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Abstract 

Numerical calculations of current distribution due to spark discharge on water surface of 0.07 S/m and 5 S/m 
conductivity were done using two-dimensional axial-symmetry model. In this work, only the water phase is 
taken into account as the first step to a complete two-phase gas-liquid model. Electric potential on water 
surface with filamentary discharge length on water surface obtained from laboratory experiments were used as 
the boundary condition. The calculations were done under both stationary and time -dependent conditions. 
Result of stationary calculation shows agreement with the maximum values from time -dependent calculation. 
Comparison with experimental results also had shown a fairly good agreement. The results discussed were the 
electric field distribution and the current distribution, then in consequently their relation to each other and to 
the filamentary discharge observed on the water surface during laboratory experiments. It can be concluded 
that the distribution of electric field and current is influenced by the filamentary discharge.  
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1. Introduction 
 

Electrical discharge on water surface is being investigated 
from different perspectives which includes fundamental 
knowledge which in consequently contributing to various 
applications in engineering. This includes investigations and 
applications in water treatment 1-5), maintenance of electrical 
transmission facilities 6-8) and NOx gases treatment 9). This 
electrical phenomenon which includes two dielectrics (water 
and air) is also being investigated for the interest regarding 
lightning on water surface 10-12). 

With merits such as stronger winds and spacious open area 
that will eliminate the visual and noise impact, wind turbines 
are widely being built at the sea area 13). Despite that, due to 
their height of over 100 meters, the wind turbines are 
exposed to hazards due to direct and indirect lightning 14). As 
access to offshore sites for maintenance and repairs is an 
important aspect for cost reducing, lightning protection in the 
sea area has become a major issue. This also applies to other 

objects on sea such as boats 15), offshore photovoltaic facility 
16), and also human 17). For that matter, an understanding 
regarding lightning phenomenon on water surface is crucial, 
where various parameters are ought to be considered.  

Laboratory-scale electrode system imitating lightning 
phenomenon on water surface using spark discharge 18) had 
showed that the conductivity of water is influencing the 
discharge occurred on water surface and also the current 
distribution. However, there is limitation in experimental 
investigations such as the apparatus scale, and for this, 
computer-aided simulation is the tool to assist the 
investigation. 

In this work, numerical calculations of current distribution 
due to spark discharge on water surface with different 
conductivity were done. As this phenomenon includes both 
air and water phase, it is very crucial that the calculation 
takes account the discharge phenomenon at the air phase 
which includes a voltage drop at the air gap, then in 
consequently the discharge and current conduction 
phenomena at the water phase.   

As the first step of this work, this paper is focusing on the 
discharge and conduction phenomena at the water phase. In 
this paper, calculation of current distribution using 
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experimentally measured water surface potential as the 
boundary condition is discussed. The calculations were done 
under both stationary and time-dependent condition, and the 
results are then compared with the experimental results.  

 
2. Calculation model and boundary condition 

 
In our previous work, an electrode system as shown in Fig. 

1 was developed to observe the current distribution due to 
spark discharge on water surface of different conductivity, σ; 
varied using tap water and saline solutions. The electrode 
system is consisted of a discharge electrode, which is placed 
with an air gap from the water surface; and 9 underwater 
grounding electrodes to observe the underwater current 
distribution. 25 kV of impulse lightning (1.2/50μs) was 
applied to the discharge electrode to generate the spark 
discharge at the air gap. The number 1.2/50μs indicates that 
1.2μs are needed for the surge to reach its peak value 
(duration of wave front), and 50μs are taken for the surge to 
decay from the peak to its 50% value (duration of wave tail). 
From the experiments, a significant difference was obtained 
between tap water and saline solutions. During the discharge 
process, filamentary discharge sprouting on the water surface 
had been observed as shown in Fig. 2, where (a) is for tap 
water (σ = 0.07 S/m) and (b) is for saline solution with the 
same σ as seawater (σ = 5 S/m). All other saline solutions had 
shown similar characteristics to 5 S/m even with a small 

difference of σ to tap water 18).  
On that matter, only the calculation for tap water (σ = 0.07 

S/m) and saline solution with the same conductivity to 
seawater (σ = 5 S/m) are done in this work. The calculation 
model used in this work is as shown in Fig. 3 which is a 
two-dimensional axial-symmetry model. The mesh is 
consisted of 12634 triangular elements with finer elements at 
the boundaries which are representing the water surface and 
ground. Electric potential at the water surface, Vsurface is the 
experimentally measured electric potential as shown in Fig. 4, 
which was obtained from the peak values of the electric 
potential waveforms, where r is the distance from the 
discharge point. These electric potential were obtained using 

 

 

Fig. 1 Cross sectional view of electrode system for 
observing discharge current distribution. 

