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Abstract: We introduce a model to describe the mechanical interaction and the energy transfer mechanisms from 
arc column toward to porous medium occurring in the HBC fuse. The model is built on a macroscopic and 
microscopic approach in order to evaluate more accurately the thermal evolution of the solid phase and the 
vaporization and condensation processes of the silica sand. We consider a thermal model at the scale of a sand 
grain to determine the temperature evolution of the plasma and the sand grains and the mass transfer between the 
two phases. The gas flow is based on the compressible homogenized Euler equations with two species (air and 
silica vapours) coupled with a porous media model taking into account the mechanical interaction and the 
porosity variation. The governing equations are discretized following a finite volume scheme coupled with a 
fractional step technique. We obtain a realist evaluation of the pressure and the temperature as well as the 
vaporization and condensation areas in the fuse. 
 
Keywords: H.B.C. fuse, porous media, heat transfer, Darcy’s and Forchheimer’s laws, macro/micro scales, finite 
volume. 
 
 
1. Introduction 
 

The process in the HBC fuse involves a 
compressible gas flow from low to high speed 
through a porous medium, the presence of important 
exchanges of energy by heat transfer between arc 
plasma and silica sand, the creation and the 
condensation of gaseous material. To describe the 
evolution of physical parameters such that the 
velocity, pressure and temperature of the gas, we use 
the homogenized Euler equations taking into account 
the presence of a porous medium since the 
morphology of silica grains influences the arc 
behaviour [1, 2]. The mechanical interaction between 
gas and silica sand is governed by the Darcy law 
which represents the viscous friction and the 
Forchheimer law which represents the inertial and 
turbulence friction. A large part of the energy 
contained in the arc plasma is transmitted to the 
porous medium. To describe the interfacial heat 
transfer and the mass transfer, we use a pore 
description named microscopic modelling of the heat 
transfer [3]. Our modelling consists in representing a 
sand grain and a pore by a simplified two-
dimensional geometry. From the energy point of 
view, we assimilate the porous medium as a 
succession of gas and material layers of thickness R 
representative of the grain size [4]. We impose that 
the ratio between the solid and the fluid layer is equal 
to the porosity. We therefore obtain a two-
dimensional model where (Ox) is the principal 
convection axe of the previous one-dimensional 
problem and (Oy) is the pore axe to represent the 

thermal distribution in the grain sand. For any 
position in the fuse, the porous medium is described 
following the vertical axe by ),,( tyxT  on the 
interval [0, (1-φ)R] where R is the characteristic scale 
of a grain and φ is the medium porosity. The volume 
occupied at the micro scale by the gas and the solid 
phases are respectively Ωg =[(1-φ)R,R] and Ωs =[0, 
(1-φ)R]. We assume each volume as one as shown in 
figure 1.  
 

 
Fig. 1:  Microscopic schematic description of  a silica  
            grain and a pore. 
 
In section 2, we introduce the mathematical model 
compounded of a microscopic thermal 2D model and 
a macroscopic gas flow 1D model. Section 3 is 
devoted to numerical methods to obtain an 
approximated solution, we use a finite volume 
scheme based on a fractional step technique.  In 
section 4, the geometry of the problem is given and 
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in the last section some numerical results are 
presented. 
 
 
2. Mathematical model 
 
2.1. Solid-gas total energy model 
 

The major idea is to introduce the conservation 
energy equation both for the gas and the solid. We 
use the total energy form due to the pressure 
variation. Let us denote by ),,( tyxE  the total energy 
density, ),,( tyxT  the gas or solid temperature, 

),,( tyxu and ),,( tyxv  the gas velocity in x-direction 
and y-direction respectively, we then have: 
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where )(Tkx  and )(Tky  are the thermal 
conductivities, P is the pressure and S represents the 
total power density injected during fuse operation. 
We introduce a new assumption: due to the weak 
thickness of the gas pore, the gas turbulence effects 
involve that the temperature, energy, pressure and  
density of the gas are invariant following y-direction. 
In the solid phase, only the dissipation effects exist 
since the convection is null and the pressure is 
constant.  Consequently, in the solid part, the total 
energy equation is rewritten in the form: 
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where H denote the total enthalpy. 
In the gas phase, Eq. (1) becomes: 
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Let us a small time interval ∆t, the splitting operator 
technique yields that Eq. (3) can be approximated by 
solving successively a one-dimensional convection 
equation 
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and the two-dimensional conduction equation: 
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on the small time interval. 
 
