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Summary 

A calculation method is proposed for the determination of profiles of stable menisci 
formed at one end of a capillary raised to an electric potential. No simplifying hypothesis 
has been made with respect to the form of the meniscus and the configuration of the 
electric field to solve simultaneously the Laplace equation relative to potential and the 
pressure balance equation at the liquid surface. The profiles and maximum heights of the 
stable menisci determined experimentally show good agreement with theoretical results. 
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surface tension of  liquid 
capillary end/plate distance 
electric field at the surface of  the meniscus 
acceleration due to  gravity 
height of  liquid in relation to capillary outlet  plane 
constants: 

K ,  = p g R 2 / A  , 

K2 = H / R  

capillary pressure 
hydrostatic pressure, at a point  of  the meniscus surface and at the 
capillary orifice 
radial distance from a point  to the capillary axis 
radius of  capillary orifice 
principal radii of  curvature at each point  of  the meniscus surface 
potential  at each point  of  the domain 
potential on the capillary and the meniscus 
ordinate of  a point  from the capillary outlet  plane 
ordinate of  a point  on the meniscus surface in relation to the capil- 
lary outlet  plane 
height of  meniscus on axis 

e0 dielectric constant of  the medium 
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p liquid density 
o surface charge density 

Sub- and superscripts: 
(--) dimensionless quant i ty  
s liquid surface 

1. Introduction 

If a capillary tube  is fed with liquid at a relative pressure approaching zero, 
and is raised to an increasing electric potential,  the height of  the meniscus 
formed at the free end of  the capillary tube  increases progressively. At a 
sufficiently high potential,  the electrostatic pressure at the surface becomes 
high enough for the meniscus to become unstable, leading to the emission of  
charged droplets. This system can produce particles varying widely in size, 
ranging from 1 mm to a few tens of angstrSms. Depending on the experimen- 
tal conditions, it operates in dropping mode [1] ,  produces fine .aerosols [2--5] ,  
and can even constitute an ion emitter  [6] .  Several operating modes have 
been described since 1915 by  Zeleny [ 7 ] ,  and e lect rohydrodynamic spraying 
(EHD) has attracted many investigators since then [8] .  

During fine spraying, the meniscus of ten displays the form of a cone, the 
base of  which is the outlet  cross-section of  the capillary tube,  and the apex 
may be prolonged by  a thin liquid filament. Droplets are produced by  breakage 
of  the filament, or are emitted at the apex of  the cone [8] .  

To understand the droplet  formation mechanism, it is necessary to be able 
to calculate the form of the menisci. As a rule, this requires the simultaneous 
solution of  the pressure balance equation at each point  of  the liquid surface 
and the Laplace equation relative to potential.  To simplify this complex 
problem, several workers have assumed the form of the meniscus [9,10] or 
the distribution of  the electric charge [1] .  These assumptions served to ob- 
tain interesting results but  were valid only for specific con~litions. 

In order to have a computat ion method for which the field of  application 
is less restricted, we decided to develop a numerical method that serves to 
solve simultaneously the equations expressing the pressure balance and the 
potential distribution. The first results that  are discussed in this article are 
concerned only with stable menisci of  rounded shape, which do not  give rise 
to the emission of  droplets or electric charges. With the profiles of  menisci 
obtained for different parameter values, and the corresponding menisci heights, 
the computat ions  yield critical potentials above which the menisci become 
uns tab leand  change suddenly to other forms (which may or may not  be 
stable). 

2. Previous works and general equations 

Profiles of pendent  or sessile drops and liquid bridges have formed the sub- 
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ject of  many investigations [11--16].  Most of these studies were aimed to 
improve methods for measuring liquid surface tensions. 

In the absence of  any electric field, the profile of  stable menisci appear- 
ing at the end of  a vertical tube can be determined by solving the equation 
that  reflects the hydrostatic and capillary pressure balance at each point of  
the meniscus surface. 

By taking the end of  the capillary tube as a reference level, the hydro- 
static pressure Ph at a point on the meniscus surface with ordinate zs (Fig. 1) 
can be written (z s is counted positively downwards, and H is counted  
positively upwards): 

Ph = Pg (zs + H) (1) 

where p is the liquid density and g the acceleration due to gravity. 

H ) //' 

L \ , ,a .  ., J" 

Fig. 1. Experimental assembly and definition of some symbols. 

