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Abstract

The impact of a combustible load with limited amount of heat on the characteristics of fire
generated local environment is considered. The combustible load apportionment on the floor and its
ability to release the heat at a different rate regarding the temperatures and heat flux in zones formed
in the NPP compartments is studied using calculations. Several ways of variation of a pilot fire radius
in the same range are compared.

1. Introduction

To evaluate more realistically the damages that might occur in the critical fire scenarios
specified for NPP compartments the deterministic physical models are usually used
simultaneously with probabilistic methods. A commonly used tool in the field of fire PRA is
the computer code COMPBRN the last version of which is described in reference [1].
According to reference [2] about 15 parameters are significant among the numerous ones
determining the influence of a fire generated local environment on a vulnerable component.
These parameters can be divided in several groups. The first group includes parameters such
as dimensions of compartment whose members can be considered as constants for all fire
scenarios taking place in a given NPP compartment. The second group includes parameters
with large states of knowledge uncertainties, such thermo-physical properties of materials,
burning efficiency, damage temperature and so on, that are represented by distributions rather
than by point values. The last group includes parameters, such as the radius of the pilot fire
and burning rate of combustibles involved in a flame, that are very significant regarding the
way a fire grows. The values of these two parameters are closely related to the temperatures of
flame, plume and hot gas layer (HGL) as well as the depth of HGL, released heat flux, etc.
The temperatures of separate zones of a fire generated environment and the released heat flux
strongly determine the damages due to a specific fire scenario.

Reference [3] shows that between the size of the burning pool and the current value of
pyrolysis rate a strong (physical) relation exists. From this point of view the impact of the fire
scenarios taking place because of a flammable material of a known type and quantity on the
size of the pool and on the pyrolysis rate can be easily evaluated. It is not a common case in
NPP compartments where many objects with unknown combustible loads and burning rates
are located. To assess the impact of the fire scenarios the radius of a pilot fire is usually
assumed according to a hypothesis for fire of the size that is expected. Once the total amount
of heat expected to be released at combustion and the fire size are specified the degree of
expected fire severity can be represented using different types of a flammable material.

In the case of a pool fire the quantity of flammable material involved in combustion will
determine the value of its radius. The variation of the pool radius during the fire growth can
be evaluated approximately. A possible way is the current quantity of specified flammable
material to be 'put' in a volume between a simple 'top surface', for instance part of a sphere,
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and 'bottom surface' such as the floor. To model the flame size and its likely variation during
the combustion of an object with unknown burning rate the constant, increasing and
decreasing radius of a pilot fire can be used. In case the bound values for a pilot fire radius
corresponding to the specific fire scenario are defined it is important to know how to describe
the values of the radius inside the range. The random variation of the radius in a
corresponding range, as for parameters of the second group, or variation based on physical
relations is possible to be applied.

2. Description of the scope

To trace how the choice of a pilot fire radius and burning rate of combustibles
influences the time to damage of a 'normal' cable one specific situation is studied to avoid
abstract reasoning. Compartments of medium size, X = 10 m, Y = 5 ra and Z = 4 m, are
considered. A flammable object with total combustible load only of about 450 MJ and
unknown burning rate is assumed to generate this heat in a compartment. The total amount of
heat that will be released during combustion is approximated by a corresponding quantity of
different types of flammable liquids. According to ref. 3 the net heat of combustion for crude
oil is 42.7 MJ/kg and for heptane is 44.6 MJ/kg. From this point of view the combustible load
may be represented by equivalent of either 10.1 kg of heptane or 10.5 kg of crude oil. It is
very important how the equivalent quantity of flammable liquid will be distributed on the
'bottom surface' because of the dependency between the pool size and pyrolysis rate. The
burning rate of the flammable object is defined approximately when using the hypotheses
about the expected time for the total heat of combustion to be released. Assuming an expected
time for release of the total amount of heat - tr s and a radius of pilot fire - Rf m the averaged
value of the pyrolysis rate can be evaluated. The averaged mass burning rate mm kg/s and
pyrolysis rate ms kg/m s are obtained by simple relations (1) and (2). Equation (3)
recommended in ref. [2] is also used.

mm = amount of equivalent flammable liquid / expected time for release of heat (1)

ms = mm/S (2); S = 7t»Rf
2; ms = 1^(1 - exp(-2*R,*k)) (3)

The constants k and m, for the corresponding equivalent flammable liquid are obtained
in ref. [3].

