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SYNTHÈSE:

La modélisation physique et la simulation des arcs de coupure réunissent un
ensemble particulièrement important de difficultés liées à la palette très variée de
phénomènes physiques qui interviennent ainsi qu'à leur couplage:
aérothermodynamique, électromagnétisme, transferts radiatifs... Les enjeux d'une telle
simulation, concernant les arcs de disjoncteurs, sont une réduction des coûts liés aux
essais, la mise à disposition d'un outil d'expertise en cas d'incidents pour l'exploitant,
et une réduction des coûts de conception pour le constructeur.

La note présente les travaux menés par un exploitant, EDF et deux
constructeurs, GEC Alsthom et Merlin Gérin, pour améliorer les modèles physiques et
les méthodes numériques afin de pouvoir simuler le comportement du plasma et du gaz
froid l'environnant dans une chambre de coupure de disjoncteur HT au SF6, pendant la
phase de fort courant Ces travaux concernent les phénomènes d'écoulement, avec
notamment la prise en compte de la compressibilité et l'étude de la turbulence, le
couplage entre ces phénomènes d'écoulement et les phénomènes électromagnétiques,
et enfin le rayonnement qui joue un rôle essentiel dans les transferts énergétiques
pendant la phase de fort courant. Pour ce dernier, il est mis en évidence que l'émission
mais aussi l'absorption jouent un grand rôle et les deux ont été introduites dans les
modèles.

La note présente les modèles mis au point et les résultats obtenus avec ceux-ci
pour la simulation de deux maquettes de disjoncteurs (une maquette de disjoncteur à
double pression et une maquette de disjoncteur à auto-expansion et arc tournant). Des
modèles de complexité croissante sont confrontés entre eux et aussi aux résultats
expérimentaux disponibles, l'objectif étant de trouver le meilleur compromis
précision/coût calcul. Les résultats concernent à la fois des simulations sans arc, en gaz
froid, et des résultats avec arc. Il est ainsi possible de comprendre la physique de
l'écoulement et le tôle de la géométrie de la chambre de coupure, puis d'appréhender
les modifications apportées par la présence de l'arc.
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EXECUTIVE SUMMARY:

Physical modelling and simulation of breaking arcs entail a large number of
problems linked to the extremely varied range of physical phenomena involved, and
their coupling: aerothermodynamics, electromagnetism, radiative transfer etc. The
potential benefits of simulation of this kind, concerning circuit-breaker arcs, are a
reduction in the cost of testing, the provision of an incident-based assessment tool for
the operator, and a reduction in design costs for the manufacturer.

The paper presents the work done by an operator, EDF and two manufacturers!,
SB€^dtth©aT->an^WeilB*=S6Fffl» to improve the physical models and numerical
methods used to simulate the behavior of the plasma and cold gas around it in a
breaking chamber of the HV SF6 circuit breaker, during the high-current phase. This
work concerns flow phenomena, in particular incorporating compressibility and the
study of turbulence, the coupling between these flow phenomena and electromagnetic
phenomena, and finally, radiation - which plays an essential role in energy transfer
during the high-current phase. For this latter aspect, emission but also absorption were
proven to play a major role, and the two were introduced into the models.

The paper presents the models developed and the results obtained with them for
simulation of two circuit breaker mock-ups (a double-pressure circuit breaker mock-ug

j 1 f H i d rotating are circuit breaker mock-up).JModels of increasing
h ri l i l b l h b j i b i

g p g g p)J g
complexity are compared as are the experimental results available, the objective being
to find the best accuracy/calculation cost trade-off. The results concern both
simulations without arc, using cold gas, and the results with arc. It is thus possible to
comprehend the flow physics and the role of the breaking chamber geometry, and then
understand the modifications due to the presence of the arc.
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Arc modelling in SF6 circuit breakers
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C. Fievet

1 Introduction

Modelling of arcs in circuit breakers began many years
ago using 'black box1 models such as Cassie or Mayr that
consider the arc in the lump. They are limited to the
study of the arc as an element of the circuit. Physical
models, in terms of local quantities, are much more ambi-
tious and give access to the geometry. They could be very
useful to understand accidents or to conceive new
breakers, if they were operational and cheaper. The first
research on the subject appeared in the 1970s and up to
recently much has been done, but generally it is very
qualitative and centred on a particular point or moment
such as the zero-current phase. There are many reasons
for this situation, including lack of physical data on
radiation, or the difficulty to define boundary conditions
on the electrodes, or CPU time requirements.

