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The m e c h a n i s m s  of neut ra l iza t ion  of s ta t ic  e l ec t r i c i ty  of d i spe r s e  s y s t e m s  when ions of the 
opposi te  sign a r e  p r e s e n t  in the gaseous  medium a re  d iscussed.  

In the design of neutralizers of static electricity for industrial apparatus containing two--phase systems 
of gas and solid particles the calculation of the performance of these neutralizers acquires great importance. 
The value of this parameter can be determined by analyzing the process of neutralization of the charges of 
particles of the product being treated in the presence of ions of the opposite sign in the gas- air medium of 
the working volume of the apparatus. Let us consider a charged spherical particle over which a stream of 
ions of the opposite sign flows (Fig. I). 

Under these conditions the variation of the charge of a particle is described by the equation 

dq/dt ~- e .( ]~dS. (1) 
S 

The flux densi ty  is defined as [1] 

]~ ~- - -  n k E z +  D grad n. (2) 

The neut ra l iza t ion  of the cha rges  of a pa r t i c l e  takes  place  in accordance  with Eq. (2) as a single p r o -  
c e s s ,  but to s impl i fy  the solution we will cons ider  two m e c h a n i s m s  separa te ly :  a) ion motion d i rec ted  toward 
the sur face  of the pa r t i c l e  due to the e lec t r i c  field; b) ion motion due to diffusion. 

Let  us cons ider  the f i r s t  mechan i sm.  The following forces  act  on an ion which is nea r  a charged  p a r t i -  
cle:  

E~ = Ee + Epol + Eo + End+ Eequ. (3) 

Let  us find the components  of these vol tages  on the vec to r  dS: 

l) E e l E e 1" cos 0 qNr,  = = c o s O .  ( 4 )  
2co 

To simplify the calculations we assume that Ee is the same at different points 

Trans la t ed  f r o m  Inzhenerno-F iz i ehesk i i  Zhurnal,  Vol. 38, No. 3, pp. 490"497, March,  1980. Original  
a r t i c l e  submit ted  J anua ry  2, 1979. 

0022-0841/80/3803-0289507.50 �9 1980 Plenum Publishing Corpora t ion  289 



+ + +++_- § + + +  

p - § + ~ :  

§ : ; + §  ~+ + § * 

Fig. 1. Flow of ionized a i r  ove r  a par t i c le .  

2) Epo[= 2Era 8--81 COS{}, (5) 
e q- 2el 

3) Ec = q/4~eoR 2, where  R : rp (1 + v): (6) 

4) E m  at a d i s tance  1 f r o m  the cen te r  of the par t ic le :  
l 1 

Em= 4ne0r~ " ya (?z __ 1)2' where ? ---- l/rp. (7) 

The ro le  of the m i r r o r - i m a g e  force  cons i s t s  in the fact  that the pa r t i c l e  is  s t ruck  not only by ions 
whose t r a j e c t o r y  of mot ion i n t e r s ec t s  the part icleTs su r f ace  but also those whose t r a j e c t o r i e s  lie at  a ce r t a in  
d is tance  f r o m  it. Thus, the ro le  of this force  comes  down to a kind of a r t i f i c ia l  i nc rea se  in the pa r t i c l e  di-  
a m e t e r .  

As ca lcula t ions  show, this i nc r ea s e  r eaches  30~ for  a pa r t i c l e  0.1 ~m in d i a m e t e r  with E e ~ 3.0.105 
V/m, while for  a 1 - # m  pa r t i c l e  it  i s  a l r eady  negligible.  Since in p rac t i ce  the values  of Ee and d r a r e  fa r  
l a r g e r  than the values  indicated above,  the quantity E m can  be neglected.  

