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Abstract

The theme of this thesis is the reaction to fire performance of wood and other
building products, and particularly the material fire properties time to ignition, rate
of heat release and smoke production. These properties have been measured by a
small-scale fire test method, the Cone Calorimeter, and presented for different
types of building products.

Uncertainty analysis, included instrument and assumption uncertainty, has been
performed for the case that both O2 and CO2 are measured for calculation of the
rate of heat release in the Cone Calorimeter. The partial derivatives for the
uncertainty analysis are given. The relative uncertainty for the rate of heat release
measurements in the Cone Calorimeter is between ±5% to ±10% for rate of heat
release values larger than about 50 kW/m2.

The time to ignition in the Cone Calorimeter is compatible with the time to ignition
in the ISO Ignitability test, which is the main test method for measuring time to
ignition. The time to ignition is an increasing linear function of density.

The rate of heat release in the Cone Calorimeter is dependent of material thickness
and of use of retainer frame. The material thickness gives the heat release curve
duration and shape. Thin materials have short burning time and two maximum
values. Thick materials have long burning time and when the material is thicker
than about 35 mm no second maximum appears. When the retainer frame is used
the actual exposed surface is reduced from 0.01 m2 to 0.0088 m2, the rate of heat
release is reduced and the burning time is increased. A comparison of results with
and without use of the retainer frame gives then equal results when the exposed
area is set to 0.0088 m2 in the case of using the retainer frame.

The time to flashover in the full-scale room corner test was predicted on the basis
of Cone Calorimeter data at 50 kW/m2 by a power law of ignition time, the total
heat release calculated over 300 s after ignition and the density of the product. The
relation gives a simple relation to evaluate if a product reaches flashover in the
room corner test.

The smoke production has also been measured in the Cone Calorimeter. The white
light and the laser smoke measurement systems have shown similar results. There
is a correlation between Cone Calorimeter and room corner test smoke production
when the products are divided into groups: those that reach flashover in the room
corner test in less than 10 min and those that have more than 10 min to flashover.

Temperature profiles in wood have been measured in the Cone Calorimeter by a
simple technique. The effect of fire protective gypsum plasterboards on the
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charring of wood frame members has been determined and compared with full-
scale furnace wall tests. The protective effects of twenty different boards have been
presented. Cone Calorimeter and furnace tests show similar charring of wood until
the boards fall down in furnace tests. After that, the charring of wood is higher in
the furnace, because the wood is exposed directly to the fire.

Keywords:
building products, charring of wood, Cone Calorimeter, fire retardant treated wood,
fire tests, ignitability, mass loss, rate of heat release, reaction to fire, smoke
production, wood products
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1 Introduction
1.1 Background
Fire in buildings causes human suffering and materials losses. The current cost to
the Swedish economy from building fires in industrial and residential buildings is
estimated to 4500 MSEK /Svenska Brandförsvarsföreningen 2001/, which is about
0.2% of the gross domestic product (GDP). In Sweden statistics on fire reveal that
about 100-120 people die each year from the effects of fire and the majority of
these deaths, about 90%, occur within buildings /Svenska Brandförsvarsföreningen
2001/.

The fire safety in buildings is regulated in national building codes regarding two
main areas, the reaction to fire and the resistance to fire. The reaction to fire
concerns with surface lining materials. The reaction to fire is also called the early
fire behaviour taking in account what is happening in the initial stage of fire
development (before flashover). The initial stage of fire include parameters like
ignition, heat release, fire spread and growth and smoke production. In the initial or
pre-flashover fire, the building content is of major importance, however this is in
most cases not regulated mainly because contents are not considered as an integral
part of a building. The resistance to fire concerns with structural elements and what
is happening with the elements under fully developed fire conditions. The
resistance to fire deals with the load bearing capacity, integrity and insulation
properties. This is important in order to limit the fire to the room of origin.

Room fires are often discussed in terms of growth stages (Drysdale 1996). These
growth stages are defined as follows (Walton and Thomas 1995):

- Ignition stage: The period during which the fire begins.

- Growth stage: Following ignition, the fire initially grows primarily as a
function of the fuel, with little or no influence from the compartment. The fire
can be described in terms of its rate of energy and combustion product
generation. If sufficient fuel and oxygen are available, the fire will continue to
grow, causing the temperature in the room to rise.

- Flashover: Flashover is generally defined as the transition from a growing fire
to a fully developed fire in which all combustible items in the compartment
are involved in fire. During this transition there are rapid changes in the room
environment.

- Fully developed fire: During this stage, the rate of heat release of the fire is the
greatest. Frequently during this stage more fuel is pyrolized than can be
burned with the oxygen available in the room. If there are openings in the
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room, the unburned fuel will leave the room in the gas flow and may burn
outside of the room.

- Decay stage: Decay occurs as the fuel becomes consumed, and the heat release
rate declines.

Some understanding of the initiation and development of a room fire is interesting.
Therefore, a brief description of a room fire is given below. It is a summary of a
work by Moghtaderi (1996).

A typical room fire starts when a combustible material is exposed to an external
heat (ignition) source. Due to the heating, the surface temperature of the solid
object starts to rise. Provided the net heat flux into the material is sufficiently high,
the surface temperature eventually reaches a level at which pyrolysis begins and
material decomposes into volatiles (fuel vapours). The emerging vapours are hotter
and less dense than the surrounding air. Hence, they rise and mix with air in the
boundary layer. Under certain conditions this mixture exceeds the lower
flammability limit and ignites in the presence of a pilot flame or a spark. As a
result flame appears at the surface. Experimental data are available showing that
when the wood surface temperature reaches 350-360 oC ignition occurs in the
presence of any small pilot flame or spark (Mikkola 1990). Some of the heat
generated by the flame escapes with the rising hot plume, but a significant portion
of it is fed back to the fuel causing a further increase in the surface temperature.
Consequently, pyrolysis proceeds at a greater rate, which in turn causes the flame
to grow. If the heat feedback to the fuel surface is sufficient, the material can burn
by itself and an ignition source is no longer needed. This is called sustained
flaming combustion. During flaming combustion, products of combustion
including smoke and toxic gases, such as carbon monoxide, rise above the flame
and migrate to areas remote from the fire due to buoyancy effects.

The combustion characteristics of solid fuels greatly affect the spread and growth
of a typical room fire. When an object in a room starts to burn, for some time after
ignition it burns in much the same way as it would in an open space, but after a
short period of time room confinement begins to influence the fire development.
The smoke produced by the burning object rises and forms a hot gas-layer below
the ceiling. Consequently, the ceiling and the upper walls of the room are heated-
up. Thermal radiation from the hot layer, the ceiling and walls begins to heat all
other solid objects in the lower part of the room. At this point, the fire may go out
if, for instance, the first object burns completely before other objects start burning.
However, the heating of other combustibles in the room sometimes continues to the
point where they ignite more or less simultaneously. This transition from the
burning of individual objects to full room involvement is referred to as flashover.
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After this point the fire becomes fully developed and burns vigorously for some
time until the combustible materials are mostly consumed.

Figure 1 illustrates the three stages of a typical room fire scenario in terms of the
upper-layer temperature. The ignition and growth or pre-flashover period, which is
influenced by the nature of the room contents i.e. the fire load, is about 5-10
minutes. The reaction to fire is important until flashover. The fully developed fire
period, which is dependent of the amount of fuel load, is about 20-40 minutes or
longer. The duration of the decay period depends on the cooling mode of the room.
If there is no fire fighting action it may last more than one hour (Moghtaderi 1996).
Experimental data is available showing similar fire development as Figure 1 for
heavy timber construction compartments (Hakkarainen 2002).

Time

Te
m

pe
ra

tu
re

Flashover

(a) (b) (c)

(a) Ignition and Growth

(b) Fully Developed

(c) Decay

Figure 1. Time-temperature curve for a typical room fire scenario (from
Moghtaderi 1996).

The present work deals with the reaction to fire performance of wood and other
building products. The research and development of an internationally accepted
reaction to fire test method for measuring the material fire properties were most
interesting for the author’s employer in the mid 1980’s to serve the wood industry.
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The different national fire regulations based on different fire test methods were a
trade barrier. Rate of heat release and ignition measurements of building products,
including wood based products, plastics and gypsum plasterboards, were most
interesting for comparisons. The current situation in Sweden, and the development
of new reaction to fire test methods by ISO/TC92/SC1 is described below.

1.2 Reaction to fire testing
In many countries the reaction to fire classification of building products is based on
a national standard test method. An excellent review of the development and
validation of some major national reaction to fire test methods currently in use was
given by Janssens (1991a) and is recommended for the interested reader. Östman
and Nussbaum (1987) made a comparison of seven European national standard
small-scale fire tests with full-scale fire tests. They found a reasonable agreement
for many materials but also large deviations for certain others.

A national standard test method is the Swedish Box Test apparatus, used in the
Nordic countries as NT Fire 004 (1985). Measurements are made of gas
temperature and smoke density in the exhaust duct. The main components of this
apparatus are the cubical fire chamber (so-called closed system with 230 mm
interior dimension) with removable lid, the gas burner and the outlet pipe. The rear
wall, side walls and top are lined with the specimen. Attempts have been made to
measure the rate of heat release in this procedure by include an oxygen analysis
(Holmstedt 1984) but with minor success in special for fast-burning products.

The research and development of a new generation reaction to fire test methods
and standards within International Organization for Standardization (ISO) started
in the 1980’s. New fire tests were developed in order to determine the fire
behaviour of surface lining materials in a more elaborate way than the presently
used national standard fire test methods. The new methods were in both small-scale
and full-scale. A brief review over the development and validation work done
elsewhere is given below.

The most important parameter to determine the fire behaviour of surface lining
materials is the rate of heat release. An apparatus for measuring the rate of heat
release of building products is the Cone Calorimeter (ISO 5660-1). The Cone
Calorimeter as a reaction to fire test method for measuring the material fire
properties was recommended in 1982 as the best choice for International Standard
(Janssens 1991a). The Cone Calorimeter gives physically meaningful results,
which can be used in an engineering analysis of fire hazard (Janssens 1991a). The
apparatus is a so-called open and well-ventilated system. The rate of heat release is
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measured by using the oxygen consumption principle. The Cone Calorimeter is
fully described and analysed in Chapter 2.

In Sweden, over one decade and until about 1993, work in this area has been co-
ordinated within a research programme entitled “Fire Hazard - Fire Growth in
Compartments in the Early Stage of Development (Pre-flashover)”. The
programme was carried out jointly by Lund University, SP Swedish National
Testing and Research Institute and Trätek. The programme was funded by the
Swedish Fire Research Board to establish new knowledge in fire research
(Pettersson 1980).

Additionally, in the Nordic countries another fire research programme on
combustible wall lining materials was also carried out by the national fire testing
laboratories in Denmark, Finland, Norway and Sweden. Also Trätek carried out
some work in the project. The project was named EUREFIC (European Reaction to
FIre Classification) and was finalised in 1991 (EUREFIC 1991).