Table I shows the distributions and ranges used to describe the state of knowledge
uncertainty about parameters of the 'second group'.

3. Choice of pilot fire radius and type of equivalent flammable liquid.

The hypothesis for pilot fire with a constant radius during combustion is considered
first.

The hypotheses about the expected time for the total heat of combustion to be released
are used to define approximately the radius. It is assumed that the combustible load is released
for more than 720 s with mass burning rate equivalent to the pilot fire of a crude oil pool. The
constants k - 2.8 1/m and m, = 0.045 kg/m2s for crude oil are obtained from the ref. [3]. The
averaged value of mass burning rate of 10.5/720 can be obtained by means of relation (1).
Using relations (2) and (3) the value of pilot fire radius Rf < 0.35 m can be estimated. The
values of HGL temperature and depth as well as the time to failure of a cable are calculated
using an improved version of the programs reported in ref. [4]. The programs use the response
surface approximations for these entities presented in ref. [2]. Distributions of any one of the
parameters shown in table 1 are described by means of 200 point values generated using Latin
hypercube sampling. In the case of crude oil pilot fire with radius Rf = 0.35 m, having a
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pyrolysis rate ms = 0.0387 kg/m^s, all 200 calculated values for HGL temperature fall in the
range of 385-490 K. The above mentioned programs are used to calculate the time to damage
of a 'normal' cable. Distributions used to describe the state of knowledge uncertainties about
damage temperature and thermo-physical properties of a 'normal' cable are shown in a table I.
A cable tray with a depth of 0.076 m, immersed in the HGL and placed at a distance 3 m from
the flame is considered. The calculations show that a heat flux on the cable surface for a
distance of 3 [m] between the flame and the cable is in the range of 3.6 - 4.0 kW. In this case
the damage temperature will be reached only in 4 of 200 trails.

Let us now assume a pilot fire with the same radius that releases the same total amount
of heat (450 MJ) but at the burning rate of heptane. For heptane the values of constants k = 1.1
and ntj = 0.101 are applied. Using equation (3) the pyrolysis rate of ms = 0.0542 kg/m2s is
calculated. The time xr = 484 s is obtained using the relations (1) and (2). The calculated
values of the HGL temperature and the heat flux on the cable surface fall in the ranges

420-580 K and 5.57-6.54 kW if only the pyrolysis rate is changed in the input data. The
number of trials that show the cable temperature is smaller than the damage one are 34 in this
case. The number of tirals showing no damage are 52 if the same values for the heat flux on
the cable surface, as calculated for oil pilot fire, are used. Taking into account the above it can
be seen that if the same pilot fire radius is used the choice of burning rate of the flammable
object is significant to the damages of vulnerable components.

In case the oil pilot fire with radius 0.5 m is considered the HGL temperatures fall in the
range 580-630 K. If cable - flame distance is 9 m the heat flux on the cable surface is in the
range 260-280 W. When the cable is immersed in HGL, no matter the low value of external
heat flux, the damage temperature is reached in 190 of 200 trials. The calculations show that
in the case of heptane pilot fire with the same radius the HGL temperatures fall in the higher
range of 650-735 K because of its higher severity. The trials without damage are only 3 or this
pilot fire will lead definitely to failure of cables involved in a hot gas layer. The values of time
xr for two pilot fires corresponding to heptane and crude oil mass burning rates are 316s and
190 s. The flammable object, despite its small combustible load, that is able to generate flame
radius bigger than 0.5 m or to release the heat faster that 300 s is real a danger for the cables.
For flammable objects with limited combustible load the hypothesis of constant pilot fire
radius is a very conservative one.

