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Abstract. In order to evaluate the behavior of a high power pulsed underwater electrical 

discharge, and especially characterize the pressure generated by such a discharge, we 

implemented several optical diagnostics. We first observed directly the expansion of the 

plasma produced by the dielectric breakdown of the water between the electrodes and the 

resulting gaseous pulsating bubble. This observation led to an estimate of the pressure inside 

the bubble with respect to time. We then visualized the propagation of the pressure wave 

generated by the discharge with shadowgraph and Schlieren setup. The obtained velocity was 

then used to evaluate the theoretical maximum pressure at the pressure front. Finally, we 

measured the velocity induced by the pressure wave on a thin aluminum disk with a heterodyne 

velocimeter and used numerical simulation to obtain a temporal form of pressure. These 

methods and results can be used to develop and assess performances of processes using 

underwater electrical discharges to generate pressure waves such as electrohydraulic forming. 

1.  Introduction 

High pulsed power systems have been used in a variety of scientific and industrial applications for 

many years. One of these consists in the generation of an electrical discharge in water in order to 

produce a strong dynamic pressure wave. This technique has especially been used in the 

manufacturing industry [1], enabling the forming of complex shapes at high speeds since the 1950-

1960, following the work of Yutkin [2]. Processes optimization is still needed and is related to a better 

understanding of the dynamic behavior of materials but also to the generated pressure characterization. 

One of the characterization methods uses post experiment deformation measurement to assess process 

efficiency but it inherently lacks in useful information about the pressure wave dynamic. Therefore, 

pressure sensors, which are acoustic to electrical signal transducers, are used to measure the pressure 

wave temporal shape. However, the use of pressure sensor is not straightforward as most of them are 

sensitive to the strong electromagnetic field generated by the discharge and their bandwidth is not 

adapted to the pressure rise time or their structural response quickly prevents a correct readout, 

precluding a proper recording of the pressure decaying phase. 
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The aim of our study was to address some of the processes associated with the electrical to 

mechanical energy conversion. To do so, we first used a set of three cameras to observe the evolution 

of the conductive channel radius during the energy deposition phase, the following bubble 

expansion/compression phase and also the propagation of the pressure wave generated by the 

discharge. We then used an indirect pressure measurement by coupling a heterodyne velocimeter to 

the numerical simulation of the process. 

2.  Experimental setup 

To induce electrical discharge in water, we used an electrical generator with a capacitive storage of up 

to 16.65 µF that can be charged up to 40 kV. During the charging phase, the generator is isolated from 

the discharge electrodes by a pressurized air switch. Then, the switch closure brings a high enough 

voltage to the two electrodes immerged in water so that a dielectric breakdown occurs. This 

breakdown creates plasma in which the stored electrical energy is quickly deposited, typically on the 

order of tens of microseconds. This rapidly expanding plasma vaporizes the surrounding liquid water 

and those two phenomena generate a strong propagating pressure wave in water due to its low 

compressibility. 

The electrical energy deposition is monitored by a Northstar VD-120B-10 voltage divider with a 

ratio of 1:10000 V/V, a 15 MHz bandwidth and a maximum tension of 120 kV AC/DC. This probe is 

coupled with a pulsed current transformer 3-0.002 from Stangenes with a 500 A/V ratio, a 100 ns rise 

time and a maximum peak current of 200 kA. 

The cameras we used were chosen to best render each of the phases we needed to observe. During 

the first tens of microseconds, corresponding to the energy deposition phase, we used an intensified 

CCD camera Princeton PiMax 1K, with intensifier Gen2 to directly visualize the discharge channel 

expansion. This camera has 1024 x 1024 imaging pixels and a 16 bits depth for intensity sampling. 

These features come with a limited sampling frequency (1 Hz) allowing us to record only one frame 

per discharge. We therefore made sure that the energy deposition was repeatable so that we could 

reasonably expect to get the same behavior from multiple discharges. The strong initial brightness 

enabled us to avoid the use of a backlighting source and the exposure time was reduced to 2 ns to 

avoid saturation and make use of the 16 bits sensor depth. 

For the expansion/compression phase of the generated gas bubble, which takes place in a few 

milliseconds, we chose a high speed Photron APX RS3000 with a sampling frequency ranging from 3-

250 k frame/s depending on the chosen resolution. This camera was coupled to a backlighting in order 

to observe the whole bubble because only the central part of it emits light. 

