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Abstract. 

 This work concerns the assessment of the surface temperature of copper anodes submitted to 

an electric arc in a non stationary regime in air at atmospheric pressure. An infrared camera is 

used to measure the decrease of the surface temperature just after a very fast controlled arc 

extinction. Results are presented for different mean values of the arc current intensity (30, 70 

and 130 A) with an electric arc duration in the range 2-5 ms. The temperature decrease after 

the arc extinction allows an assessment of the surface temperature just at the moment of the 

arc switching off. In the present experimental conditions the mean temperatures reached for 

copper anodes are in the range 750 – 1200 °C according to the arc current intensity values. 

Comparison between experimental results and a numerical modelling of the electrode heating 

allowed to assess the surface power balance. The values for the volt equivalent are found 

about 12 V and the values for the surface power density are found to be near 2 x 109 W/m². 
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1- Introduction 

 

The experimental measurement of the surface temperature of an electrode submitted to a non-

stationary electric arc burning in air at atmospheric pressure would be useful in many scientific or 

technological fields. For instance, it would be a very useful tool as well for the improvement of the 

knowledge of the arc-electrode interaction or for the conception of high performance electrode 

material according to the applications. 

However, until now this parameter seems to be relatively unknown in the previous experimental 

conditions. Many experimental researches have been conducted in the case of stationary arcs burning 

in argon with refractory electrodes (tungsten, thoriated tungsten, hafnium …) [1-4]. Under these 

conditions, the methods used to measure surface temperature depend strongly on the stationary and 

motionless character of the arc. In [1-6], optical methods were used such as a single color and a double 

color pyrometry method. The stability of the arc root on the electrode surface and the arc column 

symmetry were often an essential parameter to allow the temperature measurement. 

The aim of this work is to obtain information concerning the spatial distribution of the anode surface 

temperature and about the power balance at the anode surface. 

A method is proposed to assess the surface temperature of a copper (low melting temperature) anode 

in the case of a switching arc (non stationary regime) burning in air at atmospheric pressure with an 

electric current intensity in the range 30-130 A and a duration in the range 2.5 – 5 ms. 

 

The paper is organized as follows:  

The first part describes the experimental device used to create opening electric arcs while the second 

part discusses the experimental method used to measure the temperature.  

In the third part, some experimental results are presented. Some typical surface temperature 

distributions are presented for various arc current intensities and for the different arc behaviors 

observed. The influence of arc current intensities on temperature profiles is briefly presented. The 

decrease of surface temperature after the arc extinction is then studied. An assessment of the surface 

temperature at the moment of the arc extinction is proposed for three different mean arc current 

intensities. 

In the last part a numerical modelling of the electrode heat balance is presented and the calculated 

temperature distributions are compared with the experimental results. This method allows to assess, 

for two simple cases, the main characteristics of the power balance at the anode surface (power and 

surface power density). 

 

 

2- Description of the experimental device 
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The experimental device used to measure the temperature of the electrode surface may be divided into 

two parts: 

- The electrical device which consisted of the power supply, the load circuit and the electronic 

switching system. It is schematically presented in figure 1. 

- The electromechanical system which opened the contact and the different cameras used to observe 

the arc behavior and to measure the surface temperature. It is schematically presented in figure 2. 

 
Figure 1. Schematic description of the electrical part of the experimental device 
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Figure 2. Schematic description of the experimental device. 
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 2.1-The electrical device  

The power supply, already described in [7, 8], consists of a set of three 12 V electric batteries. The 

internal resistance of the batteries was about 18 mΩ. An electronic device, consisting of IGBTs 

(Insulated Gate Bipolar Transistors) allowed control of the current in the circuit and was also used to 

extinguish the arc. This static device may switch off a current intensity as high as 1500 A in less than a 

microsecond and may dissipate up to 275 J. The load in the circuit was a non-inductive adjustable 

resistance (0 to 400 mΩ).  

 

 2.2 The mechanical device 

Two coaxial electrodes constitute the contact. The anode is a flat-faced cylinder and remains in a fixed 

position. In order to increase the observable area on the flat electrode when the contact is open, a 

conical shape was chosen for the moving electrode (the cathode). 

A photograph, presented in figure 3 and taken before the arc, illustrates the position and the shapes of 

the two electrodes. An electric servomotor is used to open the contact with nearly constant velocity. 

