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abstract
The electrohydrodynamic (EHD) spraying of liquids is one of the effective methods for generation of charged
aerosol. The surface of liquid subjected to an electrical stress deforms locally to an elongated jet which next
detaches from the body of liquid and disintegrates into droplets. The geometrical forms of the jet and the ways it
disrupts into droplets have been classified into the modes of spraying. The detailed description of main modes of
EHD spraying in standard capillary-plane configuration, with high voltage excitation of the capillary is given in
the paper.

1. Introduction
Electrohydrodynamic (EHD) spraying of liquids is a physical process caused by the electric force
applied to the surface of liquid. The electrical shear stress elongates the liquid meniscus formed at the outlet of a
capillary, to the form of a cone and/or a jet which next deforms and disrupts into droplets because of the
electrical and mechanical forces. The droplets generated by the EHD method posses electrical charge, usually a
few orders of magnitude greater than the elementary charge, that dramatically changes their EHD properties, like
for example electrical mobility of aerosol particles. The electrohydrodynamic spraying extends the droplet sizes
available from conventional mechanical atomizers to the lower range. In some cases the droplets can be smaller
than 1 µm in diameter.
The electrohydrodynamic spraying has been first reported by Bose in 1745 [1]. Many years later, in
1882, Rayleigh [2] determined the stability criterion for a charged droplet. Through the century many theoretical
and experimental research works have been done, but the fundamental problems of EHD spraying remain still
unsolved. Zeleny in 1917 [3] determined the criterion for the disruption of the jet issuing from the capillary
maintained at high potential. In 1952, Vonnegut and Neubauer applied the principle of minimum energy to
determine the most probable specific charge of the droplets. In 1964 and 1969, Taylor [4,5] shown that the semivertical angle of the cone at the outlet of the capillary assumes the value of 49.3o. Although this value has been
confirmed by many researchers it refers only to a specific cone-jet mode of spraying.
Some authors, for example Schultze in 1961 [6], Shorey and Michelson in 1970 [7], Mutoh et al. in
1979 [8], and Smith in 1986 [9] determined experimentally the ranges of the physical properties of the liquid
sprayed, mainly its electrical conductivity, for which the liquid could be sprayed by the EHD method.
In recent years many papers have been published, summarizing the knowledge in this subject. The
modes of spraying have been described by Hayati et al. [10] and independently by Cloupeau and Prunet-Foch
[11]. The works since 1990 were reviewed by Grace and Marijnissen [12]. Although it is well known that the
atomization process is governed by the physical properties of liquid such as surface tension, viscosity, density,
and conductivity, and depends also on the capillary diameter, potential, and liquid volume flow rate, it is so far
not known the combination of these quantities at which the required mode of spraying, and the properties of the
generated aerosol can be obtained.
Attempts to classify, qualitatively or quantitatively, of known modes of spraying have also been
undertaken, for example in previous papers by Cloupeau and Prunet-Foch [11], Grace and Marijnissen [12] or
Shiryaeva and Grigorev [13]. There is, however, still lack of a unified description of known spraying modes,
specifically based on the physical properties of liquid and the quantities characterizing the spraying arrangement.
A growing interest in physical backgrounds of the EHD spraying is spurred mainly by its new
applications such as painting, fuel atomization in combustion systems, emulsification, microincapsulation, crop
spraying, charged droplets scrubbing etc., which are currently introduced into technological processes.
The purpose of the present paper is to classify the spraying modes according to geometric criteria as
referred to the liquid jet and characterize the modes of spraying in terms of the fluid dispersing system and the
excitation voltage. Special attention is devoted to the modes of potential practical usefulness, i.e., those modes,
which have a regular form of spraying volume, and are characterized by stable aerosol parameters. It has to be
emphasized that spraying in a stable mode requires the physical properties of the liquid, and the spraying
conditions to be constant.

2. Experimental
The schematic diagram of the experimental set up for studying the electrohydrodynamic dispersion of
liquids is shown in Fig.1. The dispersion system comprises a stainless steel capillary (hypodermic needle) placed
vertically and flat brass electrode of diameter 300 mm, with rounded edges. The liquid is forced through the
capillary by a specially designed syringe pump of a constant volume flow rate. The liquid is excited by a high
voltage potential of positive and negative polarity, connected directly to the capillary. The capillary protrudes
from a stainless steel plate of diameter of 120 mm biased at the same potential as that of the capillary.
In the lower brass plate a narrow slot of 5 mm in width is made, that allows to measure the size and
charge of the droplets by measuring instruments placed beneath the slot. The droplet size distribution was
determined by means of an optical droplet size analyzer. The charge on the droplets was measured by means of a
ring probe [14].
Many photographs were taken by conventional photo-camera and a CCD TV-camera in order to learn
about the jet formation process. The photographs were taken both in continuous light and stroboscopic
illumination of the flash duration time of about 3 µs.
The experiments were carried out for three kinds of liquids: distilled water, ethylene glycol and ethanol.
The physical properties of these liquids are set in Table 1. All observations were done at normal pressure and
ambient air at temperature of about 20o C.

