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ABSTRACT 
Subsea DC transmission and distribution system is a promising technology for 
powering subsea oil and gas fields with high power, long distance and ultra-deepwater 
depth. In subsea DC transmission and distribution, wet-mate (WM) connectors are 
considered as a challenging component due to the complicated electrical field 
distribution in the insulation system and harsh undersea wet-mating environmental 
conditions. In order to design reliable liquid insulation systems for subsea connectors, it 
is essential that the behavior of the DC-stressed liquid insulation be fully characterized 
for thorough understanding. In this paper, liquid conduction phenomena in synthetic 
ester oil are studied using the current-voltage characteristics and electric field 
distribution mapping based on the Kerr electro-optic effect. The correlations between 
the current-voltage characteristics and DC field grading among different electrode gaps 
and oil types were analyzed. The experimental results suggest that for applied voltage 
less than the saturation voltage (Vs),  the conduction is dominated by ion dissociation in 
the bulk oil. Correspondingly, the liquid conduction is ohmic and with formation of 
heterocharges around the contacts giving symmetrical field distribution. At applied 
voltage higher than saturation voltage (Vs), this bulk conduction will transit to extrinsic 
dominated conduction with carriers injected through liquid-electrode interfaces. Under 
such carrier injection, the corresponding field distribution becomes asymmetrical. In 
addition to the laboratory experiments, computer simulations with an ion drift-
diffusion conduction model taking into account electrode injection were carried out to 
validate the experimental field distribution at different electrode gaps. The effect of 
electrode material on the electric field distribution in the oil is investigated and 
implications for wet-mate connector design principles are presented.  

   Index Terms — wet-mate DC connectors, non-polar liquids, electric conduction, 
Kerr effect, moisture content 

1  INTRODUCTION 

THE subsea DC transmission and distribution system 
installed on the seabed is a promising technology for powering 
subsea oil and gas (O&G) fields with high power (e.g., >100 
MW), from a long distance (e.g., > 100 km) and in ultra-deep-
water (UDW) (depths up to 3,000 m). For a modularly stacked 
subsea DC transmission and distribution system, WM 
connectors are essential components for system field 
deployment, faulty component isolation and repairing. 
However, the design and development of WM DC connectors 
are challenging due to complicated electrical field distribution 
in the insulation system as well as the harsh subsea 

environment. A subsea DC connector is not yet commercially 
available and the research and development of this component 
are essential for the subsea O&G extraction and processing 
industry [1, 2].  

For WM DC connectors, oil is an integrated part of the 
insulation system and provides one of the two barriers in the 

hybrid insulation structure. The reliability of oil insulation is 

highly important. In proper WM DC connector design, most of 
the field stress is distributed in solid insulation. However, 
under transients due to high voltage fault, the stress in oil and 
along the oil-solid interface can be very high. Therefore, in 
order to design reliable liquid insulation systems for WM DC 
connectors, it is important that the behavior of the DC stressed 
liquid insulation be fully understood.  The Kerr effect based 
field measurement provides a quantitative measure for safe 
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design of WM DC connectors. In addition, current-voltage 
characteristics add value for the understanding the conduction 
mechanism. 

Previous study in transformer oil has shown that a model 
based on dissociation of ion pairs within liquid bulk can 
describe the main features of the steady-state field distribution 
at a low applied voltage with various gap length [3]. However, 
in the high field regime the above mechanism is unable to 
describe the conduction characteristics.  

In this paper, we propose a field dependent conduction 
formalism to describe regimes of conduction associated with 
dissociation and injection ions, based on the experimental 
study of current-voltage characteristics and DC field 
distribution measured using Kerr effect on different electrode 
gaps and applied voltage. The experimental analysis suggests 
that injection and the dissociation contribute very differently 
to the total current density, depending on the regime of 
conduction. For low field (large electrode gap and low applied 
voltage), the current due to dissociation can be very important. 
On the other hand, in the high field regime dissociation current 
is much smaller than the injected current.    

2 CREATION OF CHARGE CARRIERS IN 
NON-POLAR LIQUIDS 

The charge carriers in nonpolar insulating oils are mainly 
created from two sources, with one being the dissociation of 
ionic pairs in the bulk and the other being the injection of 
carriers through electrodes [4]. This section starts by defining 
conduction due to ionic dissociation in bulk liquid dielectrics 
and the charge generation mechanism in metal/liquid 
interface. The following information is used to investigate 
different regimes of conduction and to analyze the results. 