 

 
Figure 3. Photography of the electrodes before the arc: the contact is closed. 

 

3. Measurements and description of the method 

 

During arcing the following parameters were recorded: 

- The current intensity. 

- The arc voltage. 

- The electrode gap distance. 
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The light emitted by the plasma prevents to observe the cathode surface during arcing. Our process is 

to measure the surface temperature after the arc extinction. This measurement requires an accurate 

spatial resolution and a short exposure time to limit the temperature variations during the 

measurement. That means the use of a pyrometer is not well appropriated because of its long 

integration time (1 ms) and because it only gives the mean temperature of its spot (no distribution). An 

infrared camera was used to measure the temperature distribution on the flat motionless anode surface. 

The spectral response of the InSb camera detector was in the range of 3.7 μm – 4.8 μm. The matrix 

detector was 320 by 240 pixels. The optic used allowed a spatial resolution of 40 μm to 60 μm by 

pixel. The first operation to achieve was to calibrate this camera for copper electrodes. It was made 

with the help of a specific device which allowed to calibrate precisely the camera until copper melting 

temperature. A special attention was brought to the surface state of the anode before each arc. The aim 

was to have the same surface state as the one of the samples used for the camera calibration. The 

copper samples used for calibration had an oxidised surface which is similar to the surface of 

electrodes used for arcing. An average calibration curve (for different surface states) was obtained. 

Several arguments let think that temperature measurements were made with an oxidised surface:  

- The electrode surface after arcing has the same appearance (colour,) than before arcing. 

- Moreover we do not observe soot presence on the electrode surface … 

- The decomposition temperatures of the oxides are in the range of [1600 K - 2100 K]. 

- An order of magnitude of the kinetic of oxide formation for temperatures in the range of 

[500 K – 1200 K], according to [9] is approximately 1 nm for 10 µs.   

With all these elements, the assumptions were made that the surface oxidation does not change 

strongly our calibration curve which was obtained for different surface states of oxidised electrodes. 

The electronic system allowed to force the electric arc extinction in less than 1 μs (this duration is 

denoted τelec). 

The electronic control developed with the infrared camera allowed to activate this one with a time 

delay of 15 μs (this duration is denoted τactivate) and has a precision less than 0.1 μs. The exposure time 

of the infrared camera is denoted τexposure. According to the temperature range, τexposure took values in 

the range of [10 μs, 120 μs]. 

Hereafter, τimage will be defined as the instant for which the photography is taken and is given by: 

osureactivateelecimage exp2
1 ττττ ++=   (1) 

 

These different times are schematically presented in figure 4. 
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Figure 4. Description of the different delays for τexposure = 50 μs and τimage = 40 μs. 

 

As an exposure time was required, it was impossible to have a temperature measurement which 

represented the temperature value at a given instant. The measure corresponded to the averaged 

temperature during the measurement duration. Obviously, during the measurement time (τexposure) the 

surface temperature may vary. These variations were all the less important since τexposure was short. In 

most of the presented cases, τexposure was equal to 50 µs.   

The electrode material was OFHC copper (Oxygen Free High Conductivity). The bath gas was air at 

atmospheric pressure. The diameter of the electrodes was 8 mm. The conical electrode had a half angle 

at the top equal to 30°. Moreover, an electric jack was chosen in order to allow a precise 

synchronization (<0.1 μs) between the motion and the IR camera. Consequently, this choice limited 

the opening velocity. 

 

The process of opening operation was as follows:  

When the IGBTs and the contact were closed, a DC current was flowing through the electrical circuit. 

When the contact opened the current dropped rapidly and became stable around its mean value 

denoted Iarc. For instance, in figure 5, the current drops from 130 A to 70 A in less than 200 µs. Then, 

it decreases slowly during arcing until the arc extinction. At this instant, its value was equal to 80-90 

% of Iarc. The contact voltage increased at the contact opening up to the arc voltage value and 

remained quite stable during the arc. The arc duration was controlled by the IGBTs triggering which 

depended on the software control for which existed an uncertainty of 2 ms. For each opening, the data 

were automatically recorded. Figure 5 presents typical evolution for contact voltage and current 

intensity during the contact opening. The electrode gap at the switching off was about 3.5mm.  
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Figure 5. Typical time evolution of arc voltage and arc current intensity. 