Since we assume a gas temperature invariant 
following (0y), we get that the one-dimensional total 
energy satisfied ),,(),( tyxEtxE =  and thus 

),,(),( tyxTtxT = , therefore 0/ =∂∂ yT in the gas 
domain. The heat transfer between the two phases 
allows to evaluate the mass transfer by vaporization 
or condensation [4]. 
 
 
2.2. Gas flow model 
 

The one-dimensional governing equations for a 
single phase fluid flow in an isotropic, homogeneous 
porous medium based on the compressible flow Euler 
equations [5] can be written in the following form: 
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where ρsi, ρa and ρ are respectively the silica 
vapours, air and gas density and vabl is the ablation 
velocity of the solid. 
In Eq. (4), the quantity r represents the material 
source or loss due to the vaporization or 
condensation of the silica sand. In Eq. (6), the 

expression u
k
µφ2  represents the viscous friction 

between fluid and grains silica sand where µ is the 
dynamic viscosity, k is the medium permeability and 

the term uuβρφ3  is the Forchheimer flow resistance 
where β  is the Forchheimer coefficient.  
In addition to close the system, we use the ideal gas 
equation of state: 
 

ep ργ )1( −=  with  γ > 1, 
 
where γ is the ratio of specific heat and e is the 
specific internal energy. 
 
 
 
 
 



3. Numerical method 
 

The numerical method is based on a fractional step 
technique [6]. Assume that we know approximations 

n
siρ , n

aρ , un, En, φn and n
gT  for the gas and nT , nH  

for the solid at time tn and let ∆t be a small time 
interval. 
 
     • We first compute an approximation 3/1+n

siρ , 
3/1+n

aρ , un+1/3, En+1/3, φn+1/3 and 3/1+n
gT  solving Eqs. 

(4) - (7) without the source term using a two orders 
finite volume method. 
     • Secondly, we compute an approximation 

3/2+n
siρ , 3/2+n

aρ , un+2/3, En+2/3, φn+2/3 and 3/2+n
gT  

adding the source term via an ordinary differential 
equation. 
     • The main point is to define 3/2+nH  in the gas 
using En+2/3 and un+2/3 to take into account the 
convection effect. In the solid, we take nn HH =+ 3/2 . 
We then solve the heat equation in the whole domain 
to obtain 1+nH  using a finite volume method. 
     • At the moment 1+nH  is not homogeneous in the 
gas phase due to the diffusion process. Therefore, we 
compute a new 1+nE  using an average of 1+nH  
following y-direction in the gas and un+2/3 to take the 
heat transfer into account. 
     • We finally obtain  all the variables at time tn+1. 
 
 
3.1. The heat equation resolution 
 

To obtain a numerical approximation of the heat 
transfer, we use a finite volume scheme [4]. We 
introduce a bidimensional mesh compounded of 
rectangular cells. The computation is built on an 
implicit finite volume scheme. Indeed an explicit 
scheme leads to very small time step to satisfy the 
stability condition and yields to non reasonable 
computation time. The implicit formulation is given 
by: 
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where F1, F2, F3 and F4 represent the numerical fluxes 
at the cell interfaces using a centred difference 
scheme. The equation is rewritten in the matricial 
form: 
 

)(. 1 nn TBTA =+  

where A is a symmetric matrix for a rectangular 
mesh. We obtain 1+nT  solving the linear system Eq. 
(9) by a conjugated gradient method. 
 
 
3.2. The convection model resolution 
 

In order to obtain an approximate solution of the 
gas flow model in porous media, we use a fractional 
step technique [6]: on the one hand we solve 
separately during a small time step ∆t the 
homogeneous conservative system, and on the other 
hand the right-hand side terms. Let Un (conservative 
variable) be an approximation of U (tn) at time tn. In 
order to obtain an approximation of U (tn+1) at time 
tn+1=tn+∆t, we first determine an approximate 
solution of the homogeneous problem using the finite 
volume scheme of the form: 
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where n

iF 2/1+  and n
iF 2/1−  represent respectively the 

numerical fluxes calculated at the interface cells 
2/1+= ixx  and 2/1−= ixx  using Roe method. Assumed 

now that 1~ +nU  is the approximated solution value at 
t=tn+1 of the previous homogeneous problem, we 
solve the ordinary differential equation. Numerically, 
we add the right hand side contribution using a 
fourth-order explicit Runge-Kutta method. 
 
 
4. The fuse domain geometry  
 

The Fig. 2 represents the fuse domain used for the 
1D 2D coupled models. The x-direction represents 
the  gas flow direction for a fuse of length L=20 mm 
and the y-direction represents a sand grain and the 
pore for evaluate the thermal exchanges. During the 
pre-arc period, the energy is injected in the solid and 
when the electrical arc is initiated, the energy is 
injected in the arc plasma. 



