nc rea se  in the bulk charge ,  the flow will lose  charge .  The amount  of charge  lost,  
leading to d i scharge  c u r r e n t s ,  is de te rmined  by the d i f ference  between the equi l ibr ium cha rges  before  and 
a f t e r  the introduct ion of the pe r tu rba t i on  in the flow. Converse ly ,  if the pe r tu rba t ions  lead to d e c r e a s e  in the 
bulk charge ,  the flow acqu i res  cha rges  as  a r e su l t  of the t r iboe lec t r i c  effect .  In these  conditions a charging 
c u r r e n t  is obse rved .  

The p r o c e s s  is se l f - regu la t ing ,  so that  the e lec t r ic  cha rge  re ta ined by the pa r t i c l e  a f t e r  separa t ion  of 
the contact  su r f aces  is de te rmined  by the e lec t r i c  s t rength  of the gaseous  medium.  The e lec t r i c - f i e ld  s t rength  
of the  gaseous  medium in the gap co r r e sponds  to the l imit ing e l e c t r i c - c h a r g e  densi ty on the su r faces  a f t e r  
s epa ra t ion  ((rlim). 

The l imit ing cha rge  densi ty on the su r f ace  of a pa r t i c l e  moving in the flow is equal to the density of the 
bound cha rges  and the cha rge  acquired  by the pa r t i c l e  as  a resu l t  of contact  with the wall  

(rlim----- o'E + (r.. (18) 
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Fig. 4. Charging cu r r en t  density for  the acce le ra t ion  
sect ion of horizontal  tube in the pneumotranspor t  o fg ran -  
Mated polypropylene:  1) a i r  veloci ty 30.5 m - s e c - 1 ;  d is -  
pe r se  phase,  granulated polypropylene (dp = 3.3- 10 -3 m), 
viniplast  tube; 2, 3, 4) a i r  velocity 17.4, 12.9, 12.6 m -  
sec -1, bulk flow ra te  coefficient  1 .08 .10  -~, 1.05 �9 10 -3, 
0.6" 10 -3, respect ively;  d i sperse  phase granulated poly-  
propylene,  o rganic-g lass  tube; a) exper imenta l  data. 

For  a flow bounded by a cyl indr ical  wall of radius R, the charge density at the contact  sur faces  a f t e r  
separat ion,  taking into account polar iza t ion  by the external  field, is 

[ 3SpcR(s-- I) ]-~ 
(5 --- fflim 1 + 2e* (e + 2) " ' (19) 

where  g * is the d ie lec t r ic  permi t t iv i ty  of the two-phase sys tem.  

Since q F = o S p c ,  the limiting equil ibrium bulk charge of the flow is 

qF = C[ir~pC [I + "3RSpc(e-- I) 1-' ] " (20) 

From Eqs. (17) and (20) the cu r ren t  density as a resu l t  of charging is 

]c-- ~lim RSp_~x {vc[14-  RSpc (e - -1)  ]-1} 
2 ' 28* (e + 2) " (21) 

The polar i ty  (the d i rec t ion of cu r r en t  flow) is determined by the behav io r  of the function vc =f(x); for  a 
decreas ing  function the mater ia l  will acquire  a charge  (electr ical  charging cur ren ts )  and for  an increasing 
function it  loses  charge  (electr ical  d ischarge cur ren ts ) .  

Fo r  numerica l  calculations the following flow p a r a m e t e r s  are  introduced: i =Vg/V, the slip coefficient; 
c =im0/g P, the concentra t ion of (countable) solid pa r t i c les  in the flow; mo=Gs/Gg, the coefficient  cha rac t e r i z -  
ing the bulk flow ra te .  

As established exper imental ly  [4], in the acce le ra t ion  sect ion the slip coefficient  is g';ven by the expres -  
sion 

i = kx -n, (22) 

where  k and n a re  empir ica l  coefficients;  x is the coordinate  measu red  f ro m  the point of inlet of the soIid 
phase.  Then Eq. (21) leads to the formula  

. a limSPGmBnxn- 1 
:c= (23) 2~R~ (xn + S)2 
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where 

B= 3RSpkrn~ 1) 
2gpe* (e -}- 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 a i r  velocity varied between 30.5 and 12.6 m/sec ,  and the volume-flow-rate coefficient be- 
tween 3.38" 10 -3 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 electr ic-charge t rans-  
fer  by the two-phase flow is determined by the hydrodynamic flow character is t ics  and the electrophysical 
propert ies  of the disperson (gas) medium. The results are  cor rec t  for contact surfaces of electrical res i s -  
tance more  than l0 s ~2. 

N O T A T I O N  

a, e lect r ic-charge density; SC, area of contact surface; E, electric-field strength; E G, electric-field 
strength in the gap between the surfaces; r S, radius of contact surfaces; y ,  electrical conductivity of contact 
surface; v 0, separation rate of contact surfaces; e, relative dielectric permlttivity of particle material;  e0, 
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 JF' current  density of flow (flow current  re fe r red  to c ross -  
sectional area); qF'  bulk charge density of flow; v, mean charged-particle velocity taken over the cross sec-  
tion; Ic, charging current;  I F, flow current;  Jc, charging current  density (charging current  re fe r red  to wall 
surface); a E, charge density due to polarization of particles by external electric field; Vg, current  velocity 
(gas velocity); Gg, G s, bulk flow rate of gas and solid medium; gp, particle volume; l, tube length. 
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