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Abstract — Oil filled transformer explosions and their 

prevention are a complex industrial issue. Experimental tests 
showed that when an electrical fault occurs in a transformer, it 
generates dynamic pressure waves that propagate in the oil. 
Reflections of these waves on the walls build up high static 
pressure which transformer tanks can not withstand. Besides, a 
numerical tool was developed to simulate the phenomena 
highlighted during the tests and mainly the pressure wave 
propagation. It is based on a compressible two-phase flow 
modelling where viscous flow, electromagnetic, thermal and 
gravity effects are taken into account. The equations are solved 
using a finite volume method allowing computing complex 3D 
transformer geometries. Simulations of the consequence of an 
electrical arc occurring in a 200 MVA transformer geometry 
show that the static pressure increase can be prevented by a 
quick oil evacuation triggered by the first dynamic pressure peak 
generated by the electrical arc. 
 
Index Terms — Pressure effects, protection, simulation, 
transformer 

I.  NOMENCLATURE 
 

1αρ  Gas partial mass ρ  Mixture density 

uρ  Mixture momentum u  Mixture velocity 
E  Mixture total energy ε  Mixt internal energy 
P  Mixture pressure α  Gas volume fraction 

Eu
g
,Φ  Gravity terms Eu,

μΦ  Viscosity terms 

E
TΦ  Mixture Fourier’s law E  Arc energy transfer 

wvu ,,  Velocity components zyx ,,  Spatial coordinates 

⋅∂⋅∂ /  Partial derivative ( )⋅div  Spatial divergence 

⊗  Tensor product ∇  Spatial gradient 
tΔ  Time step 

iλ  Eigenvalue ith  wave 

iΩ  Volume of cell i )(iV  Neighbours to cell i 

n  Normal to cell edge l  Cell edge length  
iφ  Variable at cell i ijφ  Variable at cell edge 
nφ  Variable at time n 1+nφ  Variable at time n+1 
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II.  INTRODUCTION 
 RIVATISATION of electricity companies leads to an 
electricity market that becomes more and more 
competitive. To limit costs, companies often reduce the 

investments by using aging equipments and by overloading 
the power transformers. Oil-filled transformer explosions are 
then more and more frequent and they result in dangerous 
fires, very expensive damages and possible environmental 
pollution. For all these reasons, transformer explosions and 
their prevention are becoming a critical industrial issue. 
 

 
Fig. 1.  Transformer tank rupture (extracted from [1]) 

 
Explosions were found to occur when the transformer oil 

loses its dielectric properties (because of age, design errors, oil 
pollution, overloading, lack of maintenance…) leading to the 
occurrence of an electrical arc inside the transformer tank. 
This paper starts with a short review of various experiments 
that explains the physical phenomena leading to the tank 
explosions. Various models from the literature are then 
presented, all of them are based on a incompressible approach 
which supposes that the pressure is uniform inside the tank 
(contrarily to what is exhibited during the tests). A numerical 
tool was thus developed to describe unsteady non uniform 
pressure phenomena following the arc ignition. This 
simulation tool deals with 2 phase flows, unsteady 
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compressible, viscous flow, electromagnetic forces, thermal 
and gravity effects and a 3D modeling. In the last section, 
simulations are performed on an industrial 200 MVA 
transformer geometry to evaluate a strategy based on a quick 
oil evacuation to prevent transformer explosions.  

III.  BACKGROUND 
Several studies, experimental or computational, have been 

performed to understand the explosion process in order to 
establish strategies to prevent it. 

