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Abstract 

The spectral and spatial characteristics of three-
dimensional radiation transfer across an arc column of 

0.08 m long, typical in high-voltage gas blast circuit 

breakers, has been studied in detail. The arc column 

under study corresponds to an instantaneous current of 
15 kA in SF6 gas at a pressure of 10 bar. Our results 

show that to calculate the radiative flux divergence (as 

a volumetric energy source), only a segment of the arc 
column of 0.024 m in thickness needs to be considered 

to attain an accuracy of better than 90%. Photons with 

a frequency lower than 21015 Hz (150 nm in 

wavelength) can travel a considerable distance (> 0.02 
m) with an intensity attenuation factor of 0.2-0.8. 

Above 21015 Hz, only photons from the continuum 

spectrum can travel up to 0.015 m and line emission is 
absorbed within a distance of typically 0.0005 m, i.e. 

the arcing gas is optically thick to these photons. 

The arc within a cross-section of the arc column can be 
divided into a net emission core and a net absorption 

zone. 55% - 75% of the radiation emitted from the core 

is reabsorbed in the outer zone. The starting position of 

the net absorption zone sits within the temperature 
interval of 75% to 80% of the maximum temperature on 

the axis. The quantitative information from this work is 

expected to serve as baseline data for developing 
improved approximate models for radiation transfer 

calculation in SF6 switching arcs. 

1. Introduction 
Radiation transfer is an effective mechanism to 

redistribute energy inside and around the conducting 

core of an arc column. It involves the emission and 

absorption of photons over a hugely broad spectrum 
with a frequency between 1012 ~ 1016 Hz, i.e. from short 

radar waves to long X-rays. Although local thermal 

equilibrium (LTE) is used to approximate the plasma 
state of an arc column even at a relatively low current 

(<600 A) [1, 2], radiation emission from the arcing gas 

does not obey Planck's law. Because of the abrupt 

variation of the spectral absorption coefficient as a 
function of frequency or wavelength (Figure 1), 

radiation transfer calculation requires the inclusion of 

every frequency in the above range and spatial 
integration at every direction in three-dimensional 

space. Therefore, accurate radiation transfer calculation 

in industrial systems, such as high voltage gas circuit 
breakers, is still a prohibitively time-consuming task.  

A high voltage gas-blast circuit breaker (HVCB) is a 

typical example of an industrial arc plasma system and 

is used to interrupt AC currents, often caused by 
electrical network fault. In such a device, a transient 

electrical arc burns in rapidly flowing arcing gas, such 

as SF6. The length of the arc column reaches 0.15 m 
with non-uniform temperature distribution, typically 

between 300 K and 35,000 K. The gas pressure also 

varies between 2104 Pa and 6106 Pa (0.2 bar and 60 

bar) inside or around the conducting core of the arc 
where severe ohmic heating maintains the radiation 

emission at high gas temperature. It is however worth 

pointing out that the pressure may reach 107 Pa or even 
above, depending on the arcing current. Therefore, 

radiation transfer calculation in switching arcs requires 

the spectral absorption coefficient over a wide spectral 
range and wide temperature and pressure ranges.  

SF6 has a strong global warming effect and its use in 

high voltage apparatus, especially at extra- and ultra-

high voltage levels, is expected to be phased out within 
the next 10-20 years. Research on SF6 alternative gases 

[3, 4] is attracting more interest globally and one of the 

focuses is on the mechanisms that are responsible for 
the large differences in interruption performance 

between SF6 and other gases with SF6 serving as the 

reference for comparison. SF6 is thus studied in the 
present work.  

The Radiation Transfer Equation (RTE) describes 

radiation transfer in a medium. In the present work, the 

medium is a gas. RTE is an integro-differential equation 
that requires double integration over spectrum and 

space. Simplified approaches have been developed in 

the past decades by introducing approximations to 
particular characteristics of the radiation transfer 

process to reduce the computational effort.   

The P1-approximation is the lowest order of the 

spherical harmonics method, initially proposed by 
Jeans in 1917 [5]. It casts an equation for radiation 

intensity into a set of partial differential equations using 
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the Fourier series and truncates the set to the lowest 

order to create a simplified form of the RTE as a 
function of space only. Although it is not an intrinsic 

feature of the method, it is a common approach in 

literature [6, 7] to have more simplifications by dividing 
the frequency spectrum into a limited number of 

intervals (bands) and using a mean absorption 

coefficient (MAC) in each band to simplify the 

integration over frequency. The MSC can be calculated 
using one of the averaging methods (Planck, Rosseland, 

Modified Planck, etc). While being successful for many 

cases, it may not be reliable when applied to the 
optically thick regions. It also suffers from accuracy 

loss at the edge of the arc column where there is a steep 

temperature gradient [8]. In switching arcs, the 

accuracy of the calculated radiative flux divergence, at 
both arc's centre and edge (where strong absorption 

occurs), will be affected [6, 9]. For example, a 

comparison between the exact angular solution and P1 
approximation, in [6], shows that there is a 12% 

difference at the arc centre, 17% for the net absorption 

peak, and up to 48% at the edge of the arc. 

