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Abstract

The fire behaviour of passenger cars, electronic cabinets, and electrical ignition
sources has been studied by experimental, modelling and statistical methods.
The research presented in this thesis gives new quantitative information on
variables essential for estimating fire safety of these subjects and structures
relating to them.

Full-scale fire experiments on ordinary medium-size passenger cars, equipped as
in practise with oil, four tyres, spare tyre and 30 litres of petrol in the fuel tank
are presented. Rate of heat release by means of oxygen consumption
calorimetry, mass loss and rate of mass loss, heat flux, carbon monoxide and
carbon dioxide production rate, smoke production rate, gas temperatures above
the car and temperatures inside the car were determined as a function of time.
The experimental rate of heat release curves are parametrised by superposition
of one Boltzmann curve and three symmetrical Gaussian curves. The car fire is
modelled by two fire plumes, one emerging from the centre of the windscreen of
the car, the other from the centre of the rear window. Gas temperatures are
calculated using rate of heat release for the model plumes and Alpert's equations
for maximum ceiling jet temperature, and compared to experimental
temperatures from the car fire experiments. The calculated and measured
temperatures were found to be in good accordance. The results can be used in
design calculations for car park buildings and other structures related to
passenger cars.

Electrical ignitions of fires in nuclear power plants are studied by analysing
statistical information from incident reports, by modelling the most frequent
physical ignition mechanisms, and by experiments on some scenarios. Statistical
data indicated cables have a significant role in electrical ignitions. Modelling



some relevant cable fire scenarios give quantitative information on the
conditions and physical processes of possible cable fire situations.

Full and reduced scale experiments have been carried out on electronic cabinets
with differing ventilation conditions, contents and structure, igniting the cabinet
with a small propane burner beneath a cable or wiring bundle. Measurements on
rate of heat release, mass loss, carbon monoxide, carbon dioxide and smoke
(carbon) production rate, gas and surface temperatures were performed. The
potential rate of heat release bound in carbon (smoke) and carbon monoxide
production due to incomplete combustion was determined from measured
production rates and reaction equations, and found to be considerable. Ignition
power and energy sufficient for sustained burning leading to flashover in the
cabinet were determined. The fire growth rate after ignition was concluded to be
slow. The effect of the cabinet fire on an adjacent cabinet and a cabinet 1 m
apart was studied, and times to ignition of cables in the adjacent cabinet were
estimated.

A model for estimating the maximum rate of heat release in an electronic cabinet
is proposed, and checked against experimental data. It is found to describe the
main features of a burning cabinet after flashover when the fire becomes
ventilation-controlled. The model seems to be quite insensitive to parameters of
the burning cabinet and a formula is proposed which depends on cabinet
dimensions only. Furthermore, an analytic formula is suggested to estimate the
minimum rate of heat release needed for flashover in an electronic cabinet. The
formula is consistent with available experimental data, although the amount of
data is still small.

The results of the cabinet study can be used in safety assessment studies of fires
originating in an electronic cabinet, e.g. estimating fire size, or as energy release
input data in fire development calculations on control rooms in process plants
and other sites containing electronic cabinets.
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1. Introduction

Fire, if not deliberately arranged to provide useful effects, is defined in ISO
13943 (2000) as self-supporting combustion, which spreads uncontrolled in time
and space. Unwanted fires cause great human suffering and property loss, and
improving fire safety is a challenge from year to year. An essential approach is
the use of scientific methods to increase the understanding of fire as a
phenomenon obeying the laws of nature. The field of fire safety science is multi-
disciplinary, incorporating many branches of physics, chemistry and
engineering, applying experimental, theoretical as well as computational
methods (diNenno et al. 1995).

In order to understand fire behaviour, a thorough knowledge of fire dynamics is
of concern. Although fire is defined in terms of combustion, i.e. an exothermic
reaction of a substance with an oxidiser (ISO 13943 2000), the development of
the fire may be determined not only by the chemical reactions but in even higher
degree by the physical state and distribution of the fuel, and also its environment
(Drysdale 1999). The term "fire dynamics" describes thus fire behaviour not
only in terms of chemistry but also using heat and mass transfer, and fluid
dynamics.

Combustion (fire) is initiated by ignition after which the fire growths to a
maximum, and finally decays. During this course heat, smoke and various,
mostly toxic and corrosive compounds are released, all contributing to the fire
hazard (Tewarson 1995). To be able to assess fire hazard, the rate of heat release
and generation rates of fire products must be quantified.

The purpose of this thesis is to quantify fire behaviour of passenger cars,
electronic cabinets, and electrical ignition sources. This includes studies of
ignition, rate of heat release, smoke and carbon monoxide production and
incomplete combustion, relying mainly on experimental methods. Simple
models are proposed for rate of heat release from the studied objects. The main
use of the results is in fire risk assessment of buildings containing these objects.
The subjects relate to practical needs of customers, which utilised the results
almost immediately. Since the results are fairly general, it is motivated to present
them in a scientific way for wider use outside the original scope.
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Car fires

The fire behaviour of passenger cars is treated in Papers I and II. The aim of the
research was to determine a realistic scenario of a car fire in an open car park.
An open car park is defined in terms of openings in external walls, distance
between facades etc, with definitions differing somewhat from one country to
another. In Finland, a car park building is considered open, if at each storey at
least 30% of the wall area consists of openings, which are simultaneously at
least 10% of the floor area. The openings shall be located in such a way that air
is exchanged in the whole car park, the wall openings will thus be sufficient also
for smoke venting (National building code of Finland E4 1997). A fire in an
open car park occurs thus under well-ventilated circumstances and fire
development will differ from an ordinary room fire. A local fire is hence likely
to be a realistic basis for the design of fire resistance properties of open car
parks. Quantitative knowledge about the fire behaviour of a burning passenger
car, including the rate of heat release as the most important parameter, is thus
needed.

Prior to the experiments reported in Paper I, some experiments on car fires in
open car park buildings had been carried out (Butcher et al. 1968, Gewain 1973,
Bennetts et al. 1985). The measurements in these experiments were restricted to
gas and structure surface temperatures in the vicinity of the burning car. No
calorimetric measurements on burning rate, or rate of heat release had been
reported in open literature.

Paper I presents the first published calorimetric fire experiments on burning
passenger cars. Three full-scale experiments were carried out on cars equipped
as in practise with oil, petrol and ordinary passenger cabin materials. Besides
measurements of rate of heat release, mass loss and rate of mass loss, heat flux,
carbon monoxide, carbon dioxide and smoke production rate, and gas temperatures
above the car, and temperatures inside the car were determined as a function of
time.

For practical design work, a parametrised model for the fire behaviour of a
burning passenger car was needed. This model should be simple enough, but still
describe the essential features of the fire problem. Paper II presents a model to
describe the fire behaviour of a burning passenger car. The model is checked by
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calculating gas temperatures using Alpert’s equations (Alpert 1972) for
maximum ceiling jet temperatures and comparing to gas temperatures measured
in the experiments.

The model presented in Paper II has been used by the working group TWG 3.3 of
ECCS (European Convention for Constructional Steelwork) committee T3 (1993)
in its work on the fire safety requirements for open car parks.

After the car fire experiments of Paper I, some similar studies on car fires have
been reported in open literature. Two full-scale calorimetric fire experiments on
passenger cars have been carried out to obtain information on the consequences
of a car fire in a shuttle train in the Channel Tunnel between England and France
(Shipp and Spearpoint 1995). The experimental set-up differed from the
experiments in Paper I as it simulated the geometry and physical properties of a
tunnel shuttle wagon. The car was located inside a canopy connected to two
calorimeter hoods. Steel sheet cladding, insulated on the outside, enclosed the
canopy. The vehicles were middle-range cars, model 1982 and 1986, typical in
design and materials usage.

Car fire experiments have been carried out to measure rate of heat release, taking
into account the effect of new materials in cars of newer model, configuration
with a ceiling above the car, and the car close to a wall or in a corner, and spread
of fire from one car to another (Kruppa et al. 1998). This series contained 10
experiments, 5 with one car and 5 with two cars. The cars were either of old,
1970/1980, model or new, 1990 model. The experiments were carried out under
a ceiling inside a hood collecting the combustion products, and rate of heat
release was determined using oxygen consumption calorimetry.

Steinert (1999, 2000a, 2000b) has reported a series of 10 experiments to study
the burning of and fire spread between cars parked next to each other, including
3 experiments with a single car, 6 with two cars and 1 with three cars next to
each other. Distances between adjacent cars were 0.4 m or 0.8 m. The cars were
small and middle-range, representing three types of car body materials, steel car
body, car body containing plastics, and as a special case the plastic car body of
Trabant. Reported years of manufacturing were in the range 1982 to 1987. The
experiments were performed in a 4.5 m high room with floor area 5.4 m x 7.6 m
and air intake from 4 openings 1.0 m x 0.5 m in area in the lower parts of the
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side walls and through a door opening of area 3.0 m x 2.0 m. The room was
connected to a chimney where rate of heat release was measured using oxygen
consumption calorimetry.

