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Electrostatic spraying from a liquid cone is associated with a high clectric current density at the tip of the
cone. For all nonmetals, and for some metals, the Joule heating produced by this current is sufficient to
boil the liquid. It is suggested that boiling, rather than clectrostatic force, is responsible for the liquid
droplets which appear in electrostatic spraying. This suggestion is confirmed by comparison of the expected
temperature with the observed mode of spraying for various metals and nonmectals.

PACS numbers: 47.55.Kf, 41 .80.Gg, 47.25.Qv

INTRODUCTION

Electrostatic spraying of liquids has been observed
since Zeleny,! but it remained a laboratory curiosity
until recently, when it found importance in such diverse
fields as rocket propulsion,2 spray painting® and coat-
ing,* and high-voltage transmission lines.5 Most of the
liquids reported in the literature produce a spray con-
sisting of charged droplets and ions, the relative pro-
portions varying with operating conditions. Recently,
however, several laboratories have reported the elec-
trostatic production of ions from liquid cones without
the accompanying charged droplets.®7 These ion sources
use various liquid metals and alloys, such as sodium,
NaK, and Galn.

In all of these ion sources, the liquid metal forms a
cone of the general shape predicted by Taylor® in which
electrostatic forces are just balanced by the surface
tension of the liquid. The ion spray emanates from the
tip of the cone, where the field is highest, any may
reach a current level of several hundred microamperes
Since the tip of this cone is thought to be on the order
of an atomic radius, there is a good possibility that
this relatively large current flowing through such a
small region might cause a significant temperature rise
at the tip by Joule heating.

TEMPERATURE IN A SPRAYING CONE

To test this idea, the heat-flow equation was solved
in the geometry of Fig. 1, which is a simplified model
of the tip of the cone truncated at + = a, a distance which
is presumed to be at least equal to the atomic radius of
the liquid. The current 7 which flows as a result of
field emission or some other discharge process from
the tip of the cone is assumed to be distributed uniform-
ly across the liquid cone of conductivily 0. The current
density is therefore

{
Jy== 277°(1 - cosa) @)

independent of any charge buildup. This current density
increases rapidly as the tip of the cone (- =a) is ap-
proached. The electric field in the liquid is

g Jr . ’ i )
E, T T T 27021 - cosw) 2)

by Ohm’s law,
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The current flow leads to heating of the liquid, since
it represents a distributed heat source of strength

i

=J F=—F——
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(3)

The resulting temperature of the liquid in the cone can
be determined by the heat-flow equation
i? 1

Vo ———
T 47°0k(1 - cosa)? 1? @)

where the convection of heat by fluid motion is neglect-
ed. The constant % is the thermal conductivity of the
liquid. The solution, assuming conical symmetry and
neglecting heat transfer normal to the cone’s surface,
is

]

T= ! +%+B. (5)

~ 87%0k(1 —cosa 2

The constants A and B are determined by the boundary
conditions. Far from the tip (» — =), the liquid ap-
proaches room temperature, so B= T,. The heat flow
away from the tip is F=~LkVT or

kA 12
T2 T 47201 = cosa) (6)

r=a
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FIG. 1. A Hquid cone of half-angle o, with an electrie dis-
charge at the blunted tip (- a).
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TALLE T Some properties of Tiguids used in spraving,

. Liquid Thermal cond, Flee, resistivity Atomie radins Pure ion spray cver
LNV /em ) p (L em) Y \) observed

Doped glycerine 0.002673 10 —10%® “ee No

v tals . - Dhs )

Nonmetals gt water 0. 005992 1—102 e No
Hy 0.0752 98, 57107 1.55° No
Wood’s metal 0.013352 52 10‘“: 1. 1—1.75°¢ No

Mctals NaK 0,254 407107 2.31—1,86¢ Yes€©
Cs 0.1841° 36.6x 10762 2.62¢ Yes©
Na 0.89 10, 2% 107" 1.86G¢ yese

AReference 9.
bReferences 10 and 11,
¢ Reference 7.

Since the cone is truncated at » = a, we will take the

condition that the heat flow at this point vanishes. While °

this is certainly not true, the exact nature of the bound-
ary condition is of little interest, since the expected
correction would not be significant in this rough model.
Setting the heat flow at the tip equal to zero gives

dT kA i
dr @ "~ 47%0(l - cosa)d’ =0, @

rsa

so that the temperature distribution inside the liquid
may be written

AT=T-T,= (8)

¢ (1 _ 1
4720(1 —cosa )’k \ar 27°/)°
The maximum temperature of the liquid, which occurs
at the tip, is given by

;2

i
AT pac= 87%0(1 - cosa )*a®k’ )

Using the value given by Taylors for the angle of the
cone, 6=49.3°, the temperature rise at the tip may be
expressed as

o
ATmu:o.losc—{’);’r;,

where p is the Qcm, k is in W/cmsec, i is in A, and
ais in cm.

