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Abstract—Bubbles in transformer oil can easily lead to partial 
discharge, which can deteriorate the transformer oil and even 
breakdown the transformer insulation. To clarify the migration 
process and the characteristics of bubbles generated in an oil-
immersed power transformer exposed to an extremely uneven 
electric field, we experimentally monitor these phenomena under 
an extremely nonuniform AC electric field and numerically 
simulate the migration distance and the migration speed of 
bubbles with different initial positions and sizes. The results show 
that the streamer discharge channel formed by a partial discharge 
in oil is gasified into a bubble channel. After it collides with the 
surface of the pressboard, its morphology is transformed into 
approximately spherical bubbles due to the surface tension of the 
gas-liquid interface. After bubbles are generated in the oil, they 
move away from areas with a strong electric field due to the 
electric-field force and gradually approach the oil surface due to 
the buoyancy force. The experimental results are consistent with 
the simulation results, which verify the rationality of the 
simulation model. 

Index Terms—bubbles, migration process and characteristic, 
partial discharge, oil-immersed power transformer 

I. INTRODUCTION

S the core equipment of power system, the reliable 
operation of the power transformer is closely related to 
the safety and stability of the entire system [1–4]. 

Unfortunately, transformer-insulation failure has been an all-
too-common occurrence in recent years [5–8]. During the long-
term operation of transformers, they inevitably experience 
partial overheating, partial discharge (PD), and vibration (or 
they are simply subject to human error), which forms bubbles 
in the transformer oil [9–11]. Bubbles in insulating oil may 
cause PD where the insulation is weak. The thermal effect and 
corona caused by PD and acoustic cavitation caused by voltage 
shocks also produce bubbles in the insulating oil [12]. Given an 
increasing number of bubbles in the oil, they may easily 
aggregate to form bubble bridges, which further deteriorate the 
transformer oil and can even cause insulation failure in the 
transformer [13–15]. The dynamic behavior of bubbles will 
cause gap discharge of insulating oil, and even lead to oil gap 
breakdown, which will lead to the failure of the transformer 
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insulation. Therefore, studying the dynamic characteristics of 
bubbles is of great significance for preventing transformer 
insulation damage, and also has important engineering 
application value in actively enhancing heat transfer, and the 
migration characteristics of bubbles are the key to explaining 
the dynamic behavior of bubbles. 

Research into the migration and accumulation characteristics 
of bubbles under composite AC-DC electric fields shows that 
bubbles move along electric-field lines and converge on 
equipotential surfaces [16]. Photographing the bubble positions 
over time in a horizontal oil pipeline allows one to analyze how 
temperature and applied voltage affect the trajectory of bubbles 
in horizontal oil pipelines. The results show that the movement 
of bubbles is divided into two phases: a rising phase and a 
horizontal phase [17,18]. However, these studies assume a 
uniform electric field when discussing bubble migration. In a 
power transformer, the electric field is complex, with an intense 
electric field in the oil gap and an extremely uneven electric-
field distribution. Therefore, it is important to use an oil-
pressboard insulation needle-plate system to simulate an oil-
immersed power transformer exposed to an extremely uneven 
electric field. By using numerical simulations to study the 
dynamic characteristics of bubbles in oil under an AC electric 
field. The results show that an oscillation equilibrium position 
appears in areas of intense electric field [19]. Numerous 
previous experiments have studied how oil flow velocity affects 
bubble motion and the bubble-breakdown characteristics of 
insulating oil [20,21]. These experiments monitored the 
movement and migration process of bubbles in oil under uneven 
AC electric fields, and the migration path and rate of bubble 
formation were analyzed as a function of electric field intensity 
by numerical simulation. The results indicate that the Coulomb 
force accelerates the upward movement of bubbles [12]. Note 
that these studies were all based on the artificially produced 
bubbles, whereby bubbles of regular shape and uniform size 
were produced in the insulating oil by using a gas pump, and 
then their dynamic characteristics were observed. Thus, such 
studies do not reproduce the randomness in location, size, 
shape, and number of bubbles that occurs in the real 

Zhitong Xue is with Electric Power Research Institute of State Grid Jiangsu 
Electric Power Co. Ltd, Nanjing, China. (e-mail: 1347726464@qq.com). 

Wah Hoon Siew is with the Department of Electronic & Electrical 
Engineering, University of Strathclyde, Glasgow G1 1XQ, U.K. (e-mail: 
wh.siew@strath.ac.uk) 

A 

This is a peer-reviewed, author's accepted manuscript of the following research article: 
Wu, H., Liu, H., Xue, Z., Yang, J., Li, Q., He, D., & Siew, W. H. (2022). The generation and migration of bubbles in oil-pressboard insulation needle-plate system. 

IEEE Transactions on Dielectrics and Electrical Insulation . https://doi.org/10.1109/tdei.2022.3210486

mailto:lhs@sdu.edu.cn
mailto:1347726464@qq.com


deterioration of transformer insulation. Moreover, these 
experimental methods cannot be used to study the initial 
process of bubble migration in oil, namely, the process by 
which bubbles are generated in oil. Therefore, we must study 
the entire migration process and characteristics of bubbles 
generated in the oil itself in an oil-pressboard insulation needle-
plate system.  

However, these studies use uniform electric fields and ignore 
the generation of bubbles in the transformer oil itself. Thus, we 
built an experimental platform to study bubble generation and 
migration in the insulating oil of a needle-plate system, and the 
results reveal the mechanism of bubble generation under single- 
and multi-streamer discharge. We also analyze the migration of 
bubbles in oil based on the dynamic characteristics of bubbles. 