The present work is a part of a large project, involving
two manufacturers, one user and some university labor-
atories. The aims are to simulate the arc in an SF6 circuit
breaker, from the high-current phase to the zero-current
phase, and to give, with qualitative results (such as the
relative influence of particular physical phenomena) some
quantitative information on the variables (temperature,
pressure etc.). The success or failure of the breaking

process is outside the scope of the project. It is structured
around two model breakers, one of a two pressure
breaker and the other of a rotary arc breaker. It includes
development of new models (arc-electrode interaction),
determination of physical data (radiation) and experi-
mentations. In an earlier stage related here, we have per-
formed still qualitative simulations of the two model
breakers and made comparisons using different physical
models and also different softwares with different hypoth-
esis. The aim is to study the importance of each term in
the equations and to determine what is essential to take
into account in reaching the objectives and what is not.

Following a presentation of the physics of the problem
and of the different models used we describe the model
breakers. We give and compare results obtained without
arc (cold gas) in order to test programs, to understand
how the flow is organised and to give a reference solution
for the simulations with arc as described later. We
relate the difficulties, and study the influence of various
phenomena such as Lorentz forces, turbulence and radi-
ative processes and also the influence of how they are
modelled.

Finally we give conclusions on these results, trying to
reference them to the objectives of the project and to give
some hints on the future developments to be done.
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2 Physical analysis of the problem

An arc in a circuit breaker is a partially ionized plasma
surrounded by cold gas, both being submitted to forces
(pressure gradients and electromagnetic forces) creating
more or less violent movements of the flow. If we make
the hypothesis of local thermodynamical equilibrium
(LTE) it is possible to consider that we have a medium
(mixing of neutral and charged particles coming from the
SF6) having a well-defined speed, pressure and tem-
perature or enthalpy at each point and having properties
(viscosity) as a function of pressure and temperature. It is



then possible to apply the conservation laws (mass,
momentum and energy) to this one-phase gas

Sp/bt + div (pU) = 0 (1)

pbU/bt + (pU grad)(/ = -gradp + div t + FL (2)

pbh/bt + pU gradh

= bp/bt + U gradp - div Q + Pj + Sr (3)

with usual notations and where T is the momentum diffu-
sion tensor (generally written using viscosity), FL the
Lorentz forces, Q the thermal diffusion flux, Pj the
Joule source term and Sr the losses term due to radiative
transfer.

The energetic transfers between hot and cold regions
are very important phenomena, during the whole arc
period but especially at the zero-current phase when the
competition between production and exhaust of energy
determines the success or the failure of the breaking
process.

Each mechanism of exchange of energy has to be
properly modelled:

(i) convection can be dominant at some phase and is
directly determined by the way the flow is treated
(compressibility) and also by the Lorentz forces.

(ii) diffusion can be enormously enlarged by turbulent
fluctuations. Modelling of turbulence will be widely
discussed.

(iii) source terms of energy coming from radiative and
electromagnetic phenomena, themselves function of
enthalpy and pressure via the absorption coefficient
(for Sr) and the electrical conductivity (for Pj) are deter-
mined by extra equations coupled with the previous
ones: electromagnetic equations (Pj and also FJ for
which electrokinetic approximation will be used (no
induction) and radiative transfer equation {Sr).