The European Union is moving toward a new fire classification of building
products as part of the Construction Products Directive (CPD 1989). The SBI test
(Single Burning Item) is a new fire test method developed for the harmonised
Euroclass system (EN 13823). A major research programme was performed during
1997 in order to evaluate the SBI test in a so-called Round Robin (RR) exercise
(CEC 1997).

Building products from the three research programmes, as mentioned above, were
tested in the Cone Calorimeter at Trätek and are presented in this work.

1.3 Present work
This work presents the results and analysis of an experimental study, which started
in 1988, of the reaction to fire test method development and testing of building
products. In 1988 the Cone Calorimeter ISO standard was a draft standard with
much development still to be done. Some of this work was performed at Trätek in
co-operation with other researchers within the WG5 in ISO/TC92/SC1 to make a
step forward in the development of the Cone Calorimeter.

The objective of this work was to participate in the research and development of
the Cone Calorimeter and to study the reaction to fire performance of wood and
other building products. Reaction to fire parameters that are investigated here
include ignition time, rate of heat release and smoke production. All these
parameters can be measured simultaneously in the Cone Calorimeter in the same
experiment. This experiment in the Cone Calorimeter is fully described in this
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work. Paper I gives the Cone Calorimeter heat release and smoke production
results for the 13 Scandinavian building products. Paper IV deals with testing
details regarding retainer frame effects on rate of heat release results. Paper VII
deals with the possibility to test fire retardant treated wood in the Cone
Calorimeter.

The Cone Calorimeter is also compared to other ISO and CEN methods. Firstly,
with the ISO Ignitability test (ISO 5657) for ignition time in Paper II. With the full-
scale room corner test (ISO 9705) for both rate of heat release in Papers VI and
VIII, and for smoke production in Papers III and V. Finally, with the intermediate
single burning item, SBI, (EN 13823) also for heat release and smoke production in
Papers XI and XII.

In the later part of this work the Cone Calorimeter was also used to measure
temperature profiles in wood protected with different gypsum plasterboards. From
these temperature profiles the charring rate in wood can be calculated. A simple
test technique for that is presented in Paper IX. The results are compared with full-
scale furnace wall tests. In Paper X results for twenty different gypsum
plasterboards is presented. This shows the great possibilities to use the Cone
Calorimeter in applications beyond reaction to fire.
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2 Experimental work
2.1 Introduction
The research and development of a new generation reaction to fire test methods
and standards within ISO started in the 1980’s. New fire tests were developed in
order to determine the fire behaviour of surface lining materials in a more elaborate
way than the present national standard fire test methods, as mentioned above. The
new methods were in both small-scale as the Cone Calorimeter and full-scale as the
room corner test. The full-scale room corner tests were conducted for various
reasons e.g., the validation of small-scale fire tests and the evaluation of the fire
hazard of a building product.

The Cone Calorimeter was originally developed as a tool for measuring heat
release from building products in order to estimate their contribution to a room fire
(Babrauskas 1982). The room corner test was originally developed as an American
Society for Testing and Materials (ASTM 04.07) and a Nordtest standard (NT Fire
025). Both the Cone Calorimeter and the room corner test methods are ISO
standards since 1993 (ISO 5660-1; ISO 9705). Currently, both methods are also
standardised by ASTM (ASTM 04.07; ASTM E1354-90). The two Cone
Calorimeter standards are identical, except for the fact that the ISO standard does
not include the smoke measurement. The two room corner standards have almost
identical dimensions of the test room but different burner programs. The
relationships between the Cone Calorimeter and the room corner test were an issue
of great interest.

In this chapter the Cone Calorimeter apparatus will be fully described and
equations given for the calculation of the rate of heat release, mass loss and smoke
production. Further, the uncertainty associated with the rate of heat release
calculation due to instrument and calculation assumptions will be quantified.

2.2 The Cone Calorimeter
This work focuses on the Cone Calorimeter. The Cone Calorimeter is a small-scale
instrument to measure rate of heat release, ignition time and smoke production of
building products. The rate of heat release was measured according to ISO 5660-1
(1993) and the smoke production according to ASTM (1990). ISO 5660-2 (2001) is
intended for smoke measurement but is not yet finalised. A square specimen of 100
mm x 100 mm is exposed to the radiant heat flux of an electric heater. The heater
has the shape of a truncated cone (hence the name of the instrument) and is capable
of providing heat fluxes to the specimen in the range of 0-100 kW/m2. The upper
and lower diameters of the cone heater are 80 and 177 mm, respectively. The
heater is normally in the horizontal orientation with the specimen 25 mm
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underneath the base plate. The power supplied is controlled by an electronic
temperature controller using a chromel-alumel thermocouple of type K. Calibration
of heat flux as a function of heater temperature is performed with a total heat flux
meter of the Schmidt-Boelter type. Such a meter consists of a circular target
receiving radiation. The target is flat, water-cooled and coated with a durable matt
black finish. Two thermocouple junctions are located at different depths below the
exposed surface. Under steady conditions, thermocouple output is proportional to
the incident heat flux. Due to various factors such as ageing of the heater coil, the
relationship between heat flux and heater temperature changes with time. The heat
flux calibration has therefore to be repeated frequently. In this study, heat flux is
measured at the start of each test day and when changing to a new heat flux. A
second meter, of the same type, is used as reference to calibrate the working meter.

An electric spark plug is used for piloted ignition. The spark plug gap is located 13
mm above the centre of the sample. The products of pyrolysis released by the
specimen are ignited with the electric spark. All combustion products are collected
in a hood. Plan view of the Cone Calorimeter at Trätek is shown in Figure 2. This
unit was constructed at Trätek, with main parts from State University of Gent, and
completed in 1987. At that time the Cone Calorimeter apparatus was not
commercially available as a unit to buy as it is now. The State University of Gent
and Trätek were among the first in Europe to start working in this area together
with NIST in the USA (ISO 1982).

Figure 2. Schematic set-up of the Cone Calorimeter used at Trätek. The heat flux is
measured 25 mm underneath the base plate of the cone heater.
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The hood is formed as a square (with 400 mm in side and 140 mm height). The
circular exhaust duct has an inner diameter of 110 mm and is connected an exhaust
system which has a constant volume radial fan. Different dampers can vary the
volume flow. The orifice plate is placed 825 mm from the curve of the exhaust
duct. The straight free section after it is 1200 mm long giving an almost uniform
gas mixture.

At a sufficient distance a gas sample is taken from a ring sampler placed 675 mm
after the orifice plate. The gas is analysed for O2 by a paramagnetic cell and for CO
and CO2 by IR. The gas sample passes a gas cooler where moisture is removed,
then a filter of loosely packed glass wool and a tube with water-free CaSO4 for
extra drying. The gas then goes through a pump and finally passes a 2,7 µm glass
fibre filter. In order to minimise the transient time, part of the flow is wasted after
the pump.

Rate of heat release measurement
The rate of heat release is measured by using the oxygen consumption principle.
The history of using the oxygen consumption principle in fire research is quite
new. A review was given by Janssens (1991b). Only a short overview will be
presented here. Thornton (1917) showed that for a large number of organic liquids
and gases, a more or less constant net amount of heat is released per unit mass of
oxygen consumed for complete combustion. Huggett (1980) found this to be true
also for organic solids and obtained an average value for this constant of
13.1 MJ/kg of O2. Parker (1977) made the first application of the oxygen
consumption principle in fire research on the ASTM E-84 tunnel test. Sensenig
(1980) applied it to an intermediate scale room test. Later, Parker (1982) gave
equations to calculate rate of heat release by oxygen consumption for various
applications. In the same year Babrauskas (1982) developed the Cone Calorimeter
and used Parkers equations (Parker 1982) to calculate the rate of heat release in
small-scale.

Rate of heat release equations for various small-scale applications are given by
Parker (1982), based on volumetric flow rates, and full-scale applications by
Janssens (1991b), based on mass flow rates. Rate of heat release measurements in
this study is based on volumetric flow rates. The equations will be given below.
The application includes measurements of O2, CO2 and CO. The analysis is
approximate, with the following simplifying assumptions made:

- The net heat released by complete combustion per unit mass of oxygen
consumed is taken as a constant, E. A generic value is Huggett’s average of
E = 13.1 MJ/kg of O2.

- All gases are considered to behave as ideal gases, i.e., one mole of any gas is
assumed to occupy a constant volume at the same pressure and temperature.
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- The components of the incoming air are O2, CO2, H2O and N2. All “inert”
gases, which do not take part in the combustion reactions, are lumped into the
nitrogen.

- O2, CO2, and CO are measured on a dry basis, i.e., water vapour is removed
from the sample before gas analysis measurements are made.

The rate of heat release for complete combustion is calculated with the following
equations based on volume flow rates according to Parker (1982),

( ) ( )
2 2

0 0
AH O Oq t E 1 X X Vφ ′= − �� (1)

where φ  is the oxygen depletion factor (--), E ′ is the net heat of combustion per
unit volume of oxygen consumed (MJ/m3), 

2

0
H OX  is mole fraction of H2O in the

incoming air (--),
2

0
OX is measured mole fraction of O2 in the incoming air (--), and

AV�  volume flow rate of air into the system referred to standard conditions (m3/s).

Parker (1982) also gives the equation for the oxygen depletion factor, φ ,

( ) ( )

( )

2 22 2

2 2 2

0 0
CO CO OO CO

0
O CO CO O

X 1 X X X 1 X

1 X X X X
φ

− − − −

− − −
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where 
2

0
COX  is measured mole fraction of CO2 in the incoming air (--), 

2OX  is

measured mole fraction of O2 in the exhaust gases (--), 
2COX  is measured mole

fraction of CO2 in the exhaust gases (--), and COX  is measured mole fraction of CO
in the exhaust gases (--).

The concentrations 
2

0
OX  and 

2

0
COX  are measured in the analysers prior to test. For

complete combustion (assuming 0COX = ) equation (2) can be rewritten

( ) ( )

( )

2 22 2

2 2 2

0 0
CO OO CO

0
O CO O

X 1 X X 1 X

1 X X X
φ

− − −
=

− −
(3)

The net heat of combustion per unit volume of oxygen consumed, E ′ , is according
to Parker (1982),
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/
20 O AIRE E W W 17.2ρ′ ≡ =  MJ/m3 (4)

where =E 13.1 MJ/kg, 
2OW = 0.032 kg/mole, AIRW = 0.0290 kg/mole, =0ρ 1.19

kg/m3 at 25 °C, 1 bar (760 mm Hg based on normal dry air).

The mole fraction of H2O in the incoming air, 0
2OHX , is according to Parker (1982)

2

2

H O0
H O

P
X RH

760
= (5)

where 
2H OP  is the vapour pressure of water at the ambient temperature (mm Hg),

and RH is the relative humidity.

The volume flow rate of air into the system, AV� , is according to Parker (1982)

S
A

V
V

1+( - 1)α φ
=

�
� (6)

where SV�  is the volume flow rate in the exhaust duct (m3/s), and α is the expansion
factor for the fraction of the air that was depleted of its oxygen (--).

