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Abstract—In order to evaluate the insulation of two-phase 

immersion cooling in the HV power electronic package, the 

insulation degradation of the dielectric interface induced by 

bubbles is investigated. In this paper, a test strategy with 50 Hz 

unipolar DC and AC combined voltage for partial discharge (PD) 

at boiling interface of AlN ceramic. The insulation threshold of an 

AlN ceramic surface is acquired in several dielectric environments, 

such as air, FC-72 liquid (FC-72, a FluorinertTM from 3MTM), 

FC-72 vapor, and boiling state of FC-72. This reveals the 

deterioration of boiling on the insulation of the surface immersed 

in the dielectric refrigerant. To investigate the mechanism of the 

PD feature at the boiling interface, the PD patterns of the 

unrestricted bubble and the accumulated bubble are acquired and 

contrastively analyzed. Combined with the feature of the back 

discharge and the bubble behavior, the charged vapor-ceramic 

interface is relatively stable due to the accumulated vapor layer. 

This stability of the charged vapor-ceramic interface is broken if 

the bubble is unrestricted. Besides, it is discovered that the 

vapor-liquid interface inside the bubble may be another charged 

interface, which can also trigger a back discharge. 

 
Index Terms—partial discharge, bubble, surface discharge, 

FC-72, two-phase cooling, biased AC voltage, power electronic 

package 

 

I. INTRODUCTION 

WO-PHASE immersion cooling has remarkable 

advantages in the heat dissipation. It is also an ideal 

technique for cooling HV power electronic devices [1]. 

However, appearance of thermal bubbles is a typical insulation 

challenge, which limits the application of the two-phase 

cooling technology in high electric field condition. The 

insulation ability and characteristic need more investigation for 

the insulation design in HV two-phase environment.  

As for the electric structure in HV power electronic package, 

the dielectric interface, such as the passivation layer of the die 

[2, 3] and the ceramic surface of DBC (Direct Bond Copper) [4], 

should be paid more attention for insulation design. In the 

immersion environment with the refrigerant, the power heat of 

the die makes the refrigerant vaporize and induces boiling on 

the surface. The occurrence of the bubble enhances the electric 
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field along the interface, which may stimulate ionization along 

the dielectric surface inside the bubble [5] and degrades the 

insulation ability of the interface. The similar degradation 

exists at the interface between the ceramic and the silicone gel 

in power electronic package [6]. Thus, the effect of the dynamic 

bubbles on the insulation interface needs further research. 

The bubble-induced discharge characteristic has been 

investigated mostly in a liquid environment. It can be ignited by 

both anode electric stress and cathode stress [7]. Except for the 

research of the streamer characteristic inside the single bubble 

[8, 9], the PD pattern of the bubble flow in dielectric liquid has 

be analyzed in the previous work [10], which reveals the 

mechanism of the discharge behavior inside the bubble cluster. 

As a major insulation structure in the package of power 

electronic devices, the surface discharge characteristic is 

explored at several dielectric interfaces. For example, the rules 

of back discharge have been modeled with the semi-square 

voltage on the PEEK (Polyetheretherketone) surface [11], 

which is used as the framework material for a press-pack 

submodule. The cavity effect on interface insulation is also a 

specific condition for the silicone gel in the power module. S. 

Nakamura et al proceed a PD research with a repetitive impulse 

voltage on the interface between the glass substrate and the 

silicone gel [12]. It also reflects the modified behavior induced 

by charged surface inside a cavity. 

However, different from the fixed cavity in silicone gel, the 

thermal bubble in liquid shows the dynamic behavior. In order 

to evaluate the insulation effect of the thermal bubbles on the 

interface, it is intended to set up a test for investigation of 

boiling interface. Moreover, we contrast the insulation 

characteristic of ceramic surface in air, FC-72 vapor, FC-72 

liquid, and its boiling state, respectively. The PD patterns under 

different bubble behaviors are contrastively analyzed. 

According to the discharge characteristics under several 

interface conditions, their PD thresholds and the particularity of 

discharge characteristic on boiling interface are discovered. 