4. Random vs. 'physical' variation of a pilot fire radius

In the above paragraphs an influence of the small combustible load located in a medium
size compartment regarding the possibility a 'normal' cable to be damaged was studied. The
distribution of the equal combustible load on a 'bottom surface', represented by means of a
pilot fire radius, was found to have significant impact on the fire risk. It was shown that if the
pilot fire radius is fixed the ability of the flammable object to release faster the heat,
represented by the hypothesis of the burning rate, is also an important characteristic. For the
compartment, combustible load and 'normal' cable under study the pilot fire radius of 0.5 m
was obtained to lead to damage of the cables immersed in HGL. The pilot fire radius of 0.35
m is a critical one for the situation under consideration. The low severity fire, with which heat
is released at the lower oil burning rate, cannot damage the cable if it is located at more than 2
m from the flame. Calculations show that with a high severity fire, having the burning rate of
heptane, the damage temperature can be reached if the 'normal' cable is immersed in a HGL.
In 82-166 of 200 trials the damage temperature is reached when the distance between flame
and cable immersed in HGL varies in the range 9-2 m.
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TABLE I. CHARACTERISTICS FOR RANDOMLY VARIED PARAMETERS

Randomly varied parameters

Heat of combustion - *EbH f [MJ/kg]

Compartment ceiling thermal conductivity - k] [W/mK]

Cable emissivity - £ [-]

Cable thermal conductivity - kc [W/mK]

Cable thermal diffusity - a [m /s]

Damage temperature of cable - Tfam [K.]

Range (oil)

38.4 - 42.7

0.4- 1.0

0.7-0.95

0.09-0.5

1.8x10 -7.0x10

450 - 500

Range
(heptane)

38 - 44.6

0.4- 1.0

0.7-0.95

0.09 - 0.5

1.8x10 -7.0x10

450 - 500

Distribution

normal

normal

uniform

lognormal

uniform

uniform

* The symbol Eh denotes the burning efficiency.

TABLE II: RANGES OF THE CALCULATED ENTITIES IMPORTANT TO THE DAMAGE OF A
'NORMAL' CABLE

Ranges of the calculated entities

Pyrolysis rate - ms [kg/m~s]

Heat flux on the cable surface - +q [W/m2]

Width of a hot gas layer - L [m]

Temperature of hot gas layer - T^ [K]

Temperature on a cable surface - T c [K]

Number of trails the damage temperature is
reached

Range of a time to damage on condition a
cable is HGL - xc [s]

HI & H2*
2 2

3.61x10" -3.94x10"

5.43x10' -6.73x10"
3300-4370

5600 - 8500

2.68-2.75

2.71-2.80

464 - 568
525 - 670

340 - 500

342 - 500

116

185

38- 105

24-92

H3&H4

3.79x10"
->

6.07x10""
3730-4110

6610-7768

2.716

2.748

490 - 535

555 632

346 - 500

360 - 500

139

192

53-80

33- 105

H5&H6

3.81x10""

6.15x10""

3760-4410
6730 - 7900

2.72

2.75

493 - 545
565 640

355 500

379 - 500

148

194

51 -91

32-112

* The symbols HI & H2 denote the hypotheses for random variation of pilot fire radius in cases the oil
and heptane are burning. The symbols H3 & H4 are used to denote the hypotheses for decreasing radius and by
symbols H5 & H6 the hypotheses for initially increasing fire radius are marked.

+ The heat flux on the cable surface is calculated for flame - cable distance equal of 3 [m].