The term pgH represents the pressure p~at the orifice of  the tube. This is 
assumed to be produced by a column of the same liquid as the meniscus, and 
of  height H. 

The capillary pressure Pc is given by the Young/Laplace formula: 

= - -  + - -  ( 2 )  Pc A R,  R2 

where A is the liquid surface tension and R ,, R2 the principal radii of  cur- 
vature of the meniscus surface at the point considered. 

The pressure balance leads to: 

A RI  + R2 +Pg(Zs +H)  =0 (3) 

In 1883, Bashforth and Adams [11] solved eqn. (3) in the case of  pendent  
and sessile drops, using Taylor's series, and published tables giving the or- 
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dinate z s as a function of  radial distance r for each point  of  a meniscus. In 
1886, Lord Kelvin [12] obtained profiles of  sessile drops by  geometric con- 
struction. This method was repeated by  Cross and Picknett  [13] in 1963. 
The tables of  Bashforth and Adams were supplemented by several authors. 
All the results were gathered together in 1969 by  Padday [14] ,  who himself 
calculated profiles of  drops and liquid bridges of  many types [15] .  Finally, 
in 1974, Kovitz [16] showed that for a given value of  the hydrostat ic pres- 
sure two solutions are available for eqn. (3), the first representing a stable 
equilibrium and the second a metastable equilibrium. 

If the liquid surface is raised to a high potential in relation to a nearby 
plate, the electrostatic pressure exerted by  the surface charges changes the 
profile of  the surface. This electrostatic pressure is proportional to the square 
of  the surface charge density a, and inversely proportional to the dielectric 
constant e0 of  the medium. In these conditions, the balance equation be- 
comes: 

A + - -  +pg(z s + H ) +  =0 (5) 
R2 2e0 

This equation can only be solved if the density o is known,  and this density 
can only be calculated from the solution of  the Laplace equation relative to 
the potential  U: 

U = 0 (5) 

Hence it is necessary to solve simultaneously eqns. (4) and (5); this raises 
various difficulties. This matter  has only been dealt with hitherto in specific 
cases or by  introducing simplifying hypotheses.  

Thus Taylor [9] theoretically confirmed the possibility of  the existence 
of  cones with a straight generating line. For such a meniscus geometry,  the 
capillary pressure at each point  varies inversely with the distance from the 
tip of  the cone. By looking for a solution to the Laplace equation such that 
the absolute value of  the electrostatic pressure is equal at each point  on the 
surface to that  of  the capillary pressure, Taylor found that  equilibrium can 
be achieved if the half-angle at the apex of  the cone is equal to 49.3 ° . This 
form has effectively been observed, at least as a transient state, just  before 
the initiation of  the spraying mechanism. However,  the validity of  this 
theoretical result, obtained by  imposing the shape of  the meniscus, is also 
limited to a clearly defined geometry  of  the support  and to the case of  zero 
hydrostat ic pressure. Moreover, the method employed does not  indicate posi- 
tively whether  the cone is a stable form. 

In 1978, Borzabadi and Bailey [1] investigated the profile of  pendent  
drops raised to a given potential  in relation to a plane plate perpendicular 
to the capillary axis. These workers avoided solving the Laplace equation 
by  assuming that the charge density at the periphery of  a cross-section of  
diameter d is equal to the density calculated by  the formula of  Van Dyke 
[17] for a semi-infinite cylinder of  the same diameter d. As this calculation 
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leads to an infinite field at the tip of  the drop, they compare the surface in 
the vicinity of  this extremity to a paraboloid and apply Becker's [18] expres- 
sion for the field to this region. A comparison of  theoretical and experi- 
mental  results shows that  these approximations are only acceptable if the 
profiles obtained are fairly elongated in shape. 

To calculate the shape of electrified menisci, we at tempted to solve, with- 
out  simplifying assumptions, the system of  eqns. (4) and (5) by a numerical 
method that  serves to deal with the case of  stable menisci in which the 
hydrostatic,  capillary and electrostatic pressures are balanced. 

