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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. The study is based on
thermodynamics, heat transfer and the study of hydrodynamics and combustion, which
represent the bases of fire dynamics. The article shows a practical example of a leak of
hazardous chemicals from a tank. Because of the inflammability of the fluid, fire may start.
We have tried to model fire propagation around the Krško power plant, and show what
extended surrounding area could be affected. The model also considers weather conditions, in
particular wind speed and direction. For this purpose we have used the computer code Safer
Trace, which is based on zone models. That means that phenomena are described by physical
and empirical equations. An imperfection in this computer code is the inability to consider
ground topology. However in the case of the Krško power plant, topology is not so important,
as the plan is located in a relatively flat region.

Mathematical models are presented. They show the propagation of hazardous fluid in
the environment considering meteorological data. The work also shows which data are
essential to define fire spread and shows the main considerations of Probabilistic Safety
Assessment for external fire event.

1 INTRODUCTION

Talking about fire hazard means talking about fire safety. From the beginning of
industrial growth fire safety has developed a great deal, because of the need to protect human
life and property. The field of safety includes regulations and acts that deal with prevention
and procedures in fire fighting. Usually we know where the most probable point of a fire’s
beginnings is, both in open and closed spaces. The fire initiation point is then considered as
the first input parameter in the model.

The article will talk about fire modelling in open spaces and how gases and the smoke
cloud affects the surroundings and the fire itself. The place we have modelled is the area
surrounding the nuclear power plant at Krško.

The simulation was run using the zone model called Trace (Safer-EMS), which is able
to calculate chemical reactions that lead to combustion. Empirical equations derived from
physical equations consider different release scenarios, meteorological conditions, obstacle
density etc.

Fire spread direction, speed of fire propagation, temperature influence to material, risk
of explosion and release of hazardous gases are results of analysis.
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2 MODEL BACKGROUND

The Zone model Trace is based on physical and empirical equations essential to
compute the fire’s source and its spread. The main sub-models in Trace are: a model of
release rates from rupture; a source dynamics model (dynamics of flashing, aerosol formation,
initial air entrainment); a pool evaporation model; a model of the atmospheric dispersion of a
vapour cloud and Jet dispersion; a thermal radiation model for different fire sources and a
blast overpressure model for vapour cloud explosion and others.

The assumption of the model begins with a tank break and a leak of fluid.

2.1  Tank rupture model

The tank model is a quasi-steady state model, which calculates the discharge rate of
gases and/or liquids from a tank-pipe system caused by a rupture in the tank or shearing of the
attached pipe. It takes into account chemical properties, environmental variables (atmospheric
pressure and ambient temperature), rupture geometry (circular, rectangular, smooth or jagged
edges) and the containment variables (pressure, temperature).

Three discharge models exist: one to describe the release of liquid from a hole
(including two-phase flow), one to describe the release of vapour from a rupture above a
boiling liquid, and one to describe the release of a compressed gas. The logic for passing
parameters between these models is illustrated in the following figure [1].

Figure 1: Logic for algorithms within the Tank rupture model in Trace code

2.2 Source Dynamics

The algorithms mentioned in the tank rupture section determine the state of the released
stream from containment due to a failure/rupture. This released chemical should, in general,
consist of three release "streams": (1) escaping gas, (2) liquid which remains airborne (which
will itself break up into a flashing fraction of gas and an aerosol fraction) and (3) liquid which
falls to the ground to form a pool, which then evaporates. The various "streams" and the
initial source dynamics are involved in the formation of a vapour cloud.

The estimation of the flash and aerosol fraction is defined as [1]:

aBoL LTTCx /)( −=                                       (1)
x   - Flashing fraction                 T0 ,TB - Temperature (containment, boiling point)
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CL - Specific heat of liquid phase           La        - Latent heat of vaporization

The estimation of the airborne liquid (or aerosol) stream is much more difficult to
formulate. The magnitude of the aerosol stream depends upon the containment variables
(pressure, temperature, etc.) and is also affected by the rupture characteristics (orientation,
geometry of hole).

Hence, the present approach consists of achieving the capability to define the aerosol
fraction. In addition, the computer code has a default aerosol estimation technique. The
aerosol content of the stream is assumed to be a function of the flashing fraction, defined
above.