This work is organized as follows: The migration and 
characteristics of bubbles in the insulating oil of a needle-plate 
system are studied from the perspective of bubble dynamics by 
combining experiments with numerical simulation. This work 
explores the variations in the size, number, and type of bubbles 
generated in oil-pressboard insulation exposed to an AC 
voltage. We also analyze how the initial position and size of 
bubbles affect the migration and characteristics of bubbles and 
discuss the possible hazards of bubbles in electric fields.  

II. EXPERIMENTAL PLATFORM AND METHOD

A. Experimental setup
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Fig. 1. Experimental setup for monitoring PD and bubbles in 

insulating oil. 
The burr defect is a common insulation defect in an oil-

immersed power transformer. The electric-field distribution 
around a burr defect is extremely nonuniform, and bubbles are 
easily generated at such defects. To simulate bubble generation 
and bubble migration in the extremely nonuniform electric field 

of an oil-immersed power transformer, we built an experimental 
platform to monitor bubble generation and migration in the 
insulating oil of a needle-plate system. Figs. 1(a) and 1(b) show 
the experimental circuit and physical devices, respectively. In 
Fig.1(a), Z1 is the detection impedance, Ck is the coupling 
capacitor, Cx is the oil-pressboard insulation needle-plate 
system, T1 is the HV transformer, T2 is the voltage regulating 
transformer, and R is the limiting resistor. The coupling 
capacitor is connected in parallel with the needle-plate system. 

The experimental setup includes oil-pressboard insulation 
needle-plate system, voltage regulation, image acquisition, and 
PD measurement. The bubbles are observed at the needle-plate 
electrode in the oil tank; the latter was made of organic glass 
and filled with Kunlun 25# transformer oil. Figs. 2(a) and 2(b) 
show the needle-plate electrode model and physical diagram, 
respectively.  
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(a) Schematic diagram. (b) physical diagram.

Fig. 2. Oil-pressboard insulation needle-plate system. 

The conclusions deduced from the relation between PDIV of 
AC and oil gap also show a probable relation between average 
inception electric field strengths in oil gap and pressboard. The 
equivalent electric field strength is used to simulate the 
transformer state under the actual working conditions. When 
the AC voltage is 606.2kV, the maximum electric field strength 
borne by the transformer is about 13.9kV/mm[22]. An oil gap 
of 0.5mm-1.5mm is chosen to simulate the burr and tip 
discharge in the transformer. When the oil gap is 0.5mm-
1.5mm, the pressboard with a thickness of 1mm-1.5mm can be 
used to simulate the electric field strength of the insulation 
defect in transformer [7,23]. It is easier to simulate the electric 
field strengths of the insulation defect in transformer by using 
the short oil gap and the thin pressboard. Therefore, in the oil-
pressboard insulation needle-plate system in Fig. 2, the oil gap 
and the thickness of the pressboard were 0.5mm and 1 mm 
respectively. In this model, the needle electrode was made of 
carbon steel, and its pillar and plate electrode were made of 
brass. The radius of curvature of the tip of the needle electrode 
was 0.05 mm. The steps to adjust the oil gap are as follows.  

1. Put a 0.5mm pressboard above the testing pressboard.
2. Make the upper electrode down until it meets the 0.5mm

pressboard. 
3.Take out the 0.5mm pressboard between testing pressboard

and upper electrode. 
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The voltage regulation part of the experiment consisted of an 
AC power source, a voltage regulating transformer, a high 
voltage transformer, and a 50 kΩ limiting resistor. The AC 
power source should be connected to the voltage regulating 
transformer, then the voltage regulating transformer to the HV 
transformer, and finally the HV transformer to the limiting 
resistor. The AC voltage on the needle-plate electrode can be 
adjusted by the voltage regulating transformer. 

 The image acquisition part was composed essentially of a 
wolf-X213 high-speed camera (5000 fps), a computer and a 
cold-light lamp. The high-speed camera was triggered at the 
same time as the oscilloscope after delay correction.  

The PD measurement devices of the experiment consisted of 
a CT, a coupling capacitor, an oscilloscope, a PD detector and 
its detection impedance. The PD detector is connected to the 
output end of the detection impedance for measuring and 
collecting the PRPD spectrum. According to the IEC 60270, the 
frequency range of the PD detector was set to 100 kHz ~500 
kHz for obtaining PRPD spectrum. The oscilloscope is 
connected to CT and another output end of the detection 
impedance. The detection impedance and CT can measure the 
pulse waveforms at the same time. The rated capacity of 
coupling capacitor is 1000pF. And the bandwidth of CT is 3 
MHz ~ 30 MHz. The main parameters of the PD measurement 
devices are shown in Table I. 

TABLE I  
THE MAIN PARAMETERS OF THE PD MEASUREMENT 

DEVICES 
Device name Parameter Numerical value 

CT Bandwidth / MHz 3~30 

Detection impedance Impedance / Ω 50 

Coupling capacitor 

(HZOH) 

Hold-off voltage / kV 120 

Rated capacity / pF 1000 

PD detector 

(DDX 912b) 

Bandwidth / kHz 16~1500 

Sensitivity / pC ＜0.1 

Oscilloscope 

(DPO 4104B) 

Bandwidth / GHz 1 

Sensitivity / mV 1 

Sampling rate / GS/s 5 

B. Experimental Method 
According to IEC 60641, the transformer oil filtered by 

vacuum oil filter shall be treated at 65℃ and 50pA for 48 hours 
before the experiment. The volume fraction of gas in oil shall 
be less than 2%, and the micro water content shall be less than 
10%μL/L. The insulating pressboard shall be dried at 110℃ 
and 50pA for 72 hours, and then soaked in oil at 80 ℃ and 50pA 
for 48 hours. The moisture content of pressboard shall be less 
than 1%. During the experiment, the ambient noise was kept 
below 5 pc. PD also occurred within the experimental circuit at 
places other than the needle-plate electrode. To eliminate such 
PDs, all experimental devices were connected via shielded 
wires of a length that avoided their being bent too severely, and 
each point of connection was wrapped with copper foil. The 
high-speed camera was placed about 30 cm from the oil tank, 

and the camera parameters were set to ensure that the images 
were sufficiently clear to determine the formation and 
migration of bubbles. 

