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Abstract. Gas circuit breakers rely on rapid gas expansion and turbulent mixing within a converg-
ing–diverging nozzle to effectively cool and extinguish arcs during current interruption. The transient
arc interruption process involves coupled physical phenomena, including turbulent flow, electric current,
convection and radiation. Selection of a suitable flow model is vital in obtaining simulation results
matching the experimental data. In this study, the transient behaviour of the SF6 flow during the
current ramp-down phase is investigated. Performance of the standard k-ϵ turbulence model is compared
with modified k-ϵ models, in which the turbulence dissipation constant C1ϵ is systematically varied
to identify the effect on the cooling process. Simulation results demonstrate that the adjustment of
C1ϵ can improve the arc cooling process by enhancing turbulent kinetic energy, resulting in maximum
rate-of-rise of recovery voltage (RRRV) estimation values similar to the experimental conditions.
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1. Introduction
Gas circuit breakers are widely utilised in high-
voltage power transmission due to their excellent arc-
quenching capabilities and dielectric strength. During
operation, an electric arc forms as the electrodes sepa-
rate, heating the gas into a plasma. Gas flow is forced
through a converging–diverging nozzle, undergoing
rapid expansion and turbulent mixing, which cools
and extinguishes the arc [1]. Arc quenching perfor-
mance of a circuit breaker can be evaluated through
simulating the transient behaviour and cooling ef-
fectiveness during the current ramp-down phase [2].
Computational fluid dynamics (CFD) simulations, em-
ploying either laminar or turbulence models, are used
to investigate complex flow phenomena [3]. In simpler
flow regimes or preliminary design stages, laminar flow
models can provide insight into baseline pressure and
temperature fields [4]. The turbulence models, such
as the standard k-ϵ turbulence model, are applied to
capture shear-driven mixing and eddy formation [5].
However, its performance significantly deteriorates in
flows exhibiting strong compressibility, rapid strain,
and pronounced adverse pressure gradients [6].

To enhance predictive accuracy under these chal-
lenging flow conditions, modified versions of the k-ϵ
turbulence model, such as the Chen-Kim and RNG
models, have been developed. The Chen-Kim model
introduces an additional production-scale term into
the ϵ-equation to better capture non-equilibrium tur-
bulent phenomena, especially flows with high strain
and separation [7]. The RNG k-ϵ model provides im-
proved predictions in rapidly strained and compress-
ible flows by using modified transport equations and
empirically adjusted constants [6]. Besides, modifica-
tions to the standard k-ϵ model have been explored by
adjusting its empirical turbulence constants [8], which

govern the production rate of turbulence dissipation.
Decreasing these constants typically enhances turbu-
lence dissipation, influencing turbulent mixing rates
and cooling performance [9, 10]. In [11], an arc plasma
model using finite volume method (FVM) was built to
simulate 550 kV 80 kA circuit breaker. Evaluating dif-
ferent values of C1ϵ it suggested that C1ϵ = 1.44 is suit-
able as it resulted in a distinct and smooth arc profile
with a relatively stable arc temperature and moderate
central arc pressure compared to the other two values.
However, the optimal adjustment of this constant of-
ten depends on software specifics, nozzle geometry,
and flow conditions [7, 12]. FVM integrates governing
equations over control volumes, ensuring exact con-
servation of mass, momentum, and energy across cell
boundaries. FEM focuses on accuracy through varia-
tional formulations but does not inherently guarantee
strict local conservation without special modifications.
Over the years, FEM has developed to solve fluid dy-
namics through advanced stabilization techniques such
as Streamline Upwind/Petrov–Galerkin (SUPG) and
specialized methods like the Discontinuous Galerkin
Finite Element Method (DG-FEM) [13]. FVM is
widely used for fluid dynamics, when considering cou-
pling physics, the finite element method (FEM) has
good performance.

This study use FEM to simulate arc, which this
method is suited to handle the tightly coupled multi-
physics interactions of electromagnetic forces, gas dy-
namics, and thermal expansion. This paper presents
a numerical investigation on the application of turbu-
lence models to study the arc quenching process in an
SF6 gas circuit breaker nozzle through FEM, using
high Mach number module in COMSOL Multiphysics
software. This study compares the performance of
standard and modified k-ϵ models in estimating the
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maximum rate of rise of recovery voltage.

