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Analysis of Dielectric Breakdown of Hot SF6 Gas 
in a Gas Circuit Breaker 

 
 

Hong-Kyu Kim†, Jin-Kyo Chong* and Ki-Dong Song** 
 

Abstract – This paper presents the analysis of the dielectric characteristics of a hot SF6 gas in a gas 
circuit breaker. Hot gas flow is analyzed using the FVFLIC method considering the moving boundary, 
material properties of real SF6 gas, and arc plasma. In the arc model, the re-absorption of the emitted 
radiation is approximated with the boundary source layer where the re-absorbed radiation energy is in-
put as an energy source term in the energy conservation equation. The breakdown criterion of a hot gas 
is predicted using the critical electric field as a function of temperature and pressure. To validate the 
simulation method, breakdown voltage for a 145kV 40kA circuit breaker was measured for various 
conditions. Consistent results between the simulation and experiment were confirmed. 
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1. Introduction 
 
During a large current interruption, hot gas flow is 

formed inside the high voltage gas circuit breaker (GCB) 
due to the arc plasma generated between the arcing con-
tacts. As shown in Fig. 1, when the hot gas flow reaches 
between a tank and a shield, the high temperature and low 
density gas results in the reduction in the dielectric with-
stand. Moreover, when the transient recovery voltage 
(TRV) approaches its peak value after a current interrup-
tion, the possibility of a breakdown becomes high. These 
days, the reduction in dielectric strength under hot gas 
conditions is one of the crucial problems to be resolved in 
the design of a compact GCB [1]-[2]. 

In this paper, we present the prediction method of dielec-
tric breakdown after a large current interruption in a GCB. 
The prediction procedure is composed of the hot gas flow 
analysis, electric field analysis, and the calculation of the 
critical electric field intensity as shown in Fig. 2. The hot 
gas flow is analyzed using the FVFLIC (finite volume fluid 
in cell) method [3] which can consider the compressible 
and supersonic flow. The arc is simulated as an energy 
source term in the energy conservation equation. 

The breakdown voltage is predicted using the critical 
electric field intensity. Much research has been carried out 
to calculate the critical breakdown field strength [4]-[6]. 
We employ the (E/N)c data derived by Yousfi [6] to obtain 
the critical electric field intensity Ecr. The prediction 
method is applied to the 145kV GCB model and the simu-
lation results are compared with the experimental ones.  

 

Fig. 1. Geometry of GCB and hot gas distribution during 
large current interruption. 

 

 
Fig. 2. Procedure of dielectric breakdown prediction  

(BD:breakdown). 
 
 

2. Hot Gas Flow Analysis 
 
Many researchers agree that the arc plasma can be 

treated as the local thermodynamic equilibrium condition. 
Therefore, the classical conservation equations for mass, 
momentum and energy can be used to analyze the hot gas 
flow considering the interaction with the arc plasma.  
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Many physical phenomena should be taken into account 
for the accurate analysis of the interaction between gas 
flow and arc plasma, such as moving geometry, compressi-
ble flow, joule heating, arc radiation, electric and magnetic 
effect, wall ablation, electrode melting, and so on. In this 
study, the effects of magnetic force, nozzle ablation, and 
electrode melting are not considered. The non-viscous and 
compressible flow is solved in the axisymmetric geometry 
with the following conservation equations: 
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where ρ is gas density, u and v are the axial and radial ve-
locity, p is pressure, E is the specific total energy, and Se is 
the energy source term, respectively. 

 
The energy source term Se in (4) represents the arc ef-

fects on the flow field, which is mainly composed of the 
joule heating and radiative transfer mechanism [7]. 

The FVFLIC method is used to solve the conservation 
equations. It can solve the supersonic flow problem with a 
moving boundary. The detailed numerical scheme of the 
FVFLIC method can be found in [3]. The unstructured grid 
is used and the grid is automatically adjusted according to 
the moving boundary. The transport and thermodynamic 
properties of real SF6 gas are obtained from [8]. 

To calculate the joule heating, the current density in the 
arc region should be known. The current density in the 
conducting arc region is computed using the conservation 
equation of the electric current and Ohm’s law. 
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where J
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 is the electric current density, σ is the electrical 
conductivity, and E

r  is the electric field intensity. 
The joule heating and total electric power in the arc re-

gion are then calculated as follows: 
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where ),( PTσσ =  is function of the local temperature T 
and pressure P [8]. 

