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Abstract  A new numerical analysis has been carried out in order to determine the electrostatic pressure acting on the 
liquid-air interface. Also by aid of photographic recording the surface tension at the equator and poles is determined, the 
internal pressure is calculated and the relationship with the voltage square is enlightened. The analysis of the unstable bub-
ble ejected or compressed against the sphere electrode with sharp edge protrusion, is explained and the values of charge 
under an applied electrical field at ejection condition are given. The breakdown electric field of the transformer oil is cal-
culated, and a new breakdown voltage equation linking the compressed conducting bubble to the breakdown field is pro-
posed. A new ratio of calculated electric charge at ejection mode relative to the value of ejected electric field is achieved. 
Also the breakdown voltage can be estimated by knowing the value of the voltage at compressed mode, using a new ad-
dressed space charge formation factor which is equal to 1.1. The results have been assessed through comparison with 
available analytical and experimental data. 
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1. Introduction 
Liquid dielectric improvement is a very interesting subject 

for the development of higher voltage levels of transmission 
system and corresponding components such as transformers, 
circuit breakers, capacitors, etc. Also, the required "rep-rate” 
switch using high pressure dielectric liquids is essential for 
future directed energy applications[1]. Thus, the pressure 
analysis is a very important way for determining the condi-
tion of our liquids. The interface problem is also an impor-
tant item to study the pressure stability analysis[2]. There-
fore, the study of air bubbles existing in dielectric liquid 
medium, and their effect on the breakdown characteristics 
were carried out by many authors[3-14]. Also, the stressed 
liquid volume and stressed electrode area for cryogenic 
liquids were reported by[15]. These authors showed that the 
breakdown increased with larger stressed liquid volume, 
which means, minimum air voids size. And the area effect 
under the existence of micro-protrusion on the electrode 
surface dominated the breakdown strength for electrodes 
with small stressed liquid volume or rough surface [15]. 

The induced electric pressure characteristics under applied 
voltage are similar to that of current[16,17]. The effect of 
additives to dielectric liquids plays an important role in its 
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characteristics. For example the current and induced pressure 
can be raised linearly by the increase of moisture content till 
5 and 3.2 respectively[17]. 

The pressure has been taken to support the theory, that 
liquid dielectric breakdown is started by the formation of gas 
bubbles in the liquid medium. Then, the bubble breakdown is 
considered the inception event leading to liquid break-
down[18]. Also, transformer oil with pressure up to 2.4 MPa 
showed a breakdown strength gain of up to 35%-40%, in-
crease above the atmospheric pressure[19]. 

In this work, the role of bubbles in the streamer generation 
in liquid dielectrics subjected to an electric field is studied. It 
is intended to use the deformation of an air bubble located in 
a non-uniform electric field with different spaces between 
electrodes and different high voltage electrode diameter to 
study the pre-breakdown behavior and to explore which 
theory could explain our experimental results. 

2. Experimental Techniques 
Figure 1, shows the technique used for experimental re-

cording [20,21]. The test cell consists of a transparent glass 
container of 5×5×20 cm. The upper Perspex cover of the 
cell supports the inlet copper pipe of 6 mm with inner di-
ameter of 3 mm; this pipe is screwed externally to 5 mm 
from one side. The cover also supports an inlet, for dielectric 
liquid input. The pipe carries a high voltage sphere termina-
tion which is open till the sphere tip and screwed internally to 
5 mm to be erected in the mentioned copper pipe. The other 
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side of the pipe is connected to the injection air bubble sys-
tem. Also the bottom of the test cell is made of Perspex and 
supports the grounded plane, 3 cm in diameter. The 
grounded plane position can be changed to adjust the tested 
gap against high voltage sphere electrode. In the present 
experiment one sphere termination of 11.28 mm diameter 
has been used. 
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Injected bubble
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Transformer oil

Test cell

 
Figure 1.  Scheme of a bubble immersed in a liquid dielectric under a 
sphere-to-plane configuration 

The tests were carried out using 0~60kV D.C. power 
supply with negative polarity. The high voltage D.C. supply 
was connected to the sphere electrode, using 0.5 MΩ series 
resistor. 

2.1. Experimental Procedures 

1. The high voltage electrode was terminated with the 
required sphere electrode. The grounded plane was adjusted 
to the required distance by using the special screwing rod, 
which passed through the lower termination. After that, the 
glass test cell container was filled to a required hydrostatic 
head above sphere tip. The test gap was adjusted to required 
distance. 

2. The injection system was adjusted to initial condition by 
the aid of coarse syringe adjustment, and stopcocks system 
containing valves. After that the air bubble was injected by 
using micrometer loaded syringe. 

