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Resu l t s  a r e  p r e s e n t e d  f r o m  t h e o r e t i c a l  and e x p e r i m e n t a l  s tud ies  of a pump for  handl ing 
insu la t ing  l i qu ids .  Va r ious  t y p e s  of i on i z e r  a r e  c o m p a r e d .  

When a un ipo l a r  d i s c h a r g e  p a s s e s  through a neu t r a l  med ium,  the cha rge  c a r r i e r s  i n t e r a c t  with the 
neu t r a l  p a r t i c l e s ,  which can be used  to p roduce  a p r e s s u r e  d i f f e r ence .  This  effect  is  c l e a r l y  seen  in the 
o u t e r  p a r t  of a c o r o n a  d i s c h a r g e  and i s  known as  the co rona  wind. 

S tue tze r  [1, 2] made  the f i r s t  s tud ies  on the use  of a co rona  d i s c h a r g e  fo r  pumping insu la t ing  l iqu ids ,  
but  his  t h e o r e t i c a l  s tud ies  involved  c e r t a i n  a s s u m p t i o n s ,  and the a g r e e m e n t  with e x p e r i m e n t  was not  good. 

Here  we give a t h e o r e t i c a l  a n a l y s i s  of such a pump.  The ca lcu la t ions  a r e  c o m p a r e d  with e x p e r i m e n t s  
on s t a g e s  of v a r i o u s  d e s i g n s .  

Symbols :  p p r e s s u r e ,  V speed  of neu t r a l  l iquid,  p dens i ty ,  ~ f r i c t i ona l  l o s s  coef f ic ien t ,  x d i s t a n c e  
a long ax i s  of channel ,  E f ie ld  s t reng th ,  Pi cha rge  dens i ty ,  V i ve loc i ty  of cha rge  c a r r i e r s ,  U poten t ia l ,  j 
c u r r e n t  dens i ty ,  N power ,  e d i e l e c t r i c  cons tant ,  b mobi l i ty ,  p dynamic  v i s c o s i t y .  

Any des ign  fo r  such a pump (Fig .  1) has two zones  in the r eg ion  of mot ion  of c h a r g e s  be tween  the 
e l e c t r o d e s :  the  co rona  l a y e r  (a quas ineu t r a l  r eg ion  of p a s s a g e  of e l e c t r o n  ava lanches)  and an ou te r  r eg ion  
(the r eg ion  of un ipo l a r  c h a r g e  t r a n s p o r t )  [3]~ The ope ra t i on  i s  d e s c r i b e d  by  ca lcu la t ing  the  ou te r  r eg ion  
of the d i s c h a r g e ,  as  th i s  d i r e c t l y  p r o d u c e s  the p r e s s u r e  d i f fe rence~ The phys i ca l  p r o c e s s e s  in the ou te r  
r eg ion  a r e  d e s c r i b e d  v ia  the  fo l lowing s y s t e m  of equa t ions ,  which have been  w r i t t e n  fo r  the  p r a c t i c a I  c a s e  
of s m a l l  r e l a t i v e  c h a r g e  concen t r a t i on  without a l lowance  for  the d i f fus ion c u r r e n t  o r  the inhe ren t  conduc-  
t ion of the l iquid:  

(pVV) V + Vp -- piE -- IxVW ~ 0, div V = 0 (1) 

p L 

Fig .  1 

div (V~pi) = 0, Vi=Y +bE, div E : pi/e, rot E : 0  (2) 

This  s y s t e m  i s  a combina t ion  of the  hyd rodynamic  equat ions  fo r  
the ions  and ne u t r a l  p a r t i c l e s  with MaxwelUs equat ions  fo r  the e l e c t r i c  
f ie ld :  (1) g ives  the equat ions  of mot ion  and cont inui ty  fo r  the neu t ra l  
component ,  while  (2) g ives  the  s a m e  for  the ions ,  t o g e t h e r  with the 
f i r s t  p a i r  of Maxwe l l ' s  equa t ions ,  which have been  wr i t t en  with the 
e x t e r n a l  and i n t e r n a l  magne t i c  f i e lds  neg lec ted .  