2.1 IONIC DISSOCIATION IN BULK LIQUID 
Within the framework of the Thomson model of ionic 

conduction in dielectric fluids [5], the conduction process is 
controlled by two mechanisms: dissociation of neutral 
molecules into ionic species and their recombination back to 
neutral molecules [6],   𝐴ା𝐵ି D

r

k

k

 𝐴ା ൅  𝐵ି   ሺ1ሻ 

where 𝐴ା and 𝐵ି are the free ions dissociated from the neutral 
pair 𝐴ା𝐵ି, and 𝑘஽ and 𝑘௥ are the dissociation and 
recombination constants, respectively. 

Free ions are continuously being generated from the 
dissociation of ionic pairs and conversely, ionic pairs are 
formed by recombination of ions. The process of positive and 
negative charge generation can be written with the following 
rate equation [7], 𝜕𝑝𝜕𝑡 ൌ 𝜕𝑛𝜕𝑡 ൌ 𝑘஽𝑐 െ 𝑘ோ𝑝𝑛          ሺ2ሻ 

where p and n are the densities of positive and negative ions 
and c is the density of the ion pairs. 

Using the Langevin approximation, the recombination 
constant can be found [7],  

𝑘ோ ൌ 𝑞ሺ𝜇ା ൅ 𝜇ିሻ𝜖଴𝜖௥    ሺ3ሻ 

where 𝑞 ൌ 1.602 ൈ 10ିଵଽ 𝐶 is the magnitude of electronic 
charge, 𝜇ା, 𝜇ି are the mobility values of positive and negative 
ions, 𝜖଴ ൌ 8.85 ൈ 10ିଵଶ 𝐹 𝑚⁄  is the permittivity of vacuum 
and 𝜖௥ is the oil relative permittivity.  

In the presence of electric field, Onsager’s field enhanced 
dissociation rate is found in [6], 𝑘஽ ൌ 𝐾஽଴ 𝐹ሺ𝐸ሻ         ሺ4ሻ 

where 𝐾஽଴ is the dissociation constant at thermodynamic 
equilibrium and 𝐹ሺ𝐸ሻ is field enhancement function of the 
electric field which is given by, 𝐹ሺ𝐸ሻ ൌ 𝐼ଵሺ4𝑏ሻ2𝑏    ሺ5ሻ 

where 𝐼ଵ is the modified Bessel function of the first kind, and 
b is given by, 𝑏 ൌ ඨ 𝑞ଷ𝐸16𝜋𝜖଴𝜖௥𝑘஻ଶ𝑇ଶ    ሺ6ሻ 

where 𝐸 is the electric field strength, 𝑘஻ is the Boltzmann 
constant and T is the absolute temperature. 

In equilibrium state, from Equation (4) the dissociation rate 
in the absence of electric field is given by, 𝐾஽଴ ൌ  𝑘ோ 𝑛଴ଶ𝑐         ሺ7ሻ 

The concentration of the ions at thermodynamic equilibrium 
is related to the ohmic conductivity of the oil through 𝑝଴ ൌ  𝑛଴ ൌ 𝜎଴𝑞ሺ𝜇ା ൅ 𝜇ିሻ    ሺ8ሻ 

When an external electric field is applied, the charge 
carriers are separated due to the electrostatic forces and move 
towards the electrode having opposite sign of the applied 
potential. They experience drift and diffusion and their drift 
velocity can be defined by their mobility. 𝑊േ ൌ 𝜇േ𝐸        ሺ9ሻ 

The applied electric field causes diffusion of ions due to the 
buildup of ion distribution. The diffusive fluxes of the ions are 
proportional to the gradient of the ions densities. The diffusion 
coefficients are defined by Einstein’s relation, 𝐷േ ൌ 𝑘஻𝑇𝑞 𝜇േ      ሺ10ሻ 

Equation (2) can be extended considering ionic drift and 
diffusion, which describes transport of charges through the 
bulk of fluid: 

൞𝜕𝑝𝜕𝑡 ൅ ∇ ∙ ሺ𝜇ା𝐸𝑝 െ 𝐷ା∇𝑝ሻ ൌ 𝑘஽𝑐 െ 𝑘ோ𝑝𝑛 𝜕𝑛𝜕𝑡 െ ∇ ∙ ሺ𝜇ି𝐸𝑛 ൅ 𝐷ି∇𝑛ሻ ൌ 𝑘஽𝑐 െ 𝑘ோ𝑝𝑛  ሺ11ሻ 
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Equations (11) contain field dependent coefficients. 
Furthermore, relationship between electric potential and 
charge density is governed by Poisson’s equation. This allows 
for obtaining electric field distributions in the liquid in the 
presence of space charge. ∇ ∙ ሺ𝜖଴𝜖௥∇𝜑ሻ ൌ െ𝑞ሺ𝑝 െ 𝑛ሻ     ሺ12ሻ 

2.2  INJECTION AT THE LIQUID METAL INTERFACE  
At locally high field near an electrode, ion injection can 

take place. The injection in non-polar liquids occurs in two 
steps: ions are created on the electrode and then injected into 
the liquid by overcoming the image-force barrier [4,8-10].  