4. Experimental results 

 

 4.1 Preliminary remarks and first observations. 

At the moment of the arc extinction, we have measured both the electrode surface temperature and the 

discharge gas temperature with the IR camera. The observed discharge temperature was far lower than 

the minor boundary of the range of valid temperature values whereas the anode surface temperature 

was in the range. It means the arc radiation was negligible compared to the anode radiation in the IR 

camera wavelength range. As mentioned above, the spatial resolution of the IR camera was about 50 

µm by 50 μm and an integration delay in the range of 10-120 µs was required. Then, events occurring 

at a smaller time or space may not be detailed by an IR photography. For instance, the heating which 

results from the possible existence of microscopic spots having short life durations is averaged in time 

and space. As a result of spatial averaging, the temperature measured by the camera at the scale of a 

pixel can be quite less than the temperature reached locally at the scale of a micro-spot. In figure 6, an 

image of an anode surface damaged by an arc, obtained with a 3D optical profilometer, is presented. 

Different scales of structures may be observed: 

- Very numerous microscopic craters with diameters between 10 and 20 µm. They may result 

from the heating of numerous dispersed micro-spots. 

- A macroscopic crater with diameter of some hundreds micrometers. It may results from the 

heating of a multitude of grouped micro-spots. 
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Figure 6. Example of a macroscopic crater and of a multitude of microscopic craters due to very 

localized heating. 

 

 4.2 Examples of surface temperature distributions for several arc current levels. 

 

In this part some examples of typical surface temperature distributions are presented. The 

experimental conditions were:  

- τimage = 75 μs, Iarc = 37 A, arc duration = 5.6 ms in figure 7(a)  

- τimage = 40 μs, Iarc = 67 A, arc duration = 3.8 ms in figure 8 

- τimage = 20 μs, Iarc = 122 A, arc duration = 5.6 ms in figure 9(a)  

Moreover, for the cases of figures 7(a) and 9(a), a 3D optical profilometer has been used to obtain a 

topological image of the surface after the arc.  

Different behaviors have been observed: 

- In figure 8, the anode arc root remained motionless during the last two milliseconds of 

arcing. Plus, the arc root displacement was about 0.5 mm. A single heated area was 

discernible. The temperature distribution was regular and practically axi-symmetric. 

- In figure 7(a) the electric arc has moved by jump just before switching off. Indeed, two 

heated zones were discernable. They corresponded to the two craters observable in figure 

7(b). 

- In figure 9, the arc has moved continuously before its extinction. A larger area has been 

heated. The size and the shape of the crater in figure 9(b) were of the same order of 

magnitude than the heated area. 
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Figure 7(a). Example of surface temperature distribution in the case of a jumping arc. 

 

 

 

 
Figure 7(b). Example of surface topology after a jumping arc 
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Figure 8. Example of surface temperature distribution in the case of a motionless arc. 

 

 

 

 
 

 

Figure 9(a). Example of surface temperature distribution in the case of an arc in continuous motion. 
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Figure 9(b). Example of surface topology after an arc in continuous motion (fig.9(a)). 

 

 

 

 4.3 Example of surface temperature profiles for various current intensities and τimage 

values 

 

 4.3.1 Influence of the arc current intensity on the electrode heating: 

In figure 10 two surface temperature profiles were plotted for motionless arc on the anode. They 

correspond to the following experimental conditions: 

- Profile n°1: the average current Iarc ≈ 43 A and τimage = 40 μs. 

- Profile n°2: Iarc ≈ 131 A and τimage = 20 μs. 
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Figure 10. Two temperature profiles for two arc current intensities: Iarc = 43 A and 131 A. 

 

These two profiles are typical profiles which permit to quantify the influence of arc intensity and duration 

in the case of motionless arcs. We can observe that the temperature distribution in the case of profile 1 is 

not only larger but has also a maximum temperature 450 °C higher than the profile 2. 

 

 4.3.2 Observation of the temperature decrease with time. 

The temperature profiles were investigated for: 

- An average arc current Iarc ≈ 70 A 

- Arc durations dt in the range 3 ms – 4 ms  

- Various values of  τimage (40 μs, 200 μs, 500 μs and 1 ms) in order to observe the 

temperature decrease after the arc extinction and then to propose an assessment of the 

surface temperature at the instant of the arc extinction. 

For each τimage value about ten measurements were made. 

