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ABSTRACT 

The idea behind the article is how to define fire behaviour. The work is based on an 
analytical study of fire origin, its development and spread. Mathematical fire model called 
FDS (Fire Dynamic Simulator) is used in the presented work. A CFD (Computational Fluid 
Dynamic) model using LES (Large Eddie Simulation) is used to calculate fire development 
and spread of combustion products in the environment. The fire source is located in the 
vicinity of the hazardous plant, power, chemical etc. The article presents the brief background 
of the FDS computer program and the initial and boundary conditions used in the 
mathematical model. Results discuss output data and check the validity of results. The work 
also presents some corrections of the physical model used, which influence the quality of 
results. The obtained results were discussed and compared with the Fire Safety Analysis 
report included in the Probabilistic Safety Assessment of Krško nuclear power plant. 

1 INTRODUCTION 

Fire fighting engineering and fire science are very complex interdisciplinary fields that 
include a wide spectrum of physical phenomena. Those are hydrodynamics, heat transfer, 
mass transfer, combustion, toxicity, response of construction on high temperature and others. 

The use of CFD (Computational Fluid Dynamics) models acquires significance with the 
development of computer hardware resources. Other lumped methods exist, that are faster in 
computation. The use of CFD models takes significance in fire process analyses. 

Fire Field Models (CFD-Computational Fluid Dynamics models) use numerical 
methods to compute values of variables. Differential equations that describe physical 
processes can be solved in two or three-dimensions. Because fire models include many 
phenomena mentioned below, the problems of their interactions become very complex. That 
is why the computer support is absolutely necessary. 

The described fire model presents the outdoor fire behaviour. FDS is a CFD computer 
code that uses LES (Large Eddy Simulation) for turbulence modelling. Dissipation processes 
are modelled using a (zero equation) Smagorinsky model. The work shows that correct 
simulation depends a lot on correct definition of initial and boundary condition and adequate 
numerical grid density. Because of a large geometry the turbulence mode needs to be 
corrected by reducing a Smagorinsky constant. 

The model presented in the paper assumes the geometry of the surrounding of nuclear 
power plant Krško. 
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NOMENCLATURE 
 

ρ     Density [kg/m3] p Pressure [Pa] 
τ     Viscous stress tensor [kg/ms2] T Temperature [K] 
D    Diffusivity [m2/s] I Radiation intensity [W/m2] 
g     Acceleration due to gravity  [m/s2] R Ideal gas constant [J/kgK] 
h     Height [m] Y Mass fraction [-] 
hc    Heat of combustion [J/kg] q&  Heat flux [W] 
hv    Heat of vaporization  [J/kg] Z Mixture fraction [-] 
m&    Mass flux [kg/s] k Thermal diffusivity [m2/s] 

 

2 PROGRAM CODE BACKGROUND 

This section briefly describes mathematical models and numerical methods used in the 
program code. 

 
2.1 Thermo-Hydrodynamic model 

The fluid flow is modelled by solving the basic conservation equations. Those are 
conservation of mass, conservation of mixture fraction, conservation of momentum and 
conservation of energy using a form for low Mach number. The approximation involves the 
filtering out of acoustic waves. 
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Where ρ is a density, u is a velocity vector, Z is the mixture fraction, T the temperature 

and D is a molecular diffusivity. p%  is the perturbation pressure, τ  the viscosity stress tensor 
and k the thermal conductivity. cq′′′& and  R∇⋅q  are the source terms of chemical reaction and 
radiation, respectively. The radiation term has a negative sign because it represents a heat 
sink, [1]. 

Because the model assumes the low-Mach number flows, the pressure po is 
approximated to be an average value, what filters out the acoustic waves. 

 
0 ( / )i ip TR Y Mρ= ∑            (5) 

 
R is the general ideal gas constant and Yi and Mi are the species mass fraction and 

molecular weight. In case of open space, po is a constant value. 
A very important approximation in the model is the following substitution in the 

momentum equation 
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This approximation is equivalent to neglecting the baroclinc torque compared with 
buoyancy as a source of vorticity, [1] The value of H is solved by taking the divergence of 
the momentum equation, using the equation of state and solving the resulting Poisson 
equation by a fast, direct method. The final form of momentum equation becomes 

 
( )( )1 g

t
ω ρ ρ τ

ρ ∞
∂

− × +∇ = − +∇⋅
∂
u u H

         (7) 
 
The effect of the flow field turbulence is modelled using LES (Large Eddy Simulation), 

in which the large scale eddies are computed directly and the sub-grid scale dissipative 
processes are modelled. 

FDS uses a finite volume grid generation. All spatial derivatives are approximated by 
second order central differences and the flow variables are updated in time using an explicit 
second order predictor-corrector scheme, [1]. 