The second method is the Partial Characteristic Method 

(PCM) introduced by Sevastyanenko [10] in 1987. This 

approach takes advantage of the weak dependence of 

optical depth on the temperature variation between the 
two endpoints of a line segment. The calculation of the 

optical depth is simplified by assuming a linear 

temperature variation over an integration path. That 

allows the spectral integration to be carried out 

independent of the actual temperature distribution, 

resulting in two characteristic terms, SOM and Sim 

[11, 12], that can be pre-calculated and tabulated. 

However, its application in switching arc modelling 
has, so far, been hindered by the extreme gas pressure 

variation in the arcing space that requires data tables of 

the partial characteristics for all possible pressure 
distribution, leading to a situation that cannot be 

practically handled.  

The concept of net emission coefficient (NEC), 
proposed by Lowke in 1974 [13], has been widely used 

to consider radiation transfer in thermal plasmas due to 

its simplicity in the calculation. Typical use is the 1-D 

empirical model for the fast computation of volumetric 
radiative energy sources in axisymmetric arcs [14]. 

This model does not solve the RTE, and its accuracy 

heavily depends on the definition of the effective 
emission radius as well as the empirical algorithms to 

determine the location and size of the net absorption 

zone [14, 15]. Although the model parameters need to 
be calibrated by relevant test results, it has been used by 

circuit breaker manufacturers to aid their product 

design via arc simulation. 

The Discrete Ordinated Method (DOM), initially 
proposed by Chandrasekhar in 1960 [16], was first 

applied to radiative heat transfer by Hyde and Truelove 

in 1977 [17] and more recently by Seegar et al. [18] in 
arc modelling.  The DOM discretises the solid angle 

into a limited number of regions (numerical 

quadrature), with each region represented by the RTE 

in a discrete direction and a weighting factor summing 

up to 4 for the whole space [19]. The discrete 
directions need to satisfy the zeroth, first, and second 

moments [20], and the minimum number required to 

reach an acceptable accuracy depends on the case 
geometry. For example, in the present work, trial 

calculations have shown that 25 directions, in a half-

cylinder, provide results of excellent accuracy (99%). 

This method requires integration over the spectrum and 
space and is still unacceptable in terms of computation 

time for the simulation of the arcing process in high 

voltage circuit breakers.   

Other than the approaches discussed above, there are 

several other solution methods developed for different 

applications, such as those based on optically thin/thick, 

proposed by Milne-Eddington, using Schuster-
Schwarzschild approximations for 1-D mediums [21], 

based on the space-volume approximating method of 

Zonal [22], and the statistical method of Monte Carlo 
[23]. There is still an ongoing pressing need to develop 

approximate methods of radiation transfer calculation 
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for industrial plasma systems targeting rapid 

computation with acceptable accuracy. The present 

work is aimed at high-current switching arcs in 
commercial-scale gas circuit breakers where 

temperature, pressure and gas composition vary 

significantly in space and time. The objective of this 
work is to provide a detailed insight into the radiative 

characteristics of SF6  arcs at high currents. Gaining 

definitive information on the behaviour of radiation 

transfer in the spectral and space domains and the 
global and local influences of temperature variations 

will enable us in future to establish a procedure for the 

evaluation and development of a rapid radiation transfer 
calculation model for different arcing devices and 

gaseous mediums, including environmentally friendly 

gases that are under heavy research and development 

effort [3, 24]. The DOM is used to perform the 
calculation in the present work. The paper is organised 

as follow. The theory of radiation transfer calculation 

together with fundamental radiative data is presented in 
Section 2. A brief comparison with the other 

researchers' work for result validation is presented in 

section 3. The selected arc conditions and detailed 
results are given in Section 4. Concluding remarks are 

finally made in Section 5. 

2. Theory and Method of Calculation  

2.1 Basics of radiation transfer 
Ignoring the scattering of radiation by particles, 

radiation transfer for a single frequency (wavelength), 

at a spatial point, is expressed as [25]: 

ŝ. 𝛻𝐼𝜐(𝐴, ŝ) = 𝐾𝜐(𝐵𝜐 − 𝐼𝜐)     (1) 

for a system in radiation steady-state. 𝐼𝜐(𝐴, ŝ)  is the 

spectral radiation intensity that measures the radiative 

energy flux (per unit area) at point A and in the 

direction ŝ, with a unit of [W/(𝑚2. 𝐻𝑧. 𝑠𝑟)]. 𝐾𝜐 is the 

spectral absorption coefficient, i.e. the fraction of the 

intensity absorbed over a unit length of the medium in 
the direction of radiation propagation. It is a function of 

temperature and pressure and also varies hugely with 

frequency. Figure 1 gives an example of its dependence 

on temperature, pressure and frequency.  