 

An example of several surface temperature profiles measured for different arcs and various τimage values is 

proposed in figure 11. In each case the values of τimage and Tmax are given. 

 

Results for τimage = 40 μs 

For the measurements made for  τimage = 40 μ s, the mean maximum temperature reached on the anode 

surface (Tmax) was equal to 750 °C. In the example of figure 11, Tmax was measured equal to 771 °C. 

Although the arc durations and the average arc current intensities were quite close for all the cases, an 
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important dispersion in the Tmax values was observed. Tmax was found in the range 620 °C – 825 °C. 

Different explanations may be proposed for that:  

- The arc mobility on the electrode surface (and the arc stagnation time) could be different 

from one electric arc to another one as it was observed with the high speed camera. 

Moreover, in two particular cases no stagnation time could be determined because the 

electric arc seemed to move by jumps or continuously during all the arc duration. 

- The arc current at the switching off instant may vary from one arc to another between 48 

A and 62 A and that changes strongly the electrode heating at the end of the arc. 

In all the observed cases, the temperature peak width for T = 500 °C was less than 1.5 mm and for T = 

600 °C it was less than 900 μm. The maximum surface temperature gradient value obtained was 

around 440 °C/mm. 

 

Results for τimage = 200 μs 

In this case  τexposure = 50 μs and τactivate = 175 μs. The mean maximum temperature reached on the 

anode surface (Tmax) was equal to 620 °C. In figure 11 a profile is plotted with Tmax = 550 °C. The 

maximum surface temperature gradient value obtained was around 310 °C/mm. 
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Figure 11. Examples of different surface temperature profiles measured along the diameter of the arc root 

for τimage = 40 μs, 200 μs, 500 μs, 1000 μs 
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Results for  τimage = 500 μs 

In this case τexposure = 10 μs and τactivate = 495 μs. The mean maximum temperature reached on the 

anode surface (Tmax) was equal to 398 °C. In figure 11 a profile has been plotted with Tmax = 380 °C. A 

typical value of the maximum surface temperature gradient value obtained was around 235 °C/mm. 

 

Results for τimage = 1000 μs. 

In this case τexposure = 10 μs and τactivate = 995 μs. The mean maximum temperature reached on the 

anode surface (Tmax) was equal to 322 °C. In figure 11 a profile has been plotted with Tmax = 334 °C. A 

typical value of the maximum surface temperature gradient value obtained was around 175 °C/mm. 

 

 

 4.3.3 Assessment of the surface temperature at the time of the arc extinction 

 

Measurements made gave the surface temperature 40 μs after the time of the arc extinction. With the help 

of the temperature evolution with τimage it was possible to propose an extrapolation of the surface 

temperature and then obtain the surface temperature at the extinction time of the electric arc. 

In figures 12, 13, and 14 the evolutions of the maximum temperatures versus τimage have been plotted for 

three different values of the average arc current: 

- The results presented in figure 12 have been obtained for about 40 arcs. In this case Iarc ≈ 

30 A with values in the range 10 - 44 A and a standard deviation of 6 A. dt ≈ 4.8 ms with 

values in the range 3-7 ms with a standard deviation of 1 ms. 

- The results presented in figure 13 have been obtained for about 60 arcs. In this case Iarc ≈ 

70 A with values in the range 59 - 77 A and a standard deviation of 4 A. dt ≈ 3.6 ms with 

values in the range 1.7 - 7 ms with a standard deviation of 0.9 ms. 

- The results presented in figure 14 have been obtained for about 12 arcs. In this case Iarc ≈ 

121 A with values in the range 93 - 135 A and a standard deviation of 11 A. dt ≈ 7.6 ms 

with values in the range 6.6 - 8.7 ms with a standard deviation of 0.7 ms. 

 

In the three cases, the dispersion is also presented. An extrapolation of the results for τimage = 0 µs allows 

then to assess the maximum mean temperature at the arc switching off. Then, for Iarc ≈ 29.4 A, 

( ) ≈= stT μ0max 785 °C was obtained. It should be emphasized that the temperature decrease during the first 

40 μs after the switching off may be very important (several tenth of degrees up to 100 °C). 
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Figure 12. Evolution of the maximum surface temperature versus τimage for Iarc ≈ 30A 
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Figure 13. Evolution of the maximum surface temperature versus τimage for Iarc ≈ 70 A 
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Figure 14. Evolution of the maximum surface temperature versus τimage for Iarc ≈ 120 A 

 

 
5. A proposition of method to assess the power balance at the anode surface thanks to the 

thermal measurement.  