3 Models

3.1 Model A
On account of the consequences of the compressibility
(shock waves, contact discontinuities), and because of the
difficulties to define the discontinuities with numerical
schemes, Model A [1] has been built around the 2D
axisymmetrical compressible equations of Euler. The
model is based on the equations of conservation of mass,
momentum and energy, without viscosity but with
thermal diffusivity.

To solve numerically this system of equations, a finite
volume Van Leer scheme is used. Namely this scheme
has an excellent accuracy in presence of transient shocks.
We have shown that this scheme could be used on
unstructured meshes and with moving boundaries [2].

The state functions (internal energy, entropy, and
sound speed) are derived from tabulated values [3], in
such a manner that the two thermodynamical principles
are satisfied through the appropriate form for the state
law linking continuously density, temperature and pres-
sure [4]. Generally, the equation of state of SF6 has the
following form:

P = PZ(p, T)T

e{T, p) log (plpO)

(4)

(5)

where the compressibility Z and internal energy e are
functions of the density p and the temperature 7", and a
and b are functions of the temperature T.

The electromagnetic equation solved is

div (a grad V) = 0 (6)

where V is the electrical potential and a the electrical
conductivity. V is imposed on the electrodes and we
assume that V is constant in the radial direction. Once V
is determined, E = —grad V and the Joule losses oE2 are
known.

The 2D radiative transfers are accounted for. We deal
separately with the emission term and the absorption
term. The emission term is computed using a net emis-
sion term. The absorption term is computed using an
exponential decreasing law, derived from experimental
measurements [5]. In the computations, the absorption
length is assumed to be constant on the space domain
and in the temperature area. The absorption law has the
following form:

/(I) = (l/l//)[(Emitted - Thin) exp (-L/a) + Thin] (7)

where 'Emitted' is the total radiation emitted energy,
Thin' the lost thin radiation energy, Ul the Joule
heating, L the distance from the arc centre and a the
absorption length. At each time step, the absorption
length is fitted with the experimental results and with the
ratio of the emitted energy to the Joule heating energy.

Energy exchanges between wall and gas flow are taken
into account through a Dirichlet boundary condition: a
typical ambient temperature is imposed at the wall.
Energy exchanges between electrode and arc are not yet
simulated in our model (a Neumann condition at the
boundary is imposed).

32 Model B>
Model B is based on the resolution of the classical fluid
mechanics equations described previously. Axial
symmetry is assumed and the fluid is supposed to be
Newtonian, single-phased and homogeneous. The differ-
ent SF6 properties depend on the local temperature and
pressure values. The spatial resolution is built on a semi-
implicit finite element method using triangular elements.
The particularity of the resolution concerns the correc-
tion equation for pressure and density which derives from
continuity equation. This treatment is inspired by the
'Simple' algorithm [6]. For each time step, we solve the
correction pressure equation, derive a correction for the
velocity field using a formulation based on the momen-
tum equation, and finally correct the pressure and veloc-
ity field. We repeat the whole procedure until a
converged solution is obtained. The turbulent calcu-
lations use the standard k — e model, written for com-
pressible flows but with inherent constants calibrated for
incompressible situations.

As boundary conditions, the upstream temperature
and pressure are imposed. No downstream condition is
used since the fluid is supposed to flow into a sufficiently
large vessel.

In the case of the arc calculation, an energy density is
imposed along the axis to obtain a conductive region
and, then, the electric field can be solved either by sup-
posing it axial, or not, and by using the electomagnetic
eqn. 6, where a is a function of pressure and temperature.
The Joule effect is expressed by j2/a and the magnetic
field is given by Ampere's law. The Lorentz forces are
then expressed as j x 8.

The radiation emission is calculated from the net emis-
sion coefficient introduced by Licbermann and Lowke
[7] for different pressure, temperature and radius values.