3. The high voltage D.C starts to rise gradually with 2kV 
step. At each voltage step the air bubble shape was photo-
graphed. 

4. This photograph recording was performed by increasing 
the applied voltage until the air bubble compressed or ejected 
from the sphere tip. 

2.2. Experimental Calculation 

1. The internal pressure of the bubble can be calculated by 
knowing the minor and major semi-axis from photographic 
recording using Krasucki equations for the pressure at the 
poles, and at the equator [6]. 

At poles, 

2
i ep heP P P

b
σγ

= + +                       (1) 

At equator, 
( )2

2
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i eq eP P P

b

σ γ

γ

+
= + +              (2) 

where, Pi is the internal pressure of the bubble, Pep is the 
electrical pressure at the pole, Peq is the electrical pressure at 
the equator, Ph is the hydrostatic pressure above the bubble, σ 
is the surface tension of the dielectric medium, γ is the ratio 
of the bubble elongation and b is the minor semi-axis. 

2. The cross section area of the bubble can be also calcu-
lated from the photographic recording by the aid of ellipse 
area equation. 

Area a bπ= × ×                   (3) 
where, a is the major semi-axis and b is the minor 

semi-axis 

3. Method of Analysis 
3.1. Deformed Air Bubble 

3.1.1. Stable Air Bubble 

The stable air bubble case is taken in the low voltage re-
gion, where the relation between the voltage increasing and 
elongation of air bubble is in the linear region. 
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Figure 2.  Table bubble immersed in a dielectric medium 

The average electrostatic pressure (Pe) is used as an ef-
fective electrostatic traction acting on the boundary of a 
spherical bubble [14]. This pressure given as: 

22 1
2

2 1

3
2 2e oP Eε ε

ε ε
ε ε
−

= ⋅ ⋅
+

               (4) 

where, ε1 and ε2 are the relative permittivity of the air and 
dielectric liquid respectively, i.e., ε2 > ε1. 

For stable air bubble, Pe, tends to press the bubble against 
the sphere electrode. 

3.1.2. Unstable air bubble 

For unstable bubble, the accumulated charge on the 
air-liquid interface increases. 
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Figure 3.  Unstable bubble immersed in a dielectric medium 

This charge, which has the same sign of the spherical 
electrode, increases the Columbic pressure (Pc) 
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Figure 4.  Pressure analysis for unstable bubble 

For more bubble analysis, we must notice the following 
for air bubble balanced pressures. 

e h s i cP P P P P+ + = +                    (5) 

where, Ph, Ps and Pi are hydrostatic pressure, surface ten-
sion pressure and internal air bubble pressure respectively. 

By increasing the applied voltage, Pc increases also, and if 
we assumed that 

h s iP P P+ =  which is correct at the instant of 
zero applied voltage. Therefore, 

c eP P≤  for unstable bubble 
which will be compressed or eject according to relative value 
of Pc with respect to Pe i.e., three modes arises: 

● First mode: e cP P>  the bubble compressed. 
● Second mode: ce PP <  the bubble ejected. 
● Third mode: ce PP =  the bubble becomes unstable. 
which can be considered as a new finding for declaration 

of what happen to injected air bubble under different ex-
perimental high voltage conditions. 

3.2. Space Charge Calculation 

If the space charge is (q) then the force on this charge due 
to applied electric field (E) will be, 

F qE=                              (6) 
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Figure 5.  Unstable bubble in a dielectric medium for ejection case 

This force can be called the Columbic force, which can be 
given at the equator as follows: 

c cF P area= ×                       (7) 
If the bubble is unstable, e cP P= , the following equation 

can be given: 
22 1

22
2 1

1 3
2 2ej o ejqE E

b
ε ε

ε ε
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−
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+

             (8) 

where, 2bπ is the elliptical elongated bubble cross section 
area and Eej is the value of the applied electric field at in-
stance of bubble ejection. 

22 1
2

2 1

3
2 2 o ejq E bε ε

ε ε π
ε ε
−
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+

              (9) 

where, ε1 = 1 for air bubble and ε2 = 2.1 for transformer oil. 
The space charge under the case of transformer oil, 

12 25.899 10 ( ) ejq b Eπ−= ×               (10) 

3.3. Breakdown Analysis 

If the unstable bubble was not ejected, with further in-
creasing of the applied voltage, the ionization inside bubble 
increases also. At higher voltages this bubble will be con-
verted to conducting one, and compressed against the sphere 
electrode with sharp end protrusion. 

The electric field intensity ahead this protrusion tip will 
act to push off the liquid from this tip. At balance condition 
this electrical induced pressure must overcome the hydro-
static and atmospheric pressures. 