Suppose we have an ion pair 𝐴ା𝐵ି near the anode. In the 
first step, an electron carried by 𝐵ି is transferred into the 
electrode metal by the following reaction, 𝑀 ൅  𝐴ା𝐵ି 𝑀ሺ𝑒ሻ ൅ 𝐴ା𝐵    ሺ13ሻ 

where 𝑀 is the metal electrode. The above reaction leads to 
the creation of 𝐴ା𝐵ି on the surface of the electrode. In the 
second step, 𝐴ା is separated from the pair and emitted to the 
bulk, to make a free ion [9].  ሺ𝐴ା𝐵ିሻ௜௡௧௘௥௙௔௖௘ ሺ𝐴ା/𝐵ିሻ௙௥௘௘    ሺ14ሻ 

Skipping the lengthy derivation here, the final equation for 
the injected charge density 𝑞௜ is given by [4,7,10], 𝑞௜ ൌ 𝐴𝑞଴2𝑏𝐾ଵሺ𝑏ሻ  ሺ15ሻ 

where 𝐴 is constant that relates the ion density at the emitting 
electrode to the ion density in the bulk at thermodynamic 
equilibrium. 𝐴 ൎ 1 in most of dielectric liquids [7].  𝑞଴ is 
charge in the bulk and 𝐾ଵ is the modified Bessel function of 
the second kind and order one. 

3 CONDUCTION REGIMES
It has already been observed that the current-voltage curves 

drawn in most polar and nonpolar liquid dielectrics bear strong 
analogy [11] with the ones obtained in a gas subjected to 
ionizing radiation [5], for which there are three regions: 1) 
ohmic behavior at low fields, 2) saturation plateau at medium 
voltage, and 3) fast increase of the current at higher voltage. 
However, experimental curves for pure liquids hardly show a 
true saturation plateau [12-14]. Once the conduction reaches 
the saturation level, injection takes place immediately.  

A useful parameter to distinguish the regions of conduction 
is the ratio between the transit time and ionic relaxation time 
[15],  𝐶଴ ൌ  𝑡௠𝑡௥ ൌ  𝜎଴𝑑ଶሺ𝜇ା ൅ 𝜇ିሻ𝜖଴𝜖௥𝑉  ሺ16ሻ 

where tm the transit time, tr is the relaxation time, σ0 is the low 
field conductivity, and d is the distance between the 
electrodes. 

3.1  QUASI OHMIC REGIME  
At low field, the current appears to be a linear function of 

the applied voltage and obeys Ohm’s law. In this regime, 
transit time of ions is much longer than the relaxation time of 
the liquid ( 𝐶௢ ≫ 1). The total current results mainly from 
dissociation in the bulk. The current density is given by [15], 𝐽଴ ൌ  𝜎଴𝐸ඥ𝐹ሺ𝑏ሻ     ሺ17ሻ 

The field distribution in this regime follows a general 
parabolic curve, as shown in Figure 1b, due to heterocharges 
accumulate near the surface of the electrodes. The dissociation 
of impurity in the bulk of the liquid accounts for the source of 
charge carriers.  The continuous creation of anions or cations 
from molecules in the whole bulk of liquid (Equation (1) 
reaction) results in the space charge formation near electrodes, 
i.e., positive charges near the cathode, and negative ones in the 
vicinity of anode.  

Figure 1. (a) Typical voltage-current characteristics: (b) Distortion of the 
electric field distribution between parallel plate electrodes with spacing 𝑑 at 
voltage 𝑉 (average electric field is 𝐸଴ ൌ 𝑉 𝑑ൗ  ) due to heterocharges; (c) Field
distortion due to unipolar positive charge injection.

3.2  SATURATION REGIME 
This regime has a smaller transit time than relaxation time 

and a sweep-out of ions occurs (𝐶௢ ≪ 1ሻ. A new equilibrium 
is then established, where the conduction is limited by the 
dissociation process. Conduction current is defined by [15], 𝐽௦ ൌ  𝑘஽ሺ𝐸ሻ𝑞𝑐𝑑      ሺ18ሻ 

The transition from ohmic to saturation region occurs when 𝐽଴ ൌ 𝐽௦. The voltage at which the saturation occurs is given by 
[15,16], 𝑉௦ ൌ  𝜎଴𝑑ଶඥ𝐹ሺ𝑏ሻሺ𝜇ା ൅ 𝜇ିሻ𝜖଴𝜖௥  ሺ19ሻ 

From the theoretical current-voltage characteristics (Figure 
1), the current is expected to be constant starting from the 
saturation voltage (𝑉௦). However, in dielectric liquids of high 
resistivity, the saturated current in this regime is often 
overshadowed by the injection current [7,13-14]. In a real 
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experiment, a constant current is rarely observed as injection 
typically starts to take place right after 𝑉௦. As a result, most 
liquids do not exhibit a distinctive saturation plateau because 
the injected current will be the major contributor of the total 
conduction current [7,12-14]. 

