
without surface charge; 60, initial amplitude of deformation of jet surface; E, electrical 
field stress; Ps0, initial surface charge density; Vr, Vx, velocity components; x, r, longi- 
tudinal and radial coordinates; t, time; H, Sh, E, dimensionless constants; x,, r,, t,, ~. , 
scale factors for coordinates, time, and electrical field potential; P, pressure; Psz, per- 
turbation of the surface charge density; , perturbation of the electrical field potential; 
q, surface deformation; r, radial coordinate; k, wave number; g0, absolute dielectric perme- 
ability; E r, radial component of electric field; cz, c2, c3, constants; s = 7/Oh + k2; 11, 
modified Bessel function; L, length of unbroken part of jet; Ps, surface charge density; Pc, 
charge density; j, current density; ~, stream function; AL, increase in length of unbroken 
part of jet; vj, jet velocity; p, liquid density. 
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EFFECT OF AN ELECTRIC FIELD ON THE CAPILLARY BREAKUP OF ELECTROLYTE JETS 

A. V. Bukharov, A. F. Ginevskii, 
and N. A. Konovalova 

UDC 523.5:621.319.7 

The results are presented of a theoretical and experimental investigation of the 
forced capillary breakup of jets of electrolytes in an electric field. It is 
shown that in some cases there is a nonmonotonic dependence of the length of the 
unbroken part of the jet on the electrical field stress. 

Recently there have been considerable advances in the investigation and utilization of 
streams of charged monodisperse particles. Such streams have found wide utilization in the 
new chemical technologies, in electrical droplet spraying, printing, and marking devices, 
in cryogenic systems, etc. An important condition of the operation of such systems is the 
controllability of the droplet streams by means of an external field, so that it is neces- 
sary to place an electrical charge on the particles. A very promising method of placing a 
charge on a droplet of a conducting liquid is the induction charging of droplets during the 
forced capillary breakup of jets (FCBJ) of the liquid. 

The induction charging of particles during the FCBJ is a complex process and depends 
on many parameters [i]; there are considerable experimental difficulties in connection with 
its study. Hence, in spite of quite a large number of theoretical and experimental papers 
dealing with the FCBJ in the absence of a field, there has been clearly insufficient investi- 
gation of the effect of an electrical field on the FCBJ process. Among the theoretical in- 
vestigations it is necessary to mention papers [2-4], in which by way of a model there is con- 
sideration of the problem of the effect of an electric field on the capillary instability 
of an infinite cylinder, which does not correspond to the real FCBJ process in a limited jet. 
There are still fewer experimental studies, and the investigation of the effect of an elec- 
tric field on the FCBJ has been pursued to a qualitative level only in them. For these rea- 
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sons, the authors have been impelled to undertake a more detailed investigation of the 
effects of an electric field on the characteristics of the PCBJ. 

For the experimental investigation of the features of the capillary breakup of electro- 
lyte jets in an electric field use has been made of an automated experimental apparatus [5]. 

The breakup of the jet into droplets occurred in the field of a flat condenser, which 
was arranged so that one of the electrodes served as a shield, while the other had a voltage 
applied to it. The effect of the electric field on the capillary breakup was investigated 
for various efflux velocities v at a constant amplitude A and excitation frequency f. A 
constant voltage in the range 0-7 kV was placed on the charged electrode. For each rate of 
efflux, readings were taken of the initial length of the unbroken part of the jet Lj and its 
change in length AL~ as functions of the value of U. The measurements of Lj and ALj were 
carried out by speclal optical systems to an accuracy of • 5 Dm. 

The shape of the droplets and their charge were also recorded. A knowledge of the 
droplet charge makes it possible to determine for the known value of U the electrical field 
stress E at the point where the jet breaks up into droplets. In order to measure the charge 
used was made of a Faraday cylinder, an ampere voltmeter, and an interface connecting the 
ammeter with a computer. The determination of the average charge was carried out as follows. 
Over a specified interval of time the cylinder was connected to the ampere voltmeter, and 
the mean current was measured. By means of the interface, the information on the mean cur- 
rent was recorded in the computer memory. Simultaneously with the measurement of the mean 
current the frequency of formation of the droplets was also determined. In order to reduce 
the error caused by the leakage of a part of the cylinder current to earth, the cylinder 
was carefully insulated from the earth. The resistance of the insulation amounted to ~i015 
~. The error in establishing the mean charge was governed by the errors of the ampere volt- 
meter and amounted to ~0.5%. 