Zhao (2001) presents two experiments with three cars of latest generation parked
in an open car park. Gas and steel temperatures and vertical displacements of
steel beams were reported, but no attempt to measure rate of heat release.

Kitano et al. (2000) report an experiment with passenger cars in a four-storey car
park. The cars were located at the first floor, with two sides thermally insulated
with aerated concrete boards and the other two sides open. Temperatures,
displacement and strain of car park structures were measured. No attempt to
measure rate of heat release was reported.

Electrical ignition sources

Although electrical ignition is a well-recognised initial fire source frequent in
fire statistics of many countries, still there is little published information about
specific electrical ignition sources. Information available is usually on a quite
general level, and there is not much literature on the physical mechanisms
behind ignitions of electrical origin. It is noted in a review focussing on single-
phase, 120/240 V electrical distribution systems (Babrauskas 2001), that
systematic research to quantify the mechanisms with which wiring faults lead to
structure ignitions has been surprisingly low. In a recent state-of-the art report
on nuclear power plant related fire safety research (OECD/NEA 2000) it is
concluded, that even though the statistical fire event data are fairly well available
in plant scale, component specific data are scarce or lacking. Although several
experiments have been made to study fire development, there is a shortage of
quantitative knowledge of ignitability of cables and other equipment such as
electronic cabinets in nuclear power plants.

Paper III presents statistical, modelling and experimental studies on electrical
ignition sources. Electrical failure mechanisms, first failed component and first
ignited component or material were identified from the IAEA and OECD/NEA
Advanced Incident Reporting System (AIRS) Database (IAEA 1997). Models
for ignition by heating of a loose contact, and heating from overloading a cable
and from electrical arcs are presented. The possibility of ignition from self-
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ignition of a cable bundle is discussed, and results from experiments on ignition
of a printed circuit board from overloaded components are presented.

The research was carried out concerning fire safety in nuclear power plants, but
the results are generally applicable on electrical equipment, because both
electricity as a physical phenomenon and most of the technical devices remain
the same.

Electronic cabinet fires

Electrical and electronic devices such as circuit boards, relays and cables are often
placed in relatively closed metal cabinets with small openings for ventilation.
Electronic cabinets are present e.g. in power and industrial plants, computer centres
and telecommunications facilities and generally in places with electric or electronic
control systems. Ignition of combustible material and fire growth inside a single
cabinet can spread the fire to neighbouring cabinets and the whole room containing
cabinets which may lead to severe consequences for the operation of the entire
system. Published, documented data on fires in electronic cabinets is however
scarce in open literature (Chavez 1987, OECD/NEA 2000), and quantitative
information of the development of a cabinet fire is needed for fire safety assessment.

Paper IV presents calorimetric fire experiments, both full-scale on real electronic
cabinets and reduced scale experiments with mock-up cabinets. The real electronic
cabinet experiments were designed to investigate worst-case scenarios of concern to
end-users, and were carried out on cabinets representative of the equipment of the
end-users. The primary objective of the experiments was to measure the rate of heat
release from a fire in an electronic cabinet and to investigate the minimum ignition
power and energy needed to reach established burning which could lead to
flashover inside the cabinet. Other measurements were carried out at the same time
to get as much information as possible from the experiments, with limited project
resources and no possibilities to large experimental series. From the tests, differing
in the amount of fire load, location of ignition, ignited material, ignition power and
total ignition energy, and ventilation conditions, data were collected which could be
used for source terms in numerical modelling of fires in rooms containing electronic
cabinets.
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Paper V presents a model for the maximum rate of heat release in an electronic
cabinet after flashover. The model is validated using experimental data presented in
Paper IV. A criterion for estimating the minimum rate of heat release needed for
flashover in an electronic cabinet is proposed and checked against experimental
data. Combustion is seldom complete in a fire, and is manifested in the gas phase as
production of carbon monoxide and smoke, which has a large content of elemental
carbon. The potential rate of heat release bound in carbon monoxide and carbon
production is determined in Paper V using reaction chemistry and measured
production rates of carbon monoxide and carbon in cabinet experiments presented
in Paper IV. This information is important for assessing performance of numerical
fire simulation codes.
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2. Experimental methods

This chapter presents the main experimental methods used in the Papers. Full-
scale fire experiments can be considered as studies of products and assemblies in
sizes and configurations corresponding to actual end-use applications (Peacock
& Babrauskas 1991). They provide information about the overall fire behaviour
of a product, which may be difficult to extrapolate from bench-scale testing of
the components of the product. Full-scale fire experiments are usually expensive
to carry out, leading to short experimental series consisting of a few or even only
one experiment. Typically they are extensively instrumented in order to obtain
as much information as possible from one experiment. After ignition and
established burning, the fire develops according to the properties of the
specimen, which concurrently is destroyed. The interpretation of the
measurements must take into account the material and structural properties of
the specimen influencing fire development.

2.1 Rate of heat release

The most important single parameter describing a burning object is the rate of
heat release, which quantifies e.g. the rate of fire growth and size of the fire
(Babrauskas & Peacock 1992, Tewarson 1980). If the rate of mass loss m is
known, the rate of heat release Q is obtained through

Q= ymAH, (1)

where combustion efficiency yis a factor taking into account incomplete
combustion and A is the heat of combustion (Drysdale 1999). This includes
assuming an appropriate value for y. The heat of combustion has been
determined and tabulated for different fuels (DiNenno et al. 1995).

There exists an experimental method to determine the rate of heat release,
oxygen consumption calorimetry, which is based on the observation that the heat
released per unit of oxygen consumed, is approximately the same for most
common combustibles present in fires. This was first pointed out by Thornton
(1917) but was not utilised in fire research context until 1968 by Hinkley et al.
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who suggested that changes in oxygen concentration of the flue gases could be
used to determine the heat release rate of wood cribs (Janssens 1991). Huggett
(1980) compared the heat released per unit mass of consumed oxygen for
conventional organic fuels, and concluded that an average value of 13.1 MJ per
kg of oxygen consumed was appropriate with an accuracy of + 5% or better.
Parker (1982, 1984) and Janssens (1991) have presented equations for
calculating heat release by oxygen consumption for various applications. The
method of oxygen consumption calorimetry for measuring rate of heat release is
used in a lot of bench-scale and large-scale test methods, such as the cone
calorimeter (ISO 5660-1 2002), the single burning item (EN 13823 2002) and
the room/corner test (ISO 9705 1993).

The method requires that all combustion products are collected and removed
using a hood connected to an exhaust duct, where the flow rate and composition
of the gases are measured. Figure 1 presents the experimental set-up of the car
fire experiments described in Paper I as an example.

Janssens (1991) emphasises that the analysis is approximate and mentions the
main simplifying assumptions as

e The amount of energy released by complete combustion per unit mass of
oxygen is assumed to be constant. If the composition of fuel is known, a
more precise value may be estimated.

e All gases are believed to be ideal gases, i.e. one mole of any gas is assumed
to occupy a constant volume at the same pressure and temperature.

e Incoming air is assumed to consist of O,, CO,, H,O and N,. All "inert"
gases, which do not take part in the combustion reactions, are lumped into
the nitrogen.

e 0, CO,, and CO are measured on a dry basis, i.e. water vapour is removed

from the sample before entering the gas analysers because of operating
requirements of the analysers.
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Figure 1. Schematic picture of the car fire experiment configuration, top view at the
left, front view at the right. C car, E exhaust duct, H hood, R1, R2 heat flux meters
facing the front door windows, W weighing platform. Dimensions in mm.

The assumption of complete combustion was treated by Krause and Gann (1980)
who calculated values of heat release for combustion reactions to form carbon +
water, carbon monoxide + water and carbon dioxide + water for some pure
materials. Their conclusion was that incomplete combustion, manifested as
production of soot (carbon) and carbon monoxide, introduces only a small error
in the rate of heat release calculation. The effects of carbon and carbon
monoxide production on heat release are in opposite directions, and Krause and
Gann argue that the assumption of complete combustion introduces an
uncertainty of well under 5%.