Fig.1. Experimental stand for investigating of electrohydrodynamic spraying of liquids
Table 1. Physical properties of the liquids used in the experiments.
liquid

density

viscosity

kg m-3

mPa s

surface
tension
N m-1

distilled water

1

1

0.0725

ethylene glycol

1.11

19.9

0.0464

ethanol

0.789

1.16

0.022

conductivity
S m-1
1.1*10-4
1*10-6
3*10-4

relative
permittivity
80.4
38.8
25

3. Modes of spraying
The jet can disintegrate into droplets, while issuing from a capillary maintained at high potential, in
many different ways. Several attempts, based on different criteria, have been undertaken to classify the modes of
EHD spraying. However, we have not noticed in the literature a clear definition of the spraying modes, and in
the following a new definition of the mode of spraying is proposed: The mode of electrohydrodynamic spraying
is the way the liquid is dispersed into droplets, and is characterized by two criteria:
1. The geometrical form of the liquid at the outlet of the capillary (drop, spindle, jet),
2. The mechanism of the disintegration of the jet into droplets (type of instability).
Most of the modes of spraying, i.e., those reported in the literature and also discovered by the authors,
are classified according to these criteria. Both, the geometrical shape of the jet at the outlet of a capillary and the
manner by which the jet disintegrates into droplets determine the geometrical form which the sprayed aerosol
assumes, and, up to certain extend, also the size of the generated droplets.
The spraying modes differ significantly in their geometrical form as observed in continuous light. These
differences result from the microstructure of the jet, its formation and disintegration into droplets. Usually, each
mode commences suddenly at certain voltage and flow rate, and is sustained within a certain interval of their
values. Then, it abruptly changes into another mode of spraying.
The spraying modes can be divided into two groups. Into the first group are included the modes in
which only fragments of liquid are ejected from the capillary directly. This group comprises: the dripping mode,
microdripping mode, spindle mode, multi-spindle mode, and ramified-meniscus mode. Into the second group are
included the modes in which the liquid issues a capillary in the form of a long continuous jet which disintegrates
into droplets only in some distance, usually a few mm, from the outlet of the capillary. The jet can be stable or
move in a certain manner. This group includes cone-jet mode, precession mode, oscillating-jet mode, multijet
mode and ramified-jet mode. The ramified-jet mode was not observed by us probably because the the flow rate
was too low. However, this mode was reported by a few authors, for example by Cloupeau and Prunet-Foch
[19], and for this reason was included into classification. The following considerations classify the modes of
spraying and characterize most of them in terms of the jet and drop formation. The rapport extends the number
of modes earlier reported in literature.
3.1. Dripping mode
The dripping mode of EHD spraying does not differ significantly from the dripping, when no voltage is
applied to the capillary. The drops are formed as regular spheres detaching from the capillary as the weight of
the drop and the electric force overcome the capillary forces. The exception is that with the voltage increasing
the meniscus elongates and the drop becomes smaller.
The similarity extends also to the sibling generation for liquids of low viscosity. However, for higher
voltages, the drop is, for a some time, connected with the capillary by a thread, which next breaks off to a few of
smaller droplets. After detachment of the drop, the meniscus contracts back forming a hemispherical-like
meniscus. The sibling is usually ejected perpendicular to the capillary axis because of the repulsive forces caused
by the electric field generated by the potential of the capillary and the charge on the main drop.
3.2. Microdripping mode
In microdripping mode, liquid at the outlet of a capillary forms a stable meniscus, at the end of which a
small, much smaller than the capillary diameter, droplet is formed. The droplet is detached from the meniscus, as
has been shown in Fig.2, and does not undergo further disruption. This mode occurs only at low flow rates of
liquid. The microdripping mode differs from the dripping mode in that the meniscus does not contract after the
droplet detachment. In some cases a short filament a few micrometers in diameter coupling the main droplet with
the cone can also be observed. For liquids of low viscosity, this filament breaks off under the electrostatic and
inertial forces into smaller droplets. With viscous liquids the broken filament contracts both into meniscus and
the detached droplet with no sibling emission. Sometimes also at the head side of the droplet a similar filament
can be observed. The droplets formed from the filaments appear as fine mist around the main stream of droplets.
The size of the droplets can range from a few micrometers up to a few hundred of micrometers in
diameters and the droplet size distribution is usually monodisperse. The frequency of the emission of the droplets
ranges from a few up to a few thousands of droplets per second. The charge of large droplets ranged from 10 pC
to 50 pC in microdripping mode, and approached a half of the Rayleigh limit.
3.3. Spindle mode
The regular drop emission is not easy to accomplish with dc excitation to the capillary, and the dripping
and microdripping modes can be generated only in limited range of voltage and flow rates.
In the spindle mode, the meniscus of liquid elongates in the direction of electric field as a thick jet and
detaches as a vast spindle-like fragment of liquid, as shown in Fig.3. Because of the shape of the jet emitted, this
mode is referred to as spindle mode [11]. After detachment the spindle can disrupt into several smaller droplets
of different sizes which disperse off the capillary axis. After the spindle detachment, the meniscus contracts to its