The volume flow rate in the exhaust duct, SV� , related to atmospheric pressure and
an ambient temperature of 21 ºC is given by

( )3 0.51105
S

S

294
V 2.490 10 P

T
× ∆−=� (7)

where ST  is the gas temperature in the exhaust duct (K), the constant 294 is 273+21
which is the ambient temperature (K), and P∆  is the pressure difference across the
orifice plate (Pa). Equation (7) for the relation between pressure difference and
volume flow was calibrated in a standardised laboratory for the orifice plate used at
Trätek.

Thus, inserting equations (6) and (7) in equation (1) gives that the rate of heat
release can be calculated according to

2

2

0
O0 0.51105

H O
S

X ∆P
q(t) = E (1 - X ) 0.0455( )

1+ (α - 1) T

φ

φ
′� (8)
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The rate of heat release in this work is calculated according to Parker instead of the
Equations in the ISO standard test method (ISO 5660-1) because of that Equation
(8) is more precise. It includes the mole fraction of H2O in the incoming air and
also the measurement of CO2. The precision of the ISO standard test method (ISO
5660-1) was evaluated by inter-laboratory trials conducted by ISO/TC 92/SC
1/WG 5. The Cone Calorimeter used in this work participated in these trials
(ISO/TC 92/SC 1/WG 5/Doc N 120).

The rate of heat release per unit area (kW/m2), can then be obtained from

( ) ( ) / sq t q t A′′ =� � (9)

where As is the initially exposed area of the sample, in these case 0.0088 m2 when
the retainer frame is used.

WOOD PANEL (SPRUCE)
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Figure 3. Example of Cone Calorimeter Rate of Heat Release (RHR) curves for
wood panel (spruce) at different heat flux levels.

Figure 3 shows a series of rate of heat release curves in the Cone Calorimeter for
wood panel (spruce) at different heat flux levels.
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All tests for this study were conducted on specimens in the horizontal orientation
with a use of a retainer frame. The retainer frame was used to reduce
unrepresentative edge burning of specimens. A specimen of 100 mm x 100 mm
was first wrapped in aluminium foil. The retainer frame was put on a flat surface
facing down. The foil-wrapped specimen was then insert into the frame with the
exposed surface facing down. Layers of refractory fibre blanket of low density
(nominal density 65 kg/m3) were put until at least one full layer extends above the
rim of the frame. Then the sample holder was fit into the frame on top of the
refractory fibre and pressed down. Thereafter the retainer frame was secure to the
sample holder. The whole assembly was then placed on a balance.

Sundström (1986) reported full-scale room corner test results for 13 building
products (the so-called Scandinavian products) in 1986. The same building
products were tested in the Cone Calorimeter during 1988 and reported in Paper I.
Two specimens of each of the 13 building products were tested at heat flux level 50
kW/m2 and only one specimen at 25 and 75 kW/m2. All experiments were
conducted in the horizontal orientation. The backing material was a non-
combustible board (Promatek, nominal density 450 kg/m3). Later, experiments
were performed with use of low-density fibre blanket as backing material for
comparison. The results were reported in Paper II together with results for other
products.

The sample area used to calculate the rate of heat release was 0.01 m2, where 0.1 x
0.1 m is the sample size. However, the retainer frame was used in these tests, as
mentioned above, and it reduces the actual exposed area from 0.1 x 0.1 m to 0.094
x 0.094 m, or from 0.01 m2 to 0.0088 m2. This issue was analysed in Paper IV
where tests were made with and without the retainer frame.

Smoke measurement
Two dynamic smoke measurement systems were used in Paper I. One smoke
system was a 0.5 mW helium-neon laser (633 nm), with two silicon photodiodes as
main beam and reference detectors, according to the ASTM Cone Calorimeter
standard (1990). The other system was a white light source from a 10 W tungsten
filament lamp for which the beam was made parallel by a optical lens system. The
detector has a spectrally distributed response that duplicates the human eye. The
relationship between the two smoke systems is interesting because the Cone
Calorimeter uses laser and the room corner uses white light.

The smoke production was measured according to ASTM standard (1990). The
Specific Extinction Area, SEA, (m2/kg) is given as follows

s skV T
σ =

m 294

�

�
(10)
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where sV�  is the volume exhaust flow rate, measured at the location of the smoke
measurement devices (laser and white light) (m3/s), k  is the smoke extinction
coefficient (m-1), ST  is the gas temperature in the exhaust duct (K) and m�  is the
specimen mass loss rate (kg/s).

The smoke extinction coefficient, k, is determined by the smoke meter electronics
for light passing through the stream of exhaust gases as follows according to
Lambert-Beer Law ( kleII −= 0 )

0I1
k = ln

l I
�
�
�

(11)

where l  is path length of beam through smoke (m), 0I  is intensity of incident light
(--), and I  is intensity of transmitted light (--).

The parameter optical density, D, is defined as 
I
ID 0log=  (Spindler & Hoyer

1987). A transmission of 0.5 gives then an optical density of 0.3. Neutral filters
with given optical densities are used to calibrate the smoke systems.

The numerator in Equation (10) was also used as Rate of Smoke Production, RSP,
(m2/s) to measure smoke

s
s

T
RSP kV

294
= � (12)

Examples of rate of smoke production curves are shown in Figure 30. This smoke
parameter is also used in the Cone Calorimeter smoke standard (ISO/FDIS 5660-
2).

Mass loss measurement
The mass loss rate was measured with a balance (see Figure 2). The mass loss rate
at each time interval was determined by using five-point numerical differentiation
according to the Cone Calorimeter standard (ISO 5660-1). Examples of mass loss
rate curves are shown in Figure 29.

Temperature measurement in wood
In Paper IX and X the Cone Calorimeter is also used, with horizontal specimens
and heat flux level of 50 kW/m2, to measure temperature profiles in wood protected
with different gypsum plasterboards. From these temperature profiles the charring
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rate in wood can be calculated. A simple test technique for that is presented below.
The heat flux of 50 kW/m2 was used because it corresponds roughly to the ISO 834
standard time-temperature curve during the first 30-40 min.

Wood pieces of spruce with a width of 45 mm and fairly free from knots were
chosen. All specimens were conditioned at 20 °C and 65% RH. The moisture
content was about 14% and the range of conditioned density was between 460 and
500 kg/m3. Twenty different plasterboards from five different countries were
included in the tests with a thickness varying between 9 and 25 mm, all of them
being paper faced and most of them fire rated.

The test specimens consisted of a piece of wood and rock fibre insulation in contact
with its sides, representing the thermal conditions in wood frame assemblies, where
the cavities are filled with insulation materials. A piece of gypsum plasterboard of
size 100 mm x 100 mm was attached to the upper exposed side of the piece of
wood. The wood had the dimensions 45 mm x 145 mm x 100 mm. (The test
specimen can be seen in Figure 2 in Paper IX.) A deep retainer frame was used to
protect the edges of the test specimen. The gypsum plasterboard, the piece of wood
and the rock fibre, in this order, was inserted into the retainer frame.

Thermocouples of chromel-alumel (0.25 mm/K-type), were located along the
vertical centre line of the cross section in the centre of the wood pieces and in the
interface between the wood and the gypsum plasterboard. Holes of 1 mm diameter
and 22.5 mm length for the wire were drilled from the perpendicular to the wide
side of the wood pieces at depths of 6, 18, 30 and 42 mm from the interface
between the gypsum and the wood. In order to maintain good contact between the
thermocouples and the surrounding wood, the wires were fixed to the wood with
metal staples.

2.3 Calibration
The calibrations are divided into different parts that are preliminary or operating.
The preliminary calibration shall be performed after maintenance, repair or
replacement of the heater assembly or temperature control system, the oxygen
analyser or other major components of the gas analysis system. The operating
calibration was performed at the start of testing each day.

Preliminary
The following parts of the instrumentation were checked in a more straightforward
way:
- The heat flux meter was calibrated within the ISO/TC92/SC1 WG5 Cone

Calorimeter inter-laboratory trials giving approximately 1.6% higher heat
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flux than the manufacturer calibration. A second meter is used as reference
to calibrate the working meter. Both meters were also calibrated in a
standardised laboratory giving approximately 3% lower heat flux than the
manufacturer.

- The orifice plate was calibrated in a standardised laboratory giving the
relation between the volume flow and the pressure difference giving an
uncertainty of the volume flow of ± 1.5%. The electric pressure transducer
was calibrated in a standardised laboratory giving the value of the built-in
resistance giving an uncertainty of ± 1.7%.

- The balance was calibrated in a standardised laboratory giving an
uncertainty of ± 0.03 g measuring up to 800 g and an uncertainty of ± 0.3 g
between 800 and 4000 g.

- The O2, CO2 and CO analysers have an analog output that is proportional to
the mole fraction of the gas species being measured. Linearity was checked
with a series of calibrated gas mixtures covering the range of each of the
three analysers. It was found to be better than specified by the manufacturer,
i.e., about 0.05% of the measured value. A short-term noise and drift of ± 50
ppm was measured for the O2 analyser. Step response measurements (with
analyser output change from 10% to 90%) resulted in the following values
for the total response time:

O2 12 s
CO2 and CO 16 s

- The readings provided by the digital data acquisition system were compared
with those from an accurate digital voltmeter.

Operating
Oxygen analyser
Calibrate the oxygen analyser at the start of testing each day for zero and span. The
measuring range used was between 16 and 21% O2 (where 21% was set as zero).
This was chosen since an experimental analysis by Nussbaum (1987) showed that
this measuring range fulfils best the requirements on the oxygen analyser regarding
short-term stability and low noise. Therefore, calibrated gas mixtures with 20.85%
and 18.3% O2 were used to check the linear relationship between the analog signal
and the oxygen concentration. After that the dried ambient air is used to ensure that
a response level of 20.95% O2 is obtained.

Rate of heat release calibration
The test equipment was calibrated by conducting tests with the standard methane
burner. The objective of the experiments was to check the accuracy of the
measurements of rate of heat release by oxygen consumption calorimetry. The
theoretical rate of heat release of methane was calculated by using the heat of
combustion for methane of 50 MJ/kg. In the experiments, more than 95% of the
input methane rate of heat release was detected. Measured rate of heat release was
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corrected according to these calibration results. Further, an alternate calibration
procedure was used by burning 20 g of ethanol in a special quartz cup that is placed
on the weighing device. The theoretical rate of heat release of ethanol was
calculated by using the heat of combustion for ethanol of 26.78 MJ/kg. Also in
these experiments, more than 95% of the input rate of heat release was detected.

Heater calibration
At the start of testing each day, the electronic temperature control system was
adjusted so that the conical heater produces the required heat flux to within ±2% as
measured by the heat flux meter. Measurements show that this accuracy of the cone
heater was possible to achieve.

