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A high-voltage circuit breaker is an indispensable piece of equipment in the electric transmission and distribution systems.
Transonic flow typically occurs inside breaking chamber during the current interruption, which determines the insulating char-
acteristics of gas. Therefore, accurate compressible flow simulations are required to improve the prediction of the breakdown
voltages in various test duties of high-voltage circuit breakers. In this work, investigation of the impact of the solvers on the
prediction capability of the breakdown voltages in capacitive switching is presented. For this purpose, a number of compressible
nozzle flow validation cases have been presented. The investigation is then further extended for a real high-voltage circuit breaker
geometry. The correlation between the flow prediction accuracy and the breakdown voltage prediction capability is identified.

1. Introduction

High-voltage gas circuit breakers are one of the most impor-
tant and complex components in the electric transmission
and distribution systems, with main function of opening the
circuit under fault conditions and interrupt currents from
very small values up to the maximum rated short-circuit
current. The current interruption process in such device is
quite complex and involves interaction of electric arc, gas
flow, ablation, and radiation.

In typical self-blast high-voltage circuit breaker (sche-
matic is shown in Figure 1), the plasma arc is ignited after
arcing contacts (1, 2) separate from each other and breaker
uses arc energy to create pressure inside a chamber (3) and
to blow the arc, at current zero crossing of the alternating
current (ac), inside a PTFE nozzle (4). The clearing of
hot gas, after arcing contact (2) leaves the nozzle (4)
strongly depends on flow pattern inside the nozzle-diffuser
system (4-5) which is complex and contains the formation
and location of supersonic flow regions, shock fronts, and
flow separation and reattachment regions. Design of such
system is important for current interruption and subsequent
dielectric recovery (better hot gas clearing), as the flow
varies strongly throughout the nozzle diffuser system and its

interaction with the electric field generates critical regions
characterized by low density and high electric field. The
probability of electrical breakdown is higher in such regions.

In capacitive switching, the current interruption occurs
at high voltages but low current (no-arc), represents one of
the important tests that the breaker needs to pass. During
the diffuser design process refered to capactive switching,
since the electrical field distribution does not change much
with different diffuser shapes, the dielectric performance of
the gas can be evaluated only from the fluid dynamic char-
acteristics. That is, for given electric field distribution, it
is desirable to attain highest possible flow density in the
diffuser (while not blocking the gas flow from the nozzle,
which would eventually lead to the failure in thermal in-
terruption), for better dielectric capability. Since the local
flow property determines the dielectric strength of insulating
gas, it is important to understand the dynamics of the
transonic gas flow, in the design and development of high-
voltage circuit breakers.

Computational Fluid Dynamics (CFD) offers a great
advantage for simulating and visualizing the processes in
high-voltage circuit breakers. The application of CFD simu-
lation can save a number of expensive tests and significantly
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Figure 1: Schematic representation of self-blast circuit breaker geometry.
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Figure 2: Transonic nozzle simulations for typical diffuser geometries for (a) non-conservative method and (b) conservative method.

accelerate the prototyping, which is directly connected to
reduction in cost of breaker development. Since flow in
breaker is highly complex and nonlinear transonic com-
pressible flow which allows discontinuous shock structure
and complicated flow detachments from the diffuser, a high
degree of accuracy of flow calculation is required.

In the present work, a benchmark validation study of two
solvers for predicting the breakdown voltages in capacitive
switching tests in high-voltage circuit breaker geometry is
presented. The semi-implicit pressure correction (SIMPLEC)
method [1], which is widely adopted in many commercial
CFD tools, and the density-based Jameson scheme with
explicit Runge-Kutta time marching method [2] are com-
pared. The in-house code has been used for all simulations
and two-dimensional axisymmetric simulations are carried
out for performance comparison of the two algorithms.

The paper is organized as follows: the main issues in
compressible flow simulations are presented in Section 2.
Further, the role of the turbulence modeling for transonic
nozzle flow simulations, by presenting a validation case
based on a 2D nozzle, is demonstrated. In Section 3, CFD
validation study for the transient transonic flow in a simple
diffuser geometry with different position of electrode (In
Figure 1 contact (2)) is presented. In Section 4, validation

study of a compressible flow field with the measured tran-
sient flow data from a real high-voltage circuit breaker capac-
itive switching test duty is performed. In Section 5, influence
of the different compressible flow solvers on the prediction
of dielectric breakdown voltages in capacitive switching tests
is presented. In Section 6, final conclusions are drawn.

