
6. 

7. 

O. L. Anderson,  "De te rmina t ion  and some  uses  of i so t ropic  e las t ic  constants  of polycrys ta l l ine  aggre -  
gates  using single c r y s t a l  data,  ~ in: Physica l  Acoust ics  (edited by W. P. Mason), Voi. 3B, Academic  
P r e s s  (1965). 
T. D. S h e r m e r g o r ,  "Modulus of e las t ic i ty  of inhomogeneous m a t e r i a l s , "  in: Reinforcement  of Metals by 
F ibe r s  tin Russian] ,  Nauka, Moscow (1973). 

SOME LAWS FOR PRECIPITATION 

OF AEROSOLS ON A CHARGED COLLECTOR 

I N  T H E  R E Y N O L D S  N U M B E R  R A N G E  1 0 - 1 0 0  

V. V. S m i r n o v  UDC 633.6.011 : 621.359.4 

Exper imenta l  data  a r e  p resen ted  on the eff ic iency of e l ec t ros t a t i c  prec ip i ta t ion  of aqueous a e r o -  
sol pa r t i c l e s  on a s t rongly  charged  sphe re  in the med ium Reynolds number  range  (Re = 10-100). 
The asympto t ic  solutions for the p rob l em a re  p resen ted ,  and typica l  e r r o r s  allowable in in te r -  
pre t ing  this type of expe r imen t  a re  d iscussed .  

Exist ing theore t ica l  and exper imenta l  data [1-6] on the eff ic iency of the e l ec t ros ta t i c  prec ip i ta t ion  of 
ae roso l  pa r t i c l e s  on charged bodies of ve ry  s imple  shape r e f e r  mainly  to cases  where  the re  is ei ther  viscous 
(Reynolds number  much less  than 1) or  uni form flow (the e lec t r i c  fo rces  signif icantly predominate  ove r  the 
hydrodynamic)  of air  c a r ry i ng  ae ro s o l s  over  the col lec tor .  

In a number  of cases  a ssoc ia ted  with f i l t ra t ion and elutton of ae roso l s  by precip i ta t ion  par t i c les  and a r -  
t i f ic ia l  bodies [7-10] so -ca l l ed  medium or in te rmedia te  Reynolds number s  (Re=5-100) a re  achieved.  For  this 
s i tuat ion informat ion on the laws of e l ec t ros t a t i c  prec ip i ta t ion  of pa r t i c les  at an obs tac le  is p rac t i ca l ly  nonex- 
istent .  

The p re sen t  work  analyzes  the r e s u l t s  of m e a s u r e m e n t s  of capture  coeff icients  of neut ra l  and charged 
par t i c les  of aqueous ae roso l s  by a fixed, charged sphe r i ca l  col lec tor .  The Reynolds numbers  values  based on 
the sphe re  d i ame te r  fall  in the r ange  10-100. 

The exper imenta l  technique and some  of the initial m e a s u r e m e n t  data have been descr ibed  in [7-8]. The 
e s sence  of the technique is as follows. 

A one-d imens iona l  je t  of drople ts  of a given s ize  and charge  is genera ted  in a flow of mois t  a i r ,  washing 
a meta l  sphere  of d iamete r  0.4 cm. The sphere  potential  is va r ied  in the range  0 to =~ 6000 V, and the droplet  
charge  f r o m  0 to =~ 100e, the drople t  d i am e t e r  f r o m  10 to 30 p ,  and the flow speed f r o m  4 to 40 c m / s e e .  
F r o m  ana lys i s  of te levis ion photographs of the l imit ing t r a j e c t o r i e s  for the droplet  motion near  the spher ica l  
co l lec tor  we de te rmined  the capture  coefficient ,  defined as the ra t io  of the a r e a  of the s t r e a m  tube of p r ec ip -  
i tated pa r t i c l e s  to the pro jec ted  a r e a  of the sphere .  