5) Eequ= Vpot/k. (8) 

Thus, fo r  the pro jec t ion  of the total  field s t rength  onto dS we obtain 

E~ = qNr~2eo (1, + 2 ee--ei+ 2et } ~ cos0 +q/4~eoR2+ Vpot/k. (9) 

If  we use  Pan then ie r t s  method [2] for  an isola ted spher i ca l  pa r t i c l e ,  then ~o a is the angle outside which 
E23 is  equal  to zero .  Then 

c~ q/4r~eoR 2 qNro 1 -~ cos0 q- Vpot Ik. (10) 
2Co e -~- 2ei 

Consider ing that  the space  charge  is  p = ne, and taking g rad  Ppol = 0, we obtain 

c~qlOSOt = - -  kEzPpol. (11) 

Let  us solve this equation for  Ee ~ 0, for  the case  when the pa r t i c l e  is at  the cen te r  of a cyl indr ica l  
appara tus  with a un i fo rmly  d is t r ibu ted  charge ,  fo r  example .  Then 

Ey.---- Vpot COS q~ + q/4aeoR 2, 
k (12) 

q k 
cos q~a : 4~%R 2 Vpot 

The equation takes  the f o r m  

6Zq/dSOt = --(Vp~tcos~-]-q/4neoRZ) kne. (13) 

Since dS = 2 ~ r ~ s i n C d r  Eqo (13) t akes  the f o r m  

In solving Eq. (11) one mus t  allow for  the following condition: it follows f r o m  Eq. (4) that the angle 
v a r i e s  within d i f ferent  r anges  as a function of the re la t ion  between Ec and Eequ; for  example ,  0 - ~o _ 7r 
when 
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qbr ~ q ~qer i t  = BVpot/k, 

w h e r e  qbr  is the m a x i m u m  poss ib l e  value  of  the c h a r g e  on the s u r f a c e  of  a s p h e r i c a l  p a r t i c l e  in a c c o r d a n c e  
with the e l e c t r i c  s t r eng th  B = 4ve0R 2 of  the su r round ing  med ium,  and B V p o t / k  is the condi t ional  cha rge ,  the 
f ield of which i m p a r t s  a ve loc i ty  V = Vpot to the ion, i .e . ,  owing to the s t rong  e l e c t r i c  field the en t i r e  s u r f a c e  
is c o v e r e d  with ions .  Under  these  condi t ions  in t eg ra t ion  of  the equat ion fo r  ~o in the l imi t s  f r o m  0 to ~ g ives  

dq/dt = -- 2Aq/B, (15) 

w h e r e  A = 2wr2kne, 
obtain  

and fu r the r ,  i n t eg ra t ing  o v e r  t and cons ide r i ng  that  the c h a r g e  is q = qini t  a t  t = 0, we 

q (t) = qinitexp ( - -  2A ~- t ). (16) 

qcrit: 

Equation (7) allows us to calculate the time tcrit in which the charge qinit decreases to the value 

~.R 2 kqifftt 
4~%RWpot " 

(17) 

As the charge of a particle varies from qcrit to zero the angle (p varies within the limits of 0 <- ~ -< 

arccos (-q/qcrit). Integrating Eq. (15) over t, we obtain 

Oq/Ot A (q § qcnt)z" (18) 
2Bqefit 

We so lve  Eq. (18) with the ini t ia l  condi t ions  

t = O, q = qcrit, 

A (19) 
q (t) = 2qcri t,/( 1 +--B- t ) -  qcrit �9 

In a c c o r d a n c e  with Eq. (19),  the c h a r g e  of  a p a r t i c l e  is neu t r a l i zed  when qinit  >- qcr i t .  If  the ini t ia l  c h a r g e  of  
a p a r t i c l e  is qini t  < qc r i t ,  the n e u t r a l i z a t i o n  takes  p lace  in a c c o r d a n c e  with the equat ion 

1 - - 1 )  
q (t) = qcrit __A t + 1 

2B 1 -~- ~nit/qcfit 

F r o m  Eq. (10) we obtain  the total  ne u t r a l i z a t i on  t ime:  

2B 1 

(20) 

t neu t r -  A l+q in i /qc r i t  (21) 

Le t  us  c o n s i d e r  the so lu t ion  of  Eq. (13) in the p r e s e n c e  of  an ex te rna l  e l e c t r i c  field, i .e . ,  le t  us  c o n s i d e r  the 
c a s e  when a p a r t i c l e  does  no t  lie at  the c e n t e r  of the appara tus .  When the appa ra tu s  has  a c y l i n d r i c a l  shape  
[ l a p p ( h  ) >> dapp] ,  the ex t e rna l  f ield s t r e n g t h  is  

E e = qNrapp/2%. (22) 