During the experiment, the constant voltage method was used 
to increase the voltage. For voltage boosting, the voltage was 
held constant for 2 minutes after every 1 kV voltage increase to 
ensure voltage stability. This method not only avoids having the 
voltage step perturb the experimental results but is also closer 
to the actual working conditions of the oil-immersed power 
transformer. For the oil-pressboard insulation needle-plate 
system used in this paper, through experimental statistics, we 
found that the partial discharge inception voltages are 26kV in 
9 of the 12 experiments under the same conditions. So the 
partial discharge inception voltage of this experimental 
platform is 26kV. The radius of curvature of the needle 
electrode tip is 50 μm, and the standard size of the bubbles is 
measured by using a vernier caliper with reference to the 
curvature of the needle tip. 

III. STUDY OF INITIAL MIGRATION CHARACTERISTICS OF 
BUBBLES IN OIL 

A. Bubble Generation in Oil 
Experimental observation shows that the number of bubbles 

in the transformer oil increases significantly after PD, as shown 
in Fig. 3. 

   
(a) Before PD.                        (b) After PD. 

Fig. 3. Variation in bubble number before and after PD. 

To explain this phenomenon, we studied the process by 
which bubbles are generated. In the above 12 experiments, the 
voltage was continue increased after raising the voltage to the 
partial discharge inception voltage. In one of the experiments, 
when the applied voltage was increased to 31.2kV, single-
streamer discharges and multiple-streamer discharges occurred 
in the oil-pressboard insulation system, and a large number of 
bubbles were generated.  

As shown in Fig. 4 and 5, the development process of the 
single-streamer discharges and multiple-streamer discharges 
are recorded. Among them, (a) in Fig.4 and 5 is the picture of 
the most intense combustion of the streamer discharge are 
captured, and this time is defined as zero time. After 0.2ms, the 
streamer discharge will be extinguished, as shown in (b) in Fig. 
4 and 5. After 0.4ms, the streamer discharge is completely 
extinguished, as shown in (c) in Fig. 4 and 5. At this time, the 
development of the streamer discharge is completed, and a large 
number of bubbles are generated at the position of the streamer 
discharge channel. Comparing (a) and (b) shows that the 
extinguishment of the streamer channel starts at the tip of the 
needle electrode and then extends to the pressboard. During this 
time, the streamer channel gradually disconnects from the 
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needle electrode. At this point, the volume of the streamer 
discharge channel expands rapidly, and the brightness 
decreases significantly. The volume expansion of streamer 
discharge channel is completed in one frame (0.2ms). And the 
migration process of bubbles between oil gaps often takes about 
three frames (0.6ms). So the volume of streamer discharge 
channel expands rapidly. 

      
 (a) 0ms.                  (b) 0.2ms.                (c) 0.4ms. 

Fig. 4. Single-streamer discharge in needle-plate system. 

     
(a) 0ms.               (b) 0.2ms.                 (c) 0.4ms. 

Fig. 5. Multi-streamer discharge in needle-plate system. 
Due to the randomness of streamer discharge, multiple 

streamer discharges are not generated at the same time. The 
leftmost streamer is generated slightly later than the right 
streamer, so the leftmost streamer is the brightest when the 
high-speed camera captures the Fig. 5. When the channel 
collides with the pressboard, its speed drops abruptly. 
According to the continuous surface tension model proposed by 
Brackbill, the liquid molecules at the gas-liquid interface are 
attracted by the liquid side, which will make the bubbles keep 
spherical. Therefore, the shape of the channel changes 
significantly and is transformed into spherical bubbles exposed 
to the surface tension of a gas-liquid interface, as shown in the 
Fig. 4(c) and Fig. 5(c). Because the initial movement of large 
bubbles is relatively slow, the relatively large bubbles formed 
by the impact of the channel on the pressboard will be generated 
at the corresponding position of the channel. At this time, the 
total volume of large bubbles is much larger than that of small 
bubbles, so the main body of the streamer discharge channel 
will be transformed into large bubbles. Most of the small 
bubbles appear around the channel. At this time, the large 
bubbles have not split into small bubbles, so the small bubbles 
are formed by the participating gas in the channel. Fig. 4(c) and 
5(c) show bubbles generated by a single- (multi-) streamer 
channel. Large bubbles are transformed from the main body of 
the streamer channel, and small bubbles were formed from the 
residual gas of the bubbling streamer channel. 

The pulse waveforms corresponding to above two partial 
discharges are collected by the oscilloscope connected to the 
CT, which are shown in Fig. 6. Fig. 4(a) shows that the single-
streamer discharge has a penetrating channel without any 
branches in the oil gap. The channel is slender and bright. The 

single-streamer discharge and its pulse waveform are shown in 
Fig.4(a) and Fig.6(a). The fact that this channel was slender and 
bright meant that the PD energy is concentrated. When the 
single-streamer discharge arrives at the pressboard surface, a 
copious amount of charge is injected into the interface of oil and 
pressboard, where the electric field will become distorted, and 
an intense ionization will occur. The pulse waveform of single-
streamer discharge was a unimodal without an obvious 
oscillatory behavior. Fig. 4(b) shows that the multi-streamer 
discharge channel had an oil gap penetrated by several 
streamers. A bright discharge at each branch point was obvious. 
The multi-streamer discharge and its pulse waveform are shown 
in Fig. 5 (a) and Fig. 6 (b). The pulse waveform of the multi-
streamer discharge is a unimodal pulse with oscillations at the 
peak and falling edge [24]. 

  
 (a) Single-streamer.              (b) Multi-streamer. 