Three regions are considered: the first corresponds to sig-
nificant Joule losses and radiation emission; the second is
limited by a typical absorption isotherm. The absorbed
radiative energy is considered proportional to the total
emitted energy in the first area and is spread over the first
and second. In the third zone the radiative term is equal
to zero. The net radiation term is the difference between
the emitted and absorbed part. This model is approx-
imate. The total resolution of KirchofFs equation is being
worked on multiple random directions using the partial
characteristic method.

3.3 Model C
Model C [8] had been developed to simulate plasma
torches and arc furnaces. Its compressible version is used
here and it takes into account every terms of the eqns.
1-3, in particular the diffusion term and FL in eqn. 2 and
the pressure terms in eqn. 3. It uses a finite difference
method and the numerical scheme is implicit, with a
fractional stepping for the time discretisation (convection
using characteristics method, ID diffusion equation
solved by a direct semi-implicit method (double sweep)).
The elliptic continuity equation in terms of pressure
variation is solved by an iterative method, and finally,
correction step for speed and enthalpy by taking into
account pressure variation determined at the previous
step.

Several models for turbulence are available. Two of
them will be used here, based on a first-order closure of
the Reynolds tensor term giving a turbulent thermal
diffusivity. The first one is a classical k-t model and the
second one a 'low Reynolds' k-e model where the turbu-
lent viscosity is lowered when the turbulent Reynolds
number is small. Initially developed to take into account
the viscous layer near the walls, this model is used here
for its ability to represent flows with simultaneous
laminar and turbulent regions [9].

The electromagnetic equation is eqn. 6 and the electri-
cal field grad V has two components in the axial plane.
Conductivity a is a function of p and h. The Joule term
and Lorentz forces are then determined as in Model B.

The radiation term is determined by solving the
radiative transfer equation, including emission and
absorption.

Sr = div [L(x, S)]

= K(p, T)* - K(p, T)*Ux, S) (8)
where L(x, S) is the energy density due to radiation and
flowing at point x in a unit solid angle centred in the
direction 5 and where K(p, T) is an absorption coefficent
taken as a constant over the whole spectrum. The first
term on the righthand side of eqn. 8 represents the emis-
sion and the second the absorption. K{p, T) is a function
of pressure and temperature. Above 8000 K the values
are determined using the net emission coefficient corre-
sponding to a zero radius [10] and under 8000 K they
have been choosen to fit with the experimental measure-
ments given in Reference 5. Eqn. 8 is solved in terms of
Ux, S) discretised on the finite-difference grid.

Boundary conditions for pressure are Dirichlet at
input and output, and Neumann on the walls, velocity is
free at input and output and can be imposed to zero
(adherence) or with a Neumann condition, or with a
logarithmic boundary layer on the walls. Adiabaticity is
considered on the electrodes as well as on the walls. For
electric potential we consider Dirichlet condition on the
electrodes and Neumann condition on the walls. At each

timestep, the potential on one electrode is recalculated to
get the proper imposed intensity. For the calculations
with an arc we start from an initial cold flow and we
apply a given energy density term (~ 1010 W/m3) at the
right-hand side of the energy equation until the gas
becomes conductive. We then solve eqn. 6.

4 Model breakers and the flows without arc

4.1 Test case 1: two pressure breaker

4.1.1 Experimental set-up: The first model breaker used
is a double-pressure circuit breaker. To simulate a puffer
breaker the SF6 is stored in a high-pressure vessel at
about 3 bars and is closed by a fast opening valve. This
valve separates the high-pressure vessel from the arcing
chamber.

The high-pressure upstream section is connected via a
nozzle and a fixed contact to low pressure downstream
tanks. Within the nozzle, a moving contact can be pulled
by a spring mechanism (Fig. 1). For our simulation it will

calculation domain

moving electrode

Fig. 1 Experimental set-up

be kept fixed. A capacitor bank discharge provides a
quasiconstant current of 2000 A during 1 ms. The calcu-
lation domain is indicated on the schematic view. The
equivalent pressure measured in the upstream region
reaches 2.14 bar. This value will be imposed on the
entrance edge of the calculation domain.