When r = Rap p (the p a r t i c l e  is at  the waU of  the  a p p a r a t u s ) ,  Ee = E e m a x .  Then Eq. (5) takes  the f o r m  

OZq/O(pOt=_2~rp2knesinq~II ~qNRapp_ s - - e i  /k] -{-q/2e,z~R 2} (23) 

Here ,  jus t  as  in the p r e c e d i n g  ea se ,  when q _> q c r i t  the angle is 0 -< ~o ___ 7r, while when q c r i t  -- q -> 0 it  is  

0 ~ (p ~ + arccos - -  q 

In this  e a s e  the va lue  of  q c r i t  iS 

w h e r e  
qerit : 4Z~eo~2Vpot/k ( - -  1 ~- 4neoR2C), 

C - -  NRapp 
2e0 

1 + 2  e - - e i  ) cos0. 
e + 2si 

(24) 
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Fig. 2. Var ia t ion of the charge  q, C, of a 
pa r t i c l e  with t ime  t, see  ( f i r s t  neu t r a l i za -  
t ion m e c h a n i s m ) :  1) d = 0.5" 10 -3 m, ne = 
0 .99 .10  -8 m -3, Vpo t = 1 m / s e e ;  2) 0.5.  
10 -4, 0 .99 .10  -8, and 1, r e spec t ive ly ;  3) 
0.5" 10 -6 , 0.99" 10 -8 , and 1; 4) 0.5- 10 -3 , 
0 .99"10 -4, and 1; 5) 0.5" 10 -4 , 0 .99 .10  -4 , 
and 1; 6) 0,5" 10 -6, 0.99" 10 "4, and 1; 7) 
0.5" 10 -3 , 0.99" 10 - !  , and 5; 8) 0.5" 10 -4 , 
0.99" 10 -8 , and 5; 9) 0.5" 10 -6 , 0.99" 10 -8 , 
and 5; 10) 0.5" 10 -~, 0.99"10 -4 , and 5; 11) 
0.5.10 -4 , 0.99.10 -4 , and 5; 12) 0.5.10 -6 , 
0.99.10 -4, and 5. 

By solving Eq. (5) with a l lowance fo r  the value of Ee, we obtain an express ion  for  the t ime  during which the 
cha rge  of a pa r t i c l e  d e c r e a s e s  f r o m  qinit  - qc r i t  to ze ro :  

B i n  qinit + 2B 2 { ( I + B C ~  
t~o~ = 2-7  qor~ ;4 (I + BC)~ -.C1" 1 + q~r~ k -SVpo~ / + (25)  

F r o m  the calcula t ing equations obtained we cons t ruc ted  cu rves  desc r ib ing  the neut ra l iza t ion  of a charged  
pa r t i c l e  in appara tus  containing d i s p e r s e  s y s t e m s  under  d i f ferent  modes  of opera t ion  of the technological  in-  
s ta l la t ion and the n e u t r a l i z e r  (Fig. 2). 

Let  us cons ide r  the motion of ions under  the influence of the e lec t r i c  f ie ld of a charged  par t ic le .  F o r  
s impl i c i ty  we a s s u m e  that  the e lec t r i c  f ield and the diffusion act  along the s a m e  s t ra igh t  line. If the ions a r e  
d is t r ibuted  along the x d i rec t ion  with a g rad ien t  dn/dx, then the i r  ave rage  diffusional  ve loci ty  is  

Vav. dif = - -  .D_ d n (26) 
n gx 

The average velocity of ions under the influence of the electric field is Vav.el = kE, and then their 
velocity under the influence of both forces is 

Vav = Vav.el + Vav. dif .... kE D dn (27) 
n dx 

F o r  E = const  and Vav = 0 the solution of this equation has the f o r m  

kE x = n 0 e x p  eE nOexpeV/koT. (28) n = no~xp --D- , - -~  x - -  

E q u a t i o n  (28) was obtained with al lowance for  the fact  that at sma l l  values  of the field s t rength  an ion is  
in t h e r m a l  equi l ibr ium with the a i r .  
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k/D = e/koT. (29) 

Equation (29) shows that the ion concentration at a point with a potential V is uniquely determined by the 

ratio of the electrostatic (potential) energy to the thermal (kinetic) energy. 