Some studies on the uncertainties of the oxygen consumption method have been
presented in literature for large-scale rate of heat release measurements. Yeager
(1986) determined uncertainties for an assembly consisting of a room and an
exhaust system. He reports an optimum uncertainty of = 6% for fires as low as
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71 kW for an exhaust flow of 2 m’/s. Ahonen et al. (1987) consider the rate of
heat release measurement system used in Paper I and with small exhaust line
modifications in Paper IV. They report for tests where the combustion reaction
and the heat release per unit volume of oxygen consumed are known, that the
main source of error is the measurement of volume flow, and the inaccuracy of
the calculation of the rate of heat release is about +4%. The inaccuracy of the
flow measuring system was less than £+ 3% for volume flows in the range 1-3
m’/s NTP.

Dahlberg (1994) reports an error analysis for rate of heat release measurement
with an industry calorimeter resulting in a mean square error of = 7% in standard
mode of operation (2—7 MW). Axelsson et al. (2001) have considered individual
sources of errors for rate of heat release measurements in the standard
room/corner (ISO 9705 1993) and single burning item (EN 13823 2002) test
methods. The combined expanded uncertainty has then been calculated with a
coverage factor of 2, giving a confidence level of =95%. Uncertainties of +
10.6% at 150 kW level and = 7.1% at 1 MW level for room/corner test and +
13.5% at 35 kW level and £ 10.0% at 50 kW level for the single burning item
test are reported. The higher uncertainties for lower rate of heat release levels are
due to higher uncertainty in oxygen concentration measurement.

The rate of heat release measurements in papers I and IV were made according
to the exhaust duct instrumentation and rate of heat release calculation procedure
described in ISO 9705 (1993).

All potential heat is not released in unwanted fires, as combustion is very seldom
complete which may result in residual char, melted unburned or partially burned
products flowing away from the region of fire, and production of carbon
monoxide and smoke. Smoke from a flaming fire has a large content of
elemental carbon (Mulholland 1995). Carbon monoxide and smoke are present
in the gas phase, e.g. in the burning of polyvinyl chloride with reaction equation
(Tanaka 1983, Keski-Rahkonen and Hostikka 1999)

C,H,ON CI+(w+2z)0, > 2)

1
xC+yCO+vCO,+ w02+5(k - n)HZO+§N2+ nHCI
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where constants h, k, 1, p and n are determined from the exact fuel properties.

Production of carbon and carbon monoxide implicates that part of the energy
content of the fuel is not released. This bound energy is obtained from the
reaction equations and corresponding enthalpy changes (Atkins 1982)

C(graphite)+0, — CO, ; AH =-393.5kJ / mol (3)

CO+050, > CO,; AH =-283.0 kJ/mol 4)

if the production rates of carbon and carbon monoxide are known. In paper V,
this bound energy has been determined using the carbon production rates from
optical measurements and the carbon monoxide production rates measured
directly from the exhaust duct with an analyser, as described in the next section.

2.2 Additional measurements

Full-scale fire experiments usually include additional instrumentation to measure
other parameters essential for characterising the fire hazards associated with the
product. The most important are summarised in this section.

Mass loss and effective heat of combustion

Mass loss of the specimen is monitored by placing it on a load cell (W in Figure
1) and the rate of mass loss 71, is obtained by differentiation of the mass
signal. Dividing the actual rate of heat released from the specimen with the rate
of mass loss gives the 'effective heat of combustion' (Babrauskas 1992)

-9 )
ceff — .
mspecimen

AH

which represents real fire conditions, and is lower than the heat of complete
combustion determined in an oxygen bomb calorimeter.
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Heat flux

Knowledge of the heat flux from the fire is important in estimating ignition of
nearby products and fire spread. Heat flux is monitored e.g. with total heat flux
meters of Gardon type used in Paper I (R1 and R2 in Figure 1), which have an
accuracy of £ 3% according to the manufacturer (Medtherm Bulletin 118, 1992).

Smoke production

Smoke production is usually obtained by installing a light source and a detector
in the exhaust duct and measuring the extinction of a light ray of initial intensity
Iy to intensity / having traversed a certain length L of smoky environment. The
smoke production rate R is

R=kV (6)
where the light extinction coefficient £ is
k= (1/L)In(ly]) (7

and V is volume flow in exhaust duct at actual duct gas temperature. The smoke
production rate in Equation (6) is expressed in units of m*/s. Axelsson et al. (2001)
have studied individual error sources in the smoke production rate measurements
in the standard room/corner (ISO 9705 1993) and single burning item (EN
13823 2002) test methods with incandescent lamp as light source. They present
very level dependent combined expanded relative standard uncertainty for
smoke production rate. The uncertainties vary from + 103% at 0.1 m*/s level and
+ 11.6% at 1.0 m/s level to = 4.9% at 10.0 m%/s level.

The production rate of smoke (carbon) expressed as a mass production rate is
obtained from Equation (7) with an approximate method (Dobbins et al. 1994,
Wu et al. 1997, Krishnan et al. 1999). The light extinction coefficient & is
proportional to the mass concentration of smoke particles ¢,

k=ocy, (8)
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where o is the specific extinction coefficient per unit mass of smoke, which
depends on the size distribution, and optical properties of smoke (Mulholland
1995). Experimental results for carbonaceous, flame-generated smoke have
shown that o is relatively independent of fuel type and size distribution (Dobbins
et al. 1994, Krishnan et al. 1999). Mulholland and Croarkin (2000) have
estimated a mean value of ¢ = 8.7 m*/g with an expanded uncertainty (95%
coincidence interval) of + 1.1 m%/g at a wavelength of 633 nm in their review on
experimental studies of . This value applies to overventilated flaming fires such
as burning in an open area. The value of ¢ may be smaller for underventilated
fires such as burning in an enclosure (Mulholland and Croarkin 2000). One
obtains thus the smoke (carbon) production rate R’ in units g/s as

©)

with a nearly universal value for G.

The smoke density was measured from the attenuation of a polychromatic light
beam in smoke, with an incandescent lamp as the light source in the experiments
in Paper I and IV. The carbon production rate in the cabinet experiments was
calculated in Paper V, using the value of specific extinction coefficient at 550
nm, where o ~ 8.5 m%/g (Dobbins et al. 1994). This is considered to be an
appropriate estimate in the light of the above mentioned, although the size
distribution of smoke in the experiments is unknown, as well as the wavelength
distribution and detector response of the smoke density measurement equipment.

Temperatures

Gas and surface temperatures inside and outside the specimen are usually
measured with thermocouples. Temperature measurement data may be used for
estimating times to ignition of different parts of the specimen, if the material and
its ignition temperature are known. Temperature measurements at specific
locations are also useful as a means to verify fire models, as in Paper Il where
predicted temperatures from a modelled car fire are compared against measured
temperatures.
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Thermocouple junction temperatures are quite accurate. Manufacturing
tolerances for thermocouples are given in standards, e.g. ANSI MC96.1 (1982)
gives special tolerance = 1.1 °C or + 0.4%, whichever is greater, for K type
thermocouples in the temperature range 0 to 1250 °C. The process of measuring
temperature introduces additional errors. A thermocouple indicates its own
temperature, which in general differs from the temperature of the surroundings,
and results from heat transfer between the thermocouple and its environment
(Moffat 1962).

Gas production

Gas concentrations can be measured in the exhaust duct with appropriate gas
analysis equipment, e.g. volume fraction of carbon monoxide xco or carbon
dioxide xcp, with an infrared analyser. Axelsson et al. (2001) have estimated a
relative standard uncertainty for CO, concentration in the standard room/corner
test (ISO 9705 1993) to + 0.82%. The production rate, e.g. 7, is obtained
when the flow rate ¥ in the exhaust duct is measured as

Meo = xCOVpCO (10)

where pco is density of carbon monoxide at actual gas temperature (Tewarson
1995). If the mass loss rate of the burning specimen 1 is measured, one
obtains the yield Y of the gas in question, e.g.

specimen

YCO — mCO (11)

specimen

i.e. the mass produced of gas per burned mass unit of specimen.
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3. Fire development

This chapter presents the main concepts describing fire development, which are
used in the Papers. Fire plumes and ceiling jets, compartment fire development
and flashover are briefly discussed.