4.7-? Flow without arc. Simulations: In order to verify
the conformity between the results of the different
models, cold gas computations are made with the pre-
vious domain. The contacts are assumed motionless
during the simulation. A shock wave is observed just
behind the fixed electrode. The different comparisons are
hold on for steady situation. Models B and C, which take
viscous forces into account, give the lowest crossflow
values. The turbulence model used is most important for
the final result: as a matter of fact, both low Reynolds
and laminar flow give a supersonic outflow. Also a stan-
dard turbulence model gives a subsonic outflow, when
used in Model B and in Model C. There is a conformity
between Model B and Model C but further experiments
seem to be necessary to decide which kind of turbulence
model is the most realistic. Table 1 gives the maximum

Table. 1 : Simulation results for teat case 1 without arc

Mach max
Crossflow
Max. under-

pressure

Model A

1.27
185 g/s
-0.87 bar

Model C
k-e standard

1.40
160 g/s
-0.43 bar

Model C
low Reyn.

1.26
180 g/s
-0.16 bar

Model B

1.32
126 g/s
-0.3 bar



Mach number, the crossflow and the maximum under-
pressure just before the shock wave, given by the three
models.

0.15

0.10

0.05

-B

0.5 1.0 1.5
MC

Fig. 2 Mach number along the axis
standard turbulence model
low Reynolds turbulence model

4 2 Test case 2: rotary arc breaker
Fig. 3 describes schematically the experimental rotary
arc breaker used to compare experimental results and
computations.

expansion
volume

5

/ / / / / / / s s s / / / / / / / / / ? /

Fig. 3 Rotary arc breaker
1 flats windows
2 interruption chamber *
3 electric arc
4 magnet
5 contacts

The magnetic field created by the coil induces the rota-
tion of the arc (labelled '3' in Fig. 3). The temperature rise
in the expansion volume causes the pressure to increase.
This overpressure blows the arc when zero current is
approached.

The first calculations have been performed with cold
gases. Initially, there is an overpressure of 1 bar in the
expansion volume. At t = 0 begins the opening of the

moving electrical contacts. We can then observe a rare-
fraction wave from the expansion volume to the lower
volumes. The final time of the computation is t *> 50 ms.

First we have compared the different results obtained
with the three models. Integral variables as the crossflow

Table 2: T—t case 2. simulated r—utt» without arc

Model A Mode) B Model C

Maximum axis velocity
Axis velocity at t * 50 ms
Maximum crossflow
Crossflow at f = 50 ms
Overpressure at r = 50 ms
Temperature at t« 50 ms

155m/s
34m/s
80g/s
19g/s
0.08 bar
304 K

200 m/s
63 m/s
86g/s
26g/s
0.09 bar
315 K

160 m/s
26 m/s
80 g/8
21 g/s
0.10 bar
304 K

or the pressure at the final time and local variables as the
velocity or the temperature have been compared.

Fig. 4 is a comparison between experiments and com-

xiO4

20r

% 15
en

10
0.01 0.02 0.03

time, S
0.04 0.05

Fig. 4 Comparisons between experiments and computations {Model A)
computed solution
experimental result

putations for the pressure in the expansion volume and
the pressure in the lower volume.

So, in gas flow without arc, the agreement between the
different models, and between experiments, and computa-
tions is good.

5 Techniques for the modelling of an arc in a
circuit breaker

In this Section we first present the solutions obtained
with an arc, for the two test cases defined in the previous
section. Our purpose is to give the main features of the
simulated solutions with an arc, which are qualitatively
identical for ftie three models of Section 3. We then inves-
tigate more deeply the influence of the fluid mechanics
part of the models, and the influence of the electromag-
netic coupling and finally, the influence of the way the
radiative term is treated.

5.1 Overview of the solution with an arc
Figs. 5-7 describe the solution obtained with Model C
for the steady-state solution corresponding to the two
pressure breaker (Test case 1). To avoid the difficulties
coming from the foot of the arc on the fixed electrode,
which is 3-D in reality but we can only simulate with
axial symmetry, this electrode being replaced by a
fictitious one, on the plane perpendicular to the axis at
the end of the divergent part.

