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Abstract: As a most important component in power system networks, electric 

circuit breakers and switches protect the electric components from being damaged 

by fault currents. Breakdown strength and recovery rate are the two essential 

characteristics of an electric switch. By applying a supercritical fluid (SCF) - a 

potential insulating medium for high voltage switches, the recovery rate of switches 

can be significantly improved, owing to the combined advantages of gas and liquid. 

In this work a simple model for recovery rate investigation of an electric switch is 

proposed, aiming to roughly indicating the recovery rate of a SCF switch. The 

accuracy of the model is discussed through comparison with the experimental 

recovery rate of an air-flushed plasma switch. Both advantage and disadvantage of 

this model are discussed. 
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Introduction 

As one of the most important elements in power system networks, electrical circuit breakers and 

switches exist in all voltage levels, for protection of electrical components from damage by 

overload or short circuit. In high voltage networks, Sulfur-Hexafluoride (SF6) as the insulating 

medium dominates due to its excellent interrupting capability and fast dielectric strength recovery 

after current interruption [1]. However, SF6 is the most potent greenhouse gas and the degeneration 

products from SF6 are toxic [2]. The negative effects of SF6 on environment encourage the search 

for a new interrupting medium in high voltage applications. Supercritical fluid (SCF) switches 

attract our keen attention, owing to its combined advantages of gas and liquid: high breakdown 

strength (large heat capacity) and fast dielectric recovery (large heat conductivity and small 

viscosity). In this work, one simple thermodynamic model is proposed to evaluate the recovery rate 

of a plasma switch. Recovery rate analysis of an air-flushed plasma switch is proceeded regarding 

to both theoretical model and experimental results. The object of this work is to have a simple 

model which can roughly indicate the recovery rate of a SCF switch. 

 

Thermodynamic model 

In order to analyze the recovery performance of a plasma 

switch, physical model of a simplified plasma switch with 

plane electrodes is shown in figure 1. The switch is 

composed of one anode, one hollow-cylindrical trigger 

electrode mounted inside the anode, and one plane cathode. 

The anode is 40.0 mm cup with a hole of 21.0 mm in 

diameter, one cylindrical trigger electrode with inner 

diameter 9.0 mm and outer diameter 18.0 mm is mounted in 

the hole of anode, formed a gap distance of 1.5 mm between 

the trigger electrode and anode. The axial thickness of the 

plane cathode is 50 mm, and distance between anode and 

cathode is in range of 6-10 mm. The air is blown into the 

spark gap from both the trigger gap and the centre of the 

Fig. 1.  Physical model of plasma switch 

and example spark channel generated 

between the electrodes. 

l



XXth  Symposium on Physics of Switching Arc 

Ski Hotel - Nové Město na Moravě, Czech Republic September 2 - 6, 2013 

 

trigger electrode, then flows out via six symmetrical exists. In this work the recovery rate analysis 

of the gas insulated plasma switch is based on this switch geometry.  

The gas temperature decay model of the spark channel inside a plasma switch is generated by an 

adapted version of the model with spherical electrodes in [3]. It is axisymmetric in radial direction. 

The parameter distribution in axial direction is assumed to be homogenous. The initial parameters 

are: background air pressure at steady state Pair = 2.6 bar; background air temperature Tair = 296 K; 

spark gap width lgap = 7.35 mm; air flushing volume velocity Vair = 10 m
3
/h (at STP 24 m

3
/h). We 

apply a peak voltage of 25 kV to a switch with plane electrodes. Once the switch breaks down, 

energy of value ΔE≈0.7 J is instantaneously deposited into a cylindrical spark channel of initial 

diameter 50 µm and length lgap. The gas density inside the channel is kept constant initially, being 

equivalent to the background density ρ0, based on the assumption in [4]. From the Caloric equation 

of state (1), it is clear that due to the energy deposition, the gas temperature inside the channel 

increases to a value Tarc0. Here CV is the heat capacity of the hot gas, which is read from the profile 

versus gas temperature in [5]. It was reported that energy deposition does not result in higher gas 

temperature than a limited value (e.g. in air Tlimit=43000 K) [6]. The spark diameter increases to 

such a value that the activated gas volume can contain the deposited energy at the desired maximum 

temperature of 43k Kelvin [7]. The gas pressure can be calculated as the derivative of the Residual 

Helmholtz energy [8], seen in equation (2). Equation (2) clearly shows that with suddenly rising 

temperature and constant density, the gas pressure jumps to a value Parc0 much larger than the 

background pressure P0. Due to the significant pressure difference between in- and outside of the 

spark channel, it tends to expand. In this process conservation of mass is applicable. The volume 

expansion process can be seen as adiabatic expansion, during which no heat transfer to 

environmental gas is considered. Once the pressure within and outside the spark channel balances, 

adiabatic expansion stops, and heat transfer contributes to further temperature decay. The time 

constant of adiabatic expansion is much smaller than that of the heat transfer, so it is reasonable to 

assume that these two processes can be considered separately: at first adiabatic expansion is 

responsible for the temperature decay of spark channel; once volume expansion is completed, heat 

transfer is seen as the only further contribution to energy dissipation by the environment. 