Moreover, the mechanism of the specific characteristics of 

boiling interface is revealed, which is further confirmed with 

the response time of the back discharges.  

II. MEASURING METHODS AND EXPERIMENTAL SETUP 

The unipolar voltage likes the semi-square voltage or the DC 

is more consistent with the application of the power electronic 

package. But it is not convenient to identify the discharge 

mechanism, especially when the bubbles exist. The traditional 

PD method with 50Hz AC voltage is maturer for the PD 
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identification. Thus, the 50 Hz unipolar DC- AC combined 

voltage is imposed in the PD test here, which is also a common 

strategy for PD test in power electronic package [2,13]. It is 

convenient to reflect the charge modulation on the surface with 

a unipolar test voltage. Besides, the result from the unipolar 

voltage is much more preferable for the further insulation 

research of the two-phase cooling package in power electronic 

devices. 

Fig. 1(a) illustrates the test setup. The voltage is amplified 

2000 times by the Matsusada voltage amplifier and applied to 

the test chamber. The 50 Hz AC signal is biased to unipolarity 

by the signal generator before amplification. The minimum test 

voltage can be maintained at 100±5 V, while the maximum can 

reach 20kV. The test voltage mentioned hereafter is the peak 

value Vp  

 
The Omicron MPD 600 basing on IEC 60270 standard is 

used for the PD measurement. The coupling device of the PD 

test system is connected in series with a 1 μF coupling capacitor. 

Besides, the behavior of the bubble at the interface can be 

observed and analyzed through the shadowgraph, which is 

captured with a Canon 1DX digital camera and a parallel light 

source.  

Fig. 1(a) illustrates the chamber geometry. The heat is 

conducted to the dielectric surface through the copper electrode. 

The geometry of the electrode is adjustable through the 

replacements of the copper and steel electrode to realize two 

bubble-generate method. A heating resistor is attached on the 

external bottom of the copper electrode to heat the AlN sample. 

The temperature of the copper electrode is maintained at 140℃ 

by a thermocouple to makes the boiling stable.  

The AlN ceramic, which is used as an advanced insulation 

and heat-conductive material in the DBC, is chosen as the 

sample layer. This can simulate the dielectric environment in 

the package of the power electronic module as closely as 

possible. In the package, the dies are sintered on the DBC, 

which is the main structure for cooling. Since the other side of 

the dies is covered with the silicone gel, this structure can only 

provide a single-sided cooling for the dies. This limitation can 

be improved by replacing the silicone gel with the refrigerant 

for the two-phase cooling. However, the refrigerant will be 

heated to boil, which cools the dies with the latent heat of 

vaporization. The thermal bubbles induced by boiling can 

immediately detach from the interface, or accumulates on the 

interface if the DBC is placed in reverse. 

Referring to the situations that the bubbles may appear on the 

interface in the application, two generation methods of the 

bubbles are realized as shown in Fig. 1(b), which is defined as 

the unrestricted bubble and the accumulated bubble, 

respectively.  

The dynamic behavior of the unrestricted bubble and the 

accumulated bubble are shown in Fig. 2. As for the unrestricted 

bubble, the center of ceramic is covered with the steel rod 

electrode, where the cooling efficiency is lowest since the 

thermal conductivity of stainless steel is low. The temperature 

of ceramic surface around the rod electrode is relatively higher 

than other area on the ceramic surface. Therefore, it can be 

observed from Fig. 2 (a) that the bubbles are generated 

continuously here and rise along the rod electrode. Then, the 

bubble may also generated from the other exposed ceramic 

surface, as well as copper surface of plane electrode, which 

immediately detach from the ceramic surface as shown in 

Fig. 2(a).  

While, for the accumulated condition, the bubbles generate 

from the surface of the copper electrode and accumulate on the 

lower surface of the ceramic. Due to the thermal conductance of 

the AlN ceramic, few bubbles can also grow directly from the 

ceramic surface. Based on the differences in the size and 

mobility under the two bubbles states, it is feasible to identify 

the mechanism through the distinctions in the PD 

characteristics. 