2. Main Concerns in
Transonic Flow Simulations

There are several features that the ideal CFD simulation tool
must possess for the high-voltage circuit breaker application.
Since the mechanical or arc-induced pressure build-up in the
heating volume generates transonic flow in the diffuser area,
the CFD simulation must be able to capture the key physical
features of the transonic nozzle flow. These are characterized
by the qualities of capturing exact shock location, shock-
induced flow separation from the diffuser wall, and the
extension of the recirculation zone; see for illustration
Figure 2.

The CFD solves the algebraic difference equations which
are derived from the partial differential equations, using
different space and time discretization methods. One of the
widely used methods is to solve a locally elliptic equation for
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p and determines other primitive flow variables iteratively.
This pressure-correction-based algorithm is widely used in
many of the commercial tools. On the other hand, one can
make use of the hyperbolic characteristics of the Navier-
Stokes equations. Since the flow speed cannot exceed the
sonic velocity relative to the background flow velocity, the
explicit time marching based on CFL condition [3] can be
used. In this case, the solver is based on conserved variables
�U which has an advantage in implementing conservation law
constraints on the numerical level.

Conservative and Nonconservative Methodologies. The con-
servative CFD methods solve the Navier-Stokes equation for
conservative variables, the gas density ρ, the flow momentum
density ρ�v, and the total energy density E:

∂

∂t
�U +∇ • �F

(
�U
)
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⎛
⎜⎝
ρ
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)
�v

⎞
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(1)

Here,�v is the flow velocity vector, p is the static pressure, and

the vector �S represents the viscous stress and heat conduction
per unit volume. The system of the equation is closed by
equation of state which is given by p = ρRT for thermally
ideal gas, where T is temperature in Kelvin and R is the
specific gas constant. For a calorically ideal gas, the internal
energy e ≡ (E/ρ) − (�v2/2) is given by e = p/[ρ(y − 1)],
where y is the adiabatic exponent. On the contrary, the
non-conservative numerical scheme solve the Navier-Stokes
equation for nonconservative primitive variables, ρ, �v, and
the enthalpy h.

In order to compare these methods, simulations are
presented in Figure 2 for simple diffuser geometry with
inlet-to-outlet pressure ratio typically occurring in the high-
voltage circuit breaker. Figure 2 illustrates the difference in
shock capturing capabality of non-conservative and con-
servative methods. Note that the simulation based on non-
conservative method does not capture the shock bottle sys-
tem after the flow detachment, whereas it is clearly captured
by the one based on conservative method.

Turbulence Modeling . The prediction capability of the shock
induced flow separation and the trailing recirculation zone
is dependent on the detailed modeling of the shock and
the boundary layer interaction. In order to investigate the
effect of turbulence modeling, simulations are carried out
for “Sajben diffuser,” flow experiments [4]. The tested 2D
nozzle in these experiments consists of converging and then
diverging nozzle (Figure 3, details about experimental set-
up is given in [4]). This realizes the supersonic flow which
is terminated by a vertical shock located in the downstream
area of the throat, for sufficiently high inlet pressures. The
vertical shock induces a flow separation with the trailing
recirculation zone. The vertical shock position depends on
the ratio of the inlet-to-outlet pressures, and the so-called
“strong shock” and the “weak shock” cases are examined in
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Figure 3: The transonic nozzle flow configuration which consists
of vertical shock, shock-induced flow separation, and recirculation
zone (Sajben Diffuser test case).

Ptot = 134.4.2 kPa
Ttot = 277.8 K

Mach number Velocity monitoring line
Mach = 0.9

0 0.2 0.4 0.6 0.8 1 1.2 1.364

P = 97.2 kPa

Figure 4: The strong shock flow configuration in Sajben nozzle.

the literature. Here, the steady state simulations are only for
the strong shock case.