20

40
40

15

15
1 2 3 4 5 7

8

9

6

5mm r
z

0

water of σ
130

Discharge 
electrode

Grounding electrode

to impulse HV
generator

 
(a) 0.07 S/m               (b) 5 S/m 

Fig. 2 Filamentary discharge on water surface. 
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Fig. 4 Peak values of water surface potential, Vsurface 
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experimentally measured water surface potential as the 
boundary condition is discussed. The calculations were done 
under both stationary and time-dependent condition, and the 
results are then compared with the experimental results.  

 
2. Calculation model and boundary condition 

 
In our previous work, an electrode system as shown in Fig. 

1 was developed to observe the current distribution due to 
spark discharge on water surface of different conductivity, σ; 
varied using tap water and saline solutions. The electrode 
system is consisted of a discharge electrode, which is placed 
with an air gap from the water surface; and 9 underwater 
grounding electrodes to observe the underwater current 
distribution. 25 kV of impulse lightning (1.2/50μs) was 
applied to the discharge electrode to generate the spark 
discharge at the air gap. The number 1.2/50μs indicates that 
1.2μs are needed for the surge to reach its peak value 
(duration of wave front), and 50μs are taken for the surge to 
decay from the peak to its 50% value (duration of wave tail). 
From the experiments, a significant difference was obtained 
between tap water and saline solutions. During the discharge 
process, filamentary discharge sprouting on the water surface 
had been observed as shown in Fig. 2, where (a) is for tap 
water (σ = 0.07 S/m) and (b) is for saline solution with the 
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shown similar characteristics to 5 S/m even with a small 
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Fig. 2 Filamentary discharge on water surface. 
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a tungsten-tipped measurement probe placed perpendicularly 
to the water surface, and the tip was in contact with the water 
surface18). The measurement was done in a 20 mm interval. 
Vsurface with both r and time, t as the agreement for 
time-dependent calculation is shown in Fig. 5. Maximum r 
values for Vsurface used in the calculation are according to the 
l values which were determined from the filamentary 
discharge length as in Fig. 2 and are different for tap water 
and seawater. For seawater, although only 7 mm of 
filamentary discharge was observed, the l value was set to 20 
mm; which is the second value of electric potential measured 
after the electric potential at r = 0 mm, V0mm as can be seen in 
Fig. 4. Insulation in the model means that no electric current 
flows into the boundary where , with  direction is 
perpendicular to the water surface. This is equivalent to 
where no filamentary discharges were observed on the water 
surface during the experiments. The parameters used in the 
calculation which includes the dielectric properties of tap 
water and seawater are provided in Table 1.    

The electric field and current were calculated by employing 
the equations below, where  current density [A/m2],   
electric field [V/m], ø  electric potential [V], and  
electric displacement field [C/m2] using the AC/DC module 
of Comsol Multiphysics. Eq. (2-1) is for stationary 
calculation while eq. (2-2) is for time-dependent calculation. 

 The calculations were done under both stationary and 
time-dependent condition, although the spark discharge is a 
transient phenomenon which automatically suggests that only 
a time-dependent calculation is needed. A stationary 
calculation is also important as a quick spatial evaluation of 
the electrical properties involved.  

  ø  (1) 
        (2-1) 

    (2-2) 

 
3. Results and discussion 

 
Fig. 6 shows the electric field components Er (r-component), 

Ez (z-component) and E on water surface (z = 0 mm) obtained 
from stationary calculation. The calculation result of Er 
shows a fairly good agreement with the experimental result. 
The experimental result of Er on water surface was obtained 
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Fig. 6 Electric field component on water surface (z = 0 
mm) obtained from stationary calculation. 
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Table 1 Calculation parameters 

 