During the adiabatic expansion, the variation of pressure and temperature with respect to gas 

volume are shown in equation (3), (4), where “0” and “1” stands for before and after the adiabatic 

expansion, respectively. During the subsequent process, the internal energy dissipation due to heat 

transfer is described by equation (5). The term is the sum of the products of heat transfer coefficient 

and corresponding surface area. The detailed expression is ƩhA=hconv·Aconv+hcond·Acond, where Acond 

is contact surface between spark channel and electrodes; hcond =kaver/x represents the heat 

conduction coefficient, in which kaver is the averaged thermal conductivity coefficient of the hot 

gas during the temperature decay process and x=5 cm is the axial thickness of the electrodes; the 

heat convection from spark channel to the surrounding gas is characterized as flow across a single 

circular cylinder, where the contact surface area is Aconv=2π·rarc·lgap and heat transfer coefficient 

hconv is shown in equation (6). In equation (6), kf is the coefficient of thermal conduction at film 

temperature Tf (arithmetic mean of the spark channel wall temperature and the far-end gas 

temperature); L is the characteristic dimension for heat transfer calculation, in present model 

equaling the diameter of the cylinder. For the case of flow across a circular cylinder, the Hilbert 

correlation gives the functional forms between the three dimensionless numbers [9], Nu (Nusselt 

number), Pr=ν/D (Prandtl number), and Re=uL/ν (Reynolds number) as described in equation (7), 

where u is the velocity of air flowing through the gap; ν is the kinetic viscosity of the gas; D is the 

thermal diffusivity of the gas. All the parameters are evaluated at the film temperature Tf. The 

constants for equation (7) can be found in table 1[10]. The temperature decay as function of time is 

derived in equation (8). It is reported that when the temperature inside the spark channel drops to a 

value of 550 K, the breakdown voltage of the gas recovers to ≈80% of the static breakdown strength 

[11], so in our model the recovery time of the switch is defined as the time when the temperature of 

the gas inside the spark channel drops to value of 550 K. Figure 2 gives modeling results of radius, 

pressure as well as temperature of the spark channel in relationship with time. 
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Fig. 2.  Modeling results for air flushed gap, of 

temperature (a), density (b), and pressure (c) of 

gas in spark channel in time domain.  
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Tab. 1.  Constants for the Hilpert correlation, Equation (10), for circular cylinders in cross flow, Pr>=0.7. 

Re 0.4-4 4-40 40-4000 4000-40000 40000-400000 

C 0.989 0.911 0.683 0.193 0.027 

m 0.330 0.385 0.466 0.618 0.805 

 

Comparison with experimental results 

In order to investigate the recovery rate of a 

switch experimentally, a 2-8 bar air-blown plasma 

switch with the same geometry as in the described  

model is connected to a pulse voltage source with 

30 kV peak value and up to 1 kHz various 

repetition rate. The ratio of the number of shots 

undergoing normal firing (fully charged 

waveform) to the number of total shots (in this 

work 200 shot), δ=Nnomral/Ntotal, is recorded as a 

function of repetition rate under various air 

flushing velocities. The reciprocal of the repetition 

rate at which δ ≥ 80% is taken as the recovery 

time of the switch. The experimental recovery 

time of the switch is compared with the modeled 

value, with recovering criterion inside the spark 

channel defined in previous section, to test the 

feasibility of the model. Plots of recovery time 

drawn from experiment as well as from modeling 

as function of gas flow rates are given in figure 2. 

 

Discussion and conclusion 

It can be seen that the recovery time of the switch decreases with higher gas flow rate both in 

experiment and modeling case. For all flushing rates the predicted recovery times are of the same 

order of magnitude as the experimental data, though almost twice of the value in experiment. This 

simple thermodynamic model is assumed to be suitable for the prediction of recovery rate in SCF. 

The reason is as follows: I. although SCF has high density similar as liquids, its compressibility is 

high as gases. This makes adiabatic expansion law applicable for SCF; II. Heat transfer model 

afterwards is applicable for both gases and liquids. The recovery time of a SC switch after 

breakdown accompanied by 0.1 J energy deposition is calculated by this model. The predicted 
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Fig. 2.  Comparison of experimental and 

model results of recovery time of the air-

plasma switch. Gap width 7.35 mm, flow 

rate 0-40 m3/h (at STP 0-96 m3/h).

recovery time of the switch insulated with 296 K, 

150 bar SC nitrogen, under fixed gap width 0.4 mm 

is as small as 270 µs, with nitrogen flow rate 1000 

Liter/h (at STP 138 m
3
/h).  

There are several factors that might cause the 

discrepancy. First of all, the heat transfer coefficient 

is taken from the value corresponding to the average 

temperature of the hot gas over the temperature 

decay trajectory, and is kept constant in the process. 

Secondly, during the heat transfer process, heat 

convection is taken as the main contribution, while in 

practice, heat conduction inside the spark channel 

also plays an important role, especially for high 

pressure gas above critical pressure, whose heat 

conductivity has a high peak value (19.5-147 .5 

mW•m
-1

•K
-1

 [12]). This will cause a smaller recovery 

time of the switch than predicted by the model in this 

work, especially with a high pressure gas, e.g. SCF insulated switch. Moreover, radiation, which is 

not accounted for as well, also reduces the recovery time. Thirdly, the breakdown energy is taken as 

a constant input parameter while from the experimental measurements it is observed that the 

breakdown voltage varies slightly with experimental settings such as repetition rate and gap width. 

Last but not least, in this thermodynamic model, the breakdown energy is assumed to convert in to  

gas heat content  instantaneously after breakdown, while it has been reported that in practice after 

the gas breakdown,  the energy stored in vibrational levels takes time to transfer to rotational and 

eventually to kinetic levels (gas heating level) [13]. Under situations like high gas pressure and gas 

species such as nitrogen this relaxation time has an un-ignorable magnitude and should be 

considered in a more detailed model. 
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Fig. 3.  Comparison of experimental and 

model results of recovery time of the air-

plasma switch. Gap width 7.35 mm, flow rate 

0-40 m3/h (at STP 0-96 m3/h). 


