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EFFECT OF ELECTRODE CONFIGURATION ON EFFICIENCY OF INDUCTION 

ELECTRIFICATION OF DROPLETS 

V. I. Bezrukov, V. D. Spiridonov, 
and Yu. V. Syshchikov 

UDC 537.29:532.522 

Numerical calculation of the electric field in an induction electrification unit is 
used to determine the charges of droplets formed for various axisymmetric electrode 
systems. 

In electrodroplet-jet equipment the charge of the droplets is the basic parameter con- 
trolling transverse deviations of drops in the chain and, thus, formation of the image on the 
substrate [i]. Therefore calculation of this parameter is an important stage in the design 
of such devices. Theoretical calculations are based on determination of the electric field 
in the interelectrode gap. Analytical calculations usually make use of a number of assump- 
tions for which quantitative estimates are lacking, as a result of which they are uncontrolled, 
and in a number of cases, incorrect. Among these assumptions are: that the droplet charge 
is determined by a section of the jet the length of which is equal to the wavelength of the 
disturbance; neglect of electrode edge effects; neglect of charge redistribution on the elec- 
trode surfaces due to interaction with jet charges and detached droplets; use of the thin 
bar approximation for the jet, which produces the largest error near its end (i.e., the spot 
of droplet formation), etc. 

The present study has as its goal the calculation of the electric field in the inter- 
electrode space of an axisymmetric charging system in an electrodroplet-jet device with 
its subsequent use to calculate the chargesupon the droplets formed. Special attention was 
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Fig. I. Electrification in field of a cylindrical electrode. 
Dimensionless charge ~ vs longitudinal coordinate of breakup 
point Xbr , mm (d e = 0.45 mm, ~e = 4 mm): i) h e = 0; 2) 0.i mm; 
3) 0 . 5 ;  4) 1 . 0 ;  5) 2 . 0 .  

Fig. 2. Electrification in ring field: i) R = 1.05 mm; 2) 
0.65; 3) 0.475; 4) 0.50; 5) 0.45; 1-3) r = 0.25 mm; 4) 0.i0; 5) 
0.05. 

given to the effect of electrode form and dimensions on the charges of the droplets produced. 

The electric field in the interelectrode gap was calculated by the finite element method 
using an equation for surface charge density [2]. The electrostatic problem was solved for 
the potential ~ of the electric field: 

Acp =: O, 

It was assumed that the liquid was electrically conductive and the charge relaxation time was 
less than the characteristic time of change in jet surface. 

We will consider axisymmetric jet surfaces Sj and electrode surfaces Se, which we divide, 
respectively, into Nj and N e finite annular elements. The mutual capacitances of the finite 
elements are calculated with the expression 

B i ~ -  1 ~( dS~d&~ 

where  S i ,  S k a re  t h e  a reas  o f  f i n i t e  e l e m e n t s  i and k .  W i t h  c o n s i d e r a t i o n  o f  t h e  a x i a l  sym- 
m e t r y  of the problem the integration in Eq. (I) can be reduced to twofold: 

B,~ 8 1 (!(! K ' _ ~ (1//',| 4h& ,'ih~dtidt~ 
a (R,+I q- R,) (R~+m q- R(} " ' ( e l -  z#) 2 -?  (rl -m' &)z ) ~ _ z,:)z -k {'ri-v-rj'~ ( 2 )  

Here Ri, Rk, zi, z k are cylindrical coordinates of the finite element boundaries; r i = R i + 
(Ri+z - Ri)ti; z i = Z i + (Zi+ I - Zi)t i (the variables r k and z k are defined similarly). 

The charges of the finite elements are found from the system of linear equations 

. B ~ q ~  = U~, i : :  1 . . . . .  No; 
h 

~ Bmql~ = U~, i = No @ 1, N ' �9 .., ,: q- N~. 
k 

In the present study the dependence of droplet charge on characteristics of the elec- 
trode system was studied, therefore the form of the jet and droplets in the calculations was 
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Fig. 3. Electrification in field of disk with orifice, D e = 4 mm: 
i) d e = 0.8 nnn; 2) 0.6; 3-6) 0.45; 1-3) h e = 0; 4) 0.I mm; 5) 1.0; 
6) 2 . 0 .  

Fig. 4. Electrification in field of transverse planar capacitor, 
d e=0.6n~n, D e=4mm, h e=0, H e=imm (jet grounded): i) UI =U2 =U; 
2) U z = 0, Uz = U; 3) U z = U, U 2 = 0; 4) U~ = U/2, U 2 = -U/2; 5, 5') 
single disks. 

taken constant (cylindrical jet and droplet with hemispherical head and conical tail section) 
and the following parameters defined: jet diameter dj = 80 um, disturbance wavelength I = 
500 ~m, jet length s = 4 mm, droplet length s = 330 ~m, spherical droplet head diameter 
d d = 160 ~m. 