initial shape and a new jet start to be formed. The spindle can be sometimes connected with the capillary by a
thick thread several mm long. The thread is not linear in its form, but whips irregularly. In the case of low
viscosity liquids (ethanol) also a single thin thread can be ejected from the leading side of the spindle, similar to
the microdripping mode. This thread detaches from the main drop and next disrupts into several small fragments
forming siblings or fine polidysperse aerosol. The spindle mode differs from the dripping mode in that no regular
droplet is ejected from the meniscus but only elongated irregular fragments of liquid.
Main droplets are usually different in size, with diameters varying in the range of 300 to 1000 µm,
while siblings are smaller than 100 µm. It was also noticed that main droplets are greater whereas sibling
droplets become smaller with the voltage increasing.
With the voltage increasing the spindle mode can change to multispindle mode with, initially, only two
distinguished jets (cf. next section) or oscillating jet mode (section 4.5).
3.4. Multi-spindle mode
For liquids of high viscosity (for example for ethylene glycol or distilled water) a multi-spindle mode of
spraying has been recorded (Fig.4), which has not been noticed in the literature. The droplets’ generation is
similar to the spindle mode, but spindles are only emitted periodically from distinct points at the circumference
of the capillary, usually in the form of a short spindle-like jet, one piece of liquid at an instant. After detachment
the piece of liquid can disintegrate into a few smaller droplets. A few narrow streams around the capillary can be
then distinguished in continuous illumination. These streams of droplets seem to be distributed uniformly around
the axis of the capillary. The number of points of the jet emission increases with the voltage increasing. Two to
four such jets are ejected from the capillary for ethylene glycol, but only two for distilled water. The spindle can
be accompanied by a fine thin jet at its back and/or leading side.
The droplets generated in the multi-spindle mode are smaller in size than in the spindle mode.

Fig.2. Microdripping mode
Liquid: ethylene glycol,
U=+9kV,
flow rate: 0.65 mm3/s,
exposure: 3µs

Fig.3. Spindle mode
Liquid: distilled water,
U=-22kV,
flow rate: 46.7 mm3/s,
exposure: 3µs

Fig.4. Multispindle mode
Liquid: ethylene glycol,
U=+23kV,
flow rate: 13.5 mm3/s,
exposure 3µs

3.5. Cone-jet mode
In the cone-jet mode the liquid forms a regular, axisymmetric cone with a thin jet (<100 µm in
diameter) at its apex. According to Cloupeau and Prunet-Foch [11] the cone can assume three different forms:
with linear sides, convex or concave. The jet flows along the capillary axis or deflects from it only on small
angle usually smaller than 10o. The jet at its end undergoes instabilities. Two types of instabilities are known:
varicose [15] and kink [15]. In the case of varicose instabilities, the waves are generated on the surface of the jet,
but the jet does not change its linear position. In the nodes of the wave the liquid contracts and the jet
disintegrates into equal droplets, which further flow close to the capillary axis. In the case of kink instabilities
the whole jet moves irregularly off the axis of the capillary, with high amplitude and breaks up into series of fine
droplets due to electrical and inertial forces. The aerosol is spread out off the axis, but nearly uniformly in the
spray cone of an apex angle of 50-60o.
The diameter of the jet estimated from the photographs can range from a few µm to about 100 µm. The
jet diameter becomes lower and its length becomes shorter with the voltage increasing.
Fine droplets of mean diameter of about 30 µm or smaller are produced within this mode.
3.6. Oscillating-jet mode
In the oscillating-jet mode the continuous jet issues from the tip of the cone and changes its position
(oscillates) in one plane with the capillary axis. The cone at the outlet of the capillary transits smoothly to a jet.
The jet usually is not smooth, but becomes thinner at a few places. The jet disintegrates into small unequal
droplets due to kink instabilities (Fig.6). The oscillating-jet mode differs from the cone-jet mode and precession
mode, in that the jet oscillates in one plane with the capillary axis, while in the cone-jet mode the jet elongates
along the capillary axis and does not move. The plane of oscillation is stable, but sometimes can change
spontaneously to another orientation, or can rotate slowly around the capillary axis.
Aerosol is sprayed into a cone of an elongated ellipsoidal base and an apex angle greater than 90o. The
droplets are smaller than about 200 µm in diameter.
It has been observed that a few of the dispersed droplets do not attain the surface of the counter plate
but flow back to the upper electrode. They are possibly oppositely charged, because of disruption of larger
droplets by the electric field in the interelectrode space. This explanation of the phenomenon needs, however,
further investigations. This mode of EHD spraying can sometimes overlap with the spindle mode.