Fire plumes and ceiling jets

In the early stage of a fire in a compartment, when the fire is small, it will burn
as in open air without interaction with the boundaries present in the
compartment (Drysdale 1999). The hot gases above the fuel bed move upward due
to buoyancy. This convective flow is referred to as a buoyant plume (Drysdale
1999). In a building, the fire plume will impinge on the ceiling, which will deflect
the hot gases horizontally under the ceiling to other areas of the building remote
from the fire. This relatively rapid gas flow in a shallow layer beneath the ceiling,
which is driven by the buoyancy of the hot fire gases, is referred to as a ceiling jet
(Evans 1995). If walls, beams or other obstacles confine the movement of the
ceiling jet, the gases will form a hot gas layer, which fills all the available space.
Alpert (1972) has developed correlations, based on measurements collected during
test burns with different materials, to calculate the maximum gas temperature at a
given position in a ceiling jet flow

T-T,=0.1690**H>" r<02H (12)

T-T,=0.05380/r)"*H™" ,r>02H (13)

Here T (°C) is maximum temperature, T, (°C) is ambient temperature, O (W) is
rate of heat release, H (m) distance from the fire to the ceiling and » (m) radial
distance from plume axis. It is assumed in Equations (12) and (13) that the ceiling
jet is not confined. The Alpert equations are applied in Paper Il to estimate gas
temperatures beneath the ceiling in an open car park, where the open walls will
permit the hot ceiling jet to escape from the building and a hot gas layer is not
presumed to accumulate.
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Compartment fire development

If a fire in a compartment can grow in size, either by fire spread over the first
ignited part or by fire spread to nearby material, the fire will reach a phase where
the surroundings will influence its development. The compartment fire can
schematically be divided into three phases (Drysdale 1999), with flashover
occurring between phase 1 and 2:

1. the growth or pre-flashover phase in which the average compartment
temperature is relatively low and the fire is localised near its origin

2. the fully developed or post-flashover phase, in which all combustible items
in the compartment are burning and flames appear to fill the entire volume.
The fire reaches its maximum, and may be either ventilation-controlled, i.e.
the rate of burning is dependent on the rate of air flow through openings into
the compartment, or fuel controlled, i.e. the rate of burning is independent of
the size of the openings and is controlled by the surface area and burning
characteristics of the fuel. The fully developed fire in a compartment is
usually ventilation-controlled.

3. the decay phase, when most fuel is consumed and rate of heat release
declines.

The time behaviour of the fire is of great importance for fire safety assessment
and has been an object for much research. Several models have been developed,
ranging from simplified models for "hand-calculating" purposes to field
modelling requiring advanced computer facilities, with the rate of heat release as
a central quantity. There is no general theory for predicting the progress of a fire
(rate of heat release), and one must rely on experimental heat release curves
(Cox 1995, Quintiere 1995). These can be put into a simple mathematical
formulation for practical engineering purposes, e.g. as sketched out below and
schematically presented in Figure 2.

The fire growth rate in the first phase, expressed in terms of rate of heat release,

can in many cases be represented by a parabola (Heskestad & Delichatsios 1978,
ISO/TR 13387-2 1999)
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g (14)
0=0)(—)
tg
The reference heat release rate QO can be selected freely but is often taken to be

1 MW. ¢, is the growth time and ¢ an ignition reference time.

During the fully developed phase, the fire reaches a more or less steady
behaviour, and the rate of heat release can be approximated to be constant.

In the decay phase, the rate of heat release can be characterised by an
exponential function (Keski-Rahkonen 1993)

o i (15)
0= Q(fd)eXp{—( . ‘ )}

where Q(td) is the rate of heat release at 7, , which is time at the start of the

decay phase and 1 is a decay time constant.

A

Growth Decay

Fully
developed

RHR

Time
Figure 2. The course of a compartment fire expressed as rate of heat release

versus time. The fully developed phase is here characterised as steady burning
(ventilation-controlled fire).
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Equations (14) and (15) have been applied to describe the growth and decay
phase of an electronic cabinet fire in Paper IV. Paper V presents a simple natural
ventilation model for estimating the maximum rate of heat release in the fully
developed phase in an electronic cabinet.

Conditions for flashover
After ignition and established localised burning, the fire can (Drysdale 1999)
1. burn itself out without spread to other combustible parts

2. self-extinguish or continue to burn at a very slow rate because of insufficient
ventilation, or

3. grow to flashover, if there is sufficient fuel and ventilation.

The transition from the growth phase to the fully developed fire, e.g. flashover,
implies a great change in the circumstances in the compartment, and conditions
necessary for flashover are significant for fire safety assessment. In Paper V, a

criterion for estimating the minimum rate of heat release Q_. needed to

min

establish flashover conditions in an electronic cabinet is proposed.
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4. Results and discussion

This chapter presents the main results of Papers [-V.
4.1 Fire behaviour of passenger cars

Paper 1 describes the car fire experiments and presents the results.
Parametrisation of the rate of heat release curves are presented in Paper II, and a
burning passenger car is modelled by two fire plumes.

Experimental results

Three full-scale experiments on passenger cars were carried out on inexpensive,
ordinary medium-size cars manufactured in the late 1970s. Rate of heat release
using oxygen consumption calorimetry, mass loss, heat flux, carbon monoxide,
carbon dioxide and smoke production rates, gas temperatures above the car and
temperatures inside the car were determined. The cars were allowed to burn until
the fire went out.

The purpose of the car fire experiments was to obtain a rate of heat release
curve. A heptane tray ignition source with a rather high power output of about
160 kW was therefore used to ensure self-sustaining fire and growth to a fully
developed fire in the car. The windows were opened before the experiments,
which also enhanced this purpose. The cars were ignited from the passenger
cabin in one case and beneath the engine in two cases. The study did neither
consider the ignitability of a passenger car, nor the role of a possible
smouldering phase.

All combustible material in the cars was consumed, and the peak rates of heat
release were in the range 1.5-2.0 MW. The total heat released during the
experiments was 3.0-3.9 GJ. The rate of heat release curves contain several
sharply rising peaks, which slowly decrease. These correspond to ignition and
burning of different parts of the car, confirmed by observations during the
experiments. Figure 3 shows the rate of heat release curve from experiment 1,
where arrows indicate the rise of two distinct peaks, corresponding to increasing
fire in the passenger cabin and to ignition of petrol from the filler pipe mouth
and the rear part of the car.
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A passenger car is an encapsulated structure with openings through which
flames can emerge. The temperatures measured inside the car rise to post-
flashover room fire temperatures, about 800 °C. Gas temperatures directly above
openings like the windscreen and the rear window reach 600-800 °C in
temporary peaks during intense burning near the opening. Besides these peaks
temperatures directly above an opening are in the range 200-300 °C. Gas
temperatures above shielded parts of the car, such as the bonnet or the roof, rise
to 200-400 °C. The fire behaviour of a passenger car can thus be described as a
local fire with distinct fire plumes coming out from the openings.

The heat flux measurements give information on the possibility of fire spread to
an adjacent car. The heat flux meters were facing the left and right front door
windows at 1.0 m and 0.6 m distance, corresponding to typical distances to
adjacent parked cars. Maximum heat flux at 1.0 m distance was 19-22 kW/m’
for a duration of 4-13 min. Maximum heat flux at 0.6 m distance was 40 kW/m’
for 3 min and the heat flux was at 30 kW/m® level for 4-14 min in the
experiments. These levels were reached at 9—13 min after ignition. The critical
heat flux, i.e. the limit above which a material can generate enough vapours to
form a combustible mixture, for polymers commonly used in the automotive
industry is in the range 10-20 kW/m* (Tewarson et al. 2000). The possibility of
fire spread to an adjacent car thus exists, and the delay from ignition of the first
car to reaching these heat flux levels is about 10 min.

Parametrisation and modelling

The rate of heat release curves as a function of time ¢ were parametrised by
superposition of a Boltzmann curve and three symmetrical Gaussian curves

. ) _ 16
0,(t) = 0y (1 —1,)"* exp(— L1 (19

a,

. . —t 17
0,)=0, eXp(_((tCI—%Z))z) ; 1=2.4 an

1

combining to the rate of heat release from the whole car as

. s 18
O () = ZQi(t) ()
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Equation (18) was then fitted to the experimental rate of heat release curve by
inspection and the total energy released according to the fitted curve was fixed to
the experimental total energy released. The curve fit to experiment 1 is given as an
example in Figure 3.
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Figure 3. Measured (solid) and fitted (dotted) rate of heat release curves in car
fire experiment 1. Ignition at two min. Arrow I indicates time for collapse of
windscreen and increasing fire in the passenger cabin, arrow 2 indicates time
for ignition of petrol from the filler pipe and the rear part of the car.

The Boltzmann curve Q'1 (t)starts with a steep rise followed by a slow
exponential decay and represents the relatively steady overall burning of the car.
The narrow Gaussian curves represent the peaks in the rate of heat release curve
corresponding to parts of the car burning out intensively in a relatively short
time. Q2 (?) relates to burning of the engine compartment and the front part of

the passenger cabin, Q3 (?) to burning of the rear part of the passenger cabin and

Q4 () to burning of petrol and the rear part of the car.

The choice of the mathematical shape of the fitted curves was motivated by easy
parametrisation. Three experiments give too small amount of data to justify the
use of certain specific curve shapes because there is no theory available to
support a specific form for a curve. Other curve shapes than this choice may be
useful for curve fitting as well.
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Mean values of the coefficients Qio, a;and times f,for the fitted curves were

calculated to get an average curve, which was normalised to a total energy
release of 4 GJ. This value was supposed to be representative of an ordinary
passenger car in the light of the car fire experiments.