(10)

DISCUSSION

The temperature rise depends on two related trans-
port properties of the liquid, the electrical resistivity
and the thermal conductivity. The fluids most used for
electrostatic spraying may be divided into two groups
with respect to these properties (sce Table I). The
first group is composed of nonmetals such as water and
glycerine, which have low thermal conductivities and
varying but high resistivities, depending on the im-
purities present. The right-hand side of Fig. 2 shows
the temperature rise for a discharge current of 1 pA as
a function of the tip’s location for several nonmetals
with typical resistivities.

For distances on the order of microns, the tempera-
turc becomes very high; higher in fact than the boiling
point for these liquids at atmospheric pressure. It
seems clear that such a condition cannot persist very
long without serious changes in the nature of the spray-
ing cone. Such chanpes will come in liquid properties
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dReference 12,
®Reference 13,

such as surface tension and viscosity or eventually in
the physical state of the cone, which will soon begin to
boil. If this boiling is vigorous, large pieces of the
cone will be thrown off, providing the charged droplets
which appear in the spray. The loss of large pieces of
liquid will cool the cone, and also stop the electric dis-
charge, which depends on the high curvature of the tip.
As the cone reforms, however, the electric discharge
restarts, heating the cone, and leading to a repetition
of the cycle. This suggested sequence for spray forma-
tion offers an alternative to the commonly accepted hy-
pothesis of electrohydrodynamic instability of the liquid
surface, in which pieces of the charged liquid are torn
off by electric forces.

If the Joule heating of liquid metals is considered,
however, the predicted temperatures are orders of
magnilude lower, as shown in the left-hand side of Fig.
9. Here a 1-pA current leads to temperature rises
which range from 0.15 to 1.5°C at a distance of 1A
from the tip. Since this distance is on the order of an
atomic radius, it is not likely that the liquid properties
will change significantly, or that boiling will occur.
This suggests that the spray produced under these con-
ditions will consist solely of the ions and electrons pro-
duced by the discharge process, without any charged
liquid droplets. )

This suggestion is borne out experimentally since
only liquid metals have produced pure ion beams. Of
course not all liquid metals produce this type of spray,
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FIG. 2. The maximum temperature rise produced by 1 pA
flowing through a truneated cone Tor various Hgquids as o fune-
tion of the distance from the tip of the cone to the origin,
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FIG. 3. The maximum temperature rise in a cone truncated at
a distance of one atomic radius from the tip in various liquid
metals, as a function of the discharge current.

but this may be expected because different metals have
different thermal conductivities and electrical resistiv-
ities, so that the temperature at the tip of the cone may
well be different for different metals. In addition, the
current discharge from the tip is a strong function of
the applied voltage as well as the metal properties and
the geometry of the cone.

In order to place the various metals on a common
footing, the predicted temperature rise for a cone
truncated at a distance of one atomic radius from the
tip [Eq. (10)] was plotted as a function of the discharge
current in Fig. 3. The current which causes a sizable
temperature rise (~100°C) varies {from 13.2 uA for
mercury to 161 pA for sodium. Stated differently, a
20- 1A current would cause a temperature rise in mer-
cury of 228°C, while the same current flow through
sodium would only cause a 1.5°C rise. The mercury
tip would show strong thermal effects, and perhaps
boiling in a vacuum, while the sodium tip would barely
be affected. In practice, it is found that sodium can
produce an ion beam free of droplets, while mercury
always produces droplets.

Figure 3 also suggests that the metals may be ranked
in order of temperature at the tip for a given current
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AS ML WOOU’S TNCULL INAIY S U i, viaioncy o .
have reported that purely ionic discharyes have not
been produced with mercury or Wood’s metal, but are
possible with NaK, cesium, and sodium, which is con-
sistant with this ranking.

SUMMARY

Charged droplet sprays may be expectled if Joule heat-
ing of a liquid in a Taylor cone raiscs the temperature
sufficiently to alter the physical properties of the liquid,
or to induce boiling. Such large temperature rises will
always occur in liquid nonmetals, even with relatively
small currents.

With liquid metals, however, the temperature rise
for a cone truncated at one alomic radius from the tip

may be negligibly small, depending on the metal and the

current flow. If so, a spray composed solely of ions or
electrons may be expected.

Experimentally, purely ionic beams have never been
produced in nonmetals, as expected from calculation of
the temperature rise at the tip. In addition, metals
which show large temperature rises, such as mercury
and Wood’s metal, have never shown pure ionic beams,
while those with small rises, such as NaK, sodium, and
cesium, have all produced ionic beams.
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