 
2.2 Combustion model 

The combustion model is based on the assumption that the combustion is mixing-
controlled. This implies that all species of interest can be described in terms of the mixture 
fraction Z. Heat from the reaction of fuel and oxygen is released along an infinitely thin 
sheet where Z takes on its stoichiometric value as determined by the solution of the 
transport equation for Z. The heat release rate per unit area of flame surface is defined 
using the following equation [1]. 
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0H∆ is the energy released per unit mass of oxygen consumed, OY  is the mass fraction of 
oxygen and n is the outward facing unit normal vector. Note that dYO/dZ and Z∇ ⋅n  are 
negative. 0H∆  should correspond to the amount of oxygen originating outside the fuel. The 
state relations are calculated for a stoichiometric reaction of C7H16 (Crude oil), which is 
proposed by [1], and called a Crude oil reaction. The reaction assumes that 0.11 mass fraction 
of fuel is converted into smoke particulate. 

 
2.3 Thermal radiation model 

The correct distribution and magnitude of the heat release rate is only one aspect of a 
successful fire model. Computing how the energy is then distributed throughout the 
computational domain is also required. In FDS the convective and conductive heat transfer is 
computed by the hydrodynamics solver. A separate solver is required for the radiative heat 
transfer. The radiative heat transfer equation is solved using the Finite Volume Method. The 
Radiative Transport equation (RTE) for a non-scattering gas is:

  
( ) [ ]( ) ( ) ( )bI I Iκ⋅∇ = −s x,s x x x,s            (9) 
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( )I x,s  is the radiation intensity, s is the unit normal direction vector and the source term 
can be written as a fraction of the blackbody radiation 4 /bI Tσ π= . The wall boundaries are 
assumed to be diffuse and black.  Absorption coefficient k(x) is calculated using RADCAL 
narrow band model before the actual simulation [3]. The absorption coefficient is a function 
of temperature and mixture fraction. The discretized form of the RTE is obtained by dividing 
the solid angle into a finite number of control angles, as shown in Figure 1. The Radiative 
Transfer Equation is then integrated over the cell volume Vijk and the control angle lδΩ . In 
Cartesian coordinates the normal vectors are the base vectors of the coordinate system and the 
integrals over solid angle do not depend on the physical coordinate, but the direction only. 
The intensities on the cell boundaries are calculated using a first order upwind scheme. The 
integrals over the control angles are calculated analytically before the actual simulation. The 
radiation solver in the computer code is called every third time step of the flow solver, and on 
each cell, every fifth angle is updated [1]. 

 

 
 

Figure 1: Coordinate system of the angular discretization 
 

3 GEOMETRY AND MODEL DEFINITION 

3.1 Geometry of the model 

Figure 2 shows the simplified geometry of the power plant surrounding that is used.  
Objects are numbered and specified in table 1. 

 
Figure 2: Geometry of the model 
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A non-uniform Cartesian grid was used with 170 x 180 x 50 cells in x, y and z 
coordinates. The simulation takes approximately 70 hours on a PC. A compressed grid is used 
close to the fire source. The compression between y coordinate 0 m and 50 m is of 40%. That 
means that a compressed grid cell has a y coordinate length around 2 m. Better results should 
be obtained with a denser grid, but the long computation time and hardware resources limit 
such simulations. 

 
Table 1: Properties of the modeled elements 

No. Name Properties Size 
1 VENT VEL2 = 9 m/s oz. 2 m/s 650 m x 300 m 

x 300 m 
2 Pool burner HRRUPA1 = 2900 kW/m2 8 m x 8 m 
3 Cooling 

towers 
Relief 200 m x 60 m 

x 30 m 
4 Reactor 

building 
Relief 240 m x 300 m 

x 60 m 
5 Administrat

ion building 
Relief 220 m x 210 m 

x 20 m 
6 Turbine 

building 
Relief 40 m x 40 m x 

80 m 
 

1- Heat Release Rate Per Unit Area 
2- Initial velocity potential profile 
 

3.2 FDS code validation 

The FDS program code uses a zero equation turbulent model base on a turbulent 
viscosity approach. The model is known as Smagorinsky model. The mode is derived from 
Kolmogorov k-5/3 cascade theory. The turbulent viscosity calculated with Smagorinsky model 
depends on the characteristic length scale, velocity deformation tensor and Smagorinsky 
constant. Because of a constant, the model can not be applied for universal use. In case of a 
large geometry, as presented in the paper, the constant needs a correction. Default used value 
in the FDS code is 0.2. It is found in [2] that results obtained with Smagorinsky constant 0.16 
accords much better with experimental results. 

 
3.3 Initial and boundary condition 

3.3.1 Initial conditions 

Temperatures of numbered objects surfaces and domain boundaries (Figure 2) are 
assumed equal to environmental temperature 20oC. Velocity components at any domain 
boundary are assumed constant, except the opening with number 1 (Figure 2), with a 
prescribed initial velocity profile. The wind speed assumes a potential velocity distribution in 
the vertical direction that satisfies the following equation. 

0.15

0 10
zv v  =  

 
; 0...300z =  m        (10) 

 
Fire is defined as energy and mass source. The energy release rate per unit area is 2900 

kW/m2. The value represents a heat release rate of combustion of crude oil in a pool of 64 m2 
surface. The value is obtained from [2]. 



318.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 8-11, 2003 

As presented in chapter 1.2 the state relations in a combustion model are calculated for 
a reaction of C7H16 (Heptane) and oxygen. The additional release of smoke particulates is 
added into reaction products. It is a simple way to simulate crude oil combustion. 