The car fire is modelled by two fire plumes (Figure 4a), as a car is a well
encapsulated structure with separate openings and it is not possible to adequately
describe the car fire with only one fire plume. The front plume, thought to emerge
from the centre of the windscreen, describes the fire in the front part where engine,
front tyres and front part of passenger compartment are the main fuel. The rear
plume, thought to emerge from the centre of the rear window, describes the rear
part of the car where fuel, boot, rear tires and rear part of passenger compartment
are the main fuel. The plumes are mathematically expressed as

0y (1) = 050, (£) + O, (1) (19)

O, (1) =0.50, (1) + O3 (1) + O, (t) (20)

where the Boltzmann curve characterising the steady overall burning is equally
divided between front and rear plumes. The rate of heat release curves for front
and rear plumes in experiment 1 are shown in Figure 4b.
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a) b)
Figure 4. a) Locations of front and rear fire plumes in a car, b) fitted rate of
heat release curves for front and rear fire plumes in car fire experiment 1.

The model was validated by calculating gas temperatures with Alpert’s equation
(12) for the maximum ceiling jet temperature using the model rate of heat release
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as input. The calculated temperatures were compared to the experimental
temperatures above the windscreen and above the rear window as presented in
Figure 5 for car fire experiment 1. The gas temperatures predicted by the two-
plume model are consistent with the corresponding measured gas temperatures
(Figures 9 and 10 of Paper II).
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Figure 5. Measured (solid) and calculated (dotted) gas temperatures above a)
the centre of the windscreen and b) above the centre of the rear window.
Locations of thermocouples are indicated with dots in the figures.

Comparison to research carried out elsewhere after Papers I and 11

The rate of heat release curves measured in the fire experiments on passenger
cars inside a canopy (Shipp and Spearpoint 1995) are clearly higher than in
Paper 1. The first canopy experiment, ignited from the engine, lasted for 17 min
after which it was terminated and the fire extinguished as the size of the fire
threatened the experimental facilities. Maximum rate of heat release 7.5 MW
and a total energy release of 4.0 GJ was recorded for this intense car fire. The
other experiment, ignited from a seat, did not become as severe, and it was
allowed to continue until only a tyre fire remained, and then extinguished after
57 min. Maximum rate of heat release 4.5 MW and a total energy release of 5.0
GJ was recorded. The differences in rate of heat release curves compared to
Paper I may primarily be due to two reasons, also pointed out by Shipp and
Spearpoint (1995). First, the cars in Paper I were late 1970 models while the cars
in the canopy experiments were 1982 and 1986 models. The materials used in
the cars and correspondingly fire behaviour may thus be different. Second, the
experiments in Paper I were made in surroundings corresponding to open space,
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while the canopy experiments were intentionally carried out to simulate a closed
space. The interaction between the burning car and the environment is thus
totally different, and the heat feedback in the canopy experiments has probably
enhanced the fire intensity and the corresponding heat release.

Kruppa et al. (1998) give two examples of rate of heat release curves from their
series of 10 car fire experiments. A rather flat curve with a maximum of 2 MW
was presented for a car of older, 1970/1980 model, and a curve rising to about
1.5 MW level followed by a rise to about 5 MW level including a peak of short
duration reaching 8.5 MW for a car of newer, 1990 model. Fire spread to a
neighbouring car at 0.7 m distance from the burning car was noticed in all five
experiments with two cars. The ignited part was either tyres or rubber around
doors and ignition occurred about 12 min after ignition of the first car.

Steinert (1999, 2000a, 2000b) reports rate of heat release curves for single
burning cars with maxima in the range 1.7-4.6 MW. The total energy released in
the experiments with one car was 3.1, 3.2 and 8 GJ. In experiments with two or
three cars rate of heat release maxima were in the range 5.5-8.9 MW. Rate of
heat release at the moment of fire spread to an adjacent car was 1.9—4.3 MW in
these experiments. Fire spread to an adjacent car in six out of seven experiments,
with time of ignition of the adjacent car in the range 12—52 minutes after ignition
of the first car. In one experiment, fire did not spread to the adjacent car at a
distance of 0.8 m. The ignited parts of the adjacent cars were rubber strips, and
rubber seals around the windows, in one case a tyre and a rubber strip practically
at the same time. Varnish and the plastic beneath ignited first in Trabant cars. No
unambiguous conclusions could be drawn about the influence of car body
material on fire spread to an adjacent car.

In an experiment with passenger cars in a four-storey car park (Kitano et al.
2000), the fire spread successively from car to car until extinguishment after
spread to car no. 8 at 43 min after ignition. The fire spread to the second car after
8.5 min. In two experiments, each with three cars (Zhao 2001), fire spread from
the ignited car in the centre to both neighbouring cars. Time for fire spread
depended on wind condition but was not reported.

A comparison of these results with the measurements presented in Paper I
indicate that the rate of heat release from a car of newer design is clearly higher
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than from older cars. The probable reason is different materials used in car
manufacturing. Various polymers have replaced metal parts, and the thermal
properties of car parts have changed, leading to an increase in rate of heat
release. This differing fire behaviour can be taken into account by adjusting the
parameters in the model average rate of heat release curve and normalising the
total energy released to represent the energy content of a modern car. The
shortest reported times for spread of fire from the ignited car to an adjacent car,
8.5-12 min are in accordance with the 10-13 min estimate from heat flux
measurements in Paper [.

4.2 Electrical ignition sources

Electrical ignition sources in nuclear power plants are studied in Paper III using
statistical, modelling and experimental methods.

Statistical analysis

The main database used when compiling the statistics was the October 1997
release of version 1.1 of the Advanced Incident Reporting System (AIRS)
Database (IAEA 1997), which was considered to contain the most detailed
incident reports. It was provided by the Finnish Radiation and Nuclear Safety
Authority (STUK) on the condition of confidentiality. The database contained
2591 reports describing incidents from the period 1974-1997. The
corresponding total number of reactor years is 8656'. Reports related to fires
were searched from the database, read through and 34 reports describing 39 fires
originating from electrical faults were found. From these reports, failure
mechanism leading to ignition, first failed component and first ignited
component or material were identified. The description of the true root causes of
the fire is incomplete in many of the reports introducing uncertainty into the
results. Also some of the specified ignition mechanisms and failed components
are described as "possible" or "supposed".

' D. Ruatti, IAEA, private communication, May 7th, 1998.
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Failure mechanisms overheating, short, ground fault and arcing were roughly
equally frequent, 13—18% of the identified mechanisms. Loose connections were
mentioned in 8% of the reports. The large amount of unspecified or unclear
mechanisms, one third of all cases, is notable. The true root fault mechanism is
difficult to identify because the ignition and fire is often the result of a chain of
faults. Three groups of ignition mechanisms could still be identified:

e arcing, short circuits and ground faults
e overheating by electrical overload

e overheating by loose connections, cold solder joints or other poor
connections.

The failed component was a switch, breaker or relay in 31% of the cases, i.e. a
component with movable mechanical parts. The most frequent single component
was transformer, 26% of the cases. Three specific groups of critical components
could thus be identified:

e switches, breakers and relays
e cables and contacts, splices and terminals

e transformers.

The failed electrical component is not necessarily the first ignited material. The
most frequent first ignited material was oil in 28% of the cases. This is in
correspondence with transformer as the most frequent single failed component.
Cable insulation was mentioned as first ignited material in 21% of the reports,
although cables were recognised as failed component in 10% of the cases. This
corresponds to situations where the original fault has occurred in a switch,
breaker, contact, terminal etc. igniting insulation of connected or nearby cable.
The first ignited component was unknown in 26% of the cases.

Ignition probabilities of power and control cables were estimated. The voltage in
the failed circuit was described in the reports as power, control or not mentioned.
Voltages explicitly mentioned in the power group were 380-600 V, 3.3—-6.9 kV
and greater than 10 kV. Voltage was not specified in the control events. For
ignition of cable insulation, seven events were characterised "power" and one
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event characterised "control". Assuming that the amount of control and power
cable per plant unit is approximately the same in all nuclear power plants,
control and power cable fire frequencies can be calculated. The approximate
cable amounts in a Finnish nuclear power plant unit’, about 300 km of power
and illumination cable and about 1400 km of control and automation cable, are
here used to obtain an order of magnitude.

When the total number of reactor years in the database is known, power and
control cable fire frequencies per plant in units of events per reactor year is
estimated as

e power cable 8- 107a

e control cable 1-10%a.