The assumption that E = const is fully justified, since we are interested in the variation of the ion con- 

centration at a small distance _from a particle, where the value of E can be taken as equal to 

E = q/4~eor~ . (30) 

As a conseque nc e  of  t h e r m a l  mot ion,  a c h a r g e  

q = ~pu/4 (31) 

s t r i k e s  a uni t  of  p a r t i c l e  s u r f a c e  p e r  unit  t ime.  We a s s u m e  that  all  co l l i s ions  lead to cha rge  t r a n s f e r ,  i .e . ,  
p = 1. The value of  u is d e t e r m i n e d  f r o m  the equat ion 

u = V~SkoT/nm. (32) 

Thus,  the change  in the c h a r g e  of a p a r t i c I e  due to the t h e r m a l  mot ion  of  ions will  be 

1 (33) O2q/aSat - -  une. 
4 

Since dS = 27r@ sin (pdq), 

02q/&pO/ = --0.5nuer;  no exp (eq/ 4aeokorp T) sin % (34) 

Le t  us so lve  this equat ion for  ~o. F o r  weak ly  c h a r g e d  p a r t i c l e s  (qinit  -< q c r i t ) ,  cons ide r i ng  that ~o v a r i e s  f r o m  
0 to a r c c o s  (-kq/47m0VpotR2),  we obta in  

dq/dt = - -  At exp Biq (q/qcrit + 1), (35) 

w h e r e  A 1 = 0.57rue@n 0' B 1 = e/4ue0k0rpT,  and q c r i t  = 47re0VpotRZ/k. Taking q = Chqcrit, w h e r e  0 <_ a i_~ 1, 
we find 

1 
q (t), -- Bi In [(a i -F 1) A,Btt H- exp (--  Biqini~ ]. (36) 

And fo r  s t r o n g l y  c h a r g e d  p a r t i c l e s  (q ___ qer i t )  the angle is  0 -< ~o _< 7r: 

dq/dt = - -  Al exp Biq. (37) 

It is seen  f r o m  Fig.  3 tha t  the ne u t r a l i z a t i on  of s m a l l  c h a r g e d  p a r t i c l e s  t akes  p lace  f a r  s l o w e r  than that  of  
l a r g e  ones .  This is expla ined by  the d i f f e r ence  in the value  of  g r a d  p and t he r eby  of  the d i f fus ional  c u r r e n t  at  
the  s u r f a c e s  of s m a l l  and l a rge  c h a r g e d  p a r t i c l e s .  Such a d i f f e rence  can be explained by  a s s u m i n g  that  in this  
c a s e  the d i f fus ional  c u r r e n t  is d i r e c t e d  opposi te  to the neu t r a l i z a t i on  c u r r e n t .  Final ly ,  

q(t) -- 1 In [2AiBl t+exp(--Biqini t )] .  (38) 
Bi 

The value of  t c r i t ,  when the c h a r g e  d e c r e a s e s  f r o m  qinit  to qcr i t ,  equals  

t [exp ( - -  Btqcrit ) - -  exp (Biqinit)]- (39) 
tcrit -- 2A~Bt 

The t ime  in which  the c h a r g e  fa l l s  f r o m  q c r i t  to 0 is 

t o = 1 - -  exp (--  Biqcrit )/(ai @ 1) AiBi. (40) 

The tota l  neu t r a l i za t i on  t ime is 

t tot = tcrit + to. (41) 

C u r v e s  of the neu t r a l i za t i on  of  the c h a r g e s  of  p a r t i c l e s  of  d i f fe ren t  s i zes  at d i f fe ren t  dens i t i es  of  ions 
s u r r o u n d i n g  the p a r t i c l e  in a c c o r d a n c e  with the two m e c h a n i s m s  of neu t r a l i za t ion  of c h a r g e d  p a r t i c l e s  d i s -  
c u s s e d  a r e  p r e s e n t e d  in F igs .  2 and 3. As  seen  f r o m  the f igures ,  the t ime of  neu t r a l i za t ion  of c h a r g e d  p a r t i -  
c l e s  due to the d i r e c t i ona l  mot ion  of  ions depends  on the dens i ty  of ions su r round ing  the p a r t i c l e  and does not 
depend on the p a r t i c l e  d i a m e t e r .  And this  t ime  p r o v e s  to be  fa r  longer  than the t ime  of  neu t r a l i za t ion  due to 
the t h e r m a l  mot ion  and e l e c t r o s t a t i c  d i f fus ion of ions (Fig.  3). 
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Fig. 3. Variation of charge q, C, of a par t i -  
cle with t ime t, sec (second neutral izat ion 
mechanism) : 

