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h i g h l i g h t s

� Pulsed-jet, cone-jet, skewed cone-jet, and multi-jet were observed.
� Different electro-spraying modes for ethanol were divided into several regions.
� The driving force in jet region came from the electrostatic induction field.
� The electric field supplied driving force for the motion of liquid droplets.
� The specific charges of ethanol reached maximum value at the cone-jet mode.
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a b s t r a c t

A small-scale combustor with electro-spraying technique was investigated. It consisted of vertical quartz
glass tubes with an inner diameter of 16.0 mm. A stainless steel ring and a stainless steel mesh were used
as an extractor and a collector, respectively. A capillary tube with an inner diameter of 0.9 mm was used
as a nozzle. The nozzle and the steel ring were connected to the positive electrode of Direct Current
power sources. The steel mesh was the droplets collector and a flame holder. Stable combustion flame
was observed under combined electric fields. The electro-spraying modes of pulsed-jet, cone-jet, skewed
cone-jet, and multi-jet were observed. The operating ranges were divided into several regions at various
voltages and flow rates. The whole fluid field was divided into the jet region and spraying region. The
driving force in the jet region came from the electrostatic induction field between the nozzle and the
steel ring. The electric field between the steel ring and steel mesh supplied the driving force to move
liquid droplets in the spraying region. The steel mesh is a key component for the directional movement
of liquid droplets. Taylor angles measured at cone-jet mode were in the range of 75.18�e82.45�.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, liquid electro-spraying has been a hot topic with
growing interest due to its wide applications in such areas as fuel
atomization in combustion systems [1,2], cooling for microelec-
tronics [3e5], electro spinning process [6,7], deposition of thin
functional films [8] and other areas [9e11]. There are some other
researches on charge injection atomizers using dielectric liquid
only [12e14]. In present study, we aim at the micro combustor

applying electro-spraying technique and using liquid ethanol with
low conductivity as fuel.

The crucial component in a micro energy system is the micro-
combustor with stable flames, but it is very difficult to keep
flames stable in the micro-combustor, due to short residence time
and high heat loss rate [15e17]. Combustion using liquid hydro-
carbon fuels can supply relatively high energy density but bring
more challenges [18]. Electro-spraying is an ideal method in micro-
scale combustion system with liquid fuels.

Kyritsis et al. [19] presented a meso-scale catalytic combustor
coupled with direct energy conversion modules for power pro-
duction. The jet fuelJP8 (Jet Propellant 8) was electro-sprayed at a
flow rate on the order of 10 g/h and combusted under the equiva-
lence ratios varying from 0.35 to 0.70 with estimated combustion
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efficiency of 97%. Further they studied the performance of a
combustor with liquid fuel electro-spray injection through a stack
of catalytically coated grids [20].

The whole process of combustion using liquid fuel mainly in-
cludes electro-spraying, vaporization and combustion, it is quite
important to understand the electro-spraying characteristics for
better design and operation of micro-scale combustors. Mestel [21]
investigated the steady flow in a cone-jet at high Reynolds number,
when circulation occurs within the drop while the jet was fed by a
surface boundary layer. Two models of the phenomena were pre-
sented with very different similarity scalings both agreed qualita-
tively with experiment. Experimental investigation was performed
on electro sprays of liquids with low electric conductivity (heptane
with different fractions of antistatic additive) in the cone-jet mode.
The stable and monodisperse electro sprays could be established
only within certain ranges of liquid flow rates and applied voltages
[22]. The qualitative studies of jet structure and droplet formation
in the electro hydrodynamic spraying were carried out. Ten modes
had been distinguished and interpreted by considering the elec-
trical and mechanical forces on the liquid jet [23,24]. The effect of
pulsed voltages on electro hydrodynamic spraying in the cone-jet
mode was investigated. Results showed that both the amplitude
and the frequency of the pulsed voltage could affect the behavior of
the spraying [25]. Deng et al. [26] successfully demonstrated the
multiplexed electro spray systems with an unprecedented packing
density of up to11,547 sources/cm2. In order to generate fine
droplets, electrostatic atomization was applied using nozzle and
grounded ring with high voltage in between. Stable droplets of
water and KCl solution were produced in oil without any surfac-
tants [27]. Electro statically assisted sprays of butanol were
established and compared with those of ethanol and heptane. The
spray structure was characterized through measuring droplet sizes
and velocities in a wide range of flow rates and applied voltages
[28]. A high-speed camera with microscopic zoom lens had been
used to visualize the deformation and breakup of charged droplets
at the dripping mode. It was found that large surface tension could
lead to low deformation of droplets and high voltagewas necessary
to make sprays transit from the dripping mode to the cone-jet
mode [29].