 Property tap water seawater

 Conductivity, σ[S/m] 0.07 5

 Relative permittivity, εr 78.5 68.3

 Boundary length, l  [mm] 100 20
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Fig. 7 Electric field obtained from stationary 
calculation. ( arrows : electric field vectors; color map : 
electric field magnitude in log scale, log10 (V[kV/m]) ) 
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experimentally measured water surface potential as the 
boundary condition is discussed. The calculations were done 
under both stationary and time-dependent condition, and the 
results are then compared with the experimental results.  
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a tungsten-tipped measurement probe placed perpendicularly 
to the water surface, and the tip was in contact with the water 
surface18). The measurement was done in a 20 mm interval. 
Vsurface with both r and time, t as the agreement for 
time-dependent calculation is shown in Fig. 5. Maximum r 
values for Vsurface used in the calculation are according to the 
l values which were determined from the filamentary 
discharge length as in Fig. 2 and are different for tap water 
and seawater. For seawater, although only 7 mm of 
filamentary discharge was observed, the l value was set to 20 
mm; which is the second value of electric potential measured 
after the electric potential at r = 0 mm, V0mm as can be seen in 
Fig. 4. Insulation in the model means that no electric current 
flows into the boundary where 𝐧𝐧 𝐧 𝐧𝐧 𝐧 𝐧, with 𝐧𝐧 direction is 
perpendicular to the water surface. This is equivalent to 
where no filamentary discharges were observed on the water 
surface during the experiments. The parameters used in the 
calculation which includes the dielectric properties of tap 
water and seawater are provided in Table 1.    

The electric field and current were calculated by employing 
the equations below, where 𝐉𝐉 𝐉 current density [A/m2], 𝐄𝐄 𝐄  
electric field [V/m], ø :  electric potential [V], and 𝐃𝐃 𝐃 
electric displacement field [C/m2] using the AC/DC module 
of Comsol Multiphysics. Eq. (2-1) is for stationary 
calculation while eq. (2-2) is for time-dependent calculation. 

 The calculations were done under both stationary and 
time-dependent condition, although the spark discharge is a 
transient phenomenon which automatically suggests that only 
a time-dependent calculation is needed. A stationary 
calculation is also important as a quick spatial evaluation of 
the electrical properties involved.  

  𝐄𝐄 𝐄𝐄𝐄𝐄ø  (1) 
     𝐉𝐉𝐉𝐉  𝐉𝐉𝐉   (2-1) 

𝐉𝐉𝐉𝐉  𝐉𝐉𝐉 𝐉 𝝏𝝏𝝏𝝏
𝝏𝝏𝝏𝝏     (2-2) 

 
3. Results and discussion 

 
Fig. 6 shows the electric field components Er (r-component), 

Ez (z-component) and E on water surface (z = 0 mm) obtained 
from stationary calculation. The calculation result of Er 
shows a fairly good agreement with the experimental result. 
The experimental result of Er on water surface was obtained 
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Fig. 6 Electric field component on water surface (z = 0 
mm) obtained from stationary calculation. 
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a tungsten-tipped measurement probe placed perpendicularly 
to the water surface, and the tip was in contact with the water 
surface18). The measurement was done in a 20 mm interval. 
Vsurface with both r and time, t as the agreement for 
time-dependent calculation is shown in Fig. 5. Maximum r 
values for Vsurface used in the calculation are according to the 
l values which were determined from the filamentary 
discharge length as in Fig. 2 and are different for tap water 
and seawater. For seawater, although only 7 mm of 
filamentary discharge was observed, the l value was set to 20 
mm; which is the second value of electric potential measured 
after the electric potential at r = 0 mm, V0mm as can be seen in 
Fig. 4. Insulation in the model means that no electric current 
flows into the boundary where , with  direction is 
perpendicular to the water surface. This is equivalent to 
where no filamentary discharges were observed on the water 
surface during the experiments. The parameters used in the 
calculation which includes the dielectric properties of tap 
water and seawater are provided in Table 1.    
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calculation is also important as a quick spatial evaluation of 
the electrical properties involved.  

  ø  (1) 
        (2-1) 

    (2-2) 

 
3. Results and discussion 

 
Fig. 6 shows the electric field components Er (r-component), 

Ez (z-component) and E on water surface (z = 0 mm) obtained 
from stationary calculation. The calculation result of Er 
shows a fairly good agreement with the experimental result. 
The experimental result of Er on water surface was obtained 

 
(a) 0.07 S/m 

 
(b) 5 S/m 

Fig. 6 Electric field component on water surface (z = 0 
mm) obtained from stationary calculation. 