The two turbulence models have been tested, the widely
used k − ε and RNG k − ε. The size of computation gird
used for simulation is in range of 0.1–0.5 mm and has been
selected after careful grid sensitivity study. The strong shock
case is characterized by the steady inlet-to-outlet pressure
ratio given by pexit/p0;inlet = 0.72, and the compressible
flow features are more dominant than the weak shock case.
For the strong shock case, measurements show that the
shock is located at approximately 2.5 throat heights into
the downstream region of the throat (Figure 4). Figure 5(a)
shows the simulated and measured pressure distributions
along the top wall. It can be observed that there is a difference
in predicted shock locations between the two turbulence
models. The RNG k − ε model captures the shock better
compared to k − ε model. Figure 5(b) shows the simulated
and measured velocity profiles along a vertical line located
slightly in the downstream region of the shock. Again, the
RNG k − ε-based simulation predicts the velocity profile
better. As the k− ε-model predicts the shock position further
in the downstream region than measurement, the velocity at
monitoring line is predicted to be in the upstream region
of the shock. This results in the supersonic velocity profile,
whereas the RNG k − ε-based simulation predicts subsonic
flow along the monitor line. Also, note from Figure 5 that
the negative velocities are measured and to a certain extent
also better predicted by RNG k − ε-based simulation. This
is due to the presence of recirculation region after the flow
separation.

3. Flow Simulation in Presence of a Plug

The transient transonic flow in a typical diffuser geometry
(Figure 6) is often adopted for high-voltage circuit breakers,
in the presence of a plug. The measurements are available at
given locations and for different plug positions and can be
used for good CFD validation; details of measurements are
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Figure 5: Simulated and measured (a) pressure profile along the top wall of Sajben nozzle, (b) velocity profiles along the vertical monitoring
line at a slightly downstream of the vertical shock.
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Figure 6: Transonic flow configuration at nozzle opening (72 mm
case).

given in [5]. For the measurements, three pressure sensors
were installed, two along the fixed wall in the diffuser region
and the one on the plug. The chosen plug positions in
experiment, respectively, represent the plug in the main
nozzle area (the 42 mm case), at the nozzle opening (the
72 mm case), and at the fully open position (the 92 mm case)
during the high-voltage circuit breaker operation.

The transient CFD simulations for the rising inlet pres-
sure from 1 to 3 bars in 25 ms are performed. The compared
benchmark flow simulation algorithms are the SIMPLEC-
based solver and the Jameson-method-based solver with
k − ε turbulence model. Note that the former is a pressure-
correction-based non-conservative solver and the latter is
based on conservative method.

Among the three different plug positions, the plug at
the nozzle opening (the “72 mm” case) provides the most
challenging case for the solver quality evaluations, in terms
of capturing the shock. Figure 7 shows the simulated and
measured pressure at three different sensor locations. It can
be observed that the Jameson-method-based solver with
explicit time marching shows better agreement with the
measured data. There are two reasons for this. First, because
the Jameson method is a conservative scheme, which in prin-
ciple should have better shock capturing capability, than the
non-conservative-method-based SIMPLEC scheme. Second,
the Jameson method is based on explicit time marching
where the time step size is limited by the sonic speed which
transmits local flow information. This explicit scheme should
predict better dynamic transient flow phenomena than the
SIMPLEC scheme which is based on implicit method.

It can be observed from Figure 7(b) that the SIMPLEC-
scheme-based solver overestimates the supersonic flow ex-
pansion along the diffuser than real and predict the shock
located farther in the downstream region. Of particular inter-
est is the pressure on the plug (Figure 7(c)). The SIMPLEC-
scheme-based solver overestimates the compressibility on the
plug for lower inlet pressure.

4. Real Circuit Breaker Simulation

In this section, the comparison of two numerical algo-
rithms (the pressure-correction-based semi-implicit SIM-
PLEC scheme and the density-based explicit Jameson’s meth-
od), in predicting transonic flow field configuration inside
the high-voltage circuit breaker, is presented. The real
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Figure 7: Comparison of the predicted pressure ratio and measurement for two different turbulence model.

breaker geometry as shown in Figure 8 is used. For the val-
idation, a no-load switching test has been performed, and
the transient pressure data at three different locations in the
transonic diffuser area have been monitored.