Fig. 6. The PD pulse waveform of Single-streamer and multi-
streamer discharge 

B. Number and Evolution of Bubbles in Oil 
Through experimental observation, it is found that the 

number of bubbles increases sharply after PD occurs. 
Moreover, the speed at which the number of bubbles increases 
is related to the size of bubbles. Compared with large bubbles, 
the number of small bubbles increases faster. Through 
experimental observation, we have counted 50 processes of 
bubble splitting, of which the bubbles with a radius of more than 
50μm split 42 times. Therefore, when the bubble radius is above 
50μm, most of the bubbles will split into smaller bubbles, while 
when the bubble radius is below 50μm, most of them will not 
continue to split into smaller ones, and their state is relatively 
stable. The large bubbles will split to form small bubbles under 
the action of external force [25], so whether the bubbles will 
split can be used to define whether they are large or small 
bubbles. Combined with the experimental environment of this 
paper, the bubbles with a radius of more than 50 μm were 
defined as large bubbles, and bubbles with a radius of less than 
50 μm were defined as small bubbles. 

In order to more accurately study the changes in the number 
of bubbles generated by different PD types. We setting the time 
origin at the start time of streamer discharge, and ensured that 
the observation range of the high-speed camera is constant. 
Then the number of bubbles within the observation range was 
calculated. We recorded the changes of the number of bubbles 
with time after 20 single- (multiple-) streamer discharges 
respectively, and calculated the average value of the number of 
bubbles at different time nodes, as shown in Fig.7. Finally, the 
more precise relationship between the number of bubbles 
generated by single-streamer and multi-streamer discharges and 
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the time function was obtained. 

 
Fig. 7. Number of bubbles as a function of time caused by 

single- and multi-streamer discharge. S1 and B1 (S2 and B2) are 
small and large bubbles generated by single-streamer (multi-

streamer) discharge, respectively. 
Fig. 7 shows that large bubbles and small bubbles in oil 

increase sharply within 0.4 ms after PD. There is a close 
correlation between PD and bubble generation. For the same 
type of bubbles, significantly more bubbles are generated by 
multi-streamer discharge than by single-streamer discharge. For 
the same type of PD, significantly more small bubbles are 
generated than large bubbles. After 0.4 ms, the number of small 
bubbles increases slowly, but the number of large bubbles 
decreases slowly. To explain this phenomenon, the evolution of 
large and small bubbles in oil should be further studied. 

   
(a) The splitting process of big bubble. 

   
(b) Nonsplitting bubbles. 

Fig. 8. Evolution of bubbles. 
Experimental observation reveals that, when a streamer 

bubbling channel develops rapidly, large bubbles will collide 
with the pressboard after formation and then split into small 
bubbles, as shown in Fig. 8(a). This is consistent with the 
phenomenon shown in Fig. 7 whereby the number of large 
(small) bubbles decreases (increases) after 0.4 ms. In contrast 
with the phenomenon shown in Fig. 8(a), when the streamer 
bubbling channel develops slowly, large bubbles do not split 
after formation. Instead, large bubbles first accelerate over a 

short distance toward the pressboard  and then gradually leave 
the upper surface of the pressboard due to buoyancy, as shown 
in Fig. 8(b). 

IV. STUDY OF MIGRATION OF BUBBLES IN OIL 
To further analyze the experimentally observed migration of 

bubbles in insulating oil, we use numerical simulation to study 
the migration characteristics of bubbles in the needle-plate 
system. 

A. Numerical Model of Bubble Migration 
Considering the actual working conditions inside the 

transformer, the geometric model was established by using 
COMSOL. A spherical bubble of radius r is placed in the 
transformer oil. A power-frequency AC electric field is applied 
to the transformer oil by the needle-plate electrode model. The 
needle electrode is the high voltage electrode, and the plate 
electrode is the grounded electrode. Fig. 9 shows the annotation 
for the geometric, which is consistent with the dimensions 
given in Fig.2. 

 
Fig. 9. Bubble simulation model for needle-plate system. 
According to electromagnetic-field theory, the electric field 

in the model is given by 
                               （1） 

                               （2） 
                               （3） 

where E is the electric field, is the electric potential,  is the 
dielectric constant,  is the vacuum permittivity, D is the 
potential displacement, and q is the free-charge density [12,19]. 

In a nonuniform electric field, assuming that the fluid (i.e., 
transformer oil and the gas in the bubbles) is incompressible, 
the force on the bubbles consists mainly of electrodynamic, 
drag, and buoyancy forces; the latter two being due to the liquid 
viscosity and gravity, respectively. Therefore, the equation of 
motion for bubbles in the liquid is 

                 （4） 

where m is the bubble mass, v is the bubble velocity, t is time, 
FE is the electric-field force of bubbles; FD is the drag force on 
the bubble, FB is the buoyancy force on the bubble, and FG is 

,ϕ= −∇E

0 ,εε=D E
,q⋅ =∇ D

ϕ ε

0ε

,E D B G
dvm F F F F
dt

= + + +
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t h e for c e of gr a vit y o n t h e b u b bl e [ 1 2, 1 9]. T h e el e ctr o d y n a mi c 
d e n sit y f of t h e fl ui d (i. e., tr a n sf or m er oil pl u s t h e g as i n t h e 
b u b bl es) e x p o s e d t o t h e el e ctri c fi el d is  

       ( 5) 

w h er e  is t h e fl ui d d e n sit y. T h e t er m q E o n t h e ri g ht si d e of 

t h e  f or m ul a  is t h e C o ul o m b  f or c e, w hi c h  is t h e f or c e  o n  t h e 
di el e ctri c v ol u m e el e m e nt c o nt ai ni n g fr e e c h ar g e. T h e s e c o n d 
t er m is t h e di el e ctri c el e ctr o p h or esis f or c e, w hi c h is r el at e d t o 
t h e  s p ati al  v ari ati o n  of  t h e  el e ctri c-fi el d  stre n gt h  a n d  t h e  
di el e ctri c  c o n st a nt  at  t h e  c orr es p o n di n g  s p ati al  p o siti o n.  T h e  
t hir d t er m is t h e el e ctr o stri cti o n f or c e. T his m o d el ass u m es z er o 
fr e e c h ar g e i n t h e m e di u m a n d i g n or es a n y d ef or m ati o n of t h e 
b u b bl e. T h e el e ctr o d y n a mi c f or c e o n t h e b u b bl e o nl y c o n si d er s 
t h e  di el e ctri c  el e ctr o p h or esis  f or c e  a p pli e d  t o  t h e  fl ui d  (i. e.,  
tr a n sf or m er oil pl u s t h e g as i n t h e b u b bl es). 