 
In order to unify the streamer polarity, for the unrestricted 

condition, the rod electrode is applied with the positive DC-AC 

 
(a) 

 
(b) 

Fig. 2.  Bubble dynamic in time sequence under 0V under unrestricted 

condition (a) and accumulated condition (b). 

 
(a) 

 
(b) 

Fig. 1.  PD measurement system for the bubble interface. 

(a) Schematic diagram of platform, (b) Schematic diagram of samples 
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combined voltage, and the plane electrode is grounded. As for 

the accumulated condition, the plane electrode is applied with 

the negative DC-AC combined voltage and the plane electrode 

is grounded. 

III. EXPERIMENT RESULTS AND ANALYSIS 

In this chapter, the PD patterns of the air-ceramic interface 

are indicated first to show the modulation mechanism on the 

charged interface under the 50 Hz unipolar DC- AC combined 

voltage. Compared with the result in the liquid environment, it 

can be speculated that the discharge occurs in the bubble when 

boiling. Then, we contrastively analyze the PD patterns in two 

bubble states. 

According to the contrast between the partial discharge 

inception voltages (PDIV) in air, FC-72 liquid, and its boiling 

phase, the insulation characteristic in the refrigerant and the 

two-phase cooling condition can be evaluated. Finally, a brief 

statement is given about the surface-discharge experiment in 

FC-72 vapor to provide a criterion of discharge inception for 

further analysis. 

A. PD characteristic of the air-ceramic interface 

In order to cognize the mechanism of surface discharge 

under unipolar voltage, a PD experiment at the air-ceramic 

interface is helpful for the analysis of the discharge 

characteristic of a boiling interface. Without the FC-72 

refrigerant, the PD feature of the ceramic surface is firstly 

tested in air environment. The PDIV of the air-ceramic 

interface is tested as 2.4 kV. All the PDIV results in this 

research are determined by the cumulative probability of 63%. 

The phase-resolved partial discharge (PRPD) under 2.6 kV and 

3.1 kV are given in Fig. 3. According to the observation of the 

PD pattern during the voltage raising, the development of PD 

can be divided into two stages. 

 

As demonstrated in Fig. 3(a), the discharge pulse occurs 

initially at 90° once the voltage exceeds PDIV, accompanied by 

a few negative discharges between 180-270°. Then, the PD 

frequency increases sharply and tends to stable as the voltage 

raises. The phase interval of positive discharge gradually shifts 

forward to 0-90°. The PD pattern of positive discharge tends to 

be similar to that of negative discharge in the PRPD pattern as 

shown in Fig. 3(b). 

In Fig. 3(a), it can be confirmed that the discharges occurring 

around 90° is triggered by the high electric field when the 

voltage exceeds PDIV. However, the field strength is not 

enough anymore to trigger the ionization around 270°. The 

polarity of discharges between 180-270° is also different from 

the electric field. This phenomenon reflects the existence of 

surface charge. The discharge occurring between 180-270° is 

back discharge. It is triggered by the inversed field, which is 

contributed by the charge trapped on the surface [11].  

At the beginning of the PD inception, the surface charge is 

little to affect the next forward discharge. However, this effect 

will be gradually obvious as the voltage increases or the 

discharge accumulates. As reflected in Fig. 3(b), the phase of 

the forward discharges moves forward and distributes nearly 

between 0-90°. This reveals the field modulation of surface 

charge in successive voltage period, which would be a key 

inspiration for the analysis of the PD pattern inside the bubble 

hereafter. 

Besides, it should be indicated that there is no PD occurs in 

pure FC-72 liquid until the ceramic sample is directly 

breakdown at 15.2 kV. Thus, the upper limit of the test voltage 

is 14 kV in the following experiment. 