A.  Experimental tests 

    1)  SEBK 
An interesting test campaign was performed during the 

SEBK project. The first phase of this work [2] analyzed 
transformer oil vaporization, cracking and oil vapor explosion. 
Tests such as igniting a spark which could deliver up to 2 kJ in 
a small chamber (1-2 liters) showed the generation of highly 
flammable gas such as hydrogen and acetylene. 
Complementary tests showed that the amount of gas released 
is a very important parameter for the explosion load, an 
implication of this is that one very important risk reduction 
measure will be to minimise the amount of energy released in 
the electrical arc. The last phase of the project [3] was to 
simulate large scale transformer explosions. On that purpose, 
hydrogen gas was released in a transformer room (50m3) and 
oil transformer was sprayed in the room to represent gases 
from cracking of oil. This mixture was supposed to represent 
the gases generated by the cracking of oil and is ignited in the 
transformer room leading to a strong explosion, flames and 
overpressures up to 1.5 bar. Moreover, several systems based 
on spraying different mixtures (powder, water…) were tested 
in order to mitigate the effect of the explosion. Their effects 
were found to be relatively limited. 

    2)  CEPEL and SERGI 
Beside the SEBK experimental study, where the different 

phenomena that lead to a transformer explosion were studied 
separately, a complete experimental study was performed by 
CEPEL, the Brazilian independent High Voltage Laboratory 
and SERGI Holding [4].  

          a)  Test configuration 
These experiments consisted of arcing tests in 3 industrial 

size oil-immersed transformers (up to 5.3 m long) with their 
internal equipments (windings, cables…) and equipped with 
various sensors (pressure, temperature, acceleration…). Their 
large dimensions enabled the detailed study of the pressure 
non uniform distribution inside the tank. Furthermore, since 
transformer explosions are very dangerous and uncontrollable, 
a transformer protection had to be installed during the 
experimental tests. This one, shown in green in Figure 2, is 
based on the direct mechanical response of a Depressurization 
Set (DS) to the tank inner pressure induced by electrical faults.  

All the details about the conclusions of the tests can be 
found in [4] and are summarized in the next paragraphs 

 

 
Fig. 2.  CEPEL tests configuration 

          b)  First main conclusion: the vaporisation saturation 
process  

When an electrical arc is ignited inside the transformer oil, 
it vaporizes almost instantaneously a significant gas volume. 
The generated gas volume was found to be a logarithmic 
function of the arc energy, which seems to be in accordance 
with the vaporization process and especially with the 
saturation of the vaporization for high energy arcs. 

Indeed, after the arc has vaporized the surrounding oil and 
created a gas bubble, it stays in that volume using its energy to 
crack the oil vapor rather than continuing directly vaporizing 
the oil: this results in a smoother vaporization process. The 
first stage of vaporization process is almost instantaneous and 
because of the oil inertia, the gas is very quickly pressurized, 
generating one high pressure peak.  

          c)  Second main conclusion: the pressure wave 
propagation 

In figure 6, experimental pressure profiles are displayed. 
Each curve shows the pressure evolution near each sensor 
respectively located in positions A (at the opposite side of the 
arc, close to the protection), B (relatively close to the arc) and 
C (where the arc is ignited). 

The displacement of the shock wave in the tank can thus be 
easily followed. The arc ignition located in C causes a high-
pressure peak. The pressure waves propagate leading to a 
second delayed lower peak in B, ending in A. For each sensor, 
the other pressure peaks (smaller than the main peak) are due 
to wave reflections off the walls. It has thus been 
experimentally shown that pressure increase is not spatially 
uniform in the tank, and that the pressure waves propagate at a 
finite speed. 
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Fig. 3.  Pressure profiles at different locations

          d)  Third main conclusion: Tank withstand to high 
dynamic pressure 

The static withstand limit of transformer tanks is usually 
around 2.2 bars (abs.). In other words, if the tank is submitted 
to uniform and stabilized pressure (hereafter called static 
pressure) over 2.2 bars then the tank ruptures (see for instance 
[4] or [5]). 

During the arcing tests performed by Cepel and SERGI, the 
sensors measured pressure peaks up to 14 bars (abs.) and no 
tank rupture was noticed. In fact, thanks to the protection 
operation and as showed in fig 3, the tank was submitted to 
localised pressure peaks for a very short period of time 
(hereafter called dynamic pressure) and the tank could 
withstand these high dynamic pressure peaks. The energy of 
the dynamic pressure was absorbed without rupture of the tank 
thanks to its elasticity. The tests thus showed that if the oil 
evacuation out of the tank is activated within milliseconds by 
the first dynamic pressure peak before static pressure 
increases, the explosion can be prevented. 