𝐵𝜐  in (1) is the Planck function which describes the 

emitted spectral energy per unit area and unit solid 

angle from a blackbody in thermal equilibrium 
condition [26]. For calculating the intensity at point A, 

over a line segment AB, with positive direction defined 

from A to B, the contribution from each point on AB 
and the incoming intensity, at B, must be taken into 

account. The total spectral contribution towards A is [6, 

27]:  

𝐼ʋ(𝐴) = 𝐼ʋ(𝐵) 𝑒𝑥𝑝 (− ∫ 𝐾(𝑥)𝑑𝑥
𝐵

𝐴
) +

∫ 𝐵ʋ(𝑥)𝐾𝜐(𝑥) exp(− ∫ 𝐾(𝑙)𝑑𝑙
𝑥

𝐴
) 𝑑𝑥

𝐵

𝐴
       (2)  

Where, the first part is the incoming intensity at point 

B, attenuated along the path AB. The second term 

(integral part) is the summation of the contributions 

from the points alongside line AB (from A to B). 

𝐵ʋ(𝑥)𝐾𝜐(𝑥) is the spectral emission coefficient at an 

intermediate point, x.  ∫ 𝐾(𝑙)𝑑𝑙
𝑥

𝐴
 is the optical depth 

that controls the attenuation of the radiation 

propagating from x to A. 𝑙  is a temporary variable 

whose positive value is the displacement of any point 

like x from A. Summing the intensities arriving at A 

from all directions gives the radiation flux vector: 

F(𝐴) = ∫ ŝ𝐼𝑣(𝐴, ŝ)𝑑𝛺
 

4𝜋

     (3) 

Integrating the RTE in the form of (2) over the whole 

solid angle using partial integration gives the 

divergence of radiation flux which is also the net 
emission of radiation from a unit volume of the gas at 

point A: 

∫
4𝜋

ŝ. 𝛻𝐼𝜐(𝐴, ŝ)𝑑𝛺 = ∫
4𝜋

𝐾(𝐴)𝐵ʋ(𝐴)𝑑𝛺 −

∫
4𝜋

𝐾(𝐴)𝐼ʋ(𝐴)𝑑𝛺  

or 

𝛻. ∫
4𝜋

ŝ. 𝐼𝜐(𝐴, ŝ)𝑑𝛺 = 4𝜋𝐾(𝐴)𝐵ʋ(𝐴) − 𝐾(𝐴)∫
4𝜋

𝐼ʋ(𝐴)𝑑𝛺  

or 

𝛻 ∙ 𝐹 = 4𝜋𝐾𝜐(𝐴)(𝐵ʋ(𝐵) − 𝐼ʋ(𝐵))𝑒− ∫ 𝐾(𝑥)𝑑𝑥
𝐵

𝐴 −

𝐾𝜐 ∫ 𝑑𝛺 ∫
𝑑𝐵ʋ(𝑥)

𝑑𝑥

𝐵

𝐴
 . 𝑒− ∫ 𝐾(𝑙)𝑑𝑙

𝑥
𝐴  𝑑𝑥

 

4𝜋
        (4)  

In practical radiation transfer calculation, point B is 
usually in low-temperature gas whose radiation is 

negligible. There is no significant external radiation 

entering the arcing space as well. We thus have: 

𝛻 ∙ 𝐹 = −𝐾𝜐 ∫ 𝑑𝛺 ∫
𝑑𝐵ʋ(𝑥)

𝑑𝑥

𝐵

𝐴

 . 𝑒− ∫ 𝐾(𝑙)𝑑𝑙
𝑥

𝐴  𝑑𝑥
 

4𝜋

    (5) 

The flux divergence per 4𝜋 solid angle provides the net 

emission coefficient (NEC) which, has been 
extensively discussed in [10]. 