B. PD pattern of the interface with accumulated bubble 

Fig. 4 shows the accumulation of the bubble. In this paper, 

the exposure time of the single picture is all 1/3000 s. The 

bubbles are generated from the copper electrode and a little 

ceramic surface around the copper electrode. Then, the bubbles 

accumulate on the lower surface of the ceramic sample. Most of 

the bubbles gather at the root of the copper electrode when no 

voltage applying. While the accumulation behavior will be 

affected by the electric field as shown in Fig. 4(b). The bubbles 

are driven to the edge of the ceramic under 14 kV, which makes 

the bubble distribution more uniform and consecutive on the 

surface. 

 
The surface within the bubbles can be regarded as an 

interface between the ceramic and the FC-72 vapor. Since few 

bubbles leave the surface until a certain accumulation, this 

 
Fig. 4. Flow patterns of accumulated bubbles under (a) 0 kV and (b) 14 kV. 

 (a) 

 (b) 

Fig. 3. PRPD pattern of the ceramic surface in air under (a) 2.6 kV and (b) 

3.1 kV. 
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interface is relatively uniform and stable.  

The PD characteristic in this condition is illustrated in the 

PRPD pattern as Fig. 5(a), which can be post processed to a 

phase-resolved of PD number (PRPDN) as Fig. 5(b). Another 

two PRPDN patterns under 10 kV and 12 kV are also 

superimposed in Fig. 5(b) to shows the development of patterns 

as voltage raises. 

 
Since there is no discharge in liquid environment before 

14 kV, it can be speculated that the discharge only occurs in 

bubble, which can be regarded as a vapor void in the liquid. The 

PRPD pattern in Fig. 5(a) is similar to the discharge 

characteristic at the air-ceramic interface. On the one hand, 

most of PDs distribute between 0-90° and 180-270°. It implies 

a relatively stable interface, which leads to a steady effect of 

surface charge in successive voltage period.  

On the other hand, the pattern likes Fig. 3(a) is also imposed 

in Fig. 5(a), which shows the PDs occurring around 90°. This 

also reflects the turbulence behavior of the accumulated bubble 

at the interface, which makes the effect of surface charge 

produced by back discharge random. For example, when the 

forward discharge occurs in a new-created bubble, it cannot be 

modulated by the surface charge in another existing bubble. 

As illustrated in Fig. 5(b), the PD is more frequent as the 

voltage raises. While the PD patterns and their phase 

distributions show a similar characteristic under different 

voltages, which indicates the repeatability of test results under 

such a dynamic bubble behavior. 

C. PD pattern of the interface with unrestricted bubble 

Fig. 6 shows the bubble motion under unrestricted conditions. 

The exposure time of the single picture is also 1/3000 s. To 

make the bubble trajectory more apparent under such a 

dynamic behavior, Fig. 6 is superimposed shadowgraphs 

stacked by 60 continuous photos captured in 12 fps. Almost all 

the bubbles grow and immediately detach from the ceramic 

surface. Thus, the time bubble attaching on the surface is much 

less than the accumulated bubble. The area of the 

vapor-ceramic interface, which attributes to the bubble size and 

distribution, is also smaller and scattered. 

In Fig. 6(a), it can be observed from the bubble trajectory 

that, the bubbles uniformly distribute upon the surface when no 

voltage applying. While the effect of electric stress on the 

bubble is similar to accumulated condition. In Fig. 6(b), the 

bubbles generating from the surface adjacent to the electrode 

are driven away from the root of the electrode. The trajectory of 

the bubbles appears more random compared with Fig. 6(a). 

This impact will be modeled and analyzed in the next chapter. 

 
The PD patterns of the interface with unrestricted bubbles are 

indicated as Fig. 7. The charge magnitude of PD in the 

unrestricted bubble is generally smaller than that in the 

accumulated bubble in Fig. 5(a). This is consistent with the 

rules in PD characteristic of bubble flow [10]. The streamer 

propagation would be limited by the bubble size [14]. 

Therefore, the charge magnitude inside the accumulated bubble 

is larger due to the wider ceramic-vapor interface. 

 

 (a) 

 (b) 

Fig. 7. PD patterns of the interface with unrestricted bubbles. 