 

Fig. 4.  Max. relative pressure measured for each test vs arc energy 

    3)  Others 
An interesting test campaign on explosions of small size 

transformers was performed by Hydro Quebec and briefly 
presented in [1] but unfortunately no detailed paper was 
found. 

B.  Simulations 
Since live tests performed on real scale transformers are 

expensive and might be dangerous, an alternative is to study 
transformer explosions using computational simulations. 
Several transformer explosion simulation tools have been 
developed over the last decades. The first models [6] 
considered the pressure uniform in the tank (0D model) and 
the tank oil incompressible. The authors compute the 
amplitude of the pressure peak induced by an arc in a gas 
blanket located in the top of the tank considering a semi 
empirical energy conservation equation. The study detailed in 
[7] is based on similar hypotheses and considers that the tank 
expansion has to absorb the volume of the gas generated by 
the arc. Both works concluded that the best way to avoid an 
explosion is to give place to oil in order to absorb the oil 
expansion due to the electrical arc. A more elaborated method, 
detailed in [8] considers a 2D geometry and a potential flow 
model, using a source singularity to represent the arc. This 
incompressible and non-viscous model allows computing the 
deformation of the transformer tank considered as a thin-
walled infinite cylinder shell. This model, completed with 
some empirical laws is also used in [9] to compute the 
overpressures generated by different arc characteristics for 
different tank geometry parameters. 

The next session details a numerical tool that fully uses the 
recent progresses made in the field of Computational Fluid 
Dynamics modeling and in computational capabilities. Indeed, 
in order to simulate pressure wave propagation inside 
transformer tanks, a compressible model in a 3D framework is 
developed. 

IV.  NUMERICAL SIMULATION TOOL 
Experiments showed that the key phenomena in 

transformer explosions and their prevention are first, the local 
pressure increase induced by the vaporization of the oil 
surrounding the arc and second, the pressure waves 
propagation. The core of the simulation tool then consists of a 
set of partial differential equations that govern the fluids 
dynamic while the other physical phenomena (viscosity, 
thermal effect, electromagnetic effects…) are modeled via the 
source terms added in the partial differential equations. Both 
phases (liquid/gas) are considered compressible. The 
thermodynamics of the two phases are carefully handled to 
prevent any theoretical or numerical problems. The modeling 
is dedicated to flows with interfaces so that both phases share 
a single pressure and velocity at a given point in the domain. 
The aim of this tool is to estimate the pressure repartition 
inside the transformer tank during the first fractions of second 
after the electrical arc occurrence. The following gives an 
overview of the tool and all the details can be found in [10]. 

A.  The model 

    1)  The governing equations 
The set of equations used to theoretically and numerically 

describe the phenomena is a model for 3D compressible two-
phase flows that is based on a set of partial differential 
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equations (PDE), which governs the hydrodynamic behavior 
of mixtures. The PDE set is based on a 5 equation model 
developed in [11] and is given in (1): 
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All the variables are classical and detailed in the nomenclature 
in section I. One of the most interesting characteristics of the 
model is its ability to accurately depict the pressure wave 
propagation inside liquids and gases. Physical effects such as 
gravity, viscosity, and heat transfers are added in the modeling 
through the source terms of the system in order to be as close 
as possible to reality.  

    2)  Modelling of the source terms 

In (1) the various terms for gravity u
gΦ , E

gΦ , for viscosity, 
u
μΦ , E

μΦ , and for heat transfers, E
TΦ , have the following 

forms:  

uu
g ρ=Φ , guE
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⎛=Φ τμμ divu , ⎟

⎠
⎞⎜

⎝
⎛=Φ udivE .τμμ , 

and ( )∑ ∇=Φ
k

kkk
E
T TKdivα .  

μ  is the mixture viscosity defined as ( ) 21 1 μααμμ −+=  
with kμ  the dynamic viscosity for phase k ; kK  and kT  are 
respectively  the heat conductivity and the phase temperature 
for phase k . 