Curve I 
number qcrit' C dp, m he, m "3 Vpot, m/sec 

5 0,347.10-14 

0,104.10-14 

0,347.10-12 
0,104.10-12 

0,347.10-1~ 
0,1.10-12 

0,347.10-14 

104.10-1~ 

0,49.10 -4 

0,49.10-2 

0,49.10-2 

0,49.10-2 

0,49.10 -4 

0,49.10 -t  

0,1.10-4 

0,1.10-4 

0,1.10-4 

0,99.10-12 

0,99.10-12 

0,99.10 -12 

1,5 

5 
1,5 

5 
1,5 

1,5 

0,99.10-1 
0.99.10-2 
0,99.10-a 
0,99.10-1 
0,99.10-2 
0,99.10 -a 
0,99.10-1 
0,99.10-2 
0,99.10-a 
0,99. I0-1 
0,99.10 -2 
0,99.10 -2 
0,99.10-1 
0,99.10-2 
0,99.10-3 
0,99.10-1 
0,99.10-~ 
0,99.10-2 

N O T A T I O N  

e, charge  of a singly charged ion; j, vector  of ion flux density; dS, unit vector  of par t ic le  surface;  Er., 
total field s t rength at par t ic le  surface;  n, ion concentrat ion near  par t ic le  surface;  D, coefficient of diffusion 
of ions; k, mobili ty of ions; Ee, external  field strength; Epol, polar izat ion field s trength of par t ic les ;  Ec, 
s trength due to Coulomb at t ract ive force;  Era, m i r r o r - i m a g e  field strength; Eequ, conditional field strength 
equivalent to the direct ional  force acting on an ion due to the flow of a s t r eam of ionized air  over the part icle;  
~q,~ charge  of par t ic le ;  N, par t ic le  concentrat ion;  r i, coordinate of point where neutral izat ion is being con- 
sidered;  0, angle between external  field strength vec tor  and axis of direct ional  ion flux to par t ic le  surface;  
e, el, relat ive permit t iv i t ies  of par t ic le  mater ia l  and air;  rp, par t ic le  radius;  R, distance between an ion and 
center  of a part icle;  Vpot, velocity of ion motion; ~a ,  angle outside which EZ is equal to zero;  p, ion density; 
rap p, distance f rom cen te r  of apparatus to location of part icle;  no, ion concentrat ion at a sufficiently large 
distance f rom a charged part icle;  k 0, Boltzmann constant; T, absolute tempera ture ;  V, field potential of a 
charged part icle;  u, average  ion velocity; fl, rat io of number  of ions held on the surface to total number of 
ions colliding with a par t ic le ;  m, ion mass ;  tcr i t ,  time in which charge dec reases  f rom qinit to qcrit ;  to, 
t ime in which charge dec reases  f rom qcr i t  to 0; tto t, total t ime of neutral izat ion.  
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N O N - S T E A D Y - S T A T E  S O R P T I O N  P R O C E S S E S  I N  

M I C R O H E T E R O G E N E O U S  D I S P E R S E D  S Y S T E M S *  

A.  V a i n  UDC 541.182 

The a r t i c l e  fo rmula tes  and solves  the p rob l em of asymptot ic  rapid  m a s s  t r a n s f e r  in m i c r o -  
he te rogeneous  d i spe r sed  s y s t em s .  