We can see that the pressure and Mach number fields
are not very different from without arc. There is a shock
at the same place with approximately the same shape and
a transonic zone is present. The temperature field gives
the shape of the arc, the intensity of which is 2000 A. The



hottest zone is of course at the narrowest section and can
be seen as a consequence of the clogging-effect: the cold
gas has only a very thin free section to flow and con-
stricts the arc. The arc itself partially obstructs the flow.

pressure
-7 .

j-3.12x1O4

J-8-31 xiO3

•3.7

'6 .05x10'

J 8.36x10*

Ji.06x105

• 1 . 2 9 x 1 0 5

Fig. 5 Test case 1: Pressure (Pa)

temperature
27

*5.01x10J

J9.98x103

Jl .50x104

"1.99x104

Fig. S Test case I: Temperature (X)

Test case 2 corresponding to the rotary arc breaker, is
a transient one: the motion of the electrode is taken into
account and a sinusoidal current with a peak value of
8100 A is considered. At time zero when the contact
between electrodes is broken, the current is growing up
with a value of 3000 A. The zero-current phase occurs at
8.8 ms.

For this case the solution is very different with arc and
without arc because with arc we consider that at time
zero the pressure is everywhere equal to 1 atm and then
rises up due to the absorption of the radiations.

Fig. 8 shows the evolution in time of the mean pres-
sure in the upstreum volume and of the flow between the

electrodes. During the same time the arc voltage rises
from zero to approximately 75 V.

We can see that the speed of rise of pressure is impor-
tant for strong currents when the radiative process is

Mach
0

Q.i.

0.8

1.2

1.6

Fig. 7 Test case 1: Mach number

0.6 r

0 2 4 6 8 10 12
time, ms

Fig. 8 Test case 2: Evolution of simulated pressure and flow

— 9 — prcwore
—A— flow

important On the contrary the flow is small during this
period when the arc clogs the space between the elec-
trodes. It rises up suddenly when the current becomes
very small and frees the interspace. It must be noticed
that the flow inside the electrodes is transonic during a
portion of the arc duration.

52 Fluid mechanics
Fig. 9 shows the pressure and Mach number distribu-
tions along the axis for Test case 1, corresponding to
Cases 1,2 and 3 of Table 3 (Models A, B and Q.

The first conclusion is undoubtedly that compressible
effects are very important in the confined zone inside the
hollow electrode and that an incompressible simulation
would be completely inadequate to describe this kind of
flow.

The second point concerning flows aspects is much
more difficult to handle: it is related to viscosity and
turbulence effectiveness and includes considerations on
the way the boundary layers at the walls are taken into
account.



Table 3 gives the values for the maximum Mach
number and the flow for various modellings. These are
approximate mean values in time because solutions are

0.3

• 0.2

2 o.i

' 1 2 3 U 5
axial position, cm

Fig. 9 Test case I: Mach number and pressure along the axis

— O — pressure. Model A
—A— pressure. Model B
— O - - pressure. Model C
— • — M<cb Dumber, Model A
—A— Mad) number. Model B
— • - - Mach number. Model C

Table 3: Test case 1

Case Mach max. Flow, g/s

1 Model A, laminar, nonviscous, -t-1.48 ->-49
slipping on the walls

2 Model B, turbulent. * -£ . adherence -v1.24 -wSO
on the walls

3 Modal C. turbulent, low Reynolds, -^1.40 -^37
adherence on the walls

4 Model C, turbulent l ow Reynolds, ^ 1 . 7 0 ->-5O
adherence+slipping on the walls

5 Model C. turbulent, Jk-e, -^1.37 ^-39
adherence+slipping on the walls

not perfectly steady-state. Adherence-slipping condition
means adherence everywhere except along the narrowest
part of the hollow electrode.