2.2 Discrete Ordinated Method (DOM) 
A cylindrical column of arcing gas is assumed. 

However, this does not mean the arc column must be 
straight. The arcing parameters, including temperature 

and pressure, are obtained from a 2-D axisymmetric 
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simulation case to make the results relevant to practical 

switching arc modelling. In the DOM, the 4π solid 

angle at a target point is divided into ordinate 
directions, and a partial differential equation is 

generated to describe the radiation transfer in each 

ordinate. Thus, integration over the whole 4π solid 
angle is converted into weighted summation based on 

numerical quadrature [19]. The contribution from the 

solid angles are given by the following [14]: 

∇F = 𝐾 ∑ 𝜔𝑗 [𝐵(0)𝑒− ∫ 𝐾(𝑥𝑗)𝑑𝑥𝑗

𝑥𝑤𝑎𝑙𝑙,𝑗
0 −

𝑗=𝑛
𝑗=1

∫ (𝐵(𝑥𝑗) − 𝐵(0)) 𝐾(𝑥𝑗)𝑒
− ∫ 𝐾(𝑗)𝑑𝑗

𝑥𝑗
0 𝑑𝑥𝑗

𝑥𝑤𝑎𝑙𝑙,𝑗

0
]  (6)  

Where j represents a direction, 𝜔𝑗  is the weighting 

factor associated with direction j. It is a fraction of the 

solid angle space. Figure 2 shows a 3-D illustration to 

consider radiation transfer in one ordinate direction line 

PW (defined by φ and θ) for a target point P located in 
a cross-section of the gas column.  C is the centre of the 

cross-section, and the radiative flux divergence is 

calculated for points like P across the line CG, i.e. from 
the centre to the edge of the gas column. W is a point 

on the boundary (represented by 𝑥𝑤𝑎𝑙𝑙  in the 

integration), 𝑥𝑗  in (6) represents a point on line PW 

(such as D), and 𝐵(0) is the Planck function of the 

target point P (𝑥𝑗 = 0 ). 
𝑗

 is just an intermediate 

variable used in the integration. The spectral 

absorption coefficient, 𝐾 , of SF6 has been calculated 

in the temperature range of 300 K to 35,000 K (with a 

step of 100 K) and frequency range of 1012 Hz to 

1016 Hz (with a step of 2 × 1010 Hz ) for different 
pressures. As explained in section 2.4, the calculations 

are based on 10,000 frequency points corresponding to 

a step size of 1012 Hz, producing results with sufficient 

accuracy. 

2.3 Temperature profile and inter-dependence 

between radiation and temperature  

Radiation transfer takes place at the speed of light in a 

gas. The amount of radiative energy emitted or 

absorbed locally in the arc column depends on the 

temperature and pressure fields in the arcing space. The 

shape of the arc column is influenced by the structure 

as well as the flow field. As shown in Figure 3, at 15 

kA before the final current zero in the interruption 

process of a 245 kV gas blast circuit breaker, gas 

flowing out from the heating chamber approaches the 

arc column vertically before it enters the main nozzle 

and the hollow contact. The arc has the highest axis 

temperature and the smallest radius of the arc core at 
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this location (Profile Temp 251). The axis temperature 

drops and the arc column broadens slowly when the gas 

flows towards the exit of the main nozzle and the 

interior of the hollow contact (see Temp 291 and Temp 

211 as examples).  

Eleven radial temperature profiles at different axial 

locations are taken from a transient switching arc 

simulation where a calibrated 1-D radiation model 
based on NEC [14] is used. The arc column at this 

current level is surrounded by a layer of relatively cold 

gas originating from the high-pressure reservoir 

(heating chamber). For simplicity, yet without losing 
the key features of radiation transfer, the pressure is 

assumed to be uniform at the typical value of 1106 Pa 

(10 bar). Figures 3 and 4 show four of the eleven radial 
temperature profiles. The numbers in the profiles’ 

names (Temp 151 or point 151) are the axial position 

IDs.  

The 11 profiles are frozen and then used to construct a 

0.08 m long arc column that is to be used in the 

radiation transfer calculation. This means the actual arc 

column with a length of 0.16 m is compressed into half 

of its length. The constructed arc column is in fact a 

cylinder of constant radius where the arc column 

occupies most of the space. This is used to represent a 

situation under challenging flow conditions in reality, 

i.e. the radial size of the arc column experiences rapid 

changes in the axial direction of the column. Profile 

Temp 251 is also located at the centre in the axial 

direction of the 0.08 m long arc column. 

It is worth noting that the constructed arc column of 

0.08 m long with 11 variable radial temperature profiles 

is used in the study presented in section 4, while in this 
section and section 2.4, arc columns of 0.08 m long but 

with identical radial temperature profiles at different 

axial locations are used for ease of interpreting the 
results.  

The first point to note is that our calculation results 

show that the net radiation emission at the arc centre 

responds well to the local temperature change (Figure 
5). The objective is to gain a quantitative understanding 

of the sensitivity of net radiation emission (the radiation 

flux divergence) to the overall change in gas 
temperature. Radiation transfer calculation is carried 

out in 3-D space based on equation (6) with 25 

directions for a half-cylinder. For a 0.08 m long column 

with identical radial temperature profiles at different 
axial locations, increasing the radial temperature profile 

by 1% (1% of local temperature at each point) leads to 

a 3.5% increase in the flux divergence on the axis 
(centre) of the middle cross-section of the column and 

4.4% in the net absorption peak (near the edge of the 

arc column). A 5% increase in temperature produces 
18% and 19% increases, respectively, at the arc centre 

and for the net absorption peak. In the reference case in 

Figure 5, 60% of the radiative flux emitted from the net 

emission core is re-absorbed in the net absorption zone.  