(a) PRPD pattern under 14 kV, (b) PRPDN pattern under 10 kV, 12 kV, and 
14 kV. 

 
Fig. 6. Flow patterns of unrestricted bubbles under (a) 0 kV and (b) 14 kV. 
 

 (a) 

 (b) 

Fig. 5. PD patterns of the interface with accumulated bubbles.  

(a) PRPD pattern under 14 kV, (b) PRPDN patterns under 10 kV, 12 kV, and 
14 kV. 
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The occurrence of back discharge still reveals a charged 

interface. The background electric field along this interface 

may decrease. Then, the inversed field is induced by the surface 

charge dominants and triggers another reversed ionization.  

However, different from the PD pattern of the accumulated 

bubble, the forward discharges and back discharges distribute 

around 90° and 270°, respectively. In Fig 6(b), the forward 

discharge is still determined by the overstressing of the 

background electric field. The phase of forward discharge 

reflects little modulation effect of surface discharge, which 

means there is no charge trapped on the path of a novel streamer 

triggered by the background field. 

It is a paradox for the classical theory of surface discharge. 

The PD patterns of two bubble states reflect the existence of a 

charged interface. While the interface charge did not affect the 

forward discharge in the unrestricted bubble. Thus, it still needs 

to analyze the behavior of the charged interface combined with 

the bubble motion. 

In addition, it is observed that the bubbles just leaving the 

ionization area may distort, or even cracks after PDIV. The 

surface tension and pressure are two factors that maintain the 

shape of the bubble. However, the electric field can distort the 

bubble based on the difference between the permittivity of the 

dielectric [15]. When ionization occurs in the bubble, the 

plasma will make the bubble as a conductor, whose permittivity 

can be regarded as infinite. The severe distortion will break the 

surface balance and makes the bubble crack into several parts. 

Thus, the bubbles shown in Fig. 8 confirm the ionization inside 

the bubble. 

 
It should be indicated that, although the PD pattern of 

interface with two bubble states is different, the PDIVs of them 

are similar due to the uniform streamer polarity and the same 

dielectric interface. The discharges under two conditions both 

incept about 10 kV. 

D. PD threshold of the interface between the AlN ceramic and 

the FC-72 vapor. 

Before further discussion, it is necessary to acquire the 

threshold of ionization inside the bubble. The ceramic surface 

inside the bubble is simplified to an interface between the AlN 

ceramic and the FC-72 vapor. Then, the PDIV of the ceramic 

surface in the vapor environment is used to get the inception 

electric field through the FEM (Finite Element Method). 

The test chamber can form an environment with FC-72 vapor 

by heating the liquid. In order to ensure a pure vapor 

environment, it should be vacuumed first before injecting the 

liquid. The PDIVs of the interface between the ceramic and the 

FC-72 vapor is listed in Table 1. 

 
The PDIV at 1atm is determined as 11.5 kV. Besides, Fig. 9 

illustrates the PRPD pattern of the vapor- ceramic interface. It 

also reflects the back discharge and the modulation effect of 

surface charge, which is similar with the air-ceramic interface. 

 
However, since the PDIV in vapor is much higher than that 

in air (2.4 kV), there is almost no first stage like Fig. 3(a). The 

phase of PD reflects a strong modulation effect of surface 

charge immediately after PDIV. The charge magnitude and the 

PD frequency are also extremely high once the PD incepts. 

IV. DISCUSSION 

A. Inception criteria of PD on the boiling interface 

According to the PDIV acquired at the vapor-ceramic 

interface mentioned above, the threshold of ionization can be 

determined with a critical field strength Ec by FEM, which is 

calculated to be 39 kV/mm. The geometry of calculation for 

electric field distribution is schematically illustrated in Fig. 10. 

The parameters of the electrode and the ceramic sample is set 

following the size of the test structure. The insulation interface 

in Fig. 10, which means the upper interface between the 

ceramic and FC-72, is partly meshed in μm level for precision 

calculation of electric field. The relative permittivity of AlN 

and FC-72 liquid are 9 and 1.75, respectively  

 

 
Fig. 10. Geometry for electric field analysis. 