The r e s u l t s  of  the t e s t s  of in teract ion of uncharged conducting droplets  with a charged sphe re ,  with an 
e lec t r i c  field intensi ty on its su r face  of 5,10,  and20 k V / e m ,  a r e  shown in Fig. 1; the capture  coefficient  K 
is shown as a function of the d imens ion less  coagulation p a r a m e t e r  /3 which c h a r a c t e r i z e s  the ra t io  of  the m i r -  
r o r  and ae rodynamic  fo rces  acting on the par t i c le  

= ( 2 U ~ d 2 / 3 n ~ l D 3 u ~ )  . ( e -  t)/(e-~ 2), (1) 

where  d and e a r e  the s ize  and d ie lec t r ic  constant  of the drople ts ;  U and D a re  the potential  and d iamete r  of 
the sphere ;  77 is the dynamic v i scos i ty  for a i r ;  and u~o is the flow veloci ty  at infinity. We note that for U=0 
quite low values  of K <  0.05 have been obse rved  [8]. 
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For  compar i son  Fig. 1 also shows calculated data using the Cauchy formula [1] for uniform flow over a 
sphere  with K=2fl 0.4 and the resul ts  of a numer ica l  computation from[3] for viscous flow over  a sphere 
(Re<<1). In the latter case for fi< 0.1 one can use the approximation K=fl ~ 

It can be seen f rom Fig. 1 that approximations of the type K=/ ( f l )  for uniform and viscous flow condi- 
tions give only limiting solutions to the problem for the Reynolds number range of interest ;  for the range 
Re =10-100 there  is no unique relat ion between the capture coefficient K and the pa ramete r s  of the sphere and 
the aerosol  par t ic les ,  due evidently to the specific nature of the adjustment of the flow field around the sphere.  
Judging f rom Fig. 1, this adjustment is s t rongest  in the region Re = 1-20, which corresponds  to the theoret ical  
conclusions [11]. It is known that, for Reynolds numbers  f r o m l t o  some tens,  an ax isymmetr ic  rec i rcula t ing  
wake appears and grows in the r e a r  part  of the flow over the sphere.  The s t reaml ines  approach closer  to the 
forward surface of the sphere,  which causes an increase  in K (for a fixed value of fi), compared with the case 
of viscous flow. Express ions  for the velocity fields, including vort ici ty,  a re  not of explicit form [11], and 
therefore  there is no unique method of solving the problem as a whole; i.e., this is a numerical  analysis of a 
f ini te-difference approximation to the Nav ie r -S tokes  equations. However, this analysis has not been done, as 
far as we know, with the e lect r ical  forces  included. 

The situation is more  favorable (from the viewpoint of determining the pa ramete r s  of the experimental  
data) only for Re > 40 (see Fig. 1), when the p rocess  of flow adjustment around the sphere has pract ical ly  
finished. Therefore ,  quite simple approximations of the type i(=f(f l)  can be found for the region Re =40-100. 

It is considerably more  difficult to interpret  the resul ts  of tests  with charged par t ic les  and a collector.  
On the one hand, it is known (see, e.g.,  [1]), that the laws for precipitat ion of part icles  on an obstacle due to 
Coulomb forces  have a weak cor re la t ion  with the type of flow; i.e., in the Reynolds number range R =10-100 the 
simple formula 
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t~' = 4(~) (2) 

can be used to est imate  the capture coefficient of a spher ical  col lector ,  where a is a pa ramete r  charac ter iz ing  
the ra t io  of the Coulomb and the aerodynamic  forces  acting on a small  par t ic le  

r ~ i 6 U q / 3 m l d u ~ D .  (2a) 

On the other hand, one must  bear  in mind that in experiments  with ra ther  large col lectors  (on the order  
of 1 em and more) it is difficult to es t imate  quantitatively effects associa ted  with the Coulomb interaction 
mechanism,  since in the rea l  a tmosphere  the limiting radius for interaction of charged part icles  is bounded 
by the Debye screening radius r d. If the actual concentrat ion of aero- ions  and other charged part icles  in the 
gas flow is close to n • ~ (1-5) "103 cm -3, then r d = k T / 4 v n •  2-5 cm. 