 
To emulate the re-absorption of the emitted radiation in 

the arc edge, the boundary source layer is introduced where 
the re-absorbed radiation energy is distributed. In the cen-
tral arc region 0 < r < Ra in Fig. 3, most input energy is 
transferred in the form of the radiation. In the arc boundary 
region Ra < r < Rb, a large amount of the emitted radiation 
energy is re-absorbed [9]. 

In this study, a region of concern is not the arc region but 
the shield and tank region far away from the arc channel. 
So, the simplified energy source calculation technique is 
introduced. The energy source term Se in (4) is calculated 
considering the joule heating, emission and re-absorption 
of the radiation energy as follows: 

 
 a. Central arc region A (0 < r < Ra) : 
 

  Se = k1 Warc / VA                    (9)
 
b. Arc boundary layer B (Ra < r < Rb ) : 
 

  Se = k2 (1- k1) Warc / VB          (10) 
 

where 0 < k1, k2 < 1, k1 + k2 < 1, VA : volume of region A, 
VB : volume of region B. 

 
The constant k1 is related to the amount of the emitted 

energy from the central arc region, and k2 represents the 
ratio of the re-absorbed energy to the emitted energy. In 
this study, k1 is set 0.1, and k2 0.8, respectively. The pro-
posed empirical arc model can save the computational cost 
considerably considering the emission and re-absorption of 
the radiation energy in the arc region. 

 

 

Fig. 3. Definition of central arc region (A) and re-absorption 
region (boundary source layer, B). Tm : axis tem-
perature, Ta : aTm , a = 0.83 [9] , Tb : 3,000K. 

 
 

3. Critical Electric Field Intensity 
 
When an electrical arc is generated between the contacts 

in the GCB, the hot gas flows through the surrounding 
structures such as an exhaust tube, a shield or a grounded 
tank. The dielectric strength of the hot gas is much lower 
than that of the cold gas. The breakdown voltage of a hot 
gas can be predicted using the critical electric field inten-
sity (Ecr). The Ecr is the electric field intensity when the 
breakdown occurs. Much research has been carried out to 
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calculate the Ecr. The Ecr is calculated under the local ther-
mal equilibrium condition. Various processes such as elas-
tic collisions, vibration excitations, electronic excitation, 
dissociation, attachment, and ionization are taken into con-
sideration to evaluate the electron energy distribution func-
tion. There are some differences among the published Ecr 
data mainly due to the number of particles considered in 
the calculation and the interactions between electrons and 
the different gas dissociation products. We adopted the 
Yousfi’s Ecr data [6] because it takes 12 SF6 dissociated 
species in the calculations which involve both the electron 
and ion kinetics, resulting in the most elaborate data avail-
able now. 

Fig. 4 shows the Ecr data used in this study. The values 
were derived from the Ecr/N data calculated by Yousfi [6] 
as shown in Fig. 5. In [6], not Ecr data but Ecr/N data were 
calculated and to know the Ecr data, the number density N 
should be known. The SF6 properties from [8] are used to 
obtain the number density N as a function of gas tempera-
ture and pressure. 

 

 
Fig. 4. Critical electric field intensity with respect to tem-

perature and pressure. 
 

 

Fig. 5. (E/N)c data with respect to temperature and pressure. 
 
 

4. Results and Discussion 
 
From the hot gas flow analysis, the pressure and tem-

perature inside the GCB can be obtained. Then, the Ecr can 
be calculated with Fig. 4 data. The TRV is applied right 

after the current interruption. With the given TRV, we can 
calculate the applied electric field intensity Eapplied every-
where inside the GCB chamber. In this study, Eapplied is cal-
culated using the finite element method (FEM). If the Eap-

plied is greater than the Ecr, the probability of breakdown is 
high. So, we can define the breakdown index as the ratio of 
Eapplied to Ecr. If this index is greater than 1, the breakdown 
is predicted. 

 
4.1 Experimental Tests 

 
A dielectric breakdown test was carried out for the 

145kV 40kA puffer type GCB. Fig. 6 shows the testing 
facility in the synthetic test room. The filling SF6 gas pres-
sure is 6 [bar]. During the test, the interrupting current, the 
breakdown voltage, and the breakdown instant were re-
corded. The current wave form is sinusoidal with a fre-
quency of 60Hz. Table 1 shows the testing results with 
respect to the interrupting current. In the case of 20kArms, 
the arc energy is relatively small and no breakdown was 
observed. However, in the increased current case of 30 or 
35kArms, higher arc energy causes a breakdown between a 
shield and tank. The breakdown voltage for 30 and 35 
kArms is 240kV and 90kV respectively. Fig. 7 shows the scar 
position formed by the flash-over. It is located near the 
shield hole. 
 