3.3  INJECTION REGIME 
The rapid increase of current at higher voltage is mainly due 

to the injection of charge carriers. Assuming positive unipolar 
injection, i.e., the positive electrode as a source of injected 
charge carriers and collected at ground electrode. The injected 
current density can be defined by knowing the density of 
injected charges [7, 10], 𝐽௜ ൌ 𝜇𝑞௜𝐸௜௡௝    ሺ20ሻ 

where 𝐽𝑖 is the injected current density, 𝑞𝑖 is injected charge 
density (given by Equation (15)) and 𝐸𝑖𝑛𝑗 is the electric field at 
the surface of the injecting electrode and can be considered as 
equal to the mean field if the injection is weak. 

The total conduction current is the sum of injected current 
and dissociated current. As it will be shown in the next 
section, at low field (𝑉 ൏ 𝑉௦), dissociation current will be the 
major source of conduction current and at high field (𝑉 ൐ 𝑉௦) 
the total current density has the injected current as a major 
contributor. 

4 EXPERIMENTAL INVESTIGATION 
In this work, liquid conduction is studied experimentally by 

two methods: (a) the voltage-current characteristics, and (b) 
the electric field distribution measurement by the Kerr electro-
optics. The correlation between the current-voltage 
characteristics and DC field grading among different electrode 
gaps as well as purity of liquid gives a full insight and 
understanding of the conduction mechanisms in liquid 
dielectrics.  

4.1  SAMPLE PREPARATION 
Synthetic ester oil, a common type of oil for subsea 

insulation, is used in this study. The dielectric properties of the 
insulating oil are highly sensitive to moisture and 
contaminants which affect the DC field distribution. 
Therefore, to understand the impact of moisture and ionic 
contaminants on the electric field distribution, three oil 
samples further indicated as oils A, B and C were prepared. 
Oil A is a fresh synthetic ester oil degassed and filtered for at 
least 24h prior to experiment. Oil B was prepared by 
introducing deionized water (740 ppm) to oil A. Oil C was 
prepared by introducing instant ocean water (200 ppm) which 
contains dissolved salt (Na+, Cl-) as well as other minor ionic 
species such as Mg++ and SO4

--. The experimental procedure 
designed to introduce different levels of moisture into oil B 
and oil C was as follows. Initially, the oil was dried under high 
vacuum at 100 oC for 24 hours for moisture removal. Then 
deionized water or instant ocean water was added to the dried 
oil by micropipette. In the next step, the container was sealed 
and vigorously shaken by a Burrell shaker for 6 hours to form 
water-in-oil emulsions. Finally, the samples were 

ultrasonicated for 3 hours until no water was observed at the 
bottom of the sample holder. As such, the water was 
considered to be well dissolved into the oil. Measurement of 
water concentration in oil was performed using Domino Dss 
from Doble Engineering. 

4.2  CURRENT-VOLTAGE CHARACTERISTICS 
The investigation of the influence of electrode gap and 

purity of the oil on the conduction current was carried out by 
monitoring the quasi steady-state current with a Keithley 
picoAmp meter for samples subjected to DC bias provided by 
a Spellman high voltage DC supply. The test cell containing 
two circular brass electrodes was filled with ~500 mL of oil 
and kept in dry and clean laboratory conditions.   

4.3  KERR ELECTRO-OPTICS SET UP  
Kerr electro-optic measurement system was developed to 

probe the electric field distribution in liquid insulators. One of 
the advantages of the Kerr electro-optic measurement 
technique is that the measurement device does not disturb the 
original electric field distribution. The schematic for the Kerr 
electro-optic measurement setup is shown in Figure 2. The 
laser beam from a 10 mW HeNe laser (wavelength 632.8 nm) 
first passes through a linear polarizer and then a quarter 
waveplate to be linearly and circularly polarized, respectively. 
For enhancing the detection sensitivity, an AC low voltage 
(200 V, 1 kHz) is superimposed on the applied DC voltage for 
Lock-in amplification. Under transverse spatial modulation, a 
phase retardation is developed between light polarized parallel 
to and perpendicular to the applied field as a result of Kerr 
quadratic electro-optic effect. Under AC superimposed DC 
excitation, the following relationship can be obtained [17,18]  ∆𝜃 ൌ 𝐼ଵఠ𝐼ௗ௖ ൌ 4𝜋𝐵𝐿𝐸௔௖𝐸ௗ௖   ሺ21ሻ 