Assuming that the above cable amounts are on the average representative for all
power plants in the database, the frequencies per cable length in units of events
per meter during a reactor year are

e power cable 3-10%/ ma

e control cable 8- 10"/ ma.
Ignition modelling and experiments

Simple models are proposed for electrical ignitions of cable insulation materials.
In the case of a loose contact or other poorly conducting part of a wire there is a
finite resistance in a point or over a small area, which will heat up if an electric
current is driven through it. According to the proposed model for temperature
rise, a power of 1-12 W is enough to rise the temperature 200 K in a cold
junction of a copper wire 0.5-4.0 mm?” in cross-section. At a temperature about
200 K above ambient, polyvinyl chloride decomposes and gaseous fuel vapours
are generated (Beyler and Hirschler 1995). Also the electrical insulation

2 K Taivainen, Information on two TVO units at Olkiluoto, Finland, private
communication, April 24th, 1998.
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properties of cable insulation material have derated at this temperature to a
degree that ignition mechanisms such as short circuits are possible (Keski-
Rahkonen et al. 1997), and the possibility of ignition of cable insulation material
exists.

An expression was proposed for the temperature rise in an insulated cylindrical
cable, which is carrying an overload of current. The predictions of the model
were compared with experiments heating one conductor in a 4 x 1.0 mm’
polyvinyl chloride insulated cable. Fairly good agreement between model and
measurements were noted (Figure 6). In contrast to the loose contact rather high
currents, of the order of 60-100 A are needed to produce an increase of
temperature higher than 200 K, with possible ignition of insulation material.
Over-current protecting fuses are thus likely to operate before heating to high
temperatures has occurred.
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Figure 6. Heating of cables from overcurrent. Full lines are theoretically

calculated maximum temperatures for different types of cables, and the dots
. . 2

experimentally measured data from tests using a 4 x 1 mm” cable.
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Physical models for electrical arcs are reviewed’. It is concluded that ignition of
cable insulation is possible from an arc as the distances present between
conductors in cables correspond to possible arc lengths. A stable arc small
enough not to blow off the flames is possible provided power source voltage is
above about 50 V, and the source impedance is in the region of 1-100 Q.

Experiments on self-ignition of cable bundles are presented, and considered to
be an unlikely cause of ignition for cable bundles not well thermally insulated.

Seven fire experiments with microcircuits and tantalum capacitors, and three
with power transistors on printed circuit boards were carried out under the hood
of a cone calorimeter, without using the external heat flux cone or the spark
ignitor. The main criteria for choosing the components were that they could
tolerate enough power for ignition to be possible. They were gradually
electrically overloaded, and voltage, current, and power dissipation were
measured, in addition to cone calorimeter measurements. Capsules of
microcircuits and tantalum capacitors ignited and burned for 5-30 s with a small
flame in some of the experiments, but they did not ignite adjacent components or
the circuit board. The rate of heat released from the microcircuits and capacitors
was below the detection level of the cone calorimeter, estimated to 50—-100 W.
The printed circuit board ignited in two experiments with power transistors, and
burned with distinct flame for 25 s and 70 s respectively, until the input
conductor to the transistor broke due to overloading. The power input level to
the transistor was 75—-80 W immediately before ignition. Maximum rate of heat
release was 450 W in the power transistor experiments.

The experiments with heavily overloaded electronic components did not
generally lead to fire spread to adjacent material because of destruction of the
components before ignition. Only power transistors mounted on printed circuit
boards seemed able to start ignition of the circuit board.

3 The curves in F igures 5 and 6 in Paper III corrresponds to iron electrodes and
not to copper electrodes as incorrectly presented.
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4.3 Fire behaviour of electronic cabinets

Paper IV describes fire experiments on electronic cabinets and presents
measured quantities and fire behaviour. In Paper V, an analytical expression for
the maximum rate of heat release from an electronic cabinet is proposed. A
criterion for estimating the minimum rate of heat release needed for flashover
inside a cabinet is suggested. The potential rate of heat release bound in carbon
and carbon monoxide resulting from incomplete combustion is determined from
measured production rates and reaction equations.

4.3.1 Experiments and results

Thirteen fire experiments on electronic cabinets were carried out in three
separate series, experiments 1 to 3, 4 to 6 and 7 to 10. These thirteen
experiments include three attempts of ignition, which did not lead to sustained
burning because of too low ignition energy. They occurred in experiments 2 and
6, and are denoted 2A, 2B and 6A, while experiments 2C and 6B lead to
flashover.

Two real electronic cabinets were used, one relay cabinet in experiments 1 to 3
and one circuit board cabinet in experiments 4 to 6. They consisted of a solid
steel frame, ceiling, doors and walls of 1.5 or 2.0 mm thick steel sheets. The
open bottoms of the cabinets were closed in the experiments with a steel plate
welded to the frame of the cabinet. A mock-up cabinet made of thin steel sheets
was attached to the ignited cabinet in order to study the response of an adjoining
cabinet to the fire. Another cabinet was placed at a distance of 1 m opposite the
ignited cabinet to represent a neighbouring row of cabinets.

The experimental configuration is presented in Figure 7. All experiments were
carried out beneath a hood H with a cross-section of 3.0 m x 3.0 m, connected to
an exhaust duct E and a fan, which collected all combustion products. The main
quantity to measure was the rate of heat release, additionally carbon dioxide,
carbon monoxide and smoke production rates, mass loss and gas and wall
temperatures in the cabinets were measured as presented in detail in Paper IV.
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Figure 7. Experimental configuration in cabinet experiments 1 to 6. a) front
view without opposite cabinet, b) side view. F fire cabinet, N adjoining cabinet,
O opposite cabinet, W weighing device, H hood and E exhaust duct. In
experiments 7 to 10 only the fire cabinet was present. Dimensions in mm.

Besides relays or circuit boards, the real cabinets contained mainly cables with
polyvinyl chloride jacket and either polyvinyl chloride or polyethylene insulation,
and wiring. The contents of the cabinets are presented in Table 1 of Paper IV and
schematic drawings of the cabinets and their contents are presented in Figure 8.
Each real cabinet was refurnished after the first experiment, the relay cabinet with
the same amount of similar contents and the circuit board cabinet with 0.5 and 1.5
times the amount in the first circuit board cabinet experiment (number 4). Two
mock-up air-chimney-like small cabinets made of 0.5 mm thick steel sheets
without doors and containing cables only were used in experiments 7 to 10, each in
two experiments. The ventilation in all cabinets was buoyantly driven.
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Figure 8. Schematic drawings of the cabinets and their contents. a) front view
and b) top view of experiments 1 to 3, c) front view and d) top view of
experiments 4 to 6, e) front view and f) top view of experiments 7 and 8, g) front
view and h) top view of experiments 9 and 10. R Relay group, CB circuit boards,
C cable bundle, W wiring, CBR circuit board rack, 11 location of ignition with
propane burner in experiments 1 and 3, 12 location of ignition in experiment 2,
13 location of ignition in experiments 3 to 6, and 14 location of ignition in
experiments 7 to 10. Dimensions in mm.

The cabinet was ignited in the experiments with a 100 mm long propane gas line
burner. The burner power output was 0.5-3.2 kW in the real cabinet experiments,
where the lowest ignition power needed to ensure established burning was of
interest. A burner power output of 6.1-7.5 kW was used in the mock-up cabinet
experiments to ensure ignition of the cable bundle. A gas burner was chosen
because it provided the most reliable method to bring a well-defined energy
output to a fixed point inside the cabinet. Simulation of a real ignition scenario,
e.g. an electrical ignition mechanism was considered, but rejected as too
uncertain. The burner was located so that the flame was in contact with cables or
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wiring directly above the burner as indicated in Figure 8. The propane burner
was turned off when the fire in the cable or wiring bundle was estimated to be
large enough to sustain burning by itself. The fire was allowed to develop freely
after ignition and data logging continued until the fire went out.

Experiments 1 and 4 were performed with the cabinets as delivered without pre-
securing possible distortions in cabinet frames or doors due to melting or
thermal expansion, corresponding to a realistic cabinet fire scenario. This lead to
different ventilation conditions in the real cabinet experiments. This was
especially noticeable in experiment 4, where the door locking mechanism failed
and the doors opened partly. Before experiments 2, 3, 5 and 6 these damages and
gaps were repaired and tightened as well as possible. Despite these securings,
smaller gaps occurred during the experiments causing slightly changing ventilation
conditions. The ventilation conditions in the mock-up cabinets in experiments 7
to 10 were steady as they were constructed taking the experiences from
experiments 1 to 6 into account.