The droplet charge q is characterized by the dimensionless parameter 

$- q 
2~otdU 

We w i l l  p r e s e n t  t h e  b a s i c  r e s u l t s  o b t a i n e d  be low.  The f i g u r e s  show c a l c u l a t e d  dependences  o f  
d r o p l e t  c h a r g e  on l o n g i t u d i n a l  c o o r d i n a t e  o f  t h e  b r e a k u p  p o i n t  Xbr,  which  i s  measured  from 
the leading edge of the electrode. 

The graphs of Fig. i correspond to droplet electrification in the field of a cylindrical 
electrode. If the breakup is submerged in the depths of the electrode (region Xbr > 0), then 
the droplet charge depends solely on the internal diameter of the electrode and is indepen- 
dent of the other parameters. For these intervals the droplet charge can be described approx- 
imately by the expression 

2~o/dU 
l /  = =  H e 

in (de/d]) 
where f o r  a d r o p l e t  o f  t h e  form c o n s i d e r e d  ~c = 1 .35 .  The e f f e c t s  o f  t h e  e l e c t r o d e  w a l l s  and 
t h e  form o f  t h e  l e a d i n g  edge  m a n i f e s t  t h e m s e l v e s  i n  t h e  r e g i o n  Xbr < O, where t h e  b reakup  p o i n t  
i s  moved o u t s i d e  t h e  e l e c t r o d e .  

Figure 2 characterizes electrification in the field of a ring electrode. Comparison 
with approximate analytical calculation [3] shows that the droplet charges can be calculated 
with the expression 

~8o,dtJ 

For  a d r o p l e t  o f  t h e  form c o n s i d e r e d ,  a r = 1 . 4 8 .  

Results of electrification calculations for the field of a disk with orifice and two 
disks with orifices perpendicular to the jet are shown in Figs. 3 and 4, respectively. A 
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TABLE i. Comparison of Calculated (I) and Experi- 
mental (II) Values of Droplet Charge (U = 250 V, d e = 
0.6 mm, D e = 4 mm, h e = 0.i mm) 

Xbr, 
mm 

--2,00 
--1,00 
--0,75 
--0,50 
--0,25 

0,0 
0,25 
0,50 
0,75 
1,00 
1,25 
1,50 
1,75 
2,00 

q, pC 

single plate 

I I I  

1,23 1,37 
1,95 2,01 
2,29 2,29 
2,71 2,70 
2,93 2,88 
2,58 2,47 

1,73 1,69 

1,32 1,33 

0,96 0,87 

two plates H e = 2 ram, 
U I = U 2 = U 

I I i  

2,08 2, 19 
2,39 2,35 
2,79 2,72 
3,04 2,88 
2,82 2,70 
2,50 2,45 
2,32 2,33 
2,28 2,29 
2,34 2,33 
2,49 2,44 
2,74 2,65 
3,02 2,97 
2,85 2,88 

comparison of the graphs shows that of the two configurations the two planes with identical 
potential produce the highest charging efficiency; the single disk produces almost the same 
efficiency. We stress that for curves 2-4 (Fig. 4) the potential difference between the 
plates is the same, but the potential distributions between the jet and the electrodes are 
different. Correspondingly there are significant differences in the droplet charges. 

Analytical calculations [3] of droplet charge for the given configuration correspond 
to curve 2 (Fig. 4) and lead (in our notation) to the expression 

2 ~8o ~X~r U 
q =  

He (in (4Xbr/dj)-- 1) 

C a l c u l a t i o n s  show t h a t  f o r  t h e  l i n e a r  i n t e r v a l  0 . 2 5 4  Xbr (nan) -~<1.5 t h e  e r r o r  o f  t h i s  ex-  
p r e s s i o n  does  n o t  exceed  10-15%. 

To v e r i f y  t h e  n u m e r i c a l  r e s u l t s  a c o m p a r i s o n  was p e r f o r m e d  w i t h  an e x p e r i m e n t a l  s t u d y  
of  e l e c t r i f i c a t i o n  o f  d r o p l e t s  w i t h  t h e  a p p a r a t u s  o f  [4,  5 ] .  S i n c e  in  t h o s e  e x p e r i m e n t s  
t h e  d r o p l e t  form d i f f e r e d  from t h a t  c o n s i d e r e d  h e r e ,  an i n d i v i d u a l  s e r i e s  o f  c a l c u l a t i o n s  
was p e r f o r m e d .  A c o m p a r i s o n  of  n u m e r i c a l  and e x p e r i m e n t a l  r e s u l t s  i s  p r e s e n t e d  in  T a b l e  1. 
For  t h e  e n t i r e  d a t a  s e t  t h e  maximum r e l a t i v e  e r r o r  i s  10%, w i t h  mean s q u a r e  o f  2%. 