The viscous mixture stress tensor, τ , has the following form: 

( ) DIudiv 2
3
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where D  is the deformation rate tensor defined as : 
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The term E  models the energy transfer from the arc to the 
oil. We assume that the energy transfer is 90% efficient (10% 
loss due to radiation). This transfer results in a local pressure 
rise which is governed by the energy source term E : 

( )txHWE ,χ×=   
where W  is the instantaneous electrical arc power. The 
mathematical function ( )txHtx ,),( χ→  is the arc test 
function (1 value in the arc domain and 0 outside). 

    3)  Equation of state 
Each fluid has its own thermodynamic behavior as it is 

described by its own Equation of State (EOS). Thus, for 

completeness and consistency an added thermodynamic 
closure links the mixture pressure to the total mixture energy. 
Therefore an EOS exists for the whole mixture to deal with 
smeared interfaces between oil and gas due to diffusion from 
the numerical method. 

The EOS for the entire mixture is both simple and robust. It 
only relies on two state parameters: the polytrophic coefficient 
γ and the stiffness parameter π. Fluid Pressure and internal 
energy are linked by the EOS given in (2): 

γπρεγ −−= )1(P  (2) 

B.  Numerical solving 
A finite volume method is thus adopted to numerically solve 

the PDE system. The volumes are defined by an unstructured 
3D mesh, therefore allowing a precise description of complex 
geometries such as transformer tanks. 

    1)  Hydrodynamic Numerical Schemes 
The hydrodynamic part of (1) is the most important part of 

the modelling because the pressure waves are depicted by this 
part of the equations. The model can be written in the 
following compact form: 
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Where : 
[ ]EwvuW t ,,,,, 1 ρρραρρ=  

])(,,,,,[)( 2
1 uPEuwuvPuuuWF ++= ρρραρρ  

])(,,,,,[)( 2
1 vPEvwPvuvvuWG ++= ρρραρρ  

])(,,,,,[)( 2
1 wPEPwvwuwwuWH ++= ρρραρρ  

This model is divided into two parts, one conservative 
(conservation of mass, momentum and energy), and the other 
non conservative (advection of the gas volume fraction α ). In 
both cases, the Finite Volume Method is used to find the 
suitable discretisations. 

          a)  Analysis of the PDE 
This PDE system (3) is projected on the local coordinate 

system linked to the cell edge and solved using the primitive 
variables: [ ]PwvuY t ,,,,,, 1αρρα= . The eigenvalues of 
the system and their orders of multiplicity are thus:  

)1(;)4(;)1( 321 cnunucnu +⋅=⋅=−⋅= λλλ          (4) 

It can be shown that 1λ  and 3λ  are acoustic waves (typically 
rarefaction waves and shocks), whereas 2λ  is a contact 
discontinuity. The associated Riemann problem is thus very 
similar to the one associated with Euler equations ([11], [12]).  

A more detailed analysis shows that the dimensions of the 
eigenspace associated with every eigenvalue is equal to the 
eigenvalue’s multiplicity, which means that the PDE system is 
hyperbolic and can be numerically solved using Riemann 
solvers and other usual dedicated numerical methods. 
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          b)  Setting of a finite volume scheme for the 
conservative part 

We then apply a Finite Volume Method (see [11]) onto the 
system (3) over a cell iΩ  and a time step tΔ : 

( ) ( ) ( ) 0=Ω
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∂

∂+
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∂+Ω
∂

∂
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ΔΩΔΩ tt ii
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y
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x
WFdtd

t
W  

For any given time step all variables are considered as 
constant on one given cell. The numerical scheme for the 
conservative part of the hydrodynamic model finally reads: 
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( ) ( ) ( )
ijijij zijyijxijijij nWHnWGnWFnW ++=Ψ ).(  is the numerical 

flux at the cell boundary between cell i and cell j. It has to be 
evaluated at each cell-boundary. 

          c)  Setting of a finite volume scheme for the non-
conservative part 
The gas volume fraction non conservative advection equation 
is solved by a robust Godunov numerical scheme: 