When the bubble is converted from dielectric to con-
ducting medium the electric pressure Pe could be given ac-
cording to equation, 

2
2

3
2e o tP Eε ε= − ⋅                      (11) 

where, Et is the electric field at the tip of the compressed air 
bubble i.e., conducting medium. 

At this condition, 
e h aP P P= +                        (12) 

where, Pa is the atmospheric pressure which equal 105 
N/m2 
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Figure 6.  Compressed bubble in a dielectric for breakdown case 

The applied voltage required to produce this value of field 
can be calculated from the following equation: 

2

4ln
t

P
p

VE
dr r

=
 
 
 

                       (13) 

where, rp is the radius of the compressed air bubble tip, d is 
the distance from bubble tip to plane electrode and V is the 
applied voltage. 

3.4. Compressed Air Bubble Tip Radius Estimation 

The tip radius of the compressed air bubble can be meas-
ured from the photographic recording analysis as following: 

 
Figure 7.  Schematic figure for radius calculation of compressed air bubble 

We can consider the protrusion tip as a cone with base "y" 
as shown, at 2/3 the height of the cone we can consider the 
distance "x" as the diameter of the tip as shown in the 
schematic figure. From this Figure / 2pr x=  and 3 6 py x r= = . 

Accordingly the voltage at which the gap breaks down can 
be calculated from equation (13) by the measured experi-
mental values of y as follows: 

4 6ln
12b t
y dV E

y
 ×

=  
 

                  (14) 

where, Vb is the breakdown voltage. 

4 Results and Discussion 
4.1. Experimental Results 

Sphere electrodes of 10, 11.28, 13.22, 14.33 and 15.8 mm 
diameter with a hydrostatic pressure of 4 cm oil were used. 
The test has been carried out to detect the behavior of air 

bubble under ascending mode against applied voltage, for 3, 
4, 5, 6, 7, 8 and 13 mm gap distances. 

 
Figure 8.  Deformation process of air bubble for gap 6mm sphere 
11.28mm 

 
Figure 9.  Deformation process of air bubble for gap 8mm sphere 
11.28mm 

 
Figure 10.  Deformation process of air bubble for gap 14mm sphere 
11.28mm 

From Figures 8, 9 and 10, it is clear that the bubble as-
sumes nearly a spheroid shape at low applied voltage and 
then it starts to elongate assuming an elliptical shape. With 
further increases of the applied voltage the bubble enter the 
sphere tip electrode, Figure 10, or eject from the gap, Figure 
11, or becomes unstable bubble, Figure 12. 

 
Figure 11.  Compressed air bubble for gap 6mm sphere 15.8 mm 

 
Figure 12.  Ejected air bubble for gap 4mm sphere 10 mm 
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Figure 13.  Unstable air bubble for gap 8mm sphere 10 mm 

4.2. Space Charge Calculation 

In order to demonstrate the proposed approach, Table 1 
described the ejection or unstable bubble data obtained from 
experimental, these data required for calculating the space 
charge using equation (10). 

Table 1.  Voltage values in case of (ejected or unstable bubble modes) for 
different gap spacing using various sphere diameters 

Gap 
distant 
( mm ) 

Sphere diameter ( mm ) 

10 13.22 14.33 15.8 

7  15kV unstable   
8  17 kV unstable  20 kV eject 
9  18 kV unstable 18 kV eject  

10  18 kV eject 18 kV eject  
11  19 kV eject 20 kV unstable  
12  21 kV unstable 22 kV unstable  

13 20 kV 
eject 23 kV unstable 23 kV unstable  

14 28 kV 
eject 24 kV unstable  34 kV eject 

The values of the space charge is calculated for trans-
former oil using equation (10) for different sphere termina-
tions and tabulated in Table 2. 

From Table 2, the required charge value (q) for bubble 
ejection related to ejection electric field (q/Eej) is nearly 
equals to 1322.4 10−× C.cm/kV. 

Table 2.  Space charge calculation 

Sphere 
diame-

ter 
(mm) 

Parameters required for equation (10) Space 
charge 
×

10-11 
(C) 

q/Eej 
×10-13 
C.cm/k

V 

Gap 
distant 
(mm) 

Ejec-
tion 

voltage 
(kV) 

Eej 
(kV/c

m) 

b 
(mm) 

10 13 20 25 1.1 5.6 22.416 
10 14 28 34.45 1.1 7.725 22.42 

15.8 8 20 22.396 1.2 5.976 26.686 
15.8 14 34 30.04 1.1 6.736 22.424 

4.3. Electric Field Calculation 

4.3.1. Streamer Formation 

For streamer formation the number of electrons per ava-
lanche, ne, needed are 108 < ne < 109 as given by[22]. 