2.4 Minimum required number of directions and 

wavelengths data points 

The number of coordinate directions in space, the 
number of wavelength points over the spectrum in the 

absorption coefficient data table, and the dominant 

frequency spectra are three crucial factors that affect the 



6 
 

accuracy of radiative flux divergence calculation. In 

this section, we investigate these factors to find an 

optimum number for each one to make a trade-off 
between the accuracy and the computation time.  

To verify the dominant frequency spectra, the spectrum 

between 1012 and 1016 Hz has been divided into 20 equal 
bands (Table 1), and the flux divergence is calculated 

for each one as well as the entire spectrum. The results 

are calculated for four cases. The first three cases 

(shown in Figures 6a, 6b, and 6c) are with axially-
identical temperature profiles, corresponding to the 

three profiles in Figure 4 (Temp 351, 291, and 151). 

Here, the target cross-section is at the middle of the 0.08 
m long arc column. The fourth case (shown in Figure 

6d) is with variable temperature profiles, containing 11 

profiles across the cylindrical space. The temperature 

profile at the centre in the axial direction (the target 
cross-section) is Temp 251 in Figure 4.  

Figures 6 and 7 present detailed results on the 

contribution of different bands to the radiation flux 

divergence at several radial points at the middle plane 
of the arc column. Each curve is made of 20 values, 

representing the contribution from 20 bands at a given 

point. The first point of each case is the centre of the 
relevant cross-section with the highest temperature. The 

main points from the results are:  

1) The frequency upper limit for considerable 
emission and absorption has a clear dependence on 

the maximum temperature. The cut-off frequency 

band is 13 at 25,000 K (Temp 291), 12 at 23,000 

K (Temp 251), and 9 at 16,000 K (Temp 151).  
2) Negligible effect for net absorption of radiation 

from bands 1-3 and 13-20. 

3) Counting only the contributions from the first 11 
bands (from 1012 Hz to 5.5×1015 Hz) is sufficient 

to achieve a calculation accuracy of more than 

95% for net absorption and more than 97% for the 
net emission in the arc core.  

4) Radiation absorption starts at T = 0.75Tmax (after 

the red line in Figure 7). Although for most of the 

profiles T ≃ 0.8Tmax  can be determined the 
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border between two regions, 0.75Tmax  is 

considered a safe margin to use fewer bands for 
radiation absorption calculation. 

The rate of change of the absorption coefficient against 

frequency becomes lower when the temperature is 

higher than 12,000 K. This means it is possible to use a 
larger frequency interval for the arc region where 

T>12,000 K. 

To determine the largest frequency step size for 
integration, two sets of calculations are performed for a 

temperature profile close to point J in Figure 3 (Temp 

351): first with 100,000 frequency points equally 
distributed from 1012 to 1016 Hz corresponding to a 

frequency interval of 1011  Hz, and another one with 

only 10,000 points and an interval of 1012 Hz. For the 

latter, a limited number of frequency bands have been 
chosen to test the conclusions 2, 3, and 4 above. It 

contains bands 1 to 11 for T > 0.75Tmax and bands 4 to 

11 for T <0.75Tmax. Results are displayed in Figure 7. 
The difference between the two sets of results is less 

than 1% at the centre of the arc and less than 5% at the 

absorption peak; however, it leads to a computing time 

reduction of 94% based on a single-core, reducing from 
947 s to just 60 s per spatial point on a desktop computer 

with Intel(R) Core(TM) i5-4570T 2.90GHz.  

The influence of the number of directions is shown in 
Figure 8 for Temp 351 in Figure 3. Due to geometrical 

symmetry (axisymmetry), the calculation only needs to 

be performed for half of the target cross-section (0 to 
180 degrees) to obtain the radiative flux divergence.  

The number of directions refers to the calculation for 

this half cross-section. The difference between 25 and 

234 directions is negligible. In terms of the total 

radiative energy escaping from the arcing gas (cylinder 

of the radius of 0.015 m), the error is merely 1%. 

Therefore, 25 directions are used for the calculation in 
the rest of the work.  

Results on frequency step size and the number of 

directions for spectral and spatial integration were also 
obtained for other profiles. They are very similar to 

those on Temp 351 and thus will not be repeated. 

3. Validation of the Model 

No reliable experimental results exist, for verification 
of radiation transfer calculation of thermal plasmas, 

where experimental conditions are fully specified. One 

common approach is to compare with published work.   