In studying the FCBJ several regimes of the variation of Lj were observed, depending 
on the voltage being applied, the pulsation frequency of the generator, and the velocity of 
efflux. At large efflux velocities when the wave number was k ~ 0.6, a monotonic extension 
of the jet was observed with increase of the electrical field; for some potential differ- 
ences the jet extension increased so much that the process of droplet formation began to 
occur after the charging electrode. At small efflux velocities a small shortening of the 
jet was first observed as the electrical field was increased, after which there was again 
a considerable extension. In order to explain the effects observed in the experiments let 
us consider the following effects which influence the behavior of the jet. In the first 
place, the longitudinal electrical field accelerates the flow of the liquid, and for this 
reason can increase the length of the unbroken part of the jet. In the second place, the 
fact is well known [2, 4] that an electrical field increases the increment of capillary 
instability, i.e., the rate of growth of perturbations on the jet surface, which must lead 
to a decrease in the length of the unbroken part of the jet. The competition between these 
two effects leads to the numerous regimes of jet flow in the electrical field. 

In order to describe the features of the capillary breakup of jets of electrolyte in 
an electric field let us consider a jet of an ideal liquid of diameter Dj flowing with a 
velocity vj out of a nozzle opening. The coordinate origin coincides with the point of 
efflux, and the x axis is directed along the jet. The description of the axisymmetric de- 
formations of the jet surface occurring during capillary breakup will be carried out in a 
polar coordinate system (x, r). 

In the presence of an electrical field which is external relative to the jet, the 
velocity of the jet v(x) will increase along the x axis according to Bernouilli's equation 

2 
v ~ (x) P~ (x) vi ( 1 ) 

2 ~ - - - - U - -  2 -  

Thus, in order to establish the characteristics of the capillary instability of a jet of a 
conducting fluid in an external electrical field it is necessary to consider the problem of 
the instability of an accelerating jet. 

Two scales are introduced for the longitudinal coordinate x: one is connected with the 
wave length of the pulsation of the jet surface (the corresponding coordinate is denoted 
by x), while the second is defined in terms of the characteristic scale of the growth of 
the perturbation along the jet [the corresponding coordinate is ($ = cx)]. It will be as- 
sumed that in the base state the electrical field stress depends only on the coordinate ~ at 
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the surface of the jet and obeys the following model relationship (which is a good approx- 
imation for the electrode configuration used in the experiments according to numerical cal- 
culations of the electrical field distributions): 

E~ ~ A . J - ,  ( 2 )  
r 

where A is a constant which can be determined from comparison with the experiments according 
to the formula 

,~.  . (3) 
rmoLi8 3DivJ 

The velocity potential ~ and the electrical field potential ~ are introduced for the 
perturbations connected with the deformations of the jet surface. For these potentials we 
then have the system of equations 

A(D ---- O, (4) 

A~ = o. (5) 

Scales are also introduced for the coordinates x . = r . = R j = D j / 2 , ~ * = A ~ R j ,  the time t, = Rj/vj, 
and the velocity v, = (o/pRj)I/z. In terms of the dimensionless variables Eqs. (4) and 
(5) retain their form, but the boundary conditions must be rewritten in linear form as fol- 
lOWS: 

on the jet axis, r = 0, 

at the efflux point, x = 0, 

-0 ,  (6) 
Or 

~l = 6o cos o)t; �9 = O, 

at a distance from the surface, r + ~, 

on the jet surface, r = 1 + q(x, t), 

O~ O~ 

Ot Ox 

(7) 

~ = o ,  (8) 

on or 
+ B y  O~ = ~ . . . . . .  Or ' ( 9 )  

OrD Oq) OcD 
- -  + v - -  + ~v 

Ot Ox O~ 
= 8  n +  ~ + n , ( l O )  

Ox z (p* Or / 

~ +  Rj E~n=o,  (11) 
qo* 

where v = v(g)/Vx, v(~) is given by Eq. (i), and Ec=sO~*2/(pRjv.). Using the boundary condi- 
tions (6) and (7), a solution of the system of equations (4) and (5) is sought in the form 

cD = Oh (~) exp [ik (~) x - -  kot] Io (kr___~) , (12) 
Io (k) 

qD = % (~) exp [ik (~) x - -  imtl ko (kr) ( 1 3 )  
ko (k) 

Based on the relationships (7), (9)-(13) a system of equations is obtained which de- 
scribes to a linear approximation the forced capillary breakup of a jet of an ideally conduct- 
ing electrolyte liquid in an electrical field: 

&l _ k I x ( k )  (D(~), (14) 
a% v (~) Zo (k) 

O 0  __  ~1 ( 1 - - k  2)+ E~ [ kkl(x) 11% (15) 
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Fig. i. The increase of the length 
of the unbroken part of the jet as 
a function of the value of the di- 
mensionless electrical field: i), 
2): calculated results; 3), 4): 
experimental data; I), 3): v = 
4.24 m/sec; 2), 4): v = 3.44 m/sec. 
Dj = 200 ~m, f = 5.23 kHz. The Units 
for ALj are in mm. 

my. (16)  

Of--  

The initial conditions at $ = 0 have the form 

~ 8 o ,  ~ 0 ,  (17)  

The s y s t e m  of  e q u a t i o n s  ( 1 4 ) - ( 1 7 )  has  been s o l v e d  on a compute r  by t h e  R u n g e - K u t t a  
method.  As a r e s u l t  o f  t h e  c a l c u l a t i o n s  which  were c a r r i e d  o u t ,  i t  has  been shown t h a t  an 
increase in the electrical field stress E r can lead to an extension or to a shortening of the 
unbroken part of the jet depending on the wave number (for small values of Er). For large 
values of E r the length of the unbroken part of the jet increased sharply. 

