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Abstract—Elecrosprays have a wide variety of applications. 

Particularly the onset voltage parameter is of special interest. In 
our study onset characteristics of aqueous electrosprays were 
investigated in a negative polarity for capillary tip-plate distances 
in the range of 0.5 cm to 50 cm. Experimental work shows a 
significant variation of the onset voltage with the presence of 
metallic objects in the proximity of the electrospray. Data 
analysis shows an increase in onset voltage with the decrease in 
counter electrode radius. The region least sensitive to such 
variation was found for tip-plate distances larger than 20 cm. 
Onset voltages appear to be in agreement with Smith’s formula 
for a certain range of the distance studied. Gaps larger than 25 
cm have generally showed more significant variations of this 
formula. The results of the present study can be useful for the 
design of electrosprays of larger gaps. 
 

Index Terms—aqueous electrospray, charged droplets, 
electrospray control, onset voltage,  Smith’s formula 
 

I. INTRODUCTION 
hen high voltage is applied to a conductive 
capillary/needle containing a polar fluid, an elecrospray 

can be generated. As voltage increases, the liquid air interface 
becomes polarized with an excess ionic charge producing 
Taylor’s cones [1, 2], which are not yet completely understood 
[3]. Charge droplets emitted at the tip of Taylor’s cone 
undergo coulombic fissions around Rayleigh limit [4, 5, 6]. 
The droplets evaporate and pass through a succession of 
coulombic fissions as they move towards the counter 
electrode.  

Various electrospray regimes are described in the literature 
[7-9].  

      The variety of variables affecting an electrospray often 
makes it difficult to investigate and predict its operation; 
among the variable categories are voltage, liquid flow, 
electrode geometry, and physical properties of the liquid [3]. 
As the spray develops it may or may not be accompanied by 
corona discharge, which was identified as a trigger mechanism 
in the break-up of a current-driven jet [10]. In experiments 
with nanoelectrospray capillaries current pulsations were 
observed only after the onset of corona discharges [7]. Even 
for voltages lower than 5 kV a faint glow discharge may be 
observed [11]. The experiments suggest that the corona 

discharge is from the whole surface of the liquid, specifically 
for conducting liquids such as water [12].  

      An obviously important parameter is the electrospray 
onset voltage. The onset voltage is not necessarily a precise 
voltage but rather a voltage range. The value of electrospray 
onset voltage is usually associated with a sharp rise in the 
value of the ES current [13]. The frequency of the emitted 
droplets in the transition from the dripping regime to spray 
appears to be characterized by a universal pattern [14]. The 
current –voltage characteristics present three rather distinct 
regions. Only in the relatively constant current region a stable 
Taylor cone and orderly generation of charged droplets can be 
observed [15]. For micrometer size capillaries currents are in 
the nanoampere range at the onset voltage [16]. A steep rise in 
current (mA) may develop at much higher voltages but this is 
due mainly to the corona currents [12]. If pulsed voltages are 
superimposed on the dc voltages the onset and regimes are 
changed. Greater pulsed voltages were associated with jet 
formation [17]. 
      The electrospray has been heavily researched lately, with 
particular focus on the stable cone-jet regime, which is 
relevant to the production of macromolecular ions and is used 
in conjunction with mass spectrometry in fundamental 
research involving biological molecules [4, 18-21]. In this 
regime the spray current is nearly independent of the nature 
and pressure of the surrounding gas [22]. However, there are 
other electrospray applications, such as electrostatic painting, 
drug delivery, drug micro-encapsulation, production of 
nanofibers, steering of micro-satellites, detection of trace 
explosives, thin film deposition [23], and powder production 
[24]. Some applications involve larger capillary tip-plate gaps 
than required for the cone-jet regime. The purpose of our 
study, related to the latter cases, is to investigate the 
dependence of aqueous electrospray onset characteristics on 
the tip-plate gap and the surrounding  
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II. EXPERIMENTAL SETUP 
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Fig. 1 Schematic of the Setup 

A simplified version of the setup is shown in Fig. 1. The 
capillary nozzles were modified BD PrecisionGlide 
hypodermic syringe needles, regular wall type and regular 
bevel 25G x 1.5 in (ID 0.241 mm, OD 0.508 mm). The 
original needles were cut and polished in order to obtain blunt 
tips. Needles were attached to a 3 mL BD Luer-Lok™ syringe 
with positive plunger rod stop and tapered plunger rod design. 
In all the experiments a natural flow rate of the fluid (water) 
through the needle is ensured by constant differential 
hydrostatic pressure. The syringe was modified and connected 
to a plastic cylindrical container (18 cm diameter) by using 
clear vinyl tubing. A 14.5 cm long syringe adaptor was 
manufactured out of Polytetrafluoroethylene (Teflon) in order 
to attach the syringe to one end of a 1 m long rectangular rigid 
wood element (100 cm x 7cm x 2 cm). The syringe system is 
attached to a wood table equipped with a ruler that permits the 
syringe system to glide along the table and parallel to the 
floor, 77.5 cm above the laboratory floor. Wood was the 
preferred material for our setup as it has a much lower 
influence on the onset voltage than metal objects do. 