2. Methodology of arc model
2.1. Governing equations
The time-averaged mass conservation:

∂ρ

∂t
+ ∇·(ρ V⃗ ) = 0 (1)

where t is time, ρ is density, V⃗ is velocity.
Time-averaged momentum conservation equation:

ρ
∂V⃗

∂t
+ ρ (V⃗ ·∇) V⃗ = − ∇·(p I) + ∇· τ̄ + F⃗ (2)

τ̄ = µ
[
(∇V⃗ + (∇V⃗ )T ) − 2

3 (∇·V⃗ ) I
]

− 2
3 ρ k I (3)

µ = µt + µℓ (4)

where p is pressure, τ is viscous stress tensor, F⃗ is
additional force per unit volume, µ is dynamic viscos-
ity, µl is dynamic molecular viscosity, µt is dynamic
turbulent viscosity, I is identity tensor.

Time-averaged energy conservation equation:

ρ Cp

(∂T

∂t
+ (V⃗ ·∇)T

)
= − ∇· qk + Qvd − Qp + Q (5)

where Cp is specific heat capacity, T is absolute tem-
perature, qk is heat flux, Qvd is viscous heating, Qp is
pressure work, and additional term Q is heat source
combining ohmic heating and radiation. Calculation
of qk, Qvd, Qp and Q are shown as follows:

qk = kq ∇T (6)

Qvd =
∑
i,j

τij
1
2

( ∂Vi

∂xj
+ ∂Vj

∂xi

)
(7)

Qp = −1
ρ

∂ρ

∂T

∣∣∣∣
p

T
(∂p

∂t
+ V⃗ ·∇p

)
(8)

Q = σ E2 − qnec (9)

where kq is thermal conductivity, E is electric field, σ
is electrical conductivity and qnec is radiated energy
per unit volume.

The above equations are supplemented by the equa-
tion of state, which is usually expressed as

ρ = f(p, T ) (10)

where ρ is density, p is pressure, T is temperature. The
transport properties, dynamic viscosity µ, thermal
conductivity kq, and electrical conductivity σ, are
functions of temperature and pressure [14].

2.2. Turbulence model
Turbulence plays a major role in arc cooling within gas
blast interruption theories [15]. Turbulence is created
by the shear layer between the fast-flowing hot plasma
in the arc core and the much slower and cooler gas out-
side that region. Introducing turbulence into the flow
field improves arc interruption behaviour [16]. The
standard k-ϵ model is the most widely used turbulence
model for engineering applications. It gives a general
description of the conversion of the energy from the
mean flow to chaotic turbulence for the maintenance
of turbulent flow and the dissipation of turbulence
energy extracted from the mean flow [17]. The stan-
dard k-ϵ model has two transport equations, one of
which describes the conservation of turbulent kinetic
energy (k) per unit mass, which represents the en-
ergy contained in turbulence. The other describes
the turbulence dissipation rate (ϵ), which describes
the rate at which turbulence energy is converted into
thermal energy [18]. Besides, the model relies on five
key empirical parameters, C1ϵ (1.44), C1ϵ (1.92), Cµ

(0.09), σk (1.0), and σe (1.3) which have been derived
from experimental observations.

∂(ρ k)
∂t

+∇·(ρ k
¯⃗
V ) = ∇·

((
µl+ µt

σk

)
∇k

)
+Gk−ρ ε (11)

∂(ρ ε)
∂t

+∇·(ρ ε
¯⃗
V ) = ∇·

((
µl+ µt

σε

)
∇ε

)
+C1ε

ε

k
Gk+C2ε ρ

ε2

k
(12)

where ρ is gas density, k is turbulent kinetic energy,
¯⃗
V is mean velocity, µl is dynamic (molecular) viscos-
ity, µt is dynamic (turbulent) viscosity, Gk is pro-
duction of turbulent kinetic energy, ε is turbulence
dissipation rate, C1ε controls turbulence production
in the dissipation-rate equation, C2ε governs turbu-
lence dissipation, σk is turbulent Prandtl number for k
(regulating its diffusion), and σε is turbulent Prandtl
number for ε.

Dynamic turbulent viscosity is calculated by

µt = ρ Cµ
k2

ε
(13)

where Cµ is a coefficient used to compute the eddy
viscosity.

The generation of the turbulent kinetic energy Gk

is related to the rate of strain in an axisymmetric arc:

Gk = µt

[
2
(∂w

∂z

)2
+2

(∂v

∂r

)2
+2

(v

r

)2
+

(∂w

∂r
+ ∂v

∂z

)2]
(14)

where µt is dynamic turbulent viscosity, w is veloc-
ity component of the z direction, and v is velocity
component of the r direction.