Smoke meters calibration
The linearity of the laser smoke photometer was verified with two glass neutral
filters purchased from Spindler & Hoyer. The optical densities of the filters are 0.3
and 0.7 at the wavelength of the laser light. The smoke meter was calibrated to read
these two filters, and also at 100% transmission (without filter). The white light
smoke photometer was arranged so that the detector achieves maximum output at
100% transmission.

2.4 Uncertainty
The uncertainty associated with the rate of heat release calculations in the Cone
Calorimeter due to instrument and calculation assumptions will be quantified in
this section. The uncertainty is calculated according to a procedure presented by
Enright and Fleischmann (1999). They calculated the uncertainty for the ISO
standard test method including only O2 measurements. In this work the uncertainty
is calculated according to Equation (8) including both O2 and CO2 measurements.

The procedure presented by Enright and Fleischmann (1999) deals with partial
derivatives of a function to calculate uncertainty and provide a powerful general
analytical method. Assuming a function z=f(x,y), there is an absolute uncertainty ,
δz, and a relative uncertainty, δz/z. In order to calculate δz as a finite difference in
terms of the component uncertainty δx and δy,

f f
z x y

x y
∂ ∂

δ δ + δ
∂ ∂

=
��

� �
� �

(13)

where the partial derivatives xf ∂∂ /  and yf ∂∂ /  are evaluated for the values x0

and y0 for which the δz is the required uncertainty. The partial derivatives are often
referred to as sensitivity coefficients.
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Equation (13) is concerned with the outer limits of uncertainty for the measured
values. It represents an unrealistically pessimistic approach, and therefor the value
of the root mean square (RMS) of the component uncertainties is adopted.

1
2 22f f

z x y
x y

∂ ∂
δ δ + δ

∂ ∂
=
� �� ��� �� �� � � ���� �� �	 � �	� �

(14)

Equation (14) is an expression of the absolute uncertainty of the function z and is
expressed in the units of the value.

Reconsidering Equation (8), and inserting of Equation (3) and with
00

22
1 OO XX βα +−=  described in Babrauskas (1982), where β is a stoichiometric

factor, gives
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The general expression for absolute uncertainty of rate of heat release from this
functional relationship is:
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The partial derivatives follow.
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To illustrate the calculation of uncertainty using Equations (16) through (26),
consider the following example. The sample tested was a FR PC panel, so the fuel
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composition - and hence, the combustion expansion effect due to the fuel
dependent stoichiometric factor β - is unknown. Similarly, the value of the net heat
of combustion term is unknown. The values used were 1.5 and 17.2 MJ/kg,
respectively.

The component uncertainties are taken from the manufacturer specification in the
cases of the temperature ±2.5 K and differential pressures ±1.5 Pa. The component
uncertainty of the oxygen analyser was measured to ±50 ppm. The component
uncertainty of the carbon dioxide analyser was estimated to ±200 ppm. The
assumed net heat of combustion may vary ±5% from its value of 17.2 MJ/kg. The
assumed stoichiometric factor value of 1.5 may vary by ±0.5. The measured mole
fraction of H2O in the incoming air was estimated to ±1000 ppm.

Figure 4 shows the absolute uncertainty (= )(tq ′′�δ ) as a function of RHR (= )(tq ′′� )
according to Equation (16). This demonstrates that at low RHR, the uncertainty is
very high. For RHR values of about 30 kW/m2 the relative uncertainty are about
±16%. Relative uncertainties from ±5% to ±10% can be obtained at RHR values
larger than about 50 kW/m2. These relative uncertainties (according to Equation
(16)) are in the same magnitude as those obtained by Enright and Fleischmann
(1999) for the heat release measured in the cone calorimeter.
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Figure 4. Absolute uncertainty (dq= )(tq ′′�δ ) as a function of RHR (q= )(tq ′′� ) taken
from Cone Calorimeter results.

Similar results of combined expanded relative standard uncertainties have been
obtained also by Axelsson et al (2001) for heat release measured in the
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room/corner test and the SBI. They used relative standard uncertainties and relative
sensitivity coefficients. The standard uncertainty was calculated assuming a
rectangular or triangular distribution of the maximum relative error. They used the
coverage factor of 2, which gives a confidence level of approximately 95 %. The
methods used to evaluate the individual relative errors included studying the
manuals and measuring drift of instruments during usage.

Using the same approach, with standard uncertainty calculated assuming a
rectangular or triangular distribution of the maximum relative error and a coverage
factor of 2, in this work gives for RHR values of about 30 kW/m2 the combined
expanded relative standard uncertainty are about ±22%. Combined expanded
relative standard uncertainties from ±5% to ±10% can be obtained at RHR values
larger than about 50 kW/m2.

2.5 Products studied
The products used in this work were mainly from four different sets of products (in
parenthesis are given the paper number where each set of products were used and
analysed):

* the 13 Scandinavian products including 6 wood based products (Papers I, II,
III, V, VI, VII, and VIII),

* the 11 Eurefic products including 3 wood based products (Papers IV, V, VI,
VII, and VIII),

* the 4 Nordic products including 3 wood based products (Papers V, VI, VII,
and VIII),

* the 30 SBI Round Robin products including 11 wood based products (Papers
XI and XII).

The experimental results from the Cone Calorimeter measurements for the above
four different sets of building products were reported according to the following. In
order of appearance, in Paper I for the 13 Scandinavian products, in Tsantaridis and
Mikkola (1990) for the 4 Nordic products, in Tsantaridis (1992) for the 11
EUREFIC products and in Paper XII for the 30 SBI Round Robin products.

The specimens were conditioned at 23 °C and 50% RH before being tested. Double
or triple tests were performed at three different heat flux levels: 25, 50 and 75
kW/m2. However, some other heat flux levels have also been used in some cases.
Two sets of products, the EUREFIC and SBI Round Robin, were tested only at a
heat flux level of 50 kW/m2. The experimental results, in the four papers mentioned
above, are the basis for this work. In total for these four sets of products, about 190
rate of heat release experiments were performed.
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However, also other products were used in this thesis. In Paper II a set of 15 wood
based products (Östman 1981) was used. In Paper VII a set of 3 wood based
products (Östman 1989) was used. In Paper VIII a set of 5 wood products (Östman
and Mikkola 1996) was used. Also these specimens were conditioned at 23 oC and
50% RH before being tested. Double tests were performed at different heat flux
levels between 20 and 50 kW/m2. In total for these sets of products, about 190 rate
of heat release experiments were performed.

The total number of products used was 81, including 46 wood based products.
Among the 46 wood based products also fire retardant treated products were
included. In Papers IX and X wood without and with protection of 20 different
gypsum plasterboards were used. The product properties are given in the different
Papers (in this thesis), where the products were used and analysed.

The standard results for a typical measurement in the Cone Calorimeter include
different parameters for each test sample. The main measured parameters are the
time to ignition, rate of heat release, mass loss and smoke production. Parameters
are usually presented as time based graphs and tabulated results that include both
maximum and average values.

2.6 Other reaction to fire test methods
As mentioned above the Cone Calorimeter will be compared with some other
reaction to fire test methods. The ISO Ignitability test (ISO 5657) for ignition time,
the full-scale room corner test (ISO 9705) for both rate of heat release and smoke
production and the intermediate single burning item (EN 13823) also for rate of
heat release and smoke production. These methods will also be described briefly
below.

The ISO Ignitability Test (ISO 5657) is somewhat similar to the Cone Calorimeter
with respect to its heater; it is an electric heater in shape of a truncated cone. The
upper and lower diameters of the heater are 66 and 200 mm, respectively (the
corresponding measures for the Cone Calorimeter are 80 and 177 mm). The
specimen is orientated horizontally upwards and its size is 165 x 165 mm. The
specimen together with a backing material of density 825 kg/m3 is wrapped in a
piece of aluminium foil with a circular opening of 140 mm diameter. The specimen
surface area exposed for incident heat flux is thus 0.0154 m2. A pilot flame is
introduced at regular intervals at a position 10 mm above the sample in order to
ignite any volatile gases emerging from the surface. Heat fluxes for testing should
be 10, 20, 30, 40, and 50 kW/m2 and results are the times to ignition at these heat
flux levels.
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The Room Corner Test (ISO 9705) is a full-scale fire test method. The fire test
room is 3.6 m long, 2.4 m wide and 2.4 m high with a doorway measuring 0.8 m
wide and 2.0 m high in the middle of the shorter wall. The walls are of lightweight
concrete (with a density of 600 ± 200 kg/m3) and 150 mm thick. The lining
products are fixed to the ceiling and the three walls, excluding the doorway wall.
The ignition source is a propane gas burner with an effect of 100 kW situated on
the floor in a inner corner of the room. If flashover does not occur within 10
minutes the effect is raised to 300 kW for another 10 minutes. A large number of
heat and smoke release parameters are measured, including time to flashover
(defined as time to reach 1 MW heat release).

The Single Burning Item, SBI, (EN 13823) has recently been developed and
adopted by the European Communities as the main fire test method for the
identification of the so-called Euroclasses which will be used for the reaction to
fire performance of building products. The SBI test is an intermediate scale test
method with the test samples mounted in a corner and subjected to an ignition
source (flames) from a burner placed at the bottom of the corner. The flames are
obtained by combustion of propane gas, injected through a sandbox. The heat
output of the burner is about 30 kW. The test specimen consists of a corner with
two wings of dimensions 0.5 m x 1.5 m and 1.0 m x 1.5 m. The test specimens do
not include a ceiling.
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3 Results and discussion
In this chapter results from the Cone Calorimeter measurements of the previous
mentioned sets of building products are presented as time to ignition, rate of heat
release, mass loss and smoke production. The results are also compared with other
reaction to fire test methods, as mentioned before. Further, the Cone Calorimeter is
also used to measure temperature profiles in wood protected with different gypsum
plasterboards.

3.1 Time to ignition
The time to ignition is the primary measured parameter in Cone Calorimeter
experiments. The definition of time to ignition is as the time to existence of
flaming on or over the surface of the specimen for periods of over 10 s (ISO 5660).
In ISO Ignitability test this period is 4 s (ISO 5657). The time to ignition gives a
first indication of materials contribution to fire. Time to ignition results were
reported in Papers I, II, IV, V, VI, VII, VIII, X, XI and XII.

Figure 5 shows the ignitability (time to ignition) curve for wood panel (spruce) as a
function of incident heat flux in the Cone Calorimeter and the ISO Ignitability test.
The ignitability data by the two test methods seem to agree fairly well. As shown in
the figure, the ignition is some inverse function of the incident heat flux. The
higher the incident heat flux is the shorter is the ignition time. Corresponding
curves for all 28 products reported in Paper II can be achieved, where ignitability
measurements were performed for incident heat flux levels between 20 and 75
kW/m2.

Karlsson (1992) has used the ignitability data given in Paper II for the 13
Scandinavian products and plotted similar curves of time to ignition as a function
of incident heat flux for all products. He determined also the resulting critical heat
flux for ignition, the ignition temperature and the apparent thermal inertia. Further,
he concluded also that the graphs show a reasonable consistency between the data
from the Cone Calorimeter and the ISO Ignitability.