In this study the impact of small combustible loads regarding damages of a 'normal'
cable is considered. It is likely the flame size to be changed during the fire growth if limited
combustible load is available. The variation of the pilot fire radius in a specified range can be
used to represent the uncertainty in expected time the heat of thr combustible load will be
released. The time xr is practically impossible to be evaluated by a point value. Using an
expert opinion this time can be estimated within a range. Assuming the pilot fire radius will
be changed during a specific fire scenario the question arises how the hypotheses about the
ways of variation influence the time to damage of a 'normal' cable. Two main trends in the
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flame radius change are likely to occur. A flame radius will decrease during combustion if it
involves at once the whole combustible load. A fire will be grown in a different way if the
part of the same combustible load covered with flames increases until the moment when the
whole combustible load is involved. In such a case the flame radius will increase initially and
then will start to decrease.

Hypotheses for the changes a pilot fire radius in a random variation and the two cases of
fire growth mentioned above are compared. The bound values of 0.35 and 0.5 for the range of
the pilot fire radius are used. The random variation of the fire radius is depicted using the
uniform distribution and 200 point values generated by means of Latin hypercube sampling.
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FIG. 1. Variation in the pyrolysis rate versus time per crude oil and heptane
(for explanation of symbols, see Table II).
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2. Distribution of the time taken to damage a cable in the HGL (H5 and H6).
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The cases of 'physical' variations of the pilot fire radius in a specified range are evaluated as
oil and heptane equivalents of a combustible load 'burning' in a pool. The heptane equivalent
of combustible load is used to represent a hypothesis that a time xr cannot be outside the range
190 -480 s when a flammable object generates a high severity fire. In the case of decreasing
radius the fire is assumed to start at a pool radius of upper bound ( 0.5 m). The crude oil
equivalent is used to study the hypothesis that time tr cannot be outside the range 315 -720 s
when flammable object lead to a low severity fire.

The inside values of the fire radius range and the corresponding pyrolysis rates are
calculated on the basis of the current quantity of flammable liquid equivalent using the
programs reported in ref. 4. The values of the fire radius and of the pyrolysis rate are averaged
for the time interval the radius reaches the lower bound of 0.35 m. For the case of initially
increasing pilot fire it is assumed that the flame starts with 20 % of the flammable liquid and
for 30 s involves all the available quantity. Here the values of the fire radius and pyrolysis rate
are also integrated over time.

Variations of the pyrolysis rate during the time interval the radii of pilot fires reach the
lower bound of 0.35 m for burning of crude oil and heptane equivalents are shown in fig. 1.
The flame, plume and HGL temperatures as well as the heat flux on the cable surface are
calculated using the corresponding values of the parameters in all 200 trials. For any of the
hypotheses about pilot radius variation the parameteres of the 'second group' are presented as
the same set of 200 point values generated by Latin hypercube sampling is used. The averaged
values of fire radius and pyrolysis rate are applied in all trials that describe the cases of
'physical' variations. The hypothesis for random variation of pilot fire radius in contrast uses
a set of 200 point values for fire radius as the corresponding values for pyrolysis rate are
calculated by equation (3). The ranges of calculated values for entities important for the
damage of a cable are shown in table II. The data of table II shows that the hypotheses for
'physical' variation of the pilot fire radius in the cases of both low and high severity fires lead
to damage of a cable in a graet number of trails.

Distribution of the time to damage of a 'normal' cable assuming the pilot fire radius will
initially increase (hypotheses H5 & H6) is shown in fig. 2. It can be seen that with both
hypotheses the main part of the trails where damage temperature is reached is situated near the
lower bound of the time interval.

5. Conclusions

The impact of a limited amount of heat released in a medium size compartment is
considered. The distribution of material that releases the heat is reflected by pilot fire radius.
The ability of a material to release the heat at different rates is described with a type of
flammable material that is chosen. The influence that different hypotheses about size and
variation of the pilot fire radius have regarding the possibility a cable to be damaged was
traced. Calculations conducted by means of response surface approximations presented in ref.
[2] show the damage of a cable is very sensitive to the choice of a hypothesis.
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