Also a temperature profile is prescribed. The temperature gradient is 0.0025 oC/m and 
decreases with height. 

The initial thermal radiation intensities depend on initial temperatures in the domain and 
on absorption coefficients. 

 

3.3.2 Boundary conditions 

Boundary conditions of the domain borders are defined open, except for opening 1 
(Figure 2) that uses an initial velocity profile. Open boundary conditions define energy and 
mass sink. A thermal radiation model assumes the boundary of the domain as black 
objects. Using such assumption the environment will not radiate energy into the domain. 

Obstacles located inside the domain have not a particular effect on the simulation 
results, because of their location and inert thermal boundary condition.  

4 SIMULATION RESULTS 

Two simulations of fire spread around Krško power plant have been performed. The 
first assumes the wind velocity 9 m/s, the second 2 m/s. 

The results of interest are the concentrations of smoke in the power plant surrounding.  
Because smoke particulates (soot) have the longest ‘life time’ as aerosol, the results show just 
soot concentrations. Concentrations of other elements are assumed to be not dangerous at long 
distance from the fire source, because of a very low concentration.  

Soot concentrations of interests have the following characteristics: 
Area with the concentration below 100 µg/m3 is safe without the use of respirators. 
At concentrations above 250 µg/m3 the normal respiration is more difficult, but health 

risk is not threatened. 
Concentrations of soot above 1000 µg/m3 are considered the highest allowed [4]. 
 
The simulation results at wind speed 9 m/s are shown in the Figure 3. 
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Figure 3: Soot concentration field at wind speed 9 m/s after 100 and 1000 seconds of 

simulation 
 
Figure 3 shows that after 1000 seconds the smoke cloud reaches through all the domain 

length. Averaging the results on a time period of 100 seconds, the small vortices are filtered 
out the plot.  The results show that soot concentrations from 60 µg/m3 to 250 µg/m3 are 
reached in the surrounding of the power plant. Referring to concentrations levels mentioned 
above, the zone is relatively safe. However local and short time elevated concentration should 
appear, because of turbulence flow. Such vortices especially develop around power plant 
buildings. 

 
A different scenario develops at a lower wind speed. Figure 4 shows the simulation 

results at wind speed 2 m/s. 
 

A
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Figure 4: Soot concentration field at wind speed 2 m/s after 100 and 1000 seconds of 

simulation 
 
Figure 4 shows a different picture compared with Figure 3. Soot concentrations are two 

to three times higher. An interesting phenomenon occurs: After 1000 seconds of simulation 
the core of the smoke cloud takes almost a vertical direction. Concentration field that fills the 
remaining part of the domain comes from vortices formation in the smoke core surrounding. 
Such an eddy is shown on Figure 4 after 100 seconds of simulation with a detail A.  During a 
smoke cloud formation many of such eddies form a smoke field that is pushed in wind 
direction. 

The attained concentrations are higher than at the higher wind speed but do not exceed 
the limit of 1000 µg/m3. 

 
4.1 Consideration of Probabilistic Safety Assessment for external fire event 

The deterministic fire safety analysis we have done should represent an upgrade of the 
PSA - Probabilistic Safety Assessment of Krško nuclear power plant - Fire Safety Analysis, 
although it does not consider deterministic analyses. The external fire event that we described 
is defined as an Other External Event.  

The probability contribution of external fire to total core damage is less than 1E-7 per 
year. That is why no other special analyses are necessary.  

In case of internal fire, the fire area core damage frequency contribution for the Power 
plant control room is 1.2 E-5 per year considering a fire safety system. This contribution 
mostly comes from the control room abandonment scenario [5], [6]. 

In case of uninhabitable conditions in the control room abandonment should occur only 
after performing actions necessary to ensure the safety of the reactor. These actions include 
the start of the control room charcoal cleanup system. 

The probability that such an accident as we described could occur is very low. The 
probability, considering the defined wind speed and direction, decreases the possibility of 
such an event even more. 

5 CONCLUSIONS 

The main question of the paper deals with safety of the power plant in case of the 
external fire event. 
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Such a deterministic analysis is not often used in a power plant safety analysis. Other, 
probabilistic methods are used in practice. The reason is, the probabilistic analysis gives a 
very low probability of reactor core damage because of an external fire event. 

FDS is used to simulate outdoor fire and the formation of the smoke cloud. The 
diffusion of the smoke soot is analyzed in the geometry domain. The FDS turbulent model has 
been modified for a simulation in a large geometry. The Smagorinsky constant has been 
changed from 0.2 to 0.16. The result is a reduced turbulent viscosity that is model appropriate 
for large geometries, where a coarse mesh is used. 

Two simulations of fire spread around Krško power plant has been performed with a 
modified FDS code. The first using a wind speed 9 m/s shows, that defined smoke 
concentration limits are not attained. The second simulation using a wind speed 2 m/s shows a 
different scenario. Because of turbulence many vortices appear and form a field with a higher 
soot concentration. Two to three times higher concentrations are reached, but the prescribed 
concentration limit of 1000 µg/m3 is not exceeded. 
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