      The polar fluid used in our experiments is water, known 
to have a relatively high surface tension [3] (72.8 mN/m at 
20°C). The counter electrode consists of a circular metal plate 
axially sustained in a vertical position, coaxial with the needle. 
Three plates of different diameters are employed in our 
experiments (Table 1). The plates of 6 mm thickness have a 
central hole of 6.5 mm diameter, which allows for easy 
replacement of the plates on the plate holder (plate axis 78.3 
cm above the floor). All reported measurements are performed 
with the plate grounded and the needle connected to the 
negative polarity of the high voltage. The plate position was 
fixed and the needle-plate distance was varied by sliding the 
syringe system. The high voltage is supplied by a high voltage 
power supply (HVPS) Glassman (50kV DC).  

      Due to the charging properties of the electrospray, the 
onset voltage is significantly influenced by the presence of 
metal objects around the electrospray system. In order to 
alleviate such effects, any metal objects were removed from 
the proximity of the capillary-plate system to a distance of at 
least 110 cm. All experiments were performed at atmospheric 
pressure and the needle-plate temperature was 26-27oC. Air 

humidity varied between 40% and 50%. 
TABLE I 

ES COUNTER ELECTRODE RADII 
Plate radius R1 R3 R5 

[cm] 3.8 7.85 12.7 
 
The distance between the capillary needle and the metal 

plate can easily be controlled in the described setup. The ES 
onset voltage was initially recorded in small increments and 
the regions of interest and appropriate increments were 
chosen. As voltage is increased, the natural dripping frequency 
increases slowly while droplet size decreases. As voltage 
approaches onset voltage, the frequency of droplet emission 
increases. The ES onset voltage was marked where the 
dripping mode was indistinguishable from the continuous 
emission of water droplets. The constant hydrostatic pressure 
generating the natural water flow rate was 2638.9 N/m2 
corresponding to a 26.9 cm water column above the capillary 
needle level. The natural flow rate in the specified conditions 
(before the application of high voltage) was 0.45 ml/min for 
the 25G needle. The onset voltage was measured using the 
counter electrode plates of radii given in Table 1. Additional 
measurements were performed with no plate at all (only with 
the ground wire as counter electrode). The variation of onset 
voltage with distance from the tip of the capillary to the plate 
is showed in Fig. 2. The values of the ES onset voltage lie 
between the curve given by Plate 5 (the largest radius) and the 
dotted line of the “No Plate” measurements. As the tip–plate 
distance increases, the onset voltage increases so that the 
curves corresponding to different plates used converge about 
d=30 cm. Measurements close to the plate are likely affected 
by larger errors in identifying the onset voltage. This is mainly 
due to the fact that droplets stick to the counter electrode plate 
and can modify the local electric field by significantly 
changing the tip-plate distance percentage-wise. 
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Fig. 2. Variation of the ES onset voltage with tip-plate distance. 

 
We found that the symmetry of the electric field generated by 
the needle-plate configuration allows for a better comparison 
of the voltage – gap distance characteristics. If a geometrically 
specified point on the needle-plate axis is chosen as reference, 
then normalizing the voltage values to the reference voltage 
value gives natural grounds for comparison of the 
characteristics obtained for different plates. For symmetry 
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reasons we chose the reference point at a distance of (/6)R 
from the plate along the needle-plate axis. The normalized 
onset voltage for the three plates used is given in Fig. 3. The 
normalized values show consistent increase in normalized 
voltage with the plate radius for all tip-plate distances with the 
smallest radius sensitivity in the proximity of the plate and 
highest at about 10 cm gap. 
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Fig. 3. Normalized onset voltages. 

 
Voltage-distance characteristics for Plate 2 are shown in 

Fig. 4. The asymptotic variation of voltage with distance is 
apparent. The same voltage variation is shown in Fig. 5 in 
semilog coordinates. The linear variation of the voltage with 
the logarithm of the distance can be noticed for most of the 
studied distance range. The linearity does not appear to hold 
well for tip-plate gaps larger than 25 cm. 
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Fig. 4.  Plate 2: variation of the ES onset voltage with tip-plate distance. 
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Fig. 5.  Plate 2: variation of the ES onset voltage with tip-plate distance – 
semilog coordinates. 