Figure 8 shows the sketch of the main flow region and
locations of pressure sensors of the tested high-voltage circuit
breaker. The pressure build-up measurement at the heating
chamber has been applied as the inflow boundary of the
flow region. The initial filling pressure is set to be 6 bar. As
the heating volume compresses, the inlet pressure reaches
up to 12 bar, and the big difference between the inflow
pressure and the filling pressure generates transonic flow in

the diffuser area where the pressure sensors are implemented.
Figure 9 shows the comparison of the simulated and the
measured pressure data at different sensor locations. For the
simulations, the second-order space accuracy and the first-
order time accuracy have been adopted for the SIMPLEC-
based solver. The time steps are chosen to be small enough
to guarantee that the flow solver shows consistent transient
behavior. In order to simulate the moving contacts, a
deformable mesh has been used. Note that the simulated
pressure curve at time zero does not start with the filling
pressure, 6 bar. The reason for this is that the deformable
mesh option in the used solver does not allow completely
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Figure 9: Comparison of measurement (black) with simulation with Jameson method (blue) and SIMPLEC (red) for three different monitor
points.
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Figure 10: Comparison of simulated Mach number configurations at t = 24 ms with algorithm of (a) SIMPLEC (b) Jameson.

closed contact position. Therefore, the initial configuration
of the transient simulation has been calculated by a steady
simulation for a very small contact opening and a very small
pressure build-up at the inlet.

For the CFD simulations with the algorithm based on
Jameson’s method, the explicit Range-Kutta time marching
with the second-order accuracy has been used. The space res-
olution is the standard 2nd-order central difference. In order
to stabilize the shock discontinuities, an artificial damp-
ing has been applied where necessary. For the moving con-
tacts, CHIMERA mesh is used such that the transient sim-
ulation can start from the completely closed contact posi-
tions; see [5] for details of the simulation method.

Though not shown in Figure 9, we observed that the
SIMPLEC-based simulation well predicts the pressure values
in the region beginning from the pressure inlet up to the
stagnation point on the symmetry axis, where subsonic flow
features dominate. However, as it is shown in Figure 9, it fails
to predict the transient pressure values at the monitoring
points 1, 2, and 3, both in quantitative and qualitative
sense. Note that compressible flow features dominate at these
monitoring points. On the other hand, Figure 9 shows that
the density-based explicit solver captures the qualitatively
correct transient flow behavior, though it shows a deviation
from the measured quantitative pressure value at each moni-
toring point. The reason why it captures the transient dy-
namics better than the semi-implicit SIMPLEC method is
that it resolves the sonic wave which transports the flow
information, by restricting time step sizes small enough to
obey CFL constraints. The big difference between the two

tested algorithms is manifested at time near t = 24 ms. The
simulated Mach number configurations at t = 24 ms are
compared in Figure 10.

There is a qualitative difference in transonic nozzle flow
features between the two solvers. The SIMPLEC-method-
based solver predicts the supersonic flow attached to the
diffuser wall. As the diffuser cross-section area increases,
the supersonic flow expands fully before it is terminated
by the vertical shock in front of the plug tip. The sensors
1 and 2 are located in the upstream of the shock, where
the pressure of the fully expanded supersonic flow is very
much low. This is why the SIMPLEC-based solver underesti-
mates the pressure at sensor points 1 and 2. The simulated
supersonic flow predicted more expanded supersonic flow
with much stronger vertical shock than real. The simulated
overexpanded supersonic flow in the diffuser also has an
influence on the calculated pressure at the stagnation point
just in front of the plug. The SIMPLEC-based simulation
underestimates the pressure value at sensor 3, because it
suffers from the higher total pressure loss across the strong
shock.

On the other hand, the Jameson-method-based solver
predicts the supersonic flow which is already detached at
the diffuser inlet. The detached jet flow forms a shock
bottle system. Sensors 1 and 2 are definitely located at the
downstream region after the vertical shock, where the flow
is subsonic. The overexpanded subsonic flow then results
in higher pressure. This is why the Jameson-method-based
solver slightly over-estimates the pressure at sensor points 1
and 2.
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To summarize, the Jameson-method-based CFD simu-
lation shows better shock capturing capability than the
SIMPLEC-method-based solver. The transient shock move-
ment is also better captured by the Jameson-method-based
explicit solver, since the semi-implicit SIMPLEC-based solver
intrinsically introduces additional numerical viscosity.