 

In this part a 2D modelling of the anode heating is presented which proposes in some cases, an 

assessment of the power balance at the anode surface based on the temperature measurements. 

 

5-1 Description of the model for the power balance at the anode surface. 

 

To describe the arc–electrode interactions we do not consider the interaction between the different 

particles (ions, neutral species and electrons) and the electrode surface at a microscopic scale. We have 

adopted a macroscopic point of view for the arc root structure which corresponds to the scale of the 

measurements presented in the previous part. Several authors have already used a similar description, 

[10-14]. In these conditions the macroscopic power balance is expressed by mean of a ‘volt 

equivalent’ parameter called VeqA. 

 

Two simple relations are used to express the power and the surface power density received by an 

electrode: 

 

eqAA VIP ×=  (W)  (2) 

eqAAA VJQ ×=  (W/m²)  (3) 
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where PA is the power brought to the anode surface, QA is the surface power density brought to the 

anode, I the arc current intensity, VeqA is a volt equivalent at anode, JA is the arc current density at the 

anode arc root. The volt equivalent VeqA traduces roughly the heating due to the whole various physical 

phenomena contributing to the anode heating. 

 

Moreover, the following assumptions have been made: 

 

(i) As the numerical model used is 2D only the cases of motionless anode arc roots can be considered.  

(ii) The current density at the anode surface is constant during the arc. 

(iii) VeqA is also constant during the arc. Consequently, the surface power density is constant during the 

arcing process, only the area of the arc root varies with the current values.  

 

In these conditions, several calculations have been done for several pairs (JA , VeqA) and the calculated 

temperature profiles have been compared with the experimental ones, for a known arc current pulse I 

(t). The aim was to determine the possible values for P and Q compatible with experimental 

measurements.  

 
Even if at τimage = 40 µs the electric arc no more exists (PA = 0 and QA = 0), the surface temperature 

measurement at this instant may give interesting information to determine how the anode was heated 

during the arc (when PA ≠ 0 and QA ≠ 0). Indeed, the power and surface power density values during 

the arc also determine the temperature profile evolution after the arc extinction. It is clear that the 

influence of PA and QA on the temperature profile shapes is all the more important as the τimage value is 

small. 

This method can only give an order of magnitude for PA and QA because a uniform heating on the 

anode arc root was considered. It is probable that the heating at the centre of the anode arc root is more 

important than the heating at its edge. Moreover, different pairs (PA, QA) may exist, which give correct 

results. However, as it is shown hereafter in the paper, the different solutions that have been found 

give for QA ad VeqA values of the same order of magnitude. 

Before the result presentation, the main characteristics of the numerical thermal modelling are 

reviewed.  

 

5-2 Brief description of the numerical modelling of the anode heating 

 

The numerical modelling used here has already been described in [14]. A brief recall of its main 

characteristics is proposed now:  
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- The problem is assumed axial-symmetric and the arc root is regarded as motionless. 

- The specific heat and thermal conductivity of the electrode material are taken to be 

temperature dependent. 

- The material density is taken as constant. It has been shown in [15] that, in the case of copper, 

considering the temperature dependence of the material density has a small effect on the 

electrode heating. 

- Joule heating has been neglected. In the case of a motionless arc root (i.e. a 2D case) for 

current density values less than 1011 Am−2 this assumption is valid [16] for a flat electrode. 

- The motions induced in the molten part of the electrode by Lorentz forces, Marangoni effects 

or plasma jets/electrode surface interactions are neglected. 

 

The boundary conditions for the simple electrode geometry are shown in figure 15 and given as 

follows: 

• The heat flux on the upper surface of the electrode is given by the power P(t) and the 

surface power density Q. 

• The heat flux on the lateral sides of the electrode has been neglected. This assumption is 

valid because only short duration arcs are considered. 

• The bottom temperature is fixed to T = T0 (equal to 25 ◦C) on the lower cross section of 

the electrode.  