( )∑
∈

+ −
Ω
Δ−=

)(

1 .
iV

ijij
n
ij

n
i

n
ij

i

n
i

n
i lnut

j

αααα                            (6) 

          d)  Computation of the flux using Riemann problems 
solvers 

Equation (5) gives an explicit formula for the computation 
of the conservative variables at instant n+1 when knowing 
them at instant n. It just requires the computation of the flux 

ijij nW ).(Ψ  which can be done by evaluating the variables at 
the cells interfaces. To do that, a Riemann problem is solved at 
every cell boundary using dedicated solvers. The Riemann 
problem consists of a Partial Differential Equation (PDE) set 
whose initial conditions are uniform on both sides of an initial 
single discontinuity. Time evolution of such problems can be 
described when introducing the wave concept [13]. A 
Riemann solver that exactly solves the exact Riemann 
problem has been built for the model we work with. The 
various state expressions can be deduced from the ones in [12] 
and are not recalled in the present paper. When dealing with a 
numerical tool this solver has been associated with a boundary 
treatment. 

    2)  Boundary Conditions 
The boundary conditions are accounted for by virtual cells 
neighbouring inner geometry cells located at the limit of the 
geometry profile. The variables in those virtual cells are set 
depending on the type of boundary conditions one has 
imposed (walls, outlet/inlet, etc.). Once those cells are 
updated, one can solve a Riemann problem at the geometry 
edges to compute a numerical flux. 

    3)  Gravity, Viscous and Thermal Effects 
The gravity, viscous and thermal source terms of (1) as well as 
the arc energy transfer are taken into account by a time 
splitting scheme, including the contributions of the physical 

effects considered separately. The numerical time integration 
scheme is then based on a first order Runge-Kutta time 
scheme. 

    4)  Validation 
Comparisons between the experimental test data and the 

simulation results are in good agreements and validate the 
model. For instance, fig. 5 displays the comparison of a 
pressure profile for one test (more details in [5] and [10]). 
 
Experiments: 

 
Simulation: 

Fig. 5.  Experiments / Simulation pressure profiles comparison 
(close to the arc) 

 

V.  SIMULATIONS OF A 200 MVA TRANSFORMER EXPLOSION 
AND ITS PREVENTION 

A.  Aim of the study 
The present section uses the simulation tool in order to 

study in details the effects of an electrical arc occurring in a 
usual 200 MVA transformer. Moreover, it analyses the 
consequences of using the strategy presented in the first 
section to prevent transformer tank explosion. 

B.  Configuration 
The 200 MVA transformer is 5.75 m long, 3.25 m high and 

2.5 m large and all the equipments of the transformers, such as 
bushing turrets or windings are taken into account. An 
electrical arc (11.5 MJ-arc generating about 3.4 m3 of gas) 
ignites near a winding, generating an 11 bar abs gas bubble. 

C.  Results of the simulations 
Figure 6 shows the simulated evolution of the pressure 

inside the tank after the occurrence of the gas bubble 
generated by the arc. On the right side (fig. 6b), the 
transformer is equipped with the protection presented 
previously, while on the left side (fig. 6a), the transformer is 
not protected. 
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           Without Protection:                                       With the Transformer Protection:  

 

Pressure (abs.)
(bar)   (psi) 

 
 
 

   t = 1 ms 

 

 
 
 
 
 
 
 
 

   t = 3 ms 

 

 
 
 
 
 
 
 
 

   t = 10 ms 

 

 
 
 
 
 
 
 
 

   t = 30 ms 

 

 
 
 
 
 
 
 
 

   t = 60 ms 

 

Fig. 6a.  Pressure evolution in an 
unprotected tank 

 