-1000
-800
-600
-400
-200

0
200
400
600
800

1000

0 50 100 150 200 250 300 350

E
[k

V
/m

]

Distance from discharge point, r [mm]

Experiment
Calculation E
Calculation Er
Calculation Ez

-250
-200
-150
-100

-50
0

50
100
150
200
250

0 50 100 150 200 250 300 350

E
[k

V
/m

]

Distance from discharge point, r [mm]

Experiment
Calculation E
Calculation Er
Calculation Ez

Table 1 Calculation parameters 

 

 Property tap water seawater

 Conductivity, σ[S/m] 0.07 5

 Relative permittivity, εr 78.5 68.3

 Boundary length, l  [mm] 100 20

 
(a) 0.07 S/m 

 
(b) 5 S/m 

Fig. 7 Electric field obtained from stationary 
calculation. ( arrows : electric field vectors; color map : 
electric field magnitude in log scale, log10 (V[kV/m]) ) 

3

2

1

0

-1

-2

-3

-4

log10 (E [kV/m])

-200

-160

-120

-80

-40

0

40

80

0 50 100 150 200 250 300 350

-200

-160

-120

-80

-40

0

40

80

0 50 100 150 200 250 300 350

3

2

1

0

-1

-2

-3

-4

log10 (E [kV/m])

Vol. ⅩⅩⅩⅨ, 2014 － 3－

Numerical Calculation of Current Distribution due to Spark Discharge on Water Surface with Surface Potential as Boundary Condition



 
Nur Shahida MIDI, M.K.A. MUHAMAD, Ryu-ichiro OHYAMA 

Proceedings of the School of Engineering 
Tokai University, Series E 

―4― 

from the differential of Vsurface in r direction. As the potential 
matrix for differential in z direction could not be obtained 
with the same measurement method, the comparisons for E z 
and E are not available. From this figure, it can be seen that 
at the positions where r < l (which represent the filamentary 
discharge on water surface), the electric field are mainly 
consisted of Ez. At the position where r > l, the electric field 
are mainly consisted of Er. This is confirmed by the arrows 
which represent the electric field vectors in Fig. 7. For the 
symmetry axis (r = 0 mm), where the arrows are mostly 
pointing downwards, the electric field is mostly consisted of 
Ez, where Er is almost zero. From these results, it can be 
concluded that the filamentary discharge on water surface (or 
Vsurface in the model) is influencing the electric field 
distribution.  

The distribution of electric field to underwater expressed by 
both the vectors arrows and the color map in log scale ( log10 
E [kV/m] ) suggest that the area which are affected by the 
filamentary discharge is different for both conductivity. The 
E for 0.07 S/m is more affected than 5 S/m, considering the 
longer l of 0.07S/m. For time-dependent calculation, similar 
distributions are obtained which the magnitude of E decrease 
with the increase in time. 

The electric field distribution relation with time is shown in 
Fig. 8, obtained from the time-dependent calculation. A 
difference to the stationary calculation result in the electric 
field magnitude of 0.07 S/m can be observed. This is caused 
by the time-dependent waveform of 0.07 S/m (Fig. 5(a)) 
which did not show a smooth decrease of Vsurface with the 

increase in r, compared to 5 S/m (Fig. 5(b)) which shows a 
smooth waveform resulting to less obvious difference of E 
between stationary and time-dependent calculation results. 

Fig. 9 shows the current distribution obtained from 
stationary calculation where the lines are the current vectors 
while the color map is the current density magnitude in log 
scale ( log10 I [A/m2] ). Similar to the electric field 
distribution, the distribution of discharge current is also 
influenced by the filamentary discharge. It can be seen that 
the lines are mainly originating from the position where 
boundary condition is added which is identical to the vectors 
of E as in Fig. 7. Besides that, it can be seen that the current 
lines at around 100 mm for 0.07 S/m and 20 mm for 5 S/m 
are denser compared to other area. Denser current streamlines 
indicate higher magnitude of the current. This is coherent 
with results obtained by Matsuo et al. which states that most 
of the discharge current flows from the tip part of the local 
discharge regardless of the propagation length 7). Similar with 
the case of electric field in Fig.6, the time-dependent current 
distributions resemble the stationary calculation result in 
which the magnitude decreases with the increase in time.  

Fig. 10 shows the discharge current waveforms at the 
grounding electrodes obtained from the time-dependent 
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E for 0.07 S/m is more affected than 5 S/m, considering the 
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distributions are obtained which the magnitude of E decrease 
with the increase in time. 

The electric field distribution relation with time is shown in 
Fig. 8, obtained from the time-dependent calculation. A 
difference to the stationary calculation result in the electric 
field magnitude of 0.07 S/m can be observed. This is caused 
by the time-dependent waveform of 0.07 S/m (Fig. 5(a)) 
which did not show a smooth decrease of Vsurface with the 

increase in r, compared to 5 S/m (Fig. 5(b)) which shows a 
smooth waveform resulting to less obvious difference of E 
between stationary and time-dependent calculation results. 