From the previous values of q at ejection condition the 
number of equivalent electrons ranges between 3.735×108 
at gap 8 mm and 4.21×108 at gap 14 mm, for sphere 15.8 

mm and 3.5×108 at gap 13 mm, and 4.83×108 at gap 14 mm, 
for sphere 10 mm. 

Therefore if we consider the number of electrons per 
avalanche equal to 109 electrons for streamer formation, then 
the charge will equal to 910×= eq , where e is the electron 
charge value, 19106.1 −×=e C, then q =1.6×10-10 C. 

Under our condition this charge may be achieved at fields 
equal to 59.9 kV/cm and 71.35 kV/cm for gap distance of 8 
and 14 mm respectively sphere 15.8 mm. Also this field 
equal to 71.35 kV/cm for gap distances of 13 and 14 mm 
sphere 10 mm. 

4.3.2 Breakdown Analysis 
When the bubble is converted from dielectric to con-

ducting medium the electric pressure Pe could be given ac-
cording to equation (12), using 40h = mm.oil, 9.81g = m/s2, 

880ρ = kg/m3, 2 2.1ε = for transformer oil to determine the 
value of 345.3hP ghρ= = N/m2, from equation (12) the value 
of 510eP =  N/m2, using this value in equation (11), then  

2 5
2

3 10
2 o tEε ε⋅ =  

598.8tE = kV/cm, which is in accordance with that given 
to be 570 kV/cm by[23-25].  

The voltage at which the gap breaks down can be calcu-
lated from equation (14). 

Table 3 shows the experimental measured voltage at 
compressed bubble condition, Vc, and the breakdown voltage 
Vb given by equation (14). 

From this Table it is clear that the average value of the 
ratio Vb/Vc is higher than one, this value can be called a space 
charge formation factor (m), which reaches a mean value of 
1.1 

Table 3.  The experimental measured Vc and the calculated Vb 

Gap 
distant 
( mm ) 

Sphere diameter (15.8 mm ) 
Vc 

(kV) 
y 

(mm) 
x (mm) rp (mm) Vb (kV) m 

=Vb/Vc 
3 16 0.75 0.25 0.125 17.08 1.0675 
5 23 1 0.333 0.1666 23.89 1.038 
6 26 1 0.333 0.1666 24.79 0.95 
8 26 1.25 0.4166 0.208 31.4 1.2 

12 37 1.5 0.5 0.25 39.35 1.063 
14 42 1.75 0.583 0.2915 45.9 1.09 

5. Conclusions 
In this paper, an effort was made to outline the different 

stages of pre-breakdown in dielectric liquid, "transformer 
oil", by using the deformation of an artificial air bubble 
injected at high voltage electrode between different gaps, 
and different high voltage electrodes diameters with constant 
hydrostatic head in a non-uniform electric field. 

Based on the finding of the present work the following 
salient points may conclude this paper: 

1. The injected air bubble under existing hydrostatic head 



  International Journal of Electromagnetics and Applications: 2012; 2(1): 4-10 9 
  

 

and no applied voltage has a prolate spheroid shape, with the 
elongation of bubble in the horizontal axis. 

2. As the voltage increase the internal pressure of the 
bubble also increase as approximately linear relation until a 
certain value for which the bubble compressed and the 
non-conducting bubble convert to a conducting one. After 
that, the spheroid shape assumes a conical shape. At this 
value, there is no air bubble but a conducting gas medium. 

3. For unstable bubble, the accumulated charge on the 
air-liquid interface increases. This charge, which has the 
same sign of the spherical electrode, increases the coulombic 
pressure (Pc). So that the analysis of the unstable bubble can 
be represented as: when the electrostatic pressure is higher 
than coulombic pressure the bubble compressed (first mode), 
and when it becomes smaller than it the bubble will be eject 
(second mode), also, when they are equal the bubble be-
comes unstable (third mode). 

4. Under the analysis of unstable bubble, the calculated 
charge under applied electrical fields at ejection condition 
reveals that its ratio equals 22.424×10-13 C.cm/kV. 

5. When the bubble not ejected and with further applied 
voltage increase, till it compressed against the sphere elec-
trode, a sharp end protrusion appears. The estimated break-
down field intensity reaches a value of 598.8kV/cm. 

6. A new equation of breakdown voltage inside the di-
electric liquid has been deduced, by knowing the length of 
the compressed air bubble base. 

7. The new space charge formation factor (m), which ap-
proximately equals 1.1, used to describe the compressed and 
breakdown voltage for unstable compressed bubble. 
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