From Table 3 we can see that there is a relatively good
agreement between the models. Comparison between
Cases 3 and 4 indicates that the influence of the wall con-
dition is very important. Comparison between Cases 4
and 5 shows that the low Reynolds model for turbulence
is less penalising for the flow and closer to the laminar
flow than the classical k-t model. Fig. 10 gives a view of
the turbulent viscosity for these two cases.

Turbulence has also been investigated in Test case 2
by doing two simulations, both with a logarithmic
boundary layer on the walls: the first one laminar and
the second using a low Reynolds model. The conclusion
is that even in the second case the solution remains
laminar up to 1 msec before zero current and then
becomes turbulent inside the electrodes, after their rough
enlargement and so very far from the arc region. The
effect is very small.

These results, at first glance, seem contradictory. In
fact we have to be very careful when interpreting them.
Pressure gradients and Reynolds number are smaller in
Test case 2 except near the zero-current phase. Moreover
turbulence models correspond to a steady-state turbu-
lence and we do not know how they behave in such tran-
sient flows where the duration of the flow is not great,
compared with the time for transition from laminar to
turbulent mode, and also in such compressible flows with
enormous density gradients.

5.3 Coupling with electromagnetics
The coupling between flow and electromagnetics is
realised through the Joule term, the Lorentz forces term
and the dependency of the electrical conductivity on tem-
perature and pressure, which is known [3]. The Joule
term is of course of paramount importance. The role and
influence of the Lorentz forces have to be examined.
These two terms are determined solving Maxwell's equa-
tions in the electrokinetic approximation and we have to
examine the way this is done.

The electrical calculations needs the medium to be
conductive and we have explained the procedure in
Section 3. Another difficulty is shown on Fig. 11 where

Fig. 10 Test case I: Turbulent viscosity

a k-r. model
b Low Reynolds model
Vbcoiily is in nr/s

Fig. 11 Arc root on the hollow electrode

we can see a simulated arc and especially its root on the
hollow electrode is nonphysical because of the axial sym-
metry and because of the convection by the cold gas due
to the simple adiabatic condition used on the electrode.
In the following simulations and for the two test-cases it
is replaced by a fictitious one (see Section S.I).

The problem of the real action of Lorentz forces and
the need or not to take them into account is not obvious.
The following results can put some light on that problem.
For the same cases as in Table 3, Table 4 gives the arc
voltage. Two results have been added. Case 6 which is



Table 4: Arc voltage for tMt c m 1 (2000 A)

Cases

Arc voltage. V

1

440

2

300

3

390

4

380

5

350

6

392

7

280

identical to Case 4 but without Lorentz forces, and Case
7 which gives the voltage, measured on the experimental
model. This last data cannot be directly compared with
the simulation results because of the influence of the
fictitious electrode. The fictitious electrode is far down-
stream and corresponds probably to an arc which is
longer than in reality, giving a stronger simulated
voltage.

The influence of Lorentz forces (comparison between
Cases 4 and 6) seems to be small, but on the same test
case the Lorentz forces give more important instabilities
which lead to an explosion of the calculation for an
intensity of 8000 A (Model C).

Simulations have also been done on Test case 2, with
and without Lorentz forces. There is no significant differ-
ence in the evolution of arc voltage, flow and pressure in
the upstream volume. The only change is an overpressure
function of the intensity in the heart of the arc, with
Lorentz forces. Fig. 12 shows a profile of the pressure in

JLU I

0 0.02 0.W

Fig. 12 Test case 2: Pressure profile with Lorentz forces

the plane perpendicular to the axis and between the elec-
trodes. We can see an overpressure of O.S atm, the inten-
sity been equal to 8000 A.