 

The following equations have then to be solved:  

- The heat diffusion equation in the non-stationary regime in each phase (solid and liquid) 

takes the following form: 

( )( ) STTkdiv
t
TC p +∇=

∂
∂ r

ρ   (4) 

where ρ is the material density, Cp the specific heat, T the temperature, t the time, k the thermal  

conductivity, S may represent some power density sources (Joule effect, etc). The last term S is 

neglected here. 

- The equation at the boundary between each phase (denoted 1 and 2) has the following 

form: 

[ ] svLTk 21
2
1 →−=∇ ρ

r
  (5) 

where vs is the velocity of the boundary between two phases and L1→2 is the latent heat of the change 

of state (state 1 to state 2). This condition is called the ‘Stefan condition’. Several numerical methods 

are proposed to simulate the melting front’s evolution [17, 18] by tracking the melting front. The 

difficulty of the ‘Stefan problem’ lies in the discontinuity of the enthalpy function H(T). The method 

used overcomes this difficulty by making the enthalpy function continuous. The phase is considered to 
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occur continuously over a temperature interval [Tc−ε; Tc +ε], where Tc is usually the melting or the 

vaporization temperature. This method is equivalent to creating a fictitious specific heat equal to L/2ε. 

Here ε was taken to be equal to 10°C. Only equation (4) has then to be solved. Concerning the 

problem relative to the free moving vapour front, the method used is described in [19]. The 

discretization of the heat equation is based on a finite difference numerical method with an implicit 

time scheme. 

 

 

Figure 15. Schematic description of the geometry and of the boundary conditions of the numerical 

modelling. 

 

5-3 Example of results and discussion. 

 

As mentioned above, only case of static or quasi-motionless arc may be used for the calculations. In 

figure 16 two temperature profiles obtained for τimage = 40μs have been plotted for the following 

experimental conditions: 

 

Case n°1:  

- Iarc = 131 A 

- Arc duration = 8.7 ms 

 

Case n°2:  

- Iarc = 67 A 

- Arc duration = 3.8 ms 
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Figure 16. Two examples of temperature profiles. 

 

In figures 17 and 18 different calculated surface temperature profiles have been plotted for several 

values of VeqA and QA. In the two cases three surface temperature profiles obtained for three pairs 

(VeqA, QA) have been plotted. The VeqA and QA values have been chosen in order to obtain temperature 

profiles “close” to the experimental profiles, that is to say: 

- a maximum calculated temperature equal to the maximum experimental temperature to within 

75°C. 

- a spatial extension of the calculated profiles close to the experimental one 

However, some differences appeared. For instance, the experimental temperature profiles were not 

symmetric. That may be due to the fact that the anode arc root was not truly motionless which may 

have been difficult to detect with the high speed camera. Then the experimental profiles were wider 

than the calculated ones for r > 350 µm for the case n°1 on the right side of the experimental profile 

and for r > 300 µm on the left side for the case n°2. Moreover, the spatial surface power density 

distribution used for the calculations was considered uniform on a disc of radius Iarc/Ja. This rough 

approximation, allowing to obtain an order of magnitude of the surface power density mean value, did 

certainly not correspond to the reality. It is also important to note that the “best fit” was made in the 

two cases for similar values of VeqA ≈ 12 V and QA ≈ 1.8 x 109W/m² even if the current intensities and 

arc duration were quite different. 
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With the present method, the VEqA and QA values obtained seem to be in good agreement with 

experimental studies [11, 14, 20, 21]. The difference with the modelling works may be due to the 

difference of scale considered: The aim was to obtain order of magnitude for the surface power density 

so no microscopic phenomena such as microscopic spots were taken into account. 

 

-600 -400 -200 0 200 400 600 800

800

900

1000

1100

1200

1300

Te
m

pe
ra

tu
re

 (°
C

)

Position (μm)

 Experimental case n°1
 Numerical calculation for :

          - VeqA = 12 V
          - QA = 1.8 x 109 W/m²

 Numerical calculation for :
          - VeqA = 12.5 V
          - QA = 1.9 x 109 W/m²

 Numerical calculation for :
          - VeqA = 13 V
          - QA = 2.05 x 109 W/m²

Figure 17. Experimental temperature profile in the case n°1  

and three numerical results for three pairs (VeqA, QA) 
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Figure 18. Experimental temperature profile in the case n°2 

and three numerical results for three pairs (VeqA, QA) 

 

 

Other works have proposed values for VeqA and Q: 

- In [20], for an arc current intensity of 30A, VeqA was found in the range of 6.9V–13V 

according to the electrode gap value. 