where 𝐼ଵఠ is the first harmonic of light intensity, 𝐼ௗ௖ is the dc 
component of light intensity, 𝐵 is Kerr constant and 𝐿 is the 
electrode length. 𝐸ௗ௖ and 𝐸௔௖  are the applied DC electric field 
and superimposed AC electric field, respectively. 

Figure 2. Experimental setup for electric field measurement in insulating oil 
using Kerr electro-optics effect. 
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The Kerr test cell is made of high transmission glass sealed 
on plastic standoffs. A pair of brass parallel-plane electrodes 
each with an area of 25 cm2 and thickness of 4.5 mm were 
used. Measurement of position dependent electric field across 
the oil gap is achieved by using a linear translation stage. At 
each measurement point, the light through an analyzer was 
detected using a photodetector, PDA 10A, the AC output of 
which was measured with a SR830 DSP lock-in amplifier.  

The WM connectors must satisfy the requirements related 
to deep-sea installation and operation. This means the 
electrical insulation in the connector needs to be exposed to 
high-pressure seawater during underwater mating process. 
With the pressure-compensated design, the insulation system 
is also subjected to high pressure after mating is completed. 
However, prior research on the effect of pressure on synthetic 
ester oil [19] shows the conductivity is highly dependent on 
water content and applied field and nearly independent of the 
pressure. High field conduction study also suggests that the 
current-voltage characteristics show no pressure dependence 
(0.1-10 MPa) [15]. In the current paper, instead of addressing 
the dynamical effect of pressure we focus on effects of 
electrode configuration, gap separation and moisture and 
contaminants.  

5 EXPERIMENTAL RESULT AND ANALYSIS
5.1  CURRENT-VOLTAGE CHARACTERISTICS 

The experimental voltage-current characteristics for the 
three oil samples with electrode spacing of 10 mm are shown 
in Figure 3. All the three oils have common characteristics. i) 
At low field, the total current density follows ohmic relation. 
In this region, the dissociation current accounts as the major 
contributor to the total current density. The measured current 
density follows the theoretical current density described in 
Equation (17)ii) When the voltage increases above 𝑉௦, the 
measured current is no longer linear. The conduction is 
saturated and the dissociation current does not contribute 
significantly to the total current. Instead, for (𝑉 ൐ 𝑉௦), the 
injected current is the major contributor to the total current 
density. The current density measured in this regime fits well 
the theoretical injected current density described by Equation 
(20).  

The effect of moisture and contaminant is also clear from 
the test result present in Figure 3. Under the influence of DC 
field, the higher the moisture and contaminant, the higher was 
the current. Higher moisture level in the oil renders in more 
carrier concentration.  

The current measured in Figure 3 is a combination of the 
injected charge carriers and ions generated by dissociation 
from ionic pairs. In the bulk of the fluid, the distinction 
between both currents is not possible because injection charge 
carriers may recombine with the anions generated by 
dissociation. However, one can distinguish whether 
dissociation or injection current is dominant based on the fact 
that the dissociation current density is proportional to the field 
enhanced dissociation while the injected current is 

proportional to the injected charge density at a given field. The 
nature of the conduction is determined by which component 
dominates. Since both components are field dependent, the 
voltage Vs can be considered as a boundary between two 
conduction regimes. 

Figure 3. Experimental current-voltage characteristics (log-log) at 10mm 
electrode gap for oil A, oil B and oil C (symbols). The theoretical current 
density (solid line) have been computed based on Equations (17) and (20).

From Equation (19), the saturation voltage 𝑉௦ is dependent 
on the conductivity and electrode separation. A well-accepted 
value for ionic mobility in synthetic ester oil is 1 ൈ10ି଻ 𝑚ଶ 𝑉𝑠ൗ  [20]. Ohmic conductivities measured at a low
field for oil A, oil B and oil C are 6 ൈ 10ିଵଵ 𝑆 𝑚ൗ , 10 ൈ10ିଵଵ 𝑆 𝑚ൗ , 13 ൈ 10ିଵଵ 𝑆 𝑚ൗ , respectively. The relative
permittivity of all oil types is 3.2. Using these values, the 
saturation voltage as a function of electrode gap is plotted in 
Figure 4 by solving Equation (19). 