Rate of heat release

Rate of heat release curves from the cabinet experiments are presented in Figure 4
of Paper IV and in Figure 9 together with the potential rate of heat release bound in
carbon and carbon monoxide. The influence of the increasing air intake due to the
failing door locking mechanism after about 20 min is clearly seen as a distinct rise
in rate of heat release (Figure 9, experiment 4) to a peak value of about 350 kW.
The cabinet was practically intact during experiment 6B, where the growth, steady
burning and decay phases are well distinguished (Figure 9). Maximum rate of heat
release levels of 100150 kW were reached in relay cabinet experiments 1 and 2
where gaps in the cabinet walls occurred. The influence of ventilation is also noted
in the relay cabinet series where the rate of heat release from the tightened cabinet in
experiment 3 is lower than in the preceding experiments (Figure 9). In experiment 3,
ventilation was still restricted by soot blocking the exit vents. In experiment 5, the
peak rate of heat release remained at 50 kW level for only about 3 min. The cabinet
did not reach flashover conditions and the fire remained local inside the cabinet.
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Figure 9. Measured rate of heat release in cabinet experiments and potential
rate of heat release bound in carbon and CO. The RHR measurement in
experiment 1 failed at about 72 min. The flat maximum in the "bound" curve in
experiment 4 results from exceeding the measurement range of smoke density.
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Incomplete combustion

The potential rate of heat release bound in carbon and carbon monoxide due to
incomplete combustion was determined as presented in Figure 9 for all cabinet
experiments, using the methods described in chapter 2. The ratio of potential rate
of heat release bound in carbon and carbon monoxide to the experimental rate of
heat release at time for maximum rate of heat release varies for the real cabinets
from 10% in experiments 1 and 5, to 25-35% in experiments 2C and 6B. In
experiment 4, the ratio was as high as 50% at 20 min where exceeding of the
measurement range of smoke density starts. The corresponding ratios for the
mock-up cabinets in experiments 7—10 varied between 15 and 25%.

Generally, more potential RHR was bound in carbon than in carbon monoxide in
the experiments. Rate of heat release bound in carbon was 1.5 to 2 times rate of
heat release bound in carbon monoxide at the time of intense burning. In
experiment 1 the proportions were reverse and in experiment 6B equal.

The applied method is a simple means to estimate the potential rate of heat release
bound in carbon monoxide and carbon using standard equipment present in most
rate of heat release measurement apparatuses. Application of this method to
measurements in cabinet fire experiments presented in Paper IV shows that a
considerable amount of potential rate of heat release is bound in carbon monoxide
and carbon, between 10% and 50% of actual rate of heat release during intense
burning. It is also clearly noted that the potential rate of heat release bound in
carbon monoxide and carbon increases when the actual rate of heat release
increases in the experiments as in experiment 4, where the door locking mechanism
failed leading to increased air supply to the fire. This indicates that the incomplete
combustion is a consequence not only of the oxygen-limited fire caused by the
small vent openings but also of the combustion properties of polyvinyl chloride and
other plastic material in cables and electric devices in the cabinets.

Ignition
One of the objectives with the real cabinet experiments was to get information
about the lowest ignition power needed to ensure established burning in the

cabinet. The real cabinets were ignited in two different ways, beneath a vertical
cable bundle at the right wall in experiment 1 and 3 to 6 and beneath a horizontal
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bundle of wiring near the relays in experiment 2. The ignition burner power
output was chosen on the basis of small-scale tests on cable and wiring (Keski-
Rahkonen et al. 1999).

A burner power output of 500 W and energy output of 150 kJ ignited a cable
bundle, about 50 mm thick and 170 mm in width in experiment 3, where fire
developed to flashover in the cabinet. In experiments 4 and 5, an average burner
power output of 1 kW and average energy output of 300 kJ was sufficient to
ignite 60 and 110 mm thick and 160-180 mm wide cable bundles. The same
power was insufficient to ignite a bigger cable bundle 180 mm in thickness.
Ignition required an average power output of 2.5 kW and energy output of 1.2
MJ, and the cables above the burner were additionally spread out. The horizontal
bundle of wiring in experiment 2B went out after turning the propane burner off,
with power output 1.5 kW and energy output 470 kJ. A burner power output of
3.2 kW and energy output 1.9 MJ ignited the wiring and fire spread to flashover.

In this short series a minimum burner power output of 500 W was sufficient to
ignite a vertical bundle of cables with polyvinyl chloride jacket and insulation. For
configurations using thicker and especially tightly bundled cables higher ignition
powers and energies are needed for established burning. The statistical scatter in
determining experimentally the limits where a cabinet may ignite or not can be
considerable, and large series of experiments are needed to obtain high accuracy.
The results presented here are still at least approximate. Other cable materials
may need different ignition power and energy.

Spread of fire inside the cabinet

In 5 out of 6 real cabinet experiments, the fire spread to the rest of the cabinet
igniting all combustible material after established burning around the point of
ignition. In experiment 5 only the ignited cable bundle was consumed, as the fire
did not spread to the rest of the fire load.

After burning was established, the development of the fire in the cabinet was
controlled by several factors. One of the most important of them was the fire load
around the seat of the fire. In most of the experiments the size of the first ignited
cable or wiring bundle was enough to heat the cabinet so far (Figure 9 of Paper IV)
that hot gases in the upper part ignited other combustible contents.
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In experiment 5 the peak heat release remained at 50 kW level (Figure 9) only about
3 min. Only two gas thermocouples near the edge of the exit opening exceeded for
the same period of time a temperature of 300 °C. Other temperatures were much
lower, and below ignition temperatures. The hot gases from the burning cable
bundle flowed along the wall of the cabinet and out of the ceiling opening without
touching much of the other combustible fire load. Therefore the fire remained local
and went out when the initial cable bundle was consumed. In experiments 7 to 10,
the fire spread easily to all parts of the cable bundle due to the chimney-like
structure of the cabinet. Contents and design of the cabinet may thus have
considerable influence on the fire development and the rate of heat release.

The fire growth rate of the first ignited cable or wiring bundle was determined
by fitting a parabola (Equation (14)) with reference heat release rate Q, = 1
MW on the initial part of the rate of heat release curve. Growth times in the
range 750-6000 s were obtained. Fire growth is classified in ISO/TR 13387-2
(1999) according to the growth time #, in four categories, where fire growth with
t, greater than 600 seconds is denoted "slow". The fitting of the £ curves is not
unique, because a parabola does not reproduce all features of the fire growth
curve. Despite these inaccuracies, the fire development in the cabinet fire
experiments was slow according to the ISO/TR 13387-2 classification.

An exponential function (Equation (15)) was fitted to the rate of heat release
curves where a clear exponential decay could be distinguished. In experiment 3
where the rate of heat release curve shows several peaks, and in experiment 4
where the decaying rate of heat release curve indicates a superposition of two
exponential functions, one exponential function was fitted to the last part of the
rate of heat release curve. The decay time constants from the fitting of
exponential functions were in the range 13—23 min for real electronic cabinets
and 6-9 min for reduced scale cabinets.

Influence of fire on neighbouring cabinets

The influence of the cabinet fire on the adjoining and opposite cabinets can be
estimated from the behaviour of the vertical cable specimens located in the upper
parts of the cabinets. The cables were provided with thermocouples for surface
temperature monitoring, and approximate times to ignition of cables are obtained
from the measured surface temperatures, assuming that the cables ignite at
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250 °C. This estimated ignition temperature was obtained from the maximum
temperature of a cable specimen, which was partially burnt and partially
deformed, indicating an approximate ignition level. This ignition temperature is in
accordance with the range of decomposition of polyvinyl chloride, 200-300 °C, as
found in literature (Troitzsch 1990). Approximate times to ignition 11-16 min for
a cable specimen attached to the wall against the fire cabinet, 20 min for a cable
specimen 50 mm from the same wall and 28—40 min for a cable specimen 300 mm
from the same wall were obtained in the adjoining cabinet. The cables in the
opposite cabinet were neither melted nor burnt after the experiments.