Fig. 9 shows the current distribution obtained from 
stationary calculation where the lines are the current vectors 
while the color map is the current density magnitude in log 
scale ( log10 I [A/m2] ). Similar to the electric field 
distribution, the distribution of discharge current is also 
influenced by the filamentary discharge. It can be seen that 
the lines are mainly originating from the position where 
boundary condition is added which is identical to the vectors 
of E as in Fig. 7. Besides that, it can be seen that the current 
lines at around 100 mm for 0.07 S/m and 20 mm for 5 S/m 
are denser compared to other area. Denser current streamlines 
indicate higher magnitude of the current. This is coherent 
with results obtained by Matsuo et al. which states that most 
of the discharge current flows from the tip part of the local 
discharge regardless of the propagation length 7). Similar with 
the case of electric field in Fig.6, the time-dependent current 
distributions resemble the stationary calculation result in 
which the magnitude decreases with the increase in time.  

Fig. 10 shows the discharge current waveforms at the 
grounding electrodes obtained from the time-dependent 
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calculation. These waveforms resemble the current 
waveforms that were obtained from the experiments 18). As 
the calculation model in this work is only considering the 
water phase (instead of the water and air two-phase discharge 
phenomenon of the electrode system), it can be concluded 
these current waveform is not directly affected by the current 
at the discharge electrode (which is at the air phase), or in 
other words, the Vsurface is enough to obtain the waveforms. 

Fig. 11 shows the discharge current distribution at the 
grounding electrodes for both stationary and time-dependent 
calculation with comparison to the experimental values. The 
current density values for time-dependent were obtained from 
the highest value of the current density calculated, which is 
equal to the peaks of waveforms in Fig. 10. Note that the 
times for the highest value to occur are different according to 
the electrode number especially for 0.07 S/m. This also 
applies to the experimental values that were obtained from 
the current waveform’s peak, where a time lag is observed as 
the grounding electrode number shifted from 1 to 9. From 
these figures, it can be seen that the stationary calculation 
results agree well with the peak values for time-dependent 
calculations in term of the distribution pattern. The slight 
difference between the two calculation values is considered 
due to the effect of electric displacement field [C/m2], as 
suggested by Eq. 2-1 and Eq. 2-2. For 0.07 S/m, the 

time-dependent calculation results are 15% smaller than that 
of stationary calculation results. On the other hand, a 
difference of 20% was observed. The 5% difference between 
the two conductivities is considered to be caused by the 
difference in E as in Fig. 6 and Fig. 8. It also can be seen that 
the calculated discharge current shows the same pattern to the 
experimental results. However, there is differences not more 
than one power order in the current density values. This 
might be caused by the influence of electric fields generated 
by the residual space charge, which accentuated or weakened 
the total electric field during the experiments. 

From these results, it can be concluded that for a water 
phase model, boundary condition of electric potential 
considering the filamentary discharge on water surface is 
appropriate for the calculation of current distribution to 
underwater. From the electric field vectors and current 
streamlines, the significance of Vsurface (or filamentary 
discharge on water surface) towards the two fields can be 
seen. 
 

4. Concluding remark 
 
Calculation of current distribution to underwater due to 

spark discharge on water surface is done with a single water 

 
(a) 0.07 S/m 

 
(b) 5 S/m 

Fig. 10 Current waveforms at the grounding electrodes 
obtained from time- dependent calculation. 
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Fig. 11 Current distribution at the grounding electrodes. 
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phase calculation model. From the calculation results, the 
relation between surface potential, electric field and current 
distribution was identified. From this, the relation between 
filamentary discharge on water surface and current 
distribution to underwater observed during the experiments is 
established. The results that could not be obtained from the 
experiments such as the electric field and current vectors are 
made available by this numerical calculation. The reliability 
is confirmed by the comparison with experimental values that 
shows a relatively fair agreement. On the whole, it can be 
concluded that in calculation of current distribution to 
underwater using electric potential on water surface as the 
boundary condition, considering only the potential at the 
filamentary part is adequate.  

Although this calculation using electric potential on water 
surface is considered enough to simulate the current 
distribution underwater, it is still reasonable for a demand of 
calculation model considering both the air and water phase. 
This is because development of a complete two phase 
calculation model will reduce the needs in physical 
experiments, where the needs to measure surface potential 
can be eliminated. This one phase calculation result will be 
the initial step for the calculation considering both the air and 
water phase. Subsequently, a numerical calculation that is 
including the voltage drop at the air phase above the water 
surface is to be considered. 
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