Figure 4 shows the variation of 𝑉௦ as a function of electrode 
gap for the three oils.  For the 10mm electrode gap, 𝑉௦ is ~1kV 
for oil A and 𝑉௦ is ~2 kV for oil B and oil C. When the 
electrode gap increases to 20mm, 𝑉௦ increases to 4.5, 7.5 and 
10 kV, respectively. Distinguishing the regimes of conduction 
will help to explain the field measurement in Section 5.2. 

Figure 4. Variation of 𝑉௦ as a function of electrode gap for oils A, B and C. 

Figure 5 shows the conduction current for oil A with 
various gap settings. 𝑉௦ depends on the gap separation. For 
small gap 𝑉௦ is generally low and it increases with gap 
separation. It is clear from Figure 5 that the measured current 
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density follows initially ohmic and then injected current 
density. Oil B and oil C also show similar behavior. 

Figure 5. Experimental current-voltage characteristics (log-log) 
corresponding to oil A with different electrode gaps (symbols). The 
theoretical current density (solid lines) have been computed based on 
Equations (17) and (20). 

5.2  DISTRIBUTION OF THE FIELD IN THE VARIOUS 
CONDUCTION REGIMES 

Most early Kerr electro-optics field mapping studies were 
performed on liquids with a very strong Kerr effect, such as 
nitrobenzene or propylene carbonate [21, 22]. Non-polar 
liquids such as transformer oil and synthetic ester oil have 
Kerr constant almost four to five orders of magnitude smaller 
than that of nitrobenzene or propylene carbonate. Lock-in 
amplification has to be employed to enhance the Kerr electro-
optic measurement sensitivity. 

The Kerr constant of the synthetic ester oil used in this 
study was determined to be 7.56 ൈ 10ିଵ଺ ௠௏మ  by measuring the 
ratio of 𝐼ଵఠ 𝐼ௗ௖⁄  as according to Equation (21). The 
measurements were carried out in synthetic ester oil under low 
field where the aforementioned ratio is linearly proportional to 
the applied electric field intensity. Within the range of this 
study, the Kerr constant of the synthetic ester oil was found to 
be constant in spite of the presence of deionized water or 
instant ocean water. The Kerr constant of 7.56 ൈ 10ିଵ଺ ௠௏మ  
was used in subsequent field measurement for the 
characterization the oil across different oil gaps and voltage 
variations. 

The combined effects of electrode gap and oil type on the 
field distribution are shown in Figures 6, 7 and 9. In Figure 6, 
the electrode gap was set to 20 mm and three different voltage 
levels (4, 12 and 20 kV) were applied and field distribution in 
various regimes can be observed. For 20 mm electrode gap, 
4kV lies below 𝑉௦. Therefore, dissociation of impurity in bulk 
oil is the source of charge carriers. Charge dissociation causes 
heterocharge distributions as a positive charge is attracted to 
the cathode and negative charge is attracted to the positive 
electrode. This tends to increase the magnitude of electric field 
near electrodes which gives a symmetrical U shape of electric 
field distribution [3]. These results are consistent with the 
ohmic current-voltage characteristics determined 
experimentally for large oil gap under low voltage. 

When the applied voltage increases to 12 and 20 kV, an 
asymmetric field distribution is observed. The field linearly 
decreases from cathode to anode which implies the presence 
of positive ions in the oil gap. This is due to injection of 
charge carriers created by exchange at the liquid metal 
interface. This is in line with the measured voltage-current 
characteristics that at high field ሺ𝑉 ൐ 𝑉௦) injection is the major 
contributor of the total conduction current.  

For the three oil types, there is obviously a correlation 
between the field distortion and the oil type. Oil C shows the 
strongest field enhancement when compared with oils A and 
B. The increase of conductivity due to moisture and 
contaminant appears to make the electric field distribution 
further non-uniform.  

From Figure 6 it is clearly seen that field enhancement 
reduces with the increase of the applied voltage. This can be 
explained by the ratio between the transit time and the ionic 
relaxation time (Equation (16)). When t_r>t_m, the charge 
carriers are effectively swept out of the gap as soon as they are 
created and before they have time to recombine with a counter 
ion. This results in only minor space charge. When t_m>t_r, 
i.e., the relaxation time is faster than the transit time, ions are 
rapidly recombined with counter ion before it has traveled any 
significant distance in the oil gap. In the center of the gap, it 
will have essentially equilibrium condition with positive and 
negative ions canceling each other. However, near the 
electrode, a layer of space charge exists.  