By way of an example, Fig. 1 gives the calculated results and the experimental data for 
the dependence of ALj on the electrical field. From the curves which are given it can be 
seen that the model which has been proposed gives results which agree qualitatively with the 
experimental data. In the first place, the features of the FCBJ which are being considered 
occur at approximately the same scale values for the extension of the jet and for the value 
of the electrical field. In the second place, the dependence of the value of ALj on the 
numerous parameters (velocity, amplitude of the generator pulsation, electrical field stress, 
etc.) is in good agreement with the experimental data. The quantitative deviations which 
occur can be explained by the fact that the model which has been proposed does not take into 
account the nonlinear effects of the capillary breakup. In addition, the use of a model de- 
pendence of the electrical field stress on the coordinates does not always validly describe 
the experimental situation quantitatively, as shown by more detailed calculations. Apart 
from this, there exists a difficulty in principle in comparing the experimental data with the 
calculated results which consists of the impossibility of measuring the amplitude of the 
initial deformation of the surface 50. The tie-in to the experimental data was carried out 
by establishing 50 over the length of the unbroken part of the jet in the absence of a field. 
The dependence of 60 on the value of the applied voltage is not known. 

NOTATION 

Pc, electrical field pressure; p, liquid density; s = We -I/2, where We is the Weber 
number; Q, droplet charge; f, generator frequency; Lj, length of unbroken part of jet; go, 
absolute dielectric permeability in a vacuum; k(~) = w/v(~); I0, k0, Bessel functions of 
imaginary argument of the first and second types, respectively; v, jet velocity; ALj, in- 
crease in the length of the unbroken part of the jet in the electrical field; E, electrical 
field; k, wave number; Dj, jet diameter; x, longitudinal coordinate; vj, jet velocity at the 
nozzle cross-section; r, radial coordinate; ~, slow longitudinal coordinate; ~, velocity 
potential; ~, electrical field potential; A, Laplace operator; w = 2~f; q, surface deforma- 
tion; Rj, jet radius; Er, radial component of electrical field; o, surface tension; x,, r,, 
t,, v,, ~*, scales for the coordinates, time, velocity, and electrical field potential; Ec, 
constant; o~,~k, Fourier components of the velocity potential and electrical field potential; 
w, angular frequency; 6o, initial amplitude of surface deformation. 
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FREEZING OF DROPS ON COOLED SURFACES 

A. V. Klimenko and M. Yu. Kolosov UDC 533.6.017 

The authors consider an approximate analytical solution of the problem of freezing 
of liquid drops on the cold surface of a semiinfinite body and a thin plate. 

Freezing of liquid drops on a cooled substrate occurs in a number of contemporary and 
future technologies, e.g., cryodispersion technology, cryostorage of biological items in 
granules, and in the application of a controlled charged flux of solder drops to an elec- 
tronic plate. In numerous applications it is important to know such characteristics of the 
freezing process as the crystallization time or the freezing rate and the temperature field 
in the drop during the freezing process. 

The problem is formulated in these cases as follows. A drop in the form of a semi- 
ellipsoid of revolution is located on a cooled surface with temperature T at the initial 
time T = 0. This drop shape is the closest to the shape of granules obtained in existing 
technologies (Fig. I). In most cases one can consider that the free part of the substrate 
and the curved surface of the drop are thermally insulated and all the heat from the drop 
is transferred to the substrate by heat conduction; there is no contact resistance between 
the drop and the substrate, and the initial temperature of the drop is the crystallization 
temperature (Fig. 2). 

The temperature fields of the frozen part of the drop and in the substrate are described 
by the unsteady heat-conduction equations: 

z>=0, a@d --A~; (i) 
a Fod 
a@s 

z <  = 0, - Aos; 
8 Fo s (2) 

F ~ = 0 ,  @ d = l ,  @ s = 0 .  

The t e m p e r a t u r e  f i e l d s  a t  t h e  d r o p - s u b s t r a t e  b o u n d a r y  a r e  l i n k e d  by t h e  u s u a l  c o n j u g a t e  con-  
d i t i o n s :  

O s = O d, ( 3 )  

( ~ - ~ )  gradO s = gradO d. (4) 

At the crystallization front in the drop we have the condition 

On 
r -  

OOd -- 0 F ~  (5)  
On [Cd(Tcr -- T~)] " 

It is scarcely possible to obtain an exact analytical solution of the Stefan problem of Eqs. 
(1).-(5) in the coupled form. 

In [i] we proposed an approximate analytical method of solving this problem, based on 
introducing a curvilinear orthogonal coordinate system conforming to the shape of the object 
being analyzed. 
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