The radiative flux divergence has been calculated based 
on two temperature profiles from the literature, and 

results are compared with previously published results. 

The first one, presented in Figure 9, is based on the 
temperature profile used by Randrianandraina et al. [7] 

and, the second one, given in Figure 10, is based on the 

Tiemann temperature profile [28] used by Nordborg 
and Iordanidis [6]. The work in [6] and [7] is based on 

the DOM in a cylindrical space. The number of 

directions in [6] is 45 for the whole solid angle which is 

close to our number (25 in the half-cylinder or 50 in the 
whole solid angle). In [7], between 8 and 72 directions 

are applied with insignificant differences between their 

results. The number of frequency points is much higher 
than the present work (300,000). However, as shown in 

Figure 7, using more than 10,000 frequency points 

leads to a little improvement in the results.    

Results from the present work compare well with 
results obtained in [6, 7] but with noticeable 
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differences. It is our opinion that the differences are 

mainly caused by the input data of spectral absorption 

coefficient; which, is a function of frequency, 
temperature, and pressure. For completeness, Figure 11 

presents some samples of the spectral absorption 

coefficient used in [6, 7] for comparison with the 

present work’s data. The difference between the data 
used by Nordborg and Iordanidis [6] and in the present 

work (Figure 11a) is clear. In the case of 

Randrianandraina et al. [7], although their input data is 
similar to ours (Figure 11b), there are significant 

differences. For example, over the frequency band 

between 1 × 1015Hz and 2 × 1015Hz, the density and 
magnitude of the absorption lines' peaks in the data used 

in this work are higher. But at the vicinity of 3.5 ×
1015Hz, it is an opposite comparison. In the two cases 
shown in Figures 9 and 10, 74% and 60% of the 

radiative flux emitted from the net emission core is re-

absorbed in the net absorption zone, respectively. 

4. Results and analyses  

4.1 Temperature distribution used in radiation 

transfer calculation and overall behaviour 

As stated in Section 2.3, 11 temperature profiles from 
the circuit breaker arc simulation have been used to 

construct a 0.08 m long column of gas to represent a 
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situation with sufficient complexity for radiation 

transfer. The axis temperature difference between two 

adjacent radial profiles is less than 10%. Temperatures 
on all intermediate points are obtained by interpolation.  

The radiative flux divergence along the radius in the 

target cross-section has been calculated for seven 
selected cases (Table 2) which differ in the length of the 

arc column included in the calculation and the location 

of the target cross-section. These cases are selected to 

study the radiation transfer characteristics of practical 
switching arcs. The target cross-sections are all located 

at the middle of each selected column that may differ in 

their length. Three cases, A, B and C, were chosen to 
represent the different parts of the arc column.  

Figure 12a presents the differences in the radiative flux 

divergence for cases A1, B1 and C1 with their radial 

temperature profiles given in Figure 12b.  

The radiative flux divergence represents the difference 
between the emitted radiation from a unit volume of the 

gas and the absorbed radiation passing the unit volume 

from all directions. The flat temperature variation at the 
centre of the arc leads to an increasing radiative flux 

divergence [6] in the first 0.002 m, most apparently in 

case B1 (Figure 12a). Results of radiative flux 
divergence for an isothermal sphere also clearly shows 

this phenomenon for points away from the centre. That 

is an important point to note; because it explains why 

the outmost layer of an initially isothermal plasma 
sphere will become cooled first when convection and 

thermal conduction are negligible due to the increased 

power loss from the edge. 

Radiation absorption at a point depends on the local 

absorption coefficient and the arriving radiation 

intensity for a given frequency (equation (1)). The arc 
core usually has the highest temperature, and it emits 

many more photons at higher frequencies [12], see 
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Figure 1 and Figure 6b. Figure 6b clearly shows that 

when the arc temperature decreases at the arc edge, 

photons of the highest frequency (bands 10-15) are first 
absorbed by the immediately surrounding colder layer 

(T=21547 K), followed by powerful absorption of 

photons in bands 5-10 at T=12312 K. The low-
temperature gas in the surrounding region (T=5743 K) 

only absorbs photons in bands 5-8. The peak absorption 

frequency reduces over the slope of the arc's edge when 

the temperature goes down.  

It is to be noted that a pocket of gas, such as that at 

T=21547 K in Figure 6b, absorbs photons from the arc 

centre in bands 8-15 but emits lower frequency photons 
(bands 1-8), depending on its relative position in the 

temperature profile. Its overall radiative behaviour will 

be the sum of the contributions from all the bands. 

Radiation absorption in SF6 is more effective in 
wavelengths less than 130 nm (frequency > 2.31015 

Hz) at low temperatures [7, 12], as can be seen in Figure 

1.  

Due to the relatively low temperature at the arc centre, 

radiation in case C is at the lowest level (Figure 12a). 