It is accepted  p rac t i ce  to c h a r a c t e r i z e  s t eady - s t a t e  t r a n s f e r  of a d issolved act ive component  (AC) 
through a mot ionless  l aye r  of a liquid or  solid d i spe r s ion  by the diffusion coeff icient  D. .  This is fo rmal ly  de-  
t e rmined  as the m a t e r i a l  coeff ic ient  in F i ck ' s  f i r s t  law J = --D,VCD, where  CD is the local  concentra t ion of 
the AC in the d i s p e r s e d  sys t em.  However,  expe r imen t s  with some d i spe r sed  s y s t e m s  type molecu la r  s ieve  
[1, 2] or  ha rd  p o l y m e r s  [3] show that F i ck ' s  second law V" (D,VCD) = Dtc D does not always provide  an 
adequate descr ip t ion  of the n o n - s t e a d y - s t a t e  sorp t ion  p r o c e s s e s  in d i spe r sed  s y s t e m s .  An analogous conclu- 
sion was reached  in the study of n o n - s t e a d y - s t a t e  heat  exchange in d i spe r sed  s y s t e m s  [4]. The deviat ions a r e  
of re laxa t iona l  nature .  We will hencefor th  c h a r a c t e r i z e  such p r o c e s s e s  by the m a t e r i a l  p a r a m e t e r s  of the d i s -  
p e r s e d  s y s t e m ,  viz.,  the re laxat ion  t ime  kS. 

Deviat ions f r o m  the predic t ions  of the c l a s s i ca l  theory  and f rom the actual  occu r r ence  of sorp t ion  p ro -  
c e s s e s  may  be expected in d i spe r sed  s y s t e m s  for  which the diffusion coeff icient  of the d i spe r sed  phase  is 
lower  than the diffusion coeff icient  of the continuous phase,  but the sorp t iv i ty  is concent ra ted  in the d i spe r sed  
phase .  The deviat ions a re  pa r t i cu l a r l y  g r e a t  upon sudden or  ve ry  rapid  ( compared  with kS) changes in the 
concent ra t ions  of the diffusing component  in the d i spe r sed  sys tem.  Relaxation phenomena,  noted in mo lecu l a r  
s ieves  and o ther  solid subs tances  with po lyd i spe r sed  in ternal  s t ruc tu re  [1], may  mani fes t  t hemse lves  in 
liquid d i s p e r s e d  s y s t e m s  with analogous p r o p e r t i e s  during rapidly  occurr ing  p r o c e s s e s  of m a s s  t r ans fe r ,  
e.g.,  in e l ec t rochemica l  m e a s u r e m e n t s  of the diffusion coeff icients  [5] or  in thei r  de te rmina t ion  by methods 
of a f r ee  jet,  wetted wall  [6 ], or  in indust r ia l  p r o c e s s e s  of contacting gases  with suspensions .  

The p r e s e n t  work  p r e s en t s  the asymptot ic  descr ip t ion  of ve ry  rapid  concentra t ion p r o c e s s e s  in d i s -  
p e r s e d  s y s t e m s ,  i .e. ,  i t  examines  a specia l ,  a sympto t ic  case  of m o r e  genera l  theor ies  [1, 2]. It was found 
that  such asympto t ic  models  can be fo rmula ted  independently of the in ternal  geome t r i c  s t ruc tu re  of the m e -  
dium which in the models  is r e p r e s e n t e d  only by the specif ic  volume of the d i spe r sed  phase  q~ and its  specif ic  
su r face  @. In view of the va r i e ty  of phys ica l  s i tuat ions,  the t r anspo r t  model for  d i f ferent  types of d i spe r sed  
s y s t e m s  is p resen ted  in a m o r e  gene ra l  f o r m  on the bas i s  of the concepts  of mie rohe te rogeneous  d i spe r sed  
sy s t ems .  

Microhe te rogeneous  D i s p e r s e d S y s t e m s .  They have an in ternal  s t ruc tu re  whose mic roscop ic  sca le  is 
fa i r ly  l a rge  comp a red  with the molecu la r  <limensions.  Yet it is s t i l l  smal l  compa red  with the typical  m a c r o -  
scopic d imens ions  of t es t  spec imens  [7]. S epa ra t e  m ic ro scop i ca l l y  dis t inguishable deta i ls  of d i spe r sed  sys -  
t e m s  may  be viewed as homogeneous vo lumet r ic  phases  of a he terogeneous  polyphase sys tem.  It is  expedient 
to study the m a c r o s c o p i c  behav ior  of d i spe r sed  s y s t e m s  as one entity by methods of the physics  of the contin- 
uum. A s i m i l a r  dua l i sm of the phys ics  of the mic rohe te rogeneous  continuum mani fes t s  i t se l f  pa r t i cu l a r ly  
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