  In the final state, the vapour cloud contains the initial mass of chemical vapour and the
entrained mass of air. The final state of the system is then derived from the enthalpy balance
[1].
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C1   =   V0L + (V0+L) CL T0 + A CA TA + A0 CA T0
C2   =   -( L0 + V0) CL - A CA – A0 CA
C3   =   La – (Cv - CL) T0                                     C8, C9, C10  -  Antoine constants [1]
C4   =   Cv - CL                 CA,CL, CV    - Specific heat (air, liquid, gas)
C5   =   (MW / MWA) * A1     V0,V1          -  Vapour mass (initial, final)
C6   =   C1 + C3 C5     A, A1          - Air mass (initial added)
C7   =   C2 + C4 C5     L0, L1          - Liquid mass (initial, final)

                            MW, MWA - Molecular weight (chemical, air)
2.3 Pool evaporation

The pool is modelled as an upright cylinder with volume V, radius R and height H.

Figure 2: Liquid pool modelled as an upright cylinder

At any time t, the volume of the pool can be written as:
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VP(t)  -    Pool volume at time t         dL              -   Density of pool liquid
V0      -   Pool volume at time t=0      d(VIN)/dt   -   Volumetric flow rate of liquid into the pool
m   -   Mass of liquid vaporized from pool starting at t = 0 to time t

The above equation represents a volumetric balance. [1]
A heat transfer model is also included in the pool evaporation model. The main purpose

is to compute the evaporation rate due to radiation, conduction and convection. The
evaporation rate by forced convection can also be modelled.
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2.4 Atmospheric dispersion of a vapour cloud

An earlier section described the formation of a vapour cloud. Leak rates from a tank
rupture were calculated; subsequently, initial gas, "flashing" and an aerosol algorithm along
with an evaporation routine produced the overall vapour generation rate. In this section the
dispersion model of the vapour cloud is described. Trace code can consider different types of
release; instantaneous, steady continuous and transient for dense (active) and lean (passive)
gases.

Our case considers a ground level instantaneous release from the tank rupture. That is
the most catastrophic scenario, which can lead to fast vapour cloud formation near ground
level and with a high gas concentration. Because of a very fast transient and changes of
variables, it is difficult to predict the course of events.

Once the cloud, modelled as a cylinder is formed, it begins to slump under the effect
of gravity. The velocity of the edge of the cloud can be described as:
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R - Radius of the cloud g   - Acceleration due to gravity
k1 - Slumping constant h   - Height of the cloud
dc, dA   - Density (cloud, air)

The temperature changes in the cloud because of heat transfer and water vapour
condensation are also considered in the model. [1]

2.4.1 Cloud transport

The cloud transport because of wind is modelled as:

)4.0( hzUc
dt
dx ==                                                               (5)

x     - Downwind distance variable
Uc  - Cloud speed (equal to the wind speed at 0.4 times the cloud height)

2.4.2 Concentration distribution within the cloud

The concentration distribution is calculated in reference to centreline concentration. The
Trace code computes concentrations in 3D space using a self-discretisation of space with an
approximately uniform concentration. The dispersion parameters (all three directions)
necessary to calculate the cloud concentration and dimensions are obtained from the standard
Pasquill-Turner dispersion parameters (sigmas) considering a different stability class
exponent. [1]

2.5 Thermal radiation

The basic equation for all thermal radiation calculation is:
τ⋅⋅= Veq                                                   (6)

q   - Incident thermal radiation at a receptor [W/m2]
e   - Surface emissive power of the source [W/m2]
V  - View factor of the flame
τ   - Atmospheric transmissivity
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The Trace code includes different fire source models such as Fireball taken from boiling
liquid expanding vapour explosions, liquid pool fires, jet fires, flares and stacks, flash fires
and generic fire source.

The useful models in our case are liquid the pool fire model and, considering extreme
conditions, flash fire model.

2.5.1 Liquid pool fires

Basic parameters computed by the model are the mass-burning rates from the pool:

V

C

H
H

dt
dm

∆
∆⋅

=
001.0

                     when TBP ≤ TAMB                          (7)

)(
001.0

AMBBPPV

C

TTCH
H

dt
dm

−+∆
∆⋅

=    when TBP > TAMB                           (8)

∆ Hc  - Heat of combustion              Cp      - Specific heat of the flammable vapour
∆ HV  - Heat of vaporization            TBP     - Boiling point of the flammable material
TAMB  - Ambient temperature oK

The emissive power from liquid pool fires is calculated from [1],[5]:

[ ])12.0exp(0.1)12.0exp( PSPM DEDEe −−+−⋅=               (9)
e     -      Emissive power of the flames                                DP  - Diameter (pool)
ES   - Emissive power of smoke = 20.000 W/m2

EM  - Maximum emissive power of luminous spots = 140.000 W/m2

2.5.2 Flash fires

The overall methodology can be described in the following steps:
- Obtain snapshot of the cloud from the atmospheric dispersion model.
- At discrete locations within this snapshot, create crosswind averaged concentrations

and cloud heights
- Using the crosswind averaged concentrations and cloud heights, create flame fronts.
- Calculate the thermal radiation at a receptor location from the flame front.
- Iterate over all flame fronts to obtain the thermal radiation versus exposure time

profile.
The flame speed is calculated as a function of ambient wind speed:

Wflame US ⋅= 3.2                                      (10)
Sflame  - Flame speed            UW  - Wind speed

View factors and flame dimensions are also considered to calculate emissive power. [1]

3 FIRE MODEL

The fire model assumes a fast leak from a road tanker containing 20.000 kg of
propane/butane mixture. The tank leak rate is assumed to be very high so that the release is
quasi-instantaneous. The rectangular area of the orifice is 900 cm2. The model assumes that
gas evaporates at the source and forms a vapour cloud. The gas cloud is ignited 0.5 minutes
after release. The probability of a wind of 15 m/s in the direction of the NEK power plant
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(330o) is low. The Trace computer code simulates the cloud dispersion and evaluates
dispersion isopleths and thermal radiation isopleths.

The second model is related to the first, but assumes the dispersion mixture of products
produced by combustion of propane/butane and air. The combustion products were calculated
with a program called GASEQ considering the standard set of products HC/O2/N2.
The calculated number of products was 24. From the 24 mixture products we consider only
the products that represent more than one percent of the mixture volume. Those are Nitrogen
(21.3 %), carbon dioxide (15.7%), hydrogen (1.8%), methane (44.6%) and hydrogen cyanide
(16.6%).

The concentration limit was approximately defined, considering the toxicity and
concentration of each mixture compound. The values are: low(200 ppm), medium(1000 ppm),
high(2000 ppm).

The dispersion and fire source was coincidentally chosen in a location around Krško
nuclear power plant at a distance of 1000 m.

Both models give us interesting results.

Figure 3: Thermal radiation isopleths as a consequence of vapour cloud flash fire ignition

The flash fire model of the Trace code considers a burn up model that stops before all
air contained in a vapour cloud, at the time of ignition, is consumed. That means that not all
the propane/butane mixture has burned and it forms a second vapour cloud that is transported
in the direction of the wind.

Figure 4: Dispersion of vapour cloud after flash fire

Concentration isopleths were obtained from the US National Library of medicine –
Hazardous Substances Data Bank. The concentration of propane/butane 5000 ppm has not
any particular effect on the human body after an exposure of one hour. At concentrations up
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to 10% (100,000 ppm) propane/butane caused no noticeable irritation to the eyes, nose, or
respiration tract.
Considering the assumption that the gas-air mixture combusts in a short time, it is possible to
simulate the product mixture dispersion. The assumption should be correct considering ideal
combustion, which means that the product mixture does not contain oxygen.

Figure 5: Dispersion isopleths of the products of the gas mixture (smoke) after 2 minutes
considering the wind in direction to NEK

The high wind speed causes rapid smoke cloud dispersion after the end of emission
because of increased air entrainment and smoke concentration thinning. The simulation
computes the concentration of smoke (over 200 ppm) after two minutes. The disadvantage of
high air concentration before the ignition is a larger cloud that should generate more heat and
combustion products.

When the wind speed is lower (2 m/s) and in the same direction as before, other
problems occur. Namely, the smoke cloud cannot be dispersed and it travels slowly in the
wind direction. The simulation of this model is shown in the next figure.

Figure 6: Dispersion isopleths of burn out products (smoke) at different time steps and
wind speed 2 m/s
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3.1 Consideration of Probabilistic Safety Assessment for external fire event

The deterministic fire safety analysis we have done should represent an upgrade of 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 NEK control
room is 1.2 E-5 per year considering a fire safety system. This contribution mostly comes
from the control room abandonment scenario. [2], [3]

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 still more. That is why deterministic analyses are not especially required.

4 CONCLUSION

However considering such external fire should occur the obtained results are quite
hopeful. In the case of low wind velocity in direction of NEK the smoke cloud should reach
the power plant at a higher concentration. Figure 6 shows that a high smoke concentration
occurs at lower levels.

The second important result is the time when the vapour cloud reaches the power plant.
At high wind speed (15 m/s) it occurs after 1 minute, where the maximum concentration is
never attained. At low wind speed (2 m/s) the smoke cloud reaches the power plant after 6
minutes and passes off after 12 minutes. Figure 6a shows the vertical isopleths of smoke
concentration, where the power plant is reached by the maximum concentration of smoke at
lower levels. In contrast, at high wind speed, a uniform smoke distribution is obtained with
low concentration.

The global result of our analysis shows that the external fire, with described
characteristics and environment conditions, could not threaten the safety operation the nuclear
power plant.
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