In Paper II time to ignition obtained in the Cone Calorimeter and the ISO
Ignitability test were compared in two ways. One way is directly by comparing
time to ignition from the two test methods at two different heat fluxes, 20 and 50
kW/m2, and the other way by a mathematical treatment giving linear relationship
between time to ignition and incident heat flux suggested by Mikkola and
Wichman (1989).
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Figure 5. Measured time to ignition for wood panel (spruce) as a function of
incident heat flux in the Cone Calorimeter and ISO Ignitability test.

The direct comparison is given in Figure 6 for both heat fluxes. At both heat flux
levels there is quite a scatter around the regression line. The time to ignition in the
Cone Calorimeter is on an average 5% larger than in the ISO Ignitability at 20
kW/m2 and 25% larger at 50 kW/m2. This difference is probably caused by minor
differences between the two test methods like specimen size, edge effects, backing
materials, pilot ignition sources, convective heat losses, and finally by different
definition of time to ignition. The larger specimen size in the ISO Ignitability test is
expected to decreases the time to ignition of about 10% as shown before by
Nussbaum and Östman (1986). The edge effects may be more important in the
Cone Calorimeter where the retainer frame at this time only was optional to use
according to the ISO standard. Comparisons made for the 13 Scandinavian
products at 50 kW/m2 gave differences in the order of 25-30% in time to ignition
(Babrauskas and Parker 1987; Östman, Svensson and Blomqvist 1985). This is
basically explained by a more rapid release of pyrolysis gases from the edges of
specimen tested without the retainer frame. In this thesis the retainer frame was
used in all tests and is also now recommended in the ISO standard.
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Figure 6. Time to ignition obtained in the Cone Calorimeter and the ISO
Ignitability test at 20 and 50 kW/m2. (The symbols refer to the 13 Scandinavian
products. The letters refer to the 15 wood based products, see Paper II.)

The linear relationship between time to ignition and incident heat flux assumes a
“thermally simple” behaviour of the materials (Mikkola and Wichman 1989),
which might be fulfilled for the materials used here. Equations for the time to
ignition as a function of incident heat flux are then used to correlate experimental
data depending on whether the samples are thermally thin, thermally thick, or
thermally intermediate. The relation between incident heat flux, q, and time to
ignition, t, is then for respectively case q ∝  t-1, q ∝  t-1/2, q ∝  t-2/3. The minimum heat
flux for ignition can be determined. Figure 7 shows an example of correlation of
ignition data for wood panel (spruce) with thermally thick behaviour. The
minimum heat flux for ignition is about 12-13 kW/m2. The two test methods, the
Cone Calorimeter and the ISO Ignitability test, gave similar slopes for the correla-
tion line.

Janssens (1991a) also studied the small-scale piloted ignition of wood based
products. Based on a combined analytical and empirical approach he proposed a
correlation between incident heat flux and time to ignition for a thermally thick
sample to be: q ∝  t-0.547.

Time to ignition is a strongly increasing linear function of density, both for wood
based products, as shown in Paper VIII, and for paper faced gypsum plasterboards,
as shown in Paper X (see Figure 8).
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Figure 7. Correlation of ignition data as a function of incident heat flux for wood
panel (spruce) with thermally thick behaviour (q ∝  t-1/2).
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Figure 8. Time to ignition as a function of conditioned density: (to the left) for
wood based products, where the symbols stand for softwood (quadrant), hardwood
(triangle) and wood panel (circle), and (to the right) for paper faced gypsum
plasterboards, where the symbols stand for the country of origin of the
plasterboards. Cone Calorimeter tests at a heat flux of 50 kW/m2.

Later, in Paper VI the time to ignition was used together with product density and
total heat release during 300 s after ignition in a simple regression equation to
calculate time to flashover in the full-scale Room Corner test. This equation will be
presented in next section.

In Paper XII time to ignition in Cone Calorimeter was compared with time to
ignition in SBI test for the 30 SBI Round Robin products. The correlation was poor
as expected since the two test methods are quite different.
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3.2 Rate of heat release
Rate of heat release is the most important parameter to determine the fire behaviour
of surface lining materials. Especially the initial stage of fire behaviour of products
is important in many aspects of fire safety in buildings. The rate of heat release
provides an indication of the initiation and growth, and the size of a typical room
fire. The Cone Calorimeter is used as the apparatus for measuring rate of heat
release in this work. The rate of heat release measurement is based on the oxygen
consumption principle. Rate of heat release measurements were reported in Papers
I, IV, VI, VII, VIII, XI and XII.

The rate of heat release is dependent of material parameters and testing procedure
details. The material parameters evaluated in this work include material thickness
and density, and also the effect of fire retardant treatment. The testing procedure
investigated here regards mostly retainer frame effects and influence of incident
heat flux.

An example of rate of heat release results was given in Figure 3 for 11 mm thick
wood panel (spruce) at three incident heat fluxes. The figure shows the general
shape of a typical rate of heat release curve for a wood product, which consists of a
sharp maximum soon after ignition. After that, a char layer gradually builds up as
the pyrolysis front moves inward. The char layer forms an increasing thermal
insulation between the exposed surface and the pyrolysis front resulting in a
continuously decreasing rate of heat release after the first maximum. After that a
second maximum appears depending of specimen thickness, incident heat flux
level and backing material. The rate of heat release measurements showed in
Figure 3 was backed by low-density ceramic fiber blanket insulation, as
recommended by Cone Calorimeter standard (ISO 5660-1), resulting in a
pronounced second maximum also at a heat flux of 25 kW/m2. Measurements were
also made in Paper I backed by high-density non-combustible board resulting in a
less pronounced second maximum at 50 kW/m2 and no second maximum at all at
25 kW/m2. This indicates that when the specimen is backed with high-density
board no second maximum will appear at a heat flux of 25 kW/m2.

Figure 9 shows rate of heat release curves for MDF (Medium Density Fibreboard)
with four different thicknesses tested at heat flux 50 kW/m2. Increasing thickness
gives decreasing second maximum rate of heat release value. If the specimen is
sufficiently thick, its rate of heat release eventually reaches a steady value also
when using Rockwool insulation as shown in Figure 9 for MDF (Tsantaridis 2000).
Mikkola (1990) and Moghtaderi (1996) also reported similar experimental results
for sufficiently thick wood specimens (38 mm thick spruce and 42 mm thick
Pacific maple, respectively). This indicates that when the wood specimen is thicker
than 35 mm no second maximum will appear.
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Figure 9. Rate of heat release (RHR) curves in the Cone Calorimeter for MDF with
different thickness.

For fire modelling the part of the rate of heat release curve around the first
maximum is more important than the region around the second maximum because
the initiation and growth of a typical room fire depend on the first maximum of the
rate of heat release curve. However, the whole rate of heat release curve in the
Cone Calorimeter has been used for modelling by different researchers (Karlsson
1992; Hakkarainen and Kokkala 2001).

In Paper VIII the effect of density for some wood products was analysed. Rate of
heat release as average over 300 s is an increasing function of density for solid
wood (both hardwoods and softwoods) and for most wood based panels as shown
in Figure 10. The same effect was observed by Janssens (1991c) but for the second
maximum rate of heat release for similar types of wood products as here (and for
both oven dried and conditioned specimens). The specimens were tested both in
vertical and horizontal orientation. He observed also that the rate of heat release as
average over 60 s was a weak function of density. Tran (1992) observed that
density does not appear to have a predictable effect on rate of heat release as
average over 300 s, for oven dried lumber specimens tested at the incident heat flux
of 40 kW/m2 in the vertical orientation. According to Tran (1992) for wood
materials thicker than 12 mm the average RHR over 300 s was a good
representation.
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Figure 10. Rate of heat release (RHR) as average over 300 s as a function of
conditioned density for hardwoods (triangle), softwoods (square) and wood based
panels (circle) in the Cone Calorimeter at heat flux of 50 kW/m2. RHR is an
increasing function of density (with the exception of some wood based panels).

Retainer frame effects on Cone Calorimeter results were evaluated in Paper IV.
The measurements were presented and compared for the 11 EUREFIC products in
the horizontal orientation at 50 kW/m2, with and without a standard steel retainer
frame. Thuresson (1991) reported the measurements without the retainer frame.
Figure 11 illustrates the effects of using and not using the standard steel retainer
frame for ordinary birch plywood. As this figure indicates, the use of the retainer
frame reduces the rate of heat release (except for the values around the second
maximum) and lengthens the burning time. Toal et al (1989; 1990) found similar
results for several materials tested with and without the retainer frame. This is
expected, because the retainer frame is a relatively large mass of steel that acts as a
heat sink, reducing the energy transferred to the specimen. Further, the retainer
frame reduces the actual exposed area from 0.01 m2 to 0.0088 m2, as mentioned
before.
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Figure 11. Rate of heat release (RHR) curves in the Cone Calorimeter for ordinary
birch plywood at heat flux of 50 kW/m2. Double tests with and without using the
retainer frame.

Figure 12 shows the rate of heat release average over 180 s with and without
retainer frame for different exposed sample areas, 0.0088 m2 with frame and 0.01
m2 without frame. The sample areas are used in the calculation of the rate of heat
release. When using the lower sample area the correlation between the results with
and without is better than the corresponding correlation if the same sample area is
used. The agreement is, on average, better for rate of heat release average over 180
s (8%) than for maximum rate of heat release (25%). The result for average over
180 s indicates that the heat sink effect of the retainer frame reduces rate of heat
release values by 8 percent. Further, testing with the retainer frame is as simple as
testing without and does not cause any trouble or delay. Identical results about the
heat sink effect were found by Babrauskas et al (1993). They tested 10 products in
the horizontal orientation at 50 kW/m2 using three configurations: (1) without
retainer frame, (2) with retainer frame, and (3) with an insulated retainer frame
similar to one developed by Urbas and Sand (1990). The Babrauskas et al (1993)
study concluded that the use of an insulated retainer frame gives rate of heat release
values that are slightly closer to the expected values (with no losses). However, the
insulated frame makes the test procedure more complicated, so that is not
recommended for testing. The Cone Calorimeter ISO standard (ISO 5660-1)
requires all tests to be conducted in the horizontal orientation with the stainless-
steel retainer frame. Hence, the initially exposed sample area in the ISO standard is
now 0.0088 m2.
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Figure 12. Rate of heat release as average over 300 s with and without the retainer
frame for different sample areas, 0.0088 m2 with frame and 0.01 m2 without frame.
(The broken line y=x indicates equal results with and without the retainer frame.)

In order to investigate the influence of incident heat flux on the rate of heat release
average over 300 s can be plotted as a function of incident heat flux. The RHR
measurements for spruce, oak and beech were presented in Paper VIII. As shown
in Figure 13, the average rate of heat release increases linearly with the heat flux.
Similar results were reported by Janssens (1991c), Tran (1992) and later also by
Moghtaderi (1996). All three reported similar regression equations between the rate
of heat release and the incident heat flux for estimating the rate of heat release for
wood materials.