We give the  so lu t ion  fo r  the  q u a s i - o n e - d i m e n s i o n a l  case ,  which 
is t aken  as  a m a t h e m a t i c a l  model  fo r  d e s c r i b i n g  the phenomenon.  

In th i s  model  (Fig .  1), the  ac tua l  two-componen t  flow is  r e l a t e d  
to two i n t e r a c t i n g  canonica l  f lows whose p a r a m e t e r s  a r e  cons tan t  ove r  
the c r o s s - s e c t i o n :  a flow of neu t r a l  l iquid  in a channel  of cons tan t  
c r o s s - s e c t i o n  F 1 and a flow of c h a r g e  f r o m  the point ,  whose c u r r e n t  
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tube is  a pa r a bo lo id  of ro t a t ion  whose v a r i a b l e  c r o s s  sec t ion  
F i s  r e l a t e d  to F 1 by P = t% (x / Xl). 

Sys tem (1) and (2) then b e c o m e s  

dp ~ Pt E -4- "~ PV2 dV - W - -  ~--~- " . ~1"-2 - = 0 '  dx = 0  (8) 

d (Viplx) d (Ex) P~ 
dx " --- O, Vi = V § bE, x dx --  8 (4) 

Here  the t h i r d  t e r m  in the f i r s t  equat ion c h a r a c t e r i z e s  the f r i c t i ona l  l o s s  and has  been  in t roduced  by  
analogy with the loss  t e r m  in Be rnou l l i  's equat ion ,  

We combine  Eqs .  (4) to get  

d (Ex) 
(V § bE) ~ = ilxt 

in which Jl i s  the c u r r e n t  dens i t y  in the c r o s s  sec t ion  Fro This  equat ion can be t r a n s f o r m e d  to one in which 
the v a r i a b l e s  a r e  s e p a r a t e d :  

do: Ve -~ bee 
hx i  - -  V e E  - -  beE~ 

dE 

This  equat ion mus t  be i n t e g r a t e d  fo r  the ex t e rna l  r eg ion  in o r d e r  to find the  d i s t r i bu t i on  of E. The 
i n t eg ra t i on  g ives  a l engthy  e x p r e s s i o n  that  can,  with l i t t l e  e r r o r ,  be r e duc e d  to the  fol lowing:  

This  g ives  the d i s t r i bu t i on  as  a s t r a i g h t  l ine  a l m o s t  p a r a l l e l  to the  x ax i s  and independent  of E 0. 
Devia t ion  f r o m  l i n e a r i t y  o c c u r s  only in the sho r t  in i t i a l  r eg ion  where  x0/x ~ 1o 

We need only the i n t e g r a l  c h a r a c t e r i s t i c s  ove r  the  en t i r e  d i s t a n c e  be tween  the e l e c t r o d e s  in o r d e r  
to f ind the  p r e s s u r e  and potent ia l  d i f f e r e n c e s ,  i . e . ,  the  a r e a  under  the E(x) curve ,  so that  the  i n t e g r a t i o n  
may  be p e r f o r m e d  with the f i e ld  d i s t r i b u t i o n  w r i t t e n  as  

( v  ~ h zlVl, V 
E =  ~ +---~-) - ~ -  

This  is  i n t e g r a t e d  with UI=0 fo r  the  anode to get  the v o l t a g e - c u r r e n t  r e l a t i o n  fo r  a co rona  d i s c h a r g e  
in a moving l iquid:  

f V 2 S,LV,~ g o :  D L~ + ~b ) -- 2b L 

in which L is  the d i s t a n c e  be tween  the e l e c t r o d e s .  