 
Fig. 2: Geometry of the fuse domain following x-
direction and microscopic description of a silica grain 
following y-direction. 
 
 
5. Numerical results and discussion 
 
We present a simulation of an electrical arc discharge 
through a porous medium using realistic physical 
parameters for the silica sand. At the initial time, the 
system is at rest, the gas presents in the silica sand 
interstices is at atmospheric pressure and ambient 
temperature. Computations have been performed 
using the C++ finite volume library OFELI [7].  
We present the plasma pressure evolution during the 
fuse operation and the mechanical granular pressure 
measured by piezoelectric pressure transducer at two 
positions (9 mm and 17 mm) in Fig. 3.  
 

 
Fig. 3: Evolution of the plasma pressure versus time 
(∆). The solid and the dash lines represent 
respectively the granular pressure measured at 9 and 
17 mm of the arc column.  

The plasma pressure increases up gradually to the 
maximum value which falls nearly on the same time 
of the maximum electric power. We note that the 
three profiles have the same evolution, during the 
discharge the arc plasma induces  a stress effect on 
the peripheral grains.  
 
The Fig. 4 represents a comparison of the plasma 
temperature evolution during the fuse operation 
between the numerical simulation and the 
spectroscopy [8].  
 

 
Fig. 4: Evolution of the plasma temperature versus 
time. The (∇) and (•) represent respectively the 
numerical simulation and the spectroscopy. 
 
We note that two maximums are the same order 
around 20000 K, but we have a difference on the 
profile evolution. Several explications can be 
formulated: the modelling represents the 
phenomenon  following only one direction, the pre-
arc period corresponding to the joule heating of the 
silver fuse element is approximated by a heating of 
the silica grains. Moreover the spectroscopy method 
integrates a 3D phenomenon. 
 
The Fig. 5 and Fig. 6 represent respectively the gas 
pressure and the gas temperature evolution during the 
maximum of the injected energy  (t=2.3 ms) in the 
fuse domain. The phenomenon influences only the 
first 6-8 mm. The silica sand has absorbed the 
mechanical shock wave and the energy generated by 
the discharge. We can suppose that the 4-6 mm area 
is the preponderant area where takes place the 
fulgurite. 
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Fig. 5: Evolution of the gas pressure versus fuse 
domain at time t=2.3 ms. 
 

 
Fig. 6: Evolution of the gas temperature versus fuse 
domain at time t=2.3 ms. 
 
The Fig. 7 represents the thermal mapping of the 
silica sand at time t=2.3 ms. The plasma pressure is 
evaluated around 20000 K. 
 

 
Fig. 7: Evolution of the solid and gas temperature 
versus fuse domain during the arc period t=2.3 ms. 
 

The first silica grains are partially vaporized  and in a 
area farer, the silica vapour are recondensed at the 
contact with cold silica grains in comparing the 
vaporization isothermal with the initial solid-gas 
interface. Moreover, we note a liquid area evaluated 
by the vaporization and fusion isothermal. 
 
In Fig. 8, we compare a fulgurite with the porosity 
evolution of the fuse domain. The porosity allows to 
show the evolution of the porous medium. The 
fulgurite is a combination of molten and vaporized 
fuse element metal and silica sand. In the first 
millimeters the porosity increases corresponding at 
the vaporization process and farer the porosity 
decreases corresponding to the silica sand vapour 
recondensed. We note that the areas of vaporization 
and recondensation are in according with the 
experimental fulgurite. 

 
 
Fig. 8: Comparison of the fulgurite and the porosity 
evolution of the silica sand. 
 
 
4. Conclusion 
 
A compressible gas flow model in porous media 
using a microscopic description of the heat transfer 
between the plasma and the silica sand  was 
developed. The convection model based on the 
homogenized equations at two species in porous 
media takes into account the mechanical interaction 
due to the porous medium and the thermal model 
based on the total energy conservation allows to 
evaluate the heat and mass transfer between the two 
phases.  
The numerical simulation with realistic physical 
parameters for the silica sand used in industrial fuses 
gives a description of the pressure, temperature 
evolution during the fuse operation. We have 
observed that the high plasma pressure 40×105 Pa is 
maintained due to the conjunction of a high 
temperature, the gas produced by vaporization and 
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the Forchheimer force. The model  allows to evaluate 
the vaporized and recondensed areas in the fuse 
domain. 
Future works will consist in realizing a more 
complete model in adding the silver species and the 
pre-arc period corresponding to the Joule heating of 
the silver element. 
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