5. Influence of Solver Algorithm on Breakdown
Voltage Prediction

The prediction of breakdown voltages in capacitive switching
tests of high-voltage circuit breaker is a challenging en-
gineering issue. The breakdown voltage is estimated from
the known dielectric breakdown criterion in SF6 gas, which
is based on inputs from local flow and electrostatic field
configurations. Particularly, the dielectric breakdown voltage
Ubd is

Ubd =
[
C
ρ

Ê

]

min
. (2)

Here, ρ is the local flow density, and Ê is the local electric field
strength when a unit voltage is applied to both contacts. The
coefficient C contains the information of influences from the
surface roughness, area, and voltage frequency on breakdown
voltage. The measurements from cold dielectric experiments
determine the contents of C. From (2), for the reliable
prediction of dielectric breakdown voltage, it is required to
know local distribution of flow and electrostatic fields in the
breaking chamber for given nozzle and diffuser geometry.

The electrostatic potential can be calculated by solving
the following elliptic equation:

∇ · (ε∇φ) = 0. (3)

Here, ε is the permittivity of the material, and the field

strength �E is calculated by �E = −∇φ. Equation (2) can be
solved either by a finite element or finite volume methods,
with a high accuracy. Figure 11 shows typical equipotential
lines of the electrical field E for a chosen contact separation.
While the electric fields can be accurately computed with
most of the commercial tools, the prediction of the flow fields
poses a more difficult problem.

The breakdown voltages of two capacitive switching test
duties of real high-voltage circuit breaker have been esti-
mated. The local flow density is calculated by two different
solver algorithms. The electrostatic field is calculated by a
third electromagnetic simulation tool. The value of density to
electrical field ratio in (2) is estimated by the superposition
of the electric field and gas density field distribution as
function of time. Figure 12 shows the comparison of the
simulated breakdown voltages with the measurements. It can
be observed that the CFD calculation with the SIMPLEC
method underestimates the breakdown voltage by 10%. This
is due to the overestimation of the compressibility of the
flow, which expands the supersonic flow at the diffuser area
than in reality. This trend is amplified at nozzle opening.
Note that the dielectrically most critical point in general is
on the plug surface which is located in the diffuser region.
On the other hand, the Jameson-method-based CFD tool
shows smaller numerical uncertainty. This is mainly due
to more precise capturing of the nonlinear flow structure,
since the solver controls the conservation law better than the
SIMPLEC method.

6. Conclusions

The conservative-density-based explicit flow solver algo-
rithm is superior to SIMPLEC-pressure-correction-method-
based CFD solver, in predicting dielectric breakdown volt-
ages in capacitive switching test duties of high-voltage circuit
breakers with over-critical pressure ratio.

The SIMPLEC-based simulation shows higher numerical
uncertainties than the density-based one, in predicting high-
ly dynamic transonic flow configuration inside the circuit
breaker diffuser. The main reason is that while the SIMPLEC
scheme is optimal in simulating steady incompressible flow
dynamics, it often fails to capture correct nonlinear wave
structure of the compressible flow. However, the advantage
of SIMPLEC method is that it allows larger computational
time step with better numerical stability. But, it diffuses fine
time scale transient dynamics away, even if the solution is
well converged.
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Figure 12: Comparison of the measured breakdown voltages with simulation with (a) SIMPLEC (b) Jameson algorithm.

There is significant influence of turbulence model. The
shock-induced flow separation has been shown to be gov-
erned by the detailed modeling of the shock and the bound-
ary layer interaction. The modeling issues should be further
investigated and the optimal modeling concept should be
accordingly identified.

The presented study shows that adopting optimal CFD
algorithm for dynamic transonic flow simulation inside the
breaking chamber of high-voltage circuit breaker can sub-
stantially improve the prediction power of dielectric break-
down voltage in capacitive switching of high-voltage cir-
cuit breaker. The conservative-density-based solver with
advanced turbulence modeling such as RNG k − ε is
recommended.
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