The ana logous  e x p r e s s i o n  fo r  the o n e - d i m e n s i o n a l  a p p r o x i m a t i o n  i s  

(5) 

s v 

(6) 

Here  E 0 i s  the f ie ld  at the point  when the co rona  d i s c h a r g e  s t a r t s ,  i . e . ,  in the  absence  of space  
cha rge .  

C o n s i d e r  now the p r e s s u r e  se t  up by the p a s s a g e  of a c u r r e n t .  

F o r  this  pu rpose  we in t eg ra t e  the equat ion of mot ion  [3], put t ing in i t  the value  of Pi" 
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Fig.  3 

We put the inle t  p r e s s u r e  as p0=0, which can always be done for  an i n c o m p r e s s i b l e  l iquid,  and get 

(7) 

The analogous fo rmula  for  the one -d imens iona l  approximat ion  is  

The following is  the useful  hydrodynamic  power produced by the pump per  m z of channel  in this  

model :  

(s) 

�9 eV s sV~/V ~ hL~% .pV 3 
(9) 

and in the o n e - d i m e n s i o n a l  approximat ion:  

N , = ~ - L §  § ~v2F2i / v  ~2q,,~ pv~ 

The e l ec t r i ca l  power consumed by 1 m z of channel  is  here  

( V ~ /1L ~'I, V 

The analogous exp res s ion  for the one -d imens iona l  case is  

(10) 

(11) 

V 3 
- - -T -L  

N~ = -~ [L%b L (12) 

The eff ic iency ~ is the ra t io  of the two powers ,  and it can be shown that ~ ~ ~max when b ~ 0. In 
this  model ,  

~l = t - -  ( ~ p  / e) ( L V / 2 U 0 )  2 ( 1 3 )  

This  shows that ~ i n c r e a s e s  as ~p/e dec reases~  The loss  a r i s e s  f rom the v iscos i ty ,  so we may say 
that the pump is more  eff icient  in pumping l iquids  of low dens i ty  and v i s cos i t y  that have high d ie lec t r i c  con-  
s tan ts .  

ff ~ =0, ~ -~ 1 as b ~ 0, i .  e~ the pump is  mos t  eff icient  with l iquids of smal l  b, such as pe t ro l eum 
d i s t i l l a t e s  and f reons ,  whose b a re  of the o r de r  of 10 -7 m2 /V-sec .  Then (13) can be used to e s t ima te  ~. 

We have neglected  conduction in the l iquid,  s ince this  mus t  be negl ig ib le  if the pump is to be efficient,  
e . g . ,  10 -11 to 10 -ja ohm-~cm -1 for  oil products  and organic  heat c a r r i e r s .  Otherwise,  energy  will be con-  
sumed by conduct ion without making  a cont r ibu t ion  to the p r e s s u r e  d i f ference ,  For  this  reason ,  the pump 
cannot be applied to water ,  e l ec t ro ly te s ,  etc.  

Let  us  now compare  theory  with expe r imen t .  Expe r imen t s  were c a r r i e d  out for three  types of s tep 
(Fig. 2), where  a) is of the s ing le -need le  type, b) is of the many-needled  type, and c) is cy l indr i ca l .  

We tes ted  the des igns  shown in Fig.  2, m e a s u r i n g  the l iquid flow, p r e s s u r e  d i f ference ,  corona  cur -  
r en t ,  and e lec t rode  voltage on technica l  ke rosene  with a negat ive corona.  
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We r e c o r d e d  v o l t a g e - c u r r e n t  c u r v e s  for  the t h r e e  des igns  at z e ro  
flow with a d i s t a n c e  L =3.5  m m  be tween  the e l e c t r o d e s  (Fig.  3) ; he r e  1 
r e p r e s e n t s  the o n e - d i m e n s i o n a l  r e s u l t ,  2 the above model ,  and 3 the 
e x p e r i m e n t a l  r e s u l t .  F o r  each  curve  we show the t h e o r e t i c a l  r e s u l t s  
fo r  the  o n e - d i m e n s i o n a l  c a se  and the above model ,  both of which a g r e e  
well  with e x p e r i m e n t .  