3. System of  equations serving to determine the form of  menisci 

3.1. Dimensionless equations 
The equilibrium condition of the meniscus formed at the end of a capillary 

tube raised to potential U0 in relation to a plate (Fig. 1) is given by eqn. (4) 
which can be written in dimensionless form: 

+ + - -  = 0 (6) El (K :  +Z-s) + ~ ,  /~2 2 

where K1 and K: are the dimensionless groups defined by: 

K1 = pg R2 /A and K: = H/R  

and where Zs, R 1, R:  and ~ are dimensionless variables defined by: 

~s = z ~ / R  , 

RI = R1/R 

-~= = R : / R  
0 

and o = 
WoA / R 

In the case of symmetry  of revolution, the term (l/R1 + l / R : )  is expressed 
as a function of  derivatives of zs in relation to the radial coordinate ~= r/R 
by the equation: 

- -  + - -  ---=- 1 +  

- -  J r  _ 

\ a F /  

Equat ion (6) then becomes: 

- -  + - -  --=- 1 +  
aT 2 r- ar \ ar- 

KI(K: + z-s) + 

(7) 

+ - -  =0  
2 

(8) 
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The differential equation in ~s thus obtained can be solved if the value of 
the function ~ is known at each point. However, the surface charge density o 
on a conductor  is directly related to the field E s at the surface by o = e0 Es. 
In view of  the dimensionless quantities defined above, this gives: 

= U0 ~ Es (9) 

where Es, the field modulus at tbe surface, is related to the potential gradient 
in the vicinity of the meniscus surface by the equation: 

= -- \  ~F /s ~ - / s  (10) 

where U = U/Uo. 
To obtain the value of ; at each point,  it is therefore necessary to deter- 

mine the field Es; this requires determination of  the potential distribution in 
the neighbourhood of  the liquid surface. This distribution can only be known 
by calculating the potential values in the entire space located between the 
liquid surface and the plate. Hence to solve eqn. (8), one must first solve eqn. 
(5). 

The latter is written with dimensionless variables taking account of the 
symmetry of revolution: 

82U 82U 1 ~ 
+ - -  + - 0 (11) 

ar "2 az -2 r 3r 

3.2. Numerical analysis 
Equations (8) and (11) were discretized to be solved numerically. 
For eqn. (11), use was made of  interpolation formulae in a non-uniform grid. 

The grid pitch, which is uniform and very small in the vicinity of the meniscus, 
increases by arithmetic progression with increasing distance from the meniscus, 
as shown in Fig. 2. The grid shown in this figure is of guidance value only. It 
does not give the exact number of  meshes used, which is 100 X 40 in reality. 

Equation (11) was processed by a point-by-point over-relaxation method.  
The over-relaxation factor was calculated using formulae given by Girerd and 
Karplus [19].  The calculation was carried out  column by column in the in- 
creasing r direction, with each column scanned from the meniscus to the plate. 

Equation (8) was discretized using classic interpolation formulae in the 
same grid as above, and was solved using a step-by-step method (Newton's 
method).  

3.3. Boundary conditions 
In the case of  a vertical semi-infinite capillary tube and an unlimited 

horizontal plate, the equipotentials at infinity are horizontal near the plate 
(~ O/8F = 0) and vertical near the capillary (a 0/~E = 0). 

These conditions of  the Newman type were imposed on the boundaries 
LM and MN of  the computat ion domain (Fig. 2). It was confirmed that  they  
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Fig. 2. Sketch of general grid. 
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had little effect on the equilibrium of  the meniscus if the domain selected is 
sufficiently large: LM i> 2D, MN/> 3D, where D represents the distance from 
the end of  the capillary tube  to the plate. 

On axis 0z, the first derivatives of potential in relation to the radial coor- 
dinate r-are nil in order to observe the symmetry  of revolution. In addition, 
the product  (l/r-) (a U/a r-} keeps a finite value equal to the second derivative 

On the meniscus and on the capillary, the boundary  condition for the 
potential is of  the Dirichlet type  (U = 1); this also applies to the plate (U = 0). 

3.4. Specific expressions in the vicinity o f  the meniscus 
To obtain satisfactory accuracy in the vicinity of  the meniscus in calculat- 

ing the potentials (eqn. (11)} and the electric fields (eqn. (10)), it is necessary 
to consider the meniscus as an oblique boundary  of  the domain. Since the 
node to be used is below the meniscus (Fig. 3), it is replaced by  the point  
located on the surface, making it necessary to use the formulae relative to a 
non-uniform grid again. 