T h e  t ot al  el e ctri c -fi el d  f or c e  F E  of  t h e  m e di u m  c a n  b e  
e x pr ess e d as t h e v ol u m e fr a cti o n of t h e f or c e d e n sit y f s h o w n 
i n ( 5) t o t h e c orres p o n di n g m e di u m a n d c a n als o b e c al c ul at e d 
b y  t h e  ar e a  fr a cti o n  of  t h e  M a x w ell  str es s  t e n s or  T 1  of  t h e  
m e di u m o n t h e v ol u m e s urf a c e. T o si m plif y t h e c al c ul ati o n, w e 
ass u m e  t h at  t h e  di el e ctri c  p ol ari z ati o n  is  pr o p orti o n al  t o  t h e  
di el e ctri c d e n sit y:  

 ,                           ( 6) 

w h er e , ,  a n d   ar e  t h e  r el ati v e  di el e ctri c  c o n st a nt,  

p ol ari z ati o n,  a n d  m e di u m  d e n sit y,  r es p e cti v el y,  a n d   is  a  
c o n st a nt  of  pr o p orti o n alit y  [ 1 2, 1 9]. Si n c e  t h e  p ol ari z ati o n  is  
r el at e d t o t h e r el ati v e p er mitti vit y a n d d e n sit y of t h e m e di u m, 
a n d t h e r el ati v e p er mitti vit y a n d d e n sit y of t h e i n s ul ati n g oil a n d 
pr ess b o ar d  u s e d  i n  t h e  e x p eri m e nt  d o  n ot  c h a n g e,  t h e  
p ol ari z ati o n d o es n ot c h a n g e a n d c a n n ot b e c o ntr oll e d i n t h e 
e x p eri m e nt .  F or g as a n d li q ui d wit h a s m all r el ati v e di el e ctri c 
c o n st a nt, ( 6) c a n g e n er all y b e s atisfi e d, s o M a x w ell str ess t e n s or 
T 1  is 

           （ 7)  

w h er e n is t h e o ut er n or m al dir e cti o n fr o m t h e m e di u m i nt erf a c e 
[ 1 2, 1 9].  T h e  el e ctri c  p o w er  of  t h e  m e di u m  is  o bt ai n e d  b y  
i nt e gr ati n g ( 7) at t h e m e di u m i nt erf a c e: 

 ,                           ( 8) 

T h e dr a g f or c e c a u s e d b y oil vis c o sit y c a n b e e x pr ess e d as  

4 ,DF r vπ µ= −                                 ( 9) 

w h er e μ  is t h e d y n a mi c vis c o sit y of t h e tr a n sf or m er oil, r is t h e 
b u b bl e r a di u s, a n d v  is t h e b u b bl e v el o cit y [ 1 2, 1 9]. 

T h e r es ult a nt f or c e of b u o y a n c y a n d gr a vit y o n b u b bl es c a n 
b e e x pr ess e d as  

( )3
1

4
,

3
B gF r  gπ  ρ ρ= −                        ( 1 0) 

w h er e  is t h e tr a n sf or m er oil d e n sit y,  is t h e g as d e n sit y 

i n t h e b u b bl e, a n d g is t h e a c c el er ati o n d u e t o gr a vit y [ 1 2, 1 9]. 
T a bl e  II lists t h e pr o p erti es of r el at e d m at eri als i n t h e m o d el. 

T A B L E  II 
P A R A M E T E R S O F R E L A T E D M A T E RI A L P R O P E R TI E S  

P ar a m et er  Va l u e  

Tr a n sf or m er oil d e n sit y ( k g/ m 3 ) 8 9 5  

R el ati v e di el e ctri c c o n st a nt of oil  2. 2  

D y n a mi c vi s c o sit y of oil (P a s)  0. 0 1 4 3 2  

G a s d e n sit y i n b u b bl e s ( k g/ m 3 ) 1. 2 9 3  

R el ati v e di el e ctri c c o n st a nt of b u b bl e s  

R el ati v e di el e ctri c c o n st a nt of pr e ss b o ar d  

1 

4  

B. C h a r a ct e risti cs of Mi g r ati o n of B u b bl es i n Oil  

T o  c o m p ar e  t h e  si m ul ati o n  wit h  t h e  e x p eri m e nt al  
p h e n o m e n o n,  t h e  p o siti o n  of  g e n er ati o n,  t h e  si z e,  a n d  t h e  
a p pli e d v olt a g e f or a t y pi c al b u b bl e pr o d u c e d i n t h e e x p eri m e nt 
ar e  u s e d  as  t h e  p ar a m et er s  i n  t h e  si m ul ati o n.  A  b u b bl e  of  
a v er a g e r a di u s 0. 0 5 m m is pr o d u c e d at t h e ti p of t h e n e e dl e at 
3 1. 2 k V A C v olt a g e. Fi g. 1 0 s h o ws t h e p o siti o n of t h e b u b bl e 
at v ari o u s i nt er v als. T a ki n g t h e ti p of t h e n e e dl e as t h e ori gi n, a 
r e ct a n g ul ar  c o or di n at e  s y st e m  is  est a blis h e d  t o  m e as ur e  t h e  
dis pl a c e m e nt of t h e b u b bl e a n d c o m p ar e wit h t h e si m ul ati o n 
r es ults ( s e e Fi g. 1 1). 

       

0 m s                0. 2 m s             0. 6 m s              1. 4 m s  

       

0 m s                0. 1 8 m s          0. 5 6 m s            1. 5 2 m s  

Fi g. 1 0. Mi gr ati o n of b u b bl es  at diff er e nt ti m e. U p p er r o w 
s h o ws e x p eri m e nt al r es ults, l o w er r o w s h o ws si m ul ati o n 

r es ults. 

 
Fi g. 1 1.  X  a n d Y  c o or di n at es of b u b bl e as a f u n cti o n of ti m e  
T h e m oti o n of b u b bl es i n oil w as d e c o m p o s e d ort h o g o n all y 

aft er t h e b u b bl es w er e g e n er at e d. As s e e n i n Fi g s. 1 0 a n d 1 1, 
t h e b u b bl es m o v e c o nti n u o u sl y al o n g t h e X a xis a n d gr a d u all y 
a p pr o a c h t h e t a n k w all o p p o sit e t h e n e e dl e p oi nt. Al o n g t h e Y 
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axis, the bubbles first move in the negative direction and then 
gradually reverse direction after about 0.2 ms and move in the 
positive Y direction. Starting from the needle tip, the bubbles 
first approach the pressboard and then gradually rise to the oil 
level.  

The comparison between the migration of bubbles in Fig. 10 
and the displacement of bubbles along the X and Y axes in 
Fig.11 shows that the simulated bubble movement is essentially 
consistent with the experimental result, which strongly supports 
the rationality of the bubble-migration model in a needle-plate 
system. Because the bubble is too small in the experiment, the 
error in bubble displacement and bubble speed is large, but the 
simulation software can automatically extract its index. 
Therefore, the simulation can be used to analyze the bubble 
initial position and size and the physical and chemical 
parameters of the insulation and their effect on bubble 
migration. 

The dynamic behavior of bubbles in insulating oil under 
electric field mainly includes the migration trajectory (distance) 
of bubbles and velocity change of bubbles. By studying the 
movement trajectory and velocity of the bubbles, the magnitude 
and direction of the force on the bubbles at different times and 
positions can be obtained.  

1) Influence of initial bubble position 
Experimental observation shows that most of the bubbles in 

the oil form at the tip of the needle and at the strongest electric 
field. Therefore, the simulated bubbles are generated near the 
tip. The bubble surface and the needle surface are separated by 
0.05 mm. The initial position of the bubbles is defined by the 
initial angle of the bubbles. The initial angle α of the bubble is 
the angle between the line from the bubble center to the ball 
center at the end of the needle electrode and the Y axis. Bubbles 
with radius r = 0.05 mm and initial positions α = 0°, 15°, 30°, 
45°, 60°, and 75° were simulated.  

To facilitate the analysis, the calculated migration 
displacement and migration velocity are orthogonally 
decomposed. The migration displacement and speed of bubbles 
along the X and Y axes at different initial positions are shown in 
Figs. 12 and 13. 

 
(a) X axis. 

 
(b) Y axis. 

Fig. 12. Displacement of bubbles along X and Y axes for 
different initial bubble positions. 

As shown in Fig. 12(a), the bubble continues to move in the 
positive X direction, and the bubble starts from the tip of the 
needle and gradually approaches the oil tank wall. As shown in 
Fig. 12(b), the bubble first drops rapidly in the negative Y 
direction when the initial position α ≤ 45°. Later, the bubble 
rises slowly in the positive Y direction. The bubble starts from 
the tip of the needle, approaches the pressboard, and then 
gradually rises to the oil level. The bubble rises directly in the 
positive Y direction when α＞45°. At this time, the bubble 
gradually moves from the tip of the needle to the oil surface. 

As shown in Fig. 12(a), when α ≤ 45°, with increasing initial 
bubble angle (i.e., a higher initial bubble position), the 
displacement of the bubble in the X direction increases at the 
same time. When α＞45°, at the same time, the displacement of 
bubbles in the X direction decreases. As shown in Fig. 12(b), 
when α ≤ 45°, with the rise of the initial position of the bubble, 
the displacement of the bubble moving in the negative Y 
direction gradually decreases and the displacement in the 
positive Y direction gradually increases. When α＞45°, the 
bubble no longer moves in the negative Y direction, but the 
displacement of the bubble in the positive Y direction grows 
increasingly large. 

 

 
(a) X axis. 
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(b) Y axis. 

Fig. 13. Speed of bubbles along X and Y axes for different 
initial bubble positions. 

Fig. 13(a) shows that the bubble speed of a newly generated 
bubble in the X direction is very large but gradually decays to a 
small constant value. Fig. 13(b) shows that, when α ≤ 45°, the 
speed of a newly generated bubble increases rapidly in the 
negative Y direction and, after a short time, its speed increases 
rapidly in the positive Y direction. After a relatively short time, 
the speed in the positive Y direction slowly approaches a small 
constant value. When α ＞ 45°, the bubble speed increases 
rapidly in the positive Y direction and then gradually decreases 
to a small constant value. 

Fig. 13(a) shows that, when α ≤ 45°, the higher initial position 
of the bubble correlates with an increase in the speed of the 
engraved bubble in the X direction. When α ＞ 45°, the speed 
of the engraved bubble in the X direction decreases. Fig. 13(b) 
shows that, when α ≤ 45°, the higher initial position of the 
bubble correlates with a decrease in the speed of the engraved 
bubble in the negative Y direction. When α ＞ 45°, the speed of 
the engraved bubble in the positive Y direction increases. 

2) Influence of bubble size 
Given the uneven bubble size in the oil caused by PD, we use 

bubble radius r = 0.02, 0.04, 0.06, and 0.08 mm to align with 
the size of bubbles generated experimentally. The migration of 
bubbles in oil is calculated and studied for an initial bubble 
position α = 30°. Figs. 14 and 15 show the migration distance 
and speed of bubbles in the X and Y directions as functions of 
time and for different sizes. 

Fig. 14(a) shows that, upon increasing the bubble radius, the 
bubble migrates farther in the X direction in the same time 
interval. In other words, bubbles with larger radii migrate 
farther from the tip of the needle. Fig. 14(b) shows that, upon 
increasing the bubble radius, the bubble displacement in the 
negative Y direction first increases and then decreases, and the 
displacement in the positive Y direction grows increasingly 
large. 

 
(a) X-axis 

 
(b) Y-axis 

Fig. 14. Migration distance of bubbles in X and Y directions 
as functions of time and for different initial bubble sizes. 

To better monitor the bubble speed, the simulation is stopped 
at 600 μs. When the time t≤50μs, that is, when the speed of the 
bubble along the negative Y direction is large, if the radius of 
the bubble r≤0.06mm, the speed increases with the increase of 
the radius of the bubble, but if r=0.08mm, the speed of the 
bubble is the smallest. Combined with migration distance of 
bubbles on Y directions in Fig. 14(b), with the increase of time, 
the position of the bubble will appear in the positive Y direction. 
It can been seen that as the bubble radius increases, the speed 
in the positive Y direction increases. So, Fig. 16(b) shows that, 
as the bubble radius increases, the speed of the engraved bubble 
in the negative Y direction first increases and then decreases, 
but the speed in the positive Y direction increases. 
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(a) X-axis 

 
(b) Y-axis 

Fig. 15. Speed of bubbles in X and Y directions as functions 
of time and for different initial bubble sizes. 

V. DISCUSSION 
The forces exerted on bubbles in insulating oil include 

gravity, buoyancy, and drag force. However, the largest force is 
the Coulomb force due to the electric field, and this force has 
the greatest influence on the migration of the bubbles. The 
forces exerted on bubbles are decomposed into orthogonal 
components, and the free-body force diagram is shown in 
Fig.16. Figs. 16(a)–16(c) show the forces exerted on the 
bubbles moving in the X direction, in the negative Y direction, 
and in the positive Y direction, respectively. 

The force FG of gravity exerted on the bubble provides a 
constant force in the negative Y direction. The buoyancy force 
FB exerted on the bubble provides a constant force in the 
positive Y direction. The magnitude and direction of the drag 
force FD exerted on the bubble are determined by its velocity V. 
The higher the velocity, the greater is the magnitude of the drag 
force exerted on the bubble, and the direction of the drag force 
is always opposite to the direction of the bubble velocity. The 
magnitude and direction of the electric-field force FE exerted on 
the bubble depend on the electric field distribution around the 
bubble. The greater the electric field, the larger is the electric-

field force exerted on the bubble, and its direction points from 
the region with high field strength EB to the region with low 
field strength ES. 

 
(a) X direction. 

                        
(b) Negative Y direction.      (c) Positive Y direction. 

Fig. 16. Free-body diagram of forces exerted on bubble in oil. 
Taking as an example the initial bubble position as α = 30° 

and the bubble radius as r = 0.06 mm, we now discuss the 
bubble migration characteristics and analyze them from a 
mechanics perspective. Figs. 17(a) and 17(b) show the 
migration distance and speed of bubbles in the X and Y 
directions, respectively. 

The bubbles are generated in the oil near the tip of the needle, 
where the electric field is strongest. The electric-field force 
exerted on the bubbles is much greater than the buoyancy and 
drag forces. Thus, the bubble motion is mainly due to the 
electric-field force. Because the electric-field force points from 
regions of high field strength to regions of low field strength, 
the bubbles migrate toward regions of weak field strength, 
which are far from the tip of the needle. 

Fig. 17(a) shows that, in the X direction, the net force exerted 
on the bubble is the electric field force plus the drag force [cf. 
Fig. 16(a)]. The initial electric-field force causes a sharp initial 
acceleration of the bubble. However, with increasing bubble 
velocity and the change in bubble position, the drag force 
gradually increases, and the electric-field force gradually 
decreases. When the drag force balances the electric-field force, 
the bubble velocity begins to decay gradually. As the bubble 
gradually distances itself from the region of strong field, the 
bubble velocity in the X direction gradually approaches zero. In 
this way, the bubble moves from a region of strong field to a 
region of weak field due to the electric field force and the drag 
force. The end result is that the bubble gradually departs from 
the needle tip and approaches the wall of the oil tank. 

For Fig. 17(b), the bubble is subjected to the electric field, 
drag, gravity, and buoyancy (in the Y direction). Fig. 16(b) 
shows the corresponding free-body diagram. At the onset of the 
time-period I, the bubble is close to the needle tip, which is a 
region of strong electric field. At this moment, the electric-field 
force and gravity are greater than drag and buoyancy. The 
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bubble velocity in the negative Y direction increases sharply, 
which means that the bubble accelerates downward. The bubble 
thus drops rapidly away from the needle tip toward the 
pressboard. This stage is called the rapid decline stage of the 
bubble motion. 

0
Time(ms)

0.1 0.2 0.3 0.4 0.5 0.6 0.7

 
(a) X direction. 

I II

IV

III

Time(ms)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 
(b) Y direction. 

Fig. 17. Migration distance and speed as functions of time for 
bubbles moving in (a) X direction and (b) Y direction 

At the onset of time-period II, the electric field around the 
bubble is weak, and the bubble velocity along the negative Y 
direction is maximal. The sum of drag and buoyancy exerted on 
the bubble is greater than the sum of gravity and the electric-
field force. The bubble velocity in the negative Y direction 
decreases gradually. The bubble accelerates upward and moves 
downward toward the pressboard with gradually decreasing 
velocity. This is called the “slow descent” stage of the bubble 
motion. 

At the beginning of time-period III, the bubble is closest to 
the pressboard, its speed drops to zero, and the electric field, 
drag, gravity, and buoyancy all balance. Fig. 16(c) shows the 
free-body diagram for the bubble. The drag force of the bubble 
is reversed, and the buoyancy force exerted on the bubble is 
greater than the drag force, the electric-field force, and gravity 
combined, and the bubble speed increases rapidly in the 

positive Y direction. At this moment, the speed of the bubble is 
gradually increasing. This is called the “rapid rising” stage of 
the bubble motion. 

At the onset of time-period IV, the bubble velocity is 
increasing, so the drag force also increases. The buoyancy force 
exerted on the bubble cancels the combined forces of drag, 
electric field, and gravity because the bubble is in a region of 
weak electric field, so the electric-field force on the bubble is 
small. The bubble speed in the Y direction slowly approaches a 
constant speed under the dominant forces of buoyancy, gravity, 
and drag. At this moment, the bubble moves uniformly upward 
toward the oil free surface. This is called the “uniform upward” 
stage of the bubble motion. 

Comparing Fig. 12(b) with Fig. 13(b) shows that, for an initial 
position α ≤ 45°, with increasing initial position of the bubble, 
the displacement of the bubble in the negative Y direction 
gradually decreases, and the rapid decline and slow decline 
stages of the bubble become increasingly relaxed, so the bubble 
more easily enters the rapid rise stage. This is because, with the 
increasing initial position of the bubble, the electric-field 
intensity around the bubble decreases, and the electric-field 
force exerted on the bubble plays a leading role. The rapid 
decline and slow decline stages of the bubble disappear when α 
＞ 45°. After a bubble is generated, it directly enters the rapid 
rise stage. With the increasing initial bubble position, a more 
intense rapid rise stage means that it takes longer for the bubble 
to enter the uniform rise stage because, at this time, the 
buoyancy provides a constant force that dominates the bubble 
kinematics, whereas the electric-field force gradually 
decreases. Comparing Fig. 14(b) with Fig. 15(b) shows that, 
when r ≤ 0.04 mm, an increase in the bubble radius causes the 
bubble to move farther and faster in the negative Y direction; 
that is, the rapid descent stage becomes increasingly intense 
because the electric-field force dominates the bubble 
kinematics due to the increased bubble radius. The electric-field 
force exerted on the bubble in the negative Y direction also 
increases, so the bubble is not only significantly displaced in 
the negative Y direction but also moves at high speed in the 
rapid falling stage. When r > 0.04 mm, upon increasing the 
bubble radius, the buoyancy of the bubble becomes increasingly 
important, and the dominant role of the electric-field force on 
the bubble kinematics becomes increasingly small, so the 
bubble speed in the negative Y direction also becomes 
increasingly small. As the bubble migration enters the rapid 
rising stage, the buoyancy of the bubble plays an increasingly 
significant role, and the electric-field force plays an 
increasingly insignificant role. Therefore, upon increasing the 
bubble radius, the motion of the bubble in the positive Y 
direction increases, the speed of the bubble in the positive Y 
direction increases, and the rapid rising and uniform rising 
stages of the bubble become increasingly intense. 

VI. CONCLUSION 
The generation and migration characteristics of bubbles in 

insulating oil and exposed to an AC electric field in a needle-
plate system are studied systematically by experiment and 
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numerical simulation. The results of the simulation are 
consistent with the experimental data and the main conclusions 
were obtained as follow: 

(1) The streamer discharge channel formed by PD develops 
into a streamer bubbling channel. After the streamer bubble 
channel collides with the pressboard surface, its shape 
transforms into spherical bubbles due to the surface tension at 
the gas-liquid interface. Large, unstable bubbles are 
transformed from the main body of the bubbling streamer 
channel. The small, stable bubbles form due to the 
transformation of residual gas in the bubbling fluidization 
channel and by the splitting of large, unstable bubbles. 

(2) From the perspective of bubble dynamics, the migration 
of bubbles may be divided into four stages to study the 
migration of bubbles. After a bubble is generated in the oil, it 
moves continuously in the X direction; it starts at the tip of the 
needle and gradually approaches the wall of the oil tank. The 
bubble first moves in the negative Y direction, then gradually 
accelerates until its motion is in the positive Y direction. The 
bubble starts at the tip of the needle, then approaches the 
pressboard, and then gradually rises to the free surface of the 
oil. 

(3) Upon increasing the initial angle of the bubble, the 
migration displacement of the bubble in the X direction first 
increases and then decreases. The displacement of the bubble in 
the negative Y direction decreases, whereas it increases in the 
positive Y direction. At the same time, Newton’s second law 
applied to the bubble moving in the X and Y directions is 
consistent with variation in displacement. Upon increasing the 
bubble radius, the displacement of the bubble in the X direction 
increases, the displacement of the bubble in the negative Y 
direction first increases and then decreases, and the 
displacement in the Y direction increases. Newton’s second law 
applied to the bubble moving in the X and Y directions is 
consistent with the change in bubble displacement. 

(4) Although the regions of strong electric field push the 
bubbles toward regions of weak electric field, bubbles may still 
be forced into regions of strong electric field due to forced oil 
circulation, temperature differences, thermal convection, and 
other factors, which should be considered when designing and 
operating such equipment. In particular, the insulation structure 
should be optimized to make the electric field inside the 
equipment as uniform as possible, and the circulation mode of 
insulating oil should be optimized to avoid pushing bubbles into 
regions of strong electric field. 
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