- In [21] QA has been found in the range of 5×108-1010W/m² and 6.25V<VeqA<20V. 

- In [12] VeqA was found equal to equal to 11V and the surface power density in the range of 

3 x 109 W/m² - 2 x 1010W/m² 

- In [11] for an arc duration of 5 ms and an electrode gap of 5 mm, 6V seems to be a good 

value for VeqA for a current intensity in the range of 200A- 600A and QA was found equal 

to 1.2 109W/m². 

- In [14] it was found that for short duration arc (some hundreds microseconds), VeqA was in 

the range of 9-12.6V and QA about 6 x 109W/m². 

 

Modelling works are most of the time made at a microscopic scale. In [10] VeqA was found in the range 

of 8.7–9.6V and QA in the range of 2.15 × 1011– 4.3 × 1011W/m². 
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6. Conclusions 

 

The aim of this paper was to obtain information concerning the maximum surface temperature and the 

temperature distribution reached on copper anodes submitted to a non stationary electric arc burning in 

air at atmospheric pressure. For that the temperature distribution on the electrode surface was 

measured with the help of an IR camera. 

 

The experimental method brought into operation presents several advantages: 

 - The IR camera may be used with short exposure times (between 10 μs and 120 μs). 

 - The pixel size of the camera may be small (40 μm x 60 μm). 

 - The duration of the switching off of the electric arc is forced and brutal (more than 200 A/μs). 

 - The IR camera may be precisely synchronized.  

 

For such experimental conditions (non stationary arc in air, copper anodes, …) it was then possible to 

obtain for the first time a temperature map of the electrode surface for different delays (from 40 μs to 

1 ms) after the arc extinction. 

 

Different heating mode have been observed resulting from different behaviors of the anode arc root 

based on that it was not moving, moving by jumps or continuously moving. 

 

The measurement of the temperature distribution for different delays allowed also to propose, by 

extrapolation, an assessment of the temperature at the arc extinction instant. Maximum average 

temperatures was found in the range of 780 °C – 1150 °C for Iarc in the range of 30 A – 130 A and arc 

duration in the range of 2-5 ms. 

 

The use of a simple 2D numerical modeling of the anode heating allowed to evaluate the power 

balance at the surface in the case of a motionless anode arc root. The values for the volt equivalent are 

found about 12 V and the values for the surface power density are found to be near 2 x 109  W/m². 
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Figure 1. Schematic description of the electrical part of the experimental device 
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Figure 2. Schematic description of the experimental device. 
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Figure 3. Photography of the electrodes before the arc: the contact is closed. 

 

 
Figure 4. Description of the different delays for τexposure = 50 μs and τimage = 40 μs. 
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Figure 5. Typical time evolution of arc voltage and arc current. 

 
Figure 6. Example of a macroscopic crater and of a multitude of microscopic craters due to very 

localized heating. 
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Figure 7(a). Example of surface temperature distribution in the case of a jumping arc. 

 

 

 

 
Figure 7(b). Example of surface topology after a jumping arc 
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Figure 8. Example of surface temperature distribution in the case of a motionless arc. 

 

 

 

 
 

 

Figure 9(a). Example of surface temperature distribution in the case of an arc in continuous motion. 
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Figure 9(b). Example of surface topology after an arc in continuous motion (fig.9(a)). 
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Figure 10. Two temperature profiles for two arc current intensities: Iarc = 43 A and 131 A. 
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Figure 11. Examples of different surface temperature profiles measured along the diameter of the arc root 

for τimage = 40 μs, 200 μs, 500 μs, 1000 μs 
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Figure 12. Evolution of the maximum surface temperature versus τimage for Iarc ≈ 30A 
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Figure 13. Evolution of the maximum surface temperature versus τimage for Iarc ≈ 70 A 
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Figure 14. Evolution of the maximum surface temperature versus τimage for Iarc ≈ 120 A 
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Figure 15. Schematic description of the geometry and of the boundary conditions of the numerical 

modelling. 
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Figure 16. Two examples of temperature profiles. 
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Figure 17. Experimental temperature profile in the case n°1  

and three numerical results for three pairs (VeqA, QA) 
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Figure 18. Experimental temperature profile in the case n°2 

and three numerical results for three pairs (VeqA, QA) 
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