4.3.2 Cabinet fire modelling
Maximum rate of heat release in an electronic cabinet

The natural ventilation model presented in Paper V for maximum rate of heat
release starts from an approximate mass balance between the entering and
exhausting mass flows through the entrance and exit vents (Figure 10) yielding
an expression for the mass flows in terms of average cabinet temperatures and
cabinet structure parameters (Equation (15) of Paper V).
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Figure 10. Simplified model of a cabinet with mass flows m; and m, through

entrance and exit vents V; and V, of area A; and A, in the lower and upper parts
of the cabinet. p; p, and p, are gas pressure, p and P, density, T and T,
temperature of gas inside and outside the cabinet. H is the height between the
centres of the vents.
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If there is enough fuel in the cabinet, the fire is ventilation controlled and all air
entering the cabinet is consumed. From the air inflow and the oxygen
consumption principle, the maximum rate of heat release ¢ in an electronic
cabinet fire is (cf. Equation (1))

1)

Qmax = IAHc,air p() C ng

AH. ., = 3.0 MJ/kg is the heat of combustion per consumed air according to the
oxygen consumption principle, gthe acceleration of gravity, C discharge
coefficient assumed to be the same for entrance and exit vents, and 7. and 7,
dimensionless average cabinet and exit vent temperatures. Equation (21) was
applied on the cabinet experiments presented in Paper IV where flashover in the
cabinet occurred with well-defined ventilation conditions. The model rate of heat
release curve exceeds the experimental curve during all experiments (Figure 11),
except for two peaks in experiment 7, which arise from flames emerging out from
the exit vent. The peaks are outside the validity range of the model, which considers
only burning inside the cabinet. Comparing the model curves to the experimental
curves it is noted that the latter are 59-98% of the model assuming complete
combustion (Table 2 of Paper V). The proposed model seems thus to be a feasible
approximation for the maximum rate of heat release in a burning electronic cabinet.
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Figure 11. Experimental RHR curves and maximum RHR curves predicted by
model (equation (21)). 3 and 6B are real cabinet and 7 to 10 are mock-up cabinet
experiments. Time intervals chosen for comparison of maximum experimental RHR
with model (Table 2 of Paper V) are indicated with vertical dashed lines.

The temperature dependence of Equation (21) was found to be weak (Figure 2 of
Paper V), allowing use of average temperatures. Substituting constants and
average temperatures from experiments (Table 2 of Paper V), assuming orifice
discharge coefficient C = 0.6 (Emmons 1988) for both entrance and exit vents,



and keeping combustion efficiency y explicit, a dimensional formula predicting
maximum rate of heat release during flashover in a cabinet is obtained

. (22)
Q

where the height A is in m and areas in m*. Equation (22) depends on cabinet
dimensions only, assuming an appropriate value for .

Minimum rate of heat release needed for flashover

In Paper V, a criterion for minimum rate of heat release needed for flashover in
an electronic cabinet is proposed,

0. =193 h A ANH kW (23)

where 7, (W/m’K) is an effective total heat transfer coefficient at the
temperature relevant to flashover, 4, (m?) is the total area of the hot walls of
the cabinet, A (m?) is a weighted average of the areas of the exit and entrance
vents, and H (m) is the height between the vents. The validity of the criterion
was checked using experimental results. An effective total heat transfer
coefficient was estimated, and cabinet dimensions presented in Table 1 and 3 of
Paper V were used. The estimated minimum needed for flashover Q was

min
calculated from Equation (23) and compared to the measured maximum rate of
heat release Qn in experiments where no flashover occurred and Qﬂabh in

experiments where flashover took place (Table 3 of Paper V). The results are
presented graphically in Figure 12.

For each experiment, the minimum rate of heat released predicted by Equation
(23) is plotted on the abscissa and the measured maximum rate of heat released
on the ordinate. The area of the graph is divided into two parts by the solid line
0= Qmin ; on the lower part, the rate of heat release is not sufficient to drive the

cabinet to flashover according to Equation (23), on the upper part flashover
should occur in the cabinet. The corresponding estimated maximum rate of heat
release during flashover according to Equation (21) is plotted for comparison.
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(Equation

max

All data presented in Figure 12 fulfil the condition for flashover proposed by
Equation (23). The amount of cabinet data is however small, and the range
considered here is not extensive enough to draw final conclusions. The most
approximate parameters in Equation (23) are the temperature dependent heat
transfer coefficients in 4. Choosing appropriate heat transfer coefficients valid
on the average for the wall, Equation (23) gives an estimate for the minimum
rate of heat release sufficient for flashover in an electric cabinet.
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5. Conclusions

This thesis considers the fire behaviour of passenger cars, electronic cabinets,
and electrical ignition sources. Full-scale experiments have been carried out on
passenger cars and electronic cabinets, producing new information on the fire
development of the present subject. Models have been proposed to describe fire
behaviour and the validity of the models has been checked against experimental
results.

Rate of heat release and other quantities as a function of time have been
measured in car fire experiments. A car burning in an open environment can be
characterised as a local fire with distinct fire plumes coming out from the
openings of the car. This has been utilised in parametrisation of the rate of heat
release curves, represented by superposition of one Boltzmann curve and three
symmetrical Gaussian curves. The car fire is modelled with two fire plumes
emerging from the centre of the windscreen and from the centre of the rear
window. Alpert's equations for maximum ceiling jet temperatures are applied on
the model plume rate of heat release to calculate gas temperatures above the
burning car. The resulted gas temperatures are consistent with the corresponding
measured temperatures from the car fire experiments. The proposed model can
be used in design calculations for open car parks.

Cars differing in materials or construction also differ in fire behaviour, as shown
in section 4.1. Applying the principles presented here, up-to-date information
related to changes in car manufacturing can be obtained. The parametrisation
presented provides the possibility to take this into account by adjusting the
positions, heights and widths of the curves to make the integral of the model rate
of heat release curve equal to the fire load of the car.

Electrical ignition phenomena are described using fire statistics, modelling and
experimental methods. Generally, short circuits, ground shorts and arcing in
cables, as well as loose connections leading to overheating are common causes
of electrical ignitions. A rough indication is found, that power cables in nuclear
power plants have eight times higher ignition probability per plant, and 40 times
higher probability per cable length than control cables. Models for temperature
rise in a loose contact, and in an overheated cable are proposed, and concluded
that of these two, the loose contact is more likely a source of electrical ignition.
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Experiments on electrical components heavily overloaded indicate that
generally, the overload did not lead to ignition of the component or adjacent
material. Power transistors mounted on printed circuit boards were the only
components able to ignite the board.

Full and reduced scale fire experiments on electronic cabinets with different
contents have been performed, giving measured information about rate of heat
release, mass loss and rate of mass loss, smoke (carbon), carbon monoxide and
carbon dioxide production rate, and gas and wall temperatures as a function of
time. Maximum rate of heat release for real cabinets was 100-350 kW when
flashover occurred in the cabinet and 50 kW when the fire remained local in the
cabinet. The potential rate of heat release bound in carbon (smoke) and carbon
monoxide production as a result of incomplete combustion was determined from
measured production rates and reaction equations. It was found to be
considerable, 10-50% of the actual rate of heat release during the intense phase
of the fire.

The key role of ventilation conditions was evident. The mechanical properties of
the cabinet, such as door locking mechanism, seem to be important for
prevention of spread of fire. To reduce the intensity of fire, designing the cabinet
to be robust enough to prevent additional openings, e.g. gaps in the walls due to
thermal stresses is important.

The minimum power and energy needed for igniting a vertical bundle of cables
with polyvinyl chloride jacket and insulation were 500 W and 150 kJ, which was
sufficient to achieve sustained burning leading to flashover in the cabinet. For
thicker and tightly bundled cables higher ignition powers and energies were
needed, 2.5 kW and 1.2 MJ.

Parameters for parabolic fire growth and exponential fire decay of an electronic
cabinet have been determined for fits on measured rate of heat release curves.
The fire development was slow after ignition according to ISO/TR 13387-2
(1999) classification.

Fire spread to adjacent cabinets is possible, as the separating walls will heat.

Times for fire spread to an adjoining cabinet was determined to be 11-16 min,
and the first item to ignite was a cable attached to the separating wall. If gaps or
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openings occur in the cabinet structure, flames coming out from the openings
may ignite nearby combustible material. Cables in a cabinet at 1 m distance did
not ignite, and flame spread across a corridor is unlikely as a direct heat transfer
process. Ignition is possible via the hot gas layer beneath the ceiling when the
fire has grown big enough, or through molten plastic flowing across the corridor.

A model for maximum rate of heat release in an electronic cabinet fire has been
proposed, and checked against measured data. It seems to describe the main
features of a burning cabinet, and to be insensitive to changes in many
parameters relating to the cabinet. A dimensional formula is thus presented for
maximum rate of heat release, depending on cabinet dimensions only. An
analytical criterion for estimating minimum rate of heat release needed to
flashover in a cabinet is proposed and checked against available experimental
data, showing the criterion to be usable.

The results of the cabinet study can be used in safety assessment of fires
originating in an electronic cabinet, e.g. estimating fire size, or as energy release
input data in fire development calculations on control rooms in process plants
and other spaces containing electronic cabinets. Care should still be taken in
evaluation of fire behaviour of cabinets differing in ventilation conditions,
cabinet structure and contents.

Altogether, the research presented in this thesis gives new information
concerning the fire behaviour of passenger cars, electronic cabinets and
electrical ignition sources, essential for estimating fire safety of these subjects
and structures containing them.
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