In addition to the standard k-ϵ model, two modi-
fied k-ϵ models were studied by varying the C1ε term,
which has been utilised to optimise simulation results
in other literature [10, 12]. In general, C1ϵ in (12) is

124



vol. 12 no. 2/2025 Modified turbulent models

proportional to the turbulence dissipation rate. There-
fore, decreasing it would result in an increase in the
turbulence kinetic energy, which in turn enhances the
turbulent exchange. Hence, the effect of the turbu-
lence dissipation constant C1ϵ was studied by vary-
ing ±15% range around the standard k-ϵ model 1.44,
which is consistent with other modified k-ϵ variants
(the RNG model uses 1.42, and Chen–Kim employs
1.15). Results from the model with modified parame-
ters 1.24 and 1.64 are compared with the results from
standard k-ϵ model. This limited sweep ensures the
modified model stays within a plausible range. The
transient behaviour of the SF6 switching arc during
the current ramp-down is evaluated by examining
Mach number, temperature, turbulent kinetic energy,
and arc radius profiles.

Besides, the radiation is calculated based on the
NEC model, which was introduced by Liebermann and
Lowke [19]. It is a commonly used model to quantify
the radiative energy losses during arc quenching [20].
The model incorporates two distinct regions. The arc
core region, which emits radiation and the surrounding
reabsorption region in which some of the emitted
radiation is reabsorbed by the arc column [19].

2.3. Modelling of supersonic flowl
COMSOL Multiphysics discretises PDEs by applying
FEM. FEM converts each equation into a weak form
through test functions, integrates over mesh elements,
and approximates the solution with nodal values and
polynomial shape functions to form a global sparse sys-
tem [13]. Accuracy is tuned through mesh refinement
or higher-order elements, and after setting boundary
conditions, COMSOL uses direct or iterative solvers
with adaptive meshing and error estimators to en-
sure convergence [21]. CFD package in COMSOL is
capable of simulating compressible flow.

2.3.1. Nozzle geometry
The geometry was extracted based on the Laval nozzle
used for experiments conducted in [22]. The model
dimensions were extracted from the drawing provided
in [22] and was implemented as 2D axis symmetry
model in the Finite Element Method (FEM) software.
Figure 1 shows the nozzle structure with upstream
and downstream electrodes. The contact material was
set as copper-tungsten (Cu-W). The upstream has an
electrode with a rounded tip, while the downstream
has a hollow electrode.

2.3.2. Boundary conditions
The boundary conditions are specified at the nozzle
inlet, nozzle outlet, nozzle wall, and upstream elec-
trode.

1. Pressure is set at the inlet and outlet boundary,
which were derived from experiments in [22].
2. A non-slip boundary condition for velocity is ap-
plied to the wall surface, and the surface is set to
be adiabatic [23].

Figure 1. Laval nozzle geometry.

Boundary condition Values
Inlet pressure 13.6 atm
Outlet pressure 3.4 atm
DC 1000 A
Current ramp down From 1000 A

with rate 13 A/µs

Table 1. Boundary conditions and values in simulation.

3. The current density [7] and current ramp-down
rate are applied to the surface of the upstream
electrode.
4. The thermal conduction in the solid is considered
in electrodes.
5. At the arc symmetry, there is no normal or shear
flow and no mass, heat, or turbulence transport
across the boundary, and both the electric potential
and current density exhibit no variation normal to
the symmetry boundary.
The simulation condition is a current ramp down

from 1000 A to 0 A with a rate of 13 A/µs. The bound-
ary conditions in the simulation are shown in Table 1.
The effect of contact erosion and nozzle ablation was
not considered in the simulation.

2.3.3. Simulation procedure
For each flow model, the simulation was started with
cold flow condition in which the flow was established
without an arc. The steady-state cold flow results
were then used as the initial condition to incorporate
the arc into the switching arc simulation, which is the
DC arc stage. The DC arc stage presents the fully
developed arc under continuous current. Following
the transient study of the current ramp-down simu-
lation is initiated with a stable DC arc. During the
simulation, the current ramped down from a stable
DC arc to 0 A with a fixed rate. The last stage is
the transient recovery voltage stage, the rate of rise
of recovery voltage (RRRV) is applied between the
two electrodes to test arc clearance or reignition by
evaluating the change in arc resistance with time, as
proposed in [5]. When the arc resistance increases
with time to an infinite value, the arc is distinguished.
In contrast, the resistance first slightly increases with
time, then decreases to almost zero, which means the
arc is reignited between the electrodes.
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Figure 2. Temperature distribution at 1000 A DC,
standard k-ϵ model.