These results seem to show that in the arc column curl
(F J s 0 and thus FL is for most part counterbalanced by
a gradient of pressure. But we know it cannot be true
very close to the electrodes in a zone where the simula-
tions presented here, are not very accurate because of the
coarseness of the mesh and the adiabatic condition used.
Furthermore, the fictitous electrodes and the axial sym-
metry probably mask some phenomena. Nevertheless,
Table 4 seems to show that the arc voltage, direct image
of the energy produced in the arc, is more influenced by
the way the flow is modelled than by the precise way the
coupling with electromagnetics is taken into account.

5.4 Radiation
Radiation is the most important phenomena to take into
account in the Test case 2 because it is responsible for the
greatest part of the rise of pressure in the upstream
volume. Consequently, it has to be carefully modelled.
Unfortunately at this time, the absorption of the radi-
ation in cold SF6 is not well known, in spite of some
experimental works [5]. It is quite clear that a simplified

model like a net emission coefficient is quite insufficient.
Each of the three models A, B and C consider absorption
in cold gas, with an experimentally derived absorption
law in Model A, with an estimated absorption coefficient
in Model C. As for Model B, absorption is concentrated
in the arc mantle (see Section 3).

Waiting for the theoretical determination of the
absorption coefficients which are a function of pressure,
temperature and wavelength and so represent an impor-
rant quantity of data, it has been possible to interpret the
results obtained with the Model A, in term of absorption
coefficient for Model C, independent of the wavelength.
Fig. 13 shows the pressure function of time for Test case
2, given by Model A, Model C and the experimental data.

5
time, ms

Fig. 13 Upstream pressure in Test case 2
—A— Model A
— • — Model B
— • — experimental

The experimental overpressure is equal to 1 atm at the
zero current, compared to 0.64 and 0.S8 atm given by
simulation. This ts probably due to the fact that radiation
is not the only process giving a rise of pressure; there is
also convection due to arc rotation which is not taken
into account in the simulations. To see the accuracy
required on the absorption coefficients in Model C if we
multiply by 5 the absorption coefficients in cold gas, we
find an overpressure multiplied by 3.2.

Table 5 gives the radiative term in the energy equation
for Model A and Model C on Test case 2; function of the

Table 5: Test-case 2: radiative term for 8000 A

rmm Model A W/m3 Model C W/m1

0
0.5
1
1.5
2.0
2.5
3.0

-3.00x10"
-1.92x10"
8.00x10* '
3.00x10*
7.00x10*
4.00x10*
3.00x10*

-4.2x10"
-1.60x10
2.50x10*
1.55x10*
1.15x10*
1.09x10*
1.03x10*

distance to the axis on the radial plane at equal distance
from the electrodes, for 8100 A. Table 6 is the equivalent
for Test case 1, in the radial plane at equal distance from
nozzle and fixed electrode, for Models A and B.

Table 6: Test-case 1 : radiative term

rmm Model A W/m3 Model B W/m3

0
2
4
6
8

10

-1.02
-1.01

0.93
4.30
2.7 x
1.8 «

x 1 0 "
x 1 0 "
x 1 0 "
x iO 1 0

1O10

10'°

-0.88*10"
-0.86x10"
-0.80x10"

6.90x10'°
0
0



6 Conclusions

Within the activities of a large project, involving a signifi-
cant number of people, working on the simulation of the
behaviour of an arc in an SF6 circuit breaker, we present
a set of studies to determine the sensibility of simulated
results to different factors. We have investigated com-
pressibility, which is absolutely necessary, we have identi-
fied the difficult problem of the modelling of the
transition from laminar to turbulent flow in these tran-
sient cases. In particular we show simulated results
obtained with several turbulence models. Regarding elec-
tromagnetic coupling, we have shown that in first
approximation and not very dose to the electrodes,
Lorentz forces have essentially an overpressure effect in
the arc column. In the vicinity of the electrodes they have
also an effect on the flow itself and we want to investigate
it in the future.

In the next stages of the project we plan to get more
experimental data, to introduce theoretical data on the
absorption in cold SF6 and to study the arc-electrode
interactions and the influence of metallic vapours.
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