For each wood material, the parameter of interest is the slope of the linear
regression line fit through the appropriate set of data. As Figure 13 indicates, the
greater the density the higher the rate of heat release. The beech specimens had the
greater conditioned density and therefore the higher rate of heat release. Janssens
(1991c) plotted the rate of heat release as average over 60 s as a function of
incident heat flux. He did not find any differences in rate of heat release between
white pine (362 kg/m2) and red oak (759 kg/m2). The reason may be that the rate of
heat release was an average of only 60 seconds. This replies more to the first
maximum and is not a good representation of the wood material. It is difficult to
quantify the first maximum accurately. An investigation of the rate of heat release
average over 60 s for spruce, oak and beech in this work shows almost similar
results between the three wood materials as it was observed by Janssens (1991c).
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Figure 13. Rate of heat release as average over 300 s (RHR300) as a function of
incident heat flux for spruce, oak and beech.

Fire retardant treated wood based products can also be tested in the Cone
Calorimeter in the same way as untreated wood. Fire retardant treated wood based
products fulfil high requirements in present national classifications. The question
was whether or not the fire retardant treated wood based products could achieve an
improved classification according to the Cone Calorimeter and room corner test. A
comparison of rate of heat release data between fire retardant treated and untreated
wood based products was presented in Paper VII. Fourteen fire retardant treated
and thirteen untreated wood based products were included in the comparison. The
fire retardant treatments were of different type, but no care was taken to that in the
analysis.

The fourteen fire retardant treated wood based products have three different types
of ignition behaviour: a fast ignition with times to ignition of about 1 minute, a
slow ignition with times to ignition up to 10 minutes or no ignition at all for two
products. The effect in rate of heat release of fire retardant treatment can easily be
illustrated, see Figure 14. The values of rate of heat release were much lower for
fire retardant treated than for the untreated wood based products. For most products
there were no rate of heat release maximums and for others there was only one
maximum.
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Figure 14. Rate of heat release (RHR) curves in the Cone Calorimeter: (to the left)
for two untreated wood products, and (to the right) for two fire retardant treated
wood products. Duplicate tests at heat flux of 50 kW/m2.

The heat release and smoke parameters from the Cone Calorimeter and predicted
time to flashover from the room corner tests are shown in Figure 15 for untreated
and fire retardant treated wood based products. (The calculation of the predicted
time to flashover will be described below.) The comparison shows marked
differences between these two groups for all heat release parameters in the Cone
Calorimeter and for time to flashover in the room corner test. The fire retardant
wood products have longer time to ignition and for two products no ignition
occurs. The heat release, the mass loss in percent of initial mass and the EHC are
all lower for fire retardant treated wood products than for untreated wood products.
For the three smoke parameters included - TSP, RSP and SEA - the differences
between the two groups are in the magnitude of less then two times and are
therefore small. The smoke production from wood based products is small in
comparison with other products that can have about 10 times higher smoke a wood
based products.

Further, Figure 16 shows that the fire classifications according to four national
classification systems have good agreement with predicted times to flashover. The
predicted times to flashover are divided into four classes according to an alternative
classification system (Östman 1993) giving approximately the same number of
classes as in most national classification. The fire retardant treated wood products
have better national classification and longer time to flashover than the untreated
products. The national classification systems can thus be expressed with a new
system based on the Cone Calorimeter and the room corner test.
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Figure 15. Mean values with standard deviation intervals for parameters from the
Cone Calorimeter and from the room corner test for untreated and fire retardant
treated wood products. (Note: The data are used to facilitate comparisons between
the two groups of products.)

Figure 16. Fire classification of untreated and fire retardant treated wood
products according to four national systems and to predicted time to flashover. The
y-axis gives the fire classification classes for four national systems, where the
lower figure/letter gives the best class and the higher figure/letter a worse class.
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Correlation based on linear regression between data as time to ignition and total
heat release during 300 s after ignition in the Cone Calorimeter and time to
flashover in the room corner fire test were developed for 28 building products in
Paper VI. The approach is quite straightforward and a simple regression equation
was derived. It is a further development of an earlier empirical approach reported
by Östman and Nussbaum (1988). Several empirical correlations or models
between results from small scale and full scale fire tests have been proposed by
Babrauskas (1984), Wickström and Göransson (1987), Tran (1990) and Deal and
Beyler (1990). In other studies parameters as flame spread have been included for
more advanced modelling by Hasemi and Tokunaga (1983), Quintiere (1992) and
Karlsson (1992).

In Paper VI the Cone Calorimeter data, time to ignition and total heat release
during 300 s after ignition, are from measurements at horizontal orientation with
retainer frame at only one heat flux level of 50 kW/m2. Those Cone Calorimeter
data are combined with the density of the lining product, which reflects the
influence of the thermal inertia on the early fire growth. The time to flashover was
defined as time to reach 1 MW heat release in the room corner test. The regression
equation is thus based on basic physical parameters but does not assume any
specific physical or theoretical model of the fire. It only gives an indication of the
time to flashover.

The predicted time to flashover can be expressed by the following equation

0.25 1.72
ig

fo 1.30
300

t
t 0.072 57

THR

ρ
+= (27)

where
fot = time to flashover in the room corner test (s)

igt = time to ignition in Cone Calorimeter at 50 kW/m2 (s)

300THR = total heat release during 300 s after ignition at 50 kW/m2 (MJ/m2)
ρ = mean density (kg/m3)

The correlation plot for this regression equation is illustrated in Figure 17. The
equation is valid only for the room corner scenario studied with linings on both
walls and ceiling. However, it can still serve as a simple tool for prediction of this
scenario and as an alternative to more advanced models. The technique can thus be
employed to determine whether flashover is likely to occur in this scenario.
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Figure 17. Plot of experimental time to flashover in the room corner test as a
function of predicted time to flashover. The predicted time to flashover from Cone
Calorimeter data was calculated according to equation (27) for 28 products. Six of
these products (nos. 8, 28, 13, 4, 1, 5) did not reach flashover in the room corner
test and are marked by dashed squares. The correlation coefficient is 0.97.

Cone Calorimeter measurements for the 30 SBI RR products were presented in
Paper XII. The FIGRA and SMOGRA indices were defined and presented for the
Cone Calorimeter and compared with similar indices from the room corner test and
from the SBI test. The two indices, FIGRA and SMOGRA, were introduced in the
European classification system of the reaction to fire of building products based on
testing according to the SBI and room corner test (Sundström et al 1998; CEC
1999). FIGRA and SMOGRA were defined as the maximum value of respectively
heat release and smoke production divided by the time from start of test at which
this maximum occurs. The relationships for the two indices between the three test
methods were an issue of great interest.

Figure 18 shows correlation for FIGRA for the three test methods, i.e., room corner
test vs Cone Calorimeter, SBI vs Cone Calorimeter, and SBI vs room corner test.
The agreement was good in all three cases with a coefficient of determination
R2>0.91 when one product, M04 PUR foam with aluminium foil, was excluded.
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The correlation for SMOGRA between the three different test methods analysed
was poor.

Figure 18. Correlations for FIGRA for the three test methods, i.e., room corner test
versus Cone Calorimeter, SBI versus Cone Calorimeter, and SBI versus room
corner test.

The time to flashover was also measured in the room corner test and predicted from
Cone Calorimeter data according to equation (27). Figure 19 shows that correlation
plot. The conclusion is that Cone Calorimeter data predict the time to flashover in
the room corner test fairly well. A few products were outliers, mainly on the safe
side, i.e. the predicted time to flashover was shorter than the measured time. Only
one product, M21 Steel clad EPS sandwich panel, was on the unsafe side
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Figure 19. The correlation plot between measured and predicted time to flashover
in the room corner test.

3.3 Smoke production

Smoke production was also measured in the Cone Calorimeter simultaneously with
the measurements of time to ignition and rate of heat release. Smoke production
data were given in all Papers including rate of heat release data. The smoke
measurements were performed according to the ASTM standard (1990). Within the
ISO 5660 Cone Calorimeter standard part 2 deals with smoke measurement. For
the moment it is through the standardization procedure as final draft (ISO/FDIS
5660-2).

Smoke is produced in almost all fires and presents a major hazard to life. Smoke
particles reduce visibility due to light absorption and scattering and lead to
disorientation. It may become impossible to find exit signs, doors and windows.
These aspects are becoming more important in all European countries since they
are included in the Interpretative Document (CEC 1991) for the Essential
Requirements on “Safety in case of fire” of the Construction Products Directive
(CPD 1989).

In Paper I results obtained in the Cone Calorimeter from two commonly used
smoke measurement systems were presented for the 13 Scandinavian products. The
helium neon laser was used in the Cone Calorimeter and the white light was used
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in the room corner test. The measurements in the Cone Calorimeter showed that the
difference between these two systems was small.

Heskestad analysed these measurements some years later (1994). Figure 20 shows
the comparison between smoke measurements in the Cone Calorimeter with two
different smoke measurement systems. On the x-axis the results were obtained with
the laser, and on the y-axis the results were obtained with the white light. The
upper diagram shows the comparison of maximum smoke production, and the
lower diagram the total smoke production. The figure shows that the differences
between the two measurement systems are in most cases small. Van Hees (1989a;
1989b) reported the same results as in this thesis for the two smoke measurement
systems in two experimental works: the two measurement systems give similar
results.

In Paper III a first attempt was made to compare different smoke parameters
obtained in the Cone Calorimeter with those obtained in the room corner test. The
comparisons show that there seems to be a reasonable agreement. Other researchers
made similar empirical predictions with the same result (Babrauskas and
Mullholland 1988; Hirschler 1991; Quintiere 1982; Rasbash and Drysdale 1982).

Retainer frame effects for smoke measurements were analysed together with heat
release measurements in Paper IV. Figure 21 shows that the effects of using and
not using the retainer frame for smoke measurements were the same as for the rate
of heat release for ordinary birch plywood (see Figure 11). As Figure 21 indicates,
the use of the retainer frame also reduces the smoke production (except for the
values around the second maximum) and lengthens the burning time. The reduction
in smoke production is not easy to explain like it was with the rate of heat release.
The retainer frame reducing of the actual exposed area does not directly influence
the smoke production (like the rate of heat release). One possible explanation could
be that the retainer frame reduces the mass loss rate and, therefore, reduces the
specific extinction area (this was not further analysed).

The possibility to find further empirical predictions, as shown in Paper III, between
the Cone Calorimeter and the room corner test was analysed later in Paper V for 28
building products. The study of correlation between Cone Calorimeter data and
smoke production in the room corner test included a set of about 22 different Cone
Calorimeter smoke parameters and 3 room corner smoke parameters. The fully
analysed data set was given in Östman et al (1992). For safety reasons, it is most
essential to predict the smoke production from products with a rather long time to
flashover or these that do not reach flashover within 20 min. In these cases it is
important to consider the smoke production in a classification system. The products
with short time to flashover get a worse classification according to their fire
behaviour. Therefore the products were divided into groups: those that reach
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flashover in the room corner test in less than 10 min and those that have more than
10 min to flashover. This is justified since the heat source in the room corner test is
increased from 100 kW to 300 kW after 10 min.