The boundary  of  the meniscus on the circular edge of  the capillary forms 
a sharp edge at which a break occurs in the slope of  the equipotential.  In the 
vicinity of  these singular points, the expressions used in the rest of  the  
domain are not  valid to calculate the potentials, and it is necessary to use 
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Fig. 3. Sketch of grid near meniscus: • nodes of the regular square grid; × nodes depending 
on the singular point A; • non-equidistant nodes. 

special developments.  These developments [20] ,  which involve the use of  
Fourier series, are solutions to the Laplace equation. They account for the 
geometry of  the conductor ,  especially the slope of  the meniscus near the 
edge (Fig. 3). 

3.5. Solution of equations 
The equilibrium form of  the meniscus for a given hydrostat ic pressure 

p~ and potential  U0 is obtained as follows. 
An initial form of  the meniscus is calculated with eqn. (8) for the hydro- 

static pressure p~ and in the absence of  an electric field. This form serves to 
calculate a potential  distribution using eqn. (11) for the potential value U0. 
In view of  this distribution, eqn. (8) gives a new meniscus form. A new 
potential  distribution is calculated, and so on. 

At each stage, the  solutions to eqns. (11) and (8) are considered satisfac- 
tory  if the maximum difference between the values o f  two iterations is less 
than U0/1000 for the potentials and ZM/1000 for the Zs ordinates of  the 
meniscus surface. 

The foregoing calculations are repeated until these convergence criteria 
are satisfied simultaneously for both  equations. 

This procedure is followed for increasing potentials U0 until the equations 
no longer provide equilibrium solutions. This corresponds to the case in which 
it is no longer possible to find a surface such that  at each point  the radii o f  
curvature are sufficiently small for the capillary pressure to counterbalance 
the electrostatic pressure. 

Hence, at a given hydrostat ic pressure and for each value of  U0, the cal- 
culation gives the potential  distribution in the entire space, that  of  the surface 
electric charge densities on the meniscus, and the profile of  the meniscus. 
It also furnishes the maximum value of  the capillary potential  for which the 
meniscus remains stable. 
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No numerical instability was observed during the computations in the cases 
investigated. 

The calculation method described applies to a vertical capillary that  can be 
directed upwards as well as downwards. For the sake of  convenience, most 
meniscus calculations were made on pendent  drops, as experiments sub- 
stantiating the results obtained are easier to perform in these conditions. 

Figure 4 gives an example of  the variations in a meniscus profile for differ- 
ent values of  potential  U0 at constant hydrostatic pressure p~. 

A = 0.0201 N / / m  1 : Uo = 0 

i p = 930 k g / m  3 2 : 1600 V Uo 

, D 10 m m  3 : Uo = 2000 V 

I R = 745 l , lm 4 : Uo = 2400  V 
A 

Z /~  '~ H = 2 m m  5 : Uo = 2600  V 

( r a m )  ! 

+ 

°.,i 

O.,oi  I 
0.25 0.50 R rlmm ) 

Fig. 4. Variation in profile of  a meniscus for different values of potential U0 at constant 
hydrostatic pressure. 

4. Experimental 

Experiments were conducted with the system shown schematically in 
Fig. 1. The capillary tubes were metal tubes with ends ground to obtain a 
circular cross-section with a sharp edge. They were 4 cm long and the outside 
diameters ranged from 460 to 1500 pm. A high-voltage power supply was 
used to raise the capillary to a positive potential in relation to a plane plate 
connected to earth. This plate consisted of an 18 cm diameter disc placed at 
a distance D from the end of  the capillary. In most of  the experiments D was 
10 mm. 

To vary the hydrostatic pressure in the meniscus, the capillary was con- 
nected by a flexible tube to a reservoir of  which the vertical position was 
adjustable. The height H of  the liquid in the reservoir, in relation to the out- 
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let plane of the capillary tube, could be adjusted to within 1/100 mm, and 
the level for which the meniscus was fiat was noted by means of  a catheto- 
meter. 

The meniscus was observed or photographed at a magnification of 100 with 
a stereoscopic microscope with a free working distance of 10 cm, i.e. long 
enough for the microscope to avoid disturbing the electric field at the menis- 
cus. 

The comparison of  theoretical and experimental results dealt with the 
height on the axis, ZM, which is a characteristic value of the meniscus, and in 
some cases with the entire profile. Several liquids were employed,  with sur- 
face tensions ranging from 0.073 to 0.020 N/m, including water, ethylene 
glycol, ethyl  alcohol and silicon fluids. 