Despite the differences in the temperature profiles and 
the arc centre temperatures, the net absorption peak 

always takes place at the middle of the slope, 

corresponding to a temperature around 11,000 K.  

Figure 13 displays the radiative flux divergence 

distribution in the radial direction for all 7 cases listed 

in Table 2. The first and most apparent feature is that, 

for practical SF6 switching arcs, radiation transfer as an 
energy transport mechanism is mostly determined by 

the radial temperature profile in the target cross-section. 

A thickness of 0.012 m on each side of the target cross-

section is sufficient to achieve an accuracy of better 
than 90%.  

4.2 Spectral characteristics along typical optical 

paths in the selected arc column 

Radiation transfer in an arcing gas involves the 

emission and absorption of photons at different 

frequencies. In the present work, a very large spectrum 

is considered. Photons of different nature (line or 

continuum) at different frequencies behave differently 

over a spatial optical path. The whole spectrum is 

divided into 20 bands and for each band, a 

representative emission line and a representative 

frequency for the continuum are chosen to elucidate 

their differences in the emission and absorption 

behaviour. To be quantitative, the attenuation 

coefficient, as defined by the term 𝑒− ∫ 𝐾𝑑𝑙
𝑥

0  in equation 

(6), has been calculated for the selected lines and 

continuum. The division of the bands is given in Table 

1 and the selected frequencies are given in Table 3. 

Figure 14 displays the attenuation over three typical 

paths from an arbitrarily selected target point P (Figure 

14a) to the edges of a cylinder.  For comparison, the 

spectral line is chosen to be closest to the continuum 

frequency.  

For comparison, the spectral line is chosen to be closest 

to the continuum frequency. The important information 

from the results is summarised below: 
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1) Band 1 (Figure 14b) is covered by infrared 

radiation. Lines are strongly absorbed (up to 

85%), while only a fraction (<25%) of the 

continuum is absorbed. 

2) Band 2 (Figure 14b) covers the visible light 
spectrum. Line emission and continuum 

behave similarly with up to 25% absorbed. 

Band 3 (Figure 14c) has negligible absorption 
(<3%) for continuum. Line absorption can be 

up to 30%. 

3) Band 4 shows rapid absorption for line 

emission (>95%) while significant absorption 
of continuum up to 60% takes place over the 

temperature range from 3000 K to 5000 K 

(Figure 14c). 
4) From band 5, line radiation becomes optically 

thick, completely absorbed within 0.0005 m. 

Over the longest optical path (Figure 14a), 
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continuum absorption gradually increases with 
increasing band number. 80% of the continuum 

absorption is reached at 5,000 K in band 6, 

0.016 m away from point P. It is  22,000 K, in 

band 7, 0.01 m away from P; 0.003 m away 
from P in band 10, and 0.0007 m in band 20 

(Figure 14d).   

From the above observation, it becomes clear that 
photons with a frequency lower than 21015 Hz (150 

nm in wavelength) can travel a considerable distance (> 

0.02 m) with an attenuation factor of 0.2-0.8. Above 
21015 Hz, only photons from the continuum spectrum 

can travel up to 0.015 m.  

4.3 Spatial characteristics of radiation transfer in a 

typical cross-section of the arc column 

The contribution to the radiative flux divergence at 
point P in Figure 2 from different directions, as defined 

by the polar angle (ϴ) and azimuthal angle (φ), is also 

calculated. Based on conclusions at the end of Section 

4.1, one polar angle (ϴ=0, meaning in the target 
cross-section) and ten azimuthal directions have been 

chosen to focus on the contributions from different 

azimuthal directions. Radiative flux divergence is 
calculated based on the temperature profile of the 

middle cross-section in case A1, Table 2 (Temp 251). 

Figure 15a shows the ten directions on the radiation 
cross-section. The flux divergence is calculated for all 

the points from the arc's centre to edge (C to W in 

Figure 15a) in each direction, and results are displayed 

in Figures 15b, 15c, and 15d.  

Figures 15b and 15c show that directions close to φ=0 

(or 360o) have a higher contribution to the absorption, 

and as φ moves toward 180 degrees, there is only 
emission loss from the point because its temperature 

becomes the highest in that direction. Almost all the 

absorption at point M (R=0.00557 m, net absorption 
peak in Figure 15d) comes from areas 1, 2, 9, and 10 in 

Figure 15a.  
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At the centre of the arc, the contributions from different 

directions are similar due to axisymmetry. Moving 

toward the edge, the line of radiation propagation 

passing the vicinity of ϕ=0 (areas 1, 2, 9, 10) become 

longer. Those areas contain gases with a higher 

temperature than the target point. Thus, for target points 

far from the centre, such as point M as labelled in Figure 
15b, where radiation absorption dominates, areas 1, 2, 

9, and 10 are crucial (Figure 15b) while areas 3 to 8 

make minimal contributions (Figure 15c) towards the 

total divergence because the gas temperature in these 
regions is not significantly higher than that at the target 

point. 