Fig. 6b.  Pressure evolution in a transformer tank 
equipped with a DS 
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When the transformer is equipped with the protection, 

the pressurized gas bubble creates pressure waves which 
propagate throughout the transformer, reflecting and 
otherwise interacting with the tank structure (fig. 6b). 
Within 3 ms, a large pressure peak has reached the entry of 
the first bushing, as shown in fig. 6b. Then the pressure 
wave triggers the Depressurization Set activation within 
about 10 ms after the gas bubble creation. This induces the 
rapid evacuation of fluid from the transformer tank (see 
fig. 7), which thus generates rarefaction waves spreading 
throughout the transformer. After only 60 ms, the pressure 
throughout the transformer stabilize well below dangerous 
levels, as shown in fig. 6b. 
Otherwise, when the tank is not equipped with any 
protection system, and if it is subjected to a similar low 
impedance fault, the tank is exposed to very dangerous 
pressure levels. For instance, 30 ms after the arc 
occurrence, the pressure in a bushing reaches more than 10 
bars abs as shown in fig. 6a. Moreover, without the tank 
protection, the static pressure stabilizes around 6 bars abs 
and the transformer would violently explode (as 
transformer tanks are designed to withstand static pressure 
up to about 2.2 bars abs). 
 

 
t = 1 ms 

 

 
t = 3 ms 

 
t = 10 ms 

 

 
t = 30 ms 

 
t = 60 ms 

            
      Speed (m/s) 

 
Fig. 7.  Speed at the entrance of the Depressurisation Set

 
 

 

VI.  CONCLUSIONS 
 

An experimental tests campaign was dedicated to the 
understanding of transformers explosion induced by 
electrical arcing. Because transformer explosions are 
uncontrollable and lead to huge damages, the tests were 
performed with transformers equipped with an explosion 
prevention technology that operates at a calibrated pressure 
level due to dynamic pressure peaks. 

The tests showed that when an electrical arc occurs in 
the tank, the oil surrounding the arc is quickly vaporized 
and the generated gas is pressurized because the liquid 
inertia prevents its expansion. The pressure difference 
between the gas bubbles and the surrounding liquid oil 
generates pressure waves that propagate within the oil. 
When the first dynamic pressure peak reaches the 
protection, it triggers an oil evacuation that quickly 
depressurizes the tank so that no tank rupture occurs. 

During the tests, transformer tanks could withstand such 
high pressure peaks (up to 14 bars abs.) during several tens 
of milliseconds even if the static withstand limit of 
transformer tanks is around 2.2 bars abs.  

Complementarily, the consequences of arcing inside 
unprotected transformers can be studied safely using 
computational simulations. A numerical simulation tool 
was developed for that purpose. In order to be efficient, it 
has to deal with liquid and gas and to be able to compute 
pressure wave propagations. Therefore, a complete 
modeling for unsteady compressible two phase flows has 
been adapted and a finite volume method was set to solve 
the equations on 3D unstructured meshes.  

Simulations were then run on a 200 MVA transformer; 
they highlighted the advantages of using advanced 
simulation tools: 
• First, it gives a deep understanding of what happens 

during a transformer explosion. The simulation tool 
confirmed that when an electrical arc occurs insides a 
transformer tank that is not protected, the dynamic 
pressure waves generated by the arc propagate through 
the tank, reflects on the wall and progressively increases 
the static pressure inside the tank resulting in its 
rupture. 

• Second, the computational tool is efficient to study the 
operation of explosion prevention strategies such as the 
ones based on a fast depressurization induced by oil 
evacuation. Indeed, the results showed that this fast 
fluid evacuation generates large rarefaction waves that 
propagate and depressurize the whole tank within 
milliseconds thus avoiding the static pressure build up 
that can not be withstood by the tank.  

Such strategies based a fast tank depressurization generated 
by a quick oil evacuation can thus be considered an 
efficient protection against transformer explosion. 
 
 
 
 



 8

 

VII.  REFERENCES 
 
[1] M. FOATA, V. N. NGUYEN “Transformer Tank Rupture 

Mitigation – HQ Perspective” presented at IEEE transformer 
Subcommittee, Fall 2006, Available: grouper.ieee.org/groups/ 
transformers/subcommittees/power/TankRupture/F06-tankRuptureH 
Q Perspectives-1.ppt 

[2] O.R. HANSEN, “SEBK Project: Results from Phase 2 Laboratory 
Scale Experiments”, Tech. Rep. Gexcon, May 2001. 