As a rule, the measurements to be taken are very simple. However, some 
features may interfere giving rise to erroneous results: 
(1) Depending on the type of liquid, the end of the capillary is wetted by 
the liquid with varying degrees of difficulty. However, it is necessary for the 
meniscus to be perfectly symmetrical and to reach the outer edge of the tube 
throughout .  A second microscope was employed in our experiments to ob- 
serve the entire periphery of  the meniscus. 
(2) For some liquids, the surface tension A may vary widely depending on 
the degree of purity. Thus for ordinary ethylene glycol, A can be as low as 
0.035 N/m, and it is necessary to use a very pure product for A to be equal 
to the generally accepted value of  0.0477 N/m. In the case of  volatile liquids, 
the impurity content increases by evaporation, causing a variation in A with 
time. In the case of water, it suffices to maintain a water/vapour saturated 
atmosphere around the capillary tube to avoid any drop in surface tension. 
(3) The formation of microbubbles at the capillary inlet must be prevented. 
This can lead to significant errors in the hydrostatic pressure in the meniscus. 
(4) Capillary tube vibrations must be eliminated because they lead to maxi- 
mum meniscus heights that  are lower than theoretical values. 
(5) If the liquid has a very high resistivity, it is necessary to wait a sufficiently 
long interval between measurements to reach electrostatic equilibrium. 

5. Results 

A number of meniscus profiles were plotted from photographic enlarge- 
ments. They coincided with calculated profiles within the measurement ac- 
curacy. The differences observed derived from the fact that  the values of  
hydrostatic pressure, surface tension and radius of the capillary tube intro- 
duced into the calculations were given by the experiment, so that  small 
errors in the actual values of  these parameters may give rise to substantially 
different curves. 

The maximum errors are always found on the axis of  symmetry.  
To compare a large number of theoretical and experimental results, it is 

necessary to select a single characteristic value of  the meniscus: the height ZM 
on the axis of symmetry.  
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Figure 5 shows examples of  variations in z M as a function of  potential U0 
for different values of  the following parameters: 
--  hydrostatic pressure (expressed in millimetres of  liquid employed in Figs. 

4--7); 
--  distance D from the end of  the capillary tube to the plate; 
-- radius R of  the capillary tube; 
-- surface tension A. 

The experimental results show good agreement with theoretical results. 

I 
(turn) 
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0,4-  
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O = fO m m  

• H = 2 m m  . R = 745 Vm 
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Fig. 5. Variat ion in he ight  o f  pendent  meni scus  on the axis as a funct ion  o f  potent ia l  
applied to the  capil lary - - C o m p a r i s o n  o f  theoret ica l  curves wi th  exper imenta l  points .  

In all cases, the maximum height reached experimentally, corresponding for 
each measurement series to the last point reported, differed~,from the cal- 
culated value by less than 15/1000 mm. 

The remaining experiments also confirmed the validity of  the computation 
method developed. Hence it is possible to predict the evolution of  the menis- 
cus in accordance with various parameters. For example, for a capillary tube 
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directed downwards,  Fig. 6 gives the heights ZM of  the menisci on the axis of  
symmetry  as a funct ion of  potential  U0 and for different  values o f  hydrostat ic  
pressure p~ at the orifice. The values of  the remaining parameters were: 
-- distance from the plate to the end of  the capillary tube,  D = 10 mm; 
-- radius of  capillary tube,  R = 0.745 mm; 
-- surface tension of  liquid, A = 0.0201 N/m. 

These conditions are those of  an experimental  case in which the liquid 
was a silicon fluid with a density p o f  930 kg/m 3. 

ZM '~  5.425 
(ram) r/~,,~ 5.42 i : H 

s , , , °o°  ,,o,0 

0.6 ~ ~ 

- 7  / - - _  o . ,o,.,. 
0o5 ~ / ~ \ \ ' x \  R '745,nl 

" - , /  / --.. 

(g) " ~ / ' \ \ \  0.3 

o . ,  H 0 \\ 

0.1 ~11 

~ I / H :  -2.S mm 

1000 2000 3000 4000 Uo ( v ) 

Fig. 6. Theore t i ca l  curves  giving z M as a f u n c t i o n  o f  U 0 for d i f f e ren t  h y d r o s t a t i c  p ressures  
- - T h e  d o t t e d  curve indicates the stability limit o f  the  p e n d e n t  menisc i .  