Figure 15d shows the total radiative flux divergence 
(sum of all directions). The dividing point between the 

emission and absorption regions is the point of 

R=0.0047 m. Area 3 in Figure 15a (ϕ=90) separates 

areas 1 and 2 (radiation from these two areas is 
absorbed, see Figure 15b), from areas 4 and 5 (only 

emission loss from the target point, see Figure 15c). 

Radiative flux divergence of two of the mentioned areas 

is displayed in Figure 15d. Results here indicate that it 
is possible to use the divergence contributions from 

areas 2 and 4 only to estimate the location of this 

dividing point. The point with zero-sum is R=0.0049 m 
which is very close to the actual dividing point. Using 

R=0.0049 m can account for 98.5% of the actual 

absorption.     

The percentage contribution of each direction to the 

total divergence at three typical radial positions are 

given in Figure 16. At the centre, the contribution from 

each direction is expected to be 10%, which is indeed 
the case. At point B (R=0.002 m), the net effect due to 

radiation transfer is emission. The maximum share is 

carried by the direction of φ=180, where the 
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temperature drops to the relatively lower environment 

temperature (around 3000 K) in the shortest distance. 

From Equation (5), the gradient of the Planck term (a 
function of temperature) determines the incremental 

effect over a temperature profile. At point M 

(R=0.00557 m, net absorption peak in Figure 15d), the 
net effect of radiation transfer is absorption. A detailed 

balance calculation shows that 99% of the radiative flux 

divergence is due to the contribution of areas 1, 2, 9, 

and 10, where the temperature of the gas is higher than 
point M.  

5. Conclusions 

The present work provides quantitative information on 
the spectral and spatial characteristics of radiation 

transfer, in an SF6 arc column with uniform pressure. 

The temperature distribution is axisymmetric but varies 

along the axial direction. Although radiation transfer is 
an integral effect of spectral absorption coefficient that 

is a function of temperature and composition, the 

present work shows that photons with a frequency 
higher than 21015 Hz (shorter than 150 nm in 

wavelength) can hardly leave the central part of the 

arcing gas. Photons with a frequency of less than 
1.51015 Hz (longer than 200 nm in wavelength) can 

escape the arcing gas in a significant proportion. The 

radiation escaping the arcing gas accounts for 25% to 

45% of the net emitted energy from the arc centre.  

For the 0.08 m long arc column, constructed from 

simulation results of an actual high-voltage circuit 

breaker with an instantaneous current of 15 kA, results 
show that it only needs to consider a slice of the column 

with a thickness of 0.024 m (0.012 m on each side of 

the target cross-section) to obtain an accuracy of better 

than 90% in the calculation of the radiative flux 
divergence, i.e. the net radiative power loss per unit 

volume at a point inside the arcing gas. About 55% - 

75% of the radiation leaving the central high-
temperature net emission core is trapped in the 

surrounding cooler zone. The exact percentage depends 

on the radial temperature profile. 

Across a monotonic radial temperature distribution 

radiative energy is emitted from the central high-

temperature core and partly absorbed at the arc edge. In 

the case of a thin slice of the column, i.e. over a cross-
sectional area, whether a point emits or absorbs 

radiative energy depends on its location in the profile. 

When the emission from a point is lower than that from 
the arc centre, it experiences net radiation absorption. 

For the arc column under investigation, the net 

absorption zone starts at a point whose temperature is 
75%-80% of the highest temperature at the centre. 

Using two directions on one side of a cross-section with 

axisymmetric temperature distribution is sufficient to 

determine the location of the starting point of the net 

absorption zone.  

It is essential to adequately resolve the temperature 

variation over an optical path during the integration 

process; to correctly obtain the radiative flux 
divergence. An adaptive scheme for the spatial 

integration interval will effectively reduce the 

computing time. Information obtained from the present 

work is expected to help reduce the computational 
effort on integration, both in spectrum and space, to 

construct an approximate calculation method for 

engineering simulation of switching arcs. 

Depending on the design of a circuit breaker, the arc at 

high current can burn in a mixture of SF6 and PTFE 

vapour (in self-blast circuit breakers) or an SF6 

dominated environment (for puffer type circuit 
breakers). An SF6 environment is chosen in this work 

because it is a simple yet representative situation that 

allows us to focus on the radiative characteristics of 
high current arcs. Adding PTFE vapour will severely 

complicate the study and make the results difficult to 

interpret. The radiation transfer phenomenon in high 
current self-blast arcs as well as in more 

environmentally friendly gases will be studied in the 

next stage of the investigation. 
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