Figure 3. Mach number contour at 1000 A DC, stan-
dard k-ϵ model.

3. Results and discussion of arc
simulation

3.1. Effect of C1ϵ parameter on the DC arc
simulation

The temperature distribution of the arc at 1000 A ob-
tained for the standard k-ϵ model is shown in Figure 2.
The energy in the arc model includes the energy input
through Ohmic heating and the energy dissipation,
which occurs through convection, thermal conduction,
radiation, pressure work and viscous work. The arc
exhibits a wider radius (distance from symmetry axis
to 4000 K) near the upstream electrode, and then the
arc shrinks at the throat area. As the arc progresses
downstream, the radius gradually increases due to the
influence of the radial convection within the nozzle.
The temperature profile reveals that the highest tem-
peratures are concentrated along the axial symmetry
axis, where Ohmic heating is most intense. In the
arc core region, the temperature distribution remains
relatively uniform along the radial direction. The arc
boundary is defined in the NEC model by electrical
boundary (R2), the location at which the electric con-
ductivity equals one, which is usually considered to
be at 4000 K.

Figure 3 shows the Mach number distribution in the
nozzle. The flow in the Laval nozzle is supersonic, and
a shock appears in the downstream area. The Mach
number increases from the inlet through the throat to
the downstream area and reaches a maximum Mach
number of 2.26 before the shock. In the arc area, due
to the high temperature and high speed of sound, the
Mach number is lower than in the surrounding cooler
area.

Figure 4 shows the temperature distribution along
the z-axis of symmetry boundary for the standard

Figure 4. Comparison of temperature at symmetry
along the z-axis of the standard k-ϵ model, modified
C1ϵ=1.24 and modified C1ϵ=1.64 at 1000 A DC.

k-ϵ model, modified C1ϵ=1.24 and modified C1ϵ=1.64.
Prior to the shock, the temperature distribution is
similar for all three models. The temperature of all
three models drops sharply after the shock due to the
lower velocity and smaller heat dissipation through
convection. The model with C1ϵ=1.24 has a slightly
larger drop in temperature along the z-axis, which
could be due to this region being more influenced by
turbulent kinetic energy.

3.2. Effect of C1ϵ parameter on current ramp
down and RRRV of arc simulation

Figure 5 illustrates the radial temperature distribution
at a point (23 mm) selected in the nozzle throat region
at three distinct instants current (50 A, 10 A, and 0 A)
during the current ramp-down process from 1000 A to
0 A at a rate of 13 A/µs. At the current condition 0 A,
the lower value C1ϵ=1.24 exhibited notably reduced
temperatures in the arc core region (close to the sym-
metry boundary). However, at higher current (50 A),
this same setting did not yield improved cooling rel-
ative to the standard model. This behaviour can be
attributed to the distinct physical mechanisms gov-
erning energy transfer at different current magnitudes.
At high current and elevated arc core temperature,
radiative energy transfer dominates heat dissipation.
Conversely, as the arc temperature drops to below
approximately 1×104 K, heat transfer through convec-
tion increases [5]. Therefore at lower current values
(10 A and 0 A), the enhanced turbulent mixing associ-
ated with a lower C1ϵ value causes a rapid reduction
in the temperature at the arc core. At 0 A, the max-
imum temperature of the modified C1ϵ=1.24 model
is 8% lower than the standard k-ϵ model whereas for
the model with C1ϵ=1.64 was 3% higher than the
standard k-ϵ model.

Figure 6 shows the temperature distribution along
the z-axis during current ramp down at instances
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Figure 5. Comparison of temperature distribution at
a throat location (23 mm from inlet) along the radial
direction of the standard k-ϵ model, modified C1ϵ=1.24
and modified C1ϵ=1.64 at instant current 50 A, 10 A
and 0 A during current ramp down.

of 50 A, 10 A and 0 A obtained for all three models.
While under steady-state (DC arc) conditions, all
three models showed similar axial temperature in the
region before the shock (Figure 4 ), differences emerge
as the current is ramped down, close to current zero.

At 50 A current all three models exhibited similar
temperature profiles in the region before the shock,
with the model with modified C1ϵ=1.24 exhibiting a
maximum of 8.7% deviation compared to the standard
k-ϵ model. In contrast, in the region after the shock,
the temperature obtained from the model with modi-
fied C1ϵ is considerably lower (up to 27.9%) compared
to standard k-ϵ model.