As a rule, a given height z M can be reached by an infinity of  combinations 
of  the potent ia l /hydrosta t ic  pressure pair. Figure 7 gives theoret ical  profiles 
corresponding to  points A and B in Fig. 6. The meniscus obtained by  the ef- 
fect  of  hydrostat ic  pressure alone is less convex than the one produced by 
the effect  of  electrostatic pressure. 

For  each value of  pressure, a maximum potential  U0 exists for  which the 
height of  the meniscus is a maximum. The dot ted  curve gives the  boundary  
of  the meniscus stability region. In general, if the hydrostat ic  pressure in- 
creases, the maximum potential  decreases, but  the maximum height ZM 
reaches greater values. 

However, it is impor tant  to note  two special zones located at the two ends 
of  the dot ted  curve: 

L o w  po ten t ia l  zone.  At zero potential ,  and in the absence of  gravity, the 
meniscus corresponding to the maximum pressure is a hemisphere, and the 
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) 
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Fig. 7. Comparison of profiles of t w o  menisc i  wi th  the same height  on  axis,  obta ined  
respect ive ly  at zero field (A) and at zero hydrostatic pressure (B) (see Fig. 6). 

maximum height ZM is equal to the radius of  the capillary tube,  i.e. 0.745 
mm. If gravity is present (Fig. 6), this height only reaches 0.636 mm. Slightly 
greater heights may be obtained for non-zero potentials because the electric 
field has the effect of  causing the meniscus profile to approach the circular 
shape. Note that  the peak of  the dot ted  curve can only be reached by  apply- 
ing a certain potential  to the capillary before exceeding the maximum hydro- 
static pressure at zero electric field. 

High potential zone. If the hydrostat ic pressure is negative, it is necessary 
to apply a strong potential  to make the meniscus pass beyond  the capillary 
outlet  plane. Since the field and hence the electrostatic pressure are higher 
at the periphery, the meniscus displays the shape indicated in Fig. 8, of  which 
existence is confirmed experimentally (in this case, the height on axis ZM 
given in Fig. 6 is not  the maximum height of  the meniscus). 

All the results given above relate to cylindrical capillary tubes. In this case, 
the electric field of  the meniscus surface is a maximum near the edge. 

Other calculations were carried out  by  assigning a conical shape to the end 
of  the capillary tube.  This configuration has the effect of  reducing the field 
on the edge of  the meniscus. If the generating line of  the  cone is sufficiently 
inclined, at 45 ° for example, the maximum field is transferred to the axis of  
symmetry  as the meniscus approaches its stability limit. However,  at equiv- 
alent hydrostat ic pressure, the maximum height of  the meniscus is only slight- 
ly different from the value obtained with a cylindrical capillary tube  of  iden- 
tical outlet  cross-section. 
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Fig. 8. Shape of a meniscus obtained with negative hydrostatic pressure and high electric 
potential. (The ordinate scale is much larger than the abscissa scale.) 

For all the cases considered above, the zone near the tip of  the meniscus 
remains rounded,  whereas it becomes a conical shape when spraying begins. 
Hence to prepare the examination of  conical shapes observed during the 
production of  fine droplets, the method was adapted to the calculation of  
the electrostatic pressure on cones with straight generating lines. Results were 
obtained for the special conditions used by  Taylor [9] .  They clearly showed 
that the equilibrium of  the electrostatic and capillary pressures along the 
generating lines can only be achieved if the hydrostat ic pressure is zero and 
if the  half-angle at the tip of  the conical meniscus is equal to the value given 
b y  Taylor of  49.3 ° . 

6. Conclusions 

The computat ion method developed serves to predict  the profile of menisci 
formed at the  end of  a vertical capillary tube  raised to a certain potential  in 
relation to a plate perpendicular to the capillary axis. 

The calculations relate to stable menisci of  rounded shape. For  a given 
hydrostat ic pressure they  furnish the maximum potential that  can be applied 
to maintain a stable equilibrium and the corresponding maximum height of  
the meniscus. The method is applicable to any liquid, irrespective of  the 
radius of  the capillary and of  the distance from the plate to the end of  the 
tube.  

The theoretical results show good agreement with experimental results. It 
should be possible to adapt this method to solve the problem raised by  conical 
configurations of  menisci observed when the electric field is sufficiently 
strong to give rise to spraying of  the  liquid in very fine droplets. 
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