 

 
Fig. 9. PRPD pattern of the ceramic surface in FC-72 vapor under 10.5 kV. 

TABLE I 

PDIVS OF THE INTERFACE BETWEEN THE ALN CERAMIC AND THE FC-72 

VAPOR. 

Number PDIV/kV (Peak value at 1 atm) 

1 12.2 

2 11.77 

3 11.83 

4 10.97 

5 10.49 

 

 
Fig. 8. Distortion and crack of unrestricted bubble. 
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The distribution of tangential electric field along the 

insulation interface is indicated in Fig. 11(a). The Ionization 

area on the interface is determined by comparing the 

background electric field and the critical field strength Ec of the 

vapor-ceramic interface.  

 
Then, the length evolution of the ionization area during a 

voltage period is acquired in Fig. 11(b). It indicates that the 

longest distance of the ionization range is only about 0.07 mm. 

While the diameter of the bubbles is measured to be 0.1-0.7mm, 

which means that the forward discharge can only be triggered 

inside the bubble produced or accumulated at the root of the 

electrode. In addition, the ionization area between 210-330° is 

zero. It reflects an interval where the background electric field 

is insufficient to trigger the ionization. Thus, the PD occurring 

in this interval is the back discharge induced by the inversed 

field of the charged interface. 

It should be noted that the electric field inside the bubble 

should be enhanced since the difference between the 

polarization of the dielectrics. As for the spherical bubble, there 

is already a model for converting the electric field from the 

liquid into the bubble [9]. However, the geometry of the bubble 

attaching to the interface is irregular. It is a composite dielectric 

environment with two dielectrics when considering the 

boundary condition of the bubble. 

In the bubble attaching to the ceramic surface, the tangential 

electric field is not affected by the ceramic, which can be 

expressed as 

 vapour ceramic

t t

  


 
 (1)  

where t indicates the tangential component of the ceramic 

interface. Thus, the tangential electric field along the ceramic 

surface inside the bubble is only determined by the permittivity 

of FC-72 liquid and vapor (regarded as 1). Due to the small 

difference between the permittivity of liquid and vapor, the 

deviation of the tangential field strength inside the bubble is 

estimated to be less than about 16% [9]. It can be ignored here 

in the absence of a suitable analytical model for the field 

transformation. 

B. Mechanism of back discharge inside the accumulated 

bubble at the interface 

As mentioned above, the PRPD pattern of the interface with 

the accumulated bubble reflects a PD feature similar to a 

standard gas-solid interface. Besides, according to the 

observation of bubble behavior, the accumulated bubble can 

nearly cover the ceramic surface, which forms a quasi-stable 

interface between the ceramic and the vapor. Thus, the PD 

mechanism inside the accumulated bubble can be partially 

regarded as a quasi-steady interface, which is schematically 

indicated in Fig. 12. 

 
First, in stage 1, the background field Eb dominated by the 

applied voltage reaches and exceeds the critical field strength of 

the vapor-ceramic interface. A forward discharge is triggered 

by the background field. the positive and negative ions induced 

by plasma are trapped on the surface, which builds an inversed 

field Er on the surface equivalent to the background field 

strength Eb. Then, in stage 2, the voltage decreases after the 

peak, the inversed field Er tends to dominate and induce a back 

discharge. The composite field strength Et,, which is composed 

of the Eb and Er, should satisfy the condition for detrapping of 

the surface charge, or exceed the critical field strength Ec to 

triggered another ionization. 

Since the residence time of the bubble is much longer than a 

voltage period, the novel distribution of ions induced by back 

discharge will modulate the composite field Et in the next 

voltage cycle. It makes the phase of forward discharges in 

PRPD deviate forward as Fig. 5.  