 

Fig. 6. Testing facility and 145kV 40kA GCB. 
 

 

Fig. 7. Position and scar of breakdown. 
 

Table 1. Test results 

Current [kArms]
Arcing time 

[ms] TRV peak [kV] Test result 

20 20.0 243 Success 
30 20.5 240 Breakdown 
35 20.6 99 Breakdown 
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4.2 Simulation Results 
 
Fig. 8 shows the mesh diagram for the initial and final 

positions of the moving parts. To consider the moving 
boundary, the mesh is automatically adapted with respect 
to geometry changes.  

Figs. 9 and 10 show the temperature distribution for the 
case of 20kArms and 30kArms respectively. The temperature 
distribution for the 20kArms case shows lower values be-
tween a shield and tank compared to the 30kArms case. In 
the case of 20kArms, due to the relatively low arc energy, 
the temperature after current zero is less than 1,500K be-
tween the shield and the tank as shown in Fig. 9 (e). How-
ever, in the case of 30kArms, the higher temperature 
(T>1,700K) is shown around the shield region as shown in 
Fig. 10 (e), which results in the lowered dielectric strength. 

The breakdown index which is the ratio of the Eapplied to 
the Ecr is shown in Fig. 11 for both cases. For a current of 
20kArms, the index is much lower than one everywhere 
between a tank and shield. Whereas, in the case of 30kArms, 
the point whose breakdown index is closer to one is shown 
in Fig. 11 (b). This indicates the higher probability of a 
breakdown compared to a current of 20kArms. During the 
tests, for a current of 20kArms, the GCB interrupted the 
current successfully, whereas a breakdown occurred for a 
current of 30kArms.  

By comparing Fig. 10 (e) and Fig. 11 (b), we can see that 
the position of the maximum breakdown index is almost 
the same as that of the highest temperature. The position of 
the breakdown scar observed in the test is also marked in 
Fig. 11 (b). It is very difficult to predict the location of the 
breakdown initiation and the breakdown path. But the si-
mulation result shows that the point of the maximum 
breakdown index is reasonably located near the observed 
breakdown scar. 

 

 
(a) initial position 

 

  
(b) final position 

Fig. 8. Mesh diagram used in simulation. 

 

Fig. 9. Temperature distribution in the case of arc current 
20kArms, arcing time 20.0ms. (a) t = 10ms  (b) t = 
15ms (c) t = 18ms (d) t = 20ms(current zero) (e) t = 
250 μs after current zero. 

 

 
Fig. 10. Temperature distribution in the case of arc current 

30kArms, arcing time 20.5ms. (a) t = 10ms  (b) t = 
15ms (c) t = 18ms (d) t = 20.5ms(current zero) (e) t 
= 250 μs after current zero. 
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(a) Iarc = 20kArms, arcing time = 20.0ms 

 
(b) Iarc = 30kArms, arcing time = 20.5ms 

Fig. 11. Plot of Breakdown index (time = 250 μs after cur-
rent zero). 

 
 

5. Conclusion 
 
In this paper, the dielectric characteristics of a hot SF6 

gas in a GCB during a large current interruption have been 
analyzed. For the computation of hot gas flow, the FVFLIC 
method is employed considering the real SF6 gas properties 
and the moving boundary. The arc region is simulated us-
ing the simple energy source term in the energy conserva-
tion equation. Such a simple arc representation is adequate 
to the analysis of hot gas flow around the shield and the 
tank of a GCB.  

Among the several Ecr data, Yousfi’s data is found to be 
suitable to the numerical calculation of breakdown crite-
rion. By comparing the Eapplied and the Ecr, the possibility of 
the breakdown is predicted. The breakdown criterion was 
applied to the 145kV 40kA GCB and the consistent results 
between simulation and experiment were confirmed. The 
amount of hot gas flow between the shield and the tank is 
crucial to the dielectric characteristics. So, the optimal de-
sign of the gas flow passage to reduce the amount of hot 
gas flow and to cool the hot gas down is necessary for a 
compact GCB design. 

The presented method can indicate the location of a 
breakdown with considerable accuracy. It can be said that 
the dielectric breakdown criterion employing the critical 
electric field is a good means to understand the breakdown 
of hot SF6 gas inside a GCB. 
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