Using Eq. (2) it can be est imated that for q> 10 -3 and a field intensity on the sphere surface close to 
20 k V / c m ,  the charac te r i s t i c  scale for interaction (corresponding to the limiting distance of the limiting t r a -  
j ec tory  of a part icle  near  the sphere) is on the o rder  of 4-5 cm. This means that the Coulomb at tract ion 
forces  are  not fully apparent.  In addition, in pract ice  one often meets the situation where the aerosol  part icles 
have comparat ively  smal l  charges ,  while the col lector  charge is the maximum value allowable in the atmo- 
spher ic  conditions. Then the specular  and the Coulomb forces  are  of the same order  of magnitude [7]. To find 
the total capture coefficient one can pe r fo rm laborious numer ica l  solution of the equation of re lat ive motion of 
par t ic les  and col lector ,  and this is done for specific problems only in the approximation of Stokes-type fields 

[4-101. 

The resul t s  of the experiments  shown in Fig. 2 a re  interest ing in that, for the region Re=10-100,  one 
can obtain quantitative es t imates  of the combined action of specular  and Coulomb forces  and qualitative est i -  
mates of the effect of the velocity field. Thus, if the charge on the drop is 100e, and the charge sign is of 
opposite polari ty to the sphere potential,  then the nonunique dependence of the capture coefficient on the pa- 
r a m e t e r  Re typical for an induction interaction is noticeably weakened with the appearance of Coulomb forces .  
It seems possible to descr ibe  the experiment as a tmique function of type K=f(c~)over a wide range of Re 
values. 

To compare  the contribution of Coulomb collision forces  and specular  a t t ract ion forces ,  Fig. 2 also 
shows the resul ts  expressed  in t e rms  of a ,  for the case  where the sign of the sphere  charge is the same as the 
droplet charge.  Here, because the induction forces  predominate over  the Coulomb forces ,  it can be seen, as 
in Fig. 1, that a ro le  is played by factors  responsible  for adjustment of the flow field inthe range of Re numbers 
considered.  

Thus, the laws for e lec t ros ta t ic  precipitat ion of aerosol  par t ic les  on an obstacle,  for Re = 10-100, are  
more  complex than for viscous flow, and cannot be represen ted  uniquely by the c r i t e r i a  of Eqs. (1) and (2a). 
It is difficult in most  cases to single out the effects of Coulomb and induction interactions.  

Taking account of what has been said, one must point out one typical e r r o r  committed in interpreting this 
kind of experiment  [5, 9]: the authors of [5] ascr ibed the effects of precipitat ion of charged aerosol  part icles  
on a charged cylinder for Re > 40 as being completely due to Coulomb forces ,  and this s tatement is by no means 
indisputable. 

In analogy with the case of a spherical  collector  considered,  we can postulate that the true values of in- 
duction capture coefficients for a cylinder,  as for a sphere,  lie between the limits [6] 

lG,,~x--- [(:',!:-'),'~l~l ~,';~ for [h-~,~ ~; (3) 
K,nin -- ~I!~ for [3! ~:,: l, 

where 

t~l [%l:'/:;~Lq,~, D;L 

Then, by substituting typical  experimental  values into Eq. (3) [5], U = 1 -  6 kV, d = 4 #,  u~ = 6 0 -  600 
c m / s e c ,  D = 0.1 cm, we have Kma x = 1 .5 -1 .8 ,  Kmi n = 0 .045-0 .41 ,  which a re  on the same order  as the values 
K = 2.4-0.24. 

The agreement  between experimental  and calculated capture coefficients in [5], allowing only for Coulomb 
forces ,  should evidently be considered as accidental.  The uncertainty can be explained by the fact that the 
values of e lec t r ic  field intensity on the cylinder surface  during the experiment  exceeded the allowable limits 
~br a tmospher ic  conditions (more than 25 kV/em) ;  this caused additional effects associated with corona dis-  
charge,  and so on. 
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