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1. Abstract

An essential step for SERGI is to show the TRANSFORMER
PROTECTOR (TP) efficacy for all transformers and all types
of rupture of insulation. Its research program philosophy is
thus to maintain a strong connection between experiments and
the theoretical developments.

Up to now, two TP test campaigns have been performed, both
under the worst conditions by creating low impedance faults
leading to electrical arcs inside the transformer tank dielectric
oil. In 2002, Electricit¢ de France performed 28 TP tests.
Then, in 2004, a second campaign of 34 TP tests was carried
out by CEPEL, the Brazilian independent High Voltage
Laboratory. For the 62 tests, each transformer was equipped
with the TP, which reacts directly to the moving dynamic
pressure peak, shock wave, caused by the low impedance
fault.

When an electrical arc occurs, only one pressure peak is
generated. The initial energy transfer is almost instantaneous,
and so is the phase change. Because of the oil inertia, the gas
is very quickly pressurised. As it is more difficult to vaporise
a liquid than to crack oil-vapour into smaller molecules, the
arc location would mainly remain in the gaseous phase after
and less gas will be produced. As a result, when comparing
tests for which pressure peaks are respectively equal to 8 bar
(116 psi) and 8.8 bar (127 psi), the corresponding arc energies
vary by an order 10 of magnitude (0.1 MJ] and 1 M]J
respectively).

The correlation of the results obtained between arc energy
and dynamic pressure demonstrates that the arc energy is not
the key parameter during transformer tank explosion, which is
in opposition with the common electrical engineers belief.

2. Introduction

Transformer explosions are caused by low impedance faults
that result in arcing once the oil loses its dielectric properties.
Oil is then vaporised, and the generated gas is pressurised
because the liquid inertia prevents its expansion. The pressure
gap between the generated gas bubbles and the surrounding
liquid oil generates pressure waves, which propagate and
interact with the tank structure. They cause the pressure rise
that leads to the tank explosion. These explosions result most
of the time in very expensive damages for electricity facilities
[20]. Realising that the transformer explosion prevention is the
sole effective solution to avoid such financial losses, SERGI
designed and patented worldwide the TRANSFORMER
PROTECTOR (TP) in 1999.

The TRANSFORMER PROTECTOR (TP) is a transformer
explosion and fire prevention technology based on the direct
mechanical response of a Depressurisation Set to the tank
inner dynamic pressure increase due to a fault. Since
transformers always rupture at their weakest point, the
Depressurisation Set is designed to be this weakest point in
term of inertia to break before the tank explodes. For that
purpose, the Decompression Chamber is equipped with a
Rupture Disk (RD). Indeed, after an electrical fault has

occurred, the pressure rises, and the Depressurisation Set (DS)
opens as soon as the pressure close to the TP has reached
the calibrated pressure. Oil is then quickly expelled from the
transformer tank, through the Decompression Chamber (DC),
and into an Oil Gas Separation Tank (OGST), so that the TP
depressurises the transformer tank within milliseconds, and
prevents the transformer from exploding. Indeed, once the TP
has activated, the mechanical energy is evacuated and the
transformer is protected even if the electrical arc is still fed
for one second [18].

3. Conclusion

An essential step for SERGI is to show the TRANSFORMER
PROTECTOR efficacy for all transformers and all types of
rupture of insulation. Its research program philosophy is thus
to maintain a strong connection between experiments and the
theoretical developments.

The MTH model was upgraded in order to describe
compressible two-phase flows, the pressure wave propagation
inside liquids and gases, and to simulate the TP
depressurisation process.

To verify calculations and simulations, CEPEL performed 34
experimental tests under low impedance faults. For each
parameter, the following test results were found:

The Gas Generation

The gas volume generated during an electrical arc has been
evaluated. The generated gas volume is a logarithmic function
of the arc energy. This correlation is more reliable than linear
extrapolations published up to day because it is based on
experiments.

It is also shown that the gas production is huge at the
creation of the electrical arc because of the intense heat
exchange between the arc and the liquid. Then, the arc is
partially or completely surrounded by gas. As a result, the arc
energy is used to heat up the gas (thermal agitation), to
crack the oil vapour into smaller molecules, and to change the
gas into a plasma. Less and less energy is thus transferred to
the dielectric oil for it to evaporate.

Consequently, for a 100 MJ electrical arc, the first Mega
Joule transferred to the dielectric oil generates 2.3 m?® (81.2
ft*) of explosive gas, while the other 99 M contribute only
to 2.0 m® (71.1 ft?).

Pressure Peaks

Only one main pressure peak has been noticed for each test.
Indeed, as the first wvaporisation is a nonequilibrium
phenomenon, it is more violent than the almost-at—equilibrium
vaporisation occurring once the arc is ignited. Indeed, the
initial energy transfer is almost instantaneous, and so is the
phase change. The created gas has no time to expand and
reach the pressure and temperature equilibrium with the
surrounding oil. Because of the oil inertia, the gas is very
quickly pressurised, which generates the first very strong
pressure waves.

As it is more difficult to vaporise a liquid than to crack oil
vapour, the arc location would mainly remain in the gaseous
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phase after its ignition. The vaporisation which happens after
the gas bubble appearance is smoother and do not really
generate physical conditions such as the ones in the very first
arc instants. The secondary pressure variations are thus the
result of the overlapping waves and structure influence
combined with the smooth gas generation influence on
pressure.

When comparing tests for which pressure peaks respectively
equal +8 bar (+116 psi) and +88 bar (127 psi), the
corresponding arc energies vary within on order 10 of
magnitude (0.1 MJ and 1 M respectively).

Correlation between Arc Energy and Dynamic Pressure
The two above arguments demonstrate that the arc energy is
not the key parameter to avoid transformer tank explosion as
the gas production is huge only during the first Mega Joule,
the pressure peaks amplitude does not increase significantly
versus the arc energy.

The Pressure Wave Propagation

As predicted by the physical two-phase flow model, the
pressure is not homogeneous in the transformer.

Moreover, the study of the experimental pressure curves
shows that the tank structure has an influence. This influence
is noted as well with the simulations.

The displacement of the shock wave in the tank is
exhibited, demonstrating that the pressure waves propagate at
finite speed experimentally, in agreement with theory.

- The maximum distance between the arc location and the TP
is thus the parameter that matters the most for the TP to
activate.

Tank Resistance to Dynamic Pressure
The following unknown key parameters have been discovered
during the CEPEL tests:

The tank resistance to dynamic pressure amplitude, the
walls and components elasticity such as bolts or welding has
been tested for pressure peaks up to 10 times over the static
pressure limit.

- The tank resistance to dynamic pressure peaks duration was
tested for 4 times longer than for the biggest existing
transformer.
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