Jaworek and krupa [30] gave the detailed description of main
modes of electro hydrodynamic spraying of liquids in standard
capillary-plane configuration. Chiarot et al. [31] studied experi-
mentally the transient modes of an electrified fluid interface. There
are several perfect involved reviews on the role of interfacial shear

stresses [32], electro hydrodynamic spraying functioning modes
[33], and the fluid dynamics of Taylor cones [34].

So far there are some researches on electro-spraying and micro-
combustion, but the study on micro-combustion using electro-
spraying technique is still in its infant stage. In order to enhance
spraying and combustion in small-scale, a single capillary nozzle-
steel ring-steel mesh configuration was placed inside a quartz
glass tube with inner diameter of 16 mm. The stable combustion
and flame was achieved under combined electric field. This
research aimed to identify different electro-spraying modes and
their operating ranges. The Taylor cone angles at the stable cone-jet
mode and the specific charges at eachmodewere all measured. Our
results will supply helpful guidance for design and operation of
new small-scale combustors with high performance.

2. Experimental description

2.1. Test section

Fig. 1 shows a schematic of the present small-scale combustor.
The combustor consisted of three pieces of vertical quartz glass
tubes with inner diameter of 16 mm. A stainless steel ring as an
extractor electrode and a stainless steel mesh as a collector elec-
trode were connected among them by using a heat resistant ad-
hesive. The inner diameter and outer diameter of the steel ring was
12.4 mm and 16 mm respectively. The whole steel mesh has a
diameter of 16 mm and 98 round holes with a diameter of 1.0 mm
in it.

A stainless steel capillary tube was used as a combustor
nozzle, with an inner diameter of 0.9 mm and outer diameter of
1.2 mm. The nozzle was set at the center of the glass tube and the
applied voltage to the nozzle was V1using a Direct Current (DC)
power source (Model 71030P, GENVOLT). The steel ring was ar-
ranged above the nozzle tip with vertical distance of L1 and the
applied voltage to the ring was V2 using another DC power source.
The steel mesh was arranged above the ring electrode with ver-
tical distance of L2 and was connected to the ground electrode
with a standard resistance between them. In present study, the
electric potential difference across the resistance is not bigger
than 40 mV, so the electric potential on the steel mesh is near to
zero. That is to say, the steel mesh can be regarded as setting to
ground.

The working process of the combustor was divided into three
regions. The fuel of ethanol jet was produced in the jet region, then

Nomenclature

Aq specific charge(C/kg)
E electric field strength(kV/m)
Ea axial electric field strength(kV/m)
Er radial electric field strength(kV/m)
F electrical field force(N)
L1 distance from the outlet of the capillary nozzle to the

steel ring(mm)
L2 distance from the steel ring to the steel mesh(mm)
I current (A)
I0 initial current (A)
m mass flux of liquid ethanol (kg/s)
m1 mass flux of liquid ethanol evaporated into the air (kg/

s)
Pin internal pressure(N)
Pex external pressure(N)

Qv flow rate(ml/h)
R resistance (MU)
r radius of jet(mm); polar coordinates (mm)
rcr critical radius of jet(mm)
t measurement period (s)
U electric potential difference (mV)
V1 voltage on the capillary nozzle(kV)
V2 voltage on the steel ring(kV)

Greek symbols
ε0 permittivity of air(F/m)
εr permittivity of ethanol(F/m)
r density of ethanol(kg/m3)
s surface tension(N/m)
s0 initial surface tension(N/m)
4 equivalent ratio
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