The last camera we chose was an ultra high speed Shimadzu HPV-2, with a 312 x 260 imaging 

pixels CCD sensor and up to one million frames per second acquisition rate coupled to a Schlieren or 

shadowgraph setup to study pressure wave propagation, the arrangement of which is shown figure 1. 

 
Figure 1. Optical arrangement of a Schlieren setup. 

 

Lastly, a heterodyne velocimeter from IDIL was used to indirectly retrieve the pressure generated 

by an electrical discharge as we measured the speed of a thin aluminum flyer put in motion by an 

incoming pressure wave in water. This flyer was chosen very thin, 50 µm, so as to minimize response 

time and large, 50 mm of diameter, so as to free the measurement from 2D effects for several 

microseconds, which is enough in our case to determine the pressure wave decay time constant. 
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3.  Results and discussion 

3.1.  Conductive channel expansion phase 

The pictures shown in figure 2 were acquired after a 1.5 kJ discharge in a point-point electrodes 

configuration with a 10 mm gap. They showed that the cylindrical geometry chosen for the simulation 

of the conductive channel phase is justified. This hypothesis allowed simplification in the expression 

of the electrical resistance calculation. Moreover, Timoshkin and al. [3] referring to the work of 

Hammond [4], stated that a spherical bubble of the same volume can be used for the expansion phase 

because the two shapes are equivalent in terms of maximum pressure if the measurement is made at 

least at half the cylindrical charge height. In our case it corresponded to a 5mm stand-off from the 

discharge channel, condition that was met because we measured the pressure several centimeters away 

from the discharge. 

 

 
T= Tref T= Tref+1 µs T= Tref+5 µs T= Tref+9 µs T= Tref+10 µs 

Figure 2. Conductive channel expansion observed with the ICCD. 

 

The model we used to correlate the measured energy deposition E to the discharge channel radius R 

was the one presented by Timoshkin [3], where they considered the plasma as a perfect gas, the 

expansion rate of which is slow compared to the sound speed in water. They also neglected radiative 

and conductive heat transfer as well as the influence of hydrostatic pressure and other negligible terms. 

From these hypotheses and the equations of conservation of mass, energy and momentum, one gets 

equation (1):    
  

 
         

      

    
  ; where γ is the heat capacity ratio and ρ0 is the standard 

liquid water density. 

As depicted in figure 3, the measured radius was smaller than the simulated one from equation (1) 

by 20 to 40 %. This discrepancy can be explained by the fact that we only saw the channel part that 

was hot enough to emit light when the energy was used to expand the whole system, comprising the 

conductive channel and the surrounding cooler gas bubble that grew bigger with respect to time. 

 

 

Figure 3. Comparison between the measured channel radius with 

ICCD and the calculated one. 

3.2.  Bubble phase expansion after energy deposition 

As we just shown, the accurate measurement of the expansion of a bubble containing a mixture of 

plasma, atomic gas and water vapor was rather difficult based solely on the light that was emitted by 
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the bubble hottest part. In the following, a backlighting source was used to overcome this issue. By 

increasing the camera exposure time due to the overall lower brightness we could therefore capture the 

whole bubble at later time. As can be seen in figure 4, the volume occupied by the non luminous 

bubble part prevails once the energy deposition phase has ended. 

 

 
T= 1.75 ms T= 3.49 ms T= 4.44 ms T= 6.67 ms T= 8.10 ms 

Figure 4. Bubble expansion after the energy deposition as observed by the high speed camera. 

 

For each experiment, we analyzed the pictures and extracted the bubble radius assuming a spherical 

symmetry. An example of the results is shown in figure 5, with a polynomial fit extrapolating the 

missing data where the only additional constraint was a null initial radius. 

 

 

Figure 5. Comparison between measured and simulated bubble 

radius and simulated pressure. 