Figure 20. Comparison of smoke measurements with the helium neon laser (x-axis)
and white light (y-axis) for maximum rate of smoke production, RSP, (upper
diagram) and for total smoke production, TSP, (lower diagram) (from Heskestad
1994).
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Figure 21. Curves for specific extinction area (SEA) in the Cone Calorimeter for
ordinary birch plywood at heat flux of 50 kW/m2. Double tests with and without
using the retainer frame.

Two good correlations were found for products with more than 10 min to
flashover. Average rate of smoke production and total smoke production had both a
correlation coefficient of 0.91 for 12 products and only one outlier. Figure 22
shows the correlation plot. The y-axis refers to experimental values in the room
corner test and the x-axis to predicted values from the Cone Calorimeter. As Figure
22 shows, the smoke values of the products are scattered along the whole line,
including both low and high values.

Heskestad (1994) used results from Cone Calorimeter smoke data in Paper V to
develop empirical prediction of smoke production in the room corner test. He also
divided the products into two groups according to their performance in room corner
test. Several Cone Calorimeter smoke parameters were compared with smoke
parameter from the room corner test according to simple correlation analysis,
multiple regression models and a logistic model approach (eb function). The
logistic relationship gave the best predictions for the products that caused flashover
before 10 minutes. The predicted room corner test smoke data were instant values
when the rate of heat release was 400 kW. The predictions were included Cone
Calorimeter CO data. Later, Heskestad and Hovde (1999) modified the best smoke
prediction based on a logistic linear relationship for products causing flashover
within 10 min. They also analysed the combustion conditions in the room corner
test. The analysis was based on a plot of smoke per heat ratio (i.e. RSP/RHR) as a
function of rate of heat release for two products. Up to 400-600 kW the different
types of products caused the differences in smoke production. Beyond 400-600 kW
the differences in smoke production disappear between the products.
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Figure 22. Average rate of smoke production, RSP, (upper diagram) and total
smoke production, TSP, (lower diagram) in the room corner test (y-axis) and in the
Cone Calorimeter (x-axis). In both cases one product (no. 15) is an outlier and is
not included in the regression. (Data intervals from double or triple tests in the
Cone Calorimeter are indicated.)

3.4 Mass loss rate
Mass loss was also measured in the Cone Calorimeter simultaneously with the
measurements of rate of heat release and smoke production. Mass loss rate was
measured in all tests in this thesis but was only analysed in Paper XI. The mass loss
rate at each time interval was determined by using five-point numerical
differentiation according to the Cone Calorimeter standard (ISO 5660-1 1993).
Another ISO standard concerning the mass loss measurements is for the moment
through the standardization procedure as draft standard (ISO/DIS 17554). This
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method may be used for product development and quality control purposes as an
easier and cheaper test method than the ordinary Cone Calorimeter.

Figure 23 shows an example of the similarity between the rate of heat release and
mass loss rate curves for ordinary plywood. The rate of heat release and mass loss
rate curves has similar shapes both for low and high values. The same phenomenon
can be observed for the other products among the 30 SBI RR products (see
diagrams in Appendix of Paper XII).

Figure 23. A typical example of the similarity between rate of heat release (RHR)
and mass loss curves for ordinary plywood at heat flux of 50 kW/m2 (triple tests).

3.5 Temperature measurements and charring rate
A simple small-scale technique was developed in the Cone Calorimeter, and
presented in Paper IX, to determine the effect of fire protective boards on the
charring of wood frame members. The results from this new technique are a good
simulation of full-scale furnace wall tests. The charring depth of protected wood
obtained in the Cone Calorimeter at 50 kW/m2 agrees well with those obtained in
furnace tests during the first 30-40 min. Silcock and Shields (2001) also used the
data in Paper IX for correlating char depth to local fire severity.

The temperature curves at the wood-gypsum interface (0 mm) are shown in Figure
24, as reported in Paper X. The repeatability was very good as can be seen from the
two curves given for each board. The effect of gypsum plasterboard thickness can
be seen from the diagram, where the 25 mm board exhibits the longest time to
onset of charring and the 9 mm boards the shortest.

Relationships between time and depth of charring, represented as the position of
the 300-degree isotherm in the wood, are shown in Figure 25. For comparison, the
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result of a test with unprotected wood is included. The use of gypsum plasterboard
increases the time to reach 300 °C in the wood considerably. The different
thickness of the boards are well distinguished by different slopes of the curves, i.e.
representing different charring rates, and times to charring. The charring depth
slopes of the thinnest boards of about 9 mm are more like and close to the slope of
wood without board.
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Figure 24. Temperature curves recorded at the interface (0 mm) between gypsum
plasterboard and wood. Each of the twenty different boards was tested twice. The
curve labels refer to thickness of boards. (In the thickness of 9 mm, 12-13 mm and
15-16 mm several boards are included.)
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Figure 25. Charring depths defined as 300 °C isotherms in wood (without board)
and in wood with 20 different gypsum plasterboards. (The temperature was
measured at the interface between gypsum plasterboard and wood (0 mm), and at
depths of 6, 18, 30 and 42 mm from the exposed surface.)
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The time to onset of charring at the wood surface versus board thickness is shown
in Figure 26. The results are fitted by a polynomial of second order. Only one
board, a non-fire rated moisture resistant quality, differs slightly from the model.

The time to onset of charring versus area weight of the boards is shown in Figure
27. A second order polynomial model was fitted to the data. Comparing the results
of Figure 26 and 27, we can see that the board thickness is more relevant as a
governing parameter than the area weight of the boards. Especially in one case with
one gypsum plasterboard made for high strength floor overlay with a area weight
of 15 kg/m2 and a density of 1200 kg/m3. The time to onset of charring for this
board is underpredicted considerably when the area weight is used as the prediction
parameter, whereas the board thickness gives a good prediction.
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Figure 26. Time to charring of the wood surface as a function of gypsum
plasterboard thickness. (The symbols stand for the country of origin of the
plasterboards.)
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y = 0.0848x2 + 1.5316x
R2 = 0.7835
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Figure 27. Time to charring of the wood surface as a function of the gypsum
plasterboard area weight. (The symbols stand for the country of origin of the
plasterboards.)

3.6 Repeatability
The rate of heat release, the mass loss and the rate of smoke production curves give
the repeatability, and it is good for most of the products tested for all three
parameters. Curves of these parameters for particle board are shown in Figures 28
to 30. The Figures are an illustrative example of the good repeatability of heat
release, specimen mass and smoke measurements in the Cone Calorimeter.
However, the figures also show the good repeatability for time to ignition. It is the
time when the rate of heat release has a rapid increase.

The values for the rate of heat release (Figure 28) at the first maximum and the
lowest value at the subsequent plateau are given in Table 1. The table also includes
the mean (y) and the standard deviation (s) to the rate of heat release. The variation
in the rate of heat release is small. The same can be concluded, from the curves in
Figures 29 and 30, for the variation of mass loss and smoke production,
respectively.
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Table 1. Rate of heat release variation for seven particle board tests in the Cone
Calorimeter.

Rate of heat release (kW/m2)
Replicate No. First maximum Lowest plateau value
1 205 116
2 245 117
3 233 108
4 259 108
5 236 104
6 236 105
7 249 108
Mean (y) 238 109
St. deviation (s)/ CoV (%) 17.0 / 7.1% 5.1 / 4.7%
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Figure 28. Rate of heat release (RHR) curves for seven particle board
measurements showing the good repeatability for the Cone Calorimeter heat
release measurements.
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Figure 29. Mass loss rate curves for seven particle board measurements showing
the good repeatability for the Cone Calorimeter specimen mass measurements.
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3.7 Use of the test results by others for modelling
Several other researchers have used the Cone Calorimeter results from the
measurements in the papers included in this thesis in different applications.
Karlsson (1992) used the rate of heat release results of the 13 Scandinavian
products as input data for modelling the fire growth in a room corner fire.
Heskestad (1994) used the smoke release results for the 13 Scandinavian products
for development of empirical smoke prediction models between Cone Calorimeter
and room corner fire test. Yan and Holmstedt (1997) used the rate of heat release
results of some of the 13 Scandinavian products as input data for CFD simulation
of fire growth in a room corner fire. Hakkarainen and Kokkala (2001) used the rate
of heat release results for the 30 SBI RR products to predict the rate of heat release
in the SBI by using Cone Calorimeter rate of heat release curve. Hansen (2002)
used first the rate of heat release results of both the 13 Scandinavian products and
the 30 SBI RR products to predict the time to flashover in the room corner fire test.
Hansen (2002) used also results for the 30 SBI RR products to predict the rate of
heat release in the SBI.

Two of these models, made of Karlsson (1992) and Hakkarainen and Kokkala
(2001), will be further reviewed and analysed, taking into account the uncertainty
of the rate of heat release measurements in the Cone Calorimeter calculated in this
thesis.

Karlsson (1992) used results from the Cone Calorimeter to predict flame spread on
combustible wall and ceiling linings in the room corner. Especially, he used the
rate of heat release (or a mathematical representation of it) and the time to ignition
from Paper I and from Thuresson (1991) to predict analytically the room corner
fire growth for the Scandinavian and the EUREFIC products by two mathematical
models (A and B). Model A predicts the case where lining materials were mounted
on both walls and ceiling. Model B predicts the case where lining materials were
mounted on walls only. A thermal theory of wind-aided flame spread on thick
solids was examined and solutions were given for flame spread velocities under
ceilings and in wall-ceiling intersections. The results from the models were
compared with experiments on 22 products tested in room corner test. The results
showed reasonably good agreement for most products between the models and the
experiment.

Hakkarainen and Kokkala (2001) also used Cone Calorimeter rate of heat release
data from Paper XII to predict the SBI rate of heat release for the 30 SBI RR
products by one-dimensional thermal flame spread model. The model applied takes
into consideration only the vertical, upward flame spread. The time to ignition was
determined on the basis of the rate of heat release curve in the Cone Calorimeter.
The ignition was assumed to take place at the moment when the rate of heat release
reached 50 kW/m2. The ignition times determined were scaled to the exposure level
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of 30 kW/m2. The test time was scaled to 25 kW/m2. The results were in good
agreement with visual observations. The prediction of especially the first maximum
of the rate of heat release curve in the SBI test was very good. The early part of the
test is of major importance in the determination of the FIGRA index and the
classification of the product tested. In the data set studied the classification on the
basis of the FIGRA index was predicted correctly for 90% of the products included
in the study.

The models by both Karlsson (1992) and Hakkarainen and Kokkala (2001) are
based on the same equation for the upward flame spread. Saito et al (1985)
described the upward flame spread by a one-dimensional differential equation for
the velocity

p f p
p

ig

dx x x
V

dt τ

−
= = (28)

where px  is the position of the pyrolysis front, fx  is the flame height, and igτ  is a
characteristic ignition time.