 

A comparison of normalized voltages is presented in Fig. 6. 
The log scale used for the gap distance again shows the 
linearity, within certain limits, of the onset voltage with tip-
plate distance. The dotted lines represent the linear regressions 
corresponding to each data set. The oscillations of 
experimental data points about the regression line are more 
pronounced for the smallest plate, indicating a less accurate 
linearity, particularly beyond the 25 cm region. Some of the 
fluctuations may be related to measurement errors associated 
with the identification of onset voltage. However, 
experimental data trends are consistent for all the plates, likely 
revealing variations due to change in plate radius. The slope of 
regression lines consistently increases with the decrease in 
plate radius. The trend suggests that the normalized voltage – 
gap characteristics may be bound by the no plate (virtually 
zero radius) characteristic with the highest slope and the 
infinite radius plate with the lowest slope. 
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Fig. 6.  Comparison of normalized onset voltages for different plate radii. 

II. DISCUSSION 
A relation giving the dependence of onset voltage Von

c
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 was 
shown by Smith [25] and used by others [26, 27] to explain 
parametric dependence of ES. The relation is derived from 
balancing the condition of electric field and surface tension 
forces: 

       (1) 

where γ is the surface tension of the fluid, θ the half angle 
of the liquid cone at the tip of the capillary, rc the outer radius 
of the capillary, ε0

     

 the electric permittivity of vacuum, and A a 
proportionality constant.  

 
Relation (1) can be rewritten as  
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  (2). 

Given that in our experiments rc,

bdadVon += ln)(

 γ, θ are constants, relation (2) 
can be simplified to  

   (3) 
With  
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Hence, the variation of onset voltage with the logarithm of tip-
plate distance should be linear. The experimental data plotted 
in Fig. 6 and Fig. 7 confirm the predictions of relation (3) to a 
good extent. Logarithmic regressions of experimental data 
give a fit with an R2 of 0.997 for Plate 3 (the largest radius) 
decreasing to 0.97 for “no plate” measurements. Relation (1) 
appears to be in fair agreement with our experimental data. 
Deviations from the predictions of this relation appear at 
shorter distances as the radius of the electrode plate is 
decreased.  

An average electric field E=Von/d was calculated and 
scaled to its value for a reference point as previously defined 
E*=V*/d* (V* is the onset voltage corresponding to reference 
distance d*

10 lnlnln bda
d

VE on +==

). Comparison of the normalized electric field for 
different plate radii counter electrodes is shown in Fig. 8. The 
linear variation of the field with the tip-plate distance is 
evident in log coordinates for the studied range. The 
normalized electric field increases with plate radius. The 
curves corresponding to the three plate electrodes exhibit a 
linear variation of the field with distance in logarithmic 
coordinates and the associated linear regressions are virtually 
the same.  

The observed linearity also appears to be explained 
by Smith’s relation (1). Experimental data plotted in Fig. 7 
suggest that 

  (5) 

where a0 and b1

1
'

010 lnln)1(ln bdabdaVon +=++=

 are experimentally determined constants. 
Hence  

 (6) 
where a0+1= a1
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. Relation (6) is similar to (3), in agreement 
with Smith’s formula. 
 

 
Fig. 7.  Average electric field corresponding to onset voltage as a function 
of tip-plate gap. 

 
 

III. CONCLUSIONS 
Onset characteristics of aqueous electrosprays were 

investigated in a negative polarity for capillary tip-plate 
distances in the range of 0.5 cm to 50 cm. Experimental work 
shows a significant variation of the onset voltage with the 
presence of metallic objects in the proximity of the 
electrospray. A distance larger than 100 cm was found to be 
limiting onset voltage variations to a non-significant level. 
Data analysis shows an increase in onset voltage with the 
decrease in counter electrode radius. The region least sensitive 
to such variation was found for tip-plate distances larger than 
20 cm. The onset voltage appears to be in agreement with 
Smith’s formula (1) for about half of the distance range 
studied. The correspondence of experimental data to Smith’s 
formula was also evidenced by the analysis of a normalized 
average electric field in the gap. Gaps larger than 25 cm have 
generally showed more significant variations of this formula, 
which were more intense with the decrease in counter 
electrode radius. We believe that the results of the present 
study can be useful for the design of aqueous electrosprays of 
larger gaps.  
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