 

From the bubble estimated period τ, the bubble energy was determined with equation (2) given by 

Willis [5]:   
    

   

       
    where P0 is the atmospheric pressure in normal conditions. This formula led to 

the underestimation of the bubble energy (E=52.7 J) whereas the measured one with our electrical 

diagnostics was E=111.6 J. This discrepancy is most likely due to the fact that this formula is relevant 

to a bubble generated far from any interface, whereas the free surface and walls stood at 23cm from 

the bubble center. These interfaces modified the flows due to the reflection of the generated pressure 

wave. A simulated radius from equation (1) is shown in figure 5 where the energy deposition was cut 

once the estimated bubble energy from the camera was reached. Given the fact that the simulated 

radius agrees well in terms of maximum radius and period with the measured one, this cut-off criterion 

is an appropriate way of taking into account the discharge chamber finite size. A simulated internal 

pressure from equation (3):            
 

 
          is shown in figure 5 on the secondary axis on 

a logarithmic scale. 

3.3.  Visualization of pressure wave propagation 

The pressure wave generated by the electrical discharge in water modifies the density of water during 

its propagation, therefore changing its optical index as stated by the Gladstone-Dale law. Those 

changes in optical index were observed thanks to the Schlieren [6] or shadowgraph [6] technique. An 

example of pictures obtained in Schlieren configuration is shown in figure 6. 
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Figure 6. Visualization of pressure wave propagation with Schlieren configuration from figure 1. 

 

Depending on the measured propagation speed D, the maximum pressure is obtained using an 

approximation of the Rankine-Hugoniot relationships, giving equation (4):       
       

 
, where c0 

is the sound speed of water at rest and s is the shock Hugoniot slope and        , where u is the 

material speed. This method allowed us to estimate pressure comprised between 228 bars and 1898 

bars depending on the initial energy stored, at a distance of 8 to 15 cm. The main drawback of this 

method was a quite high uncertainty, between 27 and 83 % depending on the configuration, mostly 

due to the limited “spatial resolution/acquisition frequency” trade-off. Those uncertainties were too 

high to characterize the phenomenon so this diagnostic was mostly used as an “order of magnitude” 

pressure estimate rather than a qualitative one. Nevertheless, these pictures helped us understand how 

the pressure wave interacted with surrounding objects, such as the structure of the pressure sensors we 

used, which was useful during the obtained signals post processing. 

3.4.  Indirect pressure measurement with heterodyne velocimetry 

The indirect measurement of pressure presented in the second part has the advantage of having a 

shorter response time than most piezoelectric transducers, whose drawbacks were studied by Grinenko 

and al. [7] or Sayapin and al. [8]. However, it required a numerical simulation in order to obtain the 

pressure. This task was performed using LS-DYNA
®
 where the system was modeled with a 2D 

axisymmetric approach. The applied pressure was constrained to a temporal evolution in the form of 

equation (5):                  , where Pmax and τ were adjusted to fit the resulting measured 

speed at the flyer center. 

 

 

Figure 7. Comparison between measured and simulated velocity at the flyer center, 

time reference at the maximum speed. 

 

In figure 7, matching between the measured and simulated velocities can be seen for the maximum 

speed and decay time for a maximum input pressure of 100 bars and a pressure decay time of 6 µs. 

The two other features that were not well rendered were the measured velocity rise time and the 

secondary peak around 7 µs. The rise time in the simulation was only slower due to the mesh size 

chosen to model water in order to have a reasonable computation time. A mesh convergence showed 

that sufficiently dense mesh rendered the actual rise time but ours does not affect maximum pressure 
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or decay time. The secondary peak was only a reflection on the structure holding the flyer in water and 

did not represent a feature of the pressure wave itself so it was not relevant to try fitting it better to the 

experiment. As simple geometrical calculation showed, considering a spherical propagating wave, an 

angle of only 10° compared to a flyer perfectly perpendicular to the discharge center axis explained 

the time delay between the simulated and measured secondary peak. 

4.  Conclusions 

We described and analyzed a variety of optical diagnostics used to characterize pressure waves 

generated by pulsed electrical discharge in water. Those diagnostics were separated between the 

imaging and indirect pressure measurement techniques. Imaging diagnostics gave rough estimates on 

quantity of interest, due to rather high uncertainties. Indirect pressure measurement technique, using a 

heterodyne velocimeter, displayed interesting features: a short rise time, an immunity to electrical 

charges generated by the discharge and a higher maximum pressure levels as the flyer was the only 

deformed part. This last feature was also its main drawback as a new flyer was needed each time we 

made a new experiment. 
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