[3] O.R. HANSEN, A. WIIK, B. WILKINS, “SEBK project phase 4 & 
5, Transformer explosion and suppression: Large scale hybrid 
hydrogen and transformer oil explosions with & without 
suppression”, 2001.  

[4] S. MULLER, R. BRADY, G. de BRESSY, P. MAGNIER, G. 
PERIGAUD, “Prevention of transformer tank explosion, Part 1:  
Experimental Tests on Large Transformers”, ASME PVP08 
Conference, 2008. 

[5] B. CULVER, K. FROEHLICH, L. WIDENHORN, “Prevention of 
tank rupture of faulted power transformers by generator circuit 
breakers”, European Transactions on Electrical Power, Vol. 6 , No. 
1, 1996. 

[6] W.R. MAHIEU, “Prevention of High Fault Ruptures of Pole-Type 
Distribution Transformers”, IEEE Transactions on Power Apparatus 
Systems, Vol Pas-94, 1975. 

[7] T. KAWAMURA, M. UEDA, K. ANDO, T. MAEDA, Y. ABIRU, 
M. WATANABE, K. MORITSU, “Prevention of Tank Rupture Due 
to Internal Fault of Oil Filled Transformers”, CIGRE, 12-02, 1988. 

[8] M. FOATA, M. IORDANESCU, C. HARDY, “Computational 
Methods for the Analysis of Explosions in Oil-Insulated Electrical 
Equipments”, IEEE Transactions on Power Systems, Vol. 3, No. 1, 
1988. 

[9] J.-B. DASTOUS, M. FOATA, A. HAMEL, “Estimating 
Overpressures in Pole-Type Distribution Transformers Part II: 
Prediction Tools”, IEEE Transactions on Power Delivery, Vol. 18, 
No. 1, 2003. 

[10] R. BRADY, S. MULLER, G. de BRESSY, P. MAGNIER, G. 
PERIGAUD, “Prevention of transformer tank explosion, Part 2:  
Development and Application of a Numerical Simulation Tool”, 
ASME PVP08 Conference, 2008. 

[11] G. ALLAIRE, S. CLERC & S. KOKH, “A Five Equation Model for 
the Simulation of Interfaces between Compressible Fluids, Journal of 
Computational Physics, vol.  181, 2, pp.  577-616, 2002. 

[12] S.K. GODUNOV, “A Finite Difference Method for Numerical 
Computation of Discontinuous Solutions of the Equations of Fluid 
Dynamics”, Math Sb., vol.  47, pp.  357-393, 1959. 

[13] E. TORO, “Riemann Solvers and Numerical Methods for Fluid 
Dynamics”, Press, ed.  Springer Verlag, Berlin, 1997. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

VIII.  BIOGRAPHIES 

Guillaume Perigaud (M’06) holds a Diploma of 
Mechanical Engineering and a MSc degree in 
Fluid Mechanics and Transfers (Ecole Centrale 
Nantes, Nantes, France, 2000). He holds a PhD 
in Mechanics and Heat Transfers (Université de 
Marseille I, France, 2003). As a IEEE member he 
is actively involved in the IEEE PES Power 
Transformer Subcommittee Task Force regarding 
Transformer Tank Rupture & Mitigation. 

 

Sébastien Muller is a SERGI Holding 
researcher. He holds a Diploma of Mechanical 
Engineering, and a MSc in Fluid Mechanics 
(ENSMA, Poitiers, France, 2002). He is Doctor 
in Fluid Mechanics (Université d’Orléans, 
France, 2007). He is an NFPA member, currently 
working on the development of a simulation tool 
that models the vaporization process due to the 
arc interaction with the liquid oil. 

 

 

Margareta Petrovan Boiarciuc is a SERGI 
Holding researcher. She holds a Diploma of 
Aeronautical Engineering and a MSc degree in 
Fluid Mechanics (Université d'Orléans, France, 
2004). She is Doctor in Fluid Mechanics 
(Université d’Orléans, France, 2008). She is 
currently working on the development of a 
simulation tool that deals with moving meshes. 

 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