At 0 A, a clear deviation can be observed among all
three models with the modified C1ϵ=1.24, having a
lower temperature profile compared to the standard k-
ϵ model and the model with modified C1ϵ=1.64, having
a higher temperature profile. Considering the whole
axial length, the model with a modified C1ϵ=1.24 has
up to 25.3% lower temperature compared to the stan-
dard k-ϵ model. On the other hand, the model with a
modified C1ϵ=1.64 has up to 27% higher temperature
compared to the standard k-ϵ model. Results indicate
that the model with a modified C1ϵ=1.24 promotes
greater convective heat transfer in the throat area and
downstream area compared to the other two models.

Figure 7 illustrates the turbulence kinetic energy
(calculated from (12)) at the throat along the radial
direction of the three models at the current zero con-
dition. The decrease of C1ϵ, results in an increase in
turbulence kinetic energy largely. The highest value
of turbulence kinetic energy of the modified C1ϵ=1.24
is almost twice the standard k-ϵ model and five times
higher than the modified C1ϵ=1.64.

Figure 8 illustrates the dynamic viscosity (calcu-
lated from (13))at the throat along the radial direction

Figure 6. Comparison of temperature at symmetry
along the z-axis of the standard k-ϵ model, modified
C1ϵ=1.24 and modified C1ϵ=1.64 at instant current
50 A, 10 A and 0 A during current ramp down.

Figure 7. Comparison of turbulence kinetic energy at
the throat along the radial direction of the standard k-ϵ
model, modified C1ϵ=1.24 and modified C1ϵ=1.64 at
instant current 0 A during current ramp down.

of the three models. Decreasing C1ϵ causes the in-
crease in the turbulence dynamic viscosity (µt). Mod-
ified C1ϵ=1.24 is three times higher than the standard
k-ϵ model. Increase in dynamic viscosity (µt) indicates
increase in the mixing of gas flow into the arc core,
resulting in a more strongly accelerated supersonic
flow.

Figure 9 shows turbulence kinetic energy profiles
at the symmetry boundary along the z-axis direction
obtained for 0 A. The model with modified C1ϵ=1.24
shows higher amplitude across the nozzle, indicating
that the peak of turbulence kinetic energy appears
earlier than the other two models, which indicates
the turbulence is dissipating energy more rapidly com-
pared to the other models.

Figure 10 shows the comparison of the maximum
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Figure 8. Comparison of turbulence dynamic viscosity
at the throat along the radial direction of the standard
k-ϵ model, modified C1ϵ=1.24 and modified C1ϵ=1.64
at instant current 0 A during current ramp down.

Figure 9. Comparison of turbulence kinetic energy at
symmetry along the z-axis of the standard k-ϵ model,
modified C1ϵ=1.24 and modified C1ϵ=1.64 at instant
current 0 A during current ramp down.

rate of rise of recovery voltage (RRRV) before break-
down obtained from experimental data and simula-
tion models. The standard k-ϵ model indicates 25%
lower RRRV compared to experimental data. The tur-
bulence model with modified C1ϵ=1.24 showed best
performance in estimating RRRV with only a 2.5% dif-
ference against the measured value. With increasing
C1ϵ, RRRV decreases because of higher temperature
at 0 A and lower turbulence exchange ability.

4. Conclusions
Through FEM method, the paper studied the poten-
tial of modifying turbulent parameter (C1ϵ) in the
standard k-ϵ turbulence model to improve the accu-
racy of estimating the maximum RRRV in a circuit
breaker that consists of converging-diverging Laval-

Figure 10. Comparison of the rate of rise of recovery
voltage of the standard k-ϵ model, modified C1ϵ=1.24
and modified C1ϵ=1.64 with experimental data under
three conditions.

type nozzle. Results from standard k-ϵ model against
two modified variants, C1ϵ set to 1.24 and 1.64. Com-
pared to standard k-ϵ model, the modified model with
C1ϵ=1.24 showed an improvement in estimating the
maximum RRRV through the increase in dynamic
viscosity and turbulent kinetic energy. The increase
in dynamic viscosity allows increase in the mixing of
gas flow into the arc core, resulting in a more strongly
accelerated supersonic flow supporting the cooling
process. Also the stronger production of turbulence
kinetic energy along both axial and radial directions
promotes rapid dissipation of energy through turbu-
lence. As a result, core temperatures fall rapidly at
low current near 0 A, resulting in an improved RRRV.
This indicates that single-parameter modification to
the k-ϵ model can improve the predictive accuracy
of CFD simulations for the Laval nozzle of the SF6
circuit breaker. Future work will explore the approach
across a wider range of operating conditions.
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