Figure 6. Measured relative field distortion for oil A, B and C over 20mm oil 
gap at three different applied voltage (4, 12 and 20 kV).  
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Similar field distribution was observed in [3] as reproduced 
in Figure 7. At low field (0.1-0.3 kV/mm), the electric field as 
a function of position in the oil gap follows a parabolic shape. 
This behavior was explained by an ion drift model without 
injection. The swept of ion pair dissociation in the oil gives 
rise to the formation of heterocharges around the contacts. 
These heterocharges increase the field close to the electrodes 
and give a field minimum in the middle of the gap. At 
moderately high field (~1kV/mm), a different type of field 
distribution is found. The field constantly increases going 
from the positive electrode to the negative electrode. This type 
of field distribution was explained in [3] by considering the 
mobility disparity between positive and negative ions by a 
factor of four. However, more recent studies [20, 23] show 
that such polarity dependent disparity in ionic mobilities does 
not exist. In our present study, the transition from symmetrical 
to asymmetrical field distribution can be explained by field 
dependent injection of charges from the electrode(s).  

Figure 7. Relative field distribution (distortion) for transformer oil with 
19mm electrode gap and applied voltage of 2, 5, 10 and 20 kV with data taken 
from [3]. Symbols represent the Kerr measurement data from [3]. The solid 
lines denote the computation based on ion drift model. At 2 and 5 kV, the 
field distributions are symmetrical U shape. The calculated field distribution 
from ionic drift model [3] is in agreement for low voltage. At 10 kV, a small 
deviation from symmetrical to asymmetrical is observed. At 20 kV, it is clear 
that the field is strongly asymmetrical. This suggests the presence of positive 
ions. Based on a unipolar injection induced positive ion formation model 
(instead of ion mobility disparity), field distribution was computed with the 
boundary condition defined in Equation (15), resulting in a good fit to the 
measurement data from [3] for under 20 kV. The value of A used in the 
computation is ~0.25. 

The theoretical variation of the current density with applied 
voltage is calculated based on experimental data retrieved 
from [3] for transformer oil to further study the transition 
fromsymmetrical to asymmetrical field distribution. As shown 
in Figure 8, the current is linear for applied voltage up to 8 kV 
and it shows tends to saturate. Starting at 10 kV injection 
current begins to dominate. 
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The general U shape of low voltage curves (up to 10 kV) in 
Figure 7 shows that hetercharges accumulate near the 
electrode. This indicates that dissociation of impurities in the 
bulk of the liquid is the source of the charge carriers. This is in 
very good consistency with our computed current-voltage 
characteristics. As shown in Figure 8, the current obeys ohmic 
conduction for applied voltage up to 8 kV. Once the applied 
voltage is higher than the saturation voltage level the 
previously bulk conduction will transit to extrinsically 
dominated conduction with carriers injected through liquid-
electrode interfaces, resulting in an asymmetrical field 
distribution. 

Figure 9 shows the field distribution when the electrode gap 
is reduced to 10mm. Within all applied voltage ranges shown 
in Figure 9, it can be seen that the electric field is low near the 
positive electrode and high near ground electrode. This field 
distribution implies the injection of positive ions. This is in 
general agreement with the current-voltage characteristics 
curve measured at 10 mm electrode gap. From Figure 3, for 
the voltage applied above 1kV, the measured current follows 
the injection model developed on unipolar positive injection 
current. 

5.3  COMPUTER SIMULATIONS FOR FIELD 
DISTRIBUTION IN SIMPLE OIL GAP 

The Kerr electro-optic experiment data of electric field 
distribution were fed into an ionic drift conduction based 
computational model. The ionic drift model is implemented 
and solved in Comsol Multiphysics under 1-D configuration 
for different oil gaps. Governing equations for the ionic drift 
model are described in Section 2.1.  
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Figure 9. Measured relative field distortion for oils A, B and C over 10mm 
oil gap at three different applied voltages (2, 6 and 10 kV).  

5.3.1.  BOUNDARY CONDITIONS 
Electrical boundary conditions for Equation (12) on the 

surfaces of metallic electrodes are known potentials 𝑈ሺ0ሻ ൌ 0        𝑈ሺ𝑑ሻ ൌ 𝑈௔    ሺ22ሻ 

For applied voltage less than V_s the simulation is carried 
out without considering the effect of charge injection from  
the electrodes. For applied voltage higher than V_s, unipolar 
positive charge injection was implemented on the surfaces  
of the positive electrode. The expressions for injected 
charge density was derived in Equation (15). Assuming 
a unipolar injection, an injection strength of A≈0.75 gives 
the best match to the experimental data. 