Fig,5. Cone-jet mode
Liquid: distilled water,
U=+28kV,
flow rate: 60 mm3/s,
exposure: 3µs

Fig.6. Oscillating-jet mode
Liquid: distilled water,
U=+20kV,
flow rate: 46.7 mm3/s,
exposure: 3µs

Fig.7. Precession mode
Liquid: distilled water,
U=+26kV,
flow rate: 43 mm3/s,
exposure: 3µs

3.7. Precession mode
This mode of spraying has been originally described by the authors in papers [16-18]. In the precession
mode (Fig.7) the liquid escapes the capillary in the form of a skewed cone which changes at its apex into a thin
jet of diameter smaller than 100 µm. Both the cone and the jet rotate regularly round the capillary axis, assuming
a form of a fragment of a spiral. The jet becomes thinner at its end, and also rotates spirally, i.e., the end part of
the jet is winding round the mother spiral. Due to the repulsive electrostatic forces, and probably also due to the
centrifugal forces, the jet disintegrates into small droplets at the distance of about 5-10 mm from the tip of the
capillary. The formation of the jet can be observed only in a stroboscopic light. The aerosol is nearly uniformly
dispersed into the volume which assumes a form of a regular cone with the axis co-linear with the axis of the
capillary. With the voltage increasing the jet becomes longer and rotates more regularly with, for example for
distilled water, 200 to 300 revolutions per second,.
This mode of spraying allows to generate fine aerosol in the sizes range from 25 to 60 µm in diameter,
charged to 0.1 - 0.7 pC. The size distribution does not change significantly with the voltage increasing, for this
mode of spraying. The fundamental advantage of the precession mode of spraying is the uniform spatial
dispersion of the aerosol and similar droplet size distributions in each point of the spray cone.
The precession mode differs from the cone-jet mode in that the jet assumes a stable linear position in
the cone-jet mode, while in the precession mode, the jet rotates around the capillary axis.
3.8. Multijet mode
For liquids of low surface tension (for example for ethylene glycol or ethanol) the multijet mode of
EHD spraying is observed (Fig.8). In the multi-jet mode the meniscus becomes flat with small cones at distinct
points at the circumference of the capillary, from which fine jets of liquid are ejected. The diameter of the jets is
smaller than a few of tenth of micrometers. The jets disintegrate due to kink instabilities, into small droplets,
forming a fine mist around the capillary. Near the capillary, the aerosol does not fill the whole spray volume but
only is dispersed in a few narrow streams which seems to be located uniformly around the axis. As has been
observed, two through eight such jets are ejected from the capillary. The number of the emission points increases
with the voltage increasing.
The droplets of the aerosol are smaller than a few micrometers in diameter. For distilled water the
multijet mode has not been observed, probably because of the corona discharge from the capillary.
The fundamental advantage of the multijet mode of spraying is the uniform spatial dispersion of the
aerosol and similar droplet size distributions in each point of the spray cone.

Fig.8. Multijet mode. Liquid: ethanol, U=+25kV,
flow rate: 8 mm3/s, exposure 3µs

4. Conclusions
A new classification of the modes of spraying based on the data presented in literature and also on
experiments carried out by the authors has been proposed. The classification is based on geometrical form of the
meniscus and a type of instability of the jet issuing from the capillary.
Fundamental modes of electrohydrodynamic spraying of liquids have been presented in details in the
paper, and summarized in Table 2. The EHD method of spraying allows to generate stream of charged droplets
or aerosol in wide range of droplet size. The droplets can be monodisperse if certain generation conditions are
fulfilled, and also as small as a few micrometers in diameter. The spraying mode depends on voltage (its polarity
and magnitude) and flow rate, for a liquid of given physical properties. The influence of the physical properties
of liquid on the spraying mode, remains however, not fully understood.

Table 2. Modes of EHD spraying
Pieces of liquid

Liquid jets

Dripping mode

Cone-jet mode

Microdripping mode

Oscillating-jet mode

Spindle mode

Precession mode

Multispindle mode

Multijet mode

Ramified-meniscus mode

Ramified-jet mode

Only a few of known modes of EHD spraying can find a practical application. These are mainly the
modes which generate stable and spatially regular stream of droplets: precession mode, cone - jet mode, multijet
mode, multi-spindle mode, vibrating-jet mode, and microdripping mode. Another known modes can only
generate aerosol of randomly distributed droplets, which can not be easy controlled.
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