F i g u r e  4 g ives  typ ica l  p*(V) c u r v e s  fo r  the above des igns ,  in which 
p* i s  the r a t i o  of the ac tua l  p r e s s u r e  d i f f e rence  to that  at z e ro  flow. It 
i s  c l e a r  that  the p e r f o r m a n c e  is  w o r s t  fo r  the des ign  with the c y l i n d r i c a l  

i o n i z e r ,  with the m u l t i p l e - p o i n t  des ign  somewhat  be t t e r ,  and the s i ng l e -po in t  des ign  the bes t .  The f i r s t  two 
des igns  have m e a s u r e d  e f f i c i enc i e s  not exceed ing  1070. T h e r e  a r e  two g e n e r a l  r e a s o n s  fo r  th i s  poor  p e r -  
f o r m a n c e :  1) t h e s e  des igns  did not a l low l a r g e  c u r r e n t  d e n s i t i e s  to be a t t a ined .  The e l e c t r i c  f ie lds  of 
ad j acen t  poin ts  o r  ad jacen t  p a r t s  of the  c y l i n d r i c a l  e l e c t r o d e  i n t e r a c t ,  with the r e s u l t  that  the  corona  c u r -  
ren t  for  a g iven poten t ia l  is  l e s s  than for  a s ingle  point  o r  (if the poin ts  a r e  f a r  enough apar t )  i n c r e a s e s  
much l e s s  r a p i d l y  than the a r e a  of the channel .  2) The des ign  of the s tage  i s  d e c i s i v e  fo r  the  i n t e r ac t ion  
of the  cha rge  c a r r i e r s  with the  neu t r a l  l iquid .  Eff ic ient  working  r e q u i r e s  the  e l e c t r i c  f ie ld  v e c t o r  to c o -  
inc ide  in d i r e c t i o n  with the  n e u t r a l - p a r t i c l e  ve loc i ty  ove r  as  much of the  vo lume as  p o s s i b l e .  Theo ry  and 
e x p e r i m e n t  show that  the s i ng l e -po in t  des ign  a p p r o x i m a t e s  be s t  to th i s ,  while  the  c y l i n d e r  des ign  i s  the 
w o r s t .  The mul t ipo in t  des ign  has the cha rge d  p a r t i c l e s  moving  to the  anode g r id  in n a r r o w  b e a m s  that  do 
not i n t e r a c t  with the body of the  l iquid .  

The one-po in t  de s ign  i s  the bes t ,  and the o t h e r  des igns  should be used  only when it  i s  n e c e s s a r y  t o  
obta in  l a r g e  flow r a t e s  f r o m  s m a l l  dev i ce s  and e f f ic iency  is  m e r e l y  a s e c o n d a r y  c o n s i d e r a t i o n .  

F i g u r e  5 shows the p r e s s u r e  c h a r a c t e r i s t i c s  of a s i ng l e -po in t  de s ign  and a l so  the dependence  of ~? 
on the ve loc i ty  at  cons tan t  vo l tage .  The t h e o r e t i c a l  c u r v e s  f r o m  (5)-{12) a r e  a l so  shown. It i s  c l e a r  that  
the  model  used  h e r e  g ives  b e t t e r  gene ra l  a g r e e m e n t  with e x p e r i m e n t  than does  the  o n e - d i m e n s i o n a l  a p -  
p rox ima t ion~  The d i s c r e p a n c y  be tween  t h e o r y  and e x p e r i m e n t  within the  work ing  range  of speeds  does  
not exceed  1070 fo r  the  p r e s s u r e  and 2570 for  the  e f f ic iency .  

/SO0 j~fN/.~ 

. . j  2 ~ d 
/ 0 0 0  . ,  

~0 

20 
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Fig .  5 
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These studies show that the s ingle-point  design is the best  and that i ts per formance  can be p r e -  
dicted accura te ly  f rom the model used here.  This design of stage should be used in a mult is tage pump. 
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