Saito et al (1985) gave the equation for the flame height fx  as

( )
n

f f totx k Q t= ��
� (29)

where )(tQtot
�  is the rate of heat release (including the contributions of the burner

and the material) fk and n  are experimentally determined constants, specific to
the test method.

According to Karlsson (1992) the total heat release rate is from the constant output
of the burner, the initially burning material at time t=0, and from the pyrolisis front
moving upwards. The total rate of heat release is given by

0( ) ( ) ( ) ( ) ( )
t

tot b p p
0

Q t Q t x wq t wq t V d+ + τ τ τ′′ ′′= −� � � � (30)

where )(tQb
�  is the output of the burner, 0px  is the initial height of the pyrolysis

front, w  is the assumed constant width of the pyrolysis area, and )(tq ′′�  is the rate
of heat release of the material.
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Saito et al (1985) gave also the equation for the position of the pyrolysis front px
as

( ) ( )
t

p p0 p
0

x t x V d+ τ τ= (31)

The resulting expression for the velocity of the pyrolysis front is then
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According to Hakkarainen (2002) this is a Volterra type integral equation, where
the unknown variable appears on both sides. In general, it can be solved
numerically. Thomas and Karlsson (1991) showed that Eq. (28) can be solved
analytically, if the flame height is assumed to depend linearly on the rate of heat
release i.e. n=1, )(tQkx ff

�= , and if the rate of heat release of the material can be
expressed using simple mathematical correlations.

Kokkala et al (1997) have introduced a thermal model for upward flame spread
from the same starting point as Karlsson to predict the rate of heat release of the
propagating fire. Kokkala et al instead of solving Eq. (32) determined the flame
spread by finding )(tx p  in the initial value problem

( ) ( ) ( )
,p f p
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dx t x t x t

dt t
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According to Kokkala et al (1997) the total rate of heat release is calculated
as follows
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The above review has showed that the two models by Karlsson (1992) and
Hakkarainen and Kokkala (2001) used the same equations and gave results that
were validated against experimental data. Hence, the two models will have the
same sensitivity on change of the rate of heat release in the Cone Calorimeter. The
results from the two models are not comparable since they predict different fire
scenarios and are applied for different sets of products.

Hakkarainen and Kokkala (2001) discuss the sensitivity of FIGRA predictions by
the one-dimensional thermal flame spread model on the input data. Relative
changes of ±10% and ±20% were artificially introduced to ignition times and
maximum rate of heat release of selected Cone Calorimeter curves used as the
model input. The selection of materials for the sensitivity study included products
with varying fire performance and classes. The changes induced to FIGRA values
of maximum rate of heat release are presented below in Table 2. Hakkarainen and
Kokkala (2001) conclude that on average, the relative change of FIGRA was larger
than the relative change of ignition times and maximum rate of heat release.

Table 2. Sensitivity of predicted FIGRA indices on change of maximum rate of heat
release for a selection of materials (from Hakkarainen and Kokkala (2001)).

∆FIGRA/ FIGRA  when ∆RHRmax/�RHRmax  =Material 1) FIGRA
(W/s)    -20%            -10%         +10%         +20%

Paper-faced gypsum
plasterboard (M01)

    50    -32%    -16%    +20%    +57%

PVC wall carpet on
gypsum plasterboard
(M10)

  522    -27%    -14%    +12%    +26%

Melamine faced MDF
board (M16)

  266    -24%    -12%    +11%    +25%

Melamine faced particle
board (M20)

  251    -24%    -13%    +10%    +24%

Ordinary particle
board (M22)

  389    -27%    -15%    +16%    +34%

Medium density
fibreboard (M25)

  397    -28%    -15%    +18%    +37%

Textile wall paper on
CaSi board (M29)

  226    -14%    -16%    +25%    +47%

1) The material numbers refer to the SBI RR products.

The calculated relative uncertainty for the rate of heat release measurements in the
Cone Calorimeter is between ±5% to ±10% (as was shown in section 2.4).
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According to Table 2 a change in rate of heat release of ±10% will cause a relative
change on average of 15-20%.

Net heat flux to be used for modelling
The models above for heat release predictions of the room corner test and SBI test
used Cone Calorimeter results from the heat flux level of 50 kW/m2, because most
of the test data available were measured in this level, as input data. This level was
scaled to different heat flux levels. Hakkarainen and Kokkala (2001) scaled the rate
of heat release to 25 kW/m2 and the time to ignition to 30 kW/m2. The rate of heat
release and time to ignition were taken at different exposure levels because the
preheating flux and the heat flux to the burning surface can be different. Hansen
(2002) scaled both the rate of heat release and the time to ignition to 40 kW/m2.

Mikkola (1990) presented a simplified analytical charring model for wood, which
was based on an energy balance at the charring front. In the steady state
(temperature profile always the same in time) the energy per unit time impinging
on the char front equals to the energy gained by the volatiles leaving the solid. The
net heat flux to the char front depends on the external heat flux eq , heat losses on
the surface Lq , and the heat absorbed into the char layer cq

n e L cq q q q= − − (35)

Mikkola (1990) measured a surface temperature of the char of 680 ºC for spruce
(density 480 kg/m3 including 10% moisture content) in the Cone Calorimeter at
heat flux 50 kW/m2 (in the horizontal orientation). Urbas and Parker (1993)
obtained almost the same value for Douglas Fir (in the vertical orientation).
Mikkola noted that the external heat flux includes the radiation from the flames.
The high surface temperature of char means that heat losses from the surface are
mainly radiative. When the surface temperature of the char is 680 ºC and its
emissivity is 0.7 the value for the heat losses Lq  will be 33 kW/m2. The heat
absorbed by the char layer is less than 1 kW/m2 (char thickness is assumed to be
less than 20 mm and values for density and specific heat of char are taken from
literature). This means that the net heat flux nq  is about 17 kW/m2. The conclusion
is that the net heat flux is much less than the external heat flux.
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4 Conclusions
The objective of this thesis has been to describe the participation in the
development of the small-scale reaction to fire test method of the Cone Calorimeter
to measure the reaction to fire performance of wood and other building products.
The work included evaluation of some material parameters and testing procedures
effecting the results from the Cone Calorimeter. The material parameters evaluated
in this work include material thickness and density, and also the effect of fire
retardant treatment. The testing procedure investigated here regards mostly retainer
frame effects and influence of incident heat flux.

The most important fire parameter is the rate of heat release. It can be measured in
the Cone Calorimeter with very high precision. Calibration measurements with
both methane and ethanol have shown that more than 95% of the input rate of heat
release is detected. The uncertainty analysis, included instrument and assumption
uncertainty, has been calculated for the case that both O2 and CO2 are measured for
calculation of the rate of heat release. The partial derivatives for the uncertainty
analysis are given. The relative uncertainty for the rate of heat release
measurements in the Cone Calorimeter is between ±5% to ±10% for rate of heat
release values larger than about 50 kW/m2.

Experimental results in the Cone Calorimeter have been presented for four sets of
building products. The products have also been tested in the small-scale ISO
Ignitability test, the full-scale room corner test and the intermediate SBI. The
experimental results in different test methods give the opportunity for modelling
and validation of the test methods. Other researchers have used the results in this
thesis for modelling purposes.

The time to ignition in the Cone Calorimeter have been compared with the time to
ignition in the ISO Ignitability test, which is the main test method for measuring
time to ignition. The comparison shows that the ignition times from the two test
methods are comparable. The time to ignition is an increasing linear function of
density for different types of building products, including wood based products and
gypsum plasterboards. The time to ignition is an increasing linear function of
incident heat flux.

The rate of heat release in the Cone Calorimeter is dependent of material
parameters like thickness and density. The material thickness gives the heat release
curve duration and appearance. Thin materials have short burning time and two
maximum values. Thick materials have long burning time and when the material is
thicker than about 35 mm no second maximum appears. The rate of heat release is
an increasing function of density especially for solid wood products.
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The rate of heat release in the Cone Calorimeter is dependent of testing procedures
like retainer frame and incident heat flux. When the retainer frame is used the
actual exposed area is reduced from 0.01 m2 to 0.0088 m2, and the rate of heat
release is reduced and the burning time is increased. A comparison of results with
and without use of the retainer frame gives then good results when the exposed
area is set to 0.0088 m2 in the case of using the retainer frame. This value of 0.0088
m2 is used in the ISO Cone Calorimeter standard for calculation of rate of heat
release when the retainer frame is used. The maximum and average rate of heat
release is an increasing function of incident heat flux.

The time to flashover in the full-scale room corner test was predicted on the basis
of Cone Calorimeter data at 50 kW/m2 by a power law of ignition time, the total
heat release calculated over 300 s after ignition and the density of the product. The
relation gives a simple relation to predict if one product may reach flashover in the
room corner test or not.

Fire retardant treated wood products can be tested in the Cone Calorimeter as easy
as ordinary wood. The fire retardant treated products can achieve improved fire
classification according to the Cone Calorimeter as in the old national classification
systems.

The FIGRA index has been introduced in the European fire classification. The
same index has been calculated in the Cone Calorimeter. There is a correlation
between Cone Calorimeter, room corner test and SBI FIGRA.

The smoke production has also been measured in the Cone Calorimeter. The white
light and the laser smoke measurement systems have shown similar results. There
is a correlation between Cone Calorimeter and room corner test smoke production
when the products are divided into groups: those that reach flashover in the room
corner test in less than 10 min and those that have more than 10 min to flashover.

Temperature profiles in wood have been measured in the Cone Calorimeter by a
simple technique. The effect of fire protective gypsum plasterboards on the
charring of wood frame members has been determined and compared with full-
scale furnace wall tests. The protective effects of twenty different boards have been
presented. Cone Calorimeter and furnace tests show similar charring of wood until
the boards fall down in furnace tests. After that, the charring of wood is higher in
the furnace, because the wood is exposed directly to the fire.

Finally, the Cone Calorimeter is a powerful tool, with good precision and low
relative uncertainty, for research purposes and also to be used by the industry for
product development and quality control of different building products.
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5 Future work
In many years the work within ISO/TC 92/SC 1 on reaction to fire was focused on
development of new fire tests methods. The Cone Calorimeter results presented in
this thesis, together with the many other studies in this field, are contributions to
this development. The predictions and models describing the room/corner and SBI
tests based on Cone Calorimeter test results are a possibility to describe what is
happening. There are a lot of models presented that predicts room/corner from
Cone Calorimeter data. Only a few models are presented for SBI. More work is
needed. Fire Safety Engineering (FSE) is a new approach in fire education and
research including fire fundamentals, enclosure fire dynamics, active fire
protection, passive fire protection and interaction between fire and people.
Experimental input data from small and full scale fire tests are needed. FSE will
link all these things together to provide new tools to design fire-safe buildings.
Much work is still needed. Another interesting area is the start of a work item
within ISO/TC 92/SC 1 to evaluate the uncertainty in fire tests. Limited
combustion can also be measured in the Cone Calorimeter but the levels for the
measured parameters have to be defined.
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