Figures 10 and 11 show the simulated field distributions 
for corresponding cases shown in Figures 6 and 9, 
respectively. The overall field distribution from the simulation 
can be found in general agreement with the measurement 
results. Under high fields, there are deviations between 
the experiment and simulation of the magnitudes of electric 
fields, particularly near the electrodes. This may be caused 
by the electrohydrodynamic motion (EHD). While care was 
taken to exclude the EHD, any EHD motion will lead to 
the overestimation of the space charge effect simply based on 
time and space averaging performed by the measurement 
system.  

Figure 10. Simulated relative field distortion for oils A, B and C over 20mm 
oil gap at three different applied voltages (4, 12 and 20 kV).  

Figure 11. Simulated relative field distortion for oils A, B and C over 10mm 
oil gap at three different applied voltages of 2, 6 and 10 kV, respectively.  

6 EFFECT OF ELECTRODE
Charge injection will lead to the distortion of the electric 

field distribution in oil gap. Therefore, the effects of 
electrode material on the charge inject and field distortion 
shall be investigated. Three types of electrode materials 
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(brass, stainless steel, and aluminum) were employed in this 
study. 

Figure 12 shows the electric field distribution of oil A at 
10 mm electrode gap under 10kV with different electrode 
materials. As shown in the figure, the field profile across the 
oil gap with each electrode material differs and the 
magnitude of field distortion appears to be with good 
correlation with the work function. As shown in Table 1, due 
to a high work function of stainless steel compared with 
brass and aluminum, the quantity of space charge injected is 
significantly less than the aluminum and brass electrode 
under the same applied voltage. Not only this study suggests 
charge injection under high field a plausible mechanism but 
also forms a basis for design optimization through proper 
electrode design.   

Figure 12. The influence of electrode material on the electric field 
distribution. The relative electric field distortion for an aluminum electrode is 
significantly higher than for brass and stainless steel.  

Table 1. Electrode work function [24]. 
Electrode material Work function [eV] 

Stainless steel 5.05 
Brass 4.50 

Aluminum 4.20 

7  IMPLICATIONS FOR WET-MATE 
CONNECTORS DESIGN

There is a desire to design WM connectors to be reliable 
and more compact. This is due to the increasing demand for 
higher voltages and power ratings. In order to have an 
optimal design of WM connectors, the DC grading that the 
oil is subjected has to be well understood. One important 
factor in the design of WM connectors is to determine the 
maximum acceptable field level so that the field distribution 
does not exceed these levels to ensure reliable operation. 
Currently, there are no industrial standard or design rules 
available that specify the design field level for DC 
connectors. Therefore, one way to estimate an acceptable 
field level can be based on the field distortion level. In the 
absence of space charge, the field applied is nearly equal to 

the average applied field (Laplacian field). In case of space 
charge accumulation, the average electric field will be 
distorted. 

As described in Section 5.2, the electric field distribution 
has a different degree of distortion depending on the 
electrode gap. The electric field distribution was computed 
using ionic drift-diffusion model presented in Section 5.3 for 
electrode gap ranging from 5 to 20 mm and field ranging 
from 0.2 to 1kV/mm. The percentage of field distortion is 
shown in a contour plot (Figure 13).  

Figure 13. Electric field enhancement at different applied fields for various 
electrode gaps. 

Three regions are clearly seen from Figure 13. Region 1 
possesses small field enhancement with a narrow gap. 
Region 2 corresponds to medium field enhancement at a 
medium gap. Region 3 marks high field distortion with wider 
gaps. Region 3 is unfavorable as high field distortion leads to 
early be failed. Such contour plot shall provide a quantitative 
basis for the design trade-off study for oil gap. 

8  CONCLUSIONS 
In this paper, the experimental investigation results of a 

liquid insulation system envisioned for DC WM connector 
were presented. A Kerr electro-optic technique was 
developed to characterize the insulation performance of the 
liquid insulation system with different electrode gaps and 
applied voltages. The electric field distribution in different 
conduction regimes has been examined, and it was shown 
that the current-voltage characteristics could well justify the 
transition from symmetrical to asymmetrical field 
distribution. At low voltage, conduction is mainly due to 
dissociation of ions from bulk liquid and at high field 
conduction is mainly the consequence of injection from the 
interface. Moreover, effects of moisture and ionic 
contaminants as well as effect of electrode material on the 
electric field distribution in the oil were investigated.   

The presented ionic drift-diffusion model has shown the 
ability to predict the behavior of the electrical fields at 
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different regimes which agrees well with the Kerr 
measurements. From the field measurement result, electric 
field distortion can be designed to be very low provided that 
the separation between the solid barriers in the hybrid 
insulation structure be narrow. This study of oil DC 
characteristics will be a valuable input to promote in-depth 
understanding of solid-liquid insulation systems 
implemented in WM connectors [25,26]. 
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