On t h e  b a s i s  o f  t h e s e  r e s u l t s  we may s t a t e  t h a t  f o r  a g i v e n  e l e c t r o d e  o r i f i c e  d i a m e t e r  
h i g h e s t  e l e c t r i f i c a t i o n  e f f i c i e n c y  i s  a c h i e v e d  f o r  e l e c t r o d e s  in  t h e  form of  a c y l i n d e r  ( s e e  
F i g .  1) o r  a t h i c k  p l a t e  ( F i g .  3 ) .  A n o t h e r  s h o r t c o m i n g  o f  t h e  o t h e r  e l e c t r o d e  forms i s  t h e  
i n t e n s e  dependence  o f  d r o p l e t  c h a r g e  on b reakup  p o i n t  c o o r d i n a t e .  I n  t h i s  c a s e  any f l u c -  
t u a t i o n  o f  t h e  b reakup  p o i n t  l e a d s  t o  c o r r e s p o n d i n g  s c a t t e r i n g  in d r o p l e t  c h a r g e s  and r e d u c -  
t i o n  in the accuracy of droplet positioning in electrodroplet-jet devices. 

The results obtained can be used to develop a class of electrodroplet-jet devices suit- 
able for mass production [6]. 

NOTATION 

De, disk outer diameter; de, electrode orifice diameter; He, distance between planar 
capacitor disks; he, electrode thickness; K(x), type I elliptical integral; s electrode 
length; q, droplet charge; ~, dimensionless droplet charge; Ri, Z i, cylindrical coordinates 
of finite element boundaries; R, radius of ring electrode; r, wire radius of ring electrode; 
Sj, Se, jet and electrode surfaces; Uj, U e, jet and electrode potentials; U = IUc - Uel , 
power supply voltage; Ul, U2, potentials of planar capacitor plates; Xbr , coordinate of jet 
breakup point (measured from front edge of electrode); ~, correction coefficient; s0, dielec- 
tric constant. 
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INDUCTIONAL CHARGING OF MONODISPERSED DROPS FORMED IN THE INDUCED 

CAPILLARY BREAKDOWN OF LIQUID JETS 

V. V. Blazhenkov, A. V. Bukharov, 
A. A. Vasil'ev, and S. N. Panasov 

UDC 621.319.7.001:517.958 

Theoretical and experimental data on the inductional charging of monodispersed 
liquid drops formed in the induced capillary breakdown of liquid jets are given. 

The preparation of fluxes of monodispersed drops with dosed electric charges which may 
be controlled by means of electric and magnetic fields is one of the basic elements of elec- 
trodrop-jet [I] and cryodisperse [2] technology. 

The method of inductional charging of monodispersed drops of conducting liquids formed 
as a result of the induced capillary breakdown of liquid jets (ICBJ) is investigated in the 
present work. The results of analytical and numerical calculations are given, as well as 
experimental data on the charges induced at the drops in electric fields of various configura- 
tions. The experimental and theoretical data are compared. 

In inductional charging, the potential applied between the electrodes (the charging 
electrode most often takes the form of a plane with a hole, a ring, or a cylinder; the second 
electrode is an attachment to the ICBJ generator and the intact part of the jet itself) in- 
duces some charge distribution along the jet; this distribution depends on the concentration 
and mobility of the charge carriers in the liquid volume and also on the time of drop forma- 
tion in ICBJ. 

The charge induced at the drop may be expressed in terms of the its equivalent capaci- 
tance and the potential at the charging electrode V: Q = -C~V; here ~ takes account of the 
correction for the local value of the potential at the point of breakdown. 

The capacitance of the drop is determined by its size and shape. For a spherical drop, 
the capacitance is C = 4~se0R d. It must be taken into account that the shape of the surface 
of the intact part of the jet and the charges at all the previously formed drops in the flux 
influence the magnitude of the charge. 

The influence of the shape of the drop may be estimated from the change in capacitance 
of an ellipsoid of revolution as a function of its eccentricity, since the drops take this 
form at the instant of breakaway from the jet in ICBJ. Data on the charges at the drops as 
a function of the eccentricity obtained by experiment (points) and calculation (continuous 
curve) are shown in Fig. i. 

Because of the finite electrical conductivity of the liquid, the inductional charging 
of the drop does not occur instantaneously. To describe the dynamics of the charging process, 
it is expedient to represent the charged section of the jet and the charging device as a 
series RC circuit in which the resistance R is determined by the electrical conductivity of 
the liquid being dispersed p, the diameter Dj, and the length of the intact part of the jet 
Lj: 
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