However, if the bubble detaches from the root of the 

electrode in successive periods, as indicated in stage 2 of 

Fig. 12, the field condition for a new ionization may not be 

satisfied anymore. The next forward discharge may occur in 

another bubble, where no charge is trapped and no inversed 

field built. This may cause the unmodulated forward discharge 

in PRPD as Fig. 5(a). 

The stability of the charged interface can be revealed by 

response time of the back discharge tr, which is defined as the 

time interval between a back discharge and its previous 

adjacent forward discharge. Based on the record of PD 

sequence and their polarity, the tr can be summarized into a 

 
Fig. 12. Schematic diagram of back discharge in accumulated bubbles at the 
interface. 

 

 (a) 

 (b) 

Fig. 11. Electric field distribution on the interface. 

(a) Field distribution along the radius of insulation interface under 14 kV, (b) 

Phase distribution of ionization area during a voltage cycle (Vp=14 kV). 
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probability distribution. According to a statistics of all the back 

discharges in Fig. 5(a), the probability of the tr at the interface 

with the accumulated bubbles is summarized in Fig. 13. 

 
Nearly 30% of the back discharge, whose tr is shorter than 

20 ms, occurring during one voltage cycle after the adjacent 

forward discharge. This feature is almost consistent with the 

PD mechanism of the conventional gas-solid interface. It 

reflects a quasi-steady interface during the successive periods 

in an accumulated bubble. 

C. Mechanism of back discharge inside the unrestricted 

bubble at the interface 

It is discovered that the charged interface does not modulate 

the electric field, which reflects no phase deviation as Fig.4. 

Based on this difference between the PD patterns of the 

accumulated bubbles and the unrestricted bubble, it is 

necessary to reveal the particular mechanism in the PRPD 

pattern of the interface with the unrestricted bubble.  

According to comparing the behavior between two bubble 

states, the unrestricted bubble is more detachable, which makes 

the vapor-ceramic interface unsteady. This behavior is more 

obvious in the electric field. Thus, the dynamic behavior of the 

charged interface needs to be analyzed hereafter combining 

with the bubble motion based on an analytical model as 

 
b d e

d
+

d
effm

t
 

v
F F F  (2)  

 34 1
= π ( )

3 2
eff g lm r    (3) 

where meff is the effective mass of the bubble, r is the radius of 

the bubble, ρg and ρl is the density of the FC-72 vapor and liquid, 

respectively. Regardless of the turbulence effect on the bubble, 

three forces, the buoyancy force Fb, drag force Fd and 

dielectrophoretic force Fe determine the trajectory of the 

bubble [16], which can be expressed as 

 3

b

4
[ ( )π ]
3

g l r  F g  (4) 

 
d 4π r F v  (5) 

 3 2

e

( )
2π

2

l g l

l g

r E
  

 


 


F  (6)  

where εl and εg are permittivity of the liquid and vapor FC-72, 

respectively. μ is the dynamic viscosity of FC-72 liquid.  

The effect of electric field on the bubble can be summarized 

in electrophoretic force and dielectrophoretic force. The former 

is Colom force, which only acts on charged bubble. The latter 

force is mainly due to the polarization of bubble in non-uniform 

field [17]. These forces and the bubble dynamic motion are 

schematically illustrated in Fig. 14. 

 
In the following analysis, it is believed that the discharge 

occurs along with the interface inside the bubble before 

detachment. Moreover, it is estimated that the vapor-liquid 

interface inside the bubble may also be charged after a forward 

discharge. Thus, the Coulomb force acting on the floating 

charged bubble should be another factor that affects the bubble 

behavior. 

However, the Coulomb force only affect a few charged 

bubbles. The charge magnitude inside the bubble is also hard to 

evaluate. Therefore, the Coulomb force, which is ignored in the 

model, is only quantitatively considered in the following 

analysis. Taking the bubble whose radius is 0.1 mm as an 

example, the trajectory simulation of bubble flow is illustrated 

in Fig. 15.  

The simulated trajectory is similar to the feature of the 

bubble flow in Fig. 6(b). It reflects the impact of the electric 

field on the bubble under the non-uniform electric field. The 

bubbles generating around the electrode are driven away from 

the ionization area by the dielectrophoretic force within 5 ms. 

Besides, since the direction of the electric field is similar to the 

dielectrophoretic force, the Coulomb force will strengthen this 

impact for the charged bubble. It means the background field 

inside the bubble may drop rapidly within 1/4 voltage cycle, 

which satisfies the field criteria for the back discharge along 

with the interface. 

 
Combined with the mechanism of back discharge inside the 

accumulated bubble, there are two possible mechanisms for 

back discharge at the interface with the unrestricted bubbles, 

which is indicated in Fig. 16. 

The streamer of a forward discharge, which propagates along 

 
Fig. 15. Calculation result of the bubble trajectory and the transient moment at 

5 ms under 14 kV. 
 

 
Fig. 14. Schematic diagram of dynamic motion of the bubble.  

Fig. 13. Probability distribution of tr within the accumulated bubbles. 
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the ceramic surface inside the bubble, may leave ions on two 

interfaces: the vapor-ceramic interface and the vapor-liquid 

interface. First, different from the accumulated bubble, the 

vapor-ceramic interface will shifts to a liquid-ceramic interface 

once the bubble detaches from the surface. As shown in 

Fig. 16(a), The liquid environment would restrain the back 

discharge, even if the inversed field dominates and reaches the 

critical value. The back discharge may only occur once another 

bubble generates from the charged area. Therefore, the charged 

interface cannot modulate the electric field in successive 

periods. It can be analogized to the impact of the back discharge 

on the forward discharge. 

 
Second, as indicated in Fig. 16(b), the ions may also attach to 

the vapor-liquid interface. The electric field in the bubble not 

only decreases with the period but also drops as the bubble 

leaves the ionization area. It is more likely to trigger a back 

discharge inside the bubble before reaching the liquid level. 

This can be confirmed by the crack of the bubble observed in 

Fig. 8. While, this charged interface cannot affect the electric 

field along the ceramic surface anymore. 

Based on the mechanism analysis above, the charged 

interface cannot affect the forward discharge and the back 

discharge in successive voltage periods. The dynamic 

behaviors of the charged interface in two mechanisms can be 

proven by the statistics of tr as Fig. 17. 

 
In Fig. 17, only a few of back discharge can respond within 

20 ms. The distribution of tr is more scattered comparing with 

that in the accumulated bubble. The response time tr here is 

determined by the time lag before the ionization inside the 

floating bubble, or the time interval between the bubbles 

appearing in one area. Since the bubble exists in liquid as 

longest as about 500 ms, the back discharge, whose response 

time is longer than 500ms, can only occur at the ceramic 

surface as the mechanism in Fig. 16(a). 

V. CONCLUSIONS 

In this paper, we focus on the characteristics of surface 

insulation in the two-phase immersion cooling. According to 

the contrastive analysis of PD in air, FC-72 liquid, and its 

boiling state, it reflects the insulation enhancement of the 

FC-72 environment and a certain degradation induced by 

bubble, which may be referable for the insulating evaluation of 

two-phase immersion cooling. 

In order to reveal the discharge mechanism with different 

bubble behaviors, two methods for bubble generation proceed. 

It realizes a bubble-existing interface in two conditions, which 

are unrestricted bubble and the accumulated bubble. The 

differences of their PD features are analyzed and identified in 

their PRPD, PRPDN, and distribution of tr.  

Based on the bubble behaviors at the interface and the 

difference in PD patterns, the mechanism of back discharge 

inside the bubble is determined. For the interface with the 

accumulated bubble, the back discharge is still triggered as a 

classical surface discharge since the surface is quasi-covered by 

the vapor layer. However, the charged interface in unrestricted 

bubble is more dynamic. The liquid will restrain the back 

discharge if the bubble detaches from the surface, which makes 

it can only be triggered until another bubble grows from the 

charged surface. Moreover, it is speculated that the back 

discharge can also occur along the bubble surface when it 

leaves the ionization